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Abstract. Ferric iron is an important oxidant in sulfide ore bioleaching. However, recirculating leach liquors leads 
to excess iron accumulation, which interferes with leaching kinetics and downstream metal recovery. We developed 
a method for controlling iron precipitation as jarosite to reduce excess iron in heap bioleaching at Monywa copper 
mine. Jarosite precipitation was first simulated and then confirmed using batch column tests. From the simulations, 
the minimum pH values for precipitation of potassium jarosite, hydronium jarosite, and natrojarosite at 25 C are 
1.4, 1.6, and 2.7, respectively; the minimum concentrations of potassium, sulfate, ferric, and sodium ions are 1 mM, 
0.54, 1.1, and 3.2 M, respectively, at 25 C and pH 1.23. Column tests indicate that potassium jarosite precipita-
tion is preferential over natrojarosite. Moreover, decreased acidity (from 12 to 8 g/L), increased temperature (from 
30 to 60 C), and increased potassium ion concentration (from 0 to 5 g/L) increase jarosite precipitation efficiency 
by 10, 5, and 6 times, respectively. Jarosite precipitation is optimized by increasing the irrigating solution pH to 1.6. 
This approach is expected to reduce the operating cost of heap bioleaching by minimizing the chemicals needed for 
neutralization, avoiding the need for tailing pond construction, and increasing copper recovery. 
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Introduction. Monywa copper mine (Myanmar) is the second-largest source of copper in 

Southeast Asia; the main copper-bearing mineral is chalcocite (Cu2S), which is acid-soluble and 
amenable to bioleaching [18, 20, 32]. The pyrite (FeS2) content in the ore is relatively high, with 
an average of approximately 13 % [7, 15].Pyrite oxidation generates sulfuric acid and soluble iron; 
owing to solution recirculation, this results in increased acid and iron concentration in the leach 
solution over time [5]. This increase in the iron concentration of the solution decreases the effi-
ciency and stability of copper recovery through electrowinning [13, 23], hindering the achievement 
of the target output [9]. In particular, an increase in the ferric iron concentration of the pregnant 
leach solution (PLS) affects the selectivity of solvent extraction [27, 30, 31]. Moreover, excess iron 
has been reported to decrease current efficiency, increase energy consumption, and change the sur-
face morphology of cathodic copper in electrowinning. Excess iron is typically removed by bleed-
ing copper-bearing electrolyte to waste and replacing it with sulfuric acid [29]. Alkaline substances 
(e.g., Ca(OH)2 and NaOH) are generally used to neutralize the bled acidic iron-rich solution, and 
ferric iron is precipitated as ferric hydroxide, which is pressed and filtered to dry pile or stored in 
tailings ponds [16]. In the Zijinshan copper mine, excess acidic ferric solution is neutralized by 
lime, which costs more than 1000 USD per ton of copper [17, 19]. The dewatering of ferric hydroxide 
is difficult, and therefore the storage of precipitates requires large areas. The high ionic strength of the 
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PLS solution increases the consumption of neutralization chemicals and results in the formation of 
hard-to-filter colloidal substances [19].  

The precipitation of jarosite [with a generic formula of AFe3(SO4)2(OH)6, where A is a 
monovalent cation such as K+, Na+, 

4NH  or H3O+ is widely used in the hydrometallurgical industry 
to remove iron, sulfate, and alkali metals. The advantages of jarosite precipitation include good 
filterability and settleability of the precipitates, with minor losses of valuable divalent metals [2, 10, 
11]. In heap leaching systems, the formation of secondary iron minerals, such as jarosite, is 
widespread [3, 8]. Jarosite is deposited in the ore heap, resulting in a reduction in the ferric iron 
concentration of the leach liquor [6, 28]. The removal of excess iron through jarosite instead of 
hydroxide precipitation could reduce the cost of chemicals used for acid neutralization [12]. To this 
end, control over jarosite precipitation during heap bioleaching is important; however, the conditions 
that promote jarosite precipitation during heap bioleaching are not fully understood. In this study, we 
investigated the key factors that influence jarosite precipitation kinetics in heap bioleaching of copper 
sulfide ore from the Monywa copper mine. The primary aim of this work is to facilitate a process to 
remove excess iron through jarosite precipitation. Column experiments were used to simulate heap 
bioleaching conditions. 

