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Gold is a child of Zeus, neither moth not rust devoured it but mind of man is
devoured by this supreme possession. (Pindar; 522 - 443 B.C.)
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CHAPTER 0. Gold Recovery by s¢-CQO,?

CHAPTER O

Gold Recovery by s4-C0.?

Gold has always been precious to mankind, and the acquisition and recovery of
gold has been an important issue since the earliest times. In South Africa, the
cyanide process' for the extraction of gold from ore had its centenary in 1997 and

has been developed and refined to a high level of perfection.

A problem which has arisen in the gold industry in time relates to gold residues
(with gold prevailing as Au**) entrapped in spent ion exchange resin in the course
of uranium recovery processes. The removal of such gold residues from spent
matrices requires a new method of gold extraction and recovery which is both
economically viable and environmentally friendly. Furthermore, gold(l) cyanide
adsorbed onto activated carbon in the cyanidation gold recovery process is
currently stripped from the matrix by environmentally hazardous processes such
as acid and base elution. Clean technology to desorb gold from activated carbon

is of interest to the mining industry.

Recent figures show that approximately 3 500 tons of such spent ion exchange
resin are available in South Africa. On an average, 100 g of gold per ton of spent
resin is potentially recoverable. This amounts to a total value of 50 million Rand.
The 200 g/ton of uranium and other radioactive nuclides also entrapped in these
resins represent a major environmental hazard. Stricter laws controlling the
treatment of radioactive waste therefore also necessitate a new approach to the
problem.

A few recent papers have reported on the dissolution of gold and gold complexes
in supercritical carbon dioxide (sc-C0,).2® Although not yet fully understood and
sufficiently explored, supercritical fluid technology could be a solution to the

problem of removing/recovering adsorbed gold from different matrices. The
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CHAPTER 0. Gold Recovery by sc-CO;?

intention with this project was to make a contribution towards such a recovery

process to the potential advantage of the mining industry by conducting a

fundamental study on the complex formation of gold and the solubility

characteristics of gold complexes in s¢c-CO,. The knowledge acquired in such a

fundamental study could then serve as a basis for designing and optimising a

potentially feasible gold recovery process from gold containing matrices.

0.1

Objectives

The specific objectives were to

1.

acquire samples of pure gold and of activated carbon and to successfully load

the metal in a suitable form onto the carbon matrix;

prepare a variety of gold complexes, analyse/characterise these complexes
and measure the solubility of the complexes in s¢-CO; in order to establish the

preferred species to load onto activated carbon for removal by s¢-COy;

to develop several methods to monitor gold removal in order to achieve reliable
resuits in the anticipated event that removal may be limited and that yields of

removed gold may be quite smali

. perform trial extraction runs by sc-CO; to explore the possibility of metal

recovery from the activated carbon surface;

optimise removal of gold by sc-CO; (should the process be viable) in terms of
major role-playing conditions by virtue of a statistical design and surface

response analysis;

investigate the influence of cosolvents in s¢-CO; for the removal of gold from

activated carbon;

. propose a plausible mechanism (formation of carbonato complex,” for instance)

whereby gold is removed by s¢-COs.
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General objectives of the investigation included

1. a contribution to the chemistry of gold and coordination chemistry of gold

complexes;

2. added value to the development of supercritical fluid technology in general and

to the application possibilities of sc-CO- in particular;

3. promotion of the concept of clean technology and development of processes

for green chemistry.

0.2 Strategy

The realisation of the objectives outlined above required specific strategies

comprising the following steps:

a. purchase of or sponsorship for pure gold from a gold supplier or refinery and
location of industrial suppliers of activated carbon to obtain the most suitable

quality carbon available for gold adsorption;

b. synthesis and characterisation of gold(l) and gold(lll) complexes with selected
ligands and measurement of the solubilities of these complexes in s¢-CO; as a
directive of which species should preferably be loaded onto activated carbon to

investigate the feasibility of gold recovery from a matrix by sc-CO;;

c. customisation of analytical techniques such as uv/visible spectrophotometry
(for monitoring absorbance maxima and determining molar absorption
coefficients), scanning electron microscopy (for surface analysis of activated
carbon) and atomic absorption and/or inductively coupled plasma spectrometry

(for gold analysis);

d. proof of the viability of gold removal from activated carbon by sc-CO; using a
laboratory-size supercritical fluid extractor and samples of activated carbon

preloaded with selected gold complex species,®
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e. optimisation of recovery of a selected complex in terms of conditions

(temperature, pressure, time) derived from a statistical experimental design,’

f. investigation into other substances (organophosphates, 8-diketones) that could
also recover adsorbed gold either as a primary extractant or as a cosolvent for
sc-COa.

0.3 Methodologies

The utilisation of various physical/chemical, analytical and statistical/mathematical

approaches were envisaged. These included

—

. standard techniques for synthesis of coordination compounds;

2. characterisation of complex species of gold and analysis of extract composition

by spectrometric methods;

3. solubility data for gold(l) and geld(lll) complexes by virtue of concentration-time

curves at selected conditions;

4. percentage recovery of adsorbed species by s¢c-CO; as a function of different

variables (time, temperature, pressure, density, flow rate, % modifier);

5. optimisation of gold recovery by surface response analysis using a statistical

software package.

0.4 Infrastructure

The infrastructure offered by the Separation Science and Technology (SST)
research laboratory at the North-West University {(Potchefstroom Campus) was
accessible for the execution of the envisaged project. These included labware,
chemicals, basic facilities, small instrumentation, a state-of-the-art laboratory-size
supercritical extractor and analytical instrumentation {uvlvisible

spectrophotometer, atomic absorption spectrometer, ICP-MS). A scanning

4
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electron microscope (SEM) connected to an energy dispersive detector system
(EDS) was available as an interdepartmental facility on campus, while some
analyses were performed by an independent accredited laboratory. Two essential
chemicals for the investigation (gold, activated carbon) were donated by

companies.

0.5 Envisaged Output

In addition to a thesis in fulfiiment of the requirements for the doctoral degree, the
results of this research project were envisaged to be published in accredited
journals, to be presented at conferences and to be utilised in the design of a
potentially feasible gold recovery process in the interest of the gold mining
industry. It might further contribute to the protection of the environment by
presenting a less harsh process than acid and base elution for the recovery of
adsorbed gold from matrices, and to safe and efficient handling of radioactive

waste.
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CHAPTER 1. Recovery and Chemistry of Gold

GHAPTER 1

Recovery and Chemistry of Gold

Historians believe that gold was the first metal known to man ca. 6 000 years ago.
Man desired gold for its sheer beauty and for precious objects into which it can be
converted. Over centuries, gold has been used as a currency, and in modern
times it is increasingly used in industry, for instance in dentistry, computers and

electronic circuits.

Most of the gold discovered until the last century was alluvial (gold found in
riverbeds), and panning for such gold was relatively easy. Although gold mining
began in the Urals (Russia) as early as 1744, most of the world's major

discoveries were made in the second half of the 19" century.

With the Witwatersrand discovery in 1886 South Africa became the largest source
of gold. The gold is embedded in rock and could not be recovered by simple
panning. As a result the whole nature of gold mining changed. It was carried out

by corporations. The large mining houses of modern times were born.'

1.1 RECOVERY OF GOLD
1.4.1 Gold Mining in South Africa — Brief Historical Overview

History records that gold was first discovered on the Witwatersrand in 1834. The
discoveries in the then Eastern Transvaal in the 1870's gave rise to the first gold
rushes, but the gold deposits found in this area proved to be small in relation to
those of the gold bearing Witwatersrand reefs. An outcrop of these reefs was
discovered in 1885 on the farm °“Langlaagte” on the western outskirts of

Johannesburg.?
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The full extent of these reefs has emerged gradually over the years. At present
they are being mined over an arc of about 500 kilometres extending from beyond
Virginia in the Free State, through Klerksdorp in the North-West Province,
Carletonville, Krugersdorp and Johannesburg in Gauteng to Kinross in
Mpumalanga. South Africa has about 35 percent of known world gold reserves.
This constitutes by far the largest known deposits of gold in the world and is the
source of about 40 percent of the annual world production of newly mined gold.’

