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Abstract

This study is dedicated to exploring the effect of pH, leaching time, ferrous sulfate amount, temperature, as well as their
interaction on the dissolution of cobalt by response surface methodology. The ferrous sulfate was used as an effective reduc-
ing agent for the dissolution of heterogenite, which constitutes the main cobalt mineral found in Congolese Copperbelt,
and the experiments conducted were based on central composite design. Analysis of variance was carried out to study the
effects of the individual variable as well as their combined interactive effects on the recovery of cobalt. The optimum process
conditions for the cobalt recovery were determined by a desirability function. The results showed that the amount of ferrous
sulfate, leaching time, and leaching temperature were statistically significant as independent linear terms. The results also
revealed that the interaction of leaching time and the amount of ferrous sulfate has an important effect on cobalt dissolu-
tion. The optimal cobalt recovery was 95.79% at the leaching time of 104.48 min, pH of 1.87, amount of ferrous sulfate of
14.9 g, and temperature of 54.8 °C, while the experiment of validation at these optimum conditions gave the cobalt recovery
of 93.82%. This testifies on the goodness of the model developed in this work, thus, verifying that the model is suitable and
fits the experimental data with a reasonable error.
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Introduction

The Congolese Copperbelt is well known as the world's
largest deposit of cobalt [1, 2]. In this deposit, carrolite
(CuCo,S,) is the main cobalt sulfide ore and is processed
by flotation. Asbolane (CoO), smaltite (CoAs,), and het-
erogenite (stainierite in the crystallized form Co,05.H,0
or C00.2C0,05.6H,0 in an amorphous form) are the main
sources of cobalt oxide [3, 4]. In hydrometallurgy, dif-
ferent reagents such as sulfuric acid (H,SO,), nitric acid
(HNO,), hydrochloric acid (HCl), ammoniacal system,
and hydrofluoric acid (HF) or mixtures of these agents
are used to extract cobalt or copper from its oxide minerals
[5-8]. Due to the corrosiveness of the equipment and the
selectivity criteria, sulfuric acid is the most used agent to

leach-oxidized cobalt ore following the reaction (case of
asbolane leaching) (Eq. 1).

CoO + H,S0, — CoSO, + H,0. (1)

Furthermore, given the oxidation state in which the cobalt
is found in the ore, the combination of the leaching solution
with an oxidizing or reducing agent is required. The most
used reducing agents are SO, and its derivatives, ferrous
sulfate (FeSO,) and other powders or metal compounds as
long as they do not interfere with subsequent operations [7].
However, the reduction of the oxidation state using SO, or
its derivatives, which are inexpensive, gives higher cobalt
extraction yields. Besides, studies showed that the use of
SO, is not environmentally friendly and contributes to the
loss of copper by precipitation of Le Chevreult’s salt in the
case of copper-cobalt bearing ore leaching [9]. Looking at
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this point of view, the use of iron powder as ferrous sulfate
(FeSO,) for the reduction of Co®* into Co** appears to be a
better alternative.

The reduction of trivalent cobalt by ferrous sulfate was
initially inspired by the leaching of manganese dioxide
(MnQO,) in which ferrous sulfate was proposed as an alter-
native to SO,. The reaction of manganese by FeSO, can be
expressed by the reaction (Eq. 2) [10, 11]:

MnO, + 2FeSO, + 2H,SO, — MnSO, + Fe, (SO,), + 2H,0.

@

Similarly, Ferron and Henry [4] investigated the reduction

of cobaltic (Co®") ores using ferrous sulfate according to the
proposed reaction (Eq. 3):

2Co00H + 2FeSO, + 3H,S0, — 2C0S0, + Fe,(S0,), + 4H,0.
3)

The reductive leaching of cobalt in the presence of ferrous
sulfate has been applied by a very limited number of studies
[4, 8, 12, 13]. However, many divergences subsist regarding
the optimal leaching parameters.

