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(ABSTRACT) 

Pyrite (FeS,) is the major source of sulfur in various coals, and its efficient 

removal has proven to be a more difficult task than expected. Flotation is generally 

considered to be the most practicable process for the preparation of coal fines. However, 

even this technique is usually unable to remove more than 50% of pyrite from a -65 

mesh coal sample, which is the typical feed to flotation. There are three major reasons 

for the low separation efficiency of liberated pyrite from coal by flotation. They include 

self-induced hydrophobicity of pyrite caused by superficial oxidation, nonselective 

hydraulic entrainment of pyrite particles into froth product, and incomplete liberation of 

pyrite from coal that results in composite coal-pyrite particles, i.e., middlings. The 

present study was undertaken to address problems associated with these recovery 

mechanisms of pyrite and develop techniques to enhance pyrite rejection in coal flotation. 

To better understand self-induced hydrophobicity of pyrite, chronoamperometry 

and voltammetry on freshly fractured electrodes were used to explore incipient oxidation 

and reduction of the mineral. Voltammetry on rotating ring-disc electrodes (RRDE) was



carried out to provide information on soluble species and kinetics of oxidation and 

reduction processes. X-ray photoelectron spectroscopy (XPS) was used for chemical 

identification of oxidation products. Galvanic coupling with sacrificial anodes was 

investigated as a practical method to cathodically protect pyrite and prevent its oxidation. 

Microflotation tests were conducted under controlled potentials at different solution pH’s, 

and the results were correlated with electrochemical studies. The feasibility of improving 

pyrite rejection by controlling its surface chemistry was tested in flotation experiments 

conducted with a 2"-diameter microbubble flotation column and a conventional 5-liter 

Denver flotation cell. 

Effects of froth stability on the microbubble flotation of coal were studied with 

an objective of minimizing hydraulic entrainment of pyrite. The operating parameters 

were systematically varied to study their effects on water recovery which was used as a 

measure of froth stability. It has been demonstrated that the upgrading of coal in a 

flotation column can be significantly improved when froth stability is properly controlled. 

In an attempt to enhance the rejection of pyrite in middlings, various column 

circuits were experimentally examined and theoretically analyzed. The effect of circuit 

configuration on the overall circuit performance was evaluated by separation efficiency 

and separation curves. It has been shown that the overall separation efficiency of column 

flotation is rather insensitive to circuitry due to the unique characteristics of the unit 

flotation column, i.e., the addition of the wash water into the froth.
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CHAPTER 1 INTRODUCTION 

1.1 General 

Sulfur in coal exists in three major forms: pyritic sulfur, organic sulfur and 

sulfate sulfur. Sulfate sulfur usually makes up no more than 1% of the total sulfur while 

pyritic sulfur often accounts for 70~95%. Organic sulfur is intimately associated with 

the coal matrix and can only be removed by chemical methods. Physical coal cleaning 

techniques, such as gravity separation, flotation and agglomeration, have the potential to 

remove pyrite from coal and are generally more cost-effective than alternative post- 

combustion processes such as flue gas scrubbing. 

Effective application of physical coal cleaning methods requires sufficient 

liberation of the gangue material which can be achieved by pulverizing coal, in many 

Cases, to micron size. Most of available conventional coal cleaning technologies are not 

effective in this fine size range. New physical techniques for fine particle separation 

have emerged as a result of considerable efforts during the past decade, and the 

microbubble column flotation process developed at Virginia Tech is one of the most 

successful. 

The principle of column flotation is illustrated in Figure 1.1. Although the 

fundamentals are the same as in mechanically-agitated cells, column flotation is 

CHAPTER 1 INTRODUCTION 1



Wash Water 

  

  Dada dadadadna dada duadhe 
APP adhd tad npdadh 

) 99660800 64 
pS Oeeeeoeds 
dedi di Dada dadia da dade 
DddudDDuDuDuDPuD 

oO 
Feed ° o 

Oo 
o of 

       

      
  

  

  

  

Oo 
oo 

°C oO 
Oo 

° O°} Product 

    
Tailings 

Figure 1.1 Schematic illustration of column flotation. 
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remarkably different in many aspects. The flow inside the column is countercurrent, 

with rising air bubbles encountering the particles in the countercurrent feed stream. The 

hydrophobic particles attach to air bubbles following collisions and are carried to the 

froth phase, while the hydrophilic particles remain in suspensions and discharge from the 

bottom as tailings. The unique feature of flotation columns is the addition of wash water 

in the froth zone to return hydraulically entrained gangue particles to the pulp zone. This 

cleaning action improves the separation efficiency considerably. 

Column flotation usually suffers from low throughput and, therefore, is not 

considered favorable for rougher flotation. This is particularly the case when the bubbles 

generated in columns are comparable to, or larger than, those used in conventional 

flotation machines. The Microcel™ flotation column developed at Virginia Tech exhibits 

superior performance over other columns in terms of collection capacity and throughput 

due to the finer bubble sizes (200-600 um) employed [1-4]. 

However, it has been demonstrated that even the most advanced coal cleaning 

processes often fail to reject 90-95% pyrite. The major reasons are [5]: 

(1) superficial oxidation of pyrite via corrosion-type electrochemical processes 

that occurs during mining, transportation and preparation. Oxidation 

processes produce hydrophobic species on pyrite surfaces which induce its 

collectorless flotation. 

(2) incomplete liberation of pyrite from coal, i.e., coexistence of pyrite and 

coal in middling particles. This naturally leads to lower recovery when 
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middling particles report to tailings or reduced grade when they go to the 

froth product. 

(3) hydraulic entrainment within the liquid films between air bubbles in the 

froth. This particle recovery mechanism is nonselective and controlled by 

the hydraulic transfer of flotation pulp into the froth product. Hydraulic 

entrainment is particularly prominent with feeds containing large quantities 

of ultrafine particles. 

(4) nonselective entrapment of particles trapped between hydrophobic particles 

attached to air bubbles. This mechanism can be an important recovery 

mechanism when the froth is highly mineralized, very dry at the top of 

froth and contains relatively large entrained particles. 

It has been concluded [5] that pyrite rejection problems associated with the 

entrapment mechanism are relatively minor for most coal flotation systems. The solution 

to the second problem appears to be obvious: comminution of coal to a size at which the 

pyrite is fully liberated. Unfortunately, this approach is too costly for the coal industry 

to adopt because of the high energy required for comminution. It is believed that more 

realistic and cost-effective methods of enhancing pyrite rejection would be to control the 

hydrophobicity of pyrite and middlings, and to minimize hydraulic entrainment. For this 

to be possible, problems related to pyrite oxidation, hydraulic entrainment and middlings 

have to be addressed. Previous studies on these topics are summarized as follows. 
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1.2 Literature Review 

1.2.1 Electrochemistry of pyrite oxidation and collectorless flotation 

1.2.1.1 Oxygen reduction on pyrite 

It is widely recognized [6] that pyrite oxidation occurs by mixed potential, 

corrosion-type electrochemical reactions where pyrite undergoes anodic oxidation and 

oxygen is simultaneously reduced to maintain overall charge neutrality. In contrast to 

the vast volume of literature on the anodic process of pyrite oxidation, the cathodic 

process, i.e., the reduction of oxygen, has received only limited attention. 

Peters and Majima [7] reported polarization curves for oxygen reduction on 

pyrite, which exhibited a mass-transport limited current. However, there was not 

sufficient data to obtain kinetic parameters for oxygen reduction. Biegler, Rand and 

Woods [8] studied oxygen reduction on rotating mineral-pyrite electrodes in 1 M HCIO, 

acid solutions in an effort to obtain detailed information on the characteristics of oxygen 

reduction on sulfide minerals, including pyrite. Their results indicated that in acidic 

solutions the first electron transfer step to form O, is rate-determining, while in alkaline 

solutions the rates of subsequent steps, such as the formation of H,O,, become important. 

Biegler [9] conducted a similar study of oxygen reduction in acid solutions with 

eight different synthetic and mineral pyrite specimens, which reportedly included n-type, 

n-type metallic and p-type samples. The shape of voltammograms, Tafel slopes and 
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electrocatalytic activities for oxygen reduction varied from sample to sample to some 

extent. The variations are attributed to trace impurities in pyrite samples. However, no 

correlation was observed between kinetic parameters for oxygen reduction and the 

semiconducting properties of pyrite. 

Rand [10] extended the study of oxygen reduction to other sulfides including 

arsenopyrite (FeAsS), bornite (Cu,FeS,), chalcocite (Cu,S), chalcopyrite (CuFeS,), 

covellite (CuS), galena (PbS), pentlandite ((Fe,Ni),S,), pyrite (FeS,) and pyrrhotite 

(Fe,.,5). He found that pyrite is the most active of the sulfides as a catalyst for oxygen 

reduction and the ranking of activity of iron-containing sulfides for oxygen reduction is 

consistent with their requirement for oxygen in flotation with xanthate collectors, which 

suggests that the rate of flotation of a given sulfide is determined by its ability to reduce 

oxygen. 

Doo and Sohn [11] provided additional information for oxygen reduction on pyrite 

in acidic solutions by using d-c polarization and a-c impedance techniques. They 

reported that in the Tafel region above 0 V versus Standard Hydrogen Electrode (SHE, 

hereinafter), a single electron transfer process to form the superoxide (O,) was the rate 

determining step and that the reaction was relatively independent of pH. Below 0 V, the 

diffusion of dissolved oxygen to form hydrogen peroxide was rate-determining. No 

comparative study has been done on this subject on mineral- and coal-pyrites. 
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1.2.1.2 Anodic oxidation of pyrite 

The anodic half-cell reaction of pyrite oxidation has been extensively investigated. 

Figure 1.2 shows the E,-pH diagram of the FeS,-H,O system obtained by Kocabag et al. 

[12]. The sulfur-containing products are H,S and HS, S° and SO,? for regions below 

and above the domain of stability of pyrite, respectively. The iron component of pyrite 

exists in the form of ferric or ferrous hydroxide above the domain, and elemental iron 

below the domain. The E,-pH diagram provides thermodynamic information on stable 

species under equilibrium conditions, but it does not suggest reaction mechanisms or 

kinetics. 

Pyrite oxidation involves both iron component and sulfur component. While it 

is widely accepted [7, 13-16] that pyrite oxidation produces Fe’* and Fe** in acidic 

solutions, Fe(OH), and Fe(OH), in alkaline solutions, the nature of the sulfur oxidation 

product is controversial. Significantly, it is believed that the sulfur oxidation product(s) 

generated under mildly oxidizing conditions is hydrophobic and can impart floatability 

to pyrite in the absence of conventional sulfide collectors [17-23], as has been observed 

with many other sulfide minerals [20-28]. 

Hamilton and Woods [13] conducted voltammetry on pyrite electrodes in a 

nitrogen atmosphere in a glove bag to study the surface oxidation. They reported that 

a monolayer of elemental sulfur was formed at pH 9.2 and 13 and multilayers at pH 4.6. 

Peters [15] concluded that oxidation of pyrite to sulphate requires high overpotentials and 

occurs at significant rates only at potentials at which elemental sulfur is also a product. 
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Figure 1.2. E,-pH diagram for Fe-S-H,O system at 298 K and 10° M [12]. Two 
points in the middle of stability domain were obtained in this study 

and will be discussed in Chapter 2. 
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Peters [14] later observed the formation of elemental sulfur from pyrite oxidation at low 

overpotentials in acidic solutions. Heyes and Trahar [23] also suggested that elemental 

sulfur is the likely product of pyrite oxidation. 

However, there is ample evidence that pyrite oxidation does not produce elemental 

sulfur. Yoon et al. [17], Zhu et al. [29], and Mycroft et al. [30] suggested that 

polysulfides (FeS,, n>2) are the more likely oxidation products. Woods et al. [31, 32] 

studied the oxidation of high concentrations of HS’ ions on gold and sulfide minerals, and 

identified polysulfide ions as intermediates in the formation of elemental sulfur. On the 

other hand, Buckley and Woods [33, 34] and Buckley et al. [35] concluded, from studies 

by voltammetry and XPS spectroscopy, that a metal-deficient sulfide(Fe,,S,, x<1) 

results from pyrite oxidation. It is believed that the metal atoms removed from pyrite 

lattice during oxidation lead to the formation of an overlayer of iron hydroxy-oxide in 

alkaline solutions, and the formation of soluble cations in acidic solutions [23]. The 

removal of metal component leaves sulfur in its normal lattice sites, thereby producing 

a metal-deficient layer underneath the iron hydroxy-oxide. 

At higher potentials, pyrite is oxidized directly to sulfate [16, 36]. While 

elemental! sulfur can be further oxidized to sulfate, this process is extremely slow at room 

temperature [16]. 

Mishra and Osseo-Asare [37] provided more details of pyrite oxidation by 

considering its semiconducting properties. They proposed that the initial step in pyrite 

oxidation is the electrocatalytic electroadsorption of OH’ on pyrite due to the presence 
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of Fe 3d electrons in the upper portion of the valence band. The adsorbed OH ™ ions are 

then oxidized to OH by holes on Fe 3d states. This process is followed by the transfer 

of OH to S,” sites. Preferential release of Fe** from the pyrite lattice takes place 

subsequently, resulting in the formation of thiosulfate (S,O,”). Thiosulfate either rapidly 

decomposes to elemental sulfur and bisulfite (HSO,>) or further oxidizes to sulfate (SO,”) 

at higher potentials. This mechanism is unique in that it explains why acidic and high 

temperature conditions are favorable for the formation of elemental sulfur and the 

maximum theoretical yield of elemental sulfur is 50%. 

There is also a great deal of inconsistency on the dissolution preference of sulfur 

and iron components in pyrite during oxidation. The literature on this aspect can be 

grouped into two distinct categories: 

1. Preferential removal of iron. In this mechanism, it is believed that the 

oxidation of pyrite takes place preferentially on the iron sites. As a result, iron is 

released into the solution. The sulfur left behind in the reacted layer forms elemental 

sulfur, polysulfides or metal-deficient sulfides, as mentioned above. Released iron either 

exists as soluble ions in solution or precipitates on the mineral surface as hydroxide, 

depending on the solution pH. 

2. Preferential dissolution of sulfur. In this reaction mechanism, it is assumed that 

the sulfur component in pyrite oxidizes first and leaves the surface as a sulfoxy anion 

[38]. Hydroxide ions then react with iron sites to form a reacted layer of iron hydroxide. 

Chander and Briceno [39] and Chander [40] studied the kinetics of pyrite 
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oxidation and growth characteristics of the surface oxidation film using cyclic 

voltammetry and a-c impedance measurements. They proposed that the unreacted pyrite 

is adjacent to a sulfur-rich layer which is covered by precipitated iron hydroxide/oxide. 

The metal hydroxide/oxide film grows either perpendicular to the interface, giving rise 

to multilayers, or parallel to the surface, leading to a patchwise distribution [39, 40]. 

When the iron hydroxide is removed by complexation and dissolution, strong 

collectorless flotation of pyrite can be observed [18, 19]. 

For most practical purposes, a good understanding of the conditions under which 

the hydrophobic entity is produced is more important than a knowledge of the precise 

nature of this species. Voltammetry is the method most commonly used to identify the 

oxidation/reduction reactions on pyrite [13, 18, 30, 41-44]. The voltammetry curve or 

voltammogram shows the correlation between current and potential obtained by sweeping 

the potential from one limit to the other. The process in which potential varies from 

higher to lower values is called the cathodic sweep and the opposite process is referred 

to as the anodic sweep. The anodic and cathodic peaks on the voltammogram are 

generated by oxidation and reduction reactions occurring during the anodic and cathodic 

sweeps. Valuable information on the specific reaction can be derived from the peak 

position and other properties related to the peak. Numerous reactions have been 

postulated for oxidation and reduction processes on pyrite in aqueous solutions, 

unfortunately, without convincing verification in most cases. 

Janetski et al. [44] observed an anodic peak at -0.05 V and a cathodic peak at -0.3 
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�V� �o�n� �p�y�r�i�t�e� �v�o�l�t�a�m�m�o�g�r�a�m� �w�a�s� �q�u�i�t�e� �b�r�o�a�d�.� �T�h�e�y� �r�e�s�o�l�v�e�d� �i�t� �i�n�t�o� �t�w�o� �d�i�s�t�i�n�c�t� �p�e�a�k�s� �i�n� 

�c�a�r�b�o�n�a�t�e� �s�o�l�u�t�i�o�n�s� �a�n�d� �E�D�T�A� �(�e�t�h�y�l�e�n�e� �d�i�a�m�i�n�e� �t�e�t�r�a�a�c�e�t�i�c� �a�c�i�d�,� �d�i�s�o�d�i�u�m� �s�a�l�t�)� 

�s�o�l�u�t�i�o�n�s�.� �T�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �b�o�t�h� �f�e�r�r�o�u�s� �a�n�d� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �w�a�s� �b�e�l�i�e�v�e�d� �t�o� �c�o�n�t�r�i�b�u�t�e� 

�t�o� �t�h�e� �a�n�o�d�i�c� �c�u�r�r�e�n�t�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �w�a�s� �n�o�t� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e�s�e� �s�t�u�d�i�e�s�.� 

�I�t� �i�s� �n�o�t�i�c�e�d� �t�h�a�t� �t�h�e� �p�o�t�e�n�t�i�a�l� �r�a�n�g�e� �u�s�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �p�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �e�x�t�e�n�d�e�d� 

�a�s� �f�a�r� �a�s� �-�1�.�0� �V� �t�o� �1�.�0� �V� �(�S�H�E�)� �[�1�8�,� �2�9�,� �4�3�]�.� �U�n�d�e�r� �s�u�c�h� �a� �c�o�n�d�i�t�i�o�n�,� �i�t� �i�s� �v�e�r�y� �d�o�u�b�t�f�u�l� 

�t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �c�a�n� �b�e� �u�s�e�d� �t�o� �e�x�p�l�a�i�n� �o�r� �p�r�e�d�i�c�t� �t�h�e� �f�l�o�t�a�t�i�o�n� �b�e�h�a�v�i�o�r� �o�f� �p�y�r�i�t�e� �s�i�n�c�e� 

�o�x�i�d�a�t�i�o�n� �a�n�d� �r�e�d�u�c�t�i�o�n� �r�e�a�c�t�i�o�n�s� �a�t� �e�x�t�r�e�m�e�l�y� �h�i�g�h� �p�o�t�e�n�t�i�a�l�s� �(�p�o�s�i�t�i�v�e� �o�r� �n�e�g�a�t�i�v�e�)� �c�o�u�l�d� 

�c�o�m�p�l�e�t�e�l�y� �a�n�d� �i�r�r�e�v�e�r�s�i�b�l�y� �a�l�t�e�r� �t�h�e� �p�y�r�i�t�e� �s�u�r�f�a�c�e�.� �I�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �v�o�l�t�a�m�m�e�t�r�i�c� 

�r�e�s�p�o�n�s�e� �o�b�s�e�r�v�e�d� �n�o� �l�o�n�g�e�r� �r�e�p�r�e�s�e�n�t�s� �t�h�a�t� �o�f� �p�y�r�i�t�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�t� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� 
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�t�h�e�s�e� �s�t�u�d�i�e�s� �t�h�a�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �h�y�d�r�o�p�h�o�b�i�c� �s�p�e�c�i�e�s� �o�c�c�u�r�r�e�d� �a�t� �p�o�t�e�n�t�i�a�l�s� �a�b�o�v�e� �0�.�7� 

�V� �[�2�9�]�,� �w�h�i�c�h� �a�p�p�a�r�e�n�t�l�y� �i�s� �n�o�t� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �r�e�s�u�l�t�s� �o�f� 

�p�y�r�i�t�e� �s�h�o�w�i�n�g� �t�h�e� �o�n�s�e�t� �p�o�t�e�n�t�i�a�l� �o�f� �-�0�.�1� �V� �[�1�7�]�.� 

�D�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�d�e� �p�r�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �i�n� �d�i�f�f�e�r�e�n�t� �s�t�u�d�i�e�s�,� 

�c�o�n�t�r�i�b�u�t�i�n�g� �t�o� �t�h�e� �i�n�c�o�n�s�i�s�t�e�n�c�e� �r�e�p�o�r�t�e�d� �i�n� �l�i�t�e�r�a�t�u�r�e�.� �X�P�S� �a�n�d� �v�o�l�t�a�m�m�e�t�r�y� �s�t�u�d�i�e�s� 

�[�3�4�,� �3�5�]� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �a� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �p�y�r�i�t�e� 

�s�u�r�f�a�c�e� �d�i�f�f�e�r�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �f�r�o�m� �t�h�a�t� �o�f� �a� �s�u�r�f�a�c�e� �p�r�e�p�a�r�e�d� �b�y� �p�o�l�i�s�h�i�n�g� �i�n� �a�i�r�.� �T�h�e� 

�o�p�e�n� �c�i�r�c�u�i�t� �p�o�t�e�n�t�i�a�l� �f�o�r� �t�h�e� �f�r�a�c�t�u�r�e�d� �s�u�r�f�a�c�e� �i�s� �c�l�o�s�e� �t�o� �t�h�a�t� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� �p�r�e�p�a�r�e�d� 

�b�y� �g�r�i�n�d�i�n�g� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �o�x�y�g�e�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �l�i�t�t�l�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� 

�f�r�a�c�t�u�r�e� �s�u�r�f�a�c�e� �h�a�s� �t�a�k�e�n� �p�l�a�c�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �o�p�e�n� �c�i�r�c�u�i�t� �p�o�t�e�n�t�i�a�l� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� 

�g�r�o�u�n�d� �i�n� �a�i�r� �i�s� �0�.�2� �V� �m�o�r�e� �p�o�s�i�t�i�v�e�,� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �c�a�t�h�o�d�i�c� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �s�h�o�w�s� 

�a� �c�a�t�h�o�d�i�c� �p�e�a�k� �d�u�e� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� 

�g�r�i�n�d�i�n�g� �i�n� �a�i�r� �p�r�o�d�u�c�e�s� �i�r�o�n� �o�x�i�d�e� �a�n�d� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �s�p�e�c�i�e�s�.� �C�h�m�i�e�l�e�w�s�k�i� �a�n�d� 

�W�h�e�e�l�o�c�k� �[�4�2�]� �o�b�t�a�i�n�e�d� �a� �s�i�m�i�l�a�r� �c�o�n�c�l�u�s�i�o�n�.� �R�i�c�h�a�r�d�s�o�n� �a�n�d� �Y�o�o�n� �[�4�8�]� �c�o�m�p�a�r�e�d� �t�h�e� 

�s�e�m�i�c�o�n�d�u�c�t�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �a�b�r�a�d�e�d� �a�n�d� �f�r�a�c�t�u�r�e�d� �s�u�l�f�i�d�e� �e�l�e�c�t�r�o�d�e�s�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �a� 

�s�u�b�s�t�a�n�t�i�a�l� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�h�o�t�o�c�u�r�r�e�n�t� �o�f� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� �c�a�u�s�e�d� �b�y� �a�b�r�a�s�i�o�n�.� �I�t� �w�a�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �a�b�r�a�s�i�o�n� �g�e�n�e�r�a�t�e�d� �l�a�t�t�i�c�e� �d�e�f�e�c�t�s�.� �T�h�u�s�,� �i�n�-�s�i�t�u� �f�r�a�c�t�u�r�e�d� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� 

�a�p�p�e�a�r� �t�o� �b�e� �m�o�r�e� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �t�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �s�u�p�e�r�f�i�c�i�a�l� �o�x�i�d�a�t�i�o�n�.� 

�1�.�2�.�1�.�3� �C�o�m�p�a�r�i�s�o�n� �o�f� �e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �o�f� �c�o�a�l�-� �a�n�d� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� 

�C�o�a�l�-�p�y�r�i�t�e� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �d�i�f�f�e�r� �f�r�o�m� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �i�n� �m�a�n�y� 
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�a�s�p�e�c�t�s�,� �s�u�c�h� �a�s� �m�o�r�p�h�o�l�o�g�y�,� �s�u�r�f�a�c�e� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �r�e�a�c�t�i�o�n� �r�a�t�e�s� �[�4�9�]�.� �O�g�u�n�s�o�l�a� �a�n�d� 

�O�s�s�e�o�-�A�s�a�r�e� �[�5�0�]� �f�i�r�s�t� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �c�o�a�l�-�p�y�r�i�t�e� �i�s� �a�f�f�e�c�t�e�d� 

�b�y� �h�e�t�e�r�o�g�e�n�e�i�t�y� �a�n�d� �m�o�r�p�h�o�l�o�g�i�c�a�l� �v�a�r�i�a�t�i�o�n�s�.� �T�h�e�y� �o�b�s�e�r�v�e�d� �o�n�l�y� �o�n�e� �p�e�a�k� �a�t� �a�b�o�u�t� 

�0�.�2�5� �V� �o�n� �t�h�e� �a�n�o�d�i�c� �p�o�l�a�r�i�z�a�t�i�o�n� �c�u�r�v�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �0�.�1� �t�o� �0�.�7�5� �V�,� �w�h�i�c�h� �i�s� �i�n� 

�c�o�n�t�r�a�s�t� �w�i�t�h� �t�w�o� �p�e�a�k�s� �o�b�s�e�r�v�e�d� �a�t� �0�.�0�6� �a�n�d� �0�.�2�5� �V� �f�o�r� �m�i�n�e�r�a�l�-�p�y�r�i�t�e�s�.� �T�h�e� �r�e�s�t� 

�p�o�t�e�n�t�i�a�l�s� �o�f� �c�o�a�l�-�p�y�r�i�t�e�s� �c�o�n�t�a�i�n�i�n�g� �m�o�r�e� �i�m�p�u�r�i�t�i�e�s� �s�u�c�h� �a�s� �q�u�a�r�t�z� �a�n�d� �i�r�o�n� �s�u�l�p�h�a�t�e� �a�r�e� 

�m�o�r�e� �p�o�s�i�t�i�v�e� �t�h�a�n� �t�h�a�t� �o�f� �r�e�l�a�t�i�v�e�l�y� �p�u�r�e� �p�y�r�i�t�e�.� �T�h�e�y� �a�l�s�o� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �o�r�g�a�n�i�c� �a�c�i�d�s� 

�f�o�r�m�e�d� �b�y� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �c�o�a�l� �c�o�u�l�d� �r�e�n�d�e�r� �c�o�a�l�-�p�y�r�i�t�e� �m�o�r�e� �n�o�b�l�e� �b�y� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�s�t�r�o�n�g� �n�o�n�-�p�o�r�o�u�s� �f�i�l�m� �s�u�c�h� �a�s� �B�-�F�e�C�,�0�,�-�2�H�,�O� �o�n� �t�h�e� �p�y�r�i�t�e� �s�u�r�f�a�c�e�.� 

�B�r�i�c�e�n�o� �a�n�d� �C�h�a�n�d�e�r� �[�5�1�]� �n�o�t�i�c�e�d� �l�a�r�g�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �c�h�a�r�g�e� �t�r�a�n�s�f�e�r� �r�e�s�i�s�t�a�n�c�e� 

�b�e�t�w�e�e�n� �c�o�a�l�-� �a�n�d� �m�i�n�e�r�a�l�-�p�y�r�i�t�e�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �a�-�c� �i�m�p�e�d�a�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�e�y� 

�p�r�o�p�o�s�e�d� �t�h�a�t� �a�n� �o�x�i�d�e� �l�a�y�e�r� �i�s� �i�n�i�t�i�a�l�l�y� �f�o�r�m�e�d� �o�n�l�y� �o�n� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �s�u�r�f�a�c�e� �d�u�r�i�n�g� 

�s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �w�h�i�c�h� �a�c�t�s� �a�s� �a� �p�a�s�s�i�v�a�t�i�n�g� �f�i�l�m�.� �T�h�e� �c�o�r�r�o�s�i�o�n� �p�o�t�e�n�t�i�a�l� �i�s� �0�.�1�5� �V� 

�f�o�r� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �a�t� �p�H� �9�.�3�,� �w�h�e�r�e�a�s� �i�t� �i�s� �-�0�.�3� �V� �f�o�r� �t�h�e� �c�o�a�l�-�p�y�r�i�t�e� �f�r�o�m� �a� �L�o�w�e�r� 

�K�i�t�t�a�n�n�i�n�g� �c�o�a�l� �s�e�a�m�.� �T�h�i�s� �f�i�n�d�i�n�g� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �c�o�a�l�-�p�y�r�i�t�e� �i�s� �m�o�r�e� �r�e�a�c�t�i�v�e� �t�h�a�n� 

�m�i�n�e�r�a�l�-�p�y�r�i�t�e�.� 

�W�a�n�g� �e�t� �a�l�.� �[�5�2�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �h�i�g�h� �c�a�r�b�o�n� �c�o�n�t�e�n�t� �(�>�3�%�)� �c�o�a�l�-�p�y�r�i�t�e� �b�e�h�a�v�e�s� 

�m�o�r�e� �l�i�k�e� �a� �c�o�a�l�/�c�a�r�b�o�n� �m�a�t�e�r�i�a�l� �t�h�a�n� �p�y�r�i�t�e� �i�t�s�e�l�f� �a�n�d� �t�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �r�a�t�e� �o�f� �t�h�i�s� 

�t�y�p�e� �o�f� �p�y�r�i�t�e� �i�s� �c�o�n�s�i�d�e�r�a�b�l�y� �l�o�w�e�r� �t�h�a�n� �p�u�r�e� �p�y�r�i�t�e�.� �L�a�i� �e�t� �a�l�.� �[�5�3�]� �o�b�s�e�r�v�e�d� �d�r�a�s�t�i�c� 

�d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �r�e�s�p�o�n�s�e� �a�n�d� �i�n� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �c�o�a�l�-� �a�n�d� 

�m�i�n�e�r�a�l�-�p�y�r�i�t�e� �s�a�m�p�l�e�s�.� �T�h�e�y� �a�l�s�o� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �c�o�a�l�-�p�y�r�i�t�e� �i�s� �n�o�t� �e�l�e�c�t�r�o�a�c�t�i�v�e� �t�o�w�a�r�d�s� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �1�5



�o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n�.� �Z�h�u� �e�t� �a�l�.� �[�4�3�,� �5�4�]� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�o�a�l�-�p�y�r�i�t�e� �e�x�h�i�b�i�t�e�d� �f�e�w�e�r� 

�a�n�o�d�i�c� �a�n�d� �c�a�t�h�o�d�i�c� �p�e�a�k�s� �o�n� �v�o�l�t�a�m�m�o�g�r�a�m�s� �t�h�a�n� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �a�n�d� �t�h�a�t� �c�u�r�r�e�n�t� 

�d�e�n�s�i�t�i�e�s� �o�n� �c�o�a�l�-�p�y�r�i�t�e� �c�o�u�l�d� �b�e� �1�0� �t�o� �1�0�0� �t�i�m�e�s� �h�i�g�h�e�r� �t�h�a�n� �m�i�n�e�r�a�l�-�p�y�r�i�t�e�.� 

�A�l�l� �t�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �c�o�a�l�-�p�y�r�i�t�e�s� �p�o�s�s�e�s�s� �u�n�i�q�u�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �a�n�d� 

�f�u�r�t�h�e�r� �s�t�u�d�y� �o�n� �t�h�i�s� �s�u�b�j�e�c�t� �i�s� �w�a�r�r�a�n�t�e�d�.� �A� �c�o�m�p�r�e�h�e�n�s�i�v�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �c�o�a�l�-�p�y�r�i�t�e� 

�e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �i�m�p�o�r�t�a�n�t� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �n�e�w� �t�e�c�h�n�i�q�u�e�s� �t�o� 

�i�m�p�r�o�v�e� �c�o�a�l�-�p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �i�n� �f�l�o�t�a�t�i�o�n�.� 

�1�.�2�.�2� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �a�n�d� �f�l�o�a�t�a�b�i�l�i�t�y� �o�f� �p�y�r�i�t�e� 

�1�.�2�.�2�.�1� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� 

�W�h�e�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�d�e�s� �a�r�e� �i�n� �e�l�e�c�t�r�o�n�i�c� �a�n�d� �e�l�e�c�t�r�o�l�y�t�i�c� �c�o�n�t�a�c�t�,� �e�l�e�c�t�r�o�n� 

�t�r�a�n�s�f�e�r� �f�r�o�m� �o�n�e� �t�o� �t�h�e� �o�t�h�e�r� �m�a�y� �o�c�c�u�r�.� �T�h�i�s� �b�e�h�a�v�i�o�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �g�a�l�v�a�n�i�c� 

�c�o�u�p�l�i�n�g� �(�o�r� �g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n�)�.� �T�h�e� �e�l�e�c�t�r�o�n� �m�o�v�e�m�e�n�t� �b�e�t�w�e�e�n� �e�l�e�c�t�r�o�d�e�s� �g�i�v�e�s� �r�i�s�e� 

�t�o� �t�h�e� �g�a�l�v�a�n�i�c� �c�u�r�r�e�n�t�.� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�r�e�a�c�t�i�v�i�t�i�e�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e�i�r� �r�e�s�t� �p�o�t�e�n�t�i�a�l�.� �T�h�e� �e�l�e�c�t�r�o�d�e� �w�i�t�h� �m�o�r�e� 

�p�o�s�i�t�i�v�e� �(�n�o�b�l�e�)� �r�e�s�t� �p�o�t�e�n�t�i�a�l� �w�i�l�l� �a�c�t� �a�s� �a� �c�a�t�h�o�d�e�,� �d�r�a�w�i�n�g� �e�l�e�c�t�r�o�n�s� �f�r�o�m� �t�h�e� �o�t�h�e�r� 

�e�l�e�c�t�r�o�d�e� �t�h�a�t� �p�o�s�s�e�s�s�e�s� �a� �m�o�r�e� �n�e�g�a�t�i�v�e� �(�a�c�t�i�v�e�)� �p�o�t�e�n�t�i�a�l�,� �w�h�i�c�h� �i�s� �c�a�l�l�e�d� �t�h�e� �a�n�o�d�e�.� 

�T�h�e� �a�n�o�d�e� �a�c�c�e�l�e�r�a�t�e�s� �t�h�e� �d�i�s�s�o�l�u�t�i�o�n� �b�y� �r�e�l�e�a�s�i�n�g� �e�l�e�c�t�r�o�n�s� �a�n�d� �i�s� �t�h�u�s� �s�a�c�r�i�f�i�c�e�d�.� �I�n� 

�c�o�n�t�r�a�s�t�,� �t�h�e� �c�a�t�h�o�d�e� �i�s� �p�r�o�t�e�c�t�e�d� �f�r�o�m� �o�x�i�d�a�t�i�o�n� �o�r� �d�i�s�s�o�l�u�t�i�o�n� �d�u�e� �t�o� �d�e�c�r�e�a�s�e�d� �p�o�t�e�n�t�i�a�l� 

�b�y� �e�x�c�e�s�s� �e�l�e�c�t�r�o�n�s�.� �T�h�e� �e�l�e�c�t�r�o�n�s� �a�t� �t�h�e� �c�a�t�h�o�d�e� �i�s� �c�o�n�s�u�m�e�d� �b�y� �a� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�,� 
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�u�s�u�a�l�l�y� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n�.� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �h�a�s� �b�e�e�n� �w�i�d�e�l�y� �u�s�e�d� �i�n� �m�a�t�e�r�i�a�l�s� 

�e�n�g�i�n�e�e�r�i�n�g� �t�o� �p�r�e�v�e�n�t� �m�e�t�a�l� �c�o�r�r�o�s�i�o�n� �b�y� �c�o�n�n�e�c�t�i�n�g� �a�n� �o�b�j�e�c�t� �t�o� �b�e� �p�r�o�t�e�c�t�e�d� �w�i�t�h� �a� 

�m�o�r�e� �a�c�t�i�v�e� �m�e�t�a�l� �s�u�c�h� �a�s� �m�a�g�n�e�s�i�u�m�,� �z�i�n�c�,� �a�l�u�m�i�n�u�m� �o�r� �t�h�e�i�r� �a�l�l�o�y�s�.� �T�h�e� �s�a�m�e� 

�t�e�c�h�n�i�q�u�e� �c�a�n� �b�e� �a�p�p�l�i�e�d� �t�o� �s�e�m�i�c�o�n�d�u�c�t�o�r� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�.� 

�R�e�s�t� �p�o�t�e�n�t�i�a�l�s� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�a� �n�u�m�b�e�r� �o�f� �i�n�v�e�s�t�i�g�a�t�o�r�s� �[�3�9�,� �5�5�-�5�7�]�.� �P�y�r�i�t�e� �i�s� �f�o�u�n�d� �t�o� �b�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �m�o�s�t� 

�n�o�b�l�e� �i�n� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �s�e�n�s�e�.� �I�t�s� �r�e�s�t� �p�o�t�e�n�t�i�a�l� �i�s� �0�.�6�6� �V� �a�t� �p�H� �4� �[�5�5�]�,� �0�.�4�3� �V� �a�t� 

�p�H� �6�,� �a�n�d� �0�.�3�4� �V� �a�t� �p�H� �9�.�2� �[�5�6�]�.� �W�h�e�n� �p�y�r�i�t�e� �i�s� �i�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�o�n�t�a�c�t� �w�i�t�h� �a�n�o�t�h�e�r� 

�s�u�l�f�i�d�e� �m�i�n�e�r�a�l� �o�r� �m�e�t�a�l�,� �i�t� �b�e�c�o�m�e�s� �a� �c�a�t�h�o�d�e� �t�o� �w�h�i�c�h� �e�l�e�c�t�r�o�n�s� �f�l�o�w� �f�r�o�m� �t�h�e� �a�n�o�d�e�.� 

�T�h�i�s� �l�o�w�e�r�s� �t�h�e� �p�o�t�e�n�t�i�a�l� �a�t� �p�y�r�i�t�e�,� �m�a�k�i�n�g� �i�t� �m�o�r�e� �r�e�d�u�c�i�n�g�.� �P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �h�a�v�e� 

�s�h�o�w�n� �t�h�a�t� �g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �t�h�e�m�s�e�l�v�e�s� �a�n�d� �b�e�t�w�e�e�n� �s�u�l�f�i�d�e� 

�m�i�n�e�r�a�l�s� �a�n�d� �g�r�i�n�d�i�n�g� �m�e�d�i�a� �h�a�s� �a� �p�r�o�n�o�u�n�c�e�d� �e�f�f�e�c�t� �o�n� �t�h�e�i�r� �f�l�o�t�a�t�i�o�n� �r�e�s�p�o�n�s�e�.� 

�M�a�j�i�m�a� �[�5�5�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �p�y�r�i�t�e� �a�n�d� �g�a�l�e�n�a�,� 

�c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� �s�p�h�a�l�e�r�i�t�e� �i�n� �a� �s�u�l�f�u�r�i�c� �a�c�i�d� �s�o�l�u�t�i�o�n� �o�f� �p�H� �2� �l�e�d� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� 

�p�r�o�d�u�c�t�i�o�n� �o�f� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r� �o�n� �g�a�l�e�n�a�,� �c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� �s�p�h�a�l�e�r�i�t�e� �a�n�d� �p�r�o�m�o�t�e�d� �t�h�e�i�r� 

�f�l�o�t�a�t�i�o�n�.� �N�a�k�a�z�a�w�a� �a�n�d� �I�w�a�s�a�k�i� �[�5�8�]� �u�s�e�d� �A�u�g�e�r� �e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�,� �X�P�S�,� �a�n�d� 

�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �t�o� �s�t�u�d�y� �t�h�e� �e�f�f�e�c�t� �o�f� �p�y�r�i�t�e�-�p�y�r�r�h�o�t�i�t�e� �c�o�n�t�a�c�t� �o�n� �t�h�e�i�r� 

�f�l�o�a�t�a�b�i�l�i�t�i�e�s�,� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �h�y�d�r�o�x�i�d�e� �a�n�d� �s�u�l�f�a�t�e� �s�p�e�c�i�e�s� �o�f� �i�r�o�n� 

�o�n� �p�y�r�r�h�o�t�i�t�e� �d�e�c�r�e�a�s�e�d�,� �w�h�e�r�e�a�s� �t�h�a�t� �o�n� �p�y�r�i�t�e� �i�n�c�r�e�a�s�e�d� �w�h�e�n� �t�h�e�s�e� �m�i�n�e�r�a�l�s� �w�e�r�e� �h�e�l�d� 

�i�n� �c�o�n�t�a�c�t�.� �S�i�m�i�l�a�r� �b�e�h�a�v�i�o�r� �w�a�s� �o�b�s�e�r�v�e�d� �w�i�t�h� �n�i�c�k�e�l� �a�r�s�e�n�i�d�e� �a�n�d� �p�y�r�r�h�o�t�i�t�e� �i�n� �c�o�n�t�a�c�t�,� 

�i�n� �w�h�i�c�h� �c�a�s�e� �t�h�e� �f�o�r�m�e�r� �a�c�t�e�d� �a�s� �t�h�e� �a�n�o�d�e� �a�n�d� �t�h�e� �l�a�t�t�e�r� �a�s� �t�h�e� �c�a�t�h�o�d�e� �[�5�9�]�.� 
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�R�a�o� �a�n�d� �F�i�n�c�h� �[�5�6�]� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �N�,� �a�n�d� �O�,� �o�n� �g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n�s� 

�b�e�t�w�e�e�n� �p�y�r�i�t�e�,� �c�h�a�l�c�o�p�y�r�i�t�e�,� �g�a�l�e�n�a� �a�n�d� �s�p�h�a�l�e�r�i�t�e�.� �T�h�e�y� �s�h�o�w�e�d� �t�h�a�t� �g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� 

�i�s� �s�t�r�o�n�g�e�r� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �d�i�s�s�o�l�v�e�d� �O�,�.� �T�h�e� �a�d�s�o�r�p�t�i�o�n� �o�f� �x�a�n�t�h�a�t�e� �o�n� �p�y�r�i�t�e� �i�s� 

�r�e�d�u�c�e�d� �u�p�o�n� �i�t�s� �c�o�n�t�a�c�t� �w�i�t�h� �o�t�h�e�r� �s�u�l�f�i�d�e�s� �i�n� �o�x�y�g�e�n�a�t�e�d� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�i�s� �e�f�f�e�c�t� �i�s� �l�e�s�s� 

�S�i�g�n�i�f�i�c�a�n�t� �b�y� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �N�,� �a�t� �t�h�e� �a�d�s�o�r�p�t�i�o�n� �s�t�a�g�e� �w�h�i�c�h� �w�e�a�k�e�n�s� �g�a�l�v�a�n�i�c� 

�c�o�u�p�l�i�n�g�.� 

�G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �b�e�t�w�e�e�n� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �(�p�y�r�i�t�e�,� �p�y�r�r�h�o�t�i�t�e�,� �g�a�l�e�n�a�,� 

�c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� �s�p�h�a�l�e�r�i�t�e�)� �a�n�d� �g�r�i�n�d�i�n�g� �m�e�d�i�a� �h�a�s� �a�l�s�o� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d� �[�6�0�-�6�4�]�.� �I�t� 

�w�a�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �f�l�o�a�t�a�b�i�l�i�t�y� �o�f� �t�h�e�s�e� �m�i�n�e�r�a�l�s� �w�e�r�e� �a�d�v�e�r�s�e�l�y� �a�f�f�e�c�t�e�d� �d�u�e� �t�o� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �m�i�n�e�r�a�l�s� �t�h�a�t� �a�r�e� �a�l�l� �m�o�r�e� �n�o�b�l�e� �t�h�a�n� 

�g�r�i�n�d�i�n�g� �m�e�d�i�a� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� �a�c�t� �a�s� �t�h�e� �c�a�t�h�o�d�e�.� �P�o�z�z�o� �e�t� �a�l�.� �[�6�4�]� �e�x�t�e�n�d�e�d� �t�h�e� �s�t�u�d�y� 

�o�f� �g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �t�o� �a� �t�w�o�-�s�u�l�f�i�d�e�/�g�r�i�n�d�i�n�g� �m�e�d�i�a� �s�y�s�t�e�m�.� �T�h�e�y� �p�r�o�p�o�s�e�d� �t�h�a�t� �t�h�e� 

�n�o�b�l�e�s�t� �e�l�e�c�t�r�o�d�e� �w�i�l�l� �a�c�t� �a�s� �t�h�e� �c�a�t�h�o�d�e�,� �w�h�e�r�e�a�s� �t�h�e� �g�r�i�n�d�i�n�g� �m�e�d�i�a� �w�i�l�l� �a�l�w�a�y�s� �f�u�n�c�t�i�o�n� 

�a�s� �t�h�e� �a�n�o�d�e�.� �T�h�e� �o�t�h�e�r� �s�u�l�f�i�d�e� �i�s� �e�x�p�e�c�t�e�d� �t�o� �e�x�h�i�b�i�t� �a�n� �i�n�t�e�r�m�e�d�i�a�t�e� �c�a�t�h�o�d�i�c� �o�r� �a�n�o�d�i�c� 

�b�e�h�a�v�i�o�r� �d�e�p�e�n�d�i�n�g� �o�n� �i�t�s� �r�e�s�t� �p�o�t�e�n�t�i�a�l�,� �r�e�l�a�t�i�v�e� �p�o�s�i�t�i�o�n� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� �m�a�i�n� �c�a�t�h�o�d�e� 

�a�n�d� �t�h�e� �m�a�i�n� �a�n�o�d�e�,� �a�n�d� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s�.� 

�I�n� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �s�t�u�d�y� �o�n� �t�h�e� �e�f�f�e�c�t� �o�f� �g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n� �o�n� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� 

�f�r�o�t�h� �p�h�a�s�e�,� �V�a�n� �D�e�v�e�n�t�e�r� �e�t� �a�l�.� �[�6�5�]� �o�b�s�e�r�v�e�d� �t�h�a�t� �t�h�e� �g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �a� 

�c�o�m�p�l�e�x� �s�u�l�f�i�d�e� �o�r�e� �a�n�d� �a�d�d�e�d� �m�e�t�a�l�l�i�c� �i�r�o�n� �p�o�w�d�e�r� �g�e�n�e�r�a�t�e�d� �a� �s�t�a�b�l�e�,� �w�e�l�l� �d�r�a�i�n�e�d� �f�r�o�t�h� 

�w�h�i�c�h� �g�a�v�e� �r�i�s�e� �t�o� �i�m�p�r�o�v�e�d� �c�o�p�p�e�r� �r�e�c�o�v�e�r�y� �a�n�d� �c�o�p�p�e�r�-�l�e�a�d� �s�e�l�e�c�t�i�v�i�t�y� �i�n� �f�l�o�t�a�t�i�o�n� �b�y� 

�x�a�n�t�h�a�t�e�s�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �r�e�d�u�c�e�d� �f�l�o�a�t�a�b�i�l�i�t�i�e�s� �o�f� 
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�i�r�o�n�-�b�e�a�r�i�n�g� �m�i�n�e�r�a�l�s� �w�h�i�c�h� �w�o�u�l�d� �o�t�h�e�r�w�i�s�e� �d�e�s�t�a�b�i�l�i�z�e� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �d�u�e� �t�o� �b�u�b�b�l�e�-� 

�o�v�e�r�l�o�a�d�i�n�g�.� 

�1�.�2�.�2�.�2� �C�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� 

�C�h�e�r�n�o�s�k�y� �[�6�6�]� �s�t�u�d�i�e�d� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �m�i�n�e�r�a�l�-� �a�n�d� �c�o�a�l�-�p�y�r�i�t�e�s� 

�i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�l�l�e�c�t�o�r�s� �f�o�r� �s�u�l�f�i�d�e�s�.� �N�o� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �o�f� 

�m�i�n�e�r�a�l�-�p�y�r�i�t�e� �w�a�s� �o�b�s�e�r�v�e�d� �w�h�i�l�e� �c�o�a�l�-�p�y�r�i�t�e� �s�h�o�w�e�d� �a� �r�e�c�o�v�e�r�y� �o�f� �2�0�%� �w�h�e�n� �p�H� �>� �6�.�5�.� 

�R�a�o� �e�t� �a�l�.� �[�2�0�]� �r�e�p�o�r�t�e�d� �s�i�m�i�l�a�r� �r�e�s�u�l�t�s�.� �T�h�e�y� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�o�l�l�e�c�t�o�r�l�e�s�s� 

�f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �a�e�r�a�t�i�o�n� �t�i�m�e� �a�t� �p�H� �9�.�2� �a�n�d� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �a�e�r�a�t�i�o�n� 

