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Abstract: Iron ore sintering is a simple and sustainable way to treat zinc-bearing secondary resources.
In this paper, the reaction behavior of zinc was studied by combining thermodynamic calculation and
simulation tests under sintering temperature and atmosphere. The evolution law of Zn-containing
phases during the heating process was also revealed. The results showed that Zn-containing sub-
stances were mainly converted to ZnO when the temperature reached 700 ◦C in the pre-drying zone,
and ZnO started to combine with Fe2O3 to form ZnFe2O4 when the temperature reached 800 ◦C in
the combustion zone. ZnFe2O4 remained stable at 1300 ◦C, and did not change in the atmosphere
with low CO concentration. In conventional sintering conditions, the removal rate of zinc was about
5 wt%, zinc was mainly converted to ZnFe2O4 and stuck in the sinter. Therefore, to meet the zinc
amount of the blast furnace load, pretreatment of raw materials or ore matching to control zinc
content is necessary.

Keywords: zinc; iron ore sintering; reactive behavior; phase evolution

1. Introduction

In recent years, some of the zinc-containing resources with high zinc content, such
as iron concentrate, dust and sludge, have been separately processed to recover zinc,
others were sent to the sintering process because the zinc content was not up to the
recovering requirement; it was gradually discovered that iron ore sintering is a simple
and sustainable way to treat zinc-bearing secondary resources [1–3]. On the other hand,
with the rapid development of the iron and steel industry, the world’s high-grade iron
ore resources are gradually scarce. During the sintering process, low-quality iron ores
and secondary resources containing zinc are inevitably added [4,5]. In this way, the iron
resources were fully used to prepare the blast furnace burden, and part of the metallurgical
solid waste was consumed to reduce the environmental damage at the same time [6–8].
Therefore, it is of great significance for efficient utilization of metallurgical solid waste and
sustainable development of the iron and steel industry that zinc-iron resources are used in
iron ore sintering.

However, using zinc-containing iron ore and solid waste as sintering materials will
increase the zinc content of sintered ore. According to the survey, China’s blast furnace (BF)
ironmaking is mainly based on sintered ore, in which the proportion of sintered ore is up
to more than 70%. Zinc in the raw material can form zinc ferrite under certain conditions
and remain in the sinter [9,10]. In this case, it can cause a lot of problems to BF, for instance,
the blast furnace gas flow distribution will be abnormal, the tuyere will be upturned, the
refractory brick will be damaged, and the life of the blast furnace shortened. Accordingly,
controlling the zinc content of the sinter is particularly important [11–15]. Previous studies
have shown that the zinc in sintering raw materials was mainly ZnS in iron ore and ZnO
or zinc ferrite in secondary resources, ZnS was oxidized to form zinc oxide and sulfate in
sintering production, and a very strong reducing atmosphere was needed to reduce and
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remove zinc when its content was high [16–19]. The main mineral phases in the sinter
with ZnO added were magnetite, calcium ferrite (SFCA), silicate and zinc ferrite [20]. The
calcifier can convert zinc ferrite to zinc oxide at about 900–1000 ◦C [21]. Although a general
understanding of zinc changes in the sintering process was known, the reaction behavior
and transformation of zinc under different temperatures and atmospheres in each stage of
the sintering process were far from unambiguous disclosure.

Therefore, in order to better treat zinc-bearing resources by sintering, it is necessary to
study the behavior of zinc during the sintering process, and iron ore resources to provide
theoretical support for the use of zinc; this paper studies the reaction of Zn with the main
sintering components such as Fe, Ca, Si, and the special phase transformation certificate of
Zn under sintering temperature atmosphere, revealing the reaction behavior and migration
mechanism of Zn during the sintering process.

2. Materials and Methods
2.1. Materials

The raw materials for the sintering cup test were obtained from a large iron plant in
China, it is a mixture of iron ore, flux, return ore, and miscellaneous materials. The mixture
is mainly composed of Fe2O3, FeO and SiO2, with a small amount of MgO and Al2O3.