Indeed, the leaching of cobalt from ore or concentrate
in acidic-ferrous sulfate is governed by several physico-
chemical factors such as pulp density, stirring speed, pH,
ferrous sulfate dosage, temperature, and reaction time [8,
12]. The selected parameters and their respective varia-
tion ranges are usually determined after preliminary or
orientation tests. The common practice for optimizing
operating conditions of such a process consists in vary-
ing one factor at a time (OFAT). The major drawbacks
of the OFAT method include time consuming and diffi-
culty of interpreting the interaction between two or more
variables [14]. Consequently, the real effect of different
parameters on the cobalt reductive leaching process is not
displayed. To fill these gaps, optimization studies have
been investigated using the response surface methodol-
ogy (RSM) approach. The fundamental and theoretical
aspects of RSM have been reviewed [15-19]. This method
is a collection of experimental strategies, mathematical
approaches, and statistical inference which allows the
simultaneous variation of several process factors to find
the optimal level giving the most relevant response. RSM
could predict the relationship or interaction between the
values of the measurable response variables and those of a
set of experimental factors supposed to affect the response.
It could also find the setting of the factors that gives the
best value for the response. RSM has been used inten-
sively in process optimization in a wide range of fields,
including metallurgy and mineral processing [14, 20-25],
chemical engineering [26], and environmental science [27,
28]. Similarly, the present study aims are to investigate
the influence of key factors and to predict the optimum
condition for the recovery of cobalt from ore concentrate
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using the RSM approach. Furthermore, this study provides
a statistical demonstration of the crucial role that ferrous
sulfate plays in the reduction process of Co®* to Co*.
Leaching experiments are performed from a cobalt con-
centrate sample provided by the Dianda mine located in
the southern region of the Democratic Republic of Congo
(DRC). The results are examined by using central compos-
ite design (CCD) with RSM. Furthermore, the desirability
function was applied to optimize the cobalt recovery.

Materials and Methods
Raw Material

The source of cobalt used as a sample in this study is a
concentrate from the Gecamines concentrator located in
Kamfundwa in the city of Kambove, Haut-Katanga Prov-
ince, Democratic Republic of Congo (DRC). The primary
ore was extracted from the Dianda open pit mine located
in the Lualaba province, DRC. The particle size analy-
sis of the dry sample of concentrate revealed that about
50% (ds) of the particles have a size less than 100 pm
(Fig. 1). Chemical analysis of the concentrate sample
was carried out by X-ray fluorescence spectrometry, and
the results are shown in Table 1. Analysis of the data as
reported in Table 1 shows that the concentrate sample
contains significant amounts of cobalt. Copper is present
in low proportion. However, the major metallic impurities
are iron, manganese, and nickel. The considerable pro-
portion of silica (Si0,) suggests that quartz is the major
gangue mineral. The low ratio of basic oxides to acid
oxides [(CaO + MgO)/SiO,] in the concentrate suggests
that acid leaching is preferable to alkaline leaching (e.g.,
NH,) for limiting or minimizing leaching agent (e.g.,
H,SO,) consumption.

Design and Analysis of Experiments
Design of Experiments

The STATISTICA v10 enterprise software was used as a tool
helper to perform the Design of experiments (DOE). RSM
and CCD have been used in this study to statistically inves-
tigate the effect of parameters and determine the optimal
conditions of pH (X,), leaching time (X,), amount of fer-
rous sulfate (X3), and temperature (X,), for the dissolution of
cobalt concentrate. The selection of the variable was based
on the literature and preliminary experiments. Furthermore,
cobalt recovery was chosen as the response of the process.
Table 2 summarizes the levels of the four process factors in
natural and coded variables.
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The design of experiments consists of an array of 26 runs,
which was obtained from the formula given in Eq. (4).

N =242k + ke “4)

where N is the number of experiments, k is the number of
independent variables (k = 4), 2 is the number of factorial
points (coded + 1), 2k is the number of axial or star points
[(£a,0,0,...,0), (0,+a,0,...,0), ..., (0,0,...,+a)], and kc is
the replicate number at the central point [(0,0,0,...,0)], @ is
the distance of an axial point from the center [16]. The a
value can be calculated using Eq. (5) [18].

a= (29" )

Therefore, the CCD in this study consisted of 16 factorial
points, 8 axial points, and 2 central points with one block.

Analysis of Experimental Results

To analyze experimental results from RSM-CCD, a polyno-
mial equation is needed to perform the mathematical cor-
relation between independent and dependent variables. For
the four variables considered in this study, a quadratic poly-
nomial regression model has been proposed as expressed
by Eq. (6) [16].

