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A mechanism and thermodynamic model for the interaction of silicate minerals with 

lead-assisted gold electro-oxidation in a dilute cyanide medium 

Rina Kim†, Ahmad Ghahreman‡ 

Robert M. Buchan Department of Mining, Queen’s University  

25 Union Street West, Kingston, Ontario, Canada, K7L 3N6 

 

Abstract 

Gold (Au) oxidation kinetics in cyanide (CN) solutions can be increased by the addition of 

low concentrations of aqueous lead [Pb(II)]. However, the Pb(II) addition is not always 

effective in improving Au oxidation kinetics. The present study provides a mechanistic and 

thermodynamic view of the Pb-assisted Au oxidation process in the presence of silicate 

minerals and presents evidence that Pb adsorption onto the silicate minerals plays a 

substantial role in the oxidation kinetics. AuCN(ads) film formation on the Au surface, in an 

Au-CN-H2O system at a low overpotential range of linear sweep voltammetry (LSV), was 

confirmed through both electrochemical study and XPS analysis. Once Pb(II) was added into 

the system, AuCN(ads) film formation was hindered, and the Au oxidation kinetics were 

significantly enhanced. However, the improving effect of Pb(II) on the Au oxidation process 

was reduced with the addition of quartz, due to Pb adsorption onto the quartz surface. As 

demonstrated through UV/Vis analysis and thermodynamic modeling, the cationic and 

neutral species, PbOH+, PbCN+ and PbO(a), were likely adsorbed onto the quartz surface. At 

lower CN concentration, the effect of quartz in reducing the Pb-assisted Au oxidation kinetics 

was more severe, and the Au oxidation was chemically controlled. 
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1. Introduction 

Gold (Au) has a very high oxidation potential, as shown in Table 1, it can be oxidized to 

Au+ or Au3+ (E° = +1.700 and +1.494 V, respectively), and often occurs in nature as metallic 

Au or alloys of Au with silver (Ag) or other elements. Often gold is oxidized to a soluble 

form for gold extraction. Despite being a noble metal, Au can be oxidized rather easily when 

complexed with specific ligands such as cyanide (CN–), chloride (Cl–), thiosulfate (S2O3
2–), 

and thiourea (NH2CSNH2). As shown in Table 1, the ligands considerably decrease the Au 

oxidation potential, and among them, CN is the most potent ligand, with a reduction potential 

of only –0.616 V Au(CN)2
–/Au. 

 

Table 1. Various Au oxidation half reactions and the corresponding half-cell reduction 

potentials at 25°C (a: HSC Chemistry 5.1, 2002 [1], b: Marsden and House, 2006 [2]) 

Half reaction Half-cell reduction potential, E° (V) 

Au� + e� = Au +1.700a 

Au�� + 3e� = Au +1.494a 

Au
CN�
� + e� = 	Au + 2CN� –0.616a 

AuCl�
� + e� = Au + 2Cl� +1.127a 

AuCl�
� + 3e� = 	Au + 4Cl� +0.994b 

Au
S�O��
�� + e� = Au + 2S�O�

�� +0.153b 

Au
CS
NH���
� + e� = Au + 2CS
NH�� –0.380b 

 

In previous electrochemical studies of Au oxidation in CN solutions, researchers have 

identified three significant oxidation peaks. The peaks follow a 3-step reaction scheme, 

represented as Eqs. 1-3, and each peak is believed to have a different rate-limiting step [3-8]. 

For the first and second peaks, at a lower overpotential region, the rate-limiting step is step 2 

(i.e. Eq. 2), and for the rate-limiting step of the third peak at the most anodic potential is step 

3 (Eq. 3). However, the reaction is more complicated in the third peak region because of Au 
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oxidation to Au3+ [5]. Although the first and second peaks have the same rate-limiting step, 

the current density, i.e. the reaction kinetics of the two peaks are quite different. Often the 

second peak has a higher current density, while the first peak has a very low current density 

[9-13]. The slow oxidation kinetics of the first peak is believed to be due to the formation of 

AuCN(ads) passive film.  

Step 1: Au + C�� = ����
���
�     (1) 

Step 2: AuC�
���
� = ����
��� + ��   (2) 

Step 3: AuC�
��� + ��� = ��
���
�   (3) 

 

The passivating effect of the AuCN(ads) film can be prohibited by the addition of some 

divalent ions, such as lead (Pb) or mercury (Hg) [9, 10, 14-16]. Soluble thallium (Tl) and 

bismuth (Bi) species have also shown similar improving effects on Au oxidation kinetics by 

prohibiting the AuCN(ads) film formation [2, 17, 18]. The reaction is believed to be a 

cementation reaction, where the divalent metals are more noble than Au in the CN solutions. 

Therefore, Au is oxidized, and the divalent metal cations are reduced through cementation 

reactions. Pb, perhaps, is the most famous metal that has been used in the Au extraction 

industry to accelerate Au leaching kinetics via the cementation reaction, as shown in Eq. 4 [9]. 

The cementation reaction of Pb(II) with Au has been shown to enhance the Au oxidation peak. 

