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Abstract 
In this work the reaction between an equimolar synthetic zinc ferrite sample and a 
mixture of CO – CO2 gases was studied to evaluate the effects of temperature  and 
CO content. The temperature ranged from 1073 to 1373K, and the gas mixtures from 
50% to 100% of CO. These tests were supported by physical, chemical, structural 
and microscopic characterizations of both, initial zinc ferrite generated in laboratory 
and the remained after reaction. It was observed that the temperature and CO 
content were the main factors affecting the zinc ferrite reduction. The maximum 
reductions indexes obtained in these experiments were 95% for 100% CO, 61% for 
75% CO and 52% for 50% CO, all at 1373K and after elapsed 105 min. The 
Apparent Activation Energies obtained in this study were 55.60, 88.21 and 91.71 
kJ/mol, for 100%CO, 75%CO–25%CO2 and 50%CO–50%CO2 respectively. 
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1 INTRODUCTION 
 
Several residues generated in the reduction and refining sectors of a steelwork plant 
bears expressive quantities of zinc in their compositions, mainly in the form of oxide 
and ferrite.compounds. Nowadays, these particulates, regarded as ambientally 
deleterious materials, are being the main focus of several stocking procedures and 
studies to reclaim its zinc content. Further, the zinc content in these residues could 
be as high as 25%  to 40 % of their composition, being commonly distributed as 70% 
in the form of zinc ferrite and the rest  as zinc oxide and metallic one (minor part).(1) 

Moreover, its quantity increases the particulates content in the generated fumes, as 
the recycling of galvanized steel scrap increases as burden in the steelmaking 
processes. Therefore, the presence of zinc ferrite in steelmaking dusts is a hard 
reality, and, on top of that the reduction of this substance is still not well understood. 
According to Jyh-Jen et al.,(2)  in the temperature range of 1073 to 1473K the 
carbothermic reduction of  zinc ferrite has an apparent activation energy of circa 
92,91 kJ/mol. They also proposed a reduction phenomenology involving basically two 
steps: firstly, the initial decomposition of zinc ferrite, ZnFe2O4, to ZnO and Fe2O3, 
and secondly, a simultaneous and competitive final reduction of these oxides. 
Additionally, depending on the reduction temperature, their proposal is that the 
metallic zinc released should evolve as vapor, generating a degree of porosity in the 
solid which increases the specific surface of the remained reacting material and 
consequently, its volume. This increase in volume, accompanying the reduction of 
the iron oxides in the final stage of the process, should also be followed by the iron 
sinterization, thus producing a decreasing of the pores diameter and the particles 
volume.  
This work is a part of a broader project which major purpose is to establish a 
complete kinetic and morphological phenomenology, aiming a better understanding 
of the reduction process of the zinc ferrite present in the steelmaking dusts, by 
gaseous mixtures of CO and CO2. 
 
2 METHODOLOGY 
 
Inicially, synthetic zinc ferrite samples were made in laboratory from 
Fe2O3 / ZnO : 1 / 1 mixtures following the technique developed by Hsi-Kuei Chen e 
Ching-Yi Yang(1) Bid e Pradhan(3) and Gómez e D’Abreu.(4,5) In continuing it was 
agglomerated into the shape of cylindrical briquettes according to Özbayo÷lu.(6)

Firstly, the zinc ferrite was structurally characterized through X-Ray diffraction, using 
a difractometer Siemens, model D5000 and the following operational conditions: 
I=30 A, V=40 kV and copper anode (O=1,5406 ǖ, Cu.�D).  The analytical software 
applied was the Diffract Plus, Topas, version 2.1 from Bruker AXS for quantitative 
analysis by the Rietveld method. 
The samples of zinc ferrite were also characterized morphologically using a Scan 
Electron Microscope – SEM ( DSM 960 Zeiss West Germany, V = 20 kV ) and a 
Transmission Electron Microscope – TEM ( Model JEOL 2010 V = 200 kV ). 
The physical characterization of the zinc ferrite was made employing: 
�  A Multipychnometer quanta chrome V=120V and P=18psi, for the specific 
gravity measurements; 
� A Mastersize P, Version 2.12 from Malvern Instruments, for the size 
distribution and specific surface determination.  
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After those essays, portions of zinc ferrite powder weighting 7 g were agglomerated 
in cylindrical briquettes with a diameter of 2.54 cm. 
The reduction runs were performed in a tubular electric furnace, linked to a gas line 
with mixtures of CO, CO2 and N2. The experiment temperatures were 1073, 1173, 
1273 and 1373K and the reaction times 8, 56.5 and 105 minutes. The gaseous 
compositions utilized were 100% CO, 75% CO – 25% CO2 and 50% CO – 50% 
CO2. 
 