1.1.2 Importance of Gold Mining'
Infrastructure

Gold is one of the main export commodities of South Africa, and gold mining is the
nation’s largest single industry and second largest employer. Through gold
mining, many towns and cities have come into being. Much of the infrastructural
development of roads, electricity generation, water reticulation,
telecommunications, housing and supporting industries have resulted from gold

mining.
Gross domestic/geographic product

Gold mining has played a pivotal role in the development of the domestic
economy. Aithough its relative importance has diminished over the last decade, it
still contributes just under 4 percent directly to the gross domestic product (GDP).
This is substantially lower than the 17 percent direct contribution recorded in 1980
when the gold price was at peak, but taking in consideration the indirect
contribution to the economy and the multiplier effects, gold mining's total
contribution to GDP is closer to 10 percent. It also contributes substantially to the

national fiscus, both directly and indirectly.

The contribution of gold mining to economic growth in certain provinces is
significantly larger than the contribution to the overall economy. The mining sector
was responsible for approximately 20 percent of the gross geographic product
(GGP) of the Free State, 40.5 percent of North-West Province, 24.6 percent of

8
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Northern Cape, 20.4 percent of Mpumalanga and 20.1 percent of Limpopo. One
realises that closure of certain gold mines would have a significant impact on the

economy and socio-economic welfare of certain mining towns.
Foreign exchange earnings

Gold has been South Africa's largest export commodity for years. While goid
mining is a very high nett generator of foreign exchange, it is also a very low nett
user of foreign exchange since much of the required materials and technology has

been developed locally.
Employment

In 1996 gold mines employed 2.3 percent of the total economically active
population or 3.5 percent of those formally employed in the economy.
Approximately R8.8 billion was paid to these mine workers as wages. Estimates
indicate that for every three people employed at a mine, one other person is
employed by industries serving the mining industry directly or indirectly. It is also
estimated that every worker in the gold mining industry has between 7 and 10

dependants, thereby highlighting the social importance of the industry.
Challenges

The most fundamental challenge facing the mining industry is productivity of
fabour and control over costs. For most minerals, including gold, prices are set on
international markets. In order to remain competitive, the mining industry has to
focus on productivity and cost saving. Current inhibiting factors include restrictive
legislation, government intervention in the domestic economy, domestic price

instability and high domestic taxation.

1.1.3 Basic Processes of Gold Mining and Processing

Modern prospecting culminates in drilling holes into the earth at selected sites to
precisely locate the gold reef. When payable deposits are found, a mine is

developed. A shaft is sunk to reach the gold-bearing rock. Tunnels are driven at

9
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various levels from the shaft, until the inciined plane of the gold bearing reef is
struck. These “cross-cuts” are excavated by drilling holes at various angles into
the face of the tunnel. These holes are filled with explosives and the rock is
blasted out. When the cross-cuts reach the gold bearing conglomerate, other
tunnels are developed along the plane of the reef. The process of driling and
blasting is known as stoping. Gold bearing ore is hoisted up the shaft and sent for
extraction of gold.?

The major commercially viable extraction processes for gold include cyanide
leaching (cyanidation), gravity concentration, flotation, refractory ore processing,
amalgamation and alternative lixiviants. Today, the standard method used for
extracting most of the gold throughout the world is cyanide leaching. The reason
is mainly economical, since cyanide leaching is capable of recovering about 90
percent of the available gold as opposed to about 60 percent recovery in
amalgamation plants. Many of the old tailing piles from other processes have

been economically reprocessed by cyanide leaching.*

The standard cyanide leach process entails grinding of the ore to about 80 percent
200 mesh, mixing the ore/water slurry with about 1 kg per ton sodium cyanide and
sufficient quick lime to keep the pH of the solution at about 11.0. At a level of 50
percent solids, the slurry passes through a series of agitated mixing tanks with a
residence time of 24 hours. The gold bearing liquid is then separated from the
leached solids in thickener tanks or vacuum filters, and the tailings are washed to
remove gold and cyanide prior to disposal. The separation and washing take
place in a series of units by counter-current decantation. Gold is then precipitated
from the pregnant solution by addition of zinc or by adsorption onto activated
carbon. In the zinc precipitation process the precipitate is filtered off and melted
with fluxes at the mine to recover the goid bullion as doré bars, which are refined
later to more than 99 percent purity. Gold adsorbed onto carbon is recovered by
elution and submitted to the same pyrometallurgical process as the precipitate.’

The recovery of gold by adsorption onto activated carbon in cyanide solution is
based upon the physical affinity carbon has for gold (it can attract 7 percent of its

mass in gold). There are several variations to the carbon adsorption process:

10
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1. Carbon-In-Column (CIC): The leach solution flows through a series of fluidised
bed carbon columns in an up-flow direction. The major advantage of these
columns is the ability to process solutions containing as much as 2 to 3 mass
percent solids. Down-flow columns are rarely used for gold recovery, since they

act like sand filters suffering frequent plugging.*

2. Carbon-In-Pulp (CIP): This process was developed in South Africa during the
1970’s and is considered to be the most significant advance in gold recovery
technology in recent years. The slurry of finely ground ore (75 um particle size)
and water (the ‘pulp’) is treated with cyanide in large tanks stirred mechanically or
by air-agitation. Instead of separating solids from the pregnant solution as in the
traditional cyanidation process, activated carbon is used to adsorb gold directly
from the cyanided pulp while it is flowing continually from one vessel to another
and the carbon is transferred in the counter-current direction. The gold value of
the pulp decreases downstream and the gold loading on the carbon increases

upstream.’

3. Carbon-In-Leach (CIL): The process integrates leaching and carbon-in-pulp into
a single operation by fitting leach tanks with carbon retention screens so that gold
is adsorbed onto carbon almost as soon as it is dissoived by the cyanide solution.
CIL is often used when native carbon present in the gold ore adsorbs the leached
gold and prevents its recovery. The carbon added in CIL is more active than the
native carbon, so that gold will be preferentially adsorbed by carbon that can be
recovered for stripping. The CIL process is used in small cyanide mills to reduce
the complexity and cost of the circuit, but carbon loading is 20 to 30 percent less

than with CIP and thus requires a larger carbon inventory.*

The final stage of gold processing is pyrometallurgical conversion of gold
concentrate to bullion. Generally, South African mine doré contains about 10
percent silver and 2 to 3 percent copper, iron and other base metals. The removal
of non-gold material is achieved in refineries. As a result, mine metallurgy plants
are restricted to production of suitable quality bullion that can be accurately
sampled and assayed.’

11
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1.1.4 Activated Carbon in Gold Recovery®

Activated carbon is a generic term for highly porous carbonaceous materials that
cannot be defined by a structural formula or by chemical analysis. It is a piece of
carbon with millions of tiny interlocking holes occupying space within the carbon
and constituting high internal surface area. Typical activated carbons used in the
Carbon-in-Pulp (CIP) and Carbon-in-Leach (CIL) processes discussed in Section
1.1.3 have surface areas of about 1 000 mzlg, which means that one gram of

activated carbon has the same surface area as two football fields.

The pores in activated carbon are classified into the following groups depending
on the diameter of the pores:

macropores (500 - 20 000 A) running from the surface of the activated carbon into

the interior and allowing rapid movement of adsorbates into the activated carbon;

mesopores (100 - 500 A) branching off the macropores and allowing the

adsorbates to leave the macropores;

micropores (8 - 100 A) constituting 95% of the total internal surface area and
allowing adsorbates transported by the meso- and macropores to be strongly
adsorbed.

