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Abstract: It is more common than not, for mineral processing studies to proceed via the
examination of model flotation systems with the resulting data often lacking statistical
verification. The resultant concentrates and tails may then be subjected to a restricted range
of analyses, for diagnosis of the flotation behavior variations observed, that themselves
bias the outcomes. For instance surface analysis may be undertaken without reference to
solution speciation, or liberation may be studied but surface speciation may not be taken
into account. We propose an integrated approach whereby firstly the flotation data are
vigorously scrutinized and the mineralogy, liberation, surface and solution speciation are
examined in parallel to establish a chemical over view of the system. It is proposed that to
make progress in the understanding of flotation systems, in terms of the minerals
chemistry, that a multi-dimensional analytical approach is utilized and that the focus shifts
towards the analysis of real ores and industrial flotation systems.
Keywords: flotation; statistical analysis; mineralogy; solution speciation; surface analysis
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1. Introduction
Minerals flotation systems are by definition a complex assemblage of chemical, hydrodynamic and
engineering parameters involving simultaneous interactions of aqueous solution, mineral surfaces and
froth or bubbles. We focus here on two approaches that are pre-requisite for reliability and robustness
of minerals processing studies with specific focus on minerals chemistry. Firstly, it is important that
appropriate statistical procedures be routinely incorporated into the flotation investigation
methodology to ensure that conclusions are robust and defensible. These can be divided into
three classes:
•
•
•

Quoting the uncertainty (confidence interval) in any important measured or calculated quantity,
and comparing such quantities rigorously.
Adopting the appropriate experimental design, both for laboratory experiments and plant trials.
The correct design leads directly to an appropriate method of data analysis.
Using robust modelling methods to describe and compare data where necessary.

