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Abstract

Nanosized spinel ferrite (AR©,, A=Ni, Fe, Zn) catalysts are prepared by ‘bottom-up’ approach, i.e. first forming the nanostructured building
blocks and then assembling them into the final material with average particle size of 7-12 nm and surface area of?89-TI0® synthesized
nanocrystallites were characterized by thermal analysis, powder X-ray diffraction, transmission electron microscopy and inductively coupled
plasma (atomic emission spectroscopy) technique for evaluating phase, structure and morphology and stoichiometry. These materials were fou
to be very good catalysts for the oxidation of styrene to benzaldehyde in the presence of hydrogen peroxide. Of the several catalysts tried, magnet
(F&04) has shown to have the best catalytic activity for the above reaction. The effects of solvent medium used, styrene:hydrogen peroxide mola
ratio, reaction temperature, time and reaction atmosphere required for the complete conversion of styrene to benzaldehyde were also studied. Ba:
on our findings, a plausible mechanism involved in the catalytic reaction is proposed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction application of ferrites with small particles and tailoring of
specific properties have prompted the development of several
Nanospinel ferrites with the general formula &8, are a  widely used chemical method46] like sol-gel[17], radio
class of chemically and thermally stable materials suitable fofrequency plasma treatmefit8], reverse micelle$19], host
a wide variety of applications including catalydis], mag- template[20], co-precipitation[21], hydrothermal treatment
netic recording media and magnetic fluids for the storage and/q2], etc. Among these techniques, hydrothermal synthesis is
retrieval of informatiorf2], magnetic resonance imaging (MRI) a method with an advantage that it can be easily operated and
enhancemeni3], magnetically guided drug delivei#], sen-  produces large quantities of nanostructured material in a com-
sors[5], pigmentg6], etc. It is established that various binary paratively less time. The main thrust of research in this area
and ternary spinel ferrites are effective catalysts for a numbes exploring synthesis routes involving minimum temperature,
of industrial processes such as oxidative dehydrogenation @b minimize the grain growth associated with high temperature
hydrocarbon$§7], decomposition of alcohols and hydrogen per-treatment. The physicochemical properties and catalytic perfor-
oxide[8], treatment of automobile-exhaust gaf#s oxidation = mance of these materials in the selective oxidation of styrene
of various compounds such as €I0], H,, CH4 and chloroben-  with H,O, as oxidant to form benzaldehyde, targeting the fine
zene[11], phenol hydroxylatiorj12], alkylation reactiorf13], chemical industry, has been addressed.
hydrodesulphurization of crude petroleyir], catalytic com-
bustion of methangl5], etc. 2. Experimental
Synthesis procedures of these spinel ferrite nanoparticles
have also been intensively studied in recent years. Large-scale;. Synthesis of the catalysts

Among the catalysts used for the reaction, NBg

* Corresponding author. Tel.: +91 40 27160123x2386: fax: +91 40 2716092:£NF&04 and Nb 5Zno sFe;O4 are synthesized by the hydrother-
E-mail address: manorama@iict.res.in (S.V. Manorama). mal route whereas E®4 was synthesized at room temperature.
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The synthesis procedures can be described briefly astervals. Attemperatures above 8Dand reaction time greater

follows. than 12 h, the formation of styrene polymers was observed. The
optimum condition for the reaction was obtained using acetone
2.1.1. Synthesis of NiFe;0y4, ZnFe;04 and Nig sZng sFe>O4 as solvent at 60C for a 12 h reaction period.

Stoichiometric amounts of Ni(N§),-6H,0, Zn(NG;s), and
Fe(NGs)3-9H,0 are dissolved in doubly distilled water. The pH 3. Results and discussions
of the solution was adjusted to 8 by slow addition of ammonia
solution. The reaction mixture was stirred for 1 h before trans- At the outset all the catalyst materials were characterized

ferring the contents to a 1000 ml stainless steel autoclave. Thgy evaluating their morphology and structure. The synthesized
temperature of the autoclave was maintained atZ3for half  samples were first subjected to thermal analysis to find out the

an hour and then the reaction mixture was allowed to cool t,ossible temperatures at which any possible phase change could
room temperature. The product formed was washed with disyceyr,

tilled water several times, filtered and dried at 2@0for 8 h.
Similarly, NiFeO4 was also synthesized while maintaining pH

of the starting composition at 10. 3.1. Thermal analysis

Thermal analysis of the as-prepared samples was done to
know the possible changes occurring when they are subjected
monohydrate. In a typical synthesis process, Fe@ldrich) %o heat treatment. From TG-DTA studies it is seen that the data

