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Abstract 
In this work synthesis of nanosized zinc ferrites was studied under thermal plasma conditions. Mixture of oxide 
powders and ethanol solution of corresponding salts were used as precursors. The products were characterized 
by ICP-OES and XRD methods. Morphology was studied by SEM and TEM. Magnetic properties were charac-
terized by saturation magnetization. Nanosized zinc ferrite particles having ferromagnetic properties were pro-
duced which refers to the formation of zinc ferrites of inverse spinel structure in particular conditions. 
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1. Introduction 
Ferrite spinels crystallize in face centered cubic lattice. In the normal zinc ferrite structure, Zn2+ ions are in tetra-
hedral, while Fe3+ ions are in octahedral positions. Zinc ferrites having normal spinel structure exhibit paramag-
netic properties. They are used as pigments, catalysts and adsorbents for desulphurization [1]. 
Under extreme conditions, such as mechanochemical activation or rapid quenching, position of Zn2+ and Fe3+ 
cations in the crystal structure can be partially or even completely reversed [2]. The resulted structure, referred 
as inverse spinel one, is ferromagnetic with a high saturation magnetization. Thus, inverse zinc ferrites can be 
used as electrical and magnetic materials. Zinc-ferroferrites (ZnxFe3-xO4, where x≤0.5), in which the Fe2+ ions are 
partially substituted by Zn2+ ions, have the highest saturation magnetization among spinel ferrites. 
Inverse zinc ferrite spinels of ultrafine particle size can be produced in RF thermal plasma conditions due to high 
processing temperature and the rapid quenching of the formed, meta-stable phases [3-4]. In addition, thermal 
plasma synthesis makes production of ferrite devices from powders simpler.  
In this report, results of the thermal plasma synthesis of zinc ferrites from different precursors are presented. Re-
search was aimed to reveal correlations among properties of products and parameters of processing and to opti-
mize conditions of zinc ferrite production. 
 
2. Experimental 
The experiments were performed in an RF thermal plasma reactor operating at a maximum plate power of 30kW 
(3÷5 MHz). Experimental set-up is shown in Fig. 1. Argon was used as plasma gas with a flow rate of 20 l⋅min-1. 
The sheath gas was a mixture of Ar and O2 with flow rate of 23 l⋅min-1 and 20 l⋅min-1, respectively. The oxide 
precursors were fed using PRAXAIR powder feeder, while the ethanol solutions were injected by a TEKNA sus-
pension feeder. Both mixture of solid oxides and ethanol solution were atomized by argon with flow rate of 3 
l⋅min-1. Injection probe was positioned as shown in Fig. 2. 
Precursors were prepared by two methods: 

• Analytical grade Fe2O3 and ZnO powders were thoroughly mixed in a Fritsch laboratory agate mortar 
grinder 

• Analytical grade Fe(NO3)3·9H2O and Zn(NO3)2·6H2O were dissolved in technical grade ethanol using a 
magnetic stirrer. 

The Fe to Zn molar ratio was set to 2:1 in all cases. In the tests the following parameters were varied: 
• Type of precursor 
• Plate power 
• Position of injection probe 
• Concentration of salts in the ethanol solution.  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                      Figure 1 Scheme of the experimental set-up            Figure 2 Positions of the injection probe 

 
 
The experimental conditions are summarized in Table 1.  
 
                              Table 1 Experimental conditions 

Sample  
No. 

Plate  
power (kW) 

Probe  
position 

Molar  
concentration (M) Feed rate 

Powder 
1 15 a  0.460 g/min 
2 25 a  0.360 g/min 

Solution 
3 15 b 1.3 0.010 l/min 
4 15 c 1.3 0.014 l/min 
5 25 c 1.3 0.014 l/min 
6 25 c 0.65 0.021 l/min 
7 15 b 0.65 0.019 l/min 
8 25 b 0.65 0.019 l/min 

 
The reaction products were collected from the reactor wall. Their chemical composition was analyzed by ICP-
OES (Thermo Jarrell Ash Atomscan 25). A Philips Xpert XRD apparatus operating with Cu Kα radiation was 
used to analyze the phase composition. The lattice parameters (a) of the crystalline phases were determined from 
the positions of the particular diffraction peaks. The mean particle size was calculated from the peak broadening. 
Product morphology was studied by SEM (Philips XL30 ESEM) and TEM (Philips CM20). Magnetization 
measurements were performed at room temperature by means of a vibrating-sample (Foner-type) magnetometer 
varying the external magnetic field up to 2 Tesla. The saturation magnetization was determined by extrapolating 
the linear high-field part of the magnetization curve to zero fields.  
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3. Results and discussion 
The experimental results are summarized in Table 2. Plasma treatment resulted in extensive spinel formation 
from both precursors (Figs. 3 and 4). However, in most of the cases, the spinel phase contained magnetite 
(Fe3O4), as well. XR diffractograms indicated some ZnO (zincite) and Fe2O3 (hematite) phases in the products. 
In order to compare results of different experiments, the most intense reflections of the by-products were related 
to the ZnFe2O4 311 reflection. Ratio of Fe3O4 to ZnFe2O4 was calculated by deconvoluting the 731 spinel reflec-
tion. 
 
