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Abstract: Zinc leaching residue (ZLR), produced from traditional zinc hydrometallurgy process, is not only a hazardous waste but
also a potential valuable solid. The combination of sulfate roasting and water leaching was employed to recover the valuable metals
from ZLR. The ZLR was initially roasted with ferric sulfate at 640 °C for 1 h with ferric sulfate/zinc ferrite mole ratio of 1.2. In this
process, the valuable metals were efficiently transformed into water soluble sulfate, while iron remains as ferric oxide. Thereafter,
water leaching was conducted to extract the valuable metals sulfate for recovery. The recovery rates of zinc, manganese, copper,
cadmium and iron were 92.4%, 93.3%, 99.3%, 91.4% and 1.1%, respectively. A leaching toxicity test for ZLR was performed after
water leaching. The results indicated that the final residue was effectively detoxified and all of the heavy metal leaching

concentrations were under the allowable limit.
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1 Introduction

In China, a large amount of zinc leaching residue
(ZLR) is produced from the traditional zinc
hydrometallurgy process. The huge stockpiles of ZLR
not only pose an environmental problem, but also result
in a great loss of valuable metals, since ZRL contains a
high content of heavy metal elements, such as zinc, lead,
manganese, cadmium and arsenic [1]. It has been
demonstrated that such toxic elements have the potential
to be dissolved in rain water, resulting in a negative
impact on the environment [2—7]. Therefore, it is urgent
to develop a method for ZLR disposal, including the
recycling of valuable metals to relieve environmental
pollution [8,9]. Zinc and iron, presenting in the form of
zinc ferrite, are the major elements in ZLR. Moreover,
the cadmium can replace zinc in the crystal lattice of zinc
ferrite and form cadmium-bearing zinc ferrite [10]. These
compounds are very stable and difficult to dissolve
through conventional leaching process. Generally,

pyrometallurgical and hydrometallurgical processes are
employed to treat such residues. Onsan refinery of Korea
Zinc uses top submerged lancing (TSL) technology to
recover the valuable metals in such residues.
Approximately 82% of Zn, 92% of Pb, 86% of Ag and
61% of Cu in the residue can be recovered in this
process [11]. In China, Waelz kilns have been adopted in
some factories to fume metal elements by using coal as
heat source. Approximately 75% of Zn, 68% of Pb and
80% of Ge in the residue can be recovered [12,13].
However, these processes have some shortcomings due
to a high fixed investment and operating costs, as well as
a serious air pollution during fuming.

Recently, a series of cleaner recovery technologies
have been developed for ZRL recovery. It has been
proved that high metal recovery rate can be achieved in
these processes, such as high pressure acid leaching,
two-staged acid leaching, microwave caustic leaching
and highly concentrated alkaline leaching [8,14-22].
However, during these leaching processes, the iron
component is easy to be extracted, and it requires a
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sophisticated process to remove the iron impurities. The
traditional purification technologies, such as roasting
with  Na,CO;, reduction roasting magnetization
technologies and sulfate roasting have been studied
[23—27]. These pyrometallurgy methods can avoid
highly sophisticated multi-stepped hydrometallurgical
procedures, but these studies have not shown how to
recover the cadmium, copper and manganese present in
the waste.

This work aims to present a clean and effective
approach to recover valuable metal components from
ZLR, and avoid the potential risk in environmental
pollution. The presented procedure comprises ferric
sulfate roasting and water leaching. In the first stage, the
valuable heavy metals can be efficiently converted into
metal sulfates. Then the metal sulfates can be easily
separated from the sludge with water leaching, leaving a
detoxified residue. And the sulfate roasting and water
leaching processes were optimized.

2 Experimental

2.1 Materials and analysis

Zinc leaching residue used in this work was
provided by a zinc hydrometallurgical plant in Hunan
Province, China. The samples were dry ground and
sieved to yield a particle size below 74 um before using
in the experiment. The chemical composition obtained
by X-ray fluorescence spectrometer (XRF) is listed in
Table 1. It indicates that Zn and Fe are the major
components in the residue. Additionally, the toxic heavy
metals such as Pb, As, Cd are also observed in the
residue. Based on the XRD analysis (Fig. 1), it is
suggested that Zn and Fe mainly exist in the form of
ZnFe,O4. The characteristic peak corresponding to
CaSQ; is also identified.

