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Abstract—The physical phase analysis and thermodynamic calculations of blast furnace dust were performed using X-
ray diffraction fluorescence spectrometer, X-ray diffractometer, scanning electron microscope, energy spectrometer, and
Factsage software. The leaching pattern and mechanism of zinc elements were studied by a roasting-leaching method.
The results showed that the conversion of zinc ferrite to zinc sulfate could be realized when the roasting temperature
range was 500-730 °C, which was convenient for zinc leaching. A better roasting condition could be obtained when the
roasting temperature was 600 °C, roasting time was 60 min, and molar ratio of ferric sulfate was 1.2: 1. Under these
conditions, the zinc and iron leaching rates were 84.57% and 24.51%, respectively, at a sulfuric acid concentration of
110 gL, liquid-solid ratio of 10: 1 mLg ", leaching time of 60 min, stirring speed of 400 rpm, and leaching temperature
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of 80 °C. The leaching process of zinc from blast furnace dust sulfate roasting products agreed with the unreacted core

model, and internal diffusion was the restrictive step. The kinetic equation of the leaching process was 1-2R/3—(1-R)

23_

0.47t, the apparent activation energy of the leaching reaction was 17.4 kfmol ', and the reaction order was 1.908.
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INTRODUCTION

As the iron and steel industry develops rapidly, and the crude
steel output increases yearly, the smelting process will produce
much dust. Blast furnace ironmaking is the primary source of iron
in dust, which is mainly discharged from the top of a blast furnace
with high-temperature gas in the high-temperature smelting pro-
cess of the blast furnace, accounting for about 8-12% of the total
steel output [1]. In addition to iron, dust also contains C, Zn, Tj,
Mn, Zr, Pb, As, Cd, and other metallic elements [2]. However, be-
cause of the different raw materials and processes of enterprises,
the content of elements in blast furnace dust (BFD) differs [3]. To
save costs, some enterprises directly return BED to the blast fur-
nace for sintering [4]; alternatively, it can be recycled after treatment
by pelletization [5,6]. As a major metal element in BFD (after iron),
zinc will reduce the service life of a blast furnace and cause certain
harm to blast furnace smelting if it is not controlled in the raw
material and cydlic enrichment in the blast furnace [7] At present,
zinc in BFD is mainly extracted by pyrometallurgy or hydrometal-
lurgy process, but these single methods have a low separation degree
and a high metal loss rate [8,9]. Untreated, BFD will cause envi-
ronmental pollution and resource wastage. The separation of zinc
and iron in a BFD via a proper process is significant to the com-
prehensive recovery and usage of valuable resources in the BFD
and the reduction of the production cost.
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At present, BFD treatments vary because of different zinc con-
tent. For BFD with low zinc content, landfill or enrichment method
is mainly adopted [10,11]; however, the landfill method cannot real-
ize the recovery and usage of valuable metal resources in dust, and
the enrichment method has high equipment cost and low eco-
nomic value, which can generally be resolved by ore blending in
the actual process. Dust with high zinc content is usually treated
by pyrometallurgy, hydrometallurgy, or combined pyrometallurgy-
hydrometallurgy process. After the raw material is mixed with a
reducing agent, zinc oxide is reduced to gaseous elemental zinc at
a high temperature. Zinc volatilizes into smoke dust at high tem-
perature, and zinc oxide is obtained through secondary oxidation
enrichment. The common secondary oxidation enrichment meth-
ods include pelletizing treatment [12], rotary kiln process [13-15],
rotary bottom furnace process [16], circulating fluidized bed pro-
cess [17], and melting reduction process [18-20]. Although these
processes are simple, the raw material adaptability is strong, the
equipment is costly, and the maintenance is difficult, the process
energy consumption is relatively high, but the composition of the
raw material is not high, the processing temperature is high, and
the material and energy consumption is large. According to the dif-
ferent leaching solutions used, the process of hydrometallurgy treat-
ment of zinc-containing metallurgical dust can be mainly divided
into acid, alkali, and ammonia leaching methods [21-23]. However,
zinc in BED usually exists as stable zinc ferrite. For low zinc dust,
the conventional hydrometallurgy acid leaching directly results in
a low zinc leaching rate. If high temperature and high acid leach-
ing are performed, the zinc leaching rate will significantly increase,
but iron will dissolve into the solution, increasing the cost of the
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subsequent iron removal process [21]. In addition, equipment cor-
rosion is serious and difficult to operate and control, and the pro-
cessing easily produces sulfur, chlorine, and other products that
pollute the environment. Combined recovery of zinc and iron from
ZnFe,O, possesses certain advantages and is widely used. SO, direct
conversion of ZnFe,O, after using water leaching-magnetic sepa-
ration can obtain high elemental leaching rate and convenient and
pollution-free [24]; zinc-iron slag and pyrite roasting after using
magnetic separation and flotation can separate zinc and iron with
high sulfide rate and iron concentrate grade [25,26]. Zinc in BFD
mainly exists in zinc ferrite, which has stable chemical properties
and is difficult to treat by conventional methods [27]. The com-
bined treatment of BFD can convert zinc ferrite into zinc oxide
with remarkable effects. The roasting temperature is in the range
of 900-1,350 °C, and the hydrometallurgy treatment can achieve a
leaching rate of more than 90% [28]. However, direct high-tem-
perature roasting will volatilize harmful metals in dust and pollute
the environment. Strong alkali sintering can convert zinc ferrite into
sodium ferrite and iron oxide, and then hydrometallurgy leaching.
The zinc leaching rate is significantly improved [29,30], but in the
leaching process, a large amount of acid will be consumed to neu-
tralize excessive alkali, and chloride ions will be introduced to the
entire system. Reduction roasting and reducing atmosphere roast-
ing can also improve zinc leaching rate [31,32], but the reducing
atmosphere poses certain dangers in the industry, and the price of
pure solid reducing agent is expensive. Selecting a low-cost addi-
tive to ensure the degradation of zinc ferrite is a paramount tech-
nique to separate iron and zinc in BFD without introducing other
impurities in the leaching process.

