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Abstract

The copper smelting process produces plenty of copper slag every year, which is a hazardous solid waste, but a secondary
resource. In the present study, the extraction of copper, nickel, and cobalt from copper slag was investigated through the process
of sulfation roasting—water leaching and the process of sulfation roasting—sulfate decomposition roasting—water leaching respec-
tively. Compared with the process of sulfation roasting—water leaching, the process of sulfation roasting—sulfate decomposition
roasting—water leaching is a better choice, which could not only get almost the same leaching of copper, nickel, and cobalt as the
former process, but has a lower leaching of iron and aluminum. For the process of sulfation roasting—sulfate decomposition
roasting—water leaching, the leaching of Cu, Ni, and Co reached up to 74.2%, 71.1%, and 69.6% respectively, under the optimal
conditions including sulfation roasted with 80 wt% sulfuric acid addition at 200 °C for 60 min and sulfate decomposition roasted
at 650 °C for 60 min, followed by water leached at 90 °C for 30 min with a liquid—solid ratio of 2 ml/g. The leaching of Fe and Al

was only 4.9% and 17.6%.

Keywords Copper slag - Sulfation roasting - Sulfate decomposition roasting - Water leaching

1 Introduction

Copper is the third most extensively used metal after iron and
aluminum, with 80% of it coming from the pyrometallurgical
process [1]. After pyrometallurgical smelting, plenty of cop-
per slag is produced. In China alone, the annual production of
copper slag is more than 10 million tons. In general, copper
slag has a low content of copper, nickel, and cobalt and a high
content of iron and silicon, and fayalite is the main crystalline
phase. Nickel and cobalt are mainly distributed in fayalite
phase in the form of ferrite and silicate [2]. From the viewpoint
of environmental protection, copper slag is classified as a haz-
ardous solid waste. However, it also contains a large amount
of valuable metals such as nickel and cobalt as well as iron,
with huge potential economic benefits. Hence, it is also an
important secondary resource.
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A wide variety of processes for the recovery of valuable
metals from copper slag have been proposed, which can be
summed up in three types: pyrometallurgical, hydrometallur-
gical, and pyro-hydrometallurgical processes. The typical py-
rometallurgical techniques are used to treat copper with pro-
cesses involving calcining or smelting reduction followed by
wet magnetic separation, which can recover metals such as Fe,
Cu, and Co from copper slag in the form of iron-rich alloy [3,
4]. However, using these techniques to treat copper slag,
fayalite cannot obtain a high conversion rate. The addition
of CaO in the process of reduction smelting is beneficial to
the decomposition of fayalite [5]; furthermore, the recovery of
metals can be significantly improved by adding a certain
amount of sodium salt [6]. However, whether using smelting
reduction or direct reduction, the reaction temperature for all
of them is more than 1200 °C. In contrast, the hydrometallur-
gical process has lower energy consumption; and
environment-friendly advantages, such as atmospheric direct
leaching processes using several acids, bases, and salts with or
without an oxidizing agent addition have been tested for
extracting valuable metals from copper slag [7-10].
However, the metals extraction of these processes is not high
enough as well as providing poor selectivity. High-pressure
oxidative acid leaching [11, 12] can not only achieve a higher
leaching rate, but also requires significantly less sulfuric acid
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due to the released iron which is re-precipitated as hematite
and then leads to acid regeneration. However, it is hard to
achieve a high metal leaching rate from water-quenched cop-
per slag by using this technology [13]. To overcome the prob-
lems of pyrometallurgical and hydrometallurgical processes,
pyro-hydrometallurgical processes have been proposed,
which mainly include the process of chlorination roasting—
water leaching and the process of sulfation roasting—water
leaching. Chlorination roasting using Cl,, HCI, NaCl or other
chloride salts as chlorinating agents followed by water
leaching can obtain high leaching of valuable metals from
copper slag [14, 15]; however, the roasting waste gas contains
Cl, and HCI, which severely impact the environment.
Compared with chlorination roasting, the process of sulfation
roasting using pyrite, sulfur, sulfuric acid, or other sulfates as
vulcanizing agents followed by water leaching also can
achieve high leaching of valuable metals [16—18], and the
roasting waste gas is easily treated; however, the leaching of
iron is very high, which is not conducive to the separation and
extraction of valuable metals such as copper and nickel from
the leaching solution.