These all generally require that experiments be replicated to generate estimates of experimental
error, a practice which the flotation research community has not enthusiastically embraced in the past
(with some honorable exceptions, e.g., [1]).
We also focus on factors that affect mineral surface chemistry and how these can be examined with
emphasis on the behavior of real and therefore by definition complex ores. To understand the chemical
processes taking place within a flotation system it is necessary to understand the mineralogy, and
surface and solution speciation. It is only by doing this that an overall definition of the chemical
processes taking place can be achieved. However, it is necessary to put in place analytical approaches
that provide feed-back loops and to recognize the strengths and weaknesses of all analytical
technologies. It has been the frequent and unfortunate practice in many past studies to ignore one or
more of these critical aspects resulting in the exclusion of information necessary for the proper
understanding of the flotation systems being studied.
To illustrate the necessity to consider both flotation statistics and mineral surface chemistry in any
comprehensive flotation study we draw on both previously published case studies and new
unpublished analyses.
2. Ensuring Statistical Rigour in Making Conclusions
The uncertainty in any replicated measurement is easily estimated using the usual t-based formula
for the confidence interval at a chosen level of confidence, and this should always be done [2,3]. An
associated formula is available for determining the sample size required to estimate a mean value to a
desired margin of uncertainty. This formula is n = (zσ/m)2 where n is the required sample size, z is the
2-sided normal deviate for a given confidence level (1.96 for 95% confidence), σ is the standard
deviation (assumed known) and m is the desired margin of uncertainty. Uncertainties calculated in this
way should be shown as error bars on graphs, as in Figure 1 which shows 90% confidence intervals on
individual points on two triply replicated batch flotation grade-recovery curves comparing two
different collectors (Tests A and B). The uncertainties are quite large but not at all unusual in
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experiments of this kind. Comparisons between mean values are usually best formalised using the
2-sample or paired t-test depending on how the experiments were obtained [2].
Figure 1. Ninety percent confidence intervals on two batch flotation grade-recovery curve
points (from [4] with permission).
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Batch flotation grade-recovery curves such as those in Figure 1 are commonly used to compare
chemical conditions in flotation. In such cases care should be taken to make these comparisons robust
and statistically defensible. Napier-Munn [3] has recently proposed an appropriate methodology for
this purpose. It involves fitting a model to the grade-recovery curve (grade is usually best represented
by enrichment ratio, defined as the ratio of concentrate grade to feed grade), or the rate curve. The
model is then bootstrapped using the replicate data to generate a large number of estimates of the
model parameters and other important quantities. The distribution of these values represents the
uncertainty in the original data, and simple hypothesis tests can be used to formalize comparisons
between them. Figure 2 shows the 95% confidence intervals calculated on the two grade-recovery
curves of Figure 1 using bootstrapping. The model fitted can be either that proposed by Vera et al. [5]
or Bruey’s re-parameterisation of Vera’s model [3].
In considering appropriate experimental designs we should distinguish between laboratory
experiments (and sometimes pilot plant tests), in which conditions can be relatively easily controlled,
and plant trials, which present some additional challenges. Laboratory flotation experiments lend
themselves to factorial designs, which remain the most efficient way of evaluating the magnitude and
significance of the effects of the factors of interest [6]. Most importantly, factorials are the only real
option for unequivocally estimating factor interaction which is not uncommon in flotation. Interaction
between factors A and B exists when the dependence of the response on factor A depends in turn on
the level of factor B. Thus recovery may depend significantly on the choice of collector at low pH but
not at high pH. Another important advantage of factorials is that every run contributes information
about every factor, unlike the traditional ‘one variable at a time’ approach which can be particularly
misleading in flotation testing and should not be used. Factorials are also the most efficient way of
collecting data for modeling.
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Figure 2. Bootstrapped 95% confidence intervals on the grade-recovery curves of Figure 1
(from [3] with permission).
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Sometimes what is required is simply a description of the response surface of the flotation system to
allow 3D graphs to be drawn to illustrate the complex relationships, or predictions to be made of the
response at particular values of the factors of interest. In these cases an appropriate design is the
CCRD (central composite rotatable design [6]) which allows the development of arbitrary regression
models incorporating non-linear trends and interactions, whilst needing less runs than a full (3-level)
factorial. Figure 3 shows the 3D graphs drawn using the model obtained from a CCRD to study PGM
(platinum group metal) recovery as a function of air rate, impeller speed and feed grade in a pilot
flotation plant. The complex nature of the response surfaces is clear (and interesting).
Figure 3. Response surfaces showing the dependency of PGM recovery on feed grade, air
rate and impeller speed in a flotation pilot plant CCRD (data from [7]). (a) PGM recovery
versus air versus feed grade and (b) PGM recovery versus impeller speed versus feed grade.
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A special case of a factorial experiment is the mixtures experiment which is appropriate when
mixtures of components are being tested. These may be mixtures of reagents (e.g., two collectors in
different proportions) or ores. An example of a study of the effect of four different ore types on PGM
recovery in batch flotation testing is described in [8]. Other statistical procedures are available to help
in establishing important effects which otherwise might be difficult to infer from voluminous and
complex data. A good example is the use of principal components analysis (PCA) for interpreting data
from time of flight secondary ion mass spectrometry (ToF-SIMS) [1].
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When a new reagent or conditioning regime is established in the laboratory it is then necessary to
test its efficacy in the plant. Here the challenge is to tease out the beneficial effects of the change
against the background ‘noise’ of the production data. The magnitude of the improvement is usually
quite small compared to the noise and therefore tends to be overwhelmed in the data. Conditions cannot
be controlled as in a laboratory experiment and so precautions must be taken against uncontrolled
factors that are known to influence plant performance such as feed conditions. The perils of not taking
such precautions are well illustrated in Figure 4 which shows a ‘before and after’ plant trial of a new
reagent in a copper-gold concentrator, which appeared to show an astonishing 7% improvement in
recovery following introduction of a new reagent. It is clear from a simple time series plot however
that the improvement cannot be attributed to the reagent; in fact there is some evidence that the
introduction of the reagent actually stopped the improvement that had been happening anyway (probably
due to changed feed). This is a bad experiment and should not be contemplated in such trials.

Gold Recovery (%)