Materials and methods. Ore and solution samples. Column experiments were conducted with 
low-grade copper sulfide ore from the Monywa copper mine. The ore had a particle size of P80 (80 % 
passing) 10 mM. The contents of the main elements in the ore samples were analyzed using previ-
ously described methods [25] (Table 1). The average pyrite content is 14.6 %. 

 
Table 1 

 
Elemental abundances of major ore sample components  

 

Ore sample  
Elemental content, wt. %  

Cu CNsCu* Fe S 

I 0.24 0.23 6.87 – 
II 0.54 0.52 7.71 9.24 
III 0.48 0.43 7.84 9.41 
IV 0.44 0.42 5.02 – 

     

Note. * CNsCu – copper extracted by cyanide solvent. 
 
Raffinates, the solution after copper extraction, and intermediate leach solution (ILS) were col-

lected from the copper production system; their chemical compositions are summarized in Table 2. 
Chemical composition of intermediate leach solution: Redox (vs. Ag/AgCl) 526 mV; pH 1.23.  
Elemental content, g/L: Fe 31.35; Cu 2.42; Ca 0.51; Mg 4.15; K 0.0039; Na 0.087; Al 12.78;  
Mn 1.73; 2

4SO  157.44; Cl – 2.26. Redox potentials of the raffinate samples were 493-553 mV  
(vs. Ag/AgCl), and pH values ranged from 0.99 to 1.67. The highest iron concentration in raffinate 
samples was 40 g/L; the sulfate concentration reached 157 g/L in the ILS. The ionic strength of the 
ILS solution was calculated to be approximately 8.5 mol/kg. However, the concentrations of  
potassium and sodium were very low, which is unfavourable for potassium and sodium jarosite  
precipitation. The thermodynamics of jarosite precipitation were simulated based on the ILS proper-
ties using the Medusa software (Royal Institute of Technology, Sweden) [33].  

 
Table 2 

 
Chemical composition of raffinates  

 

Raffinate 
sample  

Redox  
vs. Ag/AgCl, mV pH 

Elemental content, g/L  

Cu Fe Fe2+ Fe3+ Acid  

I 553 1.23 0.95 32.08 1.21 30.87 10.28 
II 497  0.99  0.79  18.27  1.26  17.01  18.53 
III 493 1.38 1.26 40.32 4.45 35.87 12.35 
IV 534  1.67  1.34  36.99  1.50  35.49  11.32  
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Jarosite precipitation column tests. Column 
leaching tests were conducted to simulate jarosite pre-
cipitation in heap bioleaching. The experimental set-
up is shown in Figure 1. The glass columns were 
20 cm high and 5 cm in diameter. The temperature of 
the columns was controlled with an isothermal circu-
lating water bath system. Each column was filled with 
600 g of ore irrigated with raffinate at a flow rate of 
0.2 mL/min. Jarosite precipitation tests were con-
ducted under various operating conditions, using dif-
ferent monovalent cations (Na+, K+), reaction temper-
atures 30-60 C, solution acidities 8-16 g/L, and K+ 

concentrations 0-5 g/L (Table 3). Irrigation solutions 
with monovalent cations (Na+ or K+) were prepared 
by adding sodium sulfate, potassium sulfate, or potas-

sium chloride into the raffinate. The acidity of the irrigation solution was adjusted by adding 
calcium carbonate or sulfuric acid. 

 
Table 3 

 
Column test experimental conditions  

 

Column  Ore  
sample  

Raffinat 
solution sample  

Irrigation solution  Temperature, 
С Na+, g/L K+, g/L pH Acidity, g/L 

1 I I 2 – 1.23 10.3 35 
2 I I – 2 1.23 10.3 35 
3 I I – – 1.23 10.3 35 
4 II II – – 0.99 18.5 30 
5 II II – – 0.99 18.5 45 
6 II II – – 0.99 18.5 60 
7 III III – 2 1.43 8 27 
8 III III – 2 1.38 12 27 
9 III III – 2 1.32 16 27 
10 IV IV – 0 1.67 11.3 27 
11 IV IV – 1 1.67 11.3 27 
12 IV IV – 5 1.67 11.3 27 