Activated carbon is inert and carries no charge. Its internal surface area is
therefore neutral, so that only neutral species from water, industrial solutions and
gases are adsorbed and charged species are left behind. Gold leached from ore

in the cyanidation process
Au+ 2CN° ——>» Au(CN)7 (1.1)

is present in water as gold cyanide ion. An ijon-pair is formed when a positive ion
such as Ca®*, Mg®*, Na', K* combines with the gold cyanide ion to form neutral

species.®’

K*+ Au(CN)y ——» [K"....Au(CN);] (1.2)

12
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Equilibrium is established between the gold cyanide ion and the ion-pair. The
neutral ion-pair is adsorbed by the activated carbon while gold cyanide ion

remains in solution.

The adsorption of the ion-pair onto activated carbon is depicted as physical
adsorption. It results from the action of Van der Waals forces causing some
distortion of electron distributions of adsorbate molecules and solid phase surface
molecules in mutual proximity but with the electrons maintaining their association
with the original nuctei. There is no chemical reaction between the ion-pair and
the carbon surface. Important factors that determine the extent of adsorption are
the concentration, mole mass, molecular size and polarity of the adsorbate. The
only factor that can be varied during gold adsorption is the concentration of the
adsorbate in solution. The higher the concentration of gold in solution is, the

larger the amount of gold adsorbed onto activated carbon will be.

Removal of adsorbed gold from activated carbon can be done by reversing
adsorption. This requires a stable ion-pair present on the carbon surface, such as
Ca(Au(CN)2)2, to be converted to a less stable ion-pair, such as NaAu(CN),. This
is achieved by washing the carbon with a hot NaOH/NaCN solution. The high
concentration of sodium ion causes ion exchange between calcium and sodium to
form a less stable sodium gold cyanide ion-pair. The high pH and high cyanide
concentration further destabilises the NaAu(CN); ion-pair as the Au(CN); ion is
stabilised under these conditions. Since the adsorption of gold is an exothermic

process, presence of heat promotes elution.

The two subsequent process steps involve regeneration of the carbon to a gold
activity (affinity which carbon has for gold) as close as possible to that of virgin
carbon, and acid washing to remove scaling by converting CaCQ; to CaCl; soluble
in water. Regeneration entails removal of organic poisons by heating to above
their boiling points (~ 700 °C) and addition of steam to etch away pyrolysed matter
caused by organics breaking down during heating. Acid washing is a rapid
reaction which does not require heat and which removes base metals such as Ni,
Fe and Zn. It is generally undertaken prior to elution, but it may be performed after

regeneration.

13
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1.2 CHEMISTRY OF GOLD

Gold has a characteristic brilliant yellow colour in bulk, but when finely divided, it
can be black, purple, ruby red or blue. Although oxidation states from -1 to +7 are
claimed for gold, the chemistry of gold is dominated by the +1 and +3 oxidation
states.® Types of complex compounds in which gold exists in different oxidation

states are summarised in Table 1.1:

Table 1.1  Types of complex compounds with gold in different oxidation states®

Oxidation state Type of complex

-1 With very electropositive metals (e.g. Cs”)

+1 With v_vide range of ligands, mostly 2-
coordinate

+2 Rare, stabilised by suspect ligands

+3 Common with wide range of ligands,
usually square-planar

+4 One example with a suspect ligand

+5 Fluorine as ligand, 6-coordinate

+7 Not confirmed, F" as ligand

The ionisation energies of gold are listed in Table 1.2. The high i, value for goid
(890 kJ mol") compared to that of silver (731 kJ mol™) is attributed to the relatively
high energy of the 6s shell (from which an electron is removed), while the low I3
value for gold (2 900 kJ mol™") compared to that of silver (3 361 kJ mol™") stems
from the stability of the +3 state reinforced by the large ligand field splitting of the
5d® ion®. The preference for the +3 state is attributed to relativistic effects
according to Hartree-Fock calculations.®

14
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Table 1.2  lonisation energy values for Au®

lonisation energy (kJ mol™) Electronic configuration change
It = 890 Bs' — 5d'°
I, = 1978 5d'0 — 5d°
3 =2 900 5d° — 5d°
ls = 4 200 5d® — 5d’

Mixing of atomic orbitals of gold to give hybrid orbitals capable of generating
diagonal 2-coordination'® is illustrated in Figure 1.1. The 5d,° and 6s atomic
orbitals of gold can mix as a result of the small d'%-d% separation and the large
d%s-d°p separation to form two molecular orbitals W, and W.. ¥, lies away from
the two incoming ligands along the z-axis and can occupy the electron pair which
was initially in the 5d,° orbital. ¥, can mix with 6p; to form the orbitals W3 and ‘¥,
which have empty lobes pointing along the z-axis and which can accept electron
pairs from the two incoming ligands. This mixing of orbitals generates diagonal 2-

coordination.

D ¥
' °
’ﬁ‘

H

L)

Y Pz Y,

Figure 1.1 lllustration of orbital mixing for diagonal 2-coordination.
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1.21 Gold Halides and Oxides

In Table 1.3 the characteristics of different halides of gold are listed. AuCl and
AuBr are prepared by cautious heating of Au.Xg. In Reaction 1.3 the synthesis of
gold trichloride is illustrated. When heated, gold(l) chloride is formed as shown in
Reaction 1.4. In Reaction 1.5 the direct synthesis of Aul is shown.

oAU+ 3Cl, 22%Cy AuClg (1.3)
AuCls 29C o 2cl, + 2AUCH (1.4)
2Au+l; —» 2Aul (1.5)

Table 1.3  Characteristics of gold halides®

F Cl Br I
Yellow-white, Light yellow, Lemon,
AuX decomposes decomposes decomposes
at 170°C at 115°C at 120°C
Black; is in fact
AuXa Au,Clg containing
Au(l) and Au(lll)
Gold-yellow, Red, Dark brown,
AuXs decomposes decomposes decomposes
at 500°C at 254°C at 97°C
AuXs Yellow-brown
AuX; Pale yellow

All three gold(l) halides have a zig-zag chain structure with linear coordination to
gold as shown in Figure 1.2. Gold(lll) coordination compounds, such as AusClg,
have a square-planar structure shown in Figure 1.3. Two types of structures are
involved in 4-coordinated gold. AuFs; has a fluorine-bridged helical structure
(Figure 1.4),"" while the corresponding chloride® and bromide'® species are
dimeric AuzXs with Au - Cl 2.243 - 2.249 A (terminal) and 2.334 A (bridged)

16
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(Figure 1.3). Some ligands cause the bridges to break and to form adducts
AuX,.L, while other ligands reduce the bridged compounds to gold(l) species.

/X\ /x
N AU Au AU D
X X

Figure 1.2 Structure of gold(l) halides in the solid state

N

Au A
cl” ‘¢ "¢l

Figure 1.3 Structure of AuyClg

Figure 1.4 Structure of AuF;

The only important gold oxide is Au;Os (brown), which is obtained by alkaline
precipitation of Au®*. Single ruby crystals have been synthesised by hydrothermal
crystallisation at 235 - 275 °C from HCIO,/KCIO4. It has a polymeric structure with
square-planar coordinated Au*.™ It decomposes to the elements on gentle

heating and exists in strong alkali as Au(OH)s".

17



CHAPTER 1. Recovery and Chemistry of Gold

1.2.2 Aqualons

Gold is traditionally dissolved in aqua regia to yield AuCly’, in alkali cyanides to
produce Au(CN), or in thiocyanates to form Au(SCN),."* The Au®" ion is the only
stable species in aqueous solution and it is always complexated. The relevant

reduction potentials in acidic solution are given below:
Au'(ag)+e ——> Au(s) E9=+1.83V (1.5)
Au™ (aq) + 260 — AU’ (aqg) E°=-1.36V (1.6)

The electrode potentials for selected gold(l) and gold(lll) complexes are listed in
Table 1.4. These potentials predict the disproportionation

3Au* (ag) ——— Au* (aq) +2Au (s) E°=+047V (1.7)

of Au® in aqueous solution. AuCl, for example, immediately decomposes into gold
and gold(lll) chloride. (AuCN), is formed by oxidation of gold in the presence of
CN".

