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Abstract 

Acid mine drainage (AMD) resulting from the oxidation of pyrite and other 

sulfide minerals has caused significant environmental problems, including the 

acidification of rivers and streams, and the leaching of toxic metals. Once exposed to 

water and oxygen during mining and mineral processing, sulfide minerals become 

immediately susceptible to chemical and biochemical oxidation. Passivation of 

sulfide minerals involving formation of a surface barrier through formation of a 

coating layer is a potential way to control AMD generation.  

 In this study, the promising method of carrier microencapsulation (CME) 

using a silicon–catechol complex to suppress sulfide minerals oxidation was 

investigated. To reveal the mechanism and coating layer properties, dissolution tests, 

and morphological and electrochemical analyses were performed. In addition, 

samples were characterized by surface-sensitive X-ray photoelectron spectroscopy 

(XPS), atomic force microscopy (AFM), and dynamic force microscopy (DFM). 

This thesis consists of six chapters. Chapter 1 presents the background and 

objectives of this study. In addition, an overview of AMD and its prevention are 

presented to provide a basic understanding of pyrite oxidation suppression. Previous 

studies related to the present study are also discussed in this chapter. 

In Chapter 2, pyrite oxidation suppression by CME with silicon (Si) and an 

organic carrier is presented. It was found that waste water collected from 

hydrothermal treatment (HT) of low-rank coal contains organic carbon compounds, 

such as phenol and catechol. The use of HT liquid (HTL) produced from low-rank 

coal as a carrier in CME was investigated. In dissolution tests for 51 days with pyrite 

and iron-oxidizing bacteria, treatment with a mixture of HTL and a silicon reagent 

(Si–HTL) lowered the ferric ion concentration and limited bacterial attachment 

compared with untreated pyrite. These results indicate that pyrite oxidation can be 

suppressed simply by pretreating with Si–HTL for 1 h. This might be caused by 

catechol present in the HTL. A mixture of catechol and a silicon reagent (Si–Cat) 

was also used, and the coatings obtained using Si–HTL and Si–Cat were compared. 

Based on dissolution tests, the Si–HTL coating layer showed better barrier properties 

than the Si–Cat coating layer. Microscopic observations showed a silica-rich deposit 

on the surface of the treated pyrite. Fourier-transform infrared (FTIR) spectroscopy 

indicated that a quinone compound adsorbed on the treated pyrite surface. These 

results showed that silica and quinone were both adsorbed on the pyrite surface in a 

silica–quinone layer, which can suppress pyrite oxidation. 

In Chapter 3, three different electrochemical methods, namely, potential 

polarization, chronoamperometry, and electrochemical impedance spectroscopy 

(EIS), were used to investigate the electrochemical behavior of pyrite oxidation 

suppression in the presence of a silicate coating. Anodic current peaks corresponding 

to oxidative decomposition of the Si–Cat complex on the pyrite surface were 

observed at 550 mV in the presence of Si–Cat, and at 690 mV in the presence of Si–
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HTL. The anodic currents of the treated pyrite samples (Si–Cat pyrite and Si–HTL 

pyrite) were lower than that of the untreated pyrite. Because the anodic current 

represents the oxidation rate, the lower anodic currents of the treated pyrite samples 

mean that the oxidation rates of these treated samples are lower than that of the 

untreated pyrite. The two flat semi-circular curves in the Nyquist plots showed that 

the total impedances of the treated pyrite samples increased. It is suggested that this 

is a silica–quinone coating, which can decrease the pyrite oxidation rate. It also 

showed that the coating resistance produced by Si–HTL treatment is higher than that 

produced by Si–Cat. Bode plots showed the shift of the phase angle of the time 

constant of Si–Cat-treated pyrite to lower frequencies, indicating electrolyte 

diffusion occurs through the coating layer. This indicates that the coating layer 

produced by Si–HTL treatment has better barrier properties than that produced by 

Si–Cat and confirms the results of the dissolution tests and chronoamperometric 

measurements. 

In Chapter 4, a more systematic investigation of the silica–quinone coating 

layer is presented. Furthermore, the mechanism involved in this coating treatment is 

proposed. Pyrite treatment using Si–Cat under different conditions resulted in 

differences in the suppression of pyrite oxidation. The electrochemical behavior of 

treated pyrite samples showed that Si–Cat treatment for 6 h with initial pH 9.5 gave 

better barrier properties and a higher suppression effect than that of other treatment 

conditions. FTIR and XPS analyses demonstrated that the coating layers on the 

treated pyrite samples consisted of a network of Fe–O–Si and Si–O–Si units on the 

pyrite surface. The Si–O–C asymmetric stretching mode is also present in the FTIR 

spectra. These results confirm that silicate polymerization in the silica–quinone layer 

on the treated pyrite samples suppressed pyrite oxidation. 

In Chapter 5, pyrite oxidation suppression by the Si–Cat complex was 

applied to other sulfide mineral samples: chalcopyrite (CuFeS2), molybdenite (MoS2), 

and arsenopyrite (FeAsS). Similar to pyrite, the results indicate the formation of a 

coating layer on the treated sulfide mineral samples that lowered the oxidation rate. 

The Si–Cat complex showed a better suppression effect for chalcopyrite than for 

molybdenite and arsenopyrite. 

Chapter 6 summarizes the conclusions of this study and provides 

recommendations for further study. 
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CHAPTER 1 

Introduction 

This chapter introduces the conducted study. Background and objectives of the 

study are presented as well as how this thesis is structured. Mining industry faces the 

most serious environmental problem caused by acid mine drainage (AMD). Once the 

AMD effluents have been released into the environment, the contaminations they cause 

affect the ecological balance. Several methods for controlling AMD generation have 

been investigated. The limited effectiveness of some controlling methods has led to 

further study of methods to overcome aforementioned problems. One of the promising 

methods is carrier microencapsulation by using silicon-catechol complex. The use of 

this method to suppress pyrite oxidation will be explained in detail in this thesis.  
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1.1. Theoretical background 

1.1.1. Acid mine drainage 

Acid mine drainage (AMD) occurs when sulfide ores are exposed to the 

atmosphere, which can be enhanced through mining and milling processes where 

oxidation reactions are initiated. Mining increases the exposed surface area of sulfur-

bearing rocks allowing for excess acid generation beyond natural buffering capabilities 

found in host rock and water resources. Since large masses of sulfide minerals are 

exposed quickly during the mining and milling processes, the surrounding environment 

can often not attenuate the resulting low pH conditions (Jennings et al., 2008). Water 

contaminated by AMD often contains elevated concentrations of metals, which can be 

toxic to aquatic organisms, also for most living creatures. In 1989, it was estimated that 

ca. 19,300 km of streams and rivers, and ca. 72,000 ha of lakes and reservoirs 

worldwide had been seriously damaged by mine effluents, although the true scale of the 

environmental pollution caused by mine water discharges is difficult to assess 

accurately (Johnson and Hallberg, 2005). In the US alone, oxidative decomposition of 

pyrite is responsible for the contamination of over 16,000 km of streams and rivers and 

180,000 acres of lakes and reservoirs (Tao et al., 2000). 

Every mine is unique in terms of its AMD potential; thus, the nature and size of 

the associated risk and feasibility of mitigation options will vary from one site to 

another. This is despite the fact that the International Network of Acid Prevention 

created a Global Acid Rock Drainage Guide which is aimed to provide world-wide 

reference for acid prevention and to identify Best Practice in the field of AMD 

(Bezuidenhout et al. 2009). There are no standardized methods for ranking, measuring 

and reducing the risk of AMD. Considering how large the penalties can be for 
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miscalculating of any variables, the responsibility is on the individual mining companies 

to take charge of their own destinies on this front. It must begin with recognition that 

there are AMD hazards at individual sites, and that they give rise to specific risks. 

Where AMD is inevitable or likely, it makes sense to gear the response to the 

probability of serious consequences, which requires site-specific research to be 

undertaken. In mining regions where AMD has not yet formed, research should be 

carried out to identify ways in which it can be prevented (Morrissey, 2003). 

The cost of mitigation of environmental damage from AMD is huge. Johnson 

and Hallberg (2005) reported that treatment technologies to address the AMD problems 

are very costly. As an example is mining industry in Canada that facing the largest 

environmental liability caused by acidic drainage and is estimated at $2 to $5 billion 

dollars (MEND, 2001a). Same thing also happen in South African (Oelofse, 2010).  

The impact of AMD on neighboring streams and rivers can be very dramatic. 

The (often) low pH and high osmotic potential of AMD, the presence of toxic metals 

and metalloids, and the formation and deposition of particulate materials (such as iron 

and aluminum hydroxides) can result in stress and death of indigenous populations, 

particularly higher life forms such as fish, resulting in reduced biodiversity (Hallberg 

and Johnson, 2005). Usually the environment is capable of absorbing the effect of AMD 

through a combination of dilution, biological action and neutralisastion, but at high 

metal concentrations this ability is drastically reduced (Evangelou, 1998). These heavy 

metals pose a serious threat to human health, animal and ecological systems. This is 

because AMD contains heavy metal contaminants, such as Cu
2+

, Fe
3+

, Mn
2+

, Zn
2+

, Cd
2+

 

and Pb
2+

 which are not biodegradable and tend to accumulate in living organisms, 
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causing various diseases and disorders (Moreno et al., 2001; Sprynskyy et al., 2006; 

Bailey et al., 1999). 

Besides environmental impacts, AMD also possible caused the societal impact 

such as for people and the farming communities who used groundwater and surface 

water for drinking purposes, to water livestock, to irrigate crops, etc. In cases the water 

used for irrigation is contaminated by mine effluent, the potential exist for metal 

bioaccumulation in crops and consequently, this would pose a human health risk. (Van 

Eeden, 2006; Davies and Mundalamo, 2010). In addition, Hallberg and Johnson (2005) 

reported that water courses affected by mine drainage cannot be used as sources of 

domestic or industrial water. 

As the most abundant and widespread sulfide mineral on earth, pyrite has a 

major influence on the biogeochemical cycles of iron, sulfur, and oxygen. Likewise, 

coal deposits contain variable (generally 1–20%) amounts of pyritic sulfur (a generic 

term that includes other iron sulfide minerals such as marcasite) as well as organic 

sulfur (Johnson and Hallberg, 2005). Mining of associated materials exposes pyrite to 

oxygen and water, and this generates highly acidic toxic solutions, previously referred 

as AMD; this is one of the most serious environmental problems in the mining industry 

(Perdicakis et al., 2001; Gleisner, 2006).  

AMD occurs when (i) mining waste contains enough sulfide to react chemically 

and biologically to form an acid leachate at a rate too high for it be neutralized by 

alkaline compounds in the waste; (ii) the physical properties of the waste allow both 

water and oxygen to permeate in sufficient quantities to support chemical and biological 

reactions; and (iii) the climate is humid enough to cause rainfall infiltration and/or the 

waste is located on a surface where water passes through it and transports the AMD into 
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the environment (Hutchison and Ellison, 1992). Once the AMD effluents have been 

released into the environment, the contamination they cause affects the ecological 

balance. Although this process occurs naturally where sulfide-rich rocks are exposed, 

mining can promote AMD generation by increasing the quantity of exposed sulfides 

(Akcil and Koldas, 2006). In addition to mining, the other main source of AMD is the 

high volume (about 18 × 10
9
 m

3
 per annum) of mill tailings stored in impoundments or 

left exposed to natural weathering (Sheoron and Sheoron, 2006). 

AMD is characterized by low pH and high concentrations of dissolved metals 

(up to 200 g/L) and sulfate (up to 760 g/L) (Hustwit et al., 1992; Nordstrom and Alpers, 

1999; Nordstrom et al., 2000; Moncur et al., 2005). 

The reactions for AMD generation are best illustrated by examining the 

oxidation of pyrite, which is one of the most common sulfide minerals and generally 

given as follows: 

4FeS2(s) + 14O2 + 4H2O → 4Fe
2+

 + 8SO4
2−

 + 8H
+
                                                      (1.1) 

The Fe
2+

 can be further microbially oxidized to Fe
3+

 (ferric ions) at low pH. 

4Fe
2+

 + O2 + 4H
+
 → 4Fe

3+
 + H2O                         (1.2) 

Ferric ions are either precipitated as Fe(OH)3, a red-orange precipitate, which is called 

“yellow boy” and is seen in AMD-affected water, or they react directly with pyrite to 

produce more Fe
2+

 and sulfuric acid. 

Fe
3+

 + 3H2O → Fe(OH)3 (S) + 3H
+
                               (1.3)  

14Fe
3+

 + FeS2(s) + 8H2O → 2SO4
2−

 + 15Fe
2+

 + 16H
+
                       (1.4) 

As the pH decreases with sulfuric acid production, two major aspects of the 

reaction sequence change: (i) iron-oxidizing bacteria may intervene in Eq. (1.2), 

increasing the rate by a factor of 10
6
; and (ii) at the same time, the ferric ions act as an 
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oxidizing agent in Eq. (1.4) (Kleinmann et al., 1981; Backes et al., 1993). In short, the 

bacteria continuously recycle the ferrous iron product of Eq. (1.4) into ferric iron. In the 

majority of cases, bacteria play a major role in accelerating the rate of acid generation; 

the inhibition of bacterial activity can therefore impede the rate of acid generation 

(Akcil and Koldas, 2006). 

 

Fig. 1.1. AMD-affected water at Upper Daisy Creek, Montana (Reprinted from: USGS, 

2014). 

 

The primary factors (Akcil and Koldas, 2006) that determine the rate of acid 

generation are: 

 pH 

 Temperature 

 Oxygen content of the gas phase 
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 Oxygen concentration in the water phase 

 Chemical activity of Fe
3+

 

 Surface area of exposed metal sulfide 

 Chemical activation energy required to initiate acid generation, and  

 Bacterial activity. 

There are many types of sulfide minerals. Iron sulfides are most common but 

other metal sulfide minerals may also produce AMD. Metal contamination associated 

with AMD depends on the type and amount of sulfide mineral oxidized, as well as the 

type of gangue minerals present in the rock.  

AMD associated with underground mining has long been considered a serious 

environmental hazard. There are two sources of AMD, which are presented in Table 1.1. 

Table 1.1. Sources of acid mine drainage (Akcil and Koldas, 2006). 

Primary sources Secondary sources 

 Mine rock dumps  Treatment sludge pounds 

 Tailings impoundment  Rock cuts 

 Underground and open pit mine 

workings 

 Concentrated load-out 

 Pumped/nature discharge 

underground water 

 Stockpiles 

 Diffuse seeps from replaced 

overburden in rehabilitated areas 

 Concentrate spills along roads 

 Construction rock used in roads, 

dams, etc. 

 Emergency ponds 

 

The effectiveness and feasibility of water treatment is highly variable depending 

on the treatments employed and unique site characteristics. According to Johnson and 

Hallberg (2005), water treatment installations may include both passive and active 

systems. Passive water treatment systems, typically wetlands, operate without chemical 
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amendments and without motorized or mechanized assistance. In contrast, active water 

treatment systems are highly engineered water treatment facilities commonly employing 

chemical amendments of acid mine water to achieve a water quality standard specified 

in a discharge permission.  

 

1.1.2. Sulfide Minerals 

The sulfide minerals are class of minerals containing sulfide (S
2-

) as the major 

anion and act as inorganic compounds. The sulfide minerals are the most important, 

most diverse, and richest in term of physical, chemical, and structural properties. Such 

diversity originates from the more complex crystal and electronic structures compared 

to other classes of materials (Tossel and Vaughan, 1992). The main reasons are found in 

the variety of oxidation states, coordination numbers, symmetry, crystal field 

stabilization, density, stoichiometry, and acid base surface properties that metal sulfides 

exhibit. The truly are fascinating compounds, capable of insulating, semiconducting, 

showing metallic and magnetic behaviors with continuous or sudden transitions between 

these states (Rao and Chernyshova, 2011).  

The sulfide minerals represent higher temperatures and a slightly deeper setting 

than the sulfate minerals, which reflect the oxygen-rich environment near the earth’s 

surface. Sulfides occur as primary accessory minerals in many different igneous rocks 

and in deep hydrothermal deposits that are closely related to igneous intrusions. Sulfides 

also occur in metamorphic rocks where sulfate minerals are broken down by heat and 

pressure, and in sedimentary rocks where they are formed by the action of sulfate-

reducing bacteria. 
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1.1.3. Pyrite 

There are many types of sulfide minerals. The most common sulfide mineral 

found under crustal conditions is pyrite (FeS2), commonly referred to as “Fool’s gold”, 

which is formed at temperatures below 743°C during diagenesis, metamorphism, late-

stage magnetic crystallization and hydrothermal activity, or through exsolution and 

recrystallization of higher-temperature sulfide phases during cooling (Richards, 1998).  

Pyrite is a brass-yellow mineral with a bright metallic luster. As the most 

widespread sulfide mineral on earth, pyrite has a major influence on the biogeochemical 

cycles of iron, sulfur, and oxygen. The production of AMD usually, but not exclusively, 

occurs in iron sulfide mineral (pyrite). 

Pyrite is present not only in many different environments, but also exhibits 

surface chemistry that can profoundly affect to the environment. The reactivity of pyrite 

that can affect to the environment might be associated with anthropogenic activities 

(Marchand, 2003).  

Pyrite crystallizes in a rock salt type structure (face-centered cubic). The mineral 

adopts a cubic NaCl-like structure with the Fe atoms on the corners and face center 

positions of the unit cell and the S2 units lie at the midpoints of the twelve edges and in 

the center of the cube. 
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Fig. 1.2. The unit cell of pyrite FeS2. Red atoms correspond to Fe
2+

 and grey ones to 

S2
2-

, respectively. Every iron ion is surrounded by six sulfur ions. S2 dumb-bells are 

parallel with space diagonals. Sulfur ion has one S neighbour and three Fe neighbours 

(Reprintred from: Leiro et al., 2003). 