 
During all experiments, solution samples were collected daily from the pregnant leach solution 

containers for analysis. The redox potential of the solution was measured using a platinum ring elec-
trode with a combined Ag/AgCl reference electrode (3 M KCl); pH was determined using pH meter 
(SevenGo Pro, Mettler Toledo, Switzerland). The acidity and the concentration of the Fe2+ were de-
termined by titration with sodium hydroxide (NaOH) and potassium dichromate (K2Cr2O7) solution, 
respectively. The concentrations of soluble total Fe (TFe), Cu2+, K+, and Na+ were measured by 
atomic absorption spectrophotometer (AAS). Soluble sulfur was measured by C.S. Analyzer (HSC, 
Keguo, China). After completion of leaching, ore residues were washed with a 5 g/L sulfuric acid 
solution, unloaded from the column, and dried in an oven at 50 C. The dried residues were crushed 
and ground to < 74 μm and analyzed for Cu, Fe, S, S2–, K, and Na as previously described [25]. 
Copper leaching yields were calculated based on the volume and concentration in the feed solution 
and leachate: P = Cleachate Vleachate − Cfeed Vfeed, where P – production; Cleachate – concentration in the 
leachate; Vleachate – volume of the leachate; Cfeed – concentration in the feed solution; Vfeed – volume 
of the feed solution.  

 

Fig.1. Schematic diagram of the experimental  
set-up 

1 – water bath; 2 – dripper; 3 – water jacket; 4 – ore sample; 
5 – cobblestone; 6 – pedestal; 7 – peristaltic pump; 8 – feed 

solution; 9 – pregnant leach solution 
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Total copper, iron, and acid production during bioleaching was measured as the amount of their 
daily production. If production had a negative value, it was considered net consumption of copper, 
iron, and acid. 

Results and discussion. Thermodynamic simulations of jarosite precipitation. The thermody-
namics of jarosite precipitation were simulated based on the properties of the ILS. As the pH of the 
ILS solution was less than 2, the precipitation of iron hydroxide was ignored [4]. The possible chem-
ical reactions of ferric iron in the leaching system are shown in Table 4. The results of reaction equi-
librium calculations are shown in Fig.2, a, highlighting the effect of pH on jarosite precipitation. The 
minimum pH at which jarosite precipitation occurs differs notably for different monovalent cations. At a 
temperature of 25 C, potassium jarosite precipitates at pH of ≥ 1.4, whereas hydronium jarosite precipi-
tation only occurs at pH values of more than 1.6; the minimum pH for natrojarosite precipitation is 2.7. 
Hence, the precipitation of potassium jarosite is expected at lower pH, and that of hydronium jarosite 
and then natrojarosite is expected to increase with increasing pH. Our results are consistent with those of 
past studies [1, 2]. Moreover, a preference for potassium jarosite is expected because the Gibbs free energy 
of formation follows the order K+> Na+> H3O+> NH4

+ [14]. 
Given the precipitation pH values of potassium jarosite, hydronium jarosite, and natrojarositejar-

ositein ILS solution at 25 C described above, our thermodynamic modelling indicated that no jarosite 
could form from ILS solution at 25 C given the low pH of 1.23. Owing to the low concentration of 
potassium and sodium in the ILS, hydronium jarosite would likely become the dominant jarosite as 
pH is increased above 1.6 (Fig.2, b). The formation of hydronium jarosite would reduce the concen-
tration of iron and produce acid.  

 
Table 4 

 

Chemical reactions in a Fe3+–M– 2
4SO –H2O system (M = K+, Na+, NH4

+, H3O+) [22] 
 

