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From 2010, the dolomite concentration in the ore fed to the Usoke Plant increased, 
resulting in a significant increase in the gangue acid consumption and Mg build-up in the 
circuit, and thus an increase in the Mg:Co ratio in the plant solutions. This affected the Co 
salt grade, reagent consumption, filtration and drying capacity. Efforts were put in place 
to minimise the acid consumption and consequently the Mg dissolution (such as use of 
pre-diluted acid), but the benefits were negligible. Various efforts were then initiated by 
CHEMAF to improve the cobalt plant productivity (quantity and quality) by process 
changes, dual precipitation and seed recycle. The positive results obtained in the 
laboratory were successfully implemented on plant scale. A change in the process from a 
single-stage precipitation with Na2CO3 to dual precipitation using a combination of 
Na2CO3 and NaOH improved the capacity of the Co salt filtration by 30%, the Co salt 
grade and drying capacity by 50%, and reduced the reagent consumption by 22%. 
Implementation of precipitate seed recycle increased Mg rejection by 40%, improving the 
Co salt grade from 20% to 25%, and yielding a further drop in reagent consumption. 
  
 

INTRODUCTION 
 

CHEMAF (Chemicals of Africa), a mining company located in Katanga province of Democratic 
Republic of Congo (DRC), has been operating since 2003. The Usoke hydrometallurgical plant treats 
the Cu-Co ore from the Etoile pit to produce Cu cathodes via a leach–solvent-extraction (SX)–
electrowinning (EW) circuit and Co salt via a selective precipitation process. The plant was designed 
to treat run-of-mine (ROM) ore grading 6% Cu and 1.5% Co; but, in 2008, due to a decline in grades, a 
heavy-media separation (HMS) plant was commissioned to enrich the low-grade ROM (3.5% Cu and 
0.5% Co) up to 8% Cu and 1% Co before feeding it to the hydrometallurgical plant. 
 
Co is recovered by precipitation of Fe and Al with limestone, followed by Co precipitation as Co 
carbonate using sodium carbonate (Na2CO3), also known as soda ash. 85% of the final effluent from 
cobalt precipitation is recycled back to the plant as process water; the balance, 15%, is bled out and 
compensated for by fresh water top up to control and retard the rate of sodium sulfate build up. 
 
Since 2010, an increase in Mg:Co ratio in the Co precipitation feed solution, due to an increase in 
dolomite and drop in Co grade in the HMS concentrate fed to the plant, has led to a significant jump 
in production costs, including high Na2CO3 consumption, high transportation costs due to the drop in 
quality and penalties related to Mg. Changes and improvements to the Co recovery process were thus 
urgently needed. The results of various investigations, process changes and full-plant scale 
implementation to sustain the Chemaf Co plant productivity in spite of the high Mg:Co ratio in feed 
solution are discussed. 
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LITERATURE REVIEW 
 

In many Cu projects, Co is recovered as a by-product and, as such, Co revenue is considered as a 
“bonus”. Due to the wide range of products offered in the Co market, there are many possibilities for 
Co process selection. The most well-known processes are impurity removal followed by Co 
precipitation as low-grade salts; Co salt calcination and SXEW for Co oxide and Co metal or high-
grade Co salt production (Miller, 2009). Some DRC and Zambian projects still use the traditional 
process of purification by selective precipitation with lime, followed by re-leaching and 
electrowinning for Co metal production (Louis, 20009, Roux et al., 2009). Other modern refining 
flowsheets have been investigated for DRC production, comprising a combination of precipitation, SX 
and ion exchange (Cole & Feather, 2008). 
 