 

1.1.4 Mechanism and chemistry of pyrite oxidation 

In order to successfully control and prevent AMD formation, a clear and 

thorough understanding of the chemistry, mechanisms, and all reactants involved in 

AMD formation is important. The mechanism of pyrite oxidation is complex, and 

theories to explain this oxidation process differ considerably. While the chemical 

reaction theories consider the adsorption and reaction of molecular oxygen directly on 

the surface of pyrite, the electrochemical theories take into account the anodic 

dissolution of pyrite and cathodic reduction of oxygen (Hamilton and Woods, 1981). On 

the basis of these theories, many reaction paths and mechanisms of pyrite oxidation 

have been proposed. In addition, the products of pyrite oxidation have been found to 

vary considerably, depending upon the conditions of oxidation (Pugh et al ., 1984). 
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A mechanism in which oxygen is adsorbed on “reactive sites” of the pyrite has 

been outlined using the chemical reaction theory by Smith and Shumate (1970). The 

oxygen then dissociates and forms an activated complex that decomposes to form an 

oxidation product. The oxidation product then desorbs and another reactive site is 

formed. McKay and Halpern (1958) suggested that the adsorbed oxygen reacts only in a 

fully molecular path, designated as an atom transfer reaction as illustrated in Eq. 1.5. 

2O2 + FeS2 → Fe
2+

 + SO4
2-

 + S°         (1.5) 

Goldhaber (1983) later suggested that the initiation of pyrite oxidation is by the 

direct attachment of a dissolved oxygen molecule to a partially protonated pyrite surface. 

However, Moses and Herman (1991) found that although dissolved oxygen can directly 

oxidize pyrite, it can effectively do so only in the absence of Fe(II) adsorbed to the 

pyrite surface. 

Electrochemically, pyrite dissolution is generally believed to occur according to 

one of the following anodic reactions (Bailey and Peters, 1976): 

FeS2 → Fe
2+

 + 2S° + 2e
-
          (1.6) 

FeS2 + 8H2O → Fe
3+

 + 2SO4
2-

 + 16H
+
 + 15e

-
       (1.7) 

FeS2 → Fe
3+

 + 2S° + 3e
-
          (1.8) 

FeS2 + 4H2O → Fe
3+

 + SO4
2-

 + S° + 8H
+
 + 9e

-
       (1.9) 

The principal cathodic reaction is a four-electron oxygen reduction process and is 

represented by Eqs (1.5–1.10): 

O2 + 4H
+
 + 4e

-
 → 2H2O        (1.10) 

In the presence of dissolved Fe(III) ions, the following cathodic reaction is also 

suggested: 

Fe
3+

 + e
-
 → Fe

2+
         (1.11) 
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The overall process is the sum of cathodic and anodic reactions that occurs at the pyrite 

surface. 

 Figure 1.3 shows the schematic representation of some of the possible reactions 

describing different pathways for pyrite oxidation.  

 

 

Fig. 1.3. Schematic representation of some of the possible reactions describing different 

pathways for pyrite oxidation. To the right is the thiosulfate pathway (Path 1A) where 

thiosulfate detaches and reacts, while to the left is the thiosulfate pathway where the 

Fe˗S bond does not break; rather the S˗S bond breaks, releasing sulfite which oxidizes 

to sulfate (Path 1B). To the bottom of the figure we represent the 

sulfide˗polysulfide˗elemental sulfur pathway (Path 2) and at the top is the 

defect/photochemically˗driven pathway where holes or radicals react and drive S 

oxidation to sulfate (Path 3) (Druschel and Borda, 2006). 
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1.1.5 Acid mine drainage controlling methods 

Acid mine drainage may arise as mine water from open pits and underground 

mine workings, or as surface drainage and seepage from tailings disposal facilities and 

waste rock dumps, and has been identified as the biggest single environment problem 

facing the mining industry. 

Several techniques have been considered in the past for the treatment of acid 

mine drainage. While some of these methods are directed towards the treatment of the 

resulting drainage, others are directed towards prevention of AMD at source. Presently, 

at active mine sites and some inactive sites, where responsibility has reverted to the 

government, mining companies and governments operate comprehensive systems to 

collect and treat effluents and seepage from all sources. Although systems to collect and 

treat effluents at active and inactive mines, when operated well and maintained, may be 

sufficient to prevent downstream environmental impact, acid generation may persist for 

hundreds of years following mine closure (Filion et al., 1990). Many methods for 

controlling AMD formation have been investigated. The most common method is 

chemical neutralization using lime or other alkaline components to precipitate iron in 

the insoluble form as iron hydroxide/oxyhydroxide (Mackie and Walsh, 2012). This 

approach, however, has a short span of effectiveness (Evangelou, 1995). The main 

reason for this is that the surface of pyrite particles in mining waste are still exposed to 

the atmospheric O2 after treatment.  Besides that, the specific reactivity and total lime 

requirements cannot be accurately predicted due to variations in the waste make-up 

throughout pile and the lime can only be incorporated into soil up to limited depth and 

this strategy is costly (Caruccio et al., 1988).  The use of limestone, however, has been 

abandoned in most chemical treatment systems because of the formation of ferric 
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oxyhydroxides which coat limestone in oxidizing environments and eliminate any 

further neutralizing capacity (Postgate, 1984). Wentzler and Aplan (1992) have also 

reported that iron hydroxide and gypsum coatings build up on the limestone surface 

inhibiting further neutralization reactions. Furthermore, the rate of the neutralization 

reaction was observed to decrease dramatically with increasing pH, so that limestone is 

not very useful above pH of 5. Though attractive economically, a fresh limestone 

surface must continually be presented to the acidic drainage for neutralization to occur.  

Studies have also been conducted on the use of organic covers (Peppas et al., 

2000) and the establishment of sustainable vegetative growth on tailings and waste rock. 

However, the establishment of vegetation on AMD susceptible sites has also failed to 

improve drainage quality (Filion et al., 1990). 

Other acid mine drainage controlling techniques are explained below:  

1.1.5.1. Flooding/Sealing of underground mines 

The flooding and sealing of abandoned deep mines, serve to reduce the oxygen 

which is necessary for AMD formation. The dissolved oxygen present in the flooding 

waters will be consumed by mineral and other microorganisms present in the water. 

Atmospheric oxygen is prevented from entering the mine by sealing of the mine 

(Johnson and Hallberg, 2005). Mine sealing can minimize the AMD pollution 

associated with abandoned underground mines. The primary affecting the selection, 

design and construction of mine seals is the anticipated hydraulic pressure that the seal 

will have to withstand when sealing is completed. This procedure has commonly led to 

break out of the water, sometimes explosively, either at the seal or at nearby locations.  
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1.1.5.2. Underwater storage of mine tailings 

 Water covers are presently considered the best available technology for AMD 

prevention and long term storage of acid generating tailings (Davé, 1992). There is 

concern that some oxidation may still occur (Aubé et al., 1995). Dissolved oxygen could 

be transported through the water column to the tailings by diffusion, convection or 

circulating currents. Tailings resuspension by wave action might expose sulfide 

particles to dissolved oxygen (Li et al., 1997). If sufficient oxidation of the sulfide 

particles occurred, the resulting acid generation and metal flux could cause a 

deterioration of the water cover quality. 

1.1.5.3. Land-based storage in sealed waste heaps 

There are many type of covers used to minimize the movement of water and 

oxygen into waste heaps. Cover systems can be simple or complex, ranging from a 

single layer of earthen material to several layers of different material types, including 

native soils, suitable overburden, non-reactive waste materials, geosynthetic materials, 

and oxygen-consuming materials (MEND, 2004). Land-based storage in sealed waste 

heaps creates a sealing layer, usually comprised of clay, over an impermeable base 

(Swanson et al., 1997). 

1.1.5.4. Blending of mineral wastes 

Blending is the mixing of mineral wastes of varying acid generation and 

neutralization potential to create a deposit that generates a discharge of acceptable 

quality. The effectiveness of blending as an option depends on the availability of 

materials and the mine plan, the general stoichiometric balance between acid producing 

and acid neutralizing materials, geochemical properties, reactivity of waste rock types, 
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flow pathways created within the deposit, and the extent of mixing and method of 

blending. Homogeneous and thorough mixing is generally required to achieve 

maximum benefit (MEND, 1998 and 2001b). Blending of mineral wastes, comprised of 

acid-generating and acid-consuming materials, produces environmentally friendly 

composites (Mehling et al., 1997). Apart from being very costly, the blending of pyritic 

waste with alkaline material approach has been found to be ineffective in the long term. 

1.1.5.5. Total solidification of tailings 

Total solidification of tailings is achieved by adding solid-phase phosphates to 

mine waste in order to reduce its potential to act as an oxidant of sulfide minerals 

(Johnson and Hallberg, 2005). 

1.1.5.6. Application of anionic surfactants (Biocides) 

Microorganism can catalyze the oxidation of Fe
2+

 (Eq. 2) and continuously 

recycle the ferrous iron product of Eq. (4) into ferric iron. Due to that reason, the control 

of these microorganisms is important. Biocides are used to inhibit the activities of 

bacteria in mineral spoils and tailings. Biocides are anionic surfactants such as sodium 

dodecyl sulfate (SDS), which is highly toxic to this group of microorganisms. However, 

the effectiveness of biocide application has been found to only give short-term control 

of the problem and requires repeated applications of the chemicals (Loos et al., 1989). 

This is mainly because most biocides are water soluble and in running streams, they can 

be washed away after application. Application of anionic surfactants, which is highly 

toxic to biocides that are found in mineral spoils and tailings, provides short-term 

control. 
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1.1.5.7. Bioelectrochemical treatment 

Bioelectrochemical treatment is a system whereby bacteria catalyze the 

conversion of the chemical energy from organic substrates into electrical energy (Logan 

et al., 2006). As the energetic performance, this system is still unsatisfactory to justify 

for scale-up. This treatment could be an effective solution for the treatment of Fe-

dominated AMD by the consumption of excess H
+
 to promote the oxygen reduction at 

the cathode of the system (Lefebvre et al., 2012). 

1.1.5.8. Microencapsulation 

In order to prevent pyrite oxidation on a long-term basis, it appears essential to 

prevent the contact of the atmospheric O2 with the pyritic surfaces. This could be 

accomplished through passivation by using microencapsulating. Microencapsulation is a 

technique that can inhibit oxygen diffusion to the surface of pyrite by forming a thin 

protective coating on its surface (Evangelou, 1995). Once a coating is established on the 

surface of pyrite, oxidation of pyrite and the production of AMD are prevented.  

The coating can be produced by reacting sulfidic material with low 

concentration of an oxidizing agent in the presence of soluble phosphate or silica in a 

buffered solution. Hydrogen peroxide or calcium hypochlorite has been typically used 

as oxidizing agents. The oxidizing agent reacts with the sulfide to produce ferric ions: 

FeS2 + 15/2H2O2 → Fe
3+

 + 2SO4
2-

 + 7H2O + H
+
     (1.12) 

FeS2 + 15/4Ca(OCl)2 + 1/2H2O → Fe
3+

 + 2SO4
2-

 + 15/4Ca
2+

 + 15/2Cl
-
 + H

+
 (1.13) 

Sodium acetate has been used to buffer the solution at a pH 5 to 6. At this pH, dissolved 

ferric iron is unstable and precipitates as ferric hydroxide. If dissolved phosphate is 

presence, it will scavenge ferric ions and ferric phosphate will precipitate. 
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Fe
3+

 + KH2PO4 → FePO4 + K
+
 + 2H

+
      (1.14) 

If silicic acid is present in the solution, it will react with the ferric hydroxides, 

producing an insoluble ferric silicate precipitate that is chemically stable at low pH 

(Evangelou, 1996). 

 

 

            (1.15) 

 

 

  A number of studies have dealt with the feasibility of chemical producing 

coatings on reactive mine wastes and tailings. Some chemicals applied with variable 

success to suppress chemical reaction on pyrite surfaces by microencapsulation include 

acetyl acetone, humic acid, lignin, and oxalic acid (Lalvani et al., 1990, 1991). Among 

these coating, silica coating seems to be superior to other methods, because silica 

coatings are relatively water-stable solids at neutral pH, most resistant to acidic 

surroundings, and sustain the inhibition of AMD production for several years (Zhang 

and Evangelou, 1998). 

Silica (silicon dioxide) is the most abundant mineral in the Earth’s crust, so 

silica coating is friendlier to the environment than other coating methods. Besides that, 

silica can be polymerized easily in aqueous solutions by decreasing the pH of an 

alkaline silica solution, and the polymerization of silica can be controlled by increasing 

concentration of silica in the solution, decreasing temperature, or adding other cations, 

such as Fe
3+

, Al
3+

 and so on (Iler, 1979). Therefore, the silica, which is precipitated 

+ H4SiO4 + 2H2O 
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from concentrated silica solutions by pH adjustment, can be applied as an infill to 

prevent AMD. 

The method known as carrier microencapsulation (CME), reported by Satur et al. 

(2007) and Jha et al. (2008), is a promising method for the suppression of pyrite 

oxidation. In CME, the pyrite is treated with aqueous solutions of metal ions (Ti
4+

 or 

Si
4+

) complexed with an organic carrier such as catechol (Cat), i.e., Si[Cat]3
2-

 or 

Ti[Cat]3
2-

. The complex is adsorbed on the pyrite surface and decomposes oxidatively; 

the released metal ions are hydrolyzed to a thin layer of metal oxide or hydroxide (Jha et 

al., 2012).  

 

Fig. 1.4. Schematic illustration of carrier microencapsulation using Si–Cat complex. 

 

In the first step of reaction (1.16), Si(Cat)3
2-

 is adsorbed from the aqueous phase 

at the anode site of the pyrite surface, and is then oxidatively decomposed to quinone 

and Si
4+

. 
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                                                                                                          (1.16) 

 

 

The electrons released are consumed by dissolved oxygen at the cathode site of 

the pyrite: 

3O2 + 12H
+
 + 12e− → 6H2O                                  (1.17) 

The released Si
4+

 forms Si(OH)4 or SiO2 on the pyrite surface, as follows: 

Si
4+

 + 4H2O → Si(OH)4 + 4H
+
                   (1.18) 

Si(OH)4 → SiO2 + 2H2O                    (1.19) 

The overall reactions are as follows: 

 

                                                                                                                                

(1.20) 

 

 

 

                                                                                                                               (1.21) 

 

 

It was found that waste water collected from hydrothermal dewatering of 

tropical peat contained organic carbon at various processing temperatures (250–380°C), 

in the form of compounds such as methanol, acetone, butanone, organic acids, phenol, 

2                                       + 4H
+
 + 3O

2
 → 2SiO2 + 2H2O + 6 

        2                                       + 2H
2
O + 4H

+
 + 3O

2
 → 2Si(OH)

4
 + 6 

   2                                           → 2Si
4+

  +  6                       +  12e− 
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and phenol derivatives (guaiacol, 3-pyridinol, catechol, and 2,6-dimethoxyphenol); 

catechol was present at high concentrations at all temperatures, along with phenol and 

other phenol derivatives (Mursito et al., 2010). The various liquid products obtained 

from hydrothermal dewatering of peat, biomass hydrothermal treatment, and 

hydrothermal treatment of LRC have similar characteristics, such as reducing, 

sterilization, and complexation abilities, which are expected to suppress pyrite oxidation.  

 

1.2. Objective of the thesis 

This has already been pointed out that AMD largely resulting from pyrite 

oxidation can have a devastating effect on the surrounding environment. However, 

avoiding mining of sulfide ores with the AMD potential formation may be difficult 

because they are often associated with the precious metals. Therefore, it becomes 

imperative to apply AMD mitigation to limit it potential impact.  

As it has been mentioned above, CME by using Si–Cat complex is a promising 

method for the suppression of pyrite oxidation. However, the details mechanisms and 

the coating properties are not yet confirmed and further investigation is needed. The 

study reported here includes an investigation of the covering layer characteristic formed 

from Si–Cat complex; thus, better coating process could be applied. Besides, the 

utilization of byproduct of hydrothermal liquid of LRC as an organic CME carrier was 

also investigated (Si–HTL). In order to achieve these major objectives, experiments 

were carried out in 5 specified objectives: 

1. To investigate the covering layer characteristic formed from Si–Cat complex. 

2. To investigate the effectiveness of catechol-containing hydrothermal treatment 

liquid (HTL) produced from low-rank coal as a carrier in CME. 



Chapter 1. Introduction 
 

 

22 
 

3. To determine suppression effect of Si–HTL compared with Si–Cat.  

4. To investigate the optimum condition (pH and treatment time) of pyrite oxidation 

suppression by Si–Cat treatment. 

5. To investigate the effect of Si–Cat treatment on other sulfide mineral samples: 

chalcopyrite, molybdenite, and arsenopyrite. 

Various characterization methods were used to analyze the surface 

characteristics and chemical composition of coating layer. Finally, the possible 

mechanism of pyrite oxidation suppression by Si–Cat treatment is proposed. 

 

1.3. Structure of the thesis 

Based on above explanation, this thesis is divided into 6 chapters. 

 Chapter 1 presents the background and the objectives of this study. In addition, 

an overview of acid mine drainage and its prevention are presented in order to provide a 

basic understanding on pyrite oxidation suppression. Previous studies related to the 

present study are also discussed in this chapter. 