Au+2CN ——> Au(CN); + ¢ E°=+061V (1.8)

Table 1.4 Selected electrode potentials for gold(l) and gold(Il) complexes®
[Au(L™))"*" and [Au(L™ )]

Ligand eV
Gold(l) Gold(lll)
H.0 -1.83 -1.52
Cr -1.15 -1.00
Br -0.96 -0.85
I -0.66
SCN -0.58 -0.64
NH; -0.56 -0.33
CN +0.61 +0.20

18
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1.2.3 Gold(l) Complexes

A molecular orbital (MO) scheme for a typical o-bonded gold(l) complex, [AuL,]",
is shown in Figure 1.5. The 5d orbitals of the Au atom are completely filled and
the atomic orbitals of the two ligands each accommodate an electron-pair for
donation to the central metal atom. The atomic orbitals lead to the formation of
seven molecular orbitals according to the linear combination of atomic orbitals

(LCAO) principle in which the fourteen electrons are arranged according to Hund's

OO><—0C0
O Bs
o
O
HOHOH—HOHODHO =

D

L [AuL,]" Au®

rule, '

Figure 1.5 MO diagram for a o-bonded complex [AuL]"."®
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Complexes of O-, N- and halogen-donors

Very little is known about O-donor complexes of gold(l). The most important Au-O
bond is formed in [(PhsP)AulsO*, which is used as a starting material in the
synthesis of a hetero-atom oxo-centred gold cluster compound.”” Most similar
type complexes reported involve other supporting ligands, such as in
(PhaP)Au{OSi{CH3)3).

Complexes with ammines, nitriles and diazoles, like Au(NH,)," and Au(RCN),", are

known but httle studied.

The ions AuX; (X = CI, Br, |} are well known but very unstable in water unless
excess halide ion is present. The series (CsHg)sNAUX; was prepared by reactions

like®

2R,NAUCIl; + PhNHNH,HCI ——> R4NAUCl, + RyNPhAuUCl; + N, + 4HCI
(1.9)

Au-X bond lengths are 2.257 A (CI), 2.376 A (Br) and 2.529 A ().

Terliary phosphine and arsine complexes

These complexes of gold(l) have been intensively studied since the early 1970's.
The usual starting material is AuCls, which can be reduced with a tertiary
phosphine

AuCly + 2R3P ——— R3PAuCI + RsPCl; + CI (1.10)

to yield a complex with a coordination number between 2 and 4. An alternative
methoed for the synthesis of tertiary phosphine or arsine gold complexes involves
cheaper in situ preparation with 2,2'-thiodiethanol, (bis-2-hydroxyethyisulphide)
(1.11).

AuCly” + 2(HOCH,CH,),S ——» AUCI[S(CH;CH,0H);] + (HOCH,CH,),SO +
CI + 2HCI (1.11)
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(PhaP)YAuX (X = CI, Br, I, NO;, SCN, Ph, CN) are linear 2-coordinated 1:1
complexes with Au - P bond lengths ranging between 2.199 and 2.325 A
Complexes with more than one phosphine (2:1; 3:1 and 4:1) have been prepared
by varying the stoichiometry of the reaction mixture.'®

Complexes of C-donors

The most important complexes with C-donors are cyanides. AuCN has a linear
structure and dissolves in excess KCN to form K*Au(CN),", which is important for
the extraction of gold. It has been characterised as various salts (Tl, K, (C4Hg)sN,
Cs) with an Au - C bond length of 1.964 A™® Isocyanides are C-donor ligands

forming stable complexes with gold, for example
AUCKS(CHa)z) + CH3NC ——— AUCK{(CH3)NC} + (CH3),S (1.12)
AUCly" + (CaHg)NC + CoHsOH ——> AuCHK{(C4Hg)NC) (1.13)

Excess isocyanide leads to Au(RNC)," and possibly Au(RNC),*. Linear Au(CO)ClI,
which is a useful synthetic intermediate, is prepared according to

HAuCl; + CO + SOCl;, —— Au(CO)CI + COCl, (1.14)

Complexes of S-donors

The most important complexes of S-donors are thiolates, [Au(SR)],. Allthough
little is known about their structures, EXAFS and Mossbauer measurements
indicate that they coordinate diagonally with gold (Au - S bond length of 2.30 A)
and are thiolate-bridged polymers.?’ Hexameric structures have been suggested
for some complexes with long alkyl groups soluble in organic solvents.?" Reaction
with phosphines lead to monomeric R;PAUSR and contains diagonally coordinated
gold. Sulphate and thiosulphate bind through sulphur, such as in
NaiAu(S,03)2.2H;0, which has a linear 2-coordinated gold structure.
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Among neutral ligands, thioethers form important complexes AuCI(SR;) which are
synthetically useful since the sulphide is easily replaced by strong donors like
tertiary phosphines. Thiourea complexes with a linear coordination structure are
also important. [Au(S=C(NHy)2]'X (X = Cl, ClOs, NO3)*? is formed when gold
reacts with thiourea in acidic solution®®. Gold thiourea was introduced as a
possible extracting ligand for gold because of its adsorption onto activated carbon.
It leaches gold at a much faster rate than cyanide.?

HX
HAUCl; + 2(NH)2CS ——>  [Au(S=C(NH2)2]X (1.15)

1.2.4 Gold(lll) complexes
Complexes of halogens

Gold(ll) has a d® electron configuration and forms square-planar complexes with
halogens. The tetrahalometallates are normally starting materials. The oxidising
agent is usually concentrated HNO;,

HX
Au _ HAuX4 (X = Cl, Br) (1.16)
oxidising agent
Typical bond lengths are 2.27 - 2.29 A (CI), 2.404 A (Br), 2.633 - 2.648 A (I) and

1.915 A (F).®

Complexes of N-donors

Gold(Ill) forms complexes with a variety of N-donor ligands. These complexes
have a square-planar structure. Examples include AuClipy and Au(NH3)Ch®
Ethylene-1,2-diamine forms Au(en).Cl; with an ionic nature (Figure 1.6) which
distorts to Au(en);Cl,* in the solid state.?® 1.10-phenanthroline monohydrate
reacts with gold (1) to form [Au(phen)CI;]CI (Figure 1.7).%
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3+

C,HsOH

H2
N
HoNCH,CHoNH, + HAUCI, ——
H

|
N
\A/
u 3CI
/\
N N
2 H

Figure 1.6  Synthesis of Au(en),Cls

Figure 1.7 Synthesis of [Au(phen)CL]CI

Au(en),® reacts with p-diketones in template reactions to afford complexes of
tetradentate macrocycles as illustrated in Figure 1.8.% Macrocyclic complexes
include the porphyrin complex Au(TPP)CI, and cyclam-type macrocyclic ligands
have a very high affinity for gold(lll).”” Fluorinated crown ethers of gold(lll) were

also synthesised to form macrocyclic compounds.?

Figure 1.8 Synthesis of a gold(lll) macrocycle complex
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Other complexes

Tertiary phosphines and arsines tend to reduce gold(li!) to gold(l), although

reverse reactions can be used to synthesise these complexes®:
PhsPAuUCIl + Cl; ——> (Ph3P)AuCls (1.17)

Oxidation of gold(l) complexes gives unexpected results with the formation of a
Au-C bond. Gold(l) complexes of bidentate phosphines and arsines, like
Au(diphos);” and Au(diars),", can be oxidised to gold(lll) species™.