Jeffrey and Ritchie (2000a) [9] have shown that the first oxidation peak current density, at the 

most cathodic potential, is close to 0 mA/cm2 during Au oxidation in CN solutions, with up to 

20 mM CN, but the current density was increased to approximately 3.5 mA/cm2 when only 1 

ppm Pb(II) was added to the CN solution. Tshilombo and Sandenbergh (2001) [14] also 

presented a similar result, reporting a current density of about 7.0 mA/cm2 for the first peak 

in a solution with 2500 mg/L NaCN (≈ 50 mM CN) and 1 ppm Pb(II) addition.  

Pb�� + 2Au + 4CN� = Pb + 2Au
CN�
�   (4) 
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Recently, an Au-based sensor was developed for trace Pb detection, using the sensitivity of 

Au to Pb and their electrochemical interactions. Laschi et al. (2006) [19] studied the 

application of an Au-based screen-printed sensor to detect a trace amount of Pb (0.5 µg/L). 

Hung et al. (2010) and Xiahou et al. (2018) [20, 21] developed the colorimetric detection of 

Pb2+ (45 nM detection limit) by using Au nanoparticles (Au NPs) and alkanethiols; the 

deposited Pb on an Au NP surface activated the alkanethiol-induced aggregation of Au NPs. 

Xie et al. (2014) [22] also introduced a similar concept to detect Pb2+ (30 nM detection limit) 

as they used quartz crystal microbalance (QCM) coated with alkanethiols and Au NPs. 

Nevertheless, Pb is not always practical for the improvement of Au oxidation kinetics. For 

example, the effect of Pb is lessened at low CN concentration, high pH, and high dissolved 

oxygen (DO) concentration [9, 13, 23]. Additionally, Pb adsorbs onto the surface of certain 

minerals, e.g. ferrihydrite, iron and aluminum oxyhydroxides, quartz, fly ash, and geo-

polymer [15, 24-28], tentatively making Pb ineffective for Pb-assisted oxidative dissolution 

of Au. To increase the effect of Pb on gold oxidation, often an excessive amount of Pb is used 

in real operations [29-34], which is not ideal from the environmental perspective. The 

addition of excess Pb is essential when the ore is mostly made up of silicate minerals because 

the silicate minerals highly contribute to the Pb adsorption. 

Nonetheless, very few studies have been carried out on the interaction of Pb and silicate 

minerals, particularly because silicates have very low affinity to consume the gold extraction 

reagents such as cyanide, thus from the economic viewpoint making its study less critical for 

the gold extraction industry. However, the fact that silicate minerals increase Pb consumption 

in gold extraction adds to environmental concerns. A reasonable control over Pb and CN 

consumption is crucial in the gold industry because both Pb and CN are highly toxic and 

harm human health and ecosystem [35, 36]. 

Thus, in this study, the mechanism of the Pb effect on Au oxidation in CN solutions was 
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studied, concentrating on the interaction between silicate mineral, i.e. quartz, and Pb(II) ions. 

Under several different free CN and Pb(II) concentrations, the kinetics of the Au oxidation 

was observed, utilizing electrochemical test methods such as open circuit potential (OCP) 

measurement, linear sweep voltammetry (LSV), cyclic voltammetry (CV) and 

chronoamperometry. In the authors’ knowledge, this is the first time that the effect of Pb(II) 

on Au oxidation in the presence of quartz has been studied. The study provides a mechanistic 

view of the Pb-assisted Au oxidation in the presence/absence of silicates, including 

electrochemistry, surface observation, adsorption studies, and thermodynamic modeling. 

 

2. Materials and methods 

2.1. Materials 

The CN solution was prepared by dissolving sodium cyanide (NaCN, Fisher Scientific) in 

a sodium hydroxide (NaOH, Fisher Scientific) solution. All solutions were made from 

deionized (DI) water (resistivity 18.2 MΩ-cm). CN concentrations were adjusted at 300, 600, 

and 900 mg/L. Before testing, CN concentration was measured using a titrator (916 Ti-Touch, 

Metrhom), and a silver nitrate solution (0.0192 M AgNO3, Ricca Chemical Company) was 

used as a titrant. Then, the lead nitrate salt [Pb(NO3)2, Fisher Scientific] was added into the 

CN solutions. As a silicate mineral, quartz powder (100% quartz, VWR), the particle size of 

less than 75 µm, at a predetermined dosage was added to the CN solution to prepare a solid-

liquid slurry with 50 g solids/L. The slurry pH was then regulated at 10.50 (± 1%) using a 

NaOH solution. Compressed air was injected into the slurry at a flow rate of 1.38 

Lgas/min/Lslurry, to maintain the DO concentration of the test solutions at 8.3 mg/L. 

 

2.2. Test procedure 

The electrochemical tests were conducted in a three-electrode cell. A 99.9986% pure Au 
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rod (VWR) with 3 mm diameter (surface area 0.07 cm2) was used as a working electrode. 

