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Summary
Acid heap leaching is a metal extraction process from low grade ores normally 1-2% oxidised valuable mineral using a leachant (e.g.
concentrated sulphuric acid (H,SO,). The ore is crushed, cured, agglomerated and stacked on an impermeable pad. Raffinate dosed with
concentrated sulphuric (H,SO,) acid is sprayed on the stacked ore to produce a pregnant leach solution. Though cheap the process maybe, it
is affected by the pH of the leaching liquor, nominal crushing size, temperature, optimal stacking height, irrigation rate, solid-to-liquid ratio,
permeability, gangue minerals, temperature, nominal crush size, ore particle size distribution affect. The aim of this paper is to investigate
the most effective raffinate pH for leaching out copper and cobalt from low grade ore. The ore contains malachite (Cu,(CO,) (OH),), cobalt
oxide, hematite (Fe,0,) and about 94 wt. % gangue mineral (CaCO,, CaO and SiO )content. CaO is highly soluble in acid and SiO, is also
soluble in acid when presence in the form complex compounds such as calcium silicate (CaSiO,, Ca,SiO,) or feldspar (KAISi,O,) and hence
they significantly interfere the heap leaching process. In order to analyse the optimal pH, three samples of different composition were used in
our experiments. The samples were ground to a particle size of < 50mm, cured and agglomerated before leaching with the raffinate solution
containing Ca**(12.095%), Fe**(0.158%), Cu?* (0.1185%), and Co?**(0.216%) from the solvent extraction dosed with concentrated sulphuric
(H,S0,) acid (98%) at different pH ranges (0.3-0.4, 0.54-0.6 and 0.7-1). The effect of the raffinate pH was analyzed by leaching the samples
at different pH (0.3-0.4, 0.54-0.6 and 0.7-1) and analyzing the solution and the leach residue via atomic absorption spectrometry (AAS)
technique. The one treated at a pH range of 0.54-0.6 yielded the highest concentration of copper (24gpl), cobalt (0.28gpl) and iron (3.65gpl)
in the pregnant leach solution and the highest recovery of copper(42.23%), cobalt (21.90%) and iron (47.87%).The leach residue for sam-
ple I treated with leaching liquor (pH 0.3-0.4) were Cu?* (0.50%), Fe** (1.12%), Co** (0.354%) and Ca** (0.057%). The leaching residue
for sample 2 treated with leaching liquor (pH 0.54-0.6) were Cu**(0.065%), Fe’*(0.057%), Co**(0.27%), Ca’*(0.097%) and SiO,(0.31%).
The leach residue for sample 3 treated with leaching liquor (pH 0.7-1) were Cu?* (0.24%), Fe** (0.31%), Co** (0.31%), Ca** (0.25%) and
Si0,(0.64%). Since almost all silica was consumed by the leaching liquor in sample 1, more silicic acid was produced as shown in equation
(1) which decomposed in equation (2) to produce silica gel. The silica gel reduced the permeability of the leaching liquor by preventing it
from reacting with the entire ore leading to less concentrations and recoveries of the valuable (Cu, Co and Fe). The experimental results were

2Ca0.5i0,,, + 2H,50,, | - 2Cas0, | + H,Si0,
H4Si04’(aq) g 2H20(1) + SiOz(gel)

compared with the thermodynamic prediction from the FactSage software.