Depending on the source of the raw materials’ purchase, hematite was the main
iron-bearing material. Zn content was about 0.02 wt% (Table 1). The chemical extraction
method was used for detecting the chemical phase of the zinc in the sintering raw materials.
According to the solubility of different morphologic elements, chemical reagents with
different dissolution or exchange strengths were used to dissolve samples in sequence from
weak to strong. Thus, the element to be measured in the sample was selectively extracted
into a specific solution; then, the content of the element in the solution was determined.
Test standard and operation methods referred to the literature [22,23]. As seen in Table 2,
the zinc in raw materials predominantly exists as ZnS/ZnFe2O4, with a content of 87.1 wt%.
ZnCO3/ZnO, ZnSiO3 and ZnSO4 were also detected, accounting for 6.5 wt%, 5.6 wt% and
0.8 wt%, respectively.

Table 1. Sinter mixture composition/wt%.

Chemical Composition Fe2O3 FeO CaO SiO2 MgO Al2O3 C H2O Zn Pb

Content 63.83 9.01 8.61 4.79 1.77 1.43 3.57 7.00 0.02 0.01

Table 2. Phase distribution characteristics of Zn in sintered raw materials/wt%.

Phase Zn ZnO/ZnCO3 ZnS/ZnFe2O4 ZnSiO3 ZnSO4

Content - 6.5 87.1 5.6 0.8

2.2. Selection Basis of Experimental Conditions: Temperature and Atmosphere

The reaction of zinc in the sintering process was studied at different stages in specific
temperatures and atmospheres. The temperature and atmosphere conditions in each
stage and flue gas were shown in Table 3 [24,25]. The sintering process has an oxidizing
atmosphere overall, while there is a local reducing atmosphere around when the fuel is
burning violently. The temperature of the material layer in the initial stage of combustion is
about 700 ◦C, and the temperature in the middle and later stages of combustion can reach
more than 1300 ◦C. The combustion of fuels produces gases, such as CO, CO2, and SO2,
which move with the flue down through the wet material belt. The temperature of the wet
zone is below 100 ◦C, the moisture content is high and the SO2 in the gas can be absorbed
by the material layer. As the sintered flue gas enters the flue duct, the O2 content is about
8–15%, the CO2 content is 8–12%, and there are some gases such as CO and SO2 (the gas
percentages in this paper are all volume ratios). This paper focuses on the reaction of zinc
in the heating-up zone, that is, the preheating zone and the combustion zone.
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Table 3. Temperature and atmosphere at each stage of the sintering process.

Stage The Temperature/◦C
Atmosphere

O2/% CO/% CO2/% SO2/ppm

Sinter Zone <1200 21 0 0 0
Combustion Zone 700–1300 21→8 0→2.0 0→12 0→2000

Drying Pre-Heating 100–700 8–15 0.5–2.0 8–12 200–2000
Wet Strip <100 8–15 0.5–2.0 8–12 0

Exhaust Column 100–150 8–15 0.5–2.0 8–12 200–2000

The high-purity gases used in the test include O2, N2, CO, CO2, Ar, etc. The gas
purity is higher than 99.99%, the SO2 gas concentration is 5000 ppm, and the balance gas is
high-purity Ar.

2.3. Experimental Device and Method

The experimental setup for studying the reaction behavior of Zn was shown in Figure 1.
The reactor is a high-temperature resistant quartz tube (Φ40 × 500 mm). Before starting,
gas was introduced into the tube, and the flow rate was controlled using a rotameter.
After the flow rate stabilized, the quartz tube was placed in a vertical tube furnace. The
furnace adopts a KSY intelligent temperature control system, and the temperature of the
reaction zone was calibrated by a standard thermocouple. Before the experiment, the air
was introduced into the quartz tube, and the flow rate was controlled using a rotameter.
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Figure 1. Schematic diagram of vertical tube furnace test system. (1) Air distributing device; (2) Stents;
(3) High temperature resistant quartz reaction tube; (4) Fire-resistant and heat-retaining materials;
(5) Silicon carbide; (6) Thermocouple; (7) Alundum tube.