Thiols and other sulphur ligands can be used to reduce Au* to Au*, but gold(lIl)
complexes can be made with tetramethylthiourea, for exampile. Various
dithiocarbamates and dithiolene complexes have been synthesised. Square-
planar coordination generally occurs in these compounds. The most important

complex with an inorganic C-donor is Au(CN)4’, captured as a potassium salt.®

conc. KCN(aq)
Na*AuCly R K*AU(CN)4 (1.18)

Abbreviations

acac - acetylacetonate

diars - diarsene

diphos - diphosphine

en - ethylenediamine

EXAFS - Extended X-ray Absorption Fine Structure
Ph - phosphine

phen - phenanthroline

py - pyndine

R - alkanes, alkenes, alkynes
TPP - tetraphenyiporphyrin

X - halogen
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CHAPTER 2

SUPERCRITICAL TECHNOLOGY

Supercritical fluids refer to substances at conditions above their critical
temperature and pressure.’ At these conditions substances do not exhibit two
clearly distinguishable phases (liquid and gas) anymore, but exists as a single new
(supercritical) phase which can be depicted as either a highly compressed gas or
a highly mobile liquid.? Although supercritical fluids have only recently been
introduced as industrial solvents, the ability of a supercritical fluid to dissolve solids
was described as early as 1879.> Supercritical fluid technology has been used
industrially since the early 1980's to extract caffeine from coffee and tea, nicotine

from tobacco and flavourants from hops and spices.*

2.1 A Brief History

The phenomenon of a supercritical fluid phase was first noted in 1822 when it was
observed that the liquid phase vanishes when different liquids where heated in
closed containers. The definition of a critical point was postulated in 1869. In the
decades to follow the main aim of this research was to determine the solubility of
inorganic and organic substances in supercritical fluids.® The solubility
characteristics of supercritical fluids has thus been known to man for the past

century!

The first industrial use of a supercritical fluid was the removal of asphalt from
heavy mineral oil fractions with supercritical propane in the petrochemical industry
in the 1930's. In the 1950’s research was focused on the development of new
techniques to separate substances by using the unique properties of supercritical
fluids. The Max Planck Institute registered a patent according to the successful

use of supercritical fluids as extraction solvents.’
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Jt was only in the 1960's when the first commercial application of supercritical
fluids emerged when a patent was granted to Studiengesellschaft Kohle GmbH
(Mitheim/Ruhr).® The first large scale industrial application was the decaffeination
of tea and coffee in 1978 when Hag AG (Bremen) buiit a supercritical carbon
dioxide (sc-COy) plant. In 1982 Germany buiit the first plant for the extraction of
hops with sc-CQO5. In 1985 and 1988 facilities for the extraction of hops and coffee,
respectively, were built in the United States of America. In both these countries
sc-H,O plants were also built for the oxidation of organic materials in industrial
effluent. The process is known as supercritical water oxidation (SCWO) where
organic compounds are oxidised to CO; and H,0.27

2.2 Fundamental Characteristics

A substance is regarded as a supercritical fluid when it exists at conditions above
its critical point." This point denotes the conditions (T., pc) at which the phase
boundary between the liquid and gaseous phases disappears and only a single
phase exists as shown on the phase diagram in Figure 2.1. The critical conditions

for a few different substances are listed in Table 2.1.

The regian for industrial use
of supercntical fluids
|

Supercritical

224 738 b ecmdecanaoan |
Critical Poirt

Pressure Solid

{(MPa)

0.0006 t tyg B

I_ Carbon dickide  ——s a4
waler —» ( 374

Temperature(°C)

Figure 2.1 Generic phase diagram presenting critical constants for carbon dioxide
and water
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Table 2.1 Critical constants of different substances

Solvent T/°C pc/atm
Carbon dioxide 311 72.8
Water 374 218
Ammonia 132 111
Ethane 322 48.1
Ethene 9.3 497
Propane 96.6 41.9
Toluene 319 40.6
Chlorotrifluoromethane 28.9 38.7
Methanol 240 78

The compressibility of a substance increases indefinitely as the critical point is
approached, and a change in density and therefore in solvent strength is observed
as the pressure increases. The variable solvent strength of supercritical fluids
make them suitable for a variety of solubility related applications. The phase
diagram in Figure 2.1 shows the supercritical domain within which density, and
thus solvent strength, can be adjusted by varying pressure and/or temperature.

The reduced density (p; = p/pc) can change from values typical for a gas (0.1) to
that of a liquid (2.5) if the reduced pressure (p, = p/p¢) increases to above ~1.0 at
reduced temperatures (T, = T/T;) between 0.9 and 1.2. The solubility of a
substance in a fluid is predominantly governed by the density of the fluid, and
selective variation of pressure and temperature close to the critical point can

therefore yield the desired solvent strength.

Apart from unique solvent strengths, supercritical fluids also possess other
properties which make them viable solvents for a number of applications.
Diffusivity is typically one to two orders of magnitude higher and viscosity an order
of magnitude lower than those of organic liquids, even at high pressure (300-400
atm).® Negligible surface tension allows supercritical fluids to penetrate easily into

microporous substances or into amorphous polymer matrices. The diffusion and
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mass transfer properties of supercritical fluids are comparable with those of gases,
and the density and solvent strength with those of liquids. These characteristics,
together with low viscosity and negligible surface tension, make supercritical fluids
ideal solvents for a number of applications.

The solubility of substances in supercritical fluids can be improved by adding a
modifier, entrainer or cosolvent. Polar (acetone, methanol) and non-polar
(propane, n-hexane) modifiers are added in small quantities (2 - 5% per volume) to
adjust the polarity of a supercritical fluid.® Supercritical carbon dioxide (sc-CO»),
for instance, does not have a dipole moment and is only weakly polarisable. The
addition of a cosolvent improves the polarisability and increases the solubility of
polar solids with an order of magnitude.” A cosolvent, like methanol, can act as a
Lewis acid or base and react with functional groups of the dissolved substance, or
it can participate in solvent sphere formation."" Acid-base interactions between
sc-CO; and an aqueous system cause pH to have a definite influence on any
process occurring in such medium. The presence of water in many extractions
stresses the importance of acid-base interactions within systems involving

supercritical fluids.'

Cosolvent modification of supercritical fluids represents a compromise in the
sense that, on the one hand, the solvent impact of a given process is largely
reduced but, on the other hand, the technology still relies on a volatile organic
component in the system. Another limitation of cosolvents is that they are not
effective for near-critical and supercritical fluid applications relying on dispersed
phases.

2.3 Choice of Fluid

A variety of organic liquids and a selection of inorganic substances, noble gases
and water, may be used as supercritical fluids. Table 2.2 gives a comparison of
the solubility parameters of common organic solvents with those of a selection of
supercritical fluids.
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Table 2.2 Comparison of solubility parameters of organic solvents and

supercritical fluids. Solubility parameter is calculated as

5 - \[AE _ \/p(AHV—RT)
V M

with AE, the energy of evaporation, V the molar volume, p the

density, AH, the heat of evaporation, M the molar mass of the

dissolved substance, R the gas constant and T the temperature. a,
b, c refers to & of CO, with p = 0.6 g/L, 0.9 g/L and 1.23 g/,

respectively.

Solvent Solubility
parameter
Methanol 14 - 15
13-14
Ethanol 12 -13
2-Propanol 11-12
Pyridine, Dioxane 10-11
Benzene, Chloroform 9-10
Ethyl acetate, Acetone
Cyclohexane, Toluene 8-9
Carbon tetrachloride
Ethyl ether, Pentane 7-8

']

0}

Supercritical fluid

NH3

NO,

H»S, HBr, HCI

N2O, CHaSH, Cly, CH3Cl

CH;CHF/{CH3);NH

CHaCHF;, CHF3, Freon

Cp_H4

CClIzF3, CCIF3, SFg, CO J

The choice of supercritical fluid is determined by the polarity of the substance to

be extracted and the technical feasibility of the conditions required to exist as a

supercritical fluid. Corrosive, environmentally hazardous, flammable and explosive

substances are typically unsuitable as supercritical fluids. The relatively mild

critical conditions, abundance, affordability, non-toxicity and inert nature of CO;

make it a suitable supercritical fiuid for a variety of processes.® It can be used for

the removal/extraction of non-polar and weakly polar compounds like alkenes,
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terpenes, aldehydes, esters, alcohols and fats. Variation of temperature and/or
pressure, or density for that matter, allows the solvent strength of sc-CO; to be
adjusted to dissolve specific substances better than common organic solvents.
The addition of smali amounts of cosolvent allows sc-CO; to dissolve more polar
compounds. Highly polar compounds are insoluble in sc-CO;, though water is
soluble up to 0.3 mass % in sc-CO; at 250 atm and 50 °C as a result of the
hydrophilic nature of CO,."> Two classes of polymers are notable exceptions, viz.
amorphous fluoropolymers and silicones. These materials, which have been
found to be CO,-philic, serve as essential building blocks for surfactants designed
for application in near-critical and sc-CO,.'* Numerous developments have been

made in the field of active surfactants."’

