
Journal of Industrial Technology 10 (2), 2001, 59-83 

THE REDUCTION OF ZINC FERRITES IN 
H2/N2 GAS MIXTURES 

Lee Fui Tong 

School of Engineering, Monash University Malaysia 
No. 2, Jalan Kolej, Bandar Sunway 

46150 Petaling Jaya, Selangor 
Malaysia. 

(lee.fui.tong@engsci.monash.edu.my) 

RINGKASAN: Proses penurunan untuk zink ferit tu/en tumpat dan zink ferit yang 
mengandungi 1 wt% Cao, MgO dan A/203 dalam /arutan pepejal terturun dengan campuran 
gas HdN2 telah dikaji pada suhu di antara soaoc dan 11 OOOC. Ukuran-ukuran kadar yang 
diperolehi dalam kajian ini telah dilengkapi dengan sifat struktur sampel zink ferit separa 
terturun. Kehadiran oksida bendasing dalam larutan pepejal ZnFe2Q4 telah mempengaruhi 
keadaan pembentukan morfo/ogi besi berliang untuk proses penurunan dalam campuran 
gas H2!N2. Mikrostruktur-mikrostruktur jenis besi berliang didapati terbentuk semasa 
tindakbalas penurunan, manakala struktur berliang untuk sampel terturun pula sangat 
bergantung kepada suhu penurunan, PH2 dan juga jenis oksida bendasing yang ditambah. 
Bentuk /engkung penurunan menunjukkan jenis morfologi-morfo/ogi hasil penge/uaran 
besi (iaitu besi berliang dan besi tumpat) yang terbentuk apabila proses penurunan telah 
sempurna. Perubahan dalam mekanisme tumbesaran dan kinetik penurunan yang 
berlangsung dengan perubahan keadaan-keadaan penurunan juga dibincangkan. 

ABSTRACT: The reduction of dense pure zinc ferrite and zinc ferrite containing 1wt% 
of CaO, MgO, MnO and Al2Q3 in solid solution reduced with H2/N2 gas mixtures has been 
investigated at temperatures between 500 and 1100°C. The rate measurements obtained 
in these studies were complemented with the structural characterization of the partially 
reduced zinc ferrite samples. The presence of impurity oxides in ZnFe2Q4 solid solutions 
influenced the conditions for the formation of the porous iron morphology on reduction 
in H2/N2 gas mixtures. Where porous iron type microstructures were formed during 
reduction reaction, the pore structure in the reduced samples were found to be dependent 
upon reduction temperature, PH2 and type of impurity oxide additions. The shape of 
reduction curves reflected the type of iron product morphologies (i.e., porous or dense 
iron layer) formed at the completion of reduction. The changes in growth mechanisms 
and ·reduction kinetics which occur with changing reduction conditions were also discussed. 

KEYWORDS: microstructures, reduction kinetics, mechanisms, zinc ferrite solid solutions, 
pore structure, porous iron, dense iron, (Fe,Zn)O, reaction interfaces. 
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INTRODUCTION 

Zinc ferrite (ZnFe204) is produced in large quantities in both primary and secondary metallurgical 

processes in the Zn-Fe-0 system. Apart from the zincite (ZnO) phase, franklinite (approaching 

the composition of ZnFe204) is the major oxide phase present in the unreduced zinc blast 

furnace sinter, and the presence of these phase components as a function of their crystal 

size, shape, arrangement, amount and type of impurity content can have considerable effect 

on the reducibilities, strength and softening points of sinters (Lee, 1990). The injection of 

hydrocarbon and steam into the blast furnace is one of the methods to generate the more 

reducing H2 gas in the air blast ahead of the tuyeres, which can increase the reduction rate 

of franklinite phase in the sinters prior to the formation of the slag phase and hence would 

reduce zinc losses in the slag. Franklinite is also a major constituent of electric arc furnace 

(EAF) dusts (Hagni et al, 1991 ; Defrays, 1991 ), that received considerable attention in recent 

years because of environmental problems associated with land-fill disposal; and it also 

occurs in leach residuals from the oxidation roasting of zinc sulphide concentrates. 

The gaseous reduction of zinc ferrite, which is one of a number of commercial processes 

used for the disposal of this material , involves the removal of zinc and oxygen from the solid. 

Depending on the CO/N2, H2IN2, and CO/C02 gas ratio and reaction temperature, the 

conversion sequences of zinc ferrite can proceed in one of the following steps: 

ZnFe204(S) -+ (Fe,Zn)O -+ FeO -+ Fe (< 700°C in H2IN2 gas) 

ZnFe204(S) -+ FeO -+ Fe (> 700°C in CO/Ni, CO/C02 & H2IN2 gases) 

ZnFe204(s) -+ Fe304 (for very small CO/C02 ratio) 

ZnFe204(S) -+ FeO (for CO/C02 ratios in the wustite phase field) 

The reaction product gases generated are Zn, and C02 or H20. The morphological changes 

in the step FeO -+ Fe (i.e. nucleation, growth rate, etc.) play a crucial role in the reduction 

process of ZnFe204 (Lee, 1990; Lee, 2001; Lee & Hayes, 1993). 

Earlier work done by the author (Lee, 2001) described the investigations of the effect of . 

reaction temperature (800°C to 1100°C) and gas composition (CO/C02 and CO/N2) on the 

reduction kinetics and mechanisms of pure zinc ferrite. The author had also studied the 

reduction behaviour of zinc ferrite doped with impurity oxides containing 1.0 to 6.0 wt% of -

MgO, CaO, MnO, and Ab03 in solid solutions carried out in CO/N2 and CO/C02 gas mixtures 

that are of practical importance to the Imperial Smelting Furnace (ISF) process (Lee, 2001 ). 