The Au electrode was attached to copper wire and covered by epoxy resin (LECO). One side 

of the Au rod was polished and exposed to the test solution or the test slurry. The working 

electrode was immersed in the solution or slurry as a stationary electrode. The solution or 

slurry was magnetically stirred at 150 rpm, minimizing the vortex occurrence and ore particle 

settlement. After each test, the surface of the Au rod was polished using alumina and silicon 

carbide paper with a grit size of 1200 to 2400 to regenerate a fresh surface for the next test. A 

graphite rod was used as a counter electrode, and a glass-body Ag/AgCl/KCl electrode 

saturated with AgCl (0.199 V vs. SHE at 25 °C) was used as a reference electrode. All 

potentials reported in this study were measured with respect to the reference electrode. A 

series of electrochemical tests were conducted using a Gamry Reference 600+ potentiostat at 

21±1 °C under air injection. OCP was measured for an hour before the kinetics or 

polarization tests. 

To investigate the kinetics of the Au electrodissolution in the CN solution or slurry, LSV 

and CV methods were mainly utilized. The tests were conducted in the potential range of –0.8 

to +1.0 V, and the sweep rate was 10 mV/s (which was found to be the most stable scan rate). 

Each CV test was run in three cycles to establish the changes in the working electrode surface. 

The chronoamperometry tests were conducted at several selected potentials, and i-t curves 

were developed. While running the chronoamperometry tests, the solution samples were 

taken to measure Au and Pb concentrations. The elemental concentrations were measured by 

the atomic absorption spectrometer (iCE 3300 AAS, Thermo Fisher Scientific). 

In the tests to study Pb adsorption onto the quartz surface, 5 mg/L Pb(II) was added to the 

solutions with different concentrations of CN or 50 g/L of quartz slurry, and Pb concentration 

was measured at 1, 3, 5, 10, 20, 30, 40, 50 and 60 min. The qualitative analysis of the 

different Pb species in the presence/absence of quartz and CN were done by UV/Vis 
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measurements (Thermo Scientific Genesys 10S UV/Vis), and the results were interpreted, 

combined with thermodynamic modeling of Pb speciation. 

 

2.3. X-ray photoelectron spectroscopy analysis 

To observe the surface species of the Au electrode, X-ray photoelectron spectroscopy (XPS) 

analysis was conducted. After a 3 h long chronoamperometry test, the Au electrode was 

rinsed with DI water, and sealed in a vacuum plastic sample bag until the XPS analysis was 

carried out. The XPS spectra were measured on a Kratos Nova AXIS spectrometer equipped 

with an Al X-ray source. The samples were mounted onto the coated aluminum platen using 

double-sided adhesive Cu tape. The samples were kept under high vacuum (10–9 Torr) 

overnight inside the preparation chamber before they were transferred into the analysis 

chamber (ultrahigh vacuum, 10–10 Torr) of the spectrometer. The XPS data were collected 

using Al Kα radiation at 1486.69 eV (150 W, 15 kV), a charge neutralizer, and a delay-line 

detector (DLD) consisting of three multi-channel plates. Binding energies were referred to the 

C 1s peak at 285 eV. Survey spectra were recorded from –5 to 1200 eV at a pass energy of 

160 eV (number of sweeps: 2), using an energy step size of 1 eV and a dwell time of 200 ms. 

High-resolution spectra were recorded in the appropriate regions at a pass energy of 20 eV, 

using a dwell time of 300 ms and an energy step size of 0.1 eV. The analyzed area on the 

specimens was about 300 × 700 µm2 (lens mode: FOV 1) at this position. The incident angle 

(X-ray source/sample) was the magic angle of 54.74°, and the take-off angle (sample/detector) 

was 90°. 

 

3. Results and discussion 

3.1. Effect of lead salt without solid addition 

Electrochemical tests were carried out at various CN concentrations to study the effect of 
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Pb(II) addition on Au oxidation kinetics. As illustrated in Figure 1(a), in the absence of Pb(II), 

a weak peak was identified between –0.3 and –0.1 V with a current density of less than 0.1 

mA/cm2 at 300, 600 and 900 mg/L CN. It is worth noting that the second peak was not 

observed, or weakly developed, at the lower CN concentrations of 300 and 600 mg/L CN. At 

900 mg/L CN, the second and third peaks formed at approximately 0.23 and 0.55 V, 

respectively, and were more evident and pronounced than those at the lower CN 

concentrations.  

The addition of 5 mg/L Pb(II), as shown in Figure 1(b), changed the trend of the LSV 

scans and noticeably improved the Au oxidation rate. As shown in Figure 1(b), the first 

current peak was much sharper with a higher current density at –0.35 V compared to that in 

the absence of Pb(II), and it became more pronounced with increasing the CN concentration 

from 300 to 900 mg/L. The increase in Au oxidation kinetics is connected to the cementation 

reaction between the aqueous Pb(II) species and the metallic Au, as shown in Eq. 4. 

