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bstract

icro- and nanosized zinc ferrite particles were prepared in RF thermal plasma conditions. Ethanol solutions of the mixture of zinc- and iron-

itrates were used as precursors. In the experiments, effects of synthesis conditions on the properties of products were investigated. The products
ere characterized for chemical and phase composition, morphology and magnetic properties. Zinc ferrite particles having ferrimagnetic properties
ere produced which refers to formation of zinc ferrites of inverse spinel structure in particular conditions.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Spinel ferrites are widely used in different industries, e.g. as
dsorbents,1 as catalysts,2 pigments3 and materials of devices
or electronic and magnetic storage of information. Applications
equire nanosized ferrites in many cases. Thus, synthesis and
tudies on the properties of zinc ferrites is an interesting research
opics now.

Ferrite spinels crystallize in face centered cubic lattice. In
he normal zinc ferrite structure, Zn2+ ions are in tetrahedral,
hile Fe3+ ions are in octahedral positions. Zinc ferrites having
ormal spinel structure exhibit paramagnetic properties at room
emperature.4 Under extreme conditions, such as mechanochem-
cal activation,5 rapid quenching6 or coprecipitation followed
y annealing7 position of Zn2+ and Fe3+ cations in the crys-
al structure can be partially or even completely reversed. The
trong super-exchange interaction among these sites results in an
nusually high magnetization as compared to normal spinels.6

Thermal plasmas, such as direct current (dc) arcs8 and

adiofrequency9,10 (RF) plasmas offer unique advantages for the
ynthesis of special ceramic powders due to the easily achievable
igh temperatures and energy densities. In an RF thermal plasma
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ame the gas temperatures may exceed 104 K independently of
he gas composition. In addition, a high temperature gradient
xists between the hot plasma flame and the surrounding gas
hase. The resulting rapid quenching rate is favourable for pro-
ucing fine particles with unstable structures in thermodynamic
erms.

In this paper results on the RF thermal plasma synthesis of
inc ferrites from the ethanol solutions of the corresponding
itrates are presented. Aim of the study was to find correlations
etween plasma parameters and properties of product.

. Experimental

The experiments were performed in a radiofrequency thermal
lasma reactor operating at a maximum plate power of 30 kW.
he experimental set-up is shown in Fig. 1. Argon was used as
lasma gas with a flow rate of 20 l min−1. The sheath gas was
mixture of Ar and O2 with flow rate of 23 and 20 l min−1,

espectively.
The precursor solutions were prepared by the dissolution of

nalytical grade Fe(NO3)3·9H2O and Zn(NO3)2·6H2O powders
n technical grade ethanol using a magnetic stirrer. The Fe to Zn
olar ratio was set to 2:1 in all cases.
The ethanol solutions of corresponding nitrate salts were

njected into the plasma flame by a TEKNA suspension feeder.
he solutions were atomized by argon with flow rate of

mailto:mohaiti@chemres.hu
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.128
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Table 2
Results of the plasma tests

Run Zinc ferrite
(ZnFe2O4)

Magnetite
(FeFe2O4)

Saturation
magnetization
(emu g−1)

a (Å) Irel (%) Irel (%)

1 8.440 100 54 25
2 8.441 100 57 26
3 8.441 100 13 20
4 8.440 100 84 28
5 8.438 100 35 20
6 8.438 100 31 28
7 8.438 100 51 32
8
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Fig. 1. Experimental set-up.

l min−1. Inlet of injection probe was positioned at distances
f 83 and 103 mm, respectively, below the top of induction coil.
n the tests the following parameters were varied:

Plate power.
Concentration of salts in the ethanol solution.
Position of injection probe.

The experimental conditions are summarized in Table 1.
The reaction products were collected from the reactor wall.

heir chemical composition was analyzed by ICP-OES (Thermo
arrell Ash Atomscan 25). A Philips Xpert XRD apparatus
perating with Cu K� radiation was used to analyze the phase
omposition. The lattice parameters (a) of the crystalline phases
ere determined from the positions of relevant diffraction peaks.
omposition of zinc ferrite phase was determined from the lat-
ice parameters. Morphology of products was studied by SEM
Philips XL30 ESEM) and TEM (Philips CM20). Energy dis-
ersive X-ray fluorescence spectroscopy (EDS; NORAN EDS
ystem) was applied to analyze the Fe and Zn content of indi-

l
r
(
s

able 1
xperimental conditions

un no. Probe position (mm) Plate power (kW) Zn +
conc

83 15 1.95
83 15 3.9
83 25 1.95
83 25 3.9

103 15 1.95
103 15 3.9
103 25 1.95
103 25 3.9
8.438 100 23 16

: lattice parameter, Irel: relative XRD intensities (731).