Figure 4. Daily gold recovery before and after the introduction of a new flotation reagent.
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These problems can be overcome by using paired experiments (when two conditions are to be
compared, e.g., old and new reagent) or a randomized block design (when more than two conditions
are of interest, e.g., reagents A, B and C). Pairing or blocking is done either across parallel circuits or
in short periods of time (e.g., a shift or a day); the order (in time or across circuits) must be
randomized. It is easy to calculate the number of pairs required to detect a given change in
performance with a given confidence, which assists in planning the trial. It is also easy to calculate the
confidence interval on the observed change in performance (i.e., the improvement). The paired design
tends to subtract out common variation within the pairs, making the effect being sought more obvious,
and the randomized block extends the idea to more conditions. The paired trial is analyzed by a paired
t-test and the randomized block design by a 2-way analysis of variance, both of which are available in
Excel. Full details can be found in [2,9].
With a little thought almost any plant trial of chemical factors in flotation can be arranged to suit a
paired or randomized block design. In the rare cases where this is not possible, and the data has a more
happenstance character (for example the use of historical data), then appropriate modeling of the data
combined with other tools such as cumulative sum charts can usually identify the desired effects.
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Details can be found in [2,10,11]. Figure 5 shows the comparison of two recovery-feed grade trend
lines before and after a pH modifier was introduced into a nickel flotation circuit. Using the method
described in [8] it is possible to show rigorously that the pH modifier produced a statistically
significant increase of 2% in nickel recovery, and that we are 90% confident that the increase is at least
1%. This is a very useful number in carrying out cost-benefit analysis of a change, and easy to
determine. The important feature of this method is that the conclusion applies to the wide range of feed
grades encountered in the trial, and the interfering effect of feed grade on recovery has been effectively
removed by modelling it out. However, note that almost always such analyses are not as powerful (that
is, they are less likely to detect a significant improvement) as those from a formal experimental design
such as a paired test.
Figure 5. Comparison of two trend lines with and without a pH modifier in a nickel
flotation circuit.
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3. Analytical Approaches to the Study of the Chemistry of Minerals Flotation Systems
The aqueous environment interacts with mineral surfaces affecting the elemental composition,
oxidation states, speciation and spatial relationships between species. Thus the resulting
hydrophobic/hydrophilic species balance present on a value mineral is, in part, a function of the
aqueous environment. Parameters that need to be considered to understand solution speciation are
redox potential (Eh), which is frequently neglected, pH, concentrations, including those of collectors,
depressants, dispersants etc. and saturation indices. The last factor takes into account species that are
under-saturated and may dissolve into solution and solution species that are super-saturated and may
precipitate. Mineral surface speciation is also a function of the prior treatment of the mineral phase,
including interaction with grinding media and weathering (as may result from stock piling), which may
result in the formation of surface layers, including partially leached and/or oxidized layers. These in
turn are clearly a function of the mineral phase, impurities present, crystallinity and lattice distortions.
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3.1. Solution Speciation
Basic determination of solution speciation is frequently readily analytically accessible but is often
neglected. There exist a considerable number of speciation simulation programs, e.g.,
GEOCHEM-EZ [12], PHREEQC [13], MINTEQ [14] etc. Solution concentrations, pH, Eh and
temperature must be input. Other parameters that may be included are gas partial pressures and the
presence of solids. The computer programs, almost always come with their own databases of
equilibrium constants including solubility products and redox couples. However data relating to more
obscure species may not be listed.
The most frequent mode of use of these simulation programs for minerals processing scenarios is to
take a ‘snap-shot’ of the system, assuming equilibrium, so that under-saturated or supersaturated solids
may be identified. While this does not provide proof that precipitation either has or will take place it
does provide strong evidence. A simplified example of the utilization of such an approach is shown in
Figure 6 (adapted from [15] with permission). It can be seen from these simulations that the addition of
a typical concentration of Cu2+ for metal sulfide activation for flotation may lead to the precipitation of
Cu(OH)2 if the kinetics of precipitation are more rapid than the kinetics of surface adsorption. The
addition of 10−5 M xanthate may lead to the formation of ethylxanthate precipitate at high Eh.
However, on simultaneous addition of both xanthate and Cu2+ the predicted speciation is significantly
altered so that copper ethylxanthate (CuEtX) precipitate is the predominant species predicted at
moderate Eh, whereas a mixture of Cu(OH)2 and Cu(EtX)2 are predicted to precipitate at high Eh,
assuming that surface adsorption is not occurring faster than these precipitation processes are taking
place. Clearly, this example is examining a model system however the same approach could be just as
easily applied to real flotation liquor.
While there are numerous examples of the use of such simulation programs for environmental
studies, particular for adsorption and examination of oxidation states for toxic elements (e.g., [16]),