2.4 Instrumentation

The apparatus needed for supercritical fluid extraction (SFE) is relatively simple,
and the basic components have not dramatically changed since the invention of
the technique.”® An SFE system basically consists of five components, viz. a gas
cylinder, a high pressure pump, a modifier pump, a thermostatted sample vessel

8.9,16,77

and a restrictor/collector. Figure 2.2 shows the basic components of a

supercritical fluid extractor.

Modifier pump
g =
High pressure ___ | ____
pump i
| Thermostatted
: sample vessel
Gas cylinder H

Restrictor

Collection vial

Figure 2.2 Schematic diagram of a supercritical fluid extractor
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A laboratory-size gas cylinder supplies the gas to be used as a supercritical fluid.
The gas is pressurised to the required level with a high-pressure pump, and a
small quantity of modifier, if necessary, is added via a modifier pump. The
resulting compressed gas is pumped to a sample vessel thermostatted to a
temperature warranting supercritical conditions. An extraction of a desired
component/ingredient from a sample/matrix within the sample vessel is performed
in either a dynamic mode if the fluid is continuously pumped through the vessel at
a constant flow rate, or in static mode if a fixed volume of fluid is kept in the vessel
for a given residence time. These modes of extraction can be selected by means
of opening and closing valves either automatically {by microprocessor control) or
manually. The type of vessel used depends on the material to be extracted and
the supercritical fluid and/or modifier used. It may be constructed from high-grade
stainless steel or teflon for use with conventional extractions, or from special
corrosion resistant materials, like Inconel®, Nimonic® and Hastelloy®, for extraction
of highly corrosive substances. High-pressure vessels and autoclave reactors are
sometimes fitted with sapphire windows to enable visual and/or spectroscopic
monitoring. The vessel can be thermostatted in an oven, immersed in a circulation

bath or heated with an internal or external heating element.

The supercritical fluid is allowed to return to ambient conditions after extraction by
means of an adjustable vent valve or restrictor. The restrictor can be a simple
fused silica tube with small internal diameter, or a more sophisticated needle-valve
and seat, electronically controlled by a stepper motor. Clogging of the restrictor is
a common problem, but it can be alleviated or prevented by heating the restrictor.
Automatic variable flow restrictors are encased in a stainless steel or aluminium
block, which can be set to a specific temperature. The dissolved substance,
reaction product or destroyed waste is collected in a suitable solvent, adsorbed
onto an appropriate adsorbent or transported via a heated line into a
chromatographic column for direct analysis by means of a flame ionization
detector, ultraviolet spectrophotometer, mass spectrometer or infrared
spectrophotometer.'"® The collection process is a simple, though important step
of the extraction procedure and a number of reports comparing different collection

methods are available in the literature.'®%°
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2.5 Current Industrial Applications

ll-fated developments in the early 1980's caused supercritical fluids to be
regarded with scepticism, regardless of the successful implementation of large-
scale industrial processes such as the decaffeination of coffee and tea and the
extraction of flavourants from hops and spices. Systematic, well-planned
investigation and evaluation of process parameters and cost implications may lead
to novel solutions using supercritical fluid technology. It is important to note that
not a single one of the numerous applications listed below are specifically gold
extraction related, since only limited exploration of this topic has been done to
date. This, once again, emphasises the actuality of the research reported in this

thesis.
Separation technology

Supercritical fluid extraction (SFE) simplifies certain separations which cannot
normally be done by other methods. Extraction and separation of thermolabile
compounds can generally be performed at favourable temperatures, depending on
the supercritical fluid used. SFE may be used to replace traditional extraction
techniques, like steam distillation and solvent extraction, to yield superior extracts
suitable for the food industry. The extraction of caffeine from coffee beans is a
classic example of SFE with s¢c-CO, as solvent. The process was commissioned
by HAG in Germany after the prohibition of dichloromethane as extractant. The
capacity of this plant exceeds 50 million tons per annum. The extraction of
flavourants from hops and spices, of oils from seed, of unwanted fragrances from
cosmetics and of pharmaceutical compounds from plant material represents only a
few of the separation technology related industrial applications of SFE.®°

Laboratory based applications include extraction of fat from meat,?*

t23

separation of
milk fats,22 and removal of cholesterol from meat®* and milk.?* Thermolabile and
non-volatile compounds can be separated with high resolution using supercritical
fluid chromatography (SFC), in which a supercritical fluid is used as mobile phase.
SFC and combined SFE/SFC are increasingly used in analytical laboratories,’®"’
emphasising the versatility of supercritical fluids as unique soivents, extractants

and carrier agents.
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Process technology

Supercritical fluids can be used as solvents/reaction media for chemical reactions
and even as a starting material or a building block in chemical synthesis.”®
Organic, catalytic, organometallic, polymer and biological reactions can all be

conducted in supercritical fluids.?
The advantages are that

J temperature and pressure variations may be used to optimise reaction rate

and selectivity;

. solvent characteristics can readily be adjusted;
. products can be recovered easily after relaxation to ambient conditions;
. heat and mass transfer may be more effective in the fluid phase.

Fossil fuel, petroleum and hydrocarbon processing

The petroleum and crude oil industries can selectively extract a desired
hydrocarbon from a multi-component mixture by utilising CO,, CH4, C2Hg or C3Hg
in the supercritical state. Light petroleum fractions can be separated from higher
boiling fractions at the same time. The pure fluid is used to extract components
with saturated structures, while a co-solvent is added to the fluid to isolate

unsaturated, aromatic and heteroatomic structures from this extract,

Metal processing

An exciting environmental application of sc-CO; is the extraction of metals from
solutions,”’ soil samples and other matrices. SFE of metals requires metal ions to
be converted into neutral moieties soluble in the supercritical fluid. This can be
accomplished via in situ chelation with suitable ligands.?® The process is useful for
environmental sampling, for remediating contaminated soil, for separation of metal
mixtures and for processing of mineral ores. The topic of metal extraction is dealt
with more specifically in Section 2.6 since it was the main focus of the research

work done in this investigation.
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Material science

The manufacture of pure, solvent-free substances with unique physical and
morphological properties is possible with processes such as RESS (Rapid
Expansion of Supercritical Solution) and SAS (Supercritical Anti-Solvent).’

RESS is used to precipitate particles of uniform size distribution from a
supercritical solution by either a rapid decrease in pressure or injection of a highly
soluble gas/fluid as a cosolvent to cause rapid expansion of the solution and
thereby a decrease in solvent strength of the supercritical fluid. As a result, the
dissolved substance precipitates as small particles from the supersaturated
solution. The size/morphology of the particles can be controlled to some extent
and depends on concentration of the initial solution, the duration of injection, the

extent of expansion of the initial solution and the temperature.

SAS is used when a substance is sparingly soluble or inscluble in a supercritical
fluid. The substance is dissolved in an appropriate solvent, and a supercritical
fluid, acting as an antisolvent, is introduced to decrease the solubility of the

substance by diluting the solvent and thereby causes precipitation.

