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Figure 2-2: The pulp chemical environment
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Manipulation of the DO and ORP levels have been carried out by a number of

different methods in past research. The most common of these include the

addition of reagents, changing the flotation / conditioning gas type, and changing

- the milling media. Classically, the addition of reagents has been carried out when

attempting to control the ORP and DO values in the milling stages (with no

changes to the flotation stage), and the use of different milling media and gas

addition have been carried out when focus was on the flotation stage. In general,

the use of reagents to manipulate DO and ORP, especially when changes to

flotation conditions and reagents are under study, is avoided due to the added

level of complexity in interpreting the possible interactions between the ORP

modifier and the collector / activator.
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2.4.1. Significance of Pulp Chemistry Measurements

Mineral processing researchers have generally demonstrated a penchant for the
measurement of physical parameters in flotation, such as pulp density, flow rates,
bubble and particle sizes, etc. Attention and effort in the measurement of the
chemical parameters in flotation, however, has not experienced nearly as much
interest up until recently. This is largely due to the fact that industry and
researchers at large are beginning to recognise that the changes and
improvements brought about by physical changes are nearing their plateau
(Jones, 1991), and that other factors are to be considered if optimisation and
improvements are to continue well into the 21° céntury.

In this regard, pulp chemical surveys of plants have been conducted by various
researchers. The most intensive of these was conducted by Woodcock and
Jones {1970) who surveyed the chemical environment of an Australian lead-zinc
flotation plant by monitoring 19 parameters. Amongst the most noted and
thoroughly reported parameters were the values of pH, redox potential (ORP) and
oxygen concentration (DO), all of which were continuously recorded. In addition
to this, xanthate residuals were assigned the next highest importance with regard
to ex-situ measurements. The study was undertaken with a view to obtaining a
better understanding of the pulp chemical environment, as well as to investigate
any correlation of these parameters with actual flotation behaviour. Subsequent
work focussing on the measurement of redox potential, dissolved oxygen levels
and xanthate measurements have been carried out by a number of researchers,
e.g. Jones (1991) and Adkins and Pearse (1991).

The interpretation of the flotation of sulphide minerals in terms of electrochemical
processes further opened possibilities of process control for selective flotation. In
this vein, vast amounts of work has been carried out on Eh measurements of
sulphide minerals in flotation pulps (Nataranjan and Iwasaksi (1974), Rand and
Woods (1984), Labonte and Finch (1988) and Ralston (1991), to name a few).
We can conclude then, that any study that aims for a better understanding on the
pulp chemical environment must, by definition, include thorough measurements

of the important pulp chemical indicators relevant for that system.

2.41.1. Measurement of Residual Xanthate in Solution

Keller and Lewis first observed that xanthate could be measured by UV
spectrometry in 1925, showing that this method of analysis has indeed been
around for a long while. Schaunstein and Treiber later conducted the first well
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documented set of detailed measurements of xanthate concentrations in flotation
pulps in 1951, and this paved the way for Bushell and Malnarich (1956), who not
only used this measurement technique on plant scale, but also used it as a
control parameter for plant flotation. The method adopted in this study is thus a
well known one, and it is generally accepted nowadays that the measurement of
residual xanthate at the concentrations experienced in flotation pulps is best
carried out by UV spectroscopy at 301 nm (Jones, 1991). The role of xanthate in
flotation is still open to question, but measurement of its residual concentration by
UV spectroscopy could provide useful operating information, in understanding the

reactions of xanthate with other species present in the pulp.

2.4.2. Oxygen in Sulphide Flotation

The role of oxygen in sulphide mineral flotation has been the focus of much
research in recent years, principally due to its interactions with flotation reagents
as wel| as the mineral surface (Woodcock and Jones (1970), Houot and Duhamet
(1990), Rao and Finch (1990), Kelebek (1993), Clarke et. al. (1995)). lts presence
in most flotation plants is simply as a consequence of pulp being in contact with
the atmosphere and the utilisation of air as a flotation gas. It is cheap and readily
available, and is a requirement for the flotation of most sulphides since it allows
the reaction between sulphides and xanthate to occur (Woodcock and Jones,
1970). In many cases, flotation with pure oxygen has led to improvements in
flotation performance (Tipman et.al., 1976 and Houot and Duhamet, 1989). Other
than the classical function of interaction with the collector, oxygen also affects the
surface reactions occurring on the mineral, as well as the oxidation reactions

occurring with the cationic species present in the pulp (e.g., Cu®*, Fe* Fe®).

Oxygen enters the solution by dissolution from air bubbles, either by force fed air,
or by turbulent agitation and pumping under the action of the impeller. In addition,
equilibrium levels of dissolved oxygen are initially present in the water.
Conversely, oxygen is removed from the system by reactions with sulphide
minerals, ions in solution and reagents. These competing processes eventually
reach equilibrium within the pulp, and gives rise to a measurable levei of
saturation of the pulp. This level of oxygen saturation can be used together with
the value of the redox potential (Eh) to glean useful information regarding the
possible reactions occurring in the pulp. The role of oxygen in electrochemical
studies is thus linked primarily to the redox and dissolution/oxidation reactions

occurring in the pulp. Researchers have also attempted (sometimes successfully)
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to correlate other parameters like pH and Eh with oxygen saturation levels of the
pulp (Woodcock and Jones, 1970), although stating at the same time that in
many systems, oxygen levels can vary without any apparent effect on the Eh.

2.4.3. Influence of Oxygen on the Mineral Surface

Oxygen has a strong effect on the condition of the sulphide mineral's surface. It is
utilised both in the processes that positively render the surface hydrophobic, and
at the same time, negatively in the oxidation and formation of hydroxy species
that can render the same surface hydrophilic.

Surface oxidation products of sulphide minerals consist mainly of metal
hydroxides and sulphur-oxy species, which occur either as layers on the particle,
or if conditions are appropriate, precipitate directly from solution (Clarke et al,
1995). The oxidation products of the sulphide minerals of interest in this
investigation, for basic solutions, can be found below (Woods, 1984).

Table 2-3: Oxidation products of sulphide minerals (Woods, 1984)

) Major Minor
Mineral Oxide Sulphide
Sulphur Sulphur
FeixS Fe(OH); - S SO%
CuFeS; Fe(OH)s CuS S -
(Fe,Ni)eSs | Fe(OH); NiS S SO,*

Ni= not identified

Recent studies (Rumball, 1994, Clarke, 1995) have attempted to monitor and
measure the extent of oxidation on sulphide minerals using EDTA (ethylene
diamine tetra acetic acid), a strong complexant. EDTA is known to ‘clean’ the
surfaces and render them free of metal hydroxides. The table below shows that
the EDTA complexes with the metal hydroxide but not with the metal sulphide.

Table 2-4: Log K values for various Metal lon - EDTA complexes and metal
sulphides (Clark, 1997)

Log K value
Metal lon Metal lon - EDTA | Metal Sulphide Metal Hydroxide
Cu (ih 18.8 221 6.86
Fe (Il) 14.3 18.0 12.9
Fe (1ll) 251 - 17.5
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In theory, this implies that the extraction of surface hydroxides will be initially be
proportional to the dosage of EDTA. As there is a finite amount of metal present
as hydroxides on the surface, the rate of extraction will then slow and the amount
of metal extracted will eventually level out at some plateau, since the metal
cannot be extracted from the sulphide metal itself. This is graphically depicted
below.

