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1. Introduction

ABSTRACT

Oxidation of cyclohexene using aqueous hydrogen peroxide (30%, v/v) over iron-cerium oxide
(x%Fe/CeO,; x=0, 2, 5, 10 and 20 mol%) prepared by co-precipitation was conducted in this study in
order to assess the performance of the catalysts of varying composition, and catalytic activity and prod-
uct selectivity were found to strongly depend on catalyst composition, acidity and reducibility. The effects
of varying the catalyst composition, reaction temperature and solvent were investigated. Cyclohexene
epoxide and 1,2-cyclohexanediol were found to be the main reaction products, along with small amounts
of other oxygenated products. A high cyclohexene conversion rate of 99 mol% and an epoxide selectivity
of 98 mol% were observed over 5%Fe/CeO, at 100 °C. The catalysts were characterized using various tech-
niques and measures, including BET surface area, XRD, DRS UV-vis, potentiometric titration for acidity
measurement, and XPS. XRD showed the formation of iron-cerium oxide solid solutions with cerianite
cubic structures for all catalysts except FC4, and the DRS UV-vis results further indicated the formation
of solid solutions. Analysis of Raman spectra revealed the presence of aggregate iron oxide species in case
of 20%Fe/Ce0,, catalyst. TPR revealed enhancement of the reducibility of the ceria upon Fe doping, and
the potentiometric titration results showed an increase in the number of acidic sites with increasing iron
content up to 5% and a decrease thereafter. TPR and XPS analyses revealed the presence of highly dis-
persed Fe species in the 2%Fe/CeO, and 5%Fe/Ce0, samples, whereas for the 10%Fe/CeO, and 20%Fe/CeO,
catalysts, aggregates of Fe species were observed. Catalytic activity was found to be correlated with the
composition and acidic properties of the catalyst.

© 2009 Elsevier B.V. All rights reserved.

oxygen migration [5]. Gold metal-supported ceria catalysts have
the potential for use in different catalytic reactions such as CO and

Owing to its elevated oxygen storage capacity and redox prop-
erties, cerium dioxide is suited to and widely used as a support
or active species in various industrial heterogeneous catalysts and
automotive three-way converters (TWC) [1-3]. The lattice oxygen
mobility, oxide ion conductivity and oxygen storage capacity (OSC)
of cerium oxide can be augmented by the substitution of another
metal ion for cerium, ceria-supported metal/metal oxide catalysts
being more active by several orders of magnitude in a number of
redox reactions [2,3]. The doping of metal ions into ceria results in
much-improved properties, and several ceria-based systems have
been the focus of investigative research in the past [4]. It has been
shown that the lower valence ions in ceria influence the energetic
properties of the material by lowering the activation energy for
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hydrocarbon oxidation, the water gas shift reaction, NOx reduction
by CO and hydrocarbons, etc. [6].

Iron oxide, in pure or mixed form, has long been regarded as
an important catalyst. Potassium-promoted iron oxide in reduced
form is used as the commercial catalyst for ammonia synthesis in
the Haber process [7], and iron-based catalysts have been exten-
sively studied in terms of their catalytic activity in reactions such
as alkylation, NOx reduction, steam reforming of hydrocarbons, the
water gas shift reaction, conversion of benzene to phenol using N, O
as the oxidant, and syngas production. [8]. Given the effects of triva-
lent ions and those of smaller size on the structure and properties
of catalysts, there is considerable scientific interest in the introduc-
tion of M3* (e.g., Fe3*) ions into the ceria lattice [9]: this addition of
trivalent transition metals (Fe, Mn, Ni, Cu, etc.) has been reported
to enhance the interaction of CO, in O,-releasing reactions at lower
temperatures. CeO,-MOx (Fe, Mn, Ni and Cu) solid solutions with
high melting points and high conductivities of 02~ are some of the
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most reactive ceramics known and are used as resistive-type O,
sensors for exhaust gas from automobiles [10]. The catalytic activ-
ity of CeO,-Fe, 03 in the synthesis of 3-pentanone from 1-propanol
has been investigated [11], and this catalyst in the form of thin films
of different Ce/Fe ratios has been tested for use as an alcohol sen-
sor [12]. Alkali-promoted iron catalysts exhibit better activity for
Fischer-Tropsch synthesis, with remarkable differences in the 1-
alkene selectivity and carbon number distribution [13]. Recently,
iron-based catalytic systems have been designed for use in the gas
phase epoxidation of propylene, utilizing nitrous oxide as a selec-
tive oxidant [14].

