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A B S T R A C T   

Polymetallic sulfide ores are often not amenable to cyanide leaching due to the presence of several elements and 
minerals capable of interfering with this process. Thus, various strategies, such as chemical pretreatments, are 
often studied to improve the efficiency of cyanidation. Beyond the results of such strategies, it is important to 
understand the changes occurring on the mineral samples during these pretreatments. Herein, an alkaline pre-
treatment was applied to a silver concentrate (~8 kg Ag/t) composed of polymetallic sulfides (Fe-Pb-Mn), which 
increased the silver extraction during subsequent cyanidation from 40% to 80% and decreased the cyanide 
consumption in half (from approximately 60 to 30 kg NaCN/t). X-ray diffraction (XRD) and ICP-MS indicated 
that the pretreatment could remove significant amounts of elemental sulfur, which is a known cyanicidal agent. 
The dissolution of significant amounts of sulfur was confirmed by chemical analysis, which also demonstrated 
that the dissolution of iron, lead, manganese, and silver were negligible during pretreatment. At surface level, X- 
ray photoelectron spectroscopy (XPS) demonstrated that the pretreatment exposes fresh sulfide surfaces (e. g. 
pyrite). In addition, the XPS spectra indicated that the pretreatment facilitated the exposure of clean mineral 
surfaces. The presence of cleaner surfaces suggested a more uniform and less hindered diffusion of leaching 
agents through the mineral. Indeed, fitting the extraction data to the shrinking core model showed that pre-
treated samples featured a nearly ideal diffusion-controlled process, while in the case of untreated samples this 
fitting was less adequate. During cyanidation of both untreated and pretreated samples, lead build-up was 
detected on the surface (readsorption), which suggested that this phenomenon does not affect the efficiency of a 
leaching process. This study highlights the importance of combining bulk analytical methods with surface- 
sensitive techniques to obtain a more complete understanding of leaching processes.   

1. Introduction 

Leaching of both silver and gold is commonly performed using cya-
nide, as it forms thermodynamically stable compounds with these metals 
(Kyle, 1997; Lottermoser, 2003). Cyanidation is thus a well-known 
process, applied at large scale in various metallurgical plants around 
the world, despite its toxicity posing a threat to the environment and 
health. For simple silver species, such as metallic silver and silver sul-
fide, the underlying chemistry is known (Senanayake, 2008): 

4Ag(s) + 8CN−
(aq) +O2(g) + 2H2O(l)→4Ag(CN)−2(aq) + 4OH−

(aq) (1)  

Ag2S(s) + 4CN−
(aq) +H2O(l)→2Ag(CN)−2(aq) +OH−

(aq) +HS−
(aq) (2) 

However, due to the continuous depletion of ore deposits that are 
amenable to cyanidation (Celep et al., 2019, 2011; Fleming, 1992), 
mines around the world yield ores with ever-growing complexity (Fraser 
et al., 1991; Khalid and Larachi, 2016). These complex ores can be 
referred to as refractory when they do not respond efficiently to standard 
metallurgical operations. For example, these ores may be composed of 
minerals which a) decrease the capacity of cyanide to dissolve target 
minerals or to diffuse through them (Birich et al., 2019; Jeffrey and 

* Corresponding autor. 
E-mail address: jcrodriguez@utec.edu.pe (J.C.F. Rodriguez-Reyes).  

Contents lists available at ScienceDirect 

Minerals Engineering 

journal homepage: www.elsevier.com/locate/mineng 

https://doi.org/10.1016/j.mineng.2023.108325 
Received 4 May 2023; Received in revised form 9 August 2023; Accepted 12 August 2023   

mailto:jcrodriguez@utec.edu.pe
www.sciencedirect.com/science/journal/08926875
https://www.elsevier.com/locate/mineng
https://doi.org/10.1016/j.mineng.2023.108325
https://doi.org/10.1016/j.mineng.2023.108325
https://doi.org/10.1016/j.mineng.2023.108325
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mineng.2023.108325&domain=pdf


Minerals Engineering 203 (2023) 108325

2

Ritchie, 2000), b) lead to overconsumption of cyanide due the presence 
of sulfides or base metals in the ore (Bas et al., 2015; Portilla et al., 2020; 
Salas-Martell et al., 2020), and c) facilitate readsorption of leached 
precious metals on the surface of the ore (preg-robbing) (Larrabure and 
Rodríguez-Reyes, 2021; Senanayake, 2008; Tremolada et al., 2010). The 
first two effects are often responsible for the low efficiency in silver or 
gold extraction during the cyanidation of polymetallic sulfides. Despite 
that, cyanide leaching remains an attractive approach due to the rela-
tively high content of precious metals in this type of ore (Arslan et al., 
2003; Mikali et al., 2023). 