(1)
()
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Introduction

Heap leaching is a metal extraction process that is
commonly used for the extraction of copper, cobalt, nick-
el, gold, iron, silver and uranium from their low grade
oxide ores using a leachant (e.g. concentrated sulphuric
acid (H,SO,) (Hiskey, 1986; McMahon, 1964; ). The ore
is crushed, cured, agglomerated and stacked on an imper-
meable pad. Raffinate from the solvent extraction dosed
with concentrated sulphuric (H,SO,, 98%) acid is sprayed
on the stacked ore to produce a pregnant leach solution as
shown in figure 1. Concentrated sulphuric acid is used in
heap leaching and its cost is the most vital economic factor
(Rich, 2008). This process is preferred to other leaching
processes due to; (i) its low energy requirement, (ii) absence
of the tailings disposal (iii) absence of the counter-current
decantation (CCD) circuits, (iv) no additional tailings im-
poundment, (v) suitable for treating the low grades, (v)
quick installation of the needed equipments (vi) requires
low capital, operation costs and high operating flexibility
because the raffinate is recycled (vi) the process is sim-
ple including the equipments (vii) integration with other
treatment options (viii) by-passes the ore capital intensive

stages of fine crushing, grinding and agitation leaching (ix)
forecasted copper market prices (x) no solid/liquid separa-
tion that is needed after the process and (xi) less exposure
to environmental risks (Bartlett, 1998).The main minerals
are malachite (Cu,CO,(OH),) and cobalt monoxide (CoO)
minerals whereas the major gangue minerals are calcite
(CaCO0,), quicklime (CaO), hematite (Fe,0,) and calcium
silicate (2Ca0.Si0,). Apart from the pH of the leaching li-
quor, the process is also influenced by ore mineralogy, sur-
face properties, solid-to-liquid ratio, permeability, irriga-
tion flow rate, pore size distribution, air distribution, height
of the heap, gangue minerals, temperature, liberation char-
acteristic of an ore and ore particle size distribution affect
(Mular et al., 2005; Kunkel, 2008). However, the optimal
pH of the leaching liquor on the ore containing low grade
copper, cobalt and iron oxides has never been investigated.
When the pad is treated with leaching liquor, reactions 1-7
take place. The silicic acid produced breaks down to silica
gel and water as shown in equation 7.

Thermodynamic Prediction
The Cu-Co-Fe-Ca-SiO, system at 298K is shown in as
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figure 2 and a number of observations can be made:
1. Calcium oxide and cobalt oxide are soluble in acidic me-
dia.
2. Si0, from calcium silicate can transform to H,SiO,, both
under reducing or oxidizing atmospheres.
3. Malachite is reduced to metallic copper at low electrode
potential or under reducing atmosphere
4. Fe 0, is generally insoluble at pH>3.1
5. Fe,0, is insoluble at pH<3, under oxidizing atmosphere
(higher electrode potential)
6. Calcium is soluble both under reducing and oxidising
atmosphere

Based on the EpH diagram in figure 2, it can be con-
cluded that CaO and SiO, are the difficult impurities to deal
with during acid leaching of the Cu-Co oxide minerals.

This is because they are soluble under reducing and oxidiz-
ing atmosphere. Iron can be precipitated as Fe,O, by rais-
ing the electrode potential or through oxidizing the solution
with air. It is for this reason that iron is commonly removed
from the leach solution through precipitation under atmo-
spheric conditions (21% O,).

Experiment

The mineral sample was determined by the X-ray dif-
fraction analysis. The main crystalline phases in the ore
were malachite (Cu,(CO,) (OH),), cobalt (II) oxide (CoO),
hematite (FeO,), calcium carbonate (CaCO,), calcium sil-
icate (Ca0.Si0,) and quick lime (CaO). The composition
of metallic phases were determined by the atomic absorp-
tion spectrometry shown in table 1.The ore was dried in
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Fig. 1 Flowsheet for the production of copper cathodes through heap leach operation

Rys. 1 Schemat technologiczny produkcji katod miedzianych po wylugowania hatd

Tab. 1 Chemical composition of the as-received ore (%owt)

Tab. 1 Sktad chemiczny otrzymanej rudy (%owt)
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Fig. 2 EpH diagram for the Cu-Co-Fe-Ca-SiO2system at 298K, constructed using HSC software

Rys. 2 Diagram EpH dla uktadu Cu-Fe-Ca-SiO2 w temperaturze 298K stworzony przy uzyciu oprogramowania HSC
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Cu,CO,(OH), +2H,80, > 2CuSO,