. ' for the hydrothermally synthesized ferrites is featureless in the

was dissolved in doubly distilled water, acidified with HCI dur-

, . o . temperature range from 30 to 330, except for the water loss
ing continuous stirring at ambient temperature and pressure toeak near 100C. Near 350C. there is an endothermic peak
obtain a clear solution. Hydrazine monohydratekiy-H,0) b i . b

was used to adjust the pH of the solution to almost 7. Durin indicating total crystallization for the samples synthesized at pH

this process of addition, it was observed that the solution that’ For the NiFgO4 sample synthesized at pH 10, the whole data

was originally dark green in color (phase identified as greer|15 featureless indicating that no phase change occurs up to the

rust) changed to black indicative of the formation 0§8g and temperature of interest. However forday, synthesized at room

completion of the reaction. The reaction mixture was stirred fortemperature, as expected, there are two peaks at 240 an@450

a further period of 1h and the black precipitate was coIIectedShOW'ng the phase transformations which can be assigned to the

filtered and repeatedly washed with distilled water. The produc‘?hase change of magnetite to maghemite and then to hematite,

g respectively23]. The maximum gravimetric loss accompanying
was subsequently dried in vacuum for 2h at room temperatur?his thermal treatment was found to be around 8%, which is

mainly due to loss of water. The TG-DTA plots for4&&, and
the other complex ferrites are givenhigs. 1 and 2

2.1.2. Synthesis of Fe304
Fe304 is synthesized at room temperature using hydrazin

2.2. Characterization

Powder X-ray diffraction (XRD) was recorded on a
Siemens/D5000 X-ray diffractometer over & ange from 3.2. Powder X-ray diffraction
2° to 65 using Cu Kx (»=1.5406A). The thermal transfor-
mations associated with the heat treatment were studied by a X-ray diffraction studies indicate that the materials synthe-
thermogravimetric-differential thermal analysis (TG-DTA) sys- sized are spinels with the cubic phase and all the crystal struc-
tem (Model: Mettler Toledo St8 in air, at a heating rate of tUres agree with the corresponding reported JCPDS data (Card
10°C/min. A JEOL JEM—200 CX transmission electron micro- NOS. NiF@O4: 10-325; ZnFgOq4: 22-1012; FgO4: 19-629).
scope operating at 200kV was used to record the selectédd:- 3shows the powder XRD patterns of all the materials. A
area electron diffraction (SAED) and the transmission electrofl€finite line broadening of the diffraction peaks is an indica-
microscopy (TEM) patterns. An IRIS Intrepid Il XDL induc- tion that the synthesized materials are in the nanometer range.
tively coupled plasma, atomic emission spectroscopy (|Cp]'he crystallite sizes are calculated from Debye Scherrer for-
AES) instrument was used to measure the stoichiometry of th@ula applied to the major intense peaks and are found to be in

samples. the range of 10—15 nm. The lattice parameters calculated are also
in accordance with the reported value. All the crystal parameters
2.3. Reaction procedure for the oxidation of styrene are given inTable 1