4 4 4 4
y=ﬂ0+2ﬂixi+zﬁiixi2+z Z Byxix; + €
=1 i=1

Particle size (um)

where y represents the predicted response, f, is the constant
(intercept) term, f; is the coefficient of linear terms, f; is
the coefficient of quadratic terms, ﬁij is the coefficient of
interaction terms, € represents the noise or error observed in
the response y, x; and x; are uncoded independent variables.

Checking the Adequacy of the Model and Optimization

The adequacy of the quadratic polynomial regression model
was checked using the analysis of variance (ANOVA) which
includes the Fisher variance ratio test (F-test). However, the
fit quality of the model was assessed using the coefficient of
determination (R?). The significance of the model terms was
assessed according to the p-value under a 95% confidence
level.

The functional relationships between leaching parameters
were developed by analyzing the experimental data using the
RSM model. The desirability function analysis tool avail-
able in the STATISTICA software was applied to find the
optimum conditions for cobalt recovery.

Model Validation

The relevancy of the developed model to predict the opti-
mum conditions for cobalt recovery was confirmed using
the optimal set-up of the parameters. The predicted cobalt
recoveries were validated by carrying out experiments, and

Q) ; .
: =1 ol the measured value was compared with the predicted value
Table 1 Chemical analysis of Element Cu0  CoO  FeO  MnO  NiO  SiO, Ca0  MgO
cobalt concentrate sample
Composition (%) 0.43 591 3.57 0.34 0.53 65.76 1.62 16.87
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Table 2 Selected variables and
range of study

Natural variables

Coded variables Levels

—a -1 0 +1 +a
pH X, 0.8 1 1.5 2 22
Time (min) X, 15.5 30 60 90 104.5
FeSO,-7H,0 (g) X3 0.1 2.5 7.5 12.5 14.9
Temperature (°C) X, 252 30 40 50 54.8

*a=1.48258 (orthogonality criteria)

of the model to verify the accuracy and suitability of the
optimized conditions.

Leaching Experiments

Figure 2 shows the flowsheet followed to carry out the leach-
ing experiments. All leaching experiments were done in a
2000 ml glass reactor for a working volume of 1000 ml.
The leaching reactor was equipped with a four-arm stirrer,
pH and ORP probes, a thermocouple, and a condenser. Ini-
tially, the sulfuric acid solution (1 M) was prepared by dilu-
tion with distilled water. Then, the solution was heated to
a predetermined temperature, and the pH was adjusted to
the required values by the addition of 0.1 M of sulfuric acid
(H,SO,) solution. According to the DOE, a certain amount
of ferrous sulfate (FeSO,-7H,0) was added to the sulfuric
acid solution. An amount of 200 g of concentrate sample
was taken and mixed with sulfuric acid—ferrous sulfate
solution to make the leach pulp with a solid-to-liquid ratio
of 20% w/w. The pH was kept at its initially adjusted value
during all the experiments due to its tendency to continu-
ously increase because of acid consumption as a result of
the leaching reactions. The stirring speed was maintained
constant at 600 rpm for all leaching experiments. After each
experiment, the leached pulp was filtered and washed to pro-
duce a colorless filtrate using distilled water, and the con-
centrations of metal ions contained within the solution were
determined by atomic absorption spectrometry (AAS). The
wet residue was dried in an oven at 105 °C for 12 h to check
the material balance of the process. The metal recovery was
computed using Eq. (7).

R = 2ty 100

A X (N
where R (%) is the percentage of metal recovery, M,(g) is
the weight of the metallic element contained in the pregnant
leach solution (PLS), and M(g) is the weight of the metal
contained in the raw material (concentrate sample).

To determine the proportions of cobalt in the forms of
Co?* and Co**contained in the concentrate sample, two dif-
ferent experiments were carried out followed by spectro-
metric determination using AAS. First, the dissolution of
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the concentrate in sulfuric acid medium without reducing
agent. Second, digestion of the concentrate in aqua regia.
This latter method dissolves all concentrate content. The
Co?*/Co** ratio was found to be 0.24.