CoO, +HSO,, > CoSO,  +H,0,,

Fe,0, +3H,S0, - Fe (so )y 3HZO(]

473(aq)

+HO +CO

2 (aq)

o H2O(l)

CaCo,, +H,80, > CaSO,

CaO(S) + H2SO4(aq) > CaSO

,>2CasO,, ot H,SiO0

4(aq)

2Ca0.8i0, +2H,80,

HSiO,  »2H,0  +Si0,

the oven at 39°C for 24 hours to drive off moisture. The
moisture content was calculated by subtracting the weight
of dried sample (Mdry) from the initial or undried sample
(equation 5). The presence of carbon from malachite and
calcium carbonate was determined by LECO-444 SC anal-
yser.

Three samples 1, 2 and 3, each 4Kg were stacked sepa-
rately in three PVC pipes with a height of 1m and 50cm di-
ameter. The PVC pipes were erected vertically to allow the
product to flow by gravity. Different volumes of concen-
trated Sulphuric(H,SO,) acid (98%) was dosed to the raffi-
nate from the solvent extraction containing Ca*"(12.095%),
Fe*(0.158%), Cu*(0.1185%), Co?7(0.216%) to bring
it to different pH ranges (0.3<pH< 0.4, 0.54<pH<0.6,
0.7<pH<1).700 cm® of each leaching liquor with a different
pH range was added to each of the three samples using the
dispersing bottles. The metallic phases in the residues for
samples 1, 2 and 3 were determined by the atomic absorp-
tion spectrometry shown in table 2.

wet —

IV %100 (8)

Moisture content (u %) =
wet
Results and Discussion
The analyses of Cu, Co, Fe, Ca and SiO, in the leach
residue after leaching the three samples are shown in table
2. It can be observed from table 2 that SiO, is absent in the
leach residue for sample 1. The absence of SiO, in the leach
residue for sample 1 shows that all SiO, was dissolved into
the acid during the leaching process. It can also be noticed
from table 2 that the concentration of calcium is very low
in the leach residues for all the samples implying that it
was mainly dissolved during the process since it is more
reactive than the other metals in the samples. The disso-
lution of calcium in acid agrees with the thermodynamic
prediction in figure 2 as calcium is soluble in acid at pH
below 7. The presence of calcium in the pregnant solution
is undesirable as it is expensive to remove. However, the si-
licic acid produced disintegrated producing silica gel (SiO,
(gel)) (Banza et al., 2002) as shown in equation 7 on the
ore thereby reducing its permeability. The permeability of
the samples ores affects the extracted metal concentrations
and recoveries. The more permeable the ore, the more are
the extracted metal concentrations and recoveries in the
pregnant leach solution. This is because the sulphuric acid
will not penetrate to all the parts of the ore to react with it.
During the early days of the experiment, the concentrations
and recoveries produced were very promising. However,
with the increase in the production and disintegration of the

o+ 3H,0, +CO, (1)

2

)
3)
(4)
®)
(6)
@)

silicic acid, the concentrations of the metals in the pregnant
leach solution decreased.

From the results in figure 3, the copper concentration
in this pH (0.3-0.4) increased from 3gpl on the first (1) day
to 16gpl on the third (3) day. However, due to the increase
in calcium and silica gel, the concentration of the copper
decreased until on the six (6) day to 3.0gpl. In figure 4 and
S, the highest concentration of cobalt and iron were 0.18gpl
on the fourth (4) day and 3gpl on the third (3) day. More-
over, copper ore remained as compared to the other sam-
ples as shown in table 2. This was because more leaching
liquor reacted with calcium which is more soluble that Cu,
Co, Fe and silica.The remaining leaching liquor could not
actively react with the valuable metals because of reduced
permeability. The total leaching time was 6 days.