Metal Extracted

EDTA dosage

Success has been limited to pure mineral studies, and is generally qualitative with
regard to results in complex systems. If this technique can be applied to a
complex sulphide ore like Merensky used .n this study, it will aid in the
understanding of oxidation of the ore in circuit, as well as provide useful
information regarding the specific role of nitrogen in its ability to hinder oxidation

of the mineral's surface.

2.4.4. Influence of Oxygen on Collector Oxidation

An important derivative formed as a result of xanthate oxidation is dixanthogen,
which may form at the mineral surface via the following redox reaction (occurring
at between 200-220 mV S.H.E).

X s BX;+e

¥2 Oy +H,0 +28° ——» 20H
Noticeably, oxygen is needed here as an electron donor, and inhibiting oxygen
levels directly restricts the formation of the dithiolate product. Collector - mineral
studies show this (dithiolate) to be the responsible species for flotation of certain
minerals, for example pyrrhotite (Allison et al, 1972). Recent dévelopments,
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however, indicate differences for certain minerals and under certain conditions
(Bradshaw et. al., 1999). The role of dixanthogen thus remains controversial.

2.4.5. Collector — Mineral Interactions

The mineral — collector interaction in sulphide systems is thought to take place by
an electrochemical mechanism during which anodic processes involving the
oxidation of mineral and collector are coupled with the cathodic reduction of
oxygen (Trahar, 1984). It follows then that oxygen is necessary for interaction of
the mineral with collector. Past research has shown clearly that when no oxygen
is present, sulphide minerals do not interact with xanthate, and that a subsequent
small increase in oxygen concentration leads to both improved flotation and

increased rate of interaction of mineral and collector (Yuan et al, 1996).

2.4.5.1. Chalcopyrite — Xanthate Interaction

Chalcopyrite shows collectorless flotation, except under conditions where it has
been dry milled (Kocabag, 1994). This suggests that if there is no galvanic
interaction or corrosion effects, then no collectorless flotation will occur.
Collectorless flotation of chalcopyrite is attributed to $° formation on the surface
of chalcopyrite (formed by oxidation of the mineral).
MS + 2H,O — M(OH), + S°+ 2H"+2¢"
Or
SH —— S°+H" +2e

The initial chemisorption of xanthate on chalcopyrite is possibly as follows

X-scl — Xads +e

As with other sulphide minerals, chalcopyrite requires initial oxidation for flotation.
Klymowsky and Salman (1970) showed that collector adsorption on chalcopyrite
increased as concentration of oxygen in the pulp was increased. This increase
however, does not necessarily imply increased flotability, since excessive
oxidation is also detrimental to sulphide flotation. Both Allison (1972) and
Persson (1993) confirmed the reaction product of chalcopyrite in a xanthate
solution to be dixanthogen, at a rest potential of 0.14 V. The equilibrium potential
of the xanthate/dixanthogen couple in this instance is reported as 0.13 V (at their
respective pH and concentrations of potassium ethyl xanthate). This agreed with
the observed surface species.
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2.4.5.2. Pyrrhotite — Xanthate interaction

The xanthate - pyrrhotite interaction is known to follow a charge transfer
mechanism (each reaction occurring at a specific potential) resulting in a
chemisorbed film of xanthate at the mineral surface. During the charge transfer
mechanism, the electrons from xanthate are transferred to oxygen dissolved in
water. As a result, this reaction is suppressed if the dissolved oxygen in the water
‘ ﬁas‘been removed by the addition of nitrogen (to < 1 ppm). This is also observed
with pyrite and chalcopyrite (i.e. lowered chalcopyrite recoveries found by some
researchers, e.g. Kelebek, 1993).
Chang et.al. (1954) found high pyrrhotite recovery at pH < 4. The adsorption of
Xanthate must follow a different mechanism at pH < 4 (possibly chemisorption of
xanthate at Fe"* sites produced in acidic pH) since the Fe is present as Fe™™, not
Fe(OH)". Alternatively, this finding could be as a result of surface cleaning via
removal of the hydrophilic hydroxides that decompose at low pH.
Many plants achieve pyrrhotite flotation even up to pH 9. This could be explained
by Hodgeson & Agar's adsorption mechanism where xanthate is adsorbed on
pyrrhotite through coulombic interaction with Fe cationic Il sites generated via

oxidation of the mineral surface.

FeS +H,0 «——=> Fe(OH)[S]" + H" +2¢°

Fe(OH)[S]' + X «———> (Fe(OH)[S)X

This suggests that oxygen is essential for xanthate - pyrrhotite interaction (i.e.
the mechanism relies on oxygen to act as electron acceptor) and that reducing
oxygen activity by nitrogen addition could affect the flotation of pyrrhotite. The
mechanism still allows for the subsequent possibility of residual xanthate on the
surface to further oxidise to dixanthogen through oxygen reduction at the
pyrrhotite surface, and is therefore not contradictory to research concluding that
dixanthogen is the major hydrophobic species responsible for pyrrhotite flotation.

2X —— X+ 2e
Accompanying this half reaction, is the reduction of adsorbed oxygen

Ya Og (ads) * Hgo + 2~ 20H"
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With an increase in pH above 9, however, the pyrrhotite recovery drops. This is
explained by the formation of Fe(OH),; at this pH via oxidation of Fe(OH), or a
high concentration of OH™ ions hindering the adsorption of xanthate (Barsky
relationship, where [X/[OHT] = constant).

2.4.5.3. Pentlandite — Xanthate Interaction

Oxidation of pentlandite results in the same oxide, major sulphur and minor
sulphur as for pyrrhotite.

The xanthate — pentlandite interaction is thought to occur by initial chemical
adsorption of xanthate onto the pentlandite surface, followed by oxidation to
dixanthogen (Hodgson and Agar, 1989). Surface studies by XPS (X-Ray
photoelectron spectroscopy) and ATR (Attenuated total reflectance) FTIR
(Fourier-transform infrared spectroscopy) have confirmed that the major species
on the pentlandite surface after xanthate addition is dixanthogen (Valii and
Person, 1994 and Xu and Finch, 1996).

It may be likely that the species responsible for flotation is similar to that for
pyrrhotite; i.e. a mixed film of xanthate and dixanthogen, however, Kelebek
(1993) has reported pentlandite flotation even under oxygen free conditions
(where dixanthogen formation is unlikely). This has been attributed to
pentlandites’ high catalytic activity allowing it to develop hydrophobicity even
under oxygen deficient conditions.

2.4.6. Galvanic Interactions

2.5.

When two or more sulphide minerals are in contact, the differences in their
electrochemical reactivities causes a 'galvanic interaction' to occur. During this
interaction, the mineral with the higher electrochemical reactivity draws electrons
from the mineral with the lower electrochemical reactivity, and thus reduces it. In
practice, the rest potential of the mineral is an indicator of its electrochemical
reactivity; the higher the rest potential, the nobler the mineral.

The two requirements essential for the occurrence of galvanic interaction are
therefore; (1) physical contact between the different sulphide minerals (in slurries,
milling, or in locked particles) and (2) the presence of oxygen for the cathodic

reduction reaction (and subsequent anodic oxidation of the sulphide mineral).

The Mill Environment: Reactions

The first stage in the preparation of ore for flotation involves liberation of the
valuable mineral particles from the gangue by size reduction. This is achieved by
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grinding the ore in a mill charged with either a conventional, autogenous or semi-
autogenous charge. The nature of the grinding environment is crucial to the
subsequent flotation response, since it also represents the particle's first
exposure to the outside pulp environment and its complex chemistry. Examples
of such reactions from the mineral-mineral, mineral-collector and mineral-media
interactions occurring are; "dissolution of oxidised species, release of metal ions
into the pulp solution, precipitation, adsorption of the reaction products onto
mineral surface” (Subrahmanyam, 1992).

