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Abstract: A novel process that combined reduction roasting with magnetization roasting was developed to intensify the
decomposition of zinc ferrite for the selective extraction of zinc from high iron-bearing zinc calcine. The decomposition
mechanism of zinc ferrite was investigated in detail by thermodynamics analysis and roasting experiments. The results
indicated that 94.65% of the zinc ferrite was decomposed into zinc oxide and ferrous oxide under the optimal reduction
roasting conditions of 8 vol.% CO, 750 °C, 50 vol.% CO/(CO+CO,), and 90 min. The generated ferrous oxide was
further converted to ferriferrous oxide by magnetization roasting under an air atmosphere at 450 °C for 30 min. After
that, 93.62% of zinc contained in the calcine could be selectively extracted by low acid leaching, whereas more than
90% of iron was concentrated in the leaching slag in the form of magnetite, which could be recovered by the subsequent

magnetic separation.
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1 Introduction

Zinc is an important metal, which is widely
applied in the alloys, battery, textile, and
electroplating industry [1,2]. According to the
statistics [3], the zinc production capacity of China
reached 6.51x10°t in 2020, and about 80% of
the metal zinc is primarily produced from zinc
sulfide concentrates through the conventional hydro-
metallurgical process, which includes oxidative
roasting, acid leaching, purification, and electro-
winning steps [4,5]. In the oxidative roasting step,
the iron impurity contained in the marmatite
concentrates has a great potential to react with zinc
oxide to generate zinc ferrite. Zinc ferrite is
structurally stable and can hardly be dissolved by
the conventional acid leaching process, as a result,
large amounts of hazardous zinc-rich slag containing
16-28 wt.% Zn, 20—40 wt.% Fe, 0.5-1.5 wt.% Cu,
and 2—12 wt.% Pb was produced [6—11].

To recover zinc from the hazardous zinc
leaching slag, methods have been
developed, including the pyrometallurgical process,
hydrometallurgical process, or their combination
[12-14]. For the pyrometallurgical process,
Ausmelt process [15] and Walze process [16,17] are
most commonly applied in industry. Through the
above processes, the zinc in the slag could be
recycled with a high zinc recovery rate, and only
little stable slag was produced. However, these
processes are generally conducted at high
temperatures, which consume huge energy. To avoid
the above problems, a variety of hydrometallurgical
processes including hot acid leaching [18,19] and
hydrochloric acid leaching [20,21] were developed.
By the hot acid leaching, the zinc contained in the
slag can be completely extracted, whereas more
than 80% of iron was also dissolved into leachate.
To obtain high-quality zinc, the iron in the leachate
has to be removed before electrowinning of zinc by
the iron precipitation process [22,23]. Although the
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iron in the leachate could be efficiently removed by
the jarosite, goethite, and hematite processes [24—26],
abundant hazardous iron slags were generated,
which posed a great threat to the ecosystem.
Hydrochloric acid leaching has also widely been
studied on the laboratory scale recently, but these
processes have never found application in the
industry since the leachate cannot directly return to
the existing electrowinning process.

Considering the weakness of conventional
pyrometallurgical and hydrometallurgical processes,
some scholars have recently focused on the
combination of the above processes for the
recycling of zinc or iron from high iron-bearing
zinc calcine (IZ), such as reduction roasting—
alkaline leaching [27], transformation roasting
[28,29], sulfation roasting—water leaching [7,14],
and selective reduction roasting [13,30,31]. The
common characteristics of these technologies are to
convert zinc ferrite into soluble zinc, and then
facilitate the extraction of zinc by water leaching or
low acid leaching. Although these novel processes
have promising potential for energy conservation
and pollution reduction, there are still many
problems that need to be solved before industrial
applications. Among these technologies, selective
reduction roasting is one of the most interesting and
has a great prospect in industrialization application.
This process is to decompose the zinc ferrite in 1Z
to magnetite and zinc oxide by utilizing the waste
heat in the calcine. Thereafter, zinc and iron can be
selectively separated by the conventional acid
leaching process, whereas iron and silver are
concentrated in the leaching slag, which could be
comprehensively recovered by magnetic separation
and flotation, respectively. Despite the great
progress obtained in recent years [32—34], two key
issues presented in this technology including the
complete decomposition of zinc ferrite and the
controlling of the over-reduction of magnetite
cannot be properly achieved simultaneously,
especially in industry. This is attributed to the fact
that zinc ferrite is a stable spinel structure, and the
complete decomposition of which needs strong
reducing conditions. However, magnetite is
relatively unstable and thus the magnetite was
inevitably over-reduced to wustite. Therefore,
although the informed reduction roasting
technologies [31,32,35] can relatively improve the
leaching rate of zinc, the leaching rate of iron also

increases significantly.