Referring to the separation method of zinc and iron from hy-
drometallurgical zinc slag, the combined pyrometallurgy-hydrome-
tallurgy process was employed to treat BFD. The physical properties
of BFD were studied by X-ray diffraction fluorescence spectrometry
(XREF), X-ray diffractometry (XRD), and scanning electron micros-
copy (SEM). A stable zone diagram of the Zn-Fe-S-O system was
drawn by selecting ferric sulfate as an additive. The thermodynamic
conditions for the transformation of zinc ferrite into soluble zinc
sulfate in BFD were analyzed. The effects of roasting temperature,
ferric sulfate ratio, and roasting temperature on the leaching rates
of zinc and iron from BFD were studied. The eftects of sulfuric acid
concentration, leaching temperature, liquid-solid ratio, and leach-
ing time on iron and zinc leaching rates were studied through sin-
gle-factor experiments. A better separation process of zinc and
iron from BFD was obtained. The leaching kinetics of zinc was
calculated using an unreacted core model, and the effects of leach-
ing temperature and leaching acidity on the reaction rate were
studied, which provided a theoretical and technological reference
for separating iron and zinc from BFD.

EXPERIMENT AND METHOD

1. Characterization of the BFD

The raw material used in the experiment was a BFD from a
steel enterprise. The BFD was put into an oven and dried for 12 h
at 105 °C to remove excess moisture. The dried sample was ground
with a mortar to make the dust particles below 74 pm account for
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Table 1. Analysis results of main chemical components of BFD (%)
Fe Zn Si Ca Cl S Pb Al K
5843 768 364 353 311 247 163 101 045

more than 90%. The elemental composition and content of BFD
were analyzed via XRE The results of the main components are
shown in Table 1.

From Table 1, the main chemical elements in BFD are Fe, Zn,
Si, Ca, Cl, and S.

2. Ferric Sulfate Roasting

The composition and mineral phase composition of BFD were
obtained by XRF and XRD analyses. The existing forms of Zn in
BFD were thermodynamically calculated using Factsage software.
The change of standard Gibbs free energy in the roasting process of
adding iron sulfate to the phase containing zinc was analyzed, and
an optimum roasting temperature was obtained through analysis.

After the BFD and ferric sulfate were fully mixed according to a
molar ratio of 1.2: 1, the roasting experiment was performed in a
muffle furnace at 640 °C for 60 min.

The specific steps of the experiment are as follows. Weed a cer-
tain amount of screened BFD and ferric sulfate powder, mix it evenly
in a certain proportion, put a certain amount of powder in the mold,
press it into cylindrical flakes with a table powder tablet press, and
spread out the flakes into a corundum crucible with a lid to expand
the reaction area of the sample and ensure that the sample can be
tully roasted. The covered corundum crucible is placed at the cen-
ter of the muffle furnace and the BFD is roasted at a set tempera-
ture and time. After calcining, the muffle furnace is shut off when
the temperature in the furnace cools below 100 °C, then the fur-
nace door is opened, and the samples taken out. The roasted sam-
ple is ground with a mortar, screened to less than 200 mesh, and
stored in a sample bag for subsequent leaching and analysis.

