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ABSTRACT

The gold mining industry has mainly relied upon the use of a highly polluting chemicals,
such as mercury and cyanide, to recover gold from its ores. As environmental legislation has
become more stringent in all countries and environmental protection has become the focus of
world-wide research, development of environmental sound processes has been favoured. The
Coal Gold Agglomeration (CGA) process is such a process which was developed some years
ago and has the advantage in that gold is recovered by a procedure which has little or no effect
on the environment. The CGA process is based on the hydrophobic characteristics of coal,
gold and oil. Gold particles which are substantially free become attached to the coal-oil
agglomerates during collision, and eventually penetrate into the agglomerates. The resulting
agglomerates are recycled to increase the gold loading, separated from the shurry, burnt, ashed

and smelted to produce gold buliien.

Laboratory scale batch tests were performed on an artificial/synthetic gold ore, containing fine
gold powder. The slurry was contacted with a mixture of coal and oil, ie. coal-oil
agglomerates, after which both the agglomerates and ore were analysed for gold. Operating
parameters, such as the mode of contact between the coal-oil phase and the gold containing
slurry, contact time of the slurry and the coal-oil phase, means of separating the coal-oil gold
agglomerates from the slurry, coal to ore, coal to oil and water to ore ratios, type of oil, effect

of collectors and the mineralogy of the ore oa the gold recovery were investigated.

Results have shown that stirring the coal-oil phase and the slurty yielded higher goid loadings
than shaking and the traditional rolling bottle techmque. By increasing the time of contact
between the coal-oil phase and the gold slurry, the final gold loading in the agglomerates
increases, until an equilibrium value is reached. An increwzse in the amount of coal, together
with a decrease in the amount of water used in the slurty, has shown to increase gold
recoveries, Furthermore, by varying the concentration and volume of a collector, such as

potassium amyl xanthate (PAX) enhanced rthe setiling rate and enabled the effectiveness of



vii

separation. Moreover, it was found that the gold loading on the coal-oil phase increased after
recycling it. Further tests were performed on a real ore sample and after X-ray Diffraction
(XRD) analysis, it was found that certain minerals other than gold was transferred to the coal-

oil phase.

The theoretical foundation of the CGA process is based on the difference in free energy and
was expressed as a function of the interfacial tensions and three-phase contact angles between
gold, oil and water, together with the ratio of coal-oil agglomerate to gold particle radii. As
the free energy is a measure of the thermodynamic stability and hence, partly a measure of
gold recoveries, meaningful predictions as to gold recoveries were made by performing a
sensitivity analysis on the variables connected to the free energy. It was, however, found that
some operating parameters, which were linked to other factors, such as the maximum gold
transfer into coal-oil phase and the separation efficiency of the agglomerates. were vital 10 be
taken into account when predictions as 1o gold recoveries were made. Therefore, the gold
recoveries were found to be a function of the thermodynamic stability as well as the maximum
gold transfer into the coal-oil phase and the separation efficiency of the agglomerates. The
meaningful information gained by performing the theoretical investigations were applied and
linked to gold recoveries, thereby providing useful explanations as to the typical gold

recoveries obtained during experimentation.

A comparative study on mercury amalgamation was done to evaluate the performance of the
CGA process. It was found that the CGA process yielded better gold recoveries than
amalgamation, which makes it the better process both in terms of recoveries as well as
environmental safety. A further application of the theoretical knowledge was, however, very

useful to explain the tendency of the CGA process vielding the better results.
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CHAPTER 1

INTRODUCTION

1.1 GOLD
1.1.1 Background

Gold, a well-known precious metal, has a history dating back to aatiquity, where gold
bits were found in Spanish caves that were used by Paleolithic people around 40,000 BC
The yellow metal was named the “child of Zues” by the Greek poet Pindar and called
aurum (“shining dawn”) by the Romans. Furthermore, gold is the first element and the
first metal to be mentioned in the Bible, where it appears in more than 400 references

(Yannopoulos, 1991).

Gold accounts for approximately 0.000 000 5% of the earth’s crust substance (a
concentration of about 0.005 g/t) and occurs in ocean water as dissolved gold in a
concentration of 0.01 to 0.05 mg/m’ (Hentschel and Priester, 17 92a).

The metal is characterised by certain physical properties, which include the following:

¢ gold metal has a bright yellow colour,

+ conducts heat and electricity,



e s nonmagnetic,

¢ has a high duetility (can be drawn into a thin wire without breaking),

e has a high malleability (where one ounce [31,3 g] can be beaten into a sheet of 9 m?),
e isavery soft metal, rating 2 on Moh’s scale,

e and has a melting point of 1 063 °C and a boiling point of 2 660 °C,

e isa very heavy metal, having a specific gravity ranging from 15-19 g/cm?®, depending

on the silver content and declines with increasing silver content,

Among the chemical characteristics it is said that goid, in its natural form, is not attacked
by either sulphur or oxygen in the presence of air or water and is resistant to weathering,
as it tends to accumulate in secondary deposits (refer 1o section 1.1.2). However, the
metal dissolves in the presence of halogens or complexing agents such as cyanide
solutions as well as strong oxidising agents. such as aqua regia. Finally, gold has a good
alloyability with other precious metals, such as silver and mercury (Hentschel and

Priester, 1992a; Hocker, 1872).

The major importance of gold is as a store of wealth, where half of the gold ever
produced throughout the world is either kept safe in government treasuries and central
banks or in the hands of individuals. As gold is very soft and resistant to corrosion. it is
often used in dentistry. Jewellery i1s another major use of gold, whereby the pure metal is
alloyed with other metals, usually copper, to increase the hardness, as the pure metal is to
soft. The quality gold alloy is expressed in “carats”, where pure gold is “24 carat gold™.
Other standard alloys such as 22-, 18-, 15-, 12-, 9-, denote the parts of gold m the alloy.

eg. 22 parts of gold to 2 parts of other metal (Internet: reference no 51).
1.1.2 Natural occurrence of goid
Natural gold mainly occurs in two types of deposits, which are classified as primary and

secondary deposits. Primary deposits are called gold-quarts lodes or veins and are ore

bodies that may be of platonic or subvolcanic origin embedded in plutonites, vulcanites.
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metamorphites or sediments as country rock and enriched veins may form by mechanical
or chemical action in cap zones, oxidation zones or cementation zones {Hentschel and

Priester, 1992a).

Secondary ore deposits, often called piacers, are ore bodies formed by the breakdown of
rock outcrops that were exposed to the surface of the earth and where subjected to the
natural elements of weathering and erosion, however causing the eventual breakdown of
the rock into fragments which are carried away by wind, water and ice. The redeposition
of the fragments takes place in river systems, lakes or in the sea where the heavier, more
durable gold is then concentrated into rich deposits. Placers are devided into two types,
namely recent and fossil placers, where recent placers are of more recent origin and
display all gradations between loose, slightly consolidated and consolidated sediments
and the fossil placers yield extremely hard ore with processing properties very similar to
that of a primary ore body. An example of a recent placer is the gold deposits of the
Witwatersrand in South Africa (Hentschel and Priester., 1992a; Internet: reference no.
51). Further placer ores exist, such as alluvial deposits, whereby the gold/gold bearing
rock has been transported short distances from their source (generally by gravity) and
have been concentrated within the soil horizon. Alluvial deposits are formed by the
conceniration of gold particles within streams systems, under the action of running water
and beach placers, where gold is concentrated in the beach sands by wave action, is a type
of alluvial deposit. Leads are former stream courses, containing gold, where barren sands
have covered the original passage of the stream and deep leads are gold deposits in
former stream beds which have been covered with basaltic lava. Nuggets are formed,
either as rich fragments of primary deposits. which have been transported and deposited
in a sedimentary environment, or as chemical accretion of smz2!l gold particles into larger
fragments. Some nuggets may have formed through the chemical action of host soils or

sediments on a gold solution.

The gold content of primary deposits can range from 5-100 g/t compared to that of a

secondary deposit, which normally ranges from 0.1-5 g/t, where the lower limits are taken



as the extraction economical thresholds for the consecutive ore bodies. To obtain the
maximum geological gold content of a primary ore deposit, it would necessitate natural
enrichment processes reaching a factor of 1000 in order to sufficiently concentrate

statistically distributed gold contents into profitable gold deposits.

Placer gold is mainly free gold due to the removal of the other minerals in the process of
translocation by reason of their solubility, cleavage or weathering behaviour. [n primary
ore deposits the gold is normally scattered irregular throughout the quartzose matrix , and
the gold and/or quarts may be intergrown with accompanying minerals. The most
significant accompanying minerals in the unweathered veins include the following:
quarts, feldspar, calcite and siderite as gungue material and pyrite, chalcopyrite,
marcasite, galena, stibnite, free silver, arsenopyrite, pyrrhotite, molybdenite, sphalerite
and bismuth minerals. The mineral composition of placers. however is much more

complicated as many other minerals are “dragged along™ during translocation.

Much literature exists whereby gold bearing ores are classified under certain headings,
e.g. as by Henley (1975) the gold ores are classified into seven broad groups according to
the geological environments in which they are to be found eg. gold-quans lodes,
epithermal deposits, young placers, fossil placers. deposits with desseminated gold. gold
in non-ferrous metal ores and gold in sea water. McQuiston and Shoemaker (1975)

proposed the following extraction orientated classification of gold ores

¢ Native gold ores, in which the gold can be removed by gravity separation.
amalgamation and/or cvanidation.

*  Goald associated with sulfides. occurring either as {ree porticles or disseminated in
sulphides. Auriferous pyrite with gold finely disseminated in its matrix is rather
common.

* Gold tellurides, which usually occur along with native gold and sulphides.



s Gold in other minerals, as with arsenic and/or antimony {e.g. aurostibnite, AuSh;),
with copper porphyries (as selenide and telluride), with lead and zinc minerals, and

with carbonaceous minerals.

Regardless the type/name of classification, it is seen that gold metal exists in nature in
various locations, which is an indication of the type of mineralogy of the ore body hosting
the precious metal. Furthermore, it 1s found that gold metal exists either in its
liberated/free form or in association with other minerals, which is determined by the type

of deposit from which it criginates.

1.2 EXTRACTING GOLD FRONM ITS ORES

Since the discovery of gold, various means have been devised and tested to separate the
precious metal from the ores containing it. The type of process utilised to extract gold
from the ore body is vastly determined by factors such as: the mineralogy of the ore and
the degree of liberation of gold particles. The raw ore body is crushed and ground in the
attempt to liberate/free as much gold, which couid be separated either by a chemical.
physical or surface based process. It will be attempted to identify and provide a brief

discussion of the main processes in use.

Processes such as cyanidation (chemical process) and mercury amalgamation (based on

the surface chemisty of gold) is dealt with in this section.
1.2.1 Cvanidation
The cyanidation process was patented by IS MacArthur and his co-workers RW Forrest

and W Forrest in 1887 and involves the production of geld and/or silver by leaching

auriferous and/or argentiferous ores with a weak cyanide solution.



Figure 1.1 is a general flowchart of the processing steps required to extract gold from its

ores by utilising the cyanide process and consists of five basic operations:

L. The comminution circuit

2. The cyanide leach circuit

3. The soiids-liquid separation area and/or a system of gold recovery from solution
4. The gold melting and refining area

5. The tailings disposal area

In the first step the ore 1s comminuted by means of crushers and mills to render it more
useable by reduction of its particle size and tc liberate the one component from another
to permit subsequent separation of the valuable component (e.g. gold) from the gangue
(Stanley, 1987). In order to enhance gold extraction by cyanidation, the gold grains (or
micrograins in some ores) must be fully wetted by the cyanide so that the solid-liquid
reaction of leaching takes place, therefore fine grinding of the ore liberates the gold
particles and maximises the reaction rate and efficiency of leaching. An ore yielding
acceptable gold recoveries (more than 88%) by direct leaching after being ground
normally {60-75% -200 mesh). 1s defined as an amenab/e ore, whereas a refractory ore
yields recoveries below 80% if normally ground and needs extremely fine grinding or

pre-treatment before being exposed to cyanide (Yannopoulos, 1991).

The second step is the leaching circuit, where the gold ore is subjected to a leaching agent
such as sodium or calcium cyanide, which dissolves the gold (or silver). Various theories
have been proposed to explain the mechanism of gold and silver dissolution in aqueous
cyanide solution (Habashi, 1987; Comejo and Spottiswood, 1984) from which the

overall reaction was derived and confirmed by Finkelstein (1972) as follows:

2Au+ 4NaCN + 0, + 2H,0 = 2NaAu(CN); + 2NaOH + H,04 (LD



The other essentials for the reaction is oxygen, mainly to stabilise the cyanide radical, and
calcium hydroxide, which maintains a protective level of alkalinity (pH 10 to 11) (Young,
1987). Many types of leaching operations, such as heap [eaching, vat leaching, batch and
continuous Jeaching or a combination of both etc. have been researched and are in use
(Young, 1987 and Yannopoulos, 1991). It is not within the scope of this study to
investigate the different means of leaching the gold ore, but rather to gain a understanding
of the basic concepts concerning the cyanidation process as the leaching circuit is part of

the basic operation of the cyanidation process and will vary for each gold operating plant.

Once the ore has been ground and ieached with the weak cyanide solution, the pregnant
solution contains anionic gold cyanide complexes (Equation 1.1), from which the gold
must be recovered. One (or a combination) ¢! the following processes is utilised to

recover the gold from the pregnant solution (see Figure 1.1):

e 7inc cementation
e Activated carbon adsorption

* Jon-Exchange resin extraction

Continued research is being done and therefore, the abovementioned processes are not the
only ones existing, but rather are the most widely used, and will hence be discussed
briefly in the following sections. As the chemistry of these processes are very complex
and can be treated here only in the barest outline, the reader is referred to works devoted
to these subjects for further details, such as Helferrich (1962), Marcus and Kertes (1969)
and Nicol er al., 1987.

12,11 Zinc Cementation
The recovery of gold by zinc is based on the electrochemical order of the metals in

cyanide solution, which dictates their solubilities in the solvent. The electrochemical

order of metals in potassium cyanide solution are in the following sequence. from



positive to negative: Mg, Al, Zn, Cu, Au, Ag, Hg, Pb, Fe, Pt. It is said that any metal in
this sequence would tend to dissolve in cyanide solution more readily than the metal to its
right, which explains why zin¢ displaces gold in a cyanide solution (Yannopoulos, 1991).
The overall chemical reaction for cementation was proposed by Barin er a/. {1980) and is

as follows (Yannopoulos, 1991):
Zn+ Au(CN)y + HoO +2CN™ —  Au+ Zn(CN),* + OH + 0.5H, (1.2)

Zinc cementation is classified as a Solids-Liquid separation (see Figure 1.1) system and
involves the separation of the pregnant solution from the leached solids before recovery
via Zinc precipitation (cementation). It is vitul that the solids be washed thoroughly to
minimize any loss of dissolved gold with ine solids, therefore a counter-current
decantation (CCD) series of thickeners is designed to provide solids-liquid separation
with thorough washing of the solids. The solids are washed as they flow from the first to
the last thickener and the liquid washings overflow and are pumped from the last to the

first thickener, counter to the movement of the solids.

The Merrill-Crowe zinc cementation process, which 1s the next process step. was
developed in the United States and consists of four basic steps (Yannopoulos, 1991:

Bosley. 1987):

I. Clarification of the pregnant cyanide, as fine solids in suspension may coat the
zinc surfaces and reduce its activity.

2. De-aeration, as oxygen causes increased zinc consumption by wasteful side
reactions oxidising the zinc (Crowe, 1918).

Addition of zinc powder and lead szlts, as the formation of a so-called zinc-lead

Lad

couple simulates the poles of a voltaic cell and hydrogen can be evolved at the
lead cathode, thereby reducing the passivation of the zinc surface.
4, Recovery of the zinc-gold precipitate. Zinc dust is added to the de- oxygenated

solution as it flows through precipitation filters, which are precoated with



diatomaceous earth and a secondary coating of zinc dust. The filters are totally

enclosed to safeguard the precious precipitate.

[In a few instances, the gold solutions that are eluted from the activated carbon are treated
with zinc cementation in stead of electrowinning. It was found that such solutions do not
have to be de-aerated, since their oxygen level is very low due to prior hot elution and

depressurizing (refer to Figure 1.1).]

1212 Adsorbent-in-pulp systems

Activated Carbon Adsorption

Activatea carbon is a highly porous material with a very large intraparticulate area per

unit of mass, which gives it distinctive adsorptive properties. The recovery of gold from

pregnant solutions by activated carbon consists of three distinct operations, refer to Figure

1.2 {Yannopoulos, 1991 ):

1. Loading: the adsorption of gold (and/or silver) from solution onto the carbon.

[\

Elution or stripping: desorption of gold (and/or silver) from the carbon. The gold
cyanide complex is adsorbed onto activated carbon and is recovered from the

dilute production solutions where it is delivered as concentrated gold solutions
and not as gold metal, therefore the gold is merely desorbed into a more

cuncentrated solution.

Metallic gold production: Electrowinning or zinc cementation of gold from the

L2

concentrated (eluate) solution.

More than one system exists whereby activated carbon is loaded and is described by the
means of contacting the carbon with the slurry (Figure 1.2). for example, when the
activated carbon is mixed with the leached slurry to adsorb the gold from solution (in

separate tanks), it is named a carbon-in- pulp (CIP) system. When the activated carbon is
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added to the leaching tanks to adsorb the gold from solution as cyanidation proceeds, it is
named a carbon-in-leach (CIL) circuit and the carbon-in-column (CIC) circuit involves
the use of a packed column of activated carbon through which the clarified solutions is
passed whereby the gold is adsorbed as they percolate. The CIP process is mostly used
and preferred means of loading the activated carbon and has always been an economical

and effective method for large scale gold and silver metal recovery.

Although activated carbon is an excellent adsorbent for soluble gold, it does not
relinquish the adsorbed gold easily. Some of the elution/stripping techniques most
commonly used is The Zadra method, whereby a warm sodium cyanide and sodium
hydroxide solution is passed through an elutioa column and one or more electrowinning
cells in series (Zadra, 1950) and The AARL {Anglo American Research Laboratory)
method, which involves the preconditioning of the loaded carbon with a hot cyanide
solution, followed by the elution, using deionised water (Davidson, 1986). All the elution
operations, however, are based on mass transfer of the soluble gold compound, which is
generated by a favourable concentration gradient and high temperatures (Yannopoulos,

1991).

The carbon used in the CIP circuit is regenerated (before being recycled to the last stage
of the adsorption circuit) in order to get rid of the other adsorbed metals and organic
contaminants (oils, greases, humic and fulmic acids), which causes carbon fouling and

hence, reduces the activity and ability to adsorb. (Van der Merwe, 1991).

During the electrowinning procedure, gold metal is recovered by an electrolytic process,
whereby the gold deposits onto the cathode. The laden gold cathodes may contain 70-
75% gold and 10-15% silver, the remainder being copper and steel wool. To fire-refine
the electrowon gold, a pan is filled with 30% sodium nitrate (reacts to iower the melting
temperature of the mix), 40% borax (dissolves the metal oxides and lowers the meliing
temperature) and 30% silica (combines with borax and contributes to the dissolution of

metal oxides), all in percentage of cathode weight.
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The charge (1:1 cathode/flux) is placed in a silicon-carbide crucible in a tilting gas-fired
furnace and heated to 1 093 °C. After melting, the mixture remains in the crucibles for
about 1,5 hours after which it divides into two molten phases, bullion and slag. The slag

is then skimmed off and the bullion further refined in clay crucibles ( Yannopoulos, 1991).

lon- Exchange Resin

Extraction of gold cyanide by means of ion-exchange resin is accomplished by the inert
polymeric hydrocarbon matrix (usually polystyrene cross-linked with divinyl benzene) to
which the functional groups are chemically attached. The three-dimensional network of
the polymer matix absorbs water and swells when in contact with an aqueous solution,
thereby allowing ions present in the aqueous solution to diffuse through the resulting gel
to the sites of the active groups. The active groups can be anionic or cationic in nature
and the interaction of with these groups and the cations or anions in solution is mostly
coloumbic or electrostatic in nature. Therefore, the rate of the exchange reactions are
high, reversible, and generally difussion-controlled and the selectivity of one ion over
another is predominantly a function of the size, charge. and polyrizability to the ions
(Yannopoulos, 1991; Nicol ef al., 1987)). The chemistry involved in the ion-exchange
technology is very complicated, as many different resins are available for use and will not
be discussed here. Further reading could, however be done: Helferrich, 1962; Marcus

and Kertes, 1969 and Nicol er al., 1987.

A typical resin-in-pulp (RIP) flowsheet consists of a milling section, followed by
classification, whereby the classifier overflow is thickened, and the thickener overflow is
leached with c¢yanide. The partially leached pulp is then contacied with ion-exchange
resin in a resin-in-pulp operation. The resin > eluted at low temperatures and pressures
after which it is then recycled back to the leaching operation.  The gold is then
precipitated from the eluate, cast into anodes, and purified electrolytically. The problem

with the elution of the resin is that the stripping is generally not complete, therefore the



resin has to be incinerated after a few cycles to reclaim the contained gold values, which

makes the RIP process unattractive due to the high cost of resins.

1.2.2 Mercury amalgamation

Amalgamation is a process applied to precious metal ores, where the precious metals
(such as gold and silver) form alloys with mercury and is known as amalgams (Hentschel
and Priester, 1992a). Authors have different opinions as to when this technology was
developed, where Rose and Newman (1937) made an educated guess that the process has
been in use for the last 2000 years and the two authors: Nrtagu (1979) and D’ltri (1972)
states that it has been in operation by the Romans since the 4t century BC. Aneven more
recent date is suggested by Hentschel and Priester (1992b) who states that this type of
mining was applied in Bosnia under Emperor Nero 54 to 68 AD. The recovery of gold by
mercury amalgamation is still a well known process today and has been used intensively

in the small scale mining industry all over the world (Hentschel and Priester, 1992a).

The “*chemistry” behind amalgamation involves the formation of the gold-mercury (or
silver-mercury) alloy, which could contain two, three or four atoms of gold per mercury,
giving compounds Au,Hg, AusHg and AuwsHg, respectively (Hoffmann, 1994;
Yannopoulos, 1991). Neither the gold or mercury undergo any chemical changes during
the formation of the alloy, but it is rather the attraction and wetting of the gold by the

mercury which takes place(Yannopoulos, 1991).

The amalgamation process consists of three basic operations ir the following order

(Hentschel and Priester, 1992a):

1. The raw ore is processed with the mercury, where fine alluvial gold, free gold
from a ground ore or gold from the concentrate of a gravity-separation circuit is

recoverable by the mercury. The contact process could be accomplished in gold
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pauns, sluices, drums, tubs, amalgamating barrels or copper plates, edge mills,

stamp mills and amalgamating tables.

2. The amalgam is separated from the ore. This is usually done by gravity

separation, whereas both mercury and gold have higher densities as the gangue.

3. The gold is separated from the amalgam in two steps:

- firstly the amalgam is separated from excess mercury by wrapping a wet
cloth/chamois leather around the amalgam and wringing the cloth over a
gold pan so that the mercury drips into the pan. In larger scale operations
amalgam presses are used and operate on the same principle of viscosity
differences, whereas the amalgam stays behind due to the larger viscosity
and therefore the less viscous mercury is separated easily when pressure is
applied (Hentschel ef af., 1992a; Internet reference no. 54, Hoover and
Hoover, 1912).

- secondly, the amalgam is distilled or retorted at temperatures above the
boiling point of mercury (357 °C) so that the mercury evaporates and gold
powder remains. This is done either on open fire or closed circuit retorts

to minimise the polluting effect.

The simplicity of the technique, low investment costs and comparatively high gold
recoveries, has made the amaigamation process an attractive means of generating funds in
the small scale mining industry (Hentschel and Priester, 1992b; Subasinghe and Maru,
1994). Gold ores that are suitable for amalgamation must contain already liberated gold
particles, having a grain size ranging from 2 mm to 20-30 pm, that has not been
encrusted, for example by ferrous oxides. The shape of the grain. together with the
interfacial tension of the mercury and water are the defiming faciors for the lower limit of

the gold grain size to be recovered (Hentschel and Priester, 1992b).
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1.3 THE DANGERS OF EXISTING GOLD PROCESSING METHODS

Over the past years the gold mining industry has relied mainly upon processes such as
cyanidation and amalgamation to recover gold from its ores. It is seen, however that
these processes pose a threat to the environment due to the large scale use of chemicals
such as cyanide and mercury, which are two highly toxic reagents that require very
careful handling. It will be attempted in the following subsections to brief the reader on

the dangers of these chemicals.

1.3.1 Cyanide, both usefull and dangerous

It is seen from section 1.2 that cyanide has been used extensively in the mining industry
to dissolve gold and silver from pulp. Although many noncyamde leaching agents have
been investigated in the pasi, the use of cyanide has dominated the Jarge scale gold

mining industry (Schlettwein and Petersen, 1998).

Cyanide exists within the mining solutions in four different forms, and hence the toxicity
of the cyanide present in the mining wastestreams, is thereiore related to one of these
forms i.e. free cyanide, iron cyanide, weak and dissociable cyanides (WAD) and cyanide

related compounds.

Although the following sub-headings discuss the effect of cyanide in certain dosages with
respect to the human body. it is vital to note that bird, wild and aquatic life has been

influenced to a large extent as well (Hocker, 1872).
1311 The effect of cyanide on the huiian body
Cyanide is very harmful to the human body, as hydrogen cyanide is absorbed through

ingestion or inhalation at a very fast rate and it is then carried into the plasma. Many

proteins and enzymes contain key components, such as sulphur, copper and iron, which



bind strongly with HCN. An enzyme named cytochrome oxidase, which exists within the
cells of the body, is vastly affected and can therefore lead to ashyxiation and tissue death,
and eventually failure of all vital functions, followed by death (Smith and Mudder, 1991).
In short it could be said that cyanide, if consumed in lethal dose at once, blocks the
transport of oxygen accross the cell walls and causes death by suffocation, despite the fact
that the victim has fully-oxygenated blood. The central nervous system is the first organ

to succumb (Hocker, 1872).

The long term health effects of cyanide has largely been ignored, however, there is good
reason to suspect that cyanide in lethal dose has serious health effects in long-term
chronic exposures at low levels. Correlations have been observed between chronic low-
level cyanide uptake and specific diseases in humans, and experiments on animals have
demonstrated progressive damage to nervous and other tissues (Goldfrank, 1986 and Oak

Ridge National Laboratory, 1978).

1312 Lethal concentrations

The toxicological concerns lie mainly with the complex forms of cyanide, as these

complexes break down and hence, release the free cyanide into the system.

The mean lethal dosage for free cyanide to affect humans is within the range of 50 to 200
mg (i.e. 1-3 mg/kg), where death can occur within one hour. Furthermore, it was found
that 10mg or less free cyanide per day is non-toxic, where 5 mg/day has shown no
harmful effects. To reduce the risk of cyanide toxicity, it is advised that 2 litres of water
should be consumed per day per person. Once a person has bezn exposed to HCN in
concentrations ranging between 100 and 300 ppm (mg/L), death will occur within 10 to
60 minutes, whereas an exposure to 2000 ppm HCN will cause death within 1 minute
(Huiatt er al.. 1982). The LCsq (i.e. the lethal concentration of a toxicant that causes
death of 30% of the population of organisms in a specified period) of free cyanide

absorption is approximately 100 mg/kg of body weight (Smith and Mudder, 1991).
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1.3.2 Mercury poisoning

The simplicity and high recoveries yielded by mercury amalgamation has made this
process the perfect means of income for the uneducated and needy miners to whom a
high technology process would not appeal, as additional funds and effort are required for
a higher education. The miner has only one main concern: winning gold! The impact of
mercury on the environment is either chosen to be ignored or due to lack of knowledge is
not known to these men, which makes the extent of poisoning and pollution even more

serious than anticipated.

Mercury is a highly toxic metal. With regards to its toxicity, three major chemical forms
of the metal must be distinguished: mercury vapour {(elemental mercury), organic

mercurials and salts of mercury (Cimara et al., 1997).

1.3.2.1 The loss of mercury to the environment

Mercury is lost to the environment at different stages of a small-scale mining operation

and in different forms (Hoffmann, 1994):

1. The first loss of mercury to the environment is in the tailings after 1t has been
contacted with the ore, whereas the excess mercury is washed away in the form of
floured mercury (very small mercury droplets). When in the aquatic environment,
microorganisms can convert mercury into methyl mercury, which is more toxic
than the inorganic forms; the compound is taken up by plankton algae and is
concentrated in fish via the food chain, reaching much higher concentrations than
the originally found in the environment (Cimara ef al., 1997). People living up
to 200 miles downstream then eat the fish.

2. Futher mercury losses occur when the excess mercury is removed from the

amalgam by wringing out the solids in cotton cloth/chamotis leather, as discussed
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in section 1.2.2. This mercury occurs in the form of metal mercury droplets,
which are lost to the environment by further handling and vapourise in time.

After the above step, the remaining amalgam then contains half gold and half

1l

mercury by weight. The mercury is then simply roasted off, great amounts
volatilizing. Here the major loss of elemental mercury occurs to the atmoshpere.
4. Finally the amalgam, containing about 3 to 5 % mercury in its composition is then
taken to gold-selling stores located in urban centres, where it is reburned to
endstage purification and its gaseous residues emitted to the atmosphere without

treatment (Camara ef al., 1997).

1.3.2.2 The effect of mercury on the human Lody

Metallic mercury is not particularly toxic when ingested, because of its low absorption
from the gastrointestinal tract. Mercury vapour, on the other hand is extremely dangerous
because it is completely absorbed by the lung and then is oxidized to divalent mercury
cation by catalase in the erythorcytes (Magos, ef al, 1978). The vapour crosses the
membranes much more readily than does divalent mercury, which explains why a
significant amount of mercury vapour enters the brain before it is oxidized. Toxicity to
the Central Nervous System is thus more prominent after exposure to mercury vapour
than to divalent forms of the metal. The mercury 1s then partially deposited in tissues
combined with sulfhydryl groups. Excretion of the fraction that is not absorbed is via the
urine and feces. The half-life of elemental mercury is approximately 60 days (Friberg and

Vostal, 1972).

Another method of exposure to mercury is through indirect means of ingesting food
contaminated with mercury. This primarily consists of fish, which metabolize mercury
into methylmercury, this exposure causes the victim 1o succur:b to Minamata desease.
Minamata disease is named after a bayside village in Japan which suffered hundreds of
deaths resulting from a nearby plant dumping mercury into the bay (Internet reference no

53).
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Some of the syptoms found after short-terms exposure include weakness, chills, metallic
taste, nausea, vomiting, dysphnea and coughing, heart palpitations, tremores, loss of
codrdination, whereas chronic exposure to mercury vapour produces a more insidious

form of toxicity that is dominated by neurological effects.

1.4 AN ENVIRONMENTAL SOUND GOLD RECOVERY PROCESS

Environmental protection has become the focus of world-wide research in the gold
mining industry and favours the development of new technology, whereby the use of
cyanide and/or mercury is either lessened or eliminated. Such a process, whereby the use
of any hazardous chemicals are eliminated, was developed by the British Petroleum (BP)
research team in the early eighties and is called the Coal Gold Agglomeration (CGA)
process. It is aimed to provide the reader with a background knowledge on the CGA

process and its relevance to the global mining industry.

1.4.1 The Coal Gaold Agglomeration (CGA) process

The Coal Gold Agglomeration process is based on the recovery of hydrophobic/oleophilic
gold particles from ore slurries into agglomerates formed from coal and oil. The oil acts
as the bridging liquid between the coal and gold particles, where the coal is the carrier of
the mineral and enables effective separation of the oil phase. The coal-oil agglomerates
are recycled to increase their gold loading, after which they are separated and further
treated to produce gold bullion (House ef al., 1988a; Bonney, 1988; House ef al., 1988b;
House er al, 1988¢c; Buckley et al, 1989; Bellamy ef @/, 1989). Figure 1.7 shows a

schematic representation of the basic concepts involved in the CGA process.

Gold bearing ores containing liberated/free gold particles, such as alluvial/free milling
ores, gravity concentrates or gravity plant tailings was found to be suitable for the CGA
process, as associations with other minerals/metals, such as pyrites, aresenopyrites eic.

reduce the oleophilicity of gold, and hence limits gold recoveries (Bonney, 1988; House
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ef al., 1988b; Bellamy et al., 1989). High gold recoveries, irrespective of the gold grain
size (ranging in size from 1-500 pm) are found, therefore providing an alternative to
amalgamation or intensive cyanidation {(House et al. 1988b; House er al, 1988¢;

Bellamy er al., 1989).
1.5 THE OBJECTIVES OF THIS STUDY
It was aimed in this study to focus on the following objectives:

o to understand and optimise the CGA process route as a small-scale gold mining
operation and a possible alternative to mercury amalgamation,

s (o determine the effect of the mineralogy of the ore on the effectiveness of the CGA
process,

¢ 1o propose a simple mathematical model to predict the thermodynamical behaviour of
the CGA process.

e to perform a comparative study, whereby the CGA process i1s compared to the

mercury amalgamation process.
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CHAPTER 2

LITERATURE REVIEW

2.1 SMALL-SCALE GOLD MINING

The reader is now facilitated with sufficient knowledge about gold, its ores and the
extraction thereof to be equipped with an understanding of the overall gold mining
industry. It is seen, however, that the gold mining industry, at large, is dominated by

operations such as cyanidation and mercury amalgamation.

Cyanidation has been used extensively in the large scale gold mining operations,
especially in the use of the CIP and RIP circuits, which requires highly skilled operators
and technological equipment. In view of complicated processes, difficult control,

dependeiice on large amounts of reagents eic., they are regarded as less suitable for small-

scale mining (Hentschel and Priester, 1992b).

Mercury amalgamation, on the contrary, has been applied mainly ir small-scale mining
operations, whereas the simplicity of the process, its relatively high recoveries and low
investment costs has been the encouraging factors for many uneducated and unemployed
peasants to enter the gold mining industry. Small-scale miners are defined as (Internet
reference no 45) follows: individual casual workers who, from time to time pan streams

for gold; small organised groups of four to eight individuals carrying out their operation



on a full time basis using simple equipment and tools, and a co-operative of ten or more

individuals.

Small-scale gold mining, such as mercury amalgamation, is an essentially artisinal or
small-industrial form of raw material extraction and is characterised by the following

(Hentschel and Priester, 1992a):

- little or no mechanisation in the form of machines and engines, resulting in a large
proportion of heavy manual labour,

- Iow safety standards,

- generally low level of training,

- lack of technicians, resulting in deficient planning and organisation of extraction
and processing activities,

- relatively poor exploitation of available resources due to selective extraction of
rich ores in combination with low recovery rates, i.e., specific yields,

- low wages,

- low labour productivity,

- in part only seasonal employment in mines, or only as long as the world market
prices are appropriately high,

- little awareness of environmental hazards,

- chronic shortage of capital,

- widespread illegal activities as a result of unfavourable mining laws and due to a

lack of mineral rights/licensing.

It is seen that a small-scale gold mining operation is known for the simplicity of the
process, whereas large scale gold mining operations are much more complicated and
organisea, yielding much larger amounts of precious metal. Although many different
small-scale gold mining operations do exist (gravity concentration, flotation etc.)
(Hentschel and Priester, 1992a), it was decided not to introduce these to the reader, as the

use of mercury has been preferred by the miners and dominates the small-scale gold
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mining industry by far. These operations cause extensive pollution and toxicity to both

the miners and urban populations nearby.

Small-scale gold mining. i.e., mercury amalgamation, has been in operation for many
years and many countries have a share in the gold won from these operations. It will be
attempted in the next sub-section to provide a layout of the countries engaging in these
operations so that the reader is facilitated with the knowledge of these parts of the world
which are largely affected by the negative environmental impact of the amalgamation

process.

2.1.1 Global distribution of small-scale gold mining by regions

Most of the world’s small-scale gold mining operations are situated in (Hentschel and

Priester, 1992a):

South America, i.e., Honduras, Nicaragua, Colombia, Ecuador, Peru, Bolivia, Chile,

Brazil, Suriname, Venezuela and the Dominican Republic,

Africa. i.e., Ghana, Kenyva Tanzania, Zambia. Zimbabwe, Ethiopia, Guinea, Liberia,
Nigeria, Gabon, the Centra] African Republic, Burundi and Madagascar and illegal

operations in South-Africa, mainly in the Mpmalanga province (Internet reference no 68),

Asia, i.e., India. China the Philippines, Papua New Guinea, Indonesia and Malaysia.

and these are the countries greatly affected by the environmental disadvantages of small-

scale gold mining.

The abovementioned countries are not the only gold mining regions, but mainly those
which engage in small-scale gold mining as primary gold related income. The

aforementioned countries are shown in dark colour on the map in Figure 2.1.
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2.2 MERCURY AMALGAMATION

The amalgamation process could be utilised both in the small-scale and large-scale gold
mining industries. In the large-scale mining industry the mercury is added to the gravity
concentrate (Refer to Figure 1.1) to recover the coarser gold particles before entering the
cyanidation circuit, because the larger gold particles are not dissolved that easily by
cyanide. For the purpose of this study, however, the amalgamation process will be
referred to as that process utilised in the small-scale gold mining industry only, as the
abovementioned procedure is a part of a large scale gold mining plant. Furthermore, the
large-scale gold mining industries mainly focus on the recovery of dissolved gold,

whereas amalgamation is most suitable for ores coniaining free/liberated gold particles,

such as alluvial ores.
221 A small-scale mining operation

Although the amalgamation circuit could vary for different small-scale miners, depending
on the type of equipment available to them, the basic principle of the alloy formation
(gold-mercury alloy) is exactly the same. As discussed in section 1.2.2, the amalgamation
process could be divided into three different stages, which will be discussed in more
detail within the following sub-sections. It is aimed to provide the reader with an
overview of the different types of equipment and methods most commonly used to

recover gold by amalgamation in the small-scale go!'d mining industry.
2211 Raw ore processing with mercury

The equipment used for this purpose can be divided into two categories i.e. those
designed purely for the purpose of contacting the gold bearing ore with mercury (plate-,
barrel- and pocket amalgamators) and secondly mercury is used in conjunction with
gravity separation techniques/equipment whereby the gold recovered by these techniques

are then trapped within mercury (batea, sieves, sluices, centrifugal concentrators etc.).
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The amalgamation process is best suited for ores containing free/liberated gold particles
for two basic reasons: firstly, the process is dependent on the formation of the gold-
mercury alloy and secondly, the density of the gold relative to the gangue particles
facilitates the separation by gravity, whereas associations with other minerals renders the
gold to be “lighter” and inhibits separation by gravity, which means the gold will most

likely never reach the mercury.

The type of raw ore to be treated determines the number of dressing and preparation steps
to precede the actual concentration of gold into mercury, whereas the amalgamation
process is both, however, applied to sedimentary (placer ores) and primary intergrown
gold ores (Branches et al., 1993). Some of the equipment most commonly used for the
recovery of gold utilising, mercury, will briefly be discussed below to provide the reader
with background knowledge on the amalgamation practices. These processes are,
however, suitable for the primary ores as well, whereas the amalgamating step is preceded

by crushing and/or grinding.
Amalgamating copper plates

Amalgamating copper plates are used for recovering gold from fine stamped or milled
gold ore and consists of a sloped copper plate or Muntz metal (60% Cu and 40% Zn) that
have a electrolytically applied layer of silver and mercury coating. The slope of the
plates should be such that the mineral particles do not sediment (depending on the density
of the heaviest accompanying minerals). The gold migrates to the bottom of the pulp
(gravity separation), which flows over the plates, where it comes into contact with the
mercury and amalgamates (Hentschel and Priester, 1992a). It has be=n found that plate
amalgamation is not applicable to ores coarser than 1,5 mm, heavy sulphides, oxidising

substances or As- containing ores (Internet reference nr. 52).

Afier removing the amalgam, the plates are cleaned by scouring with sand, and washing

with a strong solution of soda ash after which it is degreased with a 1% NaCN solution
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followed by a thorough water wash. After the water wash, a mixture of sand, mercury
and ammonium chloride (to remove base metals) is rubbed on with a stiff brush, which is
repeated until the plate is covered with a thin film of mercury.  The plates are recoated
with a new layer of silver foil/silver nitrate when needed. For optimal performance, the
following factors are very important when amalgamating with copper plates: the angle of
the plates, the flowrate of the feed and, finally the size of the feed, which could cause
abrasion of the amalgam and/or mercury when sized to coarse (Hentschel and Priester,
1992a; Internet reference no 52). Large amounts of metallic mercury is lost to the

environment together with the discharge when the ore slurry is fed over the plates.

Amalgamating barrels

Amalgamating barrels are used to amalgamate preconcentrates and work on the same
principal as a ball-mill, differing in the speed of rotation, whereas in amalgamation, the
action should rather be atirition than tumbling. The barrel 1s charged with feed ore,
water, roughly three times as much mercury as the anticipated quantity of recovered gold,
grinding media, caustic soda, detergent and some cyanide to oxidise sulphides and clean
gold surfaces. Without the preparatory treatment (the last three additions mentioned
above), great losses of mercury due to “flouring”™ occurs (Penman, 1987). In the small-
scale gold mining industry, the miners simply load boulders into a cement mixer to arrive
at an amalgamating barrel, which leads to large amounts of “floured” mercury, as many of

these miners do not have access to chemicals, such as cyanide etc.

At the end of the rotating time, the content of the barrel is subjected to different means of
vibrating to facilitate the effective separation by gravity separation The mercury and
amalgam gathers at the bottom for recovery, needless to say that large amounts of

metallic mercury is discharged together with the tailings as it is washed away by running

water.(Hentschel and Priester, 1992a).



Pocket amalgamators (Jackpots)

The operation of the pocket amalgamator/jackpot is very much the same as a round
thickener. The pulp enters the deep, conical vessel through a central feed pipe extending
to just above the top of the mercury. The pulp is forced to change direction, which causes
the heavier gold particles to sediment, be wetted by the mercury and amalgamate. The
amalgam has a higher specific gravity than the pure mercury, which causes it to sink to
the bottom, leaving pure liquid mercury at the pulp/mercury interface for further

amalgamating action (Hentschel and Priester, 1992a).

The batea

The batea is a circular metal/wooden pan with a pointed bottom, similar to a Chinese hat.
Separation of the gold occurs by gravity, as the batea is given a circular eccentric motion
under slowly floating water, whereby the lighter minerals spill over the edge into the
river. Mercury is added to the bottom of the pan in order to “capture” the gold particles
and as the lighter minerals are spilled, some of the floured mercury is lost to the river.
This technique is suitable for very rich deposits because of its low throughput and is very

commonly used in the small-scale gold mining industry.

Although many other methods, besides these mentioned, are used, it is not discussed, as
those are based on the exact same principal of gravity separation of gold which is trapped

into the mercury. From those mentioned, it was, however, seen that the operations are

mostly careless, leading to large-scale mercury losses.
2.21.2 Separating the amalgam from the ore

The amaigamation process is based on the separation of the main components, gold and
mercury, by gravity, as these usually have much higher specific gravities than the other

components present in the ore slurry. For each type of equipment the procedure might
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differ, but the principal of separation by gravity is applied in each. As the ore slurry is
processed, the gold particles migrate downwards where it is frapped into the mercury.
Separation normally occurs by the washing away of the ore slurry, leaving the amalgam

behind.

As the amalgam is separated from the ore, mercury particles are lost to the tailings, and

hence the environment in which these are to be dumped, whether it be a river or stockpile.

2213 Separating the gold from the amalgam

It is mentioned in a previous section (1.2.2) that thz separation of the gold from the

amalgam takes place in two steps:

1. As the amalgam contains about 50-60% weight mercury and 40-50% weight gold
(Hentschel and Priester, 1992a; Veiga and Meech, 1997), the first step is to
separate excess mercury by means of wrapping a wet close woven cloth/chamois
leather around the amalgam and wringing it until the excess mercury drips from
the cloth. This separation is based on the viscosity difference of the amalgam and
pure mercury, whereas the amalgam remains in the cloth due to its higher
viscosity. It is known, however, that the amalgam is not a chemical compound,
but rather a physical mercury coating over gold, which explains why such
separation by pressure is possible. In the larger small-scale mining operations an
amalgam press is used for rapid separation of the amalgam and mercury

(Hentschel and Priester, 1992a).

2. The amalgam remaining in the cloth still contains large amounts of mercury,
which is then distilled on open fire having to a temperature above the boiling
point of mercury (357 °C) (Hentschel and Priester, 1992Za). After this basic
procedure, a further 3-5% mercury remains in the gold-amalgam (bullion) , which

is then taken to gold-selling stores located in urban centres, where it is reburned



to endstage purification and its gaseous residues emitted to the atmosphere
without treatment (Cimara ef al., 1997). The risk to human health, affects not
only occupationally exposed personnel, but also the general population in the

surrounding areas.
222 Losses of mercury to the environment

As it 1s basic knowledge that the amalgamation process has a deleterious effect on the
environment, it will be attempted in this section to provide insight into the actual dangers
of the process in terms of mercury losses and statistics in some countries. It is seen from
section 1.3.2.1 that mercury is lost to the environment at four different stages of the

process and is summarised below (Hoffmann, 1994; Nriagu and Wong., 1997):

1. The loss of metallic mercury in the form of “floured” mercury (mercury beads) to

the environment from the tailings after it has been contacted with the ore (section

2.2.12),

2. a further loss of “floured” mercury occurs when the excess mercury is removed

from the amalgam by wringing out the excess mercury through a cloth/chamois

leather (section 2.2.1.3),

metallic emissions of mercury (mercury vapour) occurs when the mercury is
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roasted by the miners and (section 2.2.1.3),

4, when mercury is further refined in the gold-selling shops by further roasting

(section 2.2.1.3).