The reducing environment in a conventional mill may be due to any of the
following reactions (Subrahmanyam and Forssberg; 1993, 1993).

Fe? +2¢ <«—* Fe
Fe(OH), + 2H" + 2" ==+ Fe+2H,0

FesO, +8H + 8" <—" 3Fe + 4H,0
similarly, the oxidising environment in an autogenous mill is due to:

MeS ‘__——::—P Me‘2+ + SZ.
257 +3H,0 «——> S,07 +6H" +8e

S,05° +5H;,0 «=——=*> 2SO,” + 10H" + 8¢’

In summary, for conventional milling (reducing environment): The reactions that
occur are corrosion reactions and the mineral-media interaction. Since the rest
potential of sulphides is greater than that of the media (Fe), the media gets
anodically oxidised, liberating Fe into solution. These Fe species (and any other
species present like Cu®, Pb®, Zn*") may form metal hydroxy complexes which
impair natural flotability and interfere with collector adsorption, as we shall see
mechanistically depicted below. Other than the above authors, other studies on
the influence of grinding on the flotability of sulphides in terms of galvanic
interactions (Adam and lIwasaki, 1984 and others) generally agree that the
media-mineral interaction leads to oxy-hydroxide coatings on the noble minerals
thus affecting their flotability. They site the following reactions as occurring on the
media and mineral surface;

(a) on media surface:
Fe «——> Fe* + 2e (anodic oxidation on abraded surface).

V202 + HO + 267 «—=*> 20H" (cathodic reduction on un-abraded surface)
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(b) mineral surface (say metal sulphide, MS)
%2 0, + H,O + 287 ===+ 20H (cathodic reduction)
MS «—=* M?¥+ 2e +S° (anodic oxidation)

the hydroxide ion (OH") released during the cathodic reduction of oxygen may
react with metal ions to form metal hydroxy complexes. i.e.
M + 20H === M(OH),

{(c) In a media-mineral galvanic couple, cathodic reduction of oxygen occurs on
the mineral surface (highest rest potential) while the media undergoes anodic
oxidation. When other minerals are present (i.e. for complex sulphides, pyrite,
chalcopyrite, galena), then the minerals with the lowest rest potential are oxidised
with respect to the minerals with the highest rest potential (pyrite, in this
example).

PbS «=——=* Pb* + 2¢ + S° (anodic oxidation of galena , relative to

cathodic reduction of pyrite)

In a complex sulphide mineral system like Merensky ore, under appropriate
conditions, multi-electrode galvanic cells can form. For example, in the Fe-Cu-Ni
(pyrrhotite, chalcopyrite, penttandite) system, the noblest mineral in the series will
act as the cathode and the grinding media as the anode. The other minerals will
display relative anodic/cathodic behaviour, based on their rest potentials relative
to each other. In this instance, it becomes apparent that some minerals can be
"cathodically protected” from oxidation, and are subsequently less/not coated with
the hydroxyl ions formed via iron dissolution (anodic oxidation) of the media's
surface. The low concentration of sulphides, however, decrease the fikelihood of
the protection mechanism occurring on a large scale.

It is important to note that in all the reactions described above, oxygen once
again plays a vital role, and that the rate of oxygen reduction is directly related to
the rate of hydroxyl ion formation which is seen to be detrimental to the flotability
of certain sulphide minerals (Nakazawa and lwasaki, 1985, Rao and Finch,
1991).
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2.6.

Flotation in Oxygen Deficient Environments

2.6.1. Methods of Oxygen Removal and their Implications

Oxygen removal during flotation testwork has been carried out by a number of
researchers, both in flotation studies as well as more fundamental studies on
collector adsorption (for example, Chang et.al., 1954, Nakazawa and Iwasaki,
1985, Martin et.al., 1989, Rao and Finch, 1991, Rybas, et.al., 1993, Cheng et.al.,
1994, etc.). It can been achieved in various ways depending on the scale of
operation and the level of complexity one is prepared to introduce into the
problem. Hisiorically, past researchers have most often used the addition of an
inert gas, typically nitrogen, to purge the system of oxygen (Forssberg, 1993 &
1993, Kelebek, 1993 and Rao et.al.,1995). Others have investigated the use of
mild steel milling (conventional milling) relative to stainless steel milling (semi-
autogenous milling), and noted that mild steel results in a decrease in the ORP
and DO levels, an effect similar to that of nitrogen, but with the added complexity
of also drastically altering the pulp chemistry of the system (Forssberg, 1993 &
1993). The intent with regard to milling media in those instances was not primarily
to lower the DO and ORP, as is the case in this study.
In summary, for control of pulp conditions, a number of different methods of
oxygen removal can be employed (cf. 1.5);

= use of reagents (oxygen consuming)

= use of reducing milling media (mild steel)

= use of gases (nitrogen/argon)
In practice, the use of reagents has been avoided, as it constitutes a level of
added difficulty to the problem by introducing a compound whose mechanistic
role under the test conditions is not always fully understood. Researchers thus far
have therefore mainly used variations in milling media and gas type to control the
level of oxygen in the system as these represent easy and readily available
methodologies. Additionally, they lend themselves well to practice in industry.

2.6.1.1. Prior to Flotation

Here, oxygen removal can be achieved by either milling with mild steel media,
adding nitrogen as a conditioning gas, or adding nitrogen directly to the mill. In all
instances, the outcome is a pulp with very low oxygen activity sent to the froth
flotation stage. Here, the actual point of gas addition controls the collector-mineral

interaction, since it affects the pulp chemistry and the environment that the
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mineral ‘sees’. If nitrogen gas is added to the mill, for example, and collector is
subsequently added, the low oxygen activity of the pulp hinders the collector
oxidation process (i.e. formation of dithiolate). If the pulp is allowed to equilibrate
and once again saturates with oxygen, clearly the issue is no longer as important,
but if nitrogen conditioning and/or nitrogen flotation is to follow, then the time
scale of ‘oxidation’ events becomes critical to the success/failure of the flotation

process.

2.6.1.2. During Flotation

Here, nitrogen or argon gas is added during the flotation stage. In this instance,
the collector has been added prior to contact with the gas (in the conditioning
stage), and if no other pre-conditioning was effected, the mineral surface should
by this stage be amenable to flotation. Addition of nitrogen/argon, at this point in
the process, has historically been to stop galvanic interactions and benefit from
any outcome of this (for example, in pyrite -sphalerite separation}. It must be
noted, in this instance, that the final outcome is equally dependant on any gas
addition during the conditioning step prior to this.

2.6.2. The Effects of Nitrogen Gas and Reducing Milling Media on
Pulp Chemical Conditions

The role of nitrogen in the flotation of sulphide minerals has two areas of interest.
Firstly, it lowers the pulp potential and activity of oxygen in the system. This may
influence the flotation result by affecting the extent of oxidation of sulphide
minerals taking electrochemical considerations into account. Secondly, oxygen
plays a role in collector adsorption and in the formation of dithiolate at the
mineral's surface.