there are surprising few applications for mineral flotation studies. A recent example of the
incorporation of solution speciation simulations into a minerals flotation study is the simulation of Cu
and Pb speciation as a function of contrasting Eh and pH conditions utilized during grinding [17].
Calculations were carried out both with and without allowed precipitation and these were coupled to
flotation studies as well as zeta potential, X-ray photoelectron spectroscopy (XPS) and ethylene
diamine tetraacetic acid (EDTA) extraction analyses to provide a more complete interpretation of the
mineral activation processes taking place. A further example of solution speciation simulation of more
complicated synthetic plant liquor has been described in Gerson et al. [18] where speciation
calculations were utilized to interpret whether the flotation liquor resulting from the processing
contrasting ores may give rise to the precipitation of hydrophilic species.
On undertaking a thorough minerals flotation study the outcomes of solution analyses should be
related to surface analyses. As these two phases are in intimate contact they must reasonably relate
closely. For instance a high solution or surface loading of cations would reasonably relate to the
presence of these species in the other phase. Moreover the presence of surface species should be
commensurate with solution Eh, pH and relative super-saturations bearing in mind the kinetics of
processes occurring.
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Figure 6. Solution speciation simulations of (a) 10−5 M Cu2+; (b) 10−5 M ethylxanthate,
and (c) 10−5 M Cu2+ and elthylyxanthate, all as a function of Eh at pH 9. The legend in (c)
is simplified to only include species not already defined in (a) and (b).
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3.2. Surface Analysis
There are numerous forms of surface analyses available but here we discuss only those commonly
applied to minerals flotation studies of real ores. Almost by definition surface analysis is carried out
under conditions of medium to high vacuum. As the measurement must probe only the first few
molecular layers the resulting signals/species are of relatively low energy, so as not to emerge from the
bulk, and consequently would have a limited mean free path through air. Surface sensitivity
necessitates careful sample handing and preparation to ensure that the sample surface is as
representative as possible of the mineral particles as they were in the flotation slurry [19].
A pre-requisite for the effective study of real flotation products is the need for spatial resolution.
Without this, while surface species may be measurable, it is not possible to differentiate the species
location as a function of the many value and gangue minerals typically present in a real ore. As, clearly
the aim of minerals flotation is to manipulate relative hydrophobicity/hydrophilicity as a function of
the minerals present surface measurements that lack spatial resolution are of reduced value and on
some occasions could be readily replaced by a technically much-simpler chemical-based analysis, e.g.,
EDTA extraction (e.g., [20]).
Laboratory X-ray photoelectron spectroscopy (XPS) has been widely applied to the studies of
minerals. However, as spatial resolution is difficult to achieve, even when technically possible, due
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mostly to the length of time required to achieve adequate data quality, studies are generally limited to
model systems. Moreover, until recently XPS analysis has been problematic for the analysis of
insulating samples with only the advent of more effective charge neutralization systems making the
analysis of many mineral types now possible [21]. A recent example of such a study is the application
of chitosan as a selective depressant of chalcopyrite during the flotation of galena [22]. In this case
XPS was used to examine the adsorption of chitosan (containing amine) onto the two single mineral
systems where the N 1s spectra were used to examine the form of attachment of the chitosan to the
mineral surface. A further example of the same nature is the examination of S 2p spectra to investigate
the attachment of thiosulfate to chalcopyrite and tennantite single mineral samples at pH 4 and 9 [23].
Synchrotron PEEM and SPEM (photoelectron emission spectroscopy and scanning photoelectron
spectroscopy) are both relatives to laboratory XPS that do enable highly spatially resolved
measurements, often in the order of 10 nm [24]. However, both of these techniques require flat sample
surfaces and hence are not applicable to the products of real mineral flotation systems. Auger electron
spectroscopy (AES) has also been used for the study of mineral systems and is also related to XPS.
However, where XPS measures the kinetic energy of an ejected core or valence electron, AES is the
measure of the kinetic energy of electrons that are ejected due to the subsequent filling of the core hole
resulting from ejection of the XPS electron. Surface mapping is made possible using AES as the source
of primary excitation is an electron beam, as opposed to an X-ray beam as for XPS. The former are
more easily focused and of greater intensity thus enabling mapping, however, as for XPS, AES suffers
from sample surface charging if the material being analyzed is not sufficiently conducting.
ToF-SIMS has been increasingly utilized over the last 10 years for minerals analysis and is
particularly applicable for mixed mineral or real ore systems. ToF-SIMS is based on the partial
fragmentation of sample surfaces due to bombardment with an ion beam. The mass of the fragments,
either positively or negatively charged, is then determined on the basis of the ‘time-of-flight’ required
to reach the detector. The ion beam is rastered across the sample and at each location a full mass
spectrum is collected. Static SIMS, utilizing a pulsed ion beam of low current (pA), results in minimal
damage to the sample surfaces and thus interrogates only the top one to two molecular layers whereas