3. Acid Leaching Experiments

We weighed a certain amount of roasted BFD into a 500-mL bea-
ker, added a leaching agent (sulfuric acid), and performed the leach-
ing experiment in a constant temperature water bath. After leaching,
a circulating vacuum pump was used to filter the leaching liquid.
The leaching residue was washed with distilled water, dried, weighed,
and analyzed.

The chemical composition of BFD was analyzed by an S4Pio-
neer X-ray fluorescence spectrometer. XRD (D8 ADVANCE A25)
was used to analyze the phase composition of dust, calcined prod-
ucts, and leachate. The determination conditions were as follows: a
Cu target Ko ray, 40-kV tube voltage, 250-mA tube current, 20-900
scanning range, and 3°/min step length. The microscopic morpholo-
gies of dust, calcined products, and leached residues were analyzed
by Geminis EM300.

The content of zinc and iron in dust, roasting products, and
leaching residues were analyzed by chemical titration, and the leach-
ing rate was calculated [10,33].

RESULTS AND DISCUSSION

1. Raw Material Analysis
The chemical composition of BFD was analyzed by XRD to deter-
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Fig. 1. Phase analysis of BFD (XRD).

mine the main phase composition of BED. The analysis results are
shown in Fig. 1.

From Fig. 1, the BED primarily comprises Fe;O,, Fe,0;, ZnFe,O,,
and limonite. Zinc ferrite is a substance with a stable spinel struc-
ture, which is generated by the reaction of zinc oxide and ferrous
oxide in high-temperature conditions and is difficult to be leached
by conventional methods, resulting in a low zinc leaching rate [27].
Therefore, it is necessary to decompose the zinc ferrite in the BED
to recover the zinc.

SEM and electron energy spectrometry (SEM-EDS) was used
to detect and analyze the morphology of BFD (Fig. 2). From Fig.
2, the BFD particles have rough surfaces, uneven sizes, and differ-
ent shapes. They mainly comprise strips, thomboids, and irregu-
larly shaped particles, and there is encapsulation, agglomeration,
and Mosaic phenomena among the particles.

When the BFD is roasted with iron sulfate, the possible reactions
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Fig. 3. AG-T curve of reactions during roasting.

of the main components in the roasting process are as follows:

Fe,(SO,);=Fe,05+350; 1
ZnFe,0,+50,=7ZnSO,+Fe,0, 2
Zn0+50,=ZnS0, ®3)
ZnO+Fe,05=ZnFe,0, @
Ca0+50,=CaS0, 5)

Factsage software was used to calculate the standard Gibbs free
energy variation (AGY of the above reactions in the temperature
range of 0-1,000 °C, and the AG’-T curve was drawn (Fig. 3).

From Fig, 3, the AG’ of reaction (1) decreased gradually with
an increase in temperature. When the temperature increased to
500 °C, the reaction could proceed spontaneously. The results showed
that the decomposition reaction of ferric sulfate would occur when
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Fig. 2. SEM-EDS analysis of BED.
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the reaction temperature increased to 500 °C in the standard con-
dition, resulting in the formation of ferric oxide and sulfur triox-
ide, and increasing the temperature could induce this reaction.
The AG’ of reaction (2) increased gradually with an increase in
temperature. When the temperature was higher than 750 °C, the
reaction could not occur spontaneously; and extremely high tem-
peratures were unconducive to the decomposition of zinc ferrite to
zinc sulfate. From 0-1,000 °C, the standard Gibbs free energy change
of reaction (4) was always negative, and its AG” decreased gradu-
ally with an increase in temperature, indicating that the reaction of
synthesis of zinc ferrite from iron oxide and zinc oxide could occur
spontaneously, and the increase in temperature promoted the reac-
tion. Combining the curves of reactions (3) and (4) and the calcu-
lated values of AG of each reaction, reaction (3) would probably
occur when the temperature was lower than about 730 °C. If the
temperature was higher than 730 °C, the reaction would probably
produce zinc ferrite. Therefore, to reduce the synthesis of zinc fer-
rite in the roasting process, the roasting temperature should be
controlled below 730 °C. The AG” of reaction (5) was always nega-
tive in the temperature range of 0-1,000 °C and showed an increas-
ing trend with increasing temperature, indicating that the formation
of calcium sulfate could occur spontaneously and would probably
occur instead of reaction (2). The generation of calcium sulfate
would consume the sulfur trioxide produced by the decomposi-
tion of iron sulfate as well as reduce the decomposition rate of zinc
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Fig. 4. Predominance area for the Zn-Fe-S-O system within 600-
680 °C.

ferrite. Therefore, the ratio of iron sulfate should be appropriately
increased according to the content of calcium oxide in BFD during
roasting to avoid an incomplete reaction of zinc ferrite. To further
analyze the influence of temperature on BFD sulfate roasting,
Factsage software was used to draw the regional dominance dia-

1Fe,0,

1 2Fe,0,
2 3 FeO(OH)
23 4 ZnFe0,

intensity

1 ZnSO,
2
234 2 Fe,0,
3 Fe,0,
& 4 ZaFe,O,
g
2 2
|

Fig. 5. Surface morphology and phase transformation of BFD roasting process: (a) before roasting and (b) after roasting.
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gram of various substances of the Zn-Fe-S-O system in the range
of 600-680 °C. The results are shown in Fig. 4.