Gold and silver are frequently embedded in a mineral matrix, so they 
are not located at the surface of ores, even after fine milling (Alarcón 
et al., 2018). As a result, it is necessary for cyanide (or any leaching 
agent) to diffuse through the mineral matrix to reach and dissolve the 
target metals. However, this is not always possible because certain 
matrixes prevent cyanide diffusion, limiting extraction to silver or gold 
particles with complete or partial liberation (Celep et al., 2009). Even in 
the case of a pervious mineral matrix, side reactions during cyanidation 
may create impermeable external layers which passivate the mineral 
particles (Khalid and Larachi, 2016; Silva-Quiñones et al., 2018). This is 
a common problem with sulfide and elemental sulfur-containing min-
erals (Zia et al., 2020, 2019), although it can occur in the presence of 
other minerals as well (Bas et al., 2018; Larrabure et al., 2021). In 
addition to the effects related to low cyanide diffusion, certain gold or 
silver-containing minerals are themselves insoluble or only partially 
soluble in the presence of cyanide in alkaline media. This is the case for 
silver-containing sulfosalts, such as tetrahedrite or tennantite (Celep 
et al., 2014), or of gold tellurides, such as calaverite (Aylmore, 2001). 

While cyanide is the leaching agent of choice for gold and silver, it is 
known that the dissolution of these metals is not selective (Portilla et al., 
2020). For example, cyanide will also form relatively stable compounds 
with copper, iron, cobalt, and nickel, if these base metals are present in 
the ore (Ciftci and Akcil, 2010; Dai et al., 2012; Jones and Hackl, 1999; 
Rees and Van Deventer, 2000). The occurrence of these side-reactions is 
detrimental towards the overall process because (1) it reduces the con-
centration of available cyanide, decreasing the expected kinetics of the 
leaching reaction, (2) it compromises the environmental and economic 
sustainability of cyanidation (Kianinia et al., 2018), and (3) the 
complexity of separation operations to extract gold and silver from 
leaching solutions will be greater due to the presence of other cyanide- 
metal compounds. In addition, other metals (e. g., copper) can catalyze 
the oxidation and decomposition of cyanide to species such as cyanate or 
thiocyanate. These reactions have a negative effect on leaching due to 
the loss of free cyanide in solution (Dai et al., 2012), (Kianinia et al., 
2018). 

Different pyrometallurgical or hydrometallurgical treatments have 
been studied in the past as feasible strategies to deal with ore refracto-
riness (Fleming, 1992; Fraser et al., 1991; La Brooy et al., 1994). Our 
group has mainly focused on the use of chemical pretreatments to make 
silver ores more amenable to cyanide leaching. Both acidic (sulfuric 
acid) (Portilla et al., 2020) and alkaline (sodium hydroxide) (Alarcón 
et al., 2018; Larrabure et al., 2021) pretreatments have been studied. 
The decision to use one of these two pretreatments depends both on the 
mineralogy of the ore and on the desired outcome. For example, an ore 
composed of copper and iron oxides and silver sulfides or sulfosalts was 
pretreated with an acidic solution, which removed most of the copper 
oxides that consumed cyanide during cyanidation. Even though the 
extraction of silver was only enhanced slightly, this pretreatment 
resulted in a significant decrease in cyanide consumption (Portilla et al., 
2020). Similarly, the dissolution of copper and iron sulfides can be 
achieved by adding an oxidant (such as hydrogen peroxide) to a sulfuric 
acid solution (Salas-Martell et al., 2020). 

In the case of polymetallic sulfides, however, it is apparent that an 
alkaline pretreatment is more efficient in terms of enhancing silver 
extraction, as observed in our studies of silver extraction from a poly-
metallic (Fe-Pb-Mn) sulfide ore (Alarcón et al., 2018; Larrabure et al., 

2021). It was found that an alkaline pretreatment with sodium hy-
droxide can remove Mn species and expose fresh sulfide surfaces to the 
leaching solution, increasing silver extraction (from ~ 25% with con-
ventional leaching to ~ 75% with cyanidation following the alkaline 
pretreatment). Although cyanide consumption was not affected by the 
pretreatment in this case, the alkaline pretreatment accelerated the 
initial kinetics for both silver extraction and cyanide consumption 
(Larrabure et al., 2021). Pre-oxidation treatments in alkaline media have 
also received attention as strategies to reduce cyanide consumption by 
oxidizing sulfide minerals. Both oxygen (Ellis and Senanayake, 2004) 
and hydrogen peroxide (Nunan et al., 2017) have been found to be 
effective at oxidizing sulfides before cyanidation of gold-containing 
ores, thus reducing cyanide consumption. 