Table 1 Chemical composition of zinc leaching residue by
XRF (mass fraction, %)

Fe Zn S Si Pb Ca Mn Al
2293 1843 640 447 435 221 153 1.15
Cu As Cd Mg K Ba Sr Sn
1.04 052 049 026 024 020 0.16 0.16

Cl Ti In P Ag Cr Ni Mo
0.067 0.057 0.054 0.043 0.037 0.018 0.011 0.010

The chemical composition of the samples was
characterized by XRF (Rigaku, ZSX-1II). The phases of
initial and roasted zinc leaching residue were detected by
XRD (Rigaku, TTR-II[). A TG differential scanning
calorimetry investigation was carried out using a thermal
analyzer (STA449F3A—0488M). The morphological
changes during the roasting process were detected by

SEM (JEOL Ltd., JSM—6360V). The heavy metal
concentrations in the leachate were analyzed with
inductively coupled plasma (ICP-OES (Opima 5300DV

type).
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Fig. 1 XRD pattern of zinc leaching residue

2.2 Sulfate roasting

An appropriate amount of ferric sulfate was mixed
with 10 g of ZLR ground by mortar and pestle. Then, the
mixture was put into a corundum crucible with a cover
and roasted in a muffle furnace at a setting temperature.
The roasted products were subsequently weighed, ground
and analyzed. Zinc ferrite is the major component in the
residue, and it is hard to decompose sulfate. Therefore,
two parameters, including decomposition rate of zinc
ferrite and the proportion of zinc sulfate (ZnSO,/Znry),
were employed to evaluate the sulfate roasting effects.
These parameters were calculated through the following

equations:
a=C°gCr x100% (1)
0
C
B= ES x100% ?2)

t

where o is the decomposition rate of zinc ferrite, and C,
and C, represent the zinc ferrite contents in the initial and
roasted residues, respectively. S is the proportion of zinc
sulfate, C represents the zinc sulfate content in the
roasted residue, and C; is the total zinc content in the
roasted residue.

2.3 Water leaching

Water leaching was conducted after sulfate roasting
in order to dissolve the formed metals sulfate and
detoxify the residue. After water leaching at a controlled
temperature, the residue was separated from the liquid
phase by filtration and the leachate was analyzed by ICP.
The leaching rate of metals was used to evaluate the
water leaching effects, determined as follows:
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y:ﬂxm()% 3)

t
where y is the recovery rate of valuable metals or iron, C
is the zinc or iron content in the leaching liquid, and C; is
the total zinc or iron content in the roasted residue.

2.4 Leaching toxicity

The treated residues were dried at 80 °C for 12 h
and finally used to evaluate leaching toxicity. The
leaching toxicity test of the residue was performed
according to USEPA Method 1311 [28].

3 Results and discussion

3.1 Sulfate roasting of ZLR
3.1.1 Optimization of sulfate roasting

During the sulfate roasting process, a series of
possible sulfate reactions occurred as follows, where Me
stands for metal, such as Cu, Mn, or Zn.

Fey(804);—>Fe,05+3S0;(g) (4)
ZnFe,04+S05(g)—>ZnSO4+Fe,04 %)
Cd,Zn,_,Fe;,04+SO;—>(1-x)ZnSO4+xCdSO4+Fe,05 (6)
MeO+SO;—>MeSOy @)