It is seen that the mercury losses to the environment as a result of utilising the
amalgamation process for gold recovery occurs in  two main forms nl. metallic mercury

(or. 1 and 2) and mercury vapour (nr. 3 and 4).

In Brazil, for instance, it was estimated that 235 of the 340 tons of mercury imported in

1989 has found its way to the gold fields (Hoffmann, 1994) and the total mercury losses
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to the Amazon River Basin is estimated to be 1 200 tons up to 1991 (Homewood, 1991).
Roughly 50% of the mercury used is lost to the environment due to poorly conducted
amalgamation practice (Veiga and Meech, 1997). According to Pfeiffer and Lacerda
(1988) 45% of these losses are released into the rivers and 55% into the atmosphere.

Cetem (1989), however has found that the distribution of mercury losses is as follows:
e 70% by volatilisation during amalgam distillation,

e 20% dragged with the amalgamation tailings and

¢ 10% volatized in the gold shops when gold 1s melted.

223 The toxic affect of mercury to the human body

The toxicity of mercury depends on the particular chemical form it takes, whereas the
worst offenders are organomercurials, such as methyl mercury (CH;Hg' ) and elemental
mercury in the form of a vapour, whereas metallic mercury in the liquid form, is not
absorbed by the human body and is not poisonous in this form (Dreisbach, 1980;

Hentschel and Priester, 1992b; Reynolds, 1993).

2.2.3.1 Elemental mercury vapour

Mercury vapour is inhaled by the human and is absorbed through the aveolar membrane
in the lungs, whereas the outcome can be respiratory failure and death (Goldfrank et al,
1990; Bryson, 1989). Acute mercury poisoning through inhalation takes place in phases,
starting with a metallic taste, abdominal pain, coughing, vomiting, etc. and finally
ulcerations in the gums and extreme light sensitivity (Lein e a/, 1983). Chronic
mercurial poisoning (mercurialism) exhibit a more insidious onset and may not be evident
for several weeks or months (Florentine and Senfilippo., 1991; Joselow ef al., 1972).
Symptoms include severe nervous disturbance and psychological changes (Ellenhorn and

Barceloux., 1988; Bryson, 1989; Bretherick, 1987).
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2232 Methyl mercury

Methyl mercury is formed when mercury is digested by fish where it undergoes
methylation and accumulates to higher concentrations than originaily “dumped” in the
environment (Subasinghe and Maru, 1994).. The miners, as well as humans living up to
200 km downstream then eat the fish causing acute poisoning 1.e. Minamata, named after
the Bay in Japan where the first epidemic caused by large scale methyl mercury poisoning

took place in 1950 (Irukayama, 1977; Kurland ef al., 1960).

Methyl mercury is absorbed by blood on account of its high stability and solubility in fat,
which aliows it to cross the blood brain barrier very easily, where it then accumulates in
the cerebral cortex and cerebellum, causing changes to the central nervous system (CNS)
(Branches er al., 1993). Similar toxic effects than mercury vapour is found, haveing a
more selective and permanent action on the CNS (Reynolds, 1993; Dreisbach, 1980).
Typical symptoms is normally associated with sensory disturbances, constriction of the
visual field, hearing impairments, impairment of speech, etc. (Tsubaki er al, 1977,
Magos, 1997). Methyl mercury tends to diffuse across the placenta causing congenital
neurotoxicity and excretions in breast milk causes further damage once the baby is born
(Reynolds, 1993). As the signs and symptoms of malaria often mimic those of mercury

poisoning, the diagnosis is very difficult, whereas malaria is indigenous to the areas

where amalgamation operations feature.
2.2.4 Measures taken to lessen the “mercury problem”

Informal mining, such as the use of mercury in the smali-scale gold mining industry in
underdeveloped countries, as a rule uses rudimentary mining and prr.cessing methods,
which reflect the unreliable environmental control practised by these miners. The fact
that mercury poisoning is not only confined to the miners is the most disturbing fact of
all, as innocent people living in the nearby vacinity of miners ani‘or gold shops suffer

from the toxicity of mercury as well (Cdmara ef al., 1997, Veiga and Meech, 1994).
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Although the “mercury problem” has been recognised by higher authorities, it is the
miners who has to grasp the seriousness of the problem before any significant changes
will occur. In Brazil, for instance, the government has tried to close down the informal
gold mining operations (called garimpos) in 1987, whereas new ones have sprung up in
other gold-mining regions (Hoffmann, 1994). A further step was taken to restrict the sale
of mercury to the small-scale gold miners (garimpeiros), which lead to smuggling and
black market sales increasing. The government even offered a less expensive device to
recycle the mercury, but the response was poor (Emerson and Kepp., 1991). The
garimpeiros have developed their own technology and formed unions to continue their
work in the areas they occupy and would even go as far as operating illegal, irrespective

the measures taken by the Brazilian government (Veigez and Meech, 1997).

A “safer” technology, such as the use of retorts to distil the amalgam in a closed circuit,
have not been popular among miners, due to the discolouring effect caused by iron and
arcenic compounds, which results in a lower price being offered by buyers (Subashinghe
and Maru, 1994; Hentschel and Priester, 1992b). This technology, however, does not

ensure no mercury losses, but rather decreases the effect to some extent.

It is seen that the small-scale gold miners do not accept any changes to the existing
amalgamation process, as the technique is effective for their purposes, providing a simple
process which ensures an “easy” income. The essence of the problem, however, is that
the miners are not educated as to the toxicity of the substance thev so freely use to
generate funds. The solution may simply be to educate them as to the dangers and
toxicity of their existing technology and, at the same time, providing a equally simple

and as effective environmentally sound technology.

The Coal Gold Agglomeration (CGA) process is such a new techrology, suited for the
small-scale gold mining industry and might be the perfect alternative to the use of
mercury. The purpose of this study, however, is not to provide an infrastructure and

action plan to educate the small-scale miners, but rather to understand, develop and
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optimise the CGA process as a possible and valid alternative to the amalgamation

process.
2.3 THE COAL GOLD AGGLOMERATION (CGA) PROCESS

The Coal Gold Agglomeration (CGA) process involves the use of coal-oil agglomerates
to recover free/liberated gold particles from an aqueous slurry and was developed and
patented by the British Petroleum (BP) research team in the early eighties (House ef al.,

1988a; Bonney, 1988).

Coal and oil is added to a slurry and after intensive agtation coal-oil bridges are formed,
which then build up into flocs and finally into agglomerawes. The hydrophobic/oleophilic
gold particles, which are substantially free, become attached to the coal-oil agglomerates

when they collide and eventually the gold penetrates into the agglomerates (Bonney,
1988). The oil is the active ingredient whereby the gold is collected. Although it is
possible to recover gold particles by agglomerating them with oil, the amount of gold in
the ore is usually to small and few to form agglomerates (Calvez et al., 1998). Therefore,
it is needed to use another hydrophobic material such as coal, which in turn enables easier
handling of the oil, preventing oil losses by dispersion to the water phase and hence,

facilitating the separation of the oil phase.(Buckley et al., 1989).

The CGA process is most suitable for gold ores containing free/liberated gold particles, as
it is the hydrophobic quality of the gold metal (Au’), which enables the separation thereof
by the hydrophobic coal-oil agglomerates. Any associations with the gnld metal, such as
quarts gangue and/or coatings of a general precipitate, possibly calcium. magnesium or
iron, reduce the gold hydrophobicity/oleophilicity and hence, limits gold recovery (House
et al., 1988c). A collector, such as potassium amyl xanthate (PAX). 1s, however, added to
enhance the oleophilicity of the gold. Gold particles ranging from <5 pm to 500 um was
found to be recovered with equal ease (House er al. 1988b;  House er al, 1988¢;

Buckley et al., 1989; Beliamy, er a/.. 1989).
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A simple flowchart of the basic operations involved in the CGA process is shown in
Figure 1.3. It is seen that the agglomerales are either separated and further treated to
produce gold after contact or recycled to increase their gold loading, whereas gold
loadings of 5 to over 10 kg gold per tonne agglomerates can be achieved. The loaded
agglomerates are treated for gold recovery by combustion (burnt) to volatize the oil and
burn the coal, followed by dissolution and precipitation or by direct smelting ( Bonney,

1988; Hughes-Narborough, 1992).

It was aimed in this section to investigate all past studies into the CGA process,
identifying possible shortcomings, which served as tue basis from which further work
was conducted. Section 2.3.1 deals with the “discover,” and hence, the novelty of the

CGA process, whereas the section following deals with past research into the process.

2.3.1 The CGA process - A novel process

The use of agglomerates made of hydrophobic materials (such as coal) and oil to recover
valuable metals, such as gold, has stemmed from research being done (by BP in 1983) in
the recovery of coal from inorganic wastes by agglomerating them with oil (Allen and
Wheelock., 1993; Bonney, 1988). The dynamics of the process or “liquid phase
agglomeration”, involves the agglomeration of particles (coal and gold) in aqueous
suspension when a second immiscible liquid (oil) preferentially wets the particles and

aggregates them, forming spherical agglomerates (Szymocha ez al., 1989).

The CGA process was only identified as a gold recovery process in the mid eighties and
patented by various companies and/or persons, such as Cadzow in 1984, BP Australia
Ltd. in April 1986 (Mainwaring et al., 1986), Bateman Engineering International Ltd. in
fuly 1686 (Sidall, 1986), Chariton Mineral Associates Pty. Ltd. lodged an application in
August 1986 (Bonney, 1992) and finally House e af. in 1988(a), who is employed by BP

and named it the CGA process.



The CGA process has therefore lost its novelty, but attempts to understands, refine and
even optimise the process and various aspects thereof, have, however, been investigated,

as will be discussed in the following section.
2.3.2 Past studies and findings on the CGA process

Initial research had been conducted by the British Petroleum (BP) research and
development team, London, where many researchers have participated and during the
coarse of new discoveries, published their findings. These papers include those written
by Bonney (1988), House et al. (1988b), House er al. (1988c¢), Buckley et a/ (1989) and
Bellamy er al. (1989), whereas Davy (Stockton) Ltd. was granted the technological
licence by BP to commercialise the process, as attempted in the paper published by
Hughes-Narborough in 1992. Any other papers mentioned in the text was published by

other institutions and companies than BP.
2321 Batch and Pilot plant operations

Preliminary batch tests was conducted by BP on a synthetic ore mixture (a mixture of
silica sand: dgp = 100 um and pure gold: dge = 20 pm) and recoveries under optimal
conditions (slurry densities, agitation intensities, agglomeration concentrations, residence
times and gold head grades) were 80-95%. The resuits obtained from the batch operation
then provided the data base from which a pilot plant was designed, which yielded gold
recoveries between 735 and 82% for very low grade natural ores - 0.56 g gold/ton ore
(Bonney, 1988). Further pilot plant studies were done to investigate the long term
behaviour of the agglomerates and it was found that the CGA process was capable of
consistent operation, was technically feasible at a 1 tph (ton rer hour) scale and the
agglomerates had not deteriorated in their activity during prolonged recycle, whereby

gold loadings onto the agglomerates are increased after each cycle (House er af., 1988c¢;

Bellamy er al., 1989).
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Attrition scrubbing, which is normally done to brake up cemented aggregrates or clean
gold surfaces from abradable coatings, was performed on certain ore types as a
preconditioning step, whereby it was found that the success of this operation as a
preconditioning step was dependent on the type of ore. Results have shown that
abradable coatings on gold had no effect on the recoveries by CGA and attrition
scrubbing was unnecessary (House er al., 1988c), whereas the break-up of aggregrates

caused the liberation of gold and hence, increased gold recoveries (Bellamy et al., 1989).

Finally, the BP team has made it their mission to do comparative studies, whereby the
CGA process was compared to cyanidation, gravity concentration and flotation. The

findings were as follows:

e (CGA vs. Cyanidation: CGA promises low residence times because of fast Kinetics
(% 30 minutes), as compared to the 24-48 hours of cyanidation, low capital costs, low
reagent costs, no expensive detoxification is required and finally reduced the
environmental impact.

¢ CGA vs. Gravity Concentration: CGA is capable of recovering finer gold particles
(-5 pum), yields higher gold recoveries of 90% (as compared to 50%), yields a high
concentrate grade from a low grade ore, has a simple flowsheet and, therefore
increases revenue through higher recoveries.

e CGA vs. Flotation: CGA reduces concentrate treatment costs due to the high grade
product, reduces labour cost due to the simple process control and increases revenue

due to the recovery of finer and coarser gold.

The CGA process, however, does have major disadvantages above these “large scale”
gold mining operations such as, lower recoveries as by cyanidation etc. and is therefore,
in this study, considered as a possible alternative to the smaller scale operations, such as

amalgamation, where application is easier.
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2322 CGA on various ore types

Tests were conducted on various ore types, and it was found that the CGA process was
most suitable for ores containing free/liberated gold particles, such as placers containing
fine gold (not recoverable by gravity concentration, low grade gravity concentrates, free
milling ores (where the gold can be liberated at a reasonable ore particle size) and gravity
plant tailings (House et al., 1988c; Bellamy ef al, 1989; Buckley er al., 1989). House et
al. (1988c) conducted experiments on four gold bearing materials - synthetic silica/gold
mixture, black sand gravity concentrate from Indonesia, gold tailings form France and a
tailings sample from Australia and found that CGA performance was independent from
gold head grade and gold particle size (<5 to 500 pm gold particles have been recovered).
Klein and Sampaio (1997), conducted tests on a low grade (0.18 g/t) slime flotation
tailing having a major mineral matrix formed by sericitite-muscovite (>60%) and found
that the addition of additives, such as depressants, collectors and other flotation related
additives (frothers etc.) were vital for treating such an ore with the CGA process. A
synthetic mixture of gold powder, pure silica and sulphides was used by Calvez et al.
(1998) to study the effect of sulphides on the CGA process. whereby it was found that

sulphides had no effect on recoveries and the same conclusion was made about quartz and

heavy minerals by Gaidarjiev et al. (1996).

In conclusion, it was found that that low gold recoveries with certain ores were due to the
mineralogy of the ore (where gold is entrapped within other minerals} and not due to the
process itself, whereas no further study was conducted to determine the exact effect of

other minerals on the CGA process and to which extent these minerals were present in the

agglomerates.
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2323 CGA on various oils and coals

As oil and coal are vital components of the CGA process, many studies have focused on
the effect of different oils and coals to ascertain which are most suitable in terms of gold

recoveries and agglomerant performance.

Costa ef al. (1994) has found that diesel oil and coal formed the better agglomerates, as
compared to charcoal and synthetic graphite and oils such as kerosene, soya oil and corn
oil. Gaidarjiev et al. (1996) conducted a further study, whereby three types of Bulgarian
coals 1.e. black coal from the Baikan field, and lignite samples from the Maritza-Iztok and
Chukurovo basins, were investigated, using either vegetable oil (olive), kerosene or pine
oil as agglomerating agents. It was found that the black c.al and olive oil yielded the best
gold recoveries, but was much lower than found by Costa er al. (1994). Klein and
Sampaio (1997) has found that charcoal agglomerated better than the Brazilian coals used
for their investigation, whereas a more viscous lubricating oil (SAE 20-40) seemed to be
the best agglomerating agent and recoveries were better than for a so called SAE 10 oil
and diesel oil. A further investigation was conducted by Hammelman et al., 1994, on
diesel and soya oil together with a metallurgical type coal, and {indings were that gold
recoveries were satisfuctory. Finally, Calvez er al. (1998) has used a bituminous coal
together with a diesel oil and kerosene as agglomerating agents and found that diesel oil
yielded “stronger” or more stable agglomerates and better recoveries and stated that this
was due to the fact that a lighter oil (as kerosene) yields “weaker” agglomerates, as
measured by Labuschagne er al. (1989). Unfortunately, none of these studies have
focused into the physical and chemical properties of either the coals and oils, which
makes their findings inconsistent and incompatible. Therefore, further mvestigations into

the effect of the physics and chemical character of the coals and oil on the CGA process

need to be conducted

The ratio of coal to oil has proven to be an important factor, whereas it was found that the

size and stability of the agglomerates were largely affected by the amount of oil and the
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size of coal used, and hence alters the surface area available for gold to contact itself
(Costa et al., 1994; Gaidarjiev ef al.,, 1996; Calvez ef al, 1998). The choice of
separation (either screening or flotation has been used in all of the above studies),
however, dictates which size of agglomerate is favourable and weighs up to the fact that a
smaller agglomerate provides a larger surface area and hence, ensures an increase in gold
uptake (Gaidarjiev et af., 1996; Calvez et al., 1998). It could therefore be concluded
that trial and error tests need to be conducted before engaging in any CGA investigations
by using the amounts of coal and oil mentioned in literature, as these differ depending on
factors such as oil type, size of the coal and the type of agitation speed and should only be
used as a guideline. It is emphasised that optimal gold recoveries is the main objective
and to assure this, the resources available should be investigated, rather than using coals

and oils as dictated in literature, whereas those available niight prove the better.

Further investigations were focused into the agglomerate to ore ratio, whereby it was
found that a larger amount of agglomerates caused an increase in gold uptake, as more

surface area was available for gold capture, but opinions differ as to the amounts used

(Costa et al., 1994; Calvez ef al., 1998).

2324 Miscellaneous studies

As mentioned earlier, BP has been responsible for the gross amount of research and
development of the CGA process, whereas many researchers have in the past years based
further studies on the results and findings published by them. It will be attempted in this

section to provide an overview of additional findings over the past years, whereas

previous sections have covered the overlapping studies.

Costa et al. (1994) performed a comparative study, whereby the CGA process was
compared to the amalgamation process and it was found that the CGA process yielded

better results than the amalgamation process on experimental basis. Further research,
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however, needs to be done to ascertain the theoretical comparison of the two processes,

which could lead to valuable predictions.

A further comparative study was performed by Klein and Sampaio (1997), whereby the
CGA process was compared to flotation, using the exact same ore sample, whereas the
agglomerates were added to the one sample and exposed to the same procedure as a
normal flotation operation. It was found that recovenes were higher by the introduction
of the coal-oil agglomerates, the reason being that the gold has a higher affinity to the oil

phase than the air phase in flotation.

Calvez et al. (1998) has found that gold recoveries by the agglomerates were very low
after adjusting the pH to very low values (pH = 2), whereas recoveries were not
significantly affected by pH values between 4 and 12, which proves that the adjustment
of pH is not vital for optimal recoveries. It is further speculated that low recoveries found
at pH = 2 is due to the removal of organic and/or oxide contamination on the gold

surfaces by excess H', which, according to Zisman and Bernett (1970) and Schrader

(1992) makes a gold surface less hydrophobic.

A Scanning Electron Microscope (SEM) was used by Calvez ef al. (1998) to study the
penetration of the gold into the surface of the agglomerates, whereby goid particles were
found to penetrate as deep as 60 um into the surface of the agglomerates. These findings
are consistent with those by Cadzow er al. (1989), by whom it was stated that the
agglomerates are capable of high gold loadings due to the fact that the gold particles are

drawn within the agglomerates, leaving fresh spaces available for gold capture.

Although much is now known about the type of recoveries and grades obtained by the
agglomerates, practically no study has been done to investigate the thermodynamic

behaviour of the CGA system, which could lead to information on the theoretical effect of

certain parameters, thus leading to valuable predictions.
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24 SIGNIFICANCE OF LITERATURE REVIEW

The Coal Gold Agglomeration process has been the focus of much research in the past,
which has lead to the believe that this “new technology” has many advantages to existing
small-scale mining technology for gold extraction. Although the CGA process has many
advantages to some large-scale gold mining operations, such as cyanidation (faster
kinetics, cost advantages, no detoxification needed etc.) and flotation (see section
2.3.2.1), it is not the aim of this study to investigate this process as an alternative to such
operations. As the CGA process has proven 1o be a rapid, versatile and robust technique,
it would be a more useful operation in small-scale mining operations, alternatively to the

mercury amalgamation process.

It will, therefore be attempted in this study to investigate the CGA process as a valid
alternative to the conventional amalgamation process, studying simpler means of
performing the CGA process in terms of contacting and separating the agglomerates. In
order to be accepted in the small-scale mining industry, the CGA process has to be as
simple and robust. Therefore, the operating parameters will be revised and investigated
to find the optimal conditions for highest gold recoveries, focusing on parameters such as
contact time, collector addition, means of contact and separation, the ratios of coal:oil and
water:ore, oil type etc. and performing sensitivity analysis on each to ascertain their effect
on gold recoveries. Although some of these parameters have briefly been investigated, it
will be attempted in this study to investigate and optimise the process route of the CGA

process so as to provide a valid alternative to amalgamation.

A further need exists within the understanding of the CGA process which involves the
thermodynamic behaviour of this simple technology, which could lead to valuable
information on certain operating parameters. As found from the literature review, no
significant studies were focused on this topic. It will, however, be attempted in this study
to provide a mathematical model on the thermodynamic behaviour of the CGA process

and utilising 1t as a tool to predict the behaviour of both the CGA process. A theoretical
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comparison of the amalgamation and CGA practices could then be studied, leading to the

essence of better recoveries by the CGA process.

The significance of the Literature Review is summarised as follows:

¢ To study the CGA process as a valid and possible alternative small-scale gold mining

operation to mercury amalgamation,

o To revise operating parameters and thereby obtain the optimal conditions for the CGA

process, focusing on parameters such as:

contact time,
mode of contact,
means of separation,

experimental ratios e.g. coal:ore; coal:oil; water:ore,

oil type.

e To ascertain the effect the mineralogy of an ore has on the effectiveness of the CGA

process.

e To study the effect of recycling on the performance of the CGA process.

¢ To provide a mathematical model on the thermodynamic behaviour of the CGA

process, which could assist in making valuable predictions. Furthermore, the model

will be used to compare the CGA and Amalgamation processes on theoreiical basis.
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Figure 2.1 - Countries in which substantial small-scale gold mining activities occur are
the dark coloured areas (Hentschel and Priester, 1992a).
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CHAPTER 3

THEORETICAL
CONSIDERATIONS

3.1 INTRODUCTION

The Coal Gold Agglomeration (CGA) process has been described in detail in previous
chapters and it is therefore assumed that the reader has a basic understanding of the
concept of separation of liberated gold particles via coal-o1l agglomerates (Refer to Figure
3.1). It will be attempted in this chapter to develop a thermodynamical model. which

could lead to a better understanding ot the theoretical working of this process.

The CGA process is a surface-dependent process (Labuschagne. 1986). which has been
identified as a liquid-liquid solid separation system {Henry er «l.. 1979) whereby gold
particles (solid) are “entrapped” into the oil phase (liquid) from the water phase (liquid).
Preferential wetting of oloephilic/hydrophobic particles (coal and gold) 5y a hydrocarbon
oil forms the fundamental basis of the separation of these particles from the aqueous
suspension bv oil agglomeration (Mehrotra e al.. 1+ 83). whereas the first step is the coal-
oil agglomerate formation. Upon particle contact. the hvdrophcbic qualities of the coal
allows the immiscible liquid (oil) w0 spread over the coal surface. resulting in a film,
which in return forms a “bridge” with other coated coal particles. resulting in the

formation of flocs and. hence agglomerates (Keller and Barry. 1987)
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As the gold particles have a hydrophobic nature, they are attached to the oil phase (coal-
oil agglomerates) upon agitation, whereby the oil film is then ruptured, causing the gold
particle to be spread with oil and hence, entrapped within the agglomerate (Souci Lu,
1991; Zhongfu and Souci Lu, 1991).

From a thermodynamic standpoint, the driving force for wetting by oil and subsequent
agglomeration of coal and gold particles is the reduction in the total surface energy of the
system (Mchrotra et al., 1983). Therefore, the CGA process was divided into theoretical
States I and II, as seen in Figure 3.1. It is seen that State I is a representation of the initial
contact of the three main components (gold, water and the coal-oil agglomerates),
whereas State II is the representation of the coal-oil-gold agglomerate surrounded by a

film of water after being contacted for a period of time.

State 1 State 11
Water

Figure 3.1 - Stages I and II represent the state of the different components initially (I)
and after contacting (II), where the coal-oil agglomerates are represented

by oil in the diagram.

The aim was to identify initial and final conditions according to which a
thermodynamical model was developed, which states the total free energy in terms of the
following parameters: the ratio of radii of agglomerate to gold particles (k), the three-
phase contact angle (Ogoiaoivwaer) and the interfacial tension between the two liquids

(Yoivwater). Therefore, the CGA process is viewed in terms of total free energy, which is a
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measure of the siability of a given system, whereas a lower value represents a more stable

system (Henry er al., 1979).
3.2 ASSUMPTIONS

An empirical model will be derived from first principles to stipulate the thermodynamic
behaviour of the CGA process. As no numerical explanations exist for non-ideal

conditions, the ideal conditions were assumed and include the tollowing:

» Although the surface of coal is a patchwork assembly of hydrophobic and hyvdrophilic
sites, it was assumed that the coal particles usad for the agglomerates had a
homogeneous hydrophobic surface.

e The agglomerant {oil) is assumed to be totally immiscibie in water.

* The model assumes that the “bridging” phenomenon takes place only by liquid
transport supplied by an established surface film {see Figure 3.1 State [1). thus the
bridging of a gold particle and coal-oil agglomerate.

e It is further assumed that the gold particles are perfecily spherical and are perfectlv
surrounded by an oil film (ie. completely wetted and dispersed in the oil phase}.
which in turn is surrounded by a film of water. whereas the coal phase is seen 1o he
present for practical purposes i.e. enabling separation and casier handling of the oil
phase etc. and was assumed to be irrelevant in all calculations.

* Both the CGA process and mercury amalgamation is assumed to be based on the fact
that gold is wetted by the oil'mercury and are considered to be “perfect” Jiquid-liquid
solid separation processes. all other possible mechanisms are assumed to be
irrelevant. which makes a comparison of these processes possible (Henrv er al., 1979)

* A stability analysis was performed to predic: if the end state of the process under
consideration t.e. CGA (or Mercurv amalgamation). is thermodynamically stable as
equilibrium. whereas other stability considerations factors (such as mixing.

temperature and other operational conditions etc.) were disregarded.
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e The transfer of gold particles from out the water phase into the oil phase, when
viewed from the thermodynamic standpoint, was considered only in the initial and
final free energy states in order to determine the thermodynamic feasibility of the

Process.

3.3 MODEL FORMULATION

Consider a spherical particle 1 (gold) of radius ri, initially suspended in a continuous
liquid phase 3 (water), in which there is also dispersed droplets of a second immiscible
liquid 2 (oil), as shown in Figure 3.1, State I. Assume that the desired final state of this
system, from a separation viewpoint, is complete wett.ng and dispersion of the particle
(gold) into the dispersed liquid phase (oil). as shown in Figure 3.1, State II. The free

energy of States I and II can then be given as (Barrow, 1989):

Fi= A (73) + A2 (723) .. [3.1]
Fii = A (y12) + Az (y23) . [3.2]
where: F, and Fy - the free energy of each state { J/m?)
A, . Ay and A;" - the surface areas of each given component (mz)
Y12, 713, Y23 - the interfacial tensions between the components (J/mz)

The thermodynamic stability of the final state depicted in Figure 3.1 can be obtained by a
free energy analysis, the most stable state being that with the lowest free energy and the
most likely change being that associated with a negative free energy disference (Henry er
al. 1979; Barrow. 1989). The free energy difference of the change in state was

determined and combined with Young’s equation (Adamson. 1990):

Y12 - Y13 = Y23 COSO L

Ll
o)
=



which is a relationship between the various interfacial tensions and the three-phase
contact angle (6), measured through the oil phase on the gold surface in the presence of

water. The resulting equation is as follows:

F'H_[ = Y13 [(A;—A;)/Al‘ - COSe] {34]
where: F'up - the total free energy per unit area (J/m?)
Y23 - the interfacial tension between 2 (o0il) and 3(water) [J/ml]
0 - the three phase contact angle, measured through 2 (oil) onto the

solid surface of 1 (gold) in the presence of 3{water}.

By utilising the well known equation for the volume of a sphere:

V = Yar .. 13.5]

it was possible to convert the areas in equation [3.5] to radil. A simple relationship

between the radius, contact angle and total free energy per unit area was found as follows:
Fie = 3 [(K + 177 - K - cos | .. [3.6]
The above equation (3.6) expresses the total free energy/unit area (F'yiq) as a function of

23, 0 and k, which could now serve as an empirical model.

Equation 3.6 can also be used to evaluate the effect of various agglomerants. which is
characterised by various interfacial tensions (v.3) and contact angles (0). on the

thermodynamic stability of a specific process.

The total free energy per unit surface (F'i;) was non-dimensionalised by the interfacial

tension (y»3), a measurable value which is fixed for a given system. so that a simpler
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relationship between the total non-dimensionalised free energy (F”)u.i, the three-phase

contact angle (8) and k exists:

Frug = (& + 1Y - kK - cosd ... [3.7]
where: F'na - non-dimensionalised total free energy
k - the radius of the coal-01l agglomerate divided by the radius of the

gOld Paﬁide (Teoal-ol agg]omerates/rgold pamcles)

The objective of non-dimensionalisation was to provide a simpler equation which was
easier to handle when evaluating the stability/free enegy of a specific process with
respect to k and 6. For future reference it should be noted that the dimensionalised

(F'i1 Jand non-dimensionalised (F"j.p) free energies are linked i the following manner:

Frig = a3 (F'en) ..(3.8)

The thermodynamic stability, however, is not only of importance when evaluating a
specific process, but is one of the determining factors when comparing different processes
of similar theoretical background. Therefore, it is vital that the value of the interfacial
tension (v»3) be taken into account int this mstance as the magniude of this parameter
could largelv affect the total free energy/surtace area (F';i,) and hence. the thermodynamic
stability., Furthermore. the utilization of equation 3.7 is then no longer sufficient as it

does not contain the term +,; and equation 3.6 is utilised.

3.4 SENSITIVITY ANALYSIS

341 Introduction to the analysis

For a given system (specific process). the values of v-; and 6 are constant. and are
characteristic of the agglomerant used. As the specific agglomerant (oil) dictates the

values of y»; and 6, it was necessary 1o investigate the effect of each of these parameters



52

on the thermodynamic stability, as the choice of agglomerant might vary and, hence effect
the thermodynamic stability of a specific process. In order to simplify the evaluation of
the thermodynamic stability of such a system with respect to 6, it was necessary to
eliminate the presence of y»3, which explains why equation 3.7 instead of equation 3.6
was used to perform the sensitivity analysis. For a specific system to be
thermodynamically stable, the free energy must be negative. Obviously a higher absolute
negative value for the free energy will result in a more stable system. Therefore, it is fair
to eliminate y23 from the equation, as the interfacial tension (v23) is by convention always

positive (Glasstone ef al., 1981) and would not affect the stability of the system. Hence,

Fiu = ya23 [(l{3 + 1)2/3 - k? - cos® | =v23 (F'n0).

Therefore, the analysis presented here clearly reveals whether or not a specific liquid-
liquid particle separation process is thermodynamically stable and hence, feasible for a
given system in terms of the specific three phase contact angle (8), and the agglomerate
(or liquid droplet) size/solid particle size ratio (k) for that system. It will be attempted to
identify the specific values of these governing parameters that are needed for
thermodynamic stability and predict the ranges under which a specific process would be a
feasible operation. The above will be done by performing a sensitivity analysis on
equation [3.7]. which is the relationship between the non-dimensionalised free energy

(F"11.1), agglomerate/solid particle size ratio (k) and three-phase contact angle (0).

3.4.2 Background on contact angles (0)

The physical working of a liquid-liquid solid separation process has been ascribed to the
wetting of the solid by a second immiscible liquid, which makes the recovery of the solid
particles into this liquid phase possible. According to literature(Boucher and Murrel,
1682), the term wetting is used only when the liquid under consideration spreads over the
surface of the particular solid and the extent of spreading (wetting) is defined by the

magnitude of the contact angle of the liquid on the solid surface. whereas the limiting



case for the contact angle is zero. The cases of 6 > 0° are divided, by convention, into

wetting and non-wetting conditions (Boucher and Murrel, 1982):

0° <0 <90° 90° <0 < 180°
wetling non-wetting
3.4.3 The effect of k and 6 on thermodynamic stability

In order to find the relationship between the three-phase contact angle (8) and the
thermodynamic stability, a plot of the non-dimensionalised total free energy (F"j.)
versus the ratio of agglomerates to solid particle radd (k) at selected contact angles
between 0 and 90 ° (wetting conditions). is shown in Figure 3.2. From the graph it is
seen that the value of F"y, decreased as the value of the three-phase contact angle ()
decreased, which indicates that a more stable thermodynamic configuration is found at
contact angles close or equal to zero and confirms the fact that such a process is
dependent on the wettability of the solid by the second immiscible liquid phase.
Furthermore, it is seen that the relation of F"; to k 1s an asymptote, which implies that
the value of F"jy strives to its lowest possible value at the contact angle under
consideration (the cosine of the three-phase contact angle). as the value of k increases.
Although the value of F"y; will never reach this lowest value. it is seen, however that the
value of k only effects the non-dimensionalised total free energy to a certain extent,

hence, for large values of k the effect is so minimal that it could be ignored.

A plot of F*y; vs. 0 is depicted in Figure 3.3 for selected values of k. Tae findings from

this graph confirms those that were made from the previous graph. where F”jj is only at

its lowest (which by convention is a negative value and implies the most stable

configuration or thermodynamic state, under the following conditions):

- where the three-phase contact angle is closest or equal to zero (8 — 0°), and
P =
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- where k strives to the largest possible value (k — o0).

It is further seen from Figure 3.3 that for every value of k there exists a critical three-
phase contact angle (8.i;) below which the free energy of State Il is less than that of State
I (F"n1 1s negative) and are the values of 6 where the F"j;.1 curves intersects the 6 axis. By
utilising this information, it is possible to define the range in which the thermodynamic
stability would be favoured the most, which is presented in Figure 3.3 by the rectangular
marked ABCD. The ideal range of 0 for feasible operation (rectangular ABCD, Figure
3.3) was calculated by selecting the minimum and maximum values for k and calculating
the maximum allowable values of 0 accordingly, utilising the point where the “F"; -line”

for each knp and knax intercepts with the 6-axis as follows:

By assuming that Ky, = 1 (and kpmax = ), equation 3.7 was used to solve for 8 where

Fryg=0:
Solve for 6 at kyy, = 1 F'ug = [(1P+1)7 - 1"-cosB] =0
cos 8 = 0.587401
emaxcrlt = 547
Solve for O at kya, = ¢ F'ug = [(° + 177 -2 -cosB] = 0
cosB =0

ema\jcnl = 900

The above calculations state the maximum allowable values for the th.ee-phase contact

angles at each of the kuy,, and kmay values. Therefore.

o For kpi. which is 1. the critical/ maximum allowable value for 0. i.e. Opa o was
calculated to be 534°. This statement entails that an operation could only be feasible at

k=1, when the three-phase contact angle (measured through the denser and
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immiscible liquid on the solid surface in the presence of the less denser liquid) does
not exceed 54°.

® For kpa, which is oo (infinity), Oma. was calculated to be 90° and implies that the
critical/maximum allowable contact angle for feasible operation should not exceed

90° if the ratio of radii of agglomerates to solid particles strives toward infinity.

Finally, it could be concluded that as iong as the actual value of k is within the range on |
o w0, and the three-phase contact angle stipulated for each minimum and maximum k
value is adhered to, the operation should be thermodynamically stable and, hence

feasible.

Figure 3.4 shows the critical three-phase contact angle as a function of k, and it is clear
that if @ strives to 90°, distribution and hence, separation into the oil phase, is only
possible for large values of k, which confirms the above statement. Theretore. it is seen
that for very large values of k the critical contact angle is always 907 (see Figure 3.3).
which points out that the three-phase contact angle between the second immiscible liquid
(indicated as 2 in Figure 3.1) and the solid (indicated as 1 in Figure 3.1) measured in the
presence of the first liquid, has to be below or equal to 90° in order for the

thermodynamic stability to be at its lowest, which is a negative value for F''j.;.

Referring to the value of k, it is seen from all three graphs that this value only has a
marked effect on the CGA process when very small. e.g. below 10. whereas larger values
favours the thermodynamic stability, but does not really effect it above the mentioned
values for k. In fact, this means that the thermodynamic stability 1s favoured where the

size of the agglomerates are much larger than that of the gold particles.
344 The effect of y23 on the thermodynamic stability

As the interfacial tension (v»3) was used to non-dimensionalise the free energy from F'yy

{total free energy per unit area) to F"jy (non-dimensionalised iotal free energy). see
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equations 3.6 to 3.7, the effect of this parameter was not investigated, as mentioned
earlier in this section. The interfacial tension (y»3) [and three-phase contact angle (),
which has been investigated], has a significant effect on the thermodynamic stability in

two major instances (see equation 3.6):

1. Firstly, when investigating a specific process, the choice of the agglomerant (oil}
dictates the actual values of both 0 and y»3, which is the characteristic properties
of a specific agglomerant/second immiscible liquid (oil). Therefore, the
thermodynamic stability of a specific process could largely be affected by the
agglomerant type selected, and hence the theoretical implication thereof. By

measurement of y»; and 6, it is possible to determine the most feasible

agglomerant to use.

[\

Secondly, when different processes of similar theoretical background are
compared, this value becomes of major importance, whereas the magnitude v,;
might change the magnitude of the total {ree energy per unit area (F'j;;) and hence,
enhance or inhibit thermodynamic stability. Therefore. by direct measurement,
the surface tension (y2;) and three-phase contact angle (6) can lead to an

indication of which process is the more feasible operation in terms of theoretical

stability.

As Y3 is by convention always a positive value (Glasstone er a/l.. 1981). it does not effect
the thermodynamic stability in the same way as k and 6. The numerical value of v,
influences the actual numerical value of F'j;. which 1s why this vaiable i1s of such
importance. If equation 3.6 is modified slightly by replacing the part containing k and 6
by F”... as seen in the equation below, the abo.ve statement could be explained in a

simpler manner.

Fre = vas [F"4l .(3.8)
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where: Fi = [(k3 + 1P K- cos6] (3.7)

By convention, the interfacial tension (y23) is always a positive value. as mentioned
earlier, which implies that the actual magnitude of F'i; is determined by the magnitude of
v23. Although this is true, it 1s also seen that the magnitude of Y23 is not capable of

Lot

ensuring thermodynamic stability, but could rather enhance or inhibit 1t. Therefore,

F’H_[ =Y [-F"[[-{ ] or Flig = Y23 [+F"II-]]

Thermodynamically stable Thermodynamically instable

The magnitude of y2; either fascilitates thermodynamic stability by making F'y; more
negative or inhibits it by making F’;.; more positive, depending on the order of magnitude

Of Y23
3.4.5 Conclusions

It could, therefore be concluded that k and 0 is the determining factors dictating the actual
“sign” of ', and hence, the thermodynamical stability. whereas the order of magnitude
of y; enhances or inhibits the effect these parameters have on the thermodynamic
stability. Therefore, equation 3.7 is known as the thermodynamic stability model and is
utilised to predict ideal conditions and the ideal range of k and 9 1n which the

thermodynamic stability is most favoured.

The ideal conditions were for maximum thermodynamic stability found to be:

e when the three-phase contact angle strives to its lowest. 8 = 0% and when

e the ratio of agglomerate 1o solid particle radii strives 10 its maximum. K -» o
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As the ideal conditions is a vague measure, the ideal range to ensure thermodynamic

stability was stipulated as follows:

e For kyin = 1, the critical/maximum allowable three-phase contact angle, O naxeric = 54°.

o for k. = o, the critical/maximum allowable three-phase contact angle, B,axern = 90°.

3.5 PARAMETER ESTIMATION

From the above, it was found that both equations 3.6 and 3.7 are valuable tools and has a
dual purpose, where predictions as to the behaviour of the CGA process under certain
theoretical conditions i.e. agglomerant type could be mude. Furthermore. it also allows

the CGA process to be compared to other processes, such a> mercury amalgamation.

Although the total free energy (may it be F”; or F'yq) and hence. the thermodynamic
stability, of the CGA process is a defining factor, it is, however, not the only factor to be
considered when dealing with optimum conditions for the recovery of gold. The
percentage gold recoveries is amongst others influenced by more than one facior. as
illustrated in Figure 3.5. As seen from the flowdiagram, the thermodynamic stability is
one of three determining factors to be considered before any predictions as to the

percentage gold recoveries are made and is illustrated in the equation to follow:

% Au recovery = f{Thermodynamic stabiity; max. Au transfer;

separation efficiency) .. (3.9

The above equation states that the percentage gold recovery is also @ function of the
maximum gold transfer and separation efficiency. This implies that the thermodynamic
stability is not the only factor to be consulted when predictions are to be made or
explanations of typical recoveries are seeked. Furthermore. it 15 seen from Figure 3.3 that
each of the above factors are then, in turn. a function of some other operating parameters,

as will be illustrated by the equations in the sub-heading to follow.



3.5.1 Thermodynamic stability

Equation (3.10) is in effect a simpler form of equation 3.6, and implies that the measure
of the total free energy per unit surface area (F'1.1) is a measure of the thermodynamic
stability. (where v,3 = interfacial tension between oil and water, 6 = three-phase contact

aﬂgle and k = ragglomerales/rgold pa.r[icies)

Thermodynamic stability (F'i.r) = £(6; v23; k) .(3.10)
= 2 [(K) + 1D - K* - cosh] . (3.6)
= 3 [Ful .{3.8)

It is, however, found from the theoretical investigation in the previous sections (sub-
heading 3.4) that the CGA process would be the most feasible operation and hence. yield
higher gold recoveries where the conditions were most favourable for thermodynamic
stability and hence, a lower value for F"y; (non-dimensionalised free energy) and requires

the following to be true:

* The three-phase contact angle has to be within the range of 0 to 90°. which implies
the use of oils which wers the surface of the gold in the presence of water. whereas
the oils yielding three-phase contact angles closest to 0° would be the most suitable.

e Furthermore, it is found that the value of k had to be fairly large (at least above 10).
which means that the size of the agglomerates has to be much larger than the size of
the gold particles to be recovered by the agglomerates.  Furthermore, 1t is seen that
the value of k has no effect on the thermodynamic stability of the CGA process if
these values strive to the largest possible value (k — «), whereas the critical value for
the three-phase contact angle in these circumstances had to be below 90° for the CGA
process to be in its most stable configuration (see Figure 3.3). This implies that large
agglomerates would perform the best if the three-phase contact angle between the oil
and the gold surface in the presence of water is below 90° striving toward 0° (where

Kmax = €, Bmax = 90°). Moreover. the minimum allowable value. kn,n. was chosen as
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1, which states that the gold particles to be recovered should not be larger than the
agglomerates and under these conditions the three-phase contact angle should not
exceed 54° to ensure maximum stability.

e Finally, the value of the interfacial iension (y.3) is of vital importance when
comparing various oil types as agglomerant, but does not effect the thermodynamic
stability (F';.1) in the same way as k and 0. As the numerical value of a3 is always
positive by convention, it could either cause an enhancement or mhibition of the

thermodynamic stability, depending on the orientation of F”j;. which is defined by

the actual values of k and 6.

3.5.2 Maximum Gold transfer

The maximum gold transfer is in effect the maximum amount of gold particles which has
been transfered into the coal-oil agglomerate phase and is effected largely by operating

parameters, such as shown in the equation below (see Figure 3.3):

Maximum Au transfer = f(C: T: S: M Y) ...(3.11a)

where: = Mode/motion of contact

Period of contact (minutes)

Il

Mineralogy of the ore

Available surface area of aggiomerates

< v oz H 0
Il

Collector addition

where the available surface area of the agglomerates (S). In turn is a function of some

other variables, as seen in the following equation:

S = f(rcoal-otl agglomerates- N) .(3.11b)

where: N = The amount/number of agglomerates present
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The above equation (3.11a) involves the following:

[

The mode of contact (C) is the motion provided to assure that gold particles and

coal-oil agglomerates are in sufficient contact, whereas the mode/means chosen could

either increase the probability of the gold particles being attached/transfered to the
agglomerates or retard it.

The contaet time (T) is the residence time which the coal-o1l agglomerates and gold

particles are allowed to be in contact, whereas a sufficient time of contact increases

the probability of the agglomerates and gold particles being attached, causing a

poss:tle increase in the transfer of gold particles into the coal-oil phase.

The mineralogy of the ore (M), reflects the amount of free/liberated gold particles

available in solution, whereas gold that is associated with other minerals have a lesser

chance of being transfered into the coal-oil phase, as these minerals encapsulate the
gold, rendering it less hydrophobic.

The available surface area of the agglomerates (S) is in effect the total surface area

of agglomerates that are available to gold particles to attach themselves to. whereas a

larger total agglomerate surface area increases the probability of gold particles being

attached successfully. It is. however seen that the total surface area of the
agglomerates is affected greatly by two other parameters (see Equation 3.11b):

L. I.ogoif azglomeraes » Which is a measure of the size of the agglomerates and hence. the
available surface area of agglomerates for gold particles to contact themselves.
providing that the radius of the agglomerates are larger than that of the gold
particles (roal-orl agstomerates > Tgold particles) 10 be contacted. Smaller agglomerates are
kept into suspension more readily and provides a larger surface area than large
agglomerates, thereby increasing the probability of a gold parti-le being attached
to a coal-oil agglomerate.

The total amount of agglomerates influences the availaile surface area of
agglomerates in the sense that more agglomerates in suspension provides more
surface area for gold particles to contact themselves to. possibly increasing the

gs!d transfer into the coal-oil phase



e By collector addition, the hydrophobicity of the hydrophobic components, i.e. coal-
oil agglomerates and gold is enhanced, increasing the hydrophobic attraction of gold
particles by the coal-oil agglomerates and possibly increasing the gold transfer into

the coal-oil phase.