The content of nickel, cobalt, and copper in copper slag are
relatively low, so it’s hard to make any process that is
extracting just them economically valuable. However, copper
slag also contains a lot of iron, so an ideal way of copper slag
utilization should be first selective leaching of nickel, cobalt,
and copper, and destabilizing fayalite structure at the same
time; then, the iron is enriched and extracted from the leach
residue by a simple mineral separation method. Following this
idea, in this study, the extraction of copper, nickel, and cobalt
from copper slag was investigated through two methods. One
is the process of sulfation roasting—water leaching and the
other is sulfation roasting—sulfate decomposition roasting—
water leaching. The motivation of this study is to develop an
efficient leaching method with high leaching of Ni and Co as
well as Cu, and low leaching of iron and aluminum.

2 Experimental process
2.1 Materials and analysis

The copper slag used in this study was obtained from China
Minmetals Corporation. The copper slag was first crushed and
ground into —200 mesh powder before the experiment. XRF-
1800 X-ray Fluorescence spectrometry (XRF) (Shimadzu,

Table 1 XRF elemental analysis of the copper slag (mass fraction, %)

(0] Ca Mg Al Si Fe Co Ni Cu S

3447 235 353 390 1850 3698 0.16 053 026 1.14

@ Springer

Japan) was used for chemical analysis of the sample, and the
result is shown in Table 1. In copper slag, the copper mainly
exists in the form of Cu,S, while cobalt and nickel mainly
exist in the form of CoO and NiO respectively [19]. All the
reagents used in roasting, leaching, and chemical analysis
were of analytical grade.

The content of copper, nickel, cobalt, iron, aluminum, and
magnesium in copper slag and leach residue was determined
using a PS-6 Inductively Coupled Plasma (ICP) spectroscopy
(BAIRD, USA). The X-ray diffraction (XRD) patterns of the
solid material were recorded by a Rigaku D/MAX 2200
Diffractometer (Rigaku, Japan) with Cu-Ko radiation at
35 kV and 20 mA using a scan speed 8°min ' in 26 ranges
from 10° to 80°. The thermal analysis curves were obtained on
a STD Q600 TG-DSC thermal analyzer (TA Instruments,
USA) in the temperature range 20—1000 °C at a heating rate
of 10 °C/min under nitrogen gas atmosphere, and the amount
of the sample was 30.00 + 0.20 mg.

2.2 Experimental procedures
2.2.1 Sulfation roasting-water leaching

Prior to the sulfation roasting process, 50 g ground copper slag
powder was placed in a porcelain crucible, and then uniformly
mixed with the desired 98% sulfuric acid. And then the mix-
ture was heated in a muffle furnace at a predetermined tem-
perature. After sulfation roasting, the roasted product was
leached with tap water at 90 °C for 30 min with a liquid—
solid ratio of 2 ml/g. Subsequently, the leaching solution and
residue were separated by vacuum filtration, and the leaching
residue was successively washed with 50 ml water and then
dried, weighed, and analyzed for the content of copper, nickel,
cobalt, iron, aluminum, and magnesium. The leaching of valu-
able metal was calculated by mass balance from the analysis
of the copper slag and the leach residue.

2.2.2 Sulfation roasting—sulfate decomposition
roasting—water ILeaching

In the process of sulfation roasting—sulfate decomposition
roasting, the first stage roasting process is the same as the
sulfation roasting process. In the second-stage roasting pro-
cess, a certain amount of sulfation roasted mixture was pre-
pared according to the optimum conditions of the first stage
roasting experiment. And then, 50 g sulfation roasted mixture
was also heated in a muffle furnace at a predetermined tem-
perature. After the second-stage roasting, the leaching solution
and residue were separated by vacuum filtration and the leach
residue was successively washed with 50 ml water. Finally,
the washed leach residues were dried, weighed, and analyzed
for the content of copper, nickel, cobalt, iron, aluminum, and
magnesium.
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3 Results and discussion
3.1 Sulfation roasting-water leaching
3.1.1 Effect of H,SO, addition

To determine the consumption of H,SO, in the sulfation
roasting process, a predetermined weight of 98% H,SO,4 was
mixed with the raw copper slag and then roasted at 200 °C for
1 h. The H,SO, addition varied in a range of 30-80 wt%
(mass ratio of 98% H,SO, to raw copper slag). The subse-
quent water leaching was carried out at 90 °C for 30 min with
a liquid/solid ratio of 2 ml/g. The leaching of metals versus
sulfuric acid addition is shown in Fig. 1.

