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Hydrometallurgy is a flexible and efficient process for recovering heavy and
valuable metals from industrial residues. In this study, various parameters of
cobalt reductive leaching were investigated using the Taguchi experiment
design (DOE) method to determine the best conditions for dissolving cobalt
from zinc plant residue. The experiment parameters included: initial sulfuric
acid concentration (0.1 M, 0.316 M and 1 M), reaction temperature (70, 80 and
90�C), reaction time (15, 30 and 60 min), and solid/liquid ratio (1:5, 1:6 and 1:7
g/L). The iron sulfate was used as a reducing agent, and the sulfuric acid was
used as the solvent. The experiment results showed that the optimal condi-
tions for dissolving cobalt were initial sulfuric acid concentration 1 M, tem-
perature 90�C, time 60 min, and solid/liquid ratio 1:7. Under these conditions,
there was good agreement between predicted (97.5%) and experimental re-
sults (97.2%) in terms of cobalt dissolution.

INTRODUCTION

Cobalt is an important industrial metal which is
used in various devices such as gas turbine blades,
aircraft engines, hard alloys, magnetic alloys,
nuclear power plants, and medical equipment
because of its unique properties including being
ferromagnetic and cut and wear resistant. In addi-
tion, cobalt metal is used in rechargeable batteries
such as lithium-ion batteries and other electrical
devices. In modern industry, it is a component of
green energy, and the demand for cobalt metal is
increasing. Cobalt is a strategic metal and is one of
the rarest industrial metals. It comprises about
0.001% of the earth’s crust, and > 60% of cobalt is
mined in Congo.1–7 Cobalt does not exist freely in
nature and is mostly extracted from primary min-
erals containing cobalt and secondary sources.
Primary minerals include Ni (Cu, Co), Cu (Co),
and Co (As) and lateritic ores Ni (Co). Depending on
cobalt grade, it is mined in three open-pit, under-
ground, and combined open-pit and underground

methods.8–12 In recent years, researchers and pro-
ducers have reported the recovery of cobalt from
secondary sources. The secondary sources include
sludge, catalyst residues, zinc smelting slag, spent
batteries, cobalt alloy scrap, sea nodules, sulfides
deposited in nickel metal production process, and
residue from zinc processing plants which contain
about 0.5 to 1% cobalt, depending on the plants’ raw
materials input.3,4,13–17 This metal is mostly
extracted from both primary and secondary sources
by three methods: pyrometallurgy, hydrometal-
lurgy, and vapor metallurgy. The pyrometallurgical
process is costly and requires more energy. There-
fore, researchers and producers have employed
hydrometallurgical methods to recover cobalt from
secondary sources.5,18–21 Globally, > 75% of cobalt
is recovered from secondary source using hydromet-
allurgical processes. Hydrometallurgical flowsheets
have been used for recovering cobalt from secondary
sources such as zinc plant residues.2,15,22–25 Most
research projects for recovering cobalt from primary
and secondary sources have used solvent extraction
(SX) using D2EHPA, Cyanex302 and Cyphos IL101,
citric acid, sodium salt of di-decylphosphinic acid
(DDPA), borax, phenol dosage, ammonium bifluo-
ride, and bis (2,4,4- trimethylpentyl)
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dithiophosphinic acid.9,12,15,26 In Zanjan Zinc Kha-
lesSazan Company (ZZKICo), Iran, the cobalt filter
cake is obtained at hot purification stage of
hydrometallurgical production process of zinc
(Fig. 1). In the first stage of zinc production process,
the zinc oxide mineral is dissolved using sulfuric
acid. Most of the zinc enters the solution with
impurity elements such as cobalt, nickel, cadmium,
and iron. These impurities are removed from solu-
tion or reduced to an acceptable level. The first
stage of purification is called hot purification. At
this stage, the potassium permanganate is added to
the leach solution at 80–85�C to convert Co2+ to
Co3+. Adjustment of pH to 5.0-5.2 using calcium
carbonate precipitates cobalt as cobalt hydroxide.
The entire pulp is filtered, and the solid phase is
called cobalt cake. The following reactions are
responsible for the formation of cobalt hydroxide
(Co(OH)3) in hot purification stage.26–28

KMnO4 þ 10FeSO4 þ 8H2SO4

! K2SO4 þ 2MnSO4 þ 5Fe2 SO4ð Þ3þ8H2O ð1Þ

MnO2 þ FeSO4 þ 2H2SO4

! Fe2 SO4ð Þ3þ MnSO4 þ 2H2O ð2Þ

MnO�
4 þ 3Mn2þ þ 2H2O ! 5MnO2 þ 4Hþ ð3Þ

MnO�
4 þ 4Hþ þ 3Co2þ ! MnO2 þ 3Co3þ þ 2H2O

ð4Þ

After oxidation and adding Ca(OH)2, cobalt pre-
cipitates as cobalt hydroxide.

