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I N T R O D U C T I O N
In the selective separation of mineral phases by flotation, surface chemistry is the principal 
determinant of the average contact angle for a specific mineral phase in a flotation pulp. The 
average contact angle is, in turn, the principal determinant of the bubble-particle attach­
ment efficiency (Ea) in the overall collection efficiency (Ec) from which the flotation rate 
constant can be determined (Ralston 1994a). The recovery and selectivity in sulfide flota­
tion is ultimately dependent on the relative rate constants of the different mineral phases. 
The average contact angle is not only mineral-specific, based on a statistical average of the 
mineral particles in that phase, but also the contact angle for each particle is an average of 
hydrophobic and hydrophilic areas across the particle surface. Determination of this hydro­
phobic/hydrophilic balance by particle therefore requires selection of the particular mineral 
phase. Obtaining this information is not necessarily a simple task in a flotation pulp con­
taining many different mineral phases, different particle sizes of individual phases, adsorbed 
and precipitated species (often colloidal), and oxidized products. The hydrophobic/hydro­
philic balance by particle and its statistical average by mineral phase require identification of 
the major species contributing to each category in surface layers (Smart, Jasieniak et al. 
2003). In addition to adsorbed collector molecules and their oxidized products (e.g., 
dimers), hydrophobicity can be imparted to sulfide mineral surfaces by oxidation to pro­
duce polysulfide Sn2~ species resulting from loss of metal ions (usually Fe2+) from surface 
layers. In acid solution, hydrophobic elemental sulfur can also be formed and is usually 
imaged in patches on the sulfide mineral surface (Smart, Amarantidis et al. 2003). Almost 
all other species found on sulfide mineral surfaces, such as oxide/oxyhydroxide/hydroxides, 
oxy-sulfur (e.g., sulfate), carbonate, hydrous silica, and fine gangue particles, are essentially 
hydrophilic but may be in the form of localized particles, colloids, and precipitates or con­
tinuous, reacted, or precipitated surface layers (Smart, Amarantidis et al. 2003).

The action of collector molecules in inducing hydrophobicity can be assisted by activat­
ing species such as copper and lead ions that complex the collector on the surface. Previous 
research has shown that this activation can be inadvertently produced by dissolution and 
transfer via solution of these ions to the surfaces of mineral phases not intended to float (e.g., 
Smart 1991; Lascelles and Finch 2002; Finkelstein 1997). O ther complex mechanisms can 
affect both hydrophilic and hydrophobic contributions. They include, for instance

a. The extent o f liberation o f individual mineral phases by grinding or, conversely, the 
extent of remaining composite particles

b. Chemical alteration of the surface layers o f sulfide minerals induced by oxidation 
reactions in the pulp solution
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c. The presence ot a wide range ot particle sizes in the ground sulfide ores

d. Galvanic interactions between different sulfide minerals to produce different reac­
tion products on the mineral surfaces

e. Chemical interaction between particles in the form of aggregates and floes

f. The presence o f  colloidal precipitates arising from dissolution o f  the minerals, par­
ticularly sulfides, and grinding media

g. The mechanism o f adsorption o f  reagents on specific surface sites

h. Competitive adsorption between oxidation products, conditioning reagents, and 
collector reagents

The primary purpose of surface characterization is, therefore, to identify these mecha­
nisms with secondary application to the understanding and control of these mechanisms in 
plant practice.

This chapter summarizes some of the advances in surface analytical techniques and 
knowledge gained from surface characterization applied to flotation systems in the last two 
decades. There have been major additions to both the armory of instruments and the meth­
odologies available for these studies. The selection o f examples from both techniques and 
methods has been made as objectively as possible but necessarily has resulted in many excel­
lent reports o f  research and plant surveys (or diagnoses) that have been missed or inade­
quately described. An attempt was not made to describe the theoretical or practical basis for 
each technique but, rather, the type o f  new information that it can provide. In compensa­
tion, reference is made to technique descriptions, reviews, and more complete reports in the 
references list. Some o f the techniques surveyed in this chapter are now used in ore and 
plant surveys to provide part of the metallurgical information on which plant control is 
based but, more often, to diagnose reasons for losses in recovery or selectivity. Other tech­
niques have been applied to basic studies of processes and mechanisms controlling flotation. 
Some case studies, combining information from different techniques, have been included to 
illustrate the now-established place o f  surface analysis and characterization in flotation 
research and practice.

X - R A Y  P H O T O E L E C T R O N  A N 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 I E S
X-ray photoelectron and Auger electron spectroscopy techniques (Briggs and Seah 1992; 
O ’Connor, Sexton, and Smart 2003), both analyzing the first 2 -5  nm of the surface layers 
used in static (spot) and imaging modes, have produced primary information on processes b,
c, e, f, and gpreviously described.

Sulfide Oxidation: Polysulfides
In sulfide flotation, the mechanisms o f surface oxidation and the consequent physical and 
chemical forms o f  oxidation products on the surface, which are derived from studies using 
these surface analytical techniques, can be summarized as

• Metal-deficient (sulfur-rich) surfaces, polysulfides, and elemental sulfur

• Oxidized fine particles attached to larger sulfide particle surfaces

• Colloidal precipitates o f  metal hydroxide particles and floes

• Continuous oxidized surface layers (e.g., oxide/hydroxide) of varying depth
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• Adsorbed sulfate and carbonace species

• Nonuniform spatial distribution with different oxidation rates (e.g., isolated, patch- 
wise oxidation sites; face specificity)

Scanning Auger microscopy (SAM) can provide both electron (secondary and back- 
scattered) microscopic imaging for topography and phase identification together with sur­
face elemental mapping, line scans, spot (submicron) analysis, and depth profiles. This type 
of information is illustrated in Figure 1 where a 50 wt % pyrite/50 wt % chalcopyrite min­
eral mixture was ground and conditioned in pH 9 nitrogen purged solution for > 14 days. A 
very wide range of particle sizes is evident. Oxidized fine particles 0.1-10 |am are imaged, as 
well as floes comprising clumps of loose aggregates with dimensions 1-3 j^m, consisting of 
smaller spheroidal particles each with approximate diameters 0.1-0.5 um. A similar range of 
particles is usually seen in samples taken from operating flotation plants. The floes are not 
necessarily observed on similar surfaces that have been laboratory-conditioned for shorter 
periods (i.e., <1 hr) but have been seen in plant samples following fine grinding in which 
accelerated dissolution of pyrrhotite and iron grinding media has occurred. They have been 
precipitated from saturated ferric hydroxide solution as colloidal Fe(O H ), particles. 
Mechanical agitation or ultrasonication/decantation easily removes these floes and some 
oxidized fine particles from the sulfide surfaces, showing that they are only weakly bonded 
to the oxidized sulfide minerals. The depth profiles for the oxygen signal in Figure lc illus­
trate the variation in oxidized surface layers on different positions on the pyrite (left-hand 
side, upper particle) and chalcopyrite (right-hand side, underlying particle) from 5 to 80 nm. 
The >300-nm signal is from a ferric hydroxide floe. All o f these surface species, which are 
typically in islands or reacted patches of the particle surface, contribute to hydrophobicity.

MS + x H 20  + ^ x 0 2 <-*• M j _ XS + x M (O H )2 (EQ  1)

It is now well established that iron-containing sulfide minerals (e.g., pyrite, pyrrhotite, 
chalcopyrite, pentlandite, arsenopyrite) essentially follow a reaction mechanism similar to 
that in Equation 1, in that iron hydroxide products and an underlying metal-deficient or sul­
fur-rich sulfide surface are formed. The seminal work of Buckley, Woods, and their col­
leagues, using a combination of X-ray photoelectron spectroscopy (XPS) and 
electrochemical techniques (reviewed in Smart, Amarantidis et al. 2003), has clearly demon­
strated this mechanism in single mineral studies. In their work, oxidation of abraded pyrite 
surfaces exposed to air for a few minutes produced a high binding energy (BE) doublet com­
ponent of the S 2p spectrum in addition to ferric oxide/hydroxide reaction products (Buck­
ley and Woods 1987). The sulfur product was attributed to an iron-deficient Fe; XS2 surface 
layer with the later proposition that polysulfide-like species Sn2~ are formed. Specifically, 
Mycroft et al. (1990) have correlated XPS and Raman spectra of electrochemically-oxidized 
pyrite surfaces with polysulfide model compounds but only at Eh > 600 mV, pH 5. Recently, 
monolayer-sensitive synchrotron radiation XPS (SRXPS) and time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) (discussed in the following sections) have been used to ver­
ify the polysulfide formation in surface oxidation under plant conditions.

The importance of the Sn2~ n>2 polysulfides is that they contribute to hydrophobicity 
independently of collector addition. Collectorless flotation of pyrite in alkaline solution, 
correlated to electrochemical oxidation, can be explained by the production of a hydropho­
bic sulfur-rich surface together with hydrophilic iron hydroxide species (Ahlberg, Forssberg,
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Source: Adapted from Smart, Amarantidis et al. 2003

FIGURE 1 SAM im ages from  p y rite  and ch a lco p y rite  pa rtic les  at success ive ly  h igher 
m agn ifica tions  (i.e., w h ite  bar = (a) 100 ^m , (b) 10 ym, (c) 5 ^m ). O xygen depth  p ro file s  fo r 
Auger ana lys is  gave approx im a te ly  5, 30, >300 (pyrite  partic le ), 80, and 10 nm (cha lcopyrite  
partic le ), respective ly, fo r  each o f the  five  p o in ts  in (c).

and Wang 1990). After grinding, the surface becomes substantially covered bv the hydro­
philic species, and no significant flotation is observed without addition ot collector. Collec- 
torless flotation can, however, be easilv obtained after coniplexing the iron with 
ethylenediamine tetraacetic acid (EDTA) in solution, indicating that the underlying hydro­
phobic sulfur-rich layer is responsible for pyrite flotation under these conditions. Elemental 
sulfur was not evident at pyrite surfaces exposed to air or neutral to alkaline solutions (Buck­
ley and Woods 1987; Buckley, Hamilton, and Woods 1985). Thin layers of elemental sulfur 
were, however, observed on pyrite surfaces exposed to aerated, dilute sodium sulfide solu­
tions (Buckley and Woods 1987; McCarron, Walter, and Buckley 1990). The collectorless 
flotation ot chalcopyrite after air exposure or solution oxidation has been directly correlated 
with the surface composition determined bv XPS (Zachwieja et al. 1989). Removal o f  iron 
hydroxide species during conditioning in alkaline solution to leave the hvdrophobic sulfur- 
rich sultide surface showed strong flotation. Conversely, oxidized chalcopyrite surfaces 
reduced in situ became copper deficient and were unfloatable.

A specific illustration o f  the XPS observation of polvsulfide formation is found in 
galena oxidation in pH 9 solution from fresh fracture to 30-minutes aeration (Figure 2) 
(Smart et al. 2000). The growth of the high BE components of the sulfur S 2p spectra, due 
to Sn“~ species (B n=2; C n>3), is correlated with increasing contact angle and flotation 
recovery (Prestidge and Ralston 1995). The evidence tor assignment of the high BE com po­
nents of S 2p XPS spectra to metal-deficient, polvsulfide defect sites and elemental sulfur 
has been reviewed (Smart, Skinner, and Gerson 1999).



SURFACE CHARACTERIZATION AND NEW TOOLS FOR RESEARCH 287

A. As Fractured B. 10 M inutes Oxidation in pH 9 Solution
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C. 30 M inutes O xidation in pH 9 So lu tion
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Source: Adapted from Smart et al. 2000.

FIGURE 2 XPS S 2p spectra  from  galena 

Collector Actions
XPS and SAM have also done much to increase understanding of the actions o f  collector 
molecules in flotation, which are considerably more complex than the earliest simplistic 
model of adsorption o f  the head group and dangling hydrophobic tail. Their actions in sev­
eral different modes have been studied using XPS and SAM in recent research (Smart, Ama- 
rantidis et al. 2003), namely

Adsorption to specific surface sites

Colloidal precipitation of m etal-collector species from solution 

Detachment o f  oxidized fine sulfide particles from larger particle surfaces 

Detachment o f  colloidal metal oxide/hydroxide particles and floes 

Removal of adsorbed, oxidized surface layers 

Inhibition o f  oxidation 

Aggregation and disaggregation of particles 

Patchwise or face-specific coverage

The presence o f  adsorbed xanthate on freshly fractured galena surfaces has been con­
firmed from both S 2p spectra and the more surface-sensitive X-ray induced Auger spectra 
(i.e., S LMM and Pb N O O ) signals. The work o f  Buckley and Woods (1991) has correlated 
xanthate coverage (using voltammetry) with XPS spectra and flotation recovery showing 
that only a fraction of the monolayer is adsorbed at maximum recovery. Sub-monolayer, per­
pendicularly-oriented, adsorbed lead ethyl xanthate was confirmed in combined XPS, Fou­
rier transform infrared (FTIR) spectroscopy, and controlled potential studies (Suoninen 
and Laajalehto 1993). There are now many examples ot studies in the literature in which 
uptake o f  the collector molecules on the sulfide mineral surface occurs through the forma­
tion of colloidal (precipitated) metal-xanthate or metal-hydroxyxanthate species in solution
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TABLE 1 S urvey o f the  a tom ic  con ce n tra tio n s  (%) o f e lem ents fo r undes lim ed  pyrite  pa rtic les  
cond itioned  at pH 4, N2 purged

Element

Initial Etch Initial Etch

[DCDTP] = 0 M [DCDTP] = 7.5 x 10-3 M
Carbon (C) 28 7.8 26 8.3
Oxygen (0) 28 24 11 5.2
Iron (Fe) 10 27 21 39
Sulfur (S) 27 33 40 47
Calcium (Ca) 3.6 4.6 0.45 <0.05
Phosphorus (P) 0 0 0.28 0

or close to the surface. XPS and FTIR  studies have shown that both copper(I) ethyl xan- 
thate (XPS) and diethyl dixanthogen (FTIR) can be detected on the sphalerite surface as a 
result of reaction (Prestidge et al. 1994).

It is generally agreed that if sufficient hydrophilic oxidized material is present on the 
mineral surfaces, this will overcome any natural or self-induced floatability as well as modify 
the collector-induced floatability of the sulfide particles (e.g., Shannon and Trahar 1986). It 
has been suggested that collector molecules have the dual action of removing oxidized prod­
ucts from surfaces and providing a hydrophobic surface for bubble attachment and flota­
tion. The surface cleaning action of xanthate has been reviewed by Senior and Trahar (1991) 
in studies of the flotation of chalcopyrite in the presence of metal hydroxides. The “clean­
ing” mechanism does not appear to be simple dissolution of the oxidized metals as can be 
achieved with other complexing agents (e.g., EDTA), because the amount of xanthate neces­
sary to restore floatability is stoichiometrically orders of magnitude below that required for 
the complete conversion of the metal hydroxides to dissolved metal xanthate species. This 
fact is also well established in plant practice where EDTA additions are effective in giving 
increased recovery but are prohibitively expensive.

XPS indications of the cleaning action in removing oxidized surface layers were previously 
noted (Smart 1991), in which the initial high BE shoulder on the Cu 2p peaks, attributed to 
charged hydroxide species, had been removed by the action of the xanthate from a ground 
chalcopyrite sample. A similar action is found with the collector dicresyldithiophosphate 
(D CD TP) (van der Steldt, Skinner, and Grano 1993). Table 1 shows that the surface oxy­
gen percentage is dramatically reduced (~40%) by addition of 7.5 x lO-"* M at pH  4 (maxi­
mum adsorption) to undeslimed pyrite particles. Removing the fine particles from the 
ground pyrite sample, by three successive ultrasonication/decantation steps with solution 
replacement, also showed that the majority of the material removed by the collector addi­
tion is in the form of fine particles rather than oxidized surface layers, as the level of surface 
oxygen concentration after fines removal (i.e., 13%) is similar to that after collector addi­
tion. After collector addition, both sulfate and ferric hydroxide signals are reduced in the 
XPS spectra and the contamination by calcium, present on the surface before collector addi­
tion, is also removed. There has clearly been a process in which oxidized fine particles are 
detached from the pyrite surface by the collector addition similar to that in mechanical 
removal of these fine particles.

SAM results (Smart, Amarantidis et al. 2003) have demonstrated that at high xanthate 
concentrations (i.e., 10~3 M), the formation of a surface layer, likely to consist of the oily, 
hydrophobic dixanthogen species, can inhibit oxidation of pyrite surfaces that would other­
wise produce iron hydroxide oxidation products on the surface and in solution at lower
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xanchace concentrations. These results bring in to question the interpretation and relevance 
o f mechanisms derived from studies at higher collector concentrations where the collector 
has been added in the grinding stage or early in the conditioning stage.

Fine/coarse particle interactions and aggregation have been studied for the copper acti­
vation of sphalerite and the effect of xanthate addition using correlated microflotation and 
on-line particle size distribution analysis coupled writh surface analysis. Significant aggrega­
tion o f  <20-(im fine particles to 20-30-|Am aggregates is already observed during initial con­
ditioning at pH 5.5 and 8.5 during the first 20 minutes before any reagent addition. 
Addition o f Cu(II) at pH 5.5 produces some development of larger aggregates, 100-120 |^m, 
but flotation response o f  the fine particles remains poor. At pH 8.5, there is no evidence o f  
the larger aggregates on copper addition and flotation recovery o f  the fine particles is simi­
larly poor. Addition o f  xanthate at pH  5.5 dramatically increases the extent o f aggregation 
>100 |j,m and flotation recovery (>95%), whereas at pH 8.5, only weak, larger aggregates 
appear to form, and the recovery does not increase to the same extent (i.e., 60%-80%). In 
the presence of coarser particles (3 8 -7 5  |im) at pH  5.5 with Cu(II) addition alone, a very 
high percentage of the fine particles were recovered and a fine/coarse particle aggregation 
(i.e., “piggybacking”) mechanism was confirmed by on-line particle size analysis and optical 
microscopy. At the higher pH 8.5, the interaction between fine and coarse sphalerite is 
slower and much less complete with correspondingly poorer flotation o f  both the fine and 
coarse fractions. XPS surface analysis confirms that this is due to partial coverage o f  the sur­
face by colloidal hydroxides and overall hydrophilicity inhibiting strong hydrophobic inter­
actions between the particles (Lange, Skinner, and Smart 1997).

There are now' many case studies in which XPS surface analytical studies, combined 
with flotation metallurgy and solution chemistry, have directly contributed to improve­
ments in flotation recovery and grade. For example, naturally floatable iron sulfides with 
graphitic surface layers have been identified and separately removed in copper flotation at 
Mount Isa, Australia (Grano, Ralston, and Smart 1990). This study also identified the selec­
tive removal o f  ferric hydroxides and carbonates by collector addition. The effects of fine 
grinding on flotation performance have been surveyed in a correlated XPS-flotation study 
(Frew et al. 1994) and specific application to the zinc regrind at Cominco Alaska’s Red Dog 
mine has been reported (Frew, Smart, and Manlapig 1994). The action of an extended 
period of aerated conditioning before copper activation and collector conditioning in 
increasing sphalerite flotation at the Murchison Zinc (Australia) concentrator (Kristall et al.
1994) was explained, using XPS, by the removal of zinc hydroxides from the sphalerite sur­
face and the concomitant appearance of a metal-deficient sphalerite surface. XPS also dem­
onstrated an increase in the oxidation state of pyrite after aerated preconditioning. The 
presence o f  excessive surface oxidation in copper reflotation at Western Mining Corpora­
tion’s Olympic Dam operation (Australia) (Smart and Judd 1994), identified by XPS analy­
sis, led to improved operation of Lasta filters. A low flotation rate of galena in lead roughers 
at the H ilton Concentrator of Mount Isa Mines was analyzed (Grano et al. 1993, 1996) 
using XPS. The presence o f  precipitated species and their removal by a change o f  condition­
ing reagents (i.e., lime to soda ash) and collector reagent (i.e., ethyl xanthate to DCDTP, a 
collector that is stable in the presence of sulfite species over a wide pH  range) has been used 
to address this problem.
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S Y N C H R O T R O N  R A D I A T I O N  X P S  

Spectroscopic Advantages
Conventionally, obtaining a profile of composition as a function of depth requires either 
sequential ion beam sputtering and analysis, or the use of angle-resolved photoemission. 
Sputter profiling is limited because the disruption of chemical bonds beyond the top few 
monolayers in the surface detracts from any chemical environment information. Differential 
sputtering can also occur in compounds, resulting in a progressive enrichment of one con­
stituent over another. Angle-resolved XPS can yield nondestructive, surface-sensitive infor­
mation but requires flat surfaces and depth accuracy requires knowledge of photoelectron 
inelastic mean free paths in overlying reaction products. The majority of exposed sulfide 
mineral surfaces are not flat. Indeed, only a few sulfide minerals exhibit good cleavage planes 
(e.g., galena, sphalerite). It is also rare for the thickness distribution of reaction products to 
be uniform.

The XPS analysis depth can be modulated by controlling the kinetic energy and, hence, 
the escape depth of the emitted photoelectron of interest. This capability is afforded 
through the use synchrotron radiation. Current soft X-ray synchrotron beainlines offer high 
resolution monochromation in the 10-2,000 eV energy range with resolving powers in 
excess of 104 (E/AE), and photon flux that is several orders of magnitude higher than con­
ventional sources. Energy resolution and photon flux allow for full capability of the electron 
analyzer to be realized, giving superior photoelectron spectral line widths and excellent 
signal-to-noise ratio in short analysis times.

The universal curve of photoelectron escape depth as a function of kinetic energy is 
reproduced in Figure 3. The maximum surface sensitivity is attained when the kinetic

Electron Energy, eV
Source: Adapted from Carlson 1975.

FIGURE 3 U niversal cu rve  o f pho toe lec tron  escape depth  as a fu n c tio n  o f k ine tic  energy. 
P ho toem iss ion  energy conserva tion  equation  show s the  re la tio n sh ip  between inc iden t pho ton  
energy (hv), pho toe lec tron  BE, k ine tic  energy (KE), and ins trum en ta l w o rk  fu n c tio n  (<|>).
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energy o f che emicced phocoeleecron is in che range of 40-50  eV. To achieve chis for che S 2p 
core-line (~ 160 eV BE), for example, an X-ray energy of approximacely hv = 210 eV should 
be used. These condicions yield an almosc fivefold enhancemenc in surface sensicivicy over a 
convencional Al K a  source of hv = 1,487 eV for che S 2p signal.

Surface Sensitivity and Fracture Surfaces
The enhanced surface sensicivicy and speccral resolucion afforded by SRXPS is exemplified 
by che analysis o f che fraccure surface o f pyrice (FeS2). Figure 4a and 4b reproduce che S 2p 
core-line measured using a convencional monochromaced Al K a source (1,487 eV) and a 
synchrotron source (206 eV), respectively. The narrower line widchs are immediately appar- 
enc in Figure 4(b). Two new S 2p doublec concribucions (peaks a and b) appear co be locaced 
ac lower BE relacive co che main peak. These cwo new peaks in che pyrice S 2p speccrum are 
confirmed co derive from surface concribucions as cheir incensicies relacive co che main peak 
(bulk peak) decrease wich increasing excicacion energy (Nesbicc ec al. 1998). The incerpreca- 
cion of chese surface core-level shifcs requires consideration of che molecular orbicals 
involved in bonding, the mineral scruccure (e.g., mecal and ligand coordination), and che 
fraccure mechanism. A derailed description is noc possible wichin che conscraincs of chis 
review and che reader is direcced co work by Nesbicc ec al. (1998) for a comprehensive expla­
nation. Puc simply, during pyrice fraccure, boch Fe-S and S-S bonds may be rupcured. This 
results in a reduction in the coordination of metal and ligand (in this case, sulfur) sites at the 
surface and changes in electron density associated with these sites. Electrons involved in 
bonding are usually retained at the ligand (sulfur) site. The rupture of Fe-S bonds leaves the

170 168 166 164 162 160 170 168 166 164 162 160 

Binding Energy, eV Binding Energy, eV

FIGURE 4 S u lfu r 2p co re -lin e  spectra  o f frac tu red  p y rite  su rfaces (a) us ing  a conventiona l 
m onoch ro ina ted  Al K a  sou rce , and (b) a 206-eV syn ch ro tro n  source  (S chau fuss e t al. 1998). 
S ubsequen tly  reacted p y rite  su rfa ce s  are  show n fo r (c) a ir o x id a tio n  fo r  14 h o u rs  (S chau fuss 
et al. 1998) and (d) a d so rp tio n  o f m ercap tobenzo th iazo le  from  so lu tio n  (Szargan, Schaufuss, 
and R ossbach 1999). The spectra l c o n tr ib u tio n s  from  bu lk  s u lfu r d im ers  (S22-) are ind ica ted  by 
the  so lid  c irc les  (%) above  the  p rim ary  S 2p3/2 com ponent.
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surface sulfur dimer sice with increased electron density and, hence, will emit photoelec­
trons of lower BE than the fully coordinated bulk sulfur dimer (peak b in Figure 4b). The 
formal oxidation state of the monomeric Sl_ produced by S-S bond rupture reduces to S2~ 
through the associated oxidation of Fe2+ to Fe'1+, giving rise to even greater electron density 
associated with this site and hence an even lower BE (peak a) (Nesbitt et al. 1998). This 
level of detail is not possible using conventional, laboratorv-based XPS instrumentation and 
the level o f surface sensitivity afforded by SRXPS approaches that of static secondary ion 
mass spectrometry (static SIMS), as well as atomic force and scanning tunneling 
microscopies (AFM and STM) and low-energv electron diffraction. Moreover, nondestruc­
tive and quantitative surface- and bulk-sensitive measurements mav be made in the same 
experiment, simply by varving the incident photon energy.