 Chapter 2 describes the effect of carrier microencapsulation (CME) using silicon 

(Si) and organic carriers on pyrite oxidation suppression. The use of catechol-containing 

hydrothermal treatment liquid (HTL) produced from low-rank coal as a carrier in CME 

was investigated (Si–HTL). As a comparison, a mixture of catechol and a silicon 

reagent (Si–Cat) was also used. Several analytical methods were applied to reveal the 

effectiveness of Si–HTL and Si–Cat on pyrite oxidation suppression. Results from 

dissolution tests and characteristics of coating layer using SEM-EDX, FTIR, AFM and 

DFM are presented to show the characteristics before and after treatment.  
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In chapter 3, three different electrochemical methods, namely, potential 

polarization, chronoamperometry, and electrochemical impedance spectroscopy (EIS), 

were used to investigate the electrochemical behavior of pyrite oxidation suppression in 

the presence of a silicate coating (pretreatment with either Si–HTL or Si–Cat). The 

electrochemical behavior of the treated pyrite samples showed oxidative decomposition 

of the Si–Cat complex and formation of an encapsulating layer at 690 mV for Si–HTL 

and 550 mV for Si–Cat. The two semi-circular curves in the Nyquist plot showed that 

the total impedances of the treated pyrite samples increased, indicating that another 

product layer has grown on the electrode surface. 

 In chapter 4, a more systematic investigation of the silica–quinone coating layer 

is presented. Pyrite treatment using Si–Cat under different conditions resulted in 

differences in the suppression of pyrite oxidation. The adsorption of Si–Cat and 

polymerization on the pyrite surface were examined. Furthermore, the mechanism 

involved in this coating treatment is proposed from the result of SEM-EDX, FTIR and 

XPS. 

 In chapter 5, pyrite oxidation suppression by the Si–Cat complex was applied to 

other sulfide minerals: chalcopyrite (CuFeS2), molybdenite (MoS2), and arsenopyrite 

(FeAsS). Effect of silicate covering layer on treated minerals surfaces were evaluated by 

potential polarization, chronoamperometry, electrochemical impedance spectroscopy 

(EIS), and scanning electron microscopy with energy dispersive X-ray spectroscopy 

(SEM-EDX). 

Chapter 6 summarizes the main conclusions derived based on results and 

discussion in this study, and provides the outlook for further study. 
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CHAPTER 2 

Suppression of Pyrite Oxidation  

by Carrier Microencapsulation using Si–HTL and Si–Cat  

 

Chapter 2 describes suppression of pyrite oxidation by carrier microencapsulation 

(CME) with silicon (Si) and an organic carrier. It was found that waste water collected 

from hydrothermal treatment (HT) of low-rank coal contains organic carbon compounds, 

such as phenol and catechol. The use of HT liquid (HTL) produced from low-rank coal 

as a carrier in CME was investigated. In dissolution tests for 51 days with pyrite and 

iron-oxidizing bacteria, treatment with a mixture of HTL and a silicon reagent (Si–

HTL) lowered the ferric ion concentration and limited bacterial attachment compared 

with untreated pyrite. A mixture of catechol and a silicon reagent (Si–Cat) was also 

used, and the coatings obtained using Si–HTL and Si–Cat were compared. 
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2.1. Introduction 

Hydrothermal treatment (HT) is one of the important pretreatment processes 

involves applying heat under pressure to achieve reaction in aqueous medium. It has 

been attracting worldwide attention because of the fascinating characteristics of water as 

reaction medium at elevated temperatures and pressures (Savage, 1999). During the 

process, various reactions such as oxidation, hydrolysis, dehydration and thermal 

decomposition can be carried out energetically so that the reaction can be successfully 

used for oxidizing organic wastes to CO2 and other innocuous end products, as well as 

for conversion of organic wastes to fuels or useful materials (He et al., 2008). 

Many studies have been conducted to evaluate the hydrothermal treatment of 

carbonaceous materials such as coal, biomass, and peat (Blazsó et al., 1986; Ross et al., 

1991; Timpe et al., 2001; Racovalis et al., 2002; Karagöz et al., 2005; Mursito et al, 

2010).  Those treatments commonly produce upgraded solids, but do not take into 

account considerations of wastewater products.  

The recovery of waste substances is not only important for prevention of 

environmental issues, but also for rational utilization of natural resources (He et al., 

2008). It was found that waste water collected from hydrothermal dewatering of tropical 

peat contained organic carbon at various process temperatures (250–380°C), in the form 

of compounds such as methanol, acetone, butanone, organic acids, phenol, and phenol 

derivatives (guaiacol, 3-pyridinol, catechol, and 2,6-dimethoxyphenol); catechol was 

present at high concentrations at all temperatures, along with phenol and other phenol 

derivatives (Mursito et al., 2010).  
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As reported by Satur et al. (2007) and Jha et al. (2008), catechol (Cat) can be 

used as organic carrier in carrier microencapsulation (CME) to suppress pyrite oxidation. 

In this method, the pyrite sample is treated with aqueous solutions of metal ions (Ti
4+

 or 

Si
4+

) complexed with catechol, i.e., Si[Cat]3
2-

 or Ti[Cat]3
2-

. The complex is adsorbed on 

the pyrite surface and decomposes oxidatively; the released metal ions are hydrolyzed to 

a thin layer of metal oxide or hydroxide (Jha et al., 2012). The properties of this 

covering layer are poorly understood, and the work reported here includes an 

investigation of the covering layer chemistry. 

The various liquid products obtained from hydrothermal dewatering of peat, 

biomass hydrothermal treatment, and hydrothermal treatment of LRC have similar 

characteristics, such as reducing, sterilization, and complexation abilities, which are 

expected to suppress pyrite oxidation. A major objective of the present study was to 

determine whether these liquid products (especially catechol) can be used to suppress 

pyrite oxidation. Experiments in which the hydrothermal treatment liquid (HTL) 

products of LRC were evaluated are reported in this chapter.   

 

2.2. Materials and methods 

2.2.1. Materials 

2.2.1.1. Pyrite 

Pure crystalline pyrite was used for dissolution tests. The analytical results for 

the pyrite (from the Saimoku mine, Gunma, Japan), obtained using inductively coupled 

plasma atomic emission spectroscopy (ICP-AES Agilent 725, Santa Clara, CA., USA) 

and X-ray diffraction (XRD Rigaku Ultima IV diffractometer, Tokyo, Japan; Cu K  [40 
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kV, 40 mA] radiation; scanning speed 2 min
−1

, and scanning step 0.02°), are shown in 

Table 2.1 and Fig. 2.1. 

 

Table 2.1. Elemental compositions of pyrite sample from Saimoku mine, determined 

using ICP-AES. 

 

 

 

 

 

 

 

Fig. 2.1. XRD patterns of pyrite sample from Saimoku mine. 

 

 For the dissolution tests and coating characteristics, a pyrite sample was ground 

to +38–75 μm on an agate mortar in a nitrogen-purged glove box. After grinding, the 

Element Percentage by weight 

Fe 44.7 

S 53.8 

Al 0.13 

Cu 0.007 

K <0.1 

Zn <0.01 

Si <0.2 
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washing method reported by Sasaki et al. (1995) was used to remove the surface oxide. 

Finally, the washed pyrite was dried by freezing dehydration. 

   

2.2.1.2. Liquid product from hydrothermal treatment of LRC 

Loy Yang Coal, an Australian brown coal, was hydrothermally treated to 

generate the liquid product for using in the present CME experiments. First, a vessel 

was filled with 30.00 g (dry basis) of the sample (−275 μm in diameter), 300 mL of 

ultrapure water, and nitrogen gas at an initial pressure of 2.0 MPa. The vessel was 

heated to 350 °C and the reaction temperature was held for 30 min. After air-cooling, 

the gas phase was sampled and the vessel was opened to recover the slurry. The slurry 

was filtered using a sheet of 5C filter paper to separate the solid and liquid phases. The 

properties of raw Loy Yang Coal and the results of the solid product analysis are listed 

in Table 2.2. 

Table 2.2. Proximate and ultimate analyses of Loy Yang Coal. 

Properties Raw Solid product of HT 350 °C 

Proximate analysis (wt%)   

Volatile matter (d.a.f) 51.9 42.4 

Fixed carbon (d.a.f) 48.1 57.6 

Ash (d.b) 1.2 0.8 

   

Ultimate analysis (wt.%) (d.a.f)   

C 64.8 75.2 

H 4.9 5.1 

O (diff) 29.7 19.0 

N 0.6 0.7 

d.b. = dry basis; d.a.f = dry ash free basis; diff. = differences 

 

Qualitative and quantitative analyses of the organic material in the liquid product 

were performed using gas chromatography-mass spectrometry (GC-MS Agilent 6890N 
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[Wilmington, USA] and JEOL Jms-Q1000GC [Tokyo, Japan]), with a J&W Scientific 

methyl silicon capillary column measuring 0.32 mm × 60 m. The concentrations of 

selected typical organic compounds in the HTL of the LRC are listed in Table 2.3. 

 

Table 2.3.  Concentrations of selected typical organic compounds in HTL of LRC, 

determined using GC-MS. 

 

 

 

 

2.2.2. Methods 

2.2.2.1. Pretreatment of pyrite and dissolution tests 

The HTL was diluted with ultrapure water to adjust its catechol concentration to 

7.00 mmol/L. For comparison, catechol (Wako, special grade) was added to ultrapure 

water, and the catechol concentration was also adjusted to 7.00 mmol/L. Subsequently, 

sodium metasilicate nonahydrate (Wako, special grade) was added to the diluted HTL 

and catechol solutions, and the sodium metasilicate nonahydrate concentrations were 

adjusted to 2.34 mmol/L. The diluted HTL (Si–HTL) and diluted catechol (Si–Cat) 

solutions were then used for pyrite surface treatments.  

A washed pyrite sample (10.00 g) was added to 100 mL of Si–HTL solution in a 

250 mL bottle and the mixture was shaken for 1 h at 100 rpm and 25 °C. A washed 

pyrite sample (10.00 g) was added to 100 mL of Si–Cat solution in another 250 mL 

bottle, and the mixture was shaken for 1 h at 100 rpm and 25 °C. The solid residues 

Compounds Formula Concentration (ppm) 

Catechol (1,2-benzenediol) C6H6O2 797.19 

Phenol C6H6O 85.92 
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were recovered from each bottle by filtration and dried by freezing dehydration. These 

two treated pyrite samples are denoted by Si–HTL pyrite and Si–Cat pyrite. 

Dissolution tests were conducted in three 500 mL Erlenmeyer flasks each 

containing 2.00 g of pyrite in 200 mL of 9K basal medium of composition (NH4)2SO4 

3.0 g/L, KCl 0.1 g/L, K2HPO4 0.5 g/L, MgSO4･7H2O 0.5 g/L, Ca(NO3)2･4H2O 0.01 

g/L, and pH 2.0 (Silverman and Lundgren, 1959), and 1.0 × 10
7
 cells/mL of the iron-

oxidizing bacterium Acidithiobacillus ferrooxidans (ATCC 23270), with shaking at 100 

rpm and 25 °C. One flask contained Si–HTL pyrite/bacteria, one flask contained Si–Cat 

pyrite/bacteria, and the third flask contained untreated pyrite/bacteria. In a fourth, sterile, 

control experiment flask, sodium azide solution (0.10 mmol/L) was added to untreated 

pyrite (untreated pyrite/sterilized).  

During the dissolution tests, the live-cell numbers (detected using a 

hemocytometer), pH, and oxidation-reduction potential (ORP) were monitored; liquid 

samples were taken, filtered, and their total iron and ferrous ion concentrations were 

determined using the o-phenanthroline method. After leaching for 51 days, the solid 

residues were removed and dried. Microscopic observations and elemental analysis of 

the dried solids were performed using SEM-EDX (Keyence VE-9800, Osaka, Japan). 

2.2.2.2. Surface characteristics of coating layer on pyrite  

Pyrite powder was prepared as described in Section 2.2.2.1. The surface 

morphologies of the samples were investigated using SEM-EDX and FTIR. The data 

were compared with those for untreated pyrite, as discussed below. 

For atomic force microscopy (AFM) and dynamic force microscopy (DFM) 

analyses, the massive pyrite sample was cut as a flat shape and then it was exposed for 
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polishing from #400 to #4000 emery, a Texmet (Buehler, IL, USA) perforated non-

woven pad, and a DP-Nap (Struers, Ballerup, Denmark) fine polishing cloth mounted 

on a plate using 3 µm and 1 µm diamond sprays. 

 Untreated and treated pyrite samples were examined by AFM and DFM to 

investigate their morphology, changes in their surface characteristics and surface 

adhesion force. AFM and DFM images were collected in contact mode using a silicon 

nitride cantilever SN-AF01S-NT from SII with a resonance frequency of 33.7 kHz and a 

spring constant of 0.08 N/m at a scan rate of 0.4 Hz. Images were collected for each of 

untreated and treated samples. Topographical and phase images were obtained by means 

of NanoNavi S-image atomic force microscopy (Seiko Instruments Inc., Chiba, Japan). 

 

2.3. Results and discussion 

2.3.1. Dissolution tests 

The dissolution tests mimicked the natural oxidation reaction of pyrite. The tests 

were used to investigate the effects on acid generation of pyrite samples that had 

undergone different treatments. In the dissolution tests, the pyrite was dissolved and the 

resulting Fe
2+

 was further microbially oxidized to Fe
3+

 at low pH, followed by the 

reactions in Eq. (1.3) and (1.4). The changes that occurred during the dissolution tests 

were recorded as a function of time: cells number (Fig. 2.2), ferric ion concentration 

(Fig. 2.3), total iron concentration (Fig. 2.4), pH (Fig. 2.5), and ORP (Fig. 2.6). These 

changes were used to assess the effects of different treatments. 
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Fig. 2.2. Changes in cells number with time. 

 

Fig. 2.3. Changes in ferric ion concentration with time. 
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Fig. 2.4. Changes in total iron concentration with time. 

 

Fig. 2.5. Changes in pH with time. 
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Fig. 2.6. Changes in ORP with time. 

 

In the case of untreated pyrite, in the presence of iron-oxidizing bacteria 

(untreated pyrite/bacteria), the bacterial population grew rapidly to about 1.6 × 10
8
 

cells/mL. These bacteria may have accelerated the oxidation of dissolved ferrous ions, 

because the ferric ion concentration of this sample was much higher than those of the 

others (912 ppm) after leaching for 51 days. Because of the ferric ion concentration, the 

pH decreased from 2.00 to 1.49 and the ORP increased to 750 mV. In the sterile control 

experiment (untreated pyrite/sterilized), the total dissolved iron was 111 ppm, and the 

pH decreased moderately to 1.87, with the ORP remaining at 560 mV after leaching for 

51 days.  

The iron-oxidizing bacteria populations in the Si–HTL pyrite and Si–Cat pyrite 

samples grew moderately, to 5.5 × 10
7
 and 1.1 × 10

8
 cells/mL, respectively.  
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Because the dissolution conditions were the same in the experiments with and 

without bacteria, the effect of pyrite treatment (with HTL or catechol) on the dissolution 

of pyrite could be determined directly by comparing the amounts of iron released. 

Figure 2.3 shows the amounts of dissolved ferric ions for treated pyrite and untreated 

pyrite samples, with and without bacteria. In the Si–Cat pyrite/bacteria sample, the 

ferric ion concentration was only about half that of the untreated pyrite/bacteria sample. 

The Si–HTL pyrite/bacteria sample had the lowest ferric ion concentration of all the 

non-sterile samples, namely 221 ppm. These results indicate that HTL can be used to 

suppress pyrite oxidation. 

Figure 2.7 shows SEM images of the pyrite samples after leaching for 51 days. 

The surface of the untreated pyrite/sterilized sample was not eroded (Fig. 2.7a), but the 

surface of the untreated pyrite/bacteria sample was eroded and covered with a 

significant number of bacteria (Fig. 2.7b). These results can be explained by the contact 

mechanism proposed by Fowler et al. (2001) and Crundwell (2003), in which bacteria 

attached to a pyrite surface oxidize ferrous ions to ferric ions, and then the ferric ions 

leach the mineral surface and create erosive surface pores. The pyrite surface erosion 

shows that the bacteria were very active in catalyzing the oxidation of ferrous ions, and 

confirms the dissolution test results, which showed that the ferric ion concentration was 

highest for the untreated pyrite/bacteria sample (Fig. 2.3). In contrast, the Si–Cat 

pyrite/bacteria and Si–HTL pyrite/bacteria samples were not eroded, but the surfaces 

appeared to have peeled off and the numbers of iron-oxidizing bacteria attached to the 

surfaces were very low (Fig. 2.7c and 2.7d). These results suggest that the pyrite 

surfaces of these samples were covered with a layer that impeded the bacterial contact 

mechanism. Notably, from the beginning of the dissolution tests until day 41, the ferric 
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ion concentrations in the Si–Cat pyrite/bacteria and Si–HTL pyrite/bacteria samples 

were similar to the concentrations in the untreated pyrite/sterilized sample. However, 

after 41 days, the ferric ion concentration increased gradually in the treated samples. It 

is possible that the shaking process peeled off the coating layer and exposed a new 

surface to the solution; this exposed surface would then be oxidized and catalyzed by 

newly attached bacteria, resulting in increased ferric ion concentrations (Fig. 2.3). 

 

 

Fig. 2.7. SEM images of pyrite samples: (a) untreated pyrite/sterilized, (b) untreated 

pyrite/bacteria, (c) Si–Cat pyrite/bacteria, and (d) Si–HTL pyrite/bacteria. 
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2.3.2. Surface characteristics of coating layer on pyrite  

The surface morphologies of the untreated and treated pyrite samples by using 

SEM-EDX element mapping are shown in Figs. 2.8, 2.9, and 2.10. 

 

Fig. 2.8. SEM-EDX element mapping of untreated pyrite. 

 

 

Fig. 2.9. SEM-EDX element mapping of pyrite in presence of Si–Cat (Si–Cat pyrite). 
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Fig. 2.10. SEM-EDX element mapping of pyrite in presence of Si–HTL (Si–HTL 

pyrite). 