Characterization is key in investigating strategies to increase the 
efficiency of leaching processes. Commonly, sample characterization 
relies on polarization microscopy or electron spectroscopies, including 
the use of quantitative tools such as scanning electron microscopy – 
energy dispersive X-ray spectroscopy (SEM-EDX) or quantitative eval-
uation of minerals by scanning electron microscopy (QEMSCAN). While 
these techniques offer significant information, rationalizing changes at 
the topmost surface layers is the key to acquiring a complete under-
standing of the leaching process (Marabini et al., 1993). This is of 
particular importance when considering that the capacity of leaching 
agents to dissolve target metals relies heavily on their ability to diffuse 
through the ore, which could be hampered due to surface passivation 
(Senanayake, 2008; Silva-Quiñones et al., 2018). Thus, surface-level 
analysis techniques have been used in the past to achieve a greater 
understanding of both the kinetics and the thermodynamics of leaching 
operations and pretreatments (Graham and Bouwer, 2012; Larrabure 
et al., 2021; Marabini et al., 1993; Silva-Quiñones et al., 2018). Among 
the different techniques that are used to study the surfaces of samples, X- 
ray photoelectron spectroscopy (XPS) stands out as it can quantify the 
elements present at a surface-level and identify their oxidation states (De 
Caro et al., 2013; Godociková et al., 2002; Silva-Quiñones et al., 2018). 
Therefore, using XPS can provide key insight in processes such as surface 
passivation, preg-robbing, and enrichment or depletion of specific ele-
ments from the surface of minerals (De Caro et al., 2013; Deschênes 
et al., 2011, 2000; Graham and Bouwer, 2012; Hobson et al., 2006; 
Khoshkhoo et al., 2014; Parker et al., 2003; Yin et al., 2000). For 
example, previous research by our group has employed XPS to follow 
surface-level changes during sulfuric acid leaching of a copper-silver 
ore. The use of this technique demonstrated the reactivity of copper 
oxides in acid media, as opposed to copper and silver sulfides, which did 
not dissolve (Portilla et al., 2020). Our group has also combined polar-
ization microscopy and XPS results to achieve a more thorough under-
standing of the cyanidation mechanism. Specifically, it was found that 
lead re-adsorption processes can occur during cyanide leaching of some 
complex ores (Silva-Quiñones et al., 2018). Another study by our group, 
in which hydrometallurgical and XPS results were combined, demon-
strated that highly oxidized manganese-containing surface species can 
lead to passivation (Larrabure et al., 2021). 

Herein, the strategy of combining hydrometallurgical results with 
surface-level analysis via XPS is employed to acquire a broader under-
standing of an alkaline pretreatment process and a subsequent cyani-
dation of a polymetallic sulfide. 

2. Materials and methods 

2.1. Samples and materials 

The ore sample for this study was a silver-containing polymetallic 
sulfide obtained from a mining operation in the Peruvian Central Andes, 
which was milled to sizes below 150 µm (below mesh 100). The samples 
were characterized using X-ray diffraction analysis (Bruker D2 Phaser 
XRD) and inductively coupled plasma spectroscopy – mass spectrometry 
(Spectro Arcos ICP-MS). XRD analysis revealed that the main constituents 
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of the sample were galena, pyrite, and elemental sulfur, as displayed in 
detail in Table 1. A complete mineralogical distribution based on XRD 
analysis is presented in Supporting Information (Table S1). Additionally, 
ICP-MS indicated that the most abundant elements in the sample were 
sulfur, iron, manganese, and lead, as shown in Table 2. These charac-
terization techniques were also employed to follow changes in the 
samples throughout experiments. Due to the low silver content in the 
ore, XRD was unable to identify silver-containing minerals. However, 
XPS determined that most of the silver present at the surface of the ore is 
in the form of silver sulfide. Similarly, XRD provided limited insight 
regarding the identity of manganese minerals, but XPS suggested that 
the surface of the ore contains oxidized species of Mn (III). Information 
based on XPS will be described in greater detail in the following sections. 

2.2. Hydrometallurgical methods 

The procedures for the alkaline pretreatment and the cyanide 
leaching tests presented in this section were adapted from validated 
methods used by our group (Alarcón et al., 2018; Portilla et al., 2020). 
Cyanide leaching experiments required mixing 200 mL of a NaCN so-
lution (8 g/L) in an alkaline medium (pH 13) with 50 g of a mineral 
sample. The slurry (20% weight) was stirred mechanically (100 RPM) in 
a glass vase at ~ 20 ◦C during a period of 12 h. Free cyanide concen-
tration and pH were monitored periodically throughout the experiments 
and controlled by adding more NaCN and NaOH if needed. Free cyanide 
concentration was determined by titrating 1 mL aliquots of leaching 
solution with silver nitrate (2 g/L), using rhodanine as an indicator. The 
pH of the leach solution was monitored with a pH-meter (Orion Star 
A324). Silver extraction during cyanidation experiments was calculated 
over the leaching period based on the concentration of silver in solution 
at various points in time. Silver concentration was determined by using 
atomic absorption spectroscopy (Perkin-Elmer® Atomic Absorption 
Spectroscopy 3110 model). Each cyanidation experiment was performed 
in triplicate. 