From Fig. 4, from 600-680 °C, the phase regions of the sulfated
reaction products of zinc ferrate mainly included ZnSO,+Fe,O;,
ZnSO,+7ZnFe,O,, ZnO+ZnFe,O,, ZnSO,+Fe,(SO4);, and ZnSO,+
FeSO,. With the increase of temperature, the stable zone of ZnSO,+
Fe,O; decreases gradually, which indicates that increasing tem-
perature can inhibit the sulfation reaction of zinc ferrite under the
condition of a certain proportion of atmosphere.

2. Feasibility Analysis
2-1. Surface Morphology and Phase Transformation during Roasting

After the BFD and ferric sulfate were fully mixed according to
the molar ratio of 1.2: 1, a roasting experiment was performed in
the muffle furnace at 640 °C for 60 min. The SEM and XRD data
of the samples before and after roasting are shown in Fig. 5.

From Fig. 5, BFD particles were finer, darker, and smoother than
sulfate roasted products. After roasting, the particles of the sample
were larger and the surface was rougher, because the products gen-
erated from the BFD were wrapped on the surface of the dust par-
ticles after the sulfate roasting reaction, making the dust particles
agglomerate and grow. The results of XRD showed that the main
phase compositions of the calcined product were zinc sulfate, iron
oxide, and zinc ferrite. Compared with the phase diagram of the
unroasted BFD, although the characteristic peak of ZnSO, appeared
in the products after roasting, there was still zinc ferrite, indicating
that most zinc ferrite in the BFD could be transformed into zinc
sulfate by sulfate roasting.

2-2. Leaching Test of Roasting Products

To further study the effect of BFD sulfate roasting, without BFD
and product roasting under the same acid leaching conditions, the
concentration of sulfuric acid of 60 gL, leaching temperature of
80 °C, leaching time of 60 min, liquid-solid ratio of 10: 1mL g,
speed of 400 rpm, before and after roasting of zinc and iron leach-
ing rate of change are shown in Fig. 6.

From Fig. 6, the leaching rate of zinc and iron significantly in-
creased after sulfate roasting; the leaching rate of zinc increased more
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Fig. 6. Changes in leaching rate of zinc and iron before and after
roasting; the concentration of sulfuric acid is 60 g L™, leach-
ing temperature is 80 °C, leaching time is 60 min, liquid-solid
ratio is 10: 1 mL g ', and speed is 400 rpm.

significantly from 30.48% to 69.3%, whereas the leaching rate of
iron only increased by 6.13%. Combined with XRD phase analy-
sis, the result showed that sulfate roasting in the BFD of refractory
zinc ferrite transformed into soluble zinc sulfate; increasing the leach-
ing rate of zing, iron in most calcined products exists in the form
of iron oxide, and compared with zinc sulfate, ferric oxide dis-
solved slowly in the dilute sulfuric acid; the leaching rate increase
is not particularly evident to achieve the goal of zinc and iron sep-
aration.

In conclusion, it is an effective strategy to realize the resource
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usage of BFD by a roasting process to convert ZnFeO, into solu-
ble FeSO, to separate zinc and iron from BFD.

3. Influence of Roasting Conditions on the Leaching Rate of
Zinc and Iron

To turther investigate the effect of roasting conditions on the sep-
aration of zinc and iron, single-factor experiments were conducted
to study the effects of roasting time, iron sulfate dosage, and roast-
ing temperature on the leaching efficiency of iron and zinc from
BED, taking the leaching rate of zinc and iron from roasting prod-
ucts as the index. The leaching conditions of fixed roasting prod-
ucts were as follows: leaching acidity of 60 gL, leaching temperature
of 80°C, liquid-solid ratio of 10: 1 mL g ', and rotational speed of
400 rpm. The leaching results are shown in Fig. 7.