In all these cases, the economics of the Co recovery processes are largely driven by the grade of Co in 
the ore and the level of impurities transferred into the Co solution via leaching. The leaching of 
impurities directly affects the reagent consumption for their removal as well as for the Co 
precipitation. This will also affect both Co recovery and Co product quality. In some projects, the level 
of impurities in the leach solution is reduced by the use of pre-diluted acid (Miller, 2005). This was 
implemented at Usoke but the benefits were negligible. In some cases, the economics are so poor, 
obliging the projects’ owners to focus on the Cu production and ignore the Co; the bleed of Cu SX 
raffinate containing 1 g/L Co to a lined tailings dam without Co recovery at MMG’s Kinsevere 
operation in DRC is a typical example. 
 
In the cobalt precipitation process, the selection of the precipitant is generally driven by the reagent 
cost, the level of impurities in the feed solution (mainly Mg and Mn) and the extent of their rejection at 
the optimum Co precipitation pH. The rejection of these impurities at the cobalt precipitation is also 
highly dependent on their ratio with respect to Co. Experience shows that carbonate-based reagents 
(mainly Na2CO3) have low Mg and Mn rejection compared to the hydroxide-based reagents (NaOH, 
lime, MgO). Na2CO3 and NaOH have been in use for years in many DRC projects to produce a 
sealable cobalt product but the tendency of new projects is towards using MgO (Miller, 2009). 
 
To promote better crystal growth, in order to improve precipitant utilization and precipitate 
dewatering (settling and filterability), seed recycle is generally practiced (Miller, 2009; Kuyucak et al., 
2002). Some patented techniques, such as High Density Sludge HDSTM and similar, initially used in 
water treatment, are now implemented for valuable metals precipitation processes (HGE, 2007). 
 
 
ANALYSIS OF PLANT DATA  

 
The chemical composition of the Co carbonate produced from Jan 2010 to Jan 2011, the period 
preceding the start of the investigation, was analyzed to determine the relative impact of each 
impurity on the Co grade. The observations are summarized in Figure 1 and Table I. There was a steep 
drop in the grade of the Co carbonate starting from Nov 2010, which coincided with the increase in 
Mg in the feed. The increase of Mg level affecting the Co carbonate grade was confirmed by the 
increase in Na2CO3 consumption (Na2CO3 is not highly selective for Co precipitation over Mg, in 
comparison with MgO and NaOH). The increase of Mg:Co ratio in the solution feeding the Co 
precipitation, a consequence of the high level of dolomite in the plant feed Cu concentrate, was 
evidenced by the abnormal increase in the gangue acid consumption (GAC).  
 
Regression Analysis 
With the aim of identifying the main factors that affect CHEMAF’s Co carbonate grade, a regression 
analysis was performed on the Co salt composition using data from Jan 2010 to Jan 2011. The results 
showed that Mg, followed by Ca and Fe, were the major impurities affecting the Co salt grade.  
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Figure 1.  CHEMAF cobalt carbonate composition from Jan 2010 to mid Jan 2011. 
 

Table I. Characteristics of the HMS concentrate and Co feed solution. 
 

Period 

HMS Concentrate Co feed solution CoCO3 grade Na2CO3 
consumption 

(t/t Co) 
Cu 
(%) 

Co 
(%) 

Mg 
(%) 

Ca 
(%) 

GAC 
(kg/t) 

Co 
(g/L) 

Mg 
(g/L) 

Mg:Co 
ratio 

Co 
(%) 

Mg 
(%) 

Oct-10 6.79 1.34 1.62 2.30 121.10 3.72 4.11 1.10 18.05 4.64 7.88 
Nov-10 7.52 1.16 1.77 2.23 109.03 3.09 4.46 1.44 18.38 4.93 7.95 
Dec-10 8.73 1.15 2.24 4.38 187.81 2.84 7.80 2.75 16.48 6.47 9.75 
Jan-11 7.97 1.21 2.78 4.52 249.67 2.98 13.52 4.54 12.45 10.79 19.49 

 
 
LABORATORY TESTWORK 
 
Testwork Procedures and Methodology 

Laboratory test work was performed in order to: (a) determine the optimum precipitation pH for 
different Mg:Co ratios in the Co solution to minimise the effect of Mg on the Co carbonate purity 
without significant reduction of the Co precipitation efficiency; and (b) identify the best precipitant 
and precipitation conditions that give good precipitate quality at the lowest cost. 
 
