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ABSTRACT

The mechanism of gold uptake from iodide solutions by carbon has been
investigated. A variety of samples of activated carbon were used. Adsorption
isotherms for gold and triiodide were established and successive loading tests of gold
and triiodide on carbon were also accomplished. About 300 mg gold and 1000 mg
iodine were extracted onto 1 g of activated carbon at maximum loading. Examination
of loaded activated carbon particles by scanning electron microscopy reveals isolated
patches of gold deposited on the carbon surface. High-resolution transmission
electron microscopy shows that very fine gold particles (1-5 nm diameter) are
uniformly distributed within the carbon. Thermal analyses confirm the existence of
gold-iodide complex inside the carbon structure. X-ray photoelectron spectrometry
results demonstrate that the gold iodide complex is preferentially adsorbed only at
the edge of highly-oriented pyrolytic graphite (HOPG). Iodine, on the other hand,
is adsorbed at both the edge and basal plane of HOPG. The uptake of gold by
carbon from iodide thus involves a combined reduction and adsorption process,
where the gold iodide species is reduced to the metallic state superficially and also
adsorbed in the porous structure of carbon.
Moreover, elution data exhibit that gold-bearing carbon samples from iodide
solution can be stripped by caustic cyanide solti'tion at 96°C, and the desorption
percentage, similar to that for gold cyanide system, could reach more than 90%.
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Thermal pressure elution is very effective for gold cyanide system even when the gold
loading on carbon is very high, but not suitable for gold halide systems owing to the
low decomposition temperature of gold halide complexes.
A few experiments for gold cyanide and other halides were conducted for
comparison in order to gain a better understanding of this gold-iodide system. A
loading model for gold loading from iodide solution by carbon is proposed.
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CHAPTER ONE
INTRODUCTION

1.1 Gold
Gold is the most noble metal in nature. It occurs mainly as native metal,
alloyed with other metals and as tellurides. Its world production is estimated to be
2,000,000 kg in 1990 [1]. South Africa, the largest gold producer in the world,
accounted for about one third of the gold production. Other large producing
countries of gold include the former Soviet Union, Canada, United States, Brazil,
Australia and China. Gold is mainly used as jewelry and art (66 %), other usages
including investments (20 %), industry (10 %) and dentistry (4 %) [2]. According to
metallurgical extraction, gold ores can be divided into native gold ores, gold
associated with sulfides, gold tellurides and gold in other minerals [3]. Because of its
market value, gold is not only recovered from its primary sources, but also from
secondary sources such as metal scrap. The latter produced about two thirds to three
fourths of the total annual refinery production in the United States [2] .

1.2 Hydrometallurgical Extraction of Gold
Gold can be extracted from primary ores by both physical and chemical
methods. Physical methods include gravity concentration, flotation and amalgamation,
while chemical methods involve both pyrometallurgical and hydrometallurgical
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processes. Commonly used hydrometallurgical cyanidation processes consist mainly
of conventional milling, and heap and dump leaching. These processes have the
advantages of high efficiency and low operation cost over other recovery methods.
The most popular approaches in gold ore milling are carbon-in-pulp (CIP), carbon-inleach (CIL) and resin-in-pulp (RIP). In CIP and CIL processes, activated carbon is
directly added to the gold-ore pulp in a counter-current fashion. Over 50 % of gold
recovered is associated with these processes [4].

1.3 Need for Alternative Lixiviants
Cyanide is a powerful lixiviant for gold leaching because of its ability in
forming strong and stable complexes. Although cyanidation is still the process of
choice in extracting gold from ores, it has several problems such as ineffectiveness
in treating some refractory ores (i.e. low yield of gold recovery) and concentrates, the
high toxicity of cyanide and the problems of waste disposal management. These
disadvantages have provoked the search for more powerful and non-toxic lixiviants.
Some of the alternatives investigated include thiourea (CS(NH 2h), thiosulfate
(S20~-), malononitrile (CH(CN)i), acetonitrile (CH 3CN), polysulfides and halides

(CI-, Br- and r).

