
Hydrometallurgy 167 (2017) 153–162

Contents lists available at ScienceDirect

Hydrometallurgy

j ourna l homepage: www.e lsev ie r .com/ locate /hydromet
An investigation into the leaching behaviour of copper oxide minerals in
aqueous alkaline glycine solutions
B.C. Tanda a, J.J. Eksteen a,⁎, E.A. Oraby a,b

a Department of Metallurgical Engineering and Mining Engineering, Western Australian School of Mines, Curtin University, GPO Box U1987, Perth, WA 6845, Australia
b Faculty of Engineering, Assiut University, Egypt
⁎ Corresponding author.
E-mail address: jacques.eksteen@curtin.edu.au (J.J. Eks

http://dx.doi.org/10.1016/j.hydromet.2016.11.011
0304-386X/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 8 May 2016
Received in revised form 20 November 2016
Accepted 27 November 2016
Available online 5 December 2016
Copper oxide minerals are normally extracted by acidic leaching followed by copper recovery with solvent ex-
traction and electrowinning. However, copper oxide deposits often containing large amounts of acid consumable
gangue leads to a very high acid consumption. In addition, if the oxide deposit also contains precious metals and
iron bearing minerals, significant (lime) neutralisation costs are incurred to establish the conditions for subse-
quent cyanidation, with concomitant production of gypsum, potential formation of silver-locking jarosites and
potential gel formation when acids interact with layer silicate minerals. In this study, an alternative aqueous al-
kaline glycine systemhas been employed to evaluate the batch leaching behaviour of copper oxidemineral spec-
imens of the minerals azurite, chrysocolla, cuprite and malachite. The effects of glycine concentration and pH
were investigated at ambient temperature and atmospheric pressure. Glycine concentration and pH both had a
major effect on the copper extraction. Complete extraction of copper from azuritewas achieved inb6 hwhen gly-
cine to copper ratio was 8:1. However, further investigation established the optimum leaching conditions as
being pH 11 and glycine to copper ratio of 4:1. Under such conditions 95.0%, 91.0%, 83. 8% and 17.4% of copper
was extracted after 24 h from the azurite, malachite, cuprite, and chrysocolla mineral specimens respectively.
While the dissolution rates of the copper oxideminerals aremarkedly slower than acid leaching, the selective dis-
solution of copper over acid-consuming gangue minerals shows much potential. It was shown through UV–Vis
spectroscopy that dissolved copper is in the cupric state and forms a neutral copper-glycinate complex under al-
kaline conditions. The study has shown that copper extraction frommalachite, azurite and cuprite in aqueous al-
kaline glycine solutions is fast, whereas Cu extraction from chrysocolla was found to be poor and slow.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The continuous depletion of large, high grade copper sulfidedeposits
which are traditionally processed by pyrometallurgical routes requires
innovative hydrometallurgical approaches in the processing of low
grade-complex ore (Ata et al., 2001). Due to weathering and supergene
enrichment of many copper deposits, these orebodies are typically
(metallurgically) characterised by an oxidised zone, a transitional su-
pergene zone and a hypogene sulfide zone as the deposit gets deeper.
While the sulfide forms of copper (e.g. chalcopyrite, chalcocite, covelite)
are easily upgraded through flotation, the oxidised overburden and
transition zones may lead to significant copper losses due to poor
floatability (Cropp et al., 2013). Often these weathered zones may also
contain significant amounts of precious metals which are poorly recov-
ered because of the high cyanide soluble copper loadings in alkaline
teen).
cyanide leach circuits. Sulfuric acid is normally used to dissolve copper
from the oxide/transition zone ores. However, sulfuric acid interacts
with various altered and layer silicates, and oxide minerals to solubilise
a range ofmetallic cations (K+, Na+,Mg2+, Al3+, Ca2+, Fe3+,Mn2+), as
well as anions such as halides (e.g. from atacamite).Many layer silicates
tend to be gel-formers upon interaction with sulfuric and hydrochloric
acid (formed from sulfuric acid in the presence of chloride bearingmin-
erals or sea water). These silica gels, together with the accumulation of
ions due to often prevalent water balance constraints, can cause severe
operating challenges in solvent extraction circuits as well as heap leach
environments where loss of permeabilitymay result. The high ion load-
ing may also lead to significant water treatment and neutralisation
costs. Many copperminerals are inherently alkaline (oxides, carbonates,
hydroxyl-halides and basic sulfates), as is the surrounding host rock of
gangue minerals.

Sulfuric acid, which is the commonly employed lixiviant for leaching
copper oxide ores has been observed to be infeasible for the leaching of
ores containing high calcium-magnesium carbonate as gangue
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Table 1
The acid consumption and estimated time to complete the dissolution of common acid-consuming minerals in 10 g/L sulfuric acid solution (International Atomic Energy Agency, 2001).