The effects of ferric sulfate dosage, roasting
temperature and reaction time on decomposition rate of
zinc ferrite (o) and the proportion of ZnSO4/Zny (f) are
represented in Fig. 2. The effect of ferric sulfate dosage
was investigated at 640 °C for 2 h. As shown in
Fig. 2(a), with the increasing of ferric sulfate/zinc ferrite
mole ratio to 1.2, the a and f rose to 86.5% and 91.7%,
respectively. The increased proportion of zinc sulfate
results from sulfate decomposition of zinc ferrite, and it
is evident that sulfate roasting effect has a positive
correlation with ferric sulfate concentration, because
more ferric sulfate results in more sulfur trioxide, which
can react with zinc ferrite, cadmium-bearing zinc ferrite
and metallic oxide at 640 °C, as shown in Egs. (5)—(7).
However, the decomposition rates remain nearly constant
when the mole ratio exceeds 1.2. Thus, it can be
concluded that the mole ratio of ferric sulfate/zinc ferrite
of 1.2 is sufficient for a complete sulfate reaction.
Roasting temperature and time play important roles in
the sulfate roasting of ZLR. Figure 2(b) shows the
influences of temperature on sulfate roasting when the
mole ratio of ferric sulfate/zinc ferrite is 1.2. As shown in
Fig. 2(b), the decomposition rate of zinc ferrite and the
proportion of zinc sulfate increase with temperature
increasing up to 640 °C. The decomposition rate reaches
its maximum (85.9%) when the temperature was 640 °C
and then it falls slightly to 82.3% as the temperature
continues to increase. It may be attributed to the fact that
the ferric sulfate is more easily to transform into sulfur

90 92
(a)
88 - 12
%6 - 188
5 <
s 186 =
84 r
184
82 r
182
{0 ] | 1 I I
0.6 0.8 1.0 1.2 1.4
Mole ratio of ferric sulfate/zinc ferric
90 92
(b)
88
490
86
84T 188
ol 86 S
8801 <
r 84
76 +
74 + 182
2t 1 1 I 1 1 80
600 620 640 660 680
Roasting temperature/°C
90 92
(c)
88+ 190
86 188
Ssaf 186 =
X,
82 184
80 482
78 1 I 1 1 | 1 80

10 20 30 40 50 60 70 80
Roasting time/min

Fig. 2 Effects of roasting parameters on sulfate roasting:
(a) Mole ratio of ferric sulfate/zinc ferrite; (b) Roasting
temperature; (c) Roasting time

trioxide at higher temperatures, moreover, the sulfate
reactions can be improved under such high-temperature.
However, sulfur trioxide also easily lost at higher
temperatures and reduced the degree of sulfating. Thus,
the decomposition rate of zinc ferrite and the proportion
of zinc sulfate decrease when the temperature exceeds
640 °C. The roasting duration also significantly
influences the sulfate roasting effects. Figure 2(c)
indicates that the decomposition rate of zinc ferrite and
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the proportion of zinc sulfate have a positive correlation
with roasting time in the first 1 h. After that, the rates
remain at a stable level. In conclusion, the optimum
sulfate roasting operations should be performed at
640 °C for 1 h with ferric sulfate/zinc ferrite mole ratio
of 1.2.
3.1.2 Sulfate roasting behavior and phase transition

The TG and DTG curves of the ZLR mixed with
different contents of ferric sulfate are shown in Fig. 3. It
shows that the mass fraction of the mixtures decreases
gradually with the extension of time (Fig. 3(a)).
Moreover, the mass loss is faster for the mixture with
more ferric sulfate. The results indicate that ferric sulfate
dosage causes a positive effect on the sulfate roasting of
ZLR. After roasting with different ferric sulfate contents
at 640 °C for 1 h, the mass loss is 16.0%, 22.3%, 25.7%
and 29.4% with ferric sulfate/zinc ferrite mole ratio of
0.8, 1.0, 1.2, 1.4, respectively. In addition, Fig. 3(a)
shows that the mass loss mainly occurs within the first
30 min, thereafter, the mass loss is almost constant.
Simultaneously, Fig. 3(b) shows that the rate of mass
loss is always less than zero in the first 30 min and it
increases to zero then remains unchanged with the
extension of time. These results indicate that the sulfate
reactions are effectively completed in the first 30 min. In
addition, Fig. 3(b) shows that the mass loss rate of the
mixtures gradually increases with the mole ratio of ferric
sulfate/zinc ferrite increasing up to 1.2, and the rate
remains nearly unchanged when it exceeds 1.2. However,
the rate of mass loss is determined by the rate of ferric
sulfate decomposition (Eq. (4)) and the sulfate reactions
(Egs. (5)—(7)). Thus, this result reveals that the sulfate
decomposition reaction and sulfation reactions reach
dynamic balance when the mole ratio of ferric
sulfate/zinc ferrite reaches 1.2. This conclusion is
completely verified by our experimental results, which
reveals that the decomposition rate of zinc ferrite and the
proportion of zinc sulfate remain at a stable level when
the mole ratio of ferric sulfate/zinc ferrite reaches 1.2.