 

These figures show that silica was present on the pyrite surfaces of the untreated 

and two treated pyrite samples, but the silica densities of the treated pyrite samples were 

much higher than that of the untreated sample. The Si contents of the untreated pyrite, 

Si–Cat-treated pyrite, and Si–HTL-treated pyrite samples were 0.21%, 1.08% and 

3.26%, respectively. These results confirm that silica adsorption occurred, and silica 

coatings were formed on the surfaces of the treated pyrite samples. 

The high silica density of Si–HTL pyrite was probably caused by the formation 

of a silica polymer, as reported by Zhang and Evangelou (1998), and Fytas and 

Bousquet (2002). At pH > 4 (the pH of Si–HTL was 4.34), the ferric hydroxide 

precipitated on the pyrite surface reacts with Si-containing species (Eq. 2.1) to form a 

ferric hydroxide–silica barrier. 
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(2.1) 

 

The silica polymer formed in Eq. (2.1) may act as receiving sites for subsequent silica 

precipitation, as follows: 

 

                                                                                                                                      (2.2) 

 

 

This may result in the formation of negatively charged, open-framework silica polymers 

that can either flocculate on or coat the pyrite.  

The FTIR in Fig. 2.11 show that FTIR spectra, obtained using FT-IR-670 Plus 

(JASCO, Tokyo, Japan [accumulation, 100 times; resolution, 4 cm
−1

; detector, 

triglycine sulfate (TGS); wave numbers, 400–4000 cm
−1

]), of the untreated and treated 

pyrite samples differ in the region 1475–1517 cm
−1

 and at 1559 cm
−1

, the peaks 

assigned to C-C stretching in the aromatic ring; the peak at 1690 cm
−1

 indicates C=O 

stretching in an aromatic ketone. The peaks at 2865 and 2937 cm
−1

 represent C-H 

stretching in alkanes; and the shoulder at around 2974 cm
−1

 represents C-H stretching in 

an aromatic. It is suggested that the spectra indicate adsorption of a quinone compound 

on the pyrite surface after oxidative decomposition of the Si–Cat complex, with release 

of metal ions. The presence of quinone is consistent with equilibrium reaction (1.16), 
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which shows that silica and quinone are both adsorbed on the pyrite surface, in a silica-

quinone layer. 

 

Fig. 2.11. FTIR spectra of untreated and Si–Cat-treated pyrite samples. 

 

Figure 2.12 and 2.13 indicates the images of AFM and DFM for untreated and 

Si–Cat treated pyrite.  
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Fig. 2.12. AFM images of untreated and Si–Cat pyrite. 
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Fig. 2.13. DFM (topography and phase) images of untreated and Si–Cat pyrite. 

 

Table 2.4. Average surface roughness calculated from Fig. 2.12. 

 Average surface roughness (nm) 

Untreated pyrite 1.528 

Si–Cat pyrite 2.705 

 

As shown in Fig. 2.12 and Table 2.4, although these roughness is nano-meter 

scale, untreated pyrite was smooth and became rough after Si–Cat treatment. This 

indicates the deposition of substances on the surface of treated pyrite. This phenomenon 

supported by DFM images (Fig. 2.13) that show the differences between untreated and 
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Si–Cat-treated pyrite. Without Si–Cat treatment, the deposition was not observed on the 

pyrite surface; therefore, scratches indicating fresh mineral can be seen clearly. 

Meanwhile, after Si–Cat treatment, deposition was observed and covered the scratches 

on the surface of treated pyrite. It is suggested that this deposition is a silica–quinone 

coating. 

 

2.4. Conclusions 

The present study investigated the use of HTL from LRC to suppress pyrite 

oxidation, to develop a process for controlling the formation of AMD. The results of 

dissolution and theoretical evaluation, microscopy, and spectroscopy led to the 

following conclusions. 

1) Dissolution tests showed that treatment of pyrite with HTL and a silicon reagent 

gives a lower ferric ion concentration than those obtained using Si–Cat reagents and 

untreated pyrite. 

2) Based on dissolution tests, Si–HTL coating layer shows better barrier properties 

than Si–Cat coating layer. This showed that the ability of Si–HTL to suppress pyrite 

oxidation is higher than that of Si–Cat. This is because HTL contains not only 

catechol, but also phenol and other phenol derivatives, which increase the reducing, 

sterilization, and complexation abilities. 

3) The coating layer reduces the reactivity of iron on the surface and provides a barrier 

to bacterial attachment. 

4) Theoretical chemical reaction constraints allow for the formation of silicon oxide or 

hydroxide layers on the pyrite surface during treatment with a solution consisting of 

silicate mixed with organic materials such as those in HTL. 
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5) Morphological analyses by using SEM-EDX, AFM, and DFM showed the 

deposition on the surface of treated pyrite and it was silica rich. The FTIR spectra 

indicate the adsorption of a quinone compound on the pyrite surface after oxidative 

decomposition of Si–Cat complex. It is suggested that silica and quinone are both 

adsorbed on the pyrite surface, in a silica–quinone layer, which can suppress pyrite 

oxidation. 
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CHAPTER 3 

Electrochemical Behavior of Resultant Encapsulating Layer 

of Silicate Coating 

 

Electrochemistry is the study of the chemical response of a system to an electrical 

stimulation. As semi-conductor, pyrite surface is subject to vary electrochemical 

processes such as reduction-oxidation reactions and adsorption. These electrochemical 

processes can be investigated by electrochemical methods that offer a different 

perspective than other techniques where the responses of a system depend on potential, 

current, charge and time. In this chapter, three different electrochemical methods, 

namely, potential polarization, chronoamperometry, and electrochemical impedance 

spectroscopy were used to investigate the electrochemical behavior of pyrite oxidation 

suppression in the presence of silicate coating. 
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3.1. Introduction 

 Pyrite poses the properties of semi-conductor, and when oxygen and other 

oxidizing ions are present, the mineral surface is subject to vary electrochemical 

processes such as reduction-oxidation reactions and adsorption. These electrochemical 

oxidations not only have an important effect on geochemical process, such as ore 

geochemistry (Lindsay et al., 2009) and environmental geochemistry (Seal et al., 2008), 

but they also broadly affect the exploitation and use of sulfide minerals by human 

beings (Giannetti et al., 2006; Kocabağ and Güler, 2007).  

 To better understand the electrochemical behavior of pyrite, the most vital thing 

is to understand its electrochemical interaction mechanisms. In most electrochemical 

techniques, data are collected using a three-electrode cell that consists of a reference, 

counter, and working electrode. The working electrode is the sample of interest being 

studied, while the reference electrode may be, for example, a saturated calomel 

electrode, silver/silver chloride, etc. No current, or electricity, flows through the 

reference electrode. Instead it only serves as a reference with a known and constant 

potential. The third element in the electrochemical cell is the counter electrode, to which 

the current is allowed to flow. The three electrodes are connected to a potentiostat, an 

instrument which controls the potential of the working electrode and measures the 

resulting current. In one typical electrochemical experiment, a potential is applied to the 

working electrode and the resulting current measured then plotted versus time. In 

another, the potential is varied and the resulting current is plotted versus the applied 

potential. 

The different combinations of parameters and working electrode types make for 

a long list of methods. In this study, electrochemical behavior of pyrite oxidation 
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suppression by Si–Cat complex was evaluated using three different electrochemical 

methods, namely, potential polarization, chronoamperometry, and electrochemical 

impedance spectroscopy. 

 

3.1.1. Potential polarization 

 In potential polarization, the electrode potential is varied at a constant rate 

throughout the scan and the resulting current is measured. The applied potential is 

plotted on the x-axis and the resulting current on the y-axis. All potentials are specified 

in relation to the reference electrode. 

 

3.1.2. Chronoamperometry 

When a potential step large enough to cause an electrochemical reaction is 

applied to an electrode, the current changes with time. The study of this current 

response as a function of time is called Chronoamperometry. 

Chronoamperometry is a useful tool for determining diffusion coefficients and 

for investigating kinetics and mechanisms. 

 

3.1.3.  Electrochemical impedance spectroscopy (EIS) 

One of the basic concepts related to electrochemical behaviors is the concept of 

electrical resistance. This concept is well known and is defined by Ohm’s law. 

Resistance is the ability of a circuit to resist the flow of current, mathematically 

expressed as 

 𝑅 =
𝑉

𝐼
     (3.1) 
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where R is resistance in ohm, V is voltage in volt, and I is current in ampere. However, 

this relationship is limited to only one circuit element, the ideal resistor. In the real 

world, circuit elements exhibit much more complex behavior that lead the use of 

impedance (Z), a more general circuit parameter. 

 Electrochemical impedance is usually measured by applying an AC potential to 

an electrochemical cell and then measuring the current through the cell. The technique 

where the cell or electrode impedance is plotted vs. frequency is called electrochemical 

impedance spectroscopy (EIS) (Bard and Faulkner, 2001). 

 Electrochemical impedance spectroscopy is an important technique in applied 

electrochemistry and material science. It is a powerful method to investigate the 

mechanisms of electrochemical reactions by analyzing a current response to the small 

AC of potential with variable frequency. EIS has proven to be a valuable test method for 

the electrochemical characterization of the protective organic coating on metals 

(Deflorian et al., 1994; Thompson and Campbell, 1994). 

 In an electrical circuit, impedance, Z, is related to voltage and current by Ohm’s 

Law: 

𝑍 =
𝑉(𝑡)

𝐼(𝑡)
                        (3.2) 

where V(t) and I(t) are the time dependent voltage and current, respectively (Lvovich, 

2012). 

Impedance includes information on the phase difference that occurs between 

voltage and current. Impedance can be separated into a real portion, which is the in-

phase component associated with energy loss, and imaginary portion which is the 90° 

out-of-phase component associated with storing electrical energy (Lvovich, 2012). 
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Electrochemical impedance is normally measured using a small excitation signal. 

In this study, sinusoidal voltages are applied and the resulting time-dependent current 

are measured. The voltage can be expressed as: 

𝑉(𝑡) = 𝑉𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡) = 𝑉𝐴𝑠𝑖𝑛(𝜔𝑡)                     (3.3) 

where VA is the voltage amplitude [V], f is the frequency [Hz], t is the time [s], and ω is 

the angular frequency (𝜔 = 2π𝑓) [rad/s]. The current response to a sinusoidal potential 

will be a sinusoid at the same frequency but shifted in phase between 0 to –π/2 rads. 

The equation for the current response is (Lvovich, 2012): 

𝐼(𝑡) = 𝐼𝐴𝑠𝑖𝑛(𝜔𝑡 + 𝜃)                             (3.4) 

where IA is the current amplitude [A] and θ is the shift in phase [rads]. Figure 3.1 shows 

a plot of the current response to a sinusoidal voltage input.  Depending on the circuit, 

the current will either lead or lag the voltage (Lvovich, 2012). In Fig. 3.1 the current is 

leading the voltage by the phase shift θ. 

 

 

 

 

 

 

Fig. 3.1. Current response to a sinusoidal voltage input at a given frequency (Lvovich, 

2012). 

The voltage function and current function can be expressed as the complex relationship 

𝑉(𝑡) = 𝑉𝐴 𝑒
𝑗𝜔𝑡                           (3.5) 
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𝐼(𝑡) = 𝐼𝐴 𝑒
𝑗𝜔𝑡−𝑗𝜃                          (3.6)  

where j is the imaginary number (j = √−1 ). Using equation 3.2, 3.5, and 3.6, the 

impedance equation can be written as (Lvovich, 2012): 

Z = 𝑍𝐴𝑒𝑗𝜃 = 𝑍𝐴(𝑐𝑜𝑠𝜃 + 𝑗𝑠𝑖𝑛𝜃)           (3.7) 

where the last relationship is determined using Euler’s equation. Equation 3.7 can be 

separated into real and imaginary components as follows (Lvovich, 2012): 

𝑍𝑟𝑒𝑎𝑙 = 𝑍𝐴𝑐𝑜𝑠𝜃 = 𝑍′                           (3.8) 

𝑍𝑖𝑚𝑔 = 𝑍𝐴𝑠𝑖𝑛𝜃 = 𝑍′′                           (3.9) 

𝑍 = 𝑍′ + 𝑗𝑍′′                                        (3.10) 

Impedance can also be expressed equivalently by using its magnitude (Lvovich, 2012): 

|𝑍| = √(𝑍′)2 + (𝑍′′)2                         (3.11)  

And a phase angle (Lvovich, 2012) 

𝜃 = 𝑡𝑎𝑛−1 𝑍′′

𝑍′        (3.12) 

In this study, impedance will be described in terms of its real and imaginary 

components and/or its magnitude and phase angle. 

3.1.3.1. Circuit Elements 

Equivalent circuit analysis is a useful method that helps in understanding the 

electrochemical system. In the equivalent circuit, each element presents an impedance 

behavior.  

Resistance (R) is an element that only presents the real part of the impedance. 

Hence, the voltage and current are always in phase with each other. From the definition, 

resistance is frequency independent (R = V/I = Z (Impedance)). In the electrochemical 

system, R is used to describe several phenomena: (1) electrolyte resistance, (2)  
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polarisation resistance, (3) charge transfer resistance (Orazem and Tribollet, 2008; Cao 

and Zhang, 2002). 

Capacitance (C) is an element that provides the imaginary part of the impedance 

and is a function of frequency as presented in equation 3.13. From the equation, 

impedance of capacitance is inversely proportional to the frequency. Unlike a resistor, 

the current of capacitor is shifted -90° to its voltage. 

𝑍 =
1

𝑗𝜔𝐶
                                             (3.13) 

Inductance (L) is an element which is attributed to the relaxation reactions or 

adsorption processes to produce intermediate reaction products (Ghasemi et al., 2010). 

The impedance of inductance is: 

𝑍 = 𝑗𝜔𝐿       (3.14) 

From the above equation, inductance is dependent upon frequency. Similar to 

capacitance, inductance provides only imaginary impedance and its current is shifted 

+90° compared to its voltage. 

Additional elements were developed and applied to describe complex 

electrochemical phenomena, such as constant-phase element (CPE) and Warburg 

diffusion element (Orazem and Tribollet, 2008). CPE is an element used to represent a 

frequency independent distribution. The definition of CPE is shown as follows: 

𝑍(ω) =
1

𝑄(𝑗𝜔)𝛼
      (3.15) 

where Q is a numerical value, which depends on the empirical constant α. When α = 1, 

Z(𝜔) describes the impedance of capacitance, and Q is an ideal capacitance (C); when α 

= 0, Z(𝜔) describes a resistor; and when α = -1, Z(𝜔) describes the impedance of 

inductance, and Q presents an inductance (L).  
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CPE is used in the equivalent circuit analysis in several situations, to describe 

(1) surface roughness and heterogeneities (Kerner and Pajkossy, 1998), (2) electrode 

porosity (Lasia, 1995), (3) inhomogeneous reaction rates on the surface (Kim et al., 

2003), (4) a varying thickness or composition of a coating (Schiller and Strunz, 2001) 

and (5) non-uniform current distribution (Jorcin et al., 2006). 

The Warburg element is used to model diffusion. Two different Warburg 

elements W
O 

and W
S 

were developed to describe unlimited (infinite) and constrained 

(finite) conditions of diffusion, respectively.  

Table 3.1. Summarize the typical circuit elements that are used when modelling 

EIS results. 

Table 3.1. Circuit elements 

Component Equivalent element Impedance (Z) 

Resistor R (ohm) R 

Capacitor C (F, or ohm
-1

s) 1/jωC 

Inductor L (H, or ohm s) jωL 

Constant Phase Element (CPE) Q (ohm
-1

s ) 1/Q(jω)  

 

3.1.3.2. Nyquist Plot 

A Nyquist plot, also called a complex plane impedance diagram, is created when 

the negative imaginary portion of the impedance equation (Equation 3.10) is plotted on 

the vertical axis and the real portion is plotted on the horizontal axis [Lvovich, 2012]. 

Each point on the Nyquist plot is the impedance at one frequency. Figure 3.2 shows a 

Nyquist plot for a typical R||C circuit. The impedance on the Nyquist plot can be 

expressed as a vector of length |Z| (Gamry Instrument). The angle between this vector 

and the horizontal axis commonly called the phase angle, θ.  
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Fig. 3.2. Nyquist plot for R||C circuit showing impedance vector and other major 

features (Gamry Instrument). 

 

A Nyquist plot does not always have a single full semi-circle with the center of 

the semi-circle on the real axis (Macdonald, 1987). There are several reasons for why 

the center of the semi-circle may be located in the complex plane. One scenario is where 

the arc does not pass through the origin. This may be caused by R∞ having a value 

greater than zero and/or the plot containing more arcs at higher frequencies. Another 

scenario is when the material-electrode system contains distributed elements. This will 

cause the time constant to no longer equal a single value, but instead be distributed 

continuously or discretely around a mean time constant. The width of the distribution of 

a time constant is related to the angle by which a semi-circle arc has been depressed 

below the real axis.  

The shape of a Nyquist plot can reveal if a coating is functioning well or if it has 

failed. An ideal perfect coating would appear as a vertical line in the Nyquist plot, 

similar to the one shown in Figure 2-5 [Lvovich, 2012]. 
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Fig. 3.3. Nyquist plot for an ideal coating (Gamry Instrument). 

 

3.1.3.3. Bode Plot 

Another common way to represent EIS data is to use a Bode plot, in which the 

frequency dependence is shown explicitly (Lvovich, 2012; Loveday et al., 2004). In the 

Bode plot, the phase angle and the logarithm of the impedance magnitude are plotted 

against the logarithm of the frequency. Figure 3.4 shows a Bode plot for an ideal 

coating. The impedance of an ideal coating behaves like a capacitor; it is very high at 

low frequencies, the impedance plot is a straight line with a slope of -1, and the phase 

angle is -90° (Gamry Instrument). 
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Fig. 3.4. Bode plot of an ideal coating (Gamry Instrument). 

