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Abstract

This study investigates the potential use of effluents from sulfuric acid pro-
duction as a reducing agent for cobalt leaching. The aim is to reduce produc-
tion costs by substituting sodium metabisulfite (SMBS) with effluents rich in
sodium bisulfite. Leaching experiments were conducted to determine the most
effective reducing-agent dose, and its addition point. The findings show that
the reducing agent dose has a significant impact on the cobalt extraction, with
optimal yields approaching 90% for both SMBS and effluents at 5 kg of SO,
per ton of ore, with the reducing agent added at t = 1 h. Changes the reducing
agent addition point from t = 1 h to t = 0 h had a beneficial effect on copper
extraction by avoiding the precipitation of Chevreul’s salt, but they had little
effect on cobalt recovery. The results confirm that effluents can be used as a
cost-effective alternative to SMBS, as long as they are processed to raise the
concentration of bisulfite, even though using raw effluents results in a slightly
higher acid consumption.
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1. Introduction

The growing adoption of electric vehicles and green energy technologies has

driven a substantial and sustained increase in global cobalt demand, with EV's now
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representing the largest and fastest growing end-use segment [1]-[3]. This de-
mand is reinforced by cobalt’s essential role in high-energy-density cathode chem-
istries (NCM/NCA) and by its exceptional physicochemical and mechanical prop-
erties ferromagnetism, ductility, and high-temperature and corrosion resistance
which underpin its wide-ranging use in modern engineering, from superalloys to
electronics and aerospace [3] [4]. Owing to its low crustal abundance and its char-
acteristic association with sulfide mineralization, cobalt is only rarely mined as a
primary commodity and is instead predominantly recovered as a by-product of
copper and nickel production [5] [6]. A dominant share of global cobalt output
originates from the African Copperbelt, and more specifically from the Demo-
cratic Republic of Congo (DRC), which alone supplies the majority of the world’s
primary cobalt [3] [6]. Within this district, cobalt is chiefly hosted in heterogenite
(CoOOH), a supergene oxide phase in which cobalt occurs predominantly in its
trivalent (Co®") state [5] [7]-[9].

The presence of Co®* in heterogenite strongly limits its dissolution during con-
ventional sulfuric acid leaching: Co(III) is poorly soluble under acidic conditions,
whereas its reduction to Co(II) yields the readily soluble Co?* species, making the
establishment of an appropriate reducing environment a key requirement for ef-
ficient cobalt extraction [9]-[12]. The effectiveness of reductive leaching is there-
fore governed not only by the intrinsic reducibility of the cobalt-bearing phases
but also by the nature, dosage, and addition strategy of the reducing agent. Several
reductants have accordingly been investigated for oxidized Cu-Co ores, including
ferrous ions, sulfur dioxide (SO,), sodium metabisulfite (SMBS), and metallic cop-
per, each entailing distinct trade-offs in reduction efficiency, reagent cost, and en-
vironmental burden: SO, requires stringent gas-handling infrastructure, ferrous
sulfate introduces substantial iron loads into the leachate, and sulfite-based rea-
gents add sodium ions that increase the downstream salt burden [4] [11]-[13].
Among these, SMBS remains the reductant of choice at both laboratory and in-
dustrial scale, owing to its favorable cost-efficiency ratio: it reacts readily with sul-
furic acid to generate SO, in situ, which acts as the active reducing species and
promotes the conversion of Co(III) to soluble Co(II) in Copperbelt oxide ores [4]
[9] [14]. However, reductant addition can also induce secondary reactions involv-
ing previously dissolved metals, particularly copper, potentially leading to the pre-
cipitation of copper sulfite phases and thereby affecting overall metal recovery.
Consequently, optimizing both reducing-agent dosage and addition point is es-
sential to maximize cobalt dissolution while limiting reductant consumption and
undesirable side reactions [11]. These considerations are particularly relevant for
industrial leaching circuits, where excessive SO, consumption and incomplete uti-
lization of the reducing agent may increase reagent and acid consumption and
raise operational and environmental concerns [9].