Styrene oxidation was carried out in a 50 ml two-necked3.3. Transmission electron microscopy
round bottom flask provided with a magnetic bead for stirring
and aflask condenser; 10 mmol styrene, 10 ml acetone, 0.1 g cat- Figs. 4 and Jive the TEM micrographs of the complex fer-
alyst and 1 ml of 30 wt% b0, (styrene:HO, =1) were added rites and FgO4 nanopatrticles, respectively. The corresponding
successively into the flask. The reaction was carried out wittBAED pattern for the Ff, particles are also given iRig. 5.
varying solvents, temperature, time, styrengp molar ratio  The average particle size calculated from the TEM micrographs
and reaction atmosphere. The reaction products were analyzéxlconsistent with the crystallite size obtained from XRD mea-
by gas chromatographic mass spectroscopy (GCMS) at regulaurement and is included Table 1 This also indicates that the
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variation, styrene:pO, molar ratio, reaction atmosphere, etc.
on the styrene conversion and product selectivity over,8ze
(a) (A=Fe, Ni and Zn) and AsBosFe04 (A=Ni, B=2n) type
H | catalysts have been successively carried out. p0g@repared
_ at pH 8 shows 31.4 mol% conversion and 55.6 mol% benzalde-

hyde selectivity where as Nig®, synthesized at pH 10 shows
only 24.0 mol% conversion and 36.5 mol% selectivity. Prepar-
ing the same material at different pHs is justified, based on our
Fig. 1. Differential thermal analysis plot of (a) Nif@s, (b) ZnFeOs, (c)  early work where it is shown that the procedure adopted con-
Nio.5sZno sFe204 synthesized by hydrothermal treatment at 280or half an  firms different electrical conductivity behavif@4]. In NiFe;O4
hour. this effect primarily arises from the presence of different Ni
species (N&* and NP*). We can therefore ascribe the lower
synthesis procedure adopted results in particles that mostly vea|ye of conversion and selectivity in the case of NiBg pre-
small and nearly single crystals. pared at pH 10 to less oxygen vacancies in the active sites of the
From ICP studies it is found that all the samples have altatalyst. ZnFgO, and Np s5Zno sFe04 have shown 26.1 and
(A=Fe, Ni and Zn): F&" ratio equal to 1:2 with an error less 30,7 mol% conversion and with a benzaldehyde selectivity of
than 3%. 50.4 and 52.1 mol%, respectively. The styrene conversion with
these catalysts has shown no significant change. Using all these
3.4. Optimization of reaction conditions catalysts and also E®4, styrene oxidation reactions are car-
ried out at 60°C with acetone as the solvent for 12 h reaction
The materials thus characterized for the structure, morphoin nitrogen atmosphere and the results are tabulatddbie 2
ogy and confirmed to be nanomaterials with the spinel structur&he best result in terms of conversion of styrene is 36.5mol%
were then used as catalysts to evaluate their catalytic efficiencgnd benzaldehyde selectivity of 68.4 mol% is obtained using
The oxidation reaction of styrene to benzaldehyde was used &&30, catalysts. The primary reason for the improved catalytic
the model reaction. The effect of different solvents, temperaturefficiency of FgO4 can be attributed to the pH that is adjusted

100 200 300 400 500 600 700
Temperature(°C)

Table 1

Synthesis conditions; results from XRD, crystallite size and diffused reflectance spectroscopy of the nanoparticlg80f¢FEe, Ni, Zn and Nj 5Zng 5) complex
oxides

Code T(°C) Time (h) Crystallite siz&(nm) Average surface argéém?/g) Lattice parametél(A) Particle siz& (nm)
NiFe,O4 (pH 8) 230 0.5 9.3 100.9 8.37 10-12
NiFe;O4 (pH 10) 230 0.5 9.2 85.4 8.40 12-15
ZnFe04 230 0.5 8.2 111.0 8.40 8-13
Nio.5Zng 5F€04 230 0.5 7.9 100.9 8.45 9-11
Fe3O4 (pH 7) 26 1 15 55.51 8.30 18-22

2 From XRD.

b Calculated from TEM.
¢ Calculated from Scherrer formula.
d Calculated from TEM micrograph.
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Table 2
Oxidation of styrene with blO, with all the synthesized complex ferrite catalysts
Catalyst Styrene conversion  Selectivity (mol%)
(mol%)
Benzaldehyde Others
) m NiFe;O4 (pH 8) 31.4 55.6 33.4
NiFeO4 (pH 10) 24.0 36.5 40.8
J\\’V\/V\/\]\/\/\NW,\’\,J\/L\/V finmrn A W ZnFe0, 26.1 50.4 36.5
! FesO4 (PH 7) 36.5 68.4 32.1
I Nio.5Zno.sFe;Os 307 52.1 42.0

|
| | Reaction conditions: catalyst 0.1 g; solvent acetone; styref®:tholar ratio
/ 1; reaction temperature 6C; 12 h reaction N atmosphere.
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ence of both F& and Fé* ions in FgO4 favors the adsorption
(‘ of both reactants, i.e. #D, and styrene together thereby con-