�t�i�m�e� �a�t� �p�H� �6�.�6�.� �I�n� �c�o�n�t�r�a�s�t�,� �K�a�w�a�t�r�a� �e�t� �a�l�.� �[�6�7�]� �s�h�o�w�e�d� �t�h�a�t� �m�i�n�e�r�a�l� �p�y�r�i�t�e� �w�a�s� �v�e�r�y� 

�f�l�o�a�t�a�b�l�e� �a�t� �p�H� �<� �2�.�5� �b�u�t� �l�o�s�t� �i�t�s� �n�a�t�u�r�a�l� �f�l�o�a�t�a�b�i�l�i�t�y� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e�l�y� �a�t� �p�H� �>�5�.�0�.� �C�o�a�l�-� 

�p�y�r�i�t�e� �m�a�i�n�t�a�i�n�e�d� �e�s�s�e�n�t�i�a�l�l�y� �c�o�n�s�t�a�n�t� �f�l�o�t�a�t�i�o�n� �r�e�c�o�v�e�r�y� �(�3�1�-�4�3�%�)� �o�v�e�r� �t�h�e� �p�H� �r�a�n�g�e� �o�f� 

�2�.�2� �t�o� �8�.�8�.� 

�F�u�e�r�s�t�e�a�u� �e�t� �a�l�.� �[�6�8�]� �a�t�t�r�i�b�u�t�e�d� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�u�l�f�i�d�e� �f�l�o�a�t�a�b�i�l�i�t�i�e�s� �o�b�t�a�i�n�e�d� �b�y� 

�v�a�r�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�o�r�s� �t�o� �t�h�e� �o�x�y�g�e�n� �c�o�n�t�e�n�t�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� �T�h�e�y� �d�e�v�e�l�o�p�e�d� �a�n� �a�p�p�a�r�a�t�u�s� 

�i�n� �w�h�i�c�h� �a�n� �a�t�m�o�s�p�h�e�r�e� �c�o�n�t�a�i�n�i�n�g� �l�e�s�s� �t�h�a�n� �1�0�°� �m�o�l�e� �f�r�a�c�t�i�o�n� �o�x�y�g�e�n� �a�n�d� �w�a�t�e�r� 

�c�o�n�t�a�i�n�i�n�g� �l�e�s�s� �t�h�a�n� �5� �p�p�b� �o�x�y�g�e�n� �c�o�u�l�d� �b�e� �m�a�i�n�t�a�i�n�e�d�.� �T�h�e�y� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�h�a�l�c�o�c�i�t�e�,� 

�c�h�a�l�c�o�p�y�r�i�t�e�,� �g�a�l�e�n�a�,� �s�p�h�a�l�e�r�i�t�e� �a�n�d� �p�y�r�i�t�e� �e�x�h�i�b�i�t�e�d� �n�a�t�u�r�a�l� �f�l�o�t�a�t�i�o�n�.� 

�O�b�l�a�d� �[�6�9�]� �p�e�r�f�o�r�m�e�d� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �o�n� �v�a�r�i�o�u�s� �s�i�z�e� �f�r�a�c�t�i�o�n�s� �o�f� �m�i�n�e�r�a�l�-� �a�n�d� �c�o�a�l�-� 

�p�y�r�i�t�e�.� �B�y� �e�x�a�m�i�n�i�n�g� �f�l�o�t�a�t�i�o�n� �p�r�o�d�u�c�t�s� �a�n�d� �t�a�i�l�i�n�g�s� �u�n�d�e�r� �a� �m�i�c�r�o�s�c�o�p�e�,� �h�e� �f�o�u�n�d� �t�h�a�t� 

�n�e�a�r�l�y� �a�l�l� �t�h�e� �p�a�r�t�i�c�l�e�s� �t�h�a�t� �f�l�o�a�t�e�d� �h�a�d� �s�m�a�l�l� �a�m�o�u�n�t�s� �o�f� �c�o�a�l� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �s�u�r�f�a�c�e�.� 
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�K�o�c�a�b�a�g� �e�t� �a�l�.� �[�1�2�]� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �p�y�r�i�t�e� �m�a�y� �b�e� �h�y�d�r�o�p�h�o�b�i�c� �e�n�o�u�g�h� �t�o� �f�l�o�a�t� �i�n� 

�a� �m�i�n�e�r�a�l�/�o�i�l� �(�i�s�o�o�c�t�a�n�e�)�/�w�a�t�e�r� �s�y�s�t�e�m� �b�u�t� �n�o�t� �i�n� �a� �m�i�n�e�r�a�l�/�v�a�p�o�r�/�w�a�t�e�r� �s�y�s�t�e�m�.� �Y�o�o�n� 

�e�t� �a�l�.� �[�1�7�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� 

�r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e� �o�f� �h�y�d�r�o�p�h�o�b�i�c� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �a�n�d� �h�y�d�r�o�p�h�i�l�i�c� �i�r�o�n� �h�y�d�r�o�x�i�d�e�s� �o�n� �t�h�e� 

�s�u�r�f�a�c�e�,� �w�h�i�c�h� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �p�H�,� �E�,�,� �a�n�d� �o�x�i�d�a�t�i�o�n� �t�i�m�e�.� �T�h�e�y� �a�l�s�o� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� 

�|� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �p�y�r�i�t�e� �i�s� �c�o�n�s�i�d�e�r�a�b�l�y� �e�n�h�a�n�c�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�i�l�y� �c�o�l�l�e�c�t�o�r�s� �o�f� 

�c�o�a�l�,� �w�h�i�c�h� �i�s� �c�o�n�f�i�r�m�e�d� �i�n� �t�h�e� �m�o�s�t� �r�e�c�e�n�t� �s�t�u�d�y� �p�e�r�f�o�r�m�e�d� �b�y� �J�i�a�n�g� �e�t� �a�l�.� �[�7�0�]�.� 

�A�s� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�r�i�s�e�s� �f�r�o�m� 

�s�u�p�e�r�f�i�c�i�a�l� �o�x�i�d�a�t�i�o�n� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �h�y�d�r�o�p�h�o�b�i�c� �s�p�e�c�i�e�s� �o�n� �t�h�e� �s�u�r�f�a�c�e�.� �F�e�?�*� �a�n�d� �F�e�*�*� 

�a�r�e� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �r�e�l�e�a�s�e�d� �i�n�t�o� �t�h�e� �s�o�l�u�t�i�o�n� �a�n�d� �t�h�e�n� �p�r�e�c�i�p�i�t�a�t�e�d� �a�s� �h�y�d�r�o�x�i�d�e�s� �[�3�3�,� �3�4�,� 

�3�7�,� �4�6�,� �4�7�]�,� �f�o�r�m�i�n�g� �o�u�t�e�r� �l�a�y�e�r�s� �o�n� �p�y�r�i�t�e�.� �P�a�n�g� �[�1�9�]� �a�n�d� �C�h�a�n�d�e�r� �a�n�d� �B�r�i�c�e�n�o� �[�3�9�]� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �m�i�l�d� �a�b�r�a�s�i�o�n� �b�e�t�w�e�e�n� �p�a�r�t�i�c�l�e�s� �d�u�e� �t�o� �s�t�i�r�r�i�n�g� �i�n� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s� �m�a�y� �b�e� 

�s�u�f�f�i�c�i�e�n�t� �i�n� �r�e�m�o�v�i�n�g� �t�h�e�s�e� �l�a�y�e�r�s�.� �I�n� �f�a�c�t�,� �p�r�o�n�o�u�n�c�e�d� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �h�a�s� �b�e�e�n� 

�o�b�s�e�r�v�e�d� �b�y� �v�a�r�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�o�r�s� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �i�r�o�n� �c�h�e�l�a�t�i�n�g� �a�g�e�n�t�,� �E�D�T�A� �[�1�8�,� 

�1�9�,� �7�1�,� �7�2�]�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �E�D�T�A� �d�i�s�s�o�l�v�e�s� �h�y�d�r�o�p�h�i�l�i�c� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �o�n� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�d� �t�h�e�r�e�b�y� �e�x�p�o�s�e�s� �t�h�e� �u�n�d�e�r�l�y�i�n�g� �s�u�l�f�u�r�-�r�i�c�h� �l�a�y�e�r�.� �C�h�a�n�d�e�r� �[�4�0�]� �r�e�p�o�r�t�e�d� 

�f�l�o�t�a�t�i�o�n� �r�e�s�p�o�n�s�e� �o�f� �p�y�r�i�t�e� �a�n�d� �c�h�a�l�c�o�p�y�r�i�t�e� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �q�u�a�r�t�z� �t�o� �t�h�e� �s�o�l�u�t�i�o�n�.� 

�T�h�e� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �r�e�c�o�v�e�r�y� �o�f� �t�h�e�s�e� �m�i�n�e�r�a�l�s� �i�n�c�r�e�a�s�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�h�e�n� �t�h�e�y� 

�w�e�r�e� �c�o�n�d�i�t�i�o�n�e�d� �w�i�t�h� �q�u�a�r�t�z�,� �p�r�e�s�u�m�a�b�l�y� �d�u�e� �t�o� �t�h�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�f� �s�o�m�e� �i�r�o�n� �h�y�d�r�o�x�i�d�e� 

�o�n� �q�u�a�r�t�z� �r�a�t�h�e�r� �t�h�a�n� �o�n� �p�y�r�i�t�e� �o�r� �c�h�a�l�c�o�p�y�r�i�t�e�.� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �2�0



�1�.�2�.�3� �F�r�o�t�h� �p�h�a�s�e� �a�n�d� �h�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �f�l�o�t�a�t�i�o�n� 

�1�.�2�.�3�.�1� �F�l�o�t�a�t�i�o�n� �f�r�o�t�h� 

�F�r�o�t�h� �i�n� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s� �i�s� �t�h�e�r�m�o�d�y�n�a�m�i�c�a�l�l�y� �u�n�s�t�a�b�l�e� �a�n�d� �b�u�b�b�l�e�s� �t�e�n�d� �t�o� 

�c�o�n�t�r�a�c�t� �a�n�d� �c�o�m�b�i�n�e� �w�i�t�h� �e�a�c�h� �o�t�h�e�r� �t�o� �r�e�d�u�c�e� �t�h�e� �t�o�t�a�l� �i�n�t�e�r�f�a�c�i�a�l� �a�r�e�a� �i�n� �t�h�e� �s�y�s�t�e�m�.� 

�T�h�i�s� �p�r�o�c�e�s�s� �p�r�o�c�e�e�d�s� �t�h�r�o�u�g�h� �l�i�q�u�i�d� �d�r�a�i�n�a�g�e� �f�r�o�m� �l�a�m�e�l�l�a�r� �r�e�g�i�o�n�s� �i�n�t�o� �P�l�a�t�e�a�u� �b�o�r�d�e�r�s�.� 

�W�h�e�n� �t�h�e� �l�a�m�e�l�l�a�r� �l�a�y�e�r� �r�e�a�c�h�e�s� �a� �c�r�i�t�i�c�a�l� �t�h�i�c�k�n�e�s�s� �o�f� �5� �t�o� �1�5� �n�m�,� �b�u�b�b�l�e� �c�o�a�l�e�s�c�e�n�c�e� 

�o�c�c�u�r�s� �s�i�n�c�e� �t�h�e� �l�i�q�u�i�d� �f�i�l�m� �c�a�n� �n�o� �l�o�n�g�e�r� �s�u�p�p�o�r�t� �t�h�e� �p�r�e�s�s�u�r�e� �o�f� �t�h�e� �g�a�s� �i�n� �t�h�e� �b�u�b�b�l�e�.� 

�T�h�e� �p�r�o�c�e�s�s�e�s� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �f�r�o�t�h� �g�i�v�e� �r�i�s�e� �t�o� �t�h�e�  ��s�e�c�o�n�d�a�r�y� �c�l�e�a�n�i�n�g �� �o�f� 

�f�l�o�t�a�t�i�o�n�.� �F�r�o�t�h� �d�r�a�i�n�a�g�e� �r�e�m�o�v�e�s� �p�a�r�t�i�c�l�e�s� �n�o�t� �s�t�r�o�n�g�l�y� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �b�u�b�b�l�e� �s�u�r�f�a�c�e�;� 

�f�r�o�t�h� �c�o�a�l�e�s�c�e�n�c�e� �i�n�t�r�o�d�u�c�e�s� �s�h�o�c�k�s� �a�n�d� �r�e�d�u�c�e�s� �b�u�b�b�l�e� �s�u�r�f�a�c�e� �a�r�e�a�,� �b�o�t�h� �o�f� �w�h�i�c�h� �c�a�u�s�e� 

�w�e�a�k�l�y� �a�t�t�a�c�h�e�d� �p�a�r�t�i�c�l�e�s� �t�o� �d�e�t�a�c�h� �f�r�o�m� �t�h�e� �b�u�b�b�l�e� �f�i�l�m�s�.� �F�r�o�t�h� �c�a�n� �b�e� �m�a�d�e� �t�o� �l�a�s�t� 

�m�i�n�u�t�e�s�,� �d�a�y�s�,� �o�r� �e�v�e�n� �m�o�n�t�h�s� �b�y� �m�a�n�i�p�u�l�a�t�i�n�g� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �a�n�d� �s�u�r�f�a�c�e� 

�v�i�s�c�o�s�i�t�y� �o�f� �b�u�b�b�l�e�s� �t�h�a�t� �r�e�t�a�r�d� �l�i�q�u�i�d� �d�r�a�i�n�a�g�e� �f�r�o�m� �b�e�t�w�e�e�n� �b�u�b�b�l�e� �i�n�t�e�r�f�a�c�e�s� �a�n�d� 

�e�l�e�c�t�r�o�s�t�a�t�i�c� �a�n�d� �s�t�e�r�i�c� �r�e�p�u�l�s�i�o�n�s� �b�e�t�w�e�e�n� �a�d�j�a�c�e�n�t� �i�n�t�e�r�f�a�c�e�s� �t�h�a�t� �p�r�e�v�e�n�t� �b�u�b�b�l�e�s� �f�r�o�m� 

�a�p�p�r�o�a�c�h�i�n�g� �e�a�c�h� �o�t�h�e�r�.� 

�T�h�e� �f�r�o�t�h� �p�h�a�s�e� �w�a�s� �d�e�s�c�r�i�b�e�d� �m�a�t�h�e�m�a�t�i�c�a�l�l�y� �b�y� �A�r�b�i�t�e�r� �a�n�d� �H�a�r�r�i�s� �[�7�3�]� �w�h�o� 

�a�s�s�u�m�e�d� �i�t� �t�o� �b�e� �a� �p�e�r�f�e�c�t�l�y� �m�i�x�e�d� �p�h�a�s�e�.� �T�h�i�s� �p�e�r�f�e�c�t�l�y� �m�i�x�e�d� �c�o�n�c�e�p�t� �i�s� �g�e�n�e�r�a�l�l�y� 

�r�e�c�o�g�n�i�z�e�d� �t�o� �b�e� �a�p�p�l�i�c�a�b�l�e� �t�o� �m�e�c�h�a�n�i�c�a�l�l�y� �a�g�i�t�a�t�e�d� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s�.� �C�o�o�p�e�r� �[�7�4�]� �f�i�r�s�t� 

�u�s�e�d� �t�h�e� �p�l�u�g� �f�l�o�w� �c�o�n�c�e�p�t� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �v�a�r�i�a�t�i�o�n� �o�f� �f�r�o�t�h� �g�r�a�d�e� �w�i�t�h� �h�e�i�g�h�t�.� �M�o�y�s� 

�[�7�5�]� �d�e�v�e�l�o�p�e�d� �a� �d�e�t�a�i�l�e�d� �m�o�d�e�l� �f�o�r� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �b�a�s�e�d� �o�n� �t�h�i�s� �c�o�n�c�e�p�t� �a�n�d� �c�o�r�r�e�l�a�t�e� 
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�i�t� �w�i�t�h� �d�a�t�a� �o�b�t�a�i�n�e�d� �i�n� �a� �c�e�l�l� �i�n� �w�h�i�c�h� �p�l�u�g�-�f�l�o�w� �c�o�n�d�i�t�i�o�n�s� �e�x�i�s�t�e�d�.� �T�h�e� �p�l�u�g� �f�l�o�w� 

�c�o�n�c�e�p�t� �h�a�s� �p�r�o�v�e�n� �m�o�s�t� �u�s�e�f�u�l� �i�n� �t�h�e� �m�o�d�e�l�l�i�n�g� �o�f� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �i�n� 

�f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n�s� �i�n� �w�h�i�c�h� �u�n�i�a�x�i�a�l� �t�r�a�n�s�p�o�r�t� �i�s� �d�o�m�i�n�a�n�t� �[�7�6�]� �a�n�d� �h�a�s� �g�a�i�n�e�d� 

�c�o�n�s�i�d�e�r�a�b�l�e� �a�t�t�e�n�t�i�o�n� �d�u�e� �t�o� �i�n�c�r�e�a�s�e�d� �i�n�t�e�r�e�s�t� �i�n� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n�.� �Y�i�a�n�a�t�o�s� �e�t� �a�l�.� �[�7�7�]� 

�i�d�e�n�t�i�f�i�e�d� �t�h�a�t� �t�h�e� �c�o�l�u�m�n� �f�r�o�t�h� �z�o�n�e� �c�o�n�s�i�s�t�s� �o�f� �t�h�r�e�e� �r�e�g�i�o�n�s�,� �i�.�e�.�,� �(�1�)� �a�n� �e�x�p�a�n�d�e�d� 

�b�u�b�b�l�e� �b�e�d� �(�n�e�x�t� �t�o� �t�h�e� �f�r�o�t�h�-�p�u�l�p� �i�n�t�e�r�f�a�c�e�)�,� �(�2�)� �a� �p�a�c�k�e�d� �b�u�b�b�l�e� �b�e�d� �a�b�o�v�e� �t�h�a�t�,� �a�n�d� �(�3�)� 

�a� �c�o�n�v�e�n�t�i�o�n�a�l� �d�r�a�i�n�i�n�g� �f�r�o�t�h� �a�b�o�v�e� �t�h�e� �w�a�s�h� �w�a�t�e�r� �i�n�l�e�t�.� 

�1�.�2�.�3�.�2� �F�r�o�t�h� �s�t�a�b�i�l�i�t�y� 

�A� �f�r�o�t�h� �p�h�a�s�e� �i�n� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s� �t�h�a�t� �p�o�s�s�e�s�s�e�s� �a�p�p�r�o�p�r�i�a�t�e� �s�t�a�b�i�l�i�t�y� �i�s� �e�s�s�e�n�t�i�a�l� �t�o� 

�a�c�h�i�e�v�e� �s�a�t�i�s�f�a�c�t�o�r�y� �s�e�p�a�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e�.� �T�o�o� �s�t�a�b�l�e� �a� �f�r�o�t�h� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �h�a�n�d�l�e� �a�n�d� 

�r�e�s�u�l�t�s� �i�n� �u�n�w�a�n�t�e�d� �h�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t� �o�f� �p�a�r�t�i�c�l�e�s� �w�h�i�l�e� �a�n� �u�n�s�t�a�b�l�e� �f�r�o�t�h� �c�a�n� �n�o�t� 

�s�u�c�c�e�s�s�f�u�l�l�y� �c�a�r�r�y� �a�t�t�a�c�h�e�d� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �t�o� �t�h�e� �f�r�o�t�h� �p�r�o�d�u�c�t�.� 

�E�f�f�e�c�t�s� �o�f� �f�l�o�t�a�t�i�o�n� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�n� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �h�a�v�e� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d� 

�b�y� �a� �n�u�m�b�e�r� �o�f� �a�u�t�h�o�r�s�.� �S�z�a�t�k�o�w�s�k�i� �[�7�8�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �c�o�a�l�e�s�c�e�n�c�e� �o�f� �b�u�b�b�l�e�s� �a�t� 

�t�h�e� �p�u�l�p�-�f�r�o�t�h� �i�n�t�e�r�f�a�c�e� �a�n�d� �i�n� �t�h�e� �l�o�w�e�s�t� �p�a�r�t� �o�f� �t�h�e� �f�r�o�t�h� �e�n�h�a�n�c�e�s� �g�a�n�g�u�e� �r�e�j�e�c�t�i�o�n�.� 

�I�n� �c�o�a�l� �f�l�o�t�a�t�i�o�n�,� �t�h�e� �r�a�t�e� �o�f� �a�s�h� �r�e�j�e�c�t�i�o�n� �w�a�s� �f�a�i�r�l�y� �h�i�g�h� �a�n�d� �m�o�s�t� �o�f� �t�h�e� �f�r�o�t�h� �u�p�g�r�a�d�i�n�g� 

�a�c�t�i�o�n� �o�c�c�u�r�r�e�d� �w�i�t�h�i�n� �t�h�e� �i�n�i�t�i�a�l� �1�-�3� �c�m� �o�f� �t�h�e� �f�r�o�t�h� �h�e�i�g�h�t�.� �H�e� �a�l�s�o� �s�h�o�w�e�d� �t�h�a�t� �h�i�g�h�e�r� 

�f�r�o�t�h� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �y�i�e�l�d�s� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �a�s�h� �a�t� �a�l�l� �l�e�v�e�l�s� �o�f� �t�h�e� �f�r�o�t�h� �b�y� 

�r�e�d�u�c�i�n�g� �a�s�h� �d�r�a�i�n�a�g�e�.� 

�F�i�n�c�h� �e�t� �a�l�.� �[�7�9�]� �s�t�u�d�i�e�d� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �w�a�s�h� �w�a�t�e�r� �o�n� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �t�w�o�-�p�h�a�s�e� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �2�2



�c�o�l�u�m�n� �f�r�o�t�h� �a�n�d� �s�h�o�w�e�d� �t�h�a�t� �w�a�s�h� �w�a�t�e�r� �c�a�n� �s�t�a�b�i�l�i�z�e� �t�h�e� �f�r�o�t�h� �p�r�o�v�i�d�i�n�g� �b�i�a�s� �r�a�t�e� 

�J�,�>�0�.�1� �c�m�/�s�.� �M�o�y�s� �[�8�0�]� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �g�a�s� �r�a�t�e� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �m�o�r�e� �s�t�a�b�l�e� 

�f�r�o�t�h� �a�n�d� �h�i�g�h�e�r� �w�a�t�e�r� �r�e�c�o�v�e�r�y� �b�a�s�e�d� �o�n� �t�h�e� �w�o�r�k� �w�i�t�h� �s�e�v�e�r�a�l� �m�i�n�e�r�a�l�s�.� �F�e�t�e�r�i�s� �e�t� �a�l�.� 

�[�8�1�]� �a�n�d� �E�n�g�e�l�b�r�e�c�h�t� �a�n�d� �W�o�o�d�b�u�r�n� �[�8�2�]� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �i�s� �a�l�s�o� 

�d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �h�e�i�g�h�t� �(�d�e�p�t�h�)� �o�f� �f�r�o�t�h� �z�o�n�e�.� �F�r�o�t�h� �w�o�u�l�d� �e�v�e�n�t�u�a�l�l�y� �c�o�l�l�a�p�s�e� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �h�e�i�g�h�t� �d�u�e� �t�o� �l�i�q�u�i�d� �f�i�l�m� �t�h�i�n�n�i�n�g� �b�y� �d�r�a�i�n�a�g�e�.� �S�m�a�l�l�e�r� �b�u�b�b�l�e� �s�i�z�e� �i�s� �v�e�r�y� 

�h�e�l�p�f�u�l� �i�n� �i�m�p�r�o�v�i�n�g� �f�l�o�t�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �b�u�t� �M�o�y�s� �[�8�0�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �i�t� �c�o�u�l�d� 

�d�e�t�e�r�i�o�r�a�t�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �b�y� �e�n�t�r�a�i�n�i�n�g� �m�o�r�e� �w�a�t�e�r�.� 

�1�.�2�.�3�.�3� �E�f�f�e�c�t�s� �o�f� �m�i�n�e�r�a�l� �p�a�r�t�i�c�l�e�s� �o�n� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�o�l�i�d� �p�a�r�t�i�c�l�e�s�,� �i�n�c�o�r�p�o�r�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �f�r�o�t�h� �s�t�r�u�c�t�u�r�e�,� �h�a�s� �a� 

�p�r�o�f�o�u�n�d� �e�f�f�e�c�t� �o�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �f�r�o�t�h� �a�n�d� �i�t�s� �s�t�a�b�i�l�i�t�y�.� �T�h�i�s� �e�f�f�e�c�t� �d�e�p�e�n�d�s� 

�o�n� �m�a�n�y� �f�a�c�t�o�r�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�a�r�t�i�c�l�e�s�.� �T�h�e�y� �i�n�c�l�u�d�e� �p�a�r�t�i�c�l�e� �s�i�z�e�,� �h�y�d�r�o�p�h�o�b�i�c�i�t�y�,� 

�s�h�a�p�e�,� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �s�o�l�u�t�i�o�n�,� �e�t�c�.� 

�S�z�a�t�k�o�w�s�k�i� �a�n�d� �F�r�e�y�b�e�r�g�e�r� �[�8�3�]� �o�b�s�e�r�v�e�d� �t�h�a�t� �q�u�a�r�t�z� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�r�e�e� �s�i�z�e� 

�f�r�a�c�t�i�o�n�s�,� �i�.�e�.�,� �+�2�0� �u�m�,� �-�2�0�+�1�0� �u�m� �a�n�d� �-�1�0� �u�m�,� �r�e�n�d�e�r�e�d� �f�i�n�e� �b�u�b�b�l�e�s� �(�1�0�-�1�0�0�u�m�)� �t�o� 

�b�e� �m�o�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �c�o�a�l�e�s�c�e�n�c�e� �a�n�d� �p�r�o�m�o�t�e�d� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �s�t�a�b�l�e� �f�r�o�t�h�.� 

�K�l�a�s�s�e�n� �a�n�d� �M�o�k�r�o�u�s�o�v� �[�8�4�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �m�o�r�e� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �h�a�d� �g�r�e�a�t�e�r� �e�f�f�e�c�t�s� 

�o�n� �s�t�a�b�i�l�i�z�i�n�g� �t�h�e� �f�r�o�t�h�.� �O�n�l�y� �c�o�a�r�s�e� �p�a�r�t�i�c�l�e�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a�b�l�e� �t�o� �a�c�t� �a�s� 

�b�u�f�f�e�r�s� �b�e�t�w�e�e�n� �b�u�b�b�l�e�s� �a�n�d� �p�r�e�v�e�n�t� �b�u�b�b�l�e� �c�o�a�l�e�s�c�e�n�c�e�,� �c�o�n�s�e�q�u�e�n�t�l�y� �s�t�r�e�n�g�t�h�e�n�i�n�g� �t�h�e� 
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�s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �f�r�o�t�h� �[�8�5�]�.� �S�t�u�d�i�e�s� �c�a�r�r�i�e�d� �o�u�t� �b�y� �L�o�v�e�l�l� �[�8�6�]� �o�n� �a�p�a�t�i�t�e� �a�n�d� �c�a�l�c�i�t�e� 

�s�h�o�w�e�d� �t�h�a�t� �t�h�e� �f�r�o�t�h� �p�r�o�d�u�c�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�a�l�l� �o�i�l� �f�a�t�t�y� �a�c�i�d� �c�o�u�l�d� �b�e� �d�e�s�t�a�b�i�l�i�z�e�d� 

�b�y� �b�o�t�h� �m�i�n�e�r�a�l�s� �o�f� �l�o�w�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �p�u�l�p� �a�n�d� �s�t�a�b�i�l�i�z�e�d� �a�t� �h�i�g�h�e�r� �s�o�l�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�J�o�h�a�n�s�s�o�n� �a�n�d� �P�u�g�h� �[�8�7�]� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�n�d� 

�h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�n� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �f�r�o�t�h�s� �w�i�t�h� �m�e�t�h�y�l�a�t�e�d� �q�u�a�r�t�z� �s�a�m�p�l�e�s�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� 

�t�h�a�t� �p�a�r�t�i�c�l�e�s� �o�f� �i�n�t�e�r�m�e�d�i�a�t�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �(�c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�n�t�a�c�t� �a�n�g�l�e� �0� �=� �6�5�°�)� �w�o�u�l�d� 

�e�n�h�a�n�c�e� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �b�u�t� �m�o�r�e� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �(�0� �>�9�0�°�)� �w�o�u�l�d� �d�e�s�t�a�b�i�l�i�z�e� �t�h�e� 

�f�r�o�t�h�.� �M�o�r�e� �h�y�d�r�o�p�h�i�l�i�c� �p�a�r�t�i�c�l�e�s� �(�@�<� �4�0�°�)� �w�o�u�l�d� �n�o�t� �i�n�f�l�u�e�n�c�e� �t�h�e� �f�r�o�t�h� �p�r�o�p�e�r�t�i�e�s�.� �B�y� 

�r�e�c�o�r�d�i�n�g� �a�r�t�i�f�i�c�i�a�l� �t�h�i�n�n�i�n�g� �p�r�o�c�e�s�s� �o�f� �w�a�t�e�r� �f�i�l�m� �w�i�t�h� �h�i�g�h�-�s�p�e�e�d� �c�i�n�e�m�a�t�o�g�r�a�p�h�y�,� 

�D�i�p�p�e�n�a�a�r� �[�8�8�]� �p�e�r�f�o�r�m�e�d� �a� �d�e�t�a�i�l�e�d� �s�t�u�d�y� �o�f� �t�h�e� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� 

�p�l�a�y�e�d� �b�y� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �s�o�l�i�d� �p�a�r�t�i�c�l�e�s�,� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �p�a�r�t�i�c�l�e�s�,� �p�a�r�t�i�c�l�e� �r�o�u�g�h�n�e�s�s� 

�a�n�d� �s�i�z�e�,� �t�h�e� �t�y�p�e� �o�f� �f�r�o�t�h�e�r�,� �e�t�c�.� �H�e� �f�o�u�n�d� �t�h�a�t� �h�i�g�h�l�y� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �(�c�o�n�t�a�c�t� 

�a�n�g�l�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �9�0�°�)� �h�a�v�e� �f�r�o�t�h� �b�r�e�a�k�i�n�g� �a�b�i�l�i�t�y� �d�u�e� �t�o� �f�a�c�i�l�i�t�a�t�e�d� �t�h�i�n�n�i�n�g� �o�f� 

�i�n�t�e�r�b�u�b�b�l�e� �l�i�q�u�i�d� �b�r�i�d�g�e�d� �b�y� �t�h�e� �p�a�r�t�i�c�l�e�.� �T�h�i�s� �r�e�s�u�l�t� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �s�t�u�d�y� �o�f� 

�J�o�h�a�n�s�s�o�n� �a�n�d� �P�u�g�h� �[�8�7�]�.� �H�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �l�i�q�u�i�d� �l�a�m�e�l�l�a�e� �s�e�p�a�r�a�t�i�n�g� �b�u�b�b�l�e�s� �h�a�s� 

�t�o� �b�e� �t�h�i�n�n�e�d� �t�o� �h�a�l�f� �t�h�e� �d�i�a�m�e�t�e�r� �o�f� �a� �p�a�r�t�i�c�l�e� �o�r� �l�e�s�s� �b�e�f�o�r�e� �i�t� �c�a�n� �b�e� �r�u�p�t�u�r�e�d� �b�y� �t�h�e� 

�p�a�r�t�i�c�l�e�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e�s� �a�r�e� �m�o�r�e� �p�o�w�e�r�f�u�l� �t�h�a�n� �l�a�r�g�e�r� �p�a�r�t�i�c�l�e�s� �i�n� 

�d�e�s�t�a�b�i�l�i�z�i�n�g� �f�r�o�t�h�s�,� �w�h�i�c�h� �w�a�s� �c�o�n�f�i�r�m�e�d� �i�n� �h�i�s� �e�x�p�e�r�i�m�e�n�t�s�.� �W�i�t�h� �m�o�d�e�r�a�t�e�l�y� 

�h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �(�e�.�g�.�,� �c�u�b�i�c� �g�a�l�e�n�a� �p�a�r�t�i�c�l�e�s� �w�i�t�h� �a� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �a�b�o�u�t� �7�4�°�)�,� 

�s�t�a�b�i�l�i�z�a�t�i�o�n� �o�r� �d�e�s�t�a�b�i�l�i�z�a�t�i�o�n� �o�f� �f�r�o�t�h� �c�o�u�l�d� �o�c�c�u�r� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �o�r�i�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 
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�c�l�e�a�v�a�g�e� �p�l�a�n�e�.� �S�t�a�b�l�e� �f�i�l�m�s� �w�e�r�e� �f�o�r�m�e�d� �w�h�e�n� �t�h�e� �c�l�e�a�v�a�g�e� �p�l�a�n�e� �f�o�r�m�e�d� �a� �s�m�o�o�t�h� 

�r�e�g�u�l�a�r� �a�r�r�a�n�g�e�m�e�n�t� �a�l�o�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �a�n�d� �a�l�l�o�w�e�d� �e�a�s�y� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �t�h�r�e�e�-�p�h�a�s�e� 

�c�o�n�t�a�c�t�.� �H�o�w�e�v�e�r�,� �f�i�l�m� �r�u�p�t�u�r�e� �o�c�c�u�r�r�e�d� �a�s� �s�o�o�n� �a�s� �t�h�e� �b�u�b�b�l�e� �b�r�i�d�g�e�d� �b�o�t�h� �s�u�r�f�a�c�e�s� �o�f� 

�t�h�e� �f�i�l�m� �r�e�g�a�r�d�l�e�s�s� �o�f� �t�h�e� �v�a�l�u�e� �o�f� �c�o�n�t�a�c�t� �a�n�g�l�e�.� �D�i�p�p�e�n�a�a�r� �[�8�9�]� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�a�l�t�h�o�u�g�h� �t�h�e� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �c�a�n� �b�e� �d�r�a�s�t�i�c�a�l�l�y� �r�e�d�u�c�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �r�e�l�a�t�i�v�e�l�y� 

�s�m�a�l�l� �n�u�m�b�e�r� �o�f� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s�,� �a� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �s�m�a�l�l� �p�a�r�t�i�c�l�e�s� �c�o�u�l�d� �s�t�a�b�i�l�i�z�e� 

�f�r�o�t�h� �b�y� �f�o�r�m�i�n�g� �a� �c�l�o�s�e�l�y� �p�a�c�k�e�d� �m�o�n�o�l�a�y�e�r� �w�h�i�c�h� �p�r�e�v�e�n�t�s� �t�h�e� �p�a�r�t�i�c�l�e�s� �f�r�o�m� �b�e�i�n�g� 

�f�o�r�c�e�d� �o�u�t� �o�f� �t�h�e� �f�i�l�m� �a�n�d� �p�r�e�v�e�n�t�s� �t�h�e� �i�n�t�e�r�f�a�c�e�s� �f�r�o�m� �t�o�u�c�h�i�n�g�.� 

�E�n�g�e�l� �a�n�d� �S�m�i�t�h�a�m� �[�9�0�]� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �f�r�o�t�h�s� �p�r�o�d�u�c�e�d� �i�n� �a� �c�o�a�l� 

�f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s� �a�n�d� �h�a�s� �r�e�v�e�a�l�e�d� �t�h�a�t� �i�n�c�r�e�a�s�e�d� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �o�c�c�u�r�s� �a�s� �t�h�e� �s�i�z�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �f�e�e�d� �m�a�t�e�r�i�a�l� �i�s� �m�a�d�e� �f�i�n�e�r�.� �C�o�a�l�s� �o�f� �h�i�g�h�e�r� �r�a�n�k� �g�e�n�e�r�a�t�e� �f�r�o�t�h�s� �w�i�t�h� 

�e�x�c�e�p�t�i�o�n�a�l� �s�t�a�b�i�l�i�t�y� �a�n�d� �t�h�e� �v�o�l�u�m�e� �a�n�d� �s�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �p�r�o�d�u�c�t� �f�r�o�t�h�s� �d�e�c�r�e�a�s�e�s� �a�s� �c�o�a�l� 

�r�a�n�k� �d�e�c�r�e�a�s�e�s�.� �I�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �c�o�l�l�e�c�t�o�r�,� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �i�s� �d�e�t�e�r�m�i�n�e�d� �s�o�l�e�l�y� �b�y� 

�p�a�r�t�i�c�l�e� �s�i�z�e�.� 

�1�.�2�.�3�.�4� �F�r�o�t�h� �p�r�o�f�i�l�e� 

�P�a�r�t�i�c�l�e�s� �t�h�a�t� �a�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �b�u�b�b�l�e�s� �i�n� �t�h�e� �p�u�l�p� �a�n�d� �c�a�r�r�i�e�d� �i�n�t�o� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� 

�m�a�y� �d�r�o�p� �b�a�c�k� �i�n�t�o� �t�h�e� �p�u�l�p� �b�e�c�a�u�s�e� �o�f� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �d�r�a�i�n�a�g�e� �o�f� �l�i�q�u�i�d� �a�n�d� �b�u�b�b�l�e� 

�c�o�a�l�e�s�c�e�n�c�e�.� �H�y�d�r�o�p�h�i�l�i�c� �o�r� �r�e�l�a�t�i�v�e�l�y� �l�e�s�s� �h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �a�r�e� �m�o�r�e� �l�i�k�e�l�y� �t�o� 

�d�e�t�a�c�h� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �o�f� �b�u�b�b�l�e�s�,� �l�e�a�d�i�n�g� �t�o� �t�h�e� �c�l�e�a�n�i�n�g� �a�c�t�i�o�n� �i�n� �t�h�e� �f�r�o�t�h�.� 

�C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �g�r�a�d�e� �o�f� �p�a�r�t�i�c�l�e�s� �i�n� �t�h�e� �f�r�o�t�h� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �f�r�o�t�h� �h�e�i�g�h�t�.� 
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�M�o�y�s� �[�9�1�]� �o�b�s�e�r�v�e�d� �a� �s�t�e�a�d�y� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �g�r�a�d�e�s� �o�f� �v�a�l�u�a�b�l�e� �m�i�n�e�r�a�l�s� �a�n�d� �a� 

�d�e�c�r�e�a�s�e� �i�n� �t�h�e� �g�a�n�g�u�e� �g�r�a�d�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�r�o�t�h� �h�e�i�g�h�t�.� �C�u�t�t�i�n�g� �[�9�2�]� �m�a�d�e� �t�h�e� �s�i�m�i�l�a�r� 

�o�b�s�e�r�v�a�t�i�o�n� �o�f� �t�h�e� �r�o�u�g�h�e�r� �c�e�l�l� �f�l�o�a�t�i�n�g� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �i�n� �a� �p�i�l�o�t� �p�l�a�n�t�.� �U�s�i�n�g� �a� 

�s�p�e�c�i�a�l�l�y� �d�e�s�i�g�n�e�d� �c�o�l�u�m�n�-�l�i�k�e� �f�l�o�t�a�t�i�o�n� �m�a�c�h�i�n�e�,� �S�z�a�t�k�o�w�s�k�i� �[�7�8�]� �e�x�a�m�i�n�e�d� �c�h�a�n�g�e�s� �i�n� 

�a�s�h� �c�o�n�t�e�n�t� �o�f� �t�h�e� �f�r�o�t�h� �a�l�o�n�g� �t�h�e� �f�r�o�t�h� �z�o�n�e� �d�u�r�i�n�g� �c�o�a�l� �f�l�o�t�a�t�i�o�n�.� �H�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�a�l�t�h�o�u�g�h� �t�h�e� �o�v�e�r�a�l�l� �e�f�f�e�c�t� �o�f� �f�r�o�t�h� �f�o�r�m�a�t�i�o�n� �o�n� �a�s�h� �c�o�n�t�e�n�t� �p�r�o�f�i�l�e�s� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� 

�o�b�s�e�r�v�e�d� �w�i�t�h� �m�i�n�e�r�a�l�s� �[�7�5�,� �9�3�-�9�5�]�,� �t�h�e� �r�a�t�e� �o�f� �f�r�o�t�h� �u�p�g�r�a�d�i�n�g� �d�i�f�f�e�r�s�.� �T�h�e� �c�o�a�l� 

�f�l�o�t�a�t�i�o�n� �f�r�o�t�h� �s�h�o�w�e�d� �f�a�s�t�e�r� �u�p�g�r�a�d�i�n�g� �a�c�t�i�o�n�.� 

�M�o�y�s� �[�9�1�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�,� �g�a�n�g�u�e� �r�e�j�e�c�t�i�o�n� 

�o�c�c�u�r�s� �i�n� �t�h�e� �r�e�g�i�o�n� �o�f� �1�0�-�2�0� �c�m� �f�r�o�m� �t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �f�r�o�t�h� �p�h�a�s�e�.� �A�l�s�o� �w�i�t�h� �s�u�l�f�i�d�e� 

�m�i�n�e�r�a�l�s�,� �C�u�t�t�i�n�g� �e�t� �a�l�.� �[�9�4�]� �o�b�s�e�r�v�e�d� �a� �r�e�g�i�o�n� �o�f� �g�a�n�g�u�e� �r�e�j�e�c�t�i�o�n� �t�h�a�t� �e�x�t�e�n�d�s� �f�r�o�m� �t�h�e� 

�p�u�l�p�-�f�r�o�t�h� �i�n�t�e�r�f�a�c�e� �t�o� �1�0� �c�m� �u�p�.� �I�n� �c�o�n�t�r�a�s�t�,� �S�z�a�t�k�o�w�s�k�i� �[�7�8�]� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�j�o�r� 

�c�l�e�a�n�i�n�g� �a�c�t�i�o�n� �o�f� �f�r�o�t�h� �i�n� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �a�t� �l�o�w�e�r� �r�e�g�i�o�n� �i�n� �t�h�e� �f�r�o�t�h� �(�1�-�3� �c�m� 

�a�b�o�v�e� �t�h�e� �i�n�t�e�r�f�a�c�e�)�.� �Y�i�a�n�a�t�o�s� �e�t� �a�l�.� �[�9�6�]� �c�o�n�d�u�c�t�e�d� �t�h�e� �s�t�u�d�y� �o�f� �t�h�e� �h�y�d�r�a�u�l�i�c� 

�e�n�t�r�a�i�n�m�e�n�t� �o�f� �f�i�n�e� �p�a�r�t�i�c�l�e�s� �w�i�t�h� �t�h�e� �i�m�p�u�l�s�e� �a�n�d� �r�e�s�p�o�n�s�e� �t�r�a�c�e�r� �t�e�c�h�n�i�q�u�e� �i�n� �a� �f�l�o�t�a�t�i�o�n� 

�c�o�l�u�m�n� �a�n�d� �s�h�o�w�e�d� �t�h�a�t� �t�h�i�s� �a�c�t�i�o�n� �o�c�c�u�r�s� �c�l�o�s�e� �t�o� �t�h�e� �i�n�t�e�r�f�a�c�e� �(�<� �1�0�c�m�)� �a�t� �m�o�d�e�r�a�t�e� 

�s�u�p�e�r�f�i�c�i�a�l� �g�a�s� �v�e�l�o�c�i�t�y� �(�<�1� �c�m�/�s�)�.� 

�1�.�2�.�3�.�5� �H�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t� 

�P�a�r�t�i�c�l�e� �c�o�l�l�e�c�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �i�n� �f�i�n�e� �p�a�r�t�i�c�l�e� �f�l�o�t�a�t�i�o�n� �e�i�t�h�e�r� �b�y� �t�r�u�e� �f�l�o�t�a�t�i�o�n� �o�r� 

�e�n�t�r�a�i�n�m�e�n�t�.� �T�r�u�e� �f�l�o�t�a�t�i�o�n� �i�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �a�t�t�a�c�h�i�n�g� �p�a�r�t�i�c�l�e�s� �t�o� �b�u�b�b�l�e� �s�u�r�f�a�c�e�s�.� 
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�E�n�t�r�a�i�n�m�e�n�t� �i�s� �t�h�e� �p�r�o�c�e�s�s� �b�y� �w�h�i�c�h� �p�a�r�t�i�c�l�e�s�,� �i�n�c�l�u�d�i�n�g� �p�y�r�i�t�e� �p�a�r�t�i�c�l�e�s�,� �e�n�t�e�r� �t�h�e� �b�a�s�e� 

�o�f� �a� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h� �a�n�d� �a�r�e� �t�r�a�n�s�f�e�r�r�e�d� �u�p� �a�n�d� �o�u�t� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�e�l�l� �s�u�s�p�e�n�d�e�d� �i�n� �t�h�e� 

�w�a�t�e�r� �b�e�t�w�e�e�n� �b�u�b�b�l�e�s�.� �T�h�e� �t�r�u�e� �f�l�o�t�a�t�i�o�n� �r�a�t�e� �o�f� �p�a�r�t�i�c�l�e�s� �i�s� �p�r�i�n�c�i�p�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �b�y� 

�t�h�e�i�r� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �a�n�d� �i�s� �c�h�e�m�i�c�a�l�l�y� �s�e�l�e�c�t�i�v�e� �i�n� �n�a�t�u�r�e� �w�h�i�l�e� �e�n�t�r�a�i�n�m�e�n�t� �i�s� 

�n�o�n�s�e�l�e�c�t�i�v�e� �a�n�d� �p�l�a�y�s� �a�n� �a�d�v�e�r�s�e� �r�o�l�e� �i�n� �s�e�p�a�r�a�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e�s�.� �E�n�t�r�a�i�n�m�e�n�t� �w�a�s� �f�o�u�n�d� 

�t�o�b�e� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y�.� �T�h�e� �h�i�g�h�e�r� �t�h�e� �w�a�t�e�r� �r�e�c�o�v�e�r�y�,� �i�.�e�.�,� �t�h�e� �w�e�t�t�e�r� 

�t�h�e� �f�r�o�t�h�,� �t�h�e� �h�i�g�h�e�r� �t�h�e� �p�r�o�p�o�r�t�i�o�n� �o�f� �g�a�n�g�u�e� �a�n�d� �t�h�e� �l�o�w�e�r� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e� �[�9�7�]�.� �T�o� 

�a�c�h�i�e�v�e� �m�a�x�i�m�u�m� �s�e�p�a�r�a�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e�s� �o�f� �d�i�f�f�e�r�i�n�g� �h�y�d�r�o�p�h�o�b�i�c�i�t�y�,� �h�y�d�r�a�u�l�i�c� 

�e�n�t�r�a�i�n�m�e�n�t� �s�h�o�u�l�d� �b�e� �m�i�n�i�m�i�z�e�d�.� 

�J�o�w�e�t�t� �[�9�8�]� �c�a�r�r�i�e�d� �o�u�t� �s�m�a�l�l�-�s�c�a�l�e� �c�o�n�t�i�n�u�o�u�s� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �o�n� �a�n� �a�r�t�i�f�i�c�i�a�l� 

�m�i�x�t�u�r�e� �o�f� �f�l�u�o�r�i�t�e� �a�n�d� �q�u�a�r�t�z�.� �H�i�s� �r�e�s�u�l�t�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �f�r�e�e� �q�u�a�r�t�z� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� 

�t�h�e� �c�o�n�c�e�n�t�r�a�t�e� �w�a�s� �l�i�n�e�a�r�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�a�t� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�e�l�l�,� �b�u�t� �t�h�a�t� �t�h�e� �s�t�r�a�i�g�h�t� �l�i�n�e� 

�d�i�d� �n�o�t� �p�a�s�s� �t�h�r�o�u�g�h� �t�h�e� �o�r�i�g�i�n�.� �E�n�g�l�e�b�r�e�c�h�t� �a�n�d� �W�o�o�d�b�u�r�n� �[�8�2�]� �s�t�u�d�i�e�d� �f�l�o�t�a�t�i�o�n� �o�f� �a� 

�f�i�n�e�l�y� �g�r�o�u�n�d� �m�i�x�t�u�r�e� �o�f� �p�y�r�i�t�e� �a�n�d� �s�i�l�i�c�a�.� �A� �l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �w�a�s� �s�h�o�w�n� �t�o� �e�x�i�s�t� 

�b�e�t�w�e�e�n� �g�a�n�g�u�e� �r�e�c�o�v�e�r�y� �a�n�d� �w�a�t�e�r� �r�e�c�o�v�e�r�y�,� �a�b�o�v�e� �a� �m�i�n�i�m�u�m� �w�a�t�e�r� �r�e�c�o�v�e�r�y� 

�J�o�h�n�s�o�n� �e�t� �a�l�.� �[�9�9�]� �r�e�p�o�r�t�e�d� �d�a�t�a� �f�r�o�m� �p�l�a�n�t�s� �f�l�o�a�t�i�n�g� �c�h�a�l�c�o�p�y�r�i�t�e� �f�r�o�m� �a� �s�i�l�i�c�e�o�u�s� 