All the tests were conducted in a 1000 mL beaker using plant solution. About 50 L plant solution was 
collected at the cobalt precipitation solution feed pump discharge. The Mg:Co ratio in the solution was 
varied from 1.0 to 4.0 by addition of pure Mg sulfate powder. The precipitation temperature was 
maintained at 45oC using a hot plate. Although, in practice, the precipitation process is likely to be 
operated at elevated temperature (Miller, 2009), the Usoke cobalt plant experience showed that 
temperatures above 45oC tend to increase the kinetics of Mg precipitation, resulting in a drop of cobalt 
product purity. The pH was varied in the range of 7.0 to 8.8 for each Mg:Co ratio in the first test series 
and for each precipitant in the second series, and was controlled with a laboratory pH meter. 

 
All reagents were prepared in distilled water at 20%w/w in solution or slurry form and were dosed 
into the precipitation (in the beaker) using a burette to evaluate their respective consumptions. After 
precipitation, the precipitates were filtered, washed with distillated water, dried in oven at 100oC and 
weighed before being analyzed. Feed solution, and filtrate+wash solution volumes were also 
measured before being analyzed for the calculation of metals precipitation efficiency. Feed solutions 
and cobalt precipitates (after digestion) were analysed by inductively coupled plasma–optical 
emission spectrometry (ICP-OES). The solutions following precipitation were analysed by atomic 
absorption spectrophotometry (AAS).  
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Settling tests were performed in a 1000 mL measuring cylinder using plant flocculant (Magnafloc 919) 
at the plant operating dosage of 40 g/t and strength of 0.25%w/v. Filtration tests were conducted 
using Buchner funnel connected to a vacuum pump. 

 
Results and Discussion 
Effect of Magnesium to Cobalt Ratio 
Figure 2 shows the evolution of Co and Mg precipitation efficiency. At low Mg:Co ratios, the Co 
precipitation efficiency is higher, then drops with an increase in Mg:Co as Mg precipitation increases. 
At pH 7.0 to 8.8, the precipitation of both Co and Mg are thermodynamically possible, but the 
thermodynamics are much more favorable for Co. With an increase in Mg:Co ratio (increase in Mg 
concentration), the precipitation thermodynamics also become more favorable for Mg and its kinetics 
increase, to the detriment of Co and causing a drop in Co precipitation efficiency. 
 

   
Figure 2. Evolution of Co and Mg precipitation efficiency as a function of pH at different Mg:Co ratios. 

 
Figure 3 shows the changes in Co and Mg concentrations in the carbonate. A sharp increase in the Mg 
grade with a consequent drop in Co grade can be seen, at pH 8.5 for lower Mg:Co ratios, and at pH 7.5 
to 8.0 for higher Mg:Co ratios.  This is caused by high Mg precipitation. 
 

  
Figure 3. Evolution of Co and Mg grade in the carbonate product in function of pH for different Mg:Co ratios. 

 
For each solution Mg:Co ratio, it is possible to achieve acceptable CoCO3 purity and minimise the 
impact of Mg by lowering the precipitation pH, but at the cost of compromising on Co precipitation 
efficiency. The results show that the Na2CO3 is selective for Co precipitation over Mg only at relatively 
low pH. The selectivity drops rapidly with an increase in pH. Hence, considering a minimum Co 
carbonate grade of 20% (Chemaf’s customer specification is 18%, but Chemaf targets >20% to 
minimise transportation costs), Table II shows the optimum precipitation pH for each solution Mg:Co 
ratio. Due to the reduction in Co precipitation efficiency and potential loss indicated by a cost-benefit 
analysis, the approach of lowering the precipitation pH to sustain the Co grade was rejected. 
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Table II. Summarized optimum precipitation pH. 
 