The alkaline pretreatment with NaOH involved exposing the mineral 
samples to a NaOH solution (10 g NaOH/L) to yield a 25% solids slurry, 
which was kept at pH ~ 13 and 70 ◦C over a period of 4 h. The pH of the 
alkaline pretreatment was monitored periodically using pH 0–14 indi-
cator strips (MColorpHastTM). No additional NaOH was required during 
the pretreatments as the pH did not change. Each pretreatment was 
performed in triplicate. After the pretreatment, the solid residues were 
washed, filtered, and dried in an oven at 100 ◦C before subjecting them 
to cyanide leaching, following the procedure described previously. 
Similar to previous work from our group (Portilla et al., 2020), the 
ammount of oxygen dissolved during the experiments is considered 
negligible, as previous research has shown that open vessels, mechani-
cally agitated through propellers, feature concentrations of dissolved 
oxygen below 1 ppm (Nunan et al., 2017). 

The kinetics of leaching were studied considering the shrinking core 
model, which assumes functions for chemically-controlled and 
diffusion-controlled processes (Equations (3) and (4), respectively): 

kc.t = 1−(1 − X)1/3 (3)  

kd.t = 1− 2X/3−(1 − X)2/3 (4)  

where X is the molar fraction of silver leached and kc and kd are the rate 
constants for processes controlled chemically and by diffusion, 
respectively. 

2.3. Characterization with XPS 

Surface-level analysis of the ore samples was conducted on a Thermo 
Scientific K-Alpha + instrument equipped with an Al K-alpha source (hv 
= 1486.6 eV) at a 35.3◦ take-off angle. The base pressure during the 
measurements was 5x10-9 mbar. The survey spectra were collected over 
a binding energy range of 0–1000 eV with a pass energy of 100 eV, step 
size of 1 eV and dwell time of 10 ms. High resolution spectra of Fe 2p, Pb 
4f, S 2p, Mn 2p, Ag 3d, C 1 s, and O 1 s regions were collected with a pass 
energy of 20 eV, step size of 0.1 eV, and dwell time of 50 ms. Sb 3d is 
presented together with O 1 s since their peaks overlap. The data was 
calibrated with C at 284.6 eV and processed with CasaXPS software 
(version 2.3.19) and Origin 2019. 

The XPS spectral features were assigned based on previous research 
in our group (Larrabure et al., 2021; Portilla et al., 2020; Silva-Quiñones 
et al., 2018) and by others (Abdel-Samad and Watson, 1998; Ansari 
et al., 2019; Bastl and Baláz, 1993; Calderon et al., 2013; Carver et al., 
1972; Derycke et al., 2013; Duan et al., 2018, 2017; Fantauzzi et al., 
2015; Herbert et al., 1997; Kartio et al., 1997; Kaspar et al., 2010; Mills 
and Sullivan, 1983; Moulder et al., 1992; Oku and Hirokawa, 1976; 
Tiwari et al., 2018; Umezawa and Reilley, 1978; Wan et al., 2014). 
Table 3 summarizes the main peak assignments that are relevant for this 
study. 

3. Results and discussion 

3.1. Hydrometallurgical results 

As shown in Fig. 1, cyanidation of the as-received ore led to an 
extraction of ~ 40% of total silver after 6 h of leaching (the reaction 
continued up to 12 h but the amount of silver leached did not change). 
Even though maximum silver extraction was achieved after 3 h, cyanide 
consumption continued increasing steadily, from 40 to 60 kg NaCN/t 
between the third and sixth hour of leaching. This is associated to the 
presence of other species reacting with cyanide, which should be 
removed from the sample before cyanidation to optimize cyanide con-
sumption. On the other hand, performing an alkaline pretreatment with 
sodium hydroxide for 4 h increased silver extraction to ~ 80% after 6 h 
of cyanidation. The pretreatment also reduced cyanide consumption 
during leaching, which decreased to ~ 30 kg NaCN/t after 6 h. Thus, 
performing the alkaline pretreatment enhanced the leaching process, 
not only by increasing silver extraction but also by decreasing cyanide 

Table 1 
Bulk identification of main minerals by X-ray diffraction analysis in samples 
before and after performing an alkaline pretreatment with NaOH at pH ~ 13 and 
70 ◦C for 4 h. A complete XRD analysis for the same samples is presented in 
Supporting Information (Table S1).  

Mineral Distribution before 
pretreatment (wt%) 

Distribution after 
pretreatment (wt%) 

Galena (PbS)  23.2  21.8 
Pyrite (FeS2)  22.5  23.8 
Elemental sulfur 

(S8)  
8.9  – 

Others  45.4  54.4  

Table 2 
Elemental analysis via ICP-MS of species of interest for as-received samples and 
pre-treated solid samples (before and after performing an alkaline pretreatment 
with NaOH at pH ~ 13 and 70 ◦C for 4 h), and the total extraction achieved for 
each species during the pretreatment based on solution assays. BLD: Element 
content below limit of detection during solution assays. OLD: Element content 
over limit of detection during solution assays.  