A range of important metal sulfide minerals has been examined bv SRXPS over the last 
decade, looking at surface states and initial reactions. These include, for example, galena, 
PbS (Paulucci and Prince 1990; Leiro et al. 1998; Kartio et al. 1998); pyrite, FeS2 (Bronold, 
Tomm, and Jaegermann 1994; Nesbitt et al. 1998; Schaufuss et al. 1998); marcasite, FeS2 
(Uhlig et al. 2001); pvrrhotite, Fcj_sS; millerite, NiS (Nesbitt et al. 2001); arsenopvrite, 
FeAsS (Schaufuss et al. 2000); loellingite, FeAs2 (Nesbitt, Uhlig, and Szargan 2002); gersdorfite, 
NiAsS (Nesbitt, Schaufuss et al. 2003); covellite, CuS; chalcocite, Cu2S (Laajalehto et al. 
1996); and chalcopyrite, CuFeS2 (Harmer et al. 2004). This is by no means an exhaustive 
list; however, Harmer and Nesbitt (2004) have published a treatment of SRXPS interpreta­
tion showing how the sulfide mineral structure and composition determine whether surface 
reconstruction occurs as a result of fracture and the tvpe of species exposed at the surface 
(e.g., metal oxidation, ligand polymerization). Recent work, combining ab initio calcula­
tions with spectroscopic analysis (von Oertzen, Skinner, and Nesbitt 2005), has confirmed 
this interpretation for pyrite, chalcopyrite, and molybdenite, MoS2 (von Oertzen, Harmer, 
and Skinner, in press). This provides a high level of support for the synchrotron XPS inter­
pretation of other important sulfide mineral fracture surfaces.

Surface Reaction
The implications of using these kinds of measurements for minerals processing are manifold 
as they enable the first surface exposed to solution to be probed (i.e., the fracture surface 
immediately exposed during grinding). The subsequent initial reactions at this surface may 
also be studied in depth using SRXPS in similar detail. Figures 4c and 4d illustrate further 
SRXPS examples of oxidation and collector adsorption at pvrite fracture surfaces. From 
these types of studies, it is possible to follow the relative reactivity of the various surface 
states exposed on fracture and, in turn, relate this reactivity back to the structure and bond­
ing within the mineral.

Other Aspects of SRXPS
In the soft X-ray region, photoionization cross-sections can vary strongly with photon 
energy. This can be used to great advantage in SRXPS, particularly in valence band studies. 
By collecting the valence band spectrum of a mineral at several photon excitation energies, it 
is possible to enhance or diminish the spectral intensity contributions from metal and 
ligand bonding and nonbonding orbital, thereby identifying them and monitoring their 
involvement in surface reaction (Nesbitt et al. 2002; Nesbitt, Uhlig et al. 2003). Where pos­
sible within the constraints of surface roughness, angle-resolved measurements may also be 
performed to further enhance surface sensitivity, particularly for adsorbate studies.
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SRXPS in conjunction with near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy provides an extremely powerful combination for the study of sulfide minerals 
(Goh, Buckley, Lamb, Skinner et al. 2006; Goh, Buckley, Lamb, Roseberg et al. 2006). 
NEXAFS yields information on metal and ligand coordination, oxidation state and relative 
location. It is particularly useful in monitoring organic reagent bonding mechanisms and 
molecular orientation at the mineral surface.

The Future

Much o f the methodology for the study of fracture surfaces has now been established, 
despite the past scarcity of appropriate beamline/end-station combinations for these stud­
ies. Recent developments such as the soft X-ray facilities at the Canadian Light Source and 
the new Australian XPS/NEXAFS end station (initially located at the National Synchro­
tron Radiation Research Center in Taiwan) have expanded the available capabilities tor such 
investigations. The investigation of the mechanisms o f subsequent surface reaction will nec­
essarily provide impetus into the future, together with further instrumental developments 
(e.g., imaging photoemission, effective charge neutralization for insulating minerals).

T I M E  O F  F L I G H T  S E C O N D A R Y  I ON M A S S  S P E C T R O M E T R Y
Diagnosis o f the surface chemical factors playing a part in flotation separation of a value 
mineral phase requires measurement o f the species that are statistically different between the 
concentrate and tail streams, together with an estimate (if possible) o f the magnitude of the 
differences. The recently developed statistical methods, based on TOF-SIMS, have moved 
toward this ultimate aim. This technique used in static mode involves a very low flux of 
heavy ions impacting surface layers with mass spectrometric analysis of the secondary ions 
emitted from the surface. In the time of routine measurement, only 1-2 surface atoms in 
1,000 are impacted. The secondary elemental and molecular fragment ions come from the 
first two molecular layers of the surface and provide a very detailed set of positive and nega­
tive mass fragments from simple ions (e.g., Na+, OF-[~) through to molecular ions of specific 
reagents (e.g., isobutyl xanthate (CF-t3)2CF-[OCSi~). Identification o f molecular mass peaks 
for collectors, activators, depressants, precipitates, and adsorbed species is possible with 
comparative surface concentrations by particle and by phase between feed, concentrate, and 
tail streams.

The pioneering work of Nagaraj and Brinen (Brinen et al. 1993) with TOF-SIMS and 
the initial statistical analysis of air-dried particles using laser ionization mass spectrometry 
by Chryssoulis and colleagues (Chrvssoulis, Reich, and Stowe 1992) have greatly contrib­
uted to the approaches described here. The improvements in the methodology include 
introduction of the mineral particles without exposure to air (Smart 1991), analysis of sur­
face monolayer (or two), and full statistical analysis of all surface species. These analyses pro 
vide a statistical basis for assessment of surface chemical factors that have differentiated 
particles of a particular mineral phase that have reported to a concentrate from those that 
have reported to the tail.

Validation: Statistical Analysis

The use of TOF-SIMS to quantify changes in surface chemistry has been extensively vali­
dated in several ways. The amount of collector (e.g., xanthate, dithiophosphate) adsorbed 
from solution and monitored by UV adsorption was calibrated against the normalized
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T O F - S I M S  i n t e n s i t y  f o r  t h e  m o l e c u l a r  p a r e n t  i o n .  A  l i n e a r  r e l a t i o n s h i p  u p  t o  m o n o l a y e r  

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

s u r f a c e  s e n s i t i v i t y  o f  t h e  T O F - S I M S  a n a l y s i s  ( P i a n t a d o s i  2 0 0 1 ) .  T h i s  is  n o t  a  s e r i o u s  l i m i t a ­

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

o f  t h e  T O F - S I M S  r e p r e s e n t a t i o n  o f  t h e  s u r f a c e  c h e m i s t r y  w a s  c o n d u c t c d  i n  c o m p a r i s o n  o f  

s p e c t r a  f r o m  p o l i s h e d  s u r f a c e s  o f  s t o i c h i o m e t r i c  t r o i l i t e ,  F e S ;  i r o n - d e f i c i e n t  p y r r h o t i t e ,  F e ,  XS ;  

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

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

2 0 0 3 ) .  T h e  e x p e r i m e n t  w a s  d e s i g n e d  t o  t e s t  t h e  r e p r e s e n t a t i o n  o f  t h i s  s u r f a c e  c h e m i s t r y  i n  

T O F - S I M S  s p e c t r a .  F o r  t h e  i r o n - s u l f u r  f r a g m e n t s ,  t h e  F e S 2 / F e S  r a t i o s  f o r  t r o i l i t e ,  p y r r h o ­

t i t e  a n d  p y r i t e  w e r e  0 . 5 9 ,  1 . 2 ,  a n d  3 2 ,  r e s p e c t i v e l y .  A  s i m i l a r  s e q u e n c e  o f  S n / S  a t o m i c  f r a g ­

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

la y e r s  ( S m a r t  e t  a l .  2 0 0 0 ) .  C o r r e l a t i o n  o f  T O F - S I M S  w i t h  X P S  s p e c t r a  ( F i g u r e  2 )  f o r  

f r e s h l y - c l e a v e d  g a le n a  ( P b S )  s u r f a c e s  r e a c t e d  i n  p H  9  s o l u t i o n  f o r  i n c r e a s i n g  p e r i o d s  o f  t i m e  

h a s  a l s o  s h o w n  a  s y s t e m a t i c  i n c r e a s e  i n  S n / S  r a t i o s  w i t h  i n c r e a s i n g  c o m p o n e n t s  o f  S  2 p  X P S  

s p e c t r a  c o r r e s p o n d i n g  t o  p o l y s u l f i d e  f o r m a t i o n  ( S m a r t  e t  a l .  2 0 0 0 ) .

T h e  b a s is  f o r  t h e  m e t h o d o l o g y  o f  s a m p l e  p r e p a r a t i o n ,  m i n e r a l  p h a s e  r e c o g n i t i o n ,  

T O F - S I M S  a n a l y s i s ,  a n d  s t a t i s t i c a l  e v a l u a t i o n  h a s  b e e n  d e s c r i b e d  i n  t h e  p a p e r  b y  P i a n t a d o s i  

a n d  S m a r t  ( 2 0 0 2 ) .  T O F - S I M S  im a g e s  o f  t h e  p a r t i c l e s  i n  t o t a l  i o n  y i e l d  m o d e  a r e  s i m i l a r  t o  

t h o s e  s h o w n  i n  F i g u r e  5 .  S c a n n i n g  f o r  s p e c i f i c  s i g n a l s  ( e . g . ,  P b ,  Z n ,  C u ,  F e )  c a n  t h e n  b e  u s e d  

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

c h a l c o p y r i t e )  f o r  s p e c i f i c  a n a l y s i s .  T h e  r e g i o n - o f - i n t e r e s t  ( R O I )  f a c i l i t y  i n  t h e  s o f t w a r e  

a l l o w s  d e f i n i t i o n  o f  s e l e c t e d  p a r t i c l e s ,  a s  i n  F i g u r e  5 ,  c o r r e s p o n d i n g  t o  a  s p e c i f i c  m i n e r a l  

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

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

s p e c t r u m  f r o m  e a c h  p a r t i c l e  is  r e c o r d e d  a n d  s t o r e d .  T h e  s t a t i s t i c a l  a n a l y s i s  ( P i a n t a d o s i  e t  a l .

Pulses/P ixel: 1 |---------- | 1 0 ^ m

sum of rest 2589522 285

S ou rce : H a rt e t al. 200 4 .

FIGURE 5 Principal component analysis identification of mineral phases: pyrite (Py), 
sphalerite (Sp), chalcopyrite (Ch), gangue materials (G), indium mounting material (In)
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2 0 0 0 )  t h e n  d e t e r m i n e s  a  m e a n  v a l u e  f o r  e a c h  a t o m i c  a n d  m o l e c u l a r  s p e c ie s  w i t h  9 5 %  c o n f i ­

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

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

t i o n  ( P i a n t a d o s i  e t  a l .  2 0 0 0 ) .  C o r r e l a t i o n  f o r  2 6  p a r t i c l e  s e ts  o f  C a / P b  r a t i o s  f o r  c o n c e n t r a t e  

a n d  t a i l  s t r e a m s  g a v e  0 . 0 2 2  a n d  0 . 0 4 8 ,  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  t h e r e  is  s t a t i s t i c a l l y  m o r e  

c a l c i u m  ( ~ 2 x )  o n  g a l e n a  p a r t i c l e s  s u r f a c e s  i n  t h e  t a i l s  c o m p a r e d  w i t h  t h e  c o n c e n t r a t e .  A  s e c ­

o n d  s t u d y  ( P i a n t a d o s i  a n d  S m a r t  2 0 0 2 )  o f  t h e  e f f e c t  o f  i r o n  h y d r o x i d e s  a n d  c o l l e c t o r ,  i s o b u ­

t y l  x a n t h a t e  ( I B X ) ,  o n  g a le n a  f l o t a t i o n  c o m p a r e d  n o r m a l i z e d  i n t e n s i t i e s  o f  I B X  i n  f e e d ,  

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

i n g  t o  c o n c e n t r a t e  ( 0 . 0 0 5 )  a n d  t a i l  ( 0 . 0 0 1 ) .  T h e  I B X  c o n c e n t r a t i o n s  o n  p a r t i c l e s  i n  t h e  t a i l  

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

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

a  h y d r o p h o b i c i t y / h y d r o p h i l i c i t y  i n d e x ,  b a s e d  o n  a  r a t i o  o f  s i g n a l s  f r o m  t h e  ( h y d r o p h o b i c )  

c o l l e c t o r  ( I B X )  t o  ( h y d r o p h i l i c )  o x y - s u l f u r  p r o d u c t s  ( S 0 3 )  a n d  i r o n  h y d r o x i d e  ( F e O H ) ,  

g a v e  a  v a l u e  f o r  t h e  c o n c e n t r a t e  o f  4 4 . 7  +  1 3 . 7  c o m p a r e d  w i t h  7 . 1  +  2 . 4  f o r  t h e  t a i l ,  b u t  i t  is  

r e c o g n i z e d  t h a t  t h e  i n d e x  d o e s  n o t  i n c l u d e  a l l  h y d r o p h o b i c  o r  a l l  h y d r o p h i l i c  s p e c ie s  c o n ­

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

p y r i t e  u s i n g  d i - i s o b u t y l  d i t h i o p h o s p h a t e  ( D I B D T P )  c o l l e c t o r  h a v e  a l s o  b e e n  r e p o r t e d  

s h o w i n g  s t a t i s t i c a l l y  ~  1 2  t i m e s  m o r e  c o l l e c t o r  o n  g a le n a  c o m p a r e d  t o  p y r i t e .  G a l e n a  p a r t i c l e s  

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

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

a b l y  a s s is t e d  b y  t h e  p r e s e n c e  o f  c o l l o i d a l  a s  w e l l  a s  a d s o r b e d  P b  D I B D T P .

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

i n g ,  a s  e x a m p le s ,  M o u n t  I s a  M i n e s  ( M I M ) ,  O k  T e d i  M i n i n g  L t d .  ( O T M L ,  P a p u a  N e w  

G u i n e a ) ,  F a l c o n b r i d g e  ( S t r a t h c o n a ,  C a n a d a ) ,  A n g l o  P l a t i n u m  ( S o u t h  A f r i c a ) ,  M i n e r a c a o  

C a r a i b a  ( B r a z i l ) ,  a n d  I n c o  M a t t e  C o n c e n t r a t o r  ( S u d b u r y ,  O n t a r i o ,  C a n a d a ) — a  t o t a l  o f  1 8  

f u l l  s t a t i s t i c a l  a n a ly s e s  t o  d a t e  ( S m a r t ,  J a s i e n i a k  e t  a l .  2 0 0 3 ) .  E x a m p le s  o f  r e s u l t s  f r o m  s a m p le s  

s u p p l i e d  b y  t h e  c l i e n t  f r o m  r o u g h e r  a n d  r o u g h e r  s c a v e n g e r  f l o t a t i o n  a r e  s h o w n  i n  F i g u r e  6 .  

P o o r  f l o t a t i o n  k i n e t i c s  w e r e  e x h i b i t e d  b y  f i n e  s p h a l e r i t e  ( - 1 0  J i m )  c o p p e r - a c t i v a t e d  d o w n  

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

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

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

p H  1 0 . 5  a d j u s t e d  w ri t h  l i m e ,  c o l l e c t o r  a d d i t i o n  o f  I B X ,  a n d  c o p p e r  s u l f a t e  a c t i v a t i o n .  

S p h a l e r i t e  p a r t i c l e s  i n  t h e  - 1 0 - ^ . m  s iz e  r a n g e  w e r e  s e l e c t e d  u s i n g  t h e  R O I  m e t h o d o l o g y  s o  

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

6  s h o w  t h e  m e d i a n  v a l u e  o f  e a c h  p o s i t i v e  a n d  n e g a t i v e  i o n  s i g n a l  w i t h  t h e  9 5 %  c o n f i d e n c e  

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

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

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

f i r s t  l e v e l  o f  s t a t i s t i c a l  a n a l y s i s ) .  O t h e r  s i g n a l s  a r e  c l e a r l y  s t a t i s t i c a l l y  d i f f e r e n t  w i t h  d i s s i m i l a r  

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

c o n c e n t r a t e  s t r e a m s  is  i n d i c a t e d  f o r  Z n ,  C u ,  a n d  N a  w i t h  d i s c r i m i n a t i o n  i n t o  t h e  t a i l  f o r  

i n c r e a s i n g  F e ,  K ,  S i ,  A l ,  a n d  p a r t i c u l a r l y  M g .  L o w  s u r f a c e  c o n c e n t r a t i o n s  o f  C a  a p p e a r  t o  

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

a n d  t a i l .  I n  n e g a t i v e  i o n  S I M S ,  t h e  c o n c e n t r a t e s  a r e  s t a t i s t i c a l l y  f a v o r e d  b y  h i g h  e x p o s u r e  o f
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(+) SIMS. Sphalerite Particles (Slimes)

C CH O OH F S SOa IBX

S o u rce : S m a rt, Ja s ie n ia k  e t a l. 2003 .

FIGURE 6 Statistical TOF-SIMS spectra for sphalerite particles in the scavenger tail, 
scavenger concentrate, and rougher concentrate (bars = 95% confidence intervals)

S ,  C H ,  a n d  b y  l o w  s u r f a c e  e x p o s u r e  o f  F ,  O H ,  a n d  O .  M o r e  d e t a i l e d  e x a m i n a t i o n  o f  t h e  c o l ­

l e c t o r  I B X  s i g n a l  s h o w s  c lo s e  c o r r e l a t i o n  w i t h  t h e  C u  s i g n a l s .  B u t  t h e  o x y - s u l f u r  S O ,  s i g n a l s  

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

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

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

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

a n d  a s s o c ia t e d  I B X  o n  f i n e  s p h a l e r i t e  i n  t h e  t a i l  s t r e a m ,  i n d i c a t i n g  l o w  h y d r o p h o b i c i t y  o f  

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

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

i n g  c o p p e r  a c t i v a t i o n .  O x i d a t i o n  t o  o x y - s u l f u r  s p e c ie s  is  n o t  a  m a j o r  f a c t o r  i n  t h e  d e p r e s s i o n  

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

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

A  s e c o n d  e x a m p l e  o f  t h i s  s t a t i s t i c a l  a n a l y s i s  f o r  c h a l c o p y r i t e  i n  t h e  O T M L  s y s t e m  h a s  

r e c e n t l y  b e e n  p u b l i s h e d  ( P i a n t a d o s i ,  P y k e ,  a n d  S m a r t  2 0 0 1 ) .  I t  h a s  b e e n  p o s s i b l e  t o  e s t i m a t e  

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

u s i n g  t h e  s a m e  c o l l e c t o r .
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S o u rce : H a rt, B ie s ing e r, and  S m a rt 2006.

FIGURE 7 Second PC image scores and factor loadings for positive ion TOF-SIMS image data 
from the chalcopyrite/pyrite/sphalerite mixture.Top: autoscaled data; bottom: mean centered 
data. Images are 100 x 100 microns. Positive factor loadings appear bright in image; negative 
loadings appear dark.

Principal Component Analysis: Phase Recognition and Statistics

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

p o n e n t  a n a l y s i s  ( P C A )  a p p l i e d  t o  t h e  m a s s  s p e c t r a .  R e l i a b l e  i d e n t i f i c a t i o n  o f  s p e c i f i c  m i n ­

e r a l  p a r t i c l e s  is  c e n t r a l  t o  t h i s  s t a t i s t i c a l  a n a l y s i s .  A  c h a l c o p y r i t e / p y r i t e / s p h a l e r i t e  m i n e r a l  

m i x t u r e  c o n d i t i o n e d  a t  p H  9  f o r  2 0  m i n u t e s  t o  s t u d y  t r a n s f e r  o f  C u  f r o m  c h a l c o p y r i t e  v i a  

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

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

p e r  i n t e n s i t i e s  o n  p y r i t e  a n d  s p h a l e r i t e  ( s e l e c t e d  f r o m  F e  a n d  Z n  i m a g e s )  a f t e r  t h i s  c o n d i ­

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

n e g a t i v e l y )  i n  i m a g e s  o r  s p e c t r a  f r o m  s e ts  o f  d a t a .  I n  im a g e s ,  P C A  s e le c t s  t h e s e  c o r r e l a t i o n s  

f r o m  t h e  m a s s  s p e c t r a  r e c o r d e d  a t  e a c h  o f  2 5 6  x  2 5 6  p i x e l s  i n  a  s e le c t e c i  a r e a  o f  p a r t i c l e s .  I n  

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

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

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

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

( i o n  y i e l d  i n t e n s i t y )  f l u c t u a t i o n s .  T h e  s e c o n d  a n c i  s u b s e q u e n t  p r i n c i p a l  c o m p o n e n t s  ( P C s )  

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

F i g u r e  7  i l l u s t r a t e s  t h e  s e l e c t i o n  o f  s p h a l e r i t e ,  c h a l c o p y r i t e ,  a n c i  p y r i t e  p h a s e s  i n  t h e  s e c o n d  

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

i o n s  f r o m  c h a l c o p y r i t e  d i s s o l u t i o n  t o  b o t h  p y r i t e  ( S m a r t  1 9 9 1 ;  H a r t  e t  a l .  2 0 0 4 ;  H a r t ,  

B i e s i n g e r ,  a n d  S m a r t  2 0 0 6 )  a n d  s p h a l e r i t e  s u r f a c e s  ( F i n k e l s t e i n  1 9 9 7 )  is  c o n f i r m e d  b y  t h e  

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

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

T h e  P C A  m e t h o d  h a s  b e e n  a p p l i e d  t o  c o n c e n t r a t e  a n d  t a i l  s a m p le s  c o l l e c t e d  f r o m  t h e  

I n c o  M a t t e  C o n c e n t r a t o r  d e m o n s t r a t i n g  e x t e n s i v e  C u O H  a n c i  N i O H  t r a n s f e r  b e t w e e n  t h e
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c h a l c o c i t e  ( C c )  a n d  h e a z l c w o o d i t e  ( H z )  m i n e r a l s  ( H a r t  e t  a l .  2 0 0 4 ) .  T h e  P C s  g a v e  e x c e l l e n t  

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

c lo s e  c o r r e s p o n d e n c e  i n  t h e s e  c o r r e l a t i o n s  b e t w e e n  t h e  i s o t o p e s  o f  C u  ( 6 3 ,  6 5 )  a n d  N i  ( 5 8 ,  

6 0 )  g a v e  f u r t h e r  c o n f i d e n c e  i n  t h e  i n t e r p r e t a t i o n .  S t a t i s t i c a l  d i f f e r e n c e s  i n  n o r m a l i z e d  i n t e n ­

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

a c t i o n  o f  N i O H  i n  f l o t a t i o n  d e s p i t e  t h e  a c t i v a t i o n  o f  H z  b y  C u  t r a n s f e r .  T h e  i n a d v e r t e n t  

f l o t a t i o n  o f  H z  i n  t h e  c o n c e n t r a t e  a p p e a r s  t o  b e  a  r e s u l t  o f  C u  a c t i v a t i o n  ( 0 . 1 6 ) .  T h e r e  is  a ls o  

a b u n d a n t  C u  o n  H z  p a r t i c l e s  i n  t h e  t a i l s  ( 0 . 0 8 ) ,  b u t  t h i s  is  a b o u t  h a l f  t h a t  i n  t h e  c o n c e n t r a t e .  