Mg:Co Optimum pH Co precipitation efficiency Co carbonate purity 

1.00 8.5 99.60% 22.43 

1.30 8.0 99.20% 21.36 

1.75 8.0 97.90% 21.05 

2.00 7.8 97.20% 20.73 

4.00 7.5 93.10% 20.50 

 
 
Effect of Precipitation Reagent and Process – Dual Precipitation 
Different reagents were tested for Co precipitation to establish any precipitation selectivity over Mg. 
The tests were conducted on plant solution containing 2.6 g/L Co with a solution Mg:Co ratio of 4.0. 
Caustic soda, quicklime and a combination of Na2CO3 and caustic soda were used with pH variation 
in comparison with Na2CO3 alone. The results are summarised in Table III. 
 

Table III. Effect of precipitant on cobalt precipitation. 
 

Precipitating 
reagents 

pH 

Precipitation 
Efficiency (%) 

Co 
salt purity 

(%) 

Reagent 
consumption 

(t/t Co) 

Filtration 
rate 

(t/h/m2) 

Cake 
moisture 

(%) Co Mg 

NaOH 

7.0 82.2 10.1 27.07 3.07 0.024 75.4 

7.5 93.2 13.8 25.90 3.29 0.024 75.8 

8.0 98.6 27.6 25.54 3.39 0.022 75.4 

8.2 98.9 34.5 24.93 3.36 0.022 75.0 

Na2CO3 

7.0 82.2 22.9 25.13 5.28 0.143 64.6 

7.5 93.9 29.9 19.60 6.23 0.111 63.3 

8.0 98.7 53.1 12.14 8.48 0.136 65.4 

8.2 99.2 66.8 8.19 8.90 0.079 65.2 

CaO 

7.0 83.0 6.65 9.42 4.20 0.273 48.6 

7.5 90.9 16.9 8.88 4.22 0.273 49.6 

8.0 98.8 31.5 8.50 4.92 0.273 49.3 

8.2 99.2 40.6 7.85 5.97 0.273 50.5 

Na2CO3/NaOH 7.0/8.2 99.2 40.1 20.59 3.56/1.44 0.043 70.1 

 
 
The three reagents showed similar results for Co precipitation efficiency, but there was a marked 
difference in Mg precipitation efficiency. NaOH and CaO gave relatively low Mg precipitation 
efficiency, indicating that these two reagents are selective to Co over Mg; however that selectivity 
tends to be lost at high pH values. As far as Na2CO3 is concerned, poor selectivity was observed, 
leading to poor Co grade in the carbonate. Due to gypsum formation, CaO gave poor Co hydroxide 
grade although the selectivity to Co over Mg was good. It should be noted that the combination of 
Na2CO3 (at pH 7.0) followed by caustic soda (at pH 8.2) gave an acceptable Co grade of 20.6%. 
Although an interesting hydroxide grade was obtained with NaOH, the process was rejected due to 
poor filterability and high moisture content of the hydroxides. An assessment of Usoke’s cobalt spin 
flash dryers showed that the drying would be among the limiting factors of Co hydroxide production 
if NaOH was used. This is shown in Table IV. 
 
Dual precipitation using Na2CO3 at pH 7.0 followed by NaOH at pH 8.2 was found suitable and was 
selected for implementation, not only on the basis of the good Co grade, filterability and drying 
capacity, but also due to the fact that it was found to be cost effective in terms of reagent consumption, 
as shown in Table V. Dual precipitation produced a mixture of carbonate and hydroxide. 
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Table IV. CHEMAF drying capacity assessment for different precipitation reagents.  
(Usoke installed dryer capacity is 84 t of water rejected per day.) 