Mineral Specific acid consumption, kg/t Time for complete dissolution

1 day 250 days

Albite NaAlSi3O8 0.3 1.6 100–150 years
Microcline KAlSi3O8 0.6 0.2 100–150 years
Muscovite KAl2(AlSi3O10)(F,OH) 1.6 7.0 About 100 years
Biotite K(Mg,Fe)3AlSi3O10(OH)2 20.1 140.2 2–8 years
Vermiculite (Mg,Fe+2,Fe+3)3[(Al,Si)4O10](OH)2·H2O 39.3 247.2 2–8 years
Kaolinite Al2Si2O5(OH)4 2.6 23.7 30–50 years
Montmorillonite (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 15.7 64.2 10–20 years
Chlorite (Mg,Fe)3(Si,Al)4O10(OH)2·(Mg,Fe)3(OH)6 18.9 138.9 From 1 day to 7–8 years
Carbonized organics 33.6 60.5 Over 10 years
Pyrite FeS2 2.5 2.8
Calcite CaCO3 930 998 1–10 days
Dolomite CaMg(CO3)2 980 1065 Up to 10 days
Ankerite Ca(Fe,Mg,Mn)(CO3)2 940 1026 3–8 days
Siderite FeCO3 262 920 8–10 days
Magnesite MgCO3 114 1149 3–4 months
Limonite FeO(OH)·nH2O 1–7 months
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materials since these carbonates are very soluble in acids(Habashi,
1970; Pokrovsky et al., 2005; Vignes, 2013). The solubility reaction of
calcium carbonate is shown in Eq. (1).

CaCO3 þ H2SO4 þH2O→CaSO4 � 2H2Oþ CO2 ð1Þ

The dissolution of carbonate gangue minerals, which are often ubiq-
uitous in copper deposits, leads to the consumption of large amounts of
acid during the leaching of such ores, which can make the process un-
economical (Habashi, 1970, 1980; You-Cai et al., 2013). Table 1 shows
the acid consumption and estimated time to complete the dissolution
of major carbonaceous materials in 10 g/L sulfuric acid solutions. It
can be seen that for acid leaching, each ton of carbonate mineral (e.g.
dolomite, calcite, ankerite) requires about 1 ton of sulfuric acid.

The presence of calcium bearing carbonates during acid heap
leaching processes also results in the precipitation of gypsum
(CaSO4·2H2O) which reduces heap permeability and solution percola-
tion as was observed at the Twin Buttes mine in Arizona (Bartlett,
1998). In addition, the large quantities of gypsummay coat and passiv-
ate preciousmetals. Acid also reacts with sulfideminerals present in the
supergene zone (e.g. chalcocite) to form elemental sulfurwhich is prob-
lematic when precious metals are present due to surface passivation.
Also, a significant cyanide consumption may result from the reaction
Fig. 1. Potential/pH diagram for the copper-water-glycine system for a total dissolved
copper activity of 10−5 and a total glycine activity of 10−2 at 25 °C and 1 atm (Aksu and
Doyle, 2002).
of elemental sulfurwith cyanide to form thiocyanate.Moreover, the for-
mation of jarosites, which can lock up silver to form argentojarosites,
may lead to significant precious metal losses, as well as toxic heavy
metal inclusions that may be remobilised during weathering of such
leach residues. In the recovery of valuablemetals fromdeposits contain-
ing high acid consuming materials, an alkaline leaching medium pre-
sents many advantages over acidic medium, including increased
selectivity, reduced corrosiveness and decreased reagent consumption.
However, the conventional suite of alkaline lixiviants, such as cyanide
and ammonia, is very limited particularly when reagent consumption
is significant as for base metal ores. Both cyanide and ammonia share
problems of toxicity, volatility, high lixiviant to base metal stoichiomet-
ric requirements, difficulties in recovery and recycle, and a tendency to
oxidise.

Ammonia and its derivatives, such as ammonium hydroxide, are
known to form very stable complexes withmetal cations (cobalt, nickel
and copper) through the nitrogen group and this has been observed to
significantly enhance both the solubility and stability of the metals in
solution (Greenberg, 1951). Leaching of malachite ore in aqueous am-
monia/ammonium carbonate at 25 °C, solid to liquid ratio of 1:10, stir-
ring speed of 300 rpm, particle size b450 μm, has been found to
recover up to 98% of the copper in 120 min, while the gangue minerals
did not dissolve in the solution (Bingöl et al., 2005). Other researchers
(D'Aloya & Nikoloski, 2012; Liu et al., 2012; Oudenne & Olson, 1983;
Wang et al., 2009; Yartaşi & Çopur, 1996) have also established that am-
monia solutions are suitable for leaching carbonaceous copper ores. De-
spite the ammoniacal leaching medium having the advantage of
selectively extracting copper, it has some technical and environmental
challenges. Some of these challenges include its noxious odour detected
even at low concentrations, its toxicity, and its adverse health effects
such as burning of the respiratory tract and skin, the loss of reagent
due to its volatility and the general difficulty in recovery and reuse.
These challenges have limited the application of the ammoniacal sys-
tem, especially in the economical heap leaching of low grade ores. Ac-
cording to the National Institute for Occupational Safety and Health
(NIOSH, 1992), the threshold limit value for ammonia is 25 ppm for a
normal 8 h shift. The ammonia-copper system also has a relatively
Table 2
Copper glycine complexes and their stability constants (Aksu and Doyle, 2001).