In response to the contradiction between the
complete decomposition of zinc ferrite and the
controlling of the over-reduction of magnetite, in
this study, a novel roasting process that includes
reduction and magnetization roasting to selectively
intensify the decomposition of zinc ferrite in the [Z
was proposed. Reduction roasting was conducted in
a strong reduction atmosphere at a relatively high
temperature to completely decompose zinc ferrite
into zinc oxide and wustite. Then, taking advantage
of the wustite that can be rapidly converted into
magnetite in a thermal oxidizing atmosphere [36],
the wustite generated in the previous stage was
effectively converted into magnetite by means
of magnetization roasting in a weak oxidizing
atmosphere at a lower temperature. In the present
study, the decomposition behavior of zinc ferrite,
and the magnetization behavior of wustite during
the roasting process were investigated in detail
based on thermodynamic analysis and laboratory
experiments. Moreover, the acid-leaching behaviors
of the roasted products were also studied intensely.
The generation of hazardous ZnFe;O4 slag can
effectively be reduced, and an alternative process
for the clean and efficient utilization of IZ was
provided.

2 Experimental

2.1 Materials

The 1Z used in this study was provided by a
zinc smelter in Inner Mongolia, China. The zinc
calcine was dried at 100 °C for 24 h, ground, and
sieved to 80% below 74 um for subsequent analysis
tests and experiments. The chemical composition of
zinc calcine was analyzed by X-ray fluorescence
spectroscopy (XRF, S4 Pioneer, Bruker), and the
results of which are shown in Table 1. The
mineralogical structure of zinc calcine was
characterized by X-ray diffraction analysis (XRD,
D/Max 2500, Rigaku), and the results are presented
in Fig. 1. Table 1 shows that the iron content in the
zinc calcine reached 14.31 wt.%, indicating that the
calcine is a typical IZ. Hence, in the conventional
acid leaching process, a considerable amount of
hazardous =zinc leaching slag was generally
produced. Figure 1 depicts that the zinc calcine is
mainly composed of zinc oxide (ZnO), zinc silicate
(Zn,S10,), zinc ferrite (ZnFe,04), and magnetite
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Table 1 XRF analysis result of high-iron bearing zinc
calcine (wt.%)
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Fig. 1 XRD pattern of high iron-bearing zinc calcine

(Fe304). The phase compositions of zinc were
quantified by selection dissolution of each zinc
phase combined with inductively coupled plasma
analysis (ICP-OES, PS-6, Baird), and the results are
listed in Table 2. It can be seen that the quantity of
ZnFe;04 and ZnS in the zinc calcine reached
7.54 wt.% and 2.91 wt.%, respectively; therefore,
the zinc in the calcine can hardly be completely
leached.

In addition, carbon monoxide (CO, 99.9%)
was used as a reducing gas to decompose zinc
ferrite, carbon dioxide (CO,, 99.9%) was applied to
adjust the reduction intensity, and nitrogen (N,
99.9%) was used as a supplementary or protective
gas during reduction roasting. At magnetization
roasting stage, oxygen (O2, 99.9%), N> and air were
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used to magnetize wustite. Sulfuric acid of the
chemical grade was used as a lixiviant. In addition,
zinc oxide and ferric oxide of analytical grade were
used to investigate the =zinc ferrite formation
mechanism. Deionized water with a resistivity of
18 MQ-cm was used throughout all leaching
experiments.

2.2 Experimental procedure

The reduction and magnetization roasting
experiments were conducted in a tube furnace (OTF,
1200X-S, Kejin). The schematic diagrams are
shown in Fig. 2. For each roasting test, 50 g of
prepared zinc calcine was put into the alundum boat
(120 mm x 60 mm), which was taken into the
tube furnace, and then heated to 750 °C in N
atmosphere. After that, a gas mixture containing a
certain volume proportion of CO, CO,, and N, was
pumped into the tube furnace with a flow rate of
1000 mL/min until the roasting was finished. Then,
the mixture gas was replaced by N, and cooled the
sample to the magnetization temperature in the
furnace. Whereafter, a gas mixed with O, and N
with a flow rate of 600 mL/min was pumped into
the tube until the end of magnetization roasting.
Finally, the roasted sample was taken out, weighed,
and kept in the closed vessel for analysis and the
following experiments. The zinc ferrite generation
experiments were also conducted in the above tube
furnace. Before roasting, zinc oxide and ferric oxide
were homogenized with a molar ratio of 1:1, and
ground in a planetary muller with a speed of
2000 r/min for 10 h. For each roasting test, 30 g of
the above prepared sample was roasted in the tube
in the air atmosphere. After the roasting was
finished, the sample was cooled to room
temperature and saved for subsequent analysis.