 

Parameter NaOH Na2CO3 CaO Na2CO3/NaOH 

Moisture (%) 
Cobalt grade in the salt (%) 
Dry cake (t/t Co) 
Initial moisture (%) 
Water in wet cake (t/t Co) 
Water in dry product (t/t Co) (at 15% final moisture) 
Evaporated water (t/t Co) 
Maximum Co production (t/d) (Target: 8 t/d) 

75 
24.7 
4.0 
75 

12.15 
0.71 

11.43 
7.35 

65 
8.2 

12.2 
65 

22.68 
2.15 

20.52 
4.09 

50 
7.9 

12.7 
50 

12.74 
2.25 

10.49 
8.01 

70 
20.6 
4.9 
70 

11.33 
0.86 

10.48 
8.02 

 

Table V. Reagent cost comparison. 
 

Designation NaOH Na2CO3 
NaOH+Na2CO3 

NaOH Na2CO3 

Reagent landed price (US$/t) 
Consumption (t/t Co) 
Reagent cost (US$/t Co) 

1,175 
3.36 

3,588 

502 
8.90 

3,738 

1,175 
1.44 

1,692 

502 
3.56 

1,787 

Total reagent cost (US$/t Co) 3,948 4,468 3,479 

 
 
PILOT-PLANT TESTING - EFFECT OF SEED RECYCLE 
 
Procedure and Methodology 
Although acceptable Co grades were obtained by dual precipitation, the precipitates produced gave 
relatively low filtration rates in comparison with the carbonate precipitates obtained with Na2CO3 
alone. This presented a potential problem of filtration capacity while implementing the process in the 
plant. For this purpose, CHEMAF purchased a pilot unit from Mintek (South Africa) to perform pilot 
testing of seed recycle before full plant-scale implementation.  
 
The pilot unit (Figure 4) consisted of six agitated reactors of 10 L, each provided with a pH meter and 
a thermocouple for pH and temperature measurement and coils for steam heating, a thickener, six 
reagent dosing pumps for each reactor, one flocculant dosing pump, three peristaltic pumps for 
solution feeding, thickener underflow withdrawal and thickener underflow seed recycle and a control 
panel allowing a controlled operation of the pilot unit and automatic control of pH and temperature. 
 

 
 

Figure 4. Pilot unit used for cobalt precipitation and study of the effect of seed recycle. 
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Two main runs were conducted with the pilot unit. The first run was conducted without seed recycle 
for 13 h and the second was run with 300% seed recycle for 30 h, as shown in Figures 5 and 6. The 
300% seed recycle condition was selected based on general standard practices in cobalt plants for 
many DRC projects. For each run, samples of thickener underflow were collected on an hourly basis 
and tested for filtration. The filtration cakes were washed, dried and analysed by ICP-OES. 
 

 
Figure 5. Experiment set up for pilot precipitation without seed recycle. 

 
 

 
Figure 6. Experiment setup for pilot precipitation with seed recycle. 

 
The experiments were conducted on Co solution collected from the plant and had a Mg:Co ratio close 
to 4. Approximately 3 m3 of this plant solution was collected from the cobalt precipitation solution 
feed pump discharge for the pilot testing.  Its chemical composition is given in Table VI. 
 

Table VI. Chemical composition of the Co solution used for see recycle piloting. 
 

Co (g/L) Cu (g/L) Fe (g/L) Mn (g/L) Ca (g/L) Mg (g/L) Zn (g/L) Al (g/L) 

2.77 0.27 1.07 0.59 0.72 11.21 0.03 0.25 

 
The experimental conditions were as follows: residence time, 2 h; first-stage terminal pH, 7.0; second-
stage terminal pH, 8.2 (standard Usoke cobalt plant operating pH); pH set point for each reactor, 5.5 ; 
6.5 ; 7.0 ; 7.5 ; 8.0 and 8.2; temperature, 450C; flocculant dosage, 40 g/t; percentage recycle, 300%. 
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Results and Discussion 
The results of the two runs of the pilot unit (with and without seed recycle) are summarised in Table 
VII. The results are the average of the hourly results obtained for each of the two runs after reaching 
plant stability. 
 