Results and Discussions
Raw Data

Twenty-six experiments were performed with four parame-
ters (leaching time, pH, ferrous sulfate amount, and tempera-
ture) using CCD, a design of RSM. The experimental matrix
and the results of observed and predicted cobalt recovery
are given in Table 3. The recorded minimum, average, and
maximum extraction rates of cobalt were 22.73%, 61.20%,
and 94.22%, respectively. The maximum cobalt dissolution
yield was achieved within a leaching time of 90 min, pH
of 1, ferrous sulfate amount of 12.5 g, and a temperature
of 50 °C, while the minimum cobalt dissolution yield was
reached under a leaching time of 60 min, pH of 1.5, ferrous
sulfate amount of 0.1 g, and a temperature of 40 °C.

Quadratic Polynomial Model

The least-square error was used to estimate coefficients of
the quadratic polynomial regression model (Eq. 8) for the
prediction of cobalt dissolution from concentrate using sul-
furic acid-ferrous sulfate. The linear term coefficient interac-
tion and the two-way interactions (linear and quadratic term
coefficient interaction) of variables were considered in the
estimation of the coefficient. All coefficients were consid-
ered in the model for the predicted response to guarantee the
suitable fitting of the experimental data.

Y = —45.471 + 1.041X, + 12.311X, + 7.869X;
+ 1.013X5 — 0.007X; — 2.673X; — 0.381X;

- 0.010X7 — 0.050X,X, + 0.029X,X; ®)
—0.001X, X, + 0.009X,X; — 0.024X,X,
+0.007X;X,,



Journal of Sustainable Metallurgy (2021) 7:1838-1851 1843
Ho8S04 HoO
l l Pulp
Concentrate—» CONDITIONER » LEACHING
T Leached H20
FeSOy, . l
Wet residue SOLID‘-'LIQUID
Dry residue €4—— DRYING < SEPARATION > WASHING
Legend HGPLS LGPLS
PLS: Pregnant Leach solution
HGPLS: High Grade Pregnant Leach solution l
LGPLS: Low Grade Pregnant Leach solution PLS
Fig.2 Flowchart of the cobalt leaching experiments
Tabl‘e 3 Central COH,IPOSite Run Natural variables Co recovery (%)
Design (CCD) experimental
matrix with observed and Time (min) pH FeSO, (2) Temperature Observed Predicted
predicted cobalt recovery results (&(®)
Factorial points
1 30 1 2.5 30 29.20 27.87
2 30 1 2.5 50 33.12 31.83
3 30 1 12.5 30 61.29 60.52
4 30 1 12.5 50 67.31 65.97
5 30 2 2.5 30 31.23 29.97
6 30 2 2.5 50 33.89 33.46
7 30 2 12.5 30 63.48 62.71
8 30 2 12.5 50 69.10 67.69
9 90 1 2.5 30 39.76 41.22
10 90 1 2.5 50 43.01 43.95
11 90 1 12.5 30 90.71 91.31
12 90 1 12.5 50 94.22 95.53
13 90 2 2.5 30 38.83 40.34
14 90 2 2.5 50 41.77 42.59
15 90 2 12.5 30 89.18 90.52
16 90 2 12.5 50 92.75 94.26
Axial points
17 15.5 1.5 7.5 40 40.66 46.56
18 104.5 1.5 7.5 40 82.45 76.15
19 60 0.8 7.5 40 72.56 72.94
20 60 22 7.5 40 74.33 73.55
21 60 1.5 0.1 40 22.73 22.55
22 60 1.5 14.9 40 85.28 85.06
23 60 1.5 7.5 25.2 70.15 69.72
24 60 1.5 7.5 54.8 75.40 75.43
Central points
25 60 1.5 7.5 40 74.79 74.71
26 60 1.5 7.5 40 73.92 74.71
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where X, X,, X;, and X, are leaching time, pH, ferrous
sulfate amount, and temperature, respectively, and Y is the
predicted cobalt recovery. Yirgu et al. [27, 29] reported that
in a regression model, the positive coefficient of a varia-
ble indicates a synergistic effect in which the response ()
increases with the increase of independent input variables
(X;). Besides, a negative sign indicates an antagonistic
effect where response increases with the decrease of input
variables.