At Tenke Fungurume Mining (TFM), approximately 185 km northwest of Lu-
bumbashi, SMBS is routinely used to promote cobalt reduction during leaching

[15]. However, the associated sulfuric acid plant generates effluents containing
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sodium bisulfite, formed through the neutralization of SO, with sodium hydrox-
ide (Equation (1)). Since bisulfite constitutes the active reducing species generated
upon SMBS dissolution, these effluents represent a potential alternative reducing,
and currently underexploited, source reducing power for cobalt leaching circuits

[11]. The corresponding reactions are summarized in Equations (2)-(5):

NaOH + SO, - NaHSO; (1)

Na,;5,05 + H,O > 2NaHSO; (2)
Na;$,05 + H,SO4 - Na SO, + 250, + H,O (3)
2NaHSOs + H,S04 > Na,SO4 + 250, + 2H,O (4)
2CoO(OH) + H,SO0;4 + SO; > 2Co0S0O;4 + 2H,0 (5)

This study evaluates sulfuric acid plant effluents as an alternative reducing
agent for cobalt leaching, with the objective of reducing SMBS consumption and
operating costs. Ten leaching tests, in addition to a blank test without reducing
agent, were conducted to optimize the reducing-agent dosage, and addition point.
Since cobalt is recovered as a by-product of copper leaching at TFM, pH, particle
size, pulp density, and sulfuric acid concentration were maintained at the operat-

ing conditions used for copper leaching.

2. Materials and Methods
2.1. Materials

Ore and effluent samples collected consisting primarily of heterogenite and mal-
achite, sampled from the ROM pad, while the effluents and HG raffinate were
collected from the sulfuric acid plant and SX plant respectively. Both materials
were prepared and characterized prior to leaching experiments conducted in the
TFM laboratory.

2.2. Experimental Setup

Leaching experiments were performed in a 1-L beaker immersed in a Precisdig
thermostatic water bath. A Faithful mechanical stirrer provided constant agitation
and ensured adequate suspension and mixing of the pulp. The pH was monitored
throughout each experiment using a Mettler Toledo pH meter. A schematic rep-

resentation of the experimental setup is presented in Figure 1.

2.3. Experimental Procedure

A grindability test was first performed to determine the grinding time required to
obtain a particle size of 75 um (Table 1). Eleven subsequent leaching tests were
conducted using the conventional univariate approach, including five using so-
dium metabisulfite (SMBS), five using acid plant effluents, and one blank test
without reducing agent. For each reducing agent, four tests were performed at
different dosages and one varying the reducing addition point (Table 2).

For each experiment, 201.00 g of ore was mixed with HG raffinate to obtain a

pulp density of 30%. The slurry was agitated at 350 rpm and maintained at 41°C,
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Fa Mechanical stirrer

pH =18

Temperature = 41 °C
Stirring speed = 350 rpm

Water bath ot

Mettler Toledo pH-meter

Figure 1. Experimental montage.

Table 1. Grindability test conditions.

Grinding (min) Feed (g)

4 600

6 600

8 600

10 600

Table 2. Experimental conditions.
SMBS Effluents
N So(zk‘;):; 8 Volume (ml)  Time (h) A;l)iiit;:)n SO(zkc;(/):)a 8 Volume (ml)  Time (h) A;l)jiit;:)n

1 4 12 6 t=1h 4 31 6 t=1h
2 5 15 6 t=1h 5 39 6 t=1h
3 6 18 6 t=1h 6 46 6 t=1h
4 7 21 6 t=1h 7 54 6 t=1h
5 5 15 6 t=0h 5 39 6 t=0h

with a sulfuric acid concentration of 10 N and an initial pH of 1.8. The pH was
continuously monitored and adjusted, when necessary, by adding sulfuric acid. In
the dosage-variation tests, the reducing agent was introduced 1h after the onset of
leaching. All leaching experiments were carried out for a fixed duration of 6h. At
the end of each experiment, the slurry was filtered to separate the leachate from
the solid residue. The feed and residues were dried and analyzed by X-ray fluores-
cence (XRF), while the leachates were analyzed by inductively coupled plasma op-
tical emission spectrometry (ICP-OES). Below, t = 0 h is the start of the reaction
and t = 1 h is one hour into the reaction. To assess leaching performances, extrac-
tion recovery was calculated from the feed and tailings grades as shown in Equa-
tion (6), where F and G are respectively the feed and tail masses, g and f, feed and

tail grades.
Ff —Tt

Recovery (%) = x100 (6)
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The 10 N sulfuric acid solution was prepared by diluting concentrated solution
(Equation (7)), with the acid mass derived from volume using the normality for-
mula (Equation (8)). Bisulfite/SMBS dosage for a target SO, quantity was calcu-
lated from the stoichiometry of Equations (2) and (3).