Table VII. Comparative results for precipitation with and without seed recycle. 
 

  

Conventional process 
(without seed recycle) 

Seed recycle process 

Na2CO3 consumption (t/t Co) 3.12 1.42 

NaOH consumption (t/t Co) 2.22 2.66 

Settling flux (t/h/m2) 0.114 0.127 

Thickener underflow density (g/ml) 1.065 1.093 

Thickener underflow (% solids) 8.58 13.56 

Filtration rate (t/h/m2) 0.09 0.158 

Cake moisture (%) 71.38 64.60 

Cobalt precipitation efficiency (%) 99.25 99.30 

Magnesium rejection (%) 59.85 84.24 

               Precipitate quality 

Co (%) 19.97 27.78 

Cu (%) 2.22 3.67 

Fe (%) 6.95 8.52 

Mn (%) 2.27 3.08 

Mg (%) 6.19 3.38 

 
There was an overall reduction in reagent consumption with the seed recycle process; in fact, the 
Na2CO3 consumption was reduced by 45% whereas there was only 20% increase in the NaOH 
consumption. This is explained by the fact that the recycled seeds have alkaline properties which 
partially act as precipitating agent in place of Na2CO3. 

 
As expected, the seed recycle increased the compaction of the precipitation during thickening. A 
thickener underflow of 13.56% w/w solids was achieved with seed recycle against 8.58% without seed 
recycle. This is explained by the promotion of particles growth and better crystal formation while 
recycling the seeds.  For similar reasons, there was a significant improvement in the filterability of the 
precipitates. The filtration rate increased from 0.090 t/h/m2 to 0.158 t/h/m2 with the recycle of the 
seeds.  The Co product purity was also improved and the Co grade increased from 19.97% to 27.78%. 

 
To understand the mechanism behind the increase in Co purity with the recycle of seeds, the chemical 
composition of the precipitates was analysed and following were observed: 

 The reduction in Na2CO3 consumption and increase in NaOH consumption indicate an increase 
in the proportion of hydroxides in the precipitates and a drop in the proportion of carbonates. 
This partially explains the increase of the Co grade, as well as the grade of other impurities 
(except for Mg). 

 The drop in Mg content in the precipitates confirms the increase in its rejection during 
precipitation with the recycle of seeds. In fact, by recycling the seeds in the first reactor, Mg 
hydroxide and Mg carbonate, having the highest precipitation pH values (HSC Chemistry 5.11 
Software), will have the highest tendency to dissolve and precipitate other metals as per reaction 
equations [1] to [11] and so act as precipitating agents in place of Na2CO3. The reaction 
mechanism below was established based on free energy values at 45oC. 

 
In the first reactor: 
 

3Mg(OH)2 + Al2(SO4)3 = 3 MgSO4 + 2Al(OH)3                      -200.17 kJ/kg.K  [1] 
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3MgCO3 + Al2(SO4)3 + 3H2O = 2Al(OH)3 + 3MgSO4 + 3CO2(g)       -144.52 kJ/kg.K  [2] 
 
Mg(OH)2 + H2SO4 = MgSO4 +2 H2O    -125.42 kJ/kg.K  [3] 
 
3MgCO3 + Fe2(SO4)3 + 3H2O = 2Fe(OH)3 + 3MgSO4 + 3CO2(g)        -121.92 kJ/kg.K  [4] 
 
MgCO3 + H2SO4 = MgSO4 + CO2(g) + H2O   -106.92 kJ/kg.K  [5] 
 
Mg(OH)2 + CuSO4 = MgSO4 + Cu(OH)2                         -39.06 kJ/kg.K  [6] 
 
MgCO3 + MnSO4 = MgSO4 + MnCO3    -21.72 kJ/kg.K  [7] 
 
MgCO3 + CuSO4 = MgSO4 + CuCO3    -20.67 kJ/kg.K  [8] 
 