Copper Ion Copper-glycine Complex logK

Cu2+ Cu(H2NCH2COO)2 15.6
Cu+ Cu(H2NCH2COO)2− 10.1
Cu2+ Cu(H2NCH2COO)+ 8.6



Table 5
Percentage solids for different copper oxide leaching tests.

Mineral
Specimen

%Cu in
Specimen

Mass Cu,
(g)

Specimen
Mass (g)

Solution
Volume (mL)

% w/v
solids

Azurite 42.12 2.00 4.75 500 0.95
Chrysocolla 24.70 2.00 8.09 500 1.62
Cuprite 20.09 2.00 9.96 500 1.99
Malachite 41.55 2.00 4.81 500 0.96

Table 3
Phase abundance (wt%) of the mineral specimens.

Phase Wt% of Mineral in Specimen

Azurite Chrysocolla Cuprite Malachite

Azurite 65.0 ± 0.1 – – –
Chrysocolla – 59.2 ± 0.2 – –
Cuprite – – 23.4 ± 0.8 –
Malachite – – – 66.0 ± 0.1
Dolomite – – 62.1 ± 0.1 –
Goethite – – 0.5 ± 0.1 1.7 ± 0.3
Kaolinite 3.4 ± 0.6 6.0 ± 0.6 – 3.3 ± 0.4
Muscovite 6.2 ± 0.7 26.3 ± 0.8 – –
Quartz 7.4 ± 0.4 6.7 ± 0.4 1.0 ± 0.2 16.7 ± 0.7
Rutile – 1.8 ± 0.3 – –
Amorphous content 18.0 ± 0.1 – 13.0 ± 0.4 12.3 ± 0.1

The ± values are the estimated absolute standard deviations (e.g. 65.0 ± 0.1 = 64.9% to
65.1%).
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narrow pH stability range, making it sensitive to pH variation (Hoar &
Rothwell, 1970).

Other alkaline leach options have also been limited. For example, so-
dium cyanide has been found to be uneconomical for copper minerals
due to the large cyanide consumption, high toxicity, interference with
precious metal adsorption processes, potential for volatile HCN forma-
tion, potential to form a range of weak acid dissociable (WAD) cyanide
species that show complex pH-Eh dependent ligand interchange reac-
tions, the need for subsequent cyanide detoxification, and the poor re-
covery and reuse potential of cyanide. Cyanide and ammonia are not
well received by nearby communities and the use thereof may face sig-
nificant legislative hurdles. These reagents are particularly unsuitable
for base metal extraction through heap leaching, which is often seen
as the only viable means of treating low grade oxide and transition
ore deposits.

The main lixiviant used in this study to leach copper is glycine
(amino-ethanoic acid)which is the simplest amino acid having a hydro-
gen atom as a side chain, H2N-CH2-COOH (or HL implying hydrogen-
glycinate ligand combination). Glycine is one of the amino acids that is
produced relatively cheaply (FOB 1500–2000 USD/tonne, the lower
price for 98.5% Technical Grade and the upper price for Feed Grade in
the year 2016) on an industrial scale, for example from chloroacetic
acid, or various biochemical pathways (González-lópez et al., 2005). It
is a non-toxic, non-volatile, non-flammable, and bulk industrial chemi-
cal that is used in the food, metal plating, animal feed, and pharmaceu-
tical industries and for the production of glyphosate herbicides. It has a
melting point of 262 °C, and is highly soluble inwater (250 g/L at 25 °C),
acids and alkalis, but it is not soluble in most typical organic solvents
(0.038 g/100 mL) (Drauz et al., 2000). In an aqueous solution and de-
pending on the pH, glycine exists in different forms. Below pH 2.35,
the cation +H3NCH2COOH (H2L) is predominant. The zwitterion,
+H3NCH2COO− (HL), is the major glycine species between pH of 2.35
to 9.78. At pH above 9.78, the anion H2NCH2COO− (L) is predominant
(Rega et al., 1998). Glycine thus has unique chemical and physical prop-
erties that give it the advantages to be a robust lixiviant as per the char-
acteristics of good lixiviants outlined by Avraamides (1982).

The use of glycine to form stable complexes with copper is well
established both in the electronics and pharmacological industries.
The use of glycine-hydrogen peroxide in the chemical-mechanical
Table 4
Chemical assay of each mineral specimen.