To date, no kinetic studies are available in the literature relating to the reduction behaviour 

of pure ZnFe204 and ZnFe20 4 solid solutions in H2IN2 gas mixtures. 

In the present paper, the reduction behaviour of pure ZnFe204 and ZnFe20 4 containing 1.0 wt% 

of MgO, Cao, MnO, and Al20 3 in solid solutions are investigated in H2IN2 gas mixtures. This 

paper is one of the series of papers that describes the gaseous reduction of zinc ferrites over 
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a wide range of variables of practical importance to the ISF process. The results obtained from 
the gaseous reduction of zinc ferrite with and without dissolved impurity oxides will be useful 
in explaining the varying reduction rates and microstructural changes occurring for the franklinite 
phases within the sinter microstructure. The conversion of zinc ferrite -+ wustite -+ iron and 
the reaction mechanisms involving metal ion diffusion and oxygen removal from the oxide 
surface are formulated in accordance with the experimental microstructural evidence. 

EXPERIMENTAL 

Sample Preparation 

The various techniques used by previous investigators to prepare pure stoichiometric zinc 
spinals were reviewed and tested (Rigden, 1969; Beretka & Ridge, 1967; Bakordzhiev et al., 
1964; Toropov & Borisenko, 1952; Guillisen & Van Rysselberghe, 1931). The technique 
described below was found to be most successful in producing dense, single-phase zinc 
ferrite materials. 

The zinc ferrite samples were prepared using stoichiometric proportions of ZnO and calcined 
Fe20a (high purity, fine) powdered oxides and this was described in detail by the author 
elsewhere (Lee, 1990). These were intimately mixed and ground by a Sieb Technik mill for 
5 minutes, to reduce the particle size to < 63 µm and attain uniform mixtures. Specimens 

-weighing 0.69 g were pressed in a 15 mm diameter cylindrical steel die under a pressure 
of 400 MPa. After sintering, this produced cylindrical pellets of about 13 mm in diameter and 
had constant thickness of about 1 mm. Coating the die surface with hexane or paraffin wax 
regularly eliminated any problems of release of the pellets from the steel mold. 

The pressed pellets were sintered in a horizontal alumina tube furnace in a flowing stream 
of pure oxygen gas atmosphere at 1300°C for 72 hours. A high partial pressure of oxygen 
in the sintering atmosphere was maintained throughout the thermal cycle so as to prevent 
zinc loss through volatilization. Optical metallography, electron-probe microanalysis (EPMA) 
and X-ray diffraction (XRD) confirmed that the sintered product contained only the ZnFe204 
_phase. The sintered pellets were found to have a density of 5.13 g/cm3 or 96% of the 
theoretical density of ZnFe204. The SEM micrograph of a fracture surface of the unreduced 
ZnFe204 pellet revealed a dense structure (Lee, 1990) with a few isolated pores within its 
matrix and a mean grain size of approximately 20 µm. 

Procedure 

The surface and product morphologies formed during the reduction of zinc ferrites were 
studied using a technique involving the reduction of 1 mm cube-shaped samples in a high 
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velocity gas stream followed by rapid quenching in liquid nitrogen (Lee, 1990; St John and 

Hayes, 1982; Matthew et al., 1986). Individual 1 mm cube-shaped samples were reduced 

in a high velocity gas stream for the desired time followed by rapid quenching in liquid 

nitrogen. The results of the reduction experiments are presented in the form of per cent 

reduction (a) versus time plots. In analyzing the results, the weight loss occurring for each 

1 mm cube-shaped sample during reduction reaction, as a function of time is defined as: 

!1W1 
Percentage reduction a = -- x 100% 

WO 

where t1W1 = (W0 - W1) = actual weight loss at time t, and Wo = total amount of reducible 

zinc and oxygen (both from bulk oxide & impurity oxides) in the specimen. The values of 

W0 observed during the reduction experiments were in excellent agreement with values 

calculated from the stoichiometry of the conversion ZnFe2Q4-+ 2Fe; the difference was found 

to be less than 0.8% for about 90% of the experiments and was between 0.8 to 1.2% for 

the remaining 10%. The theoretical weight loss is calculated as: 

129.37 
WO= w 

241.07 '· 

where W; = weight of zinc ferrite specimen 

The reduced samples were analyzed and characterized by optical metallography, SEM-EDX, 

and electron probe microanalysis (EPMA). 

RESULTS 

The experimental conditions employed for the reduction of pure zinc ferrite and zinc ferrite 

containing 1 wt% of MgO, Cao, MnO and Ab03 dissolved in its solid solutions were summarized 

in Table 1. 