1.4 Rationale for Current Research
Iodide-iodine is an attractive and alternative system for gold leaching because
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its relative stabilities of the gold complexes (Au(I) and Au(III» are high as compared
with the other above-mentioned lixiviants. Its use for the extraction of gold from both
primary and secondary sources has been known for many years. The thermodynamic
equilibria and kinetic aspects of gold in iodide solutions have recently been studied
[5-8]. In fact, the author's master thesis [9] involved investigating the fundamental
solution chemistry and electrochemistry of gold in iodide-iodine solutions. These
studies have proven that iodide-iodine is an effective reagent system for gold.
However, only limited work has been devoted to the recovery of gold from iodideiodine solution. In terms of commercial economics, it is essential to recover
efficiently iodide and polyiodide besides gold, and to regenerate iodine. Sodium
iodide or iodine currently sells for about US$16.50/lb.
Of the processes used for gold recovery, activated carbon is feasible for the
recovery of gold from iodide-iodine solutions. The adsorptive properties of activated
carbon have been valued for centuries, and its success in gold hydrometallurgy has
been greatly recognized over the past 20 years. Commercially available activated
carbons possess tremendous specific surface areas ( -1000 m2/ g) and the micropores
account for more than 90% of the total surface area. In addition, activated carbon
can also be conveniently regenerated and reactivated. To understand the uptake of
gold onto activated carbon from iodide-iodine solutions it is necessary to review and
compare the prevailing knowledge of gold loading from cyanide and other halogen
solutions. Moreover, it should be recognized that iodine is quantitatively adsorbed
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by activated carbon. The so called "iodine number" has been used as a relative
indicator of porosity and activity in activated carbons [10].
Current interest in halogen systems for gold hydrometallurgy has prompted
this investigation of the fundamental aspects of gold loading onto activated carbon.
The results reported in this dissertation are focused on a detailed analysis of gold
loading from iodide/iodine solutions. Additional experiments for the gold-chloride,
gold-bromide, and gold-cyanide systems were performed for comparison.

1.5 Scope of Dissertation Research

The research presented in this dissertation can be conveniently divided into
four parts. In the first part, the properties of activated carbon were investigated. The
BET surface area, pore size distribution, and iodine number for porous activated
carbons used in this study were determined and compared. The curves for weight loss
as a function of temperature were established by thermal analysis. Moisture content
was also measured for different carbons.
Gold loading from iodide solution was carried out under controlled
equilibrium conditions in the second part. Freundlich-type isotherms as well as other
plots for the gold-iodide system on carbon were established and compared with those
from gold-cyanide system. Successive loading tests of gold from iodide solution by
activated carbon were accomplished and compared with those for gold-cyanide, goldchloride and gold-bromide solutions. The effect of initial gold concentration on
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successive loading from iodide solution was also determined.

In the third part, the carbon samples loaded with gold from halide and
cyanide solutions were analyzed to determine the oxidation state of gold, the
preferential adsorption sites for gold, the amount of gold and other species loaded,
and loading stoichiometry. A variety of analytical characterization methods, including
scanning electron microscopy (SEM), transmission electron microscopy (TEM),
thermogravimetry analysis (TGA), differential thermal analysis (DTA), and Fourier
Transform infrared spectroscopy (FTIRS) were employed to help characterize and
analyze the activated carbon samples. In addition, x-ray photoelectron spectroscopy
(XPS) was utilized on highly oriented pyrolytic graphite (HOPG) for the analysis of
the specific adsorption sites and oxidation state of gold on carbon. Based on the
loading and characterization results, a loading model for gold loading from iodide
solution by carbon is proposed.

In the final part, the elution of gold on carbon from halide and cyanide
systems was performed using different concentrations of sodium hydroxide and
sodium cyanide at temperature close to boiling in order to help further understand
the system. Moreover, a modified Zadra (pressure stripping) process was also
employed to elute gold from activated carbon in a batch column.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Leaching of Gold

2.1.1 Cyanidation
The cyanidation process for gold was invented in 1880's [11,12]. It uses cyanide
ion as a complexing ligand and oxygen as an oxidant according to the reaction
4Au + 8eN - + O2 +

~O

...