Oxidation of cyclohexene was carried out in this study in order
to evaluate the performance of iron-ceria catalysts of varying
composition. The selective oxidation of cyclohexene into various
oxygenated products (e.g., cyclohexanone, cyclohexene epoxide,
and adipic acid) using heterogeneous catalysts with different
oxidants such as oxygen, air and peroxides has been reported else-
where [15]. Catalytic liquid-phase epoxidation of cyclohexene is
a commercially important reaction used to produce cyclohexene
oxide, which is an essential organic intermediate in the produc-
tion of fine chemicals. The production of epoxides paves the way
to the development of mild and green chemical processes for the
synthesis of adipic acid, the raw material used in the production of
nylon 66 [16]. The titanium- and cerium-containing mesoporous
silicate materials Ti-MMM-2 and Ce-SBA-15 have been used to
catalyze cyclohexene oxidation to adipic acid with aqueous hydro-
gen peroxide under solvent-free conditions [17]. A simple, green
and efficient microwave approach to the selective oxidation of
cyclohexane to different oxygenated products by adjusting the
reaction conditions using a cobalt-salen-SBA-15 catalyst has also
been reported [18], and the use of heterogeneous catalysts for
cyclohexene oxidation has been demonstrated, with high selectiv-
ities of 2-cyclohexene-1-one [19,20], 2-cyclohexene-1-ol [19-22],
cyclohexene oxide [23], trans-cyclohexane-1,2-diol [23], and di-(2-
cyclohexenyl) ether [24,25]. The use of a clean oxidant such as H, 05,
which produces water as the only by-product, is another important
feature of a green chemical reaction [26,27].

In this work, iron-doped ceria catalysts were investigated in
terms of their activity in catalyzing cyclohexene oxidation, the aim
being to increase the oxygen storage capacity and oxygen mobil-
ity. Various iron-ceria catalysts were thoroughly investigated and
physicochemically characterized using a number of techniques in
order to understand the structure-activity relationship. Cyclohex-
ene oxidation using H,0, as the oxidant was used as the catalytic
activity test reaction, and the effects of reaction temperature and
solvent were also investigated.

2. Experimental
2.1. Catalyst preparation

A series of iron-ceria mixed oxide (x%Fe/CeO,, x=0, 2, 5, 10
and 20) catalysts was prepared by co-precipitation from aque-
ous solutions of Fe(NO3)3-9H,0 and Ce(NO3)s3-xH,O containing
cetyltrimethyl ammonium bromide (CTAB) by the addition of KOH
solution. Briefly, the catalysts were synthesized by the slow addi-
tion of KOH solution (0.25 M) to the mixtures of metal precursor
solutions (0.1 M each) containing CTAB (above the CMC) in stoi-
chiometric proportions in a 1-L round-bottom flask under vigorous
stirring at room temperature. During the precipitation of the metal
salts, the pH of the resultant mixture was maintained at 9; the final
pH of the gel was then adjusted to 10, followed by aging the gel at
room temperature overnight. The metal hydroxide thus obtained
was filtered and washed thoroughly with Milli Q water until the pH
of the filtrate attained ~7.5. The metal hydroxide precipitates were

then dried at 120°C for 12 h, followed by calcination at 550°C in
air for 6 h. The samples are designated herein as FCO, FC1, FC2, FC3
and FC4, for x=0, 2, 5, 10 and 20 in x%Fe/CeO,, where x denotes the
fraction of iron taken for the preparation.

2.2. Catalyst characterization

Powder X-ray diffraction (XRD) analysis was conducted using a
Shimadzu X-ray diffractometer (model LabX XRD-6000) equipped
with Ni-filtered CuKe (A =0.1541nm, 40kV A, 30mA) radiation
and a graphite crystal monochromator. The data were collected in
the 26 range of 10-80° with a step size of 0.02° and a scan rate
of 2°min~!. The mean crystallite size of the samples was calcu-
lated using the Debye-Scherrer equation, using the FWHM value
corresponding to the high intense peak at 29.1°, and the unit cell
parameter ‘a’ was determined using PDP11 software.