Element→
Mineral↓

Cu
(%)

Al
(%)

Si
(%)

K
(%)

Zn
(ppm)

Ti
(%)

Mg
(%)

Fe
(%)

Ca
(%)

Azurite 42.12 1.91 6.41 0.63 50.00 – 0.15 – 0.14
Chrysocolla 24.70 2.96 21.6 1.42 – 0.13 0.41 – 0.20
Cuprite 20.09 – 0.52 – – – 9.56 1.91 16.00
Malachite 41.55 0.13 8.49 0.11 – – 0.38 3.53 0.81
planarization production method has been intensively studied (Chen
et al., 2013; Du et al., 2004; Green & Mueller, 1999; Seal et al., 2003;
Tripathi et al., 2010; Zhang & Shankar, 2001). Electrochemistry and
X-Ray photoelectron spectroscopy (XPS) studies by Seal et al.
(2003) showed that in the presence of glycine, copper dissolution in-
creases. The proposed reaction route is the peroxide oxidation of metal-
lic copper to cupric ions which then form stable, and highly soluble Cu-
glycine complexes (Tianbao et al., 2004). The occurrence and role of
copper in biological systems, especially in enzymes where it is signifi-
cantly involved in active sites, has led to a considerable interest in un-
derstanding the mechanisms of interaction between the cupric ions
and amino acidswhich act as themedium for transporting copper in liv-
ing organisms (Bukharov et al., 2014). In an earlier investigation,
Bukharov et al. (2012) studied the rotational dynamics of Cu(II)
amino complexes by electron paramagnetic resonance spectroscopy
(EPR) and nuclear magnetic resonance spectroscopy (NMR) relaxation
methods and the data revealed that the trans isomer of Cu (II) glycinate
complex [Cu(Gly)2] is the dominant species in solution.

Eh-pH diagrams (Aksu and Doyle, 2001, 2002) have illustrated that
the copper glycinate complex is stable over a broad pH range (2.6–
12.0). The major copper(II) glycine complexes are: Cu(H3NCH2COO)2+

(CuHL2+), Cu(H2NCH2COO)+ (CuL+) and Cu(H2NCH2COO)2 (CuL2),
while the predominant copper(I) complex is Cu(H2NCH2COO)2− (CuL2−).
The regions of stability for the species in the coper-water-glycine system
are given in Fig. 1 while the stability constants of the different copper-
glycine species are given in Table 2.

Glycine can also be used as a complexing agent to enhance the qual-
ity of the deposit in the electrodeposition of Zn-Co alloy in an alkaline
bath (Ballesteros et al., 2011). Recent research by Oraby and Eksteen
(2014a, 2015, 2016) on the application of glycine as a lixiviant for
leaching gold and other precious metals has led to a pending patent.

For gold, silver and their alloys, an alkaline glycine-peroxide solution
at moderately elevated temperatures (40–60 °C) could effectively leach
the metals (Eksteen and Oraby, 2015; Oraby and Eksteen, 2014b). For
copper, Oraby and Eksteen (2014b) showed that the alkaline glycine
system is effective in selectively leaching copper from a copper-gold
concentrate in which the presence of copper is detrimental to the gold
cyanidation process (Bas et al., 2012; Muir et al., 1991; La Brooy et al.,
Fig. 2. Comparative copper extraction from different copper oxide minerals: Initial pH =
11.0, molar glycine: available Cu ratio = 4:1 (relative to Cu content per specimen),
bottle roll, room temperature.



Fig. 3. SEM photographs of unleached (a) and partially leached (b) chrysocolla.
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1991; Muir, 2011; Muir et al., 1989). Contrary to the elevated tempera-
tures required for gold and silver, copper leaching results showed that
at ambient temperature, pH 10.5–11, the glycine-peroxide system dis-
solved 98% of total copper from a copper-gold concentrate over 96 h
(2 stages of 48 h). QEMScan analysis demonstrated that 80% of chalco-
pyrite was leached while the dissolution of cuprite, native copper, and
chalcocite was complete (Oraby & Eksteen, 2014b). The proposed
leachingmechanism for the dissolution of copper involves the oxidation
of copper to cupric ions as shown in Eq. (2), followed by stoichiometric
complexing of cupric ions with glycine in an alkaline solution as given
by Eq. (3).

Cu→Cu2þ þ 2e− ð2Þ

Cu2þ þ 2 NH2CH2CO2Hð Þ þ 2OH−→Cu NH2CH2CO2ð Þ2 þ 2H2O ð3Þ

Therefore, considering the advantage of glycine to selectively leach
copper over other gangue materials and its environmental benefits,
the research work reported here was conducted to investigate the
leachability of different copper oxideminerals in an alkaline glycine sys-
tem under different leaching parameters and conditions.