T h e  C u  d i s t r i b u t i o n  b e t w e e n  C c  a n d  H z  p a r t i c l e s  i n  b o t h  c o n c e n t r a t e  a n d  t a i l s  is  t h e  s a m e  

w i t h i n  s t a t i s t i c a l  9 5 %  c o n f i d e n c e  i n t e r v a l s .  T h e  la r g e  s t a t i s t i c a l  d i f f e r e n c e  is  i n  t h e  N i  d i s t r i ­

b u t i o n  w h e r e  t h e r e  is  m u c h  m o r e  ( ~ 5 x )  h y d r o p h i l i c  N i  i o n s  o n  C c  p a r t i c l e s  i n  t h e  t a i l  c o m ­

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

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

e x p o s u r e  o f  C u  o n  C c  p a r t i c l e s  i n  t h e  t a i l s  a s  c o m p a r e d  w i t h  c o n c e n t r a t e  is  ~ 0 . 5 ,  c o r r e ­

s p o n d i n g  t o  a n  i n c r e a s e  i n  N i  e x p o s u r e  o f  ~ 7 . 5 .  B o t h  C u  a c t i v a t i o n  o f  H z  a n d  N i  d e p r e s s i o n  

o f  C c  a r e  c l e a r l y  o p e r a t i n g  i n  t h i s  s y s t e m .  T h e r e  is  a l s o  c o n s i d e r a b l y  m o r e  c o l l e c t o r  ( > 4 x )  o n  

C c  p a r t i c l e s  i n  t h e  c o n c e n t r a t e  t h a n  i n  t h e  t a i l s .  I n  t h e  t a i l  s a m p le s ,  t h e r e  is  n o  s t a t i s t i c a l  d i f ­

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

a c t i o n  o f  C a  i o n s  is  n o t  f o u n d  t o  b e  s e l e c t i v e  i n  t h i s  s u r f a c e  a n a l y s i s .  C a  is  f o u n d  o n  b o t h  C c  

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

c h a l c o c i t e  h y d r o p h o b i c / h y d r o p h i l i c  r a t i o  is ,  t h e r e f o r e ,  r e l a t e d  t o  t h e  p r e s e n c e  o f  N i  i o n s  o n  

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

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

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

TIME OF FLIGHT LASER IONIZATION MASS S PE C TR O ME T R Y
L a s e r  p r o b e  m i c r o a n a l y s i s  c o m b i n i n g  l a s e r  e x c i t a t i o n  o f  s m a l l  s a m p le s  w i t h  a  t i m e -  o f - f l i g h t  

m a s s  s p e c t r o m e t e r  d a t e s  b a c k  t o  t h e  m i d - 1 9 6 0 s  ( R u c k m a n  1 9 8 6 ) .  T h e  a p p l i c a t i o n  o f  t h e  

t i m e - o f - f l i g h t  l a s e r  i o n i z a t i o n  m a s s  s p e c t r o m e t r y  ( T O F - L I M S )  t o  a n a l y z e  s o l i d  s u r f a c e s  w a s  

i n t r o d u c e d  i n  1 9 8 6  b y  C l a r k e ,  R u c k m a n ,  a n d  D a v e y .  I n  1 9 8 8 ,  w h i l e  a n a l y z i n g  p v r i t e  f r o m  

t h e  B r u n s w i c k  C u - P b - Z n  c o n c e n t r a t o r ,  i t  w a s  a c c i d e n t a l l y  d i s c o v e r e d  t h a t  f r e e  p y r i t e  p a r t i c l e s ,  

d e v o i d  o f  g a l e n a  i n c l u s i o n s ,  h a d  s i g n i f i c a n t  l e v e l s  o f  l e a d  o n  t h e i r  s u r f a c e s .  T h e  a n a ly s e s  

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

c o m p a r e d  t o  r e j e c t e d ,  f r e e  p y r i t e s .  T h u s ,  t h e  p o t e n t i a l  o f  T O F - L I M S  t o  a n a l y z e  t h e  s u r f a c e  

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

d u r i n g  d i f f e r e n t i a l  f l o t a t i o n ,  c o n c e n t r a t e  d i l u t i o n ,  a n d  r e j e c t i o n  o f  f r e e  v a l u a b l e  m i n e r a l s ,  

w a s  r e c o g n i z e d .  C o m p a r a t i v e  s u r f a c e  m i c r o a n a l y s i s  b y  T O F - L I M S  d i d  b e c o m e  a n  i n t e g r a l  

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

i n  ( C u ) P b - Z n ,  ( A u ) C u ,  a n d  p l a t i n u m - g r o u p  e l e m e n t  ( P G E )  f l o t a t i o n  p l a n t s  ( 5 4  i n  t o t a l  

d u r i n g  t h e  l a s t  1 5  y e a r s ) .

Sample Preparation

S a m p le  p r e p a r a t i o n  f o r  s u r f a c e  m i c r o a n a l y s i s  w i t h  t h e  l a s e r  m i c r o p r o b e  w a s  k e p t  a s  s i m p l e  a s  

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

n i t u d e  a s  o p p o s e d  t o  a b s o l u t e  v a lu e s ,  d i c t a t e  t h e  d i s t i n c t  r e s p o n s e  t o  f l o t a t i o n  o f  o t h e r w i s e  

s i m i l a r  p a r t i c l e s .  T h e  o n l y  r e q u i r e m e n t  is  t h a t  a l l  s a m p le s  a r e  t r e a t e d  i n  e x a c t l y  t h e  s a m e  w a y .
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T h e  s a m p l e  p r e p a r a t i o n  p r o t o c o l  r e q u i r e s  c u t t i n g  r e p r e s e n t a t i v e  s a m p le s ,  H l t e r i n g ,  f o l l o w e d  

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

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

e r a l s  ( e . g . ,  g a l e n a ,  p y r r h o t i t e ) .  G r a v i t y  s e p a r a t i o n  b y  p a n n i n g  is  u s e d  o n l y  w h e n  r e q u i r e d  t o  

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

s c o p e  ( e . g . ,  g o l d ,  P G E  m i n e r a l s ) .  T y p i c a l l y ,  2 0  t o  3 0  p a r t i c l e s  o f  t h e  m i n e r a l  o f  i n t e r e s t  a r e  

p i c k e d  f r o m  e a c h  s a m p le  o r  f r o m  t w o  s iz e  f r a c t i o n s  o f  t h e  s a m e  s a m p l e  w h e n  c o m p o s i t i o n a l  

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

Analysis

T h e  c o m m e r c i a l l y  a v a i l a b l e  l a s e r  m i c r o p r o b e  i n s t r u m e n t s ,  t h e  L I M A - 2 A ,  a n d  i t s  s u c c e s s o r  

t h e  P R I S M ,  u s e  C a s s e g r a i n  o p t i c s ,  w h i c h  p e r m i t  s p e c i m e n  i l l u m i n a t i o n  a n d  v i e w i n g ,  la s e r  

i r r a d i a t i o n ,  a n d  i o n  e x t r a c t i o n — a l l  n o r m a l  t o  t h e  s a m p l e  s u r f a c e  ( F i g u r e  8 ) .  T h i s  u n i q u e  

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

e f f e c t s  a n d  in c r e a s e s  e l e m e n t a l  s e n s i t i v i t y .  T h e  u s e  o f  a  t w o - l a s e r  s y s t e m  ( F i g u r e  9 )  f o r  t h e  

n o n r e s o n a n t  m u l t i p h o t o n  i o n i z a t i o n  ( N R - M P I )  o f  n e u t r a l s  a b l a t e d  b y  t h e  la s e r  m i c r o p r o b e  

t e c h n i q u e  ( S c h u e l e r ,  O d o m ,  a n d  E v a n s  1 9 8 6 )  a l l o w s  f o r  t h e  d e c o u p l i n g  o f  t h e  s a m p l i n g  

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

w ’ h e r e  o n l y  c o p p e r  is  d e t e c t e d  f r o m  a  c o p p e r - a c t i v a t e d  s p h a l e r i t e  p a r t i c l e  ( i . e . ,  m o n o l a y e r  

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

l i m i t s  i n  t h e  1 - 5 0 - p p m  r a n g e  ( F i g u r e  1 0 ) .  T h e  a n a l y t i c a l  s p o t  s iz e  ( 1  t o  3 0  | , lm )  a n d  s u r f a c e  

s e n s i t i v i t y  ( 0 . 0 0 1  t o  0 . 0 2 5 )  a r e  i n v e r s e l y  r e l a t e d  t o  t h e  d e g r e e  o f  f o c u s i n g  a n d  t h e  p o w e r  o f  

t h e  a b l a t o r  la s e r .  L a s e r  p r o b e  m i e r o a n a l v s i s  is  v e r y  f a s t ,  w r i t h  m o r e  t h a n  1 0 0  a n a ly s e s  p e r ­

f o r m e d  a n d  p r o c e s s e d  p e r  h o u r .  T h u s ,  l a r g e  d a t a  s e ts ,  t y p i c a l l y  2 0 0 - 4 0 0  s t r o n g ,  a r c  c o l ­

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

a n d  r a n k  a c t i v a t o r s  a n d  d e p r e s s a n t s  ( B o l i n ,  C h r y s s o u l i s ,  a n d  M a r t i n  1 9 9 7 ) .  R o t a t i o n a l  f a c ­

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

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

T h e  T O F - L I M S  t e c h n i q u e  i n  t h e  N R - M P I  m o d e  is  i d e a l l y  s u i t e d  f o r  e l e m e n t a l  s u r f a c e  

m i c r o a n a l y s i s .  I n  t h e  s i n g l e - l a s e r  n e g a t i v e  i o n  m o d e ,  s i m p l e  r a d i c a l s  ( O H ,  C 0 3 , S O v  S O ^ ,  

A s O ^ ,  F e O H j  a s s o c ia t e d  w i t h  s u r f a c e  o x i d a t i o n  c a n  b e  e a s i l y  d e t e c t e d .  C o l l e c t o r  i d e n t i f i c a ­

t i o n  a n d  l o a d i n g  m e a s u r e m e n t s ,  a l t h o u g h  p o s s i b l e  b y  T O F - L I M S  ( C h r y s s o u l i s  e t  a l .  1 9 9 5 ) ,  

i s  p r e f e r a b l y  d o n e  b y  t h e  c o m p l e m e n t a r y  T O F - S I M S  a n d  v a c u u m  U V  s u r f a c e  a n a l y s i s  b y  

l a s e r  i o n i z a t i o n  ( V U V - S A L I )  t e c h n i q u e s ,  a s  t h e y  a r e  m o r e  s e n s i t i v e  f o r  o r g a n i c  s u r f a c e  

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

D i m o v  1 9 9 5 ) .

T h e  u s e  o f  T O F - L I M S  t o  q u a n t i f y  c h a n g e s  i n  s u r f a c e  c o m p o s i t i o n  h a s  b e e n  e x t e n s i v e l y  

v a l i d a t e d  u s i n g  s e v e r a l  e l e m e n t s  ( e . g . ,  C u ,  P b ,  A u ,  A g )  a n d  m i n e r a l s  ( e . g . ,  p y r i t e ,  s p h a l e r i t e ,  

c a r b o n a c e o u s  m a t t e r ) .  T w o  e x a m p le s  a r c  t h e  l i n e a r  r e l a t i o n s h i p  o f  T O F - L I M S  d a t a  o n  s u r ­

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

( C h r y s s o u l i s ,  K i m ,  a n d  S t o w e  1 9 9 4 ) ;  a n d  t h e  s u r f a c e  c o n c e n t r a t i o n  v a lu e s  o f  c o p p e r  ( i n  

a t o m i c  % )  m e a s u r e d  b y  X P S  ( S t o w e  e t  a l .  1 9 9 3 ) .  Q u a n t i f i c a t i o n  o f  T O F - L I M S  s u r f a c e  d a t a  is  

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

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

C h r y s s o u l i s  1 9 9 7 ) .  S u r f a c e  c h a r a c t e r i z a t i o n  b y  T O F - L I M S  a n d ,  i n  f a c t ,  a n y  o t h e r  s u r f a c e  

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

l o w u p  i n v e s t i g a t i o n  o n  a  l i b e r a t i o n  s t u d y ,  w h i c h  i d e n t i f i e d  l i b e r a t e d  m i n e r a l s  o f  r e a d i l y
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FIGURE 10 Successive TOF-LIMS spectra obtained from the uppermost surface layers of Cu- 
activated sphalerite grain by firing the ablator laser at the same site three times

G rinding Cu-Pb Flotation

Concentrate

FIGURE 11 Brunswick mill flowsheet

i n a d v e r t e n t l y  a c t i v a t e d .  P r e - a c t i v a t i o n  b y  l e a d  i o n s  o r i g i n a t i n g  f r o m  g a l e n a  b e g in s  a s  s o o n  a s  

t h e  m i n e r a l s  a r e  c o n t a c t e d  w i t h  w a t e r  ( K i m ,  C h r y s s o u l i s ,  a n d  S t o w e  1 9 9 5 ) .  M o s t  o f  t h e  

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

g a le n a  t o  t h e  C u - P b  c o n c e n t r a t e  s e p a r a t i o n  c i r c u i t .  O n  t h e  o t h e r  h a n d ,  t h e  l e a d - a c t i v a t e d  

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

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

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

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

c e s s f u l  p i l o t - p l a n t  t e s t i n g ,  g a l e n a  f l a s h  f l o t a t i o n  w a s  i n t r o d u c e d  i n  1 9 9 8  w i t h  r e m a r k a b l e  

r e s u l t s  b o t h  i n  t h e  C u - P b  a n d  Z n  c i r c u i t s .
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P r o b a b l y  c h e  m o s t  i m p o r t a n t  f a m i l y  o f  f l o t a t i o n  c h e m i c a l s  is  p H  m o d i f i e r s .  A  p l a n t  

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

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

f l o t a t i o n  k i n e t i c s  a n d  o n  m i n e r a l  s e l e c t i v i t y .  T O F - L I M S  s u r f a c e  m i c r o a n a l y s i s  w a s  o n e  o f  

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

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

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

t h e  s o d a  a s h - l i m e  c o m b i n a t i o n  w a s  t o  m a i n t a i n  t h e  b e n e f i t  o f  t h e  a d d i t i o n a l  C u  a c t i v a t i o n  

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

C a  o n  t h e  p y r i t e  b y  i n c r e a s i n g  c o v e r a g e  ( N e s s e t  e t  a l .  2 0 0 1 ) .  T h e  B r u n s w i c k  c o n c e n t r a t o r  

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

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

t i o n  o n  p y r i t e .  C a  is  a d d e d  a f t e r  C u  ( K i m  e t  a l .  1 9 9 7 ) .

Boliden Cu-Pb-Zn Concentrator

W h e n  t r e a t i n g  P e t i k n a s  S o u t h  o r e  a t  t h e  B o l i d e n  c o n c e n t r a t o r  ( S w e d e n ) ,  p y r i t e  f l o a t i n g  t o  

t h e  C u - P b  r o u g h e r  c o n c e n t r a t e  is  l a r g e l y  l i b e r a t e d  a n d  is  m o s t  a b u n d a n t  i n  t h e  h i g h l y  f l o a t ­

a b le  2 0 - 4 0 - u . m  s iz e  r a n g e ,  i n d i c a t i v e  o f  t r u e  f l o t a t i o n .  T O F - L I M S  a n a l y s i s  r e v e a l e d  t h a t  i t s  

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

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

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

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

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

m a y  i n d e e d  c o n t r o l  p y r i t e  f l o t a t i o n  ( B o l i n ,  C h r y s s o u l i s ,  a n d  M a r t i n  1 9 9 7 ) .

Fine Sulfide Particles

T O F - L I M S ,  b e c a u s e  o f  i t s  t i n y  1 - 3 - f . u n  a n a l y t i c a l  s p o t  s iz e ,  w a s  u s e d  i n  t w o  c a s e s  t o  i d e n t i f y  

d i f f e r e n c e s  i n  s u r f a c e  c o m p o s i t i o n  b e t w e e n  c o a r s e r  ( > 2 0  | i m )  a n d  f i n e  ( < 5  [ i n i )  p a r t i c l e s  o f  

p e n t l a n d i t e  f r o m  I n  c o s  C l a r a b e l l e  m i l l  ( C a n a d a )  ( C h r y s s o u l i s  e t  a l .  1 9 9 1 )  a n d  o f  g a l e n a  

f r o m  M I M ’s l e a d - z i n c  m i l l  t h a t  c o u l d  b e  p a r t l y  r e s p o n s i b l e  f o r  t h e  s l o w e r  f l o t a t i o n  k i n e t i c s  

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

f i n e r  p a r t i c l e s .

Gold Flotation

F r e e  g o l d  p a r t i c l e s  o f  f l o a t a b l e  s iz e  c la s s e s  ( 7 - 1 5 0  urn) i n  g e n e r a l  a c c o u n t  f o r  < 1 0 %  o f  t h e  

g o l d  lo s s e s  i n  f i n a l  f l o t a t i o n  t a i l s  ( C h r y s s o u l i s ,  D u n n e ,  a n d  C o e t z e e  2 0 0 4 ) .  E v i d e n t l y ,  s u r ­

f a c e  m o d i f i e r s  p l a y e d  a  r o l e  i n  t h e i r  r e j e c t i o n .  C o m p a r a t i v e  s t a t i s t i c a l  a n a l y s i s  o f  T O F - L I M S  

d a t a  o n  f l o a t e d  v e r s u s  r e j e c t e d  f r e e  g o l d  f r o m  1 0  f l o t a t i o n  p l a n t s  f o u n d  t h a t  s u r f a c e  c o m p o ­

s i t i o n a l  c h a n g e s  c o m p r o m i s e d  g o l d  f l o a t a b i l i t y  i n  a  n u m b e r  o f  w a y s  ( F i g u r e  1 2 ) .  E x c e s s i v e  

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

t h i s  m o s t l y  o c c u r r i n g  i n  t h e  c l e a n e r  c i r c u i t .  R a m p i n g  u p  t h e  p H  i n  t h e  c l e a n e r s  is  o n e  w a y  t o  

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

r e g r i n d  a t  m o d e s t  d o s a g e s .

T h e  c o n c e n t r a t o r  a t  L o s  P e l a m b r e s  is  a  g o o d  e x a m p l e  o f  a  p r o c e s s  w h e r e  s u r f a c e  c h a r a c ­

t e r i z a t i o n  o f  f r e e  g o l d  p a r t i c l e s  b y  T O F - L I M S  f o s t e r e d  a n  i n c r e a s e  i n  g o l d  r e c o v e r y .  T h e  

p o r p h y r y  c o p p e r  o r e  a s s a y in g  1 . 0 %  C u ,  0 . 0 2 %  M o ,  w i t h  0 . 0 3 - 0 . 0 5 g  A u / t ,  i s  p r o c e s s e d  u s i n g  

a  s t a n d a r d  C u - M o  f l o t a t i o n  c i r c u i t  a t  a  r a t e  o f  1 8 0 , 0 0 0  t p d .  G o l d  d e p o r t m e n t s  o n  1 2 - h o u r
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FIGURE 12 Ranking of inorganic surface modifiers affecting gold floatability, based on 
comparative analysis of floated and rejected free native gold and electrum particles from the 
concentrators. Numbers in parentheses give frequency of occurrence.

c o m p o s i t e  s a m p le s  o f  t h e  r o u g h e r  a n d  c l e a n e r  s c a v e n g e r  t a i l s  a s s a y in g  0 . 0 1 0  a n d  0 . 0 2  l g  A u / t ,  

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

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

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

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

( C h r y s s o u l i s  2 0 0 1 ) .  B a s e d  o n  t h e s e  f i n d i n g s ,  a  s h o r t  f l o t a t i o n  p r o g r a m  w a s  d e s i g n e d  t o  e v a l ­

u a t e  t w o  r e a g e n t s :  N a H S  a n d  3 4 1 8 A .  S o d i u m  h y p o s u l f i t e  w a s  c h o s e n  t o  c o n v e r t  l e a d  c a r ­

b o n a t e  o n  t h e  s u r f a c e  o f  r e j e c t e d  f r e e  g o l d  g r a i n s  t o  s u l f i d e ,  w h e r e a s  3 4 1 8 A  is  k n o w n  t o  b e  

a n  e x c e l l e n t  g a l e n a  a n d  s i l v e r  m i n e r a l  c o l l e c t o r .  F o l l o w i n g  p l a n t  t r i a l s  a t  m o d e s t  d o s a g e s ,  

2 0 g / t  N a H S  a n d  0 . 5 g / t  3 4 1 8 A ,  o v e r a l l  g o l d  r e c o v e r y  w a s  i m p r o v e d  b y  7  p e r c e n t a g e  p o i n t s .

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

g a n i c / o r g a n i c  s u r f a c e  m i c r o a n a l y s i s  t o  c h a r a c t e r i z e  t h e  f a c t o r s  t h a t  c o n t r o l  t h e  f l o t a t i o n  

k i n e t i c s  o f  f r e e  g o l d .  S u r f a c e  m i c r o a n a l y s i s  o f  e q u a n t  a n d  la r g e  f l a k y  g o l d  p a r t i c l e s  f r o m  c o n ­

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

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

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

c e n t r a t i o n  o f  s i l v e r  a n d  t h e  c o l l e c t o r  m o n o m e r  ( F i g u r e  1 3 ) .  T h e s e  t w o  o b s e r v a t i o n s  c o n f i r m  

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

n o t  f u l l y  r e c o g n i z e d ,  r o l e  i n  g o l d  f l o t a t i o n .  I t  w a s  a l s o  d e t e r m i n e d  t h a t  l a r g e  g o l d  f l a k e s  

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

INFRARED S P E C T R O S C O P Y
S e l e c t i v e  s e p a r a t i o n  o f  m i n e r a l  c o m p o n e n t s  is  a c h i e v e d  b y  a d d i t i o n  o f  s p e c i f i c  c o l l e c t o r s ,  

a c t i v a t o r s ,  d e p r e s s a n t s ,  o r  m o d i f i e r s  a n d  m a n i p u l a t i o n  o f  s o l u t i o n  c o n d i t i o n s  ( i . e . ,  p H ,  E h ,  

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

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

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

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

p h e n o m e n a  a t  m o l e c u l a r  a n d  a t o m i c  le v e l s  a t  t h e  i n t e r f a c e s  o f  n a t u r a l  m i n e r a l s  c o n t a c t e d
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Silver on Surface o f Gold Grains, arbitrary units

FIGURE 13 Correlation of DIBDTP and potassium amyl xanthate (PAX) loadings with surface 
concentration of silver (all in arbitrary units) on gold grains from sequential concentrates C1-C5 
of a staged rougher test. DIBDTP (1 g/t) and PAX (12 g/t) were added in the mill.

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

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

e x p e r i m e n t a l  t e c h n i q u e s .

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

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

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

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

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

i n t e r a c t i o n  o f  t h e  i n f r a r e d  b e a m  w i t h  t h e  s a m p le  e x a m i n e d  t o  e n s u r e  n o n d e s t r u c t i v e  a n a ly s is .

Infrared External Reflection Technique

I n  r e c e n t  y e a r s ,  a n  i n f r a r e d  e x t e r n a l  r e f l e c t i o n  t e c h n i q u e  w a s  d e v e l o p e d  ( J . A .  M i e l c z a r s k i  

a n d  Y o o n  1 9 8 9 ;  J . A .  M i e l c z a r s k i  1 9 9 3 ;  J . A .  M i e l c z a r s k i  a n d  M i e l c z a r s k i  1 9 9 5 ,  1 9 9 9 ;  E .  M i e l c z a r s k i ,  

D u v a l ,  a n d  M i e l c z a r s k i  2 0 0 2 )  t h a t  o f f e r s  t h e  a b i l i t y  t o  o v e r c o m e  e x p e r i m e n t a l  p r o b l e m s  a n d  

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

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

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

a n y  o t h e r  s i n g l e  t e c h n i q u e .

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

a  m u l t i l a y e r  s y s t e m .  A  s c h e m a t i c  d i a g r a m  f o r  a  s i m p l e  t h r e e - p h a s e  s y s t e m  is  p r e s e n t e d  i n  F i g ­

u r e  1 4 .  F o r  p o l a r i z a t i o n  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  i n c i d e n t  b e a m  ( s - p o l a r i z a t i o n ) ,  

t h e r e  is  o n l y  o n e  e l e c t r i c  v e c t o r ,  E ± Y , p a r a l l e l  t o  t h e  s u b s t r a t e  p l a n e .  H e n c e ,  o n l y  m o l e c u l a r  

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

d i r e c t i o n  c a n  i n t e r a c t  w i t h  t h e  i n c i d e n t  r a d i a t i o n  a n d  p r o d u c e  a n  a b s o r b a n c e  b a n d ,  A . 