Table 1. Summary of reduction conditions studied for ZnFe20 4 solid solutions 

Gas Mixtures Pure 1 wt% 1 wt% 1 wt% 1 wt% 

(Temperature Range) ZnFe204 MgO CaO MnO Al20 3 

Pure H2 (500, 600°C) 100 100 100 100 100 

100 100 100 100 100 

H/ N2 50/50 50/50 50/50 50/50 50/50 

(?oo. 800. 900, & 1 ooo•C) 20/80 20/80 20/80 20/80 20/80 

10/90 - - - -

H/ N2 100 - - - -

(1 ooo. 11 oo•c) 50/50 - - - -

10/90 - - - -
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Kinetic Measurements 

Percentage reduction against time plots for pure ZnFe2Q4 using H2IN2 gas mixtures given 
in Figure 1 for 700 to 900°C are typical examples of all the results from 500 to 1100°C. That 
is, the reduction curves exhibit an initial linear constant rate, which then decreases with 
increasing reaction time. The initial constant rate of reduction, measured from the origin, is 
higher at higher reduction temperature and higher H2 partial pressures. For a given temperature, 
the rate of reduction also decreases with decreasing PH2 and the decrease in rate becomes 
more significant at very low PH2 (e.g., 1 O%H2-90%N2 at 800°C). The decreased or slower 
rate observed can be correlated to the type of iron product morphologies formed. 
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Figure 1. Results for the reduction of pure ZnFe2Q4 in H2iN2 gas mixtures 
(a) Pure H2 at indicated temperature; (b) BO(J'C; (c) 90(J'C 
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Figure 2 shows the H2 partial pressure effects on the reduction of pure ZnFe204. The rate 

of reduction was noted to increase linearly with hydrogen partial pressure at temperatures 

below 800°C. For temperature above 900°C, the reduction rate exhibits an increased rate, 

during which the initial linear rates measured at various H:JN2 gas mixtures gradually 

increases with increasing hydrogen partial pressure. 
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Figure 2. Partial pressure effects on the reduction of 
pure ZnFe2Q4 in hydrogen, showing linear and non-linear 
dependence at low and high reduction temperatures 

Plots of per cent reduction against time produced on the reduction of zinc ferrite containing · 

1 wt% of MgO, CaO, MnO and Al203 using H:JN2 gas mixtures given in Figures 3 and 4 

are typical examples of all the results from 500 to 1 ooo0c. These experimental results show 

similar trend in reduction curves, in that these plots exhibit an initial constant linear rate of 

reduction followed by a gradual decrease in reaction rate until the completion of reduction 

of zinc ferrite solid solution to form either a dense or porous iron product structure. The plots 

also illustrate the good reproducibility of these results even at high conversion levels, by 

the close match of successive runs. Similar to pure ZnFe204 reduction, the rate of reduction 

increases with increasing reduction temperature and H2 partial pressure. 

Inspection of the above reduction curves at or above 900°C indicate that the presence of .. 

A'203 and CaO addition in solid solution increases the reduction rate of zinc ferrite while 

the addition of MgO decreases the reduction rate; MnO addition appears to exhibit similar 

relative rates compared with pure ZnFe204 reduction. However the presence of A'203 in solid 

solution decreases the reduction rate of zinc ferrite at temperatures below 800°C. 
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Figure 3. Results for the reduction of ZnFe204 containing 1wt% of 
(a) MgO, (b) CaO, (c) MnO, and (d) A/20 3 in H:!N2 gas mixtures 
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Figure 4. Results for the reduction of ZnFe2Q4 containing 1wt% of 

(a) MgO, (b) CaO, (c) MnO, and (d) A/203 in H21'N2 gas mixtures at 90fJ'C 
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Microstructure 

Typical examples of SEM micrographs in Figure 5 produced on the reduction of pure 
ZnFe204 with H2 reducing gas, shows the effect of reduction temperature on the product 
morphologies formed; the pore structure of the reaction product morphologies appear to be 
progressively coarser with increasing reduction temperature from 600 to 900°C. A layer of 
loosely connected, partially reduced oxide grains (Fe/FeO grain) constitute the outer layer, 
followed by a layer of fine, elongated zincite crystals intermeshing with (Fe,Zn)O solid 
solution phase, are noteable features that are commonly found at low reduction temperature 
(< 600°C) and high PH2 (e.g., Figure S(a)); the exterior surface of the outer product layer 
is made up of reduced porous Fe grains at high PH2 whereas dense iron layer covering the 
wustite grains are generally formed at low PH2. For example, the product layers formed at 
600°C with 100% H2 gas identified by electron microprobe analysis on polished samples are 
made up of concentric layers of Fe/FeO/((Fe,Zn)O + ZnO)/ZnFe204 layers, of which the Fe 
formed the outer layer and ZnFe20 4 formed the inner unreacted core of the sample. 

(a) (c) 

(b) (d) 

Figure 5. SEM micrographs of typical structures produced on reduction of 
ZnFe20 4 with pure H2, showing the effects on reduction temperatures. 
(a) 60(}'C, 10 min.; (b) 70(}'C, 5 min.; (c) BO(}'C, 0.5 min. ; (d) 90(}'C, 15 sec. 

The reduced iron microstructures formed at 700°C (Figure S(b)) appear to exhibit considerably 
grain boundary reductions and the formation of large fissures. At higher reduction temperature 
(> 800°C} , the average pore sizes are coarser and the grain relics composed of porous iron 
type microstructure, in addition to the large dendritic fissures along its reduction paths. Zincite 

67 



Lee Fui Tong 

crystals are not detected at these reduction temperatures and this indicates that the conversion 

rate of ZnO-+ Zn(g) is rapid and therefore not rate-limiting . It can be noted that the reduction 

rate is not enhanced at the tips of the large fissures created by grain-boundary reductions; 

this therefore indicates that the reaction interface propagate through the bulk oxide grain 

and grain boundary at approximately equal rates. 

Figure 6 shows typical structures of pure ZnFe20 4 reduction at 800°C in 50%H2-50%N2 gas 

mixture. Porous iron type morphologies are clearly observed at these reduction conditions. 