The leaching experiments were conducted in
a 500 mL three-necked flat-bottomed flask, which

Table 2 Chemical phase analysis results of zinc in different samples

Unroasted sample Magnetization roasted sample Leaching slag
Phase Mass fraction/%  Percentage/%  Mass fraction/%  Percentage/%  Mass fraction/%  Percentage/%
Oxide 42.68 78.37 51.61 93.62 - -
Sulfate 1.33 2.44 - - - -
Sulfide 291 5.34 2.27 4.12 9.57 66.87
Ferrite 7.54 13.85 1.24 2.25 4.74 33.13
Total 54.46 100.00 55.12 100 14.31 100
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Fig. 2 Schematic diagram of tube furnace: 1—Escape pipe;
2—Cool system; 3—Asbestos board; 4—Porcelain boat;
5—Fireclay brick; 6—Heating zone; 7—Thermocouple;
8—Admitting pipe; 9—Water inlet

was equipped with a mechanical stirrer. For each
leaching test, 30 g of the roasted zinc calcine was
leached under the following conditions: 90 g/L of
sulfuric acid, 10 mL/g of liquid-to-solid ratio,
30 min, and 25°C. At the end of the leaching
experiments, the leachate was separated from the
slag by vacuum filtration. The volume of the
leachate was measured by a graduated cylinder, and
the concentrations of iron and zinc were analyzed
by ICP. The leaching slag was dried, weighed, and
kept in a closed vessel for subsequent analysis.

2.3 Analytical methods and instruments

The chemical compositions of all powder
samples were detected by X-ray fluorescence
spectroscopy (XRF, S4 Pioneer, Bruker), and the
concentration of all leachate was analyzed by
inductively coupled plasma analysis (ICP-OES,
PS-6, Baird). The crystalline of the roasted samples
was characterized by X-ray powder diffraction
(XRD, D/Max 2500, Rigaku). The magnetism of
samples was measured with a vibration sample
magnetometer (VSM, BHV—-50HTI). The soluble
zinc rate (R) is calculated as

Zp,;
R=—"-x100% (1)

T(X
where Xf, is the content of zinc distributed in
soluble zinc (including ZnO, ZnSOs, Zn,Si04, and
Zn), which could be obtained by the chemical
analysis method in our previous study [32]; T, is the
total content of zinc.

The =zinc ferrite generation rate (p) and
decomposition rate (y) are calculated as follows:

¢:§x100% )

X:[lﬁjxm()% 3)
71
where a is the total zinc content in the roasted
sample; 6 is the content of zinc distributed in zinc
ferrite after roasting, which could be obtained by
the chemical analysis method [32]; y1 and y, are the
zinc contents distributed in zinc ferrite before and
after roasting, respectively.

The zinc and iron extraction rates are
calculated by the following formula:

a:ixloo% @)
mn;

where ¢ is the extraction rate of zinc or iron, m; is

the mass of samples, V; is the volume of leachate, #;

is the content of zinc or iron in the samples, and ¢;

represents the concentration of zinc or iron in the

leachate.

3 Results and discussion

3.1 Thermodynamic analysis

According to the phase composition of the 1Z
in this study, the reactions that probably occur at the
reduction and magnetization roasting stage are
listed as follows:

ZnFe,04+1/3CO(g)=Zn0+2/3Fe;04+1/3C0,  (5)

ZnFe;04+CO=Zn0O+2FeO+CO> (6)
Zn0+CO=Zn+CO; @)
Fe;04+CO=3FeO+CO> ®)
Fe;04+4CO=3Fe+4CO, 9
FeO+CO=Fe+CO, (10)
Fe+1/20,=FeO (11)
Fe+2/30,=1/3Fe;04 (12)
FeO+1/60,=1/3Fe;04 (13)
FeO+1/40,=1/2Fe;03 (14)
Fe;04+1/40,=3/2F¢,03 (15)
ZnO+Fe;03=7ZnFe,04 (16)
ZnS+3/20,=Zn0O+S0, 17

The standard Gibbs free energy changes (AG®)
for these reactions in the temperature range from 0
to 1200 °C were calculated by the Reactions
module of FactSage 8.0 program, and the results are
shown in Fig. 3. It can be found in Fig. 3(a) that
the AG® values for the decomposition of ZnFe>O4
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Fig. 3 Standard Gibbs free energy changes of reactions
occurred possibly during reduction roasting (a) and
magnetization roasting (b)