As can be seen from Fig. 1, the leaching of Ni, Co, Fe, and
Mg have similar trends, all of which increased gradually with
addition of H,SO, from 30 wt% to 75 wt%. Further additions
of H,SO, resulted in an insignificant increase in the leaching
of Co, but the leaching of Ni, Fe, and Mg continued to in-
crease. The leaching of Al increased from 15.3% to 34.5% as
the H,SO, addition increased from 30 to 60 wt%. A further
increase of H,SO, addition can result in a rapid increase in the
leaching of Al. Compared with Ni, Co, Fe, Mg and Al, the
leaching of Cu was much lower than when the addition of
H,SO, was less than 70 wt%. However, once the addition of
H,SO,4 was over 70 wt%, the leaching of copper increased
sharply. By measuring the pH of the leaching solution, it
was found that the pH value of the leaching solution was about
4 when the sulfuric acid addition was below 70 wt%.
However, once the addition of sulfuric acid exceeded
70 wt%, the pH value of the leaching solution dropped to
about 2, which might explain the sudden change in Cu

leaching. Additionally, it was found in the experimental pro-
cess that once the addition of sulfuric acid was more than
80 wt%, liquid sulfuric acid would appear in the mixture, that
is to say, 80 wt% sulfuric acid addition was the largest amount.
Copper is one of the valuable metals in copper slag. To
achieve a high copper leaching rate, the addition of sulfuric
acid must exceed 70 wt%. Given these considerations, 80 wt%
H,SO, addition was chosen as the optimized amount in the
later experiments.

3.1.2 Effect of roasting temperature

The effect of roasting temperature on the leaching of metals
was studied at a roasting time of 1 h and the addition of H,SO,
was 80 wt%. The roasting temperature varied in a range of
160-320 °C. The leaching condition was constant and the
results are shown in Fig. 2.

It can be seen from Fig. 2 that the effect of roasting tem-
perature on the leaching of Ni was insignificant. The leaching
of Mg, Co, Fe, and Al all tended to decrease with the increase
of roasting temperature, but the effect of roasting temperature
on the leaching of Fe and Al is much greater. On the contrary,
with the increase of roasting temperature from 160 to 200 °C,
the leaching of Cu increased from 43.9 to 69.6%; with further
increase in temperature, the leaching of Cu did not change
significantly. Since the vapor pressure of H,SO, at over
200 °C is high, the possibility of a reaction with H,SO, (g)
is also high. On the other hand, the possibility of the formation
of water during the reactions with liquid or gaseous H,SOy is
considerable. Water formation will decrease the H,SO,4 con-
centration, and so the vapor pressure of H,SO, at lower
H,SO, concentrations will be lower at the same temperatures,

Fig. 1 Effect of H,SO, addition 90
on metals leaching
80 -
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Fig. 2 Effect of roasting 80
temperature on the leaching of
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and thus, the reaction seems to be more likely to reach equi-
librium at around 200 °C [20]; so 200 °C is chosen as the
optimal roasting temperature.

3.1.3 Effect of roasting time

To examine the influence of roasting time on the leaching of
metals, the roasting time was varied from 30 to 180 min at
200 °C with 80 wt% H,SO, addition. The results shown in
Fig. 3 indicated that the effect of roasting time on the leaching
of Mg, Co and Ni was relatively insignificant. But for Fe, Cu,

and Al, the leaching of them all increased gradually, with the
roasting time increased from 30 min to 60 min, and then ap-
proximately reached the optimal condition. A further increase
of time did not significantly affect the leaching of Fe and Cu.
However, when the roasting time exceeded 60 min, the
leaching of Al decreased rapidly. Therefore, a roasting time
of 60 min was chosen as the most suitable roasting time.
According to the above condition experiments, the most
suitable conditions in sulfation roasting process were: raw
copper slag roasted with 80 wt% H,SO, addition at 200 °C
for 60 min. Under the most suitable roasting conditions

Fig. 3 Effect of roasting time on 80
the leaching of metals
mﬁ.
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followed by water leached at 90 °C for 30 min with a liquid/
solid ratio of 2 ml/g, the leaching of Fe, Cu, Ni, Co, Mg, and
Al was 69.8%, 69.4%, 72.2%, 75.1%, 75.4%, and 63.3% re-
spectively (average of the three results).