Environmental applications

Supercritical water oxidation (SCWO) is a technology of particular importance to
the environment. It was developed specifically for the destruction of hazardous
material,®**® and is commercially used to destroy, among others, industrial
effluent, redundant explosives and ammunition, toxic organic compounds,
potential pollutants and other environmentally undesirable substances.
Combination of SFE and SCWO renders a two-step process which can be used to
remediate contaminated soil.  Qil, polychlorinated biphenyls (PCB’'s) and
polyaromatic hydrocarbons (PAH's) are extracted from soil matrix by sc-CO; in a
first step and destroyed by SCWO in a second step. The conditions for SCWO are
extreme (374 °c, 221 atm), and corrosion of the reaction vessel is therefore a
problem. This problem has been largely solved by utilising special reactor
materials.
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Other industrial applications

SFE does not only yield an extract but also regenerates an adsorbent or matrix
exhausted in an environmental or industrial application. sc-CO; is increasingly
used to degrease complex surfaces like electronic circuit boards, optical systems

and machined objects.’

The process of extraction can be reversed to effect impregnation of materials. The
use of supercritical fluids as impregnating agents has found application in a
number of industrial sectors, including the wood industry (wood with antioxidants),
food industry (tea/sugar with lemon fragrance), agricultural industry (seed with
growth enhancing agents), textile industry (fibres with dye) and chemical industry
(polymers with catalysts).

SFCD (Supercritical Fluid Chemical Deposition) is an alternative approach to
deposit chemicals in thin layers onto surfaces.’' The chemical is dissolved in a
supercritical fluid, deposited onto the surface of the substrate and fixed by heating

with an element or a laser beam.

The replacement of spray paint solvents with sc-CO; yields a less expensive
product from which 70 % of the harmful organic solvent is removed. The use of
cosolvent modified sc-CO, is most recognised in a spray-coating process
commercialised by Unicarb in the early 1990’s. In this process, which has been
implemented in the automotive and furniture industries, the majority of traditional
solvents used in spray-coating has been replaced by sc-C0,.3*

2.6 Extraction of Metals with sc-CO-

There is much interest in using sc-CO; for the extraction of metals because of its
favourable solvating and transport properties. The high diffusivity and low viscosity

of sc-CO, also allows direct extraction from solid matrices.

Metals in their elemental states do not dissolve in sc-CO;. They must be oxidised

first and then subjected to complex formation with a suitable chelating agent to
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make them soluble in CO,.2" % 3 Direct extraction of metal ions is inefficient and
neutralisation of the charge of the ion is required.®® *. This can be accomplished
by modifying sc-CO; with chelating agents or by spiking the sample matrix with

chelating agents and leaching the complexes formed with s¢-CO,.>" %

Chelation combined with solvent extraction is a known technique for
preconcentration and separation of metal ions from aqueous samples. Solvent
extraction is usually time consuming, especially where leaching is needed to
release the metal ion before complexation and solvent extraction. In many cases,
solvent extraction requires the use of toxic organic liquids, generating
environmental problems for handling and disposal of used solvents.®® A major
advantage of utilising sc-CO; for the extraction of metal species is the minimisation

of organic solvent waste generation.

2.6.1 Recentresearch

The metal recovery capability of supercritical fluids was first demonstrated by
cobalt and iron chlorides in supercritical ethanol in 1879.*" Until recently, littlle
information was available in the literature regarding SFE of metal species.
Quantitative measurements of metal complex solubilities in sc-CO, were first
performed in 1991 using a high-pressure view cell and uv-visible spectrometry.*?
The authors showed that coordination to dithiocarbamates and fluorine substitution
can largely enhance solubility in s¢-CO2. In 1992 copper extraction from solid and
liquid materials by sc-CO, containing bis(trifluoroethyl)dithiocarbamate (FDDC)
was demonstrated.”” A variety of chelating agents, including dithiocarbamates, -
diketones, organophosphorus reagents, macrocyclic compounds and fluorinated
surfactants, have been utilised for SFE of metals.**? The feasibility of extracting
organometallic compounds, heavy metals, lanthanides and actinides from solid
and liquid materials using the in situ chelation-SFE method has been evaluated by

research groups in various countries.
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2.6.2 Parameters controlling SFE of metals

According to the literature, important parameters controlling SFE of metal species
include (1) solubility and stability of chelating agents and metal chelates, (2) effect
of water and pH, (3) temperature and pressure, (4) chemical nature of metal
species, and (5) nature of matrix.?® These parameters are discussed in more

detail below.
Solubility and stability of chelating agents and mefal chelates in sc-CO;

The solubility of free ligands in sc-CO; depends on the chemical nature of the
ligand. A variety of ligands mentioned in the previous section can be utilised for
SFE of metal species. A few of these are general complexing agents and others
are selective for certain metals. Experimental data indicate that fluorinated ligands
usually form highly soluble metal complexes in sc-CO; and are thus very effective
for SFE applications.?®%? Alkyl substitution in ligands, especially tert-butyl
substitution, can also enhance the solubility of metal complexes in s¢-C0,.** In
some cases, SFE efficiencies for metal species can be enhanced using a mixture

of ligands, %4

Effect of water and pH

The efficiency of metal extraction using in situ chelation-SFE generally increases
significantly when a small amount of water is added to a solid matrix such as filter
paper, sand, soil or wood. The presence of water probably supports metal
chelation.®® The water may also serve as a modifier for the solute/matrix
interactions by blocking the active sites of the matrix, thus reducing the adsorption

of the solute by the active sites of the polar matrix.*®

Another factor that should be considered in the SFE of metais is pH. Metal
chelate formation generally depends on pH. When water is in equilibrium with CO;
under normal SFE conditions, the pH of the water is around 2.9 due to the

formation and dissociation of carbonic acid.'?

CO; + HO =—— H,C0; —— H"+ HCOjy (2.1)
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The majority of ligands capable of successfully removing metals from matrices and

solutes form complexes under these acidic conditions.
Temperature and pressure

The pressure of the supercritical fluid in the extraction cell has a decisive effect on
the efficiency of extraction. With increase in pressure, the density of sc-CO;
increases, thus enhancing the solubilities of ligands and metal chelates and,
consequently, the extraction efficiency of metals.***®4” Changing the temperature
of the extraction cell also has an effect as it alters the analyte volatility, extraction
kinetics and supercritical fluid density. These effects can be mutually opposing
since, while the analyte volatility and extraction kinetics are usually favoured by
increased temperatures, the resulting decrease in density has a detrimental effect

on the extraction efficiency.?®
Chemical nature of metal species

Metals can exist as organometallic compounds, ionic species and inorganic
compounds (oxides, sulfides) in natural environments. SFE of metals is therefore
more complicated than that of organic compounds. Some forms of metal species
or compounds may not be extractable by the ligands utilised in SFE. Therefore,
with proper selection of ligands, SFE may provide a means of metal speciation in
natural samples. Organometallic compounds are usually more readily soluble in
supercritical fluids and can be extracted without a ligand.*’ The oxidation state of

the metal is also a major role-player in the extraction of metal species.
Nature of matrix

The nature of the solid matrix plays an important role in the efficiency of metal
complex extraction by sc-CO,. When metal ions are spiked onto solid supports
such as filter paper or sand, high extraction efficiencies are observed. This may
not be true for metal ions in real-world samples. The active sites and natural
ligands present in real-world samples may bind strongly to certain metal ions and
thus prevent their complexation with added ligands.?® Dissolution and extraction
from real-world matrices depend on the chelation ability and accessibility of the

metal sites.*®
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2.6.3 SFE of gold

There are very few reports on gold extraction with supercritical fluids available in
the literature. The extraction of Au(lll) from cellulose paper using bis-triazolo-
crowns in sc-CO; has been reported.”> In the presence of 5% methanol as a
modifier and the addition of microlitres of water quantities, up to 80% of the spiked
gold was extracted. In the absence of modifier and spiked water, the extraction

efficiency was insignificant.

Other papers recently reported on the desorption of gold from activated carbon
using s¢-C0,.%%*°  |on-pair solvation of sodium dicyanoaurate, [Na"...(AuCN)z)],
by tributyl phosphate (TBP) increased hydrophobicity and facilitated the charge
neutralisation necessary for the elution of ionic Au(CN)2" by non-polar s¢-COs,.
Wet carbon loaded with gold cyanide was used and all the extractions were

conducted in the presence of NaCN. Gold recovery of up to 60 % was claimed.