Chemical reaction  Log K 

Fe3+ + 2H2O <=> 2H+ + 
2Fe(OH)  −5.67 

Fe3+ + 3H2O <=> 3H+ + Fe(OH)3 −12.56 

Fe3+ + 4H2O <=> 4H+ + 2
4Fe(OH)  −21.6 

Fe3+ + 2
42SO  <=> 

24 )Fe(SO  5.38 

2Fe3+ + 2H2O <=> 2H+ + 4
2Fe(OH)  2.95 

3Fe3+ 4H2O <=> 4H+ + 5
43(OH)Fe  −6.3 

H+ + Fe3+ + 2
4SO <=> 2

4FeHSO  4.468 

Fe3+ H2O <=> H+ + FeOH2+ −2.19 

Fe3+ + 2
4SO <=> 

4FeSO  4.04 

2H+ + 2
4SO <=> H2SO4 0.0 

H+ + 2
4SO <=> 

4HSO  1.98 

K+ + H2O <=> H+ + KOH −14.46 

K+ + 2
4SO <=> 

4KSO  0.85 

Na+ + H2O <=> H+ + NaOH −14.18 

Na+ + 2
4SO <=> 

4NaSO  0.7 

H2O <=> H+ + OH– −14.0 

3Fe3+ + 2
42SO  + 7H2O <=> 5H+ + H3OFe3(SO4)2(OH)6(s) 5.39 

K+ + 3Fe3+ + 2
42SO + 6H2O<=> 6H+ + KFe3(SO4)2(OH)6(s) 9.21 
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Na+ + 3Fe3+ + 2
42SO  + 6H2O <=> 6H+ + NaFe3(SO4)2(OH)6(s) 5.28 

Predominant area diagrams of the Fe3+–M– 2
4SO –H2O system as functions of pH and concen-

trations of K+, Na+, Fe3+ and 2
4SO  are shown in Fig.3. From Fig.3, a, potassium jarosite can form in 

 

Fig.2. Logarithm of equilibrium concentration (a) and distribution (b) of ferric species in an Fe3+–M– –H2O system  
as a function of pH of the intermediate leach solution.  

Solution parameters: I = 8,5 mol/kg; Fe3+ = 0,56 mol/L;  = 1,6 mol/L; K+ = 0,1 mmol/L; Na+ = 3,8 mmol/L; t = 25 C 
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ILS if the concentration of K+ increases to 1 mM (mmol/L). The minimum pH values for potassium 
jarosite and natrojarosite precipitation decrease as the concentrations of K+ and Na+ increase, 
respectively (Fig.3, a, b). Under the pH condition of the ILS, natrojarositecan form if the concentra-
tion of Na+ increases to 3.2 M (mol/L). If the pH of the ILS > 1.6, only 44 mM of Na+ is necessary to 
promote natrojarosite precipitation. Increasing the concentration of 2

4SO  can reduce the minimum 
pH for potassium jarosite, hydronium jarosite, and natrojarosite formation (Fig.3, c). However, when 
the concentration of 2

4SO  exceeds 0.54 M, the minimum pH values for potassium jarosite and hy-
dronium jarosite formation increase with increasing 2

4SO  concentration. Hence, decreasing the 2
4SO  

concentration from 1.6 M in the ILS to 0.54 M would promote potassium and hydronium jarosite 
formation. The minimum pH values of potassium jarosite, hydronium jarosite, and natrojarosite for-
mation could be decreased by increasing the concentration of Fe3+ (Fig.3, d). Potassium and hydro-
nium jarosites could form if the concentrations of Fe3+ in the ILS are increased to 1.1 and 2.1 M, 
respectively. However,this may not be suitable for production systems unless a highly selective ex-
tractant is developed. 

The thermodynamic simulations show that the solution composition of the ILS can be adjusted 
to promote jarosite precipitation. Increasing the concentration of K+ is an important factor to promote 
jarosite formation under high acidity conditions, which is beneficial for chalcocite dissolution. Pro-
moting hydronium jarosite and natrojarosite precipitation would require increasing the ILS pH and 
neutralizing free acid. These thermodynamic simulations were conducted at 25 °C, but actual 
bioleaching heaps may have a temperature gradient [26]. Hence, future studies should consider the 
effect of temperature in thermodynamic simulations. Moreover, as ammonium may be present in 
some mine sites owing to the use of explosives or addition as a nutrient for bioleaching, the 
presence of ammonium in leach liquors and the potential for ammonium jarosite formation should 
be evaluated. 