Sample 2 ore was leached with leaching liquor
(0.54<pH< 0.6) and according to table 2, its silica was
0.31% wt. This implied that though silicic acid was pro-
duced and disintegrated, it was not as much as in sample 1
ore. Hence reduction in permeability was inevitable but not
compared to sample 1 ore. This is the reason why sample
2 produced highest concentrations of copper (24gpl on 4th
day), cobalt (0.28gpl on 3rd day) and iron (3.65gpl on 2nd
day). The total leaching time was 6 days.

However, as shown in table 2 sample 3 had more sili-
ca in the residue than any other sample hence permeability
must be expected to be more as compared to other samples.
However, though it produced better concentration of the
valuable metals than sample 1 due to the pH of the leaching
liquor, its total leaching time was 7 days.

When the metal concentration in the pregnant leach
solution is affected the recovery is equally affected. Since
the metal concentration was affected by the reduction in
permeability, the highest recovery and net recovery of cop-
per, cobalt and iron in all samples ores took place in sample
2 ore as shown in figures 6, 7 and 8. The highest recovery
of copper, cobalt and iron were 42.23% on the third day,
21.90% on the fourth day and 47.87% on the fourth day.
However, the net recoveries of copper, cobalt and iron as
shown in figures 6, 7 and 8 were 97%, 60% and 92%.

Conclusion

1. The optimum pH was between 0.54-0.6 since the re-
covery and concentrations of the copper, cobalt and iron
were higher in the pregnant leach solution. This was be-
cause pH range 0.3-0.4 consumed more gangue materials
especially CaO, CaCO, and CaSiO, than other pH ranges
and pH range 0.7-1 produced promising recoveries and
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Fig. 3 Concentration of Cu in pregnant leach solution against time

Rys. 3 Zmiana stgzenia Cu w roztworze w czasie tugowania
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Fig. 4 Concentration of Coin pregnant leach solution against time

Rys. 4 Zmiana st¢zenie Coin w roztworze tugujacym w czasie
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Fig. 5 Concentration of Fe in pregnant leach solution against time

Rys. 5 Stezenie Fe w roztworze tugujacym w czasie

86

Inzynieria Mineralna — LIPIEC-GRUDZIEN <2014> JULY-DECEMBER — Journal of the Polish Mineral Engineering Society



Tab. 2 Chemical composition of the leach residues (Y%owt)
Tab. 2 Sktad chemiczny pozostatosci po tugowaniu (%wt)

Sample Composition

Cu Fe Co Ca SiO,
Sample 1 0.50 1.12 0.354 0.057 -
Sample2  0.065 0.057 0.27 0.097 0.31
Sample 30.24 0.31 0.27 0.25 0.64

Recovery vs Time
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Fig. 6 Recovery of Copper from pregnant leach solution

Rys. 6 Uzysk miedzi z roztworu tugujacego
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Fig. 7 Recovery of Fe from the pregnant leach solution

Rys. 7 Uzysk zelaza z roztworu tugujacego
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Fig. 8 Recovery of Co from the pregnant leach solution

Rys. 8 Uzysk Co z roztworu tugujacego
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Optymalne pH dla tugowania zwatow rudy o niskiej jakosci miedzi, kobaltu i Zelaza