MgCO3 + CoSO4 = MgSO4 + CoCO3    -16.58 kJ/kg.K  [9] 
 
Mg(OH)2 + CoSO4 = MgSO4 + Co(OH)2                 -16.42 kJ/kg.K             [10] 
 
Mg(OH)2 + FeSO4 = MgSO4 + Fe(OH)2                         -7.46 kJ/kg.K                 [11] 
 
MgCO3 + FeSO4 = MgSO4 + FeCO3                 -4.023 kJ/kg                    [12] 
 

In the second and third reactors: 
 
3Na2CO3 + Al2(SO4)3 + 3H2O = 2Al(OH)3 + 3Na2SO4 + 3CO2(g)   -322.52 kJ/kg.K              [13] 
 
3Na2CO3 + Fe2(SO4)3 + 3H2O = 2Fe(OH)3 + 3Na2SO4 + 3CO2(g)    -299.92 kJ/kg.K              [14] 
 
Na2CO3 + H2SO4 = Na2SO4 + CO2(g) + H2O                -166.25 kJ/kg.K              [15] 
 
Na2CO3 + MnSO4 = MnCO3 + Na2SO4                 -81.05 kJ/kg.K              [16] 
 
Na2CO3 + CuSO4 = CuCO3 + Na2SO4                 -80.00 kJ/kg.K             [17] 
 
Na2CO3 + CoSO4 = CoCO3 + Na2SO4                               -75.92 kJ/kg.K             [18] 
 
Na2CO3 + FeSO4 = FeCO3 + Na2SO4                               -63.35 kJ/kg.K             [19] 

 
In the last three reactors: 

 
6NaOH+ Al2(SO4)3 = Al(OH)3 + 3Na2SO4                               -709.25 kJ/kg.K            [20] 
 
6NaOH + Fe2(SO4)3 = 2Fe(OH)3 + 3Na2SO4                 -686.65 kJ/kg.K            [21] 
 
2NaOH + H2SO4 = Na2SO4 + 2H2O                  -295.16 kJ/kg.K            [22] 
 
2NaOH + CuSO4 = Cu(OH)2 + Na2SO4                                -208.75 kJ/kg.K           [23] 
 
2NaOH + CoSO4 = Co(OH)2 + Na2SO4                                -186.11 kJ/kg.K           [24] 
 
2NaOH + FeSO4 = Fe(OH)2 + Na2SO4                                -177.15 kJ/kg.K           [25] 
 
2NaOH + MnSO4 = Mn(OH)2 + Na2SO4                                -169.47 kJ/kg.K           [26] 
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The reaction mechanism takes place in three steps: 

 In the first reactor, where the seeds are recycled without any addition of precipitating agent, the 
Mg hydroxide and carbonate play the roles of precipitating agent; hence Mg dissolves as Mg 
sulfate by precipitating other metals (Al, Mn, Cu, Co and Fe) and neutralises the residual acid 
contained in the feed solution as per reactions [1] to [11]. Based on the free energy values, the acid 
is first neutralised, then Al followed by Mn and Cu are precipitated before Co. Due to the 
relatively high Co concentration compared to these metals, the precipitation kinetics of Co are 
potentially much more favourable. 

 In the second and third reactors, the addition of Na2CO3 solution to increase the pH to 7.0 allows 
the precipitation of a portion of the metals as carbonates as well as a portion of the Mg which was 
dissolved in the first reactor following the reactions [12] to [19]. 

 In the last three reactors, the addition of NaOH solution allows precipitation of the remaining Fe, 
Al and Co and a portion of Mn and Mg in the form of hydroxides, following reactions [20] to [26]. 
Hence, the same amount of Mg that was dissolved in the first reactor is precipitated in the last 
ones, with an additional amount from the precipitation solution. In fact, whether the seeds are 
recycled or not, there is similar total amount of Mg which is precipitated at each cycle; however 
with the seed recycle process, the Mg precipitate acts as circulating load subjected to a series of 
dissolution–precipitation reactions, whereas the net amount of precipitated Mg from fresh 
precipitation solution is reduced. 
 