dynamic SIMS utilizes an ion beam of greater current (nA) which results in a surface sputtering
processes (up to 100 Å/min). In neither case is there a requirement for the samples to be conducting
and highly spatially (<100 nm) and mass (>10,000 m/Δm) resolved data is readily achievable. While,
dynamic SIMS can result in quantitative surface analyses this is not the case for the less destructive
static SIMS. However, it is the latter that is generally of more interest in the highly surface sensitive
process of minerals flotation and it is this technique which we focus on further.
As the data arising from static ToF-SIMS is not directly quantifiable, due to species fragmentation
being matrix dependent, and the difficulty in interpreting the enormous quantities of data typically
collected on analysis of a single sample area (typically full mass spectra at 256 × 256 pixels) statistical
methodologies have been developed. While there has been progressive development as to the approach
taken [25–27] we discuss here the most recent published iteration [28] and subsequent developments.
As mentioned previously principal component analysis (PCA) has been applied to ToF-SIMS data sets
to enable identification of correlated species. Mineral identification may be inferred from knowledge
of the mineralogy and the presence of specific elements, for instance, Cu, Fe and S for chalcopyrite or
bornite, Si and Mg for talc, Al and Si for kaolinite etc. Surfaces containing particular elements are then
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further correlated, using PCA, to the occurrence of either hydrophobic species, e.g., polysulfide and
collector fragments, or to hydrophilic species, e.g. oxides and hydroxides. In this way, by comparative
analysis across a flotation circuit, or part thereof, it is possible to assess the changes in surface
hydrophobic to hydrophilic species as a function of mineral type. We provide, as an example
(previously unpublished), in Figure 7 of ToF-SIMS images of Ag-containing particles with
correlations to S, Fe, Cu and in particular CN.
Figure 7. ToF-SIMS image (250 × 250 μm) of (a) Ag; (b) Cu; (c) Zn; (d) S; and (e) CN.
(f) Graph of factor loadings for Principal Component 2 for this area of ToF-SIMS data
showing clear statistical correlation of Ag to CN, as well as Cu, Zn and S, suggesting
flotation depression of these value components.
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3.3. Mineralogy
The most direct approach to the measurement of mineralogy is to carry out powder X-ray
diffraction (XRD) analysis. This technique is a direct measure of crystallographic structure and does
not infer mineralogical phase from composition in contrast to the scanning electron microscopy-based
techniques discussed below. However, even the best X-ray diffraction data is limited by sensitivity to
trace phases, particularly where there may be a highly complex mineralogical assemblage. Moreover
extracting reliable quantitative information by application of Rietveld analysis is a skilled and at times
laborious process. With care good results can be forthcoming e.g., Figure 8 (previously unpublished).
The sensitivity to the presence of low concentration phases may be increased by utilizing synchrotron
X-ray sources; however, this overall limitation remains, due to the basic approach being taken of bulk
mineralogical measurement.
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Figure 8. Rietveld analysis of standard laboratory XRD data of a simple Cu bearing ore,
showing sensitivity to low wt % mineral fractions. The lower line represents the experimental
data whereas the upper line (displaced by 300 in y for clarity) represents the simulated data.
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An alternate approach is to carry out micro-diffraction analysis using a highly focused incident
X-ray beam. Beam sizes as small as 10 μm are now available using laboratory facilities but to be
practical these diffractometers need to be specifically designed for this purpose with maximized X-ray
flux generally being supplied by a rotating anode X-ray source. Incident X-ray beam sizes of 1 μm or
less are now routinely available at synchrotron facilities. The experimental approach generally taken is
to either identify regions of interest using X-ray fluorescence mapping, or at laboratory facilities using
scanning electron microscopy, and then to examine these areas. Alternatively entire regions may be
mapped but frequently much of the data collected using this approach will not be of interest. Examples
of the micro-diffraction analysis of specific regions may be found in [29] and [30] both of which are
studies of Ni-containing mineralogy.
Indirect methods for examining mineralogy, in that they did not measure crystal structure directly,
but infer mineralogy from stoichiometry, are those methods based on scanning electron microscopy.
These consist of Minerals Liberation Analysis (MLA) and Quantitative Evaluation of Minerals by
SCANing electron microscopy (QEMSCAN). These methods offer the great advantage in that they
provide high spatial resolution, enabling very minor phases to be identified, and are also highly
automated. They are both routinely used for liberation analysis of minerals flotation systems with very
good and useful results obtained (e.g., [31]). However, there are some limitations under some
circumstances to these approaches:
a. They do not recognize differing degrees of crystallinity. As these techniques are based on
analysis of stoichiometry it is assumed that all parts of all samples are crystalline. In reality
mineral behavior can vary markedly as a function of crystalline disorder with amorphous phases
generally being more readily soluble and reactive than their crystalline counterparts.
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b. The analysis of fine fractions is limited by the ability to disperse these adequately within the
sample and the tendency of the impacting electron beam and outgoing photoelectrons to spread
within the sample.
c. Polymorphs or minerals that are part of a complex solid solution series are difficult to