The principle of reduced oxidation (via employment of nitrogen gas) has also
been used in other flotation processes, viz. molybdenite flotation from copper /
molybdenum bulk concentrates, where the oxidation of an expensive secondary
reagent leads to undesirable losses. In this instance, a process employing
nitrogen has been successfully patented (British patent No. 1307320, 1872).
Sandoval et.al. (1989) reported that the use of nitrogen proved useful in pyrite-
sphalerite separation, for the selective flotation of pyrite ahead of sphalerite. Rao
and Martin also observe the promotion of pyrite flotation by nitrogen. They
attribute this to the weakening of the galvanic interaction between pyrite and
sphalerite. This conclusion is based on electrochemical considerations which

partly govern flotation; that is, the interaction between the collector and mineral
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correspond to a specific potential. For a system with xanthate as collector, the
redox reactions occurring are as follows:
1. Surface adsorption of xanthate occurring between 60 and 70 mV E, (or -162
and -152 mV Eagaga)’?

X+M —>» MX)+e

Y2 0; +H,0 +2¢° —————» 20H

2. Oxidation of Xanthate collector at surface occurring between 200-220 mV E,
(or-22 and -2 mV Eagagcr)
X —» % Xz +e

Y2 0, +H,0 +28° —— 20H

As indicated, oxygen is needed in both redox reactions as an electron acceptor.
For pyrite, it is generally thought that the dithiolate is the required species for
imparting hydrophobicity to the surface, and so, control of the potential (and/or
oxygen levels) to levels below 200 mV (E,) and greater than 60 mV (E;) could
hinder pyrite flotation. It is important to note, however, that in practice, the
presence of other sulphide minerals in contact with the pyrite lead to "galvanic
interactions”. In a compiex sulphide mineral, pyrite is often the most cathodic
mineral present and this results in the formation of a hydroxide rich layer on the

minerals surface.

ME ———» M7 +8%°+2¢

FeS, + H,O +1/20, + 287 ———» FeS, + 2 OH

It is important to note at this point, that for the sulphide Merensky ore under
study, only trace amounts of pyrite occur, and pyrrhotite takes the role as most
cathodic mineral in the ore under consideration. Any views expressed by past
researchers with regard to the electrochemistry of the most cathodic mineral can

thus generally be extended to pyrrhotite in this instance.

2 |iterature value for potential, Ex, given relative to standard hydrogen electrode (SHE), has been converted
to a standard Pt - Ag/AgCl electrode potential, Eagager , by adding 0.222 V {Rao, 1992).
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1 Grinding
Fe | Media

m Py DPH

. ) 0
Fé +20H = Fe(OM), —— Fe(OH)3 / FeO(OH)

Figure 2-3: Electrochemical interactions and the surface reactions involved in

preferential oxidation of pyrrhotite and grinding media (Source: Kelebek, 1993)

Once again, the role of oxygen in galvanic interactions is noted, and purging of
oxygen from the system can lead to the hindering of galvanic interactions. In
conclusion, promotion of pyrite mineral flotation with the use of nitrogen has been
attributed to 1). weakening of galvanic coupling 2). prevention of formation of OH’
ions, and 3). lower levels of OH" which competes with X for adsorption (Barsky
relationship).

Instances of apparent disparity have been found in the literature, where the use
of nitrogen in pyrite flotation feads to depression of the mineral (Rao and Finch,
1987). These can be explained when the point of nitrogen addition has been
considered (during flotation or during conditioning), as the specific mechanism of
xanthate adsorption depends largely on the nature of the pulp chemistry at the
time of collector addition. That is, if nitrogen is added immediately after grinding
and before collector addition, then the formation of a hydrophobic film on the
minerals surface is severely restricted, however, if nitrogen is added after the
mineral has interacted with collector, the collector-mineral interactions
dependence on oxygen has been met, and the nitrogen serves to hinder other
side-reactions / galvanic interactions. Note that although pyrite is the mineral
under consideration here, the issues highlighted apply to any sulphide mineral

having similar chemical and electrochemical requirements for flotation.
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With regard to chalcopyrite and pentlandite, Kelebek noted that when nitrogen
milling and flotation were employed, there was a large decrease in flotation
recovery of copper, the order of flotability changing to Pentlandite > Chalcopyrite
> Pyrrhotite. The authors have suggested the possibility that the lowered activity
of oxygen prevents xanthate adsorption and thus lowered hydrophobicity of the
chalcopyrite particle. Furthermore, there is a suggestion that chalcopyrite can
undergo a cathodic decomposition under oxygen free conditions. The reaction is
proposed as;

2CuFeS; + 3H,0 +OH +2e" ===+ Cu,S +2Fe(OH), + 3HS

The iron hydroxide formed could explain the poor flotability. The observation is,
however, that chalcopyrite retains its relatively strong hydrophobicity upon
aeration of the pulp.

Study of the experimental procedure used by Kelebek shows that nitrogen was
added both in the milling and flotation stages, and it is likely that the lack of
oxygen restricts the formation of a hydrophobic surface species via collector-
mineral interaction. This is thought to be the more rational of the proposed
explanations. In this instance however, pentlandite recoveries were unchanged.
Once again, reference to pentlandite’s ability to render its surface hydrophobic
even under oxygen deficient conditions (see c¢.f. 2.4.5.3) was proposed to explain
this, however, it is felt that the hydrophobié entity required for pentlandite flotation
may well be the metal xanthate alone, and not necessarily a combination with the
dithiolate. New breakthroughs in this area may shed light on this observation in
future.

Rao and Finch (1991) studied the adsorption behaviour of xanthate on pyrrhotite
in the presence of nitrogen. Xanthate uptake was lowered in the presence of
nitrogen, and while xanthate uptake still occurred, no dixanthogen was formed on
the mineral surface (at pH 6). At pH 8.4, however, there was no decrease in
xanthate uptake. If xanthate was chemisorbed, uptake should be lower at higher
pH values due to hindrance by the OH™ ion (Barsky relationship). This suggested
that the mechanism was not a charge transfer mechanism.

Their results also showed that xanthate-dixanthogen uptake was greater in air
than in nitrogen when no cationic species was present in the water, and that
uptake still occurred in the presence of nitrogen probably due to superficial
oxidation of pyrrhotite. This is likely, since pyrrhotite is known to oxidise very
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rapidly i.e. Fe* ions form and interact with H,O to give Fe(OH)" species.

Since the concentration of Fe(OH)" is maximum at pH 8.5, their explanation was
that these cationic species served to electrostatically attract the anionic xanthate, -
explaining why there was no decrease in xanthate uptake at pH 8.4.

It is interesting to note, however, that in the presence of nitrogen, no dixanthogen
was formed at the mineral surface, but only in solution. In this instance, the
presence of an oxidising ion (like Cu™) was used to explain this difference. The
results seem to justify this, since no dixanthogen was found in solution under
similar conditions when a non-oxidising ion (like Ni** was used). The above
findings are directly relevant to any sound interpretation of the results since it
shows clearly the effect of other ions in solution, and how their presence directly
affects the nature and entity of the hydrophobic species present.

More directly pertinent to this study, are the results of Rybas et al (1993), who
used nitrogen in the flotation of a copper-nickel ore. Here, they report depression
of pyrrhotite on an industrial scale by the use of nitrogen (together with an
organic depressant) in flotation, and exploitation of this depression by selective
recovery of pyrrhotite at a later stage using flotation at low pH of 2.2. Their
specific findings are an increase in nickel grade in the first concentrate (7-8%) at
constant recovery, and reduction of SO, emission by 30-50 % by better
separation of the sulphur containing pyrrhotite material. This provides an
interesting kickback from an ecological point of view, and highlights another
advantage of employing “clean” float technology to the flotation process.