 

PLANT IMPLEMENTATION 
 
The above investigations and their conclusions have been successfully implemented at CHEMAF’s 
Usoke cobalt precipitation plant. 
 
Variation of Precipitation pH as a Function of Mg:Co Ratio 
The investigation showed that there was a possibility of maintaining the grade of Co carbonate above 
20% by lowering the precipitation pH, but at a cost of compromising on the Co recovery. A 
preliminary evaluation showed that the implementation of this proposal would induce a minimum 
daily Co loss of 0.5 to 1 t. Due to this, the proposal was not approved for implementation. 
 
Dual Precipitation with Na2CO3/NaOH 

This process was approved and implemented since 16 January 2011. The Usoke Co precipitation plant 
comprises six reactors of 50 m3 each and two tanks of 125 m3 each for Na2CO3 solution make up. One 
of the Na2CO3 make-up tanks was converted to a caustic soda make-up tank; the reactors were 
divided into two groups, the Na2CO3 solution was added in the first three reactors to maintain a pH of 
7.0 and the caustic soda was added to the last three reactors to further increase the pH to 8.2. As 
shown in Figure 7, there has been a significant improvement in the Co purity; the Co grade increased 
from 10.58% to 19.51% during the second half of Jan 2011, whereas the Mg grade dropped by an 
average of 6% points. Figure 8 shows the evolution of reagent consumption. 
 
Seed Recycle Process 

With the aim of confirming the viability of the process before full-scale implementation, a METSIM 
simulation was performed based on the data obtained at the pilot scale. The simulation outcomes 
showed an increase in Co grade in the precipitates from 21.4% to 28.4% against a drop in Mg grade 
from 10.36% to 4.38%. The consumption of Na2CO3 dropped from 3.81 to 2.35 t/t Co, whereas the 
caustic soda increased slightly from 1.36 to 1.41 t/t Co. 
 
The process has been implemented on the plant since July 2011 to present. The adopted scheme is 
similar to that of Figure 6. Depending on the Co feed solution pH, the Na2CO3 consumption in the first 
stage is observed from time to time to be nil because the recycled seeds are adequate to maintain a pH 
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of 5 to 6 in the first reactors. The plant results show a net improvement in the Co precipitate purity, as 
presented in Figure 9. 
 
 

 
Figure 7. Cobalt precipitate quality in Jan 2011. 

 

 
Figure 8. Evolution of reagent consumption in Jan 2011. 

 

 
It is should be mentioned that, although the effect of the initial feed solution pH (free acid) was not 
investigated, plant experience and observations during implementation of the seed recycle process 
have shown that the improvement in Co purity by seed recycle is also dependent on the free acid in 
the feed solution. Thus, any high free acid causes a drop in the Co grade in the precipitate (Nov 2011 
and Feb 2012 in Figure 10). The reasons for this are still to be investigated.  

 
 
CONCLUSIONS 
 

By the optimisation of pH management, dual precipitation using combination of Na2CO3 at pH 7.0 
followed by NaOH at pH 8.2 and finally seed recycle, the Usoke plant maintains the Co salts within 
the customer’s specifications in spite of the high Mg:Co ratio in the feed solution. This enables the 
treatment of high dolomite content HMS copper concentrate without significant adverse effect on Co 
product quality. However, the overall Cu production cost is very high due to the high acid 
consumption; therefore to reduce the HMS concentrate GAC, further investigation has been initiated 
with the aim of increasing the rejection of dolomite in the HMS plant. Due to environment-related 
issues, the possibility of substituting Na2CO3 and NaOH by MgO is currently being investigated at the 
Usoke plant, with the feasibility study recently completed. 
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Figure 9. Cobalt precipitate quality at Usoke from Jan 2010 to Dec 2012. 
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