idual particles. Magnetization measurements were performed
t room temperature by a vibrating-sample (Foner-type) mag-
etometer. The external magnetic field varied up to 20,000 Oe.
he saturation magnetization was determined by extrapolating

he linear high-field part of the magnetization curve to zero fields.

. Results and discussion

The experimental results are summarized in Table 2. For eval-
ation of experiments, the XRD intensity ratio of stoichiometric
inc ferrite (ZnFe2O4) related to magnetite (FeFe2O4) and the
orphology of products were chosen. Composition of the spinel

tructure was determined by deconvoluting the 731 spinel reflec-
ion of X-ray diffractograms.

Products from the different runs had the same bulk Fe/Zn
olar ratio as the precursor solutions (Fe/Zn = 2). Plasma treat-
ent of precursors resulted in extensive spinel formation in

ll experiments (Fig. 2). Mainly spinels of zinc ferrite type
ere formed. However, formation of magnetite (FeFe2O4) was
etected, as well. Intensity of the magnetite reflection related to
hat of zinc ferrite varied in a broad range (13–84%) with the
xperimental parameters (Table 2). Low magnetite content of
he spinel phase was measured in processing of more concen-
rated solution at high plate power (Run 3) and also in processing

ess concentrated solutions at low plate power (Run 8). In both
uns the injection probe was situated at the higher position
83 mm). Lowering the probe position by 20 mm resulted in the
light increase of the magnetite content (Runs 5 and 6). Highest

Fe molar
entration (mol/l)

Feed rate (l/min) Specific energy
(kWh/mol Zn + Fe)

0.018 7.1
0.014 4.6
0.021 10.2
0.014 7.6

0.019 6.7
0.010 6.4
0.019 11.2
0.013 8.2
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solid state reaction between them.

At optimum conditions (Esp = 6.7–8.2 kWh/mol) the evapo-
ration of spray droplets and the solid state reactions of particles
take place simultaneously. Evaporation rate is high enough to
Fig. 2. X-ray diffractograms of products from Runs 1–8.

agnetite content was observed in Run 4, when the precursor
ndured the highest specific energy (10.2 kWh/mol). The spe-
ific energy (Esp) was defined as the plate power related to the
eed rate of precursors.

Plotting of relative intensities of magnetite against the spe-
ific energy exhibits minimum type correlations for both settings
f the injection probe (Fig. 3). At probe position of 83 mm the
ffect of specific energy is more pronounced than at 103 mm. In
he former case, the precursor solution was injected to a zone
here gas temperature and velocity was higher than at 103 mm
robe position.

Run of curves in Fig. 3 is explained as follows. Thermo-
ynamic calculations using Fachtsage® code revealed that in
quilibrium conditions in the Zn–Fe–O system, in the tempera-
ure range of 500–1500 ◦C, the only stable condensed phase is
nFe2O4. At 1750 ◦C both liquid magnetite and solid ZnO may
xist. At temperatures above 1750 ◦C the total zinc content of
he system is to be found in vapor phase. The liquid magnetite
orms a stable phase up to 2250 ◦C. Above this temperature the
iquid iron oxide gradually looses its oxygen content forming
iquid FeO. At 3000 ◦C all components in the Zn–Fe–O system
re vaporized.

Spraying the ethanol solution of the precursors into the hot

lasma, in the first step solid particles are formed by the evapora-
ion of the solvent from the spray drops, preserving their original
ize. In the dried drops nitrate salts decomposed and produced
he mixture of the corresponding oxides.

ig. 3. Relative intensity of the magnetite reflection as plotted against specific
nergy. (�) Probe position: 83 mm and (�) probe position: 103 mm.
eramic Society 27 (2007) 941–945 943

At low specific energies (4–6 kWh/mol) the energy input is
oo low for the complete evaporation of zinc and iron oxides
ormed during thermal decomposition of nitrate precursors.
owever, the solid state reactions resulting in ZnFe2O4 can
roceed due to the intimate mixing of oxides. Surface temper-
ture of the oxide grains in the hot plasma can be as high as
500–2000 ◦C which is high enough to sublimate of ZnO and to
esult a spinel structure with higher Fe/Zn molar ratio (Run 2).