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

w i t h  t h e  s a m e  d i s t a n c e  f r o m  i n t e r f a c e  ( F i g u r e  1 4 ) ,  i t  i s  e x p e c t e d  t h a t  t h e  a b s o r b a n c e ,  A L Y  > 

w i l l  s h o w  t h e  h i g h e s t  v a l u e .  N o  i n t e r a c t i o n  a n d ,  o b v i o u s l y ,  n o  a b s o r b a n c e  b a n d  a r e  o b s e r v e d
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FIGURE 14 Schematic diagram of the interaction of electric field vectors in three directions 
with a simple three-phase system. Also shown is a xanthate molecule with dipole transition 
moments shown for the asymmetric stretching vibrations of the SCS group (parallel to 
interface) and of the asymmetric stretching vibrations of the COC group (almost vertical to 
interface).

w h e n  t h e  s u l f u r - c a r b o n - s u l h i r  ( S C S )  g r o u p  is  t u r n e d  9 0 °  f r o m  t h e  p o s i t i o n  p r e s e n t e d  i n  F i g ­

u r e  1 4 ,  a n d  t h e  d i p o l e  t r a n s i t i o n  m o m e n t  o f  t h e  a s y m m e t r i c  v i b r a t i o n  o f  t h e  S C S  g r o u p  

b e c o m e s  v e r t i c a l  t o  i n t e r f a c e .  F o r  p a r a l l e l  p o l a r i z a t i o n  ( p - p o l a r i z a t i o n ) ,  t h e r e  a r e  t w o  e l e c ­

t r i c  f i e l d  v e c t o r  c o m p o n e n t s  a t  t h e  i n t e r f a c e :  o n e  p a r a l l e l ,  E I I X , a n d  o n e  p e r p e n d i c u l a r ,  E 1 IZ , 

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

F i g u r e  1 4 ,  t w o  a b s o r b a n c e  b a n d s — t h e  A 1LX f o r  t h e  S C S  v i b r a t i o n  g r o u p  a n d  t h e  A I1Z  

r e l a t e d  t o  t h e  c a r b o n - o x y g e n - c a r b o n  ( C O C )  g r o u p  v i b r a t i o n — w i l l  b e  p r e s e n t  i n  t h e  

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

s h o w  r e v e r s e  a b s o r b a n c e ;  t h e  f i r s t  o n e  p r o d u c e s  n e g a t i v e  a b s o r b a n c e ,  a n d  t h e  s e c o n d  o n e  is  

p o s i t i v e .

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

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

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

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

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

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

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

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

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

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

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

t h e  d e t a i l s  a b o u t  t h e  m i n e r a l - a q u e o u s  s o l u t i o n  i n t e r a c t i o n s  t o  b e  o b t a i n e d ,  i n c l u d i n g  t h e

• N a t u r e  o f  t h e  a d s o r b e d  p r o d u c t s ,  a n d  b y  w h i c h  m o l e c u l a r  g r o u p  a d s o r p t i o n  t a k e s  p la c e

• A d s o r b e d  q u a n t i t i e s  o f  d i f f e r e n t  s u r f a c e  p r o d u c t s  ( s t a r t i n g  f r o m  2 0 %  o f  m o n o l a y e r )

• S u r f a c e  d i s t r i b u t i o n  o f  t h e  a d s o r b e d  s p e c ic s  ( u n i f o r m  l a y e r  o r  p a t c h e s  w i t h  d e t e r ­

m i n e d  t h i c k n e s s )

• M o l e c u l a r  o r i e n t a t i o n  o f  t h e  a d s o r b e d  s p e c ie s  ( t h r o u g h  o r i e n t a t i o n  o f  p a r t i c u l a r  

f u n c t i o n a l  g r o u p s )

• M o l e c u l a r  r e c o g n i t i o n  ( s e l e c t i v e  a d s o r p t i o n  o n  s p e c i f i c  s u r f a c e  s i t e s )

• L a t e r a l  i n t e r a c t i o n  b e t w e e n  t h e  a d s o r b e d  c o l l e c t o r  m o l e c u l e s

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

p r o d u c t s ,  a n d  s u r f a c e  m o b i l i t y  o f  t h e  a d s o r b e d  s p e c ie s
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FIGURE 15 Results of infrared external reflection technique: (left) reflection spectra of 
xanthate on chalcocite, solution of 5 x 10-5 M and pH 9.2: (a) after 3 minutes of adsorption and 
(b) after 30 minutes of conditioning; (center) simulated reflection spectra of an isotropic 1-nm 
layer for different polarization and incident angles; (right) determined molecular arrangement 
of xanthate on chalcocite surface after conditioning.

T h i s  i n f o r m a t i o n  le a d s  t o  t h e  d e t e r m i n a t i o n  o f  t h e  m e c h a n i s m s  a n d  d y n a m i c s  o f  s u r ­

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

t h i s  p r o c e s s .

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

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

m i n e r a l s .  T h e r e  is  n o  l i m i t ;  a l l  t y p e s  o f  m i n e r a l  s a m p le s  c a n  b e  i n v e s t i g a t e d .  T h e  e x p e r i ­

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

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

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

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

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

t h e  t e c h n i q u e .

E x a m p l e s  o f  r e s u l t s  a r e  p r e s e n t e d  i n  F i g u r e  1 5 .  E x p e r i m e n t a l  s p e c t r a  r e c o r d e d  a t  t h r e e  

a n g le s  o f  i n c i d e n t  b e a m  a n d  p - p o l a r i z a t i o n  ( F i g u r e  1 5 ,  l e f t )  a r e  c o m p a r e d  w i t h  s i m u l a t e d  

s p e c t r a  ( F i g u r e  1 5 ,  c e n t e r ) ,  a n d  t h e  s i m i l a r i t y  a n d  d i f f e r e n c e s  ( f o r  e x a m p le  a t  a b o u t  1 , 0 4 0  c m - 1 ) 

i n d i c a t e  t h a t  t h e  h y d r o p h o b i c  p r o d u c t  is  c u p r o u s  x a n t h a t e ;  t h a t  t h e  a d s o r b e d  m o l e c u l e s  a r e  

a t  f i r s t  r a n d o m l y  o r i e n t e d  ( F i g u r e  1 5 ,  l e f t ) ;  a n d  t h a t  a f t e r  c o n d i t i o n i n g ,  t h e y  r e o r g a n i z e  

t h e m s e l v e s  i n  a n  o r i e n t e d  l a y e r  ( F i g u r e  1 5 ,  c e n t e r )  w i t h  t h e  m o l e c u l a r  a r r a n g e m e n t  p r e ­

s e n t e d  i n  F i g u r e  1 5  ( r i g h t )  ( J . A .  M i e l c z a r s k i  e t  a l .  1 9 9 5 )  T h e s e  r e s u l t s  c l e a r l y  e x p l a i n  t h e  

in c r e a s e  i n  h y d r o p h o b i c i t y  d u r i n g  c o n d i t i o n i n g  a n d  r a t i o n a l i z e  t h e  c o n d i t i o n i n g  p r o c e d u r e .

A n o t h e r  a p p l i c a t i o n  is  t h e  m o n i t o r i n g  a n d  i n t e r p r e t a t i o n  o f  t h e  g a l v a n i c  e f f e c t  b e t w e e n  

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

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

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

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

is  m o r e  h y d r o p h o b i c  t h a n  g a le n a  ( F i g u r e  1 6 ) .  T h e s e  r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  t h e  o b s e r v a t i o n s  

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



S o u rce : E. M ie lc z a rs k i and M ie lc z a rs k i 2 003a .

FIGURE 16 Reflection spectra of galena and pyrite after contact with amyl xanthate solution: 
(a) single minerals; (b) minerals in galvanic contact by collision. Open circuit potential (OCP) is 
reported vs. saturated hydrogen electrode (SHE).

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

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

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

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

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

( J . A .  M i e l c z a r s k i  e t  a l .  1 9 9 5 ;  J . A .  M i e l c z a r s k i ,  X u ,  a n d  C a s e s  1 9 9 6 ) ,  c h a l c o p y r i t e  ( J . A .  M i e l ­

c z a r s k i  e t  a l .  1 9 9 5 ;  J . A .  M i e l c z a r s k i ,  M i e l c z a r s k i ,  a n d  C a s e s  1 9 9 7 ,  1 9 9 8 ) ,  t e n a n t i t e ,  t e t r a h e -  

d r i t e  ( J . A .  M i e l c z a r s k i  e t  a l .  1 9 9 5 ;  J . A .  M i e l c z a r s k i ,  M i e l c z a r s k i ,  a n d  C a s e s  1 9 9 7 ) ,  g a le n a ,  

a n d  p y r i t e  ( E .  M i e l c z a r s k i  a n d  M i e l c z a r s k i  2 0 0 3 a ,  b ) .  T h e  c o l l e c t o r s  i n v e s t i g a t e d  w e r e  d i f ­

f e r e n t  x a n t h a t e s ,  c a r b a m i n a t e s ,  a n d  p h o s p h a t e s .  M a j o r  a c h i e v e m e n t s  a r e  a s  f o l l o w s :

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

m i n e r a l  s u r f a c e s ,

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

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

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

s u r f a c e  m o d i f i c a t i o n  c o n d i t i o n s ,  a n d

4 .  U n d e r s t a n d i n g  o f  t h e  d i f f e r e n c e  i n  h y d r o p h o b i z a t i o n  a c t i o n  b e t w e e n  d i f f e r e n t  

x a n t h a t e - t y p e  c o l l e c t o r s .

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

m e n t s  t o  b e  p r o p o s e d  t h a t  h a v e  a l r e a d y  b r o u g h t  b e n e f i t s  t o  t h e  u s e r  ( e . g . ,  J . A .  M i e l c z a r s k i  

e t  a l .  1 9 9 9 ) .  S i m i l a r l y ,  e x t e n s i v e  r e s e a r c h  h a s  b e e n  p e r f o r m e d  o n  s e l e c t i v e  h y d r o p h o b i z a t i o n  

o f  s e m i s o l u b l e  m i n e r a l s  s u c h  a s  f l u o r i t e  ( E .  M i e l c z a r s k i ,  M i e l c z a r s k i ,  a n d  C a s e s  1 9 9 8 ;  J . A .  

M i e l c z a r s k i ,  M i e l c z a r s k i ,  a n d  C a s e s  1 9 9 9 ;  E .  M i e l c z a r s k i  e t  a l .  2 0 0 2 ) ,  a p a t i t e  ( J . A .  M i e l c z a r ­

s k i  a n d  M i e l c z a r s k i  1 9 9 5 ) ,  c a l c i t e  ( J . A .  M i e l c z a r s k i  a n d  M i e l c z a r s k i  1 9 9 9 ) ,  q u a r t z  ( J . A .  

M i e l c z a r s k i  e t  a l .  1 9 9 5 ) ,  a n d  o x i d e s  ( E .  M i e l c z a r s k i  e t  a l .  2 0 0 4 ) .  A  m o r e  g e n e r a l  d e s c r i p t i o n  

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

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

( E .  M i e l c z a r s k i  a n d  M i e l c z a r s k i  2 0 0 3 b ,  2 0 0 5 ) .
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FIGURE 17 Internal reflection configurations: (a) with mineral particles deposited on 
transparent reflection element, and (b) with adsorbed layer on reflection element made of 
transparent mineral

Infrared Internal Reflection Spectroscopy
A n o t h e r  i n f r a r e d  r e f l e c t i o n  t e c h n i q u e ,  w h i c h  e n s u r e s  a  b e t t e r  u n d e r s t a n d i n g  o f  m i n e r a l  s u r ­

f a c e  p h e n o m e n a  t h a t  g o v e r n  s e l e c t i v e  f l o t a t i o n ,  i s  i n t e r n a l  r e f l e c t i o n  s p e c t r o s c o p y  ( I R S ) ,  

a l s o  k n o w n  a s  t h e  a t t e n u a t e d  t o t a l  r e f l e c t i o n  ( A T R )  t e c h n i q u e .  T w o  e x p e r i m e n t a l  

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

s o l u t i o n  a r e  i n  c l o s e  v i c i n i t y  t o  t h e  A T R  e l e m e n t  ( F i g u r e  1 7 a ) .  I n  t h i s  c a s e ,  a  r e f l e c t i o n  s p e c ­

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

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

r a l  o r  s y n t h e t i c  m i n e r a l  ( F i g u r e  1 7 b ) .  T h e  a d s o r p t i o n  l a y e r  is  a l s o  i n  c o n t a c t  w i t h  a q u e o u s  

s o l u t i o n  d u r i n g  m e a s u r e m e n t .

T h e  l a t t e r  a p p r o a c h  is  l i m i t e d  t o  t h e  m i n e r a l s  t h a t  a r e  t r a n s p a r e n t  f o r  i n f r a r e d  r a d i a ­

t i o n ,  s u c h  a s  f l u o r i t e  ( C a F 2 ) ,  s p h a l e r i t e  ( Z n S ) ,  a n d  s o  f o r t h .  T h e  f i r s t  a p p r o a c h  c a n  b e  u s e d  

f o r  a n y  t y p e  o f  m i n e r a l  g r a i n s .  S o m e  e x a m p l e s  o f  m i n e r a l  g r a i n  s u r f a c e  c h a r a c t e r i z a t i o n  

c o u l d  b e  f o u n d  i n  r e p o r t s  b y  M i e l c z a r s k i  a n d  c o l l e a g u e s  ( J . A .  M i e l c z a r s k i  1 9 8 6 ;  J . A .  

M i e l c z a r s k i ,  N o w a k ,  a n d  S t r o j e k  1 9 8 0 ,  1 9 8 3 ;  L e p p i n e n  a n d  M i e l c z a r s k i  1 9 8 6 ) .  T h e  

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

t i v e  a m o u n t s  o f  t h e  d e t e r m i n e d  s u r f a c e  s p e c ie s .  T h e  s e c o n d  a p p r o a c h  is  d e s c r i b e d  i n  m o r e  

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

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

t i o n  a t  m i n e r a l  s u r f a c e s  u s i n g  F T I R / I R S ,  h a v e  b e e n  a c h i e v e d  i n  t h e  l a s t  t w o  d e c a d e s  ( S p e r -  

l i n e ,  M u r a l i d h a r a n ,  a n d  F r e i s e r  1 9 8 7 ;  J a n g  a n d  M i l l e r  1 9 9 3 ;  F a  a n d  M i l l e r  2 0 0 3 ;  K e l l a r ,  

C r o s s ,  a n d  M i l l e r  1 9 8 9 ) .  T h e  r e s u l t s  o f  t h e s e  q u a n t i t a t i v e  m e a s u r e m e n t s  g r e a t l y  i m p r o v e d  

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

f o r  F T I R / I R S  s a m p l i n g  is  s h o w n  i n  F i g u r e  1 8 .  I n  t h e  s a m p l i n g  r e g i o n ,  t h r e e  o p t i c a l l y  d i s ­

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

c i e n t s ,  k t , w h e r e  i  =  1 ,  2 ,  3  ( F i g u r e  1 8 ,  l e f t ) .  T h e  i n f r a r e d  ( I R )  l i g h t  e n t e r s  t h e  i n t e r f a c i a l  

r e g i o n  f r o m  a  d e n s e  p h a s e  ( r e f r a c t i v e  i n d e x  «j) t o  a  r a r e  p h a s e ,  n i [nx > « 3 ) .  T h e  i n t e r f a c i a l  

r e g i o n  t o  b e  p r o b e d  is  t h e  s e c o n d  p h a s e  ( « , )  s a n d w i c h e d  i n  b e t w e e n  t h e  f i r s t  ( i n c i d e n t )  p h a s e  

a n d  t h e  t h i r d  p h a s e .  W h e n  t h e  i n c i d e n t  a n g le  is  l a r g e r  t h a n  t h e  c r i t i c a l  a n g le  8 :  =  s i n - 1  ( « 3 / » j ) ,  

t o t a l  i n t e r n a l  r e f l e c t i o n  o c c u r s ,  a n d  a n  e v a n e s c e n t  o p t i c a l  f i e l d  is  g e n e r a t e d  i n  p h a s e  3  ( F i g ­

u r e  1 8 ,  r i g h t ) .  T h e  g u i d e d  I R  l i g h t  i n s i d e  t h e  i n f r a r e d  e l e m e n t  ( I R E )  e x p e r i e n c e s  m u l t i p l e  

r e f l e c t i o n s  a t  b o t h  s id e s  o f  t h e  I R E  c r y s t a l .  T h i s  e n s u r e s  a  h i g h  s i g n a l - t o - n o i s e  r a t i o  t h a t  is  

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

T h e  s i m p l e s t  q u a n t i t a t i v e  m e a s u r e m e n t  is  a  c o m p a r i s o n  o f  t h e  s p e c t r a  o f  u n k n o w n  

s a m p le s  w i t h  t h o s e  o f  k n o w n  s a m p le s .  T h e  m o l e c u l a r  p a c k i n g  a n g le  ( S i m o n - K u t s c h e r ,  G e r -  

i c k e ,  a n d  F - I u h n e r f u s s  1 9 9 6 ;  J a n g  a n d  M i l l e r  1 9 9 5 ) ,  a d s o r p t i o n  d e n s i t y  ( J a n g  a n d  M i l l e r  

1 9 9 3 ;  J a n g  a n d  M i l l e r  1 9 9 5 ;  T e j e d o r - T e j e d o r  a n d  A n d e r s o n  1 9 9 0 ) ,  a n d  f i l m  o p t i c a l  c o n ­

s t a n t s  ( S p e r l i n e ,  M u r a l i d h a r a n ,  a n d  F r e i s e r  1 9 8 7 ;  J a n g  a n d  M i l l e r  1 9 9 3 ;  F a  a n d  M i l l e r  2 0 0 3 ;
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n-\ > u Incident Phase, n,, /c.

Th ird  Phase, n3, k3

Evanescent Field o > o

n  1111 ) 1 111 i)c = sin 1 (n3/rii) 

n i > n-i

FIGURE 18 Typical FTIR/IRS experimental setup

K e l l a r ,  C r o s s ,  a n d  M i l l e r  1 9 8 9 ;  S i m o n - K u t s c h e r ,  G e r i c k e ,  a n d  H u h n e r f u s s  1 9 9 6 ;  J a n g  a n d  

M i l l e r  1 9 9 5 ;  T e j e d o r - T e j e d o r  a n d  A n d e r s o n  1 9 9 0 ;  B u f f e t e a u  e c  a l .  1 9 9 9 ;  L e e  a n d  S u n g  

2 0 0 1 ;  R e n  a n d  K a c o  2 0 0 2 ;  B u f f e t e a u  e c  a l .  2 0 0 1 ;  T i c k a n e n ,  T e j e d o r - T e j e d o r ,  a n d  A n d e r s o n  

1 9 9 7 )  h a v e  b e e n  q u a n t i t a t i v e l y  m e a s u r e d  f r o m  c h e  F T I R / I R S  s p e c c r a .  O n e  a d v a n c a g e  o f  

F T I R / I R S  o v e r  o c h e r  s a m p l i n g  c e c h n i q u e s  is  c h a t  s u r f a c c a n c  a d s o r p t i o n  a t  t h e  I R E  s u r f a c e  

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

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

r e g a r d i n g  t h e  a d s o r p t i o n  s t a t e .

T h e  a d s o r p t i o n  d e n s i t y  e q u a t i o n  w a s  o r i g i n a l l y  d e r i v e d  b y  S p e r l i n e ,  M u r a l i d h a r a n ,  a n d  

F r e i s e r  ( 1 9 8 7 )  a n d  l a t e r  m o d i f i e d  a n d  a p p l i e d  t o  f l o t a t i o n  c h e m i s t r y  r e s e a r c h  b y  M i l l e r  a n d  

c o - w o r k e r s  ( J a n g  a n d  M i l l e r  1 9 9 3 ;  K e l l a r ,  C r o s s ,  a n d  M i l l e r  1 9 8 9 ) .  T h e  a d s o r p t i o n  d e n s i t y  

e q u a t i o n  i n  o n e  f o r m  is

A  -  N C b e d e

N  £ { 2 d e/ d  +  p / c o s  0 )
( E Q 2 )

w h e r

r  =  a d s o r p t i o n  d e n s i t y ,  ( J . m o l / m 2

A =  i n t e g r a t e d  a b s o r b a n c e ,  c m -1

N =  A v o g a d r o s  n u m b e r

C y  =  b u l k  s o l u t i o n  c o n c e n t r a t i o n ,  m o l / L

£  =  a b s o r p t i v i t y ,  L / m o l - c m 2

d e =  e f f e c t i v e  t h i c k n e s s  o f  t h e  s a m p l e ,  c m

d p  — p e n e t r a t i o n  d e p t h ,  c m

p  =  n u m b e r  o f  a d s o r b a t e - c o a t e d  I R E  e n t r a n c e  a n d  e x i t  f a c e s

A d s o r p t i o n  d e n s i t y  m e a s u r e m e n t s  u s i n g  t h e  F T I R / I R S  t e c h n i q u e  ( F i g u r e  1 9 )  h a v e  s h o w n  

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

c e n t r a t i o n s  ( b e l o w  1 x  1 0 _1  M ) .  S u c h  b e h a v i o r  is  c h a r a c t e r i z e d  b y  a  m o n o l a y e r  p l a t e a u  i n  

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

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

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

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

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

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

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

F T I R / I R S  s p e c t r a .
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Equilibrium  O leate  Concentration, M

FIGURE 19 Adsorption isotherms of oleate at semisoluble mineral surfaces as determined by 
direct FTIR/IRS analysis of the surface

O f  c o u r s e ,  i n - s i t u  F T I R / I R S  h a s  a l s o  b e e n  u s e d  e x t e n s i v e l y  f o r  q u a l i t a t i v e  s t u d i e s  o f  

s u r f a c t a n t  a d s o r p t i o n  a t  m i n e r a l  s u r f a c e s  ( Y o u n g  a n d  M i l l e r  2 0 0 0 ;  F r e e  a n d  M i l l e r  1 9 9 6 ;  L u  

a n d  M i l l e r  2 0 0 2 ) .  I n  t h e s e  s t u d i e s ,  h i g h  S / N  r a t i o s  w e r e  o b t a i n e d .  T h e s e  s t u d i e s  h a v e  a l s o  

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

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

f r o m  i n - s i t u  F T I R / I R S  e x p e r i m e n t s  ( H a n c e r ,  S p e r l i n e ,  a n d  M i l l e r  2 0 0 0 ) .

OTHER VIBRATIONAL S P E C T R O S C O P Y  TECHNIQUES
V i b r a t i o n a l  s p e c t r a ,  a s  w e l l  a s  i n f r a r e d  s p e c t r o s c o p y ,  c a n  b e  o b t a i n e d  b y  o t h e r  s p e c t r o s c o p i c  

t e c h n i q u e s  s u c h  a s  R a m a n  a n d  s u m - f r e q u e n c y  g e n e r a t i o n  ( S F G ) .  A l t h o u g h  i t  is  d i f f i c u l t  t o  

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

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

t h e  f o l l o w i n g  s e c t i o n s .

Raman Spectroelectrochemistry

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

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

d i s c r e t e  b a n d s  a t  f r e q u e n c i e s  h i g h e r  t o  ( a n t i - S t o k e s )  o r  l o w e r  t h a n  ( S t o k e s )  t h e  e l a s t i c a l l y  

s c a t t e r e d  ( R a y l e i g h )  l a s e r  l i n e .  T h e s e  l i n e s  a r e  s a i d  t o  b e  R a m a n  s h i f t e d  f r o m  t h e  R a y l e i g h  

l i n e ,  a n d  t h e  s h i f t  is  e q u a l  t o  v i b r a t i o n a l  e n e r g y  o f  t h e  t r a n s i t i o n .  M i n e r a l s  m a y  e x h i b i t  v i b r a ­

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

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

c r y s t a l  ( s p h a l e r i t e )  ( H o p e ,  W o o d s ,  a n d  M u n c e  2 0 0 1 ) .  M a n y  c o m m o n  m a t e r i a l s  ( e . g . ,  g la s s  

a n d  w a t e r )  a r e  t r a n s p a r e n t  t o  v i s i b l e  a n d  n e a r - i n f r a r e d  r a d i a t i o n ,  a n d  t h e y  a r e  w e a k  R a m a n  

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

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

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

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

R a m a n  s c a t t e r i n g  is  a n  i n e f f i c i e n t  p r o c e s s  w i t h  le s s  t h a n  1 i n  1 0 6 p h o t o n s  u n d e r g o i n g  a  

R a m a n  i n t e r a c t i o n .  T y p i c a l l y ,  t h i s  r e q u i r e s  a  s a m p l e  t h i c k n e s s  o f  5  t o  5 0  n m  f o r  t h e  s p e c t r a
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c o  b e  d e t e c t a b l e  w i t h  t h e  m o s t  s e n s i t i v e  m o d e r n  c o m m e r c i a l  i n s t r u m e n t s .  I n  s p e c t r o e l e c t r o -  

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

f o r  s u r f a c e - e n h a n c e d  R a m a n  s c a t t e r i n g  ( S E R S ) .  T h i s  t e c h n i q u e  e n a b l e s  t h e  f o r m a t i o n  o f  a  

m o n o l a y e r  o f  a d s o r b e d  c o l l e c t o r  m o l e c u l e s  t o  b e  c h a r a c t e r i z e d .  S E R S  h a s  b e e n  u s e d  t o  

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

( W o o d s  a n d  H o p e  1 9 9 8 ;  W o o d s ,  H o p e ,  a n d  B r o w n  1 9 9 8 a ,  b ) ;  i s o p r o p y l ,  i s o b u t y l ,  a n d  

i s o a m y l  x a n t h a t e  ( H o p e ,  W a t l i n g ,  a n d  W o o d s  2 0 0 1 b ) ;  O - i s o p r o p y l - N - e t h y l t h i o n o c a r b a m a t e  

( W o o d s  a n d  H o p e  1 9 9 9 ) ;  2 - m e r c a p t o b e n z o t h i a z o l e  ( W o o d s ,  H o p e ,  a n d  W a t l i n g  2 0 0 0 ;  

H o p e ,  W a t l i n g ,  a n d  W o o d s  2 0 0  l a ) ;  d i - i s o b u t y l d i t h i o p h o s p h i n a t e  ( H o p e  e t  a l .  2 0 0 3 ;  H o p e ,  

W o o d s  a n d  W a t l i n g  2 0 0 3 ) ;  a n d  b u t y l  e t h o x y c a r b o n y l t h i o u r e a  ( H o p e  , W o o d s  a n d  W a t l i n g  

2 0 0 1 ;  H o p e  e t  a l .  2 0 0 4 ) .  I n  t h e  c a s e  o t  t h e  x a n t h a t e s ,  t h e  c o l l e c t o r  - a d s o r p t i o n  c a n  b e  c o n ­

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

a d s o r p t i o n ,  w ' i t h  p a r t i a l  m o n o l a y e r  c o v e r a g e  a n d  f o r  m u l t i l a y e t  c o a t i n g s .  T h i s  b e h a v i o r  c a n  

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

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

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

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

M e r c a p t o b e n z o t h i a z o l e ,  d i - i s o b u t y l d i t h i o p h o s p h i n a t e  a n d  b u t y l  e t h o x y c a r b o n y l t h i o u r e a  

f l o t a t i o n  r e a g e n t s  a d s o r b e d  o n t o  t h e  m e t a l l i c  e l e c t r o d e  s u r f a c e  t h r o u g h o u t  t h e  a c c e s s ib le  

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

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

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

w h e n  c h a r a c t e r i z e d  b y  R a m a n ,  F T I R ,  a n d  n u c l e a r  m a g n e t i c  r e s o n a n c e ,  w e r e  f o u n d  t o  b e  t h e  

s a m e  a s  t h e  b u l k  c o m p o u n d s .