2. Experimental

2.1. Materials

All of the mineral specimens used in the test work were purchased
from mineral collectors and bulk mineral suppliers in Australia. The
mineral specimens obtained and investigated were natural azurite
[2CuCO3·Cu(OH)2], chrysocolla [CuSiO3·2H2O], cuprite [Cu2O] andmal-
achite [CuCO3·Cu(OH)2]. The selectedmineral specimenswere crushed,
Table 6
Mean absolute percentage error (MAPE) in %Cu Extraction
for 4 repeat leaches on subsamples for each mineral speci-
men type relative to the average for each sample.

Mineral Specimen MAPE

Malachite 0.56%
Azurite 0.36%
Chrysocolla 1.32%
Cuprite 0.84%
ground and dry screened using an ASTM standard test sieve to obtain
the required size fraction of 100% passing 75 μm. The ground samples
were split using a Retch PT100 rotary sample divider/micro-splitter
and subsampled to a 3 g aliquot whichwasmicronized to 5 μm.Mineral
phase determination of each specimen was performed using a D8 Ad-
vance Bruker X-ray spectrometer at the John de Laeter Centre for Iso-
tope Research at Curtin University. The quantitative XRD analysis, as
presented in Table 3, showed modal abundance of the various phases
found in the differentminerals, as quantified using Rietveld Refinement
performed using the Topas software. Only one prepared sample of each
prepared mineral aliquot was used for X-Ray diffraction analysis. The
XRD analysis confirmed that each mineral specimen contains a single
copper mineral phase (after which the specimen is named) together
with non-copper containing gangue. The presence of acid consuming
gangueminerals in each specimen, such asmuscovite, kaolinite and do-
lomite is also clear. This confirmation was important as the main pur-
pose of this work was to understand the leaching characteristics of
individual copper oxide minerals in the alkaline glycine leaching sys-
tem. The error range in the wt% of a mineral phase in the mineral spec-
imen associated with the XRD curve fitting is indicated as a ± range.

Elemental compositions of the minerals were determined by fusing
samples with sodium peroxide and subsequently dissolving the melt
in dilute hydrochloric acid for analysis by inductively coupled plasma
optical emission spectrometry (ICP-OES). The ICP-OES procedure is
viewed asmore accurate thanXRF due to the high elemental concentra-
tions in the samples. Table 4 gives the assays of the different copper
mineral samples.

2.2. Methods

All experiments were conducted at room temperature (average
22 °C) and at atmospheric pressure. All solutions used in the different
experiments were prepared from reagent grade glycine obtained from
Sigma Aldrich, and deionised water. Sodium hydroxide was used to ad-
just the pH of the leach solution. The redox potential (Eh) of the leach
solution was measured and reported according to an Ag/AgCl electrode
and pHmeasurementswere performed using a TPS 90FLMV fieldmeter.
Unless specified, all experiments were conducted in a 2.5 L Winchester
bottle. The mineral sample was weighed to give the equivalent of 2 g of
total copper in the solid which was then placed in the bottle and the
leaching solution was added. The % solids used in the tests for each



Fig. 4. UV–Vis spectrum of Cu(II) sulfate (with alkaline glycine), azurite, chrysocolla, cuprite, and malachite in aqueous alkaline glycine solution of pH 11.
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mineral specimen is given in Table 5. Slurry agitation was provided by
immediately placing the bottle onto a bottle roller rotating at
100 rpm. To ensure that enough oxygen was available for the leaching
process, the bottles were left uncapped. Leaching was carried out for
48 h during which time several intermediate samples were collected.
This involved removing the bottles from the roller, allowing to stand
for 1 min to allow the solids to partially settle, and then withdrawing
3 mL of slurry and filtering by means of a syringe-membrane filter
(pore size 0.45 μm). An atomic absorption spectrometer (AAS) was
used to determine the concentration of copper in the filtrate. For exper-
iments showing a low copper recovery, the leached residues were
rinsed with deionised water, dried and observed under a scanning elec-
tron microscope (SEM) to understand the change in surface morpholo-
gy of the samples during leaching. The visible absorption spectra of the
copper (II)-glycinate solutions were detected with a Varian, Carry 50
UV–Visible spectrometer interfacedwith a compatible PC. Cupric sulfate
pentahydrate (CuSO4·5H2O)was used at different concentrations in al-
kaline glycine solution to generate a calibration curve for the copper
concentration. The final solution from each test was also analysed for
Fig. 5. Correlation between Cu(II) concentration with UV–Vis and total copper by AAS.
total copper using AAS and for Cu(II)-glycinate using UV–Vis
spectrometer.
3. Results and discussion

3.1. Minerals leach behaviour

Preliminary leaching tests using different copperminerals were per-
formed under the following leaching conditions: room temperature
(approx. 22 °C) and ambient pressure, glycine to copper (Gly:Cu)
molar ratio of 4:1, and at an initial solution pH of 11 using NaOH as a
pHmodifier. All the leaching conditions and parameters were kept con-
stant during the leaching of the different minerals. The copper extrac-
tion from leaching these minerals in alkaline glycine solutions are
shown in Fig. 2.