The BET surface area (Sggr) of the samples was measured by
nitrogen adsorption at 77 K on a Micromeritics surface area and
porosity analyzer (ASPS-2020). The catalyst samples were evac-
uated at 573K for 3h before N, adsorption. Diffuse-reflectance
UV-visible spectra were recorded on a Shimadzu UV-2550 spec-
trophotometer in the 200-800 nm range at room temperature.
Laser Raman spectra were obtained on a DILOR XY spectrometer
equipped with a liquid nitrogen-cooled CCD detector at ambient
temperature and pressure. The emission line at 514.5 nm from the
Ar* ion laser (Spectra Physics) was focused on the sample under
a microscope; the power of the incident beam on the sample was
3 mW and the time of acquisition was adjusted according to the
intensity of the Raman scattering.

Temperature-programmed reduction (TPR) profiles were
obtained using a Micromeritics Autochem model 2910 instru-
ment. The samples were pretreated in high-purity (99.98%) argon
(20ml/min) at 773K for 3 h. After cooling to ambient temper-
ature, the argon atmosphere was replaced by a 5% H, in argon
mixture, and the catalyst was heated to 873 K at a rate of 5 K/min.
The flow rate of the Hy-Ar mixture used for this purpose was
40 ml/min. The water produced during the reduction step was
condensed and collected in a cold trap immersed in the slurry
of an isopropanol-liquid nitrogen mixture. X-ray photoemission
spectra (XPS) were acquired using a Shimadzu (ESCA 3400)
spectrometer with a MgKa X-ray source (hv=1253.6eV). Disks of
fresh sample were scraped in situ prior to the recording of spectra.
XPS analysis was performed at the ambient temperature and a
pressure typically of the order of less than 10~ Torr. Charging of
catalyst samples was corrected by setting the binding energy of
the adventitious carbon (C 1s) at 284.6eV.

The acidity of the solid samples pre-heated at 200 °C was mea-
sured by the potentiometric titration method. 50 mg of catalyst
suspended in acetonitrile (20 ml) was stirred for 3 h and the sus-
pension was then titrated with a solution of n-butylamine (0.05 N)
in acetonitrile at a flow rate of 0.05 ml/min. The variation in elec-
trode potential was measured using an instrument with a digital
pH meter and a standard calomel electrode. The acidity of the cat-
alyst as measured using this technique enables the determination
of the total number of acidic sites and their strength. In order to
interpret the results, it has been suggested that the initial elec-
trode potential (E in mV) be taken as the maximum acidic strength
of the surface sites and that the range between that and where
the plateau is reached (mequiv./g cat) can be considered the total
number of acidic sites [28,29].

2.3. Catalytic activity measurements
The catalysts were evaluated in a batch reactor (Parr auto-

clave, 100ml) equipped with a heating controller. The reaction
was carried out at atmospheric pressure after flushing the reac-
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Table 1
Textural properties of the iron-ceria catalysts.

Catalyst Composition (molarratio)  Sger?® (m2/g) a® (A) Crystallite size (A) Total acidity (x10~3 mequiv. amine/m?) Initial electrode potential (mV)
Fe/Ce® Fe/Ced

FCO 0/100 0/100 73 5.40 36 6.4 —88.0

FC1 0.26/17.34 0.20/16.2 83 5.37 36 21.9 +2.6

FC2 1.07/17.08 0.91/16.5 88 5.37 38 25.9 +33.8

FC3 2.68/16.56 2.40/16.0 90 5.36 41 134 -19.6

FC4 5.37/15.68 5.1/15.1 80 534 43 171 -10.8

2 Surface area after calcination at 500 °C.
b Unit cell parameter.

¢ Composition in preparation gel.

d Composition in the final product.