�g�a�n�g�u�e� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �a� �d�i�r�e�c�t� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �r�a�t�e�s� �o�f� �r�e�c�o�v�e�r�y� �f�o�r� �g�a�n�g�u�e� �a�n�d� 

�w�a�t�e�r�.� �S�i�n�c�e� �t�h�e�y� �d�e�f�i�n�e�d�  ��r�e�c�o�v�e�r�y �� �a�s� �t�h�e� �r�a�t�e� �o�f� �r�e�c�o�v�e�r�y� �i�n�t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e� �r�a�t�h�e�r� 

�t�h�a�n� �p�e�r�c�e�n�t�a�g�e� �r�e�c�o�v�e�r�y� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �f�e�e�d�,� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �a�p�p�e�a�r�e�d� �t�o� �b�e� �p�a�r�a�b�o�l�i�c� 

�(�c�o�n�v�e�x�)�.� �B�i�s�s�h�o�p� �a�n�d� �W�h�i�t�e� �[�9�3�]� �m�a�d�e� �s�i�m�i�l�a�r� �o�b�s�e�r�v�a�t�i�o�n�s� �w�i�t�h� �a� �n�u�m�b�e�r� �o�f� �g�a�n�g�u�e� 

�m�i�n�e�r�a�l�s�.� �T�r�a�h�a�r� �[�1�0�0�]� �p�e�r�f�o�r�m�e�d� �c�a�r�e�f�u�l� �b�a�t�c�h� �f�l�o�t�a�t�i�o�n� �t�e�s�t�s� �o�n� �q�u�a�r�t�z� �a�n�d� �q�u�a�r�t�z�-� 
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�c�h�a�l�c�o�p�y�r�i�t�e� �m�i�x�t�u�r�e�s� �a�n�d� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �u�l�t�r�a�f�i�n�e�s� �i�s� �d�i�r�e�c�t�l�y� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �w�a�t�e�r� �r�e�c�o�v�e�r�y� �a�n�d� �t�h�e� �r�a�t�i�o� �i�s� �n�o�t� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�h�y�d�r�o�p�h�o�b�i�c� �p�a�r�t�i�c�l�e�s� �o�n� �t�h�e� �b�u�b�b�l�e� �s�u�r�f�a�c�e�s� �i�n� �t�h�e� �f�r�o�t�h�.� 

�Y�i�a�n�a�t�o�s� �[�9�6�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �i�n� �a� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �f�e�e�d� �w�a�t�e�r� �i�s� �c�o�m�p�l�e�t�e�l�y� �r�e�j�e�c�t�e�d� 

�a�t� �s�u�p�e�r�f�i�c�i�a�l� �g�a�s� �r�a�t�e�s� �o�f� �l�e�s�s� �t�h�a�n� �1�.�5� �c�m�/�s� �w�i�t�h� �f�r�o�t�h� �d�e�p�t�h�s� �g�r�e�a�t�e�r� �t�h�a�n� �1� �m�.� �T�h�e� 

�e�f�f�e�c�t�s� �o�f� �g�a�s� �r�a�t�e� �a�n�d� �f�r�o�t�h� �d�e�p�t�h� �o�n� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �a�r�e� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t� �t�h�a�n� �t�h�o�s�e� �o�f� 

�t�h�e� �b�i�a�s� �r�a�t�e�.� �Y�i�a�n�a�t�o�s� �e�t� �a�l�.� �[�7�6�]� �s�t�u�d�i�e�d� �a�n�d� �m�o�d�e�l�l�e�d� �s�e�l�e�c�t�i�v�i�t�y� �i�n� �t�h�e� �f�r�o�t�h� �z�o�n�e� �o�f� 

�t�w�o� �i�n�d�u�s�t�r�i�a�l� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n�s� �(�b�o�t�h� �a�r�e� �1�2� �m� �i�n� �h�e�i�g�h�t�,� �o�n�e� �i�s� �0�.�4�5� �m� �s�q�u�a�r�e� �a�n�d� �t�h�e� 

�o�t�h�e�r� �0�.�9�1� �m� �s�q�u�a�r�e�)�,� �i�n� �a� �m�o�l�y�b�d�e�n�i�t�e�-�c�l�e�a�n�i�n�g� �c�i�r�c�u�i�t�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�f�r�o�t�h�s� �d�e�e�p�e�r� �t�h�a�n� �1� �m� �g�a�v�e� �s�e�l�e�c�t�i�v�e� �r�e�c�o�v�e�r�y� �o�f� �m�o�l�y�b�d�e�n�i�t�e� �w�h�i�c�h� �u�p�g�r�a�d�e�d� 

�m�o�l�y�b�d�e�n�i�t�e� �b�y� �1�0�%� �t�o� �1�5�%� �a�b�s�o�l�u�t�e�.� �F�r�o�t�h�s� �s�h�a�l�l�o�w�e�r� �t�h�a�n� �0�.�5� �m� �e�x�h�i�b�i�t�e�d� �n�o� 

�c�l�e�a�n�i�n�g� �a�c�t�i�o�n� �d�u�e� �t�o� �m�i�x�i�n�g� �c�a�u�s�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �w�a�s�h� �w�a�t�e�r�.� 

�1�.�2�.�4� �C�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� 

�F�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �f�o�r� �m�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g� �a�r�e� �g�e�n�e�r�a�l�l�y� �c�o�m�p�o�s�e�d� �o�f� �a� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �r�o�u�g�h�e�r�,� �c�l�e�a�n�e�r�(�s�)� �a�n�d� �s�c�a�v�e�n�g�e�r�(�s�)� �a�n�d� �c�o�u�l�d� �b�e� �f�u�r�t�h�e�r� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �f�l�o�w� �s�p�l�i�t�s� 

�a�n�d� �r�e�c�y�c�l�e� �f�l�o�w�s� �b�a�c�k� �t�o� �t�h�e� �p�r�e�v�i�o�u�s� �s�t�a�g�e� �[�1�0�1�-�1�0�5�]�.� �A�l�t�h�o�u�g�h� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� 

�c�o�m�m�o�n�l�y� �u�s�e� �a� �s�i�n�g�l�e� �s�t�a�g�e�,� �i�.�e�.�,� �r�o�u�g�h�e�r�,� �t�h�e�r�e� �a�r�e� �a� �n�u�m�b�e�r� �o�f� �a�l�t�e�r�n�a�t�i�v�e� �c�i�r�c�u�i�t�s� �i�n� 

�p�r�a�c�t�i�c�e� �u�s�i�n�g� �m�o�r�e� �t�h�a�n� �a� �s�i�n�g�l�e� �c�e�l�l� �b�a�n�k�,� �e�s�p�e�c�i�a�l�l�y� �i�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �m�e�t�a�l�l�u�r�g�i�c�a�l� 

�c�o�k�i�n�g� �c�o�a�l� �[�1�0�6�,� �1�0�7�]�.� �M�o�r�e�o�v�e�r�,� �a�s� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �s�u�p�e�r�-�c�l�e�a�n� 
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�c�o�a�l� �i�n�c�r�e�a�s�e�s� �[�1�0�8�,� �1�0�9�]�,� �i�t� �a�p�p�e�a�r�s� �w�o�r�t�h�w�h�i�l�e� �t�o� �c�o�n�s�i�d�e�r� �a�l�t�e�r�n�a�t�i�v�e� �c�o�a�l� �f�l�o�t�a�t�i�o�n� 

�c�i�r�c�u�i�t�s� �s�o� �t�h�a�t� �b�o�t�h� �h�i�g�h� �a�s�h� �r�e�j�e�c�t�i�o�n� �a�n�d� �h�i�g�h� �s�u�l�f�u�r� �r�e�j�e�c�t�i�o�n� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �w�h�i�l�e� 

�h�i�g�h� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �c�a�n� �b�e� �m�a�i�n�t�a�i�n�e�d�.� �I�n� �f�a�c�t�,� �m�u�l�t�i�-�s�t�a�g�e� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� 

�h�a�v�e� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �f�a�v�o�r�e�d� �i�n� �t�r�e�a�t�i�n�g� �p�o�o�r�l�y� �f�l�o�a�t�a�b�l�e� �c�o�a�l�s� �[�1�1�0�]�.� �C�o�m�p�l�i�c�a�t�e�d� �c�o�a�l� 

�f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �h�a�v�e� �b�e�e�n� �p�r�o�p�o�s�e�d� �t�o� �p�r�o�d�u�c�e� �u�l�t�r�a�-�c�l�e�a�n� �c�o�a�l� �c�o�n�t�a�i�n�i�n�g� �l�e�s�s� �t�h�a�n� 

�0�.�7�%� �a�s�h� �a�n�d� �t�o� �r�e�d�u�c�e� �t�h�e� �s�u�l�f�u�r� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�o�a�l� �c�o�n�c�e�n�t�r�a�t�e� �[�1�1�1�-�1�1�3�]�.� 

�T�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r�s� 

�a�f�f�e�c�t�i�n�g� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �f�o�r� �a� �g�i�v�e�n� �f�e�e�d� �m�a�t�e�r�i�a�l�.� �O�p�t�i�m�i�z�a�t�i�o�n� 

�o�f� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �i�n�c�l�u�d�e�s� �t�w�o� �d�i�f�f�e�r�e�n�t� �a�s�p�e�c�t�s� �[�1�0�5�]�.� �O�n�e� �i�s� �t�o� 

�d�e�m�o�n�s�t�r�a�t�e� �h�o�w� �m�a�n�y� �c�e�l�l�s� �a�r�e� �r�e�q�u�i�r�e�d� �i�n� �a� �b�a�n�k� �t�o� �p�r�o�d�u�c�e� �a� �s�a�t�i�s�f�a�c�t�o�r�y� �r�e�s�i�d�e�n�c�e� 

�t�i�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �p�u�l�p� �w�i�t�h�i�n� �t�h�e� �b�a�n�k�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �a�d�d�r�e�s�s�e�d� �b�y� �N�e�s�s�e�t� �[�1�1�4�]� �a�n�d� 

�o�t�h�e�r�s� �[�1�0�5�,� �1�1�5�-�1�1�7�]�.� �T�h�e� �o�t�h�e�r� �i�s� �t�o� �d�e�c�i�d�e� �h�o�w� �t�o� �i�n�t�e�r�c�o�n�n�e�c�t� �b�a�n�k�s� �t�o� �o�b�t�a�i�n� �t�h�e� 

�o�v�e�r�a�l�l� �o�p�t�i�m�u�m� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� �c�i�r�c�u�i�t�.� �N�u�m�e�r�o�u�s� �a�p�p�r�o�a�c�h�e�s� �a�n�d� �m�a�t�h�e�m�a�t�i�c�a�l� 

�m�o�d�e�l�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �o�p�t�i�m�i�z�e� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �m�e�c�h�a�n�i�c� �c�e�l�l�s� 

�b�y� �m�e�a�n�s� �o�f� �m�o�d�e�l�l�i�n�g�,� �s�i�m�u�l�a�t�i�o�n�,� �s�y�n�t�h�e�s�i�s�,� �m�a�t�h�e�m�a�t�i�c�a�l� �a�n�a�l�y�s�i�s�,� �g�r�a�p�h�i�c�s�,� �e�t�c� �[�1�0�1�,� 

�1�0�3�-�1�0�5�,� �1�1�0�,� �1�1�8�-�1�2�6�]�.� 

�M�e�l�o�y� �[�1�2�7�]� �p�r�o�p�o�s�e�d� �t�h�a�t� �s�e�p�a�r�a�t�i�o�n� �c�i�r�c�u�i�t� �o�p�t�i�m�i�z�a�t�i�o�n� �i�s� �g�o�v�e�r�n�e�d� �b�y� �f�o�u�r� 

�i�n�d�e�p�e�n�d�e�n�t� �f�u�n�c�t�i�o�n�s�:� �t�h�e� �c�r�i�t�e�r�i�o�n�,� �f�e�e�d�,� �s�e�l�e�c�t�i�v�i�t�y� �a�n�d� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �f�u�n�c�t�i�o�n�s�.� �O�f� 

�a�l�l� �c�r�i�t�e�r�i�o�n� �f�u�n�c�t�i�o�n�s� �u�s�e�d� �f�o�r� �c�i�r�c�u�i�t� �o�p�t�i�m�i�z�a�t�i�o�n�,� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �i�s� �t�h�e� �m�o�s�t� 

�c�o�m�m�o�n� �b�e�c�a�u�s�e� �t�h�e� �a�m�o�u�n�t� �o�f� �m�i�s�p�l�a�c�e�d� �m�a�t�e�r�i�a�l� �i�s� �a� �m�i�n�i�m�u�m� �a�t� �m�a�x�i�m�u�m� �t�e�c�h�n�i�c�a�l� 

�e�f�f�i�c�i�e�n�c�y�.� �J�o�w�e�t�t� �[�1�2�8�]� �s�u�g�g�e�s�t�e�d� �a� �g�r�a�p�h�i�c� �m�e�t�h�o�d� �t�o� �i�l�l�u�s�t�r�a�t�e� �t�h�i�s� �c�o�n�c�e�p�t�.� 
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�A�g�a�r� �e�t� �a�l�.� �[�1�0�4�]� �r�e�a�c�h�e�d� �t�h�e� �s�a�m�e� �c�o�n�c�l�u�s�i�o�n� �v�i�a� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �r�o�u�t�e� �a�n�d� �c�a�m�e� 

�u�p� �w�i�t�h� �t�h�r�e�e� �a�l�t�e�r�n�a�t�i�v�e� �c�r�i�t�e�r�i�a� �f�o�r� �t�h�e� �o�p�t�i�m�u�m� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�:� 

�°� �A�d�d� �n�o� �m�a�t�e�r�i�a�l� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�e� �t�h�a�t� �i�s� �l�o�w�e�r� �i�n� �g�r�a�d�e� �t�h�a�n� �t�h�e� �f�e�e�d� �t�o� �t�h�a�t� 

�s�t�a�g�e�.� 

�e� �M�a�x�i�m�i�z�e� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�c�o�v�e�r�y� �b�e�t�w�e�e�n� �t�h�e� �v�a�l�u�a�b�l�e� �m�i�n�e�r�a�l� �a�n�d� �t�h�e� 

�g�a�n�g�u�e�.� 

�e� �M�a�x�i�m�i�z�e� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� 

�T�h�e�y� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a�n�y� �o�f� �t�h�e�s�e� �t�h�r�e�e� �c�r�i�t�e�r�i�a� �g�e�n�e�r�a�t�e�d� 

�s�i�m�i�l�a�r� �r�e�s�u�l�t�s�.� 

�N�u�m�e�r�i�c�a�l� �m�e�t�h�o�d�s� �h�a�v�e� �b�e�e�n� �w�i�d�e�l�y� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �b�e�s�t� �c�i�r�c�u�i�t� 

�c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �o�p�t�i�m�a�l� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e�s� �i�n� �i�n�d�i�v�i�d�u�a�l� �c�e�l�l�s�.� 

�M�e�h�r�o�t�r�a� �a�n�d� �K�a�p�u�r� �[�1�2�4�]� �o�p�t�i�m�i�z�e�d� �t�h�e� �m�e�a�n� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �o�f� �m�i�n�e�r�a�l� �s�p�e�c�i�e�s� �i�n� �e�a�c�h� 

�f�l�o�t�a�t�i�o�n� �c�e�l�l� �a�n�d� �o�b�t�a�i�n�e�d� �a�n� �o�p�t�i�m�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s� �b�y� �d�i�r�e�c�t� �s�e�a�r�c�h� �m�e�t�h�o�d�s� 

�w�h�i�c�h�,� �h�o�w�e�v�e�r�,� �d�i�d� �n�o�t� �c�o�r�r�e�s�p�o�n�d� �t�o� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �g�e�n�e�r�a�l�l�y� �e�n�c�o�u�n�t�e�r�e�d� �i�n� 

�t�h�e� �i�n�d�u�s�t�r�i�a�l� �p�l�a�n�t�.� �K�i�n�g� �[�1�2�1�]� �d�e�v�e�l�o�p�e�d� �t�h�e� �N�I�M� �s�i�m�u�l�a�t�o�r� �c�o�n�s�i�s�t�i�n�g� �o�f� �m�a�s�s� �b�a�l�a�n�c�e� 

�e�q�u�a�t�i�o�n�s� �f�o�r� �m�i�n�e�r�a�l� �c�l�a�s�s�e�s� �w�h�i�c�h� �w�e�r�e� �s�o�l�v�e�d� �i�n�t�e�r�a�c�t�i�v�e�l�y� �t�o� �p�r�o�d�u�c�e� �m�i�n�e�r�a�l� �c�l�a�s�s� 

�f�l�o�w� �r�a�t�e�s� �a�n�d� �f�l�o�t�a�t�i�o�n� �b�a�n�k� �r�e�t�e�n�t�i�o�n� �t�i�m�e�.� �S�i�m�i�l�a�r� �w�o�r�k� �w�a�s� �d�o�n�e� �b�y� �G�r�e�e�n� �e�t� �a�l�.� 

�[�1�2�9�]� �u�s�i�n�g� �p�a�r�a�m�e�t�r�i�c� �p�r�o�g�r�a�m�m�i�n�g� �a�n�d� �b�y� �R�e�u�t�e�r� �e�t� �a�l�.� �[�1�3�0�]� �u�s�i�n�g� �l�i�n�e�a�r� 

�p�r�o�g�r�a�m�m�i�n�g�.� �S�u�t�h�e�r�l�a�n�d� �[�1�0�5�]� �s�i�m�u�l�a�t�e�d� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �a�t� �f�i�x�e�d� �o�v�e�r�a�l�l� �c�i�r�c�u�i�t� 

�C�a�p�a�c�i�t�y� �a�n�d� �a� �g�i�v�e�n� �f�e�e�d� �r�a�t�e� �b�y� �v�a�r�y�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �n�u�m�b�e�r�s� �o�f� �c�e�l�l�s� �i�n� �t�h�e� �r�o�u�g�h�e�r�,� 

�s�c�a�v�e�n�g�e�r� �a�n�d� �c�l�e�a�n�e�r� �s�t�a�g�e�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�c�y�c�l�e� �f�r�o�m� �s�t�a�g�e� �t�o� �s�t�a�g�e�.� �H�e� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �3�0



�c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �s�y�s�t�e�m� �i�s� �r�a�t�h�e�r� �i�n�s�e�n�s�i�t�i�v�e� �t�o� 

�C�i�r�c�u�i�t� �a�r�r�a�n�g�e�m�e�n�t�.� �C�i�r�c�u�i�t� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�s�e�l�e�c�t�i�v�i�t�y� �i�n� �t�h�e� �b�a�n�k�s� �t�o� �a� �m�u�c�h� �g�r�e�a�t�e�r� �e�x�t�e�n�t�.� 

�U�n�d�e�r� �l�i�n�e�a�r�i�t�y� �a�s�s�u�m�p�t�i�o�n� �t�h�a�t� �i�n� �a� �s�e�p�a�r�a�t�i�o�n� �o�p�e�r�a�t�i�o�n� �t�h�e�r�e� �i�s� �n�o� �p�a�r�t�i�c�l�e�-� 

�p�a�r�t�i�c�l�e� �i�n�t�e�r�a�c�t�i�o�n� �e�f�f�e�c�t�i�n�g� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �a� �p�a�r�t�i�c�l�e� �t�o� �b�e� �s�e�l�e�c�t�e�d� �f�o�r� �t�h�e� �p�r�o�d�u�c�t� 

�o�r� �w�a�s�t�e� �s�t�r�e�a�m�,� �M�e�l�o�y� �[�1�3�1�]� �i�n�t�r�o�d�u�c�e�d� �c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e� �i�n�v�o�l�v�i�n�g� 

�m�a�t�h�e�m�a�t�i�c�a�l�l�y� �c�l�o�s�e�d� �f�u�n�c�t�i�o�n�s� �r�a�t�h�e�r� �t�h�a�n� �m�a�t�r�i�c�e�s� �o�r� �n�u�m�e�r�i�c�a�l� �m�e�t�h�o�d�s� �u�s�e�d� �b�y� �o�t�h�e�r�s� 

�t�o� �a�n�a�l�y�t�i�c�a�l�l�y� �s�t�u�d�y� �a�n�d� �o�p�t�i�m�i�z�e� �m�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g� �c�i�r�c�u�i�t�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �f�e�e�d�.� �U�s�i�n�g� 

�t�h�i�s� �t�e�c�h�n�i�q�u�e�,� �o�n�e� �c�a�n� �a�l�s�o� �r�e�a�d�i�l�y� �r�e�d�u�c�e� �c�o�m�p�l�e�x� �c�i�r�c�u�i�t�s� �t�o� �s�i�m�p�l�e� �e�q�u�i�v�a�l�e�n�t� �c�i�r�c�u�i�t�s� 

�t�h�a�t� �b�e�h�a�v�e� �i�d�e�n�t�i�c�a�l�l�y�.� �W�i�l�l�i�a�m�s� �a�n�d� �M�e�l�o�y� �[�1�2�2�]� �a�p�p�l�i�e�d� �c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s� �t�o� �t�h�e� �s�t�u�d�y� 

�o�f� �d�y�n�a�m�i�c� �b�e�h�a�v�i�o�r� �o�f� �f�l�o�t�a�t�i�o�n� �c�e�l�l� �b�a�n�k�s�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �c�o�u�n�t�e�r�c�u�r�r�e�n�t� 

�c�i�r�c�u�i�t�s� �w�e�r�e� �b�e�t�t�e�r� �t�h�a�n� �t�h�e� �c�o�c�u�r�r�e�n�t� �o�n�e�s� �b�e�c�a�u�s�e� �c�o�c�u�r�r�e�n�t� �c�i�r�c�u�i�t�s� �w�e�r�e� �o�s�c�i�l�l�a�t�o�r�y� 

�a�n�d� �r�e�q�u�i�r�e�d� �l�a�r�g�e�r� �f�i�r�s�t� �c�e�l�l�;� �i�t� �a�l�s�o� �t�o�o�k� �l�o�n�g�e�r� �t�i�m�e� �t�o� �r�e�a�c�h� �s�t�e�a�d�y�-�s�t�a�t�e�.� �W�i�l�l�i�a�m�s� �a�n�d� 

�M�e�l�o�y� �[�1�2�6�]� �p�r�e�s�e�n�t�e�d� �a� �g�r�a�p�h�i�c�a�l� �t�e�c�h�n�i�q�u�e� �f�o�r� �a�c�h�i�e�v�i�n�g� �f�e�a�s�i�b�l�e� �d�e�s�i�g�n�s� �o�f� �s�i�m�p�l�e� 

�s�e�p�a�r�a�t�i�o�n� �c�i�r�c�u�i�t�s� �f�o�r� �t�h�e� �m�i�n�e�r�a�l�,� �c�h�e�m�i�c�a�l�,� �p�o�w�d�e�r� �a�n�d� �p�r�o�c�e�s�s� �i�n�d�u�s�t�r�i�e�s�.� �T�h�e�y� �f�o�u�n�d� 

�t�h�a�t� �t�h�e� �n�u�m�b�e�r� �o�f� �s�t�a�g�e�s� �t�h�e� �r�e�c�y�c�l�e� �s�t�r�e�a�m� �i�s� �f�e�d� �b�a�c�k� �m�a�y� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �o�n�e�.� 

�F�i�r�t�h� �e�t� �a�l�.� �[�1�1�0�]� �i�n�v�e�s�t�i�g�a�t�e�d� �a� �n�u�m�b�e�r� �o�f� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �f�o�r� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� 

�a� �p�o�o�r�l�y� �f�l�o�a�t�a�b�l�e� �c�o�a�l� �b�y� �l�a�b�o�r�a�t�o�r�y� �b�a�t�c�h� �t�e�s�t�i�n�g�.� �T�h�e�y� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �b�e�s�t� �c�i�r�c�u�i�t�s� 

�w�e�r�e� �t�h�o�s�e� �w�h�i�c�h� �w�o�u�l�d� �a�l�l�o�w� �a� �b�a�l�a�n�c�e�d� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�o�l�l�e�c�t�o�r� �b�e�t�w�e�e�n� �t�h�e� �c�o�a�r�s�e� �a�n�d� 

�f�i�n�e� �s�i�z�e� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �s�u�p�e�r�i�o�r�.� �T�h�e�y� �p�a�r�t�i�c�u�l�a�r�l�y� �r�e�c�o�m�m�e�n�d�e�d� �t�h�e� �r�e�f�l�o�t�a�t�i�o�n� �o�f� 

�c�l�a�s�s�i�f�i�e�d� �t�a�i�l�i�n�g�s� �c�i�r�c�u�i�t� �b�e�c�a�u�s�e� �i�t� �n�o�t� �o�n�l�y� �p�r�o�d�u�c�e�d� �t�h�e� �o�p�t�i�m�u�m� �m�e�t�a�l�l�u�r�g�i�c�a�l� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �3�1



�p�e�r�f�o�r�m�a�n�c�e�,� �i�t� �a�l�s�o� �w�a�s� �r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �t�o� �v�a�r�i�a�t�i�o�n�s� �o�f� �p�u�l�p� �d�e�n�s�i�t�y� �a�n�d� �s�i�z�e� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� 

�I�t� �i�s� �r�a�p�i�d�l�y� �b�e�c�o�m�i�n�g� �a� �c�o�m�m�o�n� �p�r�a�c�t�i�c�e� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n�s� �i�n�t�o� 

�e�x�i�s�t�i�n�g� �m�e�c�h�a�n�i�c�a�l� �c�e�l�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�.� �H�o�w�e�v�e�r�,� �f�e�w� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �d�i�r�e�c�t�e�d� 

�t�o�w�a�r�d� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�.� �C�a�s�t�i�l�l�o� �a�n�d� �D�o�b�b�y� �[�1�3�2�]� 

�e�x�a�m�i�n�e�d� �c�o�l�u�m�n� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� �f�o�r� �z�i�n�c� �s�u�l�f�i�d�e� �f�l�o�t�a�t�i�o�n� �u�s�i�n�g� �d�a�t�a� �f�r�o�m� �a� 

�p�o�r�t�a�b�l�e� �2� �t�/�d�a�y� �p�i�l�o�t� �p�l�a�n�t�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �a� �t�h�r�e�e� �c�o�l�u�m�n� �c�l�e�a�n�i�n�g� �c�i�r�c�u�i�t� �g�a�v�e� 

�a�t� �l�e�a�s�t� �e�q�u�i�v�a�l�e�n�t� �p�e�r�f�o�r�m�a�n�c�e� �t�o� �a� �c�i�r�c�u�i�t� �w�i�t�h� �t�w�o� �c�o�l�u�m�n�s� �a�n�d� �o�n�e� �b�a�n�k� �o�f� �m�e�c�h�a�n�i�c�a�l� 

�c�e�l�l�s� �o�f� �s�i�m�i�l�a�r� �c�a�p�a�c�i�t�y� �t�o� �o�n�e� �c�o�l�u�m�n�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �w�a�s�h� �w�a�t�e�r� �w�a�s� �n�o�t� 

�g�e�n�e�r�a�l�l�y� �r�e�q�u�i�r�e�d� �w�h�e�n� �t�h�e� �c�o�l�u�m�n� �w�a�s� �u�s�e�d� �a�s� �z�i�n�c� �o�r� �c�o�p�p�e�r� �c�l�e�a�n�e�r� �s�c�a�v�e�n�g�e�r�.� 

�S�u�b�r�a�m�a�n�i�a�n� �e�t� �a�l�.� �[�1�0�2�]� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �c�o�l�u�m�n�s� �c�a�n� �b�e� �u�s�e�d� �i�n� �r�o�u�g�h�e�r�,� �s�c�a�v�e�n�g�e�r� 

�a�n�d� �c�l�e�a�n�e�r� �f�l�o�t�a�t�i�o�n� �s�t�a�g�e�s� �b�a�s�e�d� �o�n� �p�i�l�o�t� �p�l�a�n�t� �t�e�s�t�s� �w�i�t�h� �a� �1�1� �c�m� �d�i�a�m�e�t�e�r� �c�o�l�u�m�n� �c�e�l�l�.� 

�1�.�2�.�5� �F�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �f�o�r� �i�m�p�r�o�v�i�n�g� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� 

�T�h�e�r�e� �a�r�e� �f�o�u�r� �g�e�n�e�r�a�l� �m�e�t�h�o�d�s� �t�o� �a�c�h�i�e�v�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �r�e�j�e�c�t�i�o�n� �o�f� �p�y�r�i�t�i�c� 

�s�u�l�f�u�r� �d�u�r�i�n�g� �c�o�a�l� �f�l�o�t�a�t�i�o�n�:� �(�1�)� �m�u�l�t�i�p�l�e� �f�l�o�t�a�t�i�o�n�,� �(�2�)� �p�y�r�i�t�e� �d�e�p�r�e�s�s�i�o�n�,� �(�3�)� �r�e�v�e�r�s�e� 

�f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e�,� �a�n�d� �(�4�)�  ��g�r�a�b� �a�n�d� �r�u�n�. �� 

�T�h�e� �u�s�e� �o�f� �m�u�l�t�i�p�l�e� �s�t�a�g�e�s� �o�f� �c�l�e�a�n�e�r� �f�l�o�t�a�t�i�o�n� �c�a�n� �m�i�n�i�m�i�z�e� �p�y�r�i�t�e� �r�e�c�o�v�e�r�y� 

�c�a�u�s�e�d� �b�y� �n�o�n�s�e�l�e�c�t�i�v�e� �h�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t�.� �I�n� �t�h�i�s� �t�e�c�h�n�i�q�u�e�,� �t�h�e� �c�o�a�l� �f�r�o�t�h� �p�r�o�d�u�c�t� 

�i�s� �d�i�l�u�t�e�d� �w�i�t�h� �f�r�e�s�h� �w�a�t�e�r� �a�n�d� �r�e�f�l�o�a�t�e�d� �s�e�v�e�r�a�l� �t�i�m�e�s�.� �T�h�e� �d�i�l�u�t�i�o�n� �w�a�t�e�r� �r�e�d�u�c�e�s� �t�h�e� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �3�2



�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�n�d� �o�t�h�e�r� �m�i�n�e�r�a�l� �m�a�t�t�e�r� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �p�u�l�p� �a�n�d�,� �t�h�e�r�e�f�o�r�e�,� 

�l�o�w�e�r� �t�h�e� �r�a�t�i�o� �o�f� �p�a�r�t�i�c�l�e�s� �a�t�t�a�c�h�e�d� �t�o� �b�u�b�b�l�e�s� �t�o� �t�h�o�s�e� �e�n�t�r�a�i�n�e�d� �i�n� �l�i�q�u�i�d�s� �i�n� �f�r�o�t�h� 

�p�h�a�s�e�.� �F�o�r� �m�o�s�t� �c�o�a�l�s�,� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�r�e�e� �s�t�a�g�e�s� �o�f� �c�l�e�a�n�e�r� �f�l�o�t�a�t�i�o�n� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� 

�e�s�s�e�n�t�i�a�l�l�y� �e�l�i�m�i�n�a�t�e� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� �p�r�o�b�l�e�m�.� �H�o�w�e�v�e�r�,� �m�u�l�t�i�p�l�e� �f�l�o�t�a�t�i�o�n� �i�s� �h�i�g�h� �i�n� 

�c�o�s�t�,� �c�o�m�p�l�e�x� �i�n� �o�p�e�r�a�t�i�o�n�,� �a�n�d� �o�f�t�e�n� �n�o�t� �p�a�r�t�i�c�u�l�a�r�l�y� �e�f�f�e�c�t�i�v�e� �[�1�3�3�]�.� 

�P�y�r�i�t�e� �d�e�p�r�e�s�s�i�o�n� �i�n� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �i�s� �a� �r�e�a�s�o�n�a�b�l�e� �a�p�p�r�o�a�c�h� �t�o� �r�e�m�o�v�i�n�g� �p�y�r�i�t�e�.� 

�A� �n�u�m�b�e�r� �o�f� �p�y�r�i�t�e� �d�e�p�r�e�s�s�a�n�t�s� �(�m�a�i�n�l�y� �p�H� �m�o�d�i�f�i�e�r�s�,� �o�x�i�d�a�n�t�s�,� �a�n�d� �r�e�d�u�c�t�a�n�t�s�)� �h�a�v�e� 

�b�e�e�n� �e�x�a�m�i�n�e�d� �f�o�r� �i�t�s� �p�y�r�i�t�e� �d�e�p�r�e�s�s�i�o�n� �e�f�f�e�c�t�s� �[�1�3�4�]�.� �H�o�w�e�v�e�r�,� �t�h�e�s�e� �d�e�p�r�e�s�s�a�n�t�s� �a�r�e� 

�f�o�u�n�d� �t�o� �e�i�t�h�e�r� �h�a�v�e� �o�n�l�y� �m�a�r�g�i�n�a�l� �e�f�f�e�c�t� �o�n� �p�y�r�i�t�e� �d�e�p�r�e�s�s�i�o�n� �o�r� �d�e�p�r�e�s�s� �c�o�a�l� �a�s� �w�e�l�l�.� 

�T�h�e� �p�r�o�c�e�s�s� �o�f� �r�e�v�e�r�s�e� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �f�o�r� �c�o�a�l� �d�e�s�u�l�f�u�r�i�z�a�t�i�o�n� �i�n�v�o�l�v�e�s� �t�w�o� 

�s�t�a�g�e�s�.� �T�h�e� �f�i�r�s�t� �s�t�a�g�e� �f�l�o�t�a�t�i�o�n� �i�s� �i�d�e�n�t�i�c�a�l� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �w�i�t�h� �t�h�e� 

�p�u�r�p�o�s�e� �o�f� �r�e�m�o�v�i�n�g� �t�h�e� �b�u�l�k� �o�f� �a�s�h�-�f�o�r�m�i�n�g� �m�i�n�e�r�a�l�s�.� �T�h�e� �f�r�o�t�h� �p�r�o�d�u�c�t� �i�s� �t�h�e� �f�e�e�d� �t�o� 

�t�h�e� �s�e�c�o�n�d� �s�t�a�g�e� �f�l�o�t�a�t�i�o�n� �w�h�e�r�e� �a� �c�o�a�l� �d�e�p�r�e�s�s�a�n�t� �i�s� �a�d�d�e�d� �a�n�d� �p�y�r�i�t�e� �i�s� �f�l�o�a�t�e�d� �w�i�t�h� �a� 

�x�a�n�t�h�a�t�e� �c�o�l�l�e�c�t�o�r�.� �T�h�e� �m�a�j�o�r� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�i�s� �p�r�o�c�e�s�s� �i�n�c�l�u�d�e� �h�i�g�h� �r�e�a�g�e�n�t� 

�(�c�o�a�l� �d�e�p�r�e�s�s�a�n�t�)� �d�o�s�a�g�e�,� �h�i�g�h� �c�o�s�t�,� �a�n�d� �l�o�w� �c�o�a�l� �r�e�c�o�v�e�r�y� �[�1�3�5�]�.� 

�T�h�e�  ��g�r�a�b� �a�n�d� �r�u�n �� �s�c�h�e�m�e� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �a� �p�r�o�c�e�s�s� �t�h�a�t� �s�a�c�r�i�f�i�c�e�s� �c�o�a�l� �r�e�c�o�v�e�r�y� 

�t�o� �o�b�t�a�i�n� �a�n� �a�c�c�e�p�t�a�b�l�e� �s�u�l�f�u�r� �c�o�n�t�e�n�t� �i�n� �p�r�o�d�u�c�t�.� �I�n� �t�h�i�s� �m�e�t�h�o�d�,� �a� �f�r�a�c�t�i�o�n� �o�f� �c�o�a�l� �l�o�w� 

�i�n� �p�y�r�i�t�e� �i�s� �f�l�o�a�t�e�d� �u�n�d�e�r� �g�e�n�t�l�e� �o�p�e�r�a�t�i�n�g� �c�o�n�d�i�t�i�o�n�s�,� �i�.�e�.�,� �s�t�a�r�v�a�t�i�o�n� �q�u�a�n�t�i�t�i�e�s� �o�f� 

�r�e�a�g�e�n�t�s�,� �l�o�w� �a�i�r� �r�a�t�e�,� �l�o�w� �i�m�p�e�l�l�e�r� �s�p�e�e�d�,� �s�h�o�r�t� �f�l�o�t�a�t�i�o�n� �r�e�s�i�d�e�n�c�e� �t�i�m�e�,� �e�t�c�.� �T�h�i�s� 

�a�p�p�r�o�a�c�h� �h�a�s� �b�e�e�n� �s�p�e�c�i�a�l�l�y� �p�r�o�m�o�t�e�d� �b�y� �A�p�l�a�n� �[�1�3�6�]�.� �A�p�p�a�r�e�n�t�l�y�,� �t�h�i�s� �p�r�o�c�e�s�s� �m�a�y� �n�o�t� 

�b�e� �a�n� �i�d�e�a�l� �a�l�t�e�r�n�a�t�i�v�e� �d�u�e� �t�o� �a� �s�u�b�s�t�a�n�t�i�a�l� �l�o�s�s� �o�f� �c�o�m�b�u�s�t�i�b�l�e� �m�a�t�e�r�i�a�l�.� 
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�1�.�3�.� �R�e�s�e�a�r�c�h� �O�b�j�e�c�t�i�v�e�s� 

�T�h�e� �o�v�e�r�a�l�l� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �i�s� �t�o� �e�n�h�a�n�c�e� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �f�r�o�m� �c�o�a�l� 

�i�n� �f�l�o�t�a�t�i�o�n�.� �T�h�i�s� �w�i�l�l� �b�e� �a�c�h�i�e�v�e�d� �b�y� �d�e�v�e�l�o�p�i�n�g� �a� �n�o�v�e�l� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �t�e�c�h�n�i�q�u�e� �t�o� 

�e�l�i�m�i�n�a�t�e� �s�u�r�f�a�c�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �p�y�r�i�t�e� �a�n�d� �m�i�n�i�m�i�z�i�n�g� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �c�o�l�u�m�n� 

�f�l�o�t�a�t�i�o�n� �b�y� �p�r�o�p�e�r�l�y� �m�a�n�i�p�u�l�a�t�i�n�g� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �a�n�d� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 

�I�n� �s�p�i�t�e� �o�f� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �l�i�t�e�r�a�t�u�r�e� �o�n� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�,� �t�h�e�r�e� �i�s� �m�u�c�h� 

�c�o�n�t�r�o�v�e�r�s�y� �o�n� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �a�n�d� �p�r�o�d�u�c�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �m�i�n�e�r�a�l�.� 

�M�o�r�e� �w�o�r�k� �i�s� �n�e�e�d�e�d� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �o�f� �p�y�r�i�t�e�,� �e�s�p�e�c�i�a�l�l�y� �c�o�a�l�-� 

�p�y�r�i�t�e�s�,� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s�.� �F�u�n�d�a�m�e�n�t�a�l� �m�e�c�h�a�n�i�s�m�s� �o�f� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �a�n�d� 

�c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �h�y�d�r�o�p�h�o�b�i�c� �s�p�e�c�i�e�s� �a�r�e� �p�r�o�d�u�c�e�d� �d�u�r�i�n�g� �o�x�i�d�a�t�i�o�n� �h�a�v�e� �t�o� �b�e� 

�w�e�l�l� �i�d�e�n�t�i�f�i�e�d� �i�f� �n�e�w� �s�c�h�e�m�e�s� �a�r�e� �t�o� �b�e� �d�e�v�i�s�e�d� �f�o�r� �e�n�h�a�n�c�e�d� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �f�r�o�m� �c�o�a�l� 

�b�y� �f�l�o�t�a�t�i�o�n� �o�r� �o�t�h�e�r� �s�u�r�f�a�c�e�-�r�e�l�a�t�e�d� �t�e�c�h�n�i�q�u�e�s�.� �T�o� �a�d�d�r�e�s�s� �t�h�e�s�e� �d�e�f�i�c�i�e�n�c�i�e�s�,� 

�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�n�d� �s�p�e�c�t�r�o�s�c�o�p�i�c� �t�e�c�h�n�i�q�u�e�s� �w�e�r�e� �e�m�p�l�o�y�e�d� �t�o� �s�t�u�d�y� �m�e�c�h�a�n�i�s�m�s� �a�n�d� 

�k�i�n�e�t�i�c�s� �o�f� �s�u�r�f�a�c�e� �r�e�a�c�t�i�o�n�s� �o�f� �p�y�r�i�t�e�.� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �w�a�s� �e�x�p�l�o�r�e�d� �a�s� �a� �p�r�a�c�t�i�c�a�l� 

�m�e�t�h�o�d� �t�o� �c�o�n�t�r�o�l� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �p�y�r�i�t�e� �a�n�d� �p�r�e�v�e�n�t� �i�t�s� �o�x�i�d�a�t�i�o�n�.� �T�h�e� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� 

�t�h�i�s� �t�e�c�h�n�i�q�u�e� �t�o� �e�n�h�a�n�c�e� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �f�r�o�m� �c�o�a�l� �w�a�s� �e�x�a�m�i�n�e�d� �i�n� �v�a�r�i�o�u�s� �f�l�o�t�a�t�i�o�n� 

�t�e�s�t�s�.� 

�T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �i�n� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �o�f� �c�o�a�l� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� 

�r�o�l�e� �i�n� �f�l�o�t�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �f�r�o�t�h� �i�s� �c�l�o�s�e�l�y� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�n�t�r�a�i�n�m�e�n�t� 

�m�e�c�h�a�n�i�s�m� �o�f� �p�a�r�t�i�c�l�e� �r�e�c�o�v�e�r�y�.� �P�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �c�a�n� �b�e� �i�m�p�r�o�v�e�d� �b�y� �m�i�n�i�m�i�z�i�n�g� �t�h�e� 
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�h�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �t�h�e� �f�r�o�t�h� �i�n� �c�o�a�l� �f�l�o�t�a�t�i�o�n�.� �S�t�u�d�i�e�s� �w�e�r�e�,� �t�h�e�r�e�f�o�r�e�,� �c�a�r�r�i�e�d� �o�u�t� 

�t�o� �e�s�t�a�b�l�i�s�h� �e�f�f�e�c�t�s� �o�f� �t�h�e� �k�e�y� �o�p�e�r�a�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �o�f� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �o�n� �t�h�r�e�e�-�p�h�a�s�e� 

�f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �a�n�d� �r�e�s�u�l�t�a�n�t� �f�l�o�t�a�t�i�o�n� �r�e�s�p�o�n�s�e�.� �T�h�e� �d�a�t�a� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �t�h�e� �d�e�s�i�g�n� �a�n�d� 

�o�p�e�r�a�t�i�o�n� �o�f� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s� �f�o�r� �f�i�n�e� �p�a�r�t�i�c�l�e� �p�r�o�c�e�s�s�i�n�g� �t�o� �a�c�h�i�e�v�e� �m�a�x�i�m�u�m� 

�s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�.� 

�A� �n�u�m�b�e�r� �o�f� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �w�e�r�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �e�x�a�m�i�n�e�d� �w�i�t�h� �s�e�v�e�r�a�l� 

�c�o�a�l� �s�a�m�p�l�e�s� �a�n�d� �t�h�e�o�r�e�t�i�c�a�l�l�y� �a�n�a�l�y�z�e�d�.� �T�h�e� �e�f�f�e�c�t� �o�f� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� �w�a�s� 

�e�s�t�a�b�l�i�s�h�e�d� �o�n� �t�h�e� �o�v�e�r�a�l�l� �c�i�r�c�u�i�t� �p�e�r�f�o�r�m�a�n�c�e� �e�v�a�l�u�a�t�e�d� �b�y� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �a�n�d� 

�s�e�p�a�r�a�t�i�o�n� �c�u�r�v�e�s�.� �T�h�e� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �e�x�a�m�i�n�e�d� �a�r�e� �c�o�m�p�o�s�e�d� �o�f� �s�i�n�g�l�e� �s�t�a�g�e�,� �t�w�o� 

�s�t�a�g�e�s�,� �a�n�d� �t�h�r�e�e� �s�t�a�g�e�s� �t�h�a�t� �a�r�e� �r�e�l�a�t�i�v�e�l�y� �c�o�m�m�o�n� �i�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �i�n�d�u�s�t�r�y�.� 

�1�.�4� �R�e�p�o�r�t� �O�r�g�a�n�i�z�a�t�i�o�n� 

�R�e�s�e�a�r�c�h� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �i�s� �r�e�p�o�r�t�e�d� �i�n� �f�o�u�r� �s�e�p�a�r�a�t�e�,� �s�t�a�n�d�-�a�l�o�n�e� 

�c�h�a�p�t�e�r�s�.� �E�a�c�h� �c�h�a�p�t�e�r� �c�o�n�s�i�s�t�s� �o�f� �a�n� �i�n�t�r�o�d�u�c�t�i�o�n�,� �r�e�s�e�a�r�c�h� �o�b�j�e�c�t�i�v�e�s�,� �e�x�p�e�r�i�m�e�n�t�a�l�,� 

�r�e�s�u�l�t�s� �a�n�d� �d�i�s�c�u�s�s�i�o�n�,� �a�n�d� �c�o�n�c�l�u�s�i�o�n�s�.� �T�h�e� �o�r�g�a�n�i�z�a�t�i�o�n� �o�f� �t�h�i�s� �r�e�p�o�r�t� �i�s� �b�a�s�e�d� �o�n� �t�h�r�e�e� 

�m�a�j�o�r� �r�e�c�o�v�e�r�y� �m�e�c�h�a�n�i�s�m�s� �o�f� �p�y�r�i�t�e� �i�n� �f�l�o�t�a�t�i�o�n�:� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �(�C�h�a�p�t�e�r�s� �2� �a�n�d� �3�)�,� 

�h�y�d�r�a�u�l�i�c� �e�n�t�r�a�i�n�m�e�n�t� �(�C�h�a�p�t�e�r� �4�)�,� �a�n�d� �m�i�d�d�l�i�n�g�s� �(�C�h�a�p�t�e�r� �5�)�.� 

�C�h�a�p�t�e�r� �2� �d�e�a�l�s� �w�i�t�h� �s�u�r�f�a�c�e� �r�e�a�c�t�i�o�n�s� �o�n� �p�y�r�i�t�e� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �a�t� �d�i�f�f�e�r�e�n�t� 

�p�H ��s�.� �T�h�e� �m�e�c�h�a�n�i�s�m�s� �a�n�d� �k�i�n�e�t�i�c�s� �o�f� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e�s� �w�e�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �a�s� 

�t�h�e� �c�a�t�h�o�d�i�c� �h�a�l�f�-�c�e�l�l� �r�e�a�c�t�i�o�n� �o�c�c�u�r�r�i�n�g� �d�u�r�i�n�g� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�.� �T�h�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� 
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�r�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� �i�n� �o�x�y�g�e�n� �s�a�t�u�r�a�t�e�d� �s�o�l�u�t�i�o�n�s�.� �F�o�r�m�a�t�i�o�n� �o�f� �p�o�s�s�i�b�l�e� �s�o�l�u�b�l�e� 

�i�n�t�e�r�m�e�d�i�a�t�e� �s�p�e�c�i�e�s� �o�f� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �c�a�n� �b�e� �d�i�r�e�c�t�l�y� �d�e�t�e�c�t�e�d� �b�y� �t�h�i�s� �t�e�c�h�n�i�q�u�e�.� 

�I�n�c�i�p�i�e�n�t� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f� �w�a�s� �e�x�p�l�o�r�e�d� �o�n� �f�r�e�s�h� �s�u�r�f�a�c�e�s� �o�f� �p�y�r�i�t�e� �c�r�e�a�t�e�d� �b�y� �i�n�-� 

�s�i�t�u� �f�r�a�c�t�u�r�i�n�g� �e�l�e�c�t�r�o�d�e�s� �u�n�d�e�r� �e�l�e�c�t�r�o�l�y�t�e�s�.� �R�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �a�l�s�o� �u�s�e�d� 

�i�n� �a�n� �e�x�t�e�n�s�i�v�e� �s�t�u�d�y� �o�f� �v�a�r�i�o�u�s� �s�u�r�f�a�c�e� �r�e�a�c�t�i�o�n�s� �o�n� �p�y�r�i�t�e� �i�n� �m�o�d�e�r�a�t�e� �p�o�t�e�n�t�i�a�l� �r�a�n�g�e�s�.� 

�M�i�n�e�r�a�l�-� �a�n�d� �c�o�a�l�-�p�y�r�i�t�e�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �s�t�u�d�y� �a�n�d� �t�h�e�i�r� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �b�e�h�a�v�i�o�r�s� �w�e�r�e� 