Species 
content 

As-received 
sample(wt%) 

Pretreated 
sample(wt%) 

Extraction of species during 
pretreatment (%, based on 
solution assays) 

S  26.3  20.9 >3.8 (OLD) 
Fe  13.3  15.2 <0.1 (BLD) 
Mn  13.0  15.0 0.007 ± 0.001 
Pb  21.7  22.3 0.003 ± 0.001 
Ag  0.8  0.9 0.03 ± 0.01 
As  1.0  1.1 0.9 ± 0.1 
Sb  0.7  0.7 6.8 ± 0.9  
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consumption. 
The kinetics of both conventional leaching and cyanidation after the 

alkaline pretreatment were also studied, following the shrinking core 
model (Eqns. (3) and (4). Fig. 2 shows that, in both cases, the cyanida-
tion process can be better defined as a diffusion-controlled process. This 
implies that the kinetics of cyanide leaching with this ore is heavily 
dependent on the ability of cyanide to diffuse through the ore and for 
silver-cyanide complexes to diffuse towards the solution. As a result, the 
study of surface-level processes becomes fundamental, because the 
occurrence of such phenomena as passivation can severely limit the 
capacity of cyanide or oxygen to diffuse into the ore. It should be noted 
that the diffusion-controlled model fitted the data for the pretreated 
sample better (R2 = 0.98) than the data for the untreated one (R2 =
0.91). This suggests that the alkaline pretreatment removes species able 
to favor competing processes which may also be rate-limiting. 

As mentioned above, the bulk changes in the mineralogy and in the 
elemental composition of the samples before and after performing the 
alkaline pretreatment are recorded in Table 1 and Table 2, with Table S1 
(Supporting Information) providing a more complete mineralogical 
description. Table 1 suggests that, at a bulk-level, the main effect of the 
alkaline pretreatment was the removal of elemental sulfur. This is 
confirmed by analyzing the elemental composition of samples in 
Table 2, as sulfur is the only element whose concentration decreases 
during the alkaline pretreatment. This is likely due to the reaction of 
elemental sulfur that may yield soluble sulfides, polysulfides, and thio-
sulfates in the presence of hot sodium hydroxide solutions (Schweitzer 
and Pesterfield, 2010), which agrees with the information available 
from Pourbaix (potential vs. pH) diagrams (Anderson, 2016). The 
removal of elemental sulfur is noteworthy since it is a known refractory 
mineral that acts as a preg-robber, as a passivating agent, and as a 
cyanicidal mineral (Larrabure and Rodríguez-Reyes, 2021). The assays 
of the alkaline solution after pretreatment (Table 2) adds further insights 
about this process. These assays are consistent with other results dis-
cussed above: significant sulfur extraction was achieved during the 
pretreatment (over the detection limit for ICP-MS). Likewise, solution 
assays reveal that the pretreatment can also remove antimony and 
arsenic species to a certain extent. Even though the importance of 

removing arsenic and antimony has been noted previously (Celep et al., 
2014; Fraser et al., 1991; Larrabure and Rodríguez-Reyes, 2021), the 
removal of these elements is significantly lower in the present case and 
therefore this factor is not expected to be significant. Due to this, the 
identification of the minerals that contain arsenic and antimony is 
beyond the scope of this study. Importantly, silver extraction was not 
significant during the pretreatment: only 2.7 g Ag/t were removed, 
which accounts for ~ 0.03% of total silver. After elucidating noticeable 
changes based on the hydrometallurgical results, this study will now 
focus on assessing surface-level processes and how these may yield in-
sights into the leaching process from a different perspective. 

3.2. Surface-level analysis 

In this section, a study of the surface-level processes that occur 
during cyanidation and during the alkaline pretreatment will be pre-
sented to complement the hydrometallurgical and mineralogical results 
presented above. Fig. 3 shows the XPS spectral regions of iron, lead, 
sulfur, silver, and manganese, which are the most informative elements 
found in the XPS survey. Additionally, the elemental surface-level 
composition changes of these elements are presented in Table 4, based 
on the study of the survey spectra of the mineral before, during, and 
after the pretreatment and cyanidation. 

3.2.1. Surface-level analysis of conventional leaching 
The surface-level elemental analysis presented in Table 4 reveals that 

both iron and silver content on the surface of the ore decrease slightly 

Table 3 
Characteristic peak assignment for Fe, Pb, S, Mn, and Ag species in XPS spectra.  

Element 
(feature) 

Assignment of 
peaks (eV) 

Ref. 