tor with inert gas (N,) and at a temperature of 100 and 120°C
using 0.1 g of catalyst. Before the reaction, the catalysts were acti-
vated in air at 120°C, followed by cooling to room temperature.
Weighed amounts of reactants were then fed into the reactor. After
completion of the reaction (8 h), the reactor was cooled to room
temperature, followed by the separation of the solid catalyst by
centrifugation and subsequent product analysis. Analysis of the
organic phase was carried out using a gas chromatograph (Clarus
500, PerkinElmer Instruments, USA) equipped with an Elite-5 cap-
illary column (30 m, 0.32 mm i.d., 1 pm film thickness) and a FID.
All of the products were identified using pure authentic (Aldrich)
standards and GC-MS. The conversion rate of cyclohexene was cal-
culated based on the fraction of cyclohexene reacted, whereas the
selectivity was calculated from the percentage of the given product
in the mixture. Aliquots of the solution were taken after the comple-
tion of the reaction course in order to determine the concentration
of H,0, by iodometric titration.

3. Results and discussion
3.1. Catalyst characterization

The physical properties of the freshly calcined samples are sum-
marized in Table 1. The BET surface area of the catalysts increased
initially with increasing iron content in the ceria up to 10 mol%
(73-90 m2/g), while a further increase in iron content (i.e., to 20%
Fe) resulted in a smaller surface area (80 m?2/g). Incorporation of
iron therefore initially enhanced the surface area of the samples.
The average crystallite sizes D of the Fe-CeO, samples were cal-
culated from the X-ray line broadening of the reflections of (111)
using Scherrer’s equation (i.e., D= KA/( 8 cos 8), where A is the wave-
length of the X-ray radiation, K is a constant taken as 0.9, 0 is the
diffraction angle, and 8 is the full width at half-maximum (fwhm)),
and were found to be in the range 30-43 nm (Table 1). The crystal-
lite sizes of the samples also increased with increasing iron content.
The unit cell parameter ‘a’ for the cubic fluorite lattice and the
unit cell volume decreased with iron incorporation. The XRD pat-
terns of catalysts calcined at 500 °C are shown in Fig. 1. The sample
without iron loading (FCO) exhibited the cubic fluorite structure of
CeO, (cerianite), as identified using standard data (JCPDS file no.
34-0394). All the samples, even after the incorporation of iron, typ-
ically showed diffraction peaks corresponding to cerianite, and the
cerianite structure did not undergo any changes after the incor-
poration of 2-20% of iron. Diffraction peaks corresponding to iron
oxide species were observed only in the sample containing a high
level of iron (FC4). The absence of iron oxide phases in the samples
identified from the XRD results may indicate substitution of iron
into the ceria fluorite lattice, resulting in the formation of a solid
solution of iron-cerium oxide; however, the presence of finely dis-
persed iron oxide on the ceria cannot be ruled out, as it may not be
detected by XRD. It was also observed that the crystalline nature
of the samples increased after the incorporation of iron, indicating

that the loading of iron improved the crystallinity. A clear shift in
the high intense peak position of (11 1) towards higher 26 values
for FC4 was observed at ~29, as shown in the inset of Fig. 1. It was
noted that the lattice parameter ‘a’ values for the calcined samples
were lower than that reported for CeO, (a=5.4113 A) in the stan-
dard data, JCPDS 34-0394, whereas the value for the pure CeO, was
close to that reported in the standard data.

The optical responses of the iron-ceria catalysts were investi-
gated by UV-visible spectroscopy, and the results are presented in
Fig. 2. The absorption edge of the samples extended to 500 nm for
FCO and FC2 and up to ~700 nm for FC1, FC3, and FC4. The UV-vis
spectra showed distinctly higher absorptions in the UV and visible
regions with increasing iron content. The band in the UV region
arises due to charge transfer transitions from O 2p to Ce 4f bonds,
which overrun the well-known f-to-f spin-orbit splitting of the Ce
4f state [30]. It was noted that the spectral intensity of the sam-
ples increased in the UV region with increasing Fe content, which
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Fig. 1. X-ray diffraction of the fresh Fe-CeO, samples calcined at 500°C. Inset:
magnified portion of the high intense peak.
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Fig. 2. UV-visible spectra of the fresh Fe-CeO, samples calcined at 500 °C.