distinguish. For instance it is very difficult to differentiate between the polymorphs anatase and
rutile, both TiO2, or sphalerite and wurtzite, both ZnS.
d. These techniques have difficulty ‘seeing’ either surface films or surface contaminants due to
their depth of measurement and are not a replacement for surface analytical techniques. Also,
where precious elements, e.g., Ag, Au, Pt group metals, are present in dilute solid solutions
within other minerals they may be missed.
e. These analyses are also dependent on a comprehensive mineral database. The absence of key
minerals in this database can and does lead to misinterpretations.
For application of relatively accessible lab-based techniques it is recommended that both diffraction
and QEMSCAN (or MLA) be carried out, at least initially, to ensure the compatibility of the
mineralogy resulting, which should be further reconciled to elemental analysis.
3.4. Selected Real Ore Case Studies
For a recently published study, solution, surface species and mineralogical analyses were examined in
order to diagnose loss of recovery of Cu-containing phases and molybdenite on blending of ores [15].
Mineralogical size-by-size analysis was carried out using QEMSCAN with additional XRD analysis of
the fine size fraction (<5 μm). The smallest size fraction examined by QEMSCAN was <20 μm.
Although the analyses weren’t of the same size fraction, as the QEMSCAN data suggested that
identifiable size related trends were not observable, some mineralogical comparability should result.
However, significant differences in the silicate phase quantification were apparent with the
QEMSCAN estimates being, on the whole, considerably greater than the XRD estimates. Most notably
XRD analysis suggested a 60 wt % amorphous content in the <5 μm fraction. This in turn suggests that
a portion of the <20 μm silicate mineralogy observed by QEMSCAN was amorphous (as would be
determined by XRD) and highlights the contrasting, but useful, mineralogy that may result from
application of different analytical approaches. Along with flotation experiments and mineralogical
analysis, solution speciation simulation of the flotation liquors and PCA ToF-SIMS of the resultant
concentrates and tails were carried out enabling identification of the source of the fine particles causing
the molybdenite poisoning. Only by carrying out this multifaceted approach was it possible to rule out
precipitation of colloidal species.
A further study that has attempted a statistical surface analysis of a real ore is the study by Jasieniak
and Smart [32] which utilized statistical ToF-SIMS and SEM/EDX analyses. It was demonstrated,
using ToF-SIMS that the chromite, found to report to a PGM concentrate, was affected by residual
hydrophobic talc-like Mg and Si containing layers. However, SEM (and hence this would also be the
case for QEMSCAN/MLA) was unable to detect these residual surface layers as the depth of analysis
is too great. Smeink et al. [33] utilized mineralogical analysis by SEM and XRD of real ore and
obtained good correlation. They also examined the distribution of the polymeric depressant Depramin
using ToF-SIMS and were able to make semi-quantitative analysis of relative adsorption between
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mineral types, identified by their elemental mass fragments, by correlating solution depletion
measurements to relative depressant fragment intensities. In a rare study utilising (quantitative) XPS
imaging Biesinger et al. [34] examined the loss of selectivity between chalcocite from heazelwoodite.
By combining this approach with traditional XPS and SEM/EDX it was possible to distinguish
contrasting levels of oxidation between the two minerals in the rougher feed and tails as well as the
principal sites of adsorption of the collector molecules.
4. Conclusions
There are a diminishingly small number of published case studies on real ore that have utilized
statistical analysis of flotation or other mineral processing systems in conjunction with an analytical
approach encompassing mineral phase, surface analysis and solution speciation. In order to understand,
on a non-phenomenological basis, the impact of process change on a flotation system it is clearly
necessary to determine whether the change is statistically significant and it is also necessary to identify
what specifically has affected the change in a way that does not bias the results by the limited choice of
analytical approaches made. In order to make scientific progress that is of direct relevance to industry
this is clearly a direction for future focus.
Many of the analytical techniques described are commonly available internally within mineral
processing companies, e.g., XRD and MLA/QEMSCAN, and if not available can be readily accessed
externally. Both XRD and MLA/QEMSCAN can now be done in a highly routine and automated manner
particularly for ores that have been previously well characterized. Solution speciation simulation
software can be either accessed freely or for low cost but is very rarely utilized. In the absence of more
sophisticated surface analytical techniques EDTA extraction is a cheap and simple method for
examination of surface speciation that could be undertaken by almost any industrial analytical facility,
but again is rarely utilized. ToF-SIMS is generally less accessible as the number of these instruments is
limited and at times not accompanied by mineral processing expertise in the host laboratory. However,
ToF-SIMS measurements are very rapid (each area analyzed taking <10 min) with the time required
mostly being taken in the data analyses, although this too is now becoming more routine.
The key conclusion from this review is that methods are available to allow rigorous interpretation of
data from flotation investigations. They are powerful and relatively easy to use, so there is no excuse
for not using them. They should be routinely integrated into the investigative methodology, rather than
being seen as exotic panaceas to be used when all else has failed.
References
1.
2.
3.