The partially reduced ZnFe204 at 800°C shows the structure of the reaction interface to be 

relatively smooth and undergo topochemical mode of reduction; the boundary between the 

iron layer and oxide phase are considerably sharp. Figure 6(b) clearly showed that the 

reaction rate is not enhanced at the grain boundary fissures and the pores appear random 

but interconnected inside the reduced grain. Micropores are absent ahead of the reaction 

interface. The surface morphology is noted to compose of porous sponge like iron (Figure 6(c)). 

Figure 6. SEM micrographs of typical structures produced 
on reduction of ZnFe2Q4 (a) BO(J'C, 30 sec., 50%H2-50%N2; 
(b) interface detail of; (c) surface detail of (a) 
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Figure 7 shows typical optical micrographs of pure ZnFe204 reduced in H:JN2 gas mixtures 
during the initial stage of reduction prior to iron nucleation, which further shows the formation 
of a mixture of zincite and (Fe,Zn)O wustite layer at 500°C; the iron content was found to 
increase from the (Fe,Zn)O/ZnFe204 reaction interface toward the sample surface. This type 
of product morphologies are structurally similar to that previously described in Figure 5(a) 
except that the structure becomes more porous at higher temperature. The amount of Zn 
dissolved in (Fe,Zn)O wustite phase, as determined by electron microprobe analysis, increases 
from the gas/(Fe,Zn)O to the (Fe,Zn)O/ZnFe204 interfaces, where the reducing gas 
concentration gradient through (Fe,Zn)O product layer decreases in strength from the gas/ 
oxide to the (Fe,Zn)O/ZnFe204 interface. The thickness of the intermediate [(Fe,Zn)O + ZnO] 
layer appears to remain constant at steady-state conditions i.e., after iron nucleation. 

(a) (d) 

(b) (e) 

(c) (f) 

Figure 7. Optical micrographs of typical structures of partially reduction ZnFe2Q4 
(a) 50(J'C, 20 min., 100% H2; (b) 80(J'C, 5 min., 50%H2-SO%N2; (c) 90(J'C, 12 min., 
10%H2-90%N2; (d) 70(J'C, 30 min., 100% H2; (e) 80(J'C, 20 min., 100% H2; (f) 90(J'C, 
30 sec., 100% H2; (d-f) c:> show surface product morphologies 
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At intermediate temperature (800°C) , porous iron type microstructures are formed in addition 

to extensive cracking in the reaction products (Figure 7(b)), the large fissures in the reaction 

product resulted from the formation of star-shaped cracks (e.g., Figure 7(e)) . Figure 7(c) 

shows a typical micrograph of the sample reduced at 900°C with low PH2, where a dense 

iron layer forming over wustite grains is observed. The reaction interface consists of an 

intermediate dense FeO layer separating the gas and ZnFe20 4 phase; the retained wustite 

grains remaining behind the reaction interface are then reduced individually by chemical 

reaction with H2. Figure 7(d-f) show typical surface morphologies of reduced pure ZnFe204 

with pure H2. Numerous large fissures are seen and the surface pores generated are coarser 

with increasing reduction temperature. 

Figures 8 and 9 show the formation of porous iron type microstructures that resulted from the 

reduction of zinc ferrite containing 1 wt% of MgO, MnO, Cao and Ab03 in solid solution with 

H:JN2 gas mixtures at temperature ranges from 500 to 900°C. The pore structure of the reduced 

iron appears to become progressively coarser with increasing reduction temperature. It is also 

apparent that the columnar elongated pores are aligned approximately normal to the growth 

direction. The observed connected pore structure allows continuous reducing gas access from 

the sample surface, through the porous iron product layer, to the Fe/FeO reaction interface. 

The reaction interface generally appears irregular despite the fact that macroscopically the 

samples are reduced in a topochemical pattern at all reduction conditions studied. 

(a) (b) 

(c) (d) 

Figure 8. SEM micrographs of typical structures produced on 
reduction ZnFe2Q4 + 1 wt% of (a-b) MgO and (c-d) MnO in H21N2 gas 
mixtures. (a) 600'C, 3 min., 10%H2; (b) BOO'C, 1 min., 20%H2-BO%N2; 
(c) BOO'C, 30 sec., 100% H2; (d) 900'C, 15 sec. , 50%H2-50%N2 
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(a) (b) 

(c) (d) 

Figure 9. SEM micrographs of typical structures produced on reduction of 
ZnFe204 + 1 wt% of (a-b) Al2Q3 and (c-d) Cao in pure H2. (a) SO(}'C, 14 min., 
(b) surface detail of (a); (c) 90(}'C, 0.5 min. (d) surface detail of (c) 

Figure 8 shows the reduction of (Zn,Mg)Fe204 and (Zn,Mn)Fe204 solid solutions with HJN2 
gas mixtures. MgO and MnO additions appear to enhance grain boundary reduction above 
800°C and at low H2 partial pressure. Random pores are formed in the reaction product 
microstructure during the reduction of (Zn,Ca)Fe204 and the more porous structure formed 
at higher temperature (e.g. Figure 9(c)) appears to correlate to the higher reduction rate 
curves observed (e.g., Figures 3 & 4) . With Cao addition, a fine pore structure is formed 
close to the Fe/FeO reaction interface but with a much coarser pore structure developing 
away from it. The surface detail of Figure 9(d) shows the presence of grain boundary 
reductions and the formation of fine pores within the reduced oxide grains. 