The relevancy of the developed quadratic model was per-
formed by hypothesis testing from ANOVA through Fish-
er's variance ratio (F-value). The hypothesis relating to the
model are as follows: H, (null hypothesis): all model coef-
ficients () are zero (inadequacy of the regression model),
H, (alternative hypothesis): at least one coefficient (f) is
not zero for a=0.05 (regression model is valid). The null
hypothesis is true when F . < F,pje (cannot be rejected).
Thus, the null hypothesis is rejected when F ;. > F e AS
illustrated in Table 4, the F-value of the model is greater
than the F-table at 95% confidence level; thus, the null
hypothesis of the model can be rejected and conversely, the
alternative hypothesis can be adopted. The hypothesis test
carried out indicates that the developed regression model
is valid.

The quality of the developed model for cobalt recovery
was also assessed using the plot of the predicted values as

a function of the observed values as illustrated in Fig. 3.
The figure indicates that the observed values are generally
located at a minimum distance along the straight line. This
indicates that the predicted values obtained from the devel-
oped model match adequately with the experimental values.

Significance of Parameters

The significance of the process parameters (linear, quad-
ratic, and interaction terms) was evaluated by Pareto analysis
known as student t-distribution. The Pareto analysis evalu-
ates the magnitude of the model variable and its error to
assign a confidence limit to the predicted model [26]. The
Pareto analysis is simple to use and provides a better way
to determine the relative importance of the parameters on
the predicted response by calculating p- and #-values. Fig-
ure 4 depicts the Pareto chart of cobalt recovery from cobalt
concentrate.

Figure 4 indicates that in linear terms, the FeSO, amount
(X3), leaching time (X;), and leaching temperature are sig-
nificant parameters for cobalt recovery at a 95% confidence
level. However, the FeSO, amount (Xlz) and leaching time
(X%) are found as significant quadratic terms. In addition,
the interaction between the leaching time and FeSO, amount
(X,X3) is the only significant linear interaction on the recov-
ery of cobalt at a 95% confidence level. Furthermore, at a

Table4 Analysis of Vari?'mce Source Sum of squares Degree of Mean square F-value Foos
(ANOVA) of the quadratic freedom
polynomial model
Model 12,733.96 14 909.56878 101.72 2.7386
Linear terms 11,172.24 4 2793.0615 312.35 3.3567
X 2031.74 1 2031.739 227.21
X, 0.88 1 0.879 0.10
X3 9064 1 9064.005 1013.65
X4 75.62 1 75.623 8.46
Quadratic terms 1244.75 4 311.1865 34.80 3.3567
xf 356.92 1 356.919 39.92
x% 4.32 1 4315 0.48
xg 874.36 1 874.362 97.78
xﬁ 9.15 1 9.15 1.02
Two-way interaction terms 316.98 6 52.8285 5.90 3.0946
X)Xy 8.93 1 8.925 1.00
X|.X3 304.07 1 304.066 34.00
X)Xy 1.53 1 1.531 0.17
Xy.X3 0.01 1 0.008 0.00
Xy.Xy 0.23 1 0.228 0.03
X3.X4 2.21 1 2.213 0.25
Error 98.36 11 8.942
Total 12,832.32 25

R*=0.99233, adjusted R>=0.98258

*Tabulated value of Fisher for alpha=0.05
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95% confidence level, the interaction between leaching time
and FeSO, amount is the only significant linear interaction
on cobalt recovery. Even though the other process param-
eters were not significant at the 95% confidence level, the
influences should not be discounted to improve the meth-
od's economic feasibility. The order of importance of the
variables considered to maximize the dissolution of cobalt

from concentrate is FeSO, amount, leaching time, leaching
temperature, and pH. The order of the linear interactions
is FeSO, amount-leaching time, leaching time—pH, FeSO,
amount-leaching temperature, leaching time—leaching tem-
perature, pH-leaching temperature, and pH-FeSO, amount.
The sequence of the importance of quadratic terms is the
same as that of linear terms.
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It should be mentioned that the significance in this con-
text refers to the plausibility of the effect in the area of the
data. A given parameter can be statistically insignificant
while it is scientifically significant and vice versa [20].

Two- and Three-Dimensional Response Surfaces
Plots

The effects of single parameters and the interaction of
parameters on cobalt recovery are predicted using the desir-
ability function. The interaction of parameters is illustrated
by contour (2D) and three-dimensional (3D) surface plots
(Fig. 6A and B) with the stationary point corresponding to
the mean condition. The plots of the contour or 3D sur-
face of the response as a function of two variables were
constructed by keeping the other two variables constant at
their central (mean) values. The curvature of the interac-
tion surface between variables is generally flat and slightly
twisted [26].