Greet, C.J. The Significance of Grinding Environment on the Flotation of UG2 Ores. In
Proceedings of 3rd International Platinum Conference, Sun City, South Africa, 5–9 October 2008.
Piantadosi, C.; Jasieniak, M.; Skinner, W.M.; Smart, R.S.C. Statistical comparison of surface species
in flotation concentrates and tails from TOF-SIMS evidence. Miner. Eng. 2000, 13, 1377–1394.
Napier-Munn, T.J. Designing and analysing plant trials. In Flotation Plant Optimisation:
A Metallurgical Guide to Identifying and Solving Problems in Flotation Plants; Greet, C.J., Ed.;
Australasian Institute of Mining and Metallurgy: Carlton, Victoria, Australia, 2010; pp. 175–190.

Minerals 2013, 3
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.
14.

15.

16.
17.
18.

19.
20.

21.
22.

14

Napier-Munn, T.J. Statistical methods to compare batch flotation grade-recovery curves and rate
constants. Miner. Eng. 2012, 34, 70–77.
Vera, M.A.; Franzidis, J.P.; Manlapig, E.V. The Locus of Flotation Performance. In Proceedings
of the XXI International Mineral Processing Congress, Rome, Italy, 23–28 July 2000.
Mason, R.L.; Gunst, R.F.; Hess, J.L. Statistical Design and Analysis of Experiments; John Wiley
and Sons: New York, NY, USA, 1989.
Lewis, J.S. A Hydrodynamic Investigation of Platinum Flotation in a Pilot Flotation Plant.
Master’s Thesis, University of Cape Town, Cape Town, South Africa, 2003.
Van Tonder, E.; Deglon, D.A.; Napier-Munn, T.J. The effect of ore blends on the mineral
processing of platinum ores. Miner. Eng. 2010, 23, 621–626.
Napier-Munn, T.J. Detecting performance improvements in trials with time-varying mineral
processes. Miner. Eng. 1995, 8, 843–858.
Napier-Munn, T.J. Analysing plant trials by comparing recovery-grade regression lines. Miner.
Eng. 1998, 11, 949–958.
Napier-Munn, T.J. Some Practical Problems in Running Statistically Valid Plant Trials and Their
Solution. In Proceedings of MetPlant 2008: Metallurgical Plant Design and Operating Strategies,
Perth, Western Australia, Australia, 18–19 August 2008.
Shaff, J.O.; Schultz, B.A.; Craft, E.J.; Clark, R.T.; Kochian, L.V. GEOCHEM-EZ: A chemical
speciation program with greater power and flexibility. Plant Soil 2010, 330, 207–214.
Toran, L.; Grandstaff, D. PHREEQC and PHREEQCI: Geochemical modeling with an interactive
interface. Ground Water 2002, 40, 462–464.
Allison, J.D.; Brown, D.S.; Novo-Gradac, K.J. MINTEQA2/PRODEFA2, A Geochemical
Assessment Model for Environmental Systems: Version 3.0 User’s Manual; U.S. Environmental
Protection Agency: Athens, GA, USA, 1990.
Malysiak, V.; O’Connor, C.T.; Ralston, J.; Gerson, A.R.; Coetzera, L.P.; Bradshaw, D.J.
Pentlandite–feldspar interaction and its effect on separation by flotation. Int. J. Miner. Process.
2002, 66, 89–106.
Halim, C.E.; Short, S.A.; Scott, J.A.; Amal, R.; Low, G. Modelling the leaching of Pb, Cd, As,
and Cr from cementitious waste using PHREEQC. J. Hazard. Mater. 2005, 125, 45–61.
Yongjun, P.; Bo, W.; Gerson, A. The effect of electrochemical potential on the activation of pyrite
by copper and lead ions during grinding. Int. J. Miner. Process. 2012, 102, 141–149.
Gerson, A.R.; Smart, R.S.C.; Li, J.; Kawashima, N.; Weedon, D.; Triffett, B.; Bradshaw, D.
Diagnosis of the surface chemical influences on flotation performance: Copper sulfides and
molybdenite. Int. J. Miner. Process. 2012, 106–109, 16–30.
Smart, R.S.C. Surface layers in base metal sulfide flotation. Miner. Eng. 1991, 4, 891–909.
Gerson, A.R.; Jasieniak, M. The Effect of Surface Oxidation on the Cu Activation of Pentlandite
and Pyrrhotite. In Proceedings of the XXIV International Minerals Processing Congress, Beijing,
China, 24–28 September 2008.
Nesbitt, H.W.; Bancroft, G.M.; Davidson, R.; McIntyre, N.S.; Pratt, A.R. Minimum XPS
core-level line widths of insulators, including silicate minerals. Am. Mineral. 2004, 89, 878–882.
Huang, P.; Cao, M.; Liu, Q. Using chitosan as a selective depressant in the differential flotation of
Cu–Pb sulfides. Int. J. Miner. Process. 2012, 106–109, 8–15.