Star-shaped and grain boundary cracks are generally formed during the reduction of ZnFe204 
solid solutions at low temperature (e.g. Figure 9(b) at 500°C). These cracks also provide 
easy gas access to the advancing reaction front through the finely porous product layers. 
Inspection at the reaction interface in Figure 9(a) shows that the rate of reduction is not 
significantly enhanced at the tips of these large radial fissures indicating that there is still 
appreciable gaseous diffusion through the finer pores of the product layer generated. The 
pore structure of the reaction product layer examined in selected micrographs is also found 
to be progressively coarser with increasing temperature for the reduction of ZnFe204 containing 
1 wt% A'203. 
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From the above microstructure studies, it can be seen that the type of iron product 

microstructures generated can be correlated to the observed reduction rate. For example, 

optical microscopy confirms the formation of dense iron type microstructure around the 

reduced wustite grains for zinc ferrite sample containing 1 wt% A'203 reduced with 

1 O%H2-90%N2 whereas porous iron type microstructure is generated with pure H2 at 800°C. 

DISCUSSION 

The experimental results have shown that the kinetics and mechanisms of reduction of zinc 

ferrites are directly related to the morphologies of the reaction product. The reduction of zinc 

ferrite to iron in H:JN2 gas mixtures occurs in two stages: The first stage is the rapid 

conversion of zinc ferrite to wustite (e.g., (Fe,Zn)O or FeO). The second is a slow reaction 

involving the reduction of wustite to iron and hence is the rate-governing step for the 

reduction process. The second step results in the formation of porous or dense iron type 

microstructure from wustite; the intermediate wustite phase is formed as a protective (non

porous) stable phase over the zinc ferrite phase. 

Figure 10 summarized the type of product morphologies obtained on the reduction of pure 

zinc ferrite to iron in H:JN2 gas mixtures between 500 to 1000°C. Porous iron growth was 

observed with H:JN2 gas mixtures except in Region II where dense iron layer was formed 

on the intermediate wustite surface; the formation of dense iron on the intermediate wustite 

grains or dense wustite layer significantly affects the reduction kinetics since oxygen can 

only be removed via the diffusion of oxygen ion through the dense iron layer from the iron/ 

wustite interface to the iron/gas interface (Riecke et al., 1967; Lien et al., 1971 ). In this case 

the reduction rate rapidly falls off toward the later stages of reduction as the iron layer 

increase in thickness, which therefore retards oxygen ion diffusion. This presents no problem 

when the intermediate wustite layer is reduced to porous iron in which the re<;lucing and 

product gases can penetrate the porous iron layer. 

The reduction of ZnFe204 to iron above 700°C and at high PH2 in H:JN2 gas mixtures proceeds 

via an intermediate (thin) wustite layer (Region Ill). In Region Ill, porous iron microstructure 

is formed on FeO surfaces as the gas/FeO reaction interface advances into the bulk wustite 

phase. At low magnification the zinc ferrite appears to be reduced directly to porous iron 

(Figure 6) but at higher magnification, the presence of a thin intermediate FeO layer is 

evident (Figure 11); the intermediate phase analyzed by XRD and SEM-EDX is a metastable 

FeO layer. The thickness of the wustite layer was found to be greater at higher reduction 

temperature. 

Porous Fe/(Fe,Zn)O/Oxide or Fe/[(Fe,Zn)O + ZnO(ss)]/Oxide product layers_ were formed 

during reduction reaction at gas conditions exhibited in Region I for samples reduced 
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~ 650°C. The presence of an intermediate product layer, consisting of a mixture of wustite 

(Fe,Zn)O and ZnO solid solution phases shown in Figures S(a) & 7(a), were detected by 
XRD, electron microprobe and SEM-EDX analysis. Whereas for Region II , dense iron/porous 
FeO type morphologies were formed when zinc ferrite is reduced at low PH2. The retention 

of unreacted wustite grains surrounded by dense iron layer is clearly evident in Figure 7(c). 
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Figure 10. Summary of observed product microstructures formed 
during the reduction of ZnFe2Q4 in H2/N2 gas mixtures. 
Symbols: X ---> Region I, porous Fe/[(Fe, Zn)O + ZnO(ss)J 

O ---> Region II, dense Fe/FeO 
• ---> Region Ill, porous Fe/FeO 

Figure 11. Typical reaction product microstructure 
formed under conditions where steady state porous 
iron growth occurs. BO(J'C, 30 sec. , 50%H2-SO%H2 
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Similar to the reduction behaviour of pure zinc ferrite, the conditions under which the reaction 

product morphologies formed for ZnFe204 solid solutions are dependent upon the reaction 

temperature and H2iN2 gas mixtures. Table 2 summarizes the reduction conditions for two 

types of iron morphologies formed for the reduction of zinc ferrites . The presence of porous/ 

dense iron morphology is only found in MgO addition at higher temperature and low PH2 -

whereas A'203, MnO and Cao additions favor the formation of porous iron for reduction 

temperature up to 900°C. This porous iron product morphology is formed on the FeO 

surfaces as the gas/FeO reaction interface advances into the bulk wustite phase and it has 

the appearance of fine, elongated dendritic pores penetrating into the dense intermediate 

wustite phase. For the porous/dense iron morphology, the dense iron layer is formed initially 

on the wustite phase and this dense iron layer subsequently bursts, which allows the porous 

growth of iron into the intermediate wustite phase; this mechanism was proposed by St. John 

and Hayes (1982). 