3.2 Sulfation roasting—sulfate decomposition
roasting—water leaching

The process of sulfation roasting—water leaching can effec-
tively extract nickel, cobalt, and copper, but the leaching of
Fe, Al, and Mg was also very high, especially iron. These
impurities were not conducive to the subsequent separation
and extraction of nickel, cobalt, and copper from the leaching
solution. Therefore, the process of sulfating roasting—sulfate
decomposition roasting was proposed.

Figure 4 is the AG°-T relation diagram of sulfate decom-
position [21]. It can be seen from Fig. 4 that the stability of
FeSO4, CUSO4, NISO4, COSO4, MgSO4, Alz(SO4)3, and
CaSO0, all decreased as the temperature increased. At the same
temperature, the arrangement of decomposition of metal sul-
fate is determined by Fe > Al> Cu>Ni> Co > Mg > Ca, that
is to say, the sulfates of Fe and Al can be decomposed to
oxides easily at around 700 °C, but the sulfates of Cu, Ni,
and Co are thermodynamically relatively stable, which makes
it possible for selective leaching of Cu, Ni, and Co through
sulfate decomposition roasting followed by water leaching.
Although calcium sulfate has thermodynamic stability, the
solubility of calcium sulfate in aqueous solution is small.
Magnesium sulfate also has thermodynamic stability, so the
separation of Mg and Ni, Co as well as Cu cannot be achieved
by the method of sulfate decomposition roasting, and can only
be separated during the extraction of Ni, Co, and Cu from the
subsequent leach solution. Since the sulfation roasting process

has been studied in detail above, this section mainly studies
the sulfate decomposition roasting process. The effects of the
several parameters that included roasting mode, roasting tem-
perature, and roasting time, as well as the water leaching pro-
cess, were investigated.

3.2.1 Effect of roasting mode

The process of sulfation roasting—sulfate decomposition
roasting can be carried out in two ways; one is continuous
heating roasting and the other is intermittent heating roasting.
Continuous heating roasting refers to when sulfation roasting
is completed and then continues to increase the temperature
for the sulfate decomposition roasting. Intermittent heating
roasting refers to when after sulfation roasting is completed,
then the roasted materials are taken out of the muffle furnace
and ground fine, and then put back into the muftle furnace to
finish the second-stage of roasting. Figure 5 is the comparison
of the leaching of Ni, Co, and Cu under the different roasting
modes.

As can be seen in Fig. 5, among three roasting modes, the
process of intermittent heating roasting had the highest
leaching of nickel, cobalt, and copper. In particular, the in-
creases in nickel and cobalt leaching are more pronounced.
Therefore, the mode of intermittent heating roasting was cho-
sen as the optimal heating method.

3.2.2 Effect of sulfate decomposition roasting temperature

The effect of sulfate decomposition roasting temperature on
the leaching of metals was studied over a temperature range
from 500 to 700 °C at a roasting time of 1 h. The subsequent
water leaching was carried out at 90 °C for 30 min with a

Fig.4 AG’-T relation diagram of 350
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Fig. 5 Effect of roasting mode on 80
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liquid/solid ratio of 2 ml/g. The leaching rate of metals versus
sulfate decomposition roasting temperature is shown in Fig. 6.

It can be seen from Fig. 6 that the leaching of Fe decreased
sharply from 53.5% to 4.7% as the temperature increased from
500 to 650 °C; with further increase in temperature, the de-
crease of Fe did not change significantly. For aluminum, the
leaching rate decreased continuously with the increase in the
roasting temperature. The leaching of Co decreased slightly
with the increase of roasting temperature. In the range of 500
to 650 °C, the leaching of Ni did not change much, but it
would decrease significantly when the temperature exceeded
650 °C. For copper, the leaching increased with an increase in
temperature from 500 to 600 °C, and then it decreased when

the temperature was over 600 °C. In particular, the leaching of
Cu decreased significantly after the temperature exceeded
650 °C. For magnesium, the leaching increased slowly with
the increase of roasting temperature. Given these consider-
ations, 650 °C was chosen as the optimal roasting
temperature.

