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Abstract. CeO,, CuosCe.9502.5, Nio.04Ce0.96025, Cuo.05Nio.05Ce0.9002-5,
catalysts were synthesised via solution combustion technique using urea as
a fuel. The as pre-preared catalysts were characterised via X-ray powder
diffraction, Brunauer-Emmett-Teller surface area analysis, transmission and
scanning electron microscopy analysis. The characterisation techniques
strongly suggested that all the catalysts were prepared successfully, and that
copper and nickel were successfully incorporated into the lattice structure of
ceria. The effect of the reaction conditions on the catalytic properties of the
synthesised material were studied in detail using Cug 05Nig.05Ce0.9002-5 as the
model catalyst. The effect of temperature, solvents and co-oxidants was
investigated in optimisation studies. A combination of acetonitrile, tert-butyl
hydroperoxide and a temperature of 60 °C were found to be optimal after 24
hours and used for all catalysts. All catalysts were found to be active in
styrene oxidation under these conditions, with styrene conversion as high as
69% over Nig 04Ce0.9602-5, and selectivity to benzaldehyde and styrene oxide
38 and 26% respectively.

1 Introduction

In the synthesis of advanced nanomaterials and catalysts, combustion synthesis (CS) has been
determined as an important technique [1-8]. This synthesis utilises the exothermicity of
reduction-oxidation reactions to produce useful materials. The advantage of the CS method
over other synthesis methods are: (i) use of simple equipment, (ii) it produces high-purity
products, (iii) the stabilisation of metastable phases and, (iv) produces any size and shape of
products [8]. A variety of metal oxides are prepared using solution combustion (SC). Metal
oxides with interesting magnetic, dielectric, electrical, mechanical, catalytic, luminescent and
optical properties have been synthesised [9]. By SC the composition, structure of prepared
oxide materials can be easily controlled [8,9]. Fuels play an important role in SC because
they drive the exothermicity of the reaction. The nature of combustion can vary from flaming
to non-flaming depending on the fuel used and the exothermicity of the redox reaction can
vary between 1000 to 1800 K [10-16].
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The attraction to catalytic oxidation of styrene over heterogeneous catalysts to produce
valuable chemicals has been influenced by the need to develop methods that produce less or
no hazardous reaction wastes [17-21]. Of huge importance in the oxidation of styrene, is the
production of benzaldehyde which is used in the perfume industries, the production
pharmaceuticals, dye stuffs, and agrochemicals [22-24]. Styrene oxide also produced in
styrene oxidation is used in the production of epoxy resin diluting agents, ultraviolet
adsorbents, flavouring agents, etc. and also, it is an important intermediate in organic
synthesis, pharmacochemistry and perfumery [17].

The use of heterogeneous mixed metal catalysts in the oxidation of styrene using tert-
butyl hydroperoxide (TBHP) and H,O, as co-oxidants has been reported [17, 22, 24-25].
Main products observed were benzaldehyde and styrene oxide. Of interest to our study was
work previously reported by Valand et al. [19]. They studied styrene oxidation at 40 °C using
TBHP and H,0, as co-oxidants over mixed Cu—Ni—Co nano-metal oxides catalysts prepared
via ultrasonic cavitation-impregnation. TBHP showed a better conversion (73%) than H,O,
(42%) which was obtained when styrene:oxidant molar ratio was 1:1.5 with selectivity to
benzaldehyde and styrene oxide being 73 and 20% respectively. There is little literature on
styrene oxidation over ternary metal oxide catalysts. This study evaluates the oxidation of
styrene using copper, nickel and ceria ternary catalysts prepared by solution combustion,
which has not been previously reported.

2 Experimental

Catalyst preparation. Ce0,, CugosCe9502.5, NigosCeoo602-5 and CugosNigsCeo.9002-5
catalysts were prepared using a single-step solution combustion method. A redox combustion
mxture was prepared by mixing (6.86 mmol) urea (Sigma-Aldrich, 99.9%) and (19.0 mmol)
(NH4),Ce(NOs)s (Sigma-Aldrich, 99.9%) in a fuel:oxidant ratio of 4:1. This was done in a
borosilicate dish in 40 mL of distilled water. The mixture was heated while stirring to
evaporate water and form a slurry. The mixture was then transferred to a muffle furnace
preheated to 120 °C and the temperature was increased to 400 °C. The mixture was left to
combust for 5 hours then the catalyst was removed as the product. For the Cu and Ni catalysts,
Cu(NO3),.3H,0 (Sigma-Aldrich, = 97 %) andNi(NOs),.6H,0 (Sigma-Aldrich, = 97 %) were
used as oxidants respectively in combination with(NH4),Ce(NOs)s in the molar ratio
stipulated in their chemical formula, with the fuel:oxidant ratio always kept at approximately
4:1. From hereon, the synthesised catalysts CeO,, CuoosCeo9502.5, NigosCeo96025 and
Cuy.05Nig05Ce0 90055 Will be referred to as CeO, CuCeO, NiCeO and CuNiCeO respectively.