4Au(CN)~ +

40H-

(1)

Since its development, this process has been greatly improved, such as, the use of
pure oxygen and pressure, and the application of ultrasonic treatment of pulp and
agitation. Today, it has become the preferred method for recovering gold from
primary sources in the majority of the world. However, its ineffectiveness in treating
some refractory ores, the high toxicity of cyanide, and the problems of waste disposal
management has prompted scientists to search for non-cyanide lixiviants for gold
leaching.

2.1.2 Chlorination
In recent years, researchers have paid more attention to the halogens as
alternative lixiviants for gold. The use of a mixture of hydrochloric acid and nitric
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acid, known as "aqua regia" to dissolve gold, was introduced as early as the sixth
century [13]. It follows the chemical reaction:

6HCI + 2HN03 + 2Au ... 2AuCl3 + 2NO +

4~O

(2)

Plattner in 1851 applied chlorination for the extraction of gold from its ores [13,141.
According to this process, gold is dissolved by chlorine at low pH as follows:
2Au +

3C~

-+

2AuC13

(3)

Other processes using chlorination technology for the treatment of refractory and
carbonaceous gold ores have been disclosed [15-19]. A newly developed "flash
chlorination" process [19] has been successfully applied at Newmont Gold. After
chlorination, gold is recovered from the solution by reducing the gold chloro-complex
ion into gold metal followed by cyanidation.

2.1.3 Bromine
The use of bromine to leach gold was also discovered very early. Schaeffer
[20] in 1882 described a process for extracting gold from either raw or roasted ores
using bromine. Hinman and Cassel [21-23] patented improvements to the Schaeffer
process which involved application and regeneration of bromine. Other leaching
processes [24-28] using bromine/bromide have also been reported for gold recovery.
Recently, Dadgar [29] discussed the leaching of gold from a sample of roasted
sulfide flotation concentrate using NaBr and Geobrom 3400, which is reported to be
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a liquid bromine carrier. Hiskey and Atluri [82] indicated 3-bromo-1-chloro-5, 5dimethylhydantoin as a novel lixiviant for gold. This compound, containing about
34% of bromine, is believed to be Gebrom 3400. Pesic and Sergent [30,31] studied
the kinetic parameters and the role of certain cations on gold dissolution with
elemental bromine. Because of the development of inexpensive bromine donor
compounds, bromine leaching of gold has attracted considerable attention.