Fe (disulfide) 706.7–706.9 (Herbert Jr et al., 1997; Larrabure et al., 
2021; Portilla et al., 2020; Silva- 
Quiñones et al., 2018) 

Fe (other 
oxidized 
species) 

710.8–711.4 (Derycke et al., 2013; Larrabure et al., 
2021; Mills and Sullivan, 1983; Silva- 
Quiñones et al., 2018) 

Pb (sulfide) 137.4 (Larrabure et al., 2021; Silva-Quiñones 
et al., 2018) 

Pb (other 
oxidized 
species) 

138.0–138.2 (Abdel-Samad and Watson, 1998; Bastl 
and Baláz, 1993; Larrabure et al., 2021; 
Silva-Quiñones et al., 2018) 

S (elemental) 164.0–164.5 (Kartio et al., 1997; Moulder et al., 1992; 
Wan et al., 2014) 

S (disulfides) 162.1–162.6 (Bastl and Baláz, 1993; Larrabure et al., 
2021) 

S (sulfate) 168.5–169.0 (Fantauzzi et al., 2015; Larrabure et al., 
2021) 

Mn (II) oxide 640.7–641.7 (Carver et al., 1972; Larrabure et al., 
2021; Oku and Hirokawa, 1976) 

Mn (III) oxide 641.8–642.4 (Carver et al., 1972; Larrabure et al., 
2021; Umezawa and Reilley, 1978) 

Mn (II) sulfide 640.4–640.5 (Carver et al., 1972; Larrabure et al., 
2021; Tiwari et al., 2018) 

Ag (metallic) 368.0–368.4 (Calderon et al., 2013; Duan et al., 2018, 
2017; Kaspar et al., 2010) 

Ag (dispersed 
species) 

~369.4 (broad 
band) 

(Calderon et al., 2013) 

Ag (disulfide) 367.1 (Ansari et al., 2019)  

Fig. 1. (a) Silver extraction and (b) cyanide consumption during the leaching of 
a polymetallic (Fe-Pb-Mn) sulfide using conventional leaching and leaching 
after an alkaline pretreatment. The dotted line indicates the theoretical amount 
of cyanide needed to leach all the silver from the ore. Pretreatment conditions: 
50 g of concentrate in 200 mL NaOH (10 g/L) at 80 ◦C for 4 h. Leaching con-
ditions: 50 g of concentrate in 200 mL of NaCN (8 g/L) at 25 ◦C. 
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during the first 2 h of cyanidation, although no further compositional 
changes are identified for these metals during the remaining cyanide 
leaching period. On the other hand, manganese surface-level content 
decreases steadily during the process. Sulfur content on the surface of 
the mineral increases significantly during the first 2 h of cyanide 
leaching, after which no further significant changes are identified. 
However, lead surface-level content continues increasing throughout 
the duration of the experiment. 

Both iron disulfide (pyrite) and oxidized iron species can be identi-
fied in the iron spectral region in Fig. 3. Iron disulfide does not appear to 
change chemically during cyanidation, and the corresponding peak in-
tensity remains constant. As a result, it is apparent that the pyrite pre-
sent in the untreated ore is stable in the presence of cyanide in alkaline 
media. On the other hand, oxidized iron species seemingly undergo both 
reduction (peaks associated to oxidized iron species shifted, Fig. 3) and 
dissolution reactions (surface-level iron content decreased during first 
two hours, Table 4) during cyanidation. The dissolution of oxidized iron 
species is apparently associated with the alkaline conditions, since it can 
be identified both during conventional leaching (which is performed in 
alkaline conditions) and during the alkaline pretreatment. However, the 
reduction of oxidized iron species is only apparent during cyanidation. 

The lead spectral region shown in Fig. 3 indicates that the untreated 
ore has both lead sulfide (galena) and oxidized species on the surface. 
However, the peaks corresponding to oxidized lead species increase in 
intensity during cyanidation, while lead sulfide peaks do not exhibit 
significant changes, although they are still distinguishable after cyani-
dation. Surface-level elemental composition changes (Table 4) reveal 

that lead content increases significantly throughout cyanide leaching, 
which can be explained by one of the following hypotheses: (1) cyani-
dation removes original surface-level species that do not contain lead, 
revealing lead species that were previously under the first few nano-
meters, or (2) lead species are being leached from within the ore by 
cyanide and are later re-adsorbed over the surface. Previous studies by 
our group have identified that the latter possibility is the most likely 
reason why the surface content of this metal increases during cyanida-
tion of lead-containing polymetallic sulfides. These studies have also 
discussed the fact that lead re-adsorption does not seem to affect silver 
extraction efficiency (Larrabure et al., 2021; Silva-Quiñones et al., 
2018). The hypothesis of lead re-adsorption agrees well with the pos-
sibility that the spectral signals of other elements may become less 
intense during cyanidation, because they are being covered under a 
layer of lead-containing species. 

The sulfur region of the XPS spectra in Fig. 3 shows that the surface of 
the untreated sample is rich in both sulfides and oxidized sulfur species. 
These species seem to be cleaned-up during cyanidation, since the broad 
signals observed originally sharpen and increase in intensity. In partic-
ular, a small feature below 161 eV is detected as leaching progresses. 
This region can be associated with the presence of fresh layers of galena 
or pyrite, suggesting that fresh sulfide/disulfide surfaces are exposed 
during leaching. Further confirming this hypothesis, Table 4 shows that 
sulfur content was found to increase only during the first 2 h of leaching, 
which agrees with a scenario where an initial external layer covering the 
ore is dissolved by the leaching solution. 