3.5.3 Separation efficiency

The separation efficiency is a measure of the efficiency/completeness of separation and is

influenced by certain operating parameters, as indicated in the equation below:

SeparatiOH efﬁCienCy - f(rcoal-(nl agglomerates« X: Y) (312)
where: Feoal-onl aselomerates = average radii of the coal-oil agglomerates
X = means of separation
Y = collector addition

Equation 3.12 implies that the efficiency of separation is largely determined by the size of
the coal-oil agglomerates (rioal-cil agglomerates) 1O be recovered. wnereas it could either
fascilitate or inhibit the efficiency of separation depending on the means of separation
chosen. This implies that smaller agglomerates are separated easily by scraping them
from the surface, whereas the larger agglomerates may require the use of a sieve.
Whateve, the case may be, it is vital 1o acknowledge that the effective separation of the
bulk of the agglomerates as of major importance. as these are the “carriers” of the gold

particles that are recovered. The addition of a collector, however, is of vital importance.

as this chemical:

(1} enhances the floatability of the floatable components. i.e. the coal-oil

agglomerates. which fascilitates the separation thereof by scraping and



(2) enhances the hydrophobicity of the hydrophobic components, i.e. coal, oil and
gold, thereby increasing the hydrophobic attraction of gold into the coal-oil

agglomerates as mentioned earlier.
354 CGA versus Merury Amalgamation

The model can be used to compare similar processes, such as coal gold agglomeration

and mercury amalgamation on the basis of thermodynamic stability. The following

conclusions were made:

» The CGA process and the mercury amalgamation prccess is most hikely to differ with
respect to 8 and 7,3, whereas these values could be me: sured directly and by utilising
Equation 3.6, provides a measure of the more stable process.

e As other factors, such as illustrated in Figure 3.5 and discussed in the previous sub-
headings play an important part in percentage gold recoveries, it i1s vital that these be
taken into account when comparing different processes, as the model can not fully

predict which process would yield better recoveries.
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CHAPTER 4

THE COAL GOLD AGGLOMERATION
(CGA) PROCESS IN BATCH
CONFIGURATION

4.1 MATERIALS USED

The experimental set-up used during this study is shown in a very simplified diagram in
Figure 4.1. Tt is seen from the first step, which is the contacting of all the components,

that the main materials used are coal, oil and a gold bearing ore. The characteristics of

the materials used for this part of the study are as follows:

1. Coal
- A sample received form Athlone Powerstation in Cape Town
Density = 833.846 kg/m’

Contains 14% ash and 25% volatile matter

The BET surface area was measured as = 4 m’/g

- Calorific value = 25.5 - 28 mJoule/kg

Milled down to a particle size <90 um

)

Oil (chosen from chemical store. no preference was given to any specific oil)
- Qil type: Ethane Oleate (C17H;33.C0O0.CoHs = 310.52)
- Density = 869 - 874 kg/m’ at 20 °C
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- Acid value of not more than 0.5
- Todine value of 75 - 84
- Assay (saponification) =98 - 103%

3. Cold ore
- A synthetic ore mixture of grade 7g/t was prepared from a silica sample having
a particle size distribution in the range of 25 to 300 um of which 40% was in
the 106 um range (see Figure 4.2). Therefore, 1 kg sample was used and

weighed out as follows:

* (300 +212) pm : 150g
* (<212 + 150)pum : 150g
* (-150 + 106) um : 400g
* (-106 + 75)um: 150g
* (- 75 + 25)um: 150g

TOTAL 1000g

- The gold powder used had a particle size of - 44 um and according 1o trace
analysis on an Induction Coupled Plasma, contained 60 ppm silver, 15 ppm
iron, | ppm magnesium and the remainder was gold.

- The synthetic mixture was prepared by mixing 0.007¢g of the gold powder with

the 1kg silica sample in order to prepare the 7g/t ore sample.

4, Other materials
- Distilled water was used to prepare the ore slurry.

- A Collector, named potassium amy] xanthate (PAX) was used to enhance the

floatability of the floatable components e.g. coal-oil agglemerates.
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4.2 PRELIMINARY TESTS

Initially, it was attempted to understand the concept of the CGA process and from that

develop an appropriate experimental program.

Trial-and-error tests were performed mainly to determine the sample sizes and amounts
of coal, oil, water and gold ore needed and this was done within the following ratios:
coal to oil; coal to ore and water to ore. These tests were done by adding different
amounts of the various components while assuming the densities to be as follows: pegu =
834 kg/m®; poi = 870 kg/m’; Psitica sangy = 2500 kg/m® and puaer = 1000 kg/m’, whereas

the symbol p denotes the density. The experimentation led to the following ratios:

e coalioil - 100:20 (by volume) and involves the addition of approximately 4.17 g
coal to I ml of oil to justify this ratio.

* coal:ore - 1:1 (by mass) i.e., exactly the same mass of ore and coal was used.

» water:ore - 135 ml water/4g of gold ore to prepare an ore slurry.

The concentration and amount of collector i.e. PAX was initially selected to be 10 ml of a

1g/100ml solution for sample sizes corresponding to the use of 1ml oil.

4.3 THE BASIC EXPERIMENTAL PROCEDURE FOLLOWED TO
PERFORM BATCH TESTS ON THE CGA PROCESS

All batch experiments were conducted in glass bottles of a 200 ml volume each having a

screw on lid, therefore the sizes of the samples were kept manageable at this volume,

facilitating the analysis thereof.

A single standard batch CGA experiment was then performed as follows (see Figure 4.2):

1. Representative samples of the “dry” components were weighed out according to

the ratios determined earlier and the exact amounts used for a single batch test
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was: 4.17 g synthetic gold ore and 4.17 g coal, whereas the coal was weighed out
directly into the 200 ml bottles.

The oil was added to the coal in the amount of 1 ml per 4.17 ¢ coal used (based on
the ratio coal:oil = 100:20 by volume, pey = 834 kg/m3) and mixed until
agglomerates were formed. The ceal-0il agglomerate formation could proceed
cither on dry basis (as above) or wet basis, whereby water was added and mixing
proceeded. As the results are not effected, both methods were suitable for
obtaining maximum recoveries.

The next step was to add the ore and remainder of the water (125 ml) together
with 10 ml of the 100g/ml collector, i.e. PAX in our case, which added up to the
water/liquid required i.e. = 135 ml per 4 g ore.

The lid was screwed on and the bottles placed inside the laboratory scale
mechanical shaker and the contents contacted for 50 minutes.

After contacting the coal-oil phase and the slurry, the coal-oil-gold agglomerates
were removed by firstly shaking the bottle so that the floatable agglomerates could
be removed by scraping them from the surface of the aqueous medium. The lid
was replaced three to four times and the procedure repeated to make sure that all
the agglomerates had been removed. This was done approximately 5 minutes
apart to ensure that the majority of the silica had settled out and the finer particles
not removed together with the agglomerates.

Tne coal-oil-gold agglomerates were then dried overnight at 80 © C on a filter
paper which was placed onto a watch glass, after which the dry and cooled off
sample was then weighed out into a crucible. The crucible was then placed inside
a muffle furnace where ashing proceeded at 700 ° C for 7 hours. The crucibles
containing the ash was allowed to cool, after which the weight of the ash was
measured.

The remaining ore slurry was fiitered in order to recover the remaining ore, which
was dried and “ashed” in the exact same manner as the coal-oil phase. It was
attempted to ash all the “foreign™ materials (even a percentage of coal remaining

in the slurry) so that the effect of these on the analysis was eliminated.
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8. Note that a set ore samples of the same representative sample was kept aside and
analysed separately to determine the initial gold loading of the ore, so that the

mass balance could be checked.

For each investigation, the above batch operation was repeated at least 3 (to 6) times in
the same run so that the resuits mentioned later on are all the average of 3-6 identical

experiments.
44 ANALYSIS FOR GOLD

It was essential to find an appropriate means to analyse fcr gold in both the ore and coal-
oil phases. According to thermodynamics, neither aurous or auric cations are stable in
aqueous solution, but will be reduced by water to metallic gold. In order to stabilise these
ions in aqueous solutions, it is necessary to introduce a complexing ligand and to employ
a suitable oxidizing agent, since no reaction occurs unless both are present in solution,
therefore both a complexing agent (such as HCl) and a suitable oxidising agent {such as
HNQO;) need to be in solution for the gold to dissolve. The solution described above is
called agqua regia and is generally used for the dissolution of gold for analytical purposes

and consists of 82% hydrochloric acid (HCl) and 18% nitric acid (HNO;) (Nicol et l .
1987; Yannopoulos, 1990).

All the “ashed” samples (coal and ore) were treated with agua regia so that the gold
present in each sample was in solution. The procedure followed in this study involved
the use 5 ml of agua regia for each sample (the weight of each sample 1o be analysed was
rarely more than 5g) which was then put on a hot plate until the solution has “cooked”
dry, this was repeated three times. Afier adding the solution to the sample for the third
time it was not allowed to cook dry, but only until most of the vapours have escaped, as
this procedure was done in a fume cupboard. The contents of each crucible was filtered

thoroughly into a volumetric flask of appropriate volume. which contained enough



hydrocloric acid (HCI) to make up a 10% solution if distilled water was added. The HCI

prevented the dissolved gold of precipitating out.

The contents of each volumetric flask was then analysed for gold on the Graphite Tube
Atomiser (GTA), which allows the direct analysis of the acid sclution (agua regia). The
GTA is generally used to analyse samples of very low concentrations, which explains
why the samples are kept at such small amounts. A further advantage is that the use of
smaller samples allows the analysis of the entire sample, whereas only a part of a larger
sample (i.e. a representative sample of the larger sample) could be used for analysis and

increases the probability of ending up with inaccurate or inconsistent results.

The GTA operates at the same principal as a furnace of wlich a graphite tube (5 mm in
diameter) serves as the furnace into which a very small volume (20 microlitres) of the
sample solution is injected into a 1.5 mm transverse hole by using a microsyringe.
During the analysis, the temperature inside the tube is raised, subjecting the sample to
three temperature stages: drying, ashing and finally atomization, whereby free gold atoms
are generated and the atomic adsorption measured, utilising a standard gold lamp. Gold
standards of concentrations 0.01, 0.02 and 0.04 ppm was prepared and the atomic
absorbance of each measured on the GTA. A calibration curve is drawn up, whereby the
mass of gold (linked to the concentration of the standards) is plotted versus the
absorbance for the standards. It is vital to note that the relationship between the mass of
gold and the absorbance (as read on the GTA) is a straight line only below concentrations
of + 0.06 ppm. For concentrations above this critical value, the calibration curve is more
of a polynomial relationship than a straight line, which complicates the conversion of
absorbance to mass gold present in the samples analysed on the GTA. Therefore, the
actual samples to be analysed were diluted to such an extent that the maximum possible
concentration of each does not exceed 0.04 ppm, which is still within a save range for
accurate conversions. This explains why the CGA experiments are performed on such
small scale, whereas minimum loss of sample takes place and accuracy is enhanced. The

relationship for the straight line, as calculated from the calibration curve is then used to
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convert the absorbance readings to the exact mass of gold present in each sample. Refer

to Appendix A, SAMPLE ANALYSIS, for a more detailed outline of the GTA analysis.

By calculation it is possible to determine the exact weight of gold originally present in
either the agglomerates and/or ore samples. The percentage gold recovery into the coal-
oil phase is calculated as a percentage, whereby the exact weight of gold present in this
phase is expressed as a percentage of the exact weight of gold originally present in the ore

sample before performing the CGA experiment.

The first official analysis (many trial-and-error analysis were done prior to this one for the
familiarisation to the equipment), was performed on the s_nthetic gold ore to determine if
the gold present in the representative samples correspondec. to the theoretical amount of

gold that was added, which is 7 g gold/ton ore.

4.5 RESULTS AND DISCUSSION

According to the results obtained after analysing the synthetic ore sample (Experiment
4.1, Appendix A) on the GTA, it was found that the actual gold lcading on the specific
representative samples taken averaged 5.93 g gold/ton ore. Although a representative ore
sample was prepared and analysed for each sample utilised in a single batch CGA
experiment, this reading was done purely to determine the consistency and accuracy of

the equipment.

After performing the CGA test on the synthetic ore (theoretically 7g/t), it was found that
an average of 38.4% (analysis done on the GTA} of the gold originally in the ore phase
had been recovered into the coal-oil phase {see Experiment 4.2, Appendix A). This result
is the average of three identical experiments and is regarded as the result of the standard
batch CGA experiment. All future experiments were based on the same experimental

procedure as followed in this section.
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CHAPTERS5

THE EFFECT OF OPERATING PARA-
METERS ON THE PERFORMANCE OF

THE CGA PROCESS

5.1 OPERATING PARAMETERS

It was needed to perform a sensitivity analysis on the CGA process in order to determine
the conditions needed for optimal performance. The following parameters were

investiga:ed to determine their effect on the efficiency of the process:

* The coal-oil phase and shirry were contacted at different periods of time.

* The mode of contacting these phases. whereas the following modes were investigated:
shaking, stirring and the rolling bottle technique.

* The means of separating the coal-oil agglomerates from the slurry. whereas the
following two methods were investigated: scraping and sieving,

e The amounts of coal, oil and water were altered within the ratios: cal:ore, coal:oil
and water:ore in order to deterrmine the importance of each component to the
efficiency of the CGA process.

* A prdliminary investigations into the type of oil used.

* Aninvestigation into the effect of mmineralogy of the ore on the CGA process.
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Before performing the sensitivity analysis on the CGA process, it is needed to stipulate
the basic/standard experimental conditions, which were altered within each sensitivity
parameter investigated at the time. The standard conditions were determined in Chapter 4

{Exp. 4.2, Appendix A) and are as follows:

- 4.17 g synthetic gold ore (7g/t)
- 4.17 g coal

- 1 ml oil (Ethane Oleate)

- 125 m! distilled water

- 10 ml of a 1 g/100 ml solution of collector, nl. potassium amyl xhantate (PAX)

- contact was done by shaking on a laboratory scale mechanical shaker for 50
minutes,

- separation of the coal-oil agglomerates from the ore slurry was done by scraping
the floatable agglomerates from the surface of the aqueous medium.

- Samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours.

5.2 EXPERIMENTAL PROCEDURES

5.2.1 Contact times

Batch experiments were performed under the same standard conditions. as determined in
Chapter 4, whereas the periods of contacting the coal-oil agglomerates and ore slurries
were altered in order to determine the effect of this parameter on the gold recoveries.
Contact times such as 10 minutes, 20 minutes and 30 minutes were chosen for the 3
different batch experiments (Experiment 5.1, Appendix A) that were performed. As no
variables other than the time of contacting the two phases were changed, it was possible

to determine the minimum amount of time needed for effective and optimal operation.
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52.2 Mode of Contact

As various methods exist whereby the coal-oil agglomerates and ore slurry could be
contacted, it was decided to investigate the effect of each on the percentage gold
recoveries. The various modes of contact selected for this study were: shaking, stirring
and the rolling bottle technique. An advantage of this specific study was that each
method was investigated by using the exact same bottles used for the standard

procedures (Chapter 4), which meant that literally all other variables were kept constant.

5221 Shaking

The use of a laboratory scale mechanical shaker was not a new concept, as this was the
same instrument used for contacting the two phases in the standard experiment.
Therefore, this experiment was not repeated, but the results rather re-used for the purpose

of comparison (Experiment. 4.2, Appendix A).

3222 Stirring

The stirring action was provided by a magnetic stirrer of which the magnets were
approximately 3.5 cm in length. As more than one experiment was set up at once, it was
vital to use stirrers of the same brand, which was done in each case. All experiments

were performed at maximum stirring speed, which ensured repeatability (see Experiment

5.2, Appendix A).

3223 Rolling bottle rechnique

The rolling bottle technique involved the use of circular moving shafts, one stationary and
one moving at maximum allowable speed, onto which the bottles. containing the same
sample masses as for the standard experiment. were placed. The rolling action of the one

shaft caused the stationary shaft and, hence the bottles 1o move at the same speed. The
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two shafts were set at minimum width from each other to ensure that the bottles fit
comfortably. The rollers were long enough for three bottles to fit perfectly when laid
down in horizontal order, which ensured that three batch tests were performed under the

exact same speed (see Experiment 5.3, Appendix A).
5.2.3 Means of separation

Experiments were devised to investigate means of separating the coal-oil agglomerates
from the ore siurry to ensure maximum separation of the coal-oil agglomerates from the
ore slurry to ensure maximum recovery of the gold from the slurry. The methods
investigation were: scraping and sieving. Once agan. the results of Experiment 4.1
(Appendix A), the standard experiment, accounts for the 1se of scraping to remove the

floatable coal-oil agglomerates from the surface of the aqueous slurry.

A test was then conducted whereby the CGA process was performed under standard
conditions and a sieve instead of scraping was used to separate the coal-oil phase. It was
found, however, that the fine size of the agglomerates and the suspension of most of the
fines in the slurry led to less successful separation of the agglomcrates by utilising this
method. Therefore, the samples were not analysed. as it was seen that a large percentage
of agglomerates were lost and those that were recovered contained a large amount of
silica (synthetic ore mixture), which was attached to the agglomerates as the slurry was
passed through the sieve. The analysis of the coal-oil agglomerates would. therefore. not
be a true representation of the gold recovered into the coal-oil phase only. It is, however.
important to note that sieving was not the most appropriate means of separating the coal-
oil agglomerates at this scale of operation, but with further adjustments and a larger scale-
up it might be more successfull. Furthermore, depending on the size of the agglomerates
(see Equation 3.12), the method of separation might change, as larger agglomerates will
require the use of a sieve. For the purposes of this study. using a sieve was found to be
the less effective choice of separation under the conditions specified earlier, but it must

be kept in mind that alteration of other conditions. such as oil type etc. might alter the
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size of the agglomerates, which could effect the size of the agglomerates and hence, the

means of separation by requiring a sieve instead.
524 Alteration of the experimental ratios

It was decided to determine what effect each essential component i.e. coal, oil or water
had on the efficiency of the CGA process by altering the amounts used within the

experimental ratios determined in the previous chapter: coal:ore, coal:oil and water:ore.

3241 The coal:ore ratio

The coal:ore ratio was altered by increasing the amount of «oal from a ratio of 1:1 to 1.5:1
(by mass). As the amount of coal was increased by half, it was essential that enough oil
was added to maintain the coal:oil ratio (100:20, by volume). This change involved the
use of 6.255¢g of coal and 1.5 mi of oil (ethane oleate) instead of 4.17 g coal and 1 mi oil.

Furthermore, all other parameters were kept at the standard procedure followed in

Chapter 4. (see Experiment. 5.4, Appendix A)
3242 The coal. oil ratio

The coal:oil ratio was increased from 100:20 to 100:40 (by volume), therefore doubling
the volume of oil used in each batch experiment from 1 ml/4.17g coal to 2 ml/4.17g coal

and performing the remainder of the experiment under standard conditions. (see

Experiment 5.5, Appendix A}
3.243 The water:ore ratio

It was attempted in this investigation to half the amount of water used. which was done

by altering the water:ore ratio from 135 m! water : 4.17 g ore to 73 ml water : 4.17 g ore.
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The remainder of the experiment was, however, performed under the standard conditions.

(see Experiment 5.6, Appendix A)

5.2.5 The addition of a collector

The significance of the collector addition to the CGA process was investigated by altering
the volume and concentration of the collector in separate experiments. The collector is a
chemical which is utilised to alter the surface properties of the components involved in
the experiment by intensifying the hydrophobic properties of the hydrophobic
components (coal-oil agglomerates and gold) and thereby increasing the hydrophobic
attraction and the floatability of the final product (coal-oi’-gold agglomerates). Therefore,
the collector facilitates the separation of “cleaner/purer” oal-oil-gold agglomerates by

floating them easier.

The collector used, potassium amyl xhantate (PAX). was increased in two instances. i.e.:

e by increasing the volume of PAX from 10 ml to 20 ml per single batch experiment

(see Experiment 5.7, Appendix A), or

¢ by increasing the concentration of PAX from 1g/100 ml to 2g/100m] per single batch

experiment (see Experiment 5.8, Appendix A).

The remainder of the wvariables and conditions were kept constant at the standard

conditions specified earlier.

5.2.6 Qil type

It was in question whether the type of oil used in the experimental procedure might
influence the percentage gold recoveries, hence an investigation was launched into the
effect of oil type on gold recoveries. The oil used in the standard experiment was

specified as Ethane Oleate, which was an oil chosen from the chemical store to start off
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the experimental programme. This oil was, therefore, not chosen for any other reason
than for its availability. In order to complete the investigation, an industrial Caltex oil
named Rando oil, HD 68, was used in the same amount and under the exact same

standard conditions as for the standard experiment. (see Experiment 5.9, Appendix A)

5.2.7 The mineralogy of the ore
Other minerals within the ore structure can influence the liberation of gold.

» Firstly, gold particles could be associated with certain minerals, rendering them to be
less hydrophobic and unreachable by the agglomera.es, caused by the fact that they
are weaved into the matrix of these minerals. Therefoiz, it is important to analyse an
ore sample to determine which amount of gold is free/liberated or dissolved in order
to decide what the feasibility would be of performing CGA on such an ore.

e Secondly, there is always the possibility of an ore sample containing hydrophobic
minerals, other than gold, which could be recovered by the agglomeraies as well. It
was therefore aimed to investigate the possibility of such a phenomenon occurring
and hence, determining the effect it has on the CGA process efficiency. Although
mentioned in this chapter, this specific investigation was performed in the next
chapter, whereby the CGA process was performed under optimised conditions on a
real ore sample and XRD analysis performed on the untreated and pre-treated ore and

coal samples to determine which minerals other than gold was recovered into the

coal-oil phase (see Experiment 6.16, Appendix A).

As all previous CGA experiments were performed on the synthetic orz (7 git), it was,
therefore decided to repeat the standard experiment. utilising an industrial ore sample for
the purpose of determining the effect of the mineralogy of the ore on the percentage gold
recoveries. An ore sample containing = 4g gold/ton ore was received from the Western

Area Gold Mine in South Africa and used for this investigation. (see Experiment 5.10a,

Appendix A)
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A further leaching experiment was performed inside a baffled reactor, whereby 10 g of
the industrial ore sample was leached with a 100 ppm free CN™ (cyanide) solution as
potassium cyanide (KCN). The purpose of this investigation was to ascertain the
percentage dissolved gold present in the sample (Experiment 5.10b, Appendix A).
Samples of the KCN solution was removed at certain time intervals (30 minutes, 6 hours,
23 hours, 27 and 29 hours) and analysed on the GTA to determine the amount of
dissolved gold that has been removed from the ore sample. The aim was to find an
equilibrium value of gold that has been removed from the ore by cyanide leaching, which
accounts for the amount of dissolved gold present in the ore sample. By further treatment
with aqua regia and GTA analysis of some additional ore samples, the total amount of
gold present in the ore sample was measured, as aqua regia is most likely to dissolve
both free and dissolved gold. The following equation was then used to calculate the

quantity of free gold originally present in the industrial ore sample:

[Au]lotai = [Au]dissolved + [Au]free (51 )
where: [ Au]iotal = total gold loading on the gold ore (g/t)
[Aulussoves = dissolved gold concentration in the ore (g/t)
[Au]sree = free/liberated gold concentration in the ore (g/t)

Finally the percentage of dissolved gold and free gold was calculated by the following

equations:

Percentage Free Gold = ([Au]sce / [AU]iorar) ¥ 100 (5.2
Percentage Dissolved Gold = ([Au]assotved / [At)iotar) x 100 (53)

The above investigation into the effect of mineralogy of the ore on the CGA process was

strictly a preliminary investigation, which was completed and researched deeper in

Chapter 6 (see section 6.4).
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Table 5.1 depicts a summary of the results obtained after performing the sensitivity

analysis, which are arranged in order of increasing gold recovery. Following is the

discussion of each result and possible causes of tie recoveries found under the specified

condttions. The sensitivity analysis was concluded by comparing each new result to that

found in the standard experiment, as this was the basis on which the analysis was

performed.

It was further attempted to apply the findings of the theoretical model (Equation 3.9,

Section 3.5, Chapter 3) to the applicable results so as .0 ascertain possible theoretical

explanations for each.

Table 5.1 - Results obtained after performing a sensitivity analysis on the CGA

process (see Appendix A for the experimental conditions and raw data)

Stirring

CONDITIONS EXPERIMENT NO. | % GOLD RECOVERIES
Standard Conditions Expertment 4.2 38.40
01l type (Rando oil, HD 68, Caltex) Experiment 5.9 3891
Coal:oil ratio {Oil volume was doubled) Experiment 3.5 12.08
Mineralogy of the ore Experiment 5.10a,b 29.17
Rolling bottle technique Experiment 3.3 37.00
Concentration of PAX (doubled) Experiment 5.8 41.07
Volume of PAX (doubled) Experiment 5.7 41.36
Coal:ore (1 '/, times the amount of coal) Experiment 5.4 42.00
Water:ore (water amount was halved) Experiment 3.6 43.15
Experiment 5.2 49.45




84

5.3.1 Overall application of the thermodynamic stability model

As mostly one oil type (Ethane Oleate) was utilised to perform the experiments and the
investigation of oil type was strictly preliminary, it would be safe to state that the
percentage gold recoveries with respect to the thermodynamical stability was mostly
dependent on the value of k i.e. the ratio of coal-oil agglomerate to gold particle radii.
Furthermore, it should be noted that the diameter of the gold particles used in the
synthetic ore and hence, this study was 44 pm, which gives an indication of the sizes of
the agglomerates needed for feasible operation. It was, however, found that the sizes of
the agglemerates formed during experimentation ranged from a minimum diameter of
approximately 1 mm to a maximum agglomerate diameter of approximately 4 mm. With
the information at hand it was possible to determine w.at the acrua/ minimum and
maximum values of k was during experimentation, which could then be compared to the

theoretical ki, and kyax in order to find if the CGA was performing in the allowable

range for thermodynamic stability.

Calculation of the actual ki, and kpgy values:

k = Teoal-oil agglomerales/rgold particles

To find the actual value of kmin, the minimum diameter of the agglomerates {1 mm =

1x10° um) was divided by the actual diameter of the gold particles used for the

experiments:

Actual Kyynimum = 1x10° / 44
227

The actual value of knay, was, however, calculated in the same manner. utilising 4.4 mm
instead of 4 mm as the maximum size of the agglomerates in order to obtain a answer that

was round off. As these are rough estimates of the actual diameters of the agglomerates,

it would not make a difference:
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4.4x10°/ 44
= 100

It is, however, seen from Chapter 3, section 3.5 that the ideal range for k to ensure
thermodynamic stability was at kmin = 1 and kmax = ©. Therefore, it was found that the
actual experimental values of k was found to be well within range, as the actual k,,,, is not
less than the theoretical value (22.7 > 1) and the actual kn,x was very much below the

theoretical value (100 < o).

To confirm thermodynamic stability, it was, however, imperative that the actual three-
phase contact angle measured through the oil on the gold surface in the presence of water
(0), be bzlow the maximum allowable three-phase contact angles(Omax) for the actual ko,
and kpay found from experimental findings. Therefore, Opumum Was calculated for each
of the Kyin = 22.7 and ky,, = 100 values. This was done by plotting F'i1.; versus 8 for each
consecutive actual minimum and maximum value of k, as seen from Figures 5.2 and 5.3.
The 0« was in effect the Oiical value for each value of k and was calculated as the point
where the F'i; line of each k intercepts with the B-axis. From the calculations. it was
found that the maximum allowable three-phase contact angle, Bpnaumum for each of the

actual minimum and maximum values of k to ensure thermodynamic stability was as

follows:

e for the actual kminimun = 22.7, the maximum three-phase contact angle. Bmaymum was

calculated to be 88.3°

e and for the actual Kyaxmem = 100. the maximum three-phase contact angle. 0,,,, was

calculated as 89.62°.

The above statements imply that the CGA process would, under standard conditions. be

thermodynamically stable if the three-phase contact angle, 6. which is measured through

the oil (Ethane Oleate) in the presence of water on the gold surface should not exceed
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88.3° for the small agglomerates and should not exceed 89.62° for the larger
agglomerates. Therefore, it was vital to measure the actual three-phase contact angle, 6 in
order to confirm thermodynamic stability, whereas the measurement was performed by
utilising a moving microscope. A gold plate was put into a square see-through vial and
topped up with water after which a microsyringe was used to carefully place an oil droplet
{Ethane Oleate) of volume 30ul onto the gold surface. The dimensions of the drop was

then measured and the three-phase contact angle calculated from the following equation:

tan /2 = h/r (5.1

where: 0 = the three-phase contact anglc
h = the height of the o1l drop (mm,
Toil = the radius of the base of the oil drop (mm)

The actual three-phase contact angle (6), measured through an Ethane Oleate oil droplet
on the surface of gold in the presence of water was measured and calculated as 64.6° (see
Experiment 6.19, Appendix A). It is, therefore, seen that the actual value of 6 for Ethane
Oleate is well below the maximum allowable values as mentioned above. which confirms
that the CGA process is indeed thermodynamically stable as performed in the
experiments perfomed while utilising Ethane Oleate. as was all the experiments except

for Exp 5.9.

Therefore, it could be concluded that the CGA process was found to be well within the
thermodynamic stable range and based on this theoretical analysis. the rercentage gold
recoveries should be promising. It was, however. stated in Chapter 3. section 3.5, that
this is not the only factor to be considered when deaiing with percentage gold recoveries.
Furthermore, all experiments will be discussed in the light of the other factors (see Figure

3.5, Chapter 3) as having an effect on gold recovenes.
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5.3.2 Contact times

Refer to Figure 5.1 for a plot of percentage gold recoveries versus contact times in
minutes. It is seen that the percentage gold recoveries by the CGA process is at a
maximum when the coal-oil agglomerates and ore is contacted for periods exceeding 50
minutes, whereas a contact time of 50 minutes is the minimum time needed for optimum
recoveries. The contact time is a measure of the time needed for maximum contact
between the agglomerates and gold particles. The larger contact time increases the
probability of a gold particle “bumping” into the surface of the agglomerates and hence,
increases the chance of being wetted by the oil, which explains the higher recoveries as
more gold particles were attached to the agglomerates as seen from the better recoveries
after increasing the contact time sporadically. (see Ex;. 5.1, Appendix A for the
experimental conditions and raw data). The findings from the results confirm the

importance of the contact time to maximise transfer of gold particles into the coal-oil

phase (see Figure 3.5, Chapter 3).
533 Mode of Contact

The standard experiment in Table 5.1 represents the gold recoveries found after using the
shaker as mode of contacting the coal-oil agglomerates with the ore slurry. whereas the
use of a stirrer and/or rolling bottle technique is marked clearly in the summary of results
in Table 5.1 and 5.2. It is clear form Table 3.2 thar the higher gold recoveries were
found after contacting the coal-oil phase and gold ore by means of the stirrer, whereas the

contrary was found after utilising the rolling bottle technique and shaker.

Although the theoretical analysis has shown that larger agglomerates favours the

thermodynamic stability and supposedly the successful recovery of gold, it is hereby

proven that a trade-off of other practical factors inhibits the theoretical tendency.
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Table 5.2-  Results on the investigation of the mode of contacting the coal-oil

agglomerates and ore

MODE OF CONTACT % GOLD RECOVERIES
Shaking - “Standard Experiment” (Exp. 4.2) 38.40
Rolling bottle technique (Exp. 5.3) 37.00
Stirring (Exp. 5.2) 49.45

The lower gold recoveries are, therefore caused by other overbearing factors which is
mentioned in Figure 3.5, Chapter 3, and the results obtained serve as confirmation of their

influence. The most evident factors influencing maximuin gold transfer into the coal-oil

phase were, however, identified as the following (see Figure 3.5, Chapter 3):

¢ This specific mode of contact (rolling bottle technique) does not allow the necessary
motion for optimal contact between the coal-oil agglomerate particles and gold
particles, therefore the gold transfer into the coal-oil phase is inhibited to a certain
extent, as shown in the results. This confirms that the mode/motion of contact is of

imperative value for maximum gold transfer into the coal-oil phase and hence. gold

recoveries, as seen in Figure 3.5, Chapter 3.

e Furthermore, the rolling action favours the formation of larger agglomerates and
hence, provides the gold particles with a smaller available agglomerate surface area
to attach themselves and confirms the importance of the coal-oil agglomerate size for

maximum gold transfer into this phase.

By examination it was seen that the average size of the agglomerztes vielded after
performing the rolling bottle experiment were so large that they could not be removed by
scraping only, as a sieve was utilised for completion of the separation procedure.
Therefore, confirming the importance of selecting the appropriate means of separation
required to separate the various sizes of the coal-oil agglomerates and hence, assuring

efficient separation (see Figure 3.5, Chapter 3).
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As for shaking, it was found that the shaking action was not sufficient for maximum gold

transfer into the coal-oil phase, whereas the contrary was found after using a stirrer. The
stirring action provided a dual advantage to the CGA process in that the motion was
sufficient to keep both the agglomerate particles and gold particles in suspension, whilst
providing a constant stirring motion, and thereby increasing the probability of a gold

particle being attached to an agglomerate and hence, assuring maximum gold transfer into

the coal-oil phase. The second advantage is that the stirring action kept the size of the
agglomerates to a minimum and hence, providing the maximum available surface area at
a maximum. (note that the minimum size of the agglomerates was still above or equal to
the required size to yield a minimum of 22.4 for the value of k). Furthermore, the smailer

agglomerates favoured the efficiency of separation via scraping. [t is therefore,

concluded that all three vital factors influencing percentag. gold recoveries (see Figure
3.5) has shown favouratism toward stirring as mode of contact in some or other way.

explaining why this means of contact yielded the betier gold recoveries.

534 Alteration of the coal:ore ratio

It is seen from Table 3.1 that gold recoveries were increased when the coal:ore ratio was
altered in such a way to increase the amount of coal by half, whereas an average increase

of 3.55%, from 37.4 10 41.95 % was calculated.

As there exists a fixed relationship between coal and oil as well. it is in effect not only the
amount of coal that was increased, but rather the amount of agglomerates that were
increased by half. Coal is of great significance to the CGA process. as the presence of
this inexpensive material facilitates the easiness with which the oil-phase and hence. the
active ingredient/’gold carrier’, is separated from the ore slurry. Furthermore. the use of
the oil in the form of coal-oil agglomerates simplifies the separation of the gold particles,
as both coal and oil is hydrocarbon materials which burns away to ash, leaving pure gold

particles as the product.
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As the importance of coal is understood, it is obvious that an increase in the amount of
agglomerates used would have a positive influence on gold recoveries, as a larger overall
surface area is available for gold particles to aftach themselves, therefore, enhancing

maximum gold transfer into the coal-oil phase to such an extent that an increase in

recoveries were shown.
535 Alteration of the coal:oil ratio

It is seen from Table 5.1 that gold recoveries were decreased form 38.4% to 12.07%, with
an increase in the amount of oil used. As the amount of oil was doubled, it meant that the
agglomerates were prepared, using the same amount of co.l and double the volume of oil.
This lead to the formation of wunstable agglomerates, w.ich caused difficulty in the
separation (efficiency) (see Figure 3.5, Chapter 3) of the o1l phase, as the very unstable oi]
agglomerates were in more of a liquid than a stable solid form, with many coal particles
and oil droplets drifting in suspension. Therefore, the importance of coal in the correct
ratio was emphasised in this investigation. As separation was not as complete and
effective and agglomerates were not as stable, it could be said that the low results were

firstly caused by poor contact and secondly by poor separation of the oil phase.
5.3.6 Alteration of the water:ore ratio

According to Table 5.1 it is seen that the average percentage gold recoveries have
increased form 38.4% to 49.45% after the amount of water used 10 prepare the ore slurry

was decreased by approximately half.

By this time it is basic knowledge to the reader that the CGA process is based on the
hydrophobicity of gold, coal and oil, which causes these main components to group
together when in an aqueous medium. Therefore, water is imperative to the CGA process
and besides being the driving force for the gold. coal and oil to agglomerate. it further

serves as the medium in which the gold rravels 1o reach the agglomerates. By decreasing
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the amount of water, however, it was found that gold recoveries had increased by at least
11%, which indicates that less water is in effect less distance for the gold particles to
travel. Therefore, it could be said that the motion of contact was enhanced by decreasing
the total amount of water in the system, as the same motion i.e. shaking was more

effective, thereby causing a positive reaction to the maximum gold transfer into the coal-

o1l phase and hence, the percentage gold recoveries.

5337 The addition of a collector

Refer to Table 5.3, below for a summary of the results obtained after simultaneously

doubling the volume and concentration of collector used 1. the CGA experiments.

Table 5.3-  Results after altering the concentration and volume of collector (PAX)
CONDITION % AuRECOVERY
Standard Experiment (Exp. 4.2) 38.40
Volume of PAX (doubled from 10 to 20 ml) (Exp 5.7) 41.36
Concentration of PAX (doubling from lg to 2g/100mlI}Exp. 5.8) 41.07

The addition of a collector (such as PAX) had a dual advantage to the CGA process and
the better gold recoveries were as a result the positive influence of the both these

advantages:

» Firstly, by enhancing the hydrophobicity of the gold and coal particles. [t increased the
probability of gold particles being entrapped into the agglomerates, thereby increasing

possibly increasing the maximum Au transfer an1i

* secondly, by enhancing the floatability of the coal-oil-gold agglomerates, it enables

the effectiveness of separation and hence, gold recovenes are increased.
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5.3.8 Oil type

As seen from Table 5.1, the preliminary investigation on a different type of oil has shown
that the oil type has no significant effect on the percentage gold recoveries. As this was
an early stage investigation, a further investigation was planned and is discussed in the
next chapter (see Experiment 5.9, Appendix A). As the use of a different oil type alters

the actual values of © and 723, it should be kept in mind that these factors might influence

percentage gold recoveries as a result of an alteration in the thermodynamic stability of
the system. See section 6.2, Chapter 6, for a detailed study into the effect of various oil

types on the percentage gold recoveries.

5.39 The mineralogy of the ore

The effect of mineralogy of the ore on the CGA process was performed. which lead to a

total decrease of 9% in average gold recovenes

when an industrial ore was used instead of the synthetic ore mixture. A summary of the

results is shown in Table 5.4, below.

Table 5,4~  Preliminary results after performing the CGA experiment on an

industrial ore as compared to that of the synthetic ore.

CONDITIONS % GOLD RECOVERIES
Standard experiment on synthetic ore (Exp. 4.2) 38.40
Standard experiment on Industrial ore (Exp. 5.10a) 29.17

As the CGA process is most suitable for ores comainng free/liberated gold particles. the
industrial ore was subjected to cyanide leaching (Experiment 5.10b Appendix A) to
determine the amount of dissolved gold. The gold in the industrial ore could be

characterised as follows (see Exp. 53.10a and 5.10b, Appendix A):
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e 92.96 % was liberated/free gold and
* 7.04% was dissolved gold

From the above percentage free gold it is concluded that the industrial ore sample
contained the sufficient amount of liberated gold to render it feasible for the CGA
process. It was, however, found that gold recoveries for this ore was much lower than for
the synthetic ore and other factors had to play a part. At this stage of the investigation it
was speculated that the mineralogy of the ore could cause lower gold recoveries as a
result of a decrease in the maximum gold transfer into the oil phase, cuased by either the
entrapment of gold into the mineral matrix or by the fact that some minerals were
transferred into the coal-oil phase, leaving “less space” for gold to attach. Therefore,
further investigations into the effect of the mineralogy of t.e ore was conducted in the

next chapter for completion of this study (see section 6.4, Chapter 6).

54 SUMMARY

It is seen from the results on the sensitivity analysis (see Table 5.1) that the percentage

gold recoveries by the CGA process was influenced positively by factors such as:

* Anincreased amount of coal

* Anincreased volume and concentration of PAX

¢ A decreased amount of water to prepare the slurry
¢ Contact by using the stirrer

* Contact times exceeding 50 minutes

Furthermore, it was found that factors such as an increased amount of oil and contact by
the rolling bottle technique decreases percentage gold recoveries. As the investigations
concerning the type of oil and mineralogy of the ore are preliminary studies, no
conclusions were made on these subjects at such an early stage. Finally. the means of

separation to be the most suitable for the abovementioned experimental conditions was
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found to be scraping, whereas in certain cases the size of the agglomerates were 1o large

and a sieve was used for thorough separation of the agglomerates.

Therefore, the conditions for optimal performance were found by lumping all the factors
which caused gold recovery percentages to increase and are characterised by the

following experimental ratios:

¢ the coal:oil ratio remained 100:20 by volume,

e the coal:ore ratio remained 1:1 by mass,

¢ the water:ore ratio was halved from 135 ml/4.17 g ore to 75 ml/4.17 g ore,

» the concentration of collector was doubled from 1g/100 ml to 2g/100ml and finally

s the volume of collector was doubled from 10 to 20 ml of the above solution.
The optimal experimental conditions were therefore stipulated as follows:

- 4.17 g synthetic ore,

- 4.17 g coal,

- 1 ml Ethane Oleate as oil,

- 20 mi of a 2g/100 ml solution of potassium amyl xanthate (PAX) as collector.
- 75 ml of distilled water,

- contact was done by stirring for 50 minutes,

- separation was done by either scraping or sieving. depending on the size of the

agglomerates,

- all samples were dried overnight at 80° and ashed for 7 hours at 700,

All further tests were performed under the optimised conditions. which will be discussed

in the next chapter.
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CHAPTER 6

EVALUATION OF THE CGA
PROCESS UNDER OPTIMAL

CONDITIONS

6.1 CGA UNDER OPTIMAL CONDITIONS

As mentioned in the previous chapter, the conditions for most efficient performance of
the CGA process was a compilation of the parameters that favoured maximal gold
recoveries. A summary of these are as follows: a contact period of at least 50 minutes,
contact by stirring, the addition of a collector and a decreased amount of water was used
to prepare the slurry. According to the results of this sensitivity analysis it implied that
the following alterations had to be made to the conditions of the standard experiment: the
amount of water was halved from 135 ml to 75 mi, the collector (PAX) concentration and

volume was doubled to 20 ml of a 2g/100 ml solution and finally all the components were

contacted by stirring for 50 minutes.

A bottle with a 200 ml volume (the same as used in the standard experiment) was used to
perform the experiments and all the materials were added in the amounts as stipulated
under optimal conditions in the last section of the previous chapter (see Experiment 6.1,

Appendix A). Analysis were performed by either the Graphite Tube Atomiser (GTA) or
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the Inductively Coupled Plasma (ICP) and are tabulated below. See Appendix A,
SAMPLE ANALYSIS for more information on the GTA and/or ICP.

Table 6.1 - The gold recoveries by the CGA process as performed under

optimal conditions

CONDITIONS AND METHOD OF ANALYSIS % Au RECOVERY
Standard Conditions, GTA analysis (Exp. 4.2) 384
Optimal Conditions, GTA analysis (Exp. 6.1) 445
Optimal Conditions, ICP analysis (Exp. 6.3) 84.5

It is seen from Table 6.1 that the overall gold recoveries, as analysed by the GTA had
increased from 38.4 to 44%. Although an improvement had been observed, it was still a
very low result and for this reason it was sought to utilise an alternative instrument, i.e.
the ICP, for analysis. Furthermore, another experiment was performed under optimal
conditions, whereby the mass balance was checked by analysing the treated ore sample
(C1) as well, see Experiment 6.2, Appendix A. From these results the GTA gave much
lower, but still consistent results (32.9%) and the mass balance was incomplete, which
confirmed the need of utilising another instrument for analysis. The GTA used in these
analyses is a very old instrument which was starting to be problematic for further
analysis, as seen from the results of Experiment 6.2. All samples were treated in the
exact same manner as before i.e. drying, ashing and dissolving them into aqua regia, the

only difference being the instrumental analysis.

As seen from Table 6.1, the percentage gold recoveries by ICP analysis had increased to a
promising 84.5% and by analysing the treated ore sample, it was seen that the mass
balance had mostly been completed, as 12% gold remained in the treated ore. For a
complete mass balance the total amount of gold in the system should equal that which
had been recovered in the coal-oil phase, added to that which had remained in the treated

ore and entails that the addition of the percentage gold of each phase should equal 100%,
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which is true in our case (84.5% + 15.75% = 100.5%), see Exp. 6.3, Appendix A. It
could, therefore, be concluded that the low results in previous experiments were rather
instrumental based than caused by human error. It is not the aim of this exercise to
present an explanation as to why the ICP analysis yielded the better results, but rather to
utilise the information to the advantage of this study. Needless to say, all subsequent
analyses were performed on the ICP, as the results were fairly reproducible with an error
margin of less than 5%. Although some of the results in this chapter was obtained by
GTA analysis, these are mentioned for the sake of completeness, but emphasis is placed

on the better results by ICP analysis.

As the sensitivity analysis had been completed and basic optimal conditions were
specified and proven to result into gold recoveries above 80%, it was at this point
possible to evaluate the CGA process. Subsequent investigations, therefore were aimed
at evaluating the performance of the optimised CGA process under certain chosen

conditions, as will be discussed within the bulk of this chapter.