Kwasne tugowanie zwalu jest procesem ekstrakcji metali z rud o niskiej klasie zazwyczaj 1-2% utlenionego wartosciowego mineratu przy
zastosowaniu tugowania (na przyklad stezonym kwasem siarkowym (H,SO,). Rudg kruszy sig, konserwuje, aglomeruje i umieszcza na
nieprzepuszczalnej podktadce. Rafinat dozowany ze stezonym kwasem siarkowym (H,SO,) jest natryskiwany na utozong rude w celu
wytworzenia macierzystego roztworu tugu. Chociaz sposob ten moze by¢ tani, to zalezy on od pH roztworu tugujgcego, nominalnej
wielkosci kruszca, temperatury, optymalnej wysokosci spietrzania, stopnia irygacji, stosunek ciata statego do cieczy, przepuszczalnosci,
skaty plonnej, temperatury, nominalnej wielkosci zgniatania, wplywu rozktadu wielkosci czgstek rudy. Celem niniejszej pracy jest zbadanie
najbardziej efektywnego pH rafinatu do wyplukiwania miedzi i kobaltu z rud niskiej jakosci. Ruda zawiera malachit (Cu,(CO,) (OH),),
tlenek kobaltu, hematyt (Fe,0,) i okolo 94% wag. zawartosci skaly ptonnej mineralnej (CaCO,, CaO i SiO,). CaO jest wysoce rozpuszczal-
ny w kwasie i SiO, jest réwniez rozpuszczalny w kwasie, jesli jest obecny w formie zwigzkow kompleksowych, takich jak krzemian wapnia
(CaSiO,, Ca,SiO,) lub skaleri (KAISi,O,), a tym samym moze znacznie zaktdcic proces tugowania zwatu. W celu analizy optymalnej war-
tosci pH, w eksperymencie zostaly uzyte trzy probki o réznej kompozycji. Probki zostaly zmielone do rozmiaru < 50mm, zakonserwowane
i aglomerowane przed tugowaniem w roztworze rafinatu zawierajgcym Ca**(12,095%), Fe**(0,158%), Cu?* (0,1185%), oraz Co** (0,216%)
pochodzgcym z ekstrakcji rozpuszczalnikowej dawkowanej ze stezonym kwasem siarkowym (98%) w réznych zakresach pH (0,3-0,4, 0,54-
0,6 oraz 0,7-1). Wplyw pH rafinatu byt analizowany przez tugowanie prébek o réznym pH (0,3-0,4, 0,54-0,6 oraz 0,7-1) i analize roztworu
a takze pozostatosci tugu za pomocq techniki absorpcyjnej spektroskopii atomowej (ASA). Probka, ktérg traktowano roztworem o zakresie
PH 0,54-0,6 wykazala najwyzsze stezenie miedzi (24gpl), kobaltu (0,28gpl) i zelaza (3,65gpl) w macierzystym roztworze tugu i najwiekszy
odzysk miedzi (42,23%), kobaltu (21,90%) i zelaza (47,87%). Pozostatos¢ tugu dla probki 1 traktowana plynem tugujgcym (pH 0,3-0,4)
miata Cu?* (0,50%), Fe’*(1,12%), Co** (0,354%) oraz Ca?* (0,057%). Pozostatos¢ z tugowania dla probki 2 traktowana cieczg tugujgcg (pH
0,54-0,6) miala Cu’* (0,065%), Fe**(0,057%), Co* (0,27%), Ca** (0,097%) oraz SiO, (0,31%). Pozostatos¢ tugu dla proébki 2 traktowana
plynem tugujgcym (pH 0,7-1) zawierata Cu’* (0,24%), Fe’* (0,31%), Co** (0,31%), Ca** (0,25%) oraz SiO, (0,64%). Poniewaz prawie
cala krzemionka zostala zuzyta przez plyn tugujgcy w probee 1, wigkszos¢ kwasu krzemowego zostata wytworzona jak przedstawiono w
réwnaniu (1), ktéry rozklada si¢ w réwnaniu (2), z wytworzeniem zelu krzemionkowego. Zel krzemionkowy zmniejsza przepuszczalnos¢
cieczy tugujgcej, zapobiegajgc przed reakcjg z calg rudg, co prowadzi do mniejszych stezen i odzyskiwania wartosciowych Cu, Co i Fe.
Wyniki doswiadczalne poréwnano z prognozami termodynamicznymi z oprogramowania FactSage.

, . (1)
2a0.5i0, ) + 2H,S0,,, | = 2CaS0, | + H,Si0, |
H,Si0, | = 2H,0¢) + S0z, | 2)

Stowa kluczowe: rafinacja, tugowanie, skata ptonna, krzem, pH
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