The extraction of gold(lll) by complexated fluorinated calyx[4]larene thiourea
derivative using sc-CO, was demonstrated by authors*’ whose main objective was
to achieve gold extraction without the use of organic solvents. They obtained high

extraction yields (~80%) compared to what other researchers in the field achieved.

The extraction of metallic gold from connector pins on a CPU processor board
using HNO; as an oxidising agent and a fluorinated -diketone as chelating agent

was recently reported.
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CHAPTER 3. Technical Aspects

GHAPTER 3

TEGHNICAL ASPECTS

This chapter describes the chemicals and materials, the supercritical extractor, the
analytical techniques and the theoretical principles/approaches by virtue of which
the different objectives stated in Chapter 0 could be achieved. The detailed
procedures adopted for different aspects of the investigation (synthesis and
characterisation of complexes, spectral data determination, monitoring of
elemental composition of carbon surface before and after sc-CO, exposure,
solubility measurement in sc-CO, by static mode of extraction, recovery by
exhaustive extraction in dynamic mode, parameter optimisation, cosolvent
entrainment) and the resuits obtained for the many experiments performed are
discussed in appropriate chapters later in the thesis.

3.1 Reagents and Materials

Metallic gold with a purity of 99.9999% was donated by Rand Refinery in
Germiston, South Africa. An MD 1076 permit for the legal transportation and
handling of precious metals was obtained from the Gold and Diamond Division of
the South African Police Service (SAPS) at Klerksdorp.

The activated carbon onto which KAu(CN), was loaded was a coconut shell type
(PJ816-CQ600) with high gold adsorption capability and outstanding abrasion
resistance properties, specifically designed for use in Carbon-In-Pulp (CIP) and
Carbon-In-Leach (CIL) gold recovery plants. lts specifications are listed in Table
3.1. It was obtained from ChemQuest, a company supplying a vast range of

activated carbon products to Southern African industries.
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Table 3.1

and specifications supplied by ChemQuest)

Specifications of activated carbon used in this investigation (product

PHYSICAL PROPERTIES STANDARD TYPICAL
Bulk Density (g/L} 460-510 490
Pore Volume (mL/g) 0.70-0.85 0.77
Ash Content (%) 2.5% max 2%
Abrasion Resistance (24 h) 2% max 0.5%
Moisture {(as packed) 4% max 3%
CHEMICAL PROPERTIES STANDARD TYPICAL
Gold Adsorption Rate (R-Value) (min) 55 55 -62
Gold Adsorption Capacity (K-Value) 24 25
(kg/MT min)

PARTICLE SIZE DISTRIBUTION STANDARD TYPICAL
Oversize (+2.38 mm) 2.0% max 0.6%
Undersize (-1.19 mm) 0.5% max 0.1%
Size (> 1.41 mm) 95% min 96%
d50 mm 1.8-2.1 1.95
Platelets 5% max 3.0%

The following analytical grade chemical reagents were used in the preparation of
gold compounds from metallic gold: hydrochloric acid (30-33 % HCI) (Associated
Chemicals Enterprises); nitric acid (55 % HNOs) (Saarchem); 1.10-phenanthroline
monohydrate (Ci2HgN2.H20) (Saarchem); ethylenediamine (CsHigN4) (Merck
Chemicals);, diethylether ((C;Hs),0) (Labchem); ethanol (C:HsOH) (Labchem);
thiourea (CS(NH-)2) (Labchem); perchloric acid (70 % HCIO4) (Analyticals Carlo
Erba); potassium cyanide (KCN) (Associated Chemicals Enterprises); ammonium
hydroxide (35 % NH,OH) (Koch-Light Laboratories), tributyl phosphate (TBP)
((CsHg)sPQO4) (Riedel-de Haén), hexafluoroacetylacetone, (HFA) (CsH2FgO2)
(Fluka).

Technical grade liquid CO; with a purity of 99.0 % in a siphon-tube cylinder was
used for all experiments performed with the supercritical fluid extractor (Section
3.2). Compressed air dry (moisture < 5 v/m) was used for the pneumatic operated

mechanical section of the supercritical extractor, and UHP helium (99.999 %) was
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utilised to add a cosolvent to the extraction thimbies. All gases were supplied by
Afrox.

Analytical grade (AR) organic solvents supplied by Merck Chemicals were used as
modifiers and rinsing agents. Deionised water needed for nnsing, collection of
extracts, spectrometric analysis (uv/visible, AA and ICP) and ultrasonic cleaning
was prepared by a Millipore MilliQ* Ultrapure water system (conductivity < 2 x 10°®
Scm™).

UVAisible and AA spectrophotometric analysis of gold complexes were carried out
in HPLC grade methanol (CH;0H) (Associated Chemicals Enterprises) or
deionised water. Reagents used for ICP analysis included suprapure nitric acid
(65 % HNO3) and suprapure hydrochloric acid (35 % HCI), both supplied by Merck
Chemicals, and deionised water. Standards for ICP and AA analysis were
prepared from a 1 000 ppm standard gold solution supplied by Set Point
Instruments.

3.2 Supercritical Fluid Extractor

Extraction Chamber

M2000 Modifler Module

User Interface

: Collection System

Figure 3.1 Leco TFE 2000™ supercritical fluid extractor
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A Leco TFE 2000™ supercritical fluid extractor (Figure 3.1) was used for
laboratory scale recovery experiments and solubility measurements. A schematic
representation of the different components of the apparatus, which largely
correspond with those generally found in SFE equipment as outlined earlier
(Paragraph 2.4) is given in Figure 3.2. The extractor features a three-channel
system where a single flow line is split into three separate flow lines (A, B, C),
each with its own sample thimble, control valves and restrictor to allow three
extractions to be performed simultaneously.! This feature is advantageous where
three totally different samples are exposed to s¢-CO; in a single run or where
results in triplicate for identical samples are required.

The execution of an extraction run or solubility measurement with the instrument
can be described as follows: CO; from the supply cylinder (1) is premixed (if
desired) with an amount of cosolvent (0-15%) from an optional M2000™ modifier
pump and pressurised with a glass piston pump (2) to the desired level in the
sample containing stainless steel thimbles (3) inserted into the thimble chamber
(4) where the temperature is controlled up to 150 °C. The thimbles (10 mL internal
volume) are sealed prior to insertion into the chamber by end-caps consisting of a
porous frit and teflon seal assembly (Figure 3.3). Each of the three flow channels
has an automated heated variable flow restrictor (HVR) (5) which facilitates
recovery of extracted material having different heat sensitivities and/or viscosities.
At the HVR's (Figure 3.4) ambient conditions are restored at a default flow rate of
2 L/min in order to recover the extract, but the flow rate can be varied (0 - 3 L/min)
by entering the appropriate value into the microprocessor of the instrument. The
extracted material is trapped in collection vials (6) (Figure 3.4).
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Figure 3.3 Stainless steel thimbles Figure 3.4 Heated variable restrictors
(HVR’s) and collection vials

Solid samples were mixed with Leco Dry® (an inert dehydrating agent preventing
clogging of the sample by the high-pressure fluid) and loaded into thimbles for
direct solubility measurement or extraction/recovery from a matrix using sc-CQO,.
For liquid samples, however, precautions needed to be taken to ensure that the
liquid was not instantaneously flushed from the thimbie by the entering sc-CO,.
Initially glass wool was used to retain the liquid sample in the extraction thimble,
but much better results were obtained by a method demonstrated in Figure 3.5.
The liquid sample was placed in a small glass tube at the bottom of the extraction
thimble. High density pulp tablets were then used to stabilise the glass tube and
to prevent the high-pressure sc-CO, from flushing the liquid sample from the
thimble.

High density pulp tablets

<«— Glass tube containing li