2Co3þ þ 3Ca OHð Þ2 ! 2Co OHð Þ3þ3Ca2þ ð5Þ

Fig. 1. Zinc cathode production flowsheet in zinc plants in Zinc Khalessazan Company.
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2Co OHð Þ3 ! Co2O3 þ 3H2O ð6Þ

Adding potassium permanganate to leach solu-
tion for cobalt oxidation increases the amount of
manganese in the cobalt cake. As a result, it
complicates the separation of manganese and
cobalt.24,25 In this research, the different parame-
ters of cobalt reductive leaching are investigated
using Taguchi experiment design method with 95%
confidence level to determine the optimal conditions
for cobalt dissolution from hot filter cake (HFC). The
Taguchi method has advantages such as fewer tests,
less time, and low cost of raw materials compared to
other methods. In the reductive leaching experi-
ment, the effects of initial sulfuric acid concentra-
tion, reaction temperature, reaction time, and solid/
liquid ratio are investigated.

EXPERIMENTAL METHODS

Materials and Characterization of the Hot
Filter Cake (HFC)

The cobalt filter cake (hot filter cake) was
obtained from Zanjan, Zinc KhalesSazan Company
(ZZKICo), Iran. First, the cobalt cake was dried in
an oven at 105 �C for 24 h and then mixed
completely. The mixed sample was then used for
chemical and mineralogical analysis using diges-
tion/AAS and XRD. The chemical analysis of the
dried sample was conducted to determine the
composition of the cobalt filter cake using an atomic
absorption spectroscopy (Varian, AA240, Australia)
device; the chemical composition of cobalt filter cake
is shown in Table I. The mineralogy analysis was
conducted by x-ray diffractometry (XRD) (inel,
2000X, France, voltage, 40 KV; current, 30 mA)
device. The results showed gypsum (CaSO4.0.5H2O)
as the major phase of mineralogy in cobalt filter
cake. The mirroring of the phases indicated that
that the remaining phases in cobalt cake include
manganese oxide (MnO2, Mn3O4), cobalt oxide
(CoO, Co3O4), iron oxide (Fe3O4), and zinc oxide
(ZnO) (Fig. 2). The sulfuric acid from Merck Com-
pany (purity = 95-98%, density = 1.84 g/mL) and
iron (II) sulfate from Rad Chemistry Alborz Com-
pany (purity = 97-98%, density = 1.85 g/cm3) were
used in reductive leaching of cobalt.

Taguchi Design of Experiment

For the first time, an English researcher named
Fisher developed a method for designing experi-
ments with different parameters and levels, known

as the factorial method which involved full factorial
and partial factorial. The full factorial design
method is complicated as the number of parameters
rises by enhancement of the number of parameters.
To reduce the number of experiments, partial
factorial experiments were developed to obtain the
most information from minimum experiments.
However, this method decreased the accuracy of
the results. In 1940, Taguchi, a Japanese
researcher, developed a method based on orthogonal
arrays, known as the Taguchi method. The use of
this method not only resolved the defects of the
factorial method, but also reduced the number of
experiments and thus reduced the costs while
offering more accurate results by conducting fewer
experiments.22–26 In this study, cobalt reductive
leaching was explored by the Taguchi experiment
design method with L9(34) orthogonal array (OA)
with four factors, each in three levels.25–29 The
results were analyzed using Minitab18 software.
The positions of parameters and levels at Taguchi
experiment design method in orthogonal L9array
are shown in Table II. Table III also lists the design
of Taguchi L9, (OA)34 adopted in this study.27–34

Experimental Procedure

A magnetic stirrer (MSH600 – SHAFQ) with the
ability to digitally control the temperature, time,
and stirring speed, a 1000 mL beaker, a pH meter
(Mettler Toledo, S220 Seven Compact pH/ion
meter), an oven (Model 50L, Behdad Equipment
Company, Iran) with the ability to adjust temper-
ature and time, and a mechanical stirrer (TAT-
2500) with the ability to digitally control the time
and speed of stirring with three blades and stainless
coating were used to conduct the reductive leaching
experiments.