may be due to O — Fe3* ligand-to-metal charge transitions (LMCT).
Charge transfer occurs from the highest lying O 2p orbitals to the
half-occupied Fe 3d orbitals (t,g — eg in O, symmetry and e — t;
in T; symmetry) [31]. Schwidder et al. reported that the band at
<300nm is that of isolated Fe3*, the band at 300-400 nm is due
to oligometric clusters, and the band at >400 nm to large a-Fe, 03
particles [32]; however, it is not possible to distinguish between
isolated and binuclear Fe3* species from UV-vis spectra, as a strong
shift of LMCT bands is not expected [33]. On the other hand, the
absorption in the visible region (>450 nm) may be due to d-d tran-
sitions in a-Fe; 03 [34-36]. The absorption band near 533 nm may
be due to 6A;g— %T1g and ®A;g — 4Ty transitions; however, the
position of this band depends on the size of the a-Fe, 03 particles
[32,33]. The Raman spectra of the iron-ceria samples are presented
in Fig. 3. Pure ceria and the sample with a low iron content (FC1)
exhibited main peaks at 257, 459 and 594cm~! due to the ceria
phase, and these are ascribed to the doubly degenerate TO (trans-
verse optical) mode, the triply degenerate Raman-active mode, and
the non-degenerate LO (longitudinal optical) mode, respectively
[37,38]. The intensity of the Raman peak at 257 cm~! decreased
with increasing iron content, which clearly indicates the occur-
rence of structural changes due to interaction with the iron species.
The distinct new Raman bands observed for the FC4 sample at
227 and 289cm~! are due to Fe,03 species [39]; in corrobora-
tion, diffraction peaks corresponding to Fe,03 species were also
observed for FC4. It is important to note that the peak assigned
to ceria at 594 cm~! shifted to a higher wave number (607 cm~1)
with increasing iron oxide content. As has been stated above, the
XRD measurements also showed evidence of the formation of a
solid solution when up to 20% iron was added into ceria. Therefore,
this shift in the position of the peak (607 cm~1) assigned to ceria in
the Raman spectra of mixed oxides provides evidence of noticeable
interaction between the constituent metal oxides.

594

Intensity (a.u)

459

— T T T T 1 1 T T 1
1000 900 800 700 600 500 400 300 200

Wavenumber (cm’1)

Fig. 3. Raman spectra of the Fe-CeO, samples calcined at 500°C.

The temperature-programmed reduction (TPR) technique was
used to investigate the reducibility of the catalysts and determine
the types of metal oxide species present in the various samples. The
TPR profiles are presented in Fig. 4, from which it can be seen that
the profile of pure ceria showed two reduction peaks at 601 and
670°C, which can be attributed to the surface and bulk reduction
of CeO, to Ce, 03, respectively [40,41]. The iron-incorporating ceria
samples exhibited an increase in the reducibility of the ceria, result-
ing in a shift in the reduction peak to the lower temperature. No
distinct reduction peaks due to iron oxide species were observed
for FC1, indicating the formation of a complete solid solution of
iron-cerium oxide. Further increases in the iron content clearly
resulted in reduction peaks at about 375 and 488 °C, which can
be attributed to the reduction of iron species, i.e., Fe,03 — Fe304
and Fe304 — Fe® [40,42]. This result demonstrated that the pres-
ence and quantity of iron in ceria determines the reducibility of the
ceria. The reduction of ceria at low temperatures is suitable for cat-
alyzing redox chemical reactions. It should also be noted that the
intensity of the reduction peaks increased with increasing iron con-
tent. From the TPR profiles, it was observed that finely dispersed
Fe-0 was present in FC2 and FC3, which could not be detected by
XRD and the other techniques mentioned above.