3 RESULTS AND DISCUSSION 
 
3.1 Structural Characterization 
 
In Figure 1 a Rietveld adjusted difractogram of a zinc ferrite synthetic sample is 
presented, showing the phases and their corresponding percentages: zinc ferrite 
(ZnFe2O4) – 94.82%, Iron (III) Oxide (Fe2O3) – 3.48%, Zinc Oxide (ZnO) – 1.70%. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – Adjustment by  Rietveld’s method of XRD patterns of equimolar zinc ferrite. 
 
3.2 Microscopic Characterization 
 
Completing the identification and characterization of the phases present in the zinc 
ferrite samples, the SEM and TEM analysis were made.  
In Figure 2 a SEM image of the zinc ferrite, as produced in the laboratory, is 
presented. In it is clear the major presence of zinc ferrite white globulae, besides of 
some pores. As for the TEM image, in Figure 3, one can observe the presence of tiny 
zinc ferrite particles having sizes on the range of 100 to 200 nm 
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3.3 Physical Characterization 
 
In this aspect the samples particles average size, specific surface, specific gravity 
and porosity were measured. The results were:  
Particle (clusters) average diameter :   37 Pm 
Specific surface:  0.1347 m2/g 
Specific gravity:  5.71 g/cm3 
Sample’s briquette porosity:  0.45 
One must observe that the specific gravity was significantly similar to the one 
presented in the Tong(7)  work ( the theoretical zinc ferrite specific gravity is circa 5.34 
g/cm3 ). 
 

 
Figure 2 – SEM image of typical structures of produced equimolar zinc ferrite. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 – TEM image of typical structures of produced equimolar zinc ferrite. 
 
3.4 Reduction 
 
The gas compositions and temperatures, elected for the tests, were chosen taking 
into account the phase predominance operational diagram – PPOD for the Zn-Fe-C-
O system, determined by the authors.(8)

645



In Figure 4 the PPOD for Zn-Fe-C-O is depicted. In it the equilibria ZnO-Zn and 
Fe2O3-Fe3O4-FeO-Fe, with a CO-CO2 atmosphere, and the predominance area for 
various species, are signaled. The reduction mechanism was the reaction occurring 
via gaseous intermediaties (equimolar zinc ferrite reduction by CO together with the 
Boudouard reaction): 
ZnO.Fe2O3(s) + 4CO(g) = Zn(g) + 2Fe(s)+ 4CO2(g) 
CO2(g) + C(s) = 2CO(g) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 – Phase predominance operational diagram –PPOD, for the Zn-Fe-C-O system. 
 
The obtained kinetic curves for the zinc ferrite reduction, for different temperatures, 
are presented in Figure 5 (50%CO–50%CO2 mixtures), Figure 6 (75%CO–25%CO2 
mixtures)  and in Figure 7 (100% CO). 
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Figure 5 - Reduction of zinc ferrite at different temperatures by 50%CO – 50%CO2 gas mixtures. 
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Figure 6 - Reduction of zinc ferrite at different temperatures by 75%CO – 25%CO2 gas mixtures. 
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Figure 7 - Reduction of zinc ferrite at different temperatures by 100% CO. 
 
Using those kinetic data, it was calculated the following Arrhenius parameters: 
For the 50% CO – 50% CO2: gas mixture: Ea = 91.71 kJ x mol-1; ko = 160 mHz.   
For the 75% CO – 25% CO2: gas mixture: Ea = 88.21 kJ x mol-1; ko = 127 mHz. 
For the 100% CO atmosphere: Ea = 55.60 kJ x mol-1; ko = 8.83 mHz 
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Figure 8 – Plot of the activation energy versus gas mixtures compositions in % CO. 
 