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

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

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

p h i n a t e  a n d  b u t y l  e t h o x y c a r b o n y l t h i o u r e a ) .

Sum-Frequency Generation

S F G  w a s  f i r s t  i n t r o d u c e d  i n  1 9 8 7  b y  S h e n ’s r e s e a r c h  g r o u p  ( Z h u ,  S u h r ,  a n d  S h e n  1 9 8 7 ) .  

S i n c e  t h e n ,  S F G  h a s  b e e n  f u r t h e r  d e v e l o p e d  i n t o  a  s u r f a c e - s p e c i f i c  v i b r a t i o n a l  s p c c t r o s c o p y  

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

t i o n s  a t  i n t e r f a c e s .  S F G  is  a  n o n l i n e a r  o p t i c a l  p r o c e s s ,  w h e r e  t h e  s i g n a l  is  g e n e r a t e d  a t  a  f r e ­

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

i n t e r a c t i o n  o f  i n f r a r e d  a n d  v i s i b l e  l a s e r s  a s  s h o w n  i n  F i g u r e  2 0  ( S h e n  1 9 8 9 ) .  S F G  is  f o r b i d ­

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

f a c e s  w h e r e  t h e  i n v e r s i o n  s y m m e t r y  is  b r o k e n .  M o s t  b u l k  m a t e r i a l s  h a v e  i n v e r s i o n  

s y m m e t r y ;  t h u s ,  t h e y  c lo  n o t  g e n e r a t e  S F G  s i g n a ls .  T h i s  u n i q u e  f e a t u r e  m a k e s  S F G  a  s e n s i ­

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

M i l l e r  2 0 0 4 ) .

T h e  S F G  s p e c t r u m  o f  m o l e c u l e s  w i t h  l o n g  h y d r o c a r b o n  c h a i n s  is  v e r y  s e n s i t i v e  t o  

h y d r o c a r b o n  c h a i n  o r d e r — l o o s e l y  p a c k e d  c h a i n s  a n d  d i s o r d e r e d  m o n o l a y e r s  w i l l ,  i n  g e n ­

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

o f  t h e  S F G  s i g n a l  w i l l  b e  m u c h  s m a l l e r  t h a n  i n  t h e  c a s e  o f  a n  a l l - t r a n s  s t a t e .  W h e n  a n  a l k y l  

c h a i n  is  i n  a n  a l l - t r a n s  c o n f o r m a t i o n ,  i t  is  l o c a l l y  c e n t r o s y m m e t r i c  a r o u n d  t h e  C - C  b o n d ,  

a n d  t h e  C H ,  s y m m e t r i c  s t r e t c h i n g  m o d e  a t  ~ 2 , 8 5 0  c i r T 1 is  S F G  i n a c t i v e  a n d  d o e s  n o t
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Sam ple Surface

FIGURE 20 SFG generation

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

i n v e r s i o n  s y m m e t r y  is  l i f t e d ,  a n d  a  p e a k  a t  2 , 8 5 0  c m - '  w i l l  a p p e a r  i n  t h e  s p e c t r a  t o  a n  e x t e n t  

t h a t  d e p e n d s  o n  t h e  d e g r e e  o f  d i s o r d e r .  T h e  r a t i o  o f  i n t e n s i t y  o f  t h e  C H 3 s y m m e t r i c  s t r e t c h ­

i n g  t o  C H 2 s y m m e t r i c  s t r e t c h i n g  c a n  b e  u s e d  t o  p r o v i d e  a  r e l a t i v e  m e a s u r e m e n t  o f  h y d r o c a r ­

b o n  c h a i n  o r d e r i n g  ( C o n b o y  e t  a l .  1 9 9 7 ) .  T h e  p e a k  r a t i o  m e t h o d ,  w h i c h  d i r e c t l y  d e p e n d s  

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

m e a s u r e  o f  c h a i n  c o n f o r m a t i o n  i n  t h e  m o n o l a y e r  ( S m i l e y  a n d  R i c h m o n d  1 9 9 9 ) .  I n  a  c l o s e l y  

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

a t  2 , 8 7 5  c m -1  a n d  ~ 2 , 9 4 0  c m - 1  t h a t  c o r r e s p o n d  t o  t h e  s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  a n d  

t h e  s y m m e t r i c  s t r e t c h i n g  F e r m i  r e s o n a n c e  w i t h  a  b e n d i n g  o v e r t o n e  o f  t h e  C H 3 g r o u p ,  r e s p e c t iv e ly .

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

i z a t i o n  t h a t  i s  p e r p e n d i c u l a r  a n d  p a r a l l e l ,  r e s p e c t i v e l y ,  t o  t h e  i n c i d e n t  p l a n e )  d e s i g n a t e  t h e  

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

v i s i b l e  b e a m ,  a n d  i n p u t  I R  s i g n a l  b e a m .  F o r  e x a m p l e ,  F i g u r e  2 1  s h o w s  t h e  s p e c t r u m  f o r  a n  

o l e i c  a c i d  L a n g m u i r - B l o d g e t t  ( L B )  f i l m  a t  t h e  s u r f a c e  o f  f u s e d  s i l i c a  ( W i n g  2 0 0 4 ) .  T h e  

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

m a t i o n  b e c a u s e  t h e r e  a r e  o n l y  t w o  d o m i n a n t  b a n d s  a t  2 , 8 7 8  c m -1  a n d  2 , 9 4 0  c m -1  w h i c h  

c o r r e s p o n d  t o  t h e  s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  a n d  t h e  s y m m e t r i c  s t r e t c h i n g  F e r m i  r e s o ­

n a n c e  w i t h  a  b e n d i n g  o v e r t o n e  o f  t h e  C H 3 g r o u p ,  r e s p e c t i v e l y ,  i n  t h e  S S P  p o l a r i z a t i o n  s p e c ­

t r u m .  S h o w n  i n  F i g u r e  2 2  a r e  t h e  s p e c t r a  t a k e n  f r o m  t h e  i n t e r f a c e  o f  C a F 2 a n d  a  h y d r o x a m i c  

a c i d  D z O  ( 1 0 ’ 3 M  h y d r o x a m i c  a c i d )  s o l u t i o n  ( W a n g  2 0 0 4 ) .  T h e  s p e c t r u m  f o r  t h e  S S P  

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

( W a n g  2 0 0 4 ) .  T h e  C H 2 s y m m e t r i c  s t r e t c h i n g  is  o b s e r v e d  a t  2 , 8 5 0  c m - 1 . T h e  p e a k  a t  

2 , 8 7 7  c m ’ 1 is  d u e  t o  t h e  C H 3 s y m m e t r i c  s t r e t c h i n g .  T h e  F e r m i  r e s o n a n c e  o f C H ,  s y m m e t ­

r i c  s t r e t c h i n g  a p p e a r s  a t  2 , 9 4 0  c m ’ 1. A  s m a l l  p e a k  a t  2 , 9 2 0  c m -  is  a s s i g n e d  t o  C H 2 a s y m ­

m e t r i c  s t r e t c h i n g .  F o r  t h e  S P S  p o l a r i z a t i o n  s t a t e ,  t h e  m a j o r  p e a k  is  d u e  t o  C H 3 a s y m m e t r i c  

s t r e t c h i n g  a t  2 , 9 6 1  c m ’ 1. T h e  p e a k  f r o m  t h e  C H 3 s y m m e t r i c  s t r e t c h i n g  a p p e a r i n g  a t  2 , 8 8 0  

c m -1  f o r  t h e  S P S  p o l a r i z a t i o n  s t a t e  i n d i c a t e s  t h a t  t h e  C H 3 s y m m e t r i c  a x i s  h a s  a  c e r t a i n  a n g le  

w i t h  r e s p e c t  t o  t h e  s u r f a c e  n o r m a l .  T h e  S F G  i n t e n s i t y  f r o m  t h e  C H ,  g a u c h e  s t r u c t u r e  is  

g r e a t e r  t h a n  t h a t  f o r  t h e  L B - t r a n s f e r r e d  m o n o l a y e r .  T h e  s t r o n g  C H 3 s y m m e t r i c  s t r e t c h i n g  

p e a k  t h a t  a p p e a r s  i n  t h e  S P S  s p e c t r u m  m e a n s  t h e r e  is  a  s i g n i f i c a n t  t i l t  a n g le  b e t w e e n  t h e  C -  

C H 3 a x is  a n d  t h e  s u r f a c e  n o r m a l .
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FIGURE 21 SFG spectra for oleic acid LB 
film at the surface of fused silica under SSP 
polarization conditions

FIGURE 22 SFG spectra taken from 
hydroxamic acid at D20  solution/CaF2 
interface SSP and SPS polarization 
conditions

MICROSCOPY AND MINERALOGY:  PAST, PRESENT,  
AND FUTURE
F o r  m a n y  y e a r s ,  t r a d i t i o n a l  d e s c r i p t i v e  m i n e r a l o g i c a l  e x a m i n a t i o n  h a s  b e e n  p e r f o r m e d  u s i n g  

p o l i s h e d  s e c t i o n s  o f  s a m p le s .  D e t e r m i n a t i o n  o f  t h e  m i n e r a l  q u a n t i t i e s  ( m o d a l  a n a l y s i s )  a n d  

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

e r a  o f  q u a n t i t a t i v e  m i n e r a l o g y  ( q u a n t i t a t i v e  m o d a l  a n a l y s i s  a n d  q u a n t i t a t i v e  l i b e r a t i o n  a n a l ­

y s i s )  b e g a n  i n  1 8 4 8  w h e n  D e le s s e  p u b l i s h e d  a  m e t h o d  t o  d e t e r m i n e  t h e  m i n e r a l  q u a n t i t i e s  

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

l a b o r  i n t e n s i v e :  i t  i n v o l v e d  t r a c i n g  t h e  o u t l i n e s  o f  t h e  m i n e r a l  g r a i n s  o n t o  a  c l o t h ,  s t i c k i n g  

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

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

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

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

w e i g h t  p e r c e n t .

I n  1 8 9 8 ,  R o s i w a l  p u b l i s h e d  a n  i m p r o v e d  m e t h o d  t o  d e t e r m i n e  t h e  m i n e r a l  q u a n t i t i e s  

i n  p o l i s h e d  s e c t i o n s .  R o s i w a l ’s m e t h o d ,  w h i c h  b e c a m e  k n o w n  s i m p l y  a s  “ c o r d  a n a ly s i s , ”  

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

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

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

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

w e i g h t  p e r c e n t .

I n  1 9 3 4 ,  G l a g o l e v  p u b l i s h e d  a n  i m p t o v e d  m e t h o d  f o r  d e t e r m i n i n g  m i n e r a l s  q u a n t i t i e s .  

G l a g o l e v ’s m e t h o d ,  w h i c h  b e c a m e  k n o w n  s i m p l y  a s  “ p o i n t  c o u n t i n g , ”  i n v o l v e d  m a n u a l  

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

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

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

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

T h e  a d v e n t  o f  a f f o r d a b l e  c o m p u t e r s  i n  t h e  1 9 7 0 s  a l l o w e d  t h e  d e v e l o p m e n t  o f  s y s t e m s  

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

d e v e l o p e d  b y  D e le s s e ,  R o s i v a l ,  a n d  G l a g o l e v  ( a r e a  g r a d e ,  l i n e a r  g r a d e ,  a n d  p o i n t  c o u n t i n g )  

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

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

r e v i e w  o f  t h e  c a p a b i l i t i e s  o f  e a r l y  im a g e  a n a l y s i s  is  g i v e n  i n  w o r k s  b y  M a r t e n s ,  M o r t o n ,  a n d  

M c C a r t h y  ( 1 9 7 8 )  a n d  T a y l o r  e t  a l .  ( 1 9 7 8 ) .  M a n y  o f  t h e  d e v e l o p m e n t s  o f  e a r l y  im a g e  a n a l y ­

s is  w e r e  s p u r r e d  b y  t h e  n e e d s  o f  m e t a l l o g r a p h y .

I n  1 9 7 4 ,  t h e  C A N M E T  M i n i n g  a n d  M i n e r a l  S c ie n c e s  L a b o r a t o r i e s  ( C A N M E T -  

M M S L )  i n  C a n a d a  a d a p t e d  a  Q u a n t i m e t  s y s t e m  t o  p e r f o r m  q u a n t i t a t i v e  m i n e r a l o g y .  

P e t r u k  ( 1 9 7 6 )  d e s c r i b e d  t h i s  s y s t e m ,  w h i c h  w a s  i n t e r f a c e d  t o  a n  o p t i c a l  r e f l e c t e d  l i g h t  

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

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

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

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

V e r y  e a r l y  i n  t h e  d e v e l o p m e n t  o f  s y s t e m s  f o r  q u a n t i t a t i v e  m i n e r a l o g y ,  i t  w a s  r e a l i z e d  

( J o n e s  1 9 8 4 )  t h a t  m i n e r a l s  c o u l d  b e  b e t t e r  i d e n t i f i e d  a u t o m a t i c a l l y  b y  u s i n g  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 e s  ( S E M s )  o r  e l e c t r o n  m i c r o p r o b e s  ( E M P s )  w i t h  X - r a y  d e t e c t o r s  f o r  e l e m e n ­

t a l  a n a ly s i s .  S i ( L i )  e n e r g y - d i s p e r s i v e  s p e c t r o s c o p y  ( E D S )  d e t e c t o r s  o r  w a v e l e n g t h - d i s p e r s i v e  

s p e c t r o s c o p y  ( W D S )  d e t e c t o r s  w e r e  u s e d .

T h e  s y s t e m  d e v e l o p e d  b y  J o n e s  a t  I m p e r i a l  C o l l e g e ,  L o n d o n ,  U n i t e d  K i n g d o m  ( J o n e s  

1 9 8 4 ) ,  w a s  b a s e d  o n  a n  e l e c t r o n  m i c r o p r o b e  ( C a m e b a x )  w i t h  W D S  d e t e c t o r s .  T h e  s y s t e m  

i d e n t i f i e d  t h e  m i n e r a l s  u s i n g  l i n e a r  s c a n s  a t  a  p i x e l  s iz e  o f  ~ 2  j i m  a n d  t h e  e l e m e n t a l  X - r a y  

s i g n a l s  f r o m  t h e  W D S  d e t e c t o r s .  M e a s u r e m e n t  t i m e  w a s  ~ 1 0  m s e c  p e r  p i x e l  i f  t h e  m i n e r a l  

w a s  i d e n t i f i e d  f r o m  t h e  p r e s e n c e  o r  a b s e n c e  o f  a n  e l e m e n t ,  a n d  1 0 0  m s e c  i f  m o r e  c o m p l e t e  

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

a c q u i r i n g  a n d  p r o c e s s i n g  i n f o r m a t i o n  f r o m  1 0  t o  3 0  p i x e l  s p o t s .

T h e  Q E M * S E M  s y s t e m  w a s  d e v e l o p e d  b y  t h e  C o m m o n w e a l t h  S c i e n t i f i c  a n d  I n d u s t r i a l  

R e s e a r c h  O r g a n i z a t i o n  ( C S I R O )  i n  A u s t r a l i a .  I t  w a s  i n i t i a l l y  p r e s e n t e d  b y  G r a n t  a n d  c o l ­

l e a g u e s  i n  1 9 7 6 .  T h e  p r e s e n t  c o n f i g u r a t i o n ,  c o m m e r c i a l l y  a v a i l a b l e ,  is  c a l l e d  Q E M * S c a n .  

T h e  s y s t e m  is  b a s e d  o n  a  S E M  a n d  i d e n t i f i e s  m i n e r a l s  m a i n l y  b a s e d  o n  t h e i r  e l e m e n t a l  X - r a y  

c o u n t s  o b t a i n e d  f r o m  E D S  d e t e c t o r s .  E D S  d e t e c t o r s  h a v e  a  d e a d  t i m e  t h a t  i s  a  f u n c t i o n  o f  

t h e  c o u n t  r a t e .  T h e  f i r s t  E D S  d e t e c t o r s  h a d  a n a l o g  p u l s e  p r o c e s s o r s  a n d  c o u l d  p r o c e s s  a  

m a x i m u m  o f  2 5 , 0 0 0  c o u n t s  p e r  s e c o n d  ( c p s ) .  A l t h o u g h  i t  w a s  p o s s i b l e  t o  p u r c h a s e  

Q E M * S E M  s y s t e m s  w i t h  o n e  E D S  d e t e c t o r ,  t o  i n c r e a s e  i t s  s p e e d  t h e  f i r s t  f u l l  c o n f i g u r a t i o n  

o f  t h e  Q E M * S E M  h a d  f o u r  E D S  d e t e c t o r s  w i t h  a n a l o g  p u l s e  p r o c e s s i n g .  I n  t h e  1 9 9 0 s ,  E D S  

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

~ 5 0 , 0 0 0  c p s  ( t h e  a c t u a l  c o u n t  r a t e  o f  a n  E D S  w i t h  a n a l o g  p u l s e  p r o c e s s o r s  is  ~ 2 , 0 0 0  c p s ,  

w h e r e a s  t h e  a c t u a l  c o u n t  r a t e  f o r  a n  E D S  d e t e c t o r  w i t h  d i g i t a l  p u l s e  p r o c e s s o r  is  ~ 2 0 , 0 0 0  c p s ) .  

T h e  p r e s e n t  c o n f i g u r a t i o n  o f  t h e  Q E M * S c a n  h a s  f o u r  E D S  d e t e c t o r s  w i t h  a  d i g i t a l  p u l s e  

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

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

t i o n  f r o m  t h e  g r o u p  o f  E D S  d e t e c t o r s .  T h e  E D S  i n f o r m a t i o n  i s  c o m p a r e d  w i t h  a  d a t a b a s e  o f  

m i n e r a l s ,  a n d  t h e  m i n e r a l  a t  t h e  p o i n t  i s  i d e n t i f i e d .  T h e  a c q u i s i t i o n  t i m e  p e r  s t o p  p o i n t  is  

f a s t ,  ~ 1 0  m s e c .  H o w e v e r ,  b e c a u s e  a  m i n e r a l  g r a i n  m a y  c o m p r i s e  1 0 - 3 0  s t o p  p o i n t s ,  t h e  o v e r ­

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

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

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

t i o n  a n a l y s i s .  I n  g e n e r a l ,  t h e  m a i n  d i f f e r e n c e  is  t h e  s p a c i n g  o f  t h e  s t o p  p o i n t s  t o  a c q u i r e  E D S  

X - r a y  d a t a .
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I n  1 9 8 4 ,  a  s y s t e m  w a s  i n t e g r a t e d  a t  t h e  C A N M E T - M M S L  ( P e t r u k  1 9 8 8 )  t o  d e t e r m i n e  

m i n e r a l  q u a n t i t i e s  a n d  l i b e r a t i o n  a n a l y s i s  b y  m e a s u r e m e n t s  o f  a r e a s  o f  m i n e r a l  g r a i n s  a n d  

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

a n  e l e c t r o n  m i c r o p r o b e  ( J E O L  7 3 3 ) .  T h e  h i g h l y  s t a b l e  e l e c t r o n  b e a m  c u r r e n t  i n  t h e  m i c r o ­

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

( B S E )  i m a g e .  A c q u i s i t i o n  o f  B S E  im a g e s  is  m u c h  f a s t e r  t h a n  a c q u i s i t i o n  o f  X - r a y  e l e m e n t a l  

i n f o r m a t i o n .  T h e  f i r s t  g e n e r a t i o n  o f  t h e  s y s t e m  ( 1 9 8 4 )  w a s  b a s e d  o n  a n  I B A S  im a g e  a n a ­

l y z e r  ( K o n t r o n )  h o s t e d  i n  a n  M C P  c o m p u t e r  ( M o t o r o l a ) ;  t h i s  s y s t e m  a l l o w e d  i d e n t i f i c a t i o n  

a n d  m e a s u r e m e n t  o f  ~ 5 , 0 0 0  p a r t i c l e s  p e r  h o u r .  T h e  l a s t  g e n e r a t i o n  o f  t h e  s y s t e m  is  b a s e d  o n  

a  K S 4 0 0  im a g e  a n a l y z e r  ( Z e i s s  V i s i o n )  h o s t e d  i n  a  c o m p u t e r  t h a t  a l l o w s  i d e n t i f i c a t i o n  a n d  

m e a s u r e m e n t  o f  ~  1 0 0 , 0 0 0  p a r t i c l e s  p e r  h o u r .  T h e r e  a r e  ~ 5 , 0 0 0  k n o w n  m i n e r a l s ;  a m o n g  

t h o s e  a r e  m a n y  m i n e r a l s  w i t h  s i m i l a r  a v e r a g e  a t o m i c  n u m b e r s  ( Z w ) a n d ,  t h u s ,  s i m i l a r  B S E  

g r a y  l e v e l s .  H o w e v e r ,  a  g i v e n  s a m p l e  d o e s  n o t  h a v e  5 , 0 0 0  m i n e r a l s  b u t  p r o b a b l y  o n l y  ~ 2 0  

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

i t  is  p o s s i b l e  t o  u s e  o n l y  t h e  i n f o r m a t i o n  f r o m  t h e  B S E  im a g e  t o  p e r f o r m  t h e  im a g e  a n a ly s i s .  

F o r  e x a m p l e ,  B S E  im a g e s  a l l o w  d i s c r i m i n a t i o n  b e t w e e n  p y r r h o t i t e  ( F e ^ S ,  x ~ 0 . 2  w i t h  Z iv  =  

2 2 . 1 )  a n d  t r o i l i l i t e  ( F e S ,  w i t h  Z 1V =  2 2 . 4 ) ,  a n d  d i s c r i m i n a t i o n  b e t w e e n  m a g n e t i t e  ( Z JV =  

2 1 . 0 )  a n d  h e m a t i t e  ( Z a v  =  2 0 . 1 ) .  T h e r e  a r e  s o m e  c a s e s  w h e r e  t h e r e  a r e  m i n e r a l s  o f  i n t e r e s t  

w i t h  o v e r l a p p i n g  B S E  g r a y  l e v e l .  F o r  t h e s e  c a s e s ,  t h e  s y s t e m  a t  C A N M E T - M M S L  c a n  

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

is  r e d u c e d  w h e n  t h e  i m a g e  a n a l y s i s  r e q u i r e s  t h e  u s e  o f  X - r a y  d a t a .  T h e  f i r s t  g e n e r a t i o n  o f  t h e  

s y s t e m  h a d  t w o  W D S  d e t e c t o r s  a n d  o n e  E D S  d e t e c t o r .  T h e  im a g e  a n a l y z e r  a u t o m a t i c a l l y  

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

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

g u l a r  w i n d o w s  a r o u n d  t h e  m i n e r a l  g r a i n s  o r  f r o m  s t o p  p o i n t s  s i m i l a r  t o  t h e  Q E M * S c a n .  