(Reaction (5)) are constantly negative at all
temperatures in the investigated range, which
decrease gradually with the increase in temperature,
indicating that ZnFe,O4 can be decomposed into
ZnO and Fes;0s, and the increase in temperature
favors the above reduction process. However, the
AGP® values of Reaction (6) decrease continuously
with the temperature increasing from 100 to
1200 °C, and become more negative than those of
Reaction (5) when the temperature increases up to
570 °C, which manifests that ZnFe,Os has more
potential to be reduced to ZnO and FeO. The AG®
variation tendency for the reduction of Fe;O4to FeO
(Reaction (8)) is similar to that for Reaction (6),
and the AG® also becomes negative at 570 °C,
suggesting that the FesOs generated during the
decomposition of ZnFe,O4 might be further reduced
to FeO. Therefore, the over-reduction of FesO4can
hardly be avoided. The AG® of Reaction (7) is
constantly positive in the investigated temperature
range, manifesting that ZnO is thermodynamically

stable. The AG® values for Reactions (9) and (10)
indicate that the generated Fe;O4 and FeO may be
further reduced to Fe when the temperature is
below 570 °C. The magnetization of FeO is another
object of this study.

The AG® values for the reactions that occur
during magnetization roasting are presented in
Fig. 3(b). It can be seen that the AG® values of
Reactions (11)—(15) are all negative in the
investigated temperature range, which increase
gradually with the increase in temperature. This
indicates that decreasing temperature benefits the
magnetization of Fe and FeO to Fes3Os, while the
generated Fe;O4 may be further oxidized to Fe,Os.
The AG® values of Reaction (16) are negative in the
temperature range from 0 to 1200 °C and decrease
with increasing temperature, indicating that the
Fe,O3; may continuously react with ZnO to generate
ZnFe;0s4, and decreasing magnetization temperature
can inhibit the above process. Moreover, it can also
be found that magnetization roasting is favorable to
the oxidation of ZnS since the AG® values for
Reaction (17) are constantly negative. Therefore, to
magnetize FeO to Fe;O4 and avoid the regeneration
of ZnFe;Os, the magnetization roasting should be
carried out at a relatively low temperature.

The equilibrium amounts of products for
the decomposition reactions and magnetization
reactions were calculated using the Equilibrium
module of Outokumpu HSC Chemistry 9.0, and the
results are shown in Fig. 4.

The effect of temperature in the range of
0—-1000 °C on the decomposition behavior of
ZnFe>Os was investigated. According to the
stoichiometric ratio of Reaction (6), both CO and
ZnFe>O4 input amounts were fixed at 1 kmol, and
the results are shown in Fig. 4(a). It indicates that
increasing temperature can not only obviously
promote the decomposition of ZnFe,O4to ZnO and
FeO, but also hinder the over-reduction of FeO to
Fe. However, as the temperature increases to
1000 °C, the amount of ZnFe;O4 is still about
0.18 kmol, indicating that ZnFe,O4 can hardly be
completely decomposed using the theoretical
amount of CO. Since the content of ZnFe;O4
decreases slightly as the temperature increases
above 750 °C, the effect of CO amount in the
range of 0—3 kmol (per 1kmol ZnFe;O4) on the
equilibrium amounts of ZnFe;Os decomposition
products is presented in Fig. 4(b). The amount of
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Fig. 4 Equilibrium compositions of iron-containing species during reduction roasting (a, b) and magnetization roasting
(c, d): (a, c) Effect of temperature; (b) Effect of CO amount; (d) Effect of O, amount

ZnFe;Oy4 decreases sharply as the CO input amount
increases from 0 to 2.5 kmol, and then, with further
increase of CO amount, the value decreases slowly
(about 0.03 kmol), while the amount of Fe increases
dramatically. This manifests that the increase in CO
input amount intensifies not only the decomposition
of ZnFe,O4 but also the reduction of FeO to Fe.
Additionally, it is also found that the CO and
CO, amounts for the complete decomposition of
ZnFe,;Oy4 are about 1.43 and 1.57 kmol, respectively.
Therefore, the proportion of CO during reduction
roasting is required to be higher than 47.7%. While
the amount of Fe;O4 increases rapidly with the CO
input amount increasing from 0 to 0.2 kmol,
thereafter, it decreases gradually, indicating that
Fe;04 is over-reduced to FeO. Above all, the
complete decomposition of ZnFe;Os could be
achieved under a high CO proportion, but Fe;O4 is
inevitably reduced to FeO.