The test steps are as follows: (1) Mix Fe2O3, CaO, SiO2 and ZnO uniformly according
to the ratio; (2) Add the proper amount of deionized water and mix well, use stainless steel
grinding tool to make it into a pellet with a diameter of 5 mm and a height of about 5 mm,
dried in an oven at 70 ◦C for 4 h; (3) The dried agglomerates are sent to the porous sieve
plate at the bottom of the quartz tube along the wall of the quartz tube, and the gas required
for the test is passed; (4) After the flow rate is stabilized, put the quartz tube in a shaft
furnace at the target temperature for baking for a certain period of time and take it out, pass
it through N2 protection; (5) After cooling, take the sample out, put it in an agate mortar
and grind it for use. When roasting in a reducing atmosphere, first pass the air in the N2
evacuation system, put the quartz tube in the shaft furnace and wait for the temperature
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to stabilize, then turn on CO2, turn off N2, and then pass CO; after the roasting, turn off
CO, turn on N2 Then turn off the CO2 and take out the quartz tube for cooling; after the
sample is cooled in the N2 protective gas for a period of time, take it out and quickly put it
in liquid nitrogen, then dry and grind.

The phase composition of the calcined product was detected using an X-ray diffrac-
tometer (Brook Advance D8, Billerica, MA, USA), with a conventional test scan step size
of 0.02◦ and scan speed of 10◦/min−1; refined scan step size of 0.01◦ and scan speed of
0.6◦/min−1 [26,27]. The test results are imported into Jade 6.0 software for analysis.

When studying the possible reaction of lead and zinc in the sintering process, the
standard Gibbs free energy of the reaction was used to judge whether the reaction can
proceed spontaneously. In this paper, the standard Gibbs free energy of each substance
was firstly identified, and then it was calculated according to the reaction equilibrium
equation. All thermodynamic data were from Factsage7.2 (Thermfact/CRCT: Montreal,
QC, Canada and GTT-Technologies: Aachen, Germany) and HSC6.0 thermodynamic
software. Factsage 7.2, which can calculate, draw, edit units and multiphase pictures, was
used to draw phase diagrams; they can analyze the mutual transformation of various
phases, the formation of new phases and the disappearance of old phases in multiple
systems under certain conditions. In this study, the Phase Diagram module was used
to calculate the ternary Phase Diagram of the system under different atmospheres and
temperatures. Taking the material composition as the coordinate axis, the oxidation and
reduction atmosphere was set through the valence state of Fe element, and the isothermal
section diagrams under different temperatures were made, respectively.

3. Experimental Results and Discussion
3.1. Reaction Thermodynamics of Zinc-Bearing Minerals during the Dry Pre-Heating Zone

The main Zn phase in the iron ore is ZnS. Due to the addition of some secondary
materials, there are also some ZnO, ZnFe2O4, ZnSO4, ZnSiO3 and other substances. First,
the possible reactions of ZnS, ZnCO3 and ZnSO4 in the pre-drying tropics are analyzed, as
shown in Table 4.

Table 4. Conversion of ZnS, ZnCO3, ZnSO4 in raw materials ∆GΘ
T -T.

Equations ∆GΘ
T -T (kJ/mol) Remarks

2ZnS + 3O2(g) = 2ZnO + 2SO2(g) ∆GΘ
T = 0.078T − 424.068 Reaction 1

ZnCO3 = ZnO + CO2(g) ∆GΘ
T = −0.142T + 11.929 Reaction 2

2ZnSO4 = 2ZnO + 2SO2(g) + O2(g) ∆GΘ
T = −0.248T + 246.807 Reaction 3

For a reaction involving gas, the partial pressure of the system has a significant effect
on the reaction equilibrium [28].

a·A(s) + b·B(g) + c·C(g) = d·D(s) + e·E(g) + f·F(g) (1)

Taking reaction (1) as an example, the reaction equilibrium constant can be expressed as:

KΘ =
PE(g)

e × PF(g)
f

PB(g)
b × PC(g)

c (2)

In the equation, PB(g), PC(g), PE(g), PF(g) Represents equilibrium partial pressures of
reactants and products in each gas phase respectively. In the actual sintering system,
reaction/product gases with a certain concentration may exist in the gas phase at the same
time. Under specific gas phase partial pressures of the actual system, the reaction Gibbs
free energy ∆GT modified formula is:

∆GT = ∆GΘ
T +RTln

PE(g)
e × PF(g)

f

PB(g)
b × PC(g)

c (3)
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Substitute the upper and lower limits of the actual gas concentration (CO2, O2, SO2,
etc.) of the dry pre-tropical zone shown in Table 3, respectively, to obtain the ∆GT − T
relationship of ZnS, ZnCO3, ZnSO4 conversion under the sintered dry pre-tropical zone
system as shown in Figure 2. From the calculation results, it was clear that ZnS was very
easy to convert into ZnO, and ZnSO4 was also easy to decompose into ZnO at 10 ◦C under
the condition of the sintering atmosphere. ZnCO3 began to decompose and transform to
ZnO at about 700 ◦C. The higher temperature was to the benefit of ZnO generating.
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3.2. Conversion Behavior of Zn in the Combustion Zone