According to Reaction 7 and Eq. 2, 254.7 g of iron
sulfate II (2FeSO4.7H2O) was first weighed and
poured into a 1000-mL beaker. The volume of the
solution was then increased to 350 mL using
distilled water. The mixture was magnetically
stirred at 600 rpm and the iron sulfate was com-
pletely dissolved in distilled water. Afterward, 100 g
dried cobalt cake (with a grain size< 100 microns)
was added to the iron sulfate solution. Using
distilled water and sulfuric acid, the desired vol-
umes were obtained, and the experiment was
conducted. It should be noted that in all experi-
ments, the temperature and volume of the solution
were constant, and the initial pH was controlled by
a pH meter. At the end of the experiment, the
leaching solution was filtered and cobalt was

Table I. Chemical analysis of the cobalt filter cake

Elements Zn Fe Mn Co Ni Cd Pb Mg Cu

Wt.% 4.5 1.38 25.2 0.46 0.012 0.051 0.5 0.13 0.13
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analyzed using AAS. The cobalt dissolution effi-
ciency was calculated according to Eq. 1.

R% ¼ V1 � X

V2 � M
� 100 ð7Þ

where R is the dissolution percentage of cobalt; V1

denotes the concentration of cobalt ion in the

leaching solution; X represents the volume of leach-
ing solution; V2 stands for the cobalt concentration
in cobalt filter cake, and M shows the mass of cobalt
filter cake.

MnO2 þ 2FeSO4 þ 2H2SO4

! MnSO4 þ Fe SO4ð Þ3 þ MnSO4 þ 2H2O ð8Þ
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Fig. 2. X-ray diffraction (XRD) pattern of hot filter cake (HFC).

Table II. Experimental parameters and three levels for the cobalt solution.

Parameters Unit Level 1 Level 2 Level 3

A: Primary sulfuric acid concentration M 1 0.316 0.1
B: Temperatures C̊ 70 80 90
C: Times min 15 30 60
D: Pulp density (S/L) g/L 1:5 1:6 1:7

Table III. Design layout and experimental results of L9, OA (34) orthogonal array.

Experiments A B C D Reponses (%) Signal/noise ratio

1 1 1 1 1 86.3 38.7202
2 1 2 2 2 93 39.3697
3 1 3 3 3 97.5 39.7801
4 2 1 2 3 79.3 37.9855
5 2 2 3 1 79 37.9525
6 2 3 1 2 79 37.9525
7 3 1 3 2 77.74 37.8129
8 3 2 1 D 75.3 37.5359
9 3 3 2 1 79.2 37.9745
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RESULTS AND DISCUSSION

To determine the optimal conditions of cobalt
dissolution, the Taguchi design method was used.
Based on the principles of quality control and the
array of primary theories, orthogonal arrays, and
factor design, Taguchi established this method,
leading to standard designs for examining different
factors and levels. Taguchi lists 18 basic orthogonal
arrays that are known as standard orthogonal
arrays. In this research, Taguchi L9 test design
method has been used.

Reductive leaching has been extensively used for
the recovery of valuable metals from industrial
wastes such as ocean nodules, manganese nodules,
and residue from zinc production plants. Some
methods for extracting valuable metals from indus-
trial wastes are based on hydrometallurgical pro-
cesses, because the hydrometallurgical processes
are relatively simple and the energy consumption
for extraction is low. According to the previous
research and the analysis performed on the cobalt
cake, the initial structure of the cobalt filter cake is
spinel. To release cobalt from the compound and
enter it into the solution, a strong reducing agent
along with a solvent is required. In the present
study, ferrous sulfate was used as the reducing
agent and sulfuric acid was used to dissolve cobalt.
According to the Reaction 7 and Eq. 2, ferrous
sulfate II converts Mn4+ to Mn2+ and the cobalt is
released from the compound. Existing sulfuric acid
also dissolves cobalt and other impurities in the
compound. The impurities can be removed from the
leaching solution via various methods such as SX
using the ammonium persulfate to remove the iron
and zinc from the solution and using the NN
reagent to separate manganese from Refs. 24, 25,
and 35–40. According to the experimental data
presented in Table III, the lowest efficiency of cobalt
dissolution is related to experiments 7 and 8. This
low dissolution efficiency can be attributed to the
experimental conditions, especially the low pH and
temperature required for the reaction, which
reduces the penetration of ferrous sulfate in the
composition and reduction of manganese. The high-
est efficiency of cobalt dissolution is related to
experiment 3. This is due to the high concentration