�c�o�m�p�a�r�e�d�.� 

�S�e�l�f�-�i�n�d�u�c�e�d� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �p�y�r�i�t�e� �a�n�d� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �t�e�c�h�n�i�q�u�e� �d�e�v�e�l�o�p�e�d� 

�f�o�r� �p�y�r�i�t�e� �d�e�p�r�e�s�s�i�o�n� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �3�.� �C�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n� �o�f� �t�h�e� �m�i�n�e�r�a�l� 

�p�y�r�i�t�e� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �a�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�-�m�i�c�r�o�f�l�o�t�a�t�i�o�n� �c�e�l�l� �w�h�e�r�e� �p�o�t�e�n�t�i�a�l� �i�s� 

�d�i�r�e�c�t�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� �a� �p�o�t�e�n�t�i�o�s�t�a�t� �a�n�d� �a� �P�a�t�r�i�d�g�e� �a�n�d� �S�m�i�t�h�-�t�y�p�e� �m�i�c�r�o�f�l�o�t�a�t�i�o�n� �c�e�l�l� 

�[�1�3�7�]� �i�n� �w�h�i�c�h� �p�y�r�i�t�e� �p�o�t�e�n�t�i�a�l� �w�a�s� �a�d�j�u�s�t�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �o�x�i�d�i�z�i�n�g� �o�r� �r�e�d�u�c�i�n�g� 

�a�g�e�n�t�s� �i�n�t�o� �t�h�e� �s�o�l�u�t�i�o�n�.� �G�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �p�r�o�c�e�s�s� �w�a�s� �e�x�p�l�o�r�e�d� �a�s� �a� �p�r�a�c�t�i�c�a�l� �m�e�t�h�o�d� 

�f�o�r� �t�h�e� �c�o�n�t�r�o�l� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �p�y�r�i�t�e� �t�o� �p�r�e�v�e�n�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f�,� �a�n�d�/�o�r� �t�o� �r�e�m�o�v�e�,� 

�i�f� �a�l�r�e�a�d�y� �p�r�e�s�e�n�t�,� �h�y�d�r�o�p�h�o�b�i�c� �s�p�e�c�i�e�s� �o�n� �p�y�r�i�t�e� �s�u�r�f�a�c�e�.� �A�c�t�i�v�e� �m�e�t�a�l�s� �s�u�c�h� �a�s� 

�m�a�n�g�a�n�e�s�e�,� �z�i�n�c�,� �i�r�o�n�,� �a�l�u�m�i�n�u�m�,� �a�n�d� �t�h�e�i�r� �a�l�l�o�y�s� �w�e�r�e� �t�e�s�t�e�d� �a�s� �p�o�s�s�i�b�l�e� �s�a�c�r�i�f�i�c�i�a�l� 

�a�n�o�d�e�s� �f�o�r� �c�a�t�h�o�d�i�c� �p�r�o�t�e�c�t�i�o�n� �o�f� �p�y�r�i�t�e�.� �T�h�e� �m�e�c�h�a�n�i�s�m� �a�n�d� �e�f�f�e�c�t�i�v�e�n�e�s�s� �o�f� �t�h�i�s� 

�p�r�o�c�e�s�s� �w�a�s� �s�t�u�d�i�e�d� �i�n� �a� �s�p�e�c�i�a�l�l�y� �d�e�s�i�g�n�e�d� �g�a�l�v�a�n�i�c� �c�e�l�l�.� �T�h�e� �s�u�r�f�a�c�e� �o�f� �p�y�r�i�t�e� �a�l�t�e�r�e�d� 

�b�y� �g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �w�a�s� �e�x�a�m�i�n�e�d� �b�y� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �t�o� �r�e�v�e�a�l� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� 

�g�a�l�v�a�n�i�c� �c�o�u�p�l�i�n�g� �o�n� �s�u�r�f�a�c�e� �p�r�o�d�u�c�t�s�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �w�a�s� �t�h�e�n� �a�p�p�l�i�e�d� �t�o� �c�o�a�l� �f�l�o�t�a�t�i�o�n� 

�i�n� �a� �m�i�c�r�o�b�u�b�b�l�e� �c�o�l�u�m�n� �a�n�d� �a� �m�e�c�h�a�n�i�c� �f�l�o�t�a�t�i�o�n� �c�e�l�l� �t�o� �s�h�o�w� �i�t�s� �e�f�f�e�c�t� �o�n� �p�y�r�i�t�e� 
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�r�e�j�e�c�t�i�o�n�.� 

�C�h�a�p�t�e�r� �4� �i�s� �d�e�d�i�c�a�t�e�d� �t�o� �t�h�e� �s�t�u�d�y� �o�f� �f�r�o�t�h� �b�e�h�a�v�i�o�r� �i�n� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �t�o� 

�m�i�n�i�m�i�z�e� �t�h�e� �r�e�c�o�v�e�r�y� �o�f� �p�y�r�i�t�e� �b�y� �n�o�n�s�e�l�e�c�t�i�v�e� �e�n�t�r�a�i�n�m�e�n�t�.� �C�o�l�u�m�n� �o�p�e�r�a�t�i�n�g� 

�p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� �e�x�a�m�i�n�e�d� �f�o�r� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �f�r�o�t�h� �s�t�a�b�i�l�i�t�y� �m�e�a�s�u�r�e�d� �b�y� 

�w�a�t�e�r� �r�e�c�o�v�e�r�y�.� �D�e�p�e�n�d�e�n�c�e� �o�f� �a�s�h� �r�e�c�o�v�e�r�y� �a�n�d� �c�o�m�b�u�s�t�i�b�l�e� �r�e�c�o�v�e�r�y� �o�n� �w�a�t�e�r� 

�r�e�c�o�v�e�r�y� �i�n� �t�h�e� �f�r�o�t�h� �p�r�o�d�u�c�t� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� 

�e�n�t�r�a�i�n�m�e�n�t� �i�n� �f�l�o�t�a�t�i�o�n�.� �P�a�r�t�i�c�u�l�a�r� �e�f�f�o�r�t�s� �w�e�r�e� �m�a�d�e� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�o�l�i�d� 

�p�a�r�t�i�c�l�e�s� �o�n� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �f�r�o�t�h� �a�n�d� �u�n�d�e�r�s�t�a�n�d� �f�a�c�t�o�r�s� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e�i�r� �b�e�h�a�v�i�o�r�.� 

�F�r�o�t�h� �c�l�e�a�n�i�n�g� �a�c�t�i�o�n� �b�y� �l�i�q�u�i�d� �d�r�a�i�n�a�g�e� �a�n�d� �b�u�b�b�l�e� �c�o�a�l�e�s�c�e�n�c�e� �w�a�s� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� 

�d�e�v�e�l�o�p�i�n�g� �f�r�o�t�h� �p�r�o�f�i�l�e�s� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� �c�o�n�d�i�t�i�o�n�s�.� 

�C�h�a�p�t�e�r� �5� �f�o�c�u�s�e�s� �o�n� �c�o�l�u�m�n� �c�i�r�c�u�i�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �s�e�p�a�r�a�t�i�o�n� 

�e�f�f�i�c�i�e�n�c�y�.� �S�i�x� �d�i�f�f�e�r�e�n�t� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �t�h�a�t� �a�r�e� �m�o�s�t� �l�i�k�e�l�y� �t�o� �b�e� �a�d�o�p�t�e�d� �i�n� 

�t�h�e� �m�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g� �i�n�d�u�s�t�r�y� �a�r�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �e�x�a�m�i�n�e�d� �i�n� �a�n� �e�n�d�e�a�v�o�r� �t�o� �i�m�p�r�o�v�e� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n� �e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�d�d�l�i�n�g�s�.� �T�h�e�y� �i�n�c�l�u�d�e� �s�i�n�g�l�e�-�s�t�a�g�e�,� �r�o�u�g�h�e�r�-�s�c�a�v�e�n�g�e�r�,� 

�r�o�u�g�h�e�r�-�c�l�e�a�n�e�r�,� �r�o�u�g�h�e�r�-�s�c�a�v�e�n�g�e�r�-�s�c�a�v�e�n�g�e�r� �c�l�e�a�n�e�r�,� �r�o�u�g�h�e�r�-�s�c�a�v�e�n�g�e�r�-�c�l�e�a�n�e�r�,� �a�n�d� 

�r�o�u�g�h�e�r�-�c�l�e�a�n�e�r�-�r�e�c�l�e�a�n�e�r�.� �N�u�m�e�r�i�c�a�l� �c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e�s� �d�e�v�e�l�o�p�e�d� �b�y� �M�e�l�o�y� 

�[�1�2�2�]� �w�e�r�e� �e�m�p�l�o�y�e�d� �t�o� �p�r�o�v�i�d�e� �t�h�e�o�r�e�t�i�c�a�l� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t�s�.� 

�F�i�n�a�l�l�y�,� �t�h�e� �s�u�m�m�a�r�y� �a�n�d� �c�o�n�c�l�u�s�i�o�n�s� �a�r�e� �p�r�o�v�i�d�e�d� �i�n� �C�h�a�p�t�e�r� �6�,� �a�n�d� 

�r�e�c�o�m�m�e�n�d�a�t�i�o�n�s� �f�o�r� �f�u�t�u�r�e� �w�o�r�k� �i�n� �C�h�a�p�t�e�r� �7�.� 
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�1�.�5� �R�e�f�e�r�e�n�c�e�s� 

�L�u�t�t�r�e�l�l�,� �G�.�H�.�,� �A�d�e�l�,� �G�.�T�.�,� �a�n�d� �Y�o�o�n�,� �R�.�-�H�.�,� �1�9�8�8�.�  ��H�y�d�r�o�d�y�n�a�m�i�c�s� �a�n�d� 

�m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l�i�n�g� �o�f� �f�i�n�e� �c�o�a�l� �f�l�o�t�a�t�i�o�n�, �� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �X�V�I� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g� �C�o�n�g�r�e�s�s�,� �E�d�.� �b�y� �E�.� �F�o�r�s�s�b�e�r�g�,� �E�l�s�e�v�i�e�r�,� �A�m�s�t�e�r�d�a�m�,� �p�p�.� 

�1�7�9�1�-�1�8�0�2�.� 

�Y�o�o�n�,� �R�.�-�H�.�,� �1�9�9�3�.�  ��M�i�c�r�o�b�u�b�b�l�e� �f�l�o�t�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �E�n�g�i�n�e�e�r�i�n�g�,� �6�(�6�)�,� �p�p� 

�6�1�9�-�6�2�9�.� 

�L�e�v�e�n�s�p�i�e�l�,� �O�.�,� �1�9�7�2�.�  ��C�h�e�m�i�c�a�l� �R�e�a�c�t�i�o�n� �E�n�g�i�n�e�e�r�i�n�g�, �� �J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� 

�I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �N�.�Y�.� 

�Y�o�o�n�,� �R�.�-�H�.�,� �1�9�9�3�.�  ��M�i�c�r�o�b�u�b�b�l�e� �f�l�o�t�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �E�n�g�i�n�e�e�r�i�n�g�,� �6�(�6�)�,� �p�p�.� 

�6�1�9�-�6�3�0�.� 

�L�u�t�t�r�e�l�l�,� �G�.�H�.� �a�n�d� �Y�o�o�n�,� �R�.�-�H�.�,� �1�9�9�2�.�  ��M�e�t�h�o�d�s� �f�o�r� �i�m�p�r�o�v�i�n�g� �s�u�l�f�u�r� �r�e�j�e�c�t�i�o�n� 

�i�n� �f�i�n�e� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�, �� �i�n� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �C�o�a�l� �P�r�e�p�a�r�a�t�i�o�n� �°�9�2� 

�c�o�n�f�e�r�e�n�c�e�,� �M�a�y� �3�-�7�,� �C�i�n�c�i�n�n�a�t�i�,� �O�h�i�o�.� 

�R�a�n�d�,� �D�.�A�.�J�.� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�8�4�.�  ��E�,� �m�e�a�s�u�r�e�m�e�n�t�s� �i�n� �s�u�l�p�h�i�d�e� �m�i�n�e�r�a�l� 

�s�l�u�r�r�i�e�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�3�,� �p�p�.� �2�9�-�4�2�.� 

�P�e�t�e�r�s�,� �E�.� �a�n�d� �M�a�j�i�m�a�,� �H�.�,� �1�9�6�8�.�  ��E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s� �o�f� �p�y�r�i�t�e� �i�n� �a�c�i�d� 

�p�e�r�c�h�l�o�r�a�t�e� �s�o�l�u�t�i�o�n�, �� �C�a�n�a�d�i�a�n� �M�e�t�a�l�l�u�r�g�i�c�a�l� �Q�u�a�r�t�e�r�l�y�,� �7�,� �N�o�.�3�,� �p�p�.� �1�1�1�-�1�1�7�.� 

�B�i�e�g�l�e�r�,� �T�.�,� �R�a�n�d�,� �D�.�A�.�J�.�,� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�7�5�.�  ��O�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �s�u�l�f�i�d�e� 

�m�i�n�e�r�a�l�s�,� �p�a�r�t� �I�,� �K�i�n�e�t�i�c�s� �a�n�d� �m�e�c�h�a�n�i�s�m� �a�t� �r�o�t�a�t�e�d� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�, �� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �3�8



�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�E�l�e�c�t�r�o�a�n�a�l�y�t�i�c�a�l� �C�h�e�m�i�s�t�r�y� �a�n�d� �I�n�t�e�r�f�a�c�i�a�l� �E�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y�,� �6�0�,� �p�p�.� �1�5�1�-�1�6�2�.� 

�B�i�e�g�l�e�r�,� �T�.�,� �1�9�7�6�.�  ��O�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�,� �P�a�r�t� �I�I�,� �r�e�l�a�t�i�o�n� 

�b�e�t�w�e�e�n� �a�c�t�i�v�i�t�y� �a�n�d� �s�e�m�i�c�o�n�d�u�c�t�i�n�g� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s�, �� �J�o�u�r�n�a�l� �o�f� 

�E�l�e�c�t�r�o�a�n�a�l�y�t�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �7�0�,� �p�p�.� �2�6�5�-�2�7�5�.� 

�R�a�n�d�,� �D�.�A�.�J�.�,� �1�9�7�7�.�  ��O�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�,� �p�a�r�t� �I�I�I�.� 

�C�o�m�p�a�r�i�s�o�n� �o�f� �a�c�t�i�v�i�t�i�e�s� �o�f� �v�a�r�i�o�u�s� �c�o�p�p�e�r�,� �i�r�o�n�,� �l�e�a�d� �a�n�d� �n�i�c�k�e�l� �m�i�n�e�r�a�l� 

�e�l�e�c�t�r�o�d�e�s�, �� �J�o�u�r�n�a�l� �o�f� �E�l�e�c�t�r�o�a�n�a�l�y�t�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �8�3�,� �p�p�.� �1�9�-�3�2�.� 

�D�o�o�,� �S�.�G�.� �a�n�d� �S�o�h�n�,� �H�.�-�J�.�,� �1�9�8�9�.�  ��E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �r�e�d�u�c�t�i�o�n� �o�f� �o�x�y�g�e�n� �o�n� �a� 

�p�y�r�i�t�e� �s�u�r�f�a�c�e�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �N�o�v�e�m�b�e�r�,� �1�9�8�9�,� �p�p�.� 

�2�0�1�-�2�0�5�.� 

�K�o�c�a�b�a�g�,� �D�.�,� �S�h�e�r�g�o�l�d�,� �H�.�L�.�,� �a�n�d� �K�e�l�s�a�l�l�,� �G�.�H�.�,� �1�9�9�0�.�  ��N�a�t�u�r�a�l� �o�l�e�o�p�h�i�l�i�c�i�t�y� 

�/�h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�,� �I�I�.� �p�y�r�i�t�e�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� 

�P�r�o�c�e�s�s�i�n�g�,� �2�9�,� �p�p�.� �2�1�1�-�2�1�9�.� 

�H�a�m�i�l�t�o�n�,� �I�.�C�.� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�8�1�.�  ��A�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� 

 �� �p�y�r�i�t�e� �a�n�d� �p�y�r�r�h�o�t�i�t�e� �b�y� �l�i�n�e�a�r� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �v�o�l�t�a�m�m�e�t�r�y�, �� �J�o�u�r�n�a�l� �o�f� 

�E�l�e�c�t�r�o�a�n�a�l�y�t�i�c�a�l� �C�h�e�m�i�s�t�r�y�,� �1�1�8�,� �p�p�.� �3�2�7�-�3�4�3�.� 

�P�e�t�e�r�s�,� �E�.�,� �1�9�8�6�.�  ��L�e�a�c�h�i�n�g� �o�f� �s�u�l�f�i�d�e�s�, �� �i�n�:� �A�d�v�a�n�c�e�s� �i�n� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� 

�E�d�.� �b�y� �P�.� �S�o�m�a�s�u�n�d�a�r�a�n�,� �S�M�E�-�A�I�M�E�,� �L�i�t�t�l�e�t�o�n�,� �C�O�,� �p�p�.� �4�4�5�-�4�6�2�.� 

�P�e�t�e�r�s�,� �E�.�,� �1�9�7�7�.�  ��T�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�, �� �i�n�:� �T�r�e�n�d�s� �i�n� 

�E�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y�,� �E�d�.� �b�y� �J�.�O�.�M�.� �B�o�c�k�r�i�s�,� �D�.�A�.�J�.� �R�a�n�d� �a�n�d� �B�.�J�.� �W�e�l�c�h�,� �P�l�e�n�u�m�,� 

�N�.�Y�.�,� �p�p�.� �2�6�7�-�2�9�0�.� 
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�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�B�i�e�g�l�e�r�,� �T�.� �a�n�d� �S�w�i�f�t�,� �D�.�A�.�,� �1�9�7�9�.�  ��A�n�o�d�i�c� �b�e�h�a�v�i�o�r� �o�f� �p�y�r�i�t�e� �i�n� �a�c�i�d� 

�s�o�l�u�t�i�o�n�s�, �� �E�l�e�c�t�r�o�c�h�i�m�i�c�a� �A�c�t�a�,� �2�4�,� �p�p�.� �4�1�5�-�4�2�0�.� 

�Y�o�o�n�,� �R�.�-�H�.�,� �L�a�g�n�o�,� �M�.�L�.�,� �L�u�t�t�r�e�l�l�,� �G�.�H�.�,� �a�n�d� �M�i�e�l�c�z�a�r�s�k�i�,� �J�.�A�.�,� �1�9�9�1�.�  ��O�n� 

�t�h�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �c�o�a�l� �p�y�r�i�t�e�, �� �I�n�:� �P�r�o�c�e�s�s�i�n�g� �a�n�d� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �h�i�g�h� �s�u�l�f�u�r� 

�c�o�a�l�s� �I�V�,� �E�d�.� �b�y� �P�.�R�.� �D�u�g�a�n�,� �D�.�R�.� �Q�u�i�g�l�e�y�,� �a�n�d� �Y�.�A�.� �A�t�t�i�a�,� �E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� 

�P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�.� 

�A�h�l�b�e�r�g�,� �E�.�,� �F�o�r�s�s�b�e�r�g�,� �K�.�S�.�E�.�,� �a�n�d� �W�a�n�g�,� �X�.�,� �1�9�9�0�.�  ��T�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� 
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�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�4�0�.� 

�B�u�c�k�l�e�y�,� �A�.�N�.� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�8�7�.�  ��T�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e�, �� �A�p�p�l�i�e�d� 

�S�u�r�f�a�c�e� �S�c�i�e�n�c�e�,� �2�7�,� �p�p�.� �4�3�7�-�4�5�2�.� 

�B�u�c�k�l�e�y�,� �A�.�N�.�,� �H�a�m�i�l�t�o�n�,� �I�.�C�.�,� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�8�8�.�  ��S�t�u�d�i�e�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�n�d� �p�y�r�r�h�o�t�i�t�e� �u�s�i�n�g� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� 

�l�i�n�e�a�r� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �v�o�l�t�a�m�m�e�t�r�y�, �� �i�n�:� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� 

�o�n� �E�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �i�n� �M�i�n�e�r�a�l� �a�n�d� �M�e�t�a�l� �P�r�o�c�e�s�s�i�n�g�,� �E�d�.� �b�y� �P�.�E�.� �R�i�c�h�a�r�d�s�o�n�,� 

�a�n�d� �R�.� �W�o�o�d�s�,� �T�h�e� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �I�n�c�.�,� �P�e�n�n�i�n�g�t�o�n�,� �N�.�J�.�,� �p�p�.� �2�3�4�-� 

�2�4�6�.� 

�B�a�i�l�e�y�,� �L�.�K�.� �a�n�d� �P�e�t�e�r�s�,� �E�,� �1�9�7�6�.�  ��D�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�n� �a�c�i�d�s� �b�y� �p�r�e�s�s�u�r�e� 

�l�e�a�c�h�i�n�g� �a�n�d� �a�n�o�d�i�z�a�t�i�o�n�:� �t�h�e� �c�a�s�e� �f�o�r� �a�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �m�e�c�h�a�n�i�s�m�, �� �C�a�n�a�d�i�a�n� 

�M�e�t�a�l�l�u�r�g�i�c�a�l� �Q�u�a�r�t�e�r�l�y�,� �1�5�(�4�)�,� �p�p�.� �3�3�3�-�3�4�4�.� 

�M�i�s�h�r�a�,� �K�.�K�.� �a�n�d� �O�s�s�e�o�-�A�s�a�r�e�,� �K�.�,� �1�9�8�8�.�  ��A�s�p�e�c�t�s� �o�f� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� 

�e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �o�f� �s�e�m�i�c�o�n�d�u�c�t�o�r� �p�y�r�i�t�e� �(�F�e�S�,�)�, �� �J�o�u�r�n�a�l� �o�f� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�S�o�c�i�e�t�y�:� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�,� �1�3�5�,� �p�p�.� �2�5�0�2�-�2�5�0�9�.� 

�G�o�l�d�h�a�b�e�r�,� �M�.�B�.�,� �1�9�8�3�.�  ��E�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�y� �o�f� �m�e�t�a�s�t�a�b�l�e� �s�u�l�f�u�r� �o�x�y�a�n�i�o�n� 

�f�o�r�m�a�t�i�o�n� �d�u�r�i�n�g� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �a�t� �p�H� �6�-�9� �a�n�d� �3�0� �°�C�, �� �A�m�e�r�i�c�a�n� �J�o�u�r�n�a�l� �o�f� 

�S�c�i�e�n�c�e ��,� �2�8�3�(�3�)�,� �p�p�.� �1�9�3�-�2�1�7�.� 

�C�h�a�n�d�e�r�,� �S�.� �a�n�d� �B�r�i�c�e�n�o�,� �A�.�,� �1�9�8�7�.�  ��K�i�n�e�t�i�c�s� �o�f� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �a�n�d� 

�M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �4�,� �p�p�.� �1�7�1�-�1�7�6�.� 

�C�h�a�n�d�e�r�,� �S�.�,� �1�9�9�1�.�  ��E�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �o�f� �s�u�l�f�i�d�e� �f�l�o�t�a�t�i�o�n�:� �g�r�o�w�t�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�o�f� �s�u�r�f�a�c�e� �c�o�a�t�i�n�g�s� �a�n�d� �t�h�e�i�r� �p�r�o�p�e�r�t�i�e�s�,� �w�i�t�h� �s�p�e�c�i�a�l� �r�e�f�e�r�e�n�c�e� �t�o� �c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� 
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�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�4�,� 

�4�5�.� 

�4�6�.� 

�p�y�r�i�t�e�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �3�3�,� �p�p�.� �1�2�1�-�1�3�4�.� 

�R�a�o�,� �S�.�R�.� �a�n�d� �F�i�n�c�h�,� �J�.�A�.�,� �1�9�8�7�.�  ��E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �s�t�u�d�i�e�s� �o�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �o�f� 

�s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �w�i�t�h� �s�p�e�c�i�a�l� �r�e�f�e�r�e�n�c�e� �t�o� �p�y�r�i�t�e�-�s�p�h�a�l�e�r�i�t�e� �I�.� �c�y�c�l�o�v�o�l�t�a�m�m�e�t�r�y� 

�a�n�d� �p�u�l�p� �p�o�t�e�n�t�i�a�l� �m�e�a�s�u�r�e�m�e�n�t�s�, �� �C�a�n�a�d�i�a�n� �M�e�t�a�l�l�u�r�g�i�c�a�l� �Q�u�a�r�t�e�r�l�y�,� �2�6�(�3�)�,� �p�p�.� 

�1�6�7�-�1�7�2�.� 

�C�h�m�i�e�l�e�w�s�k�i�,� �T�.� �a�n�d� �W�h�e�e�l�o�c�k�,� �T�.�D�.�,� �1�9�9�0�.�  ��S�o�m�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�s�p�e�c�t� �o�f� 

�p�y�r�i�t�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y�-�I�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�n� �c�l�e�a�v�e�d� �e�l�e�c�t�r�o�d�e�s�, �� �J�o�u�r�n�a�l� �o�f� �M�i�n�i�n�g� 

�a�n�d� �M�e�t�a�l�l�u�r�g�y�,� �2�6�(�2�)�,� �p�p�.� �1�3�3�-�1�4�4�.� 

�Z�h�u�,� �X�.�,� �W�a�d�s�w�o�r�t�h�,� �M�.�E�.�,� �B�o�d�i�l�y�,� �D�.�M�.�,� �a�n�d� �R�i�l�e�y�,� �A�.�M�.�,� �1�9�9�1�.�  ��S�u�r�f�a�c�e� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �m�i�n�e�r�a�l� �a�n�d� �c�o�a�l� �p�y�r�i�t�e� �a�f�t�e�r� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�l�t�e�r�a�t�i�o�n�, �� �I�n�:� 

�P�r�o�c�e�s�s�i�n�g� �a�n�d� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �h�i�g�h� �s�u�l�f�u�r� �c�o�a�l�s� �I�V�,� �E�d�.� �b�y� �P�.�R�.� �D�u�g�a�n�,� �D�.�R�.� 

�Q�u�i�g�l�e�y�,� �a�n�d� �Y�.�A�.� �A�t�t�i�a�,� �E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�,� �p�p�.� �2�0�5�-�2�2�2�.� 

�J�a�n�e�t�s�k�i�,� �N�.�D�.�,� �W�o�o�d�b�u�r�n�,� �D�.�A�.�J�.�,� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�7�7�.�  ��A�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �f�l�o�t�a�t�i�o�n� �a�n�d� �d�e�p�r�e�s�s�i�o�n�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� 

�P�r�o�c�e�s�s�i�n�g�,� �4�,� �p�p�.� �2�2�7�-�2�3�9�.� 

�M�i�c�h�e�l�l�,� �D�.� �a�n�d� �W�o�o�d�s�,� �R�.�,� �1�9�7�8�.�  ��A�n�a�l�y�s�i�s� �o�f� �o�x�i�d�i�z�e�d� �l�a�y�e�r�s� �o�n� �p�y�r�i�t�e� 

�s�u�r�f�a�c�e�s� �b�y� �X�-�r�a�y� �e�m�i�s�s�i�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y�, �� �A�u�s�t�r�a�l�i�a�n� 

�J�o�u�r�n�a�l� �o�f� �C�h�e�m�i�s�t�r�y�,� �3�1�,� �p�p�.� �2�7�-�3�4�.� 

�P�a�n�g�,� �J�.� �a�n�d� �C�h�a�n�d�e�r� �S�.�,� �1�9�9�3�.�  ��P�r�o�p�e�r�t�i�e�s� �o�f� �s�u�r�f�a�c�e� �f�i�l�m�s� �o�n� �c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� 

�p�y�r�i�t�e� �a�n�d� �t�h�e�i�r� �i�n�f�l�u�e�n�c�e� �i�n� �f�l�o�t�a�t�i�o�n�, �� �i�n� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �X�V�I�I�I� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g� �C�o�n�g�r�e�s�s�,� �S�y�d�n�e�y�,� �M�a�y� �2�3�-�2�8�,� �p�p�.� �6�6�9�-�6�7�7�.� 
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�4�7�.� 

�4�8�.� 

�4�9�,� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�C�h�a�n�d�e�r�,� �S�.�,� �B�r�i�c�e�n�o�,� �A�.�,� �a�n�d� �P�a�n�g�,� �J�.�,� �1�9�9�2�.�  ��O�n� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �s�u�l�f�u�r� 

�o�x�i�d�a�t�i�o�n� �i�n� �p�y�r�i�t�e�, �� �S�M�E�/�A�I�M�E� �A�n�n�u�a�l� �M�e�e�t�i�n�g�,� �P�h�o�e�n�i�x�,� �A�r�i�z�o�n�a�,� �F�e�b�r�u�a�r�y� �2�4�-� 

�2�7�,� �P�r�e�p�r�i�n�t� �N�o�.� �9�2�-�2�4�0�.� 

�R�i�c�h�a�r�d�s�o�n�,� �P�.�E�.� �a�n�d� �Y�o�o�n�,� �R�.�-�H�.�,� �1�9�9�3�.�  ��A� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �s�e�m�i�c�o�n�d�u�c�t�i�n�g� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �a�b�r�a�d�e�d� �a�n�d� �f�r�a�c�t�u�r�e�d� �s�u�l�f�i�d�e� �e�l�e�c�t�r�o�d�e�s�:� �p�y�r�i�t�e� �a�n�d� �g�a�l�e�n�a�, �� �i�n� 

�H�y�d�r�o�m�e�t�a�l�l�u�r�g�y�,� �F�u�n�d�a�m�e�n�t�a�l�s�,� �T� �e�c�h�n�o�l�o�g�y� �a�n�d� �I�n�n�o�v�a�t�i�o�n�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� 

�M�i�l�t�o�n� �E�.� �W�a�r�d�s�w�o�r�t�h� �(�I�V�)� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� �o�n� �h�y�d�r�o�m�e�t�a�l�l�u�r�g�y�,� �p�p�.� �1�0�1�-� 

�1�1�7�.� 

�E�s�p�o�s�i�t�o�,� �M�.�C�.�,� �C�h�a�n�d�e�r�,� �S�.�,� �a�n�d� �A�p�l�a�n�,�F�.�F�.�,� �1�9�8�7�.�  ��C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �p�y�r�i�t�e� 

�f�r�o�m� �c�o�a�l� �s�o�u�r�c�e�s�, �� �i�n�:� �P�r�o�c�e�s�s� �M�i�n�e�r�a�l�o�g�y� �V�I�I�,� �E�d�.� �b�y� �A�.�H�.� �V�a�s�s�i�l�i�o�u�,� 

�T�M�S�/�A�I�M�E�,� �p�p�.� �4�7�5�-�4�9�3�.� 

�O�g�u�n�s�o�l�a�,� �O�.�M�.� �a�n�d� �O�s�s�e�o�-�A�s�a�r�e�,� �K�w�a�d�w�o�,� �1�9�8�6�.�  ��T�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�b�e�h�a�v�i�o�r� �o�f� �c�o�a�l� �p�y�r�i�t�e� �1�.� �E�f�f�e�c�t�s� �o�f� �m�i�n�e�r�a�l� �s�o�u�r�c�e� �a�n�d� �c�o�m�p�o�s�i�t�i�o�n�, �� �F�u�e�l�,� �6�5�,� 

�p�p�.� �8�1�1�-�8�1�5�.� 

�B�r�i�c�e�n�o�,� �A�.� �a�n�d� �C�h�a�n�d�e�r�,� �S�.�,� �1�9�8�8�.�  ��A�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� 

�p�y�r�i�t�e�s� �f�r�o�m� �c�o�a�l� �a�n�d� �o�r�e� �s�o�u�r�c�e�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� 

�2�4�,� �p�p�.� �7�3�-�8�0�.� 

�W�a�n�g�,� �X�.�-�H�.�,� �J�i�a�n�g�,� �C�.�L�.�,� �R�a�i�c�h�u�r�,� �A�.�M�.�,� �P�a�r�e�k�h�,� �B�.�K�.�,� �a�n�d� �L�e�o�n�a�r�d�,� �J�.�W�.�,� 

�1�9�9�2�.�  ��C�o�m�p�a�r�a�t�i�v�e� �s�t�u�d�i�e�s� �o�f� �s�u�r�f�a�c�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�y�r�i�t�e� �f�r�o�m� �c�o�a�l� �a�n�d� �o�r�e� 

�s�o�u�r�c�e�s�, �� �i�n�:� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �T�h�i�r�d� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� �o�n� 

�E�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �i�n� �M�i�n�e�r�a�l� �a�n�d� �M�e�t�a�l� �P�r�o�c�e�s�s�i�n�g�,� �E�d�.� �b�y� �R�.� �W�o�o�d�s�,� �P�.�E�.� 
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�5�3�.� 

�5�4�.� 

�3�5�.� 

�5�6�.� 

�3�7�.� 

�5�8�.� 

�5�9�.� 

�6�0�.� 

�R�i�c�h�a�r�d�s�o�n�,� �T�h�e� �E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �I�n�c�.�,� �P�e�n�n�i�n�g�t�o�n�,� �N�.�J�.�,� �p�p�.� �4�1�0�-�4�3�2�.� 

�L�a�i�,� �R�.�W�.�,� �D�i�e�h�l�,� �J�.�R�.�,� �H�a�m�m�a�c�k�,� �R�.�W�.�,� �a�n�d� �K�h�a�n�,� �S�.�U�.�M�.�,� �1�9�9�0�.� 

 ��C�o�m�p�a�r�a�t�i�v�e� �s�t�u�d�i�e�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �c�o�a�l� �p�y�r�i�t�e� 

�a�n�d� �m�i�n�e�r�a�l� �p�y�r�i�t�e�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �F�e�b�r�u�a�r�y�,� �p�p�.� �4�3�-�4�8�.� 

�Z�h�u�,� �X�.�,� �W�a�d�s�w�o�r�t�h�,� �M�.�E�.�,� �B�o�d�i�l�y�,� �D�.�M�.�,� �a�n�d� �H�u�,� �W�.�B�.�,� �1�9�9�1�.�  ��A� 

�c�o�m�p�a�r�a�t�i�v�e� �s�t�u�d�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �m�i�n�e�r�a�l� �a�n�d� �c�o�a�l� �p�y�r�i�t�e�, �� 

�E�P�D� �C�o�n�g�r�e�s�s� �9�1�,� �E�d�.� �b�y� �D�.�R�.� �G�a�s�k�e�l�l�,� �p�p�.� �1�7�9�-�1�9�5�.� 

�M�a�j�i�m�a�,� �H�.�,� �1�9�6�9�.�  ��H�o�w� �o�x�i�d�a�t�i�o�n� �a�f�f�e�c�t�s� �s�e�l�e�c�t�i�v�e� �f�l�o�t�a�t�i�o�n� �o�f� �c�o�m�p�l�e�x� �s�u�l�f�i�d�e� 

�o�r�e�s�, �� �C�a�n�a�d�i�a�n� �M�e�t�a�l�l�u�r�g�i�c�a�l� �Q�u�a�r�t�e�r�l�y�,� �8�(�3�)�,� �p�p�.� �2�6�9�-�2�7�3�.� 

�R�a�o�,� �S�.�R�.� �a�n�d� �F�i�n�c�h�,� �J�.�A�.�,� �1�9�8�8�.�  ��G�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n� �s�t�u�d�i�e�s� �o�n� �s�u�l�f�i�d�e� 

�m�i�n�e�r�a�l�s�, �� �C�a�n�a�d�i�a�n� �M�e�t�a�l�l�u�r�g�i�c�a�l� �Q�u�a�r�t�e�r�l�y�,� �2�(�4�)�,� �p�p�.� �2�5�3�-�2�5�9�.� 

�C�h�e�n�g�,� �X�.� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�9�2�.�  ��E�f�f�e�c�t� �o�f� �c�h�a�l�c�o�p�y�r�i�t�e� �a�n�d� �p�y�r�r�h�o�t�i�t�e� 

�i�n�t�e�r�a�c�t�i�o�n� �o�n� �f�l�o�t�a�t�i�o�n� �s�e�p�a�r�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �p�p�.� 

�7�3�-�7�9�.� 

�N�a�k�a�z�a�w�a�,� �H�.� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�8�5�.�  ��E�f�f�e�c�t� �o�f� �p�y�r�i�t�e�-�p�y�r�r�h�o�t�i�t�e� �c�o�n�t�a�c�t� �o�n� �t�h�e�i�r� 

�f�l�o�a�t�a�b�i�l�i�t�i�e�s�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �N�o�v�e�m�b�e�r�,� �p�p�.� �2�0�6�-�2�1�1�.� 

�N�a�k�a�z�a�w�a�,� �H�.� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�8�6�.�  ��G�a�l�v�a�n�i�c� �c�o�n�t�a�c�t� �b�e�t�w�e�e�n� �n�i�c�k�e�l� �a�r�s�e�n�i�d�e� 

�a�n�d� �p�y�r�r�h�o�t�i�t�e� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �f�l�o�t�a�t�i�o�n�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� 

�P�r�o�c�e�s�s�i�n�g�,� �1�8�,� �p�p�.� �2�0�3�-�2�1�5�.� 

�P�a�v�l�i�c�a�,� �J�.�J�.� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�8�2�.�  ��E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�n�d� �m�a�g�n�e�t�i�c� �i�n�t�e�r�a�c�t�i�o�n�s� 

�i�n� �p�y�r�r�h�o�t�i�t�e� �f�l�o�t�a�t�i�o�n�, �� �T�r�a�n�s� �o�f� �S�M�E�-�A�I�M�E�,� �2�7�2�,� �p�p�.� �1�8�8�5�-�1�8�8�9�.� 
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�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�6�5�.� 

�6�6�.� 

�6�7�.� 

�6�8�.� 

�A�d�a�m�,� �K�.�,� �N�a�t�a�r�a�j�a�n�,� �K�.�A�.�,� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�8�4�.�  ��G�r�i�n�d�i�n�g� �m�e�d�i�a� �w�e�a�r� �a�n�d� 

�i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �f�l�o�t�a�t�i�o�n� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� 

�P�r�o�c�e�s�s�i�n�g�,� �1�2�,� �p�p�.� �3�9�-�5�4�.� 

�L�e�a�r�m�o�n�t�,� �M�.�E�.� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�8�4�.�  ��E�f�f�e�c�t� �o�f� �g�r�i�n�d�i�n�g� �m�e�d�i�a� �o�n� �g�a�l�e�n�a� 

�f�l�o�t�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�,� �p�p�.� �1�3�6�-�1�4�2�.� 

�Y�e�l�l�o�j�i�,� �M�.�K�.� �a�n�d� �N�a�t�a�r�a�j�a�n�,� �K�.�A�.�,� �1�9�8�9�.�  ��E�f�f�e�c�t� �o�f� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �i�n�t�e�r�a�c�t�i�o�n�s� 

�a�m�o�n�g� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �a�n�d� �g�r�i�n�d�i�n�g� �m�e�d�i�u�m� �o�n� �c�h�a�l�c�o�p�y�r�i�t�e� �f�l�o�t�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� 

�a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �A�u�g�u�s�t�,� �p�p�.� �1�4�6�-�1�5�1�.� 

�P�o�z�z�o�,� �P�.�L�.�,� �M�a�l�i�c�s�i�,� �A�.�S�.�,� �a�n�d� �I�w�a�s�a�k�i�,� �I�.�,� �1�9�9�0�.�  ��P�y�r�i�t�e�-�p�y�r�r�h�o�t�i�t�e�-�g�r�i�n�d�i�n�g� 

�m�e�d�i�a� �c�o�n�t�a�c�t� �a�n�d� �i�t�s� �e�f�f�e�c�t� �o�n� �f�l�o�t�a�t�i�o�n�, �� �M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� 

�F�e�b�r�u�a�r�y�,� �p�p�.� �1�6�-�2�1�.� 

�V�a�n� �D�e�v�e�n�t�e�r�,� �J�.�S�.�J�.�,� �R�o�s�s�,� �V�.�E�.�,� �a�n�d� �D�u�n�n�e�,� �R�.�C�.�,� �1�9�9�3�.� �"�T�h�e� �e�f�f�e�c�t� �o�f� 

�g�a�l�v�a�n�i�c� �i�n�t�e�r�a�c�t�i�o�n� �o�n� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �f�r�o�t�h� �p�h�a�s�e� �d�u�r�i�n�g� �t�h�e� �f�l�o�t�a�t�i�o�n� �o�f� �a� 

�c�o�m�p�l�e�x� �s�u�l�f�i�d�e� �o�r�e�,�"� �M�i�n�e�r�a�l�s� �E�n�g�i�n�e�e�r�i�n�g�,� �6�(�1�2�)�,� �p�p�.� �1�2�1�7�-�1�2�2�9�.� 

�C�h�e�r�n�o�s�k�y�,� �T�.�J�.� �a�n�d� �L�y�o�n�,� �F�.�M�.�,� �1�9�7�2�.�  ��C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �a�n�d� 

�a�d�s�o�r�p�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �o�r�e� �a�n�d� �c�o�a�l�-�p�y�r�i�t�e� �w�i�t�h� �e�t�h�y�l� �x�a�n�t�h�a�t�e�, �� 

�T�r�a�n�s�a�c�t�i�o�n�s� �o�f� �A�I�M�E�,� �M�a�r�c�h�,� �p�p�.� �1�1�-�1�4�.� 

�K�a�w�a�t�r�a�,� �S�.�K�.� �a�n�d� �E�i�s�e�l�e�,� �T�.�C�.�,� �1�9�9�1�.�  ��R�e�c�o�v�e�r�y� �o�f� �p�y�r�i�t�e� �i�n� �c�o�a�l� �f�l�o�t�a�t�i�o�n�,� 

�e�n�t�r�a�i�n�m�e�n�t� �o�r� �h�y�d�r�o�p�h�o�b�i�c�i�t�y�, �� �P�r�o�c�e�e�d�i�n�g�s�,� �S�M�E�/�A�I�M�E� �A�n�n�u�a�l� �M�e�e�t�i�n�g�,� 

�D�e�n�v�e�r�,� �C�o�l�o�r�a�d�o�,� �F�e�b�r�u�a�r�y� �2�5�-�2�8�,� �P�r�e�p�r�i�n�t� �9�1�-�8�9�.� 

�F�u�e�r�s�t�e�n�a�u�,� �M�.�C�.� �a�n�d� �S�a�b�a�c�k�y�,� �B�.�J�.�,� �1�9�8�1�.�  ��O�n� �t�h�e� �n�a�t�u�r�a�l� �f�l�o�a�t�a�b�i�l�i�t�y� �o�f� 

�C�H�A�P�T�E�R� �1� �I�N�T�R�O�D�U�C�T�I�O�N� �4�7



�6�9�.� 

�7�0�.� 

�7�1�.� 

�7�2�.� 

�7�3�.� 

�7�4�,� 

�7�5�.� 

�s�u�l�f�i�d�e�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �8�,� �p�p�.� �7�9�-�8�4�.� 

�O�b�l�a�d�,� �H�.�B�.�,� �1�9�8�5�.�  ��T�h�e� �r�a�t�e� �o�f� �p�y�r�i�t�e� �r�e�c�o�v�e�r�y� �d�u�r�i�n�g� �c�o�a�l� �f�l�o�t�a�t�i�o�n�, �� 

�S�M�E�/�A�I�M�E� �F�a�l�l� �M�e�e�t�i�n�g�,� �A�l�b�u�q�u�e�r�q�u�e�,� �N�e�w� �M�e�x�i�c�o�,� �O�c�t�o�b�e�r� �1�6�-�1�8�,� �P�r�e�p�r�i�n�t� 

�N�o�.� �8�5�-�4�2�7�.� 

�J�i�a�n�g�,� �C�.�,� �W�a�n�g�,� �X�.�H�.�,� �L�e�o�n�a�r�d�,� �J�.�W�.� �a�n�d� �P�a�r�e�k�h�,� �B�.�K�.�,� �1�9�9�3�.�  ��O�n� �t�h�e� �n�a�t�u�r�a�l� 

�a�n�d� �i�n�d�u�c�e�d� �f�l�o�a�t�a�b�i�l�i�t�y� �o�f� �c�o�a�l� �a�n�d� �p�y�r�i�t�e�, �� �P�r�o�c�e�s�s�i�n�g� �a�n�d� �U�t�i�l�i�z�a�t�i�o�n� �o�f� �H�i�g�h� 

�S�u�l�f�u�r� �C�o�a�l�s� �V�,� �E�d�.� �b�y� �B�.�K�.� �P�a�r�e�k�h� �a�n�d� �J�.�G�.� �G�r�o�p�p�o�,� �E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� 

�P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�,� �p�p�.� �1�7�1�-�1�8�8�.� 

�G�u�y�,� �P�.�J�.�,� �a�n�d� �T�r�a�h�a�r�,� �W�.�J�.�,� �1�9�8�5�.�  ��T�h�e� �e�f�f�e�c�t�s� �o�f� �o�x�i�d�a�t�i�o�n� �a�n�d� �m�i�n�e�r�a�l� 

�i�n�t�e�r�a�c�t�i�o�n� �o�n� �s�u�l�f�i�d�e� �f�l�o�t�a�t�i�o�n�, �� �i�n�:� �F�l�o�t�a�t�i�o�n� �o�f� �S�u�l�f�i�d�e� �M�i�n�e�r�a�l�s�,� �E�d�.� �b�y� �K�.�S�.�E�.� 

�F�o�r�s�s�b�e�r�g�,� �N�e�w� �Y�o�r�k�,� �E�l�s�e�v�i�e�r�,� �p�p�.� �9�1�-�1�1�0�.� 

�S�h�a�n�n�o�n�,� �L�.�K�.� �a�n�d� �T�r�a�h�a�r�,� �W�.�J�.�,� �1�9�8�6�.�  ��T�h�e� �r�o�l�e� �o�f� �c�o�l�l�e�c�t�o�r� �i�n� �s�u�l�f�i�d�e� �o�r�e� 

�f�l�o�t�a�t�i�o�n�, �� �I�n�:� �A�d�v�a�n�c�e�s� �i�n� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �E�d�.� �b�y� �P�.� �S�o�m�a�s�u�n�d�a�r�a�n�,� �p�p�.� 

�4�0�8�-�4�2�5�.� 

�A�r�b�i�t�e�r�,� �N�.� �a�n�d� �H�a�r�r�i�s�,� �C�.�C�.�,� �1�9�6�2�.�  ��F�l�o�t�a�t�i�o�n� �k�i�n�e�t�i�c�s�, �� �I�n�:� �F�r�o�t�h� �F�l�o�t�a�t�i�o�n�,� 

�5�0�t�h� �A�n�n�i�v�e�r�s�a�r�y� �V�o�l�u�m�e�,� �A�I�M�E�,� �E�d�.� �b�y� �D�.�W�.� �F�u�e�r�s�t�e�n�a�u�,� �p�p�.� �2�1�5�-�2�4�6�.� 

�C�o�o�p�e�r�,� �H�.�R�.�,� �1�9�6�6�.�  ��F�e�e�d�b�a�c�k� �p�r�o�c�e�s�s� �m�o�d�e�l� �o�f� �m�i�n�e�r�a�l� �f�l�o�t�a�t�i�o�n�.� �P�a�r�t� �I�.� 

�d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �m�o�d�e�l� �f�o�r� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n�, �� �T�r�a�n�s�.� �S�M�E� �A�I�M�E�,� �2�3�5�,� �p�p�.� �4�3�9�-� 

�4�4�6�.� 

�M�o�y�s�,� �M�.�H�.�,� �1�9�7�8�.�  ��A� �s�t�u�d�y� �o�f� �a� �p�l�u�g�-�f�l�o�w� �m�o�d�e�l� �f�o�r� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h� �b�e�h�a�v�i�o�r�, �� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �5�,� �p�p�.� �2�1�-�3�8�.� 
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�7�6�.� 

�7�7�.� 

�7�8�.� 

�7�9�.� 

�8�0�.� 

�8�1�.� 

�8�2�.� 

�8�3�.� 

�8�4�.� 

�8�5�.� 

�Y�i�a�n�a�t�o�s�,� �J�.�B�.�,� �F�i�n�c�h�,� �J�.�A�.�,� �a�n�d� �L�a�p�l�a�n�t�e�,� �A�.�R�.�,� �1�9�8�8�.�  ��S�e�l�e�c�t�i�v�i�t�y� �i�n� �c�o�l�u�m�n� 

�f�l�o�t�a�t�i�o�n� �f�r�o�t�h�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �2�3�,� �p�p�.� �2�7�9�-�2�9�2�.� 