The manganese region of the spectra displayed in Fig. 3 indicates 
that the untreated ore is initially rich in Mn (III) oxidized species. 
However, some of these species undergo a reduction to Mn (II) which 
can be identified after 2 h of cyanide leaching. The manganese region of 
the spectra then remains unchanged during the rest of the cyanidation 
process. Nonetheless, the elemental concentration of surface-level 
manganese decreases throughout the leaching period (Table 4), which 
is likely associated with the removal of some cyanide-soluble manganese 
species. However, the decrease in the surface concentration of manga-
nese can also be related to the re-adsorption of other elements (mainly 
lead) over the surface, blocking manganese detection by XPS. 

The silver region of the XPS spectra shown in Fig. 3 reveals that the 
silver content of the untreated ore is mainly in the form of silver sulfide 
(Ag2S), however metallic forms are also present as indicated by a broad 
feature around 370 eV. The intensity of all silver signals decreases 
during cyanide leaching: the surface concentration of silver (Table 4) 
exhibits a sharp decrease during the first 2 h of cyanidation, remaining 
constant during the rest of the cyanidation period. In addition to cya-
nidation of silver sulfide via Eqn. (2), the presence of lead in the leaching 
system suggests a second possible reaction for silver sulfide dissolution. 
The presence of Pb (II) in the reaction medium can render silver sulfide 
more amenable to cyanide leaching, according to Eqn. (5), which has an 
equilibrium constant of 1019.2 (Senanayake, 2008): 

Ag2S(s) + 4CN−
(aq) +Pb2+

(aq) = 2Ag(CN)−2(aq) +PbS(s) (5) 

In addition to these elements, oxygen (overlapped with antimony) 
and carbon spectral regions were followed (Fig. S1, Supporting Infor-
mation section). The carbon spectral region initially shows a broad peak 
corresponding to carbonaceous and oxidized carbon species, which are 
removed from the surface during leaching. The O 1 s broad peak of the 
untreated ore confirms that there were originally multiple oxidized 
species (such as carbonates and hydroxides), which were also removed. 
Antimony is observed more clearly after leaching, which suggests that 
mineral species containing this element are exposed as leaching 
progresses. 

3.2.1.1. Surface-level analysis of alkaline pretreatment and leaching. As 
discussed before based on Table 2, the alkaline pretreatment dissolves 
mainly sulfur-containing species. Other elements, such as iron, 

Fig. 2. Adjustment of the silver extraction data (Fig. 1) for both conventional 
leaching and leaching after performing an alkaline pretreatment to the 
shrinking core model. (a) Chemical reaction control function (Eqn. (3); (b) 
diffusion control function (Eqn. (4). The mechanism of cyanide consumption 
during the leaching of a polymetallic (Fe-Pb-Mn) sulfide was found to be 
diffusion-controlled. 
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manganese, lead, and silver were either not detected in solution or 
detected in negligible amounts. XPS will be used to complement this 
information by following the changes at the surface level during the 
alkaline pretreatment. The S 2p region in Fig. 3 shows that the sulfur 
species are better defined after the pretreatment, likely because oxidized 
and neutral species (elemental S) have been removed and/or dissolved. 
Interestingly, the Fe 2p region shows a more intense signal for iron 
sulfide (706.7 eV), confirming that sulfide species are now dominant on 

the pretreated surface. No significant changes are observed in the Pb 4f 
and Mn 2p spectral regions. The signal corresponding to silver decreases 
in intensity, but since the pretreatment does not appear to dissolve sil-
ver, this change is likely due to the formation of surface layers over 
silver-containing minerals. 

The leaching of pretreated samples is also followed by XPS. Perhaps 
the most remarkable change is the fact that the Fe 2p signal shows a 
higher intensity for the disulfide (pyrite) signal at 706.7 eV. This 

Fig. 3. Surface changes during conventional leaching and leaching after an alkaline pretreatment of a polymetallic (Fe-Pb-Mn) sulfide at times 0, 2 and 12 h. Fe 2p 
region, Pb 4f region, S 2p region (with spin–orbit coupling marked only for polysulfides), Mn 2p region, and Ag 3d region. For each panel representing an element, 
spectra correspond to a) Initial sample, b) After leaching for 2 h, c) After leaching for 12 h, d) After alkaline pretreatment for 1 h, e) After alkaline pretreatment for 4 
h, f) After 2 h of leaching of the pretreated sample, g) After 12 h of leaching of the pretreated sample. 
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indicates that the pretreatment exposes fresh pyrite surfaces and that 
these surfaces are not oxidized or covered during cyanide leaching. It is 
possible that this is due to the alkaline pretreatment removing species 
which would otherwise cover the pyrite surfaces. Supporting the hy-
pothesis that fresh sulfide surfaces are maintained during leaching of the 
pretreated samples, the sulfur region shows sharp, well-defined peaks 
corresponding to sulfides and polysulfides. 