6.2 THE OPTIMISED CGA PROCESS ON VARIOUS OIL TYPES

6.2.1 Experimental procedures and Results

The CGA process was performed on various industrial oil types to ascertain the effect of
these on the percentage gold recoveries, as all past experiments were performed on
ethane oleate, which was an oil taken from the chemical store to start off the experimental
programme. The oils used for this investigation were supplied by Caltex and is known as
base oils i.e. oils which has not undergone any extensive chemical treatment. Refer to
Table 6.2 for the chemical analysis of these oils, as performed by Caltex. It is seen that

these oils are very similar with respect to chemical composition. whereas each differs

mainly with respect to viscosity and colour.
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Table 6.2 - Chemical analysis of the oils supplied by Caltex
CHEMICAL PROPERTY 100 Solvent | 150 Solvent | 450 Solvent
Neutral oil | Neutral oil | Neutral oil

Density @ 20 °C, g/l 0.86 0.8680 0.8803

Kinetic viscosity @ 40 °C, mm'/s 20.28 32.2 86.78

Kinetic viscosity @ 100 °C, mm/s 4.093 5.408 10.23

Viscosity @ 40 °C [Kin.visc.* density],Pa.s | 0.0174408 | 0.0279496 | 0.0763924

Viscosity index 100 101 99

Flash point, °C 202 210 248

Pour point, °C -18 -15 -6

Colour L1.5 L1.5 L3.5

Calcium, ppm <1.0 <1.0 <1.0

Zinc, ppm <1.0 <1.0 <1.0

Magnesium, ppm <1.0 <1.0 <1.0

Water by Crackle Negative Negative Negative

Table 6.3- Gold recoveries by the CGA process found for different oil types,

analysis by either ICP or GTA

OIL TYPE % Au recoveries | Exp. | % Au recoveries | Exp.
(ICP analysis) no. (GTA analysis) no.

Ethane Oleate 88.74 6.7 4455 6.1

100 Solvent Neutral, Caltex 76.11 6.8 33.11 6.4

150 Solvent Neutral, Caltex 86.50 6.9 32.35 6.5

450 Solvent Neutral, Caltex 83.86 6.10 31.67 6.6
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The CGA experiment was performed under optimised conditions, each time using a
different oil type. The average gold recoveries obtained by each oil type is shown in
Figure 6.3. It is, however, seen that analysis were performed by both the ICP and GTA.
The results from the GTA analysis were disregarded, as these were very low and mass
balances were incomplete, hence the results from the ICP analysis were used in further

discussions.

From the results it is seen that the CGA process yielded the best results when utilising
cthane oleate as the agglomerant, followed by the 150 Solvent Neutral (SN) Caltex oil,

450 SN oil and finally the 100 SN Caltex oil.

6.2.2 Discussion of the Results

As illustrated in Figure 3.5, Chapter 3, the percentage gold recoveries were

established/affected by the thermodynamic stability, maximum gold transfer and the

efficiency of separation. Therefore the results shown in Figure 6.3 were dictated by each

of these factors to a certain extent. Each of these factors were, however. found to be
influenced by a set of different variables/operating parameters, as seen in Figure 3.5.
Therefore, a checklist was drawn up from the diagram (Fig 3.5) for each of the oils used
in order to acknowledge the influence of these factors and variables on the percentage

gold recoveries and hence, serve as possible explanation for the recoveries found.

6.22.1] Predictions according to the thermodynamic stability model

It has been mentioned at an earlier stage that the oil type influenced the thermodvnamic

stability of the CGA process in that the three-phase contact angle (8) and interfacial
tension (y.3) for each varied. Therefore, it was vital to measure each for the purpose of
comparing the oil types with respect to the thermodynamic stability. The three-phase
contact angles (8) for each oil on the gold surface in the presence of water was measured

in the same manner as in Chapter 3. section 5.3.1. by utilising the moving microscope and
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are recorded in Table 6.4 (see Experiment 6.19, Appendix A). Note that the following
abbreviations were used: EO - Ethane Oleate, 100 SN - 100 Solvent Neutral Caltex oil,
150 SN - 150 Solvent Neutral Caltex oil and 450 SN - 450 Solvent Neutral Caltex oil.

The interfacial tension between each oil and water was calculated from the following

equation (Glasstone et al., 1981):

YAB = YB - YA ...(6.1)
where: vas = the interfacial tension between the oil and water (J/m’)
Ya = the surface tension of water/oil { J/mz)
Y8 = the surface tension of the oil: water ( J/mz)

Since surface (and interfacial) tensions are always positive, it follows that the interfacial
tension is less than that of the larger of the two surface tensions. This is because the
attraction across the interface, between the molecules of one liquid and those of the other,
tends to reduce the inward pull of the molecules in the surface by those of the same kind.
The greater the molecular attraction between the two liquids. the iower the interfacial
tension. Before the calculation could be done. it was vital to determine the surface

tensions of each oil and this was measured byv utilising the capiliury rise method.

The capillary rise method operates on the basis of comparing the capillary rise of the

liquid in question with that of a standard liquid such as water. of known surface tension.
If / is the rise of the liquid of surface tension ¥ and density p in a given capillary tube.
and Ay is the rise of a liquid in the same tube of a standard liquid. i.e. waer. of density p,

and surface tension o, it follows from equation (6.2) that:

’{f‘g’g = hp/hopu (62)
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Refer to Experiment 6.20, Appendix A, for all the measurements taken and calculations

to obtain the oil/water interfacial tension for each oil utilised in the experiments. Table

6.4, below depicts all the interfacial tensions, as werc measured and calculated.

Furthermore, it was seen that the sizes of the agglomerates varied with each different oil

type used, whereas an estimation as to the average radii was made and is shown in Figure

6.4.

Table 6.4 - The list of all the variables influencing the THERMODYNAMIC
STABILITY of the CGA process for each oil.

LIST OF FACTORS EO 100 SN 150 SN 450 SN

Three-phase contact angle (6) 64.6° 33.14° 48.08° 76.76°

Interfacial tension between oil

and water (y33) - J/m’ 2.060x107 | 2.502x107 | 2.458x107 | 2.391x107

AVerage I'eoal-oil agglomerates - MM 1.5 3 2 2

K (Fooal-oit agglomerates / Tgold particie) 34.09 68.18 45.45 45.43

Fryg = (kK + D2 -k - cos 0 -0.4093 -0.5796 -0.6534 -0.2143

F'ua = y23 [Fi] - J/m® 8.434x107 | -1.450x107 | -1.600x107 | -5.124x 10"

THEORETICAL RATING 3 2 1 4

ACTUAL RATING 1 4 2 3

(% Au Recovery) 88.74 % 76.11 % 86.50 % 83.86 %

The agglomerates were, however divided into three “'size classes™ as follows:

¢ small agglomerates - average diameter of 1.5mm

e medium agglomerates - average diameter of 2 mm

* large agglomerates - average diameter of 3 mm
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As seen from Table 6.4, both the non-dimensionalised free energy (F"p.;) and total free
energy (F'y.) was calculated by utilising the equations that were derived earlier (Chapter
3) It is known that the oil yielding the lowest F”y1 is thermodynamically the most stable
and should therefore yield the highest gold recoveries, whereas it was then possible to
predict which oil type would perform the best. According to the calculations of F'y the
theoretical rating of the each oil is recorded in Table 6.4, thus predicting which oil type
should yield the better gold recoveries. It was, however found that the actual
performance of each oil with respect to actual gold recoveries were vastly different than
predicted, as indicated in the last two rows of Table 6.4. Therefore, it was suspected that
the other factors influencing gold recoveries had to be taken into consideration before any

further prediction regarding the gold recoveries were to be inade.

6.2.22 Influence of other factors on gold recoveries

The other factors have been identified earlier as the maximum gold transfer of gold

particles into the coal-oil phase and the separation efficiency of the agglomerates from the

ore slurry, which are each individually influenced by certain variables, as seen in Table
6.5 and 6.6 (see Figure 3.5, Chapter 3). It is obvious from the results and predictions that

the effect of these parameters were vital.

As all the experiments were performed under optimised conditions. it is seen from Tables
6.5 and 6.6 that the only variables influenced by the varying the oil types, concerning both
maximum gold transfer and separation efficiency, were the sizes of the agglomerates.
According to the theoretical study performed in Chapter 3, section 3.5, both the
maximum gold transfer and separation efficiency and hence, the gold recoveries were

favoured by agglomerates of a small size:

s As the smaller size agglomerates provide a larger surface area for gold particles 1o

attach, it is predicted that the maximum gold transfer into the coal-oil phase would

take place under these conditions, thus causing increased gold recoveries.
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e Turthermore, it was found that the separation efficiency was favoured by smaller

agglomerates if separation was performed by scraping, as the addition of a collector

enhances the floatability of the agglomerates, whereas larger agglomerates were

separated by utilising a sieve and the separation might be less efficient.

Table 6.5-  The checklist of variables influencing the MAXIMUM GOLD
TRANSFER of gold particles into the coal-oil phase.
LIST OF VARIABLES EO 100 SN | 150 SN | 450 SN
1. Contact period good good good good
2. Means/motion of contact good good good good
3. Mineralogy of the ore good guod good good
4a. (size of agglomerates) small large medium | medium
4b. Available surface area of agglomerates large small medium | medium
5. Collector Addition good good good good
POSSIBLE RATING ] 4 2/3 2/3
Table 6.6 -  The checklist of variables influencing the SEPARATION
EFFICIENCY of coal-oil agglomerates from the ore slurry.
LIST OF VARIABLES EO 100 SN | 150 SN | 450 SN
1. Agglomerate size i.€. I'coal-oil agglomerates small large medium | medium
2. Agglomerate stability good goed good goad
3. Collector addition good good goo . good
4. Means or separation Scrape Sieve Scrape Scrape
1 4 213 2/3

POSSIBLE RATING
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By applying the above principles and utilising the information gained from performing
the experiments, it was possible to predict which oil type would, according to the

maximum gold transfer and separation efficiency, yield the better results.

It is seen from Tables 6.5 and 6.6 that the oil yiclding the smallest agglomerates, i.e.
ethane oleate should vield the best gold recoveries, followed by either the 150 SN or 450
SN Caltex oil, which both formed medium sized agglomerates and finally the 100 SN

Caltex oil which formed very large agglomerates should yield the lowest gold recoveries.

All the predicted and actual ratings of which oil type should perform best were, however,

summarised in Table 6.7, below:

Table 6.7-  The predicted and actual ratings of the performance of each oil type

with respect to gold recoveries obtained by the CGA process.

PREDICTED RATINGS EO 100 SN | 150 SN | 450 SN
Ratings according to thermodynamic stability | 3 2 1 4
Ratings according to maximum gold transfer | 1 4 2/3 2/3
Ratings according to separation efficiency I 4 2/3 2/3
ACTUAL RATINGS 1 4 2 3

It is seen from the above table that the actual performance of each oil type was closest to
what was predicted by the maximum gold transfer and separation efficiency models.
therefore, confirming that the influence of these factors on the percentage ¢old recoveries
outweighed the influence of the thermodynamic stability. As both the '50 SN and 450
SN Caltex oils formed medium sized agglomerates. 1t was not possible to utilise the
maximum Au transfer and separation efficiency models to predict the exact performance

of each with respect to gold recoveries.
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It could then be concluded that valuable predictions as to the performance of the CGA
process could be made by utilising the thermodynamic stability model in conjunction with
the maximum gold transfer and separation efficiency factors. Furthermore, it was vital to

take the influence of each into account when explaining typical gold recoveries by the

CGA process.
6.3. RECYCLING
6.3.1 Recycling of the ore phase

The coal-oil agglomerates (A;) were contacted with and cre sample (C,) after which it
was separated and the ore contacted with a “fresh” coal-o:.! sample (A;) of the same
quantity as before (see Experiment 6.11, Appendix A). Both the coal-oil agglomerate (A,
and A} samples were analysed for gold. The first batch of agglomerates recovered and
average of 37.9% of the gold from the ore phase and the second batch of agglomerates a
further 4.25% of the gold. A further experiment was performed and all three sampies:
Aj, Ay and C|, were analysed in order to check the mass balance (see Experiment 6.12,
Appendix A). From these results it was, however, found that 32.22% gold was recovered
in the first batch of agglomerates and a further 4.27% in the second batch of
agglomerates, which is very close to the previous results. Furthermore, it was found that
a low 0.93% gold remained in the ore sample (C,;), which was an unrealistic low value

and was disregarded, as the GTA has proven to yield incomplete mass balances.

In conclusion, it is seen from the low results, that the analysis was done by the GTA and
although these values are low, it could still be concluded that the coal-oil agglomerates

are capable of recovering gold from very low grade ores.
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6.3.2 Recycling of the coal-oil phase

The CGA process was performed as usual (utilising the 7 g/t synthetic ore sample
utilising ethane oleate and contacting with a magnetic stirrer for 50 minutes) and after
separation, Step 1, the agglomerates (A,) were contacted with a “fresh” ore sample (Cy),
Step 2. The objective of this experiment was to find if the coal-oil phase was capable of

recovering gold after being recycled.

The sketch below illustrates the procedure:

ATA A
'e) O
Ao L 1A 102009 (Az)
Step I Step 2
Co —1— l T Cn
Cl C2

Figure 6.1 - A schematic representation of the recycling procedure of the
agglomerates.

See Experiment 6.13, Appendix A, for the experimental conditions and raw data. The
analysis were done on the ICP, whereby gold values for Cg1. Coa. Cy, C; and A, were
actually measured and hence, values of A; and A: were obtained by calculation (see
CALCULATIONS, Appendix A). A set of three experiments were performed and the

results are recorded in Table 6.8.

The overall percentage gold recoveries were calculaied from the actual measured values
(Aw. Cor and Cp), whereas the gold recovery percentages for before and after recycling the
agglomerates (Step 1&2) are calculated from the calculated A, and A, values, see
CALCULATIONS,  Appendix A for the all the calculations done. The average overall

gold recovery was found to be slightly above 100% {100.4). which is explained by the
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fact that the value of Cy), which equals Cy; and represents the original gold loading of the
ore, was a measured average of 6 different samples and this average value of 6.22 g/t was

used throughout all the calculations. All the samples that were taken, however were

representative of those used during the experiments.

Table 6.8 - Results obtained after performing the CGA test and recycling the

coal-oil agglomerates (see Experiment 6.13, Appendix A).

Exp. % Au recovered in coal- | % Au recovered in coal- | % decrease | Overall %
Run no | ©1l Phase after Step 1 oil phase after Step 2 after recycle | Au Recovery

1 83.04 72.25 11 100.4 |

2 81.88 74.56 6 95.16

3 84.19 79.96 5 105.6
Average 83.03 756 7.44 100.4

From the tabulated results, it is seen that the agglomerates recovered an average of
83.03% of the gold after it was contacted with the ore the first time and a further average
of 75.6% gold was recovered after recycling it. Therefore. it is found that the coal/oil
agglomerates had the capacity of recovering an average of only 7.44% less gold after it
had been recycled once. Furthermore, it was found that the gold loading onto the coal-oil
agglomerates was increased from an average of =6-7 g/ton {see Experiment 6.3 and
Experiment 6.7, where gold loading on the coal samples 1-4 (A;) was roughly 6-7.5 g/t,
Appendix A] to 12-14 g/ton [see Experiment 6.13, Appendix A, where th: gold loading
onto the coal samples 4,5 and 6 (At), where roughly 12-14 g/ton]. This cenfirms that the
recycling procedure is an effective operation and hence, serves as an incentive to promote
~ the CGA process in terms of the economical viability thereof. Experrments 6.3,6.7 and
6.13, which were quoted above were all performed under the exact same optimal

conditions, whereas Exp. 6.13 was taken further by recycling the coal-oil phase.
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It could, therefore, be concluded that the CGA process is capable of recovering gold
particles into recycled coal-oil agglomerates with the capacity of recovering only +7%
gold less the second time around, thus almost doubling the gold loading onto the

agglomerates.
6.4 CGA ON AN INDUSTRIAL ORE

It has been speculated from the preliminary investigation performed in Chapter 5 (see
section 5.2.7 and 5.3.9) that the mineralogy of the ore caused lower gold recoveries due to
the fact that the gold particles could be entrapped within tae ore matrix or that minerals
other than gold was recovered in the coal-oil phase. It was atiempted in this investigation
to perform further experiments and apply the theoretical knowledge at hand to confirm

the above statements or rather explain the lower gold recoveries.

As the experiment that was performed on the industrial ore in Chapter 5 was done under
standard (see Experiment 5.10a, Appendix A) and not optimised conditions and analysis
performed on the GTA, the CGA experiment was repeated under optimised conditions
and analysis performed on the ICP (see Experiment 6.14, Appendix A). Although the
results of Experiment 5.10a have shown percentage gold recoveries to be lower, the
repeat was still carried out and the results are tabulated below in Table 6.9, only
presenting the results of Exp. 5.10a for the record. [t is, however, seen that the results for
CGA under optimised conditions on a synthetic ore varied from 84.5 (Experiment 6.3) to
88.7% (Experiment 6.7), whereas the experimental conditions for these two experiments

were exactly the same.

Furthermore, it is found from Table 6.9 that the percentage gold recoveries yielded by the
CGA process, when performed on an industrial ore sample was 1.8 to 6% lower than for

that performed on the synthetic ore. The exact same industrial ore that was used in
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Experiments 5.10a and b was utilised in this experiment (Exp. 6.14) and was found to
contain 93% liberated gold particles (see Experiment 5.10b), whereas the gold particles in
the synthetic ore samples was 100% liberated. Therefore, the lower recoveries by the
industrial ore was found to be caused by the fact that the gold in the sample was not
100% or fully liberated. As some gold was entrapped within the ore matrix because of
the mineralogy of the ore it caused the maximum Au transfer of gold particles into the

As the

coal-0il phase to be less and hence, lower gold recoveries were found.
experimental conditions were optimal, utilising ethane oleate as agglomerant, the

thermodynamic stability and separation efficiency were performed at its optimal and the

lower gold recoveries were explained by the maximum Au transfer as done in the

previous statement (see Figure 3.5, Chapter 3 for all the factors and variables influencing

gold recoveries).

Table 6.9 - The percentage gold recoveries obtained by repeating the CGA

experiment under optimised conditions on an industrial ore sample.

Conditions and ore types used Instrumental % Au
Analysis recoveries
CGA on synthetic ore under optimal conditions (Exp. 6.3 -6.7) icp 845-88.7
CGA on industrial or under optimal conditions (Exp. 6.14) ICP 82.7
CGA on industrial or under standard conditions (Exp. 3.10aj GT4 2717

Therefore, the speculation that the entrapment of gold particles into the ore matrix caused
lower gold recoveries was in fact true and is confirmed. The second speculation inplies
that other minerals were possibly recovered into ihe coal-oil agglomerates, leaving less
“surface area™ for gold particles to attach and hence, lower gold recoveries. It was then

decided to perform the CGA experiment on the industrial ore under optimised conditions
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and recycle the coal-oil phase to find if recoveries would be lower, refer to Table 6.1 for

the results, as compared to that of utilising a synthetic ore sample.

Table 6.10 - Resulting % Au recoveries by the CGA process after recycling the

coal-oil phase, using either the synthetic ore or Industrial ore.

% Au recovered into | % Au recovered into| % decrease in Au
ORE TYPE the coal-oil phase after | the coal-oil phase after | recoveries after recycling
the first contact the second contact the coal-oil phase
Synthetic ore
(Experiment 6.13) 83.03 75.6 7.44
Industrial ore
(Experiment 6.15) 77.3 48.86 2847

As seen from the results in Table 6.10, the gold recoveries found after recycling the coal-
oil agglomerates were much lower when an industrial ore sample was used, whereas a
decrease of 28.47% was found after using the same coal-oil samples for the second time.
as compared to the 7.44% lower recoveries after recycling with the synthetic ore.
Therefore, it was decided to perform a XRD analysis on the untreated and pre-treated coal
and ore samples after performing the CGA process on an industrial ore, to determine if
minerals other than gold was being recovered into the coal-oil phase which could cause
the lower recoveries after recycling (see Experiment 6.16, Appendix A). The results on

the XRD analysis is tabulated in Table 6.11

The X-ray Diffraction (XRD) analysis is a surface based analytic methed, which does not

quantify the minerals on the surface. but rather qualifies those present. Therefore. it is
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seen that no gold particles were detected on the surface of the samples, which is no proof
that they do not exist in the matrix of the coal-oil agglomerates, which seems to be the
case. However, it is seen that the coal-oil agglomerates captured some other minerals,
besides gold, as quartz, pyrophyllite and chlorite etc. were found in the treated coal-oil
sampies and that these results merely state that the presence of other minerals could have
an effect on the performance of the Coal Gold Agglomeration (CGA) process (refer to

Experiment 6.16, Appendix A).

Table 6.11 - The results on the X-Ray Diffraction (XRD) analysis, illustrating
which minerals were present in the relevant samples (see Experiment

6.16, Appendix A for the conditions and diffractograms).

—

ORE - before CGA

COAL - before CGA

ORE - after CGA

COAL - after CGA

Quarts
Pyrophyllite
Pyrite
Chlorite
Mica

Non graphitised carbon
kaolinite
traces of mica

traces of calcite

less pyrophyllite
less pyrite

less chlorite

Carbon (some graphitised)
Quartz

Pyrophyllite

kaolinite

minor amounts or pyrite,

mica, chlorite and calcite

Therefore, it was assumed that the lower results obtained after recycling the coal-oil
agglomerates were caused by the other minerals clogging the surface of th. agglomerates
so that all gold particles were not able to attach effectively. In the light of the theoretical

study, the thermodvnamic stability and separation efficiency was stable and at optimal

performance, whereas the mineralogy of the ore affected the maximwin gold transfer of

gold particles into the coal-oil phase and. hence gold recoveries in two instances:
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e Firstly, the entrapment of gold particles in an ore matrix, caused by the mineralogy of
the ore had rendered the gold particles to be less hydrophobic, causing the maximum
gold transfer into the coal-oil phase and, hence the gold recovery to be less, as seen

with the lower results in Table 6.9.

e Secondly, the presence of other minerals, characteristic of the mineralogy of the ore,
was found to be detrimental to gold recoveries as some of these minerals could be
attached to the coal-oil agglomerates, “clouding” the surface. Therefore, causing /ess
agglomerate surface, in a certain sense, for gold particles to attach and hence,

minimising the maximum gold transfer of gold particles into the coal-oil

agglomerates. The above statement was concluded after recycling the coal-oil
agglomerates and finding gold recoveries to be much lower than when using a
synthetic ore mixture, refer to Table 6.10. Furthermore, a XRD analysis of the
untreated and pre-treated ore and agglomerates have shown minerals other than gold

to be “picked” up by the agglomerates, thus confirming the speculations made earlier.

6.5 CGA versus MERCURY AMALGAMATION

It was not only the purpose of this study to investigate the CGA process. but also to asses
the potential of this “new” technology as a potential alternative to existing small scale

mining operations, such as mercury amalgamation.

Trial and error tests were performed and a great deal of time and effort was spent on the
safety aspects involved. The amalgamation test was run under the standard conditions as
used at the Centre for Mineral Technology (CETEM). in Brazil, which are: 30% solids
by weight; mercury/ore ratio: 1:20; Sodium hydroxide (NaOH)/ore ratio: 1/1000 and

CO—ndiIiOHing for two hours in a horizontal cylinder at 20 rpm (Costa er al., 1994),
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A synthetic gold ore (7 g gold/ton ore) was prepared as follows: 44 pm gold particles
were thoroughly mixed into a 1 kg sitlica sample in the particle size distribution size of -
106 um. Pure mercury was obtained from the chemical store. Furthermore, sodium
hydroxide (NaOH) was added to optimise the surface properties of the mercury with

respect to the feed charge in the closed “vessel” (Hentschel er al., 1992b).

Mercury is a dangerous substance, therefore the necessary safety precaution were
important. If spilled, the metal devides into hundreds of “little balls”, which is the effect
impurities has on the pure metal. If not cleaned up properly, the metal vaporises with
time and the toxic vapour is absorbed via the respiratory tract. Therefore, it was decided
to perform the experiments inside a perspex container, specially designed to fit into a
fume cupboard to account for both spillages and toxic vapours. Furthermore, sulphur
(which reacts with mercury) was kept at hand as well as a vacuum pump fitted with a
mercury trap, to account for spillages. Special cartridge masks. fitted with mercury
cartridges, were worn during the experimentation. All mercury wastes were sent to

Waste Tech for disposal.

The experiments were performed on the basis of 20 (Expeniment 6.17) and 10
{Experiment 6.18) gram synthetic ore samples. From the above ratios. the 20 g ore
samples was added to 50 ml of a 0.4 g NaOH/1 solution into a 200 ml bottle. to which 1g
of mercuary was added and contacted for 2 hours on a roller at £200 rpm (the lowest
setting on the rollers available for our use). The 10g samples were contacted with 0.5 g
mercury and 25 ml of the same NaOH solution. A separation funnel was used to separate
the amalgam from the slurry. Both the ore samples as well as the amalgam was dissolved
in agua regia and the analvsed on the ICP for gold. The amalgam sample was put inside
a round bottom flask, fitted to a reflux condenser and heated by utilising a heating mantel
inside the vacuum cupboard. The reflux condenser was used as an additional safety
precaution to condense possible mercury vapours before they could reach the atmosphere.
Refer to Experiments 6.17 and 6.18, Appendix A for the experimental conditions and raw

data.
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Representative ore samples ( Samples 13-18, Exp. 6.17 and Samples 7-9, Exp 6.18) were
analysed to determine the gold loading of the synthetic ore before any contact so that the
mass balance could be checked. Unfortunately, the percentage gold recoveries were not
calculated from the amalgam samples, as these measured very low gold values, thus
concluding that the large amounts of mercury and/or acid had a negative affect on the
instrumental analysis by ICP. Therefore, it was decided to calculate the percentage gold
recoveries form the remaining ore samples. It was assumed, however, that the remaining

gold was transferred to the “mercury phase”. The results are tabulated in Table 6.12.

Table 6.12 - Gold recovery percentages measured after performing mercury

amalgamation as compared to that of Coal Gold Agglomeration.

Mass of ore sample (g) % Au recovery obtained from | % Au recovery obtained from
Mercury Amalgamation Coal Gold Agglomeration,

utilising Ethane Oleate

20 g (Experiment 6.17) 70.70
10 g (Experiment 6.18) 70.74
AVERAGE 70.72 83.03 - 88.75

The average gold recoveries obtained from the CGA process was recorded from
Experiment 6.13 (83.03%) and Experiment 6.7 (88.75%) and represents the CGA process
under optimised conditions, utilising ethane oleate and a synthetic ore nixture. It is,
however, seen from Table 6.12 that percentage gold recoveries by the CGA process were

approximately 12 to 18 % beiter than by the mercury amalgamation process.
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6.5.1 Predictions according to the thermodynamic stability model

Both the mercury amalgamation and CGA processes were firstly assessed with respect to

the thermodynamic stability.

As the oil type utilised in the CGA experiment was known (Exp. 6.7 and 6.13), it was
possible to find the actual interfacial tensions, y,3, for each process, whereas v23 denotes
the interfacial tension between ethane oleate and water (Yo;jwaier) for the CGA process and
the interfacial tension between mercury and water (Ymecurywarer) fOr the mercury

amalgamation process, whereas the following values were measured/calculated:

®  Yoiwaer for the CGA process, utilising ethane oleate = 2.06 x107 I/m” (see Experiment

6.19, Appendix A)

®  Ymercurywater 10T the mercury amalgamation process was calculated from the surface
tensions of water and mercury, whereas both are recorded in literature (Barrow,

1989):

Ymercury/water = Ymercun - Vwater

0.480 - 0.07275

4.07250x10" J/m?

From the above calculations, it is, however, seen that the actual value of Ymercun waer
exceeded the actual value of Yoiywaer by one order of magnitude and implies that the
magm'fude of the free energy per unit area (F'y.) for the amalgamation process will
alwavs be one order of magnitude larger than F'yy, for the CGA process, where F'y; =

y23[F"1] (see section 3.4.4, chapter 3). It was, however. stated that the actual “sign” in
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front of F”j;; was the determining factor when comparing processes, as a larger negative
“sign” would identify the more stable process. Therefore, two scenario exists when

comparing the mercury amalgamation process and CGA process:

o Fyp = v [+ F'yg] = + Fu, which is true for 6 > 90°, for each process, as seen
from Figure 6.2 and 6.3. When this is true, the fact that the order of magnitude of
Ycoa < Yamateamanon 18 to the advantage of the CGA process, as the actual value of F'yy,
for the CGA process will be one order of magnitude less than F’y,; for the
amalgamation process on the positive scale, rendering it to be the more stable process

and implies better gold recoveries.

o Fui = v [-F'ma] = - F'y, which is true for 0° < 6 <99°, as seen from Figures 6.2
and 6.3. When this is true, the fact that the order of magnitude of Ycca < Yamatgamaon
is to the disadvantage of the CGA process, as the actual value of F'y for the CGA
process will be one order of magnitude less than F'i; for the amalgamation process on
the negative scale. This implies that the free energy per unit area for the
amalgamation process is a larger negative value, rendering it to be the more stable and

hence, the process to yield better gold recoveries.

For the above two scenarios to hold. it was , however. found that the three-phase contact
angles for both processes had to be either above 90° (6 > 90°) or below 90° (0° < 0 <
90°) at the same time. This is illustrated in Figures 6.2 and 6.3. which are plots of the
free energy per unit area (F'yy.;) vs. k at various values for the three-phase contact angle (8)

for the mercury amalgamation process (Figure 6.2) and CGA process (Figure 6.3).

It was found that the measurement of the three-phase contact angle (8) of mercurv on a
gold surface, in the presence of water required a more advanced technology. whereas

mercury forms an alloy i.e. amalgam with gold as soon as it “touches™ the surface, which
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by measurement would then be 6 for mercury on the amalgam surface instead of the pure
gold surface in the presence of water. Therefore the mercury amalgamation process was
not defined by a specific three-phase contact angle (8), but it was assumed that 8 had to

be less than 90° (0° £ 8 < 0°) as gold recoveries were above 70%.

The gold recoveries by the CGA process, as recorded in Table 6.12, was for utilising
ethane oleate as agglomerant (Exp. 6.7 and Exp. 6.13), which measured a three-phase
contact angle (0) of roughly 64.6°, which is below 90° and confirms that the value of F'y
is a negative value, as seen from Figure 6.4. As various three-phase contact angles (0)
were measured for the different oils utilised in the CGA process (see Table 6.4 or
Experiment 6.19, Appendix A for the measurement thereof), it would not be just to
confine one specific three-phase contact angle to the overall CGA process. Therefore, it
was seen from Figure 6.4, regardless the oil type used, the value of F'y; was always
below 0, i.e. negative, as three-phase contact angles for the various oil types were all

measured below 90°,

In conclusion, it was assumed that the three-phase contact angle for the amalgamation
process was below 90°, and as 6 for the CGA process was already measured to be below
90°, 1t implies that the free energy per unit area (F';;) for both processes were in the
negative scale. As the order of magnitude of vcga < Yamalgamawon. 1t 1S. therefore, further
concluded that the free energy per unit area for the amalgamation process would yield a
F'y larger negative by one order of magmitude and hence, should yield the better gold
recoveries. The opposite was, however, found when performing both e .periments. as
gold recoveries by the CGA process exceeded that of the Amalgamation process (refer to

Table 6.12). Therefore, the effect of other factors. such as the maximum Au transfer of

gold particles into the coal-oil or mercury phase and/or the separation efficiency of the

coal-oil agglomerates and/ore amalgam also need to be considered.
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6.5.2 Influence of other factors on gold recoveries

A checklist of all the variables possibly influencing the maximum gold transfer of gold

into the coal-oil phase and/or mercury phase as well as the separation efficiency of the
coal-oil agglomerates and/or amalgam, was drawn up in Figures 6.13 and 6.14 for each
process. Although the CGA and mercury amalgamation differ with respect to the coal-
oil agglomerates and mercury droplets being the gold carriers the mechanism of
attachment of gold particles to the agglomerates and/or mercury droplets are still assumed
to be the same. The efficiency of attachment might, however, differ because of the
physical differences of coal-oil agglomerates and mercury droplets, which might

influence the maximum gold transfer and separation efficiency of each process.

Therefore, it was aimed to determine which process should be the more effective

according to these factors, which was dictated by the physical substance of the

agglomerates and mercury droplets.

As it is seen from Figure 6.13, the contact periods, mineralogy of the ore, available
surface area of agglomerates or mercury droplets and chemical additions were all stable

and sufficient to ensure maximum gold transfer into the coal/oll and mercury phases. It

was, however, found that the mode/motion of contact for the two processes differed. It is
in effect not this variable as such which caused the difference in gold recoveries for the
two processes, but rather the response of the gold carriers 1.e. agglomerates and mercury
droplets to each mode of contact selected for the specific process. In order to elucidate the

above statement the following should be taken into account:

Mercury droplets are much denser and heavier than coal-oil agglomerates. which verifies
why stirring was not selected as the mode of contact, whereas the mercury droplets would
rather sink to the bottom than stay in suspension. Although the rolling bottle technique is
the most efficient mode of contact for the mercury amalgamation process, it does not
entail that contact is as efficient as stirring is for the CGA process. However, due to the

density of the mercury droplets. the rolling bottle technique might not provide the same
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sufficiency of motion, as most of the mercury droplet/gold particle contact takes place at
the side of the bottle, whereas the rolling action forces the matter in the botile to assemble
as the rolling action proceeds. It is, therefore, concluded that stirring provides a more
sufficient contact for gold particles and agglomerates than does the rolling bottle action
for the mercury droplets and gold particles, thus having a better chance of increased

maximum gold transfer and hence, gold recoveries.

The same argument holds for the separation efficiency, whereas the agglomerate or

mercury droplet stability, radit and chemical additions are sufficient for efficient
separation, as depicted in Table 6.14. It was, however the response of the gold carriers
(agglomerates and mercury droplets) to the means of separation, which caused the
difference in gold recoveries. Therefore, it was assumed that separation via scraping for
the CGA process was more efficient than was separation via a separational funnel for the
amalgamation process. As mercury divides into small droplets, it was difficult to separate
all the smaller droplets completely, leaving a larger percentage possible amalgam behind
and explains why the separation efficiency and hence. gold recoveries by amalgamation

was less.

Table 6.13 - The checklist of variables influencing the MAXIMUM GOLD
TRANSFER of gold particles into the coal-gil and/or mercury phase,

LIST OF VARIABLES Coal Gold Agglomeration | Mercury Amalgamation
1. Contact period 50 minutes 2 hours

2. Means/motion of contact Stil'ringi ! rolling bottle lechniquei
3. Mineralogy of the ore synthetic ore synthetic ore

4a. (size of agglomerates) " small small - medium

4b. Available surface area of agglomerates large large

5. Chemical Additions Collector (PAX) NaOH
POSSIBLE RATING 1 2
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EFFICIENCY of coal-oil agglomerates and/or amalgam from the ore

slurry.
LIST OF VARIABLES Coal Gold Agglomeration | Mercury Amalgamation
1. Agglomerate size i.€. feogloif agglomerates small small to medium
2. Agglomerate/ droplet stability good good
3. Chemical additions Collector (PAX) NaOH
4. Means or separation Scrape‘ Separation funnel”
POSSIBLE RATING 1 2

In conclusion the response of the coal-oil agglomerates to the mode of contact and means
of separation chosen for the CGA process was more effective, than was the response of
mercury droplets to those chosen for the amalgamation process. This explains why the

maximum gold transfer into the coal-oil phase and the separation efficiency thereof was

better than for the amalgamation process, thus causing better gold recoveries.

Finally, the importance of the operating parameters to gold recoveries are confirmed. as
these could explain the lower gold recoveries by amalgamation. as was not possible by
utilising the thermodynamic stability model alone, whereas the affect of these on gold

recoveries outweighed the predictions made by the model.

Although the CGA process does not outperform the amalgamation process in strictu
sensu, it definitely is the better alternative based on the environmental friendliness and
safety thereof. Furthermore, gold loadings can be increased on one batch of agglomerates
by recycling, which makes the CGA even more attractive in terms of the economics, as

would be compared to the amalgamation process.



123

Fii (6 =180°) Fui(8=909) Fiu(®=55) Fy (0=20%

E
Y
£ 05
S
‘; 03 Frllﬂ (9 = 00)
= 0l \
o
j=5
@ 0l ¥ 20 40 60 80 100
8 -03+
5
= 0.5
Ratio of radii of coal-oil agglomerates to gold particles (k)
Figure 6.2 - The free energy per unit area (F'yp) vs. k at se.ected values for the
three-phase contact angle (6) from 0° to 180° for the MERCURY
AMALGAMATION process.
0.06 e

0.05
0.04
0.03
0.02
0.01

F (0= 180°) P (8=90° Fu (®=55) Fy,(8=20°

i (8=10°%

-0.01
-0.02
-0.03

20 40 60 80 100

Free energy per unit area (Fjj) - I/im?

Ratio of radii of coal-oil agglomerates to gold particles (k)

Figure 6.3 - The free energy per unit area(F'y) vs. k at selected values for the
three-phase contact angle (0) from 0° to 180° for the COAL GOLD
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CHAPTER7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 CONCLUSIONS

(a) The CGA process yielded promising results, which under optimal conditions were
up to 85% gold recoveries. By performing a sensitivity analysis on the operating

parameters, the optimal conditions were found to be:

¢ Contacting the coal-oil agglomerates and ore slurry for periods exceeding 50
minutes.

e Contacting the coal-oil agglomerates and ore slurry by stirring.

¢ The addition of a collector, i.e. potassium amy] xhantate (PAX).

¢ A decreased amount of water to prepare the ore slurry.

® An increased amount of coal/agglomerates

Furthermore, it was found that factors such as an increased amount of oil and

contact by the rolling bottle technique decreased percentage gold recoveries.

(b) A set of recycling experiments was performed. whereby the ore phase was

recycled and it was found that the CGA process 1s suitable for recovering gold
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from very low grade ores. Further recycling of the coal-oil phase has proved that
it is possible to increase the gold loading onto the coal-oil agglomerates, which

will be to the advantage of the economical viability of the process.

When the CGA process was repeated on a real ore sample, whereby the effect of
the mineralogy of the ore on the performance of the CGA process was
investigated, lower gold recoveries than with the synthetic ore was found and the

following conclusions were made:

o Firstly, the mineralogy of an ore dictates the amount of free/liberated gold
particles, as gold could be entrapped within the mineral matrix, causing less
liberated gold particles to be available for recovery into the coal-oil
agglomerates and hence, lower gold recoveries are found.

e Secondly, a recycling test had revealed that gold recoveries by the second
batch of agglomerates was much less than with a synthetic ore mixture and
after performing XRD analysis, the presence of other minerals in the coal-oil
phase was confirmed and concluded to cause the lower gold recoveries due to

the “clogging™ of the agglomerates surface to gold particles.

A theoretical model was derived from first principles. whereby the
thermodynamic stability of the CGA process was related to the total free energy
per unit area, which is a function of the three-phase contact angle (8), interfacial
tension (yy;) and ratio of radii of agglomerates to gold particles (k). The
thermodynamic stability was concluded to be a measure of the feasibility of the
process and hence, linked to the percentage gold recoverics and valuable

predictions were made. It was, however, found that the thermodynamic stability

was not the only determining factor when predictions as to gold recoveries were
made, as the maximum gold transfer into the coal-oil phase and the separation
efficiency of the agglomerates were factors found to be detrimental to gold

recovery predictions. Furthermore, the last two factors mentioned in the previous
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staternent was each dependent on certain operating parameters. It was concluded,
therefore, that percentage gold recoveries was affected by both theoretical factors
(linked to the thermodynamic stability) and operating parameters (linked to the
maximum gold transfer and separation efficiency), whereas both were 10 be
acknowledged when gold recovery predictions were made. Finally, the
application of the knowledge gained from the theoretical study was in aid of

explaining certain tendencies found in the results after performing experiments.

By perfoming the CGA experiments on various oil types, it was concluded that
the application of the theoretical knowledge was useful when utilising the
thermodynamic stability model in conjunction with the maximum gold transfer
and separation efficiency factors to make very acurate predictions as to the
percentage gold recoveries. [t was, however, found that percentage gold
recoveries were the highest when utilising ethane oleate as agglomerant.
Although ethane oleate was found to yield one of the least thermodynamically
stable configurations, the influence of the maximum gold transfer and separation
efficiency factors outweighed the influence of the stability model, which

explained the better gold recoveries.

A comparative study was conducted, whereby the CGA process was compared to
mercury amalgamation in order to ascertain if it is in fact a valid alternative for
small-scale gold mining. Laboratory scale batch tests were performed. whereby
gold recoveries of 70% was found, which is less than for the CGA process.
Although the amalgamation process vielded the thermodynamically more stable
configuration, the influence of the other factors, i.e. maximum gold transfer and
separation efficiency was found to outweighed the influence of the

thermodynamic stability on gold recoveries and explains why the CGA process

performed better.
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RECOMMENDATIONS

As the essence of this study is summarised in Figure 3.5, Chapter 3, it is recommended

that any person/institution engaging in any future studies on the CGA process, utilise the

meaningful information recorded in this diagram and the bulk of this script. However, it

seemed plausible to recommend that the following preliminary investigations be carried

out before engaging in any such investigations.

Before the selection of an oil type, the three-phase contact angle (8) of various oils
measured on a pure gold surface in the presence of water, followed by the
measurement of the interfacial tensions (yz3) between water and the oils should be
completed (see Experiments 6.19 and 6.20, Appendix A for the methods of
measurements). The oil measuring the lowest three-phase contact angle (6) below 90
° and the largest interfacial tension (y3), should then be selected, as a three-phase
contact angle (8) closest or equal to 0° ensures thermodynamic stability, which is then
enhanced by a large interfacial tension. This type of configuration will ensure
thermodynamic stability

It is vital that the size of the agglomerates and gold particles be monitored. as the ratio
of agglomerate to gold particle radii (k) should be as large as possible. implying that
the size of the agglomerates should exceed the size of the gold particles to be
recovered. Therefore, if very large gold particles are to be recovered, the size of the
agglomerates could be enlarged by utilising larger coal particles to prepare the
agglomerates.

As the means of separation is dictated by the size of the agglomera‘es. it is vital to
select the correct means of separation for complete separation e.g. larger agglomerates
would require the use of a sieve rather than a floatation procedure.

It is further recommended that the mineralogy of an ore be characterised. finding the
exact amount of liberated gold particles in the gold ore and the actual minerals

present.
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o Finally, it is recommended that the stirring speed in a scale-up operation be
investigated to find the optimal speed of particle rotation for optimal gold particle and

agglomerate attachment.
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NOMENCLATURE

Ay

AL AL AS
A

[AU]dissolved
[Au]free
[Au]al

C

Co

Coi

Coz

C,

the mass of (or mass of gold in the) coal-oil agglomerates
entering the system (g)

the mass of (or mass of gold in the) coal-0il agglomerates
after contacting once (g)

the mass of (or mass of gold in the) coal-oil aggiomerates
after completion of Step 2

the surface areas of each given component (m?)

the total mass of ore (or gold in the) recovered in the coal-
oil agglomerates after recycling it once [A+A;] (mg)
dissolved gold concentration in the ore {(g/t)

free/liberated gold concentration in the ore (g/t)

total gold loading on the gold ore (g/t)

Mode/motion of contact

the mass of (or mass of gold in the) ore entering the system {g)
the mass of gold entering step 1 (mg)

the mass of gold entening step 2 {mg)

the mass of (or mass of gold in the) ore remaining after
contacting once (g)

the mass of (or the mass of gold in the) ore remaining afier
completion of step 2 (mg)

the free energy of stage 1 (J /m’)

the free energy of stage II (J/m”)

the total free energy per unit area (J/m?)

the total non-dimensionalised free encrgy (J/m”)

the height of the oil drop (mm)

height of the liquid rise in a capillary tube (cm)

height of the water nise in a capillary tube (cm)
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k - the radius of the coal-oil agglomerate devided by the radius

of the gold particle
M - Mineralogy of the ore
N - the amount/number of agglomerates present
r - radius of a sphere (m)

Tcoal-oil agglomerates - average radii of the coal-oil agglomerates

Foil - the radius of the oil drop (mm)

S - Available surface area of agglomerates

Step 1 - contacting the coal-oil agglomerates with an ore sample (50
minutes)

Step 2 - contacting the recycled coal -oil agglomerates from Step 1

with a fresh ore sample (50 m.nutes, stirring)

T - Period of contact (minutes)

Vv - Volume of a sphere (m®)

X - means of separation

Y - Coliector Addition

Y - unknown surface tension of the liquid, which is to be
measured (J/m")

YA - the surface tension of water/oil (J/m")

YaB - the interfacial tension between the oil and water (J/m°)

¥B - the surface tension of the oil/water ( J/mz)

Yo - known surface tension of water (J/m”’

Y12 - Interfacial tension between gold and oil (J/m”)

ME - Interfacial tension between gold and water (/m?)

Y23 - Interfacial tension between oil and water (/. m")

6 - the three-phase contact angle, measured through the oil
phase onto the gold surface in the presence of water (°)

Bmaxent - the critical/ maximum three-phase contact angle. measured

through the oil phase onto the gold surface in the presence

of water (°}
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SAMPLE ANALYSIS

The Coal Gold Agglomeration (CGA) process has been described in detail in this script
and it will therefore be assumed that the reader is familiar with the sample methodology.
For one single CGA test there are three different samples to be analysed nl.:

¢ the initial ore sample (Cy), to determine the initial gold concentration in the ore,

¢ the coal-oil agglomerates (A;), which have been dried and ashed (see section 4.4) is
analysed to determine the amount of gold which is recovered in this phase and

o the final ore sample (C)), to determine the gold loss from initial conditions.

Analysis to determine percentage gold recoveries was, however, performed by one of two
instruments, nl. the Graphite Tube Analyser (GTA) or the Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES), which will be referred to as the ICP in this
script. The GTA was used to analyse the samples at the Cape Technikon, by the masters
student herself, whereas more information as to the settins utilised during analysis is
available. It is, however, not possible to provide the reader with the exact setting used
during ICP anlysis, as these analyses were performed by an “outside” company, as will be
discussed later in this section.

The Grapite Tube Analyser (GTA)
The temperature program and settings utilised for the analysis of gold on the GTA was as

follows:

Table Al -  Furnace operating parameters for the analysis of gold (Au) on the
GTA, utilising a pyrolitic coated graphite tube as atomiser.