Table 2. Summary of product microstructures obtained during the reduction of 
zinc ferrite solid solutions in H2/N2 reducing gas mixtures. Iron product 
morphologies formed are All = porous iron; and AIV = porous/dense iron 

Impurity Gas PRODUCT PHASES IDENTIFIED 
Oxides Mixtures 600°C 700°C 800°C 900°C 1000°C 

Pure H2 All All All All AIV 
MgO H2/N2 =1 All All All All AIV 

H2/N2 =1 /5 All All All AIV -

Pure H2 All All All All -

Cao H2/N2 =1 All All All All -

H2/N2 =1 /5 All All All All -

Pure H2 All All All All All 
MnO H2/N2 =1 All All All All -

H2/N2 =1 /5 - All All All -

Pure H2 All All All All -
Al2Q3 H2/N2 =1 All All All All -

H2/N2 =1 /5 - All All All -

From the available microstructural evidence, the conversion of ZnFe20 4 to metallic Fe 

proceeds via FeO phase and advances towards the oxide interior so that concentric layers ·· 

of the different phases appear. The reaction mechanisms for the reduction of ZnFe20 4 where 

FeO and Fe layers are formed may be regarded as being composed of elementary mass 

transport and chemical reaction sub-process as follows: 

(a) Oxygen ions are removed from the lattice at the gas/wustite interface by sequence 

of reactions whose net effect is: 

Fe, -v O + H2 -+ H20 + (1-y)Fe (1) 
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leaving the wustite supersaturated with iron ions and eventually forming iron nuclei 
on the wustite surface. As these nuclei grow, the pore wall is formed by the continuous 

supply of iron ions to the base of the metal nucleus. The above reactions can be 

subdivided as follows: 
(i) FeO -> Fe2• + 0 2-

(ii) 0 2- + H2-> H20 + 2e 

(iii) Fe2• + 2e -> Fe 

(iv) Zn2• + 2e -> Zn(ads) -> Zn(g) 

(2) 

(3) 
(4) 

(5) 

(b) The hematite and ZnO from the ZnFe204 lattice structure are reduced to FeO and 

Zn2• by the diffusion of Fe2• ions, released at the gas/wustite interface, to the FeO/ 

ZnFe204 interface where the interfacial reaction occurs: 

ZnFe204 + 2Fe2• + 2e -> 4Fe0 + Zn2• (6) 

(c) Mass transfer of reducing gas inwards, and outward diffusion of product gas, occurring 

in the pore tunnels. The high gas velocities employed minimized gas film mass 

transfer resistance. 

(d) Ferrous ions and electrons are transferred by vacancy mechanism across the wustite 

layer (Himmel et al., 1953). When dense iron layer is formed, the wustite phase can 
be reduced by the diffusion of oxygen ions (02-) from the iron/wustite interface through 
the iron layer to the gas/Fe interface followed by reaction with the adsorbed H2 on 

the outer surface of the impervious iron layer to form H20. 

Porous Iron 

In porous iron growth morphology (Figure 11 ), the reaction involves the partitioning of iron 

to the metal phase forming the pore walls, and the oxygen and zinc to the gas phase. On 

a microscopic scale, the reaction is continuous with iron, gas and intermediate wustite in 

contact with one another throughout the reduction. During porous growth the reaction 

interface advances into the bulk oxide essentially involves the net removal of oxygen and 

zinc from the fron/oxide interface and the pore tips and the incorporation of the excess metal 
_ ions generated into the iron phase. The excess zinc cations generated at the zinc ferrite/ 

wustite interface by reaction in equation (6) diffuse through the wustite layer to the gas/oxide 
interface and are eventually desorbed into the gas phase as zinc vapour given by equation (5). 

The removal of oxygen at the reaction interfaces by chemical reaction with the reducing gas 

may occur from the oxide surface at the pore tip, the iron metal surface and at the junction 
of 3-phase Fe/FeO/gas interfaces. These various chemical reactions occurring at the reaction 
interfaces create local chemical potential gradients within the solid structure, which in turn 
leads to the diffusional mass transfer of iron, zinc and oxygen ions. 
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Figure 12 shows the proposed reduction mechanistic model for the iron growth interface 

occurring during the reduction of zinc ferrite. Oxygen removal from the Fe/FeO interface is 

only possible via 0 2· ion diffusion to the pore surface. Oxygen atoms may also diffuse along 

the gas/solid interface and onto the iron surface. The adsorbed H2 reducing gas molecules 

on the metal surface will react and remove the adsorbed oxygen. The removal of oxygen 

atom from sites in the wustite directly adjacent to the nucleus also acts as a significant source 

of excess iron ions created next to the growing nucleus. The excess Fe2• cations formed 

by chemical reaction at the gas/FeO surface can either diffuse to the metal phase sink or 

through the bulk oxide to the FeO/ZnFe204 interface to undergo solid state reaction with 

ZnFe20 4 to form FeO phase. 
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. . . . 
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Figure 12. Schematic diagram of the iron growth interface 
showing elements mass transport and chemical reaction 
sub-processes which occur during the reduction of zinc ferrite 

If the rate of attachment of Fe2• ions to the iron metal phase is increased relative to the 

rate of bulk diffusion of Fe2• ions to the FeO/ZnFe204 reaction interface, then the thickness 

of the intermediate wustite layer will decrease. This situation is illustrated during the reduction 

of ZnFe204 with H2iN2 gas mixtures above 650°C and at PH2 > 0.2 atm (Figure 10, Region 

Ill) where a thin layer of intermediate wustite layer is formed. If the rate of advance of the 

FeO/ZnFe204 reaction interface is greater than the rate of growth of the iron phase, then 

the thickness of the intermediate wustite layer or (Fe,Zn)O increases. 
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The above porous iron growth mechanism can only occur if the rate of advance of the gas/ 
oxide interface is greater than that of the metal phase. However, if the rate of advance of 
the metal phase over the oxide is greater than the rate of advance of the gas/oxide interface 
at the pore tip, then the iron will eventually spread over the oxide surface forming a dense 
iron layer and porous growth will cease. 