The results show that copper from azurite, cuprite andmalachite can
be significantly extracted in alkaline glycine solutions. Copper extrac-
tion from azurite largely occurred in b6 h and at an average rate of
0.315 g/h. Overall, copper extraction was 94%. Although the initial cop-
per extraction from malachite was higher than that of azurite (77% for
malachite compared to 66% for azurite after 1 h), the copper extraction
from azuritewas about 10% higher than that frommalachite after 6 h. In
the case of cuprite, the initial copper extraction was 33% after 1 h and
93.3% of copper was extracted after 48 h of leaching.

Not surprisingly, copper extraction from chrysocolla was slow in the
alkaline glycine solution andonly 19% of copperwas extracted after 48h
of leaching. Chrysocolla leaching in some other alkaline systems such as
cyanide is also limited (Jergensen, 1999). However, some research stud-
ies have shown that about 50% of copper in chrysocolla can be extracted
in alkaline ammoniacal ammonium carbonate (Raghavan & Hiskey,
1989). Wei et al. (2010) noted that, of all the copper minerals leached
in ammonia-ammonium chloride solution, copper silicates exhibited
the poorest propensity to leach. The SEM photographs of unleached
and leached chrysocolla in Fig. 3 show that the leach residue developed
a spike-like surface morphology. As the copper from chrysocolla is
leached, it is thought to leave behind an impervious layer of hydrated
silica that restricts further copper leaching (Cooper et al., 2000; Krebs
& Furfaro, 2014; Sun, 1963).



Azurite Chrysocolla

Cuprite Malachite

Fig. 6. Effect of glycine concentration on copper extraction from each mineral samples: initial solution pH= 11.
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Quadruple repeat leach testswere performed fromvarious sub-sam-
ples for eachmineral specimen to obtain an estimate of sample variance
relative to the average for each data point on the curve. That is, for each
specimen and each time step, the average extraction was determined
and the sample variation relative to the average of the 4 samples (at
the same sampling time) were determined across all data points (5
per specimen) over the duration (48 h) of the leach. The relative abso-
lute percentage deviation (error) was determined by the square root
of the sum of squared errors and averaged across the data series, giving
the Mean Absolute Percentage Error in Copper Extraction or MAPECu,
where

MAPECu ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑

All Sample Times

Measured%Cu Extraction−Average%Cu Extraction

Average%Cu Extraction

� �
at sample time;t

� 100%

" #2
vuut

Number of Measurements

ð4Þ

The MAPE for the leach repeats, using the same leaching conditions
as shown in Fig. 2 are given in Table 6.

The variations between the 4 repeated leach tests on subsam-
ples of the same specimen are the effect of variations in mineral ex-
posure (considering that the P100 grind was 75 μm and that a
significant amount of gangue minerals was present in each speci-
men), sampling errors and assaying errors (solution and solid
residue).
3.2. Copper speciation

To propose reaction routes for the copper oxides, it was necessary to
determine if both Cu(I) and Cu(II) ions are present in the alkaline cop-
per-glycine leach system. Cu(II) sulfate was dissolved in an alkaline gly-
cine solution at pH 11 and the complex was scanned at different
wavelengths using a UV–Vis spectrometer. The maximum absorbance
of the Cu(II) glycinate was observed at 635 nm. This is in agreement
with published data that reported Cu(II) in an aqueous alkaline glycine
solution forms a deep blue complex which has a peak at a wavelength
around 624–640 nm (Darj & Malinowski, 1996; Fernandes et al.,
1997). It should be recalled that according to Aksu and Doyle (2001)
and as shown in Table 2, the logK of the Cu2+ complex with
glycine(CuL2) is the most stable copper species in copper-glycine solu-
tions. It can then be supposed that any Cu(I) ions present in solution
are first oxidised to Cu(II) ions which then complex with glycine to
form copper(II) glycinate. Fig. 4 shows the full wavelength scan of the
Cu(II) glycinate complex of the leaching solutions of azurite,
chrysocolla, cuprite and malachite.

It can be seen that the Cu(II) glycinate complex in the final leach so-
lution forms a single peak at a wavelength of 635 nmwhich is similar to
that of the standard Cu(II) glycinate complex. By comparing the Cu(II)
concentration from the UV–Vis to the total copper concentration ob-
tained fromAAS analysis, a correlation linewith anR2=0.9957was ob-
tained as illustrated in Fig. 5. This confirms that the Cu(II) glycinate
complex is the only copper species in the leach solution from all inves-
tigated copper minerals at an alkaline pH.
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Fig. 7. Effect of initial solution pH on copper extraction from different copper mineral samples: Gly: Cu = 4:1.
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From these results, it can be concluded that Cu(I) ores such as cu-
prite dissolve in an aqueous alkaline glycine system through the oxida-
tion of Cu(I) to Cu(II) which then forms a stable Cu(H2NCH2COO)2
complex. Thus, the proposed overall leaching reactions for azurite,
malachite, cuprite and chrysocolla can be presented as in Eqs. (5)–(8)
respectively.