Step no. Temperature Time Gas flow Gas type Read
_(*O) (seconds) | (L/minute) Command
1. 90 5 1 nitrogen
2. 112 60 ] nitrogen
3. 120 20 1 nitrogen
4. 700 5 1 nitrogen
3. 700 20 0 nitrogen
6. 700 1 1 nitrogen
7. 700 5 0 nitrogen
8. 700 0.1 0 nitrogeti
9. 2400 1.2 0 nitrogen *
10. 2400 2.0 0 nitrogen *
11. 3000 2.0 3 nitrogen
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The function of the temperature raises are to generate a population of free gold atoms so
that the atomic absorption could be measured. This is achieved in three temperature
stages, which are identified as follows:

L. Drying - step no. 1 to 3 - this is the stage in which the solvent is removed from the
sample furnace.

2. Ashing - step no. 4 to 8 - at this stage the organic molecules or inorganic material
is removed.

3. Atomization - step no 9 to 11 - this is the stage in which free atoms are generated

within a confined zone. The absorption signal produced in the atomization stage
is a sharp peak, the height (or area} of which can be related to the amount of
analyte element present and is being read at stages 9 and 10, as indicated in the

table above.

The afomic absorption is measured via a techique called the atomic absorption
spetrometry (AAS). In AAS light of a wavelength charact :ristic of the element of interest
is shone through the atomic vapour. The source of light is provided by a “gold lamp”,
which is inserted and wavelenght settings etc. are installed to ensure that the correct
wavelength for gold is provided. Some of the light which is shone through the atomic
vapour is then absorbed by the atoms of the element to be read, gold in our case. The
amount of light that is absorbed by these atoms is then measured and used to determine
the concentration of that element in the 20 pul which was injected by microsyringe (Brodie
et al., 1982; Boss et al., 1997).

The Inductively Coupled Plasma (ICP)

Analysis were performed by Mr Arrie van Deventer of the AGRICULTURAL
RESEARCH COUNCIL at the Stellenbosch Institute for Fruit Technology, Infruitec, in
Stellenbosch:

INFRUITEC, Private Bag X53013, Stellenbosch, 7599, South Africa.
Tel: (021) 809 3322, Fax: (021} 883 8669 [International: 27 21}
E-mail: netmanager@infruit.agric.za. Web site: www.arc.agric.za

The basic operation of an ICP is as follows: Argon gas is directed through a torch
consisting of three concentric tubes made of quartz or some other suitatle material. A
copper coil, called the load coil, surrounds the top end of the torch and is connected to a
radio frequency (RF) generator, which applies power to the load coil which causes an
alternating current moving back and forth within the coil. This RF oscillation of the
current in the coil causes RF magnetic and electric fields to be set up in the area ai the top
of the torch. With argon gas being swirled through the torch, a spark is applied to the gas
causing some electrons to be stripped from their argon atoms, which are then caught up in
the magnetic field and accelerated by them. Adding energy to the electrons by the use of
a coil in this manner is known as inductive coupling. These high-energy electrons in turn
collide with other argon atoms, stripping off still more electrons. This collision
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ionization of the argon gas continues in a chain reaction, breaking down the gas into a
plasma consisting of argon atoms, elecrons, and argon ions, forming what is known as an
inductively coupled plasma (ICP) discharge. The ICP discharge is then sustained within
the torch and load coil, as RF energy is continually transferred to it through the inductive
coupling process. The ICP discharge appears as a very intense, brilliant white, teardrop-
shaped discarge, which is toroidal, or “doughnuti-shaped” at the base because the sample-
carrying nebulizer flow literally punches a hole through the centre of the discharge. The
body of the “doughnut” is called the induction region (IR) because this is the region in
which the inductive energy transfer from the load coil to the plasma takes place. This is
also the area from which most of the white light, called the argon continuum, is emitted.
Allowing the sample to be introduced through the induction region and into the centre of
the plasma gives the ICP many of its unique analytical capabilities.

The sample is introduced into the the ICP as a liquid that is nebilized into a aerosol (a
very fine mist of sample droplets) which is carried into the centre of the plasma by the
nebulizer. The high temperature plasma then desolvates (removes the solvent from the
aerosol), leaving the sample as microscopic salt particles, which are then decomposed
into a gas of individual molecules (vapourisation) that are then dissosiated into atoms
(atomization). The process decribed in this paragraph is basically the same as used in the
funace (GTA) tor atomic adsorption spectrometry. The next two functions of the ICP
remaining is that of excitation and ionization where one of the electrons in the atom/ion is
promoted to a higher energy level in order to be able to emit its characteristic radiation.

Obtaining qualirative information, i.e., what elements are present in the sample, involves
identifying the presence of emission at the wavelength characteristic of the element of
interest e.g. gold. Obtaining guantitative information, i.e., how much of an element is in
the sample, can be accomplished using plots of emission intensity versus concentration
called calibration curves. Solutions with known concentrations of the element of interest
(gold in our case), i.e. standard solutions, are introduced to the ICP and the intensity of
the characteristic emission for each element, or analyte, is measured. These intensities
can then be plotted against the concentrations of the standards to form a calibration curve
for each element. When the emission intensity from the analyte is measured, the intensity
is checked against the element’s calibration curve to determine the concentration ppm or
mg/L) corresponding to the intensity. The software used with the ICP instrument
represents these calibration curves mathematically within the computer’s memory, thus it
is not necessary for the analyst to construct these curves manually for qurntitation of the
elements in the sample (Boss er af., 1997). Therefore. the experimental raw data which
was drawn from ICP analysis is directly in the form of ppm (mg/L).
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CALCULATIONS

After all the samples have been treated with agua regia and the analysis thereof had been
completed by GTA analysis, the results were obtained after tedious calculations, as will
be seen in this section. For each analysis a calibration curve was drawn by plotting the
mass gold (mg), (linked to the concentrations of each standard) which is a known value
by the standards chosen, versus the absorbance readings, as determined by analysis on the
GTA. The calibration curve, being a straight line, provided an equation for convening
the absorbance readings for each sample into the exact mass of gold [Mass Au (mg)]
present in 20 ul (injected by microsyringe) of the specific sample under consideration.
The concentration of gold is calculated by deviding the mass gold by the volume, which
is 0.00002 litres (20 pl) - [Conc. (ppm)]. From this the total mass of gold is calculated
by multiplying the the concentration by the exact volume of the volumetric flask in
which the sample was diluted - [Total mass of Au (mg}]. As the exact masses of ore and
dry coal-oil agglomerates have been recorded, it is possible to determine the gold loading
on each sample. Finally the % Au recoveries for each sz mple/run was determined by
deviding the total mass of gold present in the coal-oil sample by the mass of gold
originally found in the in the ore.

As the results by ICP analysis was provided in the form of [Coenc. (ppm)j, all the
calculation mentioned above up to this point was only necessary for samples that were
analysed by ICP, as the software provided with the ICP analysis handled the mathematical
conversions to this point. All further calculations, however, up to % Au recoveries were
performed in the same manner as for the samples analysed by GTA.

Note that all numbers printed in iralics were disregarded, as these values differed with to
a large amount from the others read at the same time.

Mass Balance Check - Caleulations

As some of the experiments in Chapter 6 were done to check if the mass balance was
complete, it is vital to provide the reader with the calculations done to get to each result,

as will be discussed in this section.

The Coal Gold agglomeration process was performed, after which both he coal/oil and
ore samples were analysed for gold. In the past the ore (C,) was analysed for gold before
performing the test after which the coal/oil samples (A;) were analysed and the
assumption was made that the “lost” gold was stili present in the remaining cre (C,).
This procedure was followed because of the time consuming and :edious process of
perfect separation of the coal/oil agglomerates and ore. However. it was decided to
“check the mass balance™ of the gold in the system by analysing the ore before (C,) as
well as after contact (C;). See Figure Al below for a simplified illustration of the
samples.
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©_o
A—1% 0 8 61— A

88 — —> C

Figure Al. A simple illustration to assist in the “mass balance” calculations.

From the above sketch : A, = The mass of coal/oil/agglomerates entering the system (g)
The mass of coal/oil/gold agglomerates after contact (g)

é: : The mass of gold ore entering the system (g)
C; = The mass of ore remaining after contact (g)
Overall Mass Balance:
Co+ A =6C + A ..(1)
Gold Balance:
Coru= Crau + Arlay i)

Equation (2) states that no gold is present in the coal/oil agglomerates before contact and
that the mass gold (mg) present in the ore before contacting the phases (Cy.4, ) equals the
sum of the masses of gold (mg) present in the ore (C.4,) and coal/oil agglomerates

(Aj-ay) after contact.

The percentage gold recovery in the coal phase was calculated as follows:

% Au recovery in the coal/oil phase = (Aj.44)/(Co-ay) * 100 ...(3)
The percentage gold remaining in the ore phase (C,) was, however calculated as follows:
% Au unrecovered gold in the ore phase (C) = (Cy.au)/ (Coau) * 100 k)

The mass balance was checked by adding the results of equations 3 and 4, whereas a
complete mass balance implies that this addition should yield 100%.
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Recycling of the coal/oil phase - Mass balance checking - Calculations

The CGA process was performed as usual and after separation, the agglomerates (A))
were contacted with a “fresh” ore sample (Cgz). The objective of this experiment was to
find if the coal/oil phase was capable of recovering gold after being recycled. The sketch
below illustrates the procedure.

A=A+ A
Ao, SA; 0P| (a
Step 1 Step 2
Cm —_— l < Coz
C| CZ

Figure A2. A schematic representation of the recycling procedure of the agglomerates.

The percentage gold recovery (% Au recovery) was determined for each step, where:

Step 1 = Contacting the coal/oil agglomerates with an ore sample (50 minutes),

Step 2 = contacting the recycled coal/oil agglomerates from Step 1 with a fresh,
ore sample (50 minutes, stirring),

A; = the mass of gold recovered from the ore after completion of Step I (mg),

A; = the mass of gold recovered from the ore after completion of Step 2 (mg),

A, = the total mass of gold recovered in the coal/oil agglomerates after recycling it
once [A; + A;] (mg),

Co1 = the mass of gold entering Step 1 (mg),

Co2 = the mass of gold entering Step 2 (mg),

Ci = the mass of gold remaining in the ore after completion of Step 1 (mg) and

C = the mass of gold remaining in the ore after completion of Step 2 (mg).

Overall gold balance:

(mass of gold)out

(mass of gold)
Cu+Cn+A = A +A+C +CG

Ch+Cn =A+C + G ey



Gold balance over Step 1:

Il

{mass of gold)y = (mass of gold)our
Co = AL+ C
Percentage gold recovery over Step 1:
(mass of gold in coal/oil phase)/(mass of gold in original ore sample) * 100

Therefore:

% Au recovery in coal/oil phase for Step 1 = (A(/Cy;) * 100)
= {Cor - Ci)/Co * 100

The same was argued for Step 2, which gave rise to the following equation:
% Au recovery in coal/oil phase for Step 2 = (Coz - C3)/Coz * 100

The Overall gold recovery percentage was calculated as follows:

(total mass of gold in agglomerates)/(mass of gold in original ore sample) * 100

Overall percentage gold recovery in coal/oil phase = [AJ/(Cy -+ Cqy)] * 100

I51

...(6)

A7)

...(8)

.(9)

The analyses were done on either the GTA or ICP, whereby values for Cy). Cy2. C). C,

and A, were actually measured and hence, values of Ay and A; were obtained by

calculation.



EXPERIMENTAL CONDITIONS AND RAW DATA

CHAPTER 4

Experiment 4.1 - Analysis of synthetic ore mixture on GTA

- The exact amount of ore to be analysed on the GTA is calculated, as a straight
lined calibration curve is only found below concentrations of 0.04 ppm (see
section 4.4). Therefore, the exact sample masses and volumes in which these are
to be prepared are vital for accurate analysis. As 0.04 ppm represents 0.04 mg Au
per litre, it suggests that a 100ml volumetric flask should not contain more than
0.004 mg gold. Therefore, based on the theoretical gold load of 7 g/ton, it was
calculated that a 0.571 g ore need to be weighed out in order for the maximum
amount of gold present in the ore sample not to excecd 0.004 mg and samples are
then, after dissolution in aqua regia and filtration dibited in 100 ml volumetric
flasks. By use of a microsyringe, 20 pl or each sample is “injected’ into the
stationary graphite tube in the GTA, after which analysis proceeded. All samples
were representative to the entire sample mass, weighed out by spreading the
sample mass out and deviding it into 4 blocks, of which the same mass (adding up
to approximately 0.5 g ore) was taken from each “block™.

Experiment 4.2 - CGA under Standard Conditions (GTA analysis)

The Standard Conditions are stipulated below and are based on the ratios determined in
section 4.2: coal:oil = 100:20 (by volume); coal:ore = 1:1 (by mass) and water:ore = 135
ml water/4 g gold ore. A single batch experiment was performed under the following
conditions:

- 4.17 g synthetic ore (7g/t)

- 4.17 g coal

- 1 ml Ethane Oleate

- 10 ml of a 1g/100 ml solution of Potassium Amyl Xhantate (PAX)

- 125 ml of distilled water

- Contact of the coal/oil phase and ore slurry was performed on a laboratory scale
mechanical shaker for 50 minutes.

- Separation of the coal/oil phase was done by scraping the agglomerates from the
surface of the aqueous solution.

- All samples (coal and ore) were dried overnight at 80 °C and weighed out into
crucibles the following morning after which they were ashed for 7 hours at
700 °C.

- Three batch experiments were performed at once. It was at first assumed that the
mass balance had been completed. therefore. only using the coal-oil samples



153

(samples 1-3) and representative ore (samples 4-6, not exceeding 0.5 g. see Exp.
4.1) samples weighed out previously to determine the exact amount of gold
originally present in the ore and the exact amount of gold that has been recovered
into the coal phase.

After dissolution into aqua regia, the coal samples (samples 1-3) were diluted into
250 ml flasks and the ore samples (samples 4-6) into 100 ml flasks in order to
ensure that the concentrations of each does not exceed 0.04 mg/1.

Analysis were performed on the Graphite Tube analyser (GTA).



EXPERIMENT 4.1

Determination of Au loading on synthetic ore of theoretical loading: 7 g/t.

CALIBRATION CURVE FOR GTA

Mass Au |Absorb. |[Volume [Conec.
(mg) (avg) (micro 1) |(ppm)
0 0 20 0
2E-07 0.2046 20 0.01
4E-07 0.4106 20 0.02
8E-07 0.7394 20 0.04
Intercept 0.01608
Slope 921628.6

Absorbance readings for standards

Standard 1 0.198 0.197 0.206 0.214 0.208
Standard 2} 0.412 0.408 0.404 0.413 0.416
Standard 3 0.75 0.745 0.74 0.729 0.733

Calibration curve for GTA - Exp 4.1

g 1 y = 921629x + 0.0161
. [ 2
Abs. = slope*mass Au + intercept £ 05 _ H=0.8e02 |
5 0 ' . i ‘ ¢ Absorb. (avg) ‘
0 2E-07 4E-07 BE-07 B8E-07 ‘
| ====Linear (Absorb.
Mass Au (mg) (avg))
RESULTS
Sample [Mass ore |Absorb. |[Mass Au |Conc. Total mass of Au Loading on Au ore

|Absorbance readings

(2) (avg) (mg) (ppm) (mg) (ppm or mg Awkg ore or g/ton)
1 0.5038 0.562| 5.92E-07| 0.029617 0.002962 5.87875 0.552 0.557
2 0.54 0.618| 6.53E-07( 0.032655 0.003266 6.047266 0.632 0.603
3]  0.5268| 0.601667| 6.35E-07{ 0.031769 0.003177 6.030586 0.617 0.605

Average gold loading on ore:

6.038926 g Au/t ore

129!



EXPERIMENT 4.2 - CGA under Standard Conditions

SAMPLE MASSES
Sample Meprucible Merye, + conl |Meruc, + ash | More Monl My
(2) (8 () &) () (8
1 (coal) 26.4673| 30.4397| 27.0446 - 3.9724 0.5773
2 (coal) 29.5907 33.432 30.161 - 3.8413 0.5703 o o
3 (coal) 28.3035] 32.3273] 28.8921] - 4.0238 0.5886
4 (ore) 287835 ) ) 0.5298 i ) Calibration curve for GTA - Exp.4.2
8 . =910707x + 0.0059
S(ore) | 29.4389| - - 059 - - g o Sl it
6 (ore) 26.742 . # 0.5527 . 5 | g 0.4
0.2
0 . ‘ : ' | @ Absorb. (avg.)
0 2E-07 4E-07 B6E-07 BE-07
Mass Au (mg) ‘—'—Linear (Absorb. |
CALIBRATION CURVE FOR GTA Ll
Mass Au |Absorb. |Volume ([Conec. Standard{ Absorbance readings
(mg) (avg.) (micro I) [(ppm)
0 0 20 0

2E-071 0.179571 20 0.01 Standard | 0.187 0.187 0.165 0.167 0.177 0.191 0.183

4E-07] 0.394667 20 0.02 Standard 2 0.4 0.391 0.393 - - - -

8E-07] 0.724333 20 0.04] Standard 3 0.737 0.712 0.724 - - - -
Intercept 0.0059
Slope 910707

Abs. = Slope*mass Au + Intercept

cel



RESULTS (Experiment 4.2)

Sample |(Mass ore {Absorb., {Mass Au (Conc, Total m,,|Au loading on ore/coal Absorbance Readings
() (avg.) (img) (ppm) (mg) (ppm or mg Aw/kg ore or g/ton)

1 (coal) 3.9724) 0.783667| 8.54E-07| 0.042701] 0.010675 2.687371 0.786 0.776 0.789

2 (coal) 3.8413 0.7711 8.41E-07] 0.042006| 0.010501 2.733829 0.787 0.752 0.797 0.748
3 (coal) 4.0238) 0.7435) 8.1E-07] 0.040496] 0.010124 2.51603 0.724 0.779 0.753 0.718
4 (ore) 0.5298 0.816| 8.9E-07{ 0.044476| 0.004448 8.39495 0.809 0.818 0.821

5 (ore) 0.59] 0.69175] 7.53E-07( 0.037655| 0.003765 6.382171 0.722 0.732 0.669 0.644
6 (ore) 0.5527 0.674| 7.34E-07| 0.03668] 0.003668 6.636565 0.643 0.689 0.728 0.636

Average Au loading on ore

6.509368 g Auw/!t ore

Mass of gold per single ore samp 0.027144 mg Auw/ 4.17 g ore

Au recovery Percentage

| Total ma, in coal sample/my, in single ore samplej* 100

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

39.32835 %
38.68786 %
37.2973 %

AVERAGE Au recovery %

38.43784 %

9¢1



157

EXPERIMENTAL CONDITIONS AND RAW DATA

CHAPTER §

Experiment 5.1 - Contacting times (GTA analysis)

Three batch experiments (runs 1,2,3) were prepared in the exact same manner, after
which each was subjected to different contact times:

Run 1l - 10 minutes
Run 2 - 20 minutes
Run 3 - 30 minutes

The experimental conditions for each batch test were as foilows:

- 4.17 g synthetic ore (7g/1),

- 4.17 g coal,

- 1 mli Ethane Oleate,

- 10 ml of a 1g/100m] PAX solution,

- 125 m! distilled water,

- contact was done by shaking,

- separation was done by scrapng the coal-o1l phase from the surface,
- all samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,
- dilutions were done in the following volumetric flasks: samples 1,2.3 (coal-oi]

agglomerates) - 250 ml flasks and samples 4,5.6 (ore samples) - 100 mi flasks.

- The ore samples indicated on the information sheet (4.5.6) were representative
and analysed for the original gold loading, whereas the mass balance was assumed
to be completed and the ore samples used in the actual experiment were
disregarded, as the filtration procedure of the fine material was to time consuming
without the use of a vacuum pump, which was not available at that stage.

- Analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.2 - Mode of Contact: Stirring (GTA analysis)

- 4.17 g synthetic ore (7g/),

- 4.17 g coal,

- 1 ml Ethane Oleate,

- 10 ml of a 1g/100ml PAX solution,

- 125 ml distilled water.

- contact was done by stirring for 50 minutes. using a magnetic stirrer of
appropriate size. whereas the speed of the stirrer was set on maximum speed.

- separation was done by scrapng the coal-oil phase from the surface,
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- all samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,

- dilutions were done in the following volumetric flasks: samples 1,2,3 (coal-oil
agglomerates) - 250 ml flasks and samples 4,5,6 (ore samples) - 100 ml flasks.

- The ore samples (4.5.6) were representative and analysed for the original gold
loading, whereas the mass balance was assumed to be completed and the ore
sample used in the actual experiment were disregarded, as the filtration procedure
of the fine material was to time consuming without the use of a vacuum pump,
which was not available at that stage.

- Analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.3 - Mode of Contact: Rolling bottle technique (GTA analysis)

- 4.17 g synthetic ore (7g/1),

- 4.17 g coal,

- 1 ml Ethane QOleate,

- 10 ml of a 1g/100ml PAX solution,

- 125 ml distilled water,

- contact was done by the rolling bottle technique for 50 minutes, using a set of
rollers, consisting of a stationary and a moving shaft, which provided the rolling
action. The experiments was performed under maximum speed.

- separation was done by scrapng and sieving the coal-oil phase from the surface, as
the size of the agglomerates were larger than usual and required the use of a sieve
for effective and complete separation

- all samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,
- dilutions were done in the following volumetric flasks: samples 1,2.3 (coal-oil

agglomerates) - 250 ml flasks and samples 4,5.6 (ore samples) - 100 m] flasks.

- The ore samples (4.5.6) were representative and analysed for the original gold
loading, whereas the mass balance was assumed to be completed and the ore
sample used in the actual experiment were disregarded, as the filtration procedure
of the fine material was to time consuming without the use of a vacuum pump.

which was not available at that stage.
- Analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.4 - The coal:ore ratio (GTA analysis)

The coal:ore ratio was increased from 1:1 (coal:ore) to 1.5:1. using 6,255¢ coal together
with 1.5 ml oil instead of 4.17 g coal and 1 ml oil.

- 4.17 g synthetic ore (7g/t),

- 6.255 g coal,
- 1.5 ml Ethane Oleate,
- 10 ml of a 1g/100ml PAX solution,

- 123 ml distilled water,
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- contact was done by shaking for 50 minutes,

- separation was done by scrapng the coal-oil phase from the surface,

- all samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,

- dilutions were done in the following volumetric flasks: samples 1-6 (coal-oil
agglomerates) - 250 ml flasks and samples 7,8,9 {ore samples) - 100 ml flasks.

- The ore samples (7,8,9) were representative and analysed for the original gold
loading.

- Analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.5 - The coal:oil ratio (GTA analysis)

Increasing the coal:oil ratio from 100:20 (by volume) to 100:40, therefore using 2 m| of
Ethane Oleate instead of 1 ml.

- 4.17 g synthetic ore (7g/t)

- 4.17 g coal

- 2 ml Ethane QOleate

- 10 ml of a 1g.V100m! solution of PAX

- 125 m] of distilled water,

- contact was done by shaking for 50 minutes,

- separation was done by scrapng,

- All samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,

- dilutions were done in the following volumetric flasks: samples 1,2,3 (coal-oil
agglomerates) - 250 mi flasks and samples 4,5.6 (ore samples) - 100 ml flasks.

- The ore samples (4,5,6) were representative and analysed for the original gold
loading.

- Analysis were performed on theGraphite Tube analyser (GTA).

Experiment 5.6 - The Water:ore ratio (GTA analysis)

The amount of water was decreased by approximately nalf. from 125 ml to 75 mi.

- 4.17 g synthetic ore (7g/1)

- 4.17 g coal

- 1 ml Ethane Oleate

- 10 ml of a 1g/100ml PAX solution,

- 75 ml distilled water,

- contact was done by shaking for 50 minutes,

- separation was done by scrapng,

- All samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,

- dilutions were done in the following volumetric flasks: samples 1.2.3 (coal-oil
agglomerates) - 250 ml flasks and samples 4,5.6 (ore samples) - 100 m] flasks.
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- The ore samples (4,5,6) were representative and analysed for the original gold

loading.
- Analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.7 - Volume of PAX (GTA analysis)

Doubled the volume of PAX from 10 to 20 ml of 1g/100 m! solution.

- 4.17 g synthetic ore (7g/t)

- 4.17 g coal

- I ml Ethane oleate

- 20 ml of'a 1 g/100ml solution of PAX

- 125 ml of distilled water,

- contact was done by shaking for 50 minutes,

- separation was done by scraping,

- All samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,
- dilutions were done in the following volumetric flasks: samples 1.2,3 (coal-oil

agglomerates) - 250 ml flasks and samples 4,5,6 (ore samples) - 100 ml flasks.
- The ore samples (4,5,6) were representative and analysed for the original gold

loading.
- All analysis were performed on the Graphite Tube Atomiser (GTA).

Experiment 5.8 - Concentration of PAX (GTA analysis)

- Doubled the concentration of PAX from a 1g/100 ml solution to 2g/100m]

solution, still using 10 ml.
- 4.17 g synthetic ore (7g/1)
- 4.17 g coal
- 1 ml Ethane oleate
- 10 ml of a 2 g/100ml solution of PAX
- 125 ml of distilled water,
- contact was done by shaking for 50 minutes,
- separation was done by scraping,
- All samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours,
- dilutions were done in the following volumetric flasks: samples 1.2,3 (coal-oil

agglomerates) - 250 m! flasks and samples 4,5,6 (ore samples) - 100 mi flasks.
The ore samples (4,5.6) were representative and analysed for the original gold

loading.
- All analysis were performed on the Graphite Tube Atomiser (GTA).



Iol

Experiment 5.9 - Type of 0il: Rando oil, HD 68, Caltex (GTA analysis)

All the conditions were as for the standard experiment, whereas Rando oil was
used instead of Ethane Oleate.

4.17 g synthetic ore (7g/t)

4.17 g coal,

1 ml Rando oil, HD 68, Caltex,

10 ml of a 1 g/100ml solution of PAX,

contact was done by shaking for 50 minutes,

separation was done by scraping,

All samples were dried overnight at 80 °C and

ashed at 700 °C for 7 hours,

dilutions were done in the following volumetric flasks: samples 1,2,3 (coal-oil
agglomerates) - 250 ml flasks and samples 4.,5,6 (ore samples) - 100 ml flasks.
The ore samples (4,5,6) were representative and 1analysed for the original gold
loading.

All analysis was performed on the Graphite Tube anaiyser (GTA).

Experiment 5.10a - The mineralogy of the ore (GTA analysis)

All conditions where kept as for the standard experiment, whereas a real ore sample was
used instead of the synthetic ore mixture.

4.17 g ore, a sample received from the Western Area Goldmine containing a
theoretical gold loading of 4.37 g/t, and by GTA analysis was found to be
approximately 2.037 g/t.

4.17 g coal,

1 ml Ethane Oleate,

10 miof a 1 g/100 ml solution of PAX,

contact was done by shaking for 50 minutes,

separation was done by scraping,

All samples were dried overnight at 80 °C and

ashed at 700 °C for 7 hours,

dilutions were done in the following volumetric flasks: samples 1.2,3 (coal-oil
agglomerates) - 100 ml flasks and samples 4.5,6 (ore samples) - 100 m] flasks.
The ore samples (4,5,6) were representative and analysed for tne original gold

loading.
Analysis was performe on the Graphite Tube Atomiser (GTA)

Experiment 5.10b - Au leaching experiment (GTA analysis)

A 1 L perspex reactor with the following dimentions were used: Internal diameter
of 11 cm, height of 15 cm with three evenly spaced baffles of width 1 cm each.



A flat blade impeller of width 6 ¢cm and height 5 cm, was used for agitation, which
was driven by an electric motor at a constant speed of 360 rpm to ensure that the
ore particles were kept in suspension.

10 g of the industrial ore used in Esp. 5.10a was used.

The leachant was a 100 ppm CN’ solution of which a 1000 ml was prepared and
added to the ore inside the reactor. Potassium cvanide (KCN) was used.

The pH was kept at a constant value of 11, using a 10 mlar solution of sodium
hydroxide (NaOH) which is a 400 g/L solution.

Agitation was continued and samples drawn at the following time intervals:

30 minutes, 6,23, 27 and 29 hours. The adsorption of each samples was read and
the equilibrium value used to determine the concentration of dissolved gold
present in the ore sample.

All analysis was performed on the Graphite Tube Atomiser (GTA)



EXPERIMENT 5.1 - Contacting times

SAMPLE MASSES
Samplc Merucible Merue, + coal | Mare Megal

g (g) (2) ()
1 (coal) 28.7834 33321 - 4.5376
2 (coal}) 28.5633| 329302 - 4.3669
3 (coal) 29.59251 33.8573 - 4.2648
4 (ore) - - 0.54181 -
5 (ore) - - 0.5611 -
6 (ore) - - 0.55939 -

Calibration curve data for ore samples 1,2,3

Mass Au |Absorb. |Volume |Conc.
(mg) {avg.) (micro 1) |(ppm)
0 0 20 0
21-07] 0.15475 20 0.01
4E-07| 0.33275 20 0.02
81:-07{ 0.70725 20 0.04

Calibration curve data for coal samples 4,5,6

0
21:-07
4E-07
8E-07

0
0.25175
0.504333
0.93

0
0.01
0.02

0.04

Standardg Absorbance readings

Intercept -0.013
Slope 890536
Abs. = Slope*mass Au + Intercpt

Standard 1 0.165 0.155 0.155 0.144
Standard 2 0.345 0.325 0.337 0.324
Standard 3 0.715 0.697 0.711 0.706
Standard 1 0.257 0.241 0.246 0.263
Standard 2 0.503 0.506 0.504 0
Standard 3 0.936 0.936 0.904 0.944

Intercept 0.0156
Slope 1.00E+06
Abs. = Slope*mass Au + Intercpt
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RESULTS (Experiment 5.1)

[Sample Mass ore {Absorb. Mass Au |Conc. Total m,,\Au loading on ore/coal Absorbance readings
(2) {(avg.) (mg) (ppm) (mg) {mg Auw/kg ore or ppm)

1 {coal) 4.5376] 0.504667| S5.81E-07) 0.029065| 0.007266 1.601336 0.505 0.508 0.501 -

2 (coal) 4.3669| 0.615333] 7.06E-07] 0.035278 2.019647 0.605 0.613 0.628 -

3 (coal) 42648 0.605] 6.94E-07] 0.034698] 0.008675 2.033988 0.595 0.625 0.613 0.587
4 (ore) 0.54181] 0.96075) 9.45L-07) 0.047258} 0.0047206 872215 0.955 0.943 0.98 0.965
5 (ore) 056111 0.84625] 8.31E-07] 0.041533| 0.004153 7.401978 0.865 0.881 0.824 0.815
6 (ore) (0.55939 0.8471 8.31E-071 0.04157) 0.004157 7.431309 0.85 0.849 0.842 -

Average gold loading on ore

Mass gold per single ore sample

W

Au recovery Percentage

[ Total ma, in coal/my, per single ore sample]* 100

Run 1 (Samples 1&4) - 10 min.
Run 2 (Samples 2&5) - 20 min.

Run 3 (Samples 3&06) - 30 min.

23.49445 %
28.51709 %
28.04811 %

7.416644 g Au/t ore

0.030927 mg Auw/4.17 g ore

oI



EXPERIMENT 5.2 - Mode of contact: Stirring

SAMPLE MASSES
Sample M cucible Mepye, + coat | Mcruc, + ash [ More Meanl 11 PPN
(2) §4) (8) (2 {g) (2)
1 (coal) 36.2751] 40.8964| 369771 4.17105 4.6213 0.702
2 (coal) 32.8592| 37.9854 34.125] 4.17073 5.1262 1.2658
3 {(coal) 33.4412] 37.3692 33.538| 4.17452 3.928 0.0968
4 (ore) - - - 0.55458 - -
5 (ore) - - - 0.59115 - -
6 (ore) - - - 0.54985 ~ -
CALIBRATION CURVE DATA
Mass Au |Absorb. [Volume [Conc. Standardj Absorbance readings
(mg) (avg.) (micro ) {{ppm)
0 0 20 0
2E-07( 0.4246067 20 0.01 Standard 1 0.202 0.192
41:-07| 0.424667 20 0.02 Standard 2 0.423 0.425
81:-07] 0.782333 20 0.04 Standard 3 0.762 0.79
Intercept 0.0095
Slope 979738

Abs. = Slopc*mass Au + Intereept

0.208
0.426
0.795

0.208
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RESULTS (Experiment 5.2)

Sample |Mass ore ([Absorb. |Mass Au |Conc. Total my,|Au loading on ore/coal Absorbance Readings
(g) (avg.) {mg) (ppm) (mg) {ppm or mg Auwkg ore or g/ton)

1 {coal) 4.6213 0.855| 8.63E-07| 0.043149] 0.010787 2.334262 0.859 0.848 0.858
2 {coal) 5.12621 0.909333| 9.18E-07| 0.045922( 0.011481 2.23958 0.915 0.898 0.915
3 (coal} 3.9281 0.851667| 8.6E-07] 0.042979] 0.010745 2.735436 0.838 0.851 0.866
4 (ore) 0.55458( 0.594333| 5.97E-07| 0.029846| 0.002985 5.381805 0.591 0.581 0.611
5 (ore) 0.59115| 0.585667! 5.88L-07| 0.029404| 0.00294 4974054 0.571 0.59 0.596
6 (ore) 0.54985] 0.618667| 6.22FE-07| 0.031088| 0.003109 5.65395 0.61 0.612 0.634

Average Au loading on ore

5.336603 g Au/tore

Mass of gold per single ore samp 0.022254 mg Au/ 4.17 g ore

Au recovery Percentage
[ Total m,, in coal sample/m,, in single ore sample]* 100

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

48.47443 %
51.58948 %
48.28332 %

AVERAGE Au recovery %

49.44908 %
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EXPERIMENT 5.3 - Mode of contact: Rolling bottle

SAMPLE MASSES

Sample M cpycible Merue, + contl [Merue, + ash | More Mggal Mggy,

(2 (2) (g) (2) (&) ()

1 (coal) 34.02051 38.3032( 34.6209( 4.17165] 4.2827| 0.6004
2 (coalj 33.5387( 37.9391( 34.1583( 4.17322 4.4004{ 0.6196
3 (coal) 35.6503| 399101 36.2287| 4.17291] 425981 0.5784

4 (ore) - - - 0.57907 - -
5 (ore) - - - 0.63553 - -
6 (ore) - - - 0.57805 - -
CALIBRATION CURVE DATA
Mass Au [Absorb. |Velume |Cone. Standard{ Absorbance readings
(mg) (avg.) (micro ) [{ppm)
0 0 20 0
2E-07( 0.21075 20 0.01 Standard 1 0.216 0.212 0.21 0.205
41:-07( 0.412323 20 0.02 Standard 2 0411 0412 0.414 -
8L:-07| 0.715333 20 0.04 Standard 3 0.729 0.716 0.701 0.706
Intercept 0.0242
Slope 885296

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 3.3)

Mass of gold per single ore samp 0.024967 mg Au/ 4.17 g ore

Au recovery Percentage
[ Total ma, in coal sample/my, in single ore sample]* 100

|

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

36.52237 %
37.12561 %
37.51206 %

AVERAGE Au recovery %

37.05335 %

Sample |Mass ore [Absorb. |Mass Au [Conc. Total my,|Au loading on ore/coal Absorbance Readings
(2) (avg.) (mg) (ppm) _ j(mg) (ppm or mg Awkg ore or g/ton)

1 (coal) 4.2827 0.67| 7.295:-07| 0.036474| 0.009118 2.129129 0.675 0.663 0.672 0.67
2 (coal) 4.4004] 0.680667| 7.42E-07( 0.037076] 0.009269 2.106406 0.688 0.685 0.669 -

3 (coal) 4.2598( 0.6875| 7.49E-07| 0.037462| 0.009366 2.19858 0.692 0.669 0.686 0.703
4 (ore) 0.57907( 0.602667| 6.53E-07| 0.032671( 0.003267 5.641944 0.597 0.603 0.608 -

5 (ore) 0.635531 0.713667] 7.79E-07] 0.03894| 0.003804 6.127153 0.718 0.708 0.715 -

6 (ore) (.57805 0.658] 7.16E-07| 0.035796] 0.00358 6.192533 0.653 0.658 0.663 -

Average Au loading on ore 598721 g Au/t ore
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EXPERIMENT 5.4 - The coal:ore ratio

SAMPLE MASSES
Sample Merucible Meruc. + conl | Meaal
() () 2

1 (coal) 26.4695 33.428 6.9585
2 (coal) 28.3034] 35.1989 6.8055
3 (coal) 28.4088| 354103 7.0015
4 (coal) 26.4695 33.428 6.9585
5 (coal) 28.3034| 35.1989 6.8955
6 (coal) 28.4088| 354103 7.0015

Sample |myg,.

(g)
7 (ore) 0.549
8 (ore) 0.55655
9 (ore) 0.58296

Calibration curve data for samples 1,2,3 and 7,8,9

Mass Au |Absorb. [Volume |Conec.
(mg) (avg.) (micro 1} |(ppm)
0 0 20 0
2E-07| 0.25175 20 0.01
4E-07| 0.504333 20 0.02
81:-07| 0.925333 20 0.04

Standard§ Absorbance readings

Calibration curve data for sumples 4.5,6

0
2E-07
41:-07
8E-07

0
0.15475
0.335667
0.707667

20
20
20
20

0
0.01
0.02
0.04

Standard 1 0.257 0.241 0.246 0.263
Standard 2 (.503 0.506 0.504 -

Standard 3 (.936 .936 0.904 0.944
Standard 1 0.165 0.155 0.155 0.144
Standard 2 0.345 0.325 0.337 0.324
Standard 3 0.715 0.697 0.711 0.706

0.0095
9.80E+05

Intercept
Slope

Abs. = Slope*mass Au + Intercep

-0.013
8.91E+05

Intercept
Slope

Abs. = Slope*mass Au + Interceg
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RESULTS (Expcriment 5.4)

Sample |Mass ore |Absorb. |Mass Au [Conc. Total my,|Au loading on ore/coal Absorbance Readings
(g) (avg.) (mg) (ppm) {mg) (ppm or mg Auw/kg ore or g/ton)

1 (coal) 6.9585 0.723] 7.28E-07] 0.036413( 0.009103 1.308213 0.725 0.73 0.714 -
2 (coal) 6.8955 0.791) 7.98E-07] 0.039883| 0.009971 1.445983 0.791 0.801 0.781 -
3 (coal) 7.0015] 0.909333] 9.18E-07) 0.045922| 0.011481 1.639725 0.905 0.916 0.907 -
4 (coal) 6.9585] 0.57025| 6.55E-07| 0.032747{ 0.008187 1.176515 0.525 0.611 0.593 0.552
5 (coal) 6.8955] 0.644333| 7.38E-07] 0.036907( 0.009227 1.338069 0.649 0.668 0.616 -
6 (coal) 7.0015] 0.537667] 6.18E-07{ 0.030918] 0.007729 1.103967 0.54 0.533 0.54 -
4 (ore) 0.549] 0.577333| 5.8E-07] 0.028979] 0.002898 5.278476 0.575 0.58 0.577 -
5 (ore) 0.55655] 0.605333| 6.08E-07| 0.030408| 0.003041 5.463622 0.607 0.606 0.603 -
6 (ore) 0.58296] 0.628333] 6.32E-07| 0.031582| 0.003158 5.417451 0.628 0.624 0.633 -

Average Au loading on ore

5.386517 g Au/tore

Mass of gold per single ore samp  0.022462 mg Au/4.17 g ore

Au recovery Percentage
[ Total my, In coal sample/my, in single ore sample]* 100

Run 1 (Sample 1)

40.52752 %

Run 2 (Sample 2) 44.38908 %
Run 3 (Sample 3) 5114 %
Run 4 (Sample 4) 36,4476 %
Run 5 (Sample 3) 41.07713 %
Run 6 {Sample 6) 344115 %

‘AVERAGE Au recovery %

| 41.99821 %
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EXPERIMENT 5.5 - The coal:oil ratio

SAMPLE MASSES
Sample Merycible Mepue, + conl [Merue, + ash [More Moq Mysn
(g) ) (2) (g) (2 (g)
1 (coal) 28.7818| 33.7287| 29.2801 4.17282 4.9469 (0.4983
2 (coal) 28.563] 33.6658] 29.0828} 4.1733% 5.1028 0.5198
3 (coal) 29.5918| 34.6159 30.112] 4.17546 5.0241 0.5202
4 (ore) - - . 0.5139 - -
5 (ore) - - - 0.5284 - -
6 (ore) - - - 0.51768 - -
Calibration curve data for samples 1,2,3
Mass Au [Absorb. [Volume ({Conc. Standardd Absorbance readings
{mg) {avg.) (micro 1) [(ppm)
0 0 20 0
2E-07 0.184 20 0.01 Standard 1 0214 0.121 0.217 -
4E-07 0.388 20 0.02 Standard 2| 0.398 0.364 0.402 0.398
8L-07] 0.792667 20 0.04 Standard 3 0.807 0.802 0.769 0.787
Calibration curve data for samples 4,5,6
0 0 20 0
2E-07| 0.22925 20 0.01 Standard 1 0.233 0.221 0.236 0.227
4E-07 0.4075 20 0.02 Standard 2 0.41 0.409 0.405 0.406
81:-017 0.8635 20 0.04 Standard 3 0.876 0.856 0.871 0.851

-0.0066
9.94E+05

Intercept
Slope

Abs. = Slope*mass Au + Intercep

-0.0006
1.00E+06

Intercept
Slope

Abs. = Slope*mass Au + Intercep
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RESULTS (Experiment 5.5)

Mass ore

Absorb.