Effect of monovalent cations. The influence of monovalent cations (K+, Na+) on jarosite for-
mation was studied in column tests using sample I and raffinate I at pH 1.23 and 35 C. The raffinate 
solution was amended with 2 g/L of K+ (as potassium sulfate) or Na+ (as sodium sulfate) before use 
to irrigate the columns. The third column without K+ or Na+ supplementation was used as a control. 
The precipitation rate of potassium jarosite was faster than that of natrojarosite according to iron 
consumption and acidity production (Fig.4, a). The consumption of K and Na ions was almost linear 
(Fig.4, b), indicating that the rate of potassium jarosite and natrojarosite precipitation did not notably 
decrease over time. However, the higher consumption of K ions compared with Na ions further 

 

Fig.4. Total iron (TFe) consumption, acid production (a) and consumption (b) of Na+ and K+ as a function  
of time during column tests conducted with ore sample I and raffinate I at 35 C in the absence of monovalent  

cation addition (control) and with Na+ or K+ supplementation 
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confirmed that the efficiency of potassium jarosite precipitation is higher than that of natrojarosite. 
The chemical reaction of natrojarosite precipitation is [21]: 

Na+ + 3Fe3+ + 2 2
4SO  + 6H2O → NaFe3(SO4)2(OH)6↓ + 6H+. 

According to the natrojarosite reaction, 1 g of sodium can precipitate approximately 7 g of iron 
and 8 g of sulfate as jarosite. For 1 g of potassium, the corresponding values are 4 g of iron and 5 g 
of sulfate. 

The residue from the column with K+ amended raffinate was more yellow than those from the 
Na+ amended and control columns. Based on residue analysis (Table 5), the copper contents in resi-
dues from columns with monovalent cation-amended raffinates were lower,while total iron and re-
duced sulfur content were higher than in the control column. This indicates that the addition of K+ 
and Na+ promotes jarosite precipitation, not only removing excess iron and sulfate from the solution 
but also accelerating copper leaching from chalcocite and reducing the oxidation of pyrite. 

 
Table 5 

 
Chemical composition of residues and copper leaching  

 

Test 
conditions  

Residue weight, 
kg 

Elemental content, % Copper leaching, 
% Total Cu Total Fe Total sulfur  Reduced sulfur  

Control  0.589 0.14 4.74 11.70 8.89 40.0 
Na+, 2 g/L  0.623 0.12 5.17 10.53 9.14 47.9 
K+, 2 g/L  0.690 0.13 5.90 12.33 10.28 46.1 

 
Effect of reaction temperature. The influence of temperature on jarosite formation was investi-

gated with column tests using ore sample II and raffinate II (pH 0.99) at 30, 45, and 60 C. The 
raffinate was not amended with any monovalent cations. The total soluble iron TFe consumption and 
acidity production during column leaching increased notably with increasing temperature (Fig.5, a). 
The residues formed at 45 and 60 C were more yellow than those formed at 30 C. Yellow precip-
itates were identified as potassium jarosite by X-ray diffraction (XRD) [25]. The results confirm that 
increase of temperature can promote jarosite precipitation. 

Effect of acidity of solutions. The influence of acidity on jarosite formation was investigated 
through column experiments using ore sample III and raffinate III at 27 C. The acidity of the irri-
gation solutions was adjusted to 8, 12, and 16 g/L by adding calcium carbonate and sulfuric acid. 
The irrigation solution was amended with 2 g/L K+ (as potassium chloride). The acidity of the irri-
gation solution during the leaching process is shown in Fig.5, d. The results indicate that reducing 
the acidity of the irrigation solution enhances jarosite precipitation, as indicated by the increased 
consumption of total soluble iron and production of acid (Fig.5, b), which is consistent with a pre-
vious study [24]. Moreover, the concentration of potassium ion in the leaching solution under low 
acid conditions was notably lower than that under high acid conditions (Fig.5, d), and the consump-
tion of K+ increased with decreasing acidity (Table 6). The weights of all residues were higher than 
the original weight of the head ore as a result of jarosite accumulation in the columns. The weight 
was highest for the column operated at lower acidity (Table 7), which is consistent with the highest 
total soluble iron consumption (Fig.5, b). The contents of iron, sodium, and potassium in the residue 
were much higher than those in the raw ore, again indicating jarosite precipitation and accumulation 
in columns over time (Table 7). Sodium content of the residue was highest for the residue from the 
column operated at lowest acidity (8 g/L), indicating that low acidity is beneficial for natrojarosite 
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precipitation; the potassium content of the residue was highest for the residue from column operated 
at moderate acidity (12 g/L). 