T h u s ,  t h e  s y s t e m  c a n  i d e n t i f y  m i n e r a l  g r a i n s  b y  a  c o m b i n a t i o n  o f  B S E  i m a g i n g  a n d  e l e m e n ­

t a l  X - r a y  d a t a .  T h e  s y s t e m  c o u l d  a l s o  b e  o p e r a t e d  i n  a  m o d e  f u l l y  s i m i l a r  t o  t h e  Q E M * S c a n ,  

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

i n f o r m a t i o n  f r o m  s t o p  p o i n t s ) .  I n  t h i s  l a t t e r  m o d e ,  t h e  f i r s t  g e n e r a t i o n  o f  im a g e  a n a l y z e r  a t  

C A N M E T - M M S L  w a s  s l o w e r  t h a n  t h e  Q H M ' S c a n ,  b e c a u s e  i t  u s e d  X - r a y  d a t a  f r o m  a  s i n ­

g l e  X - r a y  d e t e c t o r  ( e i t h e r  E D S  o r  W D S ) .

W D S  d e t e c t o r s  h a v e  b e t t e r  e n e r g y  r e s o l u t i o n  t h a n  E D S  d e t e c t o r s  ( ~ 5  c V  v s .  ~ 1 4 0  e V , 

r e s p e c t i v e l y ;  e .g . ,  G o l d s t e i n  e t  a l .  1 9 9 4 ) .  T h u s ,  c o n s i d e r i n g  t h e  w h o l e  p o p u l a t i o n  o f  ~ 5 , 0 0 0  

e x i s t e n t  m i n e r a l s ,  t h e r e  w i l l  b e  m i n e r a l s  w h o s e  e l e m e n t s  o v e r l a p  i n  t h e  E D S  s p e c t r a  b u t  c a n  

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

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

l o w e r  t h a n  ~ 3 0 0 x ) .  X - r a y  i n f o r m a t i o n  c a n  b e  a c q u i r e d  v e r y  q u i c k l y  b y  d e f l e c t i n g  t h e  e l e c ­

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

u s i n g  a n  E D S  d e t e c t o r .  H o w 'e v e r ,  t h i s  c a n n o t  b e  d o n e  f o r  m a g n i f i c a t i o n s  l o w e r  t h a n  ~ 3 0 0 x  

u s i n g  t h e  W D S  d e t e c t o r s ,  b e c a u s e  t h e  c o u n t  r a t e  f o r  a  g i v e n  m i n e r a l  w i l l  b e  d i f f e r e n t  a t  t h e  

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

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

W D S  d e t e c t o r .  T h i s  is  k n o w n  a s  s t a g e - s c a n n in g  a n d  is  a  c o m m o n  f e a t u r e  o f  m o d e r n  c o n t r o l l e r s  

o f  e l e c t r o n  m i c r o p r o b e s .  T h e  im a g e  a n a l y z e r  a t  C A N M E T - M M S L  c a n  b e  p r o g r a m m e d  f o r  

s t a g e - s c a n n i n g  a n d  u s i n g  W D S  d a t a  a t  l o w  m a g n i f i c a t i o n s  f o r  m i n e r a l s  t h a t  c a n n o t  b e  d i s ­

c r i m i n a t e d  b y  E D S  i n f o r m a t i o n .  H o w e v e r ,  t h e  s p e e d  o f  t h e  s y s t e m  is  f u r t h e r  r e d u c e d .  

A n o t h e r  p o s s i b i l i t y  i s  t o  a c q u i r e  B S E  im a g e s  a n d  W D S  i n f o r m a t i o n  a t  m a g n i f i c a t i o n s  o f
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3 0 0 x  o r  h i g h e r  a n d  t h e n  z o o m  d o w n  c h e  im a g e s  c o  a  l o w e r  m a g n i f i c a t i o n  c h a c  w o u l d  b e  b e c -  

c e r  s u i c e d  c o  c h e  s iz e  o f  c h e  p a r c i c l e s  i n  c h e  s a m p l e  ( M a c o s ,  L a s c r a ,  a n d  P e c r u k  1 9 9 6 ) .

S in c e  1 9 8 4 ,  c h e  o p e r a t i o n a l  p h i l o s o p h y  w i c h  c h e  s y s c c m  a c  C A N M E T - M M S L  h a s  b e e n  

c o  d i s c r i m i n a c e  a s  m a n y  m i n e r a l s  o f  i n c e r e s c  a s  p o s s i b l e  u s i n g  o n l y  B S E  i n f o r m a t i o n  a n d  

c o m b i n e  c h e  i n f o r m a t i o n  f r o m  E D S  o r  W D S  o n l y  w h e n  n e e d e d .  S i n c e  1 9 8 4 ,  h a v i n g  a n a ­

l y z e d  s e v e r a l  c h o u s a n d  s a m p le s ,  c h e  o v e r a l l  e x p e r i e n c e  a c  C A N M E T - M M S L  h a s  b e e n  c h a c  

~ 8 0 %  o f  c h e  s a m p l e  c a s e s  c a n  b e  a n a l y z e d  u s i n g  B S E  i n f o r m a t i o n  o n l y ,  ~ 1 0 %  c a n  b e  a n a ­

l y z e d  b y  a d d i n g  s i n g l e  e l e m e n c a l  i n f o r m a t i o n  f r o m  c h e  E D S  d e c e c c o r ,  ~ 5 %  c a n  b e  a n a l y z e d  

b y  a d d i n g  m u l t i p l e  e l e m e n c a l  i n f o r m a t i o n  f r o m  c h e  E D S  d e c e c c o r ,  a n d  a n o c h e r  5 %  o f  c h e  

s a m p l e  c a s e s  r e q u i r e  a d d i n g  i n f o r m a t i o n  f r o m  c h e  W D S  d e c e c c o r s .

T h e r e  is  a n o c h e r  a d v a n c a g e  o f  p e r f o r m i n g  q u a n c i c a c i v c  m i n e r a l o g y  b a s e d  o n  B S E  i m a g ­

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

p r i n c i p l e s .  X - r a y  s i g n a l s  f r o m  e le c c r o n - b a s e d  i n s c r u m e n c s  d o  n o c  c o m e  f r o m  a n  a r e a  o n  c h e  

s a m p le  s u r f a c e ;  r a c h e r ,  c h e y  c o m e  f r o m  a n  e x c i c a c i o n  v o l u m e .  T h i s  e x c i c a c i o n  v o l u m e  is  a  

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

p o i n c .  I n  g e n e r a l  c e r m s ,  c h e  d i a m e c e r  o f  c h e  e x c i c a c i o n  v o l u m e  f o r  X - r a y  s i g n a l s  f r o m  m i n e r ­

a ls  is  ~ 3  (J .m  a c  2 0  k V  o f  a c c e le r a c i n g  v o lc a g e .  O n  c h e  o c h e r  h a n d ,  c h e  B S E  s i g n a l  p r o v i d e s  a  

s p a c ia l  r e s o l u t i o n  o f  ~ 0 . 1 - 0 . 2  ^ . m .  T h u s ,  t o r  g r a i n s  s m a l l e r  c h a n  ~ 3 - 5  ( ^ m ,  c h e  X - r a y  s i g n a l s  

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

m i n e r a l .  S i m i l a r l y ,  b e c a u s e  c h e  s p a c ia l  r e s o l u c i o n  o t  X - r a y  s i g n a l s  is  ~ 3  L im  f o r  m i n e r a l s ,  b o r ­

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

I n  c h e  la c e  1 9 9 0 s ,  Q E M ' S E M  b e c a m e  Q E M ' S c a n  b a s e d  o n  a  L E O  ( Z e i s s )  S E M .  A c  

a b o u c  c h e  s a m e  t i m e ,  K o n c r o n  i m a g i n g  w a s  a c q u i r e d  b y  Z e i s s ,  w h e r e b y  K o n c r o n  in c e r f a c e s  

f o r  S E M  i n s c r u m e n c s  a n d  e l e c c r o n  m i c r o p r o b e s  b e c a m e  u n a v a i l a b l e ,  a n d  c h e  J u l i u s  

K r u c c s c h n i c c  M i n e r a l  R e s e a r c h  C e n c r e  ( J K M R C ,  A u s c r a l i a )  d e v e l o p e d  c h e  M i n e r a l  L i b e r a ­

t i o n  A n a l y s e r  ( M L A )  ( G u  2 0 0 3 ) .  T h e  M L A  is  b a s e d  o n  a  S E M  ( F E I ,  f o r m e r l y  P h i l i p s ) ,  a n d  

is  c o m m e r c i a l l y  a v a i l a b l e .  T h e  M L A  is  s i m i l a r  c o  c h e  s y s c e m  a c  C A N M E T - M M S L .  T h e  

M L A  d i s c r i m i n a c e s  m a n y  m i n e r a l s  o t  i n c e r e s c  u s i n g  o n l y  B S E  i n f o r m a c i o n  a n d  c o m b i n e s  

w i c h  i n f o r m a c i o n  f r o m  E D S  o n l y  w h e n  n e e d e d  c o  d i s c r i m i n a c e  c e r c a i n  s p e c i f i c  m i n e r a l s .  

W h e n  a n a l y z i n g  o n l y  B S E  im a g e s ,  c h e  s y s c e m  is  t a s c e r  c h a n  c h e  Q E M ' S c a n .  T h e  M L A  h a s  

u p  c o  c w o  E D S  d e c e c c o r s ;  c h e r e f o r e ,  w h e n  i d e n t i f y i n g  m i n e r a l s  b a s e d  s o l e l y  o n  X - r a y  i n f o r ­

m a c i o n ,  i c  is  s l o w e r  c h a n  c h e  Q E M ' S c a n .

I n  1 9 9 7 ,  a  n e w  c y p e  o f  X - r a y  e n e r g y - d i s p e r s i v e  d e c e c c o r  t o r  S E M  i n s c r u m e n c s  a n d  e l e c ­

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

b e r  ( S D C )  d e c e c c o r  ( F i g u r e  2 3 ) .  T h e  S D C  d e c e c c o r  d o e s  n o c  r e q u i r e  c o o l i n g  b y  l i q u i d  

n i c r o g e n ,  a n d  ic s  c o u n c  r a c e  c a p a b i l i c y  is  e x c r e m e l y  h i g h  a c  ~ 4 0 0 , 0 0 0  c o  1 , 0 0 0 , 0 0 0  c p s .  T h u s ,  

o n e  S D C  d e c e c c o r  a c  a  c o u n c  r a c e  o f  4 0 0 , 0 0 0  is  e q u i v a l e n c  c o  ~ 8  c o n v e n c i o n a l  E D S  d e c e c ­

c o r s  w i c h  d i g i c a l  p u l s e  p r o c e s s o r  ( F i g u r e  2 4 ) .  I n i t i a l l y ,  c h e  S D C  d e c e c c o r s  h a d  a  b e r y l l i u m  

w i n d o w  a n d  c o u l d  n o c  d e c e c c  e le m e n c s  l i g h c e r  c h a n  ~ N a .  I n  a d d i c i o n ,  c h e  e n e r g y  r e s o l u c i o n  

w a s  n o c  a s  g o o d  a s  c h a c  o b c a i n e d  b y  c o n v e n c i o n a l  E D S  d e c e c c o r s .  T h u s ,  c h e  e l e c c r o n  

m i c r o s c o p y  c o m m u n i c y  w a s  n o c  v e r y  e n c h u s i a s c i c  i n  a d o p c i n g  S D C  d e c e c c o r s .  P r e s e n c ly ,  

S D C  d e c e c c o r s  a r e  a v a i l a b l e  w i c h  a  p o l y m e r  w i n d o w  a n d  c a n  d e c e c c  e le m e n c s  l i g h c e r  c h a n  N a .  I n  

a d d i c i o n ,  b y  c o m p r o m i s i n g  o n  c h e  c o u n c  ra c e ,  S D C  d e c e c c o r s  c a n  a c h ie v e  b e c c e r  e n e r g y  r e s o l u ­

t i o n  c h a n  c o n v e n c i o n a l  E D S  d e c e c c o r s .  I c  i s  a l s o  p o s s i b l e  c o  o b c a i n  c o u n c s  f r o m  a  c o m b i n a ­

t i o n  o f  f o u r  S D C  d e c e c c o r s  c o  a c q u i r e  e v e n  h i g h e r  c o u n c  ra c e s .

T h e  p r e s e n c  c o n f i g u r a c i o n  o f  c h e  im a g e  a n a l y z e r  a c  C A N M E T - M M S L  is  s t i l l  b a s e d  o n  

a n  e l e c c r o n  m i c r o p r o b e  w i c h  c w o  W D S  d e c e c c o r s  a n d  o n e  E D S  d e c e c c o r ,  b u c  ic  h a s  a n
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X-RAY ABSORPTION SPECTROSCOPY
P r a c t i c a l l y ,  X - r a y  a b s o r p t i o n  s p e c t r o s c o p y  ( X A S )  m u s t  b e  c a r r i e d  o u t  o n  a  s y n c h r o t r o n  r a d i ­

a t i o n  s o u r c e  t o  p r o v i d e  t h e  w i d e  X - r a y  w a v e l e n g t h  r a n g e  a n d  h i g h  i n t e n s i t y  r e q u i r e d .  X A S  is  

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

m e n t s  is  r e q u i r e d ;  t h a t  is ,  t h e  f o r m  o f  t h e  e l e m e n t  t h a t  is  o f  i n t e r e s t  is  n o t  o b s c u r e d  b y  t h e  

s i g n a l  f r o m  t h e  s a m e  e l e m e n t  w i t h i n  t h e  b u l k  s a m p le .  H o w e v e r ,  i n  c e r t a i n  m o d e s ,  X A S  c a n  

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

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

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

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

s a m p l e  t u r n a r o u n d  t i m e  is  r a p i d  a s  m o s t  m e a s u r e m e n t s  c a n  b e  c a r r i e d  o u t  i n  a i r .  X A S  m e a ­

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

e l e c t r o n i c  s t r u c t u r e  i n f o r m a t i o n .

X A S  c a n  b e  d i v i d e d  i n t o  s e v e r a l  s u b t e c h n i q u e s ,  w h i c h  a r e  m o r e  c o m m o n l y  r e f e r r e d  t o  

i n  t h e  l i t e r a t u r e  ( f o r  a  g e n e r a l  r e v i e w  o f  X A S  a n d  o t h e r  s y n c h r o t r o n  t e c h n i q u e s ,  s e e  G e r s o n ,  

H a l f p e n n y  e t  a l .  1 9 9 9 ) .  I n  g e n e r a l ,  X A S  is  d i v i d e d  i n t o  t w o  c a t e g o r i e s :  X A N E S  ( X - r a y  

a b s o r p t i o n  n e a r - e d g e  s t r u c t u r e ) ,  a n d  E X A F S  ( e x t e n d e d  X - r a y  a b s o r p t i o n  f i n e  s t r u c t u r e ) .  

T h e  f o r m e r  o c c u r s  u p  t o  a p p r o x i m a t e l y  4 0  e V  a b o v e  t h e  a b s o r p t i o n  e d g e  a n d  is  t h e  r e s u l t  o f  

e x c i t a t i o n  f r o m  t h e  v a l e n c e  t o  c o n d u c t i o n  b a n d s .  X A N E S  is  s e n s i t i v e  t o  t h e  c o o r d i n a t i o n  

g e o m e t r y  a n d  o x i d a t i o n  s t a t e .  E X A F S  r e s u l t s  f r o m  s c a t t e r i n g  o f  e x c i t e d  p h o t o e l e c t r o n s  o f f  

n e i g h b o r i n g  a t o m s  a n d  o c c u r s  a t  h i g h e r  i n c i d e n t  e n e r g i e s  t h a n  X A N E S .  E X A F S  is  s e n s i t i v e  

t o  l o c a l  s t r u c t u r e  o u t  t o  a p p r o x i m a t e l y  5  A .

X A S  c a n  b e  m e a s u r e d  i n  s e v e r a l  m o d e s .  M o s t  c o m m o n l y ,  t h e  X - r a y  f l u o r e s c e n c e  ( m e a ­

s u r e d  a t  9 0 °  t o  t h e  i n c i d e n t  X - r a y  b e a m )  o r  t r a n s m i t t e d  i n t e n s i t i e s  a r e  m e a s u r e d .  T r a n s m i s ­

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

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

e n e r g y  o f  t h e  f l u o r e s c e n c e  y i e l d  ( s e e ,  e .g . ,  K a s r a i  e t  a l .  1 9 9 6 ) .  H o w e v e r ,  b o t h  m e a s u r e m e n t  

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

i n v e s t i g a t i o n  is  s u r f a c e  s p e c i f i c .

M o r e  s u r f a c e - s e n s i t i v e  m e a s u r e m e n t s  c a n  b e  o b t a i n e d  u s i n g  t o t a l  e l e c t r o n  y i e l d  ( T E Y ) ,  

p a r t i a l  e l e c t r o n  y i e l d  ( P E Y )  o r  r e f l e c t i o n  E X A F S  ( R E F L E X A F S ) .  T E Y  is  m e a s u r e d  v i a  t h e  

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

t h i s  f o r m  o f X A S  is  d e p e n d e n t  o n  t h e  i n c i d e n t  X - r a y  e n e r g y .  T h u s ,  f o r  t h e  S i  L - e d g e  ( 9 5 - 1 2 0  e V )  

t h e  d e p t h  o f  m e a s u r e m e n t  is  a b o u t  5 0  A ,  w h e r e a s  f o r  t h e  S i  K - e d g e  t h i s  w o u l d  b e  a p p r o x i ­

m a t e l y  7 0 0  A  ( 1 , 8 3 0 - 1 , 9 0 0  e V )  ( K a s r a i  e t  a l .  1 9 9 6 ) .  P E Y  is  o b t a i n e d  v i a  t h e  m e a s u r e m e n t  

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

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

d e e p e r  w i t h i n  t h e  s a m p l e ) .  R E F L E X A F S  r e q u i r e s  t h e  i n c i d e n t  b e a m  t o  i n t e r c e p t  t h e  s u r f a c e  

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

g r e e s ,  h a l f  o f  t h e  c r i t i c a l  a n g l e  f o r  c h a l c o p y r i t e ,  h a s  b e e n  a d o p t e d  ( E n g l a n d  e t  a l .  1 9 9 9 b ) .  I n  

t h i s  i n s t a n c e ,  t h e  d e p t h  o f  p e n e t r a t i o n  w a s  le s s  t h a n  5 0  A .  T h e  d a t a  c a n  b e  c o l l e c t e d  v i a  m e a ­

s u r e m e n t  o f  t h e  i n t e n s i t y  o f  t h e  r e f l e c t e d  b e a m  o r  t h e  f l u o r e s c e n c e  y i e l d  a t  9 0 °  t o  t h e  s a m p le  

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

s u b - m o n o l a y e r  c o v e r a g e  ( G r e a v e s  1 9 9 1 ) .  H o w e v e r ,  R E F L E X A F S  r e q u i r e s  a  f l a t ,  p o l i s h e d  

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

o r  l i q u i d s .
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X A S  h a s  b e e n  u s e d  t o r  t h e  s t u d y  o f  Z n  a n d  P b  s o r p t i o n  o n t o  c h a l c o p y r i t e  ( C u F e S - , )  

( E n g l a n d  e t  a l .  1 9 9 9 a ,  b  a n d  r e f e r e n c e s  t h e r e i n ) .  C h a l c o p y r i t e  t e n d s  t o  h a v e  n a t u r a l  h y d r o -  

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

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

m e t a l  c a t i o n s ,  a s  h y d r o x i d e s ,  c a n  r e s u l t  i n  a  r e d u c t i o n  i n  t h e  f l o t a t i o n  r e s p o n s e .  R E F L E X -  

A F S  d a t a  r e v e a le d  t h a t  Z n  a d s o r b e d  a t  p H  5 . 5  is  b o n d e d  t o  O  ( a t  2 . 0 0  A )  o n l y .  T h e r e  w a s  n o  

e v i d e n c e  o f  b o n d i n g  t o  S . O n  a d d i t i o n  o f  x a n t h a t e  ( a t  p H  1 0 . 2 ) ,  t h e  Z n  c o o r d i n a t i o n  

c h a n g e d  r a d i c a l l y  s o  t h a t  t h e  n e a r e s t  n e i g h b o r  c o o r d i n a t i o n  s p h e r e  c o n t a i n e d  b o t h  O  a n d  S 

( a t  1 . 9 7  A  a n d  2 . 3 3  A ,  r e s p e c t i v e l y ) .  F o r  P b  a d s o r p t i o n ,  b o t h  O  a n d  S  c o o r d i n a t i o n  is  

p r e s e n t  p r i o r  t o  t h e  a d d i t i o n  o f  x a n t h a t e .  A f t e r  x a n t h a t e  a d d i t i o n ,  o n l y  S  c o o r d i n a t i o n  is  

o b s e r v e d .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  t h e  i n i t i a l  a d s o r p t i o n  s i t e  o f  t h e  Z n  s p e c ie s  is  o n t o  t h e  

o x i d i z e d  F e ( O H ) x s p e c ie s  p r e s e n t  o n  t h e  s u r f a c e ,  w h e r e a s  t h e  P b  is  a d s o r b e d  o n t o  t h e  s u l f u r -  

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

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

A d s o r p t i o n  o f  P b  ( p r o b a b l y  a s  a  h y d r o x i d e )  w o u l d  r e n d e r  t h e  h y d r o p h o b i c  s u l f u r - r i c h  

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

o f  Z n  s p e c ie s  o n t o  t h e  a l r e a d y  h y d r o p h i l i c ,  o x i d i z e d  F e  s u r f a c e  r e g i o n s .

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

C u  a n d  P b  o n t o  s p h a l e r i t e  ( Z n S )  ( E n g l a n d  e t  a l .  1 9 9 9 a ;  P a t t r i c k  e t  a l .  1 9 9 8 ,  1 9 9 9 ) .  C u  

a d s o r p t i o n  a c t i v a t e s  t h e  s p h a l e r i t e  s u r f a c e  f o r  e n h a n c e d  c o l l e c t o r  a d s o r p t i o n .  Z n S e  w a s  a ls o  

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

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

b u t i o n s .  O n  t h e  b a s is  o f  a n a l y s i s  o f  t h e  R E F L E X A F S  d a t a ,  i t  w a s  p r o p o s e d  t h a t  3  S  a t o m s  

a n d  1 O  a t o m  a r e  b o n d e d  t o  t h e  a d s o r b e d  C u  a t o m s  ( a t  2 . 2 5  A  a n d  2 . 0 7  A ,  r e s p e c t i v e l y ) .  

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

e r a b l y  l o n g e r  b o n d  d i s t a n c e  t o  t h e  C u  a t o m  a s  c o m p a r e d  t o  t h e  t h r e e  i n i t i a l  S  a t o m s ,  2 . 7 5  A  

a s  c o m p a r e d  t o  2 . 2 2  A .  P b  a d s o r b e d  o n t o  s p h a l e r i t e  w a s  p r o p o s e d  t o  b e  c o o r d i n a t e d  s o l e l y  

t o  O  a t o m s .  O n  a d d i t i o n  o f  x a n t h a t e ,  t h e  P b  c o o r d i n a t i o n  c o n s i s t e d  o f  t w o  b o n d s  t o  S  a n d  

t w 'o  t o  O .  I t  w o u l d  a p p e a r ,  t h e r e f o r e ,  t h a t ,  a t  l e a s t  u n d e r  t h e  c o n d i t i o n s  u s e d  f o r  t h i s  s t u d y ,  

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

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

G e r s o n ,  L a n g e  e t  a l .  ( 1 9 9 9 ) .  A n a l y s i s  o f  t h e  E X A F S  d a t a  i n d i c a t e d  C u  c o o r d i n a t i o n  t o  S  

( 2 . 2 6 - 2 . 3 0  A )  b u t  n o  e v i d e n c e  o t  C u  c o o r d i n a t i o n  t o  O .  A  d a t a  s e t  p l u s  F o u r i e r  t r a n s f o r m  

f o r  C u  a d s o r b e d  o n t o  s p h a l e r i t e  s a m p l e  a r e  s h o w n  i n  F i g u r e s  2 5 a  a n d  2 5 b .  T h e  F o u r i e r  

t r a n s f o r m  is  s i m i l a r  t o  a  o n e - d i m e n s i o n a l  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n  s u r r o u n d i n g  b u t  o f f ­

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

o t h e r  t w o  m a x i m a  c e n t e r e d  a t  a p p r o x i m a t e l y  1 A  a n d  2 . 7  A  a r e  t h e  r e s u l t  o f  t h e  t r u n c a t i o n  

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

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

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

t a l  d a t a .  I t  is  u n c l e a r  i n  t h e  s t u d i e s  b y  P a t t r i c k  e t  a l .  ( 1 9 9 9 )  w h e t h e r  t h e  i n t e r p r e t a t i o n  o f  O  

c o o r d i n a t i o n  is ,  i n  f a c t ,  t h e  r e s u l t  o f  t h i s  a r t e f a c t  i n d u c e d  b y  F o u r i e r  s e r ie s  t r u n c a t i o n .