Sample Mass Au {Conc. Total my,|Au loading on ore/coal Absorbance Readings
@ (avg) |mg)  |(ppm) _|Gmg) |(ppm or mg Awke ore or g/ton)

1 (coal) 4.9469) 0.225333) 2.33E-07) 0.011664) 0.002916 0.589447 0.241 0.222 0.213
2 (coal) 5.1028] 0.186667| 1.94E-07{ 0.009719| 0.00243 0.476171 0.183 0.188 0.189
3 (coal) 5.0241] 0.201333{ 2.09E-07¢ 0.010457( 0.002614 0.520332 0.205 0.199 0.2
4 (ore) (.5139] 0.532667| 5.33E-07| 0.026663( 0.002666 5.188428 0.524 0.534 0.54
5 (ore) 0.5284| 0.564333| 5.65E-07| 0.028247| 0.002825 5.345698 0.554 0.579 0.56
6 (ore) (.51768| 0.884333| 8.85E-07| 0.044247| 0.004425 8.54711 0.887 0.882 0.884

Average Au loading on ore

5.267063 g Au/t ore

Mass of gold per single ore samp  0.021964 mg Au/ 4.17 g ore

Au recovery Percentage
[Total my, in coal sample/my, In single ore sample]* 100

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

13.27618 %
11.06284 %
11.90238 %

|

AVERAGE Au recovery %

12.08047 %
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EXPERIMENT 5.6 - The water:ore ratio

SAMPLE MASSES
Sample Migrucible Merue. + conl | Meruc, + ash | Mare Meoarl Miygh

(2 (2) (8 (8) (2) (8)
1 (coal) 26.4703| 29.8083( 26.9755| 4.17273 3.338 0.5052
2 (coal) 28.304| 31.8067] 28.8326] 4.17153 3.5027 0.5286
3 (coal) 28.4076| 32.5559] 29.0419] 4.17297 4.1483 0.6343
4 (ore) - - - 0.52923 - -
5 (ore) - - - 0.51848 - -
6 (ore) - - - 0.5229 - -

Calibration curve data for samples 1,2,3

Mass Au |Absorb. |Volume [Conc.
(mg) (avg.) (micro 1) [(ppm)
0 0 20 0
2E-07 0.184 20 0.01
41-07 0.388 20 0.02
8E-07{ 0.792667 20 0.04

Calibration curve data for samples 4,5,6

0
2E-07
4E-07
8E-07

0
0.22925
0.4075

0.8635

20
20
20
20

0.01
0.02

0.04

Standardy Absorbance readings

Standard 1 0.214 0.121 0.217 -
Standard 2 0.398 0.364 0.492 0.398
Standard 3 0.807 0.802 0.769 0.787
Standard 1 0.233 0.221 0.236 0.227
Standard 2 0.41 0.409 0.405 0.406
Standard 3 0.876 0.856 0.871 0.851

-0.0066
9.94E+05

Intercept
Slope

Abs. = Slope*mass Au + Intercep

-0.0006
1.00E+06

Intercept
Slope

Abs. = Slope*mass Au + Interceg
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RESULTS (Experiment 5.6)

Sample |Mass ore |Absorb. |Mass Au |Cone. Total m4,|Au loading on ore/coal Absorbance Readings
(8) (avg.) (mg) (ppm) (mg) (ppm or mg Au/kg ore or g/ton)

1 (coal) 3.338] 0.7536671 7.65E-07| 0.038233| 0.009558 2.863479 0.753 0.763 0.745
2 (coal) 3.5027| 0.864667] 8.76E-07| 0.043815] 0.010954 3.12725 0.854 0.86 0.88
3 (coal) 4.1483| 0.781333| 7.92E-07) 0.039625] 0.009906 2.387997 0.779 0.784 0.781
4 (ore) 0.52923| 0.618667| 6.19E-07{ 0.030963| 0.003096 5.850638 0.609 0.624 0.623
5 (ore) 0.51848) 0.584333) 5.85E-07] 0.029247] 0.002925 5.640848 0.571 0.592 0.59
6 (ore) 0.5229( 0.565333| 5.66E-07] 0.028297| 0.00283 5.411487 0.573 0.576 0.547

Average Au loading on ore

5.634324 g Au/tore

Mass of gold per single ore samp 0.023495 mg Au/4.17 g ore

Au recovery Percentage
[Total my, in coal sample/m,, in single ore sample}* 100

|

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

40.68202 %
46.62165 %
42.16246 %

AVERAGE Au recovery %

43.15538 %
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EXPERIMENT 5.7 - Volume of PAX

SAMPLE MASSES
Sam[’le Mepycible Merue, + coal [Meruc, + ash | Maore Moyl M sh
(g) (g &) () (g) (g)
1 (coal) 29.5926| 33.7081| 30.1791| 4.17284 4.1155 0.5865
2 (coal) 28.3041) 32.3849) 28.90078) 4.1729] 4.0808) 0.59668
3 {(coal) 264691 30.7858| 27.09966| 4.17214 43167 0.63056
4 (ore) - - - 0.64951 - -
5 (ore) - - - 0.54829 - -
6 (ore}) - - - 0.53194 - -
CALIBRATION CURVE DATA
Mass Au [Absorb. |[Volume |Conc. Standardd Absorbance readings
(mg) {avg.) {micro 1} |{ppm)
0 0 20 0
2E-07F 0.205667 20 0.0! Standard 1 0.21 0.198 0.209 -
4L-07] 0.432333 20 0.02 Standard 2 0437 0.441 0.419 -
8E-07 0.833 20 0.04 Standard 3 0.852 0.839 0.808 0.821
Intercept 0.0027
Slope 1.00E+06

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 5.7)

Sample [Mass ore |Absorb. |Mass Au {Conc. Total m,,[Au loading on ore/coal Absorbance Readings
(g) (avg.) {mpg) (ppm) (mg) {(ppm or mg Au/kg ore or g/ton}
1 {coal) 4.1155| 0.686667| 6.84E-07| 0.034198] 0.00855 2.077411 0.697 0.675 0.688
2 (coal) 4.0808} 0.779333| 7.77E-07| 0.038832( 0.009708 2.378925 0.781 0.755 0.802
3 (coal) 43167 0.7417 7.38E-07| 0.036915| 0.009229 2.137918 0.706 0.802 0.715
4 (ore) 0.64951| 0.738333| 7.36E-07] 0.036782| 0.003678 5.662987 0.742 0.74 0.733
5 (ore) 0.54829} 0.539667| 5.371:-07| 0.026848] 0.002685 4.89674 0.536 0.548 0.535
6 (ore) 0.53194| 0.574667| 5.72L-07| 0.028598| 0.00286 5.376233 0.58 0.571 0.573
Average Au loading on ore 5.311986 g Au/t ore

Mass of gold per single ore samp 0.022151

Au recovery Percentage
[Total mpy, in coal sample/my, in single ore sample]* 100

|

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

38.596086 %
4382612 %
41.66294 %

AVERAGE. Au recovery %

41.36197 %

mg Auw/ 4,17 g ore
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EXPERIMENT 5.8 - Concentration of PAX

SAMPLE MASSES
Sample |Mepyeible  [Meruc. + cont [Merue. + ash |More Mgal Migsh
(2) (g) (2) (69) (&) )
I {coal) 28.7846| 33.11481 29.41126 4.17359| 4.3302| 0.62666
2 (coal) 28.5636] 32.9137) 29.19444) 4.17476] 4.3501] 0.63084
3 (coal) 28.4069( 32.5038( 28.991937 4.17532 4.0969] 0.58503
4 (ore) - - - 0.55869 - -
5 (ore) - - - 0.52982 - -
6 (ore) - - - 0.59004 - -
CALIBRATION CURVE DATA
Mass Au [Absorb. [Volume [Conc. Standardd Absorbance readings
(mg) (avg.) (micro 1) fppm)
0 0 20 0
21:-07] 0.205667 20 0.01 Standard 1 0.209 -
41:-07] 0.432333 20 0.02 Standard 2 0.437 0.419 -
8E-07 0.833 20 0.04 Standard 3 0.852 0.808 0.821
Intercept 0.0027
Slope 1.001+06

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 5.8)

Sample (Mass ore |Absorb. |Mass Au |Cone. Total my,|Au loading on ore/coal Absorbance Readings
(8) (avg.)  |(mg) (ppm)  [(mg) {(ppm or mg Au/kg ore or g/ton)

1 (coal) 4.3302; 0.749333| 7.47E-07| 0.037332} 0.009333 2.155308 0.75 0.744 0.754
2 (coal) 4.3501| 0.740333| 7.38E-07| 0.036882| 0.00922 2.119587 0.732 0.739 0.75
3 (coal) 4.0969| 0.708667) 7.06E-07| 0.035298| 0.008825 2.153966 0.708 0.704 0.714
4 (ore) 0.55869] 0.538333| 5.36E-07( 0.026782| 0.002678 4.793654 0.532 0.563 0.52
5 (ore) 0.52982] 0.590333} 5.88E-07| 0.029382| 0.002938 5.545594 0.539 0.629 0.603
6 (ore) 0.59004 0.669| 6.665:-07| 0.033315] 0.003332 5.646227 0.682 0.673 0.652

Average Au loading on ore

5.328492 g Auft ore

Mass of gold per single ore samp  0.02222 mg Au/ 4.17 g ore

Au recovery Percentage
[Total my, in coal sample/my,, in single ore sample]* 100

l

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

42.00268 %
41.49638 %
39.71493 %

AVERAGE Au recovery %

41.07133 %
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EXPERIMENT 5.9 - Type of oil: Rando oil, Caltex

SAMPLE MASSES

Samp]e Meryeible Merue, + coal |Mepue. + ash More Mcya Mysh

(2) (2) @ ~  |@ (g) (&)

I (coal) 31.5879 36.241 32141 4.17123 4.6531 0.5531
2 (coal) 34.1722) 38.5582) 34.7232] 4.17133 4.386 0.551
3 (coal) 32.9455] 37.4559| 33.5039] 4.17079 4.5104 0.5584

4 (ore) - - - 0.55688 - -
5 (ore) - - - 0.56748 - -
6 (ore) - - - 0.52841 - -

CALIBRATION CURVE DATA

Mass Au [Absorb. |Volume |Conec. Standards’ Absorbance readings
(mg) (avg.) (micro 1) [{ppm)
0 0 20 0
2E-07 0.21075 20 0.01 Standard 1 0.216 0.212 0.21  0.205
4E-07) 0.412333 20 0.02 Standard 2 0.411 0.412 0.414 -
81:-07| 0.715333 20 0.04 Standard 3 0.729 0.716 0.701 0.706
Intercept 0.0242
Slope 8.85FE+05

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 5.9)

Sample |Mass ore ([Absorb. [Mass Au |Conc. Total my,|Au loading on ore/coal Absorbance Readings
(g) (avg.) (mg) (ppm) (mg) (ppm or mg Awkg ore or g/ton)

1 (coal) 4.6531} 0.733667| 8.01E-07] 0.040069} 0.010017 2.152837 0.723 0.738 0.74
2 {coal) 4.386| 0.743667| 8.13E-07( 0.040634| 0.010159 2.316133 0.744 0.736 0.751
3 (coal) 4.5104 0.706( 7.7E-07| 0.038507| 0.009627 2.134339 0.705 0.695 0.718
4 (ore) 0.55688 0.633| 6.88E-07| 0.034384| 0.003438 6.174397 0.633 0.641 0.625
S {ore) .56748 0.641} 6.97E-07| 0.0348361 0.003484 6.138684 0.651 0.626 0.646
6 (ore) 0.528411 0.590333( 6.39LE-07| 0.031974| 0.003197 6.051029 0.589 0.585 0.597

Average Au loading on ore

6.12137 g Au/t ore

Mass of gold per single ore samp 0.025526 mg Au/ 4.17 g ore

Au recovery Percentage
[Total ma, in coal sample/my, in single ore sample|* 100

Run 1 (Sample 1)

39.2436 %

Run 2 (Sample 2) 36.79674 %
Run 3 (Sample 3) 37.71324 %
AVERAGE Au recovery % 38.91786 %
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EXPERIMENT 5.10a - Mineralogy of the ore

SAMPLE MASSES

Sample Mepycible Mrue. + cond jMeruc. + ash [More Megal Mgsh

(8) (&) () ) (g) (8)

1 {coal) 33.6332| 38.6449] 34.7471| 4.17013 5.0117 1.1139
2 (coal) 33.44241 38.3226 34.4411 4.17068 4.8802 0.9986

3 (coal) 32.86 37.773] 33.9142{ 4.17037 4.913 1.0542
4 (ore) - - - 0.99391 - -
5 (ore) - - - 0.98405 - -
6 (ore) - - - 0.99642 - -

CALIBRATION CURVE DATA

Mass Au {Absorb. (Volume [Cone. Standard{ Absorbance readings
(mg) (avg.) {micro 1) [(ppm)
0 0 20 0
2E-071  0.1885 20 0.01 Standard 1 0.185 0.195 0.184 0.19
4E-07) 0.360333 20 0.02 Standard 2 0.348 0.368 0.365 0.346
8E-07| 0.703333 20 0.04 Standard 3 0.698 0.708 0.704 -
Intercept 0.0061
Slope 8.741:405

Abs. = Slope*mass Au + Intereept
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RESULTS (Experiment 5.10a)

Sampie |Mass ore |Absorb. |Mass Au (Conc. Total m,,|Au loading on ore/coal Absorbance Readings

() (avg.) (mg) (ppm) {mg) (ppm or mg Aw/kg ore or g/ton)
1 (coal) 5.0117| 0.174667| 1.93E-07( 0.009638} 0.00241 0.480789 0.173 0.179 0.172 -
2 (coal) 4.8802| (.13425( 1.47E-07] 0.007327] 0.001832 0.375361 0.119 0.126 0.149 0.143
3 {coal) 4913} 0.183333} 2.03E-07{ 0.010134§ 0.002533 0.515664 0.19 0.179 0.181 -
4 {(ore) 0.99391] 0.381667| 4.29E-07| 0.021474| 0.002147 2.160569 0.372 0.384 0.3890 0.394
5 (ore) 0.98405 0.336] 3.77E-07| 0.018863| 0.001886 1.916872 0.345 0.328 0.332 0.339
6 (ore) 0.99642| 0.357667| 4.02E-07| 0.020102; 0.00201 2.017406 0.35 0.368 0.355 -

Average Au loading on ore

Mass of gold per single ore samp

Au recovery Percentage
[ Total m,, in coal sample/my, in single ore sample]* 100

Run 1 (Sample 1)
Run 2 (Sampie 2)
Run 3 (Sample 3)

28.44213 %
21.6227 %
29.90445 %

AVERAGE Au recovery %

29.17329 %

[Au]pm =

[ Au]omal

2.031616 pht

2.031616 g Au/tore

0.008472 mg Au/4.17 g ore

[Au]dissu!ved + [Au]frce

[Au]dlssolvcd
I Au]l'rcc

% Free Au

0.143 p/t (see Exp.5.11b)

1.888616 g/t

% Dissolved Au

92.96127 %
7.038733 %
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EXPERIMENT 5.10b - Au Leaching experiment

CALIBRATION CURVE DATA
Mass Au |Absorb. (Volume |Cone. Standard{ Absorbance readings
(mg) (avg.) (micro 1) |(ppm)
0 0 20 0

2E-07]| 0.186667 20 0.01 Standard 1 0.19 0.185 0.185 -

4E-07{ 0.377333 20 0.02 Standard 2, 0.385 0.365 0.382 0.372

8L-07 0.809 20 0.04 Standard 3 0.797 0.84 0.79 -
Intercept 0.0119
Slope 1.00F+06
Abs. = Slope*mass Au + Intereept
RESULTS (Experiment S5.10b)
Sample {Mass ore |Absorb. |Mass Au {Conc. Total m,,{Au loading on ore/coal Absorbance Readings

() (avp) (mg) (ppm) {mg) (ppm or mg Au/kg ore or g/ton)
1 (30 min) 10 0.0185] 6.6E-09] 0.00033 0.00033 0.033 0.016 0.018 0.021 0.019
2 (6 hours 10| 0.027333) 1.54E-78| 0.000772| 0.000772 0.077167 0.028 0.029 0.025 -
3 (23 hrs) 10 0.032| 2.01E-08] 0.001005; 0.001005 0.1005 0.03 0.031 0.035 -
4 (27 hrs) 10 0.0405( 2.86E-08| 0.00143} 0.00143 0.143 0.042 0.038 0.043 0.039
5 (29 hrs) 10 0.0405) 2.86E-08] 0.00143| 0.00143 0.143 0.037 0.044 0.042 0.039
[Equilibrium [Au]aisonca [ 0.0143 git |

£81
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EXPERIMENTAL CONDITIONS AND RAW DATA

CHAPTER 6

Experiment 6.1 - CGA on synthetic ore under optimal conditions (GTA analysis)

The Coal Gold Agglomeration (CGA) process was performed under optimised
conditions, which are stipulated in section 5.4 and are as follows:

- 4.17 g synthetic gold ore (7g/t).

- 4.17 g coal,

- I ml Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100mi solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-9(coal-oil agglomerates) were diluted in 250 ml flasks and samples
10-18 (representative ore samples) in 100 ml flasks. Each sample was filtered
into the flasks, adding enough hydrochloric acid (HCL) to ensure that the samples
were diluted into a 10% solution of HCL.

- The mass balance was assumed to be complete, only analysing the coal-oil
agglomerates (A;) and original ore samples (Co), disregarding the gold content in
the actual ore samples (C) used during experimentation.

- Samples were analysed on the Graphite Tube Analyser (GTA).

Experiment 6.2 - CGA on synthetic ore under optimal conditions: cheking the mass
balance (GTA analysis)

The CGA experiment was performed under the exact same conditions as Experiment 6.1,
whereas the ore samples (C,) - dilutions were done in 100 ml flasks - used in the
experiment was analysed together with the coal-oil agglomerate (A) and original ore
samples (Cy) in order to check the mass balance. The additional samples ‘were treated in
the same manner as all the other samples, as discussed in the previous experiment.

Experiment 6.3 - CGA on synthetic ore under optimal conditions: cheking the mass
balance (Induction Coupled Plasma analysis).

The CGA experiment was performed under the same conditions as Experiment 6.1 and
6.2, whereas analysis of all the samples: treated ore samples (C)), coal-oil agglomerates
(A1) and original ore samples (Cq) were all analysed on the Inductively Coupled Plasma
(ICP). All samples were treated as before. After dissolution in aqua regia and filtration,
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the filtrate of each and every sample was diluted into 100 ml flasks, adding enough
hydrochloric acid to total a concentration of 10% hydrocloric acid, which prevented that
the gold in solution would not presipitate out.

Experiment 6.4 - Oil type: 100 Solvent Neutral, Caltex (GTA analysis)

The CGA was performed under optimal conditions, using a Caltex oil nl. 100 Solvent
Neutral, instead of Ethane Oleate. Eight different experiments were done and the coal-oil
agglomerates (A,) and original ore samples (Cq) where analysed for gold. The
experimental conditions were as follows:

- 4.17 g synthetic gold ore (7g/t).

- 4.17 g coal,

- 1 ml 100 Solvent Neutral Caltex oil

- 75 ml distilled water,

- 20 m! of a 2 g/100ml solution of collector, nl. PAX.

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-8 (coal-oil agglomerates) were diluted in 250 ml flasks and samples
9-17 (representative ore samples) in 100 ml flasks. Each sample was filtered
into the flasks, adding enough hydrochloric acid (HCL) to ensure that the samples
were diluted into a 10% solution of HCL.

- The mass balance was assumed to be complete, only analysing the coal-oil
agglomerates (A;) and original ore samples (Cy), disregarding the gold content in
the actual ore samples (C;) used during experimentation.

- Samples were analysed on the Graphite Tube Analyser (GTA).

Experiment 6.5 - Qil type: 150 Solvent Neutral, Caltex (GTA analysis)

The CGA was performed under optimal conditions, using a Caltex oil nl. 150 Solvent
Neutral, instead of Ethane Oleate. Eight different experiments were done and the coal-oi]
agglomerates (A,) and original ore samples (Cg) where analysed for gold. The
experimental conditions were as follows:

- 4.17 g synthetic gold ore (7g/t).

- 4.17 g coal,

- 1 ml 150 Solvent Neutral Caltex oil

- 75 ml distilled water,

- 20 ml of a 2 g/100mi solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples [-3 (coal-oil agglomerates) were diluted in 250 m! flasks and samples
4-6 (representative ore samples) in 100 ml flasks. Each sample was filtered
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into the flasks, adding enough hydrochloric acid (HCL) to ensure that the samples
were diluted into a 10% solution of HCL.

- The mass balance was assumed to be complete, only analysing the coal-oil
agglomerates (A ) and original ore samples (Co), disregarding the gold content in
the actual ore samples (C;) used during experimentation.

- Samples were analysed on the Graphite Tube Analyser (GTA).

Experiment 6.6 - Oil type: 450 Solvent Neutral, Caltex (GTA analysis)

The CGA was performed under optimal conditions, using a Caltex oil nl. 450 Solvent
Neutral, instead of Ethane Oleate. Eight different experiments were done and the coal-oil
agglomerates (A;) and original ore samples (Cgp) where analysed for gold. The
experimental conditions were as follows:

- 4.17 g synthetic gold ore (7g/1).

- 4.17 g coal,

- 1 ml 450 Solvent Neutral Caltex oil

- 75 ml distilled water,

- 20 ml of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-3 (coal-oil agglomerates) were diluted in 250 m! flasks and samples
4-6 (representative ore samples) in 100 ml flasks. Each sample was filtered
into the flasks, adding enough hydrochloric acid (HCL) to ensure that the samples
were diluted into a 10% solution of HCL.

- The mass balance was assumed to be complete, only analysing the coal-oil
agglomerates (A,) and original ore samples (Cy), disregarding the gold content in
the actual ore samples (C,) used during experimentation.

- Samples were analysed on the Graphite Tube Analyser (GTA).

Experiment 6.7 - Oil type: Ethane Oleate (ICP analysis)

The exact same experimental conditions as used in Experiment 6.1, whereas analysis was
performed by ICP instead of GTA was followed:

- 4.17 g synthetic gold ore (7g/1).

- 4.17 g coal,

- 1 ml Ethane Oleate,

- 75 ml distilled water,

- 20 mil of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 530 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,
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- Samples 1-3 (coal-oil agglomerates, A;) were diluted in 100 ml flasks and
samples 4-6 (treated ore samples, C) 7-9 (representative ore samples, Cq) in 100
ml flasks. Each sample was filtered into the flasks, adding enough hydrochloric
acid (HCL) to ensure that the samples were diluted into a 10% solution of HCL.

- The mass balance was checked by analysing the coal-o1l agglomerates (A;)and
original ore samples (Co) as well as the actual ore samples (C;) used during
experimentation,

- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.8 - Qil type: 100 Solvent Neutral, Caltex (ICP analysis)

The exact same experimental conditions as used in Experiment 6.4, whereas analysis was
performed by ICP instead of GTA was followed:

- 4.17 g synthetic gold ore (7g/t).

- 4.17 g coal,

- 1 ml 100 Solvent Neutral, Caltex

- 75 ml distilled water,

- 20 ml of a 2 g/100m! solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-3 (coal-oil agglomerates, A} were diluted in 100 m! flasks and
samples 4-6 (treated ore samples, C,) 7-9 (representative ore samples, Cp) in 100
ml flasks. Each sample was filtered into the flasks, adding enough hydrochloric
acid (HCL) 1o ensure that the samples were diluted into a 10% solution of HCL.

- The mass balance was checked by analysing the coal-oil agglomerates (A )and
original ore samples (Co) as well as the actual ore samples (C)) used during

experimentation.
- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.9 - Oil type: 150 Solvent Neutral, Caltex (ICP analysis)

The exact same experimental conditions as used in Experiment 6.5, whereas analysis was
performed by ICP instead of GTA was followed:

- 4,17 g synthetic gold ore (7g/t).

- 4.17 g coal,

- 1 m] 150 Solvent Neutral, Caltex

- 75 ml distilled water,

- 20 ml of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,
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- Samples 1-3 (coal-oil agglomerates, A1) were diluted in 100 ml flasks and
samples 4-6 (treated ore samples, C(} 7-9 (representative ore samples, Cg) in 100
ml flasks. Each sample was filtered into the flasks, adding enough hydrochloric
acid (HCL) to ensure that the samples were diluted into a 10% solution of HCL.

- The mass balance was checked by analysing the coal-oil agglomerates (A, )and
original ore samples (Co) as well as the actual ore samples (C,) used during
experimentation.

- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.10 - Oil type: 450 Solvent Neutral, Caltex (ICP analysis)

The exact same experimental conditions as used in Experiment 6.6, whereas analysis was
performed by ICP instead of GTA was followed:

- 4.17 g synthetic gold ore (7g/1).

- 4.17 g coal,

- 1 m! 450 Solvent Neutral, Caltex

- 75 mli distitled water,

- 20 ml of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-3 (coal-oil agglomerates, A;) were diluted in 100 m] flasks and
samples 4-6 (treated ore samples, C;) 7-9 (representative ore samples, Cp) in 100
ml flasks. Each sample was filtered into the flasks, adding enough hydrochloric
acid (HCL) to ensure that the samples were diiuted into a 10% solution of HCL.

- The mass balance was checked by analysing the coal-oil agglomerates (A Jand
original ore samples (Cg) as well as the aciual ore samples (C)) used during

experimentation.
- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.11 - Recycling the ore phase (GTA analysis)

The CGA experiment was performed under optimal conditions, as in Experiment 6.1,
whereas the ore phase was separated and recycled. This implies the use of a “fresh”
sample of agglomerates (Az) on the already treated ore phase (C) after separating the first
coal-oil phase (A;). This procedure was followed on 6 different runs of which the

experimental conditions were as follows:

- 4.17 g synthetic gold ore (7g/1).

- 4.17 g coal,

- 1 ml Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100m solution of collector, nl. PAX.

- contact was done by stirring with the magnetic stirrer for 50 minutes.
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- agglomerates (A;), Samples 1-6 were separated by scraping and set aside to be
dried, ashed and finally analysed.

- The ore was re-used by preparing an additional coal-oil agglomerate sample (A,)
from 4.17 g coal and ! ml Ethane Oleate and contacting the two phases for 50
minutes by stirring. This second coal-oil phase (Az), Samples 13-18, was then
separated from the slurry be scraping and set aside.

- All samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-6 (coal-oil agglomerates, A;) and 13-18 (coal-oil agglomerates, A;)
were diluted in 250 ml flasks and samples 7-12 (representative ore samples, Cg)
in 100 m! flasks. Each sample was filtered into the flasks, adding enough
hydrochloric acid (HCL) to ensure that the samples were diluted into a 10%
solution of HCL.

- The mass balance was assumed to be complete, only analysing the coal-oil
agglomerates (A, and Aj)and original ore samples (Cy), disregarding the gold
content in the actual ore samples (C;) used during experimentation.

- Samples were analysed on the Graphite Tube Analyser (GTA).

Experiment 6.12 - Recycling the ore phase: Mass balance cneck (GTA analysis)

The CGA experiment were performed under the exact same conditions as Experiment
6.12, whereas the only difference was the analysis of the treated ore sample (C)) in order
to check the mass balance. Three runs were performed under the following conditions:

- 4.17 g synthetic gold ore (7g/t),

- 4.17 g coal,

- I ml Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100m! solution of collector, ni. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates (A;), Samples 1-3 were separated by scraping and set aside to be
dried, ashed and finally analysed.

- The ore was re-used by preparing an additional coal-oil agglomerate sample (A, )
from 4.17 g coal and 1 ml Ethane Oleate and contacting the two phases for 50
minutes by stirring. This second coal-oil phase {(A;), Samples 4-6, was then
separated from the slurry be scraping and set aside.

- All samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-3 (coal-oil agglomerates, A;) and 4-6 (coal-oil agglomerates, A,)
were diluted in 250 m! flasks and samples 7-9 (representative ore samples, Cy)
and 10-12 (treated ore samples, C;)in 100 rui flasks. Each sample was filtered
into the flasks, adding enough hydrochloric acid (HCL) to ensure that the samples
were diluted into a 10% solution of HCL.

- The mass balance was checked by only analysing the coal-oil agglomerates (A,
and A,) as well as the original ore samples (Co) and actual ore samples (C,) used
during experimentation.

- Samples were analysed on the Graphtte Tube Analyser (GTA).
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Experiment 6.13 - Recycling the coal-oil phase: Mass balance check (ICP analysis)

The CGA experiment was performed under the exact same conditions as Experiment 6.1,
whereas the coal-oil phase was recycled. This implies the contact of a “fresh™ ore sample
(C;) with the agglomerates (A1) that have already been uvsed in a CGA experiment. Three
runs were performed under the following conditions:

- 4.17 g synthetic gold ore (7g/),

- 4.17 g coal,

- 1 ml Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100m! solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates (A;), Samples 4-6 were separated by scraping and set aside to be
contacted with a fresh ore sample.

- The second ore slurry was prepared from 4.17 g synthetic ore, 75 ml distilled
water and the collector was added in the same volumie and concentration (20 ml of
a 2g/100 ml solution) as before and contacted with the already used coal-oil
sample (A;) for 50 minutes by stirring.

- Once again separation of the coal-oil phase was done by scraping. The first batch
of ore samples, Samples 1-3, C,, and the second batch of ore samples, Samples 7-
9, C; together with the coal-o1l agglomerates separated after recycling, Samples 4-
6, A;, was dried overnight dried overnight at 80 °C and ashed for 7 hours at 700
°C

- Samples 4-6 (coal-oil agglomerates, A;) and samples 10-12 (representative ore
samples, Cp) and 1-3 (first batch of treated ore samples, C) and finally samples 7-
9 (second batch of treated ore samples, C ) where then all filtered and diluted into
100 ml flasks. Furthermore, each sample was filtered into the flasks. adding
enough hydrochloric acid (HCL) to ensure that the samples were diluted into a
10% solution of HCL.

- The mass balance was checked by analysing the coal-oil agglomerates (At) as well
as the original ore samples (Co) and actual ore samples (C;, C;) used during
experimentation.

- Samples were analysed on the Inductively Coupled Plasma (ICF).

Experiment 6.14 - Optimised CGA on Industrial ore:checking the mass balance
(ICP analysis)

The optimised CGA test was performed on an Industrial ore sample instead of using the
synthetic ore sample, whereas the mass balance was checked as well. The industrial ore
sample was the same ore as used in Experiment 5.10a and 5.10b. Three runs were
performed under the following conditions:
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- 4.17 g of an industrial gold ore as received from the Western Area Goldmine in
South-Africa,

- 4.17 g coal,

- 1 ml Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates were separated by scraping,

- all samples were dried overnight at 80 °C and ashed for 7 hours at 700 °C,

- Samples 1-3 (coal-oil agglomerates, A;) were diluted in 100 m! flasks as well as
samples 4-6 (representative ore samples, Cy) and samples 7-9 (treated ore
samples, C;). Each sample was filtered into the flasks, adding enough
hydrochioric acid (HCL) to ensure that the samples were diluted into a 10%
solution of HCL.

- The mass balance was checked by analysing the coal-o0il agglomerates (A;)and
onginal ore samples (Co) as well as actual ore sariples (C;) used during
experimentation.

- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.15 - CGA on Industrial ore: Recycling the coal-oil phase (ICP analysis)

The CGA experiment was performed under the exact same conditions as Experiment
6.14, whereas the coal-oil phase was recycled. This implies the contact of a “fresh” ore
sample (C,) with the agglomerates (A;) that have already been used in a CGA
experiment. Three runs were performed under the following conditions:

- 4.17 g Industrial gold ore,

- 4.17 g coal,

- 1 m! Ethane Oleate,

- 75 ml distilled water,

- 20 ml of a 2 g/100ml solution of collector, nl. PAX,

- contact was done by stirring with the magnetic stirrer for 50 minutes,

- agglomerates (A,), Samples 4-6 were separated by scraping and set aside to be
contacted with a fresh ore sample.

- The second ore slurry was prepared from 4.17 g synthetic ore. 75 ml distilled
water and the collector was added in the same volume and conceitration (20 ml of
a 2g/100 ml solution) as before and contacted with the already used coal-oil
sample (A;) for 50 minutes by stirring.

- Once again separation of the coal-oi] phasc vvas done by scraping. The first batch
of ore samples, Samples -3, C;, and the second batch of ore samples, Samples 7-
9, C, together with the coal-oil agglomerates separated after recycling. Samples 4-
6, A, was dried overnight dried overnight at 80 °C and ashed for 7 hours at 700
°C

- Samples 4-6 (coal-oil agglomerates, A,) and samples 10-12 (representative ore
samples, Co) and 1-3 (first batch of treated ore samples, C,) and finally samples 7-
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9 (second batch of treated ore samples, C» ) where then all filtered and diluted into
100 ml flasks. Furthermore, each sample was filtered into the flasks, adding
enough hydrochloric acid (HCL}) to ensure that the samples were diluted into a
10% solution of HCL.

- The mass balance was checked by analysing the coal-oil agglomerates (At) as well
as the original ore samples (Cy) and actual ore samples (C;, ) used during
experimentation.

- Samples were analysed on the Inductively Coupled Plasma (ICP).

Experiment 6.16 - Analysis by MATTEK

These samples were sent to MATTEK (Materials Science and Technology) in Pretoria for

XRD analysis

to determine the surface characteristics of the ores and coal-oil

agglomerates before and after performing CGA and were marked samples 1-12,
consisting of the following “groups™

Samples 1-3:

Samples 4-6:

Samples 7-9:

Samples 10-12:

Ore samples before being subjected to the CGA process. These samples
were analysed to determine all the minerals present in the ore matrix.
(Co)

Ore samples after being used in a CGA experiment. These samples
were analysed to determine if any minerals were “lost™ to the coal-oil
phase during the contact procedure. (C,)

Caol-oil samples after being used in a CGA experiment. The
qualitative analysis was done to determine if any of the minerals present
in the ore phase was transfered to the surface of the coal-oil agglomerates
during the contact procedure. (A))

Coal samples that were taken before performing CGA. These samples
were analysed to determine the minerals that were originally present on
the coal so that a comparison could be made to samples 7-9, leading to
answers about the minerals present before and after performing the CGA

experiments. (Ag)

Three batch experiments were performed under the following optimised experimental
conditions, leading to samples 4-6 and 7-9:

- 417 ¢

ore

- 4.17 g coal

- 75 ml water

- 20 ml of a 2g/100 ml solution PAX

- 1 m] Ethane Oleate

- contact was done by stirring for 50 minutes

- separation was done by scraping the agglomerates from the surface of the
ageous medium

- all samples were dried overnight at 80 °C and

- ashed at 700 °C for 7 hours.
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- samples 1-3 and 10-12 were weighed out before performing the CGA
experiment and were not treated in any way, as these samples represent initial
conditions.

- samples 4-6 and 7-9 were all dried and ashed, after which they were packed and
sent to MATTEK for XRD analysis.

The raw data is the diffractograms of each sample, as marked and indicates which
minerals and other materials were present at the surface of each sample. Note that the
analysis is strictly qualitative in nature and only indicates which minerals are present in
each phase before and after performing a Coal Gold Agglomeration experiment.

Experiment 6.17 - Mercury Amalgamation (ICP analysis)

For practical purposes, the following ratios and experimental conditions to perform an
amalgamation experiment were taken from Costa et af. (1997), pg 1408 which are the
standard conditions used at the Centre for Mineral Techrology (CETEM) in Brazil:

30% solids (by weight)

A mercury:ore ratio of 1:20

A sodium hydroxide (NaOH):ore ratio of 1:1000

Conditioning at 2 hours in a horizontal cylinder ratating at 20 rpm.

A synthetic gold ore of grade 7 g/t was prepared as follows: - 44 um gold particles (the
same as used in the CGA experiments) were thoroughly mixed onto a 1 kg silica sample
in the size of - 106 um. Pure mercury was obtained from the chemical store. The sodium
hydroxide (NaOH) was added to optimise the surface properties of the mercury with
respect to the feed charge in the closed “vessel ™.

The experiments were performed on the basis of 20 and 10 gram (Exp. 6.18) ore samples.
From the above ratios, the experimental conditions for each run was as follows:

- 20 synthetic gold ore, as prepared for mercury amalgamation (7g/t).
- 50 ml of distilled water,
- 0.02 g sodium hydroxide (NaOH),

- 1 g Mercury (Hg).
- The distilled water and NaOH was mixed to produce th 0.1 g N JH / 250 ml

water solution after which the synthetic ore and mercury were 2dded to the
solution into the 200 mi bottles (the same bottles were used for the CGA
experiments), as 6 experiments were performed at once.

- The bottles were placed on the same roller as used during the rolling bottle CGA
experiment and were contacted for 2 hours at approximately 200 rpm, which is the
minimum speed of rotation for this piece of equipment.

- As the density of mercury is much larger than for the ore, it was possible to
separate the fine mercury (amalgam) droplets for each experiment by utilising a
separation funnel, whereas the remaining ore was treated with aqua regia and
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filtered into 100 mi flasks for further analysis. All the 100 ml flasks contained
enough HCl to ensure that the filtrate was diluted into a 10% solution of HCI.

- The amalgam was treated with aqua regia as well. By utilising round bottom
flasks, heating mantels and distillation columns in a vacuum cupboard and
cartridge masks fitted with special mercury vapour cartridges, the risk of
mercury vapour escaping and poisening the surrounding area and persons were
limited. The vacuum cupboard was fitted with a perspex container into which
mercury spillages could be caught up. As sulfur reacts with mercury, it was kept
at hand to cover any mercury spillages and as a further precaution a vacuum
pump, fitted with a mercury trap was kept available to suck up spillages, is any
would occur.

- The amalgam was treated with 30 ml of aqua regia, which was heated until most
of the solution had vapourised, after which another 30 ml was added into the
round bottom flask containing the aralgam and cooked until about 5-10 ml of the
liquid remained. This selution was then filtered into a 100 m! flask contianing
10% HCI and sent for analysis.

- The remaining ore samples were treated with 25 ml agua regia and the mixire
was boiled until dry. This procedure was repeated twice more, whereas the last
addition was only boiled until the larger percentage of toxic fumes had been
removed by the vacuum in the vacuum cupboard. The remainder of the sample
was filtered into 100 ml flasks containing 10% HCI, which was sent for analysis.

Experiment 6.18 - Mercury Amalgamation (ICP analysis)

Another amalgamation experiment was performed on the basis of 10 g of synthetic ore
instead of 20g, keeping all experimental conditions the same as in Experiment 6.17 and

were as follows:

- 10 g synthetic gold ore (7g/t)
- 25 ml of distilled water,

- 0.01 g NaOH,

- 0.5 g mercury

Al the contact and separation procedures were the same as in Experiment 6.17, whereas
half the amount of aqua regia was used to treat the ore and amalgam samples and
utilising 100 mt volumetric flasks containing 10% HCI to dilute the filtrate of each

sample.

Experiment 6.19 - Measurement of the three-phase contact angles (6)

The three-phase contact angle (6} is the angle measured through the cil onto the gold
surface in the presence of water, as illustrated in the diagram (Figure A3) below. A thin
gold plate, which fitter perfectly into the base of a square vial was used as the gold
surface. After the gold was inserted into the vial. it was fiiled with water and a
microsyringe was used to carfully place an oil droplet of volume 30 pl onto the gold
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surface. A moving microscope was used to measure the dimensions of the drop i.e. h

and d, as seen in Figure A3, below:

oil

water

three-phase contact angle (8)

Ih

gold’gurface

d=2r

v

Figure A3 - A diagram illustrating the measurement of the dimensions
of an oil drop in the presence of water on a gold surface.

The measurements were done at the Polymer Science Department of the Stellenbosch
University, where the masters student herself had performed the measurements. The

three phase contact angle (6) was then calculated from the following equation:

where: (%) =
h

tan 6/2 = h/r

three-phase contact angle (°)
height of the oil drop (mm)

radius of the oil drop = d/2 (mm)

The above procedure was followed for every oil type and the three-phase contact angle
calculated from the dimensions, as recorder in the table below:

Table A2 - The dimensions, as measured for each oil drop on the surface of the
gold surface, in the presence of water and from this the three-phase

contact angle 6) for each oil type.

OIL TYPE h d r=d/2 | bh/r | 6=2xtan(h/r)
(mm) | (mm) | (mm) three-phase 6

Ethane Oleate (EO) 0.073 | 0.231 | 0.1155 | 0.632 64.60°

100 Solvent Neutral, Caltex (100SN) | 0.036 | 0.242 | 0.121 | 0.297 33.14°

150 Solvent Neutral, Caltex (150SN) | 0.058 | 0.26 0.13 | 0.446 48.08°

450 Solvent Neutral, Caltex (450SN) | 0.099 | 0.25 | 0.125 | 0.792 76.76°
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Experiment 6.20 - Measurement and calculation of the interfacial tensions (y23)

The interfacial tension between each oil and water was calculated from the following
equation (Glasstone et al., 1981):

YaB = ¥B - YA ..(6.1)
where: vas/¥zs = the interfacial tension between the oil and water (J/m?)
YA = the surface tension of water/oil (J/m?)
Y5 = the surface tension of the oil/water (J/m?)

Since surface (and interfacial) tensions are always positive, it follows that the interfacial
tension is less than that of the larger of the two surface tensions. This is because the
attraction across the interface, between the molecules of one liquid and those of the other,
tends to reduce the inward pull of the molecules in the surface by those of the same kind.
The greater the molecular attraction between the two liiquids, the lower the interfacial
tension. Before the calculation could be done, it was vital to determine the surface
tensions of each oil and this was measured by utilising the cappilary rise method.

The capillary rise method operates on the basis of comparing the capillary rise of the
liquid in question with that of a standard liquid such as water, of known surface tension.

If h is the rise of the liquid of surface tension y and density p in a given capillary tube,
and Ay is the rise of a liquid in the same tube of a standard liquid, i.e. water, of density p
and surface tension ¥y, it follows from equation (6.2) that:

Yo = hp! hopo ...(6.2)

Therefore, water was chosen as the standard liquid. As the density (ps) and surface
tension (yo) of water is known, the capillary rise of the liquid had to be measured. In fact.
the capillary rise of each oil type was measured as well. by utilising 4 capillary tubes of
the exact same diameter.

capillary tube ——
vial————

Icapillary rise in the tube (A)

liquid surface

Figure A4 - A diagram illustrating the measurement of the capillary rise (/)
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The same volume i.e. 10 ml of all 5 liquids (water and the 4 oils) were measured out into
5 vials. The capillary tubes were inserted and after each liquid had risen to its
equilibrium height, a vernier cal iper was used to measure the height that each liquid had
risen from the surface of the liquid in the vial, see Figure A4.

The capillary rise, density and surface tension for water was as follows:

- hy = capillary rise for water = 1.442c¢m
- po = density of water = 1000 kg/m’
- Yo = gurface tension of water = 7.275x107 N/m (J/m?) (Barrow, 1989)

The capillary rise of each oil (%) was measured and the surface tensions (y) of each
calculated from equation 6.2. By utilising the information, it was then possible to
calculate the interfacial tension (y23) between the water and each oil by utilising equation
6.1. The results are stipulated in Table A3, below.

Table A3 - The results from the measurements and calculations done to
determine the interfacial tension of each oil with respect to water.

OIL TYPE Capillary rise Density Surface tension | Interfacial tension
h-cm o-kg/m’ y-lm’ 23 - Im?