According to the analysis of Section 2.1, in the dry pre-heating zone, ZnS, ZnCO3, and
ZnSO4 in the sintered raw materials are finally converted into ZnO, while ZnFe2O4, ZnO,
and ZnSiO3 may undergo a reduction reaction at a higher temperature and CO concentra-
tions. First, the possible reduction reactions of ZnFe2O4, ZnO, ZnSiO3 are shown in Table 5.
Considering that in the actual reaction system, the presence of CO, CO2, and Zn vapor has
a significant effect on the reaction balance. Combining the range of CO concentration in
the combustion zone shown in Table 3, draw the actual system ∆GT-RTlnPZn(g) diagram,
as shown in Figure 3. The higher the temperature, the easier the reduction reaction will
take place. At the same temperature, the higher the CO concentration, the easier the ZnO,
ZnFe2O4, and ZnSiO3 will be reduced to Zn(g), but under the sintering temperature and
atmosphere conditions, the temperature is only higher than 1240 ◦C, it is possible to reduce
to Zn(g), and the conditions for generating Zn(g) are harsh; under the same CO-CO2
concentration, the reduction of the three compounds is relatively similar.

Table 5. Reduction of Zn-containing substances ∆GΘ
T -T.

Equations ∆GΘ
T -T (kJ/mol) Remarks

ZnO + CO(g) = CO2(g) + Zn(g) ∆GΘ
T = −0.021T + 67.493 Reaction 4

ZnFe2O4 + 2CO(g) = 2CO2(g) + 2FeO + Zn(g) ∆GΘ
T = −0.040T + 71.638 Reaction 5

ZnSiO3 + CO(g) = Zn(g) + CO2(g) + SiO2 ∆GΘ
T = −0.029T + 74.758 Reaction 6
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Figure 3. ∆GT-RTlnPZn(g)diagram of the reduction reaction of ZnFe2O4, ZnO and ZnSiO3. Reaction
4: (a) CO2 = 14%, CO = 0.5%, (b) CO2 = 8%, CO = 2%; Reaction 5: (a) CO2 = 14%, CO = 0.5%,
(b) CO2 = 8%, CO = 2%; Reaction 6: (a) CO2 = 14%, CO = 0.5%, (b) CO2 = 8%, CO = 2%.

To sum up, ZnS, ZnCO3, ZnSO4 can be converted to ZnO under the condition of
a dry pre-tropical oxidizing atmosphere at a temperature of 100–700 ◦C; ZnO, ZnFe2O4,
and ZnSiO3 in the combustion zone may be reduced to elemental in the presence of CO
and high-temperature Zn(g), but requires high temperature and high CO concentration.
Figure 4 shows the chemical bitmap of the Zn-C-O system at different temperatures. The
shaded part shows the sintering combustion zone atmosphere conditions; it can be seen
that under the combustion zone conditions, Zn mainly exists in the form of ZnO, and it is
more difficult to form elemental Zn(g).

Figure 4. Chemical bit map of Zn-C-O system at different temperatures.
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3.3. Reaction Behavior of ZnO with Fe, Ca and Si Oxides in Raw Materials

The Zn-containing phase entering the combustion zone is mainly ZnO. Therefore, with
ZnO, Fe2O3, CaO, SiO2 mixed samples as the object, the reaction behaviors of ZnO with Fe,
Ca, Si under different temperatures, basicity, and atmosphere were studied. The standard
ratio is: Fe2O3 + CaO + SiO2 total iron content (TFe%) 52 wt%, CaO/SiO2 mass ratio is 1.8,
in order to better reflect the reaction between Zn and iron-containing materials, the quality
of ZnO blended in of total Fe2O3 + 10 wt% of the mass of CaO + SiO2.