O n  t h e  b a s is  o f  t h e  i n t e r p r e t a t i o n  o f  t h e  E X A F S  a n d  X A N E S  d a t a ,  t o g e t h e r  w i t h  o t h e r  

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

s p h a l e r i t e  w a s  p r e s e n t e d  b y  G e r s o n ,  L a n g e  e t  a l .  ( 1 9 9 9 ) .  T h i s  m e c h a n i s m  p r o p o s e s  t h e  

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

t u r e ,  s i m i l a r  t o  t h e  C u  s t r u c t u r e  f o u n d  f o r  h a l f  t h e  C u  a t o m s  w i t h i n  c o v e l l i t e  ( C u S ) .  I n - s i t u
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Note: (a) EXAFS data co llected for Cu adsorbed 
onto sphalerite conditioned in 1 0 ^  M C u (N 0 3)2 
for 15 m inutes at pH 5.5. The regula r sinusoidal 
nature o f the data is indicative o f a single 
coordination shell, (b) The Fourier transform  of 
[he m odel and experim ental data sets. A lthough 
three m axim a are shown, only one atom ic shell 
has been used to fit this data (C u -S  2.26 A).
(c) The proposed structure o f Cu adsorbed onto a 
sphalerite  (110) surface. For both (a) and (b),
(x) show s the experim ental data, and ( - )  shows 
the  data s im ula ted from  the model.

FIGURE 25 Experimental EXAFS data sets with correspondence to proposed copper structure

r e d u c t i o n  o f  C u ( I I )  t o  C u ( I )  o c c u r s ,  r e s u l t i n g  i n  t h e  o x i d a t i o n  o f  t h e  s u r r o u n d i n g  S  a t o m s .  

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

C u - a c t i v a t e d  s p h a l e r i t e  a s  c o m p a r e d  t o  u n a c t i v a t e d  s p h a l e r i t e  t h a t  h a s  b e e n  o b s e r v e d  a n d ,  

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

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

i n h i b i t  c o p p e r ( I I )  h y d r o x i d e  ( C u ( O H ) 2 )  f o r m a t i o n .

T h e  C u  a c t i v a t i o n  o f  p y r i t e  ( F e S 2 )  h a s  a l s o  b e e n  i n v e s t i g a t e d  b y  W e i s e n e r  a n d  G e r s o n  

( 2 0 0 0 ) .  O n  t h e  b a s is  o f  E X A F S  d a t a ,  a  s i m i l a r  s t r u c t u r e  f o r  a d s o r b e d  C u  t o  t h a t  p r o j e c t e d  

f o r  s p h a l e r i t e  w a s  p r o p o s e d  ( i . e . ,  d i s t o r t e d  t r i g o n a l  p l a n a r )  a n d  n e a r - i d e n t i c a l  C u - S  b o n d  

l e n g t h s  w e r e  d e t e r m i n e d .  A g a i n ,  t h e r e  w a s  n o  e v i d e n c e  o f  C u - O  c o o r d i n a t i o n  e x c e p t  i n  t h e  

i n s t a n c e  w h e r e  C u ( O H ) 2 w a s  p u r p o s e f u l l y  p r e c i p i t a t e d  w i t h i n  t h e  a c t i v a t i n g  s o l u t i o n  ( p H  

8 . 5 ,  2 . 8 4  x  1 0 ” “* m o l  m - 2  C u ) .  I n  t h i s  i n s t a n c e ,  C u - S  b o n d  l e n g t h s  o f  2 . 2 9  A  a n d  C u - O  

b o n d  l e n g t h s  o f  2 . 0 0  A  w e r e  d e r i v e d  f r o m  t h e  E X A F S  d a t a .  T h i s  a l s o  p r o v i d e s  a  p o s s i b l e  

e x p l a n a t i o n  f o r  t h e  o b s e r v a t i o n s  b y  P a t t r i c k  e t  a l .  ( 1 9 9 9 )  a s  t o  t h e  c o o r d i n a t i o n  o f  a d s o r b e d  

C u  t o  O .

T o d d  a n d  S h e r m a n  ( 2 0 0 3 )  u s e d  X A S  t o  p r o b e  t h e  s u r f a c e  o x i d a t i o n  m e c h a n i s m  o f  

c h a l c o c i t e  ( C u 2 S ) .  T h i s  l e a d s  t o  r e d u c e d  f l o t a t i o n  o f  c h a l c o c i t e  i n  m i n e r a l s  p r o c e s s i n g  c i r ­

c u i t s .  I n  t h i s  i n s t a n c e ,  T E Y  c o l l e c t i o n  m o d e  w a s  u s e d .  F o r  t h e  C u  L - e d g e  m e a s u r e m e n t s  

u n d e r t a k e n ,  t h e r e  is  l i k e l y  t o  b e  a  c o n t r i b u t i o n  f r o m  t h e  b u l k  m i n e r a l .  H o w e v e r ,  t h e  O  K - e d g e  

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

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

( C u 2 0 )  d o m i n a t e s  t h e  o x i d a t i o n  p r o d u c t s ,  w h e r e a s  u n d e r  a l k a l i n e  p H ,  c u p r i c  o x i d e  ( C u O )  

is  t h e  m a j o r  o x i d a t i o n  p r o d u c t .

X A N E S  h a s  b e e n  e m p l o y e d  i n  a  s t u d y  o f  s e l e c t e d  e l e m e n t s  ( T i ,  V ,  C r ,  M n ,  a n d  A s )  i n  

d e e p - c l e a n e d  K e n t u c k y  N o .  9  c o a l  ( H u g g i n s  e t  a l .  1 9 9 7 ) .  T a i l  a n d  f l o a t  s a m p le s  w e r e  p r e p a r e d
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u s i n g  b o t h  a  D e n v e r  c e l l  a n d  c o l u m n  f l o t a t i o n .  T h e  t a i l s  a n d  f l o a t  f r a c t i o n s  w e r e  e x a m i n e d  

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

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

a p p r o p r i a t e  c o a l - c l e a n i n g  s t r a t e g ie s .  X A N E S  d a t a  h a s  b e e n  i n t e r p r e t e d  t h r o u g h  c o m p a r i s o n  

w i t h  d a t a  o b t a i n e d  f r o m  s t a n d a r d s .  V ,  T i ,  C r ,  a n d  M n  w e r e  a l l  f o u n d  t o  b e  d i f f e r e n t  i n  f o r m  

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

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

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

o x i d a t i o n  s t a t e  o f  V  t o  b e  h i g h e r  i n  t h e  f l o a t  t r a c t i o n  t h a n  i n  t h e  t a i l s  f r a c t i o n s .  T h e  d i f f e r ­

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

t l e r  w i t h  C r  p r e s e n t  i n  t h e  t a i l s  a s  i l l i t e  a n d  i n  f l o a t  f r a c t i o n s  a s  a  h y d r o x i d e  s p e c ie s .  M n  i n  

t h e  t a i l s  w a s  a s s o c ia t e d  w d t h  c a l c i t e  ( C a C 0 3 ) a n d  i l l i t e ,  w h e r e a s  i n  t h e  f l o a t  f r a c t i o n ,  t w o  

d i f f e r e n t  o r g a n i c  f o r m s  w e r e  i d e n t i f i e d .  T h e  X A N E S  d a t a  f o r  t h e  f l o a t  f r a c t i o n s  f o r  t h e s e  

e l e m e n t s  s u g g e s t  t h e  p r i n c i p a l  c o o r d i n a t i o n  is  t o  O  a n i o n s .  I n  c o n t r a s t ,  A s  w a s  p r i m a r i l y  

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

f o r m s  w a s  n o t  f l o a t  o r  t a i l  d e p e n d e n t .

A d d i t i o n a l  o p p o r t u n i t i e s  e x i s t  t o  f u r t h e r  u t i l i z e  X A S  m e a s u r e m e n t s  t o  a d v a n c e  t h e  

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

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

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

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

s c a n  t h e  e n e r g y  r a n g e  r e q u i r e d  f o r  t h e  s p e c t r a .  E n e r g y - d i s p e r s i v e  X A S  c a n  b e  c a r r i e d  o u t  o n  

i n - s i t u  m a t e r i a l s  a n d  i n  r e a l  t i m e .  D a t a  a c q u i s i t i o n  c a n  b e  c a r r i e d  o u t  i n  t h e  o r d e r  o f  1 0  s e c o n d s .

SCANNED PROBE MICROSCOPIES
T h o u g h  t h e  s c a n n e d  p r o b e  m i c r o s c o p i e s — s c a n n i n g  t u n n e l i n g  m i c r o s c o p y  ( S T M ) ,  a n d  

a t o m i c  f o r c e  m i c r o s c o p y  ( A F M ) — a r e  e s s e n t i a l l y  r e s e a r c h  t o o l s  a p p l i e d  t o  m o d e l  s y s t e m s ,  

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

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

i m a g e  s u r f a c e s  c lo s e  t o  t h e  a t o m i c  l e v e l .  S T M  r e q u i r e s  r e a s o n a b l y  c o n d u c t i v e  s a m p le s  

( w h i c h  h a s  m a d e  g a l e n a  a  m i n e r a l  o f  c h o i c e )  w i t h  s o m e  c h e m i c a l  i d e n t i f i c a t i o n  i n  s c a n n i n g  

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

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

i n t e r a c t i o n s  a n d  c h a n g e s  w i t h  r e a c t i o n  a n d  a d s o r p t i o n  i n  f o r c e - d i s t a n c e  ( a p p r o a c h - r e t r a c t )  

m o d e .  F i o c h e l l a  ( 1 9 9 5 )  h a s  r e v i e w e d  S T M  a n d  A F M  s t u d i e s  o f  m i n e r a l  s u r f a c e s  a n d  t h e i r  

o x i d a t i o n .  S m a r t ,  A m a r a n t i d i s  e t  a l .  ( 2 0 0 3 )  h a v e  r e v i e w e d  a p p l i c a t i o n s  t o  o x i d a t i o n  a n d  c o l ­

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

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

t e c h n i q u e s  c a n  p r o v i d e .

T h e  d e v e l o p m e n t  o f  i s o l a t e d ,  p a t c h w i s e  o x i d a t i o n  i n  a i r  a n d  s o l u t i o n  h a s  b e e n  v e r y  w 7e l l  

i l l u s t r a t e d  b y  S T M  s t u d i e s  o f  g a l e n a  s u r f a c e s .  E g g l e s t o n  a n d  F i o c h e l l a  ( 1 9 9 0 ,  1 9 9 1 ,  1 9 9 2 )  

h a v e  i m a g e d  ( 0 0 1 )  s u r f a c e s  o f  g a l e n a  a t  a t o m i c  s c a le  a f t e r  e x p o s u r e  t o  w a t e r  f o r  1 m i n u t e .  

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

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

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

o f  t h e  o x i d i z e d  r e g i o n s  t e n d  t o  l i e  a l o n g  t h e  [ 1 1 0 ]  d i r e c t i o n s ,  a p p a r e n t l y  d u e  t o  S  a t o m s
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a c r o s s  t h i s  f r o n t  h a v i n g  o n l y  o n e  n e a r e s t - n e i g h b o r - o x i d i z e d  s u l f u r  w h e r e a s  a n  u n o x i d i z e d  S 

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

l i z a t i o n  p r o c e s s e s ,  [ 1 0 0 ]  f r o n t s  m o v e  f a s t  a n d  d i s a p p e a r ,  l e a v i n g  t h e  s l o w - m o v i n g  [ 1 1 0 ]  

d o m i n a n t .

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

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

i n i t i a t i o n  a t  s t e p  e d g e s  o r  c o r n e r s  ( L a a j a l e h t o  e t  a l .  1 9 9 3 ) .  T h i s  p r o c e s s  is  i l l u s t r a t e d  i n  F i g u r e  2 6  

f r o m  t h a t  w o r k  a n d  c o r r e l a t e d  w i t h  X P S  s p e c t r a ,  s h o w i n g  t h a t  t h e  i n i t i a l  o x i d a t i o n  p r o d u c t s  

a r e  p e r o x i d e ,  h y d r o x i d e ,  a n d  c a r b o n a t e  s p e c ie s  s u c c e s s iv e ly .  W i t h  t i m e  u p  t o  2 7 0  m i n u t e s  i n  

a i r ,  t h e  o x i d a t i o n  p r o d u c t s  g r o w  f r o m  s u r f a c e  f e a t u r e s  w i t h  l a t e r a l  d i m e n s i o n s  < 0 . 6  n m  t o  

o v e r l a p p e d  r e g i o n s  > 9  n m  d i a m e t e r  w i t h  “ h o l e s ”  i n  t h e  o v e r l a y e r  t h a t  s t i l l  a l l o w  a c c e s s  t o  t h e  

u n d e r l y i n g  s u l f i d e  s u r f a c e .  F u r t h e r  s t u d i e s  o f  g a l e n a  o x i d a t i o n  i n  a i r  ( K i m  e t  a l .  1 9 9 4 ) ,  c o m ­

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

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

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

d i s l o c a t i o n s ,  a n d  l a t t i c e  d e f e c t  s i t e s  o n  t h e  ( 0 0 1 )  f a c e s  o f  t h e  g a l e n a  c r y s t a l .  T h e  X P S  s p e c t r a  

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

c a r b o n a t e  i n  t h e  o x i d a t i o n  p r o d u c t s .

I n  s o l u t i o n ,  S T M  ( a n d  A F M )  i m a g i n g  s h o w e d  t h e  d e v e l o p m e n t  o f  s u b n a n o m e t e r  p i t s  

w i t h  i n c r e a s i n g  r e a c t i o n  t i m e  i n  a i r - p u r g e d  w a t e r  a t  p H  7  ( K i m  e t  a l .  1 9 9 5 ) .  T h e  b o u n d a r i e s  

o f  t h e  p i t s  l i e  i n  t h e  ( 1 0 0 )  a n d  ( 0 1 0 )  d i r e c t i o n s  i n  t h e  g a le n a  s u r f a c e  w i t h  d e p t h s  c o r r e ­

s p o n d i n g  t o  u n i t  c e l l  d i m e n s i o n s  o f  g a l e n a  ( i . e . ,  0 . 3  a n d  0 . 6  n m ) .  T h e  p r o c e s s  o c c u r r i n g  i n  

s o l u t i o n  is  c o n g r u e n t  d i s s o l u t i o n ,  c o n f i r m e d  b y  X P S  s p e c t r a  s h o w i n g  u n a l t e r e d  P b 4 f  a n d  

S  2 p  s i g n a l s .  T h e  x -  a n d  y - d i m e n s i o n s  o f  t h e  p i t s  a n d  t h e i r  r a t e s  o f  f o r m a t i o n  d e p e n d  

s t r o n g l y  o n  t h e  p H  a n d  p u r g i n g  g a s  ( i . e . ,  0 2 , a i r ,  N 2 )  u s e d .  D i s s o l u t i o n  r a t e s ,  d e t e r m i n e d  

d i r e c t l y  f r o m  S T M  im a g e s  o f  m o n o l a y e r s  r e m o v e d ,  d e c r e a s e  w i t h  i n c r e a s i n g  p H  i n  a g r e e m e n t  

w i t h  t h e  r e p o r t e d  d i s s o l u t i o n  s t u d i e s  o n  g a le n a  ( F o r n a s i e r o ,  R a l s t o n ,  a n d  S m a r t  1 9 9 4 ;

A B C

FIGURE 26 STM images from a 70 x 70 nm area of (a) freshly cleaned galena surface; (b) the 
same surface after 70 minutes standing in air; (c) after 270 minutes in air. The upper row are 
grayscale images; the lower row are 3-D (rotated) images with the vertical scales 1.8, 2.0, and 
3.8 nm, respectively. Constant current mode (0.2-0.25 nA), bias ~0.35 V.
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H s i e h  a n d  H u a n g  1 9 8 9 ) .  F o r  a l l  p H  v a lu e s  s t u d i e d ,  t h e  g r o w t h  o f  t h e  d i s s o l u t i o n  p i t s  i s  s i g ­

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

a r e  m o r e  a c t i v e  t o w a r d  d i s s o l u t i o n  t h a n  t h e  f a c e s  ( K i m  e t  a l .  1 9 9 5 ) .  A t  t h e  r e l a t i v e l y  l o w  s u r -  

f a c e - a r e a - t o  v o l u m e  r a t i o s  u s e d  i n  t h e  S T M  s t u d i e s ,  t h e r e  is  n o  e v i d e n c e  f o r  t h e  g r o w t h  o f  

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

l e a d  h y d r o x i d e  c o l l o i d s  f r o m  s o l u t i o n .  I n c r e a s i n g  t h e  l e a d  i o n  c o n c e n t r a t i o n  t o  1 0 ~ 3 M  i n  

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

d i m e n s i o n s  o f  ~ 5 0  n m  x  2 0  m n  a n d  a v e r a g e  h e i g h t s  o f  1 4  n m ,  w i t h  a  d i s t i n c t  [ 1 1 0 ]  d i r e c ­

t i o n a l i t y .  X P S  a n a l y s i s  h a s  c o n f i r m e d  t h a t  t h e s e  s p e c ie s  a r e  p r e d o m i n a n t l y  l e a d  h y d r o x i d e ,  

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

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

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

o f  P b 2 + / P b ( O H ) ,  m o l e c u l a r  s p e c ie s  a t  s p e c i f i c  s i t e s  o n  t h e  g a le n a  s u r f a c e  b e f o r e  i n - s i t u  

g r o w t h .  H o w e v e r ,  t h e  f o r m a t i o n  o f  t h e s e  p a t c h y  s u r f a c e  la y e r s  s h o w s  t h a t  t h e  g a le n a  s u r f a c e  

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

t r o l l e d  n o t  o n l y  b y  t h e  s u r f a c e  c h e m i s t r y  b u t  b y  t h e  s u r f a c e  a r r a n g e m e n t  o f  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  p a t c h e s .  A t o m i c  l e v e l  i m a g i n g  o f  t h e  ( 0 0 1 )  s u r f a c e  o f  g a l e n a ,  r e v i e w e d  b y  

H o c h e l l a  ( 1 9 9 5 ) ,  h a s  b e e n  a c h i e v e d ,  i n c l u d i n g  o b s e r v a t i o n  o f  t h e  o x i d a t i o n  o f  a  s i n g l e  S  s i t e  

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

I n - s i t u  S T M  im a g e s  o f  a  f r e s h l y  c l e a v e d  g a le n a  c r y s t a l  i n  c o n t a c t  w i t h  a n  a i r - e q u i l i ­

b r a t e d  1 0 ~ 4 M  e t h y l  x a n t h a t e  s o l u t i o n  s h o w  c o l l o i d a l  p a r t i c l e s  o f  l e a d  e t h y l  x a n t h a t e  ( a s  c o n ­

f i r m e d  b y  X P S  a n d  F T I R )  f o r m e d  a t  t h e  s u r f a c e  c o r r e s p o n d i n g  t o  m u l t i l a y e r  s u r f a c e  

c o v e r a g e .  I n - s i t u  S T M  s t u d i e s  o f  e t h y l  x a n t h a t e  t r e a t e d  p r e o x i d i z e d  g a le n a  s u r f a c e s  h a v e  a ls o  

s h o w n  t h e  r e m o v a l  o f  o x i d i z e d  le a d  s p e c ie s  a n d  t h e  f o r m a t i o n  o f  c o l l o i d a l  l e a d  e t h y l  x a n ­

t h a t e  p a r t i c l e s  a s  f l a t t e n e d  s p h e r e s  w ' i t h  d i a m e t e r s  o f  1 0 - 2 0  n m  a n d  a v e r a g e  h e i g h t s  o f  6  n m  

( R a l s t o n  1 9 9 4 b ;  K i m  e t  a l .  1 9 9 5 ) .

C o m b i n e d  X P S  a n d  A F M  s t u d i e s  o f  g a l e n a  o x i d a t i o n  i n  a c e t a t e  b u f f e r  ( p H  4 . 9 )  b y  

W i t t s t o c k  e t  a l .  ( 1 9 9 6 )  p r o d u c e d  d r a m a t i c  i m a g i n g  o f  e l e m e n t a l  s u l f u r  p r o t r u s i o n s  1 0 ­

2 0 0  n m  a f t e r  i n i t i a l  r o u g h e n i n g  o f  t h e  g a le n a  s u r f a c e .  T h e s e  p r o t r u s i o n s  a r e  s e p a r a t e d  b y  

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

p h a s e .  X P S  s h o w s  t h e  f o r m a t i o n  o f  e l e m e n t a l  s u l f u r  s t a r t i n g  a t  p o t e n t i a l s  m o r e  a n o d i c  t h a n  

1 6 0  m V  S H E  ( s a t u r a t e d  h y d r o g e n  e l e c t r o d e ) .  A F M  i m a g i n g  f i r s t  d e t e c t s  t h e  p r o t r u s i o n s  a t  

+ 2 3 6  m V  S H E .  T h e  a u t h o r s ,  t h e r e f o r e ,  p r o p o s e  t h a t  t h e  p r o c e s s  c a u s i n g  s u r f a c e  r o u g h e n i n g  

is  d i s s o l u t i o n  o f  P b S  t o  P b ( I I )  i o n s  a n d  H S ~  i o n s ,  w h e r e a s  t h e  d e p o s i t i o n  r e a c t i o n  is  t h e  

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

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

I n  n i c k e l  s u l f i d e  p r o c e s s i n g ,  m a g n e s i u m  s i l i c a t e  ( M g O )  g a n g u e  m i n e r a l s  o f t e n  r e p o r t  t o  

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

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

a b le  s u l f i d e  m i n e r a l s  s u c h  a s  p e n t l a n d i t e  [ ( F e ,  N i ) 9 S g ] .  F l o t a t i o n  o f  t h e  M g O  p a r t i c l e s  m a y  

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

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

c l e  a n d  m a y  a l s o  r e d u c e  c o l l e c t o r  a d s o r p t i o n  ( L e a r m o n t  a n d  I w a s a k i  1 9 8 4 ) .  E i t h e r  o f  t h e s e  

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

r e s u l t  i n  l o w e r  r e c o v e r i e s  o f  t h e  v a l u a b l e  s u l f i d e  m i n e r a l s  ( T r a h a r  1 9 8 1 ;  S e n i o r  a n d  T r a h a r  

1 9 9 1 ;  W e l l h a m ,  E l b e r ,  a n d  Y a n  1 9 9 2 ) .  S l i m e  c o a t i n g s  o f  l i z a r d i t e  a n d  c h r y s o t i l e  h a v e  b e e n  

f o u n d  t o  a d h e r e  t o  t h e  s u r f a c e  o f  p e n t l a n d i t e ,  r e d u c i n g  i t s  f l o t a t i o n  r a t e  ( E d w a r d s ,  K i p k i e ,
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Apparen t Separation, nm

FIGURE 27 Direct interaction forces as a function of apparent separation measured on 
approach between a pentlandite surface (■) and lizardite particle (a) in 10~3 M KN03 (potassium 
nitrate) at pH 9.4 and in the presence of 20 ppm CMC

a n d  A g a r  1 9 8 0 ;  L i  1 9 9 3 ;  C h e n  a t  a l .  1 9 9 9 a ,  b ;  M c Q u i e  1 9 9 9 ) .  T h e  i n t e r a c t i o n  b e t w e e n  l i z ­

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

f o r c e - d i s t a n c e  m o d e  a n d  e l e c t r o k i n e t i c  z e t a  p o t e n t i a l  d e t e r m i n a t i o n s  a s  a  f u n c t i o n  o f  p H  

a n d  i n  t h e  p r e s e n c e  o f  t h e  p o l y m e r i c  d i s p e r s a n t ,  c a r b o x y m e t h y l  c e l l u l o s e  ( C M C )  ( B r e m -  

m e l l ,  F o r n a s i e r o ,  a n d  R a l s t o n  2 0 0 5 ) .  T h e  l i z a r d i t e  m i n e r a l  w a s  p o s i t i v e l y  c h a r g e d  w i t h  t h e  

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

p H  d e p e n d e n t  a n d  w e r e  n e g a t i v e  f o r  p H  v a lu e s  a b o v e  4 . 5 .  A t  p H  v a lu e s  g r e a t e r  t h a n  9 ,  

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

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

m e a s u r e m e n t s  b e t w e e n  p e n t l a n d i t e  a n d  l i z a r d i t e  s u r f a c e s  a s  a  f u n c t i o n  o f  p H  d e m o n s t r a t e  

t h i s  a t t r a c t i v e  i n t e r a c t i o n .  A d s o r p t i o n  o f  C M C  a t  t h e  l i z a r d i t e - s o l u t i o n  i n t e r f a c e  o v e r c o m ­

p e n s a t e s  t h e  p o s i t i v e  c h a r g e  o n  t h e  l i z a r d i t e  p a r t i c l e ,  a n d  i t s  z e t a  p o t e n t i a l  is  r e n d e r e d  n e g a ­

t i v e .  I n  t h e  p r e s e n c e  o f  C M C ,  a  r e p u l s i v e  i n t e r a c t i o n  f o r c e  b e t w e e n  l i z a r d i t e  a n d  

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

( F i g u r e  2 7 ) .  T h e  r e s u l t s  e x p l a i n  t h e  f l o t a t i o n  b e h a v i o r  o f  t h e  m i n e r a l s  p e r f o r m e d  i n  t h i s  a n d  

p r e v i o u s  s t u d i e s .