Another object of this work is to magnetize
the over-reduced soluble iron phase to Fe3O4. Thus,

the effect of temperature on the equilibrium
amounts of iron phase magnetization products was
investigated, and the FeO and O, input amounts
were fixed at 6 and 1 kmol, respectively. The results
are shown in Fig. 4(c). It is observed from Fig. 4(c)
that the amount of FesO4 decreases gradually with
the temperature increasing from 0 to 1000 °C.
On the contrary, the amounts of FeO and Fe;O3
increase slowly, demonstrating that the increase in
temperature not only hinders the magnetization of
FeO but also intensifies the generation of Fe,Os.
However, low temperature will generally result in
slow reaction speed, and thus, the magnetization
temperature was chosen to be 500 °C. Figure 4(d)
shows the effect of the O, input amount on the
magnetization behavior of FeO at 500 °C, where the
FeO input amount was fixed at 6 kmol. It is found
that the increase in O, input amount significantly
intensifies the magnetization of FeO to Fe;O4 when
the O, input amount is lower than the theoretical
amount (1 kmol), but too high O, input amount will
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result in further oxidation of Fe;O4to Fe,Os.
According to the above thermodynamic
analysis, the complete decomposition of ZnFe;O4
and magnetization of FeO can be achieved by
controlling the roasting temperature and atmosphere.

3.2 Formation mechanism of zinc ferrite

The previous thermodynamics analysis
indicates that zinc ferrite may be regenerated during
magnetization roasting. To achieve the selective
magnetization of wustite, it is necessary to investigate
the formation mechanism of zinc ferrite. The effect
of magnetization roasting temperature on the
formation of zinc ferrite was investigated when the
roasting time was fixed at 60 min. The results are
presented in Figs. 5(a) and (c). It can be seen from
Fig. 5(a) that the zinc ferrite synthesis rate increases
slowly and kept at a low level (about 2%) when the
temperature is not above 500 °C. However, as the
temperature is further increased, the synthesis rate
increases dramatically and even reaches 83.4% at
650 °C. Additionally, the XRD analysis results in
Fig. 5(c) also demonstrate that the zinc ferrite is not
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generated until the roasting temperature is increased
above 500 °C, and this result is consistent with the
conclusion of WANG et al [37]. Therefore, to avoid
the regeneration of zinc ferrite, the magnetization
temperature cannot be higher than 500 °C.

Roasting time is another key factor for the
generation of zinc ferrite. The effect of roasting
time on the formation of zinc ferrite was
investigated in detail at the roasting temperature of
500 °C. The results are shown in Figs. 5(b) and (d).
Figure 5(b) shows that the zinc ferrite synthesis rate
increases from 0.78% to 1.85% as the roasting time
is prolonged from 15 to 90 min, indicating that
prolonging roasting time can also promote the
formation of zinc ferrite, but the effect of which is
weak and less than that of temperature, and the
XRD analysis in Fig. 5(d) also demonstrates the
above inference.

In conclusion, the regeneration rate of zinc
ferrite can be controlled in a very small range
during magnetization roasting by regulating the
roasting temperature not higher than 500 °C, and
time no longer than 60 min.

2.5
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Fig. 5 Effect of magnetization roasting temperature (a, c) and time (b, d) on generation of zinc ferrite: (a, b) Zinc ferrite

synthesis rate; (¢, d) XRD patterns of roasted products
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3.3 Reduction decomposition behavior of zinc
ferrite

An ideal result for the complete decomposition
of zinc ferrite was obtained from the
thermodynamic analysis. However, it is also
essential to conduct a series of experiments on the
laboratory scale to prove the above conclusions.
In this study, the main factors including CO
concentration, temperature, CO/(CO+CQO,) volume
fraction, and time on the reduction decomposition
behavior of zinc ferrite were investigated in detail.

The effect of CO concentration on the
reduction decomposition of zinc ferrite was
investigated firstly at 750 °C for 120 min, and the
results are shown in Figs. 6(a, b). Figure 6(a)
indicated that both the zinc ferrite decomposition
rate (y) and soluble zinc rate (R) of roasted samples
significantly increased from 70.16% and 88.41% to
95.89% and 94.55%, respectively, with the
concentration of CO increasing from 4 vol.% to
8 vol.%. Thereafter, with further increase in CO
concentration, the values gradually leveled off and
remained nearly constant. These indicated that
increasing CO concentration obviously facilitated
the decomposition of zinc ferrite, and the majority
of zinc ferrite could be decomposed with 8 vol.%
CO. The XRD patterns of roasted samples in
Fig. 6(b) indicated that zinc ferrite was decomposed
completely when the CO concentration increased to
8 vol.%. Therefore, the optimized CO concentration
was determined to be 8 vol.%.