3.3.1. Influence of Temperature

The roasting products under different temperatures were analyzed by XRD, the results
were shown in Figure 5; it is understood that when the calcination temperature increased
to 800 ◦C, ZnFe2O4 began to generate. With the increase of temperature, the amount of
ZnFe2O4 gradually increased. When the temperature was 900 ◦C, calcium ferrite began to
form in the product, so the combination of Zn, Ca and iron oxide was mainly generated in
the temperature range of 900–1100 ◦C, and ZnFe2O4 and CaFe2O4 were mainly generated
in the calcined product. When the temperature rose to 1300 ◦C, the phases of Fe2O3 and
CaFe2O4 disappeared in the XRD pattern, but the phase of ZnFe2O4 still existed, indicating
that ZnFe2O4 was more stable at 1300 ◦C.
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Figure 6 shows the phase diagram of the system at 1000 ◦C and 1300 ◦C. Figure 6a
shows that when the basicity is 1.8 at 1000 ◦C, the main phase of the product is the spinel
phase (ZnFe2O4), calcium ferrite (CaFe2O4) and calcium silicate, and no liquid phase
appears in the system. The calculated results are basically consistent with the XRD results
(Figure 5). As the roasting time selected in the experiment is only 10 min, there is still some
unreacted quartz phase (SiO2) in the roasted products. In Figure 6b, when the calcination
temperature reaches 1300 ◦C, only the Spinel phase (ZnFe2O4) and liquid phase in the
corresponding phase diagram (Figure 5); this result is consistent with XRD analysis, and
the only ZnFe2O4 exists in the calcined products because the silicate liquid phase is cooled
to form the glass phase, and XRD cannot detect the corresponding diffraction peak.
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3.3.2. The Effect of Basicity

The basicity (mass ratio of CaO/SiO2, marked as R) of sintering raw materials has
an important influence on the reaction in the system. Both CaO and ZnO can combine
with Fe2O3, while SiO2 can also react with ZnO. Figure 7 shows the phase composition of
roasted products obtained from samples with different basicity roasted in the air. When
CaO/SiO2 is 1.2, ZnFe2O4 is generated instead of ZnO in the roasting product, indicating
that ZnO has been completely combined with Fe2O3 and transformed into ZnFe2O4.With
the increase of basicity, the peak value of ZnFe2O4 has no obvious change, while the peak
strength of SiO2 has obvious change; however, there is no other Si-containing phase in the
XRD pattern, which is difficult to be detected by XRD due to the poor degree of silicate
crystallization. With the increase of the basicity of raw materials, it can be seen that the
diffraction peak of Fe2O3 in the roasted product is slightly weakened, while the diffraction
peak of mono-calcium ferrite is gradually strengthened, indicating that the increase of
basicity is conducive to the formation of calcium ferrite.
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As shown in Figure 7, when CaO/SiO2 is 1.2, Ca2ZnSiO7 is generated in the system;
when CaO/SiO2 is more than 1.2, the Ca2ZnSiO7 phase in the system disappears, and the
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Zn phase is transformed into ZnO and ZnFe2O4. The peak strength of Ca2ZnSiO7 could
not be detected due to its low yield and poor crystallization. Therefore, when CaO/SiO2 is
1.2, the Zn phase in the product is ZnFe2O4 and Ca2ZnSiO7; when CaO/SiO2 is 1.8–3.0, the
Zn phase in the product is still ZnFe2O4.

3.3.3. Influence of Reducing Atmosphere

In the actual sintering combustion zone, a certain concentration of CO exists. Ac-
cording to the calculation results in Section 2.2, CO concentration plays a decisive role
in the reduction of substances containing zinc. Therefore, this section mainly studies the
reaction behavior of ZnO with Fe, Ca and Si oxides in the weak reduction atmosphere of
the actual sintering system. Figure 8 shows the phase composition of the products obtained
by roasting samples with different CaO/SiO2 ratios under an atmosphere of 1000 ◦C and
(CO/CO + CO2) being 5%.
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The above indicates that Fe2O3 is reduced to Fe3O4, and ZnFe2O4 is generated in all
calcined products, while CaO/SiO2 has no obvious influence on the Phase of Zn in calcined
products; however, with the increase of CaO/SiO2, the peak value of SiO2 gradually
decreases, but there is no other phase containing Si. In the weak reduction atmosphere,
the iron ore mainly combines with calcium to form dicalcium ferrite (Ca2Fe2O5), and
the diffraction peak strength of dicalcium ferrite gradually increases with the increase of
basicity of raw materials.