In order to understand the nature of the interaction between
the two metal oxide species, the calcined Ce-Fe-O samples were
investigated using the XPS technique (Fig. 5). The XPS spectra of
the 3d core level of the samples showed eight peaks correspond-
ing to the three pairs of spin-orbit doublets of CeO, [41] and two
peaks corresponding to Ce;0s3. For each doublet, 3ds), corresponds
to the label v and 3ds,, to u. The details of the origin of each dou-
blet have been reported elsewhere [43]. In Fig. 5a, the peaks labeled
v/u, v”[u”, and v"’/u””’ can be assigned to Ce** and v//u’ to Ce3* [44].
The two main bands of Ce3ds),, at 883 eV (v) and 885.6 eV (v'), can
be ascribed to Ce** and Ce3*, respectively. However, X-ray diffrac-
tion lines corresponding to Ce; 03 were not observed. The XRD data
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Fig. 4. TPR profiles of the calcined Fe-CeO, catalysts as a function of iron content.

revealed the presence of peaks corresponding to CeO, in all the
samples. Hence, the presence of Ce3* ions can be mainly attributed
to the removal of surface hydroxyl groups and oxygen from the
CeO, surface during exposure of the samples to the X-ray in an
ultrahigh vacuum chamber under mild reduction conditions [45].
The photoelectron peaks of O 1s are shown in Fig. 5b. The shape and
corresponding binding energies of the XPS peaks were found to be
sensitive to composition and surface coverage. The O 1s peak is
generally broad and complicated due to the overlapping contribu-
tions of oxygen from ceria and iron oxide. The binding energy of the
main intense peak at 530.14 in Fe-CeO, was the same for the FC1
and FC2 samples; however, with increasing iron content the values
shifted to a higher binding energy. The main peak observed at about
530.14 eV arises mainly due to the oxygen atoms that are bound to
Ce, judging from the differences in electronegativity [46,47]. The
O 1s profiles of the samples were asymmetric and intense, at least
for the initial loading of iron; shoulder peaks were also visible for
all the samples at higher binding energies (ca. 532.6 eV), indicating
the different nature of the bonding of oxygen with Ce and Fe ions.
The shoulder peak at 532.6 eV may also be attributed to impurities
such as OH- and CO,3~ species between the oxygen species that
are associated with Fe and Ce; however, a difference in the bind-
ing energies of the oxygen species with different metal ions cannot
be ruled out, an issue that is difficult to resolve. Considerable dif-
ferences were observed in the BE of the O 1s peak in samples of
differing composition. Photoemission spectra from the Fe 2p core
level exhibited main line and satellite peaks for both spin-orbit
doublets. The main photoemission peak from 2psj, was observed
at 710.4 eV for all the samples (Fig. 5¢), and a clear satellite, due
to the predominant Fe3*, was observed for FC3 and FC4 [48]. The
Fe 2p;; main peak was observed at about 725.8 eV. The surface
Fe/Ce molar ratios according to the XPS data were 0.257, 0.336,
0.428 and 0.438 for FC1, FC2, FC3 and FC4, respectively. However,
monolayer formation was stated in case of 5% Fe/CeO, based on
the appearance of surface reduction peaks (due to Fe;03), which
are absent for FC1 (Fig. 4). The Fe 2p photoemission spectra of the

w @ (b)
u v Ce 3d O1s

530.14

—FC1 |0 2p

i Py Fe 2p 1”
25 Hild Wil
i) FC4 I H‘IJMW,-L satellite
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Fig. 5. Photoemission spectra of the freshly calcined Fe-CeO, catalysts: (a) Ce 3d, (b) O 1s, (c) Fe 2p.
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Fig. 6. Potentiometric titration curves of the Fe-CeO, catalysts.

FC2 catalyst indicated the presence of finely dispersed iron oxide
species.