At specific energies of 10–12 kWh/mol, when diluted solu-
ions are fed at high plate power (Run 4), the spray droplets
re most probably vaporized in a great extent. Thus, reactions
eading to spinel formation take place in vapor phase. Products
f particular reactions are cooling very rapidly downwards the
lasma flame region due to the intensive heat transfer over there.
he iron oxides start to condense at about 2750 ◦C. Thus, they
annot react with ZnO at high conversion. Solid ZnO starts to
orm below 2000 ◦C. Moreover, voluminous plasma (Ar), aux-
liary (O2) and reaction (CO2, H2O) gases contain condensed
xide particles in low concentration which further limits the
Fig. 4. SEM photos of product from Run 3.
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nsure suitable concentration of species in the gas phase and the
emperature and heat transfer conditions are suitable for effec-
ive solid phase reactions (Run 3).

Saturation magnetization of the products exhibited rather
oor correlation with the ZnFe2O4/FeFe2O4 intensity ratio. It
uggests formation of inverse ZnFe2O4 spinel structure with

errimagnetic properties.

Investigation of the morphology of the products by scanning
lectron microscopy made clear that the spinels were formed by

Fig. 5. SEM photos of product from Run 7.

f
c
O
s
c

eramic Society 27 (2007) 941–945

wo different mechanisms. All products contained microsized
articles along with nanosized ones in various ratios. Depending
n the size of the solid grains formed during decomposition of
recursors and the plasma parameters, microsized or nanosized
articles are formed. Parameters of Run 3 favoured the formation
f nanoparticles by the complete evaporation of the solid grains
ollowed by condensation and spinel formation. This sample

ontained only a few bigger spheres of ∼1 �m size (Fig. 4).
n the other hand, in the product of Run 7 most particles have

izes around 20 �m (Fig. 5). Surface of microsized particles is
overed by nanoparticles. In some dried drops, along with the

Fig. 6. TEM and EDS results of product from Run 1.
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olid state reaction, partial evaporation of the oxides occurred as
ell. In the experimental conditions of Run 7 the spinels were
ainly formed in solid state reactions.
In the TEM micrographs particles can be classified accord-

ng to their size and chemical composition (Fig. 6). Chemical
omposition, represented by the Fe/Zn atomic ratio from EDS
easurements varied with the size of the particles. The smallest

5 nm) particles proved to be pure ZnO. Increase of particle size
as accompanied by a gradual increase of iron concentration.
rystals of 30–50 nm size had an average Fe/Zn ratio of 0.4/1.
omposition of particles having the size about 100–300 nm is
lose to the stoichiometric Fe/Zn ratio of 2:1. In the microsized
articles the Fe to Zn atomic ratio may be as high as 5:1.

. Conclusions

Radiofrequency thermal plasma treatment of the ethanol
olution of zinc- and iron-nitrates resulted in an extensive spinel
ormation. The main reaction product was ZnFe2O4. However,
epending on the reaction conditions, different amounts of mag-
etite (FeFe2O4) were formed, as well. Saturation magnetization
xhibited rather poor correlation with the FeFe2O4/ZnFe2O4
ntensity ratio. It suggests formation of inverse ZnFe2O4 spinel
ith ferrimagnetic properties. Morphology of the products had
strong dependence on the synthesis conditions. Particle size is
ardly influenced by the size of spray droplets fed into the hot
lasma flame. Due to the short residense time in the hot zone,
he bigger (10–20 �m) droplets cannot evaporate completely. In
hese grains the spinel structure is formed in solid state reac-
ions between oxides. As ZnO is susceptible to sublimate at

igh temperature, in these cases Fe/Zn atomic ratio is higher
han the stoichiometric ratio. Thus, ZnO is concentrated in the
anosized grains. For the RF plasma synthesis of ferrite spinels
f well-defined bulk composition, use of ethanol solutions of

1

eramic Society 27 (2007) 941–945 945

he corresponding metal salts as precursors is recommended.
owever, synthesis conditions, including plasma parameters and
ebulization efficiency should be carefully tested and controlled.
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