Table 6 
 

Potassium ion consumption in solution after 28 days of column leaching of ore III with raffinate III  
adjusted to different acidities  

 

Acidity, g/L Average K concentration of 
leachate, mg/L Total volume of leach solution, L  K ion consumption, g 

8 844 8195 9.47 
12 1211 8085 6.37 
16 1320 7445 5.06 

 
Table 7 

 
Chemical compositions of head ore and residues after 28 days of column leaching of ore III with raffinate III  

adjusted to different acidities  
 

Samples  Ore weight, g 
Elemental content 

Cu, % Fe, % Na, ppm K, ppm 

Head ore  600 0.48 7.84 793 1586 
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 
–2 

0 

2 

4 

6 

8 

10 8 g/L 
12 g/L 
16 g/L 
8 g/L 
12 g/L 
16 g/L 

Time, day 

TF
e 

co
ns

um
pt

io
n,

 g
/L

 

–5 
0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

A
ci

d 
pr

od
uc

tio
n,

 g
/L

 

0 1 2 3 4 5 6 7 8 9 10 11 
–2 

0 

2 

4 

6 

8 

10 

12 

14 30 C 
45 C 
60 C 
30 C 
45 C 
60 C 

Time, day 

TF
e 

co
ns

um
pt

io
n,

 g
/L

 

–5 

0 

5 

10 

15 

20 

25 

30 

35 

40 

A
ci

d 
pr

od
ac

tio
n,

 g
/L

 

а b 

0 5 10 15 20 25 30 35 40 45 50 55 
–6 

–4 

–2 
0 

2 

4 
6 

8 

10 

12 

14 

Control 
1 g/L K 
5 g/L K 
Control 
1 g/L K 
5 g/L K 

Time, day 

TF
e 

co
ns

um
pt

io
n,

 g
/L

 

–5 

0 

5 

10 

15 

20 

25 

30 

A
ci

d 
pr

od
uc

tio
n,

 g
/L

 

0 7 14 21 28 
0 

2 
4 
6 
8 

10 
12 
14 
16 
18 
20 

8 g/L 
12 g/L 
16 g/L 
8 g/L 
12 g/L 
16 g/L 

Time, day 

A
ci

d 
co

nc
en

tra
tio

n 
of

 ir
rig

at
io

n 
so

lu
tio

n,
 g

/L
 

700 

800 

900 

1000 

1100 

1200 

1300 

1400 

1500 

K
co

nc
en

tra
tio

n 
of

 o
ff

 so
lu

tio
n,

 g
/L

 

с d 

Fig.5. Total Fe (TFe) consumption and acid production as a function of time: during column tests conducted at different 
temperatures using ore sample II and raffinate II (a), during column leaching of ore III with raffinate III adjusted to three 
different acidities (b), during column leaching of ore sample IV with raffinate IV (c), and acidity of irrigation solutions 

during column leaching of ore III with raffinate III adjusted to three different acidities (d)  
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acidity 8   709 0.09 12.84 1083 6875 
acidity 12  668 0.10 13.47 887 8875 
acidity 16  686 0.08 11.66 923 3690 
Effect of potassium ion concentration. The influence of K+ concentration on jarosite formation 

was investigated through column experiments using sample IV and raffinate IV at 27 C. The irriga-
tion solution was amended with 0, 1, or 5 g/L K+ (as potassium sulfate). Increasing potassium ion 
concentration resulted in increased consumption of total soluble iron and acid production (Fig.5, c). 
The weight of leaching residue with a particle size of less than 74 μm increased with increasing raf-
finate potassium ion concentration. The contents of iron, potassium, and total sulfur in the residue 
fraction with the particle size of less than 74 μm also increased with increasing raffinate potassium 
ion concentration, as shown in Table 8. This indicates that jarosite precipitation increases with increas-
ing raffinate potassium ion concentration. 