Fig. 7(a) The effects of roasting times (40, 60, 80, 100, and 120
min) on zinc and iron leaching rate were investigated at the roast-
ing temperature of 640 °C and the ratio of ferric sulfate was 1.2: 1.
(b). Under the conditions of a roasting temperature of 640 °C and
roasting time of 60 min, the changes in the leaching rate of zinc
and iron in the roasting products were investigated when the molar
ratios of ferric sulfate to zinc ferrite were 0.8:1,1:1, 1.2:1, 1.4:1,
and 1.6: 1. (c). The effects of roasting temperature (560 °C, 600 °C,
640°C, 680 °C, and 720 °C) on the zinc and iron leaching rate from
sulfate roasting products were investigated under the conditions of
a roasting time of 60 min and a molar ratio of ferric sulfate to zinc
ferrite of 1.2:: 1.

From Fig. 7(a), the roasting time slightly influenced iron, but
had a more obvious effect on zinc. With an increase in roasting
time, the zinc leaching rate first increased from 43.22% to 69.3%
and then decreased. After the roasting time was 60 min, the zinc
leaching rate continued to decrease, and the iron leaching rate of
iron increased continuously. When the roasting time was 120 min,
the iron leaching rate was the highest, reaching 19.68%, which was
because with the extension of roasting time, the added ferric sul-
fate would be gradually consumed, the amount of zinc sulfate gen-
erated gradually increased, and the zinc leaching rate improved. If
the roasting time was prolonged, the ferric sulfate completely de-
composed and no longer produced sulfur trioxide, ie., it would be
difficult to generate zinc sulfate. From the thermodynamic analy-
sis in Fig. 4, the generation of zinc ferrite was inevitable in the
roasting process, and the generation of zinc ferrite increased with
the prolonging of time. When the total amount of zinc was cer-
tain, the content of soluble zinc decreased, resulting in a lower zinc
leaching rate. To make the zinc in the calcination products dis-
solve considerably, the optimal calcination time was 60 min.

From Fig. 7(b), with an increase in the proportion of iron sul-
fate, the zinc leaching rate first increased and then decreased,
whereas the iron leaching rate increased continuously. When the
molar ratio of ferric sulfate to zinc ferrite was 1.2 : 1, the maximum
zinc leaching rate was 69.3%, and that of iron was 14.89%. When
the content of ferric sulfate reached a certain level, more Fe,O, was
generated, and the leaching rate of iron increased as the ratio of
ferric sulfate continued to increase. Excessive Fe,O; caused the
reverse process of the reaction as well as promoted the formation
of zinc ferrite, and the generation of zinc sulfate decreased accord-
ingly, thereby decreasing the zinc leaching rate. After comprehen-
sive consideration, the molar ratio of ferric sulfate to zinc ferrite
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was 1.2:1.

From Fig. 7(c), the roasting temperature significantly influenced
the zinc leaching rate. With an increase in roasting temperature,
the zinc leaching rate showed a trend of first increasing and then
decreasing. When the temperature was lower than 600 °C, the zinc
leaching rate increased with the roasting temperature, and the zinc
leaching rate reached the highest at 600 °C, which was 84.37%.
When the roasting temperature was higher than 600 °C, the zinc
and iron leaching rates decreased with an increase in roasting tem-
perature. Combined with thermodynamic analysis, the generation
of zinc ferrite was inevitable during roasting, and the increase in
temperature was conducive to the generation of zinc ferrite but
unconducive to the conversion of zinc ferrite to zinc sulfate. There-
fore, if the roasting temperature was too high, the conversion pro-
cess of zinc ferrite was inhibited, and the zinc leaching rate de-
creased. To dissolve more zinc in BFD, the temperature of sulfate
roasting should be selected as 600 °C.

4. Study of the Leaching Process of Dust Roasting Products

After sulfate roasting of BFD, it is necessary to separate zinc and
iron by sulfuric acid leaching. This section focuses on the leaching
process of BFD sulfate roasting product, analyzing the calcined
product phase and the change in morphology before and after leach-
ing by single-factor experiments. By inspecting the influence of leach-
ing temperature, leaching time, leaching liquid acidity, and liquid-
solid ratio on product roasting of zinc and iron leaching rates, the
optimum leaching conditions were determined (Fig. 8).

Fig. 8(a) shows the effect of sulfuric acid concentration on the
zinc and iron leaching rates from sulfate roasting of BFD. From Fig.
8(a), the increase of sulfuric acid concentration could promote the
leaching of both zinc and iron from the products of BFD sulfate
roasting, and the influence trend on iron was more obvious. With
the increase in acidity from 80 to 100gL™", the leaching rate of
zinc increased from 72.1% to 76.75%, and that of iron increased
from 15.46% to 19.14%. When the acidity was 110 gL', the leach-
ing rate of zinc reached the maximum, 76.94%. Afterward, with the
turther increase in acidity, the zinc leaching rate changed slightly,
whereas the iron leaching rate showed an obvious increasing trend.
The appropriate concentration of acid could make the zinc in the
roasting product leach, and the iron remaining in the slag to sepa-
rate zinc and iron. When the acid concentration was too high, the
zinc content in the leach solution did not increase but caused too
much iron content in the leach solution, increasing the burden of
the subsequent iron sedimentation process. Therefore, the opti-
mal leaching acidity to meet the conditions of high zinc content
and low iron content in the leaching solution was 110 gL™".