Table 2 Properties of zinc ferrite powders  

Other phases  Zinc ferrite phase  
Magnetite Zincite Hematite Sample 

no. 
a (Å) Composition D (nm) RI D (nm) RI RI RI 

  
Fe : Zn 

ratio 

Saturation 
magnetization

(emu·g-1) 
Powder 

1 8.439 ZnFe2O4 53 100 - 0 15 15 2.2 : 0.8 19 
2 8.439 ZnFe2O4 70 100 62 46 19 5 2.1 : 0.9 36 

Solution 
3 8.440 ZnFe2O4 70 100 15 54 8 2 2.0 : 1.0 25 
4 8.441 ZnFe2O4 70 100 18 58 10 2 2.0 : 1.0 26 
5 8.441 ZnFe2O4 62 100 24 13 4 1 2.0 : 1.0 20 
6 8.440 ZnFe2O4 50 100 28 84 14 2 2.0 : 1.0 28 
7 8.438 ZnFe2O4 80 100 39 31 10 1 2.0 : 1.0 28 
8 8.441 ZnFe2O4 70 100 16 128 7 2 2.24 : 0.76 32 

RI – relative intensity 
 
Starting from solid precursors, the product contained relatively high amount of un-reacted oxides. At plate power 
of 15 kW, the product consisted of spinel phase (ZnFe2O4) only. However, at plate power of 25 kW a remarkable 
amount of magnetite could be detected in the product, as well. In both runs, practically same concentrations of 
un-reacted precursors were detected. Increase of the plate power, and hence, the specific energy (kWh/g, applied 
energy related to the mass unit of precursor) seems to be unfavorable regarding formation of single spinel phase. 
For the pure ZnFe2O4 spinel (Sample 1) a saturation magnetization of 19 emu·g-1 was measured. This refers to 
inverse spinel structure. 
The mixture of nitrates, as precursor was transformed into spinel with a good efficiency (Fig. 4.). The low rela-
tive intensity of ZnO and Fe2O3 phases, respectively, refers to more complete formation of ferrites as compared 
to solid precursor. However, intensity of magnetite reflection is very close to (Sample 6), or even higher (Sample 
8) than that of zinc ferrite. This means that the spinel structure contains less zinc than required. A plate power of 
25 kW and diluted solution may favor the zinc loss. The highest ZnFe2O4 formation was observed in Sample 5. 
This material was produced from a 1.30 M nitrate solution that was fed at a probe position of “b” at plate power 
of 25 kW.  
Crystallites in ZnFe2O4 had sizes in the range of 50-80 nm for all cases. Size of magnetite particles was smaller. 
It should be emphasized that these data refer to particles below 1 µm, because particles being greater than 1 µm 
do not exhibit line broadening of XRD peaks. 
SEM and TEM micrographs confirmed calculations of mean particle size based on XRD data. Products from 
ethanol solutions consist of slightly agglomerated grains having particle size below 200 nm (Fig. 5(a)). In the 
TEM micrographs (Fig. 5(b)) particles can be classified into three groups, namely those having smallest (5-10 
nm), medium (~50 nm) and largest (100-300 nm) sizes. 
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Figure 3 XRD patterns of products from powder mixtures (S: Spinel, H: Hematite, Z: Zincite) 
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Figure 4 XRD patterns of products from ethanol solutions (S: Spinel, H: Hematite, Z: Zincite) 
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Figure 5 SEM and Tem microphotograph of a typical product from ethanol solution of metal salts  
 

4. Conclusions 
RF plasma treatment of the mixture of Fe2O3 and ZnO, and also the ethanol solution of the metal nitrates resulted 
in an extensive spinel formation. The main reaction product was ZnFe2O4.. However, different amounts of mag-
netite (Fe3O4) were formed, as well. Starting from solid precursors, considerable amount of oxides did not react 
in particular conditions. Using ethanol solution of metal nitrates, transformation of precursors to spines was 
much more complete. Thus, for the synthesis of ferrite spinels of well defined composition, use of solutions of 
metal salts as precursors is recommended. Small particles in the size range of 5-300 nm were produced in this 
case at specific energies of 0.05-0.1 kWh·g-1. Particular energies are less of one order of magnitude as compared 
to the solid precursors (0.6-1.1 kWh·g-1). Saturation magnetization exhibited rather poor correlation with the 
Fe3O4/ZnFe2O4 intensity ratio. It suggests formation of inverse ZnFe2O4 spinel with ferromagnetic properties. 
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