of sulfuric acid and high temperature simultane-
ously. According to the observations, it can be
concluded that with increasing initial concentration
acid and temperature, the dissolution rate of cobalt
increases linearly and reaches its maximum at
90�C. It is clear that in addition to the type and
concentration of solvent, the temperature and con-
centration of sulfuric acid have a direct effect on the
dissolution process according to the Arrhenius
equation.40,41 Therefore, with increasing tempera-
ture and concentration of sulfuric acid, the dissolu-
tion rate also increases (according to Table III and
Fig. 3). As shown in Figs. 3 and 4, the pH curve
affects the dissolution of cobalt more than other
factors. ANOVA analysis (Table IV) calculated the
effect of this factor as p-value = 0.025. In contrast,
the ratio of solid to liquid had the least effect on
dissolution, so two factors of sulfuric acid concen-
tration and temperature were selected as the two
factors affecting the dissolution of cobalt from zinc
plant waste.23,27,29 In the Taguchi experimental
design, the S/N ratio is used to determine the degree
of deviation from the desired conditions to find the
best experiment conditions. Numerous equations
have been developed to determine the S/N ratio; in
reductive leaching, ‘‘the larger the S/N ratio, the
better’’ was used (Eq. 3, Table III). In this equation,
the S/N is the experiment specification. yi is the
desired response of process in the i-the experiment
and n denotes the number of repetitions of the
experiments (n = 1, 2, 3, ..., n).26–28

S=N ¼ �10 log10
1

n

X 1

y2
i

� �
ð10Þ

The effects of each factor at each level can be
calculated by averaging. For example, the effect of
pH on first level was calculated by Eq. 4 (Fig. 3a and
Table II).24,27

A1 ¼
pHð Þ1MþT70�C þ t15 min þ S=L1:5

� �

3
ð11Þ

Based on signal-to-noise ratio analysis, the S/L
ratio was more effective than other parameters.
Primary pH was found to be much more effective.
Therefore, as seen in Fig. 3 A and B, sulfuric acid
primary concentration was the most effective factor
chosen in this study. The efficiency of reductive
leaching increased by raising the temperature.

ð9Þ
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According to the experimental data, the optimal
conditions for reductive leaching of cobalt from
cobalt filter cake are shown in Table V. The optimal
conditions for dissolving cobalt from cobalt cake
were calculated using Eqs. 5 and 6 as follows.

T ¼ YT

N
¼ 746:35

9
¼ 82:93 ð12Þ

YOpt ¼ T þ ð pHÞ1M � T
� �

þ T90�C � T
� �

þ t60min � T
� �

þ S=L1:7 � T
� �

ð13Þ

YOpt represents optimal value, YT (746.35)
denotes the response totals in experiments, and N
is the number of the experiments (9) in L9(34).
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Fig. 4. Mutual effects of pH, Temperature and time on the dissolution of cobalt.
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Primary pH (1 M), temperature (90�C), time (60
min), and S/L ratio (1:7) were selected to maximize
the reductive leaching efficiency. At the end of the
test, confirmation was performed under optimal
conditions to ensure that the response variable is
within the range obtained. If the results of this
experiment are not within the confidence range,
they may not be able to count several interactions
and should be considered in further studies. How-
ever, a confirmatory experiment was conducted
based on the optimal condition as determined by
reductive leaching experiment. There was a good
agreement between predicted (97.5%) and experi-
mental (97.2%) cobalt dissolution efficiency
(Table VI).

In the field of extraction and recycling of valuable
metals from secondary waste sources of zinc plants,
hydrometallurgical methods are one of the most
efficient methods. The first step in this method is
the dissolution of the desired metal with the highest
efficiency. Since cobalt and manganese metals are
present in the cake filter as 3+ and 4+, respectively,
a reducing agent is necessary to increase the
leaching rate and efficiency and dissolve them at
normal temperatures and pressures. Leaching can
be performed in water, dilute sulfuric acid, dilute
hydrochloric acid, or ammonia solution using a

suitable reducing agent. Other important reduc-
tants include hydrogen peroxide and citric acid. It
has also been shown that the use of a suitable re-
ducing agent converts quaternary manganese to
divalent manganese, thus speeding up the leaching
process. Furthermore, some metals such as zinc and
copper are easily soluble in weak sulfuric acid.
Cobalt and manganese form; however, strong oxides
require strong acids and a reducer agent for disso-
lution. Therefore, these two metals should be
leached and dissolved under reductive conditions.
The amount of consumed sulfuric acid is also one of
the important factors in cobalt dissolution from the
cobalt filter cake. The sulfuric acid has shown
higher reactivity for cobalt. Higher sulfuric acid
consumption accelerates the dissolution of cobalt
from the cobalt filter cake. Overuse of sulfuric acid,
however, is not economically justified and may be
environmentally problematic4–7,20,21,32,38. Figure 3a
and b present the S/N ratio and the mean effects of
each factor calculated for each parameter at three
levels in the dissolution of cobalt from the cobalt
filter cake. According to the previous reports on
cobalt reductive leaching,20 the initial concentration
of sulfuric acid has the highest effect on dissolution
of cobalt from cobalt filter cake. The results indicate
that an increase in the initial concentration of

Table IV. ANOVA analysis for factors (a) before pooling (b) after pooling.