In Figure 1(b), a high first peak was observed regardless of the CN concentration level, 

but the shape of the first peak was different depending on the CN concentration. The current 

density was almost constant between –0.8 and –0.7 V when CN was 900 mg/L, but it sharply 

increased starting from –0.8 V when CN concentration was 300 and 600 mg/L CN. The 

reason for this difference can be explained via the OCP measurement results shown in Figure 

2. The OCP measurement demonstrated a general trend at 300 and 600 mg/L CN, where it 

had slightly increased at the early stages of the measurement and then reached a plateau 

within an hour, at around –0.27 and –0.30 V, respectively. In contrast, at 900 mg/L CN, a 

sudden potential drop at 200 seconds was registered from –0.34 V to –0.77 V, and the 

potential eventually reached a plateau at –0.65 V, a significantly lower OCP value than the 

OCP readings of the tests with 300 and 600 mg/L CN. It should be noted that during the 

cementation reaction between Au and Pb(II), not only the Au oxidation but also the metallic 
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Pb precipitation occurred on the surface of the Au electrode, resulting in the potential drop. 

Thus, during the OCP measurement in a solution with 900 mg/L CN, the cementation 

reaction took place spontaneously, forming a layer of Pb on the working electrode surface 

and causing the significant potential drop.  

Then, during the following LSV scan, when the potential was lower than the OCP, the Au 

oxidation reaction did not occur because the Pb layer on the Au, which had formed during the 

OCP measurement, is a very stable layer in this potential region. Once the anodic 

overpotential was applied to the electrode, the Au oxidation could occur, i.e. potential higher 

than OCP is needed to activate the Au oxidation process. In contrast, at 300 and 600 mg/L 

CN, the spontaneous cementation reaction could not proceed, thus no or insignificant Pb 

deposition had formed on the Au surface ahead of the LSV scan. Therefore, the Au oxidation 

by Eq. 4 could take place only if the potential had decreased to a region at which the Au 

oxidation and Pb deposition reactions were spontaneous. It was noted that when the potential 

was adjusted to a lower value, between –0.8 V and –0.3 V, Pb could play a significant role in 

accelerating the Au oxidation kinetics regardless of CN concentrations. 

Several chronoamperometry tests were conducted to study the effect of Pb on Au oxidation 

kinetics in CN solutions. After measuring OCP, the Au electrode was polarized for 3 h at two 

different potentials of –0.35 or –0.4 V, in the presence and absence of Pb(II) in 900 mg/L CN 

solutions. In the absence of Pb(II), at –0.35 V, the current density linearly increased from 0 to 

4000 s and then reached a maximum value of 0.60 mA/cm2, meaning that the Au oxidation 

kinetics had gradually increased in this period [Figure 3(a)]. After 4000 s, the current density 

reached a plateau, and then slightly decreased, perhaps suggesting that the Au surface had 

become slightly passivated at this point. Figure 4(a) shows the light-brown tarnished Au 

surface after the test. Through the analysis of the surface via the XPS method for C 1s and N 

1s it was confirmed that the layer was AuCN, as shown in Figures 5(a) and 6(a) [37, 38]. The 
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exact binding energy values are shown in Table 2. At –0.40 V, on the other hand, without the 

Pb(II) addition, Au oxidation did not occur, as shown in Figure 3(a). 

The introduction of 5 mg/L Pb(II) to the CN solution made a considerable difference, as 

shown in Figure 3(b); no significant current density was observed at –0.35 V. This result is 

consistent with the results of the LSV scan that the current density was dropped to 0 as soon 

as the potential had passed –0.35 V. It can be noted that –0.35 V is a ‘boundary potential’ that 

divides Au oxidation and passivation region in the presence of Pb. Figure 7 shows the 

evidence that the dissolved Au concentration, during the corresponding 3 h 

chronoamperometry test in Figure 3(b), was not significant only in the range of 6-11 mg/L at 

–0.35 V. Additionally, in Figure 8, the Eh-pH diagram of a Pb-H2O system shows the 

possibility of Pb oxidation to Pb hydroxide or Pb oxide at this potential. Only the oxidation of 

the deposited Pb can occur at this condition, and the oxidized Pb cannot act as an activator for 

the Au oxidation process. In the author’s previous study [13], XPS results showed that 

oxidized Pb passivated the Au surface and interfered with the oxidative dissolution of Au. 

The schematic picture in Figure 7 describes the retardation of Au dissolution caused by 

oxidized Pb film on the Au surface.  

At –0.40 V, however, the current density was significantly improved to 4-6 mA/cm2. The 

continuous reaction between the Pb and Au caused fluctuations in the current density. Figure 

4(b) shows the etched Au surface after the corresponding chronoamperometry test in the 

presence of 5 mg/L Pb(II) and reflects significant Au oxidation kinetics. No AuCN passive 

film could be detected in the XPS analysis of the sample, as shown in Figures 5(b) and 6(b); 

the N 1s curve was too broad to correspond to a specific chemical species. The Au dissolution 

continuously occurred during the chronoamperometry test, and the Au concentration 

increased from 5.4 to 148.8 mg/L in 3 h (Figure 7). 
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Table 2. C 1s and N 1s binding energies from XPS peaks in Figures 5 and 6 

Compound 
Binding energy (eV) 