 

3.1.3.4. EIS of coated metals 

The system, which consists of a metal covered by an organic film, is generally 

quite complex and it may consider a large number of different situations. From the 

complex situation previously described about organic coatings and metal, it clearly 

emerges that such electrical equivalent circuits will be different with different materials. 

One of the first works on the EIS characterisation of organic coatings was published by 

Mansfeld et al. (1982), which suggested a general model of an electrical equivalent 

circuit from which a large number of other models can be derived. The electrical 

equivalent circuits for coated metals, which are generally reported in the literature, are 

shown in Fig. 3.5. 

 

Fig. 3.5. Equivalent circuit model for coated metal (Bonora et al., 1996). 
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The equivalent circuit model in Fig. 3.5 composed of the electrolyte resistance 

RO, coating capacitance CC, the coating resistance Rp, the double layer capacitance Cdl, 

and the charge transfer resistance Rct.  

Numerous works in the area of pyrite electrochemical behavior has been 

published. Tan et al. (2006) used electrochemical technique to study pyrite oxidation in 

the presence of carbon coating in cyanide medium. Their results indicate the presence of 

the carbon coatings significantly increased the oxidation of pyrite and this effect became 

more pronounced at higher coating thickness. Giannetti et al. (2006) investigated the 

surface layer growth on natural pyrite in acid medium by using combination of 

potentiostatic and voltammetric techniques. You et al. (2013) used cyclic 

voltammogram, Nyquist plot or Tafel test to evaluate the protective effect of 

polysiloxane coating on pyrite. They conclude that the polyxiloxane coating on pyrite 

could keep it from oxidation under environmentally relevant conditions.  

The final purpose of the EIS characterization of protecting organic coatings is to 

obtain information about the system properties such as presence of defects, reactivity of 

the interface, adhesion, barrier properties, etc. In this study, EIS was used to study the 

surface of pyrite in the presence of a silica-quinone layer. 

 

3.2. Material and methods 

3.2.1. Material 

Pure crystalline pyrite from the Saimoku mine, Gunma, Japan, was used for 

electrochemical analysis. The analytical results for the pyrite obtained using inductively 

coupled plasma atomic emission spectroscopy (ICP-AES Agilent 725, Santa Clara, CA., 

USA) and X-ray diffraction (XRD Rigaku Ultima IV diffractometer, Tokyo, Japan; Cu 
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K  [40 kV, 40 mA] radiation; scanning speed 2 min
−1

, and scanning step 0.02°), are 

shown in Chapter 2, Table 2.1 and Fig. 2.1. 

For electrochemical analysis, a working electrode was prepared from a pyrite 

sample by cutting it into cubes with working surfaces of approximately 0.51 cm
2
 

exposed to the electrolyte. One side of the pyrite electrode was used as the electrode 

surface and the other side was connected to a copper wire using silver conductive paste 

and cemented with epoxy resin. The electrode surface was polished with #400 to #4000 

emery paper, a Texmet (Buehler, IL, USA) perforated non-woven pad, and a DP-Nap 

(Struers, Ballerup, Denmark) fine polishing cloth mounted on a plate using 3 µm and 1 

µm diamond sprays. After polishing, the electrode was rinsed with ethanol and distilled 

water to remove polishing residues.  

 

3.2.2. Methods 

The pyrite working electrode was immersed in a mixed solution of 2.34 mmol/L 

sodium metasilicate nonahydrate and 7.00 mmol/L catechol reagents, and also in a 

solution of Si-HTL (see section 2.2.2.1.), stirred with a magnetic stirrer at 100 rpm for 1 

h, air dried for 30 min, and used for electrochemical measurements in 0.10 mol/L 

sulfuric acid. 

The electrochemical measurements were performed using three standard 

electrode cells consisting of a working electrode, a platinum counter electrode, and a 

silver/silver chloride electrode (Ag/AgCl; +0.198 V vs. standard hydrogen electrode) as 

reference electrode. The three electrode cells and sulfuric acid were placed in a glass 

container. Potential polarization, chronoamperometric, and electrochemical impedance 
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analysis (EIS) experiments were performed on the untreated and treated pyrite samples 

(Si–Cat pyrite and Si–HTL pyrite) at room temperature. 

The potential polarization and chronoamperometric experiments were performed 

using an electrochemical analyzer (1205 B, BAS ALS CH Instruments, Tokyo, Japan). 

Potential polarization was achieved using an open-circuit potential in the anodic 

direction, at a scan rate of 10 mV/s, and chronoamperometric experiments were 

performed at 800 mV for 800 s. All the measured potentials were reported with respect 

to the standard hydrogen electrode. The EIS measurements were performed at an open-

circuit potential, using a Solartron Analytical 1280 C instrument (Farnborough, 

Hampshire, UK), in the frequency range 0.1–20,000 Hz, with a peak-to-peak amplitude 

of 10 mV. The impedance data were modeled to an equivalent circuit (EC) using the 

data analysis program Zview
®
 (Scribner Associates, Inc., Southern Pines, NC, USA), 

using iterative empirical data fitting combined with trial circuit elements chosen based 

on theoretical considerations. 

 

3.3. Results and discussion 

Potential polarization is a change in the equilibrium potential of an 

electrochemical reaction, and this was used to investigate the oxidation and reduction 

reactions on the pyrite surface. The potential polarization was determined using the 

working electrode in a pretreatment solution containing silicate and/or catechol ions, 

from the open-circuit potential in the anodic direction, at a scan rate of 10 mV/s; the 

results are shown in Fig. 3.6(a) and 3.6(b). 
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Fig. 3.6. Polarization curves of pyrite electrode in silicate and/or catechol solution: (a) 

Si–Cat addition, and (b) Si–HTL addition. 

Figure 3.6(a) and 3.6(b) show anodic current peaks at 550 mV in the presence of 

Si-Cat, and at 690 mV in the presence of Si-HTL, respectively. These anodic current 

peaks were not observed in the absence of the Si-Cat complex. When only silicate 

solution was used, the current increased with increasing potential, and with catechol 

solution only, the current was very low. These results suggest that the peaks at 550 and 

690 mV correspond to oxidative decomposition of the Si-Cat complex on the pyrite 

surface as describes in reaction Eqs. 1.16-1.21.  

Chronoamperometric experiments were performed to measure the oxidation 

rates of pyrite with and without pretreatment. These experiments were performed at 800 

mV for 800 s. The results are shown in Fig. 3.7 as curves of current density against time. 

The current density is the anodic current of the working electrode in the working area of 

0.51 cm
2
. The anodic currents of the treated pyrite samples (Si–Cat pyrite and Si–HTL 

pyrite) are lower than that of the untreated pyrite. Because the anodic current represents 

the oxidation rate, the lower anodic currents of the treated pyrite samples mean that the 
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oxidation rates of these samples are lower than that of the untreated pyrite. These results 

indicate that pyrite oxidation can be suppressed simply by pretreatment for 1 h with 

either Si–Cat or Si–HTL. 

 

Fig. 3.7. Chronoamperometric curves of untreated pyrite, Si–Cat pyrite, and Si–HTL 

pyrite in 0.1 M H2SO4. 

EIS is often used to obtain information on the properties of systems, such as the 

presence of defects, reactivities of interfaces, adhesion, and barrier properties. In this 

work, EIS was used to study the surface of pyrite in the presence of a silica-quinone 

layer. 

The impedance is expressed as a complex number, composed of a real part, Z', 

and an imaginary part, Z''. A Nyquist plot is obtained by plotting the real part on the x-

axis and the imaginary part on the y-axis of a chart.   

The EIS complex plane plots (Nyquist plots) of the untreated and treated pyrite 

samples are shown in Fig. 3.8.  
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Fig. 3.8. EI spectra of (a) untreated pyrite, (b) Si–Cat pyrite, and (c) Si–HTL pyrite. 

These Nyquist plots show curves for three types of data: experimental, fitting, and 

simulation results. Experimental results (black symbols) represent the original data from 

the EIS measurements. The observed EI spectra were analyzed by fitting to an EC 

model; the EC models are shown inside the Nyquist plot. The results of fitting to the EC 

models (solid red lines) were used to simulate the ideal circuit (black dashed lines). 

The Nyquist plot for the untreated pyrite has a semi-circular shape characteristic 

of electrode reactions that are controlled by charge-transfer resistance (Mendiratta et al., 

1996), but the plots for the treated pyrite samples (Si–Cat pyrite and Si–HTL pyrite) are 

almost linear. The semi-linear curve represents the small portion of the semi-circle that 

is associated with charge transfer resistance; the large portion is related to the resistance 

of the coating layer. These results suggest that the coating layers on the treated pyrite 

samples have high resistance values. Because the resistance of the examined coating 
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layer (in this case the silica–quinone coating) is proportional to its resistivity, a high 

resistance means that the layer resistivity is also high. 

Based on the observations made for all the systems, two ECs were proposed to 

fit the impedance spectra of the untreated and treated pyrite samples (inset in Fig. 3.8). 

The EIS experimental data can be fitted and interpreted well based on these two circuits. 

The Nyquist plot of the untreated pyrite (Fig. 3.8a) shows a combination of 

kinetic and diffusion processes (the linear part of the EI spectrum is typical of Warburg 

impedance). In this case, the oxidizing agents (e.g., O2 and Fe
3+

) or products (e.g., Fe
2+

) 

diffuse across the electrode interface. At high frequencies, the Warburg impedance is 

low; at lower frequencies, diffusion occurs deeper into the material and the Warburg 

impedance causes the Nyquist plot of the EC model to become a straight line at the end 

of the plot, making an angle of 45° to the real impedance axis (Liu et al., 2011a).  

The simplest EC model for characterizing the untreated pyrite (inset in Fig. 3.8a) 

includes the electrolyte solution resistance (Rs), the charge-transfer resistance of the 

pyrite (R1), a constant phase element (CPE), and the Warburg diffusion resistance (Zw). 

A CPE was used in this model instead of a capacitor to compensate for the rough and 

porous electrode. 

When this EC model is applied to the treated pyrite samples (a coating immersed 

in an electrolyte), Rs represents the resistance of the electrolyte solution between the 

reference electrode tip and the surface of the coating. The resistance of the electrolyte 

can be observed at the highest frequency data point (ω→∞) in the complex plot. The 

charge-transfer resistance of the pyrite (R1) is associated with the resistance (R2) and 

capacitance (CC) of the coating layer; the values vary depending on the composition of 

the coating.  
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For the treated pyrite samples, as shown in Fig. 3.8(b) and 3.8(c), after fitting to 

the EC model and simulation, the Nyquist plot of the impedance consisted of two semi-

circles, Z1 and Z2 (the plot for the untreated pyrite had only one semi-circle), with higher 

total impedance values compared with that of untreated pyrite. The higher total 

impedance values indicate that another product layer has grown on the electrode surface, 

after either Si–Cat or Si–HTL treatment. It is suggested that this reflects the formation 

of a silica–quinone layer on the surfaces of the treated pyrite samples.  

The calculated parameters of the EC elements for the untreated and treated 

pyrite samples are listed in Table 3.2. Low chi-squared (
2
) values, which represent the 

sum of quadratic deviations between experimental and calculated data divided by the 

calculated data, are presented, suggesting that the experimental data are fitted well with 

the proposed circuit models. 

Table 3.2. EC element parameters obtained by fitting experimental impedance data for 

untreated and treated pyrite samples with EC models shown in inset in Fig. 

3.8. 

Parameter 
Untreated pyrite Si–Cat pyrite Si–HTL pyrite 

Value Error % Value Error % Value Error % 

Rs/ohm 70.16 4.559 66.48 4.904 23.53 1.417 

R1/ohm 911.2 8.139 482.4 3.475 209.3 3.560 

CPE1-T 0.0007 5.591 0.0005 3.210 0.0007 0.987 

CPE1-P 0.2338 2.994 0.3018 2.612 0.3910 0.568 

R2/ohm - - 3247 9.018 5542 4.356 

CC/F - - 5.3436E-6 4.888 3.2023E-6 3.817 

2
/10

-4
 1.063 3.191 4.171 
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The RS values of the untreated and treated Si–Cat pyrite samples were similar, 

but RS decreased by a factor of 3 when Si–HTL was used instead of Si–Cat. This can be 

explained based on the hydrothermal treatment process. During hydrothermal treatment, 

heat and pressure cause decomposition of oxygen functional groups, e.g., by 

dehydration, reduction, and decarboxylation, resulting in HTL containing soluble 

organic materials such as catechol and inorganic components such as sodium, potassium, 

and calcium (Mursito et al., 2010; Favas and Jackson, 2003; Baker et al., 1986). The 

resistivities of the solutions resulting from the Si–Cat pyrite and Si–HTL pyrite systems 

were around 25 and 6.67 ohm m, respectively. These results show that the Si–HTL 

pyrite system gives a more conductive coating, indicating that a much larger amount of 

inorganic ions was released into the electrolyte solution during the EIS measurements, 

and this increases the ionic strength of the solution. As the ionic strength of the solution 

increases, the solution resistance (RS) decreases. 

The R1 value of the untreated pyrite is much higher than those of the treated 

pyrite samples. This may be because the R1 value of the untreated pyrite includes the 

resistances of the pyrite itself and also of the passivation film (i.e., elemental sulfur, 

polysulfide, or metal-deficient layers on the surface of the untreated pyrite). The 

passivation film is normally recognized on the surface of sulfide minerals (Alhberg and 

Broo, 1996; Liu et al., 2011b; Peters, 1984; Todd et al., 2003). For the treated pyrite 

samples, in which a silica-quinone coating layer was present, the coating layer may 

include the passivation film on the pyrite surface, causing R1 to be lower than that of the 

untreated pyrite. 
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Fig. 3.9. Schematic figure of pyrite passivation film. 

The radius of the semi-linear curve and the R2 value for the Si–HTL pyrite are 

larger than those for the Si–Cat pyrite. This shows that the Si–HTL coating layer has 

better barrier properties and confirms the results of the dissolution tests (Chapter 2) and 

chronoamperometric measurements, which showed that the ability of Si–HTL to 

suppress pyrite oxidation is higher than that of Si–Cat. This is because HTL contains 

not only catechol, but also phenol and other phenol derivatives, which increase the 

reducing, sterilization, and complexation abilities. 

Bode plots of untreated pyrite, Si–Cat pyrite, and Si–HTL pyrite are shown in 

Fig. 3.10; they show the magnitude (in ohms) and phase (in degrees) of the system 

response as a function of frequency.  

Untreated pyrite Treated pyrite 
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Fig. 3.10. Bode plots of untreated pyrite, Si–Cat pyrite, and Si–HTL pyrite showing 

system responses as function of frequency: (a) magnitude in ohms, and (b) phase in 

degrees. These plots show curves for two types of data: experimental results (black 

symbols) and the results of fitting to the EC models shown inside the Nyquist plots 

(solid red lines).  
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The treated pyrite samples have similar |Z| values, of the order of 10
3.2

 ohm at 

low frequency, as shown in the Bode plot in Fig. 3.10(a); this is higher than the value 

for untreated pyrite. The higher impedance values of the coated samples imply that the 

coating layer protects the pyrite surface against oxidation. 

The quality of the coating is maximum at the point at which the phase angle is 

maximum (Totten and MacKenzie, 2003). Figure 3.10(b) shows that the phase angle of 

the time constant of Si–Cat pyrite is lower than that of Si–HTL pyrite and shifted to the 

lower frequency. As reported by Szczygieł and Kołodziej (2005), the shifting of the 

phase angle of the time constant to lower frequencies shows an indication of electrolyte 

diffusion through the coating layer that cause the charge transfer reaction. This means 

the coating layer produced by Si–HTL treatment has better barrier properties than that 

produced by Si–Cat. This result is consistent with the explanation given above. 

 

3.4. Conclusions 

The electrochemical behaviors of pyrite oxidation suppression in the presence of 

silicate coating were investigated by using three different electrochemical methods. 

Potential polarization results of the treated pyrite samples showed the oxidative 

decomposition of the Si–Cat complex and formation of an encapsulating layer at 690 

mV for Si–HTL pyrite and 550 mV for Si–Cat pyrite. It also showed by 

chronoamperometry results that the anodic currents (represent the oxidation rate) of the 

treated pyrite samples are lower than that of the untreated pyrite. 

Nyquist plot simulations from EIS experiments showed that the treated pyrite 

samples consisted of two semi-circular curves, Z1 and Z2 (the plot for the untreated 

pyrite had only one semi-circle), with higher total impedance values compared with that 
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of untreated pyrite. It is suggested that this reflects the formation of a silica-quinone 

layer on the surfaces of the treated samples that suppress pyrite oxidation. Meanwhile, 

Bode plot simulations showed the shifting of the phase angle of the time constant of Si–

Cat treated pyrite to lower frequencies, indicating electrolyte diffusion occurs through 

the coating layer. Therefore, coating layer produced by Si–HTL treatment has better 

barrier properties than that produced by Si–Cat.   
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CHAPTER 4 

Mechanism of Pyrite Oxidation Suppression  

using Silicon-catechol Complex 

 

This chapter describes pyrite oxidation suppression under different conditions via 

carrier microencapsulation (CME) using Si–Cat complex in order to clarify the 

mechanism involved in this coating treatment. These treatments resulted in differences 

in the suppression of pyrite oxidation. The surface characteristics and chemical 

composition of coating layer was determined by scanning electron microscopy with 

energy dispersive X-ray spectroscopy (SEM-EDX), Fourier transform infrared 

spectrometer (FTIR), and X-ray photoelectron spectrometer (XPS). Silica–quinone 

coating suppression effects were also investigated by chronoamperometry and 

electrochemical impedance spectroscopy (EIS). In this chapter, possible mechanism of 

pyrite oxidation suppression is proposed from the results of SEM-EDX, FTIR, and XPS. 
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4.1. Introduction 

Previous study of pyrite oxidation suppression using Si–Cat complex indicated a 

silica–quinone coating is created and the oxidation rate of pyrite can be suppressed by 

pretreatment with Si–Cat. However, a more systematic investigation of the silica–

quinone coating is needed in order to clarify the mechanisms involved in this coating 

treatment. To address these issues, the morphological characteristics and chemical 

composition was determined by scanning electron microscopy with energy dispersive 

X-ray spectroscopy (SEM-EDX), Fourier transform infrared spectrometer (FTIR), and 

X-ray photoelectron spectrometer (XPS). Silica–quinone coating suppression effects 

were also investigated by chronoamperometry and electrochemical impedance 

spectroscopy (EIS). 