X.-M Yuan and co-workers (1996) recently conducted a study investigating the
manipulation of pulp potential on the selectivity control of a complex sulphide ore
(Cu/Zn). The pulp potential was manipulated by the use of gases having different
oxygen contents; pure nitrogen, 5% oxygen and air. The tests were carried out
using both reducing (mild steel) and autogenous (oxidising) milling, and the
gases were employed in a ‘pre-conditioning’ stage, as well as a ‘flotation’ stage.
In this regard, it is important to note that gas pre-conditioning was done prior to
any reagent addition, and subsequent stepwise gas-conditioning and reagent
addition took place simultaneously.

They concluded that the milling had the most dominant effect on the copper
recovery. At the same time, however, this effect was linked to the type of
preconditioning. Stainless steel results showed no dependence of copper
recovery on flotation or preconditioning gas type, while mild steel milling showed
dependence on pre-conditioning and flotation gases.
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2.7.

Once again, these results are generally in keeping with those observed for
copper recoveries as reported elsewhere. In this instance, no nitrogen addition
was employed during milling, as this is the only time that decreases in copper
recoveries have been observed in past research. The low recoveries with mild
steel are linked to the low oxygen activity of the pulp, further exaggerated by the
use of nitrogen prior to any addition of collector.

In summary, we can conclude that ascertaining the effect of oxygen removal for
complex sulphide ores is not trivial, and the result depends to a large extent on
the exact method employed as well as the ore type being processed.

In order to evaluate the effect of nitrogen on the processing of Merensky ore from

Impala Platinum mines, the following research objectives were addressed.

Research Objectives

As outlined in section 2.6.1 above, the addition of nitrogen is a means of
manipulating the DO and ORP levels of the pulp chemical environment. In section
2.6.2 above we also noted that oxygen removal by nitrogen addition could lead to
a variety of pulp chemical reaction scenarios that could either benefit or hinder
flotation performance depending on the type of ore being treated. The overall
objective of this research is as follows:

“To establish the influence of nitrogen addition on the flotation performance of
Sulphide PGM beérfng ores, and to develop an understanding of the mechanisms

involved.”

More specifically, the research objectives are as follows:

1. To investigate the effect of nitrogen on the metallurgical flotation

performance of a complex sulphide ore, viz.:

= To establish what effect the use of nitrogen has on the batch flotation
performance as measured by mineral recoveries and grades (Cu, Ni, Fe)
and on the froth characteristics represented by overall mass and water

recoveries.
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To ascertain the effect of nitrogen addition at different points in the batch
flotation process (viz., the use of nitrogen in conditioning vs. the use of

nitrogen as flotation gas, and combinations thereof).

To confirm whether the effect of nitrogen addition is consistent under
different operating conditions (viz., are the observations consistent for
both mild steel and stainless steel milling media).

2. To develop an understanding of the mechanisms of nitrogen addition on

the relevant sub processes and interactions in froth flotation using

complementary investigative studies:

2.1. To evaluate the role of nitrogen on the pulp chemical environment, viz.;

Establishing the effect of nitrogen on the pulp chemistry as described by
profiles of DO, ORP, pH and temperature measured during the flotation
fests.

To establish whether it is merely the lowering of ORP and DO by the
removal of oxygen that produces the observed effect ? (This can be
tested by noting that the use of mild steel milling media would be
equivalent to the use of stainless steel milling media plus nitrogen addition
with the same ORP and DO levels being achieved).

To establish whether nitrogen addition and the subsequent lower ORP
hinders collector - mineral interaction or dixanthogen formation on any of
the minerals in the flotation stage, and whether this subsequently affects
mineral flotability as measured by the resulting flotation performance.

2.2. To evaluate the influence of nitrogen on mineral surface oxidation, viz.;

To establish whether nitrogen reduces surface oxidation and in doing so
causes enhanced mineral flotability of certain minerals.

To establish whether this reduced surface oxidation (if any), is

measurable.

To establish whether the extent of surface oxidation is affected by the use
of different milling media (mild steel vs. stainless steel).
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2.3. To evaluate the influence of nitrogen on the collector — mineral
interaction, and additionally, evaluate this influence in the presence of
activator (CuSQ,) and ferrous iron (as present after mild steel milling), viz.;

= To establish whether the collector - mineral interaction has proceeded to
completion during conditioning, or is ongoing during flotation.

* To establish whether nitrogen affects the CuSQ, — xanthate —~ mineral
interaction.

= To establish whether iron abrasion during mild steel milling affects the role
of nitrogen in the pulp, and to identify the secondary effects (viz., froth
stability).
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3. BATCH FLOTATION

This phase of work studied the effect of nitrogen addition (after reagent addition),
used either as a conditioning gas and / or a flotation gas. The tests were carried
out using pulp prepared by both mild steel and stainless steel media in the milling
stage.

The specific objectives of this phase of work were;

i. To establish what effect the use of nitrogen has on the batch flotation
performance as measured by mineral recoveries and grades (Cu, Ni, Fe)

and overall mass and water recoveries.

ii. To ascertain the effect of nitrogen addition at different points in the batch
flotation process (viz., the use of nitrogen in conditioning vs. the use of
nitrogen as flotation gas, and combinations thereof).

i To confirm whether the effect of nitrogen addition is consistent under
different operating conditions (viz., are the observations consistent for
both mild steel and stainless steel milling media).

iv. To observe nitrdgen's effect on the pulp chemistry as described by
profiles of DO, ORP, pH and temperature measured during the flotation
tests.

3.1. Experimental Details

3.1.1. Ore Collection and Sampling

A Merensky ore sample was taken as a belt cut at Impala Platinum mines,
Rustenburg. The 250 kg sample of large, fist sized pieces of ore was crushed,
split into 1kg samples, sealed under nitrogen and stored frozen in the UCT
flotation laboratory. Exposure time to the atmosphere was controlled and the ore
was under a nitrogen blanket where possible.
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3.1.2. Flotation Apparatus

3.1.21.  Mill

The ore was milled in a Sala laboratory stainless steel rod mill. The diameter of
the mill was 300mm and the diameter of the rods were 25mm. The mill charge
was 20 rods of either mild steel or stainless steel charge, as dictated by test

conditions.

3.1.2.2. Flotation Cell

The flotation cell used in the batch flotation testwork was a modified 3 — litre
Leeds laboratory cell. The cell was fitted with a variable speed drive and the pulp
level was controlled with a constant head device so as to give a constant froth
height of 2 cm. A pictorial of the customised flotation setup can be seen in Figure

3-1 below

Figure 3-1: Pictorial of batch flotation cell setup
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3.1.2.3. TPS Meter

A TPS meter was used to monitor the temperature, pH, oxidation — reduction
potential (ORP), and dissolved oxygen (DO) levels in the pulp. The flotation cell
was customised to accommodate the probes and the position of each probe was
fixed for the duration of the testwork. The temperature was measured with a
standard thermocouple. The pH was measured with a GLASS combination
electrode. ORP was measured using a combination platinum silver / silver
chloride electrode (Pt - Ag/AgCl). DO was measured using a YSI| probe. A

pictorial of the TPS meter in operation can be seen in below.

DO = 7.0 PPM ORP = 40 MY  DATA # = 4587 IN .
TEMP = 24.5°C PH=9.4 FILETEST47.L0G =
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B = BEEEERE
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Figure 3-2: Pictorial of TPS meter used in the monitoring of pulp chemistry

3.1.3. Flotation Procedure

3.1.3.1. Milling

Milling curves were established with both stainless steel and mild steel rods (see
Milling Curves in appendix A). This was used to determine that 8 minutes milling
time was required to obtain a flotation feed particle size distribution of 45%

passing 75 pm for stainless steel (SS) rods. For mild steel (MS), a milling time of
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11 min was required for the same particle size distribution.