0 mg/L Pb(II) at –0.35 V 5 mg/L Pb(II) at –0.40 V 

C 1s 

CO3
2– 288.88 288.7 

C=O 287.78 287.19 
C-O 286.76 285.99 
C-N 285.72 N/A 
C-C 285 285 

N 1s CN 400.53 N/A 
 

The Au concentration in the test solutions was measured after the chronoamperometry 

experiments (presented in Figure 9) to study the oxidative Au dissolution kinetics. The 

dissolved Au concentration in the 5 mg/L Pb(II)-containing solution, after the Au electrode 

oxidation at –0.40 V, was 148.8 mg/L (measured by AAS). Applying Faraday’s equation, as 

shown in Eq. 5, and assuming 100% current efficiency, the dissolved Au concentration in the 

solution should be equal to 139.3 mg/L Au, which is consistent with the actual AAS 

measurement. On the other hand, only 7.7 mg/L of Au was detected in the solution without 

the Pb(II) addition at –0.40 V (Figure 9). 

m =	
"#$

%&
' (5) 

At –0.35 V, the dissolved Au concentration was dropped to 10.7 mg/L in the Pb(II)-

containing solution, confirming that the potential of –0.35 V is, in fact, a boundary potential 

and Au was passivated by the oxidized Pb. Without Pb(II), at –0.35 V, 20.3 mg/L of Au was 

dissolved, but it was still far less than the concentration in the presence of Pb salt at –0.40 V. 
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3.2. Effect of lead addition in the presence of quartz mineral 

3.2.1. Electrochemical test results 

The effect of Pb(II) on Au oxidation kinetics is substantially different in the presence of 

silicate minerals. Quartz was used as a representative silicate mineral in this study. Generally, 

silicate minerals are not reactive in CN solutions, though the minerals can indirectly influence 

the Au oxidation process. Figure 10 shows the LSV scans of Au electrode oxidation at three 

different CN concentrations, in the presence of 5 mg/L Pb(II) with 50 g/L quartz, which is 

considerably different from the results of Figure 1(b), i.e. similar tests but without quartz. In 

the graphs of Figure 10, the Au oxidation peaks at –0.35 V are significantly depressed at 300 

and 600 mg/L CN, despite the presence of Pb(II); this was because of the Pb adsorption onto 

the quartz surface, and consequently the lack of availability of Pb(II) ions in the solution to 

form an appreciable first peak by Eq. 4. Several tests to confirm the Pb adsorption onto the 

quartz surface were done, and the results will be discussed in section 3.2.2. 

In the experiments of Figure 10, only 0.2 mg/L or less aqueous Pb(II), out of the 5 mg/L 

Pb(II) added, was left in the test solutions in the presence of quartz, and the balance of the Pb 

was adsorbed onto the quartz particles (section 3.2.2). To quantify the effect of only 0.2 mg/L 

Pb(II) on the Au oxidation kinetics, a set of LSV tests were conducted adding 0.2 mg/L Pb(II), 

but without quartz addition, at 300, 600 and 900 mg/L CN. The purpose of these tests was to 

clarify, if i) low concentrations of aqueous Pb(II) affect Au oxidation kinetics, or ii) quartz 

particles physically hinder Au oxidation, i.e. block the Au surface. With the former, one 

would expect an insignificant Au oxidation peak. As shown in Figure 11, with 0.2 mg/L Pb(II) 

the first peak was only clearly observed when the CN concentration was 900 mg/L CN, but 

the peak was not clear or only slightly developed at low CN concentrations of 300 and 600 

mg/L CN. This confirms that the main reason for the depressed first peak is, in fact, the low 
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aqueous Pb species concentration, caused by its adsorption onto the quartz.  

Additionally, from this result, it can be concluded that the rate-limiting factor of Eq. 4 is 

dependent on the reaction conditions, specifically CN concentration. When the CN 

concentration was low, i.e. 300 and 600 mg/L CN in this study, the concentration of aqueous 

Pb species was an essential factor to determine the Au oxidation reaction rate. The Au 

oxidation peak at –0.35 V was observed with 5 mg/L Pb(II) addition, but it was not observed 

when the Pb(II) concentration was 0.2 mg/L at 300 and 600 mg/L CN. On the other hand, at 

low Pb(II) concentration, the CN concentration was the rate-limiting factor, and at high 

enough CN concentration, 900 mg/L CN in this study, the Au oxidation kinetics were high, as 

shown in Figure 11. 

To further clarify the Au oxidation behavior at lower CN concentrations, 300 and 600 

mg/L, an LSV scan was conducted at different scan rates of 1, 5 and 10 mV/s in the presence 

of 5 mg/L Pb(II) and 50 g/L quartz. Generally, the peak current density is proportional to the 

square root of the scan rate (( ∝ √+, but this was not the case in this study. As shown in 

Figure 12, the oxidation peak at –0.35 V decreased when the scan rate was increased from 1 

to 10 mV/s, which implies that the Au oxidation process at low CN and Pb(II) concentrations 

obeyed CE mechanism, which represents chemical reaction (C) and electron transfer at the 

electrode surface (E), respectively. 