Fig. 8(b) shows the influence of leaching time on the leaching
rate of zinc and iron from the products of BFD sulfate roasting.
From Fig. 8(b), when the leaching time was extended from 30 to
60 min, the zinc and iron leaching rates increased significantly. When
the leaching time was 60 min, the maximum zinc leaching rate
reached 76.94%; then, with the extension of the leaching time, the
zinc and iron leaching rate tended to be flat because, with the
leaching process, the soluble zinc and iron oxide in the roasting
products were all added to the leaching solution so that the zinc
and iron leaching rates significantly increased, whereas the other
insoluble substances were still retained in the leaching residue.
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is 110 g L', liquid-solid ratio is 10: 1 mLg ', and stirring speed is 400 rpm; (c) leaching temperature is 80 °C, leaching time is 60 min,
acid concentration is 110 g L™, and stirring speed is 400 rpm; (d) leaching time is 60 min, acid concentration is 110 g L', liquid-solid

ratio is 10: 1 mLg ', and stirring speed is 400 rpm.

However, with the continuous prolongation of leaching time, hy-
drogen ions in the leaching solution were gradually consumed,
which reduced the leaching rate, and the zinc and iron leaching
rates did not increase significantly. The extension of leaching time
did not significantly improve the zinc leaching rate, and the opti-
mal zinc leaching time was 60 min.

Fig. 8(c) shows the influence of liquid-solid ratio on the leach-
ing rates of zinc and iron from BFD sulfate roasting products.
From Fig. 8(c), with an increase in the liquid-solid ratio, the over-
all zinc leaching rate showed a trend of first increasing and then
decreasing, but the change range was small, whereas the leaching
rate of iron showed a continuous increase trend. When the liquid-
solid ratio was 10: 1 mLg", the maximum zinc leaching rate reached
76.94%. If the liquid-solid ratio was too small, the reaction between
zinc and acid in the calcined product was incomplete, so that the
zinc leaching rate was low. The zinc leaching rate increased gradu-
ally with an increase in the liquid-solid ratio, then the trend of
gradually increased slowly, mainly is the increase in liquid-solid
ratio contact surface of the solid particles and solution, to improve
the liquidity of the leaching system, intensifying the tiny particles
in the process of leaching movement and collision, so as to pro-

mote the reaction, but the liquid-solid ratio was too large and made
the follow-up of leachate recycling process difficult. Based on a
comprehensive analysis, 10: 1 mLg ™" was selected as the optimal
liquid-solid ratio.

Fig. 8(d) shows the influence of leaching temperature on the
leaching rates of zinc and iron in the products of BFD sulfate roast-
ing. From Fig. 8(d), the leaching temperature significantly influ-
enced the zinc leaching rate, and when the leaching temperature
increased to 80 °C, the zinc leaching rate was the highest; then with
an increase in temperature, the zinc leaching rate did not increase
significantly, because with an increase in leaching temperature the
leaching reaction speed would increase correspondingly, and the
increase in temperature decreased the solution viscosity, which is
conducive to the diffusion of reactants and products in the reac-
tion process. The higher the reaction temperature, the more vola-
tile the acid solution; in addition, the consumption of hydrogen
ions would reduce the acidity of the leaching solution, resulting in
a decrease in zinc leaching rate. Therefore, to increase the zinc con-
tent in the leaching solution, the leaching temperature should be
controlled as much as possible. In summary, 80 °C could be selected
as the optimal leaching temperature.
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Table 2. Comprehensive test results under optimized conditions

(leaching rate %)
Number Zinc leaching rate  Iron leaching rate
1 84.37 24.59
2 85.02 24.36
3 84.62 24.82
4 84.28 24.26
Average 84.57 2451

Standard deviation 0.2868 0.2165

Through the single-factor experiments, a better process for sep-
arating zinc and iron by BFD roasting-leaching was obtained. Under
the conditions of a roasting temperature of 600 °C, molar ratio of
ferric sulfate to zinc ferrite of 1.2 : 1, roasting time of 60 min, sulfu-
ric acid concentration of 110 g L', leaching temperature of 80 °C,
leaching time of 60 min, liquid-solid ratio of 10: 1 mLg ", and stir-
ring speed of 400 rpm, the separation effect of zinc and iron in BFD
is better. To verify the stability of element leaching under these roast-
ing-leaching conditions and the accuracy of optimized conditions,
four groups of comprehensive tests were conducted; the results are
summarized in Table 2. From the table, under the optimized con-
ditions, the zinc and iron leaching rates were relatively stable, and
the leaching rate fluctuated slightly. Our technique is an effective
method for separating BFD and realizing the recycling of valuable
metals.