2.1.4 Iodine
Iodide-iodine has been investigated as a lixiviant for the extraction of gold
from both primary and secondary sources. Harrison [32] in 1942 described a method
of treating gold ores with iodine solutions. Gale [33] investigated the effect of strong
oxidants on the stability of the gold iodide complexes related to the movement of
gold in natural environments. Gold was found to dissolve in a solution containing
1x10- 3 M NaI and 2xlO- 3 M Fe2(S04)3' however, 90% of the dissolved gold was
precipitated in the presence of a strong oxidant like manganese dioxide. It was
suggested that adding sodium iodide to acidic ferric sulfate leach solution may
dissolve gold from porphyry copper dumps.
Wilson [34,35] proposed a non-aqueous system using secondary alcohols and
iodine for dissolving gold. A halogenated organic compound was effective in
dissolving gold from the pure metals, a gold bearing ore, a gold alloy (91.66% Au,
4.16% Ag and 4.18% eu), and a calcareous-carbonaceous gold bearing ore roasted
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prior to leaching. One system [35] contained diacetone alcohol, water, glacial acetic
acid, potassium iodide, and elemental iodine to dissolve pure gold. A slight variation
of this system was used to treat a precious metal scrap consisting of 77.41% Au,
4.456% Pt, 4.83% Pd, 0.52% Ir, 0.27% Ag, and 3.51 % non-noble metals. Essentially
complete dissolution of Au, Pt, Pd and Ir was achieved using this system. The
application of chlorine and bromine worked in this system, but with a decrease in
overall efficiency in comparison to iodine. The degree of precious metal dissolution
was considerably poorer and at a much slower rate. Furthermore, chlorine and
bromine were found to yield undesirable side reactions.
Hornick [36] described a process aimed at reclaiming gold from gold plated
scrap materials in the electronics industry. It involved dissolving gold in an aqueous
solution of potassium iodide and iodine in order to avoid the use of corrosive and
toxic solutions and thus reducing serious environmental pollution. The dissolved gold
was then reduced using a solution of hydrazine and sodium hydroxide followed by
filtration to recover the precipitated gold. Iodine was regenerated with hydrogen
peroxide at below pH 7. McGrew and Murphy [37] suggested the use of iodine for
extracting gold by in situ leaching techniques. In a column leaching experiment, 80%
of the gold in a marcasite ore was recovered by iodide/iodine leaching. Recently,
Nemes et al. [38] used an aqueous solution of potassium iodide, iodine and sulfuric
acid to leach gold from electronic scrap. Gold was recovered by S02 precipitation
and iodine by treating the barren solution with H 2S04 and H 20 2 at pH 2.
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These studies have demonstrated the practical feasibility and furnished some
valuable information about the iodide/iodine system. Other researchers [5-9,39], on
the other hand, have provided fundamental scientific data regarding the chemistry
and kinetics of the leaching reaction regarding this system. In the research of Qi and
Hiskey [5,6,9], relatively dilute NaI concentrations (10- 2 M) were used to leach gold
from a rotating disk sample. The effects of agitation, temperature, pH, and iodide
and iodine concentration on the rate of gold dissolution were determined.
Fundamental electrochemical data for gold in iodide solution have also been
obtained and analyzed. It was found that the dissolution of gold followed first order
kinetics and had an activation energy of about 33 kJ/mol for the initial kinetics. The
reaction was found to be first order with respect to the triiodide complex and half
order with respect to iodide concentration. Cyclic voltammetry of gold indicated that
at a given potential, the oxidation rate of gold is much faster in iodide solution than
that in either chloride or bromide.
Davis and Tran [7] employed a more concentrated iodide solution, typically
containing 0.1 M KI. They examined in detail the effects of pH and the application
of different oxidants besides iodine. The kinetics and mechanisms of the leaching
process were explained in terms of Evans diagrams. The Evans diagram for gold
oxidation and iodine reduction indicated that the reaction was controlled by an
electrochemical surface reaction.

Moreover, Davis et al.

[8] studied the

thermodynamic equilibria and kinetic aspects of gold dissolution in iodide electrolytes
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using a CHEMIX computer program. It was found that I;, 12, Aul; and 10; are the
predominant aqueous species in the solution at low concentrations of the oxidants

(12 and OCI-). Gold dissolution is affected by the concentration of I; which
dominates in the solution below pH 9.5. Above pH 9.5, 10; is dominant species in
the solution and Aul; is not stable.
More recently, Anglelidis et al. [39] studied the fundamental kinetics of gold
dissolution in iodine/iodide solution using a rotating disk, which is basically the same
used by Qi and Hiskey [5]. The results demonstrated that the rate of gold dissolution
in high concentration of iodine and iodide solution (0.1 N I; and 0.1 M KI) was
much greater than that in 0.1 M KCN solution.