Acidity measurements for the Fe-Ce-O samples were per-
formed using the potentiometric titration method with n-
butylamine for colored samples, as described previously [28,29,48];
these acidity measurements enable us to estimate the number of
acidic sites and their acidic strength. As a criterion to interpret
the obtained results, it was suggested that the initial electrode
potential (E;) be taken to indicate the maximum acid strength of
the sites and the value of mequiv.amine/g solid where the plateau
is reached to indicate the total number of acidic sites. Neverthe-
less, the end point of the titration given by the inflexion point
of the curve is a good measure to use to compare the acidity
of the different samples. Alternatively, the acidic strength of the
sites may be classified according to the following scale: E; > 100 mV
(very strong sites), 0<E;<100mV (strong sites), 100<E; <O mV
(weak sites), and E;<—-100mV (very weak sites) [49]. The titra-
tion curves of the catalysts are shown in Fig. 6. According to the
above classification, the samples predominantly exhibited weak
and very weak acidic sites, with E; values in the range of 0 to
—230mV. The total acidity (mmol t-butylamine/m~2) and acidic
strength (initial electrode potential) as determined by potentio-
metric titration increased with increasing Fe content up to 5%
(FC2), then decreased with further increases in Fe content with
the initial addition of n-butylamine. The acidity decreases in the
order: 5%Fe/Ce0Q, >2%Fe[CeO, >20%Fe/CeO, > 10%Fe/Ce0, > CeO,,
which is in accordance with the catalytic activity. Acidity of the
catalyst influences the hydrolysis of cyclohexene epoxide into
1,2-cyclohexenediol. The same trend was observed in the acidic
strength of the catalysts, probably as a result of the generation of
new acidic sites due to interaction of Fe with CeO,. When the dis-
persion of Fe was highest in the FC2 sample, supported also by
the TPR results (at the theoretical monolayer coverage), both the
acidity and the acidic strength were found to be at a maximum.
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Fig.7. Effect of catalyst composition on cyclohexene oxidation (reaction conditions:
100°C, 8h, 0.1g catalyst, 10ml solvent (t-butanol), 10 mmol substrate, 10 mmol
H,0,, 30% aqueous solution).

Moreover, samples with a higher Fe content (above surface satura-
tion coverage) exhibited a loss of acidity and acidic strength, which
is probably due to the agglomeration of crystalline Fe,03 on the
surface.

3.2. Catalytic activity

Fig. 7 shows the catalytic activity of the different iron-ceria cat-
alysts for cyclohexene oxidation at 100°C and 1 atm using aqueous
hydrogen peroxide (30%) as the oxidizing agent. The screening of
the catalysts was carried out under identical conditions. Cyclo-
hexene oxidation yielded mainly cyclohexene oxide (epoxide)
and cyclohexane diols, plus cyclohexenol, cyclohexenone, cyclo-
hexanol and cyclohexanone (termed ‘others’ hereafter) in minor
quantities. Cyclohexene conversion and epoxide selectivity varied
significantly with catalyst composition. Low cyclohexene conver-
sion ~42% and epoxide selectivity ~82 mol% were observed in
the case of pure CeO, (FC0), while the others represented about
18 mol%, after 8 h of reaction using t-butanol as the solvent. The
presence of Fe in the ceria matrix significantly increased the cyclo-
hexene conversion rate and the epoxide selectivity, and the highest
cyclohexene conversion (~99 mol%) and epoxide selectivity (98%)
rates were observed when FC2 was employed as the catalyst; a
small amount of others (<2%) was also produced. Further increases
in the Fe content resulted in a decrease in the cyclohexene con-
version rate (74 mol%) and epoxide selectivity (84 mol%) for FC3, a
cyclohexene conversion comparable with that of FC2 was observed
for FC4, epoxide selectivity was lower (82mol%), with a con-
comitant increase in diol formation (18 mol%). Fig. 8 shows the
catalytic activity of the different Fe—Ce-0O catalysts at a reaction
temperature of 120°C. This increase in the reaction temperature
increased cyclohexene conversion for the FCO catalyst, and the
formation of diols also increased. The highest cyclohexene con-
version (~100 mol%) and epoxide (60%) and diol (38%) selectivities
were observed with FC2, but formation of diols was predominant
in this case. The use of catalysts with higher Fe contents (FC3
and FC4) resulted in comparable cyclohexene conversion rates,
but were lower than that of FC2, with epoxide and diols formed
as the major products. Leaching of Fe from the catalysts under
the reaction conditions (<120°C) was not observed and reused
catalyst showed not more than 10% decrease in the conversion
or selectivity indicating homogeneous catalysis was absent. It is
known that Fe ions can be easily leached in presence of H,0,
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and polar reagents (diols in this case). The influence of the apro-
tic/protic nature and polarity of different solvents on the catalytic
performance of the FC2 catalyst in the oxidation of cyclohexene
on cyclohexene conversion and product selectivity is shown in
Fig. 9. These results clearly reveal low cyclohexene conversion
rates with acetonitrile and ethylacetate as compared with using
t-butanol as the solvent, and low epoxide selectivities and the for-
mation of other products were also predominant with acetonitrile
and ethylacetate solvents. The aprotic solvent t-butanol favored
cyclohexene conversion resulting in the formation of the epox-
ide, while the polar aprotic solvents acetonitrile and ethyl acetate
were not selective for epoxide formation and resulted in low con-
version rates; the latter two solvents also favored the formation
of greater amounts of other products. Hence, all of the reactions
were carried out using t-butanol as the solvent at different temper-
atures. The control experiment, in which no catalyst was employed
and t-butanol was used as the solvent at 100°C, resulted in a
~40 mol% cyclohexene conversion and ~89 and ~11 mol% selec-
tivity for epoxide and diols, respectively. Decomposition of H,0,
over the FC2 catalyst at 100 °Cin the absence of substrate molecules
underidentical conditions showed about 80% and complete decom-
position at >120°C.