Dense Iron 

The mechanism of instability formation during ZnFe204 reduction is similar in principle to 
pore formation in ZnO solid solutions prior to metal nucleation (Lee, 1990). In the presence 
of high chemical potential gradients within the solid, perturbations develop instabilities at the 
growing pore tip resulting in side-arms or dendritic pores. The continued growth of the side
arms into the solid structure and their overlapping resulted in the formation of retained wustite 
islands (Figures 7(c) & 13(a)). The retained wustite phase when covered by dense iron layer 
loses direct gas access and therefore can only be reduced by the transfer of oxygen from 
the wustite to the iron; the excess of Fe2+ ions generated in the wustite phase precipitate 
out at the Fe/FeO interface. The oxygen ion diffuses from the Fe/FeO interface to the gas/ 
iron interface (Lien et al., 1971) and is removed by reaction with the reducing gas. 

Figure 13. Schematic diagrams showing (a) the formation of a dense iron 
product layer on FeO grains, and the growth of instabilities at the pore tips 
in the dendritic pore structure, and (b) the mechanisms occurring during the 
reduction of ZnFe2Q4 at < 65CJ'C 
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In comparison to the chemical reaction rates on the iron surface, the rate of solid state 

diffusion process through this dense layer is slow and continues to decrease as the thickness 

of the iron layer increases. However, the high chemical potential gradients created for sample 

reduced at higher reduction potential and reduction temperature, leads to the formation of 

finer structure of pore dendrites and therefore ensures more rapid reduction of island FeO 

oxides retained between the dendrites. In some localized areas, the rate of advance of the 

iron metal phase may be greater than the rate of advance of pore tip resulting in spreading 

of dense iron over the oxide surface; i.e. the pore tips are covered by a layer of dense iron. 

The relative insensitivity of the rate data obtained suggests that the presence of a dense 

iron layer over the oxide surface constitut~s the reduction-controlling factor. 

Fe/[(Fe,Zn)O + ZnO(ss)]/ZnFe204 Interfaces 

For zinc ferrite reduced in reactive gas at lower reduction temperature (e.g., between 500 

and 650°C), an intermediate (Fe,Zn)O wustite layer intermeshing with zinc oxide crystals is 

formed separating between the porous iron grains and unreduced oxide phase (Figures S(a) 

and 7(a). From microstructural evidence, the reduction mechanism for the reduction of zinc 

ferrite at low temperature, therefore can be represented schematically by Figure 13(b); in 

which the formation of zinc oxide crystals is possible under these low temperature reduction 

conditions. The product microstructure is composed of reduced or partially reduced iron/ 

wustite particles and (Fe,Zn)O particles intermeshing with ZnO crystals. In this system, 

oxygen and zinc is removed from the condensed phase by chemical reaction with the 

reducing gas at the gas/ZnFe204, gas/(Fe,Zn)O and gas/ZnO reaction interfaces. During the 

reduction process, the reducing gas has to diffuse to these gas/oxides interfaces through 

the interconnected porosity or reduced iron grain relics. 

The continued removal of oxygen from the gas/ferrite interface with H2 gas leads to the 

simultaneous formation of (Fe,Zn)O phase and ZnO needle crystals; and its conversion can 

be represented as 

(7) 

At steady state condition, the rate of growth of ZnO needle crystals and (Fe,Zn)O grains 

at the ZnO/ZnFe204 and (Fe,Zn)O/ZnFe204 interfaces is equal to the rate of chemical 

reaction of ZnO needle crystals and (Fe,Zn)O phases at the diffuse zone of FeO/(Fe,Zn)O 

interface; hence the observed constant depth of needle crystal layer. Equation (7) can be 

subdivided into 4 stages as follows: 

I. 

II. 

Ill. 

ZnFe204 ~ Zn2• + 202- + 2Fe0 + 2e 

0 2- + H2 ~ H20 + 2e 

0 2- + Zn2• ~ ZnO 
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IV. zn2+ + 2e + FeO -+ (Fe,Zn)O (11) 

Oxygen removal by chemical reaction with H2 creates excess Zn2+ ions which can either 
nucleate on the ZnFe204 surface and continue to grow as columnar ZnO crystals (equation 

10) or dissolve into the FeO grains (equation 11) at the main reaction interface to produce 
(Fe,Zn)O grains. 

Examining Figure 13(b), the continued removal of oxygen at the gas/ZnFe204 interface by 

chemical reaction with H2 gas creates local chemical potential gradients within the solid 
structure which in turn lead to the diffusional mass transfer of Zn2+ ions. The excess Zn2+ 

ions will diffuse according to the local concentration gradients created and precipitated out 
directly to the oxide sink (ZnO and (Fe,Zn)O nuclei) via bulk diffusion or surface diffusion. 

Further away from the main advancing reaction interface, (Fe,Zn)O and ZnO phases are 
reduced to FeO and Zn(g) respectively, according to the following reactions: 

[Fexc1-y)Zn(1-x>]O + (1-x)H2(g) -+ xFec1-y)O + (1-x)Zn(g) + (1-x)H20(g) 

ZnO + H2(g) -+ Zn(g) + H20(g) 
(12) 
(13) 

For the wustite phase to maintain its face-centered cubic (FCC) crystal structure, the value 

of x should be ~ 0.5 beyond which the crystal structure transforms to the more stable ZnO 
hexagonal close-packed (HCP) crystal structure (this approximate transition point was based 

on electron microprobe studies for zincite phase in ISF sinter microstructure as discussed 

. by the author (Lee, 1990; Lee & Hayes, 1993). The removal of the intermeshing ZnO crystals 
by chemical reaction increases the pore size; this is consistent with the coarser pore size 

observed near the outer surface of the product morphology. The individual wustite grains 
are then reduced to porous iron in the shrinking core behaviour as shown in equation (1 ). 