Leaching Time-pH

Figure 6A(a) and B(a) shows the combined effect of leach-
ing time and pH on the recovery of cobalt. Figure 6A(a)
illustrates a plane curvature shape with maximum point (sta-
tionary point). It can be determined from the profile view
of the 3D surface map that the increase in leaching time
from 80 to 120 min increases significantly the recovery of
cobalt. The leaching time is a critical factor in the dissolu-
tion process because it allows to reach the equilibrium of

@ Springer

the solvent—solute system [30]. However, the increase (or
decrease) in the pH has a less significant effect on the cobalt
extraction from concentrate, which explains the straight lines
parallel to the pH axis and perpendicular to the time axis
(ellipse shape) shown in Fig. 6B(a). It is highly important to
mention that the pH is less statistically significant in the area
considered in this study (i.e., pH 1-2.2). The selected range
of pH variation corresponds to the domain of stability of
the Co?* ions according to the Eh—pH diagram constructed
using HSC Chemistry software (ver.6.0) (Fig. 5). However,
the acidity characterized by pH is an important factor in the
phenomenon of metals dissolution, especially cobalt [7, 30,
31].

Leaching Time-Ferrous Sulfate

Figure 6A(b) and B(b) shows the interaction of leaching
time and ferrous sulfate effect on cobalt recovery. As shown
clearly in Fig. 6A(b), the recovery of cobalt is more sensi-
tive to the leaching time—ferrous sulfate pair. The trend for
cobalt recovery indicates that there is a stronger relation-
ship between the amount of ferrous sulfate and the leaching
time since a longer reaction time is essential to achieve high
cobalt extraction. The 2D contour plot (Fig. 6B(b)) shows
that the cobalt recovery value was the maximum at 90 min
and the lowest at 20 min. The results show that most of
the cobalt contained in the concentrate is in the Co>* form.
Thus, the addition of ferrous sulfate acts as a reducing agent,
transforming Co>" into Co** according to the following
reaction (Eq. 9).
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Fig.6 3D surface (A) and
contour plot (B) of desirability
function on cobalt recovery for
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Figure 6A(c) and B(c) depicts the combined effect of leach-
ing time and leaching temperature on the cobalt dissolution

efficiency. Cobalt extraction rate increases with the simulta-
neous increase in leaching time and temperature. Neverthe-
less, the dissolution of cobalt is more sensitive to reaction
time than to temperature. This justifies the asymptotic shape
of the contour lines with respect to the temperature axis
as shown in Fig. 6B(c). The leaching efficiency of cobalt
increases gradually while the time increased and almost
reached equilibrium after about 100 min corresponding
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to about 70% of the recovery. From the results shown in
Fig. 6A(c) and B(c), it should also be noted that equilibrium
was reached faster at high temperatures due to the greater
kinetics of leaching reactions.

pH-Amount of Ferrous Sulfate

Figure 6A(d) and B(d) shows the interaction effect of pH and
the amount of ferrous sulfate on cobalt dissolution. From the
figures, it is explicitly shown that the interaction between the
pH and the amount of ferrous sulfate is poor, as it was men-
tioned previously during the analysis of the significance of
the parameters. However, the amount of ferrous sulfate still
plays an important role in the dissolution of cobalt. Indeed,
the cobalt extraction rate increases from about 10 to 70%
when the amount of ferrous sulfate increases from 0 to about
10 g. The level lines parallel to the pH axis on the 2D con-
tour plot (Fig. 6B(d)) express the less significant effect of the
pH on the dissolution of cobalt. As mentioned in Sect. 3.4.1,
the dissolution of cobalt requires an acidic medium. How-
ever, the selected range of pH variation is already favorable
for dissolving cobalt, which explains the non-significance
of the pH variable from a purely statistical point of view.

pH-Leaching Temperature

The combined effect of pH and leaching temperature is
displayed in Fig. 6A(e) and B(e). The interaction between
pH and leaching temperature is represented by an almost
circular outline with a maximum stationary point, which
may explain the combined effect of reaction temperature
and solution pH on the dissolution of cobalt. However, the
dissolution of cobalt increases very slightly with an increase
in the pH of the solution, resulting in quite curved lines as
shown in Fig. 6B(e). Moreover, about 75% of the cobalt
is extracted from the concentrate when the temperature is
about 50 °C and the pH of the solution is approximately
equal to 1.4.