Reduction roasting temperature plays a key
role in the decomposition of zinc ferrite [38—40].
Hence, the effect of temperature on the
decomposition behaviors of zinc ferrite was further
investigated under the conditions of 8 vol.% of CO
concentration and 120 min of roasting time. The
results are presented in Figs. 6(c, d). Figure 6(c)
showed that y and R values increased significantly
as the reduction roasting temperature was raised
from 450 to 750 °C. However, the values did not
increase substantially with a further increase in
temperature. The increase in y and R values is
probably attributed to the decomposition of zinc
ferrite being kinetically restricted. Increasing
temperature accelerated the decomposition reaction
rate of zinc ferrite. Figure 6(d) indicated that zinc
ferrite in the calcine was reduced to zinc oxide
completely at 750 °C. The increase in reduction
temperature not only promoted the decomposition

of zinc ferrite, but also facilitated the metallization
of wustite. However, the iron oxides were over-
reduced to metallic iron.

To avoid the generation of iron, CO, was
used to regulate the reduction intensity. The effect
of the CO/(CO+CO;) volume fraction on the
decomposition of zinc ferrite was studied at 8 vol.%
CO. The results are presented in Figs. 6(e, f). It can
be found from Fig. 6(e) that y and R increased
dramatically when the CO/(CO+CO;) volume
fraction increased from 33.4% to 50%, and the
value of y gradually leveled off, while the R
decreased slightly, when the CO/(CO+CO) volume
fraction exceeded 50%. The decrease of R may be
attributed to the reduction of zinc sulfate to zinc
sulfide. Hence, the optimal CO/(CO+CO,) volume
fraction was confirmed to be 50%. The XRD
patterns of roasted samples are shown in Fig. 6(f). It
was found that the metallic iron was not detected in
all roasted samples, the diffraction peak intensity of
zinc ferrite decreased sharply and its position
(26=35.26°) had an obvious right shift (Fes;Os,
260=35.43°) when the CO/(CO+CO;) volume
fraction increased from 33.4% to 40%. Then,
further increasing the CO/(CO+CO;) volume
fraction to 50%, the characteristic peaks of
magnetite disappeared, while the peak intensity of
wustite increased obviously. These variations
indicated that the addition of CO; could hinder the
over-reduction of wustite; hence, the zinc ferrite
could be selectively decomposed into wustite and
zinc oxide. Additionally, it was also observed that
the peak intensity of zinc sulfide increased
gradually with the CO/(CO+CO;) volume fraction
increasing from 50% to 66.7%, depicting that the
soluble zinc sulfate was converted to zinc sulfide,
hence resulting in the decrease of R in Fig. 6(e).

The effect of reduction roasting time on the
decomposition of zinc ferrite was also investigated
under the conditions of 750 °C, 8 vol.% CO, and
50 vol.% CO/(CO+CO,). The results are presented
in Figs. 6(g, h). Figure 6(g) showed that the
variation of y and R with the increase in reduction
time was similar to that of CO/(CO+CO;) volume
fraction. Both set parameters increased sharply in
the initial reduction period, which was attributed to
the continuous decomposition of zinc ferrite to zinc
oxide. However, since the reduction of zinc sulfide,
the value of R decreased gradually with the
reduction time prolonging from 90 to 150 min.
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The XRD patterns of roasted samples at
different roasting time are shown in Fig. 6(h). The
results indicated that the peaks of zinc ferrite and
magnetite disappeared at 90 min, and the iron phase
analysis results in Table 3 revealed that the iron in
the reduced sample was mainly distributed in the
form of wustite (70.65%) and magnetite (23.24%).
The above variation manifested that most of the
zinc ferrite was reduced to zinc oxide and wustite.
Moreover, it was also found that the increase in
reduction time promoted the generation of zinc
sulfide since the peak intensity of zinc sulfide
obviously increased with increasing the time
from 90 to 150 min. Therefore, the optimal
decomposition time was determined to be 90 min.

In conclusion, the optimal conditions for the
decomposition of zinc ferrite during reduction
roasting were established as follows: 8 vol.% CO,
750 °C, 50 vol.% CO/(CO+CO), and 90 min.
Under the above conditions, the zinc ferrite in the
zinc calcine was selectively decomposed into zinc
oxide and wustite, and the y and R of the roasted
sample reached 94.65% and 93.85%, respectively.