XRD analyses were performed to identify the phase
transformation that occurs during sulfate roasting, as
shown in Fig. 4. It indicates that the main phase in the
residue is zinc ferrite. When the residue is roasted under
appropriate conditions (1.2 mole ratio, 640 °C, 1 h), the
characteristic peaks of zinc ferrite completely disappear.
Simultaneously, a new characteristic peak of ferric oxide
and zinc sulfate appear. This result indicates that the zinc
ferrite is transformed into zinc sulfate. Besides, the
transformation of lead sulfide in the ZLR into lead
sulfate in the roasted residue can be also observed in
Fig. 4. These findings prove that the sulfate reactions
happen in the process of roasting.

The morphological changes of the ZLR after the
sulfate roasting were examined by SEM, and the results

(a)
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Fig. 3 TG-DTG curves for sulfate roasting with various ferric
sulfate/zinc ferrite mole ratio: (a) TG; (b) DTG

= — ZnFe,0,
e — PbS
-~ . FGZOJ
o — ZHSO4 L H20
v — PbSO,

10 20 30 40 50 60 70 80
26/(°)

Fig. 4 XRD patterns of residue: (a) Raw residue; (b) Samples

roasted under optimum conditions (1.2 mole ratio of ferric

sulfate/zinc ferrite, 640 °C, 1 h)

are given in Fig. 5. It shows that the particles size of the
raw material and the roasted ZLR (under the optimum
conditions) is smaller than 5 pm. This result can be
verified by the particle size distributions analyzed by
LPSA. The result presented in Fig. 6 indicates that the
doy values of the raw sample and roasted ZLR are
7.50 pm and 7.87 pm, respectively, and their ds, values
are 1.71 pm and 2.05 pum, respectively. Obviously, the
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particle size slightly increases after the sulfate roasting,
however, the roasted ZLR particle size is still very small,
which is favorable for the subsequent water leaching
process.

Fig. 5 SEM images of residues: (a) Raw residues; (b) Residue
roasted under optimum condition
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Fig. 6 Particle size distribution of residues: (a) Raw residue;
(b) Samples roasted at optimum conditions (1.2 mole ratio of
ferric sulfate/zinc ferrite, 640 °C, 1 h)

3.1.3 Molecular bonding structure variation

Figure 7 shows the FTIR spectra of raw residue and
roasted sample in the frequency region between 400 and
1100 cm™'. For the spectrum of raw residue, the bands
around 680 cm ' and 1050 cm' are due to SO;~
bending mode, which can be attributed to the existence

of CaSO, according to XRD pattern in Fig. 1. The bands
at ~430 cm ' and 520 cm ' have been assigned to the
bending vibration of Zn—O, and the band located at
450 cm' is related to vibration of Fe—O [29], which
demonstrates the presence of ZnFe,O4. Moreover, the
strong and broad band at 870 cm' is related to the
vibration mode of Si—O, caused by the zinc silicate
containing in the raw residue. Structure changes in the
residue are reflected especially in the disappearance of
peaks at ~430, 520, 450 and 870 cm ' as well as the
appearance of new peak at 700 cm ' which corresponds
to vibration of SOi_ . Besides, roasting of ZLR resulting
in an increased intensity of the 1050 cm™' indicates the
increase of SO . It means that zinc ferrite and zinc
silicate in the raw residue are effectively converted into
zinc sulfate by sulfate roasting.

IOIOO 960 S(I)O 7(I)O G(I)O S(I)O 400
Wavenumber/cm™

Fig. 7 FTIR spectra of residues: (a) Raw residue; (b) Samples

roasted at optimum conditions (1.2 mole ratio of ferric

sulfate/zinc ferrite, 640 °C, 1 h)