 From the schematic picture shown in Figure 13, the reaction between the solid Au surface 

and the liquid interface can be divided into three different steps i) the diffusion of reactants 

(CN and Pb(II) species in this study) from the bulk of the solution to the Au surface via the 

diffusion layer, ii) the chemical reaction between the reactants and the solid Au surface, and 

iii) the diffusion of the soluble reactions product (Au(CN)2
– in this study) towards the bulk of 

the solution through the diffusion layer. The three steps of the reaction are in series; thus, one 

of the three steps, i.e. the slowest step, determines the overall reaction rate. From the LSV 
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test results shown in Figure 12, it appears that the chemical reaction between the Au surface 

and the reactants is the rate-limiting step of the Pb(II)-Au reaction system at low CN 

concentration. Generally, it is expected that the faster the scan rate, the thinner the diffusion 

layer, sometimes about several nanometers [39, 40]. In other words, if the reaction is 

diffusion controlled, the current density, consistent with reaction kinetics, should be improved 

with increasing the scan rate. However, in the present study, the current density was higher at 

lower scan rates, which means the chemical reaction of Eq. 4 takes a longer time to occur at 

low concentrations of reactants. The reaction kinetics were readily improved when more 

aqueous Pb(II) or CN was available in the system. Thus, it is fair to conclude that the reaction 

is chemically controlled at low CN concentration. 

For comparison, a set of tests were carried out in a solution of 900 mg/L CN with 0.2 mg/L 

Pb(II) addition at 3 different scan rates of 1, 5 and 10 mV/s. As shown in Figure 14, the 

oxidation peak was improved with a higher scan rate. Thus, at high CN concentrations, the 

chemical reaction rate between Pb(II) and Au is fast, and the overall reaction rate is 

controlled by the diffusion of chemicals. 

Figure 15 elucidates the effect of silicate minerals on Au oxidation kinetics in the presence 

of 5 mg/L Pb(II) at 900 mg/L CN. In the anodic direction of the CV scan in cycle 1, the 

trends of CV plots were approximately identical, regardless of the presence of quartz. 

However, the CV curves were different in the cathodic direction scan. In the absence of 

quartz, the high Au oxidation peak at –0.35 V was observed, and the current density was 

more pronounced than in the anodic scan. Even during the subsequent cycles 2 and 3, the 

high first peak was continuously evolved. In the presence of quartz, on the other hand, the 

first peak was not observed during the cathodic scan, and it was significantly lessened in 

cycles 2 and 3, compared to that in cycle 1. Without quartz, aqueous Pb(II) concentration was 

high enough for the reaction to proceed, however in the presence of quartz the Pb adsorption 
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onto the quartz limited the concentration of the Pb(II) available in the solution. Thus, it can 

be noted that the current density of the first peak, i.e. the Au oxidation kinetics, is limited by 

the Pb(II) concentration. 

In the second and third cycles of the CV test in Figure 15(b), the second oxidation peak at 

around 0.25 V was observed, which had higher peak current density in the succeeding cycles. 

This is also mainly caused by the difference of aqueous Pb(II) concentration; the deposited 

Pb on the gold surface could be oxidized according to the Eh-pH diagram of Figure 8. The 

oxidized Pb would not be available as a reactant for the cementation reaction during the next 

cathodic scan, thus in the next cycle, less Pb would be available in the system, and less Pb 

can deposit on the gold surface with the cementation reaction. As a result, eventually, the 

oxidation kinetics at 0.25 V would resemble the case where no Pb(II) was added to the 

solution, as shown in Figure 1(a). Similar behavior was also reported in the author’s previous 

study [13]. 

 

3.2.2. Adsorption tests 

To further understand the Pb adsorption process onto the quartz surface, the Pb(II) 

concentration was measured in a 5 mg/L Pb(II) solution for an hour in the presence and 

absence of 50 g/L quartz of slurry. In Figure 16, the Pb(II) concentration change by time 

shows two different trends depending on the presence or absence of quartz. In the absence of 

quartz, Figure 16(a), Pb(II) concentration was in the range of 3.5-4.5 mg/L. At higher CN 

concentration, Pb(II) concentration during the first 10 min was slightly higher than that at 

lower CN concentration, but with time the Pb(II) concentration ranged between 3.60 and 3.90 

mg/L in different CN concentration solutions. Likely the decrease in the Pb(II) concentration 

is related to its adsorption to the walls of the glass reactor. Salim and Cooksey [41] have 

studied Pb adsorption onto the surfaces of several different types of containers, and have 
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reported that 85-94% of 10–6 M Pb(II) was adsorbed on glass, polyethylene and stainless steel 

surfaces in an hour.  

In the current study, about 1.10 to 1.40 mg/L Pb(II) was adsorbed onto the glass container 

[Figure 14(a)], which corresponds to 5.31×10–6 to 6.76×10–6 M, and this was consistent with 

the previous studies. In the presence of quartz, however, the Pb(II) concentration significantly 

decreased from 5 to less than 0.3 mg/L, as shown in Figure 16(b). After the initial 10 min of 

the tests, the Pb(II) concentration was rather stable above 0.1 mg/L at 300 mg/L CN. On the 

other hand, at higher CN concentration, 600-900 mg/L CN, the steady state Pb(II) 

concentration was 0.15-0.20 mg/L between 10 to 50 min, and the final concentration was 

0.10-0.13 mg/L. Because no precipitation was observed in the absence of quartz, it can be 

noted that the drop in Pb(II) concentration in the presence of quartz is caused by Pb 

adsorption onto the quartz surface. This is in agreement with the findings of previous studies 

[24, 25], which had reported the possibility of Pb adsorption onto quartz surfaces.  