Figure 7 displays the TG-DSC curves of the sulfation
roasted mixture. It can be seen from the DSC curve that there
were three endothermic peaks at about 280 °C, 636 °C, and
800 °C; correspondingly, the TG curve also showed that there
are three considerable weight losses in the range of 200 to
300 °C, 550 to 650 °C, and 750 to 850 °C respectively. The
first endothermic peak at 280 °C was thought to be caused by

Fig. 6 Effect of sulfate 80
decomposition roasting

temperature on the leaching of 70
metals

60 |
50 |-
40 b

30 |

Metals leaching (%)

20 |

10 -

450
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Fig. 7 TG-DSC curves of the
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the dehydration of the sulfation roasted mixture. The second
endothermic peak at 636 °C was caused by the decomposition
reaction of ferrous sulfate and aluminum sulfate, which is
consistent with the experiment result. When the temperature
reached the critical value of the decomposition temperature of
ferrous sulfate and aluminum sulfate, the reaction continued to
generate SOs, resulting in a rapid weight loss process. The
third endothermic peak at 800 °C may be caused by the de-
composition of other sulfates such as Ni, Co, and Cu.

3.2.3 Effect of roasting time

To examine the effect of sulfate decomposition roasting time
on the leaching of metals, the roasting time was varied from
30 to 180 min at 650 °C. The results shown in Fig. 8 indicated
that the leaching of Fe can be reduced from 8.7% to 4.9% with
the roasting time increased from 30 min to 180 min. The
leaching of aluminum decreased slowly with the increase of
roasting time. The effect of sulfate decomposition roasting
time on the leaching of magnesium was insignificant. But it
is also noted that when the roasting time exceeded 60 min, the
leaching of nickel, cobalt, and copper also decreased. To en-
able a higher leaching of valuable metals of Ni, Cu and Co, a
roasting time of 60 min was chosen as the most suitable
roasting time.

3.2.4 Effect of leaching time

Figure 9 is the experimental results obtained by adding
80 wt% H,SO, into copper slag followed by sulfation roasting
(200 °C for 60 min) and sulfate decomposition roasting
(650 °C for 60 min), and leaching the roasted materials in

Temperature (°C)

water with a liquid—solid ratio of 2 ml/g at 90 °C for different
times.

It can be seen from Fig. 9 that the leaching of Al and Fe was
less influenced by the increase in leaching time, and their
maximum leaching percentages are about 17% and 5% re-
spectively. On the other hand, the leaching of Ni, Cu, Co,
and Mg all first increased with the increase of leaching time,
and reached their maximum amounts at 30 min. After that, the
leaching of Ni, Co, and Mg decreased slightly, whereas Cu
decreased significantly up to 180 min. The result of measuring
the pH changes of the leaching solution indicated that the pH
increased slowly from 1.6 to 2.7 as the leaching time increased
from 10 min to 180 min, which may be caused by the H*
consumption during the leaching of silicates. As can be seen
from the concentration of silicon in the leaching solution, the
changing trend of silicon leaching is consistent with that of
pH, which indicates that the longer the leaching time, the more
the leaching of silicate. Not surprisingly, the concentration of
Ca was almost dependent on the pH of leaching solution.
Higher pH is not helpful for the dissolution of calcium sulfate.
Given these considerations, for subsequent experiments the
leaching time was kept to 30 min.

3.2.5 Effect of leaching temperature

The effect of temperature on the leaching of metals was stud-
ied at a fixed leaching time of 30 min with a liquid-solid ratio
of 2 ml/g; the results are shown in Fig. 10.

As can be seen in Fig. 10, there is a slow increase in the
leaching of Cu, Co, and Ni for leaching temperature from
30 °C to 50 °C; above that, as the leaching temperature in-
creases, the leaching of Cu, Co, and Ni has no obvious
change. The effect of temperature on the leaching of Al and
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Fig. 8 Effect of sulfate
decomposition roasting time on

the leaching of metals 70
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Fe was insignificant. The leaching of Mg and the concentra-
tion of Ca and Si all increased with the increase of leaching
temperature. However, the experimental process showed that
with an increase in leaching temperature, the filterability of the
mixture consisting of leach solution and leach residue signif-
icantly enhanced. Therefore, a leaching temperature of 90 °C
was chosen for subsequent temperature.

3.2.6 Effect of liquid—solid ratio

The effect of liquid—solid ratio on the leaching of metals was
investigated by changing the liquid-solid ratio from 2 ml/g to

60 90 120 150
Sulfate decomposition roasting time (min)

180

5 ml/g at 90 °C for 30 min of leaching. The results obtained
are illustrated in Fig. 11.