5. Kinetics Analysis of Zinc Leaching Process

In the process of leaching zinc and iron by adding sulfuric acid
to the products from the roasting of BED ferric sulfate, the follow-
ing reactions occurred:

ZnSO,+2H"—>Zn**+S0 +H,0 )
Fe,0,+6H'—2Fe’* +3H,0 (7)

The leaching process can be described as follows. Sulfuric acid
diffuses to the surface of the roasted product particles through the

1-2x/3-(1-R)¥3
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diffusion layer and then further diffuses to the interior. Then, sul-
furic acid reacts with the roasted product, which further diffuses
from the product layer to the solution. As the reaction proceeds,
the particle size of the reactants gradually decreases, which is a
typical solid-liquid reaction; the reaction can be described by the
shrinking nucleus model [34]. Shrink nucleus theory suggests that
the reaction process comprises reactants and products in the reac-
tion system, including liquid phase mass transfer, solid film diffu-
sion, and interfacial chemical reaction. Under the condition of high-
speed agitation, the influence of liquid mass transfer on the leach-
ing rate is negligible, so the leaching rate is mainly determined by
two steps: solid film diffusion and interface chemical reaction [35].

If the reaction is mainly controlled by chemical reaction, the
reaction rate follows the following equation:

1-(1-R)"=kt ®

If the reaction rate is controlled by solid film diffusion, the reac-
tion rate follows the following equation:

1-2R/3—(1-R)** =k, ©)

where R is the zinc leaching rate; k, is the rate constant of chemi-
cal reaction; k; is the diffusion velocity constant; T is the reaction
time.

5-1. Influence of Leaching Temperature on Reaction Rate

When the sulfuric acid concentration was 110 gL, leaching time
was 1 h, liquid-solid ratio was 10: 1 mLg ™", stirring speed was 400
rpm, the leaching process of zinc at 50 °C, 60 °C, 70 °C, and 80°C
was studied, and the zinc leaching rate R corresponding to the
leaching time t at different temperatures was recorded and calcu-
lated. The values of 1-(1-R)"” and 1-2R/3—(1-R)** were calculated,
and their relationships were plotted (Fig. 9).

Fig. 9 shows the leaching temperature diffusion model, indicat-
ing a good linear relationship with leaching time. The results show
that solid membrane diffusion was more suitable for describing
the leaching process of zinc in the BFD roasting product to describe
the reaction speed, through dynamic curve calculated under dif-
ferent reaction temperatures zinc leaching reaction rate constant
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Fig. 9. Leaching kinetics curves of zinc from roasting products of BFD at different temperatures, sulfuric acid concentration is 110 gL,
leaching time is 1 h, liquid-solid ratio is 10: 1 mLg ", stirring speed is 400 rpm, the leaching process of zinc at 50 °C, 60 °C, 70 °C, and

80°C.
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Table 3. Rate constants of zinc leaching at different temperatures

T/°C 50
Rate constants/min " 0.000719
R’ 0.995

60 70 80
0.000867 0.00106 0.00124
0.992 0.986 0.991

(Table 3).

From Table 3, the value of chemical reaction rate constant k
gradually increased with the increase in reaction temperature, be-
cause the reaction was endothermic, and the increase in temperature
was conducive to the reaction as well as accelerated the reaction.

In general, when the apparent activation energy was between 8
and 20 kJ/mol, the reaction was in the controlled region of solid
film diftusion, ie., the leaching rate was determined by the slow-
est diffusion rate [36]. The apparent activation energy of the leach-
ing reaction can be calculated according to the Arrhenius equation,
and the integral expression of the reaction rate can be expressed as
follows:

Ink=- =2 +1nA, (10)
where k represents the reaction rate constant; E is the apparent
activation energy, kjmol '; T is the thermodynamic temperature, K; R
represents the ideal gas constant with a value of 8.314] mol 'K’;
A represents the pre-exponential factor, and InA is the integral
constant.

The internal diffusion control model was used to plot the Ink
versus 1/T of the zinc leaching process in the BFD roasting prod-
ucts at different temperatures; the fitting results are shown in Fig.
10.