Catalyst characterization. BET surface area, pore volume and pore size were measured
from the adsorption and desorption isotherms of nitrogen using a Micromeritics TriStar II
Surface area and Porosity Analyzer. About 0.3 g of each powder sample was degased
overnight at 200 °C using a Micromeritics FlowPep 060 instrument prior to analysis.

Metal composition was determined by analysis on a PerkinElmer Optical Emission
Spectrometer Optima 5300 DV. The standards (1000 ppm Ce and Pd) were purchased from
Fluka.

Powder X-ray diffraction (XRD) studies were conducted on a Bruker DS Advance
diffractometer with Cu (Ka, A = 1.5406 A) as the radiation source.

Transmission electron microscopy (TEM) was performed on a Jeol JEM-1010 electron
microscope. The powder samples were ultrasonically dispersed in ethanol and supported on
a perforated carbon film mounted on a copper grid prior to analysis.

A ZEISS FEG-SEM UltraPlus instrument was used to obtain scanning electron
microscopy (SEM) images. The analysis was performed at random points along the surface
of the catalyst. The samples were first mounted on aluminium stubs using double-sided
carbon tape; they were then coated with gold using a Polaron E5100 coating unit.
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Catalytic oxidation of styrene. Reactions were carried out in a Schlenk tube fitted in an
oil bath and the reaction temperatures were monitored. An amount of 50 mg of CuNiCeO
and 0.5 mmol styrene were used to carry out optimization reactions. Optimization was carried
out by varying solvents: acetonitrile, tert-butanol and water; co-oxidants: TBHP, H,O, and
NalO, as well as their equivalents and temperature: room temperature, 40 °C and 60 °C. The
optimum conditions were used to carry out testing for the oxidation of styrene over
synthesized catalysts. Reactions were monitored every 2 hours for 12 hours then after 24
hours. Product identification and quantification was done using a Perkin Elmer Clarus 500
GC equipped with an FID and a PONA column.

3 Results and discussion

Catalyst characterization. Table 1 shows the physical and textural properties of the
catalysts. The metal content shows that the catalysts were successfully synthesised with the
intended molar ratio. When the copper and nickel were incorporated into the ceria lattice,
there was a decrease in the pore volume. The average crystallite size was found to be 10 nm
for the catalysts.

The x-ray powder diffractograms of the catalysts are shown in Figure 1. The diffraction
peaks of all the catalysts can be indexed to the fluorite structure of CeQO, [26]. All
diffractograms are similar to that of the blank CeO, which confirms successful incorporation
of nickel and copper atoms into the ceria lattice. The absence of the Cu®, Ni®, CuO and NiO
phases in the XRD patterns of the CuNiCeO, NiCeO, CuCeO samples suggests that the Cu?*
and/or Ni**ions were successfully incorporated into the ceria lattice. The incorporation of the
Cu? and/or Ni?* into the ceria lattice came with the expected physicochemical changes to
ceria. The peak for the [111] plane shifts to lower 2 theta values upon the introduction of
Cu?* and/or Ni?** into the ceria lattice (F iglll‘e | insert). This shift is associated with
increases in lattice parameters that cause the ceria lattice to be strained [27].
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Fig. 1. X-ray powder diffractograms of (a) CuNiCeO, (b) NiCeO, (c) CuCeO and (d) CeO

with an insert of magnification of peaks at a 20 value of 29°.
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Fig. 2. SEM-EDX (top) and TEM (bottom) images of (a) CeO, (b) CuCeO, (c) NiCeO and
(d) CuNiCeO.
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Table 1 Physical and textural properties of the catalysts

Metal content Sy Pore Crvstallit

Catalyst (mol %) (I;];/T ) | volume si?e,:j (a;n;)e

Ce| Cu| Ni &1 (emig)

CeO, 100 - - 49 0.042 11
CuCeO 95 5 - 45 0.029 10
NiCeO 96 - 4 54 0.035 9.6
CuNiCeO 90 5 5 25 0.023 90

*Sger= BET surface area.
#Average crystallite sizes as determined from the FWHM of the peaks using the Scherer
equation

Figure 2 shows the SEM-EDX and TEM images of the prepared catalysts. The
morphology of all catalysts is similar and consists of spherically-shaped particles. The metal
oxide particles are evenly distributed as observed in the SEM images which suggests that
synthesis of catalysts via SC yields materials with good dispersion. TEM images also show
that the particles are spherical in nature and are approximately 10 nm in size which is in
agreement with the average crystallite size determined via XRD (Table 1).