Ethane Oleate | 1.188 870 5.214x107 2.06 x10

100 SN, Caltex | 1.100 860 4.772x1072 2.502x107*

150 SN, Caltex | 1.100 868 4.817x107 2.458x10

450 SN, Caltex | 1.100 880 4 883x107 2.391x10

Example of Calculations:

The surface tension for Ethane Qleate was calculated as follows:

Yo = hp! hopy
Yeo = Yolhp/ hopo]
1E0 = 7.275x107 [(1.188x834)/(1.442x1000)]

5.214x107 I/m’

If

The interfacial tension (y,;) between Ethane Oleate and water:

YaBf23 T VB - YA
(7.275x107%) - (4.998x107%)

i

2.0606x107 I/im’

Y23




EXPERIMENT 6.1 - Optimised CGA on synthetic ore (GTA analysis)

SAMPLE MASSES

Coal (A1) [Mcrucinie Meruc. + conl | Meruc. +ush | Meoal Msh Ore (C;) (m,,
Samples |(g) ®) ) (g) (g) Samples |(g)

1 (coal) 35.65241 40.0393] 36.3692 4.3869 0.7168 10(ore) 0.77002
2 (coal) 329488 37.3083| 33.6296 4.3595 0.6808 11(ore) 0.790175
3 (coal) 33.4459 38.857| 34.2163 54111 0.7704 12(ore) 0.67066
4 (coal) 33.4441] 37.8455| 34,1686 44014 0.7245 13(ore) 0.74103
5 (coal) 36.297] 40.6511 36.9959 4.3541 0.6989 14(ore) 0.78183
6 (coal) 33.5393| 38.0379} 34.2437 4.4986 0.7044 15{ore) 0.7963
7 (coal) 31.5874 35.968 32.321 4.3806 0.7336 16(ore) 0.7
8 (coal) 32 8583 36.9646 33.556 4.1063 0.6977 17(ore) 0.7
G (coal) 33.1842 374615 33.8771 42773 0.6929 18(ore) 0.7

GOLD RECOVERY PERCENTAGES (Refer to Results, Exp. 6.1)

Run | (Sample 1) 43.72399 %
Run 2 (Sample 2) 46.50118 %
Run 3 (Sample 3) 4495024 %
Run 4 (Sample 4) 40.70218 %
Run 5 (Sample 5) 47.74392 %
Run 6 (Sample 6) 4144715 %
Run 7 (Sample 7) 4521021 %
Run 8 (Sample §) 43.95586 %
Run 9 (Sample 9) 46.72009 % Au recovery % = [Total my, in coal sample/my, In single ore sample]*100

[AVERAGE Au recovery % | 44.5572 % B
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Calibration curve data for samples 1,2,3 and 10,11,12 (Experiment 6.1)

Mass Au [Absorb. (Volume ([Conc.
(mg) {avg.) {micro ) |(ppm)
0 0 20 0
2E-07] 0.187667 20 0.01
4%-07) 0.38775 20 0.02
81:-07) 0.690667 20 0.04

Standardd Absorbance readings

Calibration curve data for samples 4,5,6 and 13,14,15 (Experiment 6.1)

Mass Au |Absorb. |[Volume [Conec.
{mg) (avg.) {micro 1) [(ppm)
0 0 20 0
2E-071 0.17675 20 .01
4E-07] 0.379333 20 0.02
8I:-07 0.686 20 0.04

Calibration curve data for samples 7,8,9 and 16,17,18 (Fxperiment 6.1)

Mass Au {Absorb. [Volume (Conc.
{mpg) (avg) (micro 1} |(ppmy
0 0 20 0
2E-07 0.23 20 0.01
41:-G7 0.331 20 0.02
RI-07] 0.734333 20 0.04

Intercept 0.0145
Standard 1 0.189 0.185 0.189 - Slope 8.63E+05
Standard 2 0.407 0.382 0.378 0.384
Standard 3 0.692 0.691 0.689 - Abs. = Slope*mass Au + Intercep
Standards Absorbance readings
Intercept 0.0094
Standard 1 0.172 0.19 0.176 0.169(Slope 8.60E+05
Standard 2 0.376 0.385 0.377 -
Standard 3 0.684 0.699 0.681 0.68| Abs. = Slope*mass Au + Intercep
Standardd Absorbance readings
Intercept 0.0109
Standard 1 0.21 0.218 0.243 0.249|Slope 8.93E+05
Standard 2 0.323 0.321 0.349 -
Standard 3 0.75 0.72 0.733 - Abs. = Slope*mass Au + Intercep




RESULTS (Experiment 6.1)

Sample |Mass ore JAbsorb. {Mass Au {Conc. Total m,,|Au loading on ore/coal Absorbance Readings
(g) (avg.) {mg) (ppm) (mg) (ppm or mg Awkeg ore or p/ton)
1 (coal) 4.3869| 0.620667| 7.02E-07} 0.03512| 0.00878 2.001398 0.618 (0.622 0.622 -
2 (coal) 4.3595 g.66{ 7.48E-07| 0.037399] 0.00935 2.144662 0.643 0.668 0.669 -
3 (coal) 54111| 0.637667( 7.22E-07| 0.036105] 0.009026 1.668084 0.652 0.632 0.629 -
4 (coal) 44014 0.5721 6.54E-07] 0.032693| 0.008173 1.856942 0.57 0.576 0.57 -
5 (coal) 4.3541| 0.669333| 7.67E-07| 0.038349| 0.009587 2.201867 0.688 0.689 0.631 -
6 (coal) 4.4986| 0.605667| 6.66E-07] 0.033291( 0.008323 1.850072 0.599 0.605 0.613 -
7 (coal) 4.3806| 0.659667| 7.26E-07] 0.036313| 0.009078 2.072404 0.643 0.671 0.665 -
8 (coal) 41063 0.641667| 7.06E-07( 0.035306] 0.008826 2.1495 0.64 0.625 0.66 -
9 (coal) 427731 0.681333]| 7.51E-07| 0.037526| 0.009382 2.193337 0.675 0.679 0.69 -
10 (ore) 0.77002 0.671| 7.61E-07] 0.038036| 0.003804 4.939602 0.649 0.69 0.674 -
11 (ore) 0.790175| 0.662333| 7.51E-07| 0.037534| 0.003753 4.750061 0.664 0.659 0.664 -
12 (ore) 0.67066 0.7641 8.68LE-071 0.043424| 0.004342 6.47483 0.753 0.767 0.772 -
13 (ore} 0.74103] 0.626333| 7.17E-07{ 0.03585] 0.003585 4.837844 0.64 0.626 0.613 -
14 (ore) 0.78183| 0.949667| 1.09E-06| 0.054639{ 0.005464 6.98857 (.986 0.943 0.92 -
15 (ore) 0.7963] 0.634667| 7.27E-07| 0.0363341 0.003633 4.562869 0.655 0.602 0.647 -
16 (ore) 0.7 0.617667| 6.79E-07] 0.033963| 0.003396 4.851803 0.611 0.613 0.627 -
17 (ore) 0.7] 0.863667) 9.55E-07{ 0.047732| 0.004773 6.81886 0.890 0.831 0.8064 -
18 (ore) 0.7 0.63| 6.93E-07| 0.034653} 0.003465 4950422 (0.635 0.652 0.616 0.617

Average Au loading on ore

Mass of gold per single ore sample

4.815433 g Au/tore

0.02008 mg Au/4.17 g ore

00T



EXPERIMENT 6.2 - Optimised CGA on synthetic ore: cheking the mass balance (GTA analysis)

SAMPLE MASSES
Coal (AI) Myrucible Merue, + conl Merue. + ash | Meoal Myon Ore (CO) Mype Ore (Ci) Mepycible Merue. +ore |[More
Samples |(g) (2) (2) (&) () Samples |(g) Samples |(g) (2) (2)
1 (coal) 36.2987| 40.7351| 37.0414| 4.4364] 0.7427 6 (ore) 0.702|11(ore) 36.4754| 40.0909 3.6155
2 (coal) 35.65121 40.0651) 36.4046] 4.4139| 0.7534 7 (ore) 0.704|12(ore) 33.4457| 37.6917 4.246
3 (coal) 33.6351] 37.9271| 34.3444 4292 0.7093 8 (ore) 0.701|13(ore) 32.9482( 36.7834| 3.8352
4 (coal) 34.1739| 38.4904| 349109 4.3165 0.737 9 (ore) 0.703|14(ore) 35.6517 39.6101 3.9584
5 (coal) 36.2994| 40.5186) 37.0136] 4.2192| 0.7142 10(ore) 0.705]15(ore) 33.1852] 37.1005[ 3.9153
Calibration curve data for samples 1,2 and 6,7,8 and 11,12 (Experiment 6.2)
Mass Au |Absorb. |Volume [Conc. Standardy Absorbance readings
(mg) (avg.) (micro 1) {ppm)
0 0 20 0 Intercept 0.0229

2E-07] 0.201667 20 0.01 Standard 1 (.202 0.211 - Slope 8.06E+05

4E-07( 0.364667 20 0.02 Standard 2| 0.371 0.357 -

8E-07( 0.656667 20 0.04 Standard 3 0.683 0.632 0.643| Abs. = Slope*mass Au + Intercep
Calibration curve data for samples 3,4,% and 9,10 and 13,14,15 (Experiment 6.2)

0 0 20 0 Intercept -0.0152

2E-07 0.153 20 0.01 Standard [ 0.155 0.152 - Slope 9.02E+05

41-071  0.3335 20 0.02 Standard 2 0.331 - -

8E-07| 0.715333 20 0.04 Standard 3 0.728 0.725 - Abs. = Slope*mass Au + Intercep
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RESULTS (Experiment 6.2)

Sample |Mass ore (Absorb. [Mass Au (Conc. Total my,|Au loading on ore/coal Absorbance Readings
(2) (avg.) (mg) (ppm) {(mg) (ppm or mg Awkg ore or g/ton)

1 (coal) 4.4364] 0.422667( 4.96E-07| 0.024813| 0.006203 1.39826 0.438 0415 0.415
2 (coal) 4.4139( 0.393667| 4.6E-07| 0.023013] 0.005753 1.303438 0.405 0.382 0.394
3 (coal) 4.292| 0.371333| 4.29E-07| 0.021432| 0.005358 1.248343 0.351 0.408 0.355
4 (coal) 4.3165 0.41{ 4.72E-07{ 0.023575( 0.005894 1.365426 0.372 0.379 0.479
5 (coal) 4.2192 0.404} 4.65E-07| 0.023243! 0.005811 1.377202 0.383 0.403 0.426
6 (ore) 0.702] 0.494333) 5.85E-07| 0.029261§ 0.002926 4.168265 0.493 0.486 0.504
7 (ore) 0.7047 0.521333| 6.19E-07| 0.030937| 0.003094 4.39447 0.562 0.499 0.503
8 (ore) 0.701| 0.487333| 5.77E-07| 0.028827| 0.002883 4.112231 0.489 0.484 0.489
9 (ore) 0.703] 0.589333! 7.5E-07] 0.037523] 0.003752 5.33749 0.597 0.582 0.589
10 (ore) 0.705] 0.601333| 7.655-07! 0.038267| 0.003827 5.428 0.61 0.606 0.588
11 (ore) 3.6155( 0.122667| 1.24-07{ 0.006192} 0.001548 (1.428183 0.118 0.128 0.122
12 (ore) 4.246 0.109] 1.07E-07) 0.005344! 0.001336 0.314655 0.11 (.108 -

13 (ore) 3.8352 0.2] 2.39E-07| 0.011932| 0.002983 0.777787 0.194 0.205 0.201
14 (ore) 3.9584[ 0.176333} 2.12E-07] 0.01062] 0.002655 0.670704 0.17 0.198 0.161
15 (ore) 3.9153] 0.095667| 1.23E-07| 0.006147| 0.001537 0.392503 0.089 0.103 0.095

Average Au loading on ore

Mass of gold per single ore sample

4.224989 g Au/t ore (Average of samples 6 1o 10)

0.017618

mg Au/ 4.17 g ore
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PERCENTAGE GOLD RECOVERIES (Experiment 6.2)

% Au recovered in coal-oil agglomerates

Run 1 (Sample 1) 35.20928 %
Run 2 (Sample 2) 32.65511 %
Run 3 (Sample 3) 30.41108 %
Run 4 (Sample 4) 33.45324 %
Run 5 (Sample 5) 32.98118 %
AVERAGE 32.94198 %

Aurecovery % = [Total m,, in coal sample/m,, in single ore sample]*100

% Unrecovered Au in remaining ore

Run I (Sample 11) 8.786906 %
Run 2 (Sample 12) 7.58322 %
Run 3 (Sample 13) 1693118 %
Run 4 (Sample 14) 15.06917 %

Run 5 (Sample 15) 8.722599 % Au recovery % = [Total ma, in ore sample/my, in single ore sample]*100
AVERAGE 12.09262 %
[Mass balance check:  45.0346 % —|

£0¢C



EXPERIMENT 6.3 - Optimised CGA on synthetic ore: cheking the mass balance (ICP analysis)

SAMPLE MASSES
Coal (Al) Mepucible Meruc. + coal |Merye, + ash [ Meont Mgy Ore (CU) Mgye Ore (Cl) M rucible Micryc. + ore | More
Samples )(g) (8) (&) (2) ) Samples |(g) Samples |(g) (8) &
1 (coal) 33.6345] 37.7125] 34.3053 4.078 0.6708 5 (ore) 0.705]|9(ore) 35.6511) 39.6247 3.9736
2 (coal) 34.1737% 38.2447] 34.8433 4.071 0.6696 6 (ore) 0.701]10(ore) 33.1844| 374416 42572
3 (coal) 18.748] 22.8767| 19.4045 4.1287 0.6565 7 (ore) 0.703|11(ore) 32.8606 36.8159 3.9553
4 (coal) 17.1549] 209311 17.7484 3.7762 0.5935 8 (ore) 0.704
RESULTS (Experiment 6.3 - ICP analysis)
Sample [Mass ore |Conc. Total my,|Au loading on ore/coal
() (ppm) (mg) {(ppm or mg Au/kg ore or g/ton)
1 (coal) 4.078 0.325 0.0325 7.969593
2 (coal) 4.071 0.321 0.0321 7.885041
3 (coal) 4.1287 0.317 0.0311 7.532637
4 (coal) 3.7762 0.315 0.0315 8.341719
5 (ore) 0.705 0.668 0.0068 9.64539
6 (ore) 0.701 0.064 0.00.4 9.120815
7 (ore) 0.703 0.057 0.0057 8.108108
8 (ore) 0.704 0.065 0.0065 9.232955 Average Au load on ore 9.029067 gAu/t ore
9 (ore) 3.9736 0.058 0.0058 1.459634 Mass Au per single ore sample  0.037651 mg/4.17g
10 (cre) 42572 0.06 0.006 1.409377
11 (ore) 3.9553 0.06 0.0006 1.516952
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PERCENTAGE GOLD RECOVERIES (Experiment 6.3)

% Au recovered in coal-oil agglomerates

Run 1 (Sample 1) 86.31861 %
Run 2 (Sample 2) 85.25623 %
Run 3 (Sample 3) 82.60027 %
Run 4 (Sample 4) 83.66265 %

AVERAGE 84.45944 %

% Unrecovered Au in remaining ore

Run 1 {Sample 9) 15.40455 %
Run 2 (Sample 10) 15.93574 %
Run 3 (Sample 11) 15.93574 %

AVYERAGE 15.75868 %o

[Mass balance check: 100.2181 %

Aurecovery % = [Total m,, in coal sample/m,, in single ore sample]*100

Au recovery % = [Total m,, in ore sample/my, in single ore sample]* 100
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EXPERIMENT 6.4 - Oil type: 100 Solvent Neutral, Caltex (GTA analysis)

SAMPLE MASSES

Coal (Al) Mepycible Merye, + coal [Meruc, +ash | Mconl Mysh Ore (C)) [mgy

Samples [(g) (8) (8 (2 (8 - | Samples |(g)

1 (coal) 34.022) 38.6758] 34.5384) 4.6538] 0.5164 9 (ore) 0.80119

2 (coal) 33.633} 384117 34.1707 4.7787} 0.5377 10(ore) 0.71385

3 (coal) 34.0203| 38.5072) 34.5453 4.4869 0.525 11(ore) 0.76503

4 (coal) 33.6322| 37.9596| 34.1844 43274 0.7245 12(ore) 0.7

5 (coal) 34.1726y 38.7879| 34.7463 4.6153 0.6989 13(ore) 0.7

6 (coal) 33.63441 37.4669| 34.0898 3.8325 0.7044 14(ore) 0.7

7 (coal) 34.1741 37.897 34.6392 3.7229]  0.4651 15(ore) 0.703

8 (coal) 32.9476] 36.1952| 33.3436 3.2476 0.396 16(ore) 0.703
17(ore) 0.704

GOLD RECOVERY PERCENTAGES (Refer to Results, Exp. 6.4)

Run 1 (Sample 1) 520483 %

Run 2 (Sample 2) 48.7214 %

Run 3 (Sample 3) 12.8433 %

Run 4 (Sample 4) 11.5157 %

Run 5 (Sample 5) 10.2310 %

Run 6 (Sample 6) 29.756065 %

Run 7 (Sample 7) 29.93056 %

Run 8 (Sample 8) 39.66974 % Au recovery % = [Total m,, in coal sample/m,, in single ore sample]*100

[AVERAGE Au recovery % | 33.11898 %

90¢



EXPERIMENT 6.4 - Oil type: 100 Solvent Neutral, Caltex (GTA analysis)

SAMPLE MASSES

Coal (A)) |mrucibic Mcrue. + coal [Merue. + ash | Migoal M,k
Samples |(g) (8 (2) (8 (2)

1 (coal) 34.0221 38.6758( 34.5384 4.6538 0.5164
2 (coal) 33.6331 38.4117%Y 34.1707 4.7787 0.5377
3 (coal) 34.0203% 38.5072| 34.5453 4.4869 0.525
4 (coal) 33.6322| 37.9596| 34.1844 4.3274 0.7245
5 (coal) 34.1726) 38.7879| 34.7463 4.6153 0.6989
6 (coal) 33.6344| 37.40069| 34.0898 3.8325 0.7044
7 (coal) 34.1741 37.897] 34.6392 3.7229 0.4651
8 (coal) 329476 36.1952| 33.3436 3.2476 0.396

GOLD RECOVERY PERCENTAGES (Refer to Results, Exp. 6.4)

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)
Run 4 (Sample 4)
Run 5 (Sample 5)
Run 6 (Sample 6)
Run 7 (Sample 7}
Run 8 (Sample 8)

52,0483 %
#8.7214 %o
12.8433 %
11.5157 %
10.23:16 %
29.75665 %
29.93056 %
39.66974 %

Ore (C,) mg,.
Samples (g)
9 (ore) 0.80119
10(ore) 0.71385
11(ore) 0.76503
12(ore) 0.7
13{ore) 0.7
14(ore) 0.7
15(ore) 0.703
16(ore) 0.703
17(ore) 0.704

Au recovery %

[Total my, in coal sample/m,, in single ore sample}* 100

IAVERAGE Au recovery %

| 33.11898 %
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Calibration curve data for samples 1,2,3 and 10,11,12 (Experiment 6.4)

Mass Au |Absorb. {Volume |Conc.
(mg) (avg.) (micro 1) [(ppm)
0 0 20 0
2E-07| 0.17675 20 0.01
4E-071 0.379333 20 0.02
8E-07 0.688 20 0.04

Standard{ Absorbance readings

Calibration curve data for samples 4,5,6 and 13,14,15 (Experiment 6.4)

Mass Au |Absorb. {Volume |Conec.
(mg) (avg.) (micro 1) |(ppm)
0 0 20 0
2E-07 0.218 20 0.01
4E-07 0.386 20 0.02
8E-07 0.773 20 0.04

Calibration curve data for smmples 7,8,9 and 16,17,18 (Experiment 6.4)

Mass Au |Absorb. |Volume |[Conec.
{mg) (avg.) (micro 1) |(ppm)
0 0 20 0
2E-07] 0.197667 20 0.01
4F-07| 0.332333 20 0.02
8E-07] 0.725667 20 0.04

Intercept 0.0094
Standard 1 0.172 0.19 0.176  0.169 |[Slope 8.60E+05
Standard 2 0.376 0.385 0.377 -
Standard 3 0.684 0.699 0.681 0.68 |Abs.=Slope*mass Au + Intercep
Standardy Absorbance readings
Intercept 0.0193
Standard 1 0.231 0.209 0.214 - Slope 8.95E+05
Standard 2 0.398 0.373 0.387 -
Standard 3 0.787 0.753 0.779 0.773|Abs. = Slope*mass Au + Intercep
Standardy Absorbance readings
Intercept 0.0004
Standard | 0.191 0.203 0.199 - Slope 8.96E+05
Standard 2 0.332 0.337 0.328 -
Standard 3 0.721 0.748 0.708 - Abs. = Slope*mass Au + Intercep
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RESULTS (Experiment 6.4)

Sample |Mass ore {Absorb. |Mass Au |Conc. Total my,|Au loading on ore/coal Absorbance Readings
(2) (avg,) (mg) (ppm) (mg) (ppm or mg Au/kg ore or gfton)

1 (coal) 4.6538 0.776} 8.91E-07| 0.044547| 0.011137 2.393043 0.772 0.79 0.766 -

2 (coal) 4.7787 0.727| 8.34E-07 0.0417| 0.010425 2.181534 0.719 0.729 0.733 -

3 (coal) 4.4869 0.216] 2.2E-07] 0.010992) 0.002748 0.612468 0.213 0.223 0.212 -

4 (coal) 4.3274] 0.195667| 1.97E-07) 0.009856) 0.002464 0.569397 0.194 0.194 0.199 -

5 (coal) 4.6153 0.176] 1.75E-07) 0.008757] 0.002189 0.474346 0.171 0.179 0.178 -

6 (coal) 3.8325] 0.456667| 5.09E-07| 0.025468] 0.006367 1.661323 0.439 0.454 0.477 -

7 (coal) 3.7229] 0.459333] 5.12E-07| 0.025617| 0.006404 1.720226 0.486 0.453 0.439 -

8 (coal) 3.2476| 0.608667| 6.79E-07| 0.033952| 0.008488 2.613659 0.608 0.599 0.619 -

9 (ore) 0.80119] 0.762333| 8.75E-07| 0.043753| 0.004375 5.460978 0.733 (0.764 0.79 -

10 (ore) 0.71385 0.723| 8.29E-07| 0.041467| 0.004147 5.808945 0.718 0.72 0.731 -

11 (ore) 0.76503| 0.685333} 7.86E-071 0.039278| 0.003928 5.134224 0.685 0.692 0.679 -

12 (ore) 0.7 0.608| 6.58E-07( 0.032869| 0.00329 4.699826 0.592 0.591 0.622 0.627
13 (ore) 0.7 0.6465% 7.01E-07) 0.03505] 0.003505 5.007187 0.626 0.615 0.675 0.67
14 (ore) 0.7 0.613] 6.64E-07| 0.033178} 0.003318 4.739743 0.597 0.614 0.628 0.613
15 (ore) 0.703| 0.639667| 7.14E-07| 0.035683{ 0.003568 5.075795 0.629 0.657 0.633 -

16 (ore) 0.703 0.733| 8.18L-07| 0.040893| 0.004089 5.816865 0.724 0.745 0.73 -

17 (ore) 0.704 0.56] 6.25E-97| 0.031236| 0.003124 4436928 0.545 0.569 0.566 -

Average Au loading on ore

Mass of gold per single ore sample

5.131166 g Au/t ore

0.021397

mg Au/ 4.17 g ore

80¢



EXPERIMENT 6.5 - Qil type: 150 Solvent Neutral, Caltex (GTA analysis)

SAMPLE MASSES
Sample Merucible Merye. + cont [Merne, + ash [More Mol Mysh
(8) (8) ) & (2) (&)

1 (coal) A 34.0211} 38.5639| 34.6098{ 4.17105| 4.5428| 0.5887
2 (coal) 33.6327) 37.8595( 34.2892| 4.17073| 4.2268| 0.6565
3 (coal) 34.1732| 37.8695 34.5578| 4.17452) 3.6963| 0.3846

4 (ore) C, - - - 0.702 - -
5 (ore) - - - 0.703 - -
6 (ore) - - - 0.701 - -

CALIBRATION CURVE DATA

Mass Au jAbsorb. {Volume |Conc. Standardi Absorbance readings
(mg) (avg)) {micro 1} |{(ppm)
0 0 20 0
2E-07] 0.307333 20 0.01 Standard 1 0.168 0.175 0.188 -
4E-07] 0.307333 20 0.02 Standard 2 0.319 0.296 0.307 -
8E-07| 0.702333 20 (.24 Standard 3 0.703 0.687 0.717 0.708
Intercept -0.0085
Slope 872869

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 6.5)

Sample |Mass ore |Absorb. [Mass Au [Conc. Total m,,|Au loading on ore/coal Absorbance Readings
® @vg) lmg)  |(ppm) |(mg) |(ppm or mg Awkg ore or g/ton)

I (coal) 4.5428] 0.446667| 5.21E-07| 0.026073] 0.006518 1.434854 0.427 0.452 0.461
2 (coal) 4.2268) 0.426333| 4.98E-07] 0.024908| 0.006227 1.473235 0.438 0.411 0.43
3 (coal) 3.6963) 0.366667] 4.3E-07] 0.02149] 0.005373 1.45351 0.358 0.357 0.385
4 (ore) 0.702| 0.545333| 6.34E-07| 0.031725] 0.003172 4519214 0.527 0.553 0.556
5 (ore) 0.703| 0.535667| 6.23E-07| 0.031171} 0.003117 4.434019 0.541 0.522 0.544
6 (ore) 0.7011 0.430667] 5.03E-07| 0.025157] 0.002516 3.58866 0.443 0.431 0.418

Average Au loading on ore

4.476617 g Au/t ore

Mass of gold per single ore samp 0.018667 mg Aw/ 4.17 g ore

Au recovery Percentage

[Total my, In coal sample/my, in single ore sample]* 100

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

34.91769 %
33.35783 %
28.78056 %

AVERAGE Au recovery %

32.35203 %

01¢



EXPERIMENT 6.6 - Oil type: 450 Solvent Neutral, Caltex (GTA analysis)

SAMPLE MASSES
Sample  |mgepeibic Micrye, + conl |Meruc, + ash |More Megal LLLPT
(g) 3] (2) 9] (2 (2)
1 (coal) A| 34.0211( 38.5639| 34.6098| 4.17105 4.5428 0.5887
2 {coal) 33.6327F 37.8595] 34.2892| 4.17073 4.2268 (0.6565
3 (coal) 34.1732] 37.8695| 34.5578| 4.17452 3.6963 0.3846
4 (ore) C; - - - 0.702 - -
5 (ore) - - - 0.703 - -
6 (ore) - - - 0.702 - -
CALIBRATION CURVE DATA
Mass Au |Absorb. |Volume |Conec. Standardq Absorbance readings
(mg) (avg.) (micro 1) [(ppm)
0 0 20 0
2E-07( 0.307333 20 0.01 Standard 1 0.168 0.175 0.188 -
4E-07| 0.307333 20 0.02 Standard 2 0.319 0.296 0.307 -
8E-07| 0.702333 20 0.04 Standard 3 (0.703 0.687 0.717 0.708
Intercept -0.0085
Slope 872869

Abs. = Slope*mass Au + Intercept
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RESULTS (Experiment 6.6)

Sample {Mass ore [Absorb. |Mass Au |Conc. Total m4,|Au loading on ore/coal Absorbance Readings
) vg) |mg  |epm) |mg)  |(ppm or mg Awkg ore or g/ton)

1 (coal) 4.5428| 0.581333| 6.76E-07| 0.033787| 0.008447 1.859374 0.585 0.57 0.589
2 (coal) 4.2268; 0.463667| 5.41E-07( 0.027047| 0.006762 1.599722 0.439 0.487 0.465
3 (coal) 3.6963 0.414] 4.84E-07| 0.024202] 0.00605 1.636894 0.432 0.405 0.405
4 (ore) 0.702| 0.576667| 6.7E-07| 0.03352] 0.003352 4.77489 0.558 0.581 0.591
5 (ore) 0.703 0.571| 6.64E-07| 0.033195] 0.00332 4.721925 0.571 0.577 0.565
6 (ore) 0.702 0.6111 7.1E-07| 0.035486| 0.003549 5.055046 0.604 0.624 0.605

Average Au loading on ore

4.85062 g Au/t ore

Mass of gold per single ore samp 0.020227 mg Aw/ 4.17 g ore

Au recovery Percentage
[Total ma, In coal sample/m,, in single ore sample]*100

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sampile 3)

41.7597 %
33.42%96 %
2991261 %

AVERAGE Au recovery %

31.67079 %
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EXPERIMENT 6.7- Qil type: Ethane Qleate (ICP analysis)

SAMPLE MASSES

Samples

‘ Coal (A‘) (mcrnnihle

()

‘mcruc. + caal

(g)

Meoat (

(2)

1 (coal)
2 (coal)
3 (coal)

29.441
29.0655
28.5673

33.8447
33.398
32.8396

4.4037
4.3325
4.2723

RESULTS (Experiment 6.7 - ICP analysis)

| Ore (Cy)
Samples ‘
4 (ore) 0.758
5 (ore) 0,762
6 (ore) 0.768

Sample |Mass ore |Conc. Total my,|Au loading on ere/coal
() {(ppm) (mg) (ppm or mg Awkg ore or g/ton)
1 (coal) 4.4037 0.2 0.02 4.541635
2 {coal) 4.3325 0.275 0.0275 6.347374
3 (coal) 42723 0.28 0.028 6.553847
7 (ore) 3.7855 0.036 0.0036 0.950997
8 (ore) 3.4694 0.038 0.0038 1.09529
9 (ore) 3.6706 0.027 0.00.7 0.735575
4 (ore) (0.758 0.053 0.0053 6.992084
5 (ore) 0.762 0.061 0.0061 8.005249
6 (ore) 0.768 0.076 0.0076 989583

Average Au load on ore
Mass Au per single ore sample

7.498667 gAu/t ore

0.031269 mg/4.17g ore

( Ore (Cl) (mcruci\:\e

Meruc. + ore Magre
Samples }(g) () ()
T(ore) 3512721 38.9127| 3.7855
8(ore) 33.1866 36.656 3.46%4
9(ore) 311.5893| 35.2599 3.6706

% GOLD RECOVERIES

% Au recovered in coal-oil agglomerates

Run 1 (Sample 1) 63.9602 %
Run 2 (Sample 2) 87.94529 %
Run 3 (Sample 3) 89.54429 %
AVERAGE 88.74479 %

% Unrecovered Au in remaining ore

Run 1 (Sample 7)
Run 2 (Sample 8)
Run 3 (Sample 9)

11.51284 %
12.15244 %
8.63463 %

AVERAGE

11.83264 %

[Mass balance check: 100.5774 %




EXPERIMENT 6.8- Oil type: 100 Solvent Neutral, Caltex (ICP analysis)

SAMPLE MASSES

Coal (A) |meycipie Merue. + coal | Meoal
Samples |(g) (8) 8

1 {coal) 32951 37.6413 4.6913
2 (coal) 35.3007] 41.9951 6.6944
3 (coal) 364767 4i.2842 4.8075

Ore (Cy)
Samples

Mgy

(g)

RESULTS (Experiment 6.8 - ICP analysis)

4 (ore)
5 (ore)

6 (ore)

0.758
0.762
0.768

Ore (Cy)
Samples

Merycinle

(2)

Merue, + ore

(g)

mnrc

(g)

7(ore)
8(ore)

35.6534
34.176

38.8895
37.5437

3.2361
3.3677

9(ore) 34.0246

37.3526

3.328

Sample Mass ore {Conc. Total m,,|Au loading on ore/coal
(g) (ppm) (mg) {(ppm or mg Au/kg ore or g/ton)
1 {coal) 4.6913 0.239 0.0239 5.094537
2 (coal) 6.6944 0.205 0.0205 3.062261
3 (coal) 4.8075 0.237 0.0237 4.929797
7 (ore) 3.2361 0.679 0.0079 2.44121
8 (ore) 3.3677 0.094 0.0094 2.791222
9 (ore) 3.328 0.046 0.0046 1.382212
4 (ore) 0.758 0.053 0.0053 6.992084
5 (ore) 0.762 0.061 0.0061 8.005249
6 (ore) 0.768 0.076 0.0076 989583

Average Au load on ore
Mass Au per single ore sample

7.498667 gAu/t ore

(0.031269 mg/4.17g ore

% GOLD RECOVERIES

% Au recovered in coal-oil agglomerates

Run | (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

76.43245 %
65.5592 %
75.79285 %

AVERAGE

76.11265 %

% Unrecovered Au in remaining ore

Run I (Sample 7}
Run 2 (Sample 8)
Run 3 (Sample 9}

25.26428 %
30.0613 %
14.7108 %

AVERAGE

27.66279 %

|[Mass balance check:

103.7754 %
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EXPERIMENT 6.9 - Oil type: 150 Solvent Neutral, Caltex (1CP analysis)

SAMPLE MASSES

Coal (Al) Merycible Mepye. + coal | Mcoal
Samples |(2) (8) ©)

1 (coal) 27.7709) 32.4446 4.6737
2 (coal) 264037 30.8759| 4.4722
3 {coal) 27.9203] 32.7245 4.8042

RESULTS (Experiment 6.9 - ICP analysis)

Ore (Cﬁ) Mgre Ore (Cl) Merucible Merac. + ore {Mlore
Samples |(g) Samples |(g) (2) (2)

4 (ore) 1.13 7(ore) 32.8615] 36.2419 3.3804
5 (ore) 1.137 8(ore) 33.637| 37.3999| 3.7629
6 (ore) 1.138 9(ore) 32,3132 35.8455] 3.5323

% GOLD RECOVERIES

Sample |Mass ore [Conc. Total my,|Au loading on ore/coal % Au recovered in coal-oil agglomerates
(2) (ppm) (mg) (ppm or mg Aukg ore or g/ton)
Run 1 (Sample 1) 94.771 %
1 (coal) 4.6737 0304 0.0304 6.504483 Run 2 (Sample 2} 86.04207 %
2 (coal) 4.4722 0.276] 0.0276 6.171459 Run 3 (Sample 3) 86.97731 %
3 (coal) 4.8042 02791 0.0279 5.807419 AVERAGE 86.50969 %
7 {ore) 3.3804 0.046 0.0046 1.360786 % Unrecovered Au in remaining ore
8 (ore) 3.7629 0.061 0.0061 1.62109
9 (ore) 3.5323 0.049]  0.00'9 1.387198 Run 1 (Sample 7) 14.34034 %
Run 2 (Sample 8) 19.0165 %
4 {ore) 1.13 0.092] 0.0092 814159 Run 3 (Sample 9) 15.27558 %
5 (ore) 1.137 0.09 0.009 7.915567 AVERAGE 14.80796 %
6 (ore) 1.138 0.085] 0.0085 7.469244

Average Au load on ore
Mass Au per single ore sample

7.692406 gAu/t ore

0.032077 mg/4.17g ore |[Mass balance check: 101.3177 %
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EXPERIMENT 6.10 - Oil type: 450 Solvent Neutral, Caltex (ICP analysis)

SAMPLE MASSES

Coal (A} |Merycivie [ Merue. + cont |[Meon
Samples |(g) (2) (2)

1 (coal) 27.9262| 32.4507 4.5245
2 (coal) 27.2103] 31.8042 4.5939
3 (coal) 26.37731 30.9936 4.6163

Ore (Co)
Samples

Mgre

(g)

Ore (Cy)
Samples

Merycible

(g)

mcruc. + ore

(2)

mOl’E

(g)

4 (ore)
5 (ore)
6 (ore)

1.13
1.137
1.138

7(ore}
8(ore)

9(ore)

27.3168
28.3083

27.1212

31.0658
31.935

30.475

3.749
3.6267

3.3538

RESULTS (Experiment 6.10 - ICP analysis)

Sample |Mass ore [Conc. Total m,,|Au loading on ore/coal
(2) (ppm) (mg) (ppm or mg Au/kg ore or g/ton)
1 (coal) 4.5245 0.267 0.0267 5.901205
2 (coal) 4.5939 0.3 0.03 6.530399
3 (coal) 4.6163 0.271 0.0271 5.870502
7 (ore) 3.749 0.041 0.0041 1.093625
8 (ore) 3.6267 0.048 0.0048 1.323517
9 (ore) 3.3538 0.035 6.00™5 1.043592
4 (ore) 1.13 0.092 0.0092 814159
5 (ore) 1.137 0.09 0.009 7.915567
6 (ore) 1.138 0.085 0.0085 7.469244

Average Au load on ore
Mass Au per single ore sample

7.692406 gAu/t ore
0.032077 mg/4.17g ore

% GOLD RECOVERIES

% Au recovered in coal-oil agglomerates

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)

83.23635 %
93524 %
84.48334 %

AVERAGE 83.85984 %

% Unrecovered Au in remaining ore

Run | (Sample 7)
Run 2 (Sample 8)
Run 3 (Sample 9}

12.78161 %
14.96384 %
10.911] %

AVERAGE 13.87272 %

IMass balance check: 97.73257 %
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EXPERIMENT 6.11 - Recycling the ore phase (GTA analysis)

SAMPLE MASSES
Coal (Ay) |mcrucible Meruc, + coal |[Merne. + ash |Meoal Mysh Coal (Az) |mcrucivie M eruc, + coal |Meoal Ore (Co) |myre
Samples j(g) (g) () (8) (8 Samples |(g) () () Samples |(g)
1 (coal) 33.6344| 37.8666| 34.3568 42322 0.7224)13(coal) 32.9469 37.542| 4.5951 7 (ore) 0.702
2 (coal) 36.2981) 40.5431) 37.0051 4.245 0.707{14(coal) 33.18441 37.8191 4.6347 8 (ore) 0.705
3 (coal) 33.5409( 37.0435| 34.6143 3.5026 1.073415(coal) 36.4741F 41.7404f  5.2663 9 (ore) 0.703
4 (coal) 34.02251 38.3624| 34.7438 433991  0.7213]16(coal) 32.8598| 37.4259; 4.5661 10(ore) 0.705
S (coal) 36.4748) 40.84291 37.1917 4.3681 0.7169|17(coal) 33.5417) 38.17321 4.6315 11{ore) 0.703
6 (coal) 33.4445) 37.6876] 34.1466 4.2431 0.7021]18(coal) 35.6512| 40.1024 4.4512 12(ore) 0.705[
Calibration curve data for samples 1,2,3 and 7,8,9 and 13,14,15 (Experiment 6.11)
Mass Au |Absorb. |Volume |[Conc. Standardd Absorbance readings
(mg) (avg.) (micro 1) |{ppm)
0 ( 20 0 Intercept 0.0051

2E-07] 0.185667 20 0.01 Standard 1 0.176 0.195 0.186 - Slope 9.09E+05

4E-07 0.381 20 0.02 Standard 2 0.416 0.371 0.356 -

8E-07| 0.726667 20 0.04 Standard 3 0.746 0.708 0.726 - Abs. = Slope*mass Au + Intercep
Calibration curve data for samples 4,5,6 and 10,11,12 and 16,17,18 (Experiment 6.11)

0 0 20 0 Intercept 0.0021

2E-07] 0.182667 20 0.01 Standard | 0.171 0.189 0.188 - Slope 9.16E+05

4E-07| 0.376667 20 0.02 Standard 2| 0.397 0.361 0.372 -

8E-07( 0.74075 20 0.04 Standard 3 0.785 0.74 0.695 (0.743 |Abs. = Slope*mass Au + Intercep
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RESULTS (Experiment 6.11)

Sample |Mass ore (Absorb. {Mass Au [Cone. Total my,(Au loading on ore/coal Absorbance Readings
@ (avg) |(mg)  |(ppm) l(mg) |(ppm or mg Awkg ore or g/ton)

1 (coal) 42322 0.493| 5.37E-07| 0.026833( 0.006708 1.585048 0.501 0.481 0.497
2 (coal} 4.245] 0.469333| 5.11E-07] 0.025531( 0.006383 1.503614 0.463 0.473 0.472
3 (coal) 3.5026 0.154] 1.64E-07( 0.008189( 0.002047 (0.584497 0.153 0.127 0.182
4 (coal) 4.3399] 0.656333| 7.14E-07| 0.035716| 0.008929 2.057393 0.665 0.659 0.645
5 (coal) 4.3681 0.628] 6.83E-07( 0.034169] 0.008542 1.955585 0.626 0.632 0.626
6 (coal) 4.2431| 0.508333| 5.53E-07| 0.027636| 0.006909 1.62829 0.6 0.609 0.316
13 {(coal) 4.595] 0.597) 6.51E-07} 0.032553] 0.003255 0.708421 0.572 0.598 0.621
14 (coal) 4.6347| 0.168667| 1.8E-07] 0.008996 0.0009 0.194093 0.169 0.175 0.162
15 (coal) 5.2663 0.168] 1.79E-07| 0.008959] 0.000896 0.170119 0.168 0.164 0.172
16 (coal} 4.5661] 0.111333] 1.19E-07] 0.005963| 0.000596 0.130597 0.117 0.113 0.104
17 (coal) 4.6315] 0.149333| 1.61E-07| 0.008038| 0.000804 0.173544 0.148 0.158 0.142
18 (coal) 44512 0.1} 1.07E-07| 0.005344| 0.000534 0.120069 0.096 0.105 0.099
7 (ore) 0.702 0.595| 6.49E-07] 0.032443] 0.003244 4.621459 0.57 0.604 0.611
8 (ore) 0.705] 0.632333| 6.9E-07| 0.034496| 0.00345 4.89303 0.635 0.625 0.637
9 (ore) 0.703| 0.621333] 6.78E-07| 0.033891| 0.003389 4.82089 0.624 0.64 0.6
10 (ore) 0.705]| 0.547333] 5.95E-07| 0.029765| 0.002977 4221994 0.538 0.544 0.56
11 (ore) 0.703| 0.510333] 5.55E-07| 0.027745] 0.002775 3.946682 0.507 0.508 0.516
12 (ore) 0.705 0.527) 5.73E-07| 0.028655( 0.002866 4,064543 0.537 0.52 0.524

Average Au loading on ore

Mass of gold per single ore sample

421367 g Au/tore (Average of samples 7-12)

0.017571

mg Aw/ 4.17 g ore
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PERCENTAGE GOLD RECOVERIES (Experiment 6.11)

% Au recovered in first batch
coal-oil agglomerates (A,)

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)
Run 4 (Sample 4)
Run 5 (Sample 5)
Run 6 (Sample 6)

38.17791 %
36.326 %
11.6513 %
50.816 %
48.6133 %
39.32046 %

AVERAGE

37.94145 %

% Au recovered in second batch
coal-oil agglomerates (A;)

Run 1 (Sample 13)
Run 2 (Sample 14)
Run 3 (Sample 15)
Run 4 (Sample 16)
Run 5 (Sample 17)
Run 6 (Sample 18)

185263 %
5.119601 %
5.098734 %
3.393774 %
4.574398 %
3.041659 %

AVERAGE

4.245633 %

[Total Au recovery:

42.18709 %

Aurecovery % = [Total my, in coal sample/m,, in single ore sample]* 100

Aurecovery % = [Total m,, in coal sample/my, in single ore sample]* 100
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EXPERIMENT 6.12 - Recycling the ore phase: Mass balance check (GTA analysis)

SAMPLE MASSES

Coal (Al) Depucible Mepye. + coal [Meoal
Samples [(g) (2) (&)

1 {coal) 33.6344| 37.8666| 4.2322
2 (coal) 36.29811 40.5431] 4.245
3 (coal) 33.5409] 37.0435 3.5026
Ore (Cy) |m,,,

Samples |(g)

7 (ore) 0.702

8 (ore) 0.705

9 (ore) 0.703

CALIBRATION CURVE DATA

Coal (Az) Mrucible IMerye, + coal {Meoal
Samples [(g) ) (&)
4(coal) 32.9469| 37.542] 4.595]
5(coal) 33.1844( 37.8191 4.6347
6(coal) 36.4741] 41.7404 5.2663
Ore (Cl) M erucible Mrepye, + ore [Mlore
Samples |(8) (2) (g)
10(ore) 32.9469] 37.542] 4.5951
}11(ore) 33.1844) 37.8191 4.6347
12(ore) 36.4741| 41.7404 5.2663

Standardj Absorbance readings

Standard 1

Standard 2

Mass Au |Absorb. [Volume |Conc.
(mg) (avg.) (micro 1) |(ppm)
0 0 20 0
2E-07] 0.175333 20 0"
4E-07( 0.311667 20 0.02
8E-07]  0.6485 20 0.04
Intercept 0.0028
Slope 8.03E+05

Abs. = Slope*mass Au + Intercept

Standard 3

0.164
0.293
(.65

0.178
0.329
0.647

0.184
0.313

0CC



RESULTS (Experiment 6.12)

Sample [Mass ore |Absorb. |Mass Au |[Conc. Total ms,(Au loading on ore/coal Absorbance Readings
(g) (avg.) (mg) (ppm) (mg) (ppm or mg Au/kg ore or g/ton)
1 (coal) 4.2322] 0.460333| S.7E-07| 0.028483) 0.007121 1.682522 0.473 0.435 0.473
2 (coal) 4.245| 0.409667) 5.07E-07{ 0.025329; 0.006332 1.49169 0.375 0.444 0.41
3 (coal) 3.5026 0.388| 4.8E-07| 0.02398] 0.005995 1.711591 0.393 0.389 0.382
4 (coal) 4.5951 0.075| 8.99E-08| 0.004495| 0.001124 0.244538 0.074 0.076 -
5 (coal) 4.6347 0.061) 7.25E-08] 0.003623} 0.000906 0.195436 0.063 0.059 -
6 (coal) 5.2663 0.055| 6.5E-08] 0.00325( 0.000812 0.154266 0.052 0.058 -
10 (ore) 4.5951 (.0275] 3.08E-08| 0.001538( 0.000154 0.033463 0.026 0.029 .
11 (ore) 4.6347 0.033] 3.76E-08) 0.00188] 0.000188 0.040565 0.031 0.035 -
12 (ore) 5.2663 0.038% 4.38E-08] 0.002191} 0.000219 0.04161 0.037 0.039 -
7 (ore) (.702| 0.568333| 7.04E-07] 0.035206] (.003521 5.015165 0.592 0.577 0.536
8 (ore) 0.705 0.519] 6.43E-07) 0.032135) 0.003214 4.558196 0.501] 0.543 0.513
9 (ore) 0.703 (.556] 6.89E-07| 0.034439| 0.003444 4.898814 0.566 .55 0.552
Average Au loading on ore 4.824059 g Au/t ore (Average of samples 7-9)
Mass of gold per single ore sample 0.020116 mg Auw/ 4.17 g ore
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PERCENTAGE GOLD RECOVERIES (Experiment 6.12)

% Au recovered in first batch
coal-oil agglomerates (A,)

Run | (Sample 1) 35.39796 %
Run 2 (Sample 2) 31.47804 %
Run 3 (Sample 3) 29.80175 %

AVERAGE 32.22592 %

% Au recovered in second batch
coal-oil agglomerates (A;)

Run 1 (Sample 4) 3.58589 %
Run 2 (Sample 5) 4.502757 %
Run 3 (Sample 6) 4.038555 %

AVERAGE 4.270656 %

[Total Au recovery:  36.49657 %

% Unrecovered Au in remaining ore (Cy)

Run 1 (Sample 10) 0.764386 %
Run 2 (Sample 11) 0.934593 %
Run 3 (Sample 12) 1.089327 %

AVERAGE 0.929435 %

Aurecovery % = [Total m,, in coal sample/m,, in single ore sample]* 100

Au recovery % = [Total m,, in coal sample/my, in single ore sample]*100

Aurecovery % = [Total m,, in remaining ore sample/m,, in single ore sample]*100
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EXPERIMENT 6.13 - Recycling the coal-oil phase: Mass balance check (ICP analysis)

SAMPLE MASSES

Ore (CI) Mgre Coal (At) Meqq Ore (CZ) Mgy, Ore (Cl)) Mo Ore (Cﬂ) My
Samples |(g) Samples |(g) Samples |(g) Samples |(g) Samples [(g)

1 (ore) 4.0012 4(coal) 4.2232 7 (ore) 3.7303 10(ore) 0.7|13(ore) 0.703
2 (ore) 4.0491 5(coal) 4.0159 8 (ore) 4.0679 11(ore) 0.701|14(ore) 0.703
3 (ore) 42612 6(coal) 3.7478 9 (ore) 3.9421 12(ore) 0.701[150re) 0.703
RESULTS (Experiment 6.13)

Sample [Sample description |Mass Conc. Total m,,|Au loading on ore/coal

(g) (ppm) (mg) (ppm or mg Au/kg ore or g/ton)

1 (ore) [1* separation], C; 4.0012 0.044 0.0044 1.09967

2 (ore) [1* separation], C, 4.0491 0.0471  0.0047 1.160752

3 (ore) [1* separation], C, 4.2612 0.041 0.0041 0.96217

4 (coal) [|[agglomerates], A, 42232 0.521 0.0521 12.33662

5 (coal) |[agglomerates], A, 4.0159 0.494( 0.0494 12.3011

6 (coal) l[apglomerates], A 3.7478 0.548 0.0548 14.62191

7 (ore)  |[2" separation], C, 3.7303 0.072] 0.0072 1.93014

8 (ore) [2"™ separation], C- 4.0679 0.066 0.0066 1.622459

9 (ore) [2™ separation], C» 3.947] 0.052( 0.0052 1.319094

10 (ore) |[original ore], C, 0.7 0.049 0.0049 7

11 (ore) {[original ore], C, 0.701 0.0421 0.0042 5.991441

12 (ore) ({[original ore], C, 0.701 0.047)  0.0047 6.704708

13 (ore) |[[original ore}, C, 0.703 0.039 0.0039 5.547653

14 (ore) [|original ore], C, 0.703 0.046] 0.0046 6.543385 Average Au loading 6.222473 g/Au ore
15 (ore) [[original ore], C, (.703 0.039 0.0039 5.547653 Per single ore sample 0.025948 mg/4.17g

£ZT



CALCULATIONS (Experiment 6.13)

Mass Au in 1% batch

Mass Au in 2™ batch
agglomerates (A,)

agglomerates (Ay)
Run 1 0.021548 mg Au
Run?2 0.021248 mg Au
Run 3 0.021848 mg Au

Run 1 0.018748 mg Au
Run 2 0.019348 mg Au

Run 3 0.020748 mg Au

PERCENTAGE GOLD RECOVERIES (Experiment 6.13)

% Au recovered in first batch
coal-oil agglomerates (A,)

Run 1 (Sample 1) 83.04282 %
Run 2 (Sample 2) 81.8806065 %

Run 3 (Sample 3) 84.19899 %

AVERAGE 83.04282 %

% Anu recovered in second batch
coal-oil agglomerates (A;)

% Decrease in gold recoveries
after recycling agglomerates

Run 1 (Sample 7) 7225189 %
Run 2 (Sample 8) 74.56423 %

Run 3 (Sample 9) 79.9597 %

AVERAGE 75.59194 %

% Unrecovered Au in remaining ore (C,)
after first contact of the agglomerates

% Unrecovered Au in remaining ore (C,;)
after sccond contact of the agglomerates

Run 1 (Sample 1) 16.95718 %
Run 2 (Sample 2) 18.11335 %

Run 1 (Sample 7) 27.74811 %
Run 2 (Sample 8) 2543577 %

Run 3 (Sample 3)

15.80101 %

AVERAGE

16.95718 %

Run 3 (Sample 9)

20.0403 %

AVERAGE

24.40806 %

Run 1 10.79093
Run 2 7.322418
Run 3 4.239295
AVERAGE 7.450881
TOTAL % Au RECOVERY

(based on the mass Au in Ay)

Run I (Sample 4) 100.3942
Run 2 (Sample 5) 95.19143
Run 3 (Sample 6) 105.597
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EXPERIMENT 6.14 - Optimised CGA on industrial ore: cheking the mass balance (ICP analysis)