2 CuCO3ð Þ � Cu OHð Þ2 þ 6 NH2CH2COOHð Þ þ 4OH−

¼ 3 Cu NH2CH2COOð Þ2
� �þ 6H2Oþ 2CO3

2− ð5Þ

CuCO3ð Þ � Cu OHð Þ2 þ 4 NH2CH2COOHð Þ þ 2OH−

¼ 2 Cu NH2CH2COOð Þ2
� �þ 4H2Oþ CO3

2– ð6Þ

Cu2Oþ 4 NH2CH2COOHð Þ þ 1=2O2 ¼ 2 Cu NH2CH2COOð Þ2
� �þ 2H2O ð7Þ

CUO � SiO2 � 2H2Oþ 2 NH2CH2COOHð Þ
¼ Cu NH2CH2COOð Þ2 þ 3H2Oþ SiO2 ð8Þ

3.3. Effect of glycine concentration

To evaluate the effect of glycine concentration on copper extraction,
the initial pHwas kept constant at 11while the concentration of glycine
was changed on a glycine to copper (Gly:Cu) molar ratio basis. Ratios
were chosen over molar concentration since the stable copper-glycine
complex between pH 4 and 12 is Cu(H2NCH2COO)2, implying that a
minimum of two moles of glycine are needed per mole of copper for
the complex formation. The Gly:Cu molar ratios investigated were 2:1,
3:1, 4:1 and 8:1. The influence of the glycine concentration on the ex-
traction of copper from the different copper oxides is shown in Fig. 6.

Apart from chrysocolla, therewas a significant increase in the copper
extraction as the glycine to copper ratio increased from 2 to 4. For azur-
ite, when the Gly:Cu was 2:1, maximum copper extraction was 73% in
48 h, while for a Gly:Cu ratio of 8:1, 99% of the copper was extracted
in just over 3 h. Cuprite also exhibits a significant increase in the copper
extraction within the first 6 h when the glycine to copper ratio was in-
creased from 2 to 8. Interestingly, azurite and malachite showed that
when the glycine to copper ratiowas increased from2:1 to 8:1, percent-
age copper extraction within the first hour increased from 50% to 87%
and from 24% to 91%, respectively. Chrysocolla continued to show
poor copper extraction with only a minor improvement in the extent
of copper extraction with increasing glycine to copper ratio. As the
Gly:Cu ratio was increased from 2:1 to 4:1, copper extraction only in-
creased from 13% and 23% in 48 h.

3.4. Effect of initial pH

To evaluate the effect of initial pHon copper extraction from the cop-
per oxide minerals, the initial pH of the experiments was varied from 8
to 11. Once the required initial pH of the leaching solution had been
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Fig. 8. Dependence of Cu concentration in solution and pH change upon the initial solution pH.
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reached (by adjusting with sodium hydroxide), no further pH control
was performed. For all experiments, the Gly:Cu ratio was kept constant
at 4:1 and all experiments performed at room temperature. Fig. 7 shows
the influence of initial solution pH on copper extraction from leaching
azurite, chrysocolla, cuprite and malachite.

The data shown in Fig. 7 can be summarised as follows: For azurite,
the results indicate that in the first 3 h of leaching, copper dissolved at a
similar rate at pH 10.0 and 11.0. However, by extending the leaching
time, copper precipitation was noted during leaching at pH 10. A high
copper extraction of 97.2% was achieved after 48 h at pH 11.0. For
Table 7
Concentration of selected elements in final leach solutions and calculated degree of extraction

Mineral Item/metal Cu Al S

Azurite Metal in soln, mg/L 3936.0 2.8 4
Metal extracted, % 98.4 1.5 0

Chrysocolla Metal in soln, mg/L 769.0 0.2 2
Metal extracted, % 19.2 0.0 7

Cuprite Metal in soln, mg/L 3766.0 – 0
Metal extracted,% 94.2 – 0

Malachite Metal in soln, mg/L 3884.0 0.4 1
Metal extracted,% 97.1 3.4 1
chrysocolla it was found that at a lower pH (pH 8.0) copper extraction
was slightly higher than the extraction at pH 11.0. For cuprite, it was
found that the stability of copper glycinate at lower pH (pH 9.0) was
not high and complex precipitation occurred when the leaching time
was extended beyond 3 h. Copper extraction from cuprite at pH 10.0
was slightly higher than the extraction at pH 11.0. Copper-glycinate
complex precipitation at lower pH was also observed for malachite at
pH 9.5. Contrary to the precipitation noted at low pH for the azurite, cu-
prite and malachite, no precipitate was observed in the case of
chrysocolla. It could thus be supposed from this observation that, the
.

i K Zn Mg Fe Ca

.8 3.4 0.5 0.3 – 3.3

.8 5.9 99.8 1.8 – 34.8
47.0 12.2 – 0.2 – 4.1
.1 5.4 – 0.3 – 12.7
.1 – – 4.4 2.7 27.3
.1 – – 0.2 0.7 0.9
1.2 3.1 – 0.7 0.7 3.0
.4 31.8 – 1.9 0.2 3.9



Table 8
Maximum percentage copper extracted from the different copper oxide minerals in the
experimental range.