Immediately prior to a test, a 1 kg sample was removed from storage in the
freezer and milled at 60% solids density with either MS or SS charge to obtain the
required particle size distribution. The make up water added to the mill to obtain
the required solids density was ordinary UCT tap water.

3.1.3.2. Batch Flotation Procedure

The standard batch flotation procedure adopted for the flotation of Merensky ore
was supplied by Impala Platinum. The conditioning times in the procedure were
increased so as to accommodate for the changes in gas addition required by this
study. Furthermore, the duration of all tests was equal, irrespective of
conditioning gas used. The TPS recording system commenced once the pulp was
added into the flotation cell, and pH, DO, temperature and ORP were monitored
continuously throughout the flotation test.

Stepwise Procedure:

The milled 1 kg sample was transferred to the flotation cell and tap water was
added to obtain a flotation cell pulp density of 30%. The pH was not adjusted and
flotation was carried out at the natural pH of approximately 10. Impeller speed in
the cell was set to 1200 rpm for all tests. The pulp was conditioned under a
stirred impeller for 5 minutes to allow the pulp measurements to stabilise. A
dosage of 50 g/t of copper sulphate as 1% solution was then added to the pulp.
The pulp was then allowed to condition for a further 5 minutes. The frother,
SF7000, was added at a dosage of 80g/t together with the collector mixture of
SIBX / nC4-DTP at a combined dosage of 45 g/t. The pulp was allowed to
condition for a further 5 minutes. Depressant, IMP4, at a dosage of 100g/t was
added as a 1% solution and conditioned for 1 minute. Thereafter, a further 5
minutes of conditioning time was specified to allow for any further gas addition
(NA - nitrogen conditioning after reagents). The flotation gas (air or nitrogen) was
then turned on at a flowrate of 6l/min and an induction period of 2 minutes was
allowed before concentrate collection by scraping commenced. The froth
scraping interval was 10 seconds, and 5 concentrates were collected at intervals
of 1, 3, 5, 10 and 20 minutes. The wet concentrates were weighed to calculate
water and mass recoveries. The concentrate, feed and tails samples were

subsequently filtered, dried and weighed. Samples were analysed for copper,
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nickel and iron using atomic adsorption analysis. A step by step representation of
the flotation process can be seen in Figure 3-3 below.

CuSOQ, Frother/Collector

Time = 0 min Time = 5 min Time = 10 min

Depressant - Gas-conditioning Flotation

4 U

Time = 15 min Time =16 min Time =21 min

Figure 3-3: Step by step representation of the batch flotation procedure

3.2. Experimental Programme

The experimental programme was set out so that ANOVA (Analysis of variance)
techniques could be used to evaluate;

* The effect of nitrogen conditioning
= The effect of nitrogen flotation
= The effect of milling media on the role of nitrogen

The experimental program is presented in Table 3-1, followed by detailed results
of the batch flotation tests.
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Table 3-1: Experimental programme for flotation tests (SS and MS}

Test Milling Code Conditioning Flotation
No. Media Gas Gas
SF1 SS 81D None Air
SF2 SS
SF3 SS NF None N>
SF4 SS
SF5 SS NA,NF N2 N,
SF6 Ss -

SF7 SS NA N, Air
SF8 SSs
MF1 MS STD None Air
MF2 MS
MF3 MS NF None N-
MF4 MS
MF5 MS NA,NF N> N,
MF6 MS
MF7 MS NA N, Air
MF8 MS

Table 3-1 shows, for example, that test SF1 and SF2 were done using pulp
obtained by milling with stainless steel media, that no special gas was used
during the conditioning process, and that flotation was carried out using air.
Finally, it shows that these experimental conditions are referred to as STD, and
that this notation will be used to identify tests carried out under these conditions
in both the tables, and figures of results.

The results are presented in terms of metallurgical results (Table 3-2), the
statistical analysis and significance of the effects (Table 3-3) and the pulp
chemistry measurements (Table 3-4). The ‘initial’ results represent values after 1
min of flotation while the ‘final’ results represents values after the fult 20 min of
flotation.



Table 3-2: Summary of metallurgical results - Batch Flotation

Nickel Copper Iron

Test Milling Code Mass Pull (%) Initial Final Initial Final Initial Final

No. Media Initial Final |[Recovery Grade {Recovery Grade |Recovery Grade |Recovery Grade !Recovery Grade |Recovery Grade
SF1 SS8 STD 0.03 2.2 0.9 6.0 58.0 565 58 13.1 75.8 2.56 0.4 249 15.1 15.9
SF2 s$8 STD 0.05 2.4 1.4 6.0 56.6 4.55 7.6 8.0 83.6 1.71 03 23.1 10.9 14.7
SF3 S8 NF 0.12 27 29 46 65.5 4.59 121 8.3 70.5 213 0.8 18.8 11.8 11.7
SF4 sS NF 0.24 28 8.7 6.4 61.4 3.89 22.8 7.5 71.8 2.04 1.4 16.0 8.6 8.4
SF5 S8 NA.NF 0.22 2.2 8.6 5.3 55.2 3.51 22.0 5.3 78.1 1.94 1.6 17.2 10.4 1.8
SF5 S5 NA.NF 0.47 34 14.1 4.7 51.9 240 34.8 4.8 795 1.52 27 16.2 12.1 9.8
SF7 SS NA 1.14 35 38.3 6.6 73.1 4.1 48.5 3.3 74.9 1.70 4.9 12.0 14.5 11.7
SF8 88 NA 0.15 31 5.1 6.5 73.1 4.38 14.9 7.5 85.2 2.02 1.2 213 16.8 13.8
MF1 MS STD 1.0 4.6 378 6.7 69.3 2.82 54.2 3.5 84.8 1.27 5.0 18.9 13.9 121
MF2 MS 8TD 1.7 5.4 57.7 6.6 78.8 2.81 70.9 3.1 87.2 1.19 9.7 18.2 21.2 124
MF3 MS NF 1.5 6.7 53.1 7.1 777 2.28 62.7 3.1 84.0 0.91 6.1 14.6 16.5 88
MF4 MS NF 1.7 58 533 36 74.3 2.25 50.6 25 78.1 0.95 6.2 13.3 13.9 8.6
MF5 MS NA.NF 1.8 6.0 61.8 6.0 744 2.15 60.0 22 74.8 0.81 8.5 11.7 14.7 7.8
MF8 MS NANF 1.6 5.5 65.2 7.6 77.4 2.57 62.0 28 77.4 1.00 6.5 15.0 134 88
MF7 MS NA 1.8 56 62.3 57 75.7 219 70.2 2.7 88.3 1.07 88 15.3 18.9 10.2
MF8 MS NA 1.5 57 62.8 7.5 75.0 2.39 66.3 3.0 81.2 0.99 58 13.0 16.3 9.8
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Table 3-3: Summary of statistical analysis and STDEV - Batch Flotation

Percentage change in response due to changing parameter level (Effect)