PLANT CAS E  STUDY: USING SURFACE  ANALYSIS TO 
EXAMINE ZINC CIRCUIT MINERAL LOSSES

Introduction
T h e  M a t a g a m i  m i n e  s u l f i d e  f l o t a t i o n  p l a n t  i n  N o r t h e r n  Q u e b e c  is  t h e  f o c u s  o p e r a t i o n  f o r  

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

g a t e d  z i n c  lo s s e s  i n  t h e  z i n c  c i r c u i t  u s i n g  s u r f a c e  a n a l y s i s .  F o r  t h i s  w o r k ,  t h e  r o u g h e r  f e e d ,  

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

a n d  e x a m i n e d  i n  t h e  C A N M E T - M M S L  s u r f a c e  s c ie n c e  l a b o r a t o r i e s  l o c a t e d  i n  O t t a w a ,  

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

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

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

m e t h o d s  o f  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 )  a n 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
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( A E S ) .  T h e  b u l k  m i n e r a l o g y  o f  e a c h  p u l p  s a m p le  w a s  d e t e r m i n e d  f r o m  X - r a y  d i f f r a c t i o n  

( X R D )  p o w d e r  p a t t e r n s .  X R D  w a s  u s e d  b e c a u s e  t h e  m a t e r i a l s  a r e  c r y s t a l l i n e ,  a n d  t h e  

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

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

h u n d r e d s  o f  m i c r o m e t e r s .  F o r  t h e  a c q u i s i t i o n  o f  s u r f a c e  c h e m i c a l  i n f o r m a t i o n  f r o m  i n d i v i d ­

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

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

p r i m a r y  e l e c t r o n  b e a m ;  t h e r e f o r e ,  A E S  s p e c t r a  c a n  b e  c o l l e c t e d  f r o m  e x c e e d i n g l y  s m a l l  p a r t i c l e s .

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

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

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

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

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

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

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

t h e  a t m o s p h e r e .  W h e n  f r o z e n ,  i t  is  a  p a s s i v a t i n g  a n d  p r o t e c t i n g  l a y e r  o f  i c e  t h a t  i s o l a t e s  i n d i ­

v i d u a l  p a r t i c l e s  f r o m  t h e  a i r  ( S m a r t  1 9 9 1 ;  L o v e ,  C a y le s s ,  a n d  H a z e l l  1 9 9 3 ;  P r a t t ,  N e s b i t t ,  

a n d  M u i r  1 9 9 4 ) .

P u l p  s a m p le s  w e r e  p r e p a r e d  f o r  X R D  a n a l y s i s  b y  g r i n d i n g  2  g  o f  m a t e r i a l  t o  le s s  t h a n  

1 0 - | i m  p a r t i c l e  d i a m e t e r s  u s i n g  a  c u s t o m  m i c r o m i l l .  X R D  a n a ly s e s  w e r e  c o n d u c t e d  o n  t h e  

s a m p le s  u s i n g  a n  a u t o m a t e d  R i g a k u  d i f f r a c t o m e t e r  e q u i p p e d  w i t h  a  r o t a t i n g  c o p p e r  a n o d e  

X - r a y  s o u r c e .  X R D  p o w d e r  p a t t e r n s  w e r e  c o l l e c t e d  u s i n g  m o n o c h r o m a t i c  r a d i a t i o n ;  t h e y  

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

p o w d e r  d i f f r a c t i o n  p a t t e r n  a n a l y s i s  p r o g r a m  J A D E  ( R e le a s e  6 . 1 )  a n d  t h e  I C D D  P o w d e r  

D i f f r a c t i o n  D a t a b a s e  ( R e le a s e  2 0 0 1 ) .

X P S  s p e c t r a  w e r e  c o l l e c t e d  u s i n g  a  P e r k i n E l m e r  C o r p o r a t i o n  ( P h y s i c a l  E l e c t r o n i c s  

D i v i s i o n )  P H I - 5 6 0 0  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 n  O M N I  V  le n s  s y s t e m .  X P S  d a t a  w e r e  

c o l l e c t e d  u s i n g  4 0 0 - W  a c h r o m a t i c  M g  X - r a y s  ( E x r .ly  =  1 , 3 5 3 . 6  e V )  a n d  A l  X - r a y s  ( E s ray =

1 , 4 8 6 . 6  e V ) .  T h e  t w o  X - r a y  s o u r c e s  w e r e  u t i l i z e d  a s  a  m e a n s  o f  r e s o l v i n g  c o n t r i b u t i o n s  f r o m  

c o i n c i d e n t  p h o t o e l e c t r o n  a n d  X - r a y - i n d u c e d  A u g e r  e l e c t r o n  e m i s s i o n s .  T h e  e n e r g y  s c a le  o t  

t h e  s p e c t r o m e t e r  w a s  c a l i b r a t e d  t o  t h e  m e t a l l i c  A u ( 4 f - n ) l i n e  a t  8 4 . 0  e V  a n d  w a s  t o  g i v e  a n  

e n e r g y  d i s p e r s i o n  o f  8 5 7 . 8  e V  b e t w e e n  t h e  m e t a l l i c  c o p p e r  2 p v ,  a n d  3 p  l i n e s .  T h e  a n a l y z e r  

p a s s  e n e r g y  w a s  1 8 7 . 0  e V  f o r  b r o a d - e n e r g y - r a n g e  “ s u r v e y ”  s c a n s  a n d  2 9 . 3 5  e V  f o r  n a r r o w -  

e n e r g v - r a n g e  “ m u l t i p l e x ”  s c a n s .  T h e  b i n d i n g  e n e r g y  s c a le  o f  t h e  s p e c t r a  is  r e f e r e n c e d  t o  t h e  

C l s  p e a k  f r o m  a d v e n t i t i o u s  h y d r o c a r b o n  ( s t a t i c  c h a r g e  r e f e r e n c i n g )  f i x e d  a t  2 8 5 . 0  e V  ( S w i f t  

1 9 8 2 ) .  X P S  i n f o r m a t i o n  w a s  c o l l e c t e d  f r o m  s p o t s  m e a s u r i n g  n e a r l y  4 0 0  | i m  i n  d i a m e t e r ,  

a n d  t h e  v a c u u m  i n  t h e  a n a l y t i c a l  c h a m b e r  w a s  a p p r o x i m a t e l y  8 . 0  x  1 0 - 1 0  T o r r  d u r i n g  a n a ly s is .  

D e t a i l s  o n  t h e  a n a l y s i s  o f  X P S  s p e c t r a  a r e  p r o v i d e d  i n  w o r k  b y  P r a t t ,  N e s b i t t ,  a n d  M u i r  

( 1 9 9 4 ) .

A E S  s p e c t r a  w e r e  c o l l e c t e d  u s i n g  a  P e r k i n E l m e r  C o r p o r a t i o n  ( P h y s i c a l  E l e c t r o n i c s  

D i v i s i o n )  P H I - 6 0 0  s c a n n i n g  A u g e r  m i c r o p r o b e  e q u i p p e d  w i t h  a  L a B 6 t h e r m i o n i c  e l e c t r o n  

e m i t t e r .  A n a l y s e s  w e r e  o b t a i n e d  u s i n g  a n  e l e c t r o n  b e a m  a c c e l e r a t e d  t o  a  p o t e n t i a l  o f  3 . 0  k V  

a t  a  c u r r e n t  o f  9 0  n A  a n d  a n  a n a l y z e r  e n e r g y  r e s o l u t i o n  s e t  t o  0 . 6 % .  U n d e r  t h e s e  i n s t r u m e n t  

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

t h e  s a m p l e  m o u n t  m a t r i x .  T h i s  is  b e c a u s e  t h e  v o l u m e  o f  a n a l y s i s  is  d e f i n e d  b y  t h e  p r i m a r y
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b e a m  d i a m e t e r  ( ~ 3 0 0  n m )  a n d  t h e  e s c a p e  d e p t h  (A . )  o f  A u g e r  e l e c t r o n s ,  w h i c h  is  a p p r o x i ­

m a t e l y  1 t o  3  n m  b e n e a t h  a  p a r t i c l e  s u r f a c e .  L a m b d a  ( A . )  is  d e p e n d e n t  o n  t h e  k i n e t i c  e n e r g y  o f  

t h e  A u g e r  e l e c t r o n  a n d  t h e  s o l i d ’s d e n s i t y .  S e m i q u a n t i t a t i v e  s u r f a c e  c o m p o s i t i o n s  w e r e  c a l c u ­

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

f a c t o r s .  T h e  v a c u u m  i n  t h e  a n a l y t i c a l  c h a m b e r  w a s  a b o u t  6 . 0  x  1 0 ~ 10 T o r r  d u r i n g  a n a ly s is .

Metallurgical Processing Surface Science Protocols for Sampling and Analysis

T h e  e x p e r i m e n t a l  p r o t o c o l  f o r  p r e p a r a t i o n  o f  s u r f a c e  s a m p le s  is  a s  f o l l o w s :

1 . S a m p le  t h e  p u l p  s t r e a m  u s i n g  a  b e a k e r .

2 .  P la c e  s e v e r a l  m i l l i l i t e r s  o f  p u l p  i n t o  a  v i a l .

3 .  P u r g e  w i t h  N 2 ( g ) .

4 .  C a p  t h e  v i a l  a n d  s e a l  t h e  c a p  w i t h  s i l i c o n .

5 .  F r e e z e  t h e  s a m p l e  a s  q u i c k l y  a s  p o s s i b l e ,  a n d  m a i n t a i n  i n  a  f r o z e n  s t a t e  u n t i l  t i m e  f o r  

a n a ly s i s .

6 .  T h a w  t h e  s a m p le  w i t h i n  3 0  m i n u t e s  o f  t h e  s c h e d u l e d  a n a l y s i s .

7 .  U s i n g  a  p i p e t t e ,  r e m o v e  1 .5  m L  o f  t h e  p r o c e s s  w a t e r  a n d  d e p o s i t  i t  i n t o  a  m i c r o  t e s t  t u b e .

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

t e s t  t u b e .  F o r  X P S - d e s t i n e d  s a m p le s ,  t h e  s o l u t i o n  s h o u l d  b e  s l i g h t l y  c l o u d e d ;  t h i s  

a m o u n t  p r o v i d e s  a b o u t  a  m o n o l a y e r  o f  p a r t i c l e  c o v e r a g e  o n  t h e  f i l t e r .  F o r  A E S -  

d e s t i n e d  s a m p le s ,  t h e  s o l u t i o n  s h o u l d  r e m a i n  c l e a r ;  t h i s  a m o u n t  p r o v i d e s  t h e  d i s ­

p e r s e d  p a r t i c l e  c o v e r a g e  n e e d e d  f o r  A u g e r  a n a ly s i s .

9 .  S e p a r a t e  t h e  s o l i d s  f r o m  t h e  s o l u t i o n  o n t o  a  2 . 5 - c m - d i a m e t e r  0 . 4 5 - ( i m  n i t r o c e l l u ­

lo s e  m e m b r a n e  f i l t e r  u s i n g  a  v a c u u m  f i l t r a t i o n  s y s t e m .  (NOTE: F o r  t h e s e  e x p e r i ­

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

a n d  f i x e d  t o  t h e  a p p r o p r i a t e  s a m p le  p l a t e n . )

1 0 .  P r e p a r e  t h e  d a m p  s a m p le s  f o r  s u r f a c e  a n a l y s i s  u s i n g  a n  u l t r a h i g h  v a c u u m  ( U H V )  

c o n d i t i o n i n g  c h a m b e r  t h a t  is  a t t a c h e d  t o  t h e  X P S  i n s t r u m e n t .  (NOTE: T h e  c o n d i ­

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

a u t h o r s .  O n e  f u n c t i o n  o f  t h e  c o n d i t i o n i n g  c h a m b e r  is  t o  p r e p a r e  d a m p  s a m p le s  f o r  

t h e  U H V  c o n d i t i o n s  r e q u i r e d  f o r  s p e c t r o s c o p i c  s u r f a c e  a n a l y s i s .  T h e  c h a m b e r  

d e s i g n  is  a t t a c h e d  t o  t h e  X P S  v i a  a  s e r ie s  o f  U H V  g a t e  v a lv e s  a n d  s t a i n l e s s - s t e e l  c o n ­

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

u n d e r t a k e n  a t  h i g h  t o  u l t r a h i g h  v a c u u m  c o n d i t i o n s .  C o n d i t i o n i n g  t a k e s  u p  t o  1 5  h o u r s ; 

t h e r e f o r e ,  U H V  c o n d i t i o n s  s h o u l d  b e  m a i n t a i n e d  t h r o u g h o u t  t h e  e x p e r i m e n t . )

1 1 .  F o r  c o l l e c t i o n  o f  A E S  d a t a ,  t r a n s f e r  t h e  c o n d i t i o n e d  s a m p le s  t o  t h e  s c a n n i n g  A u g e r  

m i c r o s c o p e  i n s t r u m e n t  f r o m  t h e  X P S  u s i n g  a  h i g h - v a c u u m  t r a n s f e r  v e s s e l .  (NOTE: 
T h e  h i g h - v a c u u m  t r a n s f e r  v e s s e l  u s e d  i n  t h e s e  e x p e r i m e n t s  w a s  d e s i g n e d  a n d  b u i l t  a t  

C A N M E T  b y  D r .  J i m  B r o w n . )

Results and Discussion

T h e  X R D  p o w d e r  p a t t e r n  a n d  X P S  s u r v e y  s c a n  d a t a  c o l l e c t e d  f r o m  t h e  s e l e c t e d  z i n c  c i r c u i t  

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

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

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



SURFACE CHARACTERIZATION AND NEW TOOLS FOR RESEARCH 327

i n  X R D  p a t t e r n s  c o l l e c t e d  f r o m  e a c h  o f  t h e  p u l p s  e x a m i n e d .  X P S  s u r v e y  s c a n s  c o l l e c t e d  

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

a l s o  s h o w  d i s t i n c t  C u  c o n t r i b u t i o n s .  Q u a l i t a t i v e  e v a l u a t i o n  o f  t h e  X R D  d a t a  s h o w s  t h a t  

o n l y  m i n o r  t o  t r a c e  a m o u n t s  o f  c h a l c o p y r i t e  ( C u F e S 2 ) c a n  b e  f o u n d  i n  t h e  p u l p s .  T h e  s o u r c e  

f o r  t h e  C u  d e t e c t e d  b y  X P S  is  m o s t  l i k e l y  t h e  C u  a d d e d  f o r  a c t i v a t i o n  o f  s p h a l e r i t e .  B e c a u s e  

t h e  v a s t  m a j o r i t y  o f  t h e  p a r t i c l e s  i n  t h e  Z n  c o n c e n t r a t e  is  s p h a l e r i t e ,  t h e  a p p r o x i m a t e  s u r f a c e  

Z n / C u  r a t i o  o f  3 : 1 ,  o b t a i n e d  f r o m  t h i s  p u l p ,  c a n  b e  u s e d  a s  a  m o d e l  r a t i o  f o r  t h e  q u a l i t a t i v e  

e v a l u a t i o n  o f  s p h a l e r i t e  a c t i v a t i o n  i n  e a c h  o f  t h e  p u l p s  e x a m i n e d .  T h e  a p p r o x i m a t e  Z n / C u  

r a t i o s  f o r  t h e  p u l p s  e x a m i n e d  a r e  a s  f o l l o w s :  r o u g h e r  f e e d  > 3 0 : 1 ,  r o u g h e r  c o n c e n t r a t e  4 : 1 ,  

r o u g h e r  t a i l s  1 0 : 1 ,  a n d  c l e a n e r  s c a v e n g e r  t a i l s  6 : 1 .

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

Z n / C u  r a t i o  is  e x p e c t e d .  A c t i v a t i o n  a p p e a r s  t o  h a v e  o c c u r r e d  w i t h i n  t h e  r o u g h e r ,  a n d  t h e  

r o u g h e r  c o n c e n t r a t e  h a s  t h e  a p p r o p r i a t e  C u  a c t i v a t i o n  r a t i o .  F o r  t h e  r o u g h e r  t a i l s ,  t h e  h i g h  

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

h a s  n o t  b e e n  s u f f i c i e n t l y  a c t i v a t e d .  F o r  t h e  c l e a n e r  s c a v e n g e r  t a i l s ,  t h e  Z n / C u  r a t i o  is  a b o u t  

5 0 %  g r e a t e r  t h a n  t h e  m o d e l  r a t i o .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  t h e r e  is  a  p r o b l e m  w i t h  t h e  

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

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

o f  C u  2 p  s p e c t r a  c o l l e c t e d  f r o m  t h e  r o u g h e r  c o n c e n t r a t e ,  r o u g h e r  t a i l s ,  c l e a n e r  s c a v e n g e r  

t a i l s ,  a n d  Z n  c o n c e n t r a t e  ( F i g u r e  2 8 ) .  T h e  s p e c t r a  h a v e  b e e n  n o r m a l i z e d  s u c h  t h a t  t h e  i n t e n ­

s i t i e s  n e a r  9 3 2  e V  a r e  n e a r l y  c o i n c i d e n t .  T h e  o v e r l a i n  s p e c t r a  a r e  c h a r a c t e r i z e d  b y  C u  2 p V 2  

a n d  2 p 1 /2  p e a k s ,  r e s p e c t i v e l y ,  a t  9 3 1 . 8  e V  a n d  9 5 1 . 7  e V .  T h e  m i n e r a l o g y  o f  t h e  Z n  c o n c e n ­

t r a t e  is  m a i n l y  s p h a l e r i t e ,  a n d  t h e  C u  2 p  c o l l e c t e d  f r o m  t h i s  p u l p  is  i n t e r p r e t e d  t o  o r i g i n a t e  

f r o m  a c t i v a t e d  s p h a l e r i t e  s u r f a c e s .  T h e  s h a p e s  a n d  p o s i t i o n s  o f  t h e  C u  2 p  p e a k s  a r e  s i m i l a r  

t o  t h o s e  r e p o r t e d  f o r  C u ( I )  ( C h a w a l a ,  S a n k a r r a m a n ,  a n d  P a y e r  1 9 9 2 ) ,  a n d ,  i n  a g r e e m e n t ,  

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

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

T h e  C u  2 p  s p e c t r a  c o l l e c t e d  f r o m  t h e  r o u g h e r  t a i l s  a n d  c l e a n e r  s c a v e n g e r  t a i l s  h a v e  a n  a d d i ­

t i o n a l  c o n t r i b u t i o n  n e a r  9 4 2  e V .  T h e  p o s i t i o n  a n d  s h a p e  r e s e m b l e  t h o s e  r e p o r t e d  t o r  C u ( I I )  

i o n s  ( C h a w a l a ,  S a n k a r r a m a n ,  a n d  P a y e r  1 9 9 2 )  a n d  a r e  i n t e r p r e t e d  t o  b e  f r o m  C u ( I I )  s p e ­

c ie s .  T h e s e  r e s u l t s  s h o w  t h a t  a  p o r t i o n  o f  t h e  C u  o n  t h e  s p h a l e r i t e  s u r f a c e s  i n  t h e  t a i l s  is  

f o u n d  a s  C u ( I I ) .

AES Analyses of Individual Sphalerite Particles

A E S  s p e c t r a  w e r e  c o l l e c t e d  f r o m  i n d i v i d u a l  s p h a l e r i t e  p a r t i c l e s  i n  t h e  p r o c e s s  s t r e a m  p u l p s .  

A  m i n i m u m  o f  1 0  p a r t i c l e s  i n  e a c h  p u l p  w a s  a n a l y z e d .  T h e  A E S  s p e c t r a  s h o w e d  c o n t r i b u ­

t i o n s  f r o m  S , C ,  O ,  a n d  t h e  t r a n s i t i o n  m e t a l s  F e ,  C u ,  a n d  Z n .  O n  m a n y  o f  t h e  s p h a l e r i t e  p a r ­

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

A E S  d a t a  c o l l e c t e d  i n  t h e  s t u d y  a r e  s h o w n  i n  F i g u r e  2 9 .

T h e  C a  d e t e c t e d  is  i n t e r p r e t e d  t o  b e  a s s o c ia t e d  w i t h  a  p r e c i p i t a t e d  C a  s u l f a t e  s p e c ie s ,  

p o s s i b l y  g y p s u m .  A l t h o u g h  t h e  s a m p l i n g  s iz e  is  s m a l l ,  t h e  A E S  r e s u l t s  s h o w  t h a t  C a  c o n c e n ­

t r a t i o n s  a r e  c o n s i s t e n t l y  t h e  l o w e s t  o n  s p h a l e r i t e  p a r t i c l e s  i n  c o n c e n t r a t e s .  C o n v e r s e l y ,  C a  

c o n c e n t r a t i o n s  a r e  c o n s i s t e n t l y  h i g h e r  o n  s p h a l e r i t e  p a r t i c l e s  i n  t a i l s .

U s i n g  O  c o n c e n t r a t i o n s  a s  a  g u i d e  t o  t h e  d e g r e e  o f  s u r f a c e  o x i d a t i o n ,  t h e  A E S  d a t a  

s h o w s  t h a t  t h e  t a i l s  h a v e  s p h a l e r i t e  p a r t i c l e s  t h a t  a r e  t h e  m o r e  o x i d i z e d  ( F i g u r e  2 9 a ) ,  a n d  t h e  

t w o  c o n c e n t r a t e  p u l p s  h a v e  s p h a l e r i t e  p a r t i c l e s  t h a t  a r e  t h e  le a s t  o x i d i z e d  ( F i g u r e  2 9 b ) .  

T h e s e  t r e n d s  a p p e a r  t o  a p p l y  t o  b o t h  t h e  c o a r s e  a n d  f i n e  p a r t i c l e s  e x a m i n e d  w i t h i n  t h e  p u l p s .
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Cu 2p, 2 Cu 2p:
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FIGURE 28 Overlain narrow region Cu 2p spectra collected from four zinc circuit pulps. The 
peak intensities shown have been normalized. The dotted traces are the concentrates and the 
solid traces are the tails.

40 180 320 460 600 740 880 1.020 1.160 1,300 1,440 
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FIGURE 29 Representative AES scans collected from sphalerite particles in the (a) cleaner 
scavenger tails and (b) zinc concentrate. Values are atomic %.
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X R D  s h o w s  c h a t  a n  a p p r e c i a b l e  a m o u n t  o f  s p h a l e r i t e  is  f o u n d  i n  t a i l i n g s  p u l p s  w i t h i n  

t h e  c i r c u i t ,  a n d  t h e  X P S  r e s u l t s  s h o w  t h a t  t h e  s p h a l e r i t e  is  f o u n d  i n  t h e  t a i l s  b e c a u s e  o f  i n a d ­

e q u a t e  C u  a c t i v a t i o n .  E x a m i n a t i o n  o f  t h e  A u g e r  s p e c t r a  c o l l e c t e d  f r o m  i n d i v i d u a l  s p h a l e r i t e  

p a r t i c l e s  i n  t h e  c i r c u i t  p u l p s  c o r r o b o r a t e s  t h e  X P S  i n t e r p r e t a t i o n .  T h e  s p h a l e r i t e  p a r t i c l e s  

e x a m i n e d  i n  t h e  t w o  c o n c e n t r a t e  p u l p s  s h o w  w e l l - d e K n e d  C u  p e a k s  ( F i g u r e  2 9 b ) .  T h o s e  i n  

t h e  t a i l s  h a v e  n o  c l e a r  a n d  u n a m b i g u o u s  c o n t r i b u t i o n s  f r o m  C u  ( F i g u r e  2 9 a ) .  T h e  n u m b e r  

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

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

SUMMARY
A E S  e x a m i n a t i o n  o f  s p h a l e r i t e  i n  t h e  t w o  c o n c e n t r a t e s  s h o w s  t h a t  t h e s e  p a r t i c l e s  a r e  le s s  o x i ­

d i z e d  a n d  c l e a n e r  ( l e s s  c a l c i u m  s p e c ie s )  t h a n  t h o s e  i n  t h e  t w o  t a i l s .  T h e  X P S  a n d  A E S  

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

t h e  X P S  r e s u l t s  s h o w  o x i d i z e d  c o p p e r  i s  f o u n d  o n  t h e  s u r f a c e  o f  t h e  p a r t i c l e s .
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