Figure 9 shows the phase diagram at 1000 ◦C with 1 standard atmospheric pressure; it
can be seen that similar to the air atmosphere, Ca2ZnSiO7 is formed in the system when
CaO/SiO2 is 1.2, and Ca2ZnSiO7 is converted into ZnO, ZnFe2O4 and calcium silicate
compounds with the increase of CaO/SiO2. Importantly, dicalcium ferrite is more stable
than monocalcium ferrite in a weak reduction atmosphere. In the calculation results of the
phase diagram, Ca2Fe2O5 is one of the main iron-containing phases. When the basicity is
higher than 1.8, the XRD results also show that the diffraction peak of the Ca2Fe2O5 phase
is significantly enhanced.
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3.4. Phase Transformation and Migration Behavior of Zn during Sintering

The sintering cup test was used to study the influence of carbon content on zinc
removal in the conventional sintering process. The basicity of sintering raw materials
was 1.8, the composition of the mixture was shown in Table 1, and the range of carbon
content was 3.4–4.2 wt%. The test results were shown in Figure 10; it can be seen that under
conventional sintering conditions, the higher the carbon content is, the higher the zinc
removal rate will be; however, within the selected test range, the zinc removal rate is less
than 10 wt%. When the carbon content (3.6 wt%) is suitable for the sintering production
quality index, the zinc removal rate is only 5.3 wt%.
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Figure 10. The effect of carbon content on the removal rate of Zn.

Table 6 shows the phase analysis results of zinc in sinter under conventional sintering
conditions (carbon content 3.6 wt%); it can be seen that most of the Zn phases in sinter
are converted to ZnFe2O4, and only a small amount exists in the form of ZnO or ZnSiO3,
which is basically consistent with the research results. According to the thermodynamic
calculation and test results, combined with the temperature and atmospheric conditions
of each sintering zone listed in Table 1, a schematic diagram of phase migration and
transformation of Zn at each stage of the sintering process was obtained, as shown in
Figure 11. ZnSO4 and ZnCO3 are decomposed to form ZnO. ZnO starts to combine with
Fe2O3 to form ZnFe2O4 in the combustion zone at around 800 ◦C. Under conventional
sintering conditions, the concentration of CO in the atmosphere is relatively low, and
ZnFe2O4 is very stable and remains in the sinter.

Table 6. Phase distribution characteristics of Zn containing sinter/wt%.

ZnO ZnFe2O4 ZnSiO3 Others

2.7 95.7 1.6 Rarely

Figure 11. Schematic diagram of Zn phase migration and conversion.
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4. Conclusions

In this paper, through thermodynamic calculation and simulated roasting test research,
the reaction behavior of zinc in the sintering process was identified. Combining the temper-
ature and atmospheric conditions of each zone in the sintering process, the conversion and
migration laws of zinc were revealed:

(1) ZnS was easily oxidized to ZnO in pre-heating zone, meanwhile, ZnSO4 was
decomposed into ZnO at the beginning of pre-heating process. When the temperature was
about 700 ◦C, ZnCO3 also began to decompose and convert to ZnO. ZnO, ZnSiO3, ZnFe2O4
in the raw materials remained no change under pre-heating temperature and atmosphere.
Therefore, zinc existed mainly as ZnO, ZnSiO3 and ZnFe2O4.

(2) When the temperature at the combustion zone was about 800 ◦C, ZnO started to
combine with Fe2O3 to form ZnFe2O4, and the temperature increase was conducive to the
reaction. When the temperature exceeded 1000 ◦C, ZnO would also react with Ca and Si to
form a small amount of zinc-containing silicate phase. Under mild reducing conditions,
ZnFe2O4 was very stable and remained in the solid phase of the sinter.

(3) Under conventional sintering conditions, the concentration of CO in the combustion
zone was low; it was difficult to reduce the zinc oxide to elemental Zn by volatility. With
the increase of carbon content, the corresponding zinc removal rate tended to increase. The
removal rate of zinc was only up to 9.3% when carbon content increased from 3.4% to 4.2%;
it was necessary to pretreat the raw materials to remove zinc or to control the zinc content
of the raw materials through ore blending, or to increase the CO concentration in the feed
layer by measures such as increasing the fuel ratio.
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