5 i tributing to the enhanced catalytic activity in this material. In

® N A \ the case of the other catalysts, NiBa and ZnFeOsa, also with
A A S A S the spinel structure, the adsorption processes are less advanta-
i geous as Ni and Zn ions prefer the divalent oxidation state and

I it is Fe?* ions that are replaced by Niand Zrf* ions, respec-
a n ively. These reasons supportthe experimental result which show
@ ,/\\ o tively. Th pport the exp talresultwhich sh
P S ,;j\ ‘-‘.‘_‘_,.\J\H' “»\\Wﬁ\,’\%N‘ o /-._\_,,‘h,ﬂf"u\‘ ; ‘b\ that using FgO,4 catalyst one would expect better styrene con-
version (36.5%) and higher benzaldehyde selectivity (68.4%)
10 20 30 40 50 60 . L.
2 Theta under optimum conditions.

The influence of reaction temperature, time and
styrene:hydrogen peroxide molar ratio on the styrene oxi-
dation reaction is given ifiable 3 With the increase in reaction
temperature, styrene conversion as well as the selectivity
at 7 during the synthesis procedure. For others, the pH valu®r benzaldehyde increases. This confirms that at higher
during synthesis was maintained at 8 and above to obtain sitemperatures €C bond cleavage is more favorable. It is seen
gle phase compound. The lower pH value (pH 7) maintainedhat the styrene conversion increases with the increase in
during the synthesis of &, leads to more oxygen vacancies reaction time but selectivity for benzaldehyde decreases, and
on the surface. More oxygen vacancies facilitate the adsorptiotie formation of other products like polystyrene, etc. increases.
of H20, to form molecular oxygen for the oxidation reaction The conversion as well as the selectivity is found to be best
compared to the other catalysts studied and hence we observevhen the styrene:hydrogen peroxide molar ratio is 1:1 and the
better promotion of the oxidation procedure. Further, this preferreaction time is 12 h. When styrene:hydrogen peroxide molar
ential enhancement may be due to the variable valencies of iromatio is 1:2, it is seen that the styrene conversion increases but
existing in the FeO4, In an equilibrium situation, this favors the the product selectivity decreases. When this ratio is maintained
simultaneous oxidation of B&to Fe** along with the cleavage at 2:1, the styrene conversion decreases but the selectivity for
of the double bond in styrene on theé’tsurface. Thus, the pres- benzaldehyde increases. So we can conclude that the optimum

Fig. 3. Powder X-ray diffraction patterns of (a) Znf, (b) NiFeO4 (pH 8),
(c) Nip.5Zno.5Fe&04 and (d) Fg0Oa.
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Fig. 4. Typical transmission electron micrographs of all the samples showing the particle size distribution $&4Z(#HeNiFe,O4 and (c) Nb.sZng sFe04.
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40 nm

Fig. 5. Typical transmission micrographs and selected area electron diffraction pattep®gfshewing the particle size.

Table 3
Effect of reaction temperature, reaction time and styrep@zHnolar ratio on styrene oxidation on $@; catalyst
Temperature“C) Time (h) Styrene:bIO, molar ratio Styrene conversion (mol%) Selectivity (mol%)
Benzaldehyde Others
30 12 11 2.1 70.6 25.1
40 12 11 10.1 66.6 29.3
50 12 11 19.0 63.2 30.2
60 12 11 36.5 68.4 32.1
60 6 11 1.3 72.3 195
60 18 11 52.0 51.0 36.2
60 24 11 55.2 24.8 64.8
60 12 1:2 36.5 44.6 30.2
60 12 2:1 5.8 72.1 25.8