NV, = N,V, 7)
where 1 and 2 indicate the concentrated and diluted acid solution respectively,
while N and V represent the normality (N) and the volume (L) respectively.

mxXx

N = 8
V xMm ®

where m the mass (g), x the equivalents per mole (eq/mol), and AMm the molar

mass (g/mol).

3. Results and Discussion

The chemical compositions of the ore and sulfuric acid plant effluents are pre-
sented in Table 3 and Table 4, respectively. The ore contained 1.121% Cu, of
which 94% was acid-soluble, and 0.443% Co, with 82% solubility. The concentra-
tions of Fe, Mn, Ca, Mg, and Al were 1.740%, 0.041%, 0.27%, 3.54%, and 2.86%,
respectively. The effluents contained 0.003 g/L Mn, 0.209 g/L Ca, 0.810 g/L Mg,
2.120 g/L Al, 9.339 g/L Na, and 13.077 g/L S. Based on their chemical composition,
the sodium bisulfite concentration was estimated at approximately 42.5 g/L, while
SMBS was prepared at 100 g/L. However, the HG raffinate contains 0.86 g/L Cu,
1.526 g/L Co, and notable I; purities (Fe, Mn, Ca, Mg, Al).

The ore was subsequently ground to the target particle size for the leaching
tests. The grindability data (Figure 2) were fitted using the regression equation

given in Equation (8), where xrepresents grinding time and y the percentage pass-

ing 75 um.
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Figure 2. Grindability curve.
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Table 3. Chemical composition of the ore sample.

Analysis T-Cu% T-Co% As-Cu% As-Co% Fe % Mn % Ca% Mg % Al %
Sample 1.121 0.443 1.054 0.364 1.740 0.041 0.27 3.54 2.86
Table 4. Effluents and HG raffinate composition.
Analysis Cug/L Cog/L Fe g/L Mn g/L Cag/L Mg g/L Alg/L Na g/L Sg/L
Effluents 0.000 0.000 0.000 0.003 0.209 0.810 2.120 9.399 13.077
HGraff 0.868 1.526 1.464 0.889 11.50 0.315 0.351 - -
y =4.565x +37.22 9)

With R? = 0.996, Equation (9) estimated 9.37 min to achieve 75 pm.

3.1. Effect of Reducing-Agent Dosage

The blank test was conducted to quantify cobalt dissolution in the absence of a

reducing agent. A cobalt extraction of 80.79% was achieved, indicating that most

of the cobalt was readily leachable under the prevailing conditions.
At a dosage of 4 kg SO,/t, cobalt extraction reached 83.67% with SMBS and
86.37% with acid plant effluents (Figure 3). Increasing the dosage to 5 kg SO./t

increased extraction to 87.85% and 89.46%, respectively. Further increases in dos-

age did not improve cobalt recovery: at 6 kg SO./t, recoveries decreased to 82.14%
for SMBS and 85.79% for effluents, while at 7 kg SO,/t they reached 83.07% and

87.62%, respectively.
100
L dsMBS
I 1 Effluents|
~ 80}
e\z
2
5]
>
Q
8
S
O 60
40
4 kg/t 5 kg/t 6 kg/t 7 kg/t
SO, dosage

Figure 3. Cobalt extraction when the reducer dose is varied.

These results confirm that cobalt extraction is dosage-dependent, with 5 kg

SO,/t identified as the highest performing dosage for both reducing agents. At this
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dosage, the effluents achieved a reductive performance comparable to that of
SMBS, while their performance is consistent with the operating conditions cur-
rently applied at TFM.

Notably, the difference between the blank test (80.79%) and the maximum ex-
traction obtained with the reducing agents (<10 percentage points) indicates that
the contribution of reductive leaching to overall cobalt dissolution was relatively
limited.

This may further suggest that the reduction of trivalent to bivalent cobalt is also
governed by additional operating parameters that were not varied in this study, as

their values were held constant to meet the requirements of copper leaching.

3.2. Effect of Reducing-Agent Addition Point

The effect of reducing-agent addition point was investigated by shifting the addi-
tion point from t = 1 h to t = 0 h with 5 kg of SO./t. As shown in Figure 4, cobalt
recoveries were 88.39% with SMBS and 88.10% with acid plant effluents. Thus,
advancing the reducing-agent addition from t = 1 h to t = 0 h had no significant

effect on cobalt recovery, irrespective of the reducing agent used.

100
[ ASMBS
I JEMuents
~ 80
X
Z
[
>
S
g
5
O 60
40
1h Oh
SO, Addition point

Figure 4. Cobalt extraction as a function of leaching time and reducing-
agent addition point.