Optimum Conditions Minerals Percentage copper
extracted

24 h 48 h

Gly:Cu = 4:1 Azurite 95.0 98.4
pH 11 Malachite 91.0 97.1
Room Temperature Cuprite 83.8 94.7

Chrysocolla 17.4 19.2
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precipitation of copper is not only a function of the leaching pH but also
that of the concentration of the dissolved copper in the leach solution as
this precipitation was only observed at high copper concentration in
solution as shown in Fig. 8.

The reason behind the complex precipitation at lower pH is unclear
and it is inconsistent with the results obtained by Aksu and Doyle
(2002) (Fig. 1) as it was shown that Cu(II) glycinate has a wide margin
of pH (pH 2–12) stability. The copper-glycinate precipitation at lower
pH can be attributed to the less stable, major glycine species at this pH
(+H3NCH2COO− (HL)) forming a less stable copper-glycinate complex.

During the leaching of azurite, cuprite and malachite, the solution
pH was observed to rise initially before it began to fall, as seen in
Fig. 8. This observation could be attributed to the equilibration of
carbonates (dolomite associated with cuprite, azurite and malachite)
with water as shown in Eq. (9).

CO3
2– þH2O ¼ HCO3

– þ OH– ð9Þ

In the leaching of cuprite involving the oxidation of Cu(I) to Cu(II),
the cathodic reduction of oxygen, as shown in Eq. (10), can also be a
source of additional hydroxide ions resulting in the observed increase
in pH.

During the leaching of chrysocolla, no increase in pHwas noted. This
could be attributed to the absence of carbonates or oxidation reactions.

1=2 O2 þ H2Oþ 2e− ¼ 2OH− ð10Þ

3.5. Dissolution of impurity elements

Asmentioned previously, the traditional use of acids for the leaching
of copper oxides leads to the dissolution of impurity elements (silicon,
iron, magnesium, calcium, aluminium, etc.) that may form precipitates
and hamper solution flow in heaps, negatively influence downstream
processes like solvent extraction, and cause scaling of equipment
(Ekmekyapar et al., 2015). The final leach solutions from leaching the
individual oxide minerals at pH 11 and Gly:Cu ratio of 4:1 were
analysed by ICP to establish the leachability of major impurity elements
in the alkaline glycine system. The results as shown in Table 7 indicate
that most impurity elements dissolve to a very limited extent relative
to copper. It can be seen from the data that alkaline glycine selectively
leaches copper over other impurities. In addition, analysis results indi-
cate that the high dolomite content (62.1%) of the cuprite remained un-
affected by the alkaline glycine solution as indicated by the 0.2 and 0.9%
Mg and Ca respectively extracted. According to the data in Table 1, if
acidwas used to leach such a deposit, about 582 kg/t acidwould be con-
sumed, making the process uneconomical. This gives the alkaline gly-
cine leach system a further advantage over the acidic leaching of
copper oxide deposits of this type.

4. Conclusions

The leaching behaviour of the various copper oxide minerals in
aqueous alkaline glycine solution has been studied and a summary of
the results is given below:
1. Chrysocolla was themost difficultmineral to leach in the glycine sys-
tem, while almost complete copper extraction from the other copper
oxideminerals studied (azurite, cuprite andmalachite)was achieved
in 24 h.

2. UV–Vis spectrometry analysis confirmed that only Cu(II) ions were
present in the copper-glycine solutions under the conditions studied.
This implies that Cu(I) in ores such as cuprite is rapidly oxidised to
Cu(II) which then forms a stable cupric-glycine complex.

3. The two parameters (glycine concentration and initial solution pH)
studied in this work have been found to influence the leaching of
the copper oxide minerals. Greater copper extraction and faster
leach rates can be achieved by using a high Gly:Cu ratio (8:1), but a
Gly:Cu ratio of 4:1 (i.e. double stoichiometric requirement) gives ac-
ceptable extraction rates with lower reagent consumption. Leaching
copper oxides at pH N 10.5 was the optimum to ensure copper(II)
glycinate stability and to achieve maximum copper extraction.
Table 8 shows the percentage of copper extracted from the copper
oxide minerals under optimum conditions of pH 11, glycine to
copper ratio of 4:1 and ambient temperature.

4. The alkaline glycine leach system proposed above will be suitable to
be used for copper oxide (copper oxides, carbonates and silicates)
ores with large amounts of acid soluble gangue present and also se-
lectively leach copper over gangue metals which if present in the
leach solution will cause downstream processing challenges.
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