It can be seen from Fig. 11 that the effect of the liquid—solid
ratio on the leaching of Mg, Ni, Cu, Co, Fe, and Al was
insignificant for all of them, and that the liquid-solid ratio
was not a main factor for the leaching of Mg, Ni, Cu, Co,
Fe, and Al. In the liquid-solid ratio range of 2 to 4 ml/g, the
concentration of Ca in leach solution did not change much, but
it decreased significantly when the liquid—solid ratio exceeded
4 ml/g. For Si, the concentration decreased slowly with the
increase in liquid—solid ratio. In general, the higher content of
Cu, Ni, and Co in leaching solution corresponds to more fa-
vorable conditions for the subsequent separation and
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extraction of them. Therefore, the liquid/solid ratio of 2 ml/g
was chosen as the optimized amount.

3.2.7 Phase changes during sulfation roasting—sulfate
decomposition roasting-water leaching process

Based on the preceding experimental results, in the process of
sulfation roasting, the optimum conditions would be: raw cop-
per slag roasted with 80 wt% H,SO, addition at 200 °C for
60 min. In the process of sulfate decomposition roasting, the
most suitable conditions were: roasting at 650 °C for 60 min,
then followed by water leached at 90 °C for 30 min with a
liquid—solid ratio of 2 ml/g. The leaching of Cu, Ni, and Co
reached 74.2%, 71.1%, and 69.6% respectively, and the

Leaching temperature (°C)

leaching of Fe and Al was only 4.9% and 17.6% (average of
the three results).

To further understand the reaction mechanism during the
sulfation roasting—sulfate decomposition roasting—water
leaching process, XRD analysis was conducted and the results
are shown in Fig. 12.

It can be seen from Fig. 12a that the main crystalline phase
in raw copper slag was fayalite. The diffraction line of sulfides
and oxides including Cu, Ni, and Co was not detected, which
means that all metals exist in amorphous phases in the copper
slag or that they are too low in quantity for XRD. Compared
with Fig. 12a, new characteristic reflections of Fe(SO4)(H,0)
appeared in Fig. 12b due to sulfation roasting, which means
that the fayalite phase has been converted into the
Fe(S0O4)(H,0) phase after sulfation roasting. The main
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Fig. 12 XRD patterns of a Raw
copper slag, b sulfation roasted

mixture, ¢ sulfate decomposition
roasted mixture, d leach residue
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FeZSiO4-0
FeZO3—v

Fe(SO,)(H,0)-e

reaction in the process of sulfation roasting can be expressed
by the following equation:

Fe,(Si04) + 2H,80, = 2Fe(S04)(H,0) + SiO, (1)

In Fig. 12¢c, new characteristic reflections of Fe,O3 ap-
peared due to sulfate decomposition roasting, which cannot
be leached by water. The main reaction in this process can be
expressed by the following equation:

FGSO4(H20) = 1/6F62(SO4)3 + 1/3F6203 + 1/2802 + H,0
(2)
FGQ(SO4)3 = F6203 + 3803 (3)

As can be seen from Fig. 12d, the crystalline phase in the
water leaching residue was Fe,Os, which was the same as that
in the sulfate decomposition roasted mixture.

4 Conclusions

The present work focused on the extraction of valuable metal
nickel, cobalt, and copper from the copper slag. Two methods
were adopted to perform the leaching procedure. For the pro-
cess of sulfation roasting—water leaching, the leaching of nick-
el, cobalt, and copper is relatively high, but about 70% of iron
and 63% of aluminum are also leached, which can result in the
further separation becoming more difficult. Compared with
the process of sulfation roasting—water leaching, the process
of sulfation roasting—sulfate decomposition roasting—water
leaching appears to be a good option, since it was character-
ized by high extraction of nickel, cobalt, and copper as well as

@ Springer
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low extraction of iron and aluminum. For the process of
sulfation roasting—sulfate decomposition roasting—water
leaching, the leaching of Cu, Ni, and Co reached up to
74.2%, 71.1%, and 69.6% respectively, under the optimal
conditions including sulfation roasted with 80 wt% sulfuric
acid addition at 200 °C for 60 min and sulfate decomposition
roasted at 650 °C for 60 min, followed by water leached at
90 °C for 30 min with a liquid—solid ratio of 2 ml/g. The
leaching of Fe and Al was only 4.9% and 17.6%.
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