Table 3 Chemical phase analysis results of iron in
sample after 90 min reduction roasting

Phase Mass fraction/% Percentage/%
Waustite 10.52 70.65
Magnetite 3.46 23.24
Zinc ferrite 0.78 5.24
Metallic iron 0.13 0.87
Total 14.89 100

3.4 Magnetization behavior of wustite

After reduction roasting, the zinc ferrite
contained in the IZ was decomposed into zinc oxide
and wustite. To realize the selective separation and
recovery of zinc and iron in the subsequent
processes, the soluble wustite generated during the
reduction roasting stage must be converted to
magnetite. The previous study in Sections 3.1 and
3.2 manifested that wustite can be selectively
converted to magnetite and avoid the regeneration
of zinc ferrite simultaneously by regulating the
magnetization roasting conditions. Therefore, the
effect of temperature, O, concentration, and time
on the magnetization of wustite was detailly
investigated. The results are shown in Fig. 7.

The effect of temperature on the magnetization

of reduction product was investigated in air
atmosphere (about 21 vol.% O,) at roasting time of
15 min. The results are shown in Figs. 7(a, b). It can
be found from Fig. 7(a) that the leaching rate of
iron decreased dramatically, whereas that of zinc
kept basically unchanged as the temperature
increased from 400 to 450 °C, thereafter, both of
them decreased slowly with the further increase in
temperature. This may be attributed to the increase
in temperature that intensified the conversion of
wustite to magnetite, thus decreasing the leaching
rate of iron; but high roasting temperature (above
450 °C) would promote the regeneration of zinc
ferrite and then hinder the extraction of zinc.
Moreover, the XRD patterns in Fig. 7(b) also
proved that the wustite was completely converted
into magnetite at 450 °C. It was also found that the
zinc ferrite generated at 500 °C, and the peak
intensity of which increased obviously with the
increase of temperature. Therefore, the optimal
temperature for the magnetization of wustite was
confirmed to be 450 °C.

The O, concentration also has a significant
effect on the magnetization of wustite. The effect of
O, concentration on the magnetization of reduction
product was investigated at 450 °C and 15 min. The
results are presented in Figs. 7(c, d). Figure 7(c)
showed that the zinc leaching rate slowly increased
with the concentration of O, increasing from
5vol.% to 21vol.% (air) and then decreased
gradually as the O, concentration further increased.
The increase in zinc leaching rate is probably
ascribed to the oxidation of zinc sulfide to zinc
sulfate. The leaching rate of iron first decreased
sharply and then gradually slowed down, indicating
that the increase in O» concentration contributed to
the magnetization of wustite when O, concentration
was below 21 vol.%; whereas, with further increasing
O, concentration, the generated magnetite was
probably further oxidized to ferric oxide, which in
turn intensified the formation of zinc ferrite.
However, since the formation of zinc ferrite was
kinetics (temperature) restricted, resulting in the
slow generation speed of zinc ferrite at 450 °C, both
the leaching rates of zinc and iron just slowly
decreased when O, concentration increased above
21 vol.%. Figure 7(d) showed that the peak
intensity of zinc sulfide decreased gradually with
the increase of O concentration. The peak of
wustite disappeared at 21 vol.% of O, concentration
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Fig. 7 Effect of roasting conditions on magnetization behavior of wustite: (a, b) Effect of magnetization roasting
temperature; (c, d) Effect of O, concentration; (e, f) Effect of magnetization roasting time

and the peak intensity of magnetite obviously
increased. Then, with further increasing the O»
concentration, the peak position of magnetite (26=
35.43°) gradually left-shifted (ZnFe 04, 26=35.26°).
These results confirmed the inference that
increasing the O, concentration resulted in the
oxidation of zinc sulfide and the regeneration of
zinc ferrite. Therefore, air (21 vol.% O,) was used
as the magnetization gas.

The effect of roasting time on the
magnetization of wustite was also investigated in

the air atmosphere at 450 °C. The results are shown
in Figs. 7(e, f). Figure 7(e) showed that prolonging
the roasting time favored the selective leaching of
zinc, since the zinc leaching rate slightly increased
from 92.65% to 93.62%, while the iron leaching
rate dramatically decreased from 26.32% to 9.37%
as the duration time increased from 5 to 30 min.
However, both the leaching rates of zinc and iron
gradually decreased as the roasting time further
increased (above 30 min), which was approximately
attributed to the regeneration of zinc ferrite.
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Figure 7(f) showed that the characteristics peak of
wustite disappeared and the peak intensity of
magnetite increased significantly when the
magnetization roasting time increased from 5 to
30 min, indicating that the wustite was completely
converted into magnetite. However, as the
magnetization roasting time further increased (above
30 min), the zinc ferrite generated gradually. In
addition, Table 2 demonstrated that the =zinc
distributed in the zinc ferrite and zinc sulfide
contained in the magnetization roasted sample were
decreased to 1.24% and 2.27%, respectively,
depicting that the selective decomposition of zinc
ferrite was achieved.