�Y�i�a�n�a�t�o�s�,� �J�.�B�.�,� �F�i�n�c�h�,� �J�,�A�.�,� �a�n�d� �L�a�p�l�a�n�t�e�,� �A�.�R�.�,� �1�9�8�6�.�  ��H�o�l�d�u�p� �p�r�o�f�i�l�e� �a�n�d� 

�b�u�b�b�l�e� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �f�l�o�t�a�t�i�o�n� �c�o�l�u�m�n� �f�r�o�t�h�s�, �� �C�a�n�a�d�i�a�n� �M�e�t�a�l�l�u�r�g�i�c�a�l� 

�Q�u�a�r�t�e�r�l�y�,� �2�5�(�1�)�,� �p�p�.� �2�3�-�2�9�.� 

�S�z�a�t�k�o�w�s�k�i�,� �M�.�,� �1�9�8�7�.�  ��F�a�c�t�o�r�s� �i�n�f�l�u�e�n�c�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h�, �� �T�r�a�n�s�.� 

�I�n�s�t�n�.� �M�i�n�.� �M�e�t�a�l�l�.�,� �S�e�c�.� �C�,� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�.� �E�x�t�r�.� �M�e�t�a�l�l�.�,� �9�6�,� �C�1�1�5�-�1�2�2�.� 

�F�i�n�c�h�,� �J�.�A�.�,� �Y�i�a�n�a�t�o�s�,� �J�.�,� �a�n�d� �D�o�b�b�y�,� �G�.�,� �1�9�8�9�.�  ��C�o�l�u�m�n� �f�r�o�t�h�s�, �� �M�i�n�e�r�a�l� 

�p�r�o�c�e�s�s�i�n�g� �a�n�d� �E�x�t�r�a�c�t�i�v�e� �M�e�t�a�l�l�u�r�g�y� �R�e�v�i�e�w�,� �5�,� �p�p�.� �2�8�1�-�3�0�5�.� 

�M�o�y�s�,� �M�.�H�.�,� �1�9�8�9�.�  ��M�a�s�s� �t�r�a�n�s�p�o�r�t� �i�n� �c�o�l�u�m�n� �f�r�o�t�h�s�, �� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g� �a�n�d� 

�E�x�t�r�a�c�t�i�v�e� �M�e�t�a�l�l�u�r�g�y� �R�e�v�i�e�w�,� �5�,� �p�p�.� �2�0�3�-�2�2�8�.� 

�F�e�t�e�r�i�s�,� �S�.�M�.�,� �F�r�e�w�,� �J�.�A�.�,� �a�n�d� �J�o�w�e�t�t�,� �A�.�,� �1�9�8�7�.�  ��M�o�d�e�l�l�i�n�g� �t�h�e� �e�f�f�e�c�t� �o�f� �F�r�o�t�h� 

�d�e�p�t�h� �i�n� �f�l�o�t�a�t�i�o�n�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �2�0�,� �p�p�.� �1�2�1�-�1�3�5�.� 

�E�n�g�e�l�b�r�e�c�h�t�,� �J�.�A�.� �a�n�d� �W�o�o�d�b�u�r�n�,� �E�.�T�.�,� �1�9�7�5�.�  ��T�h�e� �e�f�f�e�c�t� �o�f� �f�r�o�t�h� �h�e�i�g�h�t�,� 

�a�e�r�a�t�i�o�n� �r�a�t�e� �a�n�d� �g�a�s� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�n� �f�l�o�t�a�t�i�o�n�, �� �J�o�u�r�n�a�l� �o�f� �S�.� �A�f�r�i�c�a�n� �I�n�s�t�i�t�u�t�e� �o�f� 

�M�i�n�i�n�g� �a�n�d� �M�e�t�a�l�l�u�r�g�y�,� �7�6�,� �p�p�.� �1�2�5�-�1�3�2�.� 

�S�z�a�t�k�o�w�s�k�i�,� �M�.� �a�n�d� �F�r�e�y�b�u�r�g�e�r�,� �W�.�L�.�,� �1�9�8�5�.�  ��K�i�n�e�t�i�c�s� �o�f� �f�l�o�t�a�t�i�o�n� �w�i�t�h� �f�i�n�e� 

�b�u�b�b�l�e�s�, �� �T�r�a�n�s�.� �I�n�s�t�n�.� �M�i�n�.� �M�e�t�a�l�l�.�,� �S�e�c�.� �C�,� �9�4�,� �C�6�1�-�7�0�.� 

�K�l�a�s�s�e�n�,� �V�.�I�.� �a�n�d� �M�o�k�r�o�u�s�o�v�,� �V�.�A�.�,� �1�9�6�3�.�  ��A�n� �i�n�t�r�o�d�u�c�t�i�o�n� �t�o� �t�h�e� �t�h�e�o�r�y� �o�f� 

�f�l�o�t�a�t�i�o�n�, �� �L�o�n�d�o�n�,� �B�u�t�t�e�r�w�o�r�t�h�.� 

�L�i�v�s�h�i�t�s�,� �A�.�K�.� �a�n�d� �D�u�d�e�n�k�o�v�,� �S�.�V�.�,� �1�9�6�5�.�  ��S�o�m�e� �f�a�c�t�o�r�s� �i�n� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h� 
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�8�6�.� 

�8�7�.� 

�8�8�.� 

�8�9�.� 

�9�0�.� 

�9�1�.� 

�9�2�.� 

�9�3�.� 

�s�t�a�b�i�l�i�t�y�, �� �i�n� �P�r�o�c�e�e�d�i�n�g�s�,� �V�I�I�t�h� �I�n�t�.� �P�r�o�c�.� �L�o�n�g�r� �G�o�r�d�o�n� �a�n�d� �B�r�e�a�c�h�,� �N�e�w� 

�Y�o�r�k�,� �N�.� �Y�.�,� �p�p�.� �5�9�7�-�6�2�1�.� 

�L�o�v�e�l�l�,� �V�.�M�.�,� �1�9�7�6�.�  ��F�r�o�t�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �i�n� �p�h�o�s�p�h�a�t�e� �f�l�o�t�a�t�i�o�n�, �� �i�n� �F�l�o�t�a�t�i�o�n� 

�A�.� �M�.� �G�a�u�d�i�n� �M�e�m�o�r�i�a�l� �V�o�l�u�m�e�,� �I�,� �E�d�.� �b�y� �M�.� �C�.� �F�u�e�r�s�t�e�a�u�,� �A�I�M�E�,� �N�e�w� �Y�o�r�k�,� 

�N�.� �Y�.�,� �p�p�.� �5�9�7�-�6�2�1�.� 

�J�o�h�a�n�s�s�o�n�,� �G�.�,� �a�n�d� �P�u�g�h�,� �R�.�J�.�,� �1�9�9�2�.�  ��T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�n�d� 

�h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�n� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �m�i�n�e�r�a�l�i�z�e�d� �f�r�o�t�h�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� 

�M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �3�4�,� �p�p�.� �1�-�2�1�.� 

�D�i�p�p�e�n�a�a�r�,� �A�.�,� �1�9�8�2�.�  ��T�h�e� �d�e�s�t�a�b�i�l�i�z�a�t�i�o�n� �o�f� �f�r�o�t�h� �b�y� �s�o�l�i�d�s�,� �I�.� �T�h�e� �m�e�c�h�a�n�i�s�m� 

�o�f� �f�i�l�m� �r�u�p�t�u�r�e�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �9�,� �p�p�.� �1�-�1�4�.� 

�D�i�p�p�e�n�a�a�r�,� �A�.�,� �1�9�8�2�.�  ��T�h�e� �d�e�s�t�a�b�i�l�i�z�a�t�i�o�n� �o�f� �f�r�o�t�h� �b�y� �s�o�l�i�d�s�,� �I�l�.� �T�h�e� �r�a�t�e� 

�d�e�t�e�r�m�i�n�i�n�g� �s�t�e�p�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �9�,� �p�p�.� �1�5�-�2�7�.� 

�E�n�g�e�l�,� �M�.�D�.� �a�n�d� �S�m�i�t�h�a�m� �J�.�B�.�,� �1�9�8�8�.�  ��T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �c�o�a�l� �p�a�r�t�i�c�l�e� 

�s�i�z�e� �a�n�d� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �p�a�r�t�i�c�l�e�-�s�t�a�b�i�l�i�s�e�d� �f�r�o�t�h�s�, �� �A�u�s�t�r�a�l�i�a�n� 

�I�M�M� �B�u�l�l�e�t�i�n� �a�n�d� �P�r�o�c�e�s�s�i�n�g�,� �2�9�3�,� �p�p�.� �6�3�-�6�6�.� 

�M�o�y�s�,� �M�.�H�.�,� �1�9�7�8�.�  ��A� �s�t�u�d�y� �o�f� �a� �p�l�u�g�-�f�l�o�w� �m�o�d�e�l� �f�o�r� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h� 

�b�e�h�a�v�i�o�u�r�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �5�,� �p�p�.� �2�1�-�3�8�.� 

�C�u�t�t�i�n�g�,� �G�.�W�.�,� �1�9�8�9�.�  ��E�f�f�e�c�t� �o�f� �f�r�o�t�h� �s�t�r�u�c�t�u�r�e� �a�n�d� �m�o�b�i�l�i�t�y� �o�n� �p�l�a�n�t� 

�p�e�r�f�o�r�m�a�n�c�e�, �� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g� �a�n�d� �E�x�t�r�a�c�t�i�v�e� �M�e�t�a�l�l�u�r�g�y� �R�e�v�i�e�w�,� �5�,� �p�p�.� �1�6�9�-� 

�2�0�1�.� 

�B�i�s�s�h�o�p�,� �J�.�P�.� �a�n�d� �W�h�i�t�e�,� �M�.�E�.�,� �1�9�7�6�.�  ��S�t�u�d�y� �o�f� �p�a�r�t�i�c�l�e� �e�n�t�r�a�i�n�m�e�n�t� �i�n� �f�l�o�t�a�t�i�o�n� 
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�f�r�o�t�h�s�, �� �T�r�a�n�s�.� �I�n�s�t�n�.� �M�i�n�.� �M�e�t�a�l�l�.�,� �(�S�e�c�.� �C�,� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�.� �E�x�t�r�.� �M�e�t�a�l�l�.�)�,� 

�C�1�9�1�-�1�9�4�.� 

�C�u�t�t�i�n�g�,� �G�.�W�.�,� �W�a�t�s�o�n�,� �D�.�,� �W�h�i�t�e�h�e�a�d�,� �A�.� �a�n�d� �B�a�r�b�e�r�,� �S�.�P�.�,� �1�9�8�1�.�  ��F�r�o�t�h� 

�s�t�r�u�c�t�u�r�e� �i�n� �c�o�n�t�i�n�u�o�u�s� �f�l�o�t�a�t�i�o�n� �c�e�l�l�s�:� �r�e�l�a�t�i�o�n� �t�o� �t�h�e� �p�r�e�d�i�c�t�i�o�n� �o�f� �p�l�a�n�t� 

�p�e�r�f�o�r�m�a�n�c�e� �f�r�o�m� �l�a�b�o�r�a�t�o�r�y� �d�a�t�a� �u�s�i�n�g� �p�r�o�c�e�s�s� �m�o�d�e�l�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� 

�o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �7�,� �p�p� �3�4�7�-�3�6�9�.� 

�C�u�t�t�i�n�g�,� �G�.�W�.�,� �B�a�r�b�e�r�,� �S�.�P�.� �a�n�d� �N�e�w�t�o�n�,� �S�.�,� �1�9�8�6�.�  ��E�f�f�e�c�t�s� �o�f� �f�r�o�t�h� �s�t�r�u�c�t�u�r�e� 

�a�n�d� �m�o�b�i�l�i�t�y� �o�n� �t�h�e� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �s�i�m�u�l�a�t�i�o�n� �o�f� �c�o�n�t�i�n�u�o�u�s�l�y� �o�p�e�r�a�t�e�d� �f�l�o�t�a�t�i�o�n� 

�c�e�l�l�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�6�,� �p�p�.� �4�3�-�6�1�.� 

�Y�i�a�n�a�t�o�s�,� �J�.�B�.�,� �F�i�n�c�h�,� �J�.�A�.�,� �a�n�d� �L�a�p�l�a�n�t�e�,� �A�.�R�.�,� �1�9�8�7�.�  ��C�l�e�a�n�i�n�g� �a�c�t�i�o�n� �i�n� 

�c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �f�r�o�t�h�s�, �� �J�r�a�n�s�.� �I�n�s�t�n� �M�i�n�.� �M�e�t�a�l�l�.� �(�S�e�c�t� �C�:� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�.� 

�E�x�t�r�.� �M�e�t�a�l�l�.�)�,� �9�6�,� �D�e�c�e�m�b�e�r�,� �p�p�.� �C�1�9�9�-�2�0�5�.� 

�S�m�i�t�h�,� �P�.�G�.� �a�n�d� �W�a�r�r�e�n�,� �L�.�J�.�,� �1�9�8�9�.�  ��E�n�t�r�a�i�n�m�e�n�t� �o�f� �p�a�r�t�i�c�l�e�s� �i�n�t�o� �f�l�o�t�a�t�i�o�n� 

�f�r�o�t�h�s�, �� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g� �a�n�d� �E�x�t�r�a�c�t�i�v�e� �M�e�t�a�l�l�u�r�g�y� �R�e�v�i�e�w�,� �5�,� �p�p�.� �1�2�3�-�1�4�5�.� 

�J�o�w�e�t�t�,� �A�.�,� �1�9�6�6�.�  ��G�a�n�g�u�e� �m�i�n�e�r�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� �o�f� �f�r�o�t�h�, �� �B�r�i�t�i�s�h� �C�h�e�m�i�c�a�l� 

�E�n�g�i�n�e�e�r�i�n�g�,� �2�,� �p�p�.� �3�3�0�-�3�3�3�.� 

�J�o�h�n�s�o�n�,� �N�.�W�.�,� �M�c�K�e�e�,� �D�.�J�.�,� �a�n�d� �L�y�n�c�h�,� �A�.�J�.�,� �1�9�7�4�.�  ��F�l�o�t�a�t�i�o�n� �r�a�t�e�s� �o�f� �n�o�n�-� 

�s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s� �i�n� �c�h�a�l�c�o�p�y�r�i�t�e� �f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�, �� �T�r�a�n�s�.� �A�m�.� �I�n�s�t�.� �M�i�n�.� �P�e�t�.� 

�E�n�g�.�,� �2�5�6�,� �p�p�.� �2�0�4�-�2�2�6�.� 

�T�r�a�h�a�r�,� �W�.�J�.�,� �1�9�8�1�.�  ��A� �r�a�t�i�o�n�a�l� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �t�h�e� �r�o�l�e� �o�f� �p�a�r�t�i�c�l�e� �s�i�z�e� �i�n� 

�f�l�o�t�a�t�i�o�n�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �8�,� �p�p�.� �2�8�9�-�3�2�7�.� 
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�1�0�5�.� 

�1�0�6�.� 

�1�0�7�.� 

�1�0�8�.� 

�1�0�9�.� 

�G�r�e�e�n�,� �J�.�C�.�A�.�,� �1�9�8�4�.�  ��T�h�e� �O�p�t�i�m�i�z�a�t�i�o�n� �o�f� �F�l�o�t�a�t�i�o�n� �n�e�t�w�o�r�k�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�3�,� �p�p�.� �8�3�-�1�0�3�.� 

�S�u�b�r�a�m�a�n�i�a�n�,� �K�.�N�.�,� �L�o�n�n�e�l�l�y�,� �D�.�E�.�G�.�,� �a�n�d� �W�o�n�g�,� �K�.�Y�.�,� �1�9�8�8�.� 

 ��C�o�m�m�e�r�c�i�a�l�i�z�a�t�i�o�n� �o�f� �a� �c�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �f�o�r� �g�o�l�d� �s�u�l�p�h�i�d�e� �o�r�e�, �� �C�o�l�u�m�n� 

�F�l�o�t�a�t�i�o�n ��8�8�,� �E�d�.� �b�y� �K�.� �V�.� �S�.� �S�a�s�t�r�y�,� �S�o�c�i�e�t�y� �o�f� �M�i�n�i�n�g� �E�n�g�i�n�e�e�r�s�,� �I�n�c�.�,� 

�L�i�t�t�l�e�t�o�n�,� �C�o�l�o�r�a�d�o�,� �p�p�.� �1�3�-�1�8�.� 

�R�e�u�t�e�r�,� �M�.�A�.� �a�n�d� �V�a�n� �D�e�v�e�n�t�e�r�,� �J�.�S�.�J�.�,� �1�9�9�0�.�  ��T�h�e� �u�s�e� �o�f� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� 

�i�n� �t�h�e� �o�p�t�i�m�a�l� �d�e�s�i�g�n� �o�f� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �i�n�c�o�r�p�o�r�a�t�i�n�g� �r�e�g�r�i�n�d� �m�i�l�l�s�, �� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �2�8�,� �p�p�.� �1�5�-�4�3�.� 

�A�g�a�r�,� �G�.�E�.�,� �S�t�a�r�t�t�o�n�-�C�r�a�w�l�e�y�,� �R�.� �a�n�d� �B�r�u�c�e�,� �T�.�J�.�,� �1�9�8�0�.�  ��O�p�t�i�m�i�z�i�n�g� �t�h�e� �d�e�s�i�g�n� 

�o�f� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�, �� �C�I�M� �B�u�l�l�e�t�i�n�,� �D�e�c�e�m�b�e�r�,� �p�p�.� �1�7�3�-�1�8�1�.� 

�S�u�t�h�e�r�l�a�n�d�,� �D�.�N�.�,� �1�9�8�1�.�  ��A� �s�t�u�d�y� �o�n� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �a�r�r�a�n�g�e�m�e�n�t� �o�f� 

�f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �7�,� �p�p�.� �3�1�9�-�3�4�6�.� 

�O�s�b�o�r�n�e�,� �D�.�G�.�,� �1�9�8�8�.�  ��C�o�a�l� �p�r�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�o�l�o�g�y�, �� �G�r�a�h�a�m� �&� �T�r�o�t�m�a�n� 

�L�i�m�i�t�e�d�.� 

�L�e�o�n�a�r�d�,� �J�.�W�.�,� �1�9�7�9�.�  ��C�o�a�l� �p�r�e�p�a�r�a�t�i�o�n�, �� �T�h�e� �A�m�e�r�i�c�a�n� �I�n�s�t�i�t�u�t�e� �o�f� �M�i�n�i�n�g�,� 

�M�e�t�a�l�l�u�r�g�i�c�a�l� �a�n�d� �P�e�t�r�o�l�e�u�m� �E�n�g�i�n�e�e�r�s�,� �I�n�c�.�,� �p�p�.� �1�0�-�7�5�.� 

�U�.� �S�.� �D�e�p�a�r�t�m�e�n�t� �o�f� �E�n�e�r�g�y�,� �1�9�8�7�.�  ��E�n�e�r�g�y� �i�n�f�o�r�m�a�t�i�o�n� �a�d�m�i�n�i�s�t�r�a�t�i�o�n�,� 

�i�n�t�e�r�n�a�t�i�o�n�a�l� �e�n�e�r�g�y� �o�u�t�l�o�o�k� �1�9�8�7� �p�r�o�j�e�c�t�i�o�n�s� �t�o� �2�0�0�0�, �� �D�O�E� �R�e�p�o�r�t� �N�o�.� 

�D�O�E�/�E�I�A�-�0�4�8�4�.� 

�U�.� �S�.� �D�e�p�a�r�t�m�e�n�t� �o�f� �E�n�e�r�g�y�,� �1�9�8�8�.�  ��E�l�e�c�t�r�i�c� �u�t�i�l�i�t�y� �c�o�a�l� �c�o�n�v�e�r�s�i�o�n� �m�a�r�k�e�t� 
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�1�1�4�.� 

�1�1�5�.� 

�1�1�6�.� 

�1�1�7�.� 

�1�1�8�.� 

�a�n�a�l�y�s�i�s�, �� �D�O�E� �R�e�p�o�r�t� �N�o�.� �D�O�E�/�D�E�T�C�/�T�R�-�8�9�/�1� �(�D�E�9�8�0�0�3�4�5�9�)�.� 

�F�i�r�t�h�,� �B�.�A�.�,� �S�w�a�n�s�o�n�,� �A�.�R�.�,� �a�n�d� �N�i�c�o�l�,� �S�.�K�.�,� �1�9�7�9�.�  ��F�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �f�o�r� 

�p�o�o�r�l�y� �f�l�o�a�t�i�n�g� �c�o�a�l�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�1�,� �p�p�.� �3�2�1�-� 

�3�3�4�.� 

�L�y�n�c�h�,� �A�.�J�.�,� �J�o�h�n�s�o�n�,� �N�.�W�.�,� �M�a�n�l�a�p�i�g�,� �E�.�V�.�,� �a�n�d� �T�h�o�r�n�e�,� �C�.�G�.�,� �1�9�8�1�.� 

 ��M�i�n�e�r�a�l� �a�n�d� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�:� �t�h�e�i�r� �s�i�m�u�l�a�t�i�o�n� �a�n�d� �c�o�n�t�r�o�l�, �� �E�l�s�e�v�i�e�r�,� 

�A�m�s�t�e�r�d�a�m�,� �p�.� �1�3�.� 

�M�i�l�l�e�r�,� �F�.�G�.�,� �1�9�6�4�.�  ��R�e�d�u�c�t�i�o�n� �o�f� �s�u�l�f�u�r� �i�n� �m�i�n�u�s� �2�8� �m�e�s�h� �b�i�t�u�m�i�n�o�u�s� �c�o�a�l�, �� 

�T�r�a�n�s�.� �S�M�E�/�A�I�M�E�,� �2�2�9�,� �p�p�.� �7�-�1�5�.� 

�M�i�l�l�e�r�,� �K�.�J�.�,� �1�9�7�5�.�  ��C�o�a�l�-�P�y�r�i�t�e� �F�l�o�t�a�t�i�o�n ��,� �T�r�a�n�s�.� �S�M�E�/�A�I�M�E�,� �2�5�8�,� �p�p�.� �3�0�-�3�3�.� 

�N�e�s�s�e�t�,� �J�.�E�.�,� �1�9�8�8�.�  ��T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �d�i�s�t�r�i�b�u�t�i�o�n�s� �t�o� �f�l�o�t�a�t�i�o�n� 

�a�n�d� �m�i�x�i�n�g� �c�i�r�c�u�i�t�s�, �� �C�I�M� �B�u�l�l�e�t�i�n�,� �N�o�v�e�m�b�e�r�,� �p�p�.� �7�5�-�8�3�.� 

�M�e�h�r�o�t�r�a�,� �S�.�P�.�,� �1�9�8�8�.�  ��D�e�s�i�g�n� �o�f� �o�p�t�i�m�a�l� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s� �-� �a� �r�e�v�i�e�w�, �� 

�M�i�n�e�r�a�l�s� �a�n�d� �M�e�t�a�l�l�u�r�g�i�c�a�l� �P�r�o�c�e�s�s�i�n�g�,� �A�u�g�u�s�t�,� �p�p�.� �1�4�2�-�1�5�1�.� 

�J�o�w�e�t�t�,� �A�.�,� �1�9�6�1�.�  ��I�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �o�f� �f�l�u�i�d� �i�n� �f�r�o�t�h� �f�l�o�t�a�t�i�o�n� 

�c�e�l�l�s�, �� �B�r�i�t�i�s�h� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �6�,� �p�p�.� �2�5�4�-�2�5�8�.� 

�K�a�p�u�r�,� �P�.�C�.� �a�n�d� �M�e�h�r�o�t�r�a�,� �S�.�P�.�,� �1�9�7�4�.�  ��E�s�t�i�m�a�t�i�o�n� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �r�a�t�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �b�y� �n�u�m�e�r�i�c�a�l� �i�n�v�e�r�s�i�o�n� �o�f� �t�h�e� �L�a�p�l�a�c�e� �t�r�a�n�s�f�o�r�m�, �� �C�h�e�m�i�c�a�l� 

�E�n�g�i�n�e�e�r�i�n�g� �S�c�i�e�n�c�e�,� �2�9�,� �p�p�.� �4�1�1�-�4�1�5�.� 

�D�a�v�i�s�,� �W�.�J�.�N�.�,� �1�9�6�4�.�  ��T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �o�f� �t�h�e� �l�e�a�d� 

�f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� �a�t� �t�h�e� �Z�i�n�c� �C�o�r�p�.� �L�t�d�, �� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �A�u�s�t�r�a�l�a�s�i�a�n� �I�n�s�t�i�t�u�t�e� �o�f� 
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�M�i�n�i�n�g� �a�n�d� �M�e�t�a�l�l�u�r�g�y�,� �2�1�2�,� �p�p�.� �6�1�-�8�9�.� 

�A�g�a�r�,� �G�.�E�.� �a�n�d� �S�t�r�a�t�t�o�n�-�C�r�a�w�l�e�y�,� �R�.�,� �1�9�8�2�.�  ��B�e�n�c�h� �s�c�a�l�e� �s�i�m�u�l�a�t�i�o�n� �o�f� �f�l�o�t�a�t�i�o�n� 

�p�l�a�n�t� �p�e�r�f�o�r�m�a�n�c�e�, �� �B�u�l�l�e�t�i�n� �o�f� �C�a�n�a�d�i�a�n� �I�n�s�t�i�t�u�t�e� �o�f� �M�i�n�i�n�g� �a�n�d� �M�e�t�a�l�l�u�r�g�y�,� �7�5�,� 

�p�p�.� �9�3�-�9�8�.� 

�K�i�n�g�,� �R�.�P�.�,� �1�9�7�5�.�  ��S�i�m�u�l�a�t�i�o�n� �o�f� �f�l�o�t�a�t�i�o�n� �p�l�a�n�t�s�, �� �T�r�a�n�s�.� �S�M�E�-�A�I�M�E�,� �2�5�8�,� �p�p�.� 

�2�8�6�-�2�9�3�.� 

�K�i�n�g�,� �R�.�P�.�,� �1�9�7�6�.�  ��T�h�e� �u�s�e� �o�f� �s�i�m�u�l�a�t�i�o�n� �i�n� �t�h�e� �d�e�s�i�g�n� �a�n�d� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� 

�f�l�o�t�a�t�i�o�n� �p�l�a�n�t�s�, �� �F�l�o�t�a�t�i�o�n�,� �V�o�l�.� �2�,� �E�d�.� �b�y� �M�.�C�.� �F�u�e�r�s�t�e�n�a�u�,� �A�I�M�E�,� �N�e�w� �Y�o�r�k�,� 

�p�p�.� �9�3�7�-�9�6�1�.� 

�W�i�l�l�i�a�m�,� �M�.�C�.� �a�n�d� �M�e�l�o�y�,� �T�.�P�.�,� �1�9�8�3�.�  ��D�y�n�a�m�i�c� �m�o�d�e�l� �o�f� �f�l�o�t�a�t�i�o�n� �c�e�l�l� �b�a�n�k�s�-� 

�c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g�,� �1�0�,� �p�p�.� �1�4�1�-�1�6�0�.� 

�W�i�l�l�i�a�m�,� �M�.�C�.�,� �F�u�e�r�s�t�e�a�u�,� �D�.�W�.�,� �a�n�d� �M�e�l�o�y�,� �T�.�P�.�,� �1�9�8�6�.�  ��C�i�r�c�u�i�t� �a�n�a�l�y�s�i�s�-� 

�g�e�n�e�r�a�l� �p�r�o�d�u�c�t� �e�q�u�a�t�i�o�n�s� �f�o�r� �m�u�l�t�i�f�e�e�d�,� �m�u�l�t�i�s�t�a�g�e� �c�i�r�c�u�i�t�s� �c�o�n�t�a�i�n�i�n�g� �v�a�r�i�a�b�l�e� 

�s�e�l�e�c�t�i�v�i�t�y� �f�u�n�c�t�i�o�n�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�7�,� �p�p�.� �9�9�-� 

�1�1�1�.� 

�M�e�h�r�o�t�r�a�,� �S�.�P�.� �a�n�d� �K�a�p�u�r�,� �P�.�C�.�,� �1�9�7�4�.�  ��O�p�t�i�m�a�l�-�s�u�b�o�p�t�i�m�a�l� �s�y�n�t�h�e�s�i�s� �a�n�d� 

�d�e�s�i�g�n� �o�f� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t�s�, �� �S�e�p�a�r�a�t�i�o�n� �S�c�i�e�n�c�e�,� �9�,� �p�p�.� �1�6�7�-�1�8�4�.� 

�U�m�e�d�a�,� �T�.�,� �H�i�r�a�i�,� �A�.�,� �a�n�d� �I�c�h�i�k�a�w�a�,� �A�.�,� �1�9�7�2�.�  ��S�y�n�t�h�e�s�i�s� �o�f� �o�p�t�i�m�a�l� �p�r�o�c�e�s�s�i�n�g� 

�s�y�s�t�e�m� �b�y� �a�n� �i�n�t�e�g�r�a�t�e�d� �a�p�p�r�o�a�c�h�, �� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� �S�c�i�e�n�c�e�,� �2�7�(�I�V�)�,� �p�p�.� 

�7�9�5�-�8�0�4�.� 

�W�i�l�l�i�a�m�s�,� �M�.�C�.� �a�n�d� �M�e�l�o�y�,� �T�.�P�.�,� �1�9�9�1�.�  ��F�e�a�s�i�b�l�e� �d�e�s�i�g�n�s� �f�o�r� �s�e�p�a�r�a�t�i�o�n� 
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�1�2�7�.� 

�1�2�8�.� 

�1�2�9�,� 

�1�3�0�.� 

�1�3�1�.� 

�1�3�2�.� 

�1�3�3�.� 

�n�e�t�w�o�r�k�s�:� �a� �s�e�l�e�c�t�i�o�n� �t�e�c�h�n�i�q�u�e�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� 

�3�2�,� �p�p�.� �1�6�1�-�1�7�4�.� 

�M�e�l�o�y�,� �T�.�P�.�,� �1�9�8�3�.�  ��O�p�t�i�m�i�z�i�n�g� �f�o�r� �g�r�a�d�e� �o�r� �p�r�o�f�i�t� �i�n� �m�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g� 

�c�i�r�c�u�i�t�s�-�c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� �1�,� �p�p�.� �8�9�-� 

�9�9�.� 

�J�o�w�e�t�t�,� �A�.�,� �1�9�7�5�.�  ��F�o�r�m�u�l�a�e� �f�o�r� �t�h�e� �t�e�c�h�n�i�c�a�l� �e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�n�e�r�a�l� �s�e�p�a�r�a�t�i�o�n�s�, �� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g�,� �2�,� �p�p�.� �2�8�7�-�3�0�1�.� 

�G�r�e�e�n�,� �J�.�C�.�A�.�,� �M�e�i�j�,� �J�.�T�.�,� �D�u� �P�l�o�o�y�,� �A�.�,� �a�n�d� �V�a�n� �H�e�e�r�d�e�n�,� �P�.�,� �1�9�8�5�.�  ��T�h�e� �u�s�e� 

�o�f� �i�n�e�q�u�a�l�i�t�i�e�s� �i�n� �t�h�e� �d�e�s�i�g�n� �a�n�d� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �c�o�m�p�l�e�x� �c�h�e�m�i�c�a�l� �a�n�d� 

�m�e�t�a�l�l�u�r�g�i�c�a�l� �p�l�a�n�t�s�, �� �C�o�m�p�u�t�e�r�s� �a�n�d� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �9�,� �p�p�.� �1�8�3�-�1�9�3�.� 

�R�e�u�t�e�r�,� �M�.�A�.�,� �V�a�n� �D�e�v�e�n�t�e�r�,� �J�.�S�.�J�.�,� �G�r�e�e�n�,� �J�.�C�.�A�.�,� �a�n�d� �S�i�n�c�l�a�i�r�,� �M�.�,� �1�9�8�8�.� 

 ��O�p�t�i�m�a�l� �d�e�s�i�g�n� �o�f� �m�i�n�e�r�a�l� �s�e�p�a�r�a�t�i�o�n� �c�i�r�c�u�i�t�s� �b�y� �u�s�e� �o�f� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g�, �� 

�C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g� �S�c�i�e�n�c�e�,� �4�3�,� �p�p�.� �1�0�3�9�-�1�0�4�9�.� 

�M�e�l�o�y�,� �T�.�P�.�,� �1�9�8�3�.�  ��A�n�a�l�y�s�i�s� �a�n�d� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �m�i�n�e�r�a�l� �p�r�o�c�e�s�s�i�n�g� �a�n�d� �c�o�a�l� 

�c�l�e�a�n�i�n�g� �c�i�r�c�u�i�t�s�-�c�i�r�c�u�i�t� �a�n�a�l�y�s�i�s�, �� �I�n�t�e�r�n�a�t�i�o�n�a�l� �J�o�u�r�n�a�l� �o�f� �M�i�n�e�r�a�l� �P�r�o�c�e�s�s�i�n�g�,� 

�1�0�,� �p�p�.� �6�1�-�8�0�.� 

�C�a�s�t�i�l�l�o�,� �D�.�,� �D�o�b�b�y�,� �G�.�S�.�,� �a�n�d� �K�o�s�i�c�k�,� �G�.�A�.�,� �1�9�9�0�.�  ��C�o�l�u�m�n� �f�l�o�t�a�t�i�o�n� �c�i�r�c�u�i�t� 

�d�e�s�i�g�n�, �� �P�r�e�p�r�i�n�t� �N�o�.� �9�0�-�1�0�1�,� �S�M�E� �A�n�n�u�a�l� �M�e�e�t�i�n�g�,� �S�a�l�t� �L�a�k�e� �C�i�t�y�,� �U�t�a�h�.� 

�M�i�l�l�e�r�,� �F�.�G�.�,� �P�o�d�g�u�r�s�k�y�,� �J�.�M�.�,� �a�n�d� �A�i�k�m�a�n�,� �R�.�P�.�,� �1�9�6�7�.�  ��S�t�u�d�y� �o�f� �t�h�e� 

�m�e�c�h�a�n�i�s�m� �o�f� �c�o�a�l� �f�l�o�t�a�t�i�o�n� �a�n�d� �i�t�s� �r�o�l�e� �i�n� �a� �s�y�s�t�e�m� �f�o�r� �p�r�o�c�e�s�s�i�n�g� �f�i�n�e� �c�o�a�l�, �� 

�T�r�a�n�s�.� �A�I�M�E�,� �2�3�8�,� �p�.� �2�7�6�.� 
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�1�3�4�.� 

�1�3�5�.� 

�1�3�6�.� 

�1�3�7�.� 

�A�p�l�a�n�,� �F�.�F�.�,� �1�9�7�6�.�  ��C�o�a�l� �f�l�o�t�a�t�i�o�n�, �� �i�n�:� �A�.�M�.� �G�a�u�d�i�n� �M�e�m�o�r�i�a�l� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�F�l�o�t�a�t�i�o�n� �S�y�m�p�o�s�i�u�m�,� �E�d�.� �b�y� �M�.�C�.� �F�u�e�r�s�t�e�n�a�u�,� �A�I�M�E�,� �N�e�w� �Y�o�r�k�,� �p�p�.� �1�2�3�5�-� 

�1�2�6�4�.� 

�M�i�l�l�e�r�,� �J�.�D�.�,� �L�i�n�,� �C�.�L�.�,� �a�n�d� �C�h�a�n�g�,� �S�.�S�.�,� �1�9�8�4�.�  ��C�o�a�d�s�o�r�p�t�i�o�n� �p�h�e�n�o�m�e�n�a� �i�n� 

�t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �f�r�o�m� �c�o�a�l� �b�y� �r�e�v�e�r�s�e� �f�l�o�t�a�t�i�o�n�, �� �C�o�a�l� �P�r�e�p�a�r�a�t�i�o�n�,� �1�,� �p�p�.� 

�2�1�-�3�8�.� 

�A�p�l�a�n�,� �F�.�F�.�,� �1�9�7�7�.�  ��U�s�e� �o�f� �t�h�e� �f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �d�e�s�u�l�f�u�r�i�z�a�t�i�o�n� �o�f� �c�o�a�l�, �� �I�n� 

�C�o�a�l� �D�e�s�u�l�f�u�r�i�z�a�t�i�o�n� �-� �C�h�e�m�i�c�a�l� �a�n�d� �P�h�y�s�i�c�a�l� �M�e�t�h�o�d�s�,� �E�d�.� �b�y� �T�.�D�.� �W�h�e�e�l�o�c�k�,� 

�A�C�S� �S�y�m�p�o�s�i�u�m� �S�e�r�i�e�s� �6�4�,� �W�a�s�h�i�n�g�t�o�n�,� �D�.�C�.�,� �p�p�.� �7�0�-�8�1�.� 

�P�a�r�t�r�i�d�g�e�,� �A�.�C�.� �a�n�d� �S�m�i�t�h�,� �G�.�W�.�,� �1�9�7�1�.�  ��S�m�a�l�l�-�s�a�m�p�l�e� �F�l�o�t�a�t�i�o�n� �T�e�s�t�i�n�g�, �� 

�T�r�a�n�s�.� �I�n�s�t�.� �M�i�n�.� �M�e�t�a�l�l�.�,� �S�e�c� �C�,� �8�0�,� �p�p�.� �C�1�9�9�-�2�0�5�.� 
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�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� 

�2�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �n�u�m�e�r�o�u�s� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �d�i�r�e�c�t�e�d� �a�t� �d�e�v�e�l�o�p�i�n�g� �a� �l�o�w�-�c�o�s�t� 

�f�r�o�t�h� �f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s� �t�o� �r�e�m�o�v�e� �p�y�r�i�t�i�c� �s�u�l�f�u�r� �f�r�o�m� �c�o�a�l�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� 

�s�t�i�m�u�l�a�t�e�d� �b�y� �i�n�c�r�e�a�s�i�n�g�l�y� �s�t�r�i�n�g�e�n�t� �r�e�s�t�r�i�c�t�i�o�n�s� �o�n� �s�u�l�f�u�r� �d�i�o�x�i�d�e� �e�m�i�s�s�i�o�n�s� �f�r�o�m� �c�o�a�l� 

�f�i�r�e�d� �p�o�w�e�r� �p�l�a�n�t�s� �a�n�d� �t�h�e� �r�e�c�o�g�n�i�t�i�o�n� �t�h�a�t� �p�y�r�i�t�e� �(�F�e�S�,�)� �i�s� �o�n�e� �o�f� �t�h�e� �m�a�j�o�r� �s�o�u�r�c�e�s� �o�f� 

�s�u�l�f�u�r� �i�n� �c�o�a�l�.� �H�o�w�e�v�e�r�,� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� �p�r�a�c�t�i�c�a�l� �f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s� �f�o�r� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� 

�h�a�s� �p�r�o�v�e�n� �t�o� �b�e� �m�o�r�e� �d�i�f�f�i�c�u�l�t� �t�h�a�n� �e�x�p�e�c�t�e�d�.� �Y�o�o�n� �e�t� �a�l�.� �[�1�]� �a�n�d� �L�u�t�t�r�e�l�l� �a�n�d� �Y�o�o�n� �[�2�]� 

�e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �a� �m�a�j�o�r� �f�a�c�t�o�r� �c�o�m�p�l�i�c�a�t�i�n�g� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �i�s� �t�h�e� �c�o�n�s�i�d�e�r�a�b�l�e� 

�h�y�d�r�o�p�h�o�b�i�c�i�t�y� �i�t� �a�c�q�u�i�r�e�s� �d�u�e� �t�o� �s�u�p�e�r�f�i�c�i�a�l� �o�x�i�d�a�t�i�o�n�.� �T�h�u�s�,� �i�n� �m�o�s�t� �f�l�o�t�a�t�i�o�n� 

�p�r�o�c�e�s�s�e�s�,� �a� �s�i�g�n�i�f�i�c�a�n�t� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �p�y�r�i�t�e� �f�l�o�a�t�s� �w�i�t�h� �t�h�e� �c�o�a�l�.� 

�S�u�p�e�r�f�i�c�i�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �p�r�o�d�u�c�e�s� �b�o�t�h� �h�y�d�r�o�p�h�i�l�i�c� �a�n�d� �h�y�d�r�o�p�h�o�b�i�c� �s�p�e�c�i�e�s� 

�o�n� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �r�e�l�a�t�i�v�e� �a�b�u�n�d�a�n�c�e� �o�f� �h�y�d�r�o�p�h�o�b�i�c� �a�n�d� �h�y�d�r�o�p�h�i�l�i�c� �o�x�i�d�a�t�i�o�n� �s�p�e�c�i�e�s� 

�o�n� �t�h�e� �s�u�r�f�a�c�e� �i�s� �b�e�l�i�e�v�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �f�l�o�a�t�a�b�i�l�i�t�y� �o�f� �p�y�r�i�t�e� �[�1�]�.� �T�h�e� �h�y�d�r�o�p�h�i�l�i�c� 

�s�p�e�c�i�e�s� �i�s� �g�e�n�e�r�a�l�l�y� �r�e�c�o�g�n�i�z�e�d� �a�s� �f�e�r�r�o�u�s� �o�r� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e�.� �T�h�e� �i�d�e�n�t�i�t�y� �o�f� 

�h�y�d�r�o�p�h�o�b�i�c� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t� �i�s� �a� �t�o�p�i�c� �o�f� �d�e�b�a�t�e�,� �w�i�t�h� �p�o�s�s�i�b�l�e� �s�p�e�c�i�e�s� �i�n�c�l�u�d�i�n�g� 

�p�o�l�y�s�u�l�f�i�d�e� �(�F�e�S�,�,� �n�>�2�)�,� �m�e�t�a�l�-�d�e�f�i�c�i�e�n�t� �s�u�l�f�i�d�e� �(�F�e�,�.�S�,�,� �x� �<� �1�)� �a�n�d� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r� �(�S�°�)� 

�[�1�,� �3�,� �4�]�.� �T�h�e� �u�n�c�e�r�t�a�i�n�t�y� �o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �a�n�d�,� �m�o�r�e� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �5�7



�i�m�p�o�r�t�a�n�t�l�y�,� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �u�n�d�e�r� �w�h�i�c�h� �t�h�e�y� �f�o�r�m� �s�t�e�m�s� �f�r�o�m� �t�w�o� �m�a�j�o�r� �r�e�a�s�o�n�s�.� 

�T�h�e� �f�i�r�s�t� �r�e�l�a�t�e�s� �t�o� �t�h�e� �d�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�s� �o�f� �p�r�e�p�a�r�i�n�g� �p�y�r�i�t�e� �s�u�r�f�a�c�e�s� �f�o�r� �s�t�u�d�y�.� 

�M�o�s�t� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �s�t�u�d�i�e�s� �h�a�v�e� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �o�n� �a�b�r�a�d�e�d� �a�n�d�/�o�r� �p�o�l�i�s�h�e�d� �p�y�r�i�t�e� 

�e�l�e�c�t�r�o�d�e�s�;� �h�o�w�e�v�e�r�,� �t�h�e�s�e� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �m�a�y� �o�x�i�d�i�z�e� �t�h�e� �s�u�r�f�a�c�e� �[�5�,� �6�]�,� 

�m�a�k�i�n�g� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �s�t�u�d�y� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f�.� �B�u�c�k�l�e�y� �a�n�d� �W�o�o�d�s� �[�5�]� �a�n�d� 

�R�i�c�h�a�r�d�s�o�n� �e�t� �a�l�.� �[�7�]� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�n�d� �p�h�o�t�o�e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �f�r�a�c�t�u�r�e�d� �s�u�r�f�a�c�e�s� �o�f� �s�u�l�f�i�d�e�s� �a�r�e� �c�o�n�s�i�d�e�r�a�b�l�y� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �t�h�o�s�e� �o�f� 

�g�r�o�u�n�d� �s�u�r�f�a�c�e�s�.� 

�T�h�e� �s�e�c�o�n�d� �r�e�a�s�o�n� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �c�o�m�p�l�e�x�i�t�y� �o�f� �t�h�e� �o�x�i�d�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�y�r�i�t�e�.� �D�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �o�x�i�d�a�t�i�o�n�,� �a� �v�a�r�i�e�t�y� �o�f� �d�i�f�f�e�r�e�n�t� 

�s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �c�a�n� �b�e� �f�o�r�m�e�d� �a�n�d� �a�f�f�e�c�t� �t�h�e� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �o�f� �p�y�r�i�t�e�.� �T�h�i�s� 

�i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�,� �w�h�i�c�h� �s�h�o�w�s� �c�y�c�l�i�c� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�f� �p�y�r�i�t�e� �o�b�t�a�i�n�e�d� �b�y� 

�d�i�f�f�e�r�e�n�t� �i�n�v�e�s�t�i�g�a�t�o�r�s� �a�t� �p�H� �9�.�2�.� �T�a�b�l�e� �2�.�1� �l�i�s�t�s� �r�e�a�c�t�a�n�t�s�/�p�r�o�d�u�c�t�s� �s�u�g�g�e�s�t�e�d� �b�y� 

�d�i�f�f�e�r�e�n�t� �a�u�t�h�o�r�s� �[�8�,� �9�,� �1�0�]�.� 

�T�h�e� �b�o�t�t�o�m� �t�w�o� �v�o�l�t�a�m�m�o�g�r�a�m�s�,� �(�A�)� �a�n�d� �(�B�)�,� �a�r�e� �r�e�s�u�l�t�s� �o�f� �Y�o�o�n� �e�t� �a�l�.� �[�1�0�]� �a�n�d� 

�Z�h�u� �e�t� �a�l�.� �[�8�]�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �w�h�i�c�h� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �n�e�g�a�t�i�v�e� �a�n�d� �p�o�s�i�t�i�v�e� �o�v�e�r�p�o�t�e�n�t�i�a�l�s� 

�(�-�1�.�0�5�~� �1�.�0�5� �V�)� �w�e�r�e� �e�m�p�l�o�y�e�d�.� �A�h�l�b�e�r�g� �e�t� �a�l�.� �[�9�]� �p�e�r�f�o�r�m�e�d� �s�i�m�i�l�a�r� �s�t�u�d�i�e�s� �a�t� �p�H� �1�1� 

�a�n�d� �t�h�e� �o�v�e�r�a�l�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e�i�r� �v�o�l�t�a�m�m�o�g�r�a�m�s� �w�e�r�e� �t�h�e� �s�a�m�e�.� �T�h�e�r�e� �a�r�e� �f�i�v�e� �o�r� �s�i�x� 

�d�i�s�t�i�n�c�t� �a�n�o�d�i�c� �r�e�a�c�t�i�o�n�s� �o�n� �t�h�e� �p�o�s�i�t�i�v�e� �g�o�i�n�g� �s�w�e�e�p�,� �f�o�r�m�i�n�g� �F�e�(�O�H�)�,�,� �F�e�(�O�H�)�.�;�,� �F�e�S�,� 

�F�e�S�,�,� �S�°�,� �S�O�,�7�,� �e�t�c�.�,� �a�s� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s�.� �O�n� �t�h�e� �n�e�g�a�t�i�v�e� �g�o�i�n�g� �s�w�e�e�p�,� �v�a�r�i�o�u�s� 

�r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t�s� �i�n�c�l�u�d�i�n�g� �F�e�(�O�H�)�,�,� �F�e�°�,� �F�e�S� �a�n�d� �H�S� �a�r�e� �f�o�r�m�e�d�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �5�8
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�I� �m�A�/�c�n�r� � � � � � � � � �I� �a�l� �|� �a�n�i�l� �4� �i� �|� �i� �i� 

�-�1�.�2� �-�0�.�8� �-�0�.�4� �0� �0�.�4� �0�.�8� �1�.�2� 

�P�o�t�e�n�t�i�a�l� �(�V�,� �S�H�E�)� 

� � 

�F�i�g�u�r�e� �2�.�1� �V�o�l�t�a�m�m�e�t�r�y� �c�u�r�v�e�s� �o�n� �p�y�r�i�t�e� �a�t� �p�H� �9�.�2�.� �A�:� �f�r�o�m� �Y�o�o�n� �e�t� �a�l�.�[�1�0�]�;� �B�:� 
�f�r�o�m� �Z�h�u� �e�t� �a�l�.� �[�8�]�;� �C�:� �f�r�o�m� �H�a�m�i�l�t�o�n� �a�n�d� �W�o�o�d�s� �[�3�]�;� �D�:� �f�r�o�m� �T�a�o� 
�e�t� �a�l�.� �[�1�1�]�.� 
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�T�a�b�l�e� �2�.�1� �I�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �r�e�a�c�t�i�o�n�s� �p�e�a�k�s� �o�n� �p�y�r�i�t�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �a�t� �p�H� �9�.�2�.� 