 

4.2. Materials and methods 

4.2.1. Materials 

4.2.1.1. Pyrite 

Crystalline pyrite from Victoria mine, Navajún, La Rioja, Spain was used as 

experimental material. The analytical results, obtained using X-ray fluorescence (XRF 

Rigaku ZSX Primus II, Tokyo, Japan) and X-ray diffraction (XRD Rigaku Ultima IV 

diffractometer, Tokyo, Japan), are shown in Table 4.1 and Fig. 4.1. It can be seen that 

the sample was identical to pure pyrite. 
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Table 4.1. Elemental compositions of pyrite sample from Victoria mine, determined 

using XRF. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. XRD patterns of pyrite sample from Victoria mine. 

 

For surface characteristics (FTIR, SEM-EDX and XPS), a pyrite sample was 

ground to -38 μm in diameter on an agate mortar in a nitrogen-purged glove. After 

grinding, the washing method of Sasaki et al. (1995) was adapted to remove the surface 

oxide. The sample was washed with ethanol in a beaker by an ultrasonic bath for 30 

seconds. After removing the supernatant, the pyrite was washed with 1 mol/L nitric acid 

Element Percentage by weight 

Fe 47.64 

S 49.19 

Al 1.46 

Cu 0.05 

K 0.03 

Ni 0.12 

Si 1.18 
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solution for one minute, distilled water (two times) and acetone (four times). Finally, the 

washed pyrite was dried by freeze dehydration. 

For electrochemical analysis, a working electrode was prepared from a pyrite 

sample by cutting it into cubes with working surfaces of approximately 1.10 cm
2
 

exposed to the electrolyte. One side of the pyrite electrode was used as the electrode 

surface and the other side was connected to a copper wire using silver conductive paste 

and cemented with epoxy resin. The electrode surface was polished with #400 to #4000 

emery paper, a Texmet (Buehler, Illinois, USA) perforated non-woven pad, and a DP-

Nap (Struers, Ballerup, Denmark) fine polishing cloth mounted on a plate using 3 µm 

and 1 µm diamond sprays. After polishing, the electrode was rinsed with ethanol and 

distilled water to remove polishing residues. 

4.2.1.2. Si–Cat solution 

Solution of 7.00 mmol/L catechol (C6H4[OH]2) (Wako, special grade) was 

prepared using ultrapure water. Subsequently, 2.34 mmol/L sodium metasilicate 

nonahydrate (Na2SiO3･9H2O) (Wako, special grade) was added to the catechol solution. 

Solution pH was adjusted to the desired value using HCl and KOH, and used for pyrite 

surface treatment. This solution referred as silicon–catechol (Si–Cat) complex and used 

for pyrite treatment 

 

4.2.2. Methods 

4.2.2.1. Pretreatment of pyrite and electrochemical analysis 

The pyrite working electrode was immersed in the coating solution (see Section 

4.2.1.2.), stirred with a magnetic stirrer at 100 rpm. After a predetermined stirring time 
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(1, 6, and 12 h), the working electrode was air dried for 30 min, and used for 

electrochemical measurements in 0.10 mol/L sulfuric acid. 

The electrochemical measurements were performed using three standard 

electrode cells consisting of a working electrode, a platinum counter electrode, and an 

Ag/AgCl reference electrode. The three electrode cells and sulfuric acid were placed in 

a glass container. Chronoamperometric and electrochemical impedance spectroscopy 

(EIS) experiments of untreated and treated pyrite samples were performed at room 

temperature using an electrochemical instrument (Solartron Analytical 1280 C, 

Hampshire, UK). 

Chronoamperometric experiments were carried out at 800 mV for 300 s and all 

the measured potentials were reported with respect to the standard hydrogen electrode. 

The EIS measurements were performed at open circuit potential in the frequency range 

of 0.1–20,000 Hz with peak-to-peak amplitude of 10 mV. The impedance data was 

modelled to an equivalent circuit (EC) using the data analysis program Zview
®
 

(Scribner Associates, Inc., North Carolina, USA), using iterative empirical data fitting 

combined with trial circuit elements chosen based on theoretical considerations. 

4.2.2.2. Pretreatment of pyrite and surface characteristics 

In a 250 mL bottle, 10.00 g of washed pyrite sample was added to 100 mL of Si–

Cat solution. After predetermined stirring time (1, 6, and 12 h) at 100 rpm and 25°C, the 

solid residues from each treatment bottle were recovered by filtration and dried by 

freeze dehydration. Dry solid residue referred as Si–Cat treated pyrite samples. 

SEM-EDX analyses were performed using (Keyence VE-9800, Osaka, Japan) 

and FTIR investigations were performed using FT-IR-670 Plus (JASCO, Tokyo, Japan 
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[accumulation, 100 times; resolution, 4 cm
−1

; detector, triglycine sulfate; wave numbers, 

400–4000 cm
−1

]). 

XPS analyses were carried out using XPS ESCA 5800F (New York, USA) with 

Al K  X-ray source (1486.6 eV) operated at 200 W. The samples were cleaved under 

vacuum in the sample preparation chamber prior to delivery, without breaking vacuum, 

to the XPS analysis chamber. The vacuum in the sample preparation chamber is 

approximately 10
−8

 Torr when the sample is cleaved and the pressure in the analysis 

chamber is 10
−9

 Torr during the XPS measurements. The samples were first examined 

in wide scan (80 W of the analyzer pass energy) to identify all the elements present, the 

various elemental regions were scanned (40 W of the analyzer pass energy) in order to 

extract information on chemical bonding and oxidation stages. The collected data were 

analyzed with Casa XPS software (Ver. 2.3.16). Background corrections were made 

using the Shirley method for the Fe 2p, S 2p, O 1s, and Si 2p spectra (Shirley, 1972). 

Peak shapes were defined using a Gaussian–Lorentzian function. Binding energy (EB) 

calibration was based on C 1s at EB[C1s] = 284.6 eV. 

 

4.3. Results and discussion 

4.3.1. Effect of treatment time by silicate coating on pyrite oxidation suppression 

Figure 4.2 show chronoamperometric experiments data that completed to 

measure the oxidation rate of pyrite with and without pretreatment. Pretreatment were 

conducted initially at pH 9.5 (natural pH of Si–Cat) for 1 h, 6 h, and 12 h. These 

experiments were measured at 800 mV for 300 s. The average results of two times 

measurements are shown as curves of current density with time. Current density is the 

anodic current of the working electrode in the working area of 1.10 cm
2
.  
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Fig. 4.2. Chronoamperometric curves of untreated and Si–Cat-treated pyrite samples 

initially pH 9.5 with different treatment time in 0.1 M H2SO4. 

 

From these results, the anodic currents of Si–Cat treated pyrite samples (1 h, 6 h, 

and 12 h) are lower than that of the untreated pyrite. Because the anodic current 

represents the oxidation rate, the lower anodic currents of Si–Cat treated pyrite samples 

mean that the oxidation rates of these samples are lower than that of the untreated pyrite. 

Figure 4.2 show that pyrite sample treated for 6 h has the lowest oxidation rate and 

largest suppression effect. This result is consistent with the study conducted by Bessho 

et al. (2011) that showed equilibrium pHs of silica solutions were reached after 6 h of 

stirring. Pyrite sample treated for 1 h shows the lowest suppression effect. It may be due 
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to the shorter time that used to complete the coating process. Meanwhile, longer 

treatment time (12 h) also shows lower suppression effect than 6 h treatment. The 

reason for this is still unclear. However, after treatment for 12 h, the solution color was 

darker than it was for the other treatment times. This is possibly caused by the formation 

of (catecholato)iron(III) complex, [Fe(C6H4O2)3]
3−

. Catechol can form stable complexes 

with various di- and tri-valent metal ions such as iron (Schweigert et al., 2001). A basic 

solution of catechol reacts with iron(III) to give a red (catecholato)iron(III) complex, 

which becomes black on exposure to air (Anderson et al., 1976). This phenomenon may 

affect the suppression effect.  

 

4.3.2. Effect of pH in silicate coating on pyrite oxidation suppression 

A series of experiments (EIS, SEM-EDX, FTIR, and XPS) was conducted to 

evaluate the effect of initial pH of Si–Cat complex on pyrite oxidation suppression. EIS 

is often used to obtain information on the properties of systems, such as the presence of 

defects, reactivities of interfaces, adhesion, and barrier properties. In this work, EIS was 

used to study the barrier properties of pyrite surface in the presence of a silica–quinone 

layer. 

Like resistance, impedance is a measure of the ability of a circuit to resist the 

flow of electrical current. Electrochemical impedance is usually measured by applying 

an alternating current (AC) potential to an electrochemical cell and then measuring the 

current through the cell. The technique is based on the measurement of current through 

an electrode when a sinusoidal potential is applied. The impedance is therefore 

expressed in terms of magnitude, Zo (ratio of voltage to current) and a phase shift, ϕ; 
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composed of a real part, Z', and an imaginary part, Z''. A Nyquist plot is obtained by 

plotting the real part on the x-axis and the imaginary part on the y-axis of a chart.   

The EIS complex plane plots (Nyquist plots) of pyrite samples are shown in Fig. 

4.3.  

 

Fig. 4.3. EI spectra of 6 h Si–Cat-treated pyrite samples initially pH 3, 7, and 9.5; 

compared with untreated pyrite. 

The Nyquist plot for the untreated pyrite is a semicircle, and those of treated 

pyrite samples have larger radius than that of untreated pyrite. The Z' value at the 

starting point of each semicircle indicates solution resistance, and a semicircle shape 

indicates the impedance of electrode, including both electrode resistance and 

capacitance (Lvovich, V.F., 2012). The radius of the semicircle represents the resistance 

of the electrode. The flat semicircle shape indicates that the electrode surface is rough 
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and contains defects, so for this fitting we used a constant phase element (CPE) instead 

of a capacitor. 

Based on the observations made for all the systems, EC models were proposed 

to fit the impedance spectra of pyrite samples. The EIS experimental data can be fitted 

and interpreted well based on the EC models shown in Fig. 4.4. These EC models are 

same with EC models that used in the previous chapter. 

 

Fig. 4.4. EC models of (a) untreated pyrite, and (b) Si–Cat pyrite. 

 

The simplest EC model for characterizing pyrite samples include the electrolyte 

solution resistance (Rs), the resistance of the pyrite (R1), and a constant phase element 

(CPE). The R1 is associated with the resistance (R2) and capacitance (CC) of the coating 

layer and their values vary depending on the composition of the coating. 

The calculated parameters of the EC elements for untreated and Si–Cat-treated 

pyrite samples are listed in Table 4.2. 
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Table 4.2. EC element parameters obtained by fitting experimental impedance data for 

untreated and 6 h Si–Cat-treated pyrite samples with EC models shown in 

Fig. 4.4. 

Pyrite RS, ohm R1, ohm R2, ohm 

Untreated 9.59 1078 - 

Treated pH 3 9.35 2.98 58290 

Treated pH 7 7.20 4.24 99192 

Treated pH 9.5 8.53 2.87 103620 

 

The R1 value of the untreated pyrite is much higher than those of the treated 

pyrite samples. As an explanation in Chapter 3, this phenomenon may be because the R1 

value of the untreated pyrite includes the resistances of the pyrite itself and also of the 

passivation film (i.e., elemental sulfur, polysulfide, or metal-deficient layers on the 

surface of the untreated pyrite). For the treated pyrite samples, in which a silica-quinone 

coating layer was present, the coating layer may include the passivation film on the 

pyrite surface (Fig. 3.9), causing R1 to be lower than that of the untreated pyrite. 

The treated pyrite samples, after fitting to the EC model, show higher total 

impedance values compared with that of untreated pyrite. These results indicate the 

coating layer is created on the surface of treated pyrite samples. From the listed R2 

values, 6 h Si–Cat-treated pyrite initially pH 9.5 has larger R2 value than other treatment 

conditions which confirm the results of chronoamperometric measurements (effect of 

treatment time). At pH lower than 9 the formation of Si–Cat complexes might be 

incomplete as reported by Bartels (1964) and simple hydrolysis may predominate 

(Correns, 1961). Based on those reports, silica covering layer was not created 
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completely and the suppression effect was lower than that of Si–Cat-treated pyrite 

initially pH 9.5. These data also supported by Ultraviolet-visible (UV) absorption 

spectra studies conducted by Sever and Wilker (2004) that showed that at low pH (<7), 

catechol is reduced and coordination complexes are dissolved instead of cross linked.   

Figure 4.5 show SEM-EDX images of 6 h Si–Cat-treated pyrite samples initially 

pH 3, 7 and 9.5 compared with untreated pyrite. 

 

Fig. 4.5. SEM-EDX element mapping of (a) untreated pyrite; 6 hr Si–Cat-treated pyrite 

initially pH (b) 3, (c) 7, (d) 9.5. 

 

All figures show that silica is present on pyrite surface of untreated and three 

treated pyrite samples, but the silica densities of the treated pyrite samples are much 
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higher than that of the untreated sample. Si contents of the untreated pyrite, Si–Cat-

treated pyrite initially pH 3, 7 and 9.5 were 0.34%, 0.71%, 1.56% and 2.59%, 

respectively. These results confirm that silica adsorption occurred, and silica coatings 

were formed on the surfaces of the treated pyrite samples. 

The high silica density of treated pyrite initially pH 7 and 9.5 was probably 

caused by the formation of a silica polymer, as reported by Zhang and Evangelou 

(1998) and Fytas and Bousquet (2002). At pH > 4, the ferric hydroxide precipitated on 

the pyrite surface reacts with Si-containing species to form a ferric hydroxide–silica 

barrier. 

Attenuated total reflectance Fourier transfer infrared spectroscopy (ATR-FTIR) 

has been used to study the adsorption of Si–Cat complex onto pyrite surface (Fig. 4.6). 

The presence of quinone was confirmed from the previous study (Yuniati et al., 2014). 

In the present study, the presence of polymerization (via Si–O–Si linkages) was 

investigated. Peaks observed at 955–960 cm
-1

 are present in the treated pyrite samples. 

These absorption peaks correspond to Fe–O stretching of the Fe–O–Si bond 

(Schwertmann and Thalmann, 1976). The occurrence of Fe–O–Si bonds indicates that 

Si–OH groups (silanol) reacted with FeOOH on the surface of pyrite. FeOOH is 

produced on the surface of pyrite from released ferric ion as follows: 

Fe
3+

 + 2H2O → FeOOH + 3H
+
       (4.1) 

The bonding mode near 1065 cm
-1

 is for the Si–O–C asymmetric stretching 

mode in a ring link (Bellamy, 1975). This bond shows that the aromatic ring attach to 

Si–O bond. Besides, significant peaks are observed at 1154–1190 cm
-1

. According to 

Carlson and Schwertmann (1981), the peaks observed at 1154–1160 cm
-1 

were assigned 

to a shift of Si–O–Si in polymerized Si. As the Si–O–Si (siloxanes) chains become 
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longer or branched, the Si–O–Si absorption becomes broader and more complex. As 

surface coverage increases with the pH, the presence of polymerized species becomes 

evident and the peak intensity due to adsorbed silicate shows the highest absorbance for 

Si–Cat treated pyrite initially pH 9.5. 

 

 

Fig. 4.6. ATR-FTIR spectra of untreated and 6 h Si–Cat treated pyrite samples. 

 

To confirm the surface product, XPS analysis of pyrite samples have been 

conducted before and after 6 h Si–Cat treatment initially at pH 3, 7 and 9.5. The narrow 

scanned and corresponding decomposed of Fe 2p, S 2p, and O 1s spectra are shown in 

Fig. 4.7. 
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XP-spectra of Fe 2p, S 2p, O 1s, and Si 2p for untreated pyrite and treated pyrite 

samples were analyzed by peak separation and the results are summarized in Table 4.3.  

 

Fig. 4.7. XP spectra of untreated and 6 h Si–Cat-treated pyrite samples with Fe 2p peaks 

 

 

 

a: 707.6 eV pyrite (Nesbitt et al., 1998) 

b: 710.2 eV iron oxyhydroxide (Grosvenor et al., 2004) 

c: 711.3 eV iron/silicon dioxide (Gettings and Kinloch, 1977) 

d: 713.25 eV Fe2(SO4)3 (Descostes et al., 2000) 
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The Fe 2p spectra of the four samples are presented in Fig. 4.7. This Fe 2p figure 

indicates that Si–Cat treatment decreased iron in pyrite peaks at 707.6 eV (Nesbit et al., 

1998) and covered the treated pyrite surfaces with silicate coating as the peaks at around 

711.3 eV attributable to iron/silicon oxide (Gettings and Kinloch, 1977) were observed. 

As the pH increased, the peak area associated with iron/silicon dioxide increases in the 

Fe 2p3/2 spectra (Table 4.3). The shared peaks confirm the formation of Fe–O–Si in the 

treated pyrite samples, which are consistent with analysis of the FTIR spectra (Fig. 4.6). 