In summary, the optimal conditions for the
magnetization roasting were under an air
atmosphere at 450 °C for 30 min. Under the above
conditions, the leaching rate of zinc reached
93.62%, whereas that of iron was only 9.37%.

The magnetic hysteresis loops of the zinc
calcine before roasting (Curve a), after reduction
roasting (Curve b), and after magnetization roasting
(Curve c) were investigated by the VSM. The
results are presented in Fig. 8. It could be found
that the saturation magnetization of the zinc calcine
increased from 2.26 to 4.45 to 15.88 A-m*kg after
the reduction roasting and magnetization roasting
under their optimal conditions, respectively, which
further confirmed that the zinc ferrite contained in
the zinc calcine was selectively decomposed into
magnetite after reduction and magnetization roasting.

Fig. 9 Selective decomposition mechanism of zinc ferrite
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Fig. 8 Magnetic hysteresis loops of zinc calcines

According to the above analysis, the selective
decomposition mechanism of =zinc ferrite is
depicted in Fig. 9. It can be summarized as follows:
First, the zinc ferrite in the calcine was completely
reduced and decomposed into FeO and ZnO with
high CO proportion at a higher temperature. In the
second stage, the FeO generated in the first stage
was selectively magnetized into Fe;O4 by gas—solid
reaction with O in air at a lower temperature. Due
to the low magnetization temperature and the
limitation of kinetic reaction rate, zinc ferrite is
difficult to generate in the second stage. Therefore,
the selective reduction of zinc ferrite could be
achieved through reduction and magnetization
roasting.
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3.5 Composition of leaching slag

The main chemical compositions of the acid
leaching slag for the roasted sample and unroasted
sample are presented in Table 4. It can be found that
after the reduction and magnetization roasting, the
contents of zinc and copper in the leaching slag
decreased from 25.44% and 0.51% to 14.72% and
0.18%, respectively, while the content of iron
increased from 38.23% to 47.96%. These indicated
that the above roasting process not only promoted
the selective extraction of zinc, but also intensified
the leaching of copper. To clarify the phase
composition, the leaching slag of the roasted
sample was further subjected to XRD analysis, and
the result is shown in Fig. 10. Figure 10 indicated
that the main crystalline phases contained in the
slag were magnetite, zinc sulfide, and zinc ferrite.
Compared with those in Fig. 7(f), zinc oxide and
zinc silicate were leached completely. The chemical
phase analysis results (Table 2) indicate that the
zinc in the leaching slag is mainly distributed in the
form of zinc sulfide (9.57 wt.%) and zinc ferrite
(4.74 wt.%), and thus the presence of unoxidized
zinc sulfide and undecomposed zinc ferrite is the
prime reason to hinder the leaching of zinc during
the acid leaching process.

Table 4 Quantitative chemical phase analysis results of
main elements in leaching slag (wt.%)
Sample Zn Fe Cu Pb Co

Unroasted 2544 3823 0.51 3.54  0.05
Roasted 1472 4796 0.18 432  0.06
. A—7nS
Y > — Fe304
® — ZnFe,O,
>
° >
> o
N . *
$ s |4 %
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Fig. 10 XRD pattern of leaching slag
4 Conclusions

(1) Thermodynamic analysis shows that the
over-reduction of magnetite is unavoidable at the

reduction roasting stage. Increasing the reduction
roasting temperature and CO amount could not only
intensify the decomposition of zinc ferrite but also
promote the formation of wustite. The generated
wustite can be selectively converted to magnetite by
regulating the magnetization temperature and input
Oz amount.

(2) Zinc ferrite generation experimental results
indicate that by controlling the roasting temperature
not higher than 500 °C and time no longer than
60 min, the regeneration of zinc ferrite during the
magnetization roasting stage can be effectively
restrained.

(3) Increasing the reduction roasting parameters
of CO concentration, temperature, CO/(CO+CO,)
volume fraction and time significantly intensifies
the decomposition of zinc ferrite to zinc oxide and
wustite. However, when these parameters exceed
their optimal levels, the zinc sulfate will be reduced
to zinc sulfide. Under the optimal conditions of
8 vol.% CO, 750 °C, 50 vol.% CO/(CO+CO), and
90 min, the zinc ferrite decomposition rate and
soluble zinc rate of the roasted sample reached
94.65% and 93.85%, respectively.

(4) The wustite generated at the reduction
roasting stage was selectively converted to
magnetite by magnetization roasting in air
atmosphere at 450 °C for 30 min. Then, 93.62% of
zinc contained in the zinc calcine was selectively
extracted by the low acid leaching. More than 90%
of the iron was concentrated into leaching slag in
the form of magnetite, which could be recovered by
a conventional magnetic separation process.
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