SAMPLE MASSES

COH] (Al) Merucivle Meruc. + conl |Merue, + ash | Meoal | LI P
Samples |(2) (g) (g) ®) 8

1 (coal) 26.4039| 31.6473| 27.6968 5.2434 1.2929
2 (coal) 27.9268] 33.0692| 29.1854] 5.1424 1.2586
3 (coal) 27.9205] 32.9151] 29,1684 4.9946 1.2479

RESULTS (Experiment 6.14 - ICP analysis)

Ore (Cﬂ) More Ore (Cl) Merycible Merye, +ore |More

Samples |(g) Samples |(g) (&) &)

4 (ore) 1.22)7(ore) 32.9508| 36.8966; 3.9458

5 (ore) 1.232|8(ore) 33.6377] 37.7069| 4.0692

6 (ore) 1.241]9(ore) 36.3163] 40.3105) 3.9942
% GOLD RECOVERIES

Sample Mass ore {Cone. Total m,,|Au loading on ore/coal
(g) (ppm) (mg) (ppm or mg Auw/kg ore or g/ton)
1 (coal) 5.2434 0.25 0.018 3.432887
2 (coal) 5.1424 0.201 0.0175 3.40308
3 (coal) 4.9946 0.123 0.0123 246266
7 (ore) 3.9458 0.041 0.0041 1.03908
8 (ore) 4.0692 0.036] 0.0036 0.884695
9 (ore) 3.9942 0.045 0.06-i5 1.126634
4 (ore) 1.22 (0.064| 0.0064 5.245902
5 (ore) 1.232 0.077|  0.0077 6.25
6 (orc) 1.241 0.049( 0.0049 3.948429

Average Au load on ore
Mass Au per single ore sample

5.14811 gAu/tore

0.021468 mg Auw/4.17g ore

% Au recovered in coal-oil agglomerates

Run 1 (Sample 1} 83.84721 %
Run 2 (Sample 2) 81.51812 %
Run 3 (Sample 3) 57.2956 %
AVERAGE 82.68267 %

% Unrecovered Au in remaining ore

Run 1 (Sample 7) 19.09853 %
Run 2 (Sample 8) 16.76944 %
Run 3 (Sample 9) 20.9618 %
AVERAGE 18.94326 %

[Mass balance check: 101.6259 % |
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EXPERIMENT 6.15 - CGA on industrial ore: Recycling the coal-oil phase (ICP analysis)

SAMPLE MASSES

Ore (Cl) Myre Coal (At) Megai Ore (CZ) Mgype Ore (Cﬂ) Moye
Samples [(g) Samples [{g) Samples [(g) Samples |(g)

1 (ore) 4.102 4(coal) 5.3496 7 (ore) 3.9321 10(ore) 1.22
2 (ore) 4.0491 5(coal) 5.1883 8 (ore) 4.0679 11{ore) 1.232
3 (ore) 4174 6(coal) 5.501 9 (ore) 4.1621 12(ore) 1.241
RESULTS (Experiment 6.15)

Sample |Sample description |[Mass Conc. Total ms,|Au loading on ore/coal

(2) (ppm) _ |(mg) (ppm or mg Au/kg ore or g/ton)

I (ore) [1* separation], C, 4.102 0.04 0.004 0.975134

2 (ore) [1* separation], C, 4.0491 0.054 0.0054 1.33363

3 (ore) [1*¥ separation], C, 4.174 0.052| 0.0052 1.245807

4 (coal) [[agglomerates], A, 5.3496 0.311 0.0311 5.813519

5 (coal) [|lagglomerates], A 5.1883 0.281 0.0281 5.416032

6 {coal) [Jagglomerates], A, 5.501 0.259] 0.0259 4.708235

7 (ore) [2™ separation], C; 3.9321 0.099f  0.0099 2.517739

8 (ore) [2" separation], C, 4.0679 0.112] 0.0112 2.753263

9 (ore) [2" separation], C; 4,1621 0.118] 0.0118 2.843574

10 {ore) |[original ore], C, 1.22 0.064( 0.0064 5.245902

11 (ore) |[original ore], C, 1.232 0.077| 0.0077 6.25

12 {ore) {[original ore], C, 1.241 0.049 0.0049 3.948429

Average Au loading
Per single ore sample 0.021468 mg/4.17g

5.14811 g/Au ore
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CALCULATIONS (Experiment 6.15)

Mass Au in 1* batch
agglomerates (A)

Run 1 0.017468 mg Au
Run 2 0.016068 mg Au
Run 3 0.016268 mg Au

Mass Au in 2" batch
agglomerates (A;)

Run 1
Run 2
Run 3

0.011568 mg Au
0.010268 mg Au
0.009632 mg Au

PERCENTAGE GOLD RECOVERIES (Experiment 6.15)

% Au recovered in first batch
coal-oil agglomerates (A,)

Run 1 (Sample 1) 81.36729 %
Run 2 (Sample 2) 74.84584 %
Run 3 (Sample 3) 75.77747 %

AVERAGE 77.3302 %

% Unrecovered Au in remaining ore (C)
after first contact of the agglomerates

Run 1 (Sample 1) 18.63271 %
Run 2 (Sample 2) 25.15416 %
Run 3 (Sample 3) 24.22253 %

AVERAGE 22.6698 %

% Au recovered in second batch
coal-oil agglomerates (A;)

Run 1 (Sample 7)

53.88403 %

% Decrease in gold recoveries
after recycling agglomerates

Run 2 (Sample 8) 47.8284 %
Run 3 (Sample 9) 44 86935 %
AVERAGE 48.86059 %

Run 1 27.48325
Run 2 27.01743
Run 3 30.90812
AVERAGE 28.4696

% Unrecovered Au in remaining ore (C,)
after second contact of the ag_glomeratcs

Run 1 (Sample 7)
Run 2 (Sample 8)
Run 3 (Sample 9)

46.11597 %
52.1716 %
55.13065 %

TOTAL % Au RECOVERY
(based on the mass Au in Ay)

AVERAGE

51.13941 %

Run 1 (Sample 4) 72.43467
Run 2 (Sample 5) 65.44741
Run 3 (Sample 6) 60.32341
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 1 (ore - before contact)
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Two theta (Cu)

_____ 33-1161 Quartz, syn; S102
12-203 Pyrophyllite—-2M#1; Al12S140410 (OH) 2
6-710 Pyrite, syn; FeS2
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_____ 6-263 Muscovite—-2M#1; KA1l2 (Si3A1) 010 (OH, F) 2
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Intensity (cps)

EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 2 (ore - before contact)
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Two theta (Cu)

_____ 33-1161 Quartz, syn: Si02
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6-710 Pyrite, syn; FeS2

_____ 6-263 Muscovite—-2M#i; KAl12 (S1i3Al1) 040 (OH, F} 2
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 3 (ore - before contact)
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_____ 33-14161 Quartz, syn; Si02

12-203 Pyrophyllite—-2M#4; Al12514010 (OH) 2
6~710 Pyrite, syn; FeS2
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 4 {(ore - after contact)

400 LANEL L (L L B

300

200

100

LI | l'l—‘T""Ill!'ll!ll!lllll

B D T
bt gl |f: Cftlediong

i
,

I
| L‘|. lll.ujll I.lnl I.Il.

J

— A —

------------------------

Two theta (Cu)

33-14161 Quartz, syn; Si02
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 5 (ore - after contact)
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_____ 33-1161 Quartz, syn; Si02
12-203 Pyrophyllite-2M#1; A12514010 (OH) 2
. B6-710 Pyrite, syn; FeS2

_____ 6-263 Muscovite-2M#i: KA12 (S13A1)040(OH,F)2
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 6 (ore - after contact)
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Intensity {cps)

EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 7 (agglomerates - after contact)
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Two theta (Cu)

_____ 33-1164 Quartz, syn; Sioz2
12-203 Pyrophyllite-2M#1; A12514010 (OH) 2
s 8710 Pyrite, syn: FeS2

_____ 26-1077 C
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 8 (agglomerates - after contact)
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 9 (agglomerates - after contact).
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 10 (agglomerates - before contact)
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 11 (agglomerates - before contact)
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EXPERIMENT 6.16 - XRD analysis: Diffractogram for Sample 12 (agglomerates - before contact)
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EXPERIMENT 6.17 - Mercury amalgamation (ICP analysis)

SAMPLE MASSES

Amalgam|Mass
Sample |(g)

1.0342
1.0234
1.0512
1.0098
1.0168
1.0114

oL R b —

Ore (Cy) |Mass
Sample [(g)

7 (ore) 20.0001
8 (ore) 20.0008
9 (ore) 20.0004
10(ore) 20
11(ore) 20
12(ore) 20

RESULTS (Induction coupled plasma analysis)

Ore (Cy) |Mass
Sample |[(g)
13(ore) 1.0008
14(ore) 1.0007
15(ore) 1.0002
16(ore) 1.002
17(ore) 1.001
18(ore) 1.001

Sample [Sample description {Mass Conc, Total my,|Au loading on ore |
(g) (mg/l)  |(mg) (ppm or mg Au/g ore)
1{|amalgam] 1.0342 0.139 0.0139 1.344034
2{lamalgam] 1.0234 0.044] 0.0044 0.429939
3|[amalgam] 1.0512 0.046 0.0046 0.437595
4||amalgam] 1.0098 0.169] 0.0169 1.673599
5|[amalgam] 1.0168 0.15 0.015 1.475216
6{[amalgam] 1.0114 0.04 0.004 0.395491
7|[remaining ore], C, 20.0001 (0.275] 0.0275 0.137499
8{[remaining ore], C, 20.0008 0.19 0.019 0.094996
9|[remaining ore], C, 20.0004 0.314 0.0314 0.156997
10}[remaining ore], C, 20 0.284 0.0284 0.142
11{]remaining ore], C, 20 0.372 0.0372 0.186
12|[remaining ore], C, 20 0.238 0.0238 0.119

ore



RESULTS (continued for Experiment 6.17)

Sample [Sample description |Mass Conc. Total my,|Au loading on ore l
(8) (mg/ly  |(mg) (ppm or mg Aw/g ore)

13|[original ore}, Cy 1.0008 0.057| 0.0057 5.695444
14][original ore}, Cq 1.0007 0.046] 0.0046 4.596782
15]|original ore], Cy 1.0002 0.048| 0.0048 4.79904
16|[original ore], Co 1.002 0.053] 0.0053 5.289421
17|[original ore], Cq 1.001 0.047}  0.0047 4.695305
18|[original ore], Cy 1.001 0.053 0.0053 5.294705

Average gold loading on ore

5.061783 g Au/t ore

Mass gold per single ore sample 0.101236 mg Au/ 20 g ore

PERCENTAGE GOLD RECOVERIES (Experiment 6.17)

% Au recovered in amalgam according to

Au remaining in ore after contact (C,)

Run 1 (Sample 1)
Run 2 (Sample 2)
Run 3 (Sample 3)
Run 4 (Sample 4)
Run 5 (Sample 5)
Run 6 (Sample 6)

72.83560 %
81.2319 %
68.98326 %
71.94664 %
63.25405 %
76.4905 %

AVERAGE

70.70202. %

1§ 4



EXPERIMENT 6.18 - Mercury amalgamation (ICP analysis)

SAMPLE MASSES

Amalgam
Sample

Mass
(&)

—

2
3

0.5086
0.5095
0.5048

Ore (C,) |Mass
Sample [(g)

4 (ore) 10
5 (ore) 10
6 (ore) 10

RESULTS (Induction coupled plasma analysis)

Mass
(g)

Ore (Cy)
Sample

1.002
1.001
1.001

7(ore)
8(ore)
9(ore)

Sample |Sample description |Mass Conce. Total m,,|Au Ioading on ore |
(2) (mg/l)  |(mg) (ppm or mg Au/g ore)

1 [famalgam] 0.5086 0.061 0.0061 11.99371
2|[amalgam] 0.5095 0.026 0.0026 5.103042
3|{amalgam] 0.5048 0.005 0.0005 0.990491
4|[remaining ore], C, 10 0.109 0.0109 1.09
5|Iremaining ore}], C, 10 0.153 0.0153 1.53
6{[remaining ore], C, 10 0.145 0.0145 1.45
7|[original ore], Cy 1.002 0.053 0.0053 5.289421
8!|original ore], C, 1.001 0.047 0.0047 4.695305
9|[original ore], C, 1.001 0.053 0.0053 5.294705

Average gold loading on ore
Mass gold per single ore sample

5.093144 g Au/t ore

% GOLD RECOVERIES

% Au recovered in amalgam according to
Au remaining in ore after contact (C,)

Run 1 (Sample 1) 78.5987 %

Run 2 (Sample 2) 69.95961 %
Run 3 (Sample 3) 71.53035 %
AVERAGE 70.74498 %

0.050931 mg Au/ 10 g ore

e
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ENVIRONMENT & INNOVATION IN MINING AND MINERAL TECHNOLOGY
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THE EFFECT OF OPERATING PARAMETERS ON THE EFFICIENCY
OF THE COAL GOLD AGGLOMERATION PROCESS

W. Kotze and F.W. Petersen

Department of Chemical Engineering
Cape Technikon, PO Box 652,
Cape Town, 8000

SOUTH AFRICA -
Tel: +27 21 460-3159, Fax: +27 21 460-3217, E-mail: fwp@norton.ctech.ac.za

ABSTRACT

Cyanidation and amalgamation, which are methods whereby gold is recovered, are very
frequently a source of severe pollution due to the large scale use of hazardous chemicals such as
cyanide and mercury. Coal gold agglomeration (CGA), a process developed some years ago for
gold extraction, has the advantage in that it has little negative impact on the environment. The
CGA process based is on the hydrophobic/oleophilic qualities of coal, gold and oil. Gold particles
which are substantially free become attached to the coal-oil agglomerates during collision, and
eventually penetrate into the agglomerates. The resulting agglomerates are recycled to increase the
gold loading, separated from the slurry, bumnt, ashed and smelted to produce gold bullion.

Batch tests were performed on a synthetic gold ore containing fine gold powder. The
slurry was contacted with a mixture of coal and industrial charcoal, after which both the

agglomerates and ore were analysed.

Operating parameters, such as the mode of contact between the coal-oil phase and the
gold containing slurry. the contact time of slurry and the coal-oil phase, the type of oil, the means
of separating the coal-oil gold agglomerates from the slurry, the coal to core. coal to oif and water to
ore ratios, the effect of cotlectors on the rate of settling and. hence the effectiveness of separating
and the mineralogy of the ore were investigated.

569
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Preliminary tests have shown that stirring the coal-oil phase and the slurry yielded higher
gold loadings than shaking and the traditional rolling bottle technique. By increasing the time of
contact between the coal-oil phase and the gold slurry, so the final gold loading in the
agglomerates increases, until an equilibrium value is reached. Furthermore, a medium viscous oil
has shown to form finer agglomerates, hence improving the floatability and gold extraction. An
increase in the amount of coal and oil, together with a decrease in the amount of water used in the
slurry, has proven to increase gold recoveries. Furthermore, by varying the concentration and
volume of a collector such as potassium amyl xanthate (PAX) enhanced the settling rate and
enabled the effectiveness of separation. However, it vas necessary to recycle the coal-oil phase to
increase the gold loading into the coal-oil agglomerates.

INTRODUCTION

Traditional gold mining, also known as small scale gold mining has a very negative
impact on the environment. Up untill now small scale gold mining is mainly done through mercury
amalgamation. Therefore, the British oil and minerals company, BP, has developed a novel gold
recovery process in the late eighties, called coal gold agglomeration (CGA). Hydrophobic goid
particles are selectively recovered from an ore slurry by incorporation into aggiomerates of coal
and oil. The agglomerates are recycled to increase their gold loading, then separated from the
slurry, bumnt and treated to recover the gold. Refer to Figure 1 for a schematic representation of
the basic concepts involved in the CGA process.

Laboratory procedures have been devised for rapidly testing the suitability of ore samples
for treatment by CGA. Many ores of differing types have been examined and high gold recoveries
{(>90%) have been achieved, provided that the gold is or can be liberated. Gold metal (gold in the
Au® form) is hydrophobic and so is oil and coal, and hence these three main components will group
together when introduced into an aqueous medium. Gold bearing ma*zrials which are suitable for
the CGA process include placers, deep leads, tailings and hard rock deposits where it is not
associated with pyrite, arsenopyrite, or significant quantities of other sulphidic minerals. High
gold recoveries are independent of particles sizz, which makes it easy to recovery gold grains
ranging from 1 - 500 pm with equal ease . “(House et al., 1988a: House et al., 1988b: Bellamy et
al., 1989; Sampaio et al., 1997)”

It will be attempted in this study to investigate the effect of operating parameters on the
CGA process with a view to optimize the process route for small scale mining.
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CCNI'ACT — -
COQUQLA(I;_GVE-'\’ATES

Q - coalloil agglomerates
»D ! gold particles

RECYCLE ore slurry
COALOILUGOLDAGGLOMERATES ~ ORE ANAL‘YSED
'DRIED
AT e

Figure 1. A Simplified flowdiagram of the Experimental Setup of the Coal Gold Agglomeration
(CGA) process.

Stage 1 Stage II

Water

Figure 2. Stages | and 1l represent the state of the different components initially (I) and after
contacting (I11). [C/oil represents the coal-oil agglomerate]
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THEORY

The CGA process was divided into two theoretical stages, as shown in Figure 2. The first
stage (stage I) represents the initial contact of the three main components (gold, water and the coal-
oil agglomerates whereas the second stage (stage II) is the representation of the coal-oil-gold
agglomerate surrounded by a film of water. The system was viewed in terms of the free energy of
each stage, where a stable state is found at the lowest free energy. The following equations were
used:

Fi = Ay + Ay . (D)
Fy = Ay +Asrs .. (2)
where: F, and Fy - the free energy of each stage (J)
A, A;and A; - the surface areas of each given component (m?)
Yi2> Y13, Y23 - the surface tensions (J/m’)

The above equations were combined with Young’s equation (Adamson WA, Fifth Edition, 1990):

Yiz - Y13 = Yz cosb - (3)

which is a relationship between the surface tensions and the contact angle of the coal-oil phase to
the gold surface. The resulting equation is as follows:

Fi = Yas [(As-Ag)/A, - cos] )]
where F'y, - Resulted free energy of the system per unit area (Im%)

Furthermore, the surface tension between the coal-oil agglomerates and water (Y23) was
chosen as one, so that a simple relationship between the contact angle, surface areas and total free
energy (F'p.q ) was found. The aim was to find a relationship between the total free energy of the
system and the size of the particles involved in the process together with the contact angle between
the solid and liquid phases. Sucha relationship could then serve as a useful tool to determine the
total free energy of a given system by utilising the easier obtainable parameters. such as the radii of
the ore, gold and agglomerates and the contact angle of the oil on the solid surface.

*The actual value of the surface tension (¥) i measurcable.
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The free energy can then be compared to that of another gold processing procedure, such
as mercury amalgamation where the better process will be known by a lower free energy.

By utilising the well known equation for the volume of a sphere:
V = Ymr (5

it was possible to convert the areas in equation (4) to rrdius. A simple relationship between the
radius, contact angle and total free energy was found as follows:

Fry = &+ 1) - K - cost . (6)

where k is the ratio of the radius of the coal-oil agglomerate to the radius of the gold particle.

EXPERIMENTAL
Experimental Setup

Industrial charcoal and oil was mixed to produce coal-oil agglomerates. These
agglomerates were then contacted with a gold bearing ore, as seen in Figure 1. During this
procedure the gold particles were then separated from the slurry into the coal-oil phase. The
resulting coal-oil-gold agglomerates were then separated from the ‘e slurry, dried, ashed and
analysed for gold. As indicated, these agglomerates can then in turm: be recycled to increase their
gold loading, Furthermore, ore samples were analysed for gold before and after performing the
experiment so that the mass balance could be chiecked.
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Standard Experiment

A synthetic gold ore (7 g/ton) was made up from a silica sample and fine gold powder
(244um) . The sillica sample had a particle size distribution in the range of 25 to 300 pum of which
40% was in the 106 pm range. The coal used had a density of 833.85 kg/m’, consisted of 40% ash
and was milled down to a particle size of £90 pm. This coal was obtained from the Athlone
Powerstation in Cape Town, South Africa, and the oil used was ethane oleate.

It was then vital to decide on the amounts of coal, ore, oil and water to be used, therefore
a series of trial and error tests were done, whereby the following ratios were determined: coal:oil -
100:20 (by volume), coal:ore - 1:1 (by mass) and for every 4 g of ore 130 ml of distilled water was
used to make up the slurry. Potassium Amyl Xanthate (PAX), was used as a collector at and was
added at a concentration of 1g/100ml to enhance the floatability of the floatable components,

Furthermore, the experiments were performed in 150 ml bottles into which all the
abovementioned components were added and shaked for 50 minutes, making use of a laboratory
scale mechanical shaker. After contacting the two phases, the floating coal oil agglomerates,
containing gold particles, was then separated from the ore slurry by scraping it from the surface of
the aqueous medium.

After separation, the coal-oil agglomerates and ore samples were analysed for gold.
Analyses were performed on a Graphite Tube Atomiser (GTA} after treating the samples with an
acidic solution named agua regia which consists of 82% hydrochloric acid (HCI) and 18% nitric
acid (HNO;) by volume. Gold dissolves into the abovementioned solution, which makes it
possible to determine the exact amount of gold present in a specific sample. A set of experiments
were conducted under these conditions so that an average gold recovery of 37.6% was obtained.

Sensitivity Analysis

A sensitivity analysis was performed on selected parameters to determine their effects on
the CGA process. These parameters were as follows:

e The two phases were contacted at different periods of time.
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e The mode of contacting these phases, i.e shaking, stirring and the rolling bottle technique.

¢ The means of separation, i.e scraping, sieving.

¢ The importance of coal, oil and water was investigated by changing their amounts in the
following ratios: coal:ore, coal:oil, water:ore.

¢ The volume and concentration of the collector was changed so that it could be determined of
which significance this component was to the process.

¢  Further experiments were then performed on a different type of oil.

After performing the sensitivity analysis, the stan lard experiment was then repeated on a
real industrial ore.

RESULTS AND DISCUSSION

Refer to Table 1 below for a summary of the resuits obtained after performing the
abovementioned sensitivity analysis. The influence that each separate parameter had on the
effectiveness of the CGA process is indicated on the right hand side of the table.

Table 1. Results obtained after performing a sensitivity analysis on the CGA process.

CONDITIONS % AuRECOVERY | INFLUENCE |
Standard 37.6 ~
Oil Type (Increased viscosity) 37.36 ~
Coal:Qil (Oil amount doubled) 8.78 negative
Coal:Ore (1.5 times Coal) 22.02 negative
Rolling Bottle Technique 35.82 negative
Concentration of PAX (Doubled) 40.09 positive
Volume of PAX (Doubled) 41.67 _positive
Stirring 45.00 positive

. Water:Ore (Water amount halved) 49.79 positive

Preliminary tests have shown that the type of oil used had no relevant influence on the
process, whereas a doubled amount of oil produces a percentage goid recovery as low as 8.78%. It
was obvious that a larger amount of oil caused larger agglomerates to form, which in turn provided
the gold particles with a much smaller contact area to atiach themselves to. However.as
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seen with the next result, to much coal in turn had a negative effect on the process. After applying
the rolling bottle technique of contact, it was obvious that the rolling action favoured the formation
of larger agglomerates, which explains the lower gold recoveries. The addition of a collector
enhances the floatability of the coal-oil agglomerates which enables the effectiveness of separation
and hence the percentage gold recoveries are increased to 40.09% and 41.67% as seen in Table 1.
Furthermore, it was found that a stirring action kept the size of the agglomerates to a minimum and
hence, the contact area for gold particles to attach themselves at a maximum, therefore an increase
in the percentage gold recovery to 45%.

Finally, a halved amount of water enhanced the recovery of gold, which makes sense if
kept in mind that the CGA process is based on tne hydrophobicity of gold, coal and oil.
Furthermore, water serves as the medium in which gold particles travel to reach their final
destination, which then explains the lower recoveries.

According to Figure. 3 gold recoveries are at a maximum when contacted for longer than
50 minutes. The last set of tests were conducted on a real industrial ore, which was a tailings
sample obtained from the Western Area Gold mine in South Africa. Percentage gold recoveries
dropped down to an average of 22.4%. The only explanation that can be offered is that the
mineralogy of the ore, which introduces additional components into the system influences the
recovery negatively.

% Au Recovery
b (¥ ] I
o) ] [am]
3
.
.
.
.

Pt
fan]

o

0 10 20 30 40 50 60

Contact times (minutes)

Figure 3. Percentage gold recovery vs. Contact time (minutes)



577

ENVIRONMENT & INNOVATION IN MINING AND MINERAL TECHNOLOGY

CONCLUSIONS

It can be concluded that the CGA process yielded promising results and was positively
affected by the following factors : contact times above 50 minutes, contacting the two phases by
stirring, the addition of a collector and a decreased amount of water. However, the opposite effect
was found after increasing the amounts of oil and coal used, and if the two phases were contacted
by the traditional rolling bottle technique. Furthermore, preliminary results on a real ore sample
indicated that the mineralogy of the ore does play a role in the effectiveness of the CGA process.
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ABSTRACT

The gold mining industry has mainly relied upon the use of highly polluting chemicals, such as
mercury and cyanide to recover gold from its ores. The Coal Gold Agglomeration (CGA)
process was developed some years ago and has the advantage in that gold is recovered by a
procedure which has little or no negative impact on tue environment. A gold ore containing
liberated gold particles is contacted with coal-oil agglomerates, whereby the gold is recovered

into the coal/oil phase.

l.aboratory scale batch tests were performed on an artificial mixture gold slurry and gold
recoveries of up to 85% were found under optimised conditions. By recycling the coal/oil
phase, it was found that the gold loading onto the agglomerates was increased. Tests performed
on an industrial ore yielded slightly lower gold recoveries, and X-.ray Diffraction (XRD)
analysis on the coal/oil phase showed that minerals other than gold was recovered into this

phase.

A comparative study was conducted whereby the CGA process was compared to mercury
amalgamation. Gold recoveries obtained through amalgamation were 15% lower than by the
agglomeration process, which indicates that this process can be considered favourably as an

alternative to amalgamation,

INTRODUCTION

Environmental protection has become the focus of world-wide research in the gold mining
industry and favours the development of environmental sound processes, such as the Coal Gold
Agglomeration (CGA) process, which is an alternative to existing gold processing methods, such
as cyanidation and mercury amalgamation.

The CGA process was developed and patented by the British Petroleun (BP) research team in
the early eighties and is based on the recox‘;er}' of hydrophobic/oleophilic gold particles from ore
sturries into agglomerates formed from ccal and oil. The oil acts as the bridging liquid between
the coal and gold particles where the coal is the carrier of the mineral and enables effective
separation of the oil phase. The coal-oil agglomerates are recycled to increase their gold loading,
after which they are separated and further treated to produce gold bullion [1-6]. Figure 1 shows a
schematic representation of the basic concepts involved in the CGA process.

Gold bearing ores containing liberated/free gold particles, such as alluvial’free milling ores,
gravily concentrates or gravity plant railings was found to be suitable for the CGA process, as
associations with other minerals/metals, such as  pyrites. arsenopyrite etc. reduce the



oleophilicity of gold, and hence limits gold recoveries (2,3,6]. High gold recoveries, irrespective
of the gold grain size (ranging in size from 1-500 pm) were found, therefore providing an
alternative to amalgamation or intensive cyanidation [3,4,6].

Although the CGA process is not a novel process, strictu sensu, and many further studies besides
those done by BP have been conducted [7-11], it was attempted in this study to investigate and
optimise the process route of the CGA process so as to provide a valid alternative 1o small scale
mining operations, such as mercury amalgamation.

THEORY

A theoretical approach to the CGA process has produced a set of mathematical equations,
whereby initial and final conditions were expressed in terms of free energy. Refer to Figure 2,
where stage I is a representation of the initial contact of the three main components (gold, water
and oil) and stage Il is a simplified illustration of the final condition in which of the components
find themselves after the contact period. The following equations were used 1o express the free

energy for each stage [12]:

Fi = A + Asyn (D
Fiu = Az + Asyn o (2)
where: F|and Fy — - the free energy for each stage ()
Ay, Ay and As - the surface areas ¢f each given component (m’)
Y12, ¥13 and ya3 - the interfacial tensions for the different components (J/m?)

The above equations were combined with Young’s equation [13]:
Y12 - Y13 = Ycos O . (3)

which is a relationship between the various interfactal tensions and three phase contact angle (&)
measured through the oil phase on the gold surface in the presence of water. The resulting
equation was simplified by utilising the equation for the volume of a sphere { V = %/ '] to
convert the area terms into radil so that the final equation was found to be as follows:

3, 3423 2
Fuo = v [(K+1)77 - K - cos6] ()
. . .
where: Fuu - total free energy difference for the system per unit area (J'm”)
Vi3 - interfacial tension between the oil phase and water (J/m’)
k - ratio of radii of the agglomerates to gold particles (Fuygumerae T au parncte)

The total free energy difference of a system (Fpi) is 2 measure of the stability of the system,
whereas a lower value represents the more stable system [14]. Equation (4) serves as an
empirical model which is a useful 1ol 10 evaluate the CGA process in terms of certain
parameters such as radii of agglomerates and gold particles or the three phase contact angle,
while Fy; is non-dimensionalised by dividing both sides of the equation by Y15 . A Sensitiviny



analysis on the dimensionless value of Fi; has shown that the CGA process is favoured by a
minimum contact angle (6) , where this angle is a measure of the wettability of the gold by the oil
phase and must range between 0 and 90 ° which is classified as the perfect to non-wetting contact
angle range [15]. Furthermore, the relationship between the dimensionless free energy and k was
found to be an asymptotic function and has provided information about the size of the gold
particles that is recoverable for certain size agglomerates. Furthermore, it was found that the
agglomerates had to be larger than the gold particles if these were to be recovered successfully.
For the purpose of this paper it was decided not to focus on the model and predictions made from
it, but rather to provide the reader a brief background as to where it originated from and to
identify possible applications thereof.

The model has a dual purpose in that it serves as a further tool to compare the CGA process to
the amalgamation process on theoretical basis, whereby actual values for the free energy were
calculated. Preliminary estimations have shown that the value of Fy; is predominantly
influenced by the value of y;3, which is the interfacial tension between oil and water and/or
mercury and water for each process respectively. Actuzl measurements of 6 and v, were,
however done and by calculations, at constant values of k, it was found that the CGA process
yielded lower values for the free energy, and hence is the more stable of the two processes. It is
therefore seen that the CGA process is a viable alternative to the amalgamation process in terms
of thermal stability.

EXPERIMENTAL

An experimental programme was commenced by determining the standard conditions for
effective operation, followed by a sensitivity analysis on selected parameters and hence. lead to a
data base providing sufficient information about the process to determine the conditions for
optimal performance. The optimal conditions was used as the basis for further experimentation,
including studies such as recycling the coal-oil and/or the ore phase and performing CGA
process on an industrial ore. Finally, a comparative study was done, whereby the CGA process
was compared to the mercury amalgamation process.

Experimental materials

A synthetic gold ore of grade 7g/t, was prepared from a silica sample (dsy = 106 um, ranging
from 25 - 300 pm), and a fine gold powder of particle size 44 um was used for this purpose. The
coal used had a density of 834 kg/m’, consisted of 40% ash and was milled down to a particle
size of 90 um. The coal-oil agglomerates were prepared in a separate step, whereby the oil, i.e.
ethane oleate, was added to the suspensior of coal particles and agitated {ur a few seconds. A
collector, i.e. potassium amy! xanthate (PAX) was added in a concentratics of 1g/100 ml and its
purpose was to increase the oleophilicity of the gold particles and/or enhance the floatab:lity of
the coal-oil agglomerates so as to enable effective separation.  The batch experiments were
conducted in 150 ml bottes. which kept the samples at manageakle sizes and facilitated the
analysis thereof.

Standard experimental conditions
The experimental conditions were compiled from the results of a series of trial and error tests o

ascertain the exact quantities of the raw materials needed to successfully perform the Coal Gold
Agglomeration process on laboratory scale. For the purpose of this study, the selected conditions



are referred to as the standard experimental conditions for the CGA process, which was the
platform from which the sensitivity analysis was performed and is defined below.

The amounts of coal, oil, ore and water needed were determined and the following ratios were
used: coal-oil - 100:20 (by volume), coal:ore - 1:1 (by mass) and the ore slurry was prepared by
utilising 130 ml of distilled water for every 4 g of ore. The coal-oil phase and slurry was
contacted for a 50 minute period using a laboratory scale mechanical shaker. The agglomerates
were separated from the slurry by means of scraping it from the surface of the aqueous medium.
Finally, the ore and agglomerate samples were dried, ashed and dissolved into aqua regia, and
after further treatment analysed on a Graphite Tube Atomiser (GTA). A set of experiments were
conducted under the above-mentioned conditions and a average gold recovery of 38.4% was

obtained.
Sensitivity analysis

It was needed to perform a sensitivity analysis on the CGA process in order to determine the

conditions needed for optimal performance. The following parameters were selected:

e The coal-oil phase and slurry were contacted for different periods of time,

e the mode of contacting these phases, i.e. shaking, stirring and the rolling bottle technique,

o the means of separating the coal-oil agglomerates from the slurry, i.e. scraping, sieving,

¢ the amounts of coal.oil and water were altered within the ratios: coal:ore, coal:oil and
water.ore,

¢ and volume and concentration of PAX was changed to determine the significance of this

additive.

The conditions for optimal performance were found by lumping all the factors which caused gold
recovery percentages to increase. All further tests were done under the optimised conditions,

which will be discussed under the next section heading.

Recycling

The optimised CGA process was conducted as normal, after which two consecutive recycling
studies were done, the first one being the recycling of the ore phase and the second one being the

recycling of the coal-oil agglomerates.

CGA on an Industrial ore

The CGA process was performed on a real ore to determine the effect « ;" mineralogy of the ore
on the effectiveness of the process. The experimental study started by performing the process on
an industrial ore sample, received from the Western Area Goldmine in South Affica, and
recycling the coal-oil phase, after which ccal-01l and ore samples were analysed for gold. A
further analysis was then done whereby both the untreated and pre-treated coal-oil and ore
samples were subjected 1o X-ray Diffraction analysis to determine which minerals were present
in each, before and after contacting the agglomerates with the ore siurry.

Comparative study

A comparative study was conducted, whereby the CGA process was compared to the
Amalgamation process. Mercury amalgamation is a process utilised predominantly by small-



scale miners, whereby mercury is used to amalgamate the free gold particles in the ore. The
amalgam is roasted on an open fire to get rid of the mercury, which vaporises at these high
temperatures and the remaining reddish powder which mainly consists of gold and is then sold.

Laboratory scale batch tests were performed, whereby the amalgamation process was simulated
under the same conditions used at the Centre of Mineral Technology (CETEM) in Brazil and
these were as follows: 30% solids by weight; mercury/ore ratio: 1/20; Sodium hydroxide
{NaOH)/ore ratio: 1/1000 and conditioning for two hours in a horizontal cylinder at 20 rpm [9)].
The purpose of the sodiumn hydroxide was to optimise the surface properties of the mercury with
respect to the feed charge in the closed vessel [16]. The ore used was a synthetic gold ore (7g/t)

and was prepared from a silica sample (-106 pum) and gold powder (44 pm).

After performing the amalgamation tests, the amalgam was separated from the slurry by means of
a separation funnel and both ore and amalgam samples were treated with agua regia to dissolve
the gold present in each. The resulting solutions were analysed on the Induction Coupled Plasma
(ICP), an instrument which is able to analyse for gold 'n the presence of other metals, such as

mercury, which is dissolved by agua regia as well.

RESULTS AND DISCUSSION

Sensitivity analysis .

Table 1 depicts a summary of the results obtained after performing the sen51tmty analysis. Note
that they are arranged in order of increased gold recovery.

Table 1. Results obtained after performing a sensitivity analysis on the CGA process.

CONDITIONS % GOLD RECOVERIES
Standard 38.4
Coal:o0il (Oil amount was doubled) 12.07
Rolling bottle technique 37.00
Concentration of PAX (doubled) 41.02
Volume of PAX (doubled) 41.36
Coal:ore (1,5 times the amount of coal) 41.93
Water:ore (water amount was halved) 4333
Stirring 49.45

It can be seen that factors such as an increased amount of oil and contact by the rotling botile
technique negatively influenced the CGA process in terms of the percentage gold recoveries. The
increased amount of oil gave rise to the formation of unstable agglomerates which could not be
separated easily and hence, the recovery process was not brought to its full potential.
Furthermore, the rolling bottle and shaking techniques for contacting the coal-oii phase and
agglomerates were not as effective as stirring the two phases, where stirring was carried out by a
magnetic stirrer. Further factors such as the addition of PAX, an increased amount of
agglomerates and a decreased amount of water had caused the percentage gold recoveries to
increase. Focussing on the most efficient means of separation, it was found that scraping, as
compared to sieving, was the more feasible method for effective separation. Finally, the
contacting procedure was repeated for different periods of time, ranging from 10 to 50 minutes



and it was clearly found that the percentage gold recoveries were at a maximum for contact times
above 50 minutes.

Optimised CGA

As mentioned earlier, the conditions for most efficient performance of the CGA process was a
compilation of the parameters that favoured maximal gold recoveries. A summary of these are
as follows: a contact period of at {east 50 minutes, contact by stirring, the addition of a collector
and a decreased amount of water was used to prepare the ore slurry. The CGA process was
repeated under the specified conditions and analysis was done by either the Graphite Tube
Atomiser (GTA) or the Induction Coupled Plasma (ICP). These results are tabulated below:

Table 2. The gold recoveries found from the CGA process as performed under optimal

conditions
METHOD OF ANALYSIS % Au RECOVERY
Graphite Tube Atomiser (GTA) 44
Induction Coupled Plasma (ICP) 85

It is_seen that overall gold recoveries as analysed by the GTA has increased from 38.4 to 44 %
(Refer to Table 1). Although an improvement was observed, it was still a very low result and for
this reason it was sought to utilise an alternative instrument, i.e the ICP for analysis. All samples
were treated in the exact same manner as before i.e by drying, ashing and dissolving them into
aqua regia, the only difference being the instrumental analysis.

As seen from Table 2, the percentage gold recoveries had increased to a promising 85% and it
could be concluded that the low results in previous experiments were rather instrumental based
than caused by human error. It is not the aim of this excercise to present an explanation as to
why the ICP analysis was the better, which 1s in fact a study of its own, but rather to utilise the
information to our advantage. Needless to say, all further analyses were performed on the ICP.
The results of all tests were fairly reproducible with an error margin of less than 5%.

Recycling
Recycling of the ore phase

The coal-oif agglomerates were contacted with an ore sample after which it was separated and
the ore contacted with a “fresh” coal-oil sample of the same quantity as before. Both the coal-oil
agglomerate samples were analysed for gold.. The first batch of agglomerates recovered an
average of 37.9% of the geld from the ore phase and the second batch of agglomerates a further
4.25% of the gold that was originally in the ore sample before any contact. As seen trom the fow
results, the analysis was done by the GTA and although these values are low, it could still be
concluded from the results that the coal-oil agglomerates are capable of recovering gold from

very low grade ores.



Recycling of the coal-oil phase

The CGA process was performed under optimised conditions and the coal/oil phase was
separated as normal, after which these agglomerates were then contacted with a “fresh” ore
sample. It was the objective of this study to determine what the possibility was of increasing the
gold loading onto the coal-oil phase. The analyses were done on the ICP, whereby all the
untreated and pre-treated ore and coal-oil samples were analysed. Table 3, below, stipulates the
results: :

Table 3. Results obtained after recycling the coal-oil agglomerates

% Au recovered in the same
coal-oil phase after second
contact
75.6

% decrease in Au recovery
after recycling the coal-oil
phase
7.44

% Au Recovered in coal-oil
phase after first contact

From the tabulated results it {s seen that the agglomerates recovered an average of 83.03% of the
gold after it was contacted with the ore the first time and a further average of 75.6% gold was
recovered after recycling the same coal-oil phase. Therefore, it is found that the coal-oil
agglomerates had the capacity of recovering an average of only 7.44% less gold after it had been
recycled once. Furthermore, it was found that the gold loading onto the coal-oil agglomerates
was increased from and average of =6 to 12 g/ton, which confirms that the recycling procedure
is an effective operation and hence, serves as an incentive to promote the CGA process in terms

of the economical viability thereof.

CGA on an Industrial ore

As the CGA process was repeated on a rea] ore sample whereby the coal-oil phase was recycled
afterwards, a XRD analysis was done on the untreated and pre-treated coal and ore samples to
determine if minerals other than gold was recovered by the coal-oil phase. The results of the

XRD analysis are depicted in Table 4.

Table 4. The results on XRI)} analysis

[ORE - before CGA | COAL-before CGA | ORE - after CGA COAL - after CGA

Quarts Non graphitised less pyrophyllite Carbon (some
Pyrophyllite carbon and pyrite and chlorite | graphitised)

Pyrite kaolinite Quarts

Chlorite traces of mica Pvrophyllite

Mica traces of calcite kaolinite and minor

amounts of pyrite,
mica, chlorite and
possible calcite

As seen from Table 4, no gold was detected in any of the samples. The X-ray Diffraction
analysis is a surface based analyviic method, which does not quantify the minerals on a surface.
but rather gualifies those present. Therefore, it is clear that no gold particles were detecied on



the surface of any of the samples, which is no proof that they do not exist in the matrix of the
sample. However, it is seen that the coal-oll agglomerates picked up some_ other minerals,
besides gold and these results merely states that the presence of other minerals could have an
effect on the performance of the Coal Gold Agglomeration process. Through ICP analysis it was
possible to determine what the effect of the different minerals was on the recoveries by the CGA
process. The results are tabulated below.

Table 5. The results obtained by performing the CGA process on a real ore sample
and then recycling the coal-oil phase.

First Contact Second Contact Percentage
- decrease
% Au Recovery 76.4 43 33.4

Refer to Tables 3 and 5 for a comparison of the results. By carefully studying and comparing the
results, it is seen that less gold is recovered into the coal-oil phase after performing the CGA
process on a real ore sample (a decrease from 83.03 .0 76.4%). Furthermore, less gold is
recovered into the coal-oil phase after recycling with a real ore sample than with the synthetic ore
sample (a decrease from 75.6 to 43%). It could then be concluded that the CGA process
efficiency is inhibited when performed on a real ore sample, where the gold particles are in
competition with minerals such as: quarts, pyrophyllite, pyrite and chlorite (Table 4) to attach
themselves to the coal-oil agglomerates.

Comparative study

It is not only the purpose of this study to investigate the CGA process, but also to assess the
potential of this new technology as an potential alternative to existing smail scale mining
operations, such as mercury amalgamation. Environmental legislation has become more
stringent and techniques such as amalgamation has been researched in the finest detail so as to
come up with ways to improve the environmental safety of this ancient technique. The gold
mining operations in the underdeveloped areas, such as the Amazon region and North Africa
depend on the amalgamation technique for recovering the gold from alluvial ores, where the
miners are not highly skilled or educated which makes such a simple operation a very attractive
means of income. Acute mercury poisoning is not only confined to the immediate surroundings
of operation, but effects the lives of many people downstream, as fish ear the mercury and it is
digested to methyl-mercury, which is even more dangercus than the vapours produced by
roasting. Although it is not within the scope of this paper to discuss the 'etails of the dangers of
mercury, it was however necessary 1o provide the reader some background as to why a valid
technical and economical alternative te mercury amalgamation 1s researched,

After performing a batch of simulated mercury amalgamation experiments, the results were
found to be very promising towards the CGA process, as seen in Tabte 6.



Table 6. Gold recovery percentages measured after performing Mercury
Amalgamation compared to that of Coal Gold Agglomeration

PROCESS TYPE % Au
RECOVERY

Mercury Amalgamation 70

Coal Gold Agglomeration 85

The analysis was performed by the ICP and the results are the average of 3 -5 batch experiments.
As seen from the results, the agglomerates recovered an average of 15% more gold than by
mercury. Although the CGA process does not outperform the amalgamation process in strictu
sensu, it definitely is the better alternative based on the environmental friendliness and safety
thereof, If referred to the THEORY section of this paper, it is seen that the CGA process is not
only the better in terms of recoveries, but a free energy analysis has shown it to be the more
stable process in theoretical terms.

CONCLUSIONS

The CGA process yielded promising results, which under optimal conditions was up to 85% gold
recoveries. By performing a sensitivity analysis, the optimal conditions were found to be:
contact periods above 50 minutes, contact by stirring, the addition of a collector and a decreased
amount of water. Furthermore, factors such as an increased amount of oil and contact by the

rolling bottle technique caused a decrease in gold recoveries.

A set of recycling experiments was performed, whereby the ore phase was recycled and it was
found that the CGA process is suitable for recovering gold from very low grade ores. Further
recycling of the coal-oil phase has proved that it is possible to increase the gold loading onto the
coal-oil agglomerates, which will be to the advantage of the economical viability of the process.

The CGA process was repeated on a real ore sample, whereby the effect of other minerals was
studied. The gold recoveries were less than with the synthetic ore and by performing XRD
analysis on the coal-oil phase, it was found that the gold particles were in competition with
minerals such as quarts, pyrophylite etc. which attached themselves to the agglomerates, hence

the lower results,

Finally, a comparative study was conducted, whereby the CGA process was compared to
mercury amalgamation. Laboratory scale amalgamation tests were performed, whereby gold
recoveries of £70% was found, which were less than for the CGA process
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Figurel. A Simplified flowdiagram of the Experimental Setup of the Caol Gold
Agglomeration (CGA) process.
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Figure 2. Stages I and I represent the state of the different components initially
(1) and after contacting (II), where the coal-oil agglomerates are
represented by oil in the diagram.
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