Minerals 2013, 3

15

23. Petrus, H.T.B.M.; Hirajima, T.; Sasaki, K.; Okamoto, H. Effects of sodium thiosulphate on
chalcopyrite and tennantite: An insight for alternative separation technique. Int. J. Miner. Process.
2012, 102–103, 116–123.
24. Chandra, A.P.; Gerson, A.R. Pyrite (FeS2) oxidation: A sub-micron synchrotron investigation.
Geochim. Cosmochim. Acta 2011, 75, 6239–6254.
25. Piantadosi, C.; Pyke, B.L.; Smart, R.S.C. ToF-SIMS Statistical Analysis of Surface
Hydrophobic/Hydrophilic Species Ratios and Contact Angle Estimation in Real Ore Systems. In
Proceedings of the fourth UBC-McGill International Symposium on Fundamentals of Mineral
Processing, Toronto, ON, Canada, 26–29 August 2001.
26. Piantadosi, C.; Smart, R.S.C. Statistical comparison of hydrophobic and hydrophilic species on
galena and pyrite particles in flotation concentrates and tails from ToF-SIMS evidence. Int. J.
Miner. Process. 2002, 64, 43–54.
27. Smart, R.S.C.; Skinner, W.M.; Gerson, A.R.; Mielczarski, J.; Chryssoulis, S.; Pratt, A.R.; Lastra, R.;
Hope, G.A.; Wang, X.; Fa, K.; et al. Surface characterisation and new tools for research. In Froth
Flotation: A Century of Innovation; Fuerstenau, M.C., Jameson, G., Yoon, R.-H., Eds.; SME
Publications: Littleton, CO, USA, 2007; pp. 283–338.
28. Smart, R.S.C.; Biesinger, M.C.; Hart, B.R. Statistical Methods Applied to Surface Chemistry in
Minerals Flotation. US Patent 7,462,819, 9 December 2008.
29. Manceau, A.; Tamura, N.; Celestre, R.S.; MacDowell, A.A.; Geoffroy, N.; Sposito, G.;
Padmore, H.A. Molecular-scale speciation of Zn and Ni in soil ferromanganese nodules and loess
soils of the Mississippi basin. Environ. Sci. Technol. 2003, 37, 75–80.
30. Fan, R.; Gerson, A.R. Nickel geochemistry of a Philippine laterite examined by bulk and
microprobe synchrotron analyses. Geochim. Cosmochim. Acta 2011, 75, 6400–6415.
31. Rollinson, G.K.; Andersen, J.C.Ø.; Stickland, R.J.; Boni, M.; Fairhurst, R. Characterisation of
non-sulphide zinc deposits using QEMSCAN. Miner. Eng. 2011, 24, 778–787.
32. Jasieniak, M.; Smart R.S.C.; Surface chemical mechanisms of inadvertent recovery of chromite in
UG2 ore flotation: Residual layer identification using statistical ToF-SIMS analysis. Int. J. Miner.
Process. 2010, 94, 72–82.
33. Smeink, R.G.; van Leerdam, G.C.; Mahy, J.W.G. Determination of preferential adsorption of
Depramin on mineral surfaces by ToF-SIMS. Miner. Eng. 2005, 18, 247–255.
34. Biesinger, M.C.; Hart, B.R.; Polack, R.; Kobe, B.A.; Smart, R.S.C. Analysis of mineral surface
chemistry in flotation separation using imaging XPS. Miner. Eng. 2007, 20, 152–162.
© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