In Figure 8, preliminary values of the measured activation energies are plotted 
against the CO content of the essay atmospheres. The graph suggests a change in 
the reaction phenomenology for the gaseous composition of circa 88% CO –
12%CO2.  
                                                                   
4 CONCLUSIONS 
 
The phase predominance operational diagram – PPOD, provided the key information 
for  temperatures and %CO values utilized in the reducing experiments; 
The microscopic characterization of the zinc ferrite powders, permitted the 
observation of clusters formed by the individual particles, which had the average size 
ranging from 100 to 200 nm; 
From the zinc ferrite reactions with the CO-CO2 mixtures, the following can be 
drawn: 
Increases in temperatures, reaction time and CO percentage produced, as expected, 
higher  zinc ferrite conversions; 
For the pure CO atmosphere: Ea= 55.60 kJ x mol-1; 
For the 75% CO – 25% CO atmosphere: Ea= 88.21 kJ x mol-1; 
For the 50% CO – 50% CO atmosphere: Ea= 91.71 kJ x mol-1. 
The observed differences between the measured Activation Energy values hints to a 
change in overall reaction mechanism toward a less Supporting Council – Capes and 
the National Research Council temperature sensitive process. 
 
Acknowledgements 
 
The authors wish to thank the Graduate Teaching Personnel – CNPq, as well as 
Prof. Guilhermo S. Naranjo and Eng. Raimundo N. Rodrigues Filho. 
 

648



REFERENCES 
 
1 HSI-KUEI CHEN; CHING-YI YANG. A study on the preparation of zinc ferrite. 

Scandinavian Journal of Metallurgy, No.30, 2001. 
2 JYH-JEN LEE, CHUN-I LIN, AND HSI-KUEI CHEN. Carbothermal reduction of 

zinc ferrite. Metallurgical and Materials Transactions B. Volume 32B, December 
2001, p.1033-1040, 2001.  

3 BID S. ; PRADHAN S. K. Preparation of zinc ferrite by high-energy ball-milling and 
microestruture characterization by Rietveld’s analysis. Materials Chemistry and 
Physics No.82, p.27-37 2003. 

4 GÓMEZ M. M. C.; D’ABREU J. C.; KOHLER M. H. “Contribuição ao estudo da 
formação da ferrita de zinco contida nas poeiras de aciaria elétrica”. Trabalho 
apresentado no II Seminário de Auto-Redução e Aglomeração a Frio, do 59o 
Congresso Anual da ABM Internacional, São Paulo, 19 a 22 de Julho de 2004. 

5 GÓMEZ M. M. C.; D’ABREU J. C.; KOHLER M. H. “Estudo cinético da formação 
de ferrita de zinco”. Trabalho a ser apresentado no tema matérias primas para 
área de redução carvão, minério de ferro, fundentes e adições do XXXVI 
Seminário de Redução de Minério de Ferro e Matérias Primas, Ouro Preto – MG, 
12 a 15 de Setembro de 2006. 

6 ÖZBAYOöLU G.; HIÇYILMAZ C.; AKDEMIR Ü. Briqueting of zinc oxide fines. 
Powder Technology, Vol.77  p.153-158,1993. 

7 TONG, FUI LEE. Reduction mechanisms and behaviour of zinc ferrite-Part 1: pure 
Zn Fe2O4. Received by the Institution of Mining and Metallurgy  on 21 February, 
2001; Paper published in Trans. Instn Min. Metall. (Sect. C: Mineral Processes. 
Extractive Metallurgy), 110, January-April 2001.  

8 GÓMEZ M. M. C.; D’ABREU J. C. “Estudo termodinâmico da redução da ferrita 
de zinco”. Trabalho apresentado no III Seminário de Auto-Redução e 
Aglomeração a Frio, do 60o Congresso Anual da ABM Internacional, Belo 
Horizonte, 25 a 28 de Julho de 2005. 

 

649