The different surface group of quartz likely causes the Pb adsorption onto its surface. The 

surface groups of quartz can be changed depending on the solution pH (Eq. 6); in neutral pH 

range the main surface group is SiOH, and it converts to SiOH2
+ or SiO– when SiOH reacts 

with H+ or OH–, respectively [24, 42]. In the solution of this study, at pH around 10.5, likely 

the main surface group was SiO–, which can adsorb cations due to its negative charge. The 

dominant Pb species in the test solution, pH 10.5, is PbOH+, as shown in thermodynamic 

modeling results (Figure 17 and Table 3), and this charge difference between a quartz surface 

and an aqueous ion makes the physisorption possible (Eq. 7) [24]. If SiOH2
+ is present on a 

quartz surface, the anion species, HPbO2
–, can be physisorbed onto the surface as well. The 

reaction between SiOH and the Pb species is chemisorption, shown by Eq. 8 [42-44]. Based 

on the thermodynamic modeling, the proportion of PbOH+ at pH 10.5 is approximately 57 

mol%. Thus, it implies that not only had the physisorption of the cationic species happened in 
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the conditions of the current study experiments, but possible other forms of adsorption had 

also occurred, because 96-98% of Pb had adsorbed onto the quartz surface, according to test 

results shown in Figure 16(b). 

≡ SiOH�
� 	

./

01	≡ SiOH	
2.3

041	≡ SiO� +H�O   (6) 

SiO– ······PbOH+ / SiOH2
+······HPbO2

–   (7) 

SiOH + Pb
OH5��5 = 6SiO − Pb
OH5�89��5 + H�O	
: = 1, 2 (8) 

Table 3. Reactions and the corresponding equilibrium constants for thermodynamic modeling 

shown in Figure 17 

Reaction K Reference 

Pb�� + CN� = PbCN� 5.01 × 10� Senanayake, 2008 [45] 

Pb�� + OH� = PbOH� 6.67 × 10C HSC Chemistry [1] 

Pb�� + 2OH� = PbO
D + H�O 1.17 × 1088 HSC Chemistry [1] 

Pb�� + 3OH� = HPbO�
� + H�O 1.18 × 108� HSC Chemistry [1] 

 

Nevertheless, the Pb adsorption onto the quartz was not completed and some Pb(II), 0.10-

0.13 mg/L, was still left behind in the solution in the test of Figure 16(b). From the 

thermodynamic modeling and the UV/Vis measurements, the negatively charged Pb species 

seemed to contribute to this amount. As shown in the UV/Vis results of Figure 18, when no 

quartz was added to the solution, a peak at 253-254 nm and a broad shoulder between 260 

and 300 nm were observed at the 10 min mark, regardless of the presence of CN. These peaks 

are related to Pb-OH species. The evidence for this claim is presented in the supplementary 

document. The baseline UV measurements (Figure S1) of Pb(II) in 0.0005 M NaOH solution 

showed a peak at 253 nm, where the peak absorbance was proportional to the Pb(II) 

concentration. No significant peak was observed when Pb(II) was dissolved in DI water. Thus, 

it can be confirmed that the peak at 253 nm is related to Pb-OH species. In the presence of 
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CN, two peaks related to Pb-CN species (probably PbCN+) at 265 and 285 nm were also 

observed, starting from 30 min into the experiment (the full-time UV/Vis results are 

presented in the supplementary material), and the peak absorbance was lower in NaCN 

solution than in NaOH solution. Those peak locations were in agreement with those of a 

previous study [46].  

When Pb(II) was added to a quartz slurry in CN solution with 50 g quartz/L, no clear 

UV/Vis peak was present, except the broad peak from 250 to 300 nm, which was identical to 

the shoulder peak observed in the Pb-only solutions. Additionally, the overall peak of 

absorbance was decreased considerably. These observations confirm that i) Pb indeed adsorbs 

onto the quartz mineral, and ii) specific Pb species do not adsorb onto the quartz surface. In 

brief, the UV/Vis peaks at 265 and 285 nm in the presence of CN are related to PbCN+, which 

can adsorb onto the quartz surface via a physisorption mechanism owing to its positive 

charge. Similarly, the peak at 253 nm shown in Figure 18(a) is related to cationic Pb species, 

PbOH+. Besides, it appeared that the neutral species, PbO(a), increased the overall peak 

absorbance. In the baseline results of 0.2 mg/L Pb(II) solution (Figure S1), only a weak peak 

at 253 nm was observed, and the overall absorbance was not that significant, a considerably 

different result than with 5 mg/L Pb(II) with 50 g quartz/L. The 0.2 mg/L Pb(II) solution 

corresponds to the “left-over Pb(II) concentration” after the adsorption of Pb progressed in 

the experiments. Thus, the peak at 253 nm represents PbOH+, and PbO(a) and HPbO2
– is 

attributed to the overall absorbance improvement and broad peak between 250 and 300 nm, 

respectively. It is fair to conclude that PbOH+, PbCN+, and PbO(a) species were more likely 

adsorbed onto the quartz surface, and HPbO2
– was dominant in the slurry, with limited or no 

adsorption onto the quartz. 