Reaction conditions: catalyst 0.1 g; ldtmosphere; acetone solvent.

conversion is obtained when this molar ratio is 1:1. Further, th€&, atmosphere for performing the reaction. This could probably

influence of different solvent and reaction atmospheres has aldme because in air or oxygen atmosphere there is a possibility for

been studied on this reaction. styrene to be polymerized hindering the reaction pathway.
The results obtained with different solvents and atmospheres

on styrene oxidation over 0.1 g £@4 catalyst at 60C keeping

styrene:hydrogen peroxide molar ratio as 1:1 and 12 h reactioh Conclusions

time is given inTable 4 From the table it is clear that aprotic

solvents like acetone, acetonitrile, etc. are more favorable than The following are the inferences that can be drawn from the

protic solvents for the formation of benzaldehyde. Though na@bove studies:

significant change in conversion and selectivity of the reaction is

observed, Natmosphere seems to be more favorable than air o Nanosized spinel-type AR®, (A= Ni, Zn and Ni 52 s)

complex oxide catalysts are prepared by the hydrothermal

Table 4 .
Effect of solvent and reaction atmosphere on styrene oxidation ovgdsFe methOd' The_se complex _type_ ferrite CataIySt_S are fognd to
catalyst be highly active for the oxidation of styrene with@ oxi-
o — S p— o dant due to their high dispersity, and large surface area, i.e.
olvent at;icst";';re Ctgrzsgfsion electivity (mol%) providing more active sites for the catalytic reaction.
(Mo1%) Benzaldehyde  Others 2- Styrene undergo a=C bond cleavage preferentially over
the spinel-type catalysts to give benzaldehyde. By-products

Acetone N 31.22 71.0 26.4 . '
Acetone o 4.0 528 312 such as phenylacetaldehyde and styrene oxide formation are
Acetone Air 25.1 55.3 325 negligibly low (<1%).
Ethanol N 26.6 48.9 38.9 3. Among all complex ferrites, B®4, synthesized at around
Acetonitrile N 25.4 52.3 38.5 pH 7, is found to be most effective for styrene oxidation to
Reaction conditions: catalyst 0.1 g; temperature®styrene:HO, molar ratio benzaldehyde. This may be due to large number of oxygen

1; time 12 h. vacancies on the surface among the ferrites studied.
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4. With acetone as the reaction medium, reaction temperatur¢z] M.A. Gibson, J.W. Hightower, J. Catal. 41 (1976) 420.
around 60C, reaction time 12 h and styrene:hydrogen per- [8] E. Manova, T. Tsoncheva, D. Paneva, I. Mitov, K. Tenchev, L. Petrov,

oxide molar ratio 1:1 under nitrogen atmosphere is found to___ APPl- Catal. A: Gen. 277 (2004) 119.
[9] L.C.A. Oliveira, J.D. Fabris, R.R.V.A. Rios, W.N. Mussel, R.M. Lago,

be favorable for increasing the selectivity for benzaldehyde. Appl. Catal. A: Gen. 259 (2004) 253.
N [10] S. PalDey, S. Gedevanishvii, W. Zhang, F. Rasouli, Appl. Catal. B:
Thus, we can conclude that most favorable conditions for the  Environ. 56 (2004) 227.
oxidation of styrene to benzaldehyde is obtained witfJzeas  [11] J.B. Silva, C.F. Diniz, R.M. Lago, N.D.S. Mohallem, J. Non-Cryst.
a catalyst, acetone as the reaction medium and reaction temper; Solids 348 (2004) 201.
ture maintained at 6@ for 12 h 12] C.R. Xiong, Q.L. Chen, W.R. Lu, H.X. Gao, W.K. Lu, Z. Gao, Catal.
a . Lett. 69 (2000) 231.
[13] K. Sreekumar, S. Sugunan, J. Mol. Catal. A: Chem. 185 (2002) 259.
[14] F. Tihay, A.C. Roger, G. Pourroy, A. Kiennemann, Energy Fuels 16
(2002) 1271.
. . ., [15] R. Spretz, S.G. Marchetti, M.A. Ulla, E.A. Lombardo, J. Catal. 194
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