Ferrous Sulfate-Leaching Temperature

Figure 6A(f) and B(f) illustrates the interaction effect of
the leaching temperature and amount of ferrous sulfate on
the dissolution of cobalt. It can be seen in the figures that
the leaching temperature interacts with the amount of fer-
rous sulfate to enhance the dissolution of cobalt. The cobalt
recovery was slightly improved in terms of leaching temper-
ature compared to the amount of ferrous sulfate. The result-
ing 2D contour plot is an ellipse with the major axis oriented
in the direction of the temperature axis and the minor axis
oriented in the direction of the FeSO, axis (Fig. 6B(f)). The
pronounced effect of temperature can be explained by the

@ Springer

fact that it increases the reactivity of ferrous sulfate in aque-
ous solution, which leads to an increase of cobalt extraction
rate by the reduction mechanism as discussed previously.

Optimization of Cobalt Recovery

The desirability function was used to optimize the response
(cobalt recovery, %). The desirability function describes the
relationship between predicted responses to one or more
dependent variables and the desirability of those responses.
Two steps are essential to establish the desirability profile:
(1) defining the desirability function for each dependent
variable by assigning predicted values, ranging from 0 (very
unwanted) to 1 (extremely desirable), and (2) finding the
geometric average of the individual desirability scores for
each dependent variable. Desirability profiles consist of a
series of graphs for each independent variable and a total
desirability score at different levels of one independent
variable while keeping the levels of the other independent
variables constant. Examining the desirability profiles can
display which independent factor levels give the most desir-
able predicted responses on the dependent variables [26].

The desirability profiles for each process parameter and
response predicted at the optimum conditions are shown
in Fig. 7. The predicted cobalt recovery from concentrate
was 95.79% at the following optimum process conditions:
leaching time of 104.48 min, pH of 1.87, amount of ferrous
sulfate of 14.9 g, and leaching temperature of 54.8 °C. The
predicted cobalt recoveries were validated by carrying out
experiments (Table 5). The last two conditions (run 2 and
3) were chosen by rounding off by default and by excess
the obtained optimal operating conditions. As illustrated in
Table 5, the model is in good agreement with the experimen-
tal data, with an error less than 5%. Thus, the model is valid
for predicting the cobalt recovery within the studied range
with a 95% confidence level.

The chemical composition of typical leach solutions
found at optimal conditions is given in Table 6.

Conclusions

The effect of process variables such as the leaching time,
pH, ferrous sulfate amount, and leaching temperature in
the extraction of cobalt from ore concentrate has been
investigated and optimized performed by RSM, based on
CDD. A quadratic polynomial model was developed to
represent the cobalt recovery expressed as a function of
the four variables by applying the least-squares method.
The obtained results indicate that the leaching time—fer-
rous sulfate amount interaction was the most important
for cobalt recovery. From the desirability function, the
optimum conditions for cobalt recovery (95.79%) were
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Tablg 5 Validation of Fhe Run Time (min) pH FeSO, (g) Temperature Cobalt recovery (%)
predicted model at various (°C)
process conditions Observed Predicted Error
1% 104.48 1.87 14.9 54.8 93.82 95.79 2.05
2 105 1.9 15 55 98.07 95.60 2.51
3 104 1.8 14 54 92.75 95.89 3.27

# Optimum conditions

Table 6 Chemical composition of the leaching solution at optimal
conditions

Element Cu Co Mn Fe Mg

Composition (g/l) 0.491 6.3553 0.124  4.786 2.125

obtained at the following conditions: the leaching time
of 104.48 min, pH of 1.87, amount of ferrous sulfate of
14.9 g (corresponding to about 7.5 wt% of the cobalt con-
centrate), and leaching temperature of 54.8 °C. The result
showed that the model of predictions matched with the
experimental data. Therefore, the results of this study may
help to increase the efficiency of the cobalt reductive dis-
solution process. Considering the large amounts of silicon

and magnesium contained in the concentrate, the methods
of purification of the leach solution can be investigated
further. These methods include decantation by flocculation
for the removal of silicon or the precipitation of MgSO, in
the form of Mg (OH,), which makes possible the removal
of silicon by adsorption.
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