 

4. Conclusions 
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In this work, a series of electrochemical tests were carried out to determine the effect of Pb 

and/or silicate mineral on Au oxidation kinetics. The experiments demonstrated that oxidative 

Au dissolution kinetics in CN solutions could be enhanced with the addition of Pb(II) in the 

low overpotential region of around –0.35 V vs. Ag/AgCl. The mechanism for the process is 

the cementation reaction between metallic Au and aqueous Pb species. It was shown that a 5 

mg/L Pb(II) addition could markedly enhance the Au oxidation rate at the higher CN loading 

(900 mg/L), while it was dependent on the solution conditions at 300 and 600 mg/L CN. The 

presence of silicate minerals such as quartz deactivated the role of Pb(II) in the Au oxidation, 

which was due to the adsorption of Pb onto the quartz surface. The Pb adsorption readily 

occurred regardless of the CN concentration. From the UV/Vis analysis and thermodynamic 

modeling, PbOH+, PbCN+, and PbO(a) species were likely adsorbed onto the quartz surface, 

and HPbO2
– was dominant in the slurry, with limited or no adsorption onto the quartz. The 

lower aqueous Pb(II) concentration resulting from the adsorption process depressed the effect 

of the added Pb(II) on the Au oxidation kinetics, specifically at 300 and 600 mg/L CN. The 

cementation reaction between Au and Pb(II) was shown to be a chemically controlled process 

at lower CN concentration, but it was under diffusion control at higher CN concentrations. 
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Figure 1. LSV scans of Au oxidation depending on CN concentration (a) in the absence of Pb, 

and (b) in the presence of 5 mg/L Pb 
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Figure 2. OCP distribution at different CN concentrations in the presence of 5 mg/L Pb. 
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Figure 3. Chronoamperometry test results at different potentials of –0.35 and –0.40 V in 900 

mg/L CN solution: (a) 0 mg/L Pb; (b) 5 mg/L Pb 
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Figure 4. Surfaces of Au electrode after 3 h long chronoamperometry test: (a) 0 mg/L Pb at –

0.35 V; (b) 5 mg/L Pb at –0.40 V 
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Figure 5. XP-spectra of C 1s on the Au surface after 3 h long chronoamperometry test: (a) 0 

mg/L Pb at –0.35 V; (b) 5 mg/L Pb at –0.40 V 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 30 

 

 

Figure 6. XP-spectra of N 1s on the Au surface after 3 h long chronoamperometry test: (a) 0 

mg/L Pb at –0.35 V; (b) 5 mg/L Pb at –0.40 V 
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Figure 7. Change of Au concentration at different potentials during chronoamperometry tests 

in the presence of 5 mg/L Pb, and schematic pictures of the Au and solution interface 
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Figure 8. Eh-pH diagram of Pb-H2O system: [PbTot] = 10–6 (dash dot line), 10–5 (solid line) 

and 10–4 (dotted line) M 
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Figure 9. Final Au concentration after 3hr-chronoamperometry tests depending on the 

electrode potential and presence of lead salt at 900 mg/L CN 
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Figure 10. LSV scans of Au oxidation depending on CN concentration in the presence of 5 

mg/L Pb and 50 g/L quartz 
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Figure 11. LSV scans of Au oxidation depending on CN concentrations in the presence of 0.2 

mg/L Pb without quartz addition 
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Figure 12. LSV scans at different scan rates in the presence of 5 mg/L Pb and 50 g/L quartz at 

8.30 mg/L DO (a) 300 mg/L CN, (b) 600 mg/L CN 
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Figure 13. Schematic of solid/liquid surface of Au oxidation in the presence of CN and Pb2+ 
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Figure 14. LSV scans at different scan rates in the presence of 0.2 mg/L Pb at 8.30 mg/L DO 

and 900 mg/L CN 
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Figure 15. Three cycles of CV scan (a) in the absence of quartz, (b) in the presence of 50 g/L 

quartz (900 mg/L CN and 5 mg/L Pb) 
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Figure 16. Change of Pb concentration with time at different CN concentration (a) in the 

absence of quartz; (b) in the presence of 50 g/L quartz (initial Pb concentration: 5 mg/L) 
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Figure 17. Thermodynamic modelling of Pb-OH-CN system (a) Pb-OH species; (b) PbCN+ 

depending on different CN concentrations ([Pb]Tot = 2.41×10–5 M) 
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Figure 18. UV/Vis measurements of Pb-containing solution in the presence/absence of quartz 

(a) 5 mg/L Pb + 0.0005 M NaOH; (b) 5 mg/L Pb + 0.0005 M NaOH + 900 mg/L CN 

 

 

 

  