 
Table 8 

 
Chemical compositions of residue with particle sizes of +74 μm and –74 μm after column leaching  

of ore sample IV with raffinate IV amended with 0 (control), 1, or 5 g/L K+ 
 

K+ supplementation  
to raffinate, g/L Grain size, μm 

Elemental content 

Cu, % Fe, % K, ppm S, % S2–, % 

0 
+74 0.05 5.38 0.1 8.19 7.88 
–74 0.05 4.12 0.03 6.05 5.24 

1 
+74 0.05 5.72 < 0.01 8.37 7.68 
–74 0.05 11.19 1.57 9.05 5.76 

5 
+74 0.06 7.27 0.45 9.02 7.55 
–74 0.05 11.19 3.16 10.55 5.28 

 
Implication for heap bioleaching at Monywa copper mine. The results of this study show that 

the potential to remove iron from the ILS solution through jarosite formation is limited by the low 
concentration of monovalent cations. However, the addition of monovalent cations (Na and K) com-
bined with the neutralization of free acid promotes potassium jarosite, hydronium jarosite, and natro-
jarosite formation to remove excess iron from the solution. We suggest that the addition of potassium 
ions is preferential because the formation of potassium jarosite occurs at lower pH values than those 
of hydronium jarosite and natrojarosite. When the acidity of the neutralization solution is high, the 
loss of copper ion can be ignored. However, at 25 C and a pH of 1.5, Fe concentration of 49 g/L in 
the ILS is needed for the formation of potassium jarosite. 

The stability of the jarosite depends on the acidity of the solution; however, the acidity of the 
leaching solution varies. Therefore, the use of a spent heap to facilitate iron removal through jarosite 
precipitation is suggested. This heap could be sealed after jarosite precipitation to ensure that jarositeis 
stably deposited. Small jarosite particles can adhere to the surfaces of large ore particles and deposits 
in pore spaces, reducing the porosity of the heap and reducing the oxygen availability. As a result, 
the activity of microbial ferrous iron oxidation is expected to decrease, leading to a reduction in 
the redox potential of the leaching solution. Using our proposed approach is expected to help with 
the balance of iron and acid in heap bioleaching at Monywa copper mine, reducing excess acid and 
iron release. This approach for optimizing iron and acid balance is expected to reduce the operating 
costs of heap bioleaching through the reduced cost of chemicals needed for neutralization, avoiding 
the need for constructing tailings ponds, and increased copper recovery. 

Conclusions. The recirculation of leach liquors in heap bioleaching operations leads to the 
accumulation of excess iron, which interferes with leaching kinetics and downstream metal recov-
ery. Jarosite formation has been proposed as an alternative approach for removing excess iron from 
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leach solutions, but the factors influencing jarosite formation in heap bioleaching are not fully un-
derstood. The present work investigated the key factors that influence jarosite precipitation kinetics 
in heap bioleaching of copper sulfide ore from the Monywa copper mine. Thermodynamic simulations 
indicate that solution acidity is a key factor affecting jarosite precipitation, and the minimum pH 
values for potassium jarosite, hydronium jarosite, and natrojarosite precipitation at 25 C are 1.4, 1.6, 
and 2.7, respectively. Therefore, jarosite formation is not possible at 25 C in ILS solution with a pH 
of 1.23. Moreover, thermodynamic simulations indicate that increasing the concentration of monova-
lent cations, iron, and sulfate promotes jarosite precipitation, especially under high acidity condition. 
Column tests show that decreasing acidity from 12 to 8 g/L, increasing temperature from 30 C to 
60 C, and supplementing raffinate with potassium – all these increase jarosite precipitation. Column 
tests also show that potassium jarosite precipitates preferentially over natrojarosite under the study 
conditions. The results indicate that jarosite precipitation can be realized by increasing the concentra-
tion of Na+ and K+ and neutralizing free acid in raffinate.  

Our results suggest that if jarosite precipitation is promoted in a spent heap, not only excess 
iron and sulfate would be removed from the solution, but that there would also be a reduction in 
pyrite oxidation and acid and iron release.  

In conclusion, the present work provides new insight into optimizing iron and acidity balance in 
heap bioleaching operations, particularly at Monywa copper mine. Further work should explore actual 
temperature profiles in the bioheaps and use thermodynamic simulations to investigate the effect of 
temperature on jarosite precipitation. Moreover, the presence of ammonium in leach liquors and the po-
tential for ammonium jarosite formation should be evaluated. 
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