STAINLESS STEEL MILD STEEL
PARAMETERS Tests used Mass Nickel Copper Iron Mass Nickel Copper Iron
Pull Recovery] Grade | Recovery| OGrade | Recovery| Grade Pult Recovery| Grade | Recovery| Grade | Recovery] Grade
Conditioning gas N; vs none 5.03 2.99 -1.07 4.00 -0.32 1.85 -0.94 0.90 0.60 -0.22 -3.15 -0.11 -0.56 -1.27
NA, NANF vs STD,NF
Flotation gas N; vs air -0.07 -6.68 -1.08 -4.90 (.08 -3.60 -3.57 6.55 1.25 -0.24 -6.85 0.21 -2.95 -2.60
NF, NANF vs STD, NA
Interaction -4.63 -12.85 -0.22 3.65 -0.04 -0.80 1.68 -5.90 -0.70 0.31 -1.90 G.09 -0.60 0.94
Standard Deviations 4.81 1.94 0.61 4.62 0.38 2.42 1.61 4.77 3.73 0.16 351 0.08 293 0.40
Significance of Effect (NOTE: *** = > 99%, ** =95x99%. *=90x85% - = <90%)
STAINLESS STEEL MILD STEEL
Mass Nickel Copper Iron Mass Nickel Copper lron
Puil Recovery] Grade | Recovery| Grade | Recovery| Grade Pull Recovery; Grade | Recovery] Grade | Recovery] Grade

Conditioning gas
Flotation gas

Interaction

N» vs none

N, vs air

"
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Table 3-4: Summary of profiles of ORP, DO, pH and Temperature - Batch Flotation

pH Temp (°C) Pulp Potentlal (ORP)with Pt-Ag/AgCl electrode {(imV) Dissolved Oxygen {DO) (ppm)
28 min 26 min 5 min 10 min 10.5 min 15 min 21 min 26 min 46 min 5 min 10 min 10.5 min 15 min 21 min 26 min 46 min
Test Milling code At Start of] At Start of]  After After After After After |AtStartofl AtEndof| After After After After After | At Start of| At End of
Number]| Media Flotation | Fiotation | Milling Cond. CuS04 | Collector | Depress, | Flotation | Flotation| Milling Cond. CuS04 | Collector | Depress. | Flotation | Fiotation

SFi S8 STD 100 248 0 4] 50 -50 -40 -20 25 6 6 6 6 [ 7 7
SF2 SS STD 101 248 10 10 80 -50 -40 <20 35 6 6 6 8 6 7 7
SF3 S8 NF 9.95 25.2 35 20 70 -30 -50 -40 -40 6.5 4] [ 6 6 6 0
SF4 SS NF 8.9 257 50 30 60 -50 -40 <20 -60 6.5 6 6 6 6 6 0
SFS 58 NA.NF 9.9 25.3 40 40 70 -50 -25 C-70 -50 6 6 6 6 [ 65 0
SF5 SS NANF 10 25.2 15 10 50 -100 -60 -100 -80 6.5 6.4 6.4 8 5.5 6.5 0
SF7 SSs NA 9.93 255 50 30 45 -60 -40 -100 30 6.5 6.4 6.2 6.2 4] 0 6.5
SF8 Ss NA 9.88 254 -1G -20 15 -110 80 -90 20 6.5 6.4 74 7.4 4] 0 6.5
MF1 SS STD 9.71 250 -38 -52 -40 -150 -135 -145 -25 0.5 0.5 0.5 0.5 0.5 6.5 6.5
MF2 MS 87D 8.86 252 -70 -70 10 -135 -135 <130 -45 05 0.5 05 0.5 0.5 8.5 6.5
MF3 MS NF 9.92 25.1 -120 -120 0 -210 -190 -180 <250 0.5 0.5 05 0.5 05 0.5 0.5
MF4 MS NF 99 25.5 -50 50 20 -200 -150 -155 -240 05 0.5 0.5 1 0.5 05 0.5
MF5 MS NA NF 988 24.9 -160 -140 -230 =220 -200 -245 -280 a5 0.5 0.5 05 0 0 0
MFE MS NA.NF 9.96 24.3 20 0 -30 -130 -110 -100 -120 05 0.5 0.5 0.5 0.5 a 0
MF? MS NA 9.87 25.7 -30 -40 20 -120 -120 -150 -45 05 0.5 05 05 1 65 65
MF8 MS NA 9.91 241 -50 -50 -5 -200 -160 <200 -90 05 0.5 0.5 0.5 0.5 65 6.5
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3.3.

3.4.

3.4.1.

Statistics and Reproducibility

All flotation tests were done in duplicate. The experiments were designed so that
the results could be statistically analysed. For this analysis, 2° factorial designs
were extracted from the total data set. In each set of 8 tests, 3 factors could be
tested at 2 levels. The analysis of variance (ANOVA) was set up so that the first
two factors (conditioning gas, and flotation gas) were the varying parameter
levels (e.g. high-low), while the third factor was the reproducibility (which was
possible as each test was done in duplicate). A 2° factorial design experiment is
readily amenable to an ANOVA analysis, and this was used to evaluate the
significance of the effects due to changes in parameters, as well as to calculate

the standard deviation {through calculation of the residual error).

The differences in flotation behaviour with respect to changes in milling media

were assessed by an evaluation of the ‘T-test’ between the different conditions.

A summary of the standard deviations is presented in Table 3-3 with the changes
in performance (effects). The magnitude of each effect can be compared to the
standard deviation to test the significance. The standard deviations should also
be read in conjunction with the metallurgical results to obtain the relative standard
deviation. For example, the final copper recovery for test STDy; is 75.8% + 4.6
and the grade is 2.6% + 0.36. Appendix D shows detailed examples of ANOVA
and T-test calculations. The figures presented in section 3.4 and 3.5 below plot
the average of duplicate tests, with appropriate error bars. Individual test fesutts
can be found in Table 3-2 and appendix E.

Nitrogen Added as a Conditioning or Flotation Gas After
Milling with Stainless Steel Media

The effect of nitrogen addition as a conditioning gas and flotation gas is
presented here for tests using ore milled with stainless steel milling media. The
results are presented separately for each of the major sulphide elements, Cu, Ni
and Fe. These represent the major sulphides present in the ore; chalcopyrite
(Cu), pentlandite (Ni) and pyrrhotite (Fe, as an approximate representative since
Fe occurs in pyrrhotite, chalcopyrite, pentlandite as well as non-sulphide gangue).
The effect of nitrogen on the mass pull is presented after the individual
metallurgical results.

The Effect of Nitrogen Addition on Nickel Bearing Minerals

Figure 3-4 shows that the highest nickel recovery. was obtained with nitrogen :
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conditioning followed by air flotation (NA). The final recoveries obtained for tests
with nitrogen flotation (NF) were higher than the standard, but with a lower final

grade.

The lowest grade vs. recovery curve was achieved with nitrogen conditioning and
flotation (NA.NF). The recoveries were slightly lower than those obtained at
standard conditions and were accompanied by a loss in final grade. This
demonstrates the nickel bearing mineral's requirement of the presence of some

oxygen during either conditioning and / or flotation.

Table 3-3 shows the results of the statistical analysis, the % change, as well as
the significance of the effects (evaluated after taking into account the deviation

due to experimental error).

The effect of nitrogen conditioning was found to be only mildly significant (a 90%
confidence level) with the effect being ~3.0%. This was the result of the negative
interaction between the NA and the NA.NF tests caused by the large discrepancy
in the duplicaies for the NA.NF tests (viz., the poor repeatability of the NA.NF
test, when used in an ANOVA analysis, lowers the statistical significance of any
test it is used in combination with). The ‘T’ test (which is a one-on-one direct
comparison that ignores interactions) comparing standard conditions to nitrogen
conditioning concluded that the increase in final recovery for NA was significant at

the >99.9% level. This beneficial effect of nitrogen conditioning can also be seen

in Figure 3-4.
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Figure 3-4: The effect of nitrogen addition to average nickel grade vs. recovery after

milling with stainless steel media
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The decrease in grade observed with the use of nitrogen was mildly significant for
both the NA and NF cases. The interaction was not significant due to the large

standard deviation associated with these tests.