The peak observed at 710.0 ± 0.03 eV correspond to iron oxyhydroxide (Grosvenor et 

al., 2004). 

The presented S 2p spectra consist of two major doublets representing bulk 

mono sulfide and disulfide (Sasaki et al., 2010). S 2p data (Fig. 4.8 and Table 4.3) are 

fitted with two S 2p doublets based on prior research on pyrite, which is the peaks at 

162.9 eV and 163.78 were assigned to the disulfide group (Brion, 1980)  and the peaks 

at 161.65 eV and 162.83 eV feature to a monosulfide group (Nesbit and Muir, 1994). 

For S 2p peaks, sulfate peaks at 168.25 and 169.43 eV (Nesbit and Muir, 1994) can be 

seen on the untreated pyrite which we believed were produced during exposure of the 

sample to air because untreated pyrite sample was not covered by coating layer. This 

result also supported by iron(III) sulfate peak at 713.25 eV (Descostes et al., 2000) that 

can be seen only on untreated pyrite. Natural oxidation of untreated pyrite might cause 

the following oxidation reaction to produce iron sulfate. 

2FeS2 + 7O2 + 2H2O → Fe2(SO4)3 + 4H
+
 + SO4

2-
     (4.2) 
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Fig. 4.8. XP spectra of untreated and 6 h Si–Cat-treated pyrite samples with S 2p peaks 

 

 

 

 

a1: 2p3/2 161.65 eV, a2: 2p1/2 162.83 eV S
2-

 (Nesbit and Muir, 1994) 

b1: 2p3/2 162.9 eV, b2: 2p1/2 163.78 eV S2
2-

 (Brion, 1980) 

c1: 2p3/2 168.25 eV, c2: 2p1/2 169.43 eV SO4
2-

 (Nesbit and Muir, 1994) 
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Fig. 4.9. XP spectra of untreated and 6 h Si–Cat-treated pyrite samples with O 1s peaks 

 

 

 

a: 532.0 eV Fe2(SO4)3 (Brion, 1980) 

b: 533.5 eV iron/silicon dioxide  

 



Chapter 4. Mechanism of Pyrite Oxidation Suppression using Silicon-catechol Complex 
 

 

102 
 

In the O 1s region (Fig. 4.9), there are two main components at EB[O 1s] = 532.2 

± 0.30 eV, 533.5 ± 0.1 eV assigning to sulfate, and iron/silicon dioxide, respectively. As 

shown from the figure, it is clear that relative intensities of sulfate decreased around 

78% by Si–Cat treatment at all pH values tested. From these results, it is might be 

caused by the silica–quinone layers that cover the surface of treated pyrite samples and 

inhibit pyrite oxidation. The peaks observed at around 533.5 eV only present in the Si–

Cat treated pyrite samples and it is possibly from iron/silicone dioxide peaks. Other two 

peaks which give rise to high energy peak observed at EB[O 1s] = 535.6 and 537.6 eV 

on untreated pyrite sample are not completely clear. The most rational explanation is 

that these oxygen species correspond to molecular oxygen occluded in intergrain of the 

metal oxide interface layer (Stadnichenko et al., 2007).  

Variation of the Si 2p XPS binding energies among the various samples is 

considered to correlate with the Si–O bonds. The energy difference between the Si 2p
3/2

 

and Si 2p
½
 levels is ~0.5 eV causing the two peaks to overlap (Pleul et al., 2003). The Si 

2p spectra of pyrite samples are illustrated in Fig. 4.10. The peaks observed at 103 eV 

and 103.8 eV are attributed to silicon dioxide (Diao et al., 2013) and siloxanes 

(Paparazzo, 1996), respectively. From the present study, the position of the Si 2p peaks 

of treated pyrite samples shift from 103.5 to 103.8 eV as the silicate surface 

concentration increases with pH and show the formation of polymerization via siloxanes 

bonding. Also, the Si peak shifted to higher binding energy, which means that the 

binding energy of Si-O increased after treatment and also increased with pH. This 

observation supports the results of impedance analysis, which indicated that coating 

layer resistance increased with increasing pH. These Si 2p peak positions correlate with 
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the Si–O bands in the FTIR spectra in which polymeric silicate species are present via 

siloxanes bond. In Table 4.3, the fitted data for silicon dioxide and siloxanes bonds are 

shown. The siloxanes surface area for Si–Cat treated pyrite initially pH 3 is lower than 

those for Si–Cat treated pyrite initially pH 7 and 9.5 clearly indicating a lower degree of 

silicate polymerization. 

 

Fig. 4.10. XP spectra of untreated and 6 h Si–Cat-treated pyrite samples with Si 2p 

peaks. 

 



Table 4.3.  Comprehensive atomic allocation based on the measurement of narrow scan of Fe, S, O, and Si spectra of untreated and 6 h Si–

Cat-treated pyrite samples. 

 

 

 

 

 

Pyrite    Fe 2p
3/2

 Fe 2p
3/2

 Fe 2p
3/2

 Fe 2p
3/2

 S 2p
3/2

 S 2p
1/2

 S 2p
3/2

 S 2p
1/2

 S 2p
3/2

 S 2p
1/2

 O 1s O 1s Si  2p Si  2p 

    a b c d a1 a2 b1 b2 c1 c2 a b SiO2 Si–O–Si 

Untreated EB/eV 707.2 710.0 - 713.8 161.1 162.2 162.8 164.0 168.4 169.5 531.7 - 102.5 - 

 

AREA 6966.2 529.4 

 

146.8 37.1 18.5 5276.9 2638.4 185.8 92.9 5399.0 

 

75.8 

 Treated pH 3 EB/eV 707.7 710.0 711.1 - 161.9 163.1 162.9 164.1 - - 532.3 533.6 - 103.5 

 

AREA 3625.7 366.9 207.0 

 

194.0 97.0 2585.7 1292.9 

  

1244.6 1071.2 

 

110.8 

Treated pH 7 EB/eV 707.7 710.0 711.2 - 162.0 163.1 162.9 164.1 - - 532.4 533.6 - 103.7 

 

AREA 3514.5 384.2 248.7 

 

174.8 87.4 2350.2 1175.1 

  

1162.8 1005.0 

 

117.3 

Treated pH 9.5 EB/eV 707.7 710.0 711.2 

 

161.9 163.0 162.9 164.1 - - 532.2 533.4 - 103.8 

 

AREA 4230.4 442.8 291.3 

 

215.4 107.7 2827.3 1413.7 

  

1099.9 1258.3 

 

130.8 

                Average EB/eV 707.6 710.0 711.1 713.8 161.7 162.9 162.9 164.1 168.4 169.5 532.2 533.5 102.5 103.7 

STDEV   0.28 0.03 0.01 - 0.42 0.42 0.07 0.05 - - 0.30 0.10 - 0.13 
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Based on the analysis of SEM-EDX, FTIR, and XPS of the treated pyrite 

samples described above, a tentative mechanism of pyrite oxidation suppression by 

Si–Cat is proposed. The coating behavior may be explained in terms of the reaction 

between pyrite and silicate ions, as shown in Fig. 4.11.  

The first step involves the hydrolysis of the Si–Cat complex, which yields 

reactive Si–OH group (silanol) and quinone (Eq. 4.1). 

 

                                                                                                                              

(4.3) 

 

 

 

The next step of the process (Fig. 4.11a) is that pyrite surface is oxidized by 

air, and water. Resulting Fe
3+

 is hydrolyzed to form iron oxyhydroxide (Fig. 4.11b) 

on the surface of pyrite. Silanol groups then react with hydroxyl groups on the pyrite 

surface (Fig. 4.11c). The hydrogen bonds between silanol groups and hydroxyl 

groups converted into Fe–O–Si bonds, releasing water. This is consistent with 

analysis of FTIR whereas peaks at 955–960 cm
-1

 attribute to Fe–O stretching of the 

Fe–O–Si bonds (Fig. 4.6). In the last step, residual free silanol groups can further 

condense with each other, resulting Si–O–Si bonds (Fig. 4.11d), which is consistent 

with observed FTIR peaks at 1154–1160 cm
-1 

assigned to a shift of Si–O–Si in 

polymerized Si. This step occurs during drying after CME treatment. The drying 

conditions induce dehydration in this step. 
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Fig. 4.11. Proposed mechanism of pyrite oxidation suppression by Si–Cat complex. 
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The proposed mechanism shows similar pathway with Diao et al. (2013) 

whereas the formation of covalent bonds (Fe–O–Si and Si–O–Si) were occur on the 

pyrite surface by using tetraethyorthosilicate (TEOS) and n-propyltrimethoxysilane 

(NPS). In Si–Cat treatment, the coating layer much more bulky than TEOS and NPS 

treatment. It caused by the attachment of 1 quinone molecule on the silanol group 

(Eq. 1). With this structure, the resulting coating layer probably could give bigger 

oxidation suppression effect. 

 

4.4. Conclusions 

In this chapter, Si–Cat adsorption and polymerization on the pyrite surface 

were examined systematically. Treatment by Si–Cat under different conditions 

resulted in differences in the suppression of pyrite oxidation.  

Electrochemical behaviors demonstrated that treatment with Si–Cat for 6 h at 

an initial pH 9.5 gave the best barrier properties and pyrite oxidation suppression 

effect. The coating formed was shown by SEM-EDX to be silica rich. Evidence 

provided by FTIR and XPS analyses demonstrated that the coating layers on treated 

pyrite samples consist of a network of Fe–O–Si and Si–O–Si units bonded to the 

surface of pyrite. The Si–O–C asymmetric stretching mode was also shown by FTIR.  

Detailed FTIR and XPS data show that (i) silicate polymerization occurs on 

the treated pyrite samples, (ii) Si–Cat treated pyrite initially pH 9.5 shows the highest 

polymerization degree based on the intensity and peak area of Si–O–Si bonds. These 

results show that the Si-Cat complex is selectively oxidized on the surface of pyrite 

to produce silanol groups, followed by hydrolysis with hydroxide on the surface of 

pyrite, then formation of a protective layer by dehydration during drying. Overall 



Chapter 4. Mechanism of Pyrite Oxidation Suppression using Silicon-catechol Complex 
 

 

108 
 

results confirm the formation of silicate polymerization on the silica–quinone layer 

on treated pyrite samples that suppresses pyrite oxidation. 
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CHAPTER 5 

Application of a Silicate Coating on  

Chalcopyrite, Molybdenite, and Arsenopyrite 

Although pyrite is the most common sulfide mineral on earth, some other important 

mineral sulfides that occur in mining regions may also produce AMD, i.e., 

chalcopyrite (CuFeS2), molybdenite (MoS2), and arsenopyrite (FeAsS). This chapter 

describes the application of a Si–Cat complex to other sulfide minerals to suppress 

their oxidation rate. The effect of a silicate covering layer on treated minerals’ 

surfaces was evaluated by potential polarization, chronoamperometry, 

electrochemical impedance spectroscopy (EIS), and scanning electron microscopy 

with energy dispersive X-ray spectroscopy (SEM-EDX).  
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5.1. Introduction 

Acid mine drainage (AMD) occurs when certain sulfide minerals are exposed 

to oxidizing conditions. Although pyrite is the most common sulfide mineral on earth, 

some other important mineral sulfides that occur in mining regions may also produce 

AMD, i.e., chalcopyrite (CuFeS2), molybdenite (MoS2), and arsenopyrite (FeAsS). 

(Simate and Ndlovu, 2014).  

Chalcopyrite is the main copper sulfide ore, which also contains varying 

amounts of non-valuable and undesired pyrite (Bulatovic, 2007). Another mineral 

species associated with copper sulfide ores is molybdenite, which has high 

commercial value. Copper production has recently increased. The enormous amount 

of ore processing could potentially have continuous environmental effects through 

the release of huge amounts of solid waste, such as tailings. Based on copper cycle 

assessment, all of the steps of mineral processing are highly energy-intensive and 

generate hazardous waste materials (McLellan and Corder, 2012; Memary et al., 

2012; Moors et al., 2005). Therefore, the mining industry requires new 

environmentally friendly reagents for processing and to control the effects of sulfide 

mineral exposure. 

Arsenopyrite is the most abundant arsenic-containing mineral on earth, and it 

is normally associated with many other minerals of economic importance. Therefore, 

it is involved in the environmental effects of mining activities, especially sulfide 

mineral oxidation. 

Because CME using a Si–Cat complex can suppress pyrite oxidation by 

creating a coating layer on the pyrite surface (Jha et al. 2008, 2012; Satur et al., 
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2007), application of the Si–Cat complex to suppress the oxidation of other sulfide 

minerals is reported in this chapter. 

The effect of a silicate covering layer on treated minerals’ surfaces was 

evaluated by potential polarization, chronoamperometry, electrochemical impedance 

spectroscopy (EIS), and scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM-EDX).  

 

5.2. Materials and methods 

5.2.1. Materials 

5.2.1.1. Chalcopyrite, molybdenite, and arsenopyrite 

Three sulfide mineral samples, chalcopyrite (Miyatamata mine, Japan), 

molybdenite (Hirase mine, Japan), and arsenopyrite (Magome mine, Japan), were 

used as experimental samples in this study. 

For surface characteristic, sulfide mineral samples were ground to +38–75 μm 

on an agate mortar in a nitrogen-purged glove box. After grinding, the washing 

method reported by Sasaki et al. (1995) was used to remove the surface oxide. 

Finally, the washed minerals were dried by freeze dehydration. 

For electrochemical analyses, sulfide mineral samples were used as working 

electrodes. The mineral was cut into cubes with working surface area of 

approximately 0.39, 0.88, and 0.64 cm
2
 for chalcopyrite, molybdenite, and 

arsenopyrite, respectively. One side of the mineral surface was used as the electrode 

surface and the other side was connected to a copper wire using silver conductive 

paste and cemented with epoxy resin. The chalcopyrite and arsenopyrite electrodes 

surfaces were polished with #400 to #4000 emery paper, a Texmet (Buehler, IL, 
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USA) perforated non-woven pad, and a DP-Nap (Struers, Ballerup, Denmark) fine 

polishing cloth mounted on a plate using 3 µm and 1 µm diamond sprays. For 

molybdenite, the working electrode was wiped with 3 µm, 1 µm, and 0.25 µm 

diamond spray. After polishing, the polishing residues on the electrodes were 

removed by ethanol and distilled water. 

5.2.1.2. Si–Cat solution 

Solution of 7.00 mmol/L catechol (C6H4[OH]2) (Wako, special grade) was 

prepared  using ultrapure water. Subsequently, 2.34 mmol/L sodium metasilicate 

nonahydrate (Na2SiO3･9H2O) (Wako, special grade) was added to the catechol 

solution. This solution referred as silicon-catechol (Si–Cat) complex and used for 

mineral surface treatment. 

 

5.2.2. Methods 

5.2.2.1. Pretreatment of chalcopyrite, molybdenite, and arsenopyrite 

Washed chalcopyrite (10.00 g) was added to Si–Cat solution (100 mL) in a 

250 mL bottle, and the mixture was shaken at 100 rpm for 1 h at 25 °C. The same 

procedure also used for molybdenite and arsenopyrite. The solid residues were 

recovered from each bottle by filtration and dried by freeze dehydration. These three 

treated samples are denoted Si–Cat chalcopyrite, Si–Cat molybdenite and Si–Cat 

arsenopyrite.  
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5.2.2.2. Surface characteristics of coating layer on chalcopyrite, molybdenite, and 

arsenopyrite 

The surface characteristics of chalcopyrite, molybdenite, and arsenopyrite 

samples, prepared as described in Section 5.2.2.1, were investigated using scanning 

electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX, 

Keyence VE-9800, Osaka, Japan). The data were compared with those for untreated 

minerals. 

5.2.2.3. Pretreatment and electrochemical analysis of chalcopyrite, molybdenite, and 

arsenopyrite 

 Each working electrodes, prepared in Section 5.2.1.1, were immersed in Si–

Cat complex solution, stirred with a magnetic stirrer at 100 rpm for 1 h at 25 °C, air 

dried for 30 min, and used for electrochemical measurements in 0.10 mol/L sulfuric 

acid. 

The electrochemical measurements were performed using three standard 

electrode cells consisting of a working electrode, a platinum counter electrode, and a 

silver/silver chloride electrode (Ag/AgCl; +0.198 V vs. standard hydrogen electrode) 

as reference electrode. The three electrode cells and sulfuric acid were placed in a 

glass container. Potential polarization, chronoamperometric, and electrochemical 

impedance analysis (EIS) experiments were performed on the untreated and treated 

sulfide mineral samples at room temperature. 

The potential polarization and chronoamperometric experiments were 

performed using an electrochemical analyzer (1205 B, BAS ALS CH Instruments, 

Tokyo, Japan). Potential polarization was achieved using an open-circuit potential in 

the anodic direction, at a scan rate of 10 mV/s, and the chronoamperometric 
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experiments were performed at 800 mV for 800 s. All the measured potentials were 

reported with respect to the standard hydrogen electrode. The EIS measurements 

were performed at an open-circuit potential, using an electrochemical instrument 

(Solartron Analytical 1280 C, Hampshire, UK), in the frequency range 0.1–20,000 

Hz with a peak-to-peak amplitude of 10 mV. The impedance data were modeled to 

an equivalent circuit (EC) using the data analysis program Zview
®

 (Scribner 

Associates, Inc., Southern Pines, NC, USA), using iterative empirical data fitting 

combined with trial circuit elements chosen based on theoretical considerations. 

 

5.3. Results and discussion 

5.3.1. Surface characteristics of coating layer on chalcopyrite, molybdenite, and 

arsenopyrite. 