3.2 Water leaching of sulfate-roasted ZLR
3.2.1 Effect of leaching conditions on recovery of
valuable metals

To obtain a high recovery rate of valuable metals,
the sulfate roasted residues were subjected to leaching
with water. The effects of leaching temperature, leaching
time and liquid/solid ratio on the recovery of valuable
metals were investigated, and the results are shown in
Fig. 8. It shows that, under room temperature (25 °C),
zinc, manganese, copper, cadmium and iron recovery
rates are 92.4%, 93.3%, 99.3%, 91.4% and 1.1%,
respectively. However, there is no significant change in
recovery rate with the increase of temperature. Therefore,
the optimum temperature is determined to be 25 °C. The
effects of leaching time and liquid/solid ratio on the
recovery rates of valuable metals were also studied. As
shown in Figs. 8(b) and (c), the recovery rates of
valuable metals increase, but the iron concentration
remains in a low level and does not change with the
change of leaching time or liquid/solid ratio. It is
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attributed to the high water solubility of the sulfate and
the insolubility of the ferric oxide. A short leaching
periods and small liquid/solid ratios are more beneficial
in practical application. Therefore, the optimum leaching
parameters are temperature of 25 °C, leaching for 10 min
with a liquid/solid ratio of 10.
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Fig. 8 Effects of leaching parameters on valuable metals
recovery: (a) Temperature; (b) Time; (c) Solid/liquid ratio

3.2.2 Chemical composition and phase transformation of
water-leached residue

The chemical composition of the sample after

leaching under the optimum conditions is shown in Table

2. Compared to the raw residue, the contents of Zn, as
well as other toxic heavy metals such as As and Cd, are
decreased, while Fe and Pb are enriched, whose contents
account for 49.5% and 6.5% respectively.

Table 2 Chemical composition of water-leached residue by
XRF (mass fraction, %)

Fe Zn S Si Pb Ca

49.5 1.65 1.8 - 6.5 2.21

Cu As Cd Mn K Ba

0.10 0.32 0.03 0.07 0.06 0.20

Cl Ti In P Ag Cr
0.027 0.037 0.044 0.043 0.027 0.018

XRD pattern of the water-leached residue is shown
in Fig. 9. The characteristic peaks of zinc sulfate
disappear while ferric oxide and lead sulfate become the
main phases of water-leached residue. This result
indicates that the zinc sulfate is completely dissolved in
water, leaving the ferric oxide and lead sulfate in the
residue.

= — Fe,0,
* — PbSO,

10 20

20/(%)

Fig. 9 XRD pattern of water leaching residue

3.3 Leaching toxicity

The water-leached residue was finally used to
evaluate leaching toxicity and the results are shown in
Table 3. It shows that Zn and Cd leaching concentrations
for raw sludge are 4589 mg/L and 93.5 mg/L,
respectively, far exceeding the regulatory thresholds,
indicating that the ZLR exhibits high environment
toxicity and serious potential ecological risk. However,
the zinc and cadmium concentrations decrease sharply to
22.3 mg/L and 0.1 mg/L respectively after sulfate
roasting and water leaching, which are far below the
thresholds. It is attributed to extraction of zinc and
cadmium with sulfate roasting and water leaching.
Moreover, the concentrations of other toxic elements
such as lead and arsenic are already lower than the
thresholds. Therefore, the final water-leached residue is



1186

harmless to the environment and safe to be stockpiled for
future treatment or recycle.

Table 3 TCLP test results of ZLR and water leaching residue
(mg/L)

Water leaching Regulatory
Element ZLR .
residue threshold
Zn 4589+6.6 22.3+0.5 100
Pb 1.4+0.1 1.8+0.1 5.0
Cd 93.5+0.2 0.1£0.0 1.0
As 0.3+0.1 0.8+0.1 5.0
Cr - - 5.0

4 Conclusions

A combination process of sulfate roasting and water
leaching was developed for recovery and detoxification
of ZLR. The optimum process parameters of sulfate
roasting were determined to be reaction time of 1 h,
temperature of 640 °C and ferric sulfate/zinc ferrite mole
ratio of 1.2. Employing these experimental conditions
resulted in a zinc ferrite decomposition rate of 85% and
ZnSO4/Znt of 91.7%. After sulfate roasting, the water
leaching rates of zinc, manganese, copper and cadmium
in ZLR are 92.4%, 93.3%, 99.3%, and 91.4%,
respectively, while the iron remains in the water-leached
residue. Moreover, the heavy metal Ieaching
concentrations were significantly decreased after the
treatments, so it will be beneficial to the ultimate
disposal of the leaching residue.
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