These catalytic studies of cyclohexene oxidation over various
Fe/CeO, catalysts showed that an optimum concentration of Fe is
required in order to achieve a high epoxide selectivity and that the
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Fig.9. Effectsolventon cyclohexene oxidation (reaction conditions: 100°C,8h,0.1g
catalyst, 10 ml solvent, 10 mmol substrate, 10 mmol 30% H,0, aqueous solution).

FC2 catalyst exhibited superior activity and selectivity as compared
with the other catalysts investigated.

The activity and epoxide selectivity obtained when employ-
ing these catalysts may be explained by referring to the acidity
and reducibility measurements and structural properties. Metal
oxides are known for their acid-base properties, and their respec-
tive strengths and acidity depend on their composition [50]. The
potentiometric titration method was used to measure the num-
ber of acidic sites and their strength, and the TPR results revealed
that the redox properties of the Fe/CeO, catalysts are correlated
with catalytic activity in cyclohexene oxidation. All of the sam-
ples predominantly exhibited weak and very weak acidic sites;
however, the FC2 catalyst showed some strong acidic sites with
an E; of about 40 mV (Fig. 6). Hence, the conversion rate of cyclo-
hexene was highest when this catalyst was employed, and the
epoxide selectivity also reached a maximum. In addition, as the
solvent polarity decreased, the epoxide selectivity also decreased
dramatically. Although there were relatively more acidic sites on
the catalysts with higher Fe contents (i.e., FC3 and FC4), the cat-
alytic activity and epoxide selectivity were found to be lower in
comparison than those of the catalysts with lower Fe contents
(FC1 and FC2). This may be attributed to the aggregation of Fe,03
beyond the monolayer coverage on the surface (x> 5%). It has been
reported that weak acidic sites, or in other words, a catalyst of
greater basicity, may be favorable for the formation of cyclohexenol
and cyclohexanone [51]. The TPR results also corroborate the max-
imum dispersion results of Fe oxide on FC2 in that two reduction
peaks due to iron oxide were observed at about 375 and 488°C.
Therefore, it can be inferred that the enhanced redox behavior of
the Fe-doped ceria with higher dispersion on FC2 exhibited better
catalytic activity. However, the Raman spectra of the FC2 sample
did not show any peaks corresponding to iron oxide species, the Fe
2p photoemission spectra of the FC2 catalyst indicated the presence
of finely dispersed iron oxide species, and the spectra of the cata-
lysts with high Fe contents (i.e., FC3 and FC4) showed clear satellite
peaks corresponding to Fe3*.

4. Conclusions

The activities of a series of catalysts with varying concentrations
of iron on ceria were investigated in this study for cyclohexene oxi-
dation. The catalyst with finely dispersed iron oxide on ceria was
found to be more active in terms of cyclohexene conversion and
more selective towards epoxide formation. The strong and weak
acidic sites on the FC2 catalyst were believed to be responsible for
the higher cyclohexene conversion rate, and the improved activ-
ity was also attributed to the low reduction temperature of the
FC2 catalyst with enhanced redox properties. The reducibility of
oxides with good lattice oxide transfer to the reactants in the case
of the FC2 catalyst proved to be effective and selective towards the
oxidized product.
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