Electron microprobe and SEM-EDX analysis also confirmed that metallic iron is not nucleated 

on the wustite surface until all the (Fe,Zn)O phase within the oxide grains is reduced to 

wustite phase. 

· Kinetics 

The experiment results clearly indicated that both pure zinc ferrite and zinc ferrite containing 

MgO, MnO, CaO, or Ab03 additions significantly alter the reduction kinetics and the types 
of iron product morphologies formed. Typical examples of the effect of impurity oxide 

additions on the rate of reduction of zinc ferrite in H2 reactive gas are shown in Figure 14. 

For the reduction conditions studied, additions of Cao is the most efficient for accelerating 
the reduction process to high degrees of reduction, while significant decrease in reduction 

rates are observed with MnO, MgO and Al203 additions. 
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Figure 14. Typical examples showing the influence of impurity oxide 
additions (1wt%) on the rate of reduction of zinc ferrite in 100%H2 at 70CJ'C 

If porous iron morphology is formed as the reaction product, then the rate will be controlled 

by the mixed control of gas diffusion through the porous medium and interfacial reaction. 

For example, in a plot of time required to achieve a given extent of reduction against particle 

size (Lee, 1990), the slopes derived from the reduction of pure zinc ferrite where porous 

iron growth prevailed lie in the range from O to 2, which therefore indicates that neither 

chemical reaction control nor gas diffusion control predominates but by the combined effect 

of both (i.e. under a mixed control regime). Plotting the function of f(X) = 1 + 2(1-X) -

3(1-X)213 against time (where Xis the overall fractional conversion of solid reactant) to identify 

the extent of pore diffusion control, it produced a linear portion between f(X) values of about 

0.15 and 0.55 (Lee, 1990). These results therefore confirmed the existence of pore-diffusion 

control of reactive gas over the conversion range of about 0.5 < X < 0.9. 

The rate data obtained for reduction of ZnFe204 with dissolved Al20 3, MnO, MgO or Cao 

additions also show linear relationships for reduction reactions for all the reduction conditions 

where porous iron type morphologies were formed (Lee, 1990). The overall reduction 

process was found to be controlled jointly by chemical reaction and pore diffusion of reactive 

gas through the porous iron layer. The system tested was found to be under chemical 

reaction controlled at lower values of conversion (i.e. during the initial stage of reduction) 

but when the porous iron layer increases in thickness, gas diffusion of reducing gas through 

the pores of the iron product layer ultimately becomes the rate-controlling process. 

If the wustite surface is covered by dense iron, then the reduction rate is controlled by oxygen 

diffusion through the iron layer; for any given driving force, the oxygen flux through the iron 

layer will also decrease with increasing iron layer thickness. In this case, the reduction curves 

where dense iron layer is formed resulted in a severely decreased reduction rates when 

compared with the rates obtained where porous iron growth process occurs (e .g., Ab03 

compared with Cao addition). 
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Changing the reaction mechanism to dendritic growth forming the porous/dense iron type 
microstructure, however, consideration should be given to the presence of the retained 

wustite and oxygen diffusion through the dense iron layer behind the main advancing 
reaction front. Analysis of reduction data under these reduction conditions indicated that 
limited mixed control by chemical reaction and pore diffusion of reactive gas is clearly 

established over the conversion range from the initial stage to about 85% reduction (Lee, 
1990). After this stage, solid state diffusion of oxygen through the dense iron layer is indeed 

a slow step; the structure beyond 85% reduction was found to be composed of reduced iron 
and retained wustite grains. In the case for the formation of dense wustite layer as the 
product microstructure, the diffusion of Fe2+ ions through the dense wustite layer was to be 

the slow step. 

CONCLUSIONS 

The reduction of zinc ferrite (Znfe204) samples with and without impurity oxide additions 

in H2IN2 gas mixtures have been investigated at temperatures between 600°C and 1100°C. 
The experiments have demonstrated that the mechanisms and kinetics of reduction of zinc 
ferrite were dependent upon temperature, degree of reduction and reacting gas mixtures. 

The time to achieve a certain percentage of reduction of Znfe2Q4 was found to depend on 
temperature and reacting H2IN2 gas mixtures. The reduction of zinc ferrite exhibited the 
following characteristics: the rate of reduction exhibit an initial linear rate followed by a 

.. gradual decrease in rate with the progress of reduction; there is little or no change in the 
external dimensions of the Znfe2Q4 sample upon reduction provided fracture of the sample 

is avoided; the rate was found to increase with increasing reduction temperature and H2 
partial pressure; the shapes of the reduction curves reflect the type of iron product layer 
microstructures formed ; and samples reduced in a topochemical pattern. 

The interface between zinc ferrite core and wustite were generally very sharp, while the 
Fe/FeO and (Fe,Zn)O interfaces were noted to be irregular and these irregularities increase 

· with increasing temperature. The width of the intermediate wustite layer (at steady state 
condition) was found to be dependent upon reaction temperature, and H2 reducing gas 

. mixtures. The type of iron product layer morphologies formed during the reduction of zinc 
ferrites in the system studied were porous Fe, porous/dense Fe and dense iron. 
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