The surface characteristics of the untreated and treated mineral samples are 

shown in Figs. 5.1, 5.2, and 5.3 for chalcopyrite, molybdenite, and arsenopyrite, 

respectively. 

Figures 5.1–5.3 show that silica was present on both the untreated and treated 

mineral samples, but the silica density of the treated minerals was higher than that of 

the untreated minerals. The Si contents of the untreated and treated chalcopyrite 

samples were 0.15% and 0.87%, respectively. The Si contents of the untreated and 

treated molybdenite samples were 0.00% and 3.10%, respectively. The Si contents of 

untreated and treated arsenopyrite samples were 2.65% and 3.13%, respectively. 

These results are similar to the surface characteristics of the coating layer on the 

pyrite samples, and confirm the adsorption of silica on the surface of the treated 

minerals. 
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Fig. 5.1. SEM-EDX element mapping of untreated and Si–Cat chalcopyrite. 
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Fig. 5.2. SEM-EDX element mapping of untreated and Si–Cat molybdenite. 
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Fig. 5.3. SEM-EDX element mapping of untreated and Si–Cat arsenopyrite. 
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5.3.2. Electrochemical analysis 

To investigate the oxidation and reduction reactions on the sulfide minerals 

surfaces, potential polarization and chronoamperometric analyses were conducted by 

using chalcopyrite, molybdenite, and arsenopyrite working electrodes. Potential 

polarization is the change of potential of an electrode from its equilibrium potential 

of an electrochemical reaction. The potential polarization was determined using the 

working electrodes in a pretreatment solution containing silicate and/or catechol ions, 

from the open-circuit potential in the anodic direction, at a scan rate of 10 mV/s; the 

results are shown in Fig. 5.4. 

 



Chapter 5. Application of a Silicate Coating on Chalcopyrite, Molybdenite, and Arsenopyrite 
 

 

122 
 

 

 

 

Fig. 5.4. Polarization curves of minerals working electrode in silicate and/or catechol 

solution for (a) chalcopyrite, (b) molybdenite, and (c) arsenopyrite. 
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In the presence of Si–Cat, Fig. 5.4 show anodic current shoulder lines at 

around 470–640, 520–660, and 690–840 mV for chalcopyrite, molybdenite, and 

arsenopyrite, respectively. These anodic current shoulder lines were not observed in 

the absence of the Si–Cat complex. The current increased with increasing potential 

when silicate solution only was used, and with catechol solution only, the current 

was very low. These results suggest that the shoulder lines correspond to oxidative 

decomposition of the Si–Cat complex on the minerals’ surfaces, and show the 

insulation effect of the coating layer on the working electrode surfaces formed by the 

reaction products. The potential values that show oxidative decomposition of the Si–

Cat complex on the sulfide minerals indicate the potential required to suppress the 

oxidation rate. From the results in Fig. 5.4, decomposition of the Si–Cat complex on 

the surface of arsenopyrite is much more difficult than on chalcopyrite and 

molybdenite. 

The anodic currents for chalcopyrite, molybdenite, and arsenopyrite (Fig. 5.4) 

were 1.24, 0.90, and 0.53 Am
–2

, respectively. The anodic current represents the 

oxidation rate of oxidative decomposition of the Si–Cat complex on the sulfide 

mineral surfaces. This means that the Si–Cat complex oxidation rate on the 

chalcopyrite surface is higher than that on molybdenite and arsenopyrite. In 

comparison with pyrite (Chapter 3, Fig. 3.6), pyrite shows the highest value (1.77 

Am
–2

) than other sulfide minerals that investigated in this chapter. 

Chronoamperometric experiments were performed to measure the oxidation 

rates of sulfide minerals with and without pretreatment. These experiments were 

performed at 800 mV for 800 s. The results are shown in Fig. 5.5, as curves of 

current density against time. The current density is the anodic current of the working 
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electrode in the working area of 0.39, 0.88, and 0.64 cm
2
 for chalcopyrite, 

molybdenite, and arsenopyrite, respectively. The anodic currents of the treated 

samples (Si–Cat chalcopyrite, Si–Cat molybdenite and Si–Cat arsenopyrite) are 

lower than those of the untreated samples. Because the anodic current represents the 

flow of electrical charge (usually carried by electrons) into a working electrode (as a 

result of oxidation of one or more species in the electrolyte solution), the lower 

anodic current of the treated samples mean that the oxidation rates of these samples 

are lower than those of the untreated samples. These results indicate that formation 

of a coating layer on the treated minerals’ surfaces lowers the oxidation rate.  
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Fig. 5.5. Chronoamperometric curves of untreated and Si–Cat-treated minerals in 0.1 

M H2SO4 for (a) chalcopyrite, (b) molybdenite, and (c) arsenopyrite. 
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The chronoamperometric curves (Fig. 5.5) show that the anodic currents of the 

untreated and treated sulfide minerals decrease with time and are almost stable after 

500 s at different values. The values are shown in Table 5.1. From Table 5.1, Si–Cat 

treatment resulted in a better suppression effect for chalcopyrite than for molybdenite 

and arsenopyrite. 

Table 5.1. Anodic currents of untreated and Si–Cat-treated sulfide minerals 

calculated from Fig. 5.5. 

Sulfide mineral 
Anodic currents (Am

–2
) 

Chalcopyrite Molybdenite Arsenopyrite 

Untreated 0.045 0.242 1.016 

Si–Cat treated 0.007 0.173 0.605 

 

To study the effect of silica-quinone layer as a barrier on the surface of 

chalcopyrite, molybdenite, and arsenopyrite, electrochemical impedance 

spectroscopy (EIS) analyses of untreated and treated sulfide mineral samples were 

conducted. The EIS complex plane plots (Nyquist plots) of the untreated and treated 

sulfide mineral samples are shown in Fig. 5.6.  
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Fig. 5.6. EI spectra of untreated and Si–Cat-treated minerals for (a) chalcopyrite, (b) 

molybdenite, and (c) arsenopyrite.   

 

Based on the observations made for all the systems, the Nyquist plots for 

untreated and treated sulfide mineral samples show similar pattern with untreated and 

treated pyrite samples (Chapter 3, Section 3.3). From these results, the EIS 

experimental data are fitted using the same EC model of pyrite as shown in Fig. 5.7. 

 



Chapter 5. Application of a Silicate Coating on Chalcopyrite, Molybdenite, and Arsenopyrite 
 

 

128 
 

 

 

Fig. 5.7. EC models of (a) untreated sulfide minerals, and (b) Si–Cat-treated sulfide 

minerals. 

The simplest EC model for characterizing the untreated sulfide minerals (Fig. 

5.7a) includes the electrolyte solution resistance (Rs), the charge-transfer resistance 

of the sulfide mineral (R1), a constant phase element (CPE), and the Warburg 

diffusion resistance (Zw). A CPE was used in this model instead of a capacitor to 

compensate for the rough and porous electrode (Jorcin et al., 2006). The untreated 

molybdenite sample (Fig. 5.6b) did not show the Warburg diffusion phenomenon, 

which causes the Nyquist plot of the EC model of the untreated mineral to become a 

straight line at the end of the plot (Liu et al., 2011). This means that in molybdenite, 

diffusion at lower frequencies did not occur. This might be caused by molybdenite 

being a cleavage mineral with piling thin layer construction. The surface of 

molybdenite is composed of sulfur atoms and has hydrophobic properties. 

Similar to treated pyrite sample, Fig. 5.7b shows the EC model for the treated 

minerals. When this EC model is applied to the treated sulfide mineral samples (a 

coating immersed in an electrolyte), Rs represents the resistance of the electrolyte 

solution between the reference electrode tip and the surface of the coating. The 



Chapter 5. Application of a Silicate Coating on Chalcopyrite, Molybdenite, and Arsenopyrite 
 

 

129 
 

charge-transfer resistance of the sulfide mineral samples (R1) is associated with the 

resistance (R2) and capacitance (CC) of the coating layer. 

The capacitance (CC) of the arsenopyrite coating layer was mathematically 

modelled using a constant phase element that shows a slow adsorption reaction 

(Jorcin et al., 2006). This is consistent with the potential polarization results that 

showed decomposition of the Si–Cat complex on the surface of arsenopyrite was 

much more difficult than on chalcopyrite and molybdenite. 

The calculated parameters of the EC elements for the untreated and treated 

sulfide mineral samples are listed in Table 5.2. The low chi-squared (
2
) values, 

which represent the sum of quadratic deviations between the experimental and 

calculated data divided by the calculated data, indicate that the experimental data are 

fitted well with the proposed circuit models. 

Table 5.2. 

EC element parameters obtained by fitting experimental impedance data for 

untreated and Si–Cat-treated sulfide minerals with EC models shown in Fig. 5.7. 

Parameter 
Chalcopyrite Molybdenite Arsenopyrite 

Untreated Treated Untreated Treated Untreated Treated 

R1/ohm cm
-2

 1100.00 1418.99 9920.56 7339.25 2116.67 1693.33 

R2/ohm cm
-2

 - 5659.49 - 9106.54 - 26052.78 

2
/10

-3
 6.31 5.81 3.53 1.04 0.43 0.41 

 

From Figure 5.6 and Table 5.1, the total impedances of the treated mineral 

samples were higher than those of the untreated mineral samples. These phenomena 

are similar to the untreated and Si–Cat-treated pyrite, indicating that another product 

has grown on the electrode surface. It is suggested that this reflects the formation of a 
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silica–quinone layer on the surfaces of the treated sulfide mineral samples against 

oxidation.  

 

5.4. Conclusions 

The use of Si–Cat complex to suppress oxidation of other sulfide minerals 

was investigated. From analysis of the electrochemical behavior, theoretical 

evaluation, and microscopic observations 

1. The Si–Cat complex can be used to suppress the oxidation of chalcopyrite, 

molybdenite, and arsenopyrite. 

2. The electrochemical behavior showed that oxidative decomposition of the Si–

Cat complex and formation of an encapsulating layer on the surface of treated 

sulfide mineral samples lowered the oxidation rate. 

3. The microscopy results showed that the encapsulating layers on the treated 

sulfide mineral samples were silica-rich, and suggested that these layers were 

the same coating layer that formed on the pyrite surface after Si–Cat 

treatment.  

4. The rates of oxidative decomposition of the Si–Cat complexes on the sulfide 

mineral surfaces are in the order chalcopyrite > molybdenite > arsenopyrite.  

5. The Si–Cat complex had a better suppression effect for chalcopyrite than for 

molybdenite and arsenopyrite. 
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CHAPTER 6 

Conclusions and Recommendations 

A comprehensive study has been conducted in this study. Several analytical methods 

were also applied to investigate the covering layer characteristic formed from Si-Cat 

complex. In this chapter, conclusions for this research are presented along with 

further study need to be conducted for future improvements.  
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6.1. Conclusions 

Acid mine drainage (AMD) resulting from the oxidation of pyrite and other 

sulfide minerals has caused significant environmental problems, including the 

acidification of rivers and streams, and the leaching of toxic metals. The oxidation 

process has therefore been widely studied under various conditions to investigate 

effective approaches and controlling factors to inhibit the oxidation process. The 

process is complex because it involves chemical, biological, and electrochemical 

reactions, and varies with environmental conditions. 

Several methods have been investigated for the treatment and abatement of 

AMD. The limited effectiveness of some controlling methods has led to further study 

of methods to inhibit pyrite oxidation. To successfully control and prevent AMD, 

clear and thorough understanding of the chemistry, mechanisms, and all reactants 

involved in AMD is important. It is known that oxygen, the water content, and iron-

oxidizing bacteria have a significant effect on the pyrite oxidation rate. Reduction of 

any of these factors can contribute to a remarkable reduction of the oxidation rate. 

Passivation of sulfide minerals involving formation of a surface barrier through 

formation of a coating layer is a potential way to control AMD generation. In 

passivation, a thin organic or inorganic protective coating is formed on the surface of 

pyrite to prevent its contact with the atmosphere, water, and bacteria that promote 

oxidation. 

One of the promising methods is carrier microencapsulation (CME) by using 

silicon–catechol complex. However, the details mechanism and the coating layer 

properties are not yet confirmed. Thus, further studies on pyrite oxidation 

suppression by using silicon-catechol complex are discussed in this study.  
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 This thesis consists of six chapters. Chapter 1 presents the background and 

objectives of this study. In addition, an overview of AMD and its prevention are 

presented to provide a basic understanding of pyrite oxidation suppression. Previous 

studies related to the present study are also discussed in this chapter. Pyrite oxidation 

suppression by CME with silicon (Si) and an organic carrier is presented in Chapter 

2. It was found that waste water collected from hydrothermal treatment (HT) of low-

rank coal contains organic carbon compounds, such as phenol and catechol. The use 

of HT liquid (HTL) produced from low-rank coal as a carrier in CME was 

investigated. In dissolution tests for 51 days with pyrite and iron-oxidizing bacteria, 

treatment with a mixture of HTL and a silicon reagent (Si–HTL) lowered the ferric 

ion concentration and limited bacterial attachment compared with untreated pyrite. 

These results indicate that pyrite oxidation can be suppressed simply by pretreating 

with Si–HTL for 1 h. This might be caused by catechol present in the HTL. A 

mixture of catechol and a silicon reagent (Si–Cat) was also used, and the coatings 

obtained using Si–HTL and Si–Cat were compared. Based on dissolution tests, the 

Si–HTL coating layer showed better barrier properties than the Si–Cat coating layer. 

Microscopic observations showed a silica-rich deposit on the surface of the treated 

pyrite. Fourier-transform infrared (FTIR) spectroscopy indicated that a quinone 

compound adsorbed on the treated pyrite surface. These results showed that silica 

and quinone were both adsorbed on the pyrite surface in a silica–quinone layer, 

which can suppress pyrite oxidation. 

In addition to chapter 2, most of the protection effect of coatings on pyrite 

was evaluated by chemical method. Very little studies are available on the evaluation 

of coating layer on the pyrite surface with electrochemical methods. In Chapter 3, 
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three different electrochemical methods, namely, potential polarization, 

chronoamperometry, and electrochemical impedance spectroscopy (EIS), were used 

to investigate the electrochemical behavior of pyrite oxidation suppression in the 

presence of a silicate coating. Anodic current peaks corresponding to oxidative 

decomposition of the Si–Cat complex on the pyrite surface were observed at 550 mV 

in the presence of Si–Cat, and at 690 mV in the presence of Si–HTL. The anodic 

currents of the treated pyrite samples (Si–Cat pyrite and Si–HTL pyrite) were lower 

than that of the untreated pyrite. Because the anodic current represents the oxidation 

rate, the lower anodic currents of the treated pyrite samples mean that the oxidation 

rates of these treated samples are lower than that of the untreated pyrite. The two flat 

semi-circular curves in the Nyquist plots showed that the total impedances of the 

treated pyrite samples increased. It is suggested that this is a silica–quinone coating, 

which can decrease the pyrite oxidation rate. It also showed that the coating 

resistance produced by Si–HTL treatment is higher than that produced by Si–Cat. 

Bode plots showed the shift of the phase angle of the time constant of Si–Cat-treated 

pyrite to lower frequencies, indicating electrolyte diffusion occurs through the 

coating layer. This indicates that the coating layer produced by Si–HTL treatment 

has better barrier properties than that produced by Si–Cat and confirms the results of 

the dissolution tests and chronoamperometric measurements.    

In order to support the findings in chapter 2 and 3, a more systematic 

investigation of the silica–quinone coating layer is presented in Chapter 4. 

Furthermore, the mechanism involved in this coating treatment is proposed. Pyrite 

treatment using Si–Cat under different conditions resulted in differences in the 

suppression of pyrite oxidation. The electrochemical behavior of treated pyrite 
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samples showed that Si–Cat treatment for 6 h with initial pH 9.5 gave better barrier 

properties and a higher suppression effect than that of other treatment conditions. 

FTIR and XPS analyses demonstrated that the coating layers on the treated pyrite 

samples consisted of a network of Fe–O–Si and Si–O–Si units on the pyrite surface. 

The Si–O–C asymmetric stretching mode is also present in the FTIR spectra. These 

results confirm that silicate polymerization in the silica–quinone layer on the treated 

pyrite samples suppressed pyrite oxidation. 

The findings on pyrite oxidation suppression by the Si–Cat complex were 

applied to other sulfide mineral samples: chalcopyrite (CuFeS2), molybdenite (MoS2), 

and arsenopyrite (FeAsS). These are presented in Chapter 5. Effect of silicate 

covering layer on treated minerals surfaces were evaluated by potential polarization, 

chronoamperometry, EIS, and SEM-EDX. Similar to pyrite, the results indicate the 

formation of a coating layer on the treated sulfide mineral samples that lowered the 

oxidation rate. The Si–Cat complex showed a better suppression effect for 

chalcopyrite than for molybdenite and arsenopyrite. 

 

6.2.  Recommendations 

Sulfide minerals microencapsulation by using Si–Cat complex is still in the 

laboratory scale, and has not been tested in the natural environment. Nevertheless, it 

represents sulfide minerals oxidation control and in some cases future improvements 

on the technology and its application may prove to be most effective in controlling 

long-term sulfide minerals oxidation. Moreover, the proposed carrier 

microencapsulation using Si-HTL is economical due to the utilization of wastewater 

product.  
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From the results obtained in this study, there are some works that will be 

beneficial to be conducted, as followed: 

1. Although the passivation by using Si–Cat treatment are predicted to be very 

stable, no long term data are available to predict treatment lifetime. Further 

kinetic study on pyrite oxidation suppression by using Si–Cat complex need to 

be conducted. 

2. The effect of Si–Cat concentration is also one of the important factors that will 

be conducted in the future to optimize the oxidation suppression effect. 

3. Quality parameter of coating layer, such as layer thickness should be determined 

by an independent technique, i.e., ellipsometry analysis. 
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