�P�e�a�k� �|� �R�e�a�c�t�a�n�t�s�/�P�r�o�d�u�c�t�s� �|� �R�e�a�c�t�a�n�t�s�/�P�r�o�d�u�c�t�s� �|� �R�e�a�c�t�a�n�t�s�/�P�r�o�d�u�c�t�s� 

�Z�h�u� �e�t� �a�l�.� �[�8�]� �A�h�l�b�e�r�g� �e�t� �a�l�.� �[�9�]� �|� �Y�o�o�n� �e�t� �a�l�.� �[�1�0�]� 

�I� �F�e�/�F�e�(�O�H�)�,� �F�e�/�F�e�(�O�H�)�,�,� �F�e�/�F�e�(�O�H�)�,� 
�F�e�/�F�e�S� 

�I�I� �F�e�(�O�H�)�.�/�F�e�(�O�H�)�;� �|� �F�e�(�O�H�)�,�,� �H�S�7�/�F�e�S�,� 

�I�l�l� �H�S�/�S�°� �F�e�(�O�H�)�.�/�F�e�(�O�H�)�;� �|� �H�S�/�/�S�°� 

�I�V� �F�e�(�O�H�)�.�/�F�e�(�O�H�)�;� �|� �F�e�S�/�S�°�,� �H�S�7�/�S�°� �F�e�S�/�S�°�,� �F�e�(�O�H�)�,� 

�V� �F�e�S�.�,�/�F�e�(�O�H�)�;�,� �S�a�m�e� �S�a�m�e� 
�S�O�, �� 

�V�I� �F�e�(�O�H�)�.�,�/�F�e�(�O�H�)�,� �|� �S�a�m�e� �S�a�m�e� 

�V�I�I� �S�°�/�H�S� 

�V�I�I�I� �|� �F�e�(�O�H�)�,�/�F�e� �S�a�m�e� �S�a�m�e� 

�I�X� �F�e�S�.�,�/�F�e�,� �H�S� �S�a�m�e� �S�a�m�e� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�0



�T�h�e� �t�o�p� �t�w�o� �v�o�l�t�a�m�m�o�g�r�a�m�s� �(�C�)� �a�n�d� �(�D�)� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �H�a�m�i�l�t�o�n� �a�n�d� �W�o�o�d�s� 

�[�3�]� �a�n�d� �T�a�o� �e�t� �a�l�.� �[�1�1�]� �a�t� �m�o�d�e�r�a�t�e� �o�v�e�r�p�o�t�e�n�t�i�a�l�s�.� �T�h�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �a�r�e� �m�u�c�h� �l�e�s�s� 

�c�o�m�p�l�e�x� �w�h�e�n� �m�o�d�e�r�a�t�e� �o�x�i�d�a�t�i�o�n� �a�n�d� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l�s� �w�e�r�e� �e�m�p�l�o�y�e�d�.� �T�h�e� �a�n�o�d�i�c� 

�p�e�a�k� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0� �V� �a�n�d� �t�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �a�t� �a�b�o�u�t� �-�0�.�3� �V� �a�r�e� �g�e�n�e�r�a�l�l�y� �a�s�s�i�g�n�e�d� 

�t�o� �t�h�e� �r�e�d�o�x� �c�o�u�p�l�e� �F�e�(�O�H�)�,�/�F�e�(�O�H�)�,� �[�8�,� �9�]�.� �I�t� �w�i�l�l� �b�e� �s�h�o�w�n� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �t�h�a�t� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �i�r�o�n� �a�n�d� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �s�p�e�c�i�e�s� �a�r�e� �s�o� �o�v�e�r�w�h�e�l�m�i�n�g� �t�h�a�t� �t�h�e�y� 

�m�a�s�k� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f�,� �w�h�i�c�h� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �i�t�s� 

�s�e�l�f�-�i�n�d�u�c�e�d� �h�y�d�r�o�p�h�o�b�i�c�i�t�y� �a�n�d�,� �h�e�n�c�e�,� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n�.� �I�t� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� 

�e�l�e�c�t�r�o�d�e� �p�o�l�i�s�h�i�n�g� �a�n�d� �a�g�g�r�e�s�s�i�v�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�t� �h�i�g�h� �o�v�e�r�p�o�t�e�n�t�i�a�l�s� �p�r�o�d�u�c�e� �t�h�i�c�k� 

�l�a�y�e�r�s� �o�f� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �a�n�d� �S�°�-�l�i�k�e� �s�p�e�c�i�e�s� �o�n� �p�y�r�i�t�e� �s�u�r�f�a�c�e� �[�4�]�.� �T�h�u�s�,� �u�s�i�n�g� �p�o�l�i�s�h�e�d� 

�e�l�e�c�t�r�o�d�e�s� �a�n�d� �c�o�n�d�u�c�t�i�n�g� �m�u�l�t�i�s�w�e�e�p� �s�t�u�d�i�e�s� �d�o� �n�o�t� �a�l�l�o�w� �d�e�t�a�i�l�s� �o�f� �t�h�e� �s�u�p�e�r�f�i�c�i�a�l� 

�o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�,� �d�u�e� �t�o� �t�h�e� �d�o�m�i�n�a�n�c�e� �o�f� �t�h�e� �F�e�(�O�H�)�,�/�F�e�(�O�H�)�,� 

�c�o�u�p�l�e�.� 

�2�.�2� �R�e�s�e�a�r�c�h� �O�b�j�e�c�t�i�v�e�s� 

�T�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �w�a�s� �u�n�d�e�r�t�a�k�e�n� �t�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n�/�r�e�d�u�c�t�i�o�n� 

�r�e�a�c�t�i�o�n�s� �o�n� �p�y�r�i�t�e�s� �f�r�o�m� �m�i�n�e�r�a�l� �a�n�d� �c�o�a�l� �s�o�u�r�c�e�s� �b�y� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �a�n�d� �s�p�e�c�t�r�o�s�c�o�p�i�c� 

�t�e�c�h�n�i�q�u�e�s�.� �T�h�i�s� �f�u�n�d�a�m�e�n�t�a�l� �s�t�u�d�y� �w�i�l�l� �p�r�o�v�i�d�e� �g�u�i�d�e�l�i�n�e�s� �f�o�r� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� 

�e�f�f�e�c�t�i�v�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �t�o� �e�n�h�a�n�c�e� �p�y�r�i�t�e� �r�e�j�e�c�t�i�o�n� �f�r�o�m� �c�o�a�l� �b�y� �f�l�o�t�a�t�i�o�n�.� 

�T�o� �s�t�u�d�y� �t�h�e� �i�n�i�t�i�a�l� �o�x�i�d�a�t�i�o�n�/�r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f�,� �w�h�i�c�h� �i�s� �t�h�e� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�1



�m�o�s�t� �r�e�l�e�v�a�n�t� �t�o� �f�l�o�t�a�t�i�o�n�,� �f�r�e�s�h� �s�u�r�f�a�c�e�s� �w�e�r�e� �p�r�o�d�u�c�e�d� �b�y� �i�n�-�s�i�t�u� �f�r�a�c�t�u�r�i�n�g� �e�l�e�c�t�r�o�d�e�s� 

�p�o�t�e�n�t�i�o�s�t�a�t�e�d� �a�t� �a� �p�r�e�d�e�t�e�r�m�i�n�e�d� �p�o�t�e�n�t�i�a�l�.� �C�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� 

�f�r�a�c�t�u�r�e� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �c�y�c�l�i�c� �v�o�l�t�a�m�m�e�t�r�y� �w�e�r�e� �u�s�e�d� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �i�n�i�t�i�a�l� 

�o�x�i�d�a�t�i�o�n�/�r�e�d�u�c�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �R�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� �(�R�R�D�E�)� �w�e�r�e� �u�s�e�d� �t�o� 

�i�d�e�n�t�i�f�y� �s�o�l�u�b�l�e� �o�x�i�d�a�t�i�o�n� �a�n�d� �r�e�d�u�c�t�i�o�n� �s�p�e�c�i�e�s� �o�n� �p�y�r�i�t�e� �s�u�r�f�a�c�e� �i�n� �o�x�y�g�e�n�-�f�r�e�e� 

�s�o�l�u�t�i�o�n�s�.� �R�R�D�E� �w�a�s� �a�l�s�o� �e�m�p�l�o�y�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �a�n�d� �k�i�n�e�t�i�c�s� �o�f� 

�o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e�.� �W�i�t�h� �t�h�e� �R�R�D�E� �t�e�c�h�n�i�q�u�e�,� �s�o�l�u�b�l�e� �p�r�o�d�u�c�t�s� �a�r�e� �t�r�a�n�s�p�o�r�t�e�d� 

�a�w�a�y� �f�r�o�m� �a� �d�i�s�c� �e�l�e�c�t�r�o�d�e� �a�n�d� �c�a�n� �b�e� �d�e�t�e�c�t�e�d� �b�y� �a�n� �o�u�t�e�r� �r�i�n�g� �e�l�e�c�t�r�o�d�e� �h�e�l�d� �a�t� 

�d�i�f�f�e�r�e�n�t� �p�o�t�e�n�t�i�a�l�s�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �e�m�p�l�o�y�e�d� �m�o�d�e�r�a�t�e� �o�v�e�r�p�o�t�e�n�t�i�a�l�s�,� �w�h�i�c�h� �a�r�e� �b�e�l�i�e�v�e�d� 

�t�o� �b�e� �r�e�l�e�v�a�n�t� �t�o� �c�o�n�d�i�t�i�o�n�s� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �m�o�s�t� �f�l�o�t�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�.� �P�y�r�i�t�e� �s�u�r�f�a�c�e�s� �t�h�a�t� 

�w�e�r�e� �f�r�e�s�h� �a�n�d� �t�h�a�t� �u�n�d�e�r�w�e�n�t� �o�x�i�d�a�t�i�o�n� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� 

�s�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� �t�o� �i�d�e�n�t�i�f�y� �h�y�d�r�o�p�h�o�b�i�c� �a�n�d� �h�y�d�r�o�p�h�i�l�i�c� �s�p�e�c�i�e�s� �f�o�r�m�e�d� �u�n�d�e�r� 

�d�i�f�f�e�r�e�n�t� �c�o�n�d�i�t�i�o�n�s�.� 

�I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e�s�e� �s�t�u�d�i�e�s� �a�r�e� �e�s�s�e�n�t�i�a�l� �t�o� �d�e�l�i�n�e�a�t�e� �t�h�e� �r�o�l�e� �o�f� �s�u�r�f�a�c�e� 

�o�x�i�d�a�t�i�o�n� �a�n�d� �r�e�d�u�c�t�i�o�n� �i�n� �p�y�r�i�t�e� �f�l�o�t�a�t�i�o�n� �a�n�d� �d�e�p�r�e�s�s�i�o�n� �a�n�d� �t�o� �d�e�t�e�r�m�i�n�e� �a�p�p�r�o�p�r�i�a�t�e� 

�c�o�n�d�i�t�i�o�n�s� �f�o�r� �e�f�f�i�c�i�e�n�t� �c�o�a�l� �d�e�s�u�l�f�u�r�i�z�a�t�i�o�n�.� 

�2�.�3�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

�2�.�3�.�1� �M�a�t�e�r�i�a�l�s� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�2



�L�a�r�g�e� �s�p�e�c�i�m�e�n�s� �o�f� �m�i�n�e�r�a�l� �p�y�r�i�t�e�,� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �H�u�a�n�z�a�l�a�,� �P�e�r�u�,� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �t�h�r�o�u�g�h� �W�a�r�d ��s� �S�c�i�e�n�t�i�f�i�c� �C�o�.� �T�h�e� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �w�a�s� �o�r�i�g�i�n�a�l�l�y� 

�a� �c�h�u�n�k� �o�f� �2�.�5�"� �2�.�3�"� �x�2�"� �p�y�r�i�t�e� �f�o�u�n�d� �i�n� �a� �r�u�n�-�o�f�-�m�i�n�e� �c�o�a�l� �s�a�m�p�l�e�.� �T�h�i�s� �p�y�r�i�t�e� 

�s�a�m�p�l�e� �c�o�n�t�a�i�n�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�%� �c�o�a�l� �o�n� �t�h�e� �s�u�r�f�a�c�e�.� �T�h�e� �c�o�a�l� �p�y�r�i�t�e� �s�p�e�c�i�m�e�n� �f�r�o�m� 

�S�i�c�h�u�a�n�,� �C�h�i�n�a� �c�o�n�t�a�i�n�e�d� �n�o� �v�i�s�i�b�l�e� �s�p�e�c�k�s� �o�f� �c�o�a�l� �a�n�d� �h�a�d� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �m�i�n�e�r�a�l� 

�p�y�r�i�t�e�.� 

�2�.�3�.�2� �R�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� 

�T�h�e� �r�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e� �i�s� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�2�.� �I�t� �w�a�s� 

�c�o�n�s�t�r�u�c�t�e�d� �u�s�i�n�g� �c�o�r�e� �d�r�i�l�l�e�d� �d�i�s�c�s� �o�f� �p�y�r�i�t�e� �(�0�.�7� �c�m� �d�i�a�m�e�t�e�r�)� �a�n�d� �p�u�r�e� �g�o�l�d� �r�i�n�g�s�.� �T�h�e� 

�d�i�s�c� �w�a�s� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �r�i�n�g� �b�y� �a� �s�m�a�l�l� �g�a�p� �o�f� �n�o�n�c�o�n�d�u�c�t�i�v�e� �e�p�o�x�y� �r�e�s�i�n�.� �T�h�e� �d�i�s�c�s� 

�w�e�r�e� �c�o�n�t�a�c�t�e�d� �w�i�t�h� �a� �c�o�p�p�e�r� �e�l�e�c�t�r�i�c�a�l� �l�e�a�d�.� �A�f�t�e�r� �m�o�u�n�t�i�n�g� �t�h�e� �r�i�n�g�-�d�i�s�c� �a�s�s�e�m�b�l�y�,� �t�h�e� 

�s�u�r�f�a�c�e�s� �w�e�r�e� �a�b�r�a�d�e�d� �a�n�d� �p�o�l�i�s�h�e�d� �w�i�t�h� �s�u�c�c�e�s�s�i�v�e�l�y� �f�i�n�e�r� �g�r�a�d�e�s� �o�f� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� 

�p�a�p�e�r� �f�r�o�m� �2�4�0� �t�o� �6�0�0� �g�r�i�t�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �c�l�e�a�n�e�d� �w�i�t�h� �a�c�e�t�o�n�e� �a�n�d� 

�h�y�d�r�o�c�h�l�o�r�i�c� �a�c�i�d� �f�o�l�l�o�w�e�d� �b�y� �a� �t�h�o�r�o�u�g�h� �r�i�n�s�e� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�.� �S�o�l�u�t�i�o�n�s� �w�e�r�e� 

�p�u�r�g�e�d� �w�i�t�h� �N�,� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �h�o�u�r� �p�r�i�o�r� �t�o� �e�a�c�h� �e�x�p�e�r�i�m�e�n�t�.� �A� �p�i�n�e� �R�D�E�-�4� �d�o�u�b�l�e� 

�p�o�t�e�n�t�i�o�s�t�a�t� �w�a�s� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �t�h�e� �p�o�t�e�n�t�i�a�l� �a�n�d� �a� �p�i�n�e� �r�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �a�s�s�e�m�b�l�y� �w�a�s� 

�u�s�e�d� �t�o� �r�o�t�a�t�e� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �e�l�e�c�t�r�o�d�e� �r�o�t�a�t�i�o�n� �s�p�e�e�d� �w�a�s� �g�e�n�e�r�a�l�l�y� �s�e�t� �a�t� �2�0�0�0� �r�p�m� 

�a�n�d� �v�o�l�t�a�m�m�o�g�r�a�m�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �t�h�e� �s�e�c�o�n�d� �c�y�c�l�e�,� �u�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �s�p�e�c�i�f�i�e�d�.� 

�V�o�l�t�a�m�m�e�t�r�y� �c�u�r�v�e�s� �a�n�d� �r�i�n�g� �c�u�r�r�e�n�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �a� �L�i�n�s�e�i�s� �L�Y� �1�8�1�0�0� �r�e�c�o�r�d�e�r�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�3
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�O�H�,� 

�F�i�g�u�r�e� �2�.�2� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �r�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�.� 
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�T�h�e� �c�o�l�l�e�c�t�i�o�n� �e�f�f�i�c�i�e�n�c�i�e�s� �(�N�)� �o�f� �t�h�e� �t�h�r�e�e� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� �m�a�d�e� �o�f� �d�i�f�f�e�r�e�n�t� 

�p�y�r�i�t�e� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �f�r�e�s�h�l�y� �p�r�e�p�a�r�e�d� �1�.�0�X�1�0�°� �M� �C�u�C�l�,� �i�n� �0�.�5� �M� 

�K�C�I� �s�o�l�u�t�i�o�n� �[�1�2�]�.� �T�h�e� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �h�e�l�d� �a�t� �0�.�1� �V� �(�S�H�E�)� �a�t� �w�h�i�c�h� �n�o� 

�s�i�g�n�i�f�i�c�a�n�t� �c�u�r�r�e�n�t� �a�r�i�s�e�s� �f�r�o�m� �r�e�a�c�t�i�o�n�s� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f� �a�n�d� �C�u ��*� �r�e�d�u�c�t�i�o�n� �i�s� �u�n�d�e�r� 

�d�i�f�f�u�s�i�o�n� �c�o�n�t�r�o�l�.� �T�h�e� �v�a�l�u�e�s� �o�f� �N� �f�o�r� �t�h�e� �m�i�n�e�r�a�l�-�,� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�,� �a�n�d� �C�h�i�n�e�s�e� 

�c�o�a�l�-�p�y�r�i�t�e� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �0�.�3�8�,� �0�.�2�8� �a�n�d� �0�.�3�6�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�A� �s�a�t�u�r�a�t�e�d� �C�a�l�o�m�e�l� �e�l�e�c�t�r�o�d�e� �(�S�C�E�)� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �e�l�e�c�t�r�o�d�e� �a�n�d� �a� 

�p�l�a�t�i�n�u�m� �w�i�r�e� �a�s� �t�h�e� �c�o�u�n�t�e�r� �e�l�e�c�t�r�o�d�e�.� �P�o�t�e�n�t�i�a�l�s� �a�r�e� �e�x�p�r�e�s�s�e�d� �o�n� �t�h�e� �s�t�a�n�d�a�r�d� 

�h�y�d�r�o�g�e�n� �e�l�e�c�t�r�o�d�e� �(�S�H�E�)� �s�c�a�l�e� �b�y� �a�d�d�i�n�g� �0�.�2�4�5� �V�.� 

�2�.�3�.�3� �I�n�-�s�i�t�u� �f�r�a�c�t�u�r�e�d� �e�l�e�c�t�r�o�d�e�s� 

�T�h�e� �m�i�n�e�r�a�l� �p�y�r�i�t�e� �s�a�m�p�l�e�s� �f�o�r� �i�n�-�s�i�t�u� �f�r�a�c�t�u�r�e�d� �e�l�e�c�t�r�o�d�e�s� �h�a�d� �d�i�m�e�n�s�i�o�n�s� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�x�2�x�1�0�m�m�.� �A� �c�o�p�p�e�r� �l�e�a�d�-�w�i�r�e� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �o�n�e� �o�f� �t�h�e� �3�X�2� �m�m� 

�f�a�c�e�s� �u�s�i�n�g� �a� �c�o�n�d�u�c�t�i�n�g� �s�i�l�v�e�r� �e�p�o�x�y�.� �T�h�e� �a�s�s�e�m�b�l�y� �w�a�s� �t�h�e�n� �m�o�u�n�t�e�d� �a�t� �t�h�e� �e�n�d� �o�f� �a� 

�7� �m�m� �d�i�a�m�e�t�e�r� �g�l�a�s�s� �t�u�b�e� �w�i�t�h� �n�o�n�-�c�o�n�d�u�c�t�i�n�g� �e�p�o�x�y� �(�T�o�r�r� �S�e�a�l�,� �V�a�r�i�a�n�)�,� �e�n�c�a�p�s�u�l�a�t�i�n�g� 

�a�b�o�u�t� �o�n�e�-�h�a�l�f� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �T�h�e� �o�t�h�e�r� �h�a�l�f� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �e�x�p�o�s�e�d�,� �w�i�t�h� �t�h�e� 

�d�e�s�i�r�e�d� �f�r�a�c�t�u�r�e� �p�l�a�n�e� �c�a�r�e�f�u�l�l�y� �d�e�l�i�n�e�a�t�e�d� �w�i�t�h� �e�p�o�x�y�.� �A�f�t�e�r� �t�h�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �i�n�s�e�r�t�e�d� 

�i�n�t�o� �t�h�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�e�l�l� �t�h�r�o�u�g�h� �a�n� �O�-�r�i�n�g� �s�e�a�l�,� �t�h�e� �p�r�o�j�e�c�t�i�n�g� �p�o�r�t�i�o�n� �w�a�s� �s�u�b�j�e�c�t�e�d� 

�t�o� �a� �s�h�a�r�p� �b�l�o�w� �t�h�r�o�u�g�h� �a� �g�l�a�s�s� �r�o�d� �t�h�a�t� �w�a�s� �i�n�s�e�r�t�e�d� �t�h�r�o�u�g�h� �a�n�o�t�h�e�r� �c�e�l�l� �p�o�r�t�,� �r�e�s�u�l�t�i�n�g� 

�i�n� �a� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �s�u�r�f�a�c�e� �w�h�i�c�h� �w�a�s� �u�s�u�a�l�l�y� �f�l�u�s�h� �w�i�t�h� �t�h�e� �e�p�o�x�y�.� �E�a�c�h� �e�l�e�c�t�r�o�d�e� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�5



�w�a�s� �c�a�r�e�f�u�l�l�y� �i�n�s�p�e�c�t�e�d� �a�f�t�e�r� �e�x�p�e�r�i�m�e�n�t�s� �t�o� �e�n�s�u�r�e� �t�h�a�t� �o�n�l�y� �f�r�e�s�h� �s�u�r�f�a�c�e� �w�a�s� �e�x�p�o�s�e�d� 

�t�o� �t�h�e� �e�l�e�c�t�r�o�l�y�t�e� �b�e�f�o�r�e� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �a�c�c�e�p�t�e�d�.� 

�2�.�3�.�4� �X�P�S� �s�t�u�d�y� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� 

�T�h�e� �X�P�S� �s�t�u�d�i�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�n� �s�l�a�b�s� �(�1�0�X�1�0�X�2� �m�m�)� �c�u�t� �f�r�o�m� �P�i�t�t�s�b�u�r�g�h� 

�N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �s�a�m�p�l�e�s�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �a� �P�e�r�k�i�n� �E�l�m�e�r� �P�h�i� �5�4�0�0� 

�X�P�S� �s�p�e�c�t�r�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �m�o�n�o�c�h�r�o�m�a�t�i�z�e�d� �A�l� �K�a� �X�-�r�a�y� �s�o�u�r�c�e� �a�n�d� �a� �s�p�e�c�i�a�l�l�y�-� 

�d�e�s�i�g�n�e�d� �d�r�y�i�n�g� �a�n�d� �c�o�o�l�i�n�g� �c�h�a�m�b�e�r�.� �T�h�e� �a�n�a�l�y�z�i�n�g� �c�h�a�m�b�e�r� �o�f� �t�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �w�a�s� 

�m�o�d�i�f�i�e�d� �t�o� �m�a�i�n�t�a�i�n� �s�a�m�p�l�e� �t�e�m�p�e�r�a�t�u�r�e� �n�e�a�r� �1�3�0� �K�.� �M�a�i�n�t�a�i�n�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�t� 

�t�h�i�s� �v�a�l�u�e� �p�r�e�v�e�n�t�e�d� �t�h�e� �l�o�s�s� �o�f� �v�o�l�a�t�i�l�e� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r� �(�i�f� �p�r�e�s�e�n�t�)� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� 

�s�u�r�f�a�c�e�.� 

�2�.�3�.�5� �R�e�a�g�e�n�t�s� 

�B�u�f�f�e�r� �s�o�l�u�t�i�o�n�s� �u�s�e�d� �i�n� �a�l�l� �t�e�s�t�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �d�o�u�b�l�e�-�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �u�s�i�n�g� 

�r�e�a�g�e�n�t� �g�r�a�d�e� �c�h�e�m�i�c�a�l�s� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�s�i�t�i�o�n�s�:� 

�p�H� �4�.�6�;� �0�.�5� �M� �C�H�;�C�O�O�H� �a�n�d� �0�.�5� �M� �C�H�,�;�C�O�O�N�a� 

�p�H� �6�.�8�;� �0�.�0�5� �M� �K�H�,�P�O�,� �a�n�d� �0�.�0�2�2�4� �M� �N�a�O�H� 

�p�H� �8�.�0�;� �0�.�0�5� �M� �K�H�,�P�O�,� �a�n�d� �0�.�0�4�6�1� �M�@� �N�a�O�H� 

�p�H� �9�.�2�;� �0�.�0�5� �M� �N�a�,�B�,�O�,� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �6�6



�F�r�e�s�h� �i�r�o�n� �(�I�I�)� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �F�e�C�l�,� �i�n� �d�e�o�x�y�g�e�n�a�t�e�d� �d�i�s�t�i�l�l�e�d� 

�w�a�t�e�r� �a�n�d� �H�S� �s�o�l�u�t�i�o�n�s� �b�y� �d�i�s�s�o�l�v�i�n�g� �N�a�,�S�.� �B�o�t�h� �F�e�C�l�,� �a�n�d� �N�a�,�S� �w�e�r�e� �o�f� �r�e�a�g�e�n�t� �g�r�a�d�e�.� 

�2�.�4� �R�e�s�u�l�t�s� �a�n�d� �d�i�s�c�u�s�s�i�o�n� 

�2�.�4�.�1� �O�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e� 

�T�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �s�u�l�f�i�d�e� �m�i�n�e�r�a�l�s�,� �i�n�c�l�u�d�i�n�g� �t�h�a�t� �o�f� �p�y�r�i�t�e�,� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �m�i�x�e�d� 

�p�o�t�e�n�t�i�a�l�,� �c�o�r�r�o�s�i�o�n�-�t�y�p�e� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �r�e�a�c�t�i�o�n�s�,� �i�n� �w�h�i�c�h� �t�h�e� �m�i�n�e�r�a�l� �u�n�d�e�r�g�o�e�s� 

�a�n�o�d�i�c� �o�x�i�d�a�t�i�o�n� �w�h�i�l�e� �o�x�y�g�e�n� �i�s� �c�a�t�h�o�d�i�c�a�l�l�y� �r�e�d�u�c�e�d�.� �O�x�y�g�e�n� �s�e�r�v�e�s� �a�s� �a�n� �e�l�e�c�t�r�o�n� 

�s�c�a�v�e�n�g�e�r�,� �s�o� �t�h�e� �k�i�n�e�t�i�c�s� �o�f� �i�t�s� �r�e�d�u�c�t�i�o�n� �i�s� �i�m�p�o�r�t�a�n�t� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�a�t�e� �o�f� �p�y�r�i�t�e� 

�o�x�i�d�a�t�i�o�n� �a�n�d� �t�h�e� �m�i�x�e�d� �p�o�t�e�n�t�i�a�l� �a�t� �w�h�i�c�h� �i�t� �o�c�c�u�r�s�.� 

�S�t�u�d�i�e�s� �o�f� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �w�i�t�h� �t�h�e� �R�R�D�E�.� 

�F�i�g�u�r�e� �2�.�3� �(�t�o�p�)� �s�h�o�w�s� �t�h�e� �c�u�r�r�e�n�t� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �l�i�n�e�a�r� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p�s� �f�r�o�m� �0�.�2�5� �t�o� 

�-�0�.�7�5� �V� �o�n� �t�h�e� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �d�i�s�c� �e�l�e�c�t�r�o�d�e� �a�t� �p�H� �9�.�2� �f�o�r� �v�a�r�i�o�u�s� �r�o�t�a�t�i�o�n� �s�p�e�e�d�s� 

�i�n� �a� �s�o�l�u�t�i�o�n� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �o�x�y�g�e�n�.� �T�h�e� �c�u�r�r�e�n�t� �w�a�s� �n�e�g�l�i�g�i�b�l�e� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �o�x�y�g�e�n� 

�i�n� �t�h�i�s� �p�o�t�e�n�t�i�a�l� �r�a�n�g�e�.� �A�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �s�w�e�e�p�s�,� �t�h�e� �c�u�r�r�e�n�t� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� 

�e�l�e�c�t�r�o�n� �t�r�a�n�s�f�e�r� �(�a�c�t�i�v�a�t�i�o�n� �c�o�n�t�r�o�l�)� �a�n�d� �i�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �r�o�t�a�t�i�o�n� �r�a�t�e�,� �w�.� 

�A�s� �t�h�e� �p�o�t�e�n�t�i�a�l� �b�e�c�o�m�e�s� �m�o�r�e� �n�e�g�a�t�i�v�e�,� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �o�x�y�g�e�n� �t�o� �t�h�e� �d�i�s�c� �s�u�r�f�a�c�e� 

�g�r�a�d�u�a�l�l�y� �p�r�e�d�o�m�i�n�a�t�e�s� �o�v�e�r� �c�h�a�r�g�e� �t�r�a�n�s�f�e�r� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �r�a�t�e� �a�n�d�,� �h�e�n�c�e�,� 

�t�h�e� �c�u�r�r�e�n�t� �i�s� �i�n�c�r�e�a�s�i�n�g�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �r�o�t�a�t�i�o�n� �s�p�e�e�d�.� �A�t� �m�o�r�e� �n�e�g�a�t�i�v�e� �p�o�t�e�n�t�i�a�l�s�,� �t�h�e� 
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�c�u�r�r�e�n�t� �i�s� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d�.� �T�h�e� �o�n�s�e�t� �o�f� �t�h�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d� �c�u�r�r�e�n�t� �s�h�i�f�t�s� �t�o� �m�o�r�e� 

�n�e�g�a�t�i�v�e� �p�o�t�e�n�t�i�a�l�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �r�o�t�a�t�i�o�n� �s�p�e�e�d�.� �T�h�e� �l�i�m�i�t�i�n�g� �c�u�r�r�e�n�t�,� �i�,� �(�m�A�/�c�m�? ��)�,� 

�i�s� �g�i�v�e�n� �b�y� �t�h�e� �L�e�v�i�c�h� �E�q�u�a�t�i�o�n� �(�2�.�1�)� �[�1�3�]�,� 

�i�,� �=� �0�.�6�2�n�F�D�?�?� �"�C�u�"�,� �(�2�.�1�)� 

�w�h�e�r�e� �n� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �e�l�e�c�t�r�o�n�s� �i�n� �t�h�e� �o�v�e�r�a�l�l� �r�e�a�c�t�i�o�n�,� �F� �t�h�e� �F�a�r�a�d�a�y ��s� �c�o�n�s�t�a�n�t�,� �D� 

�t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �t�h�e� �r�e�l�e�v�a�n�t� �s�p�e�c�i�e�s� �u�n�d�e�r�g�o�i�n�g� �o�x�i�d�a�t�i�o�n� �o�r� �r�e�d�u�c�t�i�o�n�,� �v� �t�h�e� 

�k�i�n�e�m�a�t�i�c� �v�i�s�c�o�s�i�t�y�,� �C�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�n� �t�h�e� �b�u�l�k� �s�o�l�u�t�i�o�n�,� 

�a�n�d� �w� �i�s� �t�h�e� �a�n�g�u�l�a�r� �v�e�l�o�c�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �B�i�e�g�l�e�r� �e�t� �a�l�.� �[�1�4�]�,� �D� �=� 

�1�.�9�3� �x� �1�0�°� �c�m�?�/�s�e�c�,� �v� �=� �0�.�9�4�1� �x� �1�0�°� �c�m�?�/�s�e�c� �a�n�d� �C�,� �=� �1�.�2�1�1�0�°� �m�o�l�e�/�c�m�?� �f�o�r� �o�x�y�g�e�n�.� 

�S�u�b�s�t�i�t�u�t�i�n�g� �t�h�e�s�e� �v�a�l�u�e�s� �a�n�d� �o�t�h�e�r� �r�e�l�e�v�a�n�t� �c�o�n�s�t�a�n�t�s� �i�n�t�o� �E�q�u�a�t�i�o�n� �(�2�.�1�)�,� �o�n�e� �o�b�t�a�i�n�s�,� 

�T�,� �=� �0�.�0�4�5�7�n�w�" ��,� �(�2�.�2�)� 

�w�h�e�r�e� �I�,� �i�s� �i�n� �u�n�i�t�s� �o�f� �m�A�.� �A� �p�l�o�t� �o�f� �I�,� �v�s�.� �w�' ��,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�,� �i�s� �l�i�n�e�a�r�,� �i�n� 

�a�g�r�e�e�m�e�n�t� �w�i�t�h� �E�q�u�a�t�i�o�n� �(�2�.�2�)�.� �T�h�e� �v�a�l�u�e� �o�f� �n� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �E�q�u�a�t�i�o�n� �(�2�.�2�)� �i�s� �3�.�5�,� 

�s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �o�x�y�g�e�n� �p�r�o�c�e�e�d�s� �t�o� �O�H� �p�r�i�m�a�r�i�l�y� �b�y� �t�h�e� �4�-�e�l�e�c�t�r�o�n� 

�p�r�o�c�e�s�s�,� 

�O�,� �+� �2�H�,�O� �+� �4�e�°� �=� �4�0�H �� �(�E� �=� �1�.�2�2�9� �-� �0�.�0�5�9�p�H�)�.� �(�2�.�3�)� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �s�i�n�g�l�e� �w�a�v�e� �o�n� �t�h�e� �d�i�s�c� �d�u�r�i�n�g� �l�i�n�e�a�r� �s�w�e�e�p�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �n�o� 

�i�n�t�e�r�m�e�d�i�a�t�e� �s�o�l�u�b�l�e� �s�p�e�c�i�e�s� �i�s� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �a�t� �p�H� �9�.�2�.� �T�h�i�s� �i�s� 

�s�u�b�s�t�a�n�t�i�a�t�e�d� �b�y� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �r�i�n�g� �c�u�r�r�e�n�t� �f�r�o�m� �0�.�2�5� �t�o� �-�0�.�5�5� �V� �w�h�e�n� �t�h�e� �r�i�n�g� �w�a�s� 

�h�e�l�d� �a�t� �0�.�2�5� �V�,� �w�h�i�c�h� �i�s� �p�o�s�i�t�i�v�e� �e�n�o�u�g�h� �t�o� �o�x�i�d�i�z�e� �a�n�y� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �(�H�,�O�,�)� 

�p�r�o�d�u�c�e�d� �o�n� �t�h�e� �d�i�s�c�.� �T�h�e� �s�m�a�l�l� �r�i�n�g� �c�u�r�r�e�n�t� �o�b�s�e�r�v�e�d� �a�t� �p�o�t�e�n�t�i�a�l�s� �<�-�0�.�5�5� �V� �i�s� �d�u�e� �t�o� 
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�r�o�t�a�t�i�o�n� �s�p�e�e�d� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �a�t� �p�H� �9�.�2�.� 
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�t�h�e� �c�a�t�h�o�d�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�n�d� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �l�a�t�e�r�.� 

�T�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �O�,� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �p�l�o�t� 

�o�f� �l�o�g� �I� �v�s�.� �l�o�g� �(�1� �-� �I�/�I�,�)�,� �a�s� �s�h�o�w�n� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�4�)� �[�1�5�]�:� 

�l�o�g� �I� �=� �l�o�g� �I�,� �+� �m� �l�o�g� �(�1� �-� �I�/�L�,�)� �(�2�.�4�)� 

�w�h�e�r�e� �[�,� �i�s� �t�h�e� �k�i�n�e�t�i�c� �c�u�r�r�e�n�t� �d�e�n�s�i�t�y� �a�n�d� �m� �i�s� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�d�i�s�s�o�l�v�e�d� �o�x�y�g�e�n� �m�o�l�e�c�u�l�e�s�.� �T�h�e� �v�a�l�u�e�s� �o�f� �c�u�r�r�e�n�t� �I� �a�t� �a�l�l� �r�o�t�a�t�i�o�n� �r�a�t�e�s� �w�e�r�e� �c�h�o�s�e�n� �a�t� 

�-�Q�.�2� �V� �a�n�d� �-�0�.�2�5� �V� �f�o�r� �t�h�e� �p�l�o�t� �o�f� �l�o�g� �I� �a�g�a�i�n�s�t� �l�o�g� �(�1� �-� �I�/�I�,�)�.� �T�h�e� �r�e�s�u�l�t�s� �a�r�e� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�.�5�.� �T�h�e� �s�l�o�p�e�s� �a�r�e� �f�o�u�n�d� �t�o� �b�e� �0�.�9�3�7�2� �a�n�d� �0�.�9�5�1�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� 

�o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e� �a�t� �p�H� �9�.�2� �i�s� �a� �f�i�r�s�t� �o�r�d�e�r� �r�e�a�c�t�i�o�n�.� �T�h�i�s� �i�s� �i�n� �a�g�r�e�e�m�e�n�t� �w�i�t�h� 

�B�i�e�g�l�e�r� �e�t� �a�l�. ��s� �c�o�n�c�l�u�s�i�o�n� �[�1�4�]� �t�h�a�t� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �O�,� �i�s� �t�h�e� �r�a�t�e� �d�e�t�e�r�m�i�n�i�n�g� �s�t�e�p�.� 

�T�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�5�)� �[�1�5�]�:� 

�I�l� 
�l�o�g�_�_�*�_�_� �=� �C�o�n�s�t�a�n�t� �+� �l�o�g�C�,� �-� �o�n� �(�2�.�5�)� �I�,� �-�1� �2�.�3�R�T� � � 

�T�h�e�r�e�f�o�r�e�,� �T�a�f�e�l� �s�l�o�p�e�s� �a�t� �d�i�f�f�e�r�e�n�t� �e�l�e�c�t�r�o�d�e� �r�o�t�a�t�i�o�n� �s�p�e�e�d�s� �c�a�n� �b�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

�p�l�o�t� �o�f� �E� �a�g�a�i�n�s�t� �l�o�g� �[�I�I�,�/�(�1�,� �-� �D�J�.� �I�n� �a�l�l� �c�a�s�e�s�,� �a� �s�t�r�a�i�g�h�t� �l�i�n�e� �w�a�s� �o�b�s�e�r�v�e�d� �o�v�e�r� �o�n�e� �o�r� 

�t�w�o� �d�e�c�a�d�e�s� �o�f� �c�u�r�r�e�n�t� �w�i�t�h� �a�n� �a�v�e�r�a�g�e� �s�l�o�p�e� �o�f� �0�.�2�2�4� �V�/�d�e�c�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�6�.� 

�T�h�e� �r�e�s�u�l�t�s� �o�f� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �P�i�t�t�s�b�u�r�g�h� �N�o�.�8� �c�o�a�l�-� �a�n�d� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �w�e�r�e� 

�s�i�m�i�l�a�r� �w�i�t�h� �r�e�g�a�r�d� �t�o� �t�h�e� �s�h�a�p�e� �o�f� �t�h�e� �d�i�s�c� �c�u�r�r�e�n�t� �d�u�r�i�n�g� �l�i�n�e�a�r� �s�w�e�e�p�s� �a�n�d� �t�h�e� �r�i�n�g� 

�r�e�s�p�o�n�s�e�.� �M�i�n�e�r�a�l�-� �a�n�d� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� �s�h�o�w�e�d� �n�e�a�r�l�y� �i�d�e�n�t�i�c�a�l� �d�i�s�c� 

�c�u�r�r�e�n�t�s� �f�o�r� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �t�h�a�t� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �t�h�o�s�e� �e�x�h�i�b�i�t�e�d� �b�y� �P�i�t�t�s�b�u�r�g�h� �N�o�.� 
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�F�i�g�u�r�e� �2�.�6� �T�a�f�e�l� �p�l�o�t�s� �f�o�r� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �a�t� �p�H� �9�.�2� �a�t� 
�s�p�e�c�i�f�i�e�d� �r�o�t�a�t�i�o�n� �s�p�e�e�d� �i�n� �r�p�m�.� 
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�8� �c�o�a�l�-�p�y�r�i�t�e�.� 

�T�h�e� �d�i�s�c� �c�u�r�r�e�n�t�s� �d�u�r�i�n�g� �l�i�n�e�a�r� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p�s� �i�n� �t�h�e� �n�e�g�a�t�i�v�e� �d�i�r�e�c�t�i�o�n� �f�o�r� 

�o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e�,� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �a�n�d� �m�i�n�e�r�a�l� �p�y�r�i�t�e� 

�a�t� �p�H� �6�.�8� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�7�.� �T�h�e� �o�v�e�r�a�l�l� �f�e�a�t�u�r�e�s� �o�f� �t�h�e�s�e� �c�u�r�r�e�n�t�s� �a�r�e� �s�i�m�i�l�a�r� �t�o� 

�t�h�o�s�e� �a�t� �p�H� �9�.�2� �f�o�r� �a�l�l� �t�h�r�e�e� �p�y�r�i�t�e� �s�a�m�p�l�e�s�,� �w�i�t�h� �n�o� �e�v�i�d�e�n�c�e� �o�f� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� 

�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e�.� �T�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �d�i�s�c� �c�u�r�r�e�n�t�s� �a�t� �i�d�e�n�t�i�c�a�l� �o�v�e�r�v�o�l�t�a�g�e�s� �a�t� �p�H� 

�6�.�8� �i�s� �i�n� �t�h�e� �o�r�d�e�r� �o�f� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �>� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �~� �m�i�n�e�r�a�l�-� 

�p�y�r�i�t�e�.� 

�H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �s�o�m�e� �r�e�m�a�r�k�a�b�l�e� �d�i�f�f�e�r�e�n�c�e�s� �o�n� �s�w�e�e�p�s� �o�b�t�a�i�n�e�d� �a�t� �p�H� �9�.�2� 

�a�n�d� �6�.�8� �a�n�d� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� �s�a�m�p�l�e�-�d�e�p�e�n�d�e�n�t�.� �O�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �a�t� �p�H� �6�.�8� 

�c�o�n�s�i�s�t�e�n�t�l�y� �s�h�o�w�e�d� �a� �h�i�g�h�e�r� �c�u�r�r�e�n�t� �t�h�a�n� �a�t� �p�H� �9�.�2� �f�o�r� �a�l�l� �t�h�r�e�e� �p�y�r�i�t�e�s�.� �F�o�r� �m�i�n�e�r�a�l�-� 

�p�y�r�i�t�e�,� �t�h�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d� �c�u�r�r�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �l�o�w�e�r� �p�o�t�e�n�t�i�a�l�s� �a�t� �p�H� �6�.�8� �t�h�a�n� �a�t� 

�p�H� �9�.�2�.� �F�o�r� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e�,� �a�l�t�h�o�u�g�h� �t�h�e� �c�u�r�r�e�n�t� �w�a�s� �h�i�g�h�e�r� �a�t� �p�H� �6�.�8� �t�h�a�n� �a�t� �p�H� 

�9�.�2�,� �t�h�e� �p�o�t�e�n�t�i�a�l� �a�t� �w�h�i�c�h� �t�h�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d� �c�u�r�r�e�n�t� �w�a�s� �r�e�a�c�h�e�d� �d�i�d� �n�o�t� �c�h�a�n�g�e� 

�r�e�m�a�r�k�a�b�l�y� �a�s� �t�h�e� �s�o�l�u�t�i�o�n� �p�H� �d�e�c�r�e�a�s�e�s� �f�r�o�m� �9�.�2� �t�o� �6�.�8�.� �F�o�r� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-� 

�p�y�r�i�t�e�,� �t�h�e� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �c�u�r�r�e�n�t� �i�n�c�r�e�a�s�e�d� �c�o�n�s�i�d�e�r�a�b�l�y� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �p�H� �f�r�o�m� �9�.�2� 

�t�o� �6�.�8� �a�n�d� �t�h�e� �p�o�t�e�n�t�i�a�l� �w�h�e�r�e� �t�h�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d� �c�u�r�r�e�n�t� �w�a�s� �r�e�a�c�h�e�d� �s�h�i�f�t�e�d� 

�s�i�g�n�i�f�i�c�a�n�t�l�y�,� �e�s�p�e�c�i�a�l�l�y� �a�t� �t�h�e� �h�i�g�h�e�r� �e�l�e�c�t�r�o�d�e� �r�o�t�a�t�i�o�n� �s�p�e�e�d�.� 

�I�n� �a�c�i�d�i�c� �s�o�l�u�t�i�o�n�,� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �p�y�r�i�t�e� �p�r�o�c�e�e�d�e�d� �v�i�a� �a� �d�i�f�f�e�r�e�n�t� �r�o�u�t�e�.� 

�F�i�g�u�r�e� �2�.�8� �s�h�o�w�s� �t�h�e� �l�i�n�e�a�r� �s�w�e�e�p� �v�o�l�t�a�m�m�o�g�r�a�m�s� �f�o�r� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-� 

�p�y�r�i�t�e� �a�t� �p�H� �4�.�6�.� �I�n� �t�h�e� �a�c�t�i�v�a�t�i�o�n�-�c�o�n�t�r�o�l�l�e�d� �r�e�g�i�o�n�,� �t�h�e�r�e� �a�r�e� �t�w�o� �d�i�s�t�i�n�c�t� �c�a�t�h�o�d�i�c� 
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�r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �o�c�c�u�r�r�i�n�g�,� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �c�h�a�n�g�e� �i�n� �s�l�o�p�e� �o�f� �t�h�e� �c�u�r�v�e�s� �a�t� �a�b�o�u�t� 

�O� �V�.� �T�h�e� �c�u�r�r�e�n�t� �o�n� �t�h�e� �r�i�n�g�,� �w�h�i�c�h� �w�a�s� �h�e�l�d� �a�t� �0�.�5�5� �V� �d�u�r�i�n�g� �t�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p�,� 

�s�h�o�w�s� �t�h�a�t� �a� �s�o�l�u�b�l�e� �i�n�t�e�r�m�e�d�i�a�t�e� �s�p�e�c�i�e�s� �w�a�s� �p�r�o�d�u�c�e�d� �a�t� �d�i�s�c� �p�o�t�e�n�t�i�a�l�s� �<�-�0�.�1�5� �V�.� 

�T�h�i�s� �c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �p�r�o�d�u�c�e�d� �o�n� �t�h�e� �d�i�s�c� �b�y� �t�h�e� �r�e�a�c�t�i�o�n�,� 

�O�,� �+� �2�H�*� �+� �2�e�°� �=� �H�,�O�,� �(�E� �=� �0�.�6�9�5� �-� �0�.�0�5�9�p�H�)� �(�2�.�6�)� 

�f�o�l�l�o�w�e�d� �b�y� �i�t�s� �r�e�-�o�x�i�d�a�t�i�o�n� �o�n� �t�h�e� �r�i�n�g�.� �T�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �r�e�a�c�h�e�d� �a� �m�a�x�i�m�u�m� �a�t� �a� �d�i�s�c� 

�p�o�t�e�n�t�i�a�l� �o�f� �-�0�.�2�5� �V�.� �W�h�e�n� �t�h�e� �l�i�m�i�t�i�n�g� �c�u�r�r�e�n�t� �o�n� �t�h�e� �d�i�s�c� �w�a�s� �r�e�a�c�h�e�d� �(�<�-�0�.�3� �V�)�,� �t�h�e� 

�o�v�e�r�p�o�t�e�n�t�i�a�l� �w�a�s� �l�a�r�g�e� �e�n�o�u�g�h� �t�h�a�t� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �w�a�s� �r�e�d�u�c�e�d� �a�t� �t�h�e� �d�i�s�c� �t�o� �O�H�,� 

�w�i�t�h� �l�e�s�s� �d�i�f�f�u�s�i�n�g� �t�o� �t�h�e� �r�i�n�g�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �d�e�c�r�e�a�s�e�d�.� �A�t� �m�o�r�e� 

�n�e�g�a�t�i�v�e� �p�o�t�e�n�t�i�a�l�s� �(�<�-�0�.�5� �V�)�,� �s�i�g�n�i�f�i�c�a�n�t� �c�a�t�h�o�d�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �o�c�c�u�r�r�e�d�,� 