The behavior of lead during cyanide leaching is the same regardless 
of whether the ore underwent an alkaline pretreatment or not. In both 
cases, cyanidation starts with both lead sulfide (galena) and oxidized 
lead species. During the leaching process, the oxidized species become 
more prominent, and the signal of lead increases its intensity. The in-
crease in surface-level lead content is likely associated with lead re- 
adsorption over the surface of the pretreated ore during leaching. The 
behavior of manganese is also similar for the leaching of both untreated 
and pretreated ores. This is expected as the pretreatment did not appear 
to cause oxidation state changes for manganese. However, it is worth 
noting that the elemental concentration of surface-level manganese 
during leaching after the pretreatment is very different from the results 
of leaching of the untreated ore. The surface concentration of manga-
nese (Table 4) decreases sharply after leaching the pretreated ore, which 
can be explained by the continuous dissolution of manganese, during a 
period in which the elemental composition of sulfur increases dramati-
cally, while lead content continues increasing as well. 

4. Conclusions 

Based on the observations described above, a summary of the 
observed phenomena for conventional leaching and leaching after 
alkaline pretreatment for a polymetallic sulfide ore is provided:  

(A) Conventional leaching  
• Total Ag extraction reaches ~ 40%, consuming ~ 50 kg NaCN/t 

of ore.  
• Pyrite is not oxidized during leaching.  
• Removal of Pb from within the ore, followed by its build-up on 

the surface (re-adsorption).  
• Mn (III) is reduced to Mn (II), at least at surface level.  
• Oxidized silver, iron, and manganese species are dissolved.  

(B) Leaching after alkaline pretreatment  

• Total Ag extraction reaches ~ 80%, consuming ~ 30 kg NaCN/t 
of ore.  

• Pretreatment exposes fresh pyrite surfaces.  
• Pretreatment removes elemental sulfur at bulk level; other 

oxidized sulfur-containing species are also removed or covered- 
up.  

• Pretreatment does not remove a significant amount of silver.  
• Removal of Pb from within the ore, followed by its build-up on 

the surface (re-adsorption).  
• Mn (III) is reduced to Mn (II), at least at surface level.  
• Oxidized silver, iron, and manganese species are dissolved. 

The effect of an alkaline pretreatment before cyanidation on a pol-
ymetallic (Pb-Mn-Fe) sulfide ore containing silver was investigated. It 
was found that the pretreatment dissolved sulfur species (mainly 
elemental sulfur) and exposed fresh sulfide surfaces. These changes lead 
to a simultaneous increase in silver extraction and to a decrease in cy-
anide consumption. It was also identified that the leaching process 
promotes the dissolution and readsorption of lead, but this process is 
observed to occur in both the untreated and the pretreated samples. A 
more detailed mineralogical study of the sample before and over the 
course of the assessed hydrometallurgical processes is required to un-
derstand their effect on the ore at a mineral scale. 
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Table 4 
Average surface composition (At%) of Fe, Pb, S, Ag, and Mn in (Fe-Pb-Mn) 
sulfide ore samples before hydrometallurgical pretreatments, during conven-
tional leaching, during alkaline pretreatment and during cyanidation following 
the pretreatment. Data are based on the XPS survey spectra collected in tripli-
cates for each element.  

Spectra Fe Pb S Ag Mn 
Conventional leaching      
Before leaching 9.6 ±

0.5% 
14.1 ±
1.4% 

43.4 ±
0.6% 

2.6 ±
0.4% 

30.3 ±
0.9% 

After 2 h leaching 6.8 ±
0.3% 

15.6 ±
0.7% 

49.6 ±
1.2% 

0.8 ±
0.2% 

27.3 ±
1.9% 

After 12 h leaching 6.8 ±
0.1% 

18.9 ±
1.5% 

48.8 ±
0.8% 

0.7 ±
0.1% 

24.9 ±
1.7% 

Leaching with NaOH 
pretreatment      

Before pretreatment 9.6 ±
0.5% 

14.1 ±
1.4% 

43.4 ±
0.6% 

2.6 ±
0.4% 

30.3 ±
0.9% 

After 1 h pretreatment 
with NaOH 

10.5 ±
0.3% 

13.5 ±
0.9% 

41.9 ±
0.4% 

1.6 ±
0.2% 

32.6 ±
1.7% 

After 4 h pretreatment 
with NaOH 

9.9 ±
0.1% 

11.6 ±
0.5% 

45.6 ±
0.7% 

0.8 ±
0.1% 

32.3 ±
1.3% 

After 2 h leaching 8.0 ±
0.2% 

17.7 ±
0.8% 

40.9 ±
0.8% 

0.7 ±
0.2% 

32.7 ±
0.8% 

After 12 h leaching 8.2 ±
0.2% 

19.1 ±
0.4% 

47.5 ±
0.6% 

0.7 ±
0.1% 

24.4 ±
0.6%  
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