Parameters DF Adj SS Adj MS

pH 2 396.83 198.414
Temperature 2 26.56 13.278
Time 2 34.71 17.354
S/L 2 10.09 5.044
Error 0 * *
Total 8 468.18

Parameters DF Adj SS Adj MS F-Value P-Value

pH 2 396.83 198.414 39.34 0.025
Temperature 2 26.56 13.278 2.63 0.275
Time 2 34.71 17.354 3.44 0.225
Error 2 10.09 5.044
Total 8 468.18

Table V. Optimal conditions for reductive leaching of cobalt from cobalt filter cake.

Primary pH (M) Temperature (�C) Time (min) S/L (g/L) Co (g/L) Response (%)

1 90 60 1:7 0.641 97.5

Table VI. Performance of the leaching experiment under optimum conditions.

Primary pH (M) Temperature (�C) Time (min) S/L (g/L) Co (g/L) Response (%)

1 90 60 1:7 0.639 97.2

Khodaei, Moghaddam, and Ahmadi3036



sulfuric acid from 0.1 to 1 M further increased the
dissolution of cobalt from cobalt cake. However, the
time and solid/liquid ratio showed lower influences
on cobalt dissolution from the cobalt cake.5,16,20

According to results, the solid/liquid ratio and the
initial concentration of sulfuric acid have the least
and greatest effect on reductive leaching of cobalt
from cobalt filter cake, respectively (Fig. 3a and b,
Table 4). In reductive leaching, the pooling action is
carried out on the parameter with the least effect on
cobalt dissolution. In this experiment, the solid/
liquid ratio had the least effect on cobalt dissolution;
thus, the pooling action was conducted on that
(Table IVa and b).

The effect of initial pH, temperature, and time on
cobalt dissolution is shown in Fig. 4a–d. An increase
in initial sulfuric acid concentration, temperature,
and time enhanced the cobalt dissolution. The
dissolution also linearly rose with temperature
elevation and reaches the maximum level at 90ºC.
According to the Arrhenius equation, the tempera-
ture is exponentially associated with the acid disso-
ciation constant of a reaction. Therefore, it is
expected that the dissolution rate of cobalt will
increase with rising temperature. The reaction
time, like the temperature, increased the dissolu-
tion of cobalt, which reached its maximum at 60
min. However, the further increase of reaction time
may have less effect on the dissolution of cobalt.
Given that the acid is used based on the initial
concentration, the hypothesis can be proposed that
consumption of acid in other early stages may result

in a condition in which there will be no acid to react;
thus, acid content could not have a signification
effect on the dissolution of cobalt in longer peri-
ods.20,21,30,36 However, in reductive cobalt leaching,
the temperature of 90 ºC, time of 60 min, and
sulfuric acid initial concentration of 1 M were
determined as optimal conditions for cobalt dissolu-
tion. Figure 5 illustrates a conceptual flowsheet for
reductive leaching of Co from hot filter cake (cobalt
cake).

CONCLUSION

� The Taguchi experimental design method with
orthogonal array (OA) 34(L9) was utilized to
optimize cobalt dissolution in the cobalt reduc-
tive leaching process. The following experimen-
tal results are obtained.

� The initial concentration of sulfuric acid had the
highest impact on reductive cobalt leaching. The
increase of sulfuric acid enhanced cobalt disso-
lution. In contrast, the solid/liquid ratio had the
least effect on the cobalt dissolution; thus, the
pooling action was conducted on that. The opti-
mal conditions in cobalt reductive leaching
involved sulfuric acid initial concentration of 1
M, temperature of 90ºC, time of 60 min, and
solid/liquid ratio of 1:7.

� A confirmatory experiment was conducted based
on optimal conditions. A proper agreement was
observed between theory (97.5%) and experi-

Fig. 5. Conceptual flowsheet for reductive leaching of Co from hot filter cake (cobalt cake).
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ment (97.2%) in terms of cobalt reductive leach-
ing efficiency.

� According to calculations in the confirmatory
experiment, the conducted experiment was with-
in the calculated reliability limit. Hence, it can
be concluded that the experimental error had a
negligible level of 0.3%.

� The effect of initial sulfuric acid concentration
(pH), temperature, and time on the reductive
leaching experiment was also explored. The
highest cobalt dissolution occurred when the
temperature, time, and sulfuric acid initial con-
centration were set to 90ºC, 60 min, and 1 M,
respectively.
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