According to Figs. 9 and 10, the leaching process of zinc from
the roasted products of BFD ferric sulfate has a good fitting effect
with the internal diffusion model at different thermodynamic tem-

y=-0.75461-2094.30151x R?=0.9983

Ink/min’™
a
(=}

T

1 1

-73 .
0.0028 0.0029 0.0030 0.0031

1/T/K?
Fig. 10. Fitting curve of Ink and 1/T in zinc leaching process.

peratures. The apparent activation energy E of the leaching process
was 17.4kJmol ™, and the reaction rate constant was 0.47. Results
indicate the reaction activation energy surface leaching process is
controlled by internal diffusion and affects the leaching rate of
mainly for the sample size and leaching liquid concentration. Reduc-
ing the sample size can increase the specific surface area, reduce
fixed film thickness, shorten leaching time, so as to speed up the
rate of leaching process which can improve the crushing process,
reduce the calcined product granularity. Maintaining a certain acid
concentration would increase the concentration difference as well
as promote early diffusion, and the decrease in solid-liquid ratio
would increase the contact area as well as promote diffusion.

5-2. Influence of Leaching Acidity on Reaction Rate

To verify that the limiting process of zinc leaching from BFD
roasting products was leaching at 80 °C, liquid-solid ratio of 10: 1
mLg ™, and sulfuric acid concentration of 80, 90, 100, and 110gL"",
the leaching rate R corresponding to leaching time t at different
temperatures was analyzed. The leaching time of 1-2R/3—(1-R)**
was fitted; the results are shown in Fig. 11. The leaching rate con-
stants of zinc in the roasting products of BFD sulfuric acid with
different acidities are listed in Table 4.

From Fig. 11 and Table 4, leaching of zinc from BFD roasting
products at different sulfuric acid concentrations conformed to the
unreacted core model, with good linear correlation coefficients
around 0.99, and diffusion was the restrictive step. With the increase

0.18
= 80 g/L
0.16 ® 90g/L
A
o4 100 g/L
1 v 110g/L
&
= A
1
~
o
=~
[\l
-
0 30 60 90 120
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Fig. 11. Leaching kinetics curve of zinc from roasting products of
BED at different sulfuric acid concentrations. Leaching tem-
perature is 80 °C, liquid-solid ratio is 10: 1 mLg ", and sul-
furic acid concentration is 80, 90, 100, and 110 gL "

Table 4. Rate constants of zinc leaching at different sulfuric acid concentrations

Sulfuric acid concentrations/ (g-L'l) 80
Rate constants/min™" 0.000757
R’ 0.989

90 100 110
0.000994 0.00116 0.00141
0.999 0.989 0.992
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Fig. 12. Apparent reaction order of zinc leaching from BFD roast-
ing products at different acidity levels.

in the concentration of sulfuric acid, zinc leaching rate constant
increased in the process, showing that the current increase in the
concentration of sulfuric acid can accelerate the leaching reaction,
which is beneficial to the improvement of the zinc leaching rate,
but diffusion will no longer be a restricted link, which indicates
the leaching rate of acid concentration of elements increase is less.
The liquid-solid ratio was 110 gL in the combined leaching pro-
cess. The leaching process mechanism at different acidities agreed
with the leaching process at different temperatures. To further obtain
the apparent reaction order of the leaching process, Ink was used
to plot InCyp,50, (Fig. 12), which shows a good linear correlation;
the correlation coefficient was 0.989, and the slope of the fitting
line was 1.908, which was the apparent reaction order of the leach-
ing reaction.

CONCLUSIONS

Sulfate roasting-acid leaching method can separate zinc and
iron from BFD, which is an effective strategy for comprehensively
using BFD. Through the study of the material transformation, sur-
face morphology, leaching process, and leaching kinetics in the
reaction process, the following conclusions are drawn.

1) The BFD mainly contains ferric oxide, carbon, and zinc fer-
rite. The thermodynamics analysis of the BFD sulfate roasting pro-
cess showed that the conversion of zinc ferrite to zinc sulfate could
be realized when the roasting temperature range was 500-730 °C,
which was convenient for zinc leaching.

2) A better roasting condition could be obtained when the roast-
ing temperature was 600 °C, roasting time was 60 min, and ratio
of ferric sulfate was 1.2: 1. Under the conditions of sulfuric acid
concentration of 110 gL', liquid-solid ratio of 10: 1 mL g™, leach-
ing time of 1h, stirring speed of 400 rpm, and leaching tempera-
ture of 80°C, the zinc and iron leaching rates were 84.57% and
24.51%, respectively.

The leaching process of zinc from BFD sulfate roasting prod-
ucts agreed with the unreacted core model, with the internal diftu-
sion as the restrictive step.

The separation of zinc and iron by roasting BFD with ferric sul-

May, 2022

fate was efficient and reasonable for resource usage without intro-
ducing other impurities in the leaching reaction and product gen-
eration.
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