Catalyst testing: Optimization. Figure 3 shows the optimization data for the oxidation
of styrene for 24 hours using 50 mg CuNiCeO as the catalyst. For solvent optimization
(Figure 3a), TBHP was used as the co-oxidant as this has been reported to be ideal for these
type of reactions [19, 28]. The highest conversion (95%) was obtained when acetonitrile was
used as a solvent followed by #-butanol (52%). The selectivity to benzaldehyde and styrene
oxide when acetonitrile was used a solvent was found to be 20 and 21% respectively. No
activity was observed using water as a solvent due to poor miscibility with styrene.

Acetonitrile was then chosen as solvent for co-oxidant optimization (Figure 3b). No
activity was observed using H,O, and NalO, as H,O, has been reported to decompose at
temperatures greater than 30 °C [28-29] while NalO4 may have encountered poor solubility
as no water was added to the reaction. Generally, NalO4 shows good activity when used in
a acetonitrile/water solution [30]. TBHP achieved a 95% styrene conversion with selectivity
to benzaldehyde and styrene oxide being 20 and 21% respectively.

The TBHP equivalents to styrene were then investigated (Figure 3c) and the highest
conversion (96%) was obtained when 10 equivalents were used at the expense of formation
of benzaldehyde and styrene oxide which oxidised further to benzoic acid and acetophenone
[19, 31]. The optimum equivalents were chosen to be 3 as a high conversion (90%) was also
obtained. Temperature was optimized using acetonitrile as the solvent and 3 equivalents of
TBHP (Figure 3d). The highest conversion (95%) was obtained at 60 °C with selectivity to
benzaldehyde and styrene oxide being 57 and 21% respectively.

Styrene oxidation over prepared catalysts. The results from catalyst testing can be seen
in Figure 4. The CeO catalyst gave the lowest conversion (40%) which increased with
substitution of Ni or Cu in the ceria lattice. NiCeO giving the highest conversion (69%) and
this could be due to NiCeO having the largest surface area amongst the catalysts and therefore
an increased availability of metal oxide active sites. The second highest conversion (61%)
was observed when no catalyst was present. Having no catalyst meant the reaction system
was homogeneous and such systems have been previously reported to yield good activity due
to fast reaction rates [32]. Generally, the selectivity to styrene oxide was found to be higher
than that to benzaldehyde and similar observations were made by Liu et al. over their ceria
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catalysts [33]. For all catalysts, there was a higher selectivity to other products (~54 — 72%)
such as benzoic acid, 1-phenylethane-1,2-diol, acetophenone and phenyl acetaldehyde which
result from the over-oxidation of benzaldehyde and styrene oxide. This could imply that
TBHP is a harsh co-oxidant for this system and the catalysts are not very selective to the
desired products.
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Fig. 3. (a) Solvent optimization at 60 °C using 3 equiv. TBHP, (b) co-oxidant optimization
at 60 °C using optimized solvent (acetonitrile), (c) optimization of TBHP equivalents to
styrene using acetonitrile at 60 °C and (d) temperature optimization using acetonitrile and 3
equiv. TBHP.

The mechanism of styrene oxidation over heterogeneous catalysts using TBHP as the co-
oxidant has been reported to proceed by molecules of styrene and TBHP adsorbing on the
catalyst surface, with the catalyst controlling the breaking and formation of bonds to produce
products from styrene [19, 31,34]. Campbell and Peden [35] previously reported that the
active sites in ceria catalysts lies in Ce* ions that are coupled with large sized oxygen vacancy
clusters. These vacancies activate the substrate thereby improving catalytic performance. Liu
et al. [36] proposed a mechanism whereby styrene oxidation occurs over the surface of the
ceria catalyst with styrene being adsorbed onto the surface. Styrene undergoes oxidation by
reaction with the highly reactive oxygen species at the oxygen vacancy site. Products are
generated and the remaining oxygen vacancies are refilled by TBHP.
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Fig. 4. Styrene conversion and product selectivity obtained for the different catalysts after 24
hours at 60 °C. Reaction conditions: 0.5 mmol styrene, 3 equiv. TBHP, 50 mg catalyst, 5 mL
CH;CN. Others: benzoic acid, 1-phenylethane-1,2-diol, acetophenone, phenyl acetaldehyde.

4 Summary and conclusion

Heterogeneous mixed metal ceria catalysts have been successfully synthesized and
characterized and were found to be active in the oxidation of styrene. Conversion was found
to increase when nickel or copper were added into the ceria lattice. Although the catalyst
systems yielded more other products, benzaldehyde and styrene oxide were still produced in
measurable quantities. Further studies are required in order to determine the role of the metals
in the lattice as well as exploration of less harsh co-oxidants.
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