�p�r�o�d�u�c�i�n�g� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �w�h�i�c�h� �w�e�r�e� �o�x�i�d�i�z�e�d� �a�t� �t�h�e� �r�i�n�g�.� 

�M�i�n�e�r�a�l�-�p�y�r�i�t�e� �s�h�o�w�e�d� �a� �b�e�h�a�v�i�o�r� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�8�.� �H�o�w�e�v�e�r�,� 

�o�n� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e�,� �m�o�s�t� �o�f� �t�h�e� �o�x�y�g�e�n� �w�a�s� �r�e�d�u�c�e�d� �t�o� �w�a�t�e�r�,� �w�i�t�h� �o�n�l�y� �a� 

�s�m�a�l�l� �a�m�o�u�n�t� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �e�s�c�a�p�i�n�g� �t�h�e� �d�i�s�c� �s�u�r�f�a�c�e�.� �T�h�e� �e�l�e�c�t�r�o�a�c�t�i�v�i�t�y� 

�t�o�w�a�r�d�s� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �a�t� �p�H� �4�.�6� �f�o�r� �t�h�e� �t�h�r�e�e� �p�y�r�i�t�e� �s�a�m�p�l�e�s� �i�s� �i�n� �t�h�e� �s�a�m�e� �o�r�d�e�r� �a�s� 

�a�t� �p�H� �6�.�8�.� 

�A�l�l� �t�h�r�e�e� �p�y�r�i�t�e� �s�a�m�p�l�e�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �p�o�s�s�e�s�s�e�d� �a� �c�o�n�s�i�s�t�e�n�t� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�,� �i�.�e�.�,� �t�h�e� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�e�d� �c�u�r�r�e�n�t� �f�o�r� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� 

�f�o�l�l�o�w�e�d� �t�h�e� �o�r�d�e�r�:� �p�H� �6�.�8� �>� �p�H� �9�.�2� �>� �p�H� �4�.�6�.� �T�h�e� �l�o�w�e�s�t� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �r�a�t�e� �a�t� 

�p�H� �4�.�6� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �c�a�t�h�o�d�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �e�l�e�m�e�n�t�a�l� �i�r�o�n�.� �T�h�e� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �7�7



�f�o�r�m�a�t�i�o�n� �o�f� �p�a�s�s�i�v�a�t�i�n�g� �l�a�y�e�r�s� �o�f� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �a�t� �p�H� �9�.�2� �m�a�y� �e�x�p�l�a�i�n� 

�t�h�e� �o�b�s�e�r�v�a�t�i�o�n� �t�h�a�t� �t�h�e� �r�a�t�e� �a�t� �p�H� �9�.�2� �w�a�s� �l�o�w�e�r� �t�h�a�n� �a�t� �p�H� �6�.�8�.� 

�B�i�e�g�l�e�r� �e�t� �a�l�.� �[�1�4�]� �s�t�u�d�i�e�d� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �o�n� �m�i�n�e�r�a�l�-�p�y�r�i�t�e� �u�s�i�n�g� �t�h�e� �r�o�t�a�t�i�n�g� 

�d�i�s�c� �e�l�e�c�t�r�o�d�e�.� �T�h�e�y� �s�u�g�g�e�s�t�e�d� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �d�u�r�i�n�g� �o�x�y�g�e�n� 

�r�e�d�u�c�t�i�o�n� �i�n� �a�c�i�d� �s�o�l�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �c�h�a�n�g�e� �i�n� �t�h�e� �s�l�o�p�e� �o�n� �t�h�e� �v�o�l�t�a�m�m�e�t�r�y� �c�u�r�v�e�s�.� 

�U�n�d�e�r� �n�e�u�t�r�a�l� �o�r� �a�l�k�a�l�i�n�e� �c�o�n�d�i�t�i�o�n�s� �i�r�o�n�-�h�y�d�r�o�x�i�d�e�s� �o�r� �o�x�i�d�e�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �m�a�y� 

�c�a�t�a�l�y�z�e� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�e�r�o�x�i�d�e� �[�1�6�]�.� �T�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� 

�c�o�a�l�-�p�y�r�i�t�e�s� �a�r�e� �e�l�e�c�t�r�o�a�c�t�i�v�e� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n�,� �c�o�n�t�r�a�r�y� �t�o� �t�h�e� �c�o�n�c�l�u�s�i�o�n� 

�o�f� �L�a�i� �e�t� �a�l�.� �[�1�7�]�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �e�l�e�c�t�r�o�a�c�t�i�v�i�t�y� �f�o�r� �o�x�y�g�e�n� �r�e�d�u�c�t�i�o�n� �a�m�o�n�g� �t�h�r�e�e� 

�p�y�r�i�t�e� �s�a�m�p�l�e�s� �m�a�y� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�r�y�s�t�a�l�l�i�n�e� �d�e�f�e�c�t�s� �a�n�d� �t�h�e� �m�o�r�p�h�o�l�o�g�y� 

�o�f� �t�h�e� �s�u�r�f�a�c�e�.� �W�h�i�l�e� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �e�x�h�i�b�i�t�s� �a� �m�o�r�p�h�o�l�o�g�i�c�a�l� �a�p�p�e�a�r�a�n�c�e� �s�i�m�i�l�a�r� 

�t�o� �t�h�a�t� �o�f� �m�i�n�e�r�a�l� �p�y�r�i�t�e�,� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �a�p�p�e�a�r�s� �v�e�r�y� �d�i�f�f�e�r�e�n�t� �i�n� �t�h�a�t� �i�t� �i�s� 

�m�u�c�h� �m�o�r�e� �p�o�r�o�u�s� �a�n�d� �p�o�o�r�l�y� �c�r�y�s�t�a�l�l�i�z�e�d� �(�e�v�i�d�e�n�c�e� �w�i�l�l� �b�e� �p�r�o�v�i�d�e�d� �l�a�t�e�r�)�.� �I�t� �i�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �i�n� �n�e�u�t�r�a�l� �a�n�d� �a�c�i�d�i�c� �s�o�l�u�t�i�o�n�s�,� �t�h�e� �m�o�r�e� �p�o�r�o�u�s� �n�a�t�u�r�e� �o�f� �P�i�t�t�s�b�u�r�g�h� �N�o�.� 

�8� �c�o�a�l�-�p�y�r�i�t�e� �m�a�y� �h�i�n�d�e�r� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�w�a�y� �f�r�o�m� �t�h�e� �d�i�s�c�,� 

�f�o�s�t�e�r�i�n�g� �i�t�s� �f�u�r�t�h�e�r� �r�e�d�u�c�t�i�o�n� �t�o� �O�H �� �b�e�f�o�r�e� �i�t� �c�a�n� �b�e� �c�o�n�v�e�c�t�e�d� �t�o� �t�h�e� �r�i�n�g�.� �A�t� �p�H� �9�.�2�,� 

�t�h�e� �e�l�e�c�t�r�o�a�c�t�i�v�i�t�y� �o�f� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �t�o� �r�e�d�u�c�e� �o�x�y�g�e�n� �i�s� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�f� 

�t�h�e� �o�t�h�e�r� �t�w�o� �p�y�r�i�t�e�s�.� �T�h�i�s� �i�s� �p�o�s�s�i�b�l�y� �b�e�c�a�u�s�e� �i�n� �a�l�k�a�l�i�n�e� �s�o�l�u�t�i�o�n�s�,� �t�h�e� �p�o�r�e�s� �o�f� 

�P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �b�e�c�o�m�e� �b�l�o�c�k�e�d� �w�i�t�h� �r�e�a�c�t�i�o�n� �p�r�e�c�i�p�i�t�a�t�e�s�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �7�8



�2�.�4�.�2� �P�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�/�r�e�d�u�c�t�i�o�n� �r�e�a�c�t�i�o�n�s� �o�n� �i�n�-�s�i�t�u� �f�r�a�c�t�u�r�e�d� �e�l�e�c�t�r�o�d�e�s� 

�I�t� �h�a�s� �b�e�e�n� �k�n�o�w�n� �t�h�a�t� �p�o�l�i�s�h�i�n�g� �o�r� �g�r�i�n�d�i�n�g� �c�a�u�s�e�s� �s�i�g�n�i�f�i�c�a�n�t� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e�,� 

�g�e�n�e�r�a�t�i�n�g� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �o�n� �t�h�e� �s�u�r�f�a�c�e� �[�5�-�7�]�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�i�t�h�e�r� 

�r�e�m�o�v�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �b�y� �s�u�r�f�a�c�e� �e�t�c�h�i�n�g� �o�r� �t�o� �u�s�e� �f�r�a�c�t�u�r�e�d� �p�y�r�i�t�e� �s�u�r�f�a�c�e� �f�o�r� 

�t�h�e� �s�t�u�d�y� �o�f� �t�h�e� �i�n�c�i�p�i�e�n�t� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e�.� �T�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y� �u�s�e�d� �i�n�-�s�i�t�u� �f�r�a�c�t�u�r�e�d� 

�e�l�e�c�t�r�o�d�e�s�.� 

�F�i�g�u�r�e� �2�.�9� �i�l�l�u�s�t�r�a�t�e�s� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �c�u�r�v�e�s� �(�c�u�r�r�e�n�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�)� 

�o�f� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e�s� �a�f�t�e�r� �f�r�a�c�t�u�r�e� �a�t� �p�H� �9�.�2�.� �B�e�f�o�r�e� �d�i�s�c�u�s�s�i�n�g� �t�h�e�s�e� 

�c�u�r�v�e�s�,� �i�t� �i�s� �w�o�r�t�h�w�h�i�l�e� �p�o�i�n�t�i�n�g� �o�u�t� �t�h�e� �s�i�m�i�l�a�r�i�t�y� �b�e�t�w�e�e�n� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �o�n� �a� 

�f�r�a�c�t�u�r�e�d� �s�u�r�f�a�c�e� �t�o� �t�h�e� �b�e�t�t�e�r� �k�n�o�w�n� �t�e�c�h�n�i�q�u�e� �o�f� �c�o�n�t�r�o�l�l�e�d� �p�o�t�e�n�t�i�a�l� �s�t�e�p� 

�c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �f�o�r� �s�t�u�d�y�i�n�g� �e�l�e�c�t�r�o�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�n� �s�o�l�u�t�i�o�n�.� �I�n� �t�h�e� �l�a�t�t�e�r�,� �t�h�e� 

�p�o�t�e�n�t�i�a�l� �i�s� �s�t�e�p�p�e�d� �f�r�o�m� �a�n� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�l�y� �i�n�a�c�t�i�v�e� �r�e�g�i�o�n� �t�o� �a� �v�a�l�u�e� �w�h�e�r�e� �a�n� 

�e�l�e�c�t�r�o�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�s� �r�a�p�i�d�l�y� �r�e�d�u�c�e�d� �o�r� �o�x�i�d�i�z�e�d�.� �T�h�i�s� �r�e�q�u�i�r�e�s�,� �i�n�i�t�i�a�l�l�y�,� �a� �l�a�r�g�e� 

�c�u�r�r�e�n�t� �t�o� �r�e�d�u�c�e� �o�r� �o�x�i�d�i�z�e� �t�h�o�s�e� �s�p�e�c�i�e�s� �w�i�t�h�i�n� �t�h�e� �r�e�a�c�t�i�o�n� �l�a�y�e�r� �a�t� �t�h�e� �s�u�r�f�a�c�e�.� 

�C�h�a�r�g�i�n�g� �o�f� �t�h�e� �d�o�u�b�l�e� �l�a�y�e�r� �a�n�d� �r�e�d�o�x� �p�r�o�c�e�s�s�e�s� �i�n�v�o�l�v�i�n�g� �a�n�y� �a�d�s�o�r�b�e�d� �s�p�e�c�i�e�s� �a�r�e� �f�a�s�t� 

�p�r�o�c�e�s�s�e�s� �t�h�a�t� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �i�n�i�t�i�a�l� �c�u�r�r�e�n�t�.� �T�h�e� �c�u�r�r�e�n�t� �t�h�e�n� �d�e�c�a�y�s� �a�s� �a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t� �t�h�a�t� �c�o�n�t�r�o�l�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�a�c�t�i�v�e� �s�p�e�c�i�e�s� �t�o� �t�h�e� 

�s�u�r�f�a�c�e� �d�e�v�e�l�o�p�s�.� �T�h�e� �p�r�e�s�e�n�t� �e�x�p�e�r�i�m�e�n�t�s� �d�i�f�f�e�r� �f�r�o�m� �t�h�e� �u�s�u�a�l� �c�o�n�t�r�o�l�l�e�d� �p�o�t�e�n�t�i�a�l� �s�t�e�p� 

�m�e�t�h�o�d� �i�n� �s�e�v�e�r�a�l� �a�s�p�e�c�t�s�.� �F�i�r�s�t�,� �t�h�e� �e�l�e�c�t�r�o�a�c�t�i�v�e� �s�p�e�c�i�e�s� �i�s� �t�h�e� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e� �i�t�s�e�l�f�.� 

�S�e�c�o�n�d�,� �t�h�e� �p�o�t�e�n�t�i�a�l� �s�t�e�p� �e�x�p�e�r�i�e�n�c�e�d� �a�t� �f�r�a�c�t�u�r�e� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� 
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�a�p�p�l�i�e�d� �p�o�t�e�n�t�i�a�l� �a�n�d� �t�h�e� �p�o�t�e�n�t�i�a�l� �a� �n�e�w�l�y� �c�r�e�a�t�e�d� �s�u�r�f�a�c�e� �a�s�s�u�m�e�s� �a�t� �t�h�e� �i�n�s�t�a�n�t� �o�f� 

�f�r�a�c�t�u�r�e�.� �T�h�i�r�d�,� �f�r�a�c�t�u�r�e� �m�o�m�e�n�t�a�r�i�l�y� �d�e�s�t�r�o�y�s� �t�h�e� �p�r�e�e�x�i�s�t�i�n�g� �d�o�u�b�l�e� �l�a�y�e�r�,� �a�n�d� �a� �d�o�u�b�l�e� 

�l�a�y�e�r� �m�u�s�t� �b�e� �f�o�r�m�e�d� �o�n� �t�h�e� �n�e�w� �s�u�r�f�a�c�e�.� �B�a�s�e�d� �o�n� �t�h�e�s�e� �c�o�m�p�a�r�i�s�o�n�s�,� �i�t� �i�s� �b�e�l�i�e�v�e�d� 

�t�h�a�t� �t�h�e� �i�n�i�t�i�a�l� �s�p�i�k�e� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �c�u�r�r�e�n�t�-�t�i�m�e� �c�u�r�v�e�s� �a�t� �t�h�e� �m�o�m�e�n�t� �o�f� �f�r�a�c�t�u�r�e� 

�r�e�p�r�e�s�e�n�t�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �d�o�u�b�l�e� �l�a�y�e�r� �c�h�a�r�g�i�n�g� �a�n�d� �f�a�r�a�d�a�i�c� �o�x�i�d�a�t�i�o�n� �(�o�r� �r�e�d�u�c�t�i�o�n�)� 

�o�f� �t�h�e� �f�r�e�s�h� �p�y�r�i�t�e� �s�u�r�f�a�c�e�s�.� �D�o�u�b�l�e� �l�a�y�e�r� �c�h�a�r�g�i�n�g� �i�s� �f�a�s�t� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �t�i�m�e� �s�c�a�l�e� 

�u�s�e�d� �i�n� �F�i�g�u�r�e� �2�.�9�,� �a�n�d� �t�h�u�s� �t�h�e� �d�e�c�a�y� �i�n� �t�h�e� �c�u�r�r�e�n�t� �a�f�t�e�r� �t�h�e� �i�n�i�t�i�a�l� �s�p�i�k�e� �i�s� �b�e�l�i�e�v�e�d� �t�o� 

�r�e�p�r�e�s�e�n�t� �p�r�i�m�a�r�i�l�y� �f�a�r�a�d�a�i�c� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �p�y�r�i�t�e�.� 

�I�n� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �e�x�p�e�r�i�m�e�n�t�s�,� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �p�o�t�e�n�t�i�o�s�t�a�t�e�d� �a�t� �d�i�f�f�e�r�e�n�t� 

�p�o�t�e�n�t�i�a�l�s� �i�n� �t�h�e� �r�a�n�g�e� �-�0�.�5�5� �V� �t�o� �0�.�4�5� �V�.� �B�e�f�o�r�e� �f�r�a�c�t�u�r�e� �t�h�e� �e�l�e�c�t�r�o�d�e�s� �w�e�r�e� �h�e�l�d� �f�o�r� 

�5� �t�o� �2�0� �m�i�n�u�t�e�s� �a�t� �t�h�e� �i�n�d�i�c�a�t�e�d� �p�o�t�e�n�t�i�a�l�s� �u�n�t�i�l� �a� �s�t�e�a�d�y� �s�t�a�t�e� �c�u�r�r�e�n�t� �(�u�s�u�a�l�l�y� �v�e�r�y� �c�l�o�s�e� 

�t�o� �z�e�r�o�)� �w�a�s� �r�e�a�c�h�e�d�.� �A�n�o�d�i�c� �(�p�o�s�i�t�i�v�e�)� �c�u�r�r�e�n�t�s� �o�b�t�a�i�n�e�d� �a�f�t�e�r� �f�r�a�c�t�u�r�e� �i�n�d�i�c�a�t�e� �p�y�r�i�t�e� 

�u�n�d�e�r�g�o�e�s� �o�x�i�d�a�t�i�o�n� �f�o�l�l�o�w�i�n�g� �f�r�a�c�t�u�r�e� �a�n�d� �c�a�t�h�o�d�i�c� �(�n�e�g�a�t�i�v�e�)� �c�u�r�r�e�n�t�s� �s�u�g�g�e�s�t� �p�y�r�i�t�e� 

�u�n�d�e�r�g�o�e�s� �r�e�d�u�c�t�i�o�n�.� �A� �z�e�r�o� �c�u�r�r�e�n�t� �a�t� �f�r�a�c�t�u�r�e� �i�n�d�i�c�a�t�e�s� �p�y�r�i�t�e� �i�s� �n�e�i�t�h�e�r� �o�x�i�d�i�z�e�d� �n�o�r� 

�r�e�d�u�c�e�d�.� �F�i�g�u�r�e� �2�.�9� �e�s�t�a�b�l�i�s�h�e�s� �t�h�a�t� �p�y�r�i�t�e� �u�n�d�e�r�g�o�e�s� �s�p�o�n�t�a�n�e�o�u�s� �o�x�i�d�a�t�i�o�n� �w�h�e�n� 

�f�r�a�c�t�u�r�e�d� �a�t� �p�o�t�e�n�t�i�a�l�s� �o�f� �-�0�.�1�5� �V� �o�r� �h�i�g�h�e�r�,� �a�n�d� �s�p�o�n�t�a�n�e�o�u�s� �r�e�d�u�c�t�i�o�n� �w�h�e�n� �f�r�a�c�t�u�r�e�d� 

�a�t� �-�0�.�3�5� �V� �o�r� �l�o�w�e�r�.� �T�h�e� �f�r�e�s�h� �s�u�r�f�a�c�e� �c�r�e�a�t�e�d� �a�t� �-�0�.�2�8� �V� �e�x�h�i�b�i�t�e�d� �n�e�a�r�l�y� �z�e�r�o� �c�u�r�r�e�n�t�.� 

�P�r�e�c�i�s�e�l�y�,� �a� �n�e�g�l�i�g�i�b�l�e� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �w�a�s� �o�b�s�e�r�v�e�d� �o�n� �s�o�m�e� �e�l�e�c�t�r�o�d�e�s� �a�n�d� �a� �n�e�g�l�i�g�i�b�l�e� 

�a�n�o�d�i�c� �c�u�r�r�e�n�t� �o�n� �o�t�h�e�r� �e�l�e�c�t�r�o�d�e�s� �w�h�e�n� �t�h�e�y� �w�e�r�e� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�2�8� �V�.� �I�t� �a�p�p�e�a�r�s� �t�h�a�t� 

�t�h�e�  ��z�e�r�o�-�r�e�a�c�t�i�o�n �� �p�o�t�e�n�t�i�a�l� �o�f� �p�y�r�i�t�e� �i�s� �a�t� �a�b�o�u�t� �-�0�.�2�8� �V� �a�t� �p�H� �9�.�2�.� �T�h�i�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

�p�o�t�e�n�t�i�a�l� �a�t� �w�h�i�c�h� �n�e�i�t�h�e�r� �o�x�i�d�a�t�i�o�n� �n�o�r� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�a�k�e�s� �p�l�a�c�e� �t�o� �a� �s�i�g�n�i�f�i�c�a�n�t� 
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�e�x�t�e�n�t�.� �I�t� �c�a�n� �b�e� �a�s�s�u�m�e�d� �t�h�a�t� �a� �f�r�e�s�h� �p�y�r�i�t�e� �s�u�r�f�a�c�e� �r�e�m�a�i�n�s� �s�t�a�b�l�e� �a�t� �t�h�i�s� �p�o�t�e�n�t�i�a�l�.� 

�W�h�e�n� �p�y�r�i�t�e� �i�s� �p�l�a�c�e�d� �i�n� �a�i�r�-�s�a�t�u�r�a�t�e�d� �s�o�l�u�t�i�o�n�s� �o�r� �e�x�p�o�s�e�d� �t�o� �t�h�e� �o�p�e�n� �a�i�r�,� �i�t� �w�i�l�l� 

�i�n�e�v�i�t�a�b�l�y� �u�n�d�e�r�g�o� �s�i�g�n�i�f�i�c�a�n�t� �o�x�i�d�a�t�i�o�n� �s�i�n�c�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �i�s� �a�l�w�a�y�s� �h�i�g�h�e�r� �t�h�a�n� �-�0�.�2�8� 

�V�.� �T�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �m�i�x�e�d� �p�o�t�e�n�t�i�a�l� �o�f� �p�y�r�i�t�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �0�.�1�8� �V� �a�t� �p�H� �9�.�2� �[�1�8�]� 

�e�s�t�a�b�l�i�s�h�e�s� �t�h�a�t� �p�y�r�i�t�e� �i�s� �o�x�i�d�i�z�e�d� �i�n� �n�o�r�m�a�l� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s�.� 

�E�l�e�c�t�r�o�d�e�s� �f�r�a�c�t�u�r�e�d� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �a�t� �p�H� �4�.�6� �e�x�h�i�b�i�t�e�d� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� 

�c�u�r�v�e�s� �s�i�m�i�l�a�r� �t�o� �t�h�e�s�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�9� �w�i�t�h� �t�h�e�  ��z�e�r�o�-�r�e�a�c�t�i�o�n �� �p�o�t�e�n�t�i�a�l� �s�h�i�f�t�e�d� �t�o� 

�~�0� �V�.� �T�h�e�  ��z�e�r�o�-�r�e�a�c�t�i�o�n �� �p�o�t�e�n�t�i�a�l�s� �o�f� �-�0�.�2�8� �V� �a�n�d� �0� �V� �o�b�t�a�i�n�e�d� �a�t� �p�H� �9�.�2� �a�n�d� �p�H� 

�4�.�6� �l�i�e� �w�i�t�h�i�n� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �s�t�a�b�i�l�i�t�y� �d�o�m�a�i�n� �o�n� �E�,�-�p�H� �d�i�a�g�r�a�m� �f�o�r� �p�y�r�i�t�e�,� �a�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �1�.�2�.� �T�h�e� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �t�e�c�h�n�i�q�u�e� �d�e�v�e�l�o�p�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k� �i�s� 

�S�i�g�n�i�f�i�c�a�n�t� �b�e�c�a�u�s�e� �i�t� �s�p�e�c�i�f�i�e�s� �n�o�t� �o�n�l�y� �a� �m�e�t�h�o�d� �o�f� �o�b�t�a�i�n�i�n�g� �a�n� �u�n�r�e�a�c�t�e�d� �p�y�r�i�t�e� 

�s�u�r�f�a�c�e�,� �b�u�t� �a�l�s�o� �a� �w�a�y� �o�f� �m�a�i�n�t�a�i�n�i�n�g� �a�n� �u�n�r�e�a�c�t�e�d� �s�u�r�f�a�c�e�,� �i�.�e�.�,� �f�r�a�c�t�u�r�e� �p�y�r�i�t�e� �w�h�i�l�e� 

�h�o�l�d�i�n�g� �i�t�s� �p�o�t�e�n�t�i�a�l� �i�n� �t�h�e� �r�e�g�i�o�n� �w�h�e�r�e� �p�y�r�i�t�e� �i�s� �t�h�e�r�m�o�d�y�n�a�m�i�c�a�l�l�y� �s�t�a�b�l�e�.� �T�h�i�s� 

�p�r�o�c�e�d�u�r�e� �o�v�e�r�c�o�m�e�s� �o�n�e� �o�f� �t�h�e� �u�s�u�a�l� �d�i�f�f�i�c�u�l�t�i�e�s� �o�f� �i�n�t�e�r�p�r�e�t�i�n�g� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� 

�m�e�a�s�u�r�e�m�e�n�t�s� �o�n� �s�u�l�f�i�d�e� �e�l�e�c�t�r�o�d�e�s� �d�u�e� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �o�x�i�d�i�z�e�d� �p�r�o�d�u�c�t�s� �a�r�i�s�i�n�g� �f�r�o�m� 

�t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�s�,� �e�.�g�.�,� �p�r�o�d�u�c�t�s� �i�n�t�r�o�d�u�c�e�d� �b�y� �p�o�l�i�s�h�i�n�g�.� �F�o�r� �p�y�r�i�t�e�,� �p�r�e�-� 

�o�x�i�d�a�t�i�o�n� �l�e�a�d�s� �t�o� �v�o�l�t�a�m�m�o�g�r�a�m�s� �t�h�a�t� �a�p�p�e�a�r� �t�o� �b�e� �d�o�m�i�n�a�t�e�d� �b�y� �F�e�°�/�F�e�*�*� �a�n�d� 

�F�e�*�t�/�F�e�*�+� �r�e�d�o�x� �c�o�u�p�l�e�s�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e�s�e� �s�p�e�c�i�e�s� �m�a�k�e�s� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �d�e�t�e�r�m�i�n�e� 

�w�h�e�n� �p�y�r�i�t�e� �i�t�s�e�l�f� �b�e�g�i�n�s� �t�o� �o�x�i�d�i�z�e� �t�o� �f�o�r�m� �i�n�c�i�p�i�e�n�t� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s�.� �T�h�e� 

�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s�,� �e�.�g�.�,� �p�o�l�y�s�u�l�f�i�d�e�s�,� �m�e�t�a�l�-�d�e�f�i�c�i�e�n�t� �s�u�l�f�i�d�e�,� 

�o�r� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r�,� �i�s� �o�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �i�n� �f�l�o�t�a�t�i�o�n� �a�n�d� �t�h�e� �r�e�a�c�t�i�o�n�s� �l�e�a�d�i�n�g� �t�o� �t�h�e�s�e� 
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�p�r�o�d�u�c�t�s� �m�a�y� �b�e� �m�a�s�k�e�d� �b�y� �i�r�o�n� �c�o�n�t�a�i�n�i�n�g� �s�p�e�c�i�e�s�.� 

�T�h�e� �f�i�r�s�t� �t�h�r�e�e� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�b�t�a�i�n�e�d� �o�n� �a� �f�r�e�s�h� �p�y�r�i�t�e� �s�u�r�f�a�c�e� �g�e�n�e�r�a�t�e�d� �b�y� 

�f�r�a�c�t�u�r�e� �a�t� �-�0�.�2�8� �V� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�0�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �w�a�s� �s�t�a�r�t�e�d� �a�t� �-�0�.�2�8� 

�V� �i�n� �t�h�e� �a�n�o�d�i�c� �d�i�r�e�c�t�i�o�n� �a�n�d� �r�e�v�e�r�s�e�d� �a�t� �0�.�2�5� �V� �o�n� �t�h�e� �f�i�r�s�t� �c�y�c�l�e�.� �T�h�e� �l�o�w�e�r� �p�o�t�e�n�t�i�a�l� 

�l�i�m�i�t� �w�a�s� �c�h�o�s�e�n� �t�o� �b�e� �-�0�.�5�5� �V� �t�o� �a�v�o�i�d� �p�o�s�s�i�b�l�e� �c�o�m�p�l�i�c�a�t�i�o�n�s� �t�h�a�t� �m�a�y� �a�r�i�s�e� �f�r�o�m� �t�h�e� 

�a�g�g�r�e�s�s�i�v�e� �r�e�d�u�c�t�i�v�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �e�l�e�m�e�n�t�a�l� �i�r�o�n� �t�h�a�t� �w�a�s� �f�o�u�n�d� �t�o� �o�c�c�u�r� 

�n�e�a�r� �-�0�.�7� �V� �a�t� �p�H� �9�.�2�.� �O�n� �t�h�e� �s�e�c�o�n�d� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p�,� �t�h�e� �u�p�p�e�r� �p�o�t�e�n�t�i�a�l� �l�i�m�i�t� �w�a�s� �s�e�t� 

�a�t� �0�.�5�5� �V� �t�o� �s�h�o�w� �t�h�e� �e�f�f�e�c�t� �o�f� �a�g�g�r�e�s�s�i�v�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �o�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� 

�v�o�l�t�a�m�m�o�g�r�a�m�.� 

�A�n� �o�x�i�d�a�t�i�o�n� �c�u�r�r�e�n�t� �a�p�p�e�a�r�s� �a�t� �a�b�o�u�t� �-�0�.�2�0� �V� �o�n� �t�h�e� �f�i�r�s�t� �v�o�l�t�a�m�m�o�g�r�a�m� �w�i�t�h� 

�a�n� �a�n�o�d�i�c� �p�e�a�k� �a�t� �a�b�o�u�t� �0� �V�.� �S�i�n�c�e� �p�y�r�i�t�e� �h�a�s� �n�o�t� �b�e�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �o�x�i�d�a�t�i�o�n� �o�r� �r�e�d�u�c�-� 

�t�i�o�n� �w�h�i�l�e� �i�t� �w�a�s� �h�e�l�d� �a�t� �-�0�.�2�8� �V� �d�u�r�i�n�g� �f�r�a�c�t�u�r�e�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �n�o� �e�l�e�m�e�n�t�a�l� �i�r�o�n� �o�r� 

�f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �s�h�o�u�l�d� �b�e� �p�r�e�s�e�n�t� �o�n� �t�h�e� �s�u�r�f�a�c�e�,� �t�h�i�s� �c�u�r�r�e�n�t� �c�a�n� �o�n�l�y� �a�r�i�s�e� �f�r�o�m� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f�.� �T�h�e� �p�o�s�s�i�b�l�e� �r�e�a�c�t�i�o�n�s� �a�r�e� �[�1�,� �3�,� �4�]�:� 

�F�e�S�,� �+� �3�0�H�-� �=� �2�S�°� �+� �F�e�(�O�H�)�,� �+� �3�e�-� �(�E� �=� �0�.�6�2�8� �-� �0�.�0�5�9�p�H�)�,� �2�.�7�)� 

�n�F�e�S�,� �+� �3�(�n�-�2�)�O�H�-� �=� �2�F�e�S�,� �+� �(�n�-�2�)�F�e�(�O�H�)�,� �+� �3�(�n�-�2�)�e�"�,� �(�2�.�8�)� 

�F�e�S�,� �+� �3�x�O�H!"� �=� �F�e�,�_�S�,� �+� �x�F�e�(�O�H�)�,� �+� �3�x�e�-�.� �(�2�.�9�)� 

�H�a�m�i�l�t�o�n� �a�n�d� �W�o�o�d�s� �[�3�]� �s�t�u�d�i�e�d� �p�y�r�i�t�e� �a�b�r�a�d�e�d� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �t�o� �p�r�e�v�e�n�t� 

�o�x�i�d�a�t�i�o�n� �a�n�d� �f�o�u�n�d� �a�n� �o�x�i�d�a�t�i�o�n� �p�e�a�k� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0� �V� �a�t� �p�H� �9�.�2�.� �T�h�e�y� �a�t�t�r�i�b�u�t�e�d� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �8�3
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�P�o�t�e�n�t�i�a�l� �(�V�,� �S�H�E�)� 

�F�i�g�u�r�e� �2�.�1�0� �V�o�l�t�a�m�m�o�g�r�a�m�s� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�2�8� �V� 
�a�t� �p�H� �9�.�2�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �s�t�a�r�t�e�d� �a�n�o�d�i�c�a�l�l�y�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �8�4



�t�h�i�s� �p�e�a�k� �t�o� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �t�o� �F�e�(�O�H�)�,� �a�n�d� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r�.� �F�r�o�m� �X�P�S� �s�t�u�d�i�e�s�,� 

�B�u�c�k�l�e�y� �a�n�d� �W�o�o�d�s� �[�4�]� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �m�o�d�e�r�a�t�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �l�e�a�v�e�s� �s�u�l�f�u�r� �i�n� 

�n�o�r�m�a�l� �l�a�t�t�i�c�e� �s�i�t�e�s�,� �c�r�e�a�t�i�n�g� �a� �m�e�t�a�l�-�d�e�f�i�c�i�e�n�t� �s�u�r�f�a�c�e� �(�F�e�,�,�S�,�)�.� �Y�o�o�n� �e�t� �a�l�.� �[�1�]� �o�b�s�e�r�v�e�d� 

�s�i�g�n�i�f�i�c�a�n�t� �f�l�o�t�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �a�t� �p�o�t�e�n�t�i�a�l�s� �s�l�i�g�h�t�l�y� �a�b�o�v�e� �-�0�.�1� �V� �a�n�d� �s�u�g�g�e�s�t�e�d� �f�r�o�m� �X�P�S� 

�a�n�d� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �s�t�u�d�i�e�s� �t�h�a�t� �p�o�l�y�s�u�l�f�i�d�e�s� �(�F�e�S�,�)� �a�r�e� �m�o�r�e� �l�i�k�e�l�y� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s�.� 

�X�P�S� �a�n�d� �L�a�s�e�r� �R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�i�c� �s�t�u�d�i�e�s� �c�o�n�d�u�c�t�e�d� �b�y� �Z�h�u� �e�t� �a�l�.� �[�1�9�]� �a�n�d� �M�y�c�r�o�f�t� 

�e�t� �a�l�.� �[�2�0�]� �s�u�p�p�o�r�t�e�d� �t�h�i�s� �c�o�n�c�l�u�s�i�o�n�.� �S�i�n�c�e� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �p�o�t�e�n�t�i�a�l� �f�o�r� �r�e�a�c�t�i�o�n� �(�2�.�7�)� 

�i�s� �0�.�0�9� �V�,� �i�.�e�.�,� �s�i�g�n�i�f�i�c�a�n�t�l�y� �a�b�o�v�e� �-�0�.�1�5� �V�,� �F�i�g�u�r�e� �2�.�1�0� �s�u�g�g�e�s�t�s� �p�o�l�y�s�u�l�f�i�d�e�s� �o�r� �a� 

�m�e�t�a�l�-�d�e�f�i�c�i�e�n�t� �s�u�l�f�i�d�e� �i�s� �f�o�r�m�e�d� �r�a�t�h�e�r� �t�h�a�n� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�i�s� 

�s�u�l�f�u�r�-�r�i�c�h� �s�u�l�f�i�d�e� �o�r� �S�°�-�l�i�k�e� �s�p�e�c�i�e�s� �c�o�u�l�d� �r�e�n�d�e�r� �p�y�r�i�t�e� �f�l�o�a�t�a�b�l�e� �a�t� �-�0�.�1� �V� �a�s� �o�b�s�e�r�v�e�d� 

�b�y� �Y�o�o�n� �e�t� �a�l�.� �[�1�]�.� 

�O�x�i�d�a�t�i�o�n� �b�e�h�a�v�i�o�r� �n�e�a�r� �0� �V� �i�s� �c�o�n�s�i�d�e�r�a�b�l�y� �d�i�f�f�e�r�e�n�t� �w�i�t�h� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� 

�s�w�e�e�p�s� �t�h�a�n� �o�n� �t�h�e� �f�i�r�s�t� �s�w�e�e�p�.� �N�o� �p�e�a�k� �i�s� �o�b�s�e�r�v�e�d� �a�t� �0� �V� �o�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� 

�s�w�e�e�p�s�,� �b�u�t� �a� �n�e�w� �p�e�a�k� �o�c�c�u�r�s� �a�t� �-�0�.�1� �V�.� �T�h�i�s� �p�e�a�k� �i�s� �k�n�o�w�n� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �o�x�i�d�a�t�i�o�n� 

�o�f� �F�e�(�O�H�)�,� �t�o� �F�e�(�O�H�)�,� �[�8�]�,� 

�F�e�(�O�H�)�,� �+� �O�H �� �=� �F�e�(�O�H�)�,� �+�e �� �(�E� �=� �0�.�2�7�1� �-� �0�.�0�5�9�p�H�)�.�  �� �(�2�.�1�0�)� 

�T�h�e� �p�r�e�s�e�n�c�e� �o�f� �p�a�s�s�i�v�a�t�i�n�g� �l�a�y�e�r�s� �o�f� �F�e�(�O�H�)�,� �o�n� �t�h�e� �s�u�r�f�a�c�e� �m�a�y� �r�e�t�a�r�d� �o�r� �e�v�e�n� �i�n�h�i�b�i�t� 

�t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �m�i�n�e�r�a�l�,� �m�a�k�i�n�g� �i�t� �d�i�f�f�i�c�u�l�t� �t�o� �o�b�s�e�r�v�e� �t�h�e� �i�n�i�t�i�a�l� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� 

�o�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �s�w�e�e�p�s�.� �T�h�e� �s�a�m�e� �p�r�o�b�l�e�m� �a�r�i�s�e�s� �w�h�e�n� �p�o�l�i�s�h�e�d� �e�l�e�c�t�r�o�d�e�s� �a�r�e� 

�u�s�e�d�.� �I�t� �c�a�n� �t�h�u�s� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �m�u�l�t�i�p�l�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p�s� �a�n�d�/�o�r� �p�o�l�i�s�h�e�d� �e�l�e�c�t�r�o�d�e�s� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �8�5



�c�a�n� �n�o�t� �b�e� �u�s�e�d� �t�o� �s�t�u�d�y� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n�.� 

�T�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �a�t� �-�0�.�2�5� �V� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� 

�f�o�r�m�e�d� �d�u�r�i�n�g� �t�h�e� �p�r�i�o�r� �a�n�o�d�i�c� �s�w�e�e�p�.� �O�n�e� �o�f� �t�h�e� �p�o�s�s�i�b�l�e� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �c�a�n� �b�e� 

�r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�h�e� �r�e�v�e�r�s�e� �o�f� �r�e�a�c�t�i�o�n� �(�2�.�1�0�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �i�f� �s�u�l�f�u�r� �i�s� �p�r�e�s�e�n�t� �o�n� �t�h�e� 

�s�u�r�f�a�c�e� �i�n� �t�h�e� �f�o�r�m� �o�f� �p�o�l�y�s�u�l�f�i�d�e�s� �o�r� �e�x�c�e�s�s� �l�a�t�t�i�c�e� �s�u�l�f�u�r�,� �i�t� �m�a�y� �a�l�s�o� �b�e� �r�e�d�u�c�e�d� �o�v�e�r� 

�t�h�e� �s�a�m�e� �p�o�t�e�n�t�i�a�l� �r�a�n�g�e� �a�s� �f�o�r� �r�e�a�c�t�i�o�n� �(�2�.�1�1�)� �t�o� �r�e�f�o�r�m� �i�r�o�n� �s�u�l�f�i�d�e�,� 

�(�n�-�1�)�F�e�(�O�H�)�,� �+� �F�e�S�,� �+� �3�(�n�-�1�)�e�~� �=� �n�F�e�S� �+� �3�(�n�-�1�)�O�H!"� �(�2�.�1�1�)� 

�T�h�e� �p�e�a�k� �a�t� �-�0�.�2�5� �V� �o�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �r�e�d�u�c�t�i�o�n� �c�y�c�l�e�s� �i�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� 

�o�n� �t�h�e� �f�i�r�s�t� �c�y�c�l�e�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �o�t�h�e�r� �t�w�o� �v�o�l�t�a�m�m�o�g�r�a�m�s� 

�c�a�n� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �m�o�r�e� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e� �o�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� 

�v�o�l�t�a�m�m�o�g�r�a�m�s�.� 

�F�i�g�u�r�e� �2�.�1�1� �s�h�o�w�s� �t�h�e� �f�i�r�s�t� �v�o�l�t�a�m�m�e�t�r�y� �c�u�r�v�e� �o�b�t�a�i�n�e�d� �o�n� �a� �f�r�e�s�h� �s�u�r�f�a�c�e� �o�f� 

�p�y�r�i�t�e� �t�h�a�t� �w�a�s� �f�r�a�c�t�u�r�e�d� �a�t� �0�.�2�5� �V�.� �T�h�e� �i�n�s�e�t� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �c�u�r�r�e�n�t� �p�a�s�s�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� 

�o�f� �t�i�m�e� �a�f�t�e�r� �f�r�a�c�t�u�r�e�.� �T�h�e� �c�h�a�r�g�e� �g�e�n�e�r�a�t�e�d� �d�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �t�w�o� �m�i�n�u�t�e�s� �i�s� �a�p�p�r�o�x�i�-� 

�m�a�t�e�l�y� �5�5�0� �»�C�/�c�m�? ��,� �b�a�s�e�d� �o�n� �t�h�e� �g�e�o�m�e�t�r�i�c� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�.� �T�h�i�s� �c�h�a�r�g�e� 

�d�e�n�s�i�t�y� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�w�o� �o�r� �t�h�r�e�e� �m�o�n�o�l�a�y�e�r�s� �o�f� �p�y�r�i�t�e� 

�f�o�r� �a� �t�h�r�e�e� �e�l�e�c�t�r�o�n� �o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s� �s�u�c�h� �a�s� �r�e�a�c�t�i�o�n� �(�2�.�7�)�.� �A�f�t�e�r� �h�o�l�d�i�n�g� �t�h�e� �e�l�e�c�t�r�o�d�e� 

�a�t� �0�.�2�5� �V� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �f�o�u�r� �m�i�n�u�t�e�s� �a�f�t�e�r� �f�r�a�c�t�u�r�e�,� �v�o�l�t�a�m�m�o�g�r�a�m�s� �w�e�r�e� �o�b�t�a�i�n�e�d� 

�w�i�t�h� �t�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �s�t�a�r�t�i�n�g� �i�n� �t�h�e� �n�e�g�a�t�i�v�e� �d�i�r�e�c�t�i�o�n� �t�o� �r�e�d�u�c�e� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� 

�f�o�r�m�e�d� �a�t� �0�.�2�5� �V�.� �T�h�e�r�e� �i�s� �a� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s� �b�e�g�i�n�n�i�n�g� �a�t� �a�b�o�u�t� �-�0�.�0�5� �V� �w�i�t�h� �a� 
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�P�o�t�e�n�t�i�a�l� �(�V�,� �S�H�E�)� 

�F�i�g�u�r�e� �2�.�1�1� �T�h�e� �f�i�r�s�t� �v�o�l�t�a�m�m�o�g�r�a�m� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �a�t� 
�0�.�2�5� �V� �a�t� �p�H� �9�.�2�.� �T�h�e� �i�n�s�e�t� �i�s� �t�h�e� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �c�u�r�v�e� �u�p�o�n� 
�f�r�a�c�t�u�r�e�.� 
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�c�a�t�h�o�d�i�c� �p�e�a�k� �a�t� �-�0�.�2�7� �V�.� �T�h�e� �i�n�t�e�g�r�a�t�e�d� �c�h�a�r�g�e� �i�s� �a�b�o�u�t� �5�1�0� �»�C�/�c�m�?� �b�e�t�w�e�e�n� �-�0�.�0�5� �a�n�d� 

�-�0�.�5�5� �V�.� �T�h�i�s� �r�e�d�u�c�t�i�o�n� �c�u�r�r�e�n�t� �c�o�n�f�i�r�m�s� �t�h�a�t� �s�o�l�i�d� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �f�o�r�m�e�d� �o�n� �p�y�r�i�t�e� 

�d�u�r�i�n�g� �o�x�i�d�a�t�i�o�n� �a�t� �0�.�2�5� �V� �c�a�n� �b�e� �r�e�d�u�c�e�d� �a�t� �-�0�.�0�5� �V�.� �S�i�n�c�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�e� �s�a�m�e� 

�c�h�a�r�g�e� �w�a�s� �c�o�n�s�u�m�e�d� �a�t� �f�r�a�c�t�u�r�e� �a�s� �o�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �n�e�g�a�t�i�v�e� �g�o�i�n�g� �p�o�t�e�n�t�i�a�l� �s�c�a�n�,� 

�r�e�d�u�c�t�i�o�n� �o�f� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �(�p�o�l�y�s�u�l�f�i�d�e� �o�r� �m�e�t�a�l�-�d�e�f�i�c�i�e�n�t� �s�u�l�f�i�d�e�)� �m�u�s�t� �a�l�s�o� 

�b�e� �i�n�v�o�l�v�e�d� �i�n� �t�h�i�s� �p�r�o�c�e�s�s�,� �i�n� �a�d�d�i�t�i�o�n� �t�o� �r�e�d�u�c�t�i�o�n� �o�f� �f�e�r�r�i�c� �t�o� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e�.� 

�E�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �a�l�s�o� �c�a�r�r�i�e�d� �o�u�t� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e�,� �a�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �2�.�1�2�.� �T�h�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�2�8� �V� �t�o� �m�i�n�i�m�i�z�e� �s�u�r�f�a�c�e� 

�a�l�t�e�r�a�t�i�o�n� �o�f� �p�y�r�i�t�e�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �b�e�g�a�n� �c�a�t�h�o�d�i�c�a�l�l�y� �f�r�o�m� �-�0�.�2�8� �V�.� �S�i�n�c�e� �t�h�e� 

�f�r�e�s�h� �s�u�r�f�a�c�e� �h�a�s� �n�o�t� �u�n�d�e�r�g�o�n�e� �o�x�i�d�a�t�i�o�n�,� �t�h�e� �f�i�r�s�t� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �m�u�s�t� �a�r�i�s�e� �f�r�o�m� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e�.� �T�h�e� �i�n�i�t�i�a�l� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �o�b�s�e�r�v�e�d� �f�r�o�m� �-�0�.�2�8� �V� �t�o� �-�0�.�7� �V� �i�s� 

�b�e�l�i�e�v�e�d� �t�o� �b�e� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �i�r�o�n� �s�u�l�f�i�d�e�.� �T�h�e� �g�r�e�a�t�e�r� �c�u�r�r�e�n�t� �b�e�l�o�w� �-�0�.�7� �V� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�g�g�r�e�s�s�i�v�e� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �e�l�e�m�e�n�t�a�l� �i�r�o�n�.� �T�h�e� �p�o�s�s�i�b�l�e� �r�e�a�c�t�i�o�n�s� 

�a�r�e� �[�8�,� �9�,� �2�1�]�,� 

�F�e�S�,� �+� �H�,�O� �+� �2�e�°� �=� �F�e�S� �+� �H�S �� �+� �O�H!"� �(�2�.�1�2�)� �(�E� �=� �-�0�.�4�0�3� �-� �0�.�0�3�p�H� �-� �0�.�0�3�l�o�g�[�H�S�]�)� 

�a�n�d� 

�F�e�S�,� �+� �2�H�,�O� �+� �4�e �� �=� �F�e� �+� �2�H�S �� �+� �2�0�H!"� �(�2�.�1�3�)� 
�(�E� �=� �-�0�.�4�9�1� �-� �0�.�0�3�p�H� �-� �0�.�0�3�l�o�g�[�H�S�-�]�)� 

�I�n�t�e�r�e�s�t�i�n�g�l�y�,� �t�h�e� �c�a�t�h�o�d�i�c� �p�r�o�c�e�s�s� �b�e�t�w�e�e�n� �-�0�.�3� �a�n�d� �-�0�.�6� �V� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �f�i�r�s�t� 

�s�w�e�e�p� �(�f�i�n�i�t�e� �s�l�o�p�e�)� �i�s� �a�b�s�e�n�t� �o�n� �t�h�e� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �v�o�l�t�a�m�m�o�g�r�a�m�s�.� �T�h�i�s� �s�h�o�w�s� �t�h�a�t� 
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�F�i�g�u�r�e� �2�.�1�2� �V�o�l�t�a�m�m�o�g�r�a�m�s� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�2�8� �V� 
�a�t� �p�H� �9�.�2�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �s�t�a�r�t�e�d� �c�a�t�h�o�d�i�c�a�l�l�y�.� 
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�t�h�e� �i�n�i�t�i�a�l� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �f�i�r�s�t� �r�e�d�u�c�t�i�o�n� �c�y�c�l�e� �i�s� �d�i�f�f�e�r�e�n�t� �t�h�a�n� �t�h�a�t� 