In contrast, earlier addition significantly improved copper recovery. With
SMBS, Cu extraction increased from 89.92% to 92.05%, while for effluents extrac-
tion increased from 89.05% to 93.97%. This improvement can be attributed to the
effect of the reducing-agent addition point on Chevreul’s salt precipitation
(Cu,S05-CuS0;-2H;0). As reported by [9] and [5], the timing of reducing-agent
addition can influence copper recovery by promoting or suppressing the for-
mation of this copper sulfite phase. In the present study, addition at t = 0 h limited

Chevreul’s salt precipitation, thereby increasing copper recovery (Figure 5). A
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similar effect was reported by [11] when the addition point was shifted from t = 3

htot=0h.
100
E_JdsmBS
I JEffluents
< 8ot
2
4
S
s
=
O
60
al 1h Oh

SO, Addition point

Figure 5. Copper extraction as a function of reducing-agent addition point.

3.3. Effect of Effluents on Impurity Leaching and Acid
Consumption

Impurity dissolution and acid consumption at 5 kg of SO,/t are presented in Fig-
ure 6 and Figure 7, respectively. Compared with SMBS, the use of effluents had
little effect on Fe and Mn dissolution but substantially decreased Al leaching. Fe,
Mn, and Al extractions reached 24.13%, 86.88%, and 26.77%, respectively, with
SMBS, compared with 24.45%, 89.46%, and 16.03% with effluents.

100 —
I 1SMBS
I 1 Effluents
80
&
S
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B 60
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«
&
]
o
& a0}
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| I m
0
Fe Mn Al

Figure 6. Extraction of impurities during leaching.
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24

16

Sulfuric acid consumption (kg/t)

SMBS Effluents

Figure 7. Leaching-agent consumption.

Table 5 shows that effluent use also increased H,SO, consumption by approxi-
mately 4.4 kg/t at an SO, dosage of 5 kg/t. This additional acid demand is likely
associated with the lower bisulfite concentration of the effluents (42.5 g/L) com-
pared with the SMBS solution (100 g/L), requires a larger volume of reducing so-
lution to achieve the target SO, dosage and, consequently, the resizing of some
existing equipment. However, the cost analysis presented in Table 6, based on
unit prices of USD 850/t for sulfuric acid and USD 960/t for SMBS shows that
replacing SMBS with raw effluents could save TFM up to USD 3.3/t of ore, which
represents an economically attractive option. These savings could increase fur-

ther, as sulfuric acid is produced on site.

Table 5. Sulfuric acid consumption.

Sulfuric acid consumption (kg/t)

N° SO: dosage (kg/t)
SMBS Effluents
1 4 15.1 19.5
2 5 15.8 20.2
3 6 15.1 23.2
4 7 15.8 23.9
5 5 15.7 20.3

Table 6. Cost analysis between excess acid consumption and use of SMBS.

Consumption Unit price
Item Cost (USD/t ore)
(kg/t ore) (USD/t reagent)
Acid overconsumption 4.4 850 3.74
SMBS (for 5 kg SO/t ore) 7.42 960 7.12
Recoverable amount 3.38
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Increasing the bisulfite concentration through effluent pretreatment could
therefore reduce acid consumption and improve both the effectiveness and prac-
tical applicability of the effluents as an alternative reducing agent under TFM

plant conditions.

4. Conclusions

Leaching experiments conducted under TFM operating conditions demonstrated
that cobalt extraction is strongly dependent on reducing-agent dosage, with re-
coveries approaching 90% at 5 kg SO,/t for both SMBS and acid plant effluents.
Increasing the dosage beyond this level did not improve cobalt recovery. Advanc-
ing the reducing-agent addition from t = 1 h to t = 0 h had little effect on cobalt
extraction but enhanced copper recovery by limiting Chevreul’s salt precipitation.

Overall, acid plant effluents exhibited a reductive performance comparable to
that of SMBS, demonstrating their potential as an alternative reducing agent for
cobalt leaching. However, the use of untreated effluents increased H,SO4 con-
sumption by approximately 4.4 kg/t ore, mainly due to their lower bisulfite con-
centration, although the additional acid cost remains economically offset by the
SMBS savings. Increasing the bisulfite concentration through effluent pretreat-
ment, or partially substituting SMBS with effluents, could therefore provide a
practical approach to reducing SMBS consumption while maintaining leaching

performance.
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