The NF and NA.NF interaction, which in an ANOVA analysis correlates the
overall effect of nitrogen flotation, was highly significant (>99%). Once again, the
poor NA.NF result masks the analysis of NF (nitrogen flotation), and the effect of
NF alone cannot be assessed by ANOVA techniques.

3.4.2. The Effect of Nitrogen Addition on Copper Bearing

Minerals
14
- 1) D —
—STD
)
> —&1 -NA
(<]
Eo!
© - A -NF
| 8
&
——NA NF

0 20 40 60 80 100
Recovery (%)

Figure 3-5: The effect of nitrogen addition to average copper grade vs.

recovery after milling with stainless steel media

Chalcopyrite (CuFeS,) is readily flotable and the effect of nitrogen is not expected
to have a strong effect on copper grade and recovery. Figure 3-5 shows that the

only effect is on initial grade vs. recovery. Final grades and recoveries are similar.

The high variation within the replicates themselves meant that it was not possible
to draw any significant conclusions from the copper results since the grade vs.
recovery curve obtained with the use of nitrogen lies on either side of the
standard. This is also shown in the statistical analysis, with the effect of nitrogen

conditioning or flotation showing no significance for neither NA, NF nor NA.NF.
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No significant effect due to nitrogen addition was reported for the final grades as
shown in Table 3-3. The copper results do not show the same trends as the
nickel results, where the lowest performance was obtained with nitrogen
conditioning and flotation (NA.NF), and demonstrates the apparent lack of effect

of nitrogen on the flotability of copper minerals.

3.4.3. The Effect of Nitrogen Addition on Iron Bearing Minerals

Iron occurs in the gangue as well as in sulphides, and so the recovery associated

with iron is low while the measured standard deviation is high (sum of errors).
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Figure 3-6: The effect of nitrogen addition to average iron grade vs. recovery after

milling with stainless steel media

Figure 3-6 shows that the iron grade vs. recovery did not always follow the
classical grade-recovery curve, especially during the initial stages of the test (viz.,
STD and NF). As was the case for copper, the variation between the replicates
was large, and no obvious conclusion can be drawn from the data. The grades
however were consistently lower for all floats with the presence of nitrogen. This
may demonstrate the need for oxygen in the flotation of sulphide minerals that
are rich in iron ‘viz., pyrrhotite), or may be as a result of an increase in mass pull

associated with the use of nitrogen.
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3.4.4. The Effect of Nitrogen Addition to Mass Pull

3.5.

3.5.1.

The mass pull results are shown in Table 3-2; Summary of metallurgical results.
The high variation between the NA.NF replicates causes the statistical analysis to
be inconclusive (Table 3-3: Summary of statistical analysis and standard
deviations — batch flotation). However, there are indications in the data that the
use of nitrogen increased the mass pull, and as expected this was accompanied
by lower grades for all minerals compared to the standard flotation method. No
significant effects were shown by the statistical analysis in Table 3-3, however,
due to the high standard deviation.

Nitrogen Added as a Conditioning and Flotation Gas after
Milling with Mild Steel Media

in general, considerably higher mass pulls were obtained in flotation tests using
ore milled with mild steel milling media than in tests which used stainless steel
milling media and this resulted in higher recoveries and lower grades. The rates
of recoveries were also considerably higher after mild steel milling (viz., mean
initial mass pull for nitrogen flotation with mild steel milling of 1.60 % vs. mean
initial mass pull for nitrogen flotation with stainless steel milling of 0.18 %). The
results of these tests are shown together with those of stainless steel milling
media in Table 3-2: Summary of metallurgical results, Table 3-3: Summary of
statistical analysis and standard deviations — batch flotation and Table 3-4:
Summary of profiles of ORP, DO, pH and temperature - batch flotation.

An interesting pre-note, is that the metallurgical results for mild steel standard
flotation conditions (STD, MS) compared similarly to stainless steel milling with
nitrogen conditioning (NA, SS), both resulting in similar final nickel recoveries viz.
74.1 % (STD,MS) vs. 73.1 % (NA,SS) for mean nickel recoveries, although the
mass pulls and rates of recoveries were different for both sets of results. The
ORP's at the start of flotation were -130 mV (STD,MS) vs. -85 mV (NA,SS).
These values represented the highest ORP's obtained for mild steel tests and the
lowest for the stainiess steel tests.

The Effect of Nitrogen Addition on Nickel Bearing Minerals
after Mild Steel Milling

Figure 3-7 shows that the recovery vs. grade curves obtained for all the tests
employing nitrogen gas lie within the same recovery range; between the results
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obtained at standard conditions (STD). The final grades, however, were lower

than those obtained for the standard conditions (STD).
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Figure 3-7: The effect of nitrogen addition to average nickel grade vs. recovery after

milling with mild steel media

The decrease in grades due to the effect of nitrogen (NA and NF) was found to
be insignificant although the interaction was significant at the 90% - 95% level.
This is largely due to the high standard deviation. Note that the recoveries for the
mild steel flotation tests lie in the same range as the nitrogen conditioned (NA)
stainless steel floats, viz. 70% - 77%. The grades for the mild steel floats were
however considerably lower. The case of NA.NF achieved lowest recovery and
grades with stainless steel but not with mild steel. This indicates that there are

other reactions occurring that are affecting the behaviour of the minerals.

3.5.2. The Effect of Nitrogen Addition on Copper Bearing
Minerals after Mild Steel Milling

Figure 3-8 illustrates the high recoveries and low grades associated with mild
steel milling. The scale is kept the same as Figure 3-5 (stainless steel milling
media) to highlight this. The copper recovery decreased for all cases of nitrogen
addition; for nitrogen conditioning (NA), nitrogen flotation (NF), and the
combination of nitrogen conditioning and flotation (NA.NF). Nitrogen conditioning

and flotation (NA.NF) gave the lowest set of recovery vs. grade curves, which
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was not the case with NA.NF with stainless steel milling.
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Figure 3-8: The effect of nitrogen addition to average copper grade vs. recovery
after milling with mild steel media

Both these visual observations were confirmed by the statistical analysis. The
negative effect of nitrogen on recovery was mildly significant (90-95% level) and

the negative effect on grade was strongly significant (> 99% level).

Looking at general trends of performance, the standard floats gave the highest
recovery (with both replicates taken into account) followed by the NA, NF and
finally the NA.NF. This adds weight to the argument that, if anything, nitrogen
depresses copper flotation (after mild steel milling). Generally, chalcopyrite will
float irrespective of gas, but with mild steel milling, the sensitivity and selectivity of

the copper minerals seems to have increased.

3.5.3. The Effect of Nitrogen Addition on Iron Bearing Minerals
after Mild Steel Milling

Figure 3-9 shows that the recovery vs. grade curves are lower for NA.NF and NF
than for standard conditions. Unfortunately, the variation in recoveries was large,
and no clear conclusion can be made except to say that the use of nitrogen
seems to depress the flotation of iron. The statistical analysis, due to the high
standard deviations with respect to recovery, concludes that the effects are

insignificant.













































































































































































































