�o�n� �s�u�b�s�e�q�u�e�n�t� �s�w�e�e�p�s�.� �C�o�n�t�i�n�u�e�d� �s�w�e�e�p�s� �s�h�i�f�t�e�d� �t�h�e� �p�y�r�i�t�e� �r�e�d�u�c�t�i�o�n� �p�o�t�e�n�t�i�a�l� �t�o�w�a�r�d� 

�m�o�r�e� �n�e�g�a�t�i�v�e� �v�a�l�u�e�s� �a�n�d� �e�v�e�n�t�u�a�l�l�y� �r�e�s�o�l�v�e�d� �a� �s�m�a�l�l� �c�a�t�h�o�d�i�c� �p�e�a�k� �a�t� �-�0�.�7� �V�.� �T�h�e� 

�p�o�t�e�n�t�i�a�l� �o�f� �t�h�i�s� �p�e�a�k� �b�e�c�a�m�e� �m�o�r�e� �n�e�g�a�t�i�v�e� �w�h�e�n� �t�h�e� �u�p�p�e�r� �p�o�t�e�n�t�i�a�l� �l�i�m�i�t� �w�a�s� 

�i�n�c�r�e�a�s�e�d�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �p�r�o�c�e�s�s� �r�e�q�u�i�r�e�s� �h�i�g�h�e�r� �o�v�e�r�p�o�t�e�n�t�i�a�l� �f�o�r� �r�e�d�u�c�t�i�v�e� 

�d�i�s�s�o�l�u�t�i�o�n�,� �p�o�s�s�i�b�l�y� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �p�a�s�s�i�v�a�t�i�n�g� �l�a�y�e�r� �f�o�r�m�e�d� �b�y� 

�p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �a�t� �h�i�g�h�e�r� �p�o�s�i�t�i�v�e� �p�o�t�e�n�t�i�a�l�s�.� 

�W�h�e�n� �t�h�e� �p�y�r�i�t�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�4�5� �V�,� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� 

�w�a�s� �o�b�s�e�r�v�e�d�,� �a�s� �s�h�o�w�n� �b�y� �t�h�e� �i�n�s�e�t� �i�n� �F�i�g�u�r�e� �2�.�1�3�.� �T�h�i�s� �c�u�r�r�e�n�t� �g�a�v�e� �r�i�s�e� �t�o� �a� �c�h�a�r�g�e� 

�d�e�n�s�i�t�y� �o�f� �1�0�6� �u�C�/�c�m�?� �a�f�t�e�r� �f�r�a�c�t�u�r�e� �f�o�r� �t�w�o� �m�i�n�u�t�e�s�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �r�e�d�u�c�t�i�o�n� 

�r�e�a�c�t�i�o�n� �i�n�v�o�l�v�i�n�g� �l�e�s�s� �t�h�a�n� �a� �m�o�n�o�l�a�y�e�r� �o�f� �p�y�r�i�t�e�.� �T�h�e� �f�i�r�s�t� �t�w�o� �v�o�l�t�a�m�m�o�g�r�a�m�s� �a�f�t�e�r� 

�f�r�a�c�t�u�r�e� �a�t� �-�0�.�4�5� �V� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�3�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �s�w�e�e�p� �w�a�s� �i�n�i�t�i�a�t�e�d� �i�n� �t�h�e� 

�p�o�s�i�t�i�v�e� �d�i�r�e�c�t�i�o�n� �t�o� �o�x�i�d�i�z�e� �r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t�s� �f�o�r�m�e�d� �f�o�l�l�o�w�i�n�g� �f�r�a�c�t�u�r�e�.� �A�n� �a�n�o�d�i�c� 

�c�u�r�r�e�n�t� �a�p�p�e�a�r�s� �a�t� �-�0�.�2�5� �V� �w�h�i�c�h� �r�e�a�c�h�e�s� �a� �p�e�a�k� �a�t� �a�b�o�u�t� �0� �V�.� �T�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�i�s� �p�e�a�k� 

�i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �F�i�g�u�r�e�s� �2�.�9� �a�n�d� �2�.�1�0�.� �T�h�e� �i�n�t�e�g�r�a�t�e�d� �c�h�a�r�g�e� �d�e�n�s�i�t�y� �f�r�o�m� �-�0�.�2�5� �V� �t�o� 

�0�.�2�5� �V� �o�n� �t�h�e� �v�o�l�t�a�m�m�o�g�r�a�m� �i�s� �2�4�0� �»�C�/�c�m�?�,� �c�o�n�s�i�d�e�r�a�b�l�y� �l�a�r�g�e�r� �t�h�a�n� �1�1�0� �p�C�/�c�m�?� 

�p�r�o�d�u�c�e�d� �w�h�e�n� �t�h�e� �e�l�e�c�t�r�o�d�e� �w�a�s� �f�r�a�c�t�u�r�e�d� �a�n�d� �h�e�l�d� �a�t� �-�0�.�4�5� �V�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �p�r�o�v�i�d�e�s� 

�f�u�r�t�h�e�r� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f� �c�o�n�t�r�i�b�u�t�e�s� �t�o� �t�h�e� �a�n�o�d�i�c� �c�u�r�r�e�n�t� �i�n� �t�h�i�s� 

�r�a�n�g�e�.� 

�S�i�m�i�l�a�r� �s�t�u�d�i�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �m�i�n�e�r�a�l�-� �a�n�d� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e�.� 

�M�i�n�e�r�a�l�-�p�y�r�i�t�e� �e�x�h�i�b�i�t�e�d� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �c�l�o�s�e� �t�o� �t�h�o�s�e� �o�b�s�e�r�v�e�d� �w�i�t�h� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�0
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�P�o�t�e�n�t�i�a�l� �(�V�,� �S�H�E�)� 

�F�i�g�u�r�e� �2�.�1�3� �V�o�l�t�a�m�m�o�g�r�a�m�s� �o�n� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �a�t� �-�0�.�4�5� �V� 
�a�t� �p�H� �9�.�2�.� �T�h�e� �i�n�s�e�t� �i�s� �t�h�e� �c�h�r�o�n�o�a�m�p�e�r�o�m�e�t�r�y� �c�u�r�v�e� �u�p�o�n� �f�r�a�c�t�u�r�e�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�1



�C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e�,� �a�n�d� �i�t�s� �s�t�a�b�l�e� �p�o�t�e�n�t�i�a�l� �w�a�s� �a�t� �-�0�.�2�8� �V�.� �A�n� �a�n�o�d�i�c� �p�e�a�k� �a�t� �0� �V� �w�a�s� 

�a�l�s�o� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �f�i�r�s�t� �s�w�e�e�p� �v�o�l�t�a�m�m�o�g�r�a�m� �a�t� �p�H� �9�.�2�.� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e�,� 

�h�o�w�e�v�e�r�,� �d�e�m�o�n�s�t�r�a�t�e�d� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �f�r�o�m� �t�h�e� �o�t�h�e�r� �t�w�o� �p�y�r�i�t�e� �s�a�m�p�l�e�s�.� �I�t� �h�a�d� 

�n�e�a�r�l�y� �z�e�r�o� �c�u�r�r�e�n�t� �a�t� �f�r�a�c�t�u�r�e� �a�t� �a�b�o�u�t� �-�0�.�1�5� �V�,� �r�a�t�h�e�r� �t�h�a�n� �-�0�.�2�8� �V� �a�s� �o�b�s�e�r�v�e�d� �w�i�t�h� 

�m�i�n�e�r�a�l�-� �a�n�d� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e�.� �T�h�i�s� �m�a�y� �s�u�g�g�e�s�t� �t�h�a�t� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �i�s� 

�a�l�r�e�a�d�y� �o�x�i�d�i�z�e�d� �o�r� �t�h�a�t� �i�t�s� �s�t�o�i�c�h�i�o�m�e�t�r�y� �i�s� �n�o�t� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �o�t�h�e�r� �p�y�r�i�t�e�s�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�v�o�l�t�a�m�m�o�g�r�a�m�s� �o�b�t�a�i�n�e�d� �o�n� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �a�f�t�e�r� �f�r�a�c�t�u�r�e� �d�i�f�f�e�r�e�d� 

�r�e�m�a�r�k�a�b�l�y� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�e�a�k�s� �a�n�d� �t�h�e�i�r� �h�e�i�g�h�t�,� �i�n�d�i�c�a�t�i�n�g� �s�u�r�f�a�c�e� 

�r�e�a�c�t�i�o�n�s� �o�n� �P�i�t�t�s�b�u�r�g�h� �N�o�.� �8� �c�o�a�l�-�p�y�r�i�t�e� �m�a�y� �b�e� �d�i�f�f�e�r�e�n�t�.� 

�2�.�4�.�3� �P�y�r�i�t�e� �s�u�r�f�a�c�e� �r�e�a�c�t�i�o�n�s� �o�n� �r�o�t�a�t�i�n�g� �r�i�n�g�-�d�i�s�c� �e�l�e�c�t�r�o�d�e�s� 

�F�i�g�u�r�e� �2�.�1�4� �(�t�o�p�)� �s�h�o�w�s� �t�h�e� �f�i�r�s�t� �a�n�d� �f�i�f�t�h� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�n� �a� �R�R�D�E� �o�f� �C�h�i�n�e�s�e� 

�c�o�a�l�-�p�y�r�i�t�e� �a�t� �p�H� �9�.�2�.� �P�r�e�v�i�o�u�s� �s�t�u�d�i�e�s� �w�i�t�h� �m�i�n�e�r�a�l� �p�y�r�i�t�e� �a�t� �p�H� �1�1� �[�9�]� �a�n�d� �a�t� �p�H� �9�.�2� 

�[�3�,� �8�]� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �a�n�o�d�i�c� �p�e�a�k� �I� �a�t� �-�0�.�4� �V� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �e�l�e�m�e�n�t�a�l� 

�i�r�o�n� �t�o� �F�e�(�O�H�)�,� �b�y� �t�h�e� �r�e�a�c�t�i�o�n�,� 

�F�e� �+� �2�0�H!"� �=� �F�e�(�O�H�)�,� �+� �2�e�-� �(�E� �=� �-�0�.�0�4�7� �-� �0�.�0�5�9�p�H�)�.� �(�2�.�1�4�)� 

�E�l�e�m�e�n�t�a�l� �i�r�o�n� �i�s� �p�r�o�d�u�c�e�d� �b�y� �t�h�e� �c�a�t�h�o�d�i�c� �r�e�d�u�c�t�i�o�n� �o�f� �p�y�r�i�t�e� �o�r� �o�f� �i�r�o�n� �o�x�i�d�a�t�i�o�n� 

�p�r�o�d�u�c�t�s� �d�u�r�i�n�g� �t�h�e� �n�e�g�a�t�i�v�e� �g�o�i�n�g� �s�w�e�e�p�.� �A�n�o�d�i�c� �c�u�r�r�e�n�t�s� �i�n� �t�h�i�s� �p�o�t�e�n�t�i�a�l� �r�e�g�i�o�n� �m�a�y� 

�a�l�s�o� �b�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�a�c�t�i�o�n�,� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�2
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�P�o�t�e�n�t�i�a�l� �(�V�,� �S�H�E�)� 

�F�i�g�u�r�e� �2�.�1�4� �T�h�e� �f�i�r�s�t� �a�n�d� �f�i�f�t�h� �v�o�l�t�a�m�m�o�g�r�a�m�s� �o�n� �R�R�D�E� �o�f� �C�h�i�n�e�s�e� �c�o�a�l�-�p�y�r�i�t�e� �a�t� 
�p�H� �9�.�2� �w�i�t�h� �r�i�n�g� �h�e�l�d� �a�t� �0�.�2�5� �V�.� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�3



�F�e� �+� �H�S �� �+� �O�H� �=� �F�e�S� �+� �H�,�O� �+� �2�e�7� �(�2�.�1�5�)� 
�(�E� �=� �-�0�.�5�7�8� �-� �0�.�0�3�p�H� �-� �0�.�0�3�l�o�g�{�H�S�*�}�)�,� 

�w�h�e�r�e� �H�S �� �i�s� �a�l�s�o� �p�r�o�d�u�c�e�d� �o�n� �t�h�e� �s�u�r�f�a�c�e� �o�f� �p�y�r�i�t�e� �b�y� �c�a�t�h�o�d�i�c� �d�e�c�o�m�p�o�s�i�t�i�o�n�.� 

�T�h�e� �c�u�r�r�e�n�t� �(�I�I�I�)� �o�n� �t�h�e� �a�n�o�d�i�c� �s�w�e�e�p� �a�t� �p�o�t�e�n�t�i�a�l�s� �a�b�o�v�e� �0�.�2�5� �V� �i�n�c�r�e�a�s�e�s� �w�i�t�h� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �u�p�p�e�r� �p�o�t�e�n�t�i�a�l� �l�i�m�i�t� �u�p� �t�o� �0�.�6�5� �V�,� �a�n�d� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �i�t�s�e�l�f� �t�o� �f�o�r�m� �s�u�l�f�a�t�e� �a�n�d� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� �[�3�,� �9�,� �2�2�]�,� 

�F�e�S�,� �+� �1�1�H�,�O� �=� �F�e�(�O�H�)�,� �+� �2�S�O�,�;� �+� �1�9�H�*� �+� �1�5�e�7� �.� �(�2�.�1�6�)� �(�E� �=� �0�.�4�1�2� �-� �0�.�0�7�4�9�p�H� �+� �0�.�0�0�7�8�l�o�g�[�S�O�?�"�)�)�.� 

�R�e�d�u�c�t�i�v�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�a�k�e�s� �p�l�a�c�e� �a�t� �p�o�t�e�n�t�i�a�l�s� �m�o�r�e� �n�e�g�a�t�i�v�e� �t�h�a�n� �-�0�.�6�5� �V�,� 

�w�h�i�c�h� �i�s� �i�n�d�i�c�a�t�e�d� �b�y� �a� �c�o�n�s�i�s�t�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �c�a�t�h�o�d�i�c� �c�u�r�r�e�n�t� �(�V�I�)� �a�t� �p�o�t�e�n�t�i�a�l�s� �<�-�0�.�7� 

�V�.� �T�h�e� �r�e�a�c�t�i�o�n�s� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �r�e�a�c�t�i�o�n�s� �(�2�.�1�2�)� �a�n�d� �(�2�.�1�3�)�.� 

�T�h�e� �a�b�o�v�e� �r�e�a�c�t�i�o�n�s� �d�o� �n�o�t� �i�n�v�o�l�v�e� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �a�n�d� �c�o�n�v�e�r�s�i�o�n� �o�f� �h�y�d�r�o�p�h�o�b�i�c� 

�s�p�e�c�i�e�s� �t�h�a�t� �r�e�n�d�e�r� �p�y�r�i�t�e� �f�l�o�a�t�a�b�l�e� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �c�o�l�l�e�c�t�o�r�s� �a�n�d� �c�a�n� �n�o�t� �e�x�p�l�a�i�n� �t�h�e� 

�o�r�i�g�i�n� �o�f� �c�o�l�l�e�c�t�o�r�l�e�s�s� �f�l�o�t�a�t�i�o�n�.� �F�o�r� �s�t�u�d�y�i�n�g� �t�h�e� �s�e�l�f�-�i�n�d�u�c�e�d� �f�l�o�t�a�t�i�o�n� �a�n�d� �d�e�p�r�e�s�s�i�o�n� 

�o�f� �p�y�r�i�t�e�,� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �r�e�a�c�t�i�o�n�s� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �p�e�a�k�s� �I�I� �a�n�d� �I�V� �i�n� �F�i�g�u�r�e� �2�.�1�4�.� 

�P�e�a�k� �I�I�,� �w�h�i�c�h� �o�c�c�u�r�s� �a�t� �0� �V� �o�n� �t�h�e� �a�n�o�d�i�c� �s�w�e�e�p�,� �i�s� �g�e�n�e�r�a�l�l�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �o�x�i�d�a�t�i�o�n� 

�o�f� �F�e�(�O�H�)�,� �t�o� �F�e�(�O�H�)�,� �[�8�,� �9�]�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �p�r�e�s�u�p�p�o�s�e�s� �t�h�a�t� �p�y�r�i�t�e� �h�a�s� �b�e�e�n� �o�x�i�d�i�z�e�d� 

�a�n�d� �a� �l�a�y�e�r� �o�f� �F�e�(�O�H�)�,� �h�a�s� �b�e�e�n� �f�o�r�m�e�d� �o�n� �t�h�e� �s�u�r�f�a�c�e� �w�h�i�c�h� �c�a�n� �b�e� �f�u�r�t�h�e�r� �o�x�i�d�i�z�e�d� �t�o� 

�F�e�(�O�H�)�,�.� �H�o�w�e�v�e�r�,� �i�f� �o�n�l�y� �r�e�a�c�t�i�o�n� �(�2�.�1�0�)� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �p�e�a�k� �I�I�,� �t�h�e� �c�h�a�r�g�e� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�i�s� �p�e�a�k� �c�a�n� �n�o�t� �e�x�c�e�e�d� �t�h�a�t� �o�f� �p�e�a�k� �I� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �f�o�r�m�a�t�i�o�n� 

�o�f� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e�.� �H�o�w�e�v�e�r�,� �p�e�a�k� �I�I� �o�b�v�i�o�u�s�l�y� �c�o�n�t�a�i�n�s� �m�o�r�e� �c�h�a�r�g�e� �t�h�a�n� �p�e�a�k� �I� �i�n� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�4



�F�i�g�u�r�e� �2�.�1�4�.� 

�H�a�m�i�l�t�o�n� �a�n�d� �W�o�o�d�s� �[�3�]� �a�n�d� �B�u�c�k�l�e�y� �e�t� �a�l�.� �[�6�]� �r�e�p�o�r�t�e�d� �t�h�a�t� �p�e�a�k� �I�T� �w�a�s� �o�b�s�e�r�v�e�d� 

�o�n� �s�w�e�e�p�s� �c�o�m�m�e�n�c�i�n�g� �a�t� �p�o�t�e�n�t�i�a�l�s� �p�o�s�i�t�i�v�e� �o�f� �p�e�a�k� �I�,� �e�v�e�n� �w�h�e�n� �a� �f�r�e�s�h� �s�u�r�f�a�c�e� �f�r�e�e� 

�o�f� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �w�a�s� �g�e�n�e�r�a�t�e�d� �b�y� �p�o�l�i�s�h�i�n�g� �u�n�d�e�r� �a� �n�i�t�r�o�g�e�n� �a�t�m�o�s�p�h�e�r�e�.� �O�u�r� 

�e�x�p�e�r�i�m�e�n�t�s� �c�o�n�f�i�r�m�e�d� �t�h�e�i�r� �r�e�s�u�l�t�s�.� �C�h�a�n�d�e�r� �e�t� �a�l�.� �[�2�3�]� �r�e�s�o�l�v�e�d� �t�h�e� �a�n�o�d�i�c� �p�e�a�k� �a�t� 

�-�0�.�0�9� �V� �i�n�t�o� �t�w�o� �c�u�r�r�e�n�t� �p�e�a�k�s� �b�y� �c�o�n�d�u�c�t�i�n�g� �v�o�l�t�a�m�m�e�t�r�y� �e�x�p�e�r�i�m�e�n�t�s� �i�n� �c�a�r�b�o�n�a�t�e� �a�n�d� 

�E�D�T�A� �(�e�t�h�y�l�e�n�e�d�i�a�m�i�n�e�t�e�t�r�a�a�c�e�t�i�c� �a�c�i�d�)� �s�o�l�u�t�i�o�n�s�.� �T�h�e�y� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �o�x�i�d�a�t�i�o�n� �o�f� 

�f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �a�n�d� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �b�o�t�h� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �a�n�o�d�i�c� �c�u�r�r�e�n�t�.� �M�i�c�h�e�l�l� �a�n�d� 

�W�o�o�d�s� �[�2�2�]� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e� �c�o�v�e�r�a�g�e� �o�n� �p�y�r�i�t�e� �f�r�o�m� �t�h�e� �a�n�o�d�i�c� �p�e�a�k� �a�t� 

�a�b�o�u�t� �-�0�.�0�5� �V� �o�n� �v�o�l�t�a�m�m�o�g�r�a�m�s� �a�n�d� �t�h�e� �X�-�r�a�y� �e�m�i�s�s�i�o�n� �s�p�e�c�t�r�o�s�c�o�p�y�.� �C�a�r�e�f�u�l� 

�e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e�i�r� �d�a�t�a� �r�e�v�e�a�l�s� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �o�x�i�d�e�s� �o�n� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �p�y�r�i�t�e� 

�e�l�e�c�t�r�o�d�e�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �i�n�t�e�g�r�a�t�e�d� �c�h�a�r�g�e� �a�r�e� �c�o�n�s�i�d�e�r�a�b�l�y� �l�a�r�g�e�r� �t�h�a�n� �t�h�a�t� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �X�-�r�a�y� �e�m�i�s�s�i�o�n� �m�e�a�s�u�r�e�m�e�n�t�s� �a�l�t�h�o�u�g�h� �t�h�e�y� �c�l�a�i�m�e�d� �t�h�a�t� �t�h�e�r�e� �i�s� �a� 

 ��g�o�o�d� �a�g�r�e�e�m�e�n�t �� �b�e�t�w�e�e�n� �t�h�e�m�.� �T�h�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �a�n�o�d�i�c� �o�x�i�d�a�t�i�o�n� �m�a�y� 

�i�n�v�o�l�v�e� �s�p�e�c�i�e�s� �o�t�h�e�r� �t�h�a�n� �i�r�o�n� �h�y�d�r�o�x�i�d�e�.� �W�o�r�k� �o�n� �f�r�e�s�h�l�y� �f�r�a�c�t�u�r�e�d� �e�l�e�c�t�r�o�d�e�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �s�e�c�t�i�o�n� �p�r�o�v�i�d�e�s� �c�o�n�v�i�n�c�i�n�g� �e�v�i�d�e�n�c�e�s� �t�h�a�t� �p�e�a�k� �I�I� �a�r�i�s�e�s� �f�r�o�m� 

�b�o�t�h� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �f�e�r�r�o�u�s� �t�o� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e� �a�n�d� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �t�o� �a� �S�°�-�l�i�k�e� 

�s�p�e�c�i�e�s�.� �W�h�e�n� �a� �s�u�r�f�a�c�e� �h�a�s� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �o�x�i�d�i�z�e�d� �t�o� �a� �s�i�g�n�i�f�i�c�a�n�t� �e�x�t�e�n�t�,� �t�h�e� �c�u�r�r�e�n�t� 

�d�u�e� �t�o� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �o�n� �v�o�l�t�a�m�m�e�t�r�y� �c�u�r�v�e�s� �m�a�y� �b�e� �e�s�s�e�n�t�i�a�l�l�y� �m�a�s�k�e�d� �b�y� �t�h�e� 

�o�x�i�d�a�t�i�o�n� �o�f� �F�e�(�O�H�)�,� �t�o� �F�e�(�O�H�)�)�,�.� 

�T�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �I�V� �o�c�c�u�r�r�i�n�g� �a�t� �a�b�o�u�t� �-�0�.�3�2� �V� �i�n� �F�i�g�u�r�e� �2�.�1�4� �a�r�i�s�e�s� �f�r�o�m� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�5



�r�e�a�c�t�i�o�n� �(�2�.�1�1�)� �a�n�d� �t�h�e� �r�e�v�e�r�s�e� �o�f� �r�e�a�c�t�i�o�n� �(�2�.�1�0�)�.� �T�h�e� �f�a�c�t� �t�h�a�t� �t�h�i�s� �p�e�a�k� �i�s� �a�t� �-�0�.�3�2� �V� 

�o�n� �t�h�e� �f�i�r�s�t� �s�w�e�e�p� �v�o�l�t�a�m�m�o�g�r�a�m� �r�a�t�h�e�r� �t�h�a�n� �a�t� �-�0�.�2�5� �V� �a�s� �o�b�s�e�r�v�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�0� �w�i�t�h� 

�t�h�e� �f�r�e�s�h� �e�l�e�c�t�r�o�d�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �p�y�r�i�t�e� �d�i�s�c� �e�l�e�c�t�r�o�d�e� �m�a�y� �b�e� �s�l�i�g�h�t�l�y� �o�x�i�d�i�z�e�d� �b�y� 

�e�l�e�c�t�r�o�d�e� �p�o�l�i�s�h�i�n�g�.� �I�t� �w�a�s� �r�e�p�o�r�t�e�d� �[�3�,� �8�]� �t�h�a�t� �i�n� �b�a�s�i�c� �s�o�l�u�t�i�o�n�s�,� �p�e�a�k�s� �I�I� �a�n�d� �I�V� �a�r�e� 

�i�n�d�e�p�e�n�d�e�n�t� �o�f� �s�o�l�u�t�i�o�n� �c�o�n�v�e�c�t�i�o�n� �(�r�o�t�a�t�i�o�n� �s�p�e�e�d�s�)� �a�n�d� �c�o�n�t�a�i�n� �t�h�e� �s�a�m�e� �c�h�a�r�g�e�.� �T�h�i�s� 

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �s�p�e�c�i�e�s� �a�r�e� �i�n�s�o�l�u�b�l�e� �s�u�r�f�a�c�e� �p�r�o�d�u�c�t�s�.� �I�t� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g�,� �t�h�e�r�e�f�o�r�e�,� 

�t�h�a�t� �s�t�a�n�d�a�r�d� �v�o�l�t�a�m�m�e�t�r�y� �t�e�c�h�n�i�q�u�e�s� �d�o� �n�o�t� �s�e�p�a�r�a�t�e� �r�e�a�c�t�i�o�n� �(�2�.�1�1�)� �a�n�d� �t�h�e� �r�e�v�e�r�s�e� �o�f� 

�r�e�a�c�t�i�o�n� �(�2�.�1�0�)�.� �W�h�e�n� �e�l�e�c�t�r�o�d�e�s� �a�r�e� �p�r�e�p�a�r�e�d� �b�y� �r�o�u�t�i�n�e� �p�o�l�i�s�h�i�n�g� �t�e�c�h�n�i�q�u�e�s� �i�n� �a�i�r�,� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �o�f� �f�e�r�r�i�c� �h�y�d�r�o�x�i�d�e� �p�r�e�d�o�m�i�n�a�t�e�s�,� �m�a�s�k�i�n�g� �r�e�a�c�t�i�o�n� �(�2�.�1�1�)� �w�h�i�c�h� �i�s� �m�o�r�e� 

�r�e�l�e�v�a�n�t� �t�o� �f�l�o�t�a�t�i�o�n�.� 

�F�i�g�u�r�e� �2�.�1�4� �(�b�o�t�t�o�m�)� �s�h�o�w�s� �t�h�e� �c�u�r�r�e�n�t� �o�b�s�e�r�v�e�d� �a�t� �t�h�e� �g�o�l�d� �r�i�n�g� �h�e�l�d� �a�t� �0�.�2�5� �V�.� 

�D�u�r�i�n�g� �t�h�e� �c�a�t�h�o�d�i�c� �s�w�e�e�p�,� �a� �r�i�n�g� �c�u�r�r�e�n�t� �c�o�m�m�e�n�c�e�s� �a�t� �-�0�.�1� �V� �w�h�i�c�h� �i�s� �c�l�e�a�r�l�y� 

�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �o�x�i�d�a�t�i�o�n� �o�f� �t�h�e� �s�p�e�c�i�e�s� �r�e�d�u�c�e�d� �o�v�e�r� �p�e�a�k� �I�V�.� �T�h�e� �r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t� 

�f�o�r� �t�h�i�s� �p�e�a�k� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �a� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �s�p�e�c�i�e�s� �s�u�c�h� �a�s� �F�e�(�O�H�)�,�,� 

�F�e�(�O�H�)�*�,� �F�e�?�*�,� �e�t�c�.� �[�2�4�]�.� �F�r�o�m� �t�h�e� �m�e�a�s�u�r�e�d� �c�o�l�l�e�c�t�i�o�n� �e�f�f�i�c�i�e�n�c�y�,� �i�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0�%� �t�o� �2�0�%� �o�f� �t�h�e� �s�p�e�c�i�e�s� �r�e�d�u�c�e�d� �o�v�e�r� �p�e�a�k� �I�V� �i�s� �r�e�o�x�i�d�i�z�e�d� �o�n� �t�h�e� 

�r�i�n�g�.� �T�h�i�s� �v�a�l�u�e� �a�p�p�e�a�r�s� �t�o� �b�e� �u�n�r�e�a�s�o�n�a�b�l�e� �i�f� �o�n�e� �o�n�l�y� �c�o�n�s�i�d�e�r�s� �t�h�e�r�m�o�d�y�n�a�m�i�c�s� �o�f� �t�h�e� 

�h�y�d�r�o�l�y�s�i�s� �o�f� �f�e�r�r�o�u�s� �i�o�n�s� �(�K�,�,� �=� �4�.�7�9� �x� �1�0�° �� �f�o�r� �F�e�(�O�H�)�.�)�.� �H�o�w�e�v�e�r�,� �t�h�e�r�m�o�d�y�n�a�m�i�c� 

�d�a�t�a� �a�r�e� �t�r�u�e� �o�n�l�y� �a�t� �e�q�u�i�l�i�b�r�i�u�m�.� �I�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �m�a�y� �g�e�n�e�r�a�t�e� �a� 

�n�u�m�b�e�r� �o�f� �i�n�t�e�r�m�e�d�i�a�t�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �C�h�a�n�d�e�r� �a�n�d� �B�r�i�c�e�n�o� �[�1�8�]� �a�n�d� �C�h�a�n�d�e�r� �e�t� �a�l�.� 

�[�2�3�]� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �i�n�t�e�r�m�e�d�i�a�t�e� �s�u�l�f�u�r� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �m�a�y� �i�n�c�l�u�d�e� �S�,�0�, ��,� �S�,�O�, ��,� �e�t�c�.� 
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�Z�h�u� �e�t� �a�l�.� �[�8�]� �p�r�o�p�o�s�e�d� �t�h�e� �r�e�a�c�t�i�o�n�,� 

�F�e�S�,� �+� �(�y�+�1�)�H�,�O� �=� �F�e�(�O�H�)� �+� �S�,�O�, �� �+� �Q�y�+�1�)�H�*� �+� �Q�y�+�l�)�e!"� �@�-�1�7�)� 

�t�o� �e�x�p�l�a�i�n� �t�h�e� �l�o�s�s� �o�f� �p�a�s�s�i�v�a�t�i�o�n� �o�f� �p�y�r�i�t�e� �d�u�r�i�n�g� �o�x�i�d�a�t�i�o�n� �i�n� �s�t�i�r�r�e�d� �s�o�l�u�t�i�o�n�.� �I�n� 

�a�d�d�i�t�i�o�n�,� �h�y�d�r�o�g�e�n� �i�o�n�s� �p�r�o�d�u�c�e�d� �i�n� �r�e�a�c�t�i�o�n� �(�2�.�1�6�)� �c�a�n� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�e� �t�h�e� �l�o�c�a�l� �p�H� 

�o�f� �t�h�e� �s�o�l�u�t�i�o�n� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �t�h�e� �e�l�e�c�t�r�o�d�e�,� �e�n�h�a�n�c�i�n�g� �t�h�e� �d�i�s�s�o�l�u�t�i�o�n� �o�f� �f�e�r�r�i�c� 

�h�y�d�r�o�x�i�d�e�.� �I�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �p�H� �n�e�a�r� �a�n� �e�l�e�c�t�r�o�d�e� �c�a�n� �b�e� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �i�t�s� 

�b�u�l�k� �v�a�l�u�e� �i�n� �a� �s�o�l�u�t�i�o�n� �l�a�y�e�r� �o�f� �a� �t�h�i�c�k�n�e�s�s� �o�f� �u�p� �t�o� �1� �m�m� �[�2�5�]�.� �F�i�n�a�l�l�y�,� �t�h�e� �i�n�t�e�n�s�e� 

�c�e�n�t�r�i�f�u�g�a�l� �f�o�r�c�e� �a�n�d� �s�o�l�u�t�i�o�n� �t�u�r�b�u�l�e�n�c�e� �c�r�e�a�t�e�d� �b�y� �e�l�e�c�t�r�o�d�e� �r�o�t�a�t�i�o�n� �m�a�y� �f�a�c�i�l�i�t�a�t�e� �t�h�e� 

�d�i�f�f�u�s�i�o�n� �o�f� �f�e�r�r�o�u�s� �s�p�e�c�i�e�s� �b�e�f�o�r�e� �t�h�e�y� �c�a�n� �b�e� �n�u�c�l�e�a�t�e�d� �a�n�d� �p�r�e�c�i�p�i�t�a�t�e�d� �o�n� �t�h�e� �s�u�r�f�a�c�e� 

�o�f� �p�y�r�i�t�e�.� 

�I�t� �i�s� �o�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �t�h�a�t� �o�n� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �a�n�o�d�i�c� �s�w�e�e�p�,� �a�n� �a�d�d�i�t�i�o�n�a�l� 

�o�x�i�d�a�t�i�o�n� �c�u�r�r�e�n�t� �i�s� �o�b�s�e�r�v�e�d� �o�n� �t�h�e� �r�i�n�g� �(�F�i�g�u�r�e� �2�.�1�4�)�.� �T�h�i�s� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a� �d�o�u�b�l�e� 

�o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s� �o�c�c�u�r�s�,� �i�.�e�.�,� �a� �s�o�l�u�b�l�e� �o�x�i�d�a�t�i�o�n� �s�p�e�c�i�e�s� �i�s� �g�e�n�e�r�a�t�e�d� �a�t� �t�h�e� �d�i�s�c� �o�n� �t�h�e� 

�i�n�i�t�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �p�o�s�i�t�i�v�e� �g�o�i�n�g� �s�w�e�e�p�,� �a�n�d� �t�h�i�s� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t� �i�s� �f�u�r�t�h�e�r� �o�x�i�d�i�z�e�d� 

�a�t� �t�h�e� �r�i�n�g�.� �T�h�i�s� �d�o�u�b�l�e� �o�x�i�d�a�t�i�o�n� �p�r�o�c�e�s�s� �i�s� �a�l�s�o� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �k�n�o�w�n� 

�e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �o�f� �p�y�r�i�t�e� �a�n�d� �t�h�e� �e�x�i�s�t�e�n�c�e�,� �a�s� �s�h�o�w�n� �a�b�o�v�e�,� �o�f� �a� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� 

�h�y�d�r�o�x�i�d�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�.� �W�h�e�n� �p�y�r�i�t�e�,� �o�r� �p�r�e�v�i�o�u�s�l�y� �e�x�i�s�t�i�n�g� �i�r�o�n� �o�x�i�d�e�s� �o�r� 

�h�y�d�r�o�x�i�d�e�s� �o�n� �p�y�r�i�t�e� �a�r�e� �r�e�d�u�c�e�d� �a�t� �p�o�t�e�n�t�i�a�l�s� �n�e�a�r� �-�0�.�7� �V�,� �e�l�e�m�e�n�t�a�l� �i�r�o�n� �i�s� �f�o�r�m�e�d�.� �O�n� 

�t�h�e� �r�e�t�u�r�n� �a�n�o�d�i�c� �s�w�e�e�p�,� �i�r�o�n� �i�s� �o�x�i�d�i�z�e�d� �t�o� �y�i�e�l�d� �F�e�(�O�H�)�,� �a�n�d� �p�o�s�s�i�b�l�y� �F�e�(�O�H�)�*�.� �T�h�e� 

�r�i�n�g� �c�u�r�r�e�n�t� �o�n� �t�h�e� �i�n�i�t�i�a�l� �p�o�r�t�i�o�n� �o�f� �t�h�e� �a�n�o�d�i�c� �s�w�e�e�p� �t�h�u�s� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� 
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�a� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �s�p�e�c�i�e�s�.� �E�s�s�e�n�t�i�a�l�l�y�,� �t�h�e� �s�a�m�e� �s�p�e�c�i�e�s� �(�s�o�l�u�b�l�e� �f�e�r�r�o�u�s� 

�h�y�d�r�o�x�i�d�e�)� �i�s� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �o�n� �t�h�e� �c�a�t�h�o�d�i�c� �s�w�e�e�p�,� �w�h�e�r�e� �i�t� �i�s� �p�r�o�d�u�c�e�d� 

�b�y� �r�e�d�u�c�t�i�o�n� �o�f� �F�e�(�O�H�)�;�,� �a�n�d� �f�o�r� �t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �o�n� �t�h�e� �a�n�o�d�i�c� �s�w�e�e�p�,� �w�h�e�r�e� �i�t� �i�s� 

�p�r�o�d�u�c�e�d� �b�y� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �e�l�e�m�e�n�t�a�l� �i�r�o�n�.� 

�F�i�g�u�r�e� �2�.�1�4� �a�l�s�o� �s�h�o�w�s� �t�h�a�t� �t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �b�e�l�o�w� �-�0�.�6� �V� �d�u�r�i�n�g� �t�h�e� �c�a�t�h�o�d�i�c� 

�s�w�e�e�p� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s� �l�a�b�e�l�e�d� �V�I� �a�n�d� �p�e�r�h�a�p�s� �a�l�s�o� �w�i�t�h� �p�e�a�k� �V�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �o�n� �t�h�e� �f�i�r�s�t� �s�w�e�e�p�.� �P�e�a�k� �V� �h�a�s� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �s�u�l�f�u�r� �t�o� 

�H�S �� �[�8�]�,� �w�i�t�h� �t�h�e� �s�u�l�f�u�r� �p�r�o�d�u�c�e�d� �o�n� �t�h�e� �p�o�s�i�t�i�v�e� �g�o�i�n�g� �s�w�e�e�p�.� �T�h�e� �h�e�i�g�h�t� �o�f� �t�h�i�s� �p�e�a�k� 

�i�n�c�r�e�a�s�e�s� �c�o�n�s�i�d�e�r�a�b�l�y� �w�i�t�h� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �1� �m�M� �N�a�,�S� �(�n�o�t� �s�h�o�w�n�)�.� �T�h�e� �c�u�r�r�e�n�t� 

�i�n�c�r�e�a�s�e� �a�t� �V�I� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �d�e�c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�y�r�i�t�e� �b�y� �r�e�a�c�t�i�o�n�s� �(�2�.�1�2�)� �a�n�d� �(�2�.�1�3�)�,� 

�b�o�t�h� �o�f� �w�h�i�c�h� �p�r�o�d�u�c�e� �H�S ��.� �T�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �o�n� �t�h�e� �c�a�t�h�o�d�i�c� �s�w�e�e�p� �a�t� �d�i�s�c� �p�o�t�e�n�t�i�a�l�s� �<�-� 

�0�.�6� �V� �i�s� �d�u�e� �t�o� �t�h�e� �o�x�i�d�a�t�i�o�n� �o�f� �H�S� �t�o� �S�°�.� 

�I�t� �i�s� �n�o�t�i�c�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�4� �t�h�a�t� �t�h�e�r�e� �i�s� �a� �s�u�b�s�t�a�n�t�i�a�l� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�i�n�g� �c�u�r�r�e�n�t� 

�b�e�t�w�e�e�n� �t�h�e� �f�i�r�s�t� �a�n�d� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �c�y�c�l�e�s�.� �T�h�i�s� �c�a�n� �b�e� �e�x�p�l�a�i�n�e�d� �b�y� �a�s�s�u�m�i�n�g� �t�h�a�t� �a�t� 

�l�e�a�s�t� �t�w�o� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�e�a�k� �I�V�,� �o�n�e� �b�e�i�n�g� �t�h�e� �r�e�v�e�r�s�e� �o�f� 

�r�e�a�c�t�i�o�n� �(�2�.�1�0�)� �w�h�i�c�h� �p�r�o�d�u�c�e�s� �a� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �a�n�d� �t�h�e� �o�t�h�e�r� �p�r�o�d�u�c�i�n�g� �a�n� 

�i�n�s�o�l�u�b�l�e� �i�r�o�n� �s�u�l�f�i�d�e� �v�i�a� �a� �p�r�o�c�e�s�s� �s�u�c�h� �a�s� �r�e�a�c�t�i�o�n� �(�2�.�1�1�)� �[�3�]�.� �A�s� �a� �r�e�s�u�l�t�,� �p�e�a�k� �I�V� 

�w�o�u�l�d� �d�e�p�e�n�d� �o�n� �t�h�e� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �F�e�(�O�H�)�,� �a�n�d� �s�u�l�f�u�r�-�r�i�c�h� �s�p�e�c�i�e�s� �(�a�s� �e�x�c�e�s�s� �s�u�l�f�u�r� 

�i�n� �t�h�e� �l�a�t�t�i�c�e�,� �p�o�l�y�s�u�l�f�i�d�e�,� �o�r� �e�l�e�m�e�n�t�a�l� �s�u�l�f�u�r�)� �p�r�o�d�u�c�e�d� �o�n� �t�h�e� �p�r�i�o�r� �a�n�o�d�i�c� �s�w�e�e�p�,� �a�n�d� 

�t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� �o�n�l�y� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �F�e�(�O�H�)�,� �t�h�a�t� �i�s� �r�e�d�u�c�e�d� �t�o� �a� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� 

�s�p�e�c�i�e�s�.� �O�n� �t�h�e� �f�i�r�s�t� �c�a�t�h�o�d�i�c� �s�w�e�e�p�,� �t�h�e�r�e� �w�a�s� �l�e�s�s� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �t�o� �r�e�a�c�t� �w�i�t�h� �s�u�l�f�u�r�-� 
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�r�i�c�h� �s�p�e�c�i�e�s� �b�y� �r�e�a�c�t�i�o�n� �(�2�.�1�1�)�,� �a�n�d� �h�e�n�c�e� �m�o�r�e� �H�S �� �w�a�s� �r�e�l�e�a�s�e�d� �f�r�o�m� �t�h�e� �d�i�s�c� �a�s� �t�h�e� 

�r�e�d�u�c�t�i�o�n� �p�r�o�d�u�c�t�.� �O�n� �s�u�b�s�e�q�u�e�n�t� �s�w�e�e�p�s�,� �t�h�e� �a�b�u�n�d�a�n�c�e� �o�f� �s�u�l�f�u�r�-�r�i�c�h� �s�p�e�c�i�e�s� �r�e�l�a�t�i�v�e� 

�t�o� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �d�i�m�i�n�i�s�h�e�s� �s�i�n�c�e� �m�o�s�t� �o�f� �t�h�e� �i�r�o�n� �h�y�d�r�o�x�i�d�e� �p�r�o�d�u�c�e�d� �o�n� �a�n�o�d�i�c� �s�w�e�e�p�s� 

�r�e�m�a�i�n�s� �o�n� �t�h�e� �s�u�r�f�a�c�e� �w�h�i�l�e� �t�h�e� �m�a�j�o�r� �p�o�r�t�i�o�n� �o�f� �H�S �� �d�i�f�f�u�s�e�s� �i�n�t�o� �t�h�e� �b�u�l�k� �s�o�l�u�t�i�o�n�.� 

�F�u�r�t�h�e�r� �s�u�p�p�o�r�t� �f�o�r� �a�s�s�i�g�n�i�n�g� �a�t� �l�e�a�s�t� �t�w�o� �r�e�d�u�c�t�i�o�n� �p�r�o�c�e�s�s�e�s� �t�o� �p�e�a�k� �I�V� �i�s� 

�p�r�o�v�i�d�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�5�,� �w�h�e�r�e� �t�h�e� �a�n�o�d�i�c� �l�i�m�i�t� �h�a�s� �b�e�e�n� �i�n�c�r�e�a�s�e�d�.� �I�t� �i�s� �m�e�n�t�i�o�n�e�d� 

�p�r�e�v�i�o�u�s�l�y� �t�h�a�t� �p�y�r�i�t�e� �o�x�i�d�a�t�i�o�n� �c�a�n� �o�c�c�u�r� �v�i�a� �t�w�o� �p�a�t�h�s�,� �r�e�a�c�t�i�o�n�s� �(�2�.�1�6�)� �a�n�d� �o�n�e� �o�r� 

�m�o�r�e� �o�f� �r�e�a�c�t�i�o�n�s� �(�2�.�7�)�-�(�2�.�9�)�,� �w�h�e�r�e� �t�h�e� �r�e�l�a�t�i�v�e� �y�i�e�l�d� �o�f� �S�°�-�l�i�k�e� �s�p�e�c�i�e�s� �a�n�d� �S�O�, �� 

�d�e�p�e�n�d�s� �o�n� �t�h�e� �a�n�o�d�i�c� �l�i�m�i�t�.� �H�i�g�h�e�r� �p�o�t�e�n�t�i�a�l�s� �f�a�v�o�r� �s�u�l�f�a�t�e� �f�o�r�m�a�t�i�o�n� �a�n�d� �t�h�u�s� �l�e�a�d� �t�o� 

�a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� �i�n�s�o�l�u�b�l�e�,� �r�e�d�u�c�i�b�l�e� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �o�n� �t�h�e� �e�l�e�c�t�r�o�d�e� �r�e�l�a�t�i�v�e� 

�t�o� �t�h�e� �q�u�a�n�t�i�t�y� �o�f� �F�e�(�O�H�)�,� �O�n� �t�h�e� �r�e�v�e�r�s�e� �c�a�t�h�o�d�i�c� �s�w�e�e�p�,� �a� �l�o�w�e�r� �s�u�r�f�a�c�e� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �r�e�d�u�c�i�b�l�e� �s�u�l�f�u�r� �s�p�e�c�i�e�s� �s�h�o�u�l�d� �d�e�c�r�e�a�s�e� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �r�e�a�c�t�i�o�n� 

�(�2�.�1�1�)� �t�o� �p�e�a�k� �I�V� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�e� �a�m�o�u�n�t� �o�f� �s�o�l�u�b�l�e� �f�e�r�r�o�u�s� �h�y�d�r�o�x�i�d�e� �t�h�a�t� �i�s� �r�e�o�x�i�d�i�z�e�d� 

�o�n� �t�h�e� �r�i�n�g�.� �T�h�i�s� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �F�i�g�u�r�e� �2�.�1�5� �w�h�i�c�h� �s�h�o�w�s� �t�h�a�t� �t�h�e� �r�i�n�g� �c�u�r�r�e�n�t� 

�i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �a�n�o�d�i�c� �l�i�m�i�t�,� �w�h�i�l�e� �t�h�e� �c�h�a�r�g�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �p�e�a�k� �I�V� 

�c�h�a�n�g�e�s� �o�n�l�y� �s�l�i�g�h�t�l�y� �w�i�t�h� �t�h�e� �a�n�o�d�i�c� �l�i�m�i�t�.� 

�F�i�g�u�r�e� �2�.�1�6� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �f�e�r�r�o�u�s� �c�h�l�o�r�i�d�e� �o�n� �t�h�e� �d�i�s�c� 

�v�o�l�t�a�m�m�o�g�r�a�m�s� �a�n�d� �t�h�e� �r�i�n�g� �r�e�s�p�o�n�s�e�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �w�i�t�h� �5�x�X�1�0�°� �M� �F�e�?�*� �i�n� 

�s�o�l�u�t�i�o�n�,� �t�h�e� �c�a�t�h�o�d�i�c� �p�e�a�k� �I�V� �o�n� �t�h�e� �d�i�s�c� �v�o�l�t�a�m�m�o�g�r�a�m�s� �i�n�c�r�e�a�s�e�d� �c�o�n�s�i�d�e�r�a�b�l�y� �a�n�d� �t�h�e� 

�p�e�a�k� �p�o�t�e�n�t�i�a�l� �s�h�i�f�t�e�d� �t�o� �a�b�o�u�t� �-�0�.�4� �V�,� �c�o�n�f�i�r�m�i�n�g� �t�h�e� �s�u�g�g�e�s�t�i�o�n� �t�h�a�t� �p�a�r�t� �o�f� �t�h�e� �p�e�a�k� 

�r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �f�e�r�r�i�c� �c�o�m�p�o�u�n�d�s�.� �A� �s�e�c�o�n�d� �c�a�t�h�o�d�i�c� �p�e�a�k� �i�s� �a�l�s�o� �r�e�s�o�l�v�e�d� 

�C�H�A�P�T�E�R� �2� �S�U�R�F�A�C�E� �R�E�A�C�T�I�O�N�S� �O�N� �P�Y�R�I�T�E� �9�9