2.2 Gold Recovery from Aqueous Solution

2.2.1 Gold Recovery from Cyanide Solution by Carbon
After cyanidation, gold can be recovered from pregnant solutions by processes
such as zinc cementation, carbon adsorption, solvent extraction, and ion exchange.
Among these, carbon adsorption has become the most popular process. The recovery
of gold from cyanide solutions by wood charcoal can be traced back to 1894 [40],
which is right after the invention of the cyanide process. The idea of carbon-in-pulp
(CIP) was discovered by Chapman at the University of Arizona [41]. He patented a
process in 1939 which involved the addition of activated carbon to gold-cyanide ore
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pulp followed by separation of the carbon with flotation. The first commercialized
CIP process, developed in 1973 by the Homestake Mining Company [42], should be
credited to the work of Zadra and co-workers from the U.S. Bureau of Mines [43,44].
It spread rapidly, first in South Africa in the late 1970s and then throughout the
world. The great success of CIP and carbon-in-Ieach (CIL) processes for the gold
recovery from dilute alkaline cyanide solutions has prompted considerable research
in the field of adsorption of aurocyanide (Au(CN);) onto activated carbon over the
past two decades. However, there are still unsolved questions of the mechanism of
gold adsorption on carbon. Early on, some investigators attempted to provide process
chemistry data that would improve CIP technology. The essential step in the process
is the adsorption of aurocyanide onto activated carbon.
Early researchers [45-47] suggested a reduction mechanism for Au(CN);
adsorbed on carbon. It was proposed that Au(CN); was reduced to metallic gold
with CO and H2 as the reducing gases. After completing a detailed investigation of
gold and silver adsorption from cyanide solution on carbon, Gross and Scott [48]
proposed that Au(CN); was first adsorbed onto carbon followed by the
decomposition to AuCN in the presence of acid. Gold loading under acidic
conditions therefore is higher than that in alkaline ones due to the precipitation
enhanced gold loading.
Cho and colleagues [49,50] studied the kinetics and thermodynamics of gold
adsorption on activated charcoal. They concluded that the adsorption rate was
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controlled by pore diffusion at temperatures between 25-55°C, and suggested that the
mechanism of adsorption involved an electrostatic interaction between Au(CN)i and
positively charged surface sites. They found that particle size of carbon only affects
the initial rate of adsorption and does not influence the equilibrium amount of gold
adsorbed.
McDougall et al. [51] followed with an investigation of the adsorption
mechanism. Although the identity of the gold cyanide adsorbate species was not
precisely defined, it was proposed that the initial stages of adsorption involved the
adsorption of an ion pair, with the general form [Mn+(Au(CN)i)n]' This is followed
by a reduction step in which either a sub-stoichiometric AuCN(x) surface species or
cluster-type compound of gold is formed. The measured reduction potentials were
found to be 0.1-0.4 V for various carbons, which make it thermodynamically
impossible to reduce Au( CN) i to the metallic state ( - 0.57 V).
To shed light on the adsorption mechanism of ion pair formation, McDougall,
Adams and Hancock [52-54] demonstrated some model systems for the adsorption
of aurocyanide onto activated carbon using extraction of aurocyanide ion pairs by
both I-pentanol and polymeric adsorbents, which are of similar surface functional
groups to those proposed as being on carbon. In addition, McDougall [55] postulated
an extraction mechanism involving two or three steps. Adams and Fleming [56]
further supported this mechanism, and pointed out that aurocyanide loaded onto
activated carbon under typical plant conditions, i.e. alkaline and high ionic strength
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solution, can be quantitatively stripped from the carbon by cyanide-free eluates.
Furthermore, Adams [57] discussed the relationship between oxygen and ionic
strength on aurocyanide adsorption onto activated carbon. Under conditions of low
ionic strength, however, two mechanisms could be postulated. In the absence of
oxygen, it is similar to the above mentioned adsorption of ion pairs and in the
presence of oxygen, a portion of Au(CN); is adsorbed by electrostatic interaction
with ion-exchange sites formed through oxidation the carbon surface by molecular
oxygen.
Tsuchida and co-workers [58,59] showed that the adsorption mechanism
involves ion exchange of Au(CN); with OH- ions on the carbon surface followed by
oxidative degradation to AuCN. It was suggested that activated carbon, behaving like
an ion-exchange resin is able to oxidize cyanide and cyanide complexes by
chemisorbed oxygen. Van Deventer and Van der Merwe [60] stated that the
decomposition extent of adsorbed Au(CN); to AuCN is dependent on pH and
temperature of the solution, and the type of activated carbon.
Jones and associates [61] discussed that there is no hysteresis in the
adsorption-desorption behavior of activated carbon for various gold concentrations
loaded, indicating a thermodynamically reversible adsorption process. The isotherm
is initially a Langmuir-type and changes to a Freundlich type for gold loading higher
than 2% in weight. They [62] further proposed that the Au(CN); adsorbs intact as
N=C-Au-O=N onto the hexagonal ring structure of the basal plane of the
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crystallites in activated carbon. X-ray photoelectron spectroscopy (XPS) results
revealed that the terminal N atoms in the structure have the same chemical
environment on the surface of each carbon. This indicates that the geometry of the
adsorbed Au(CN); species cannot involve C-O centers. The ion is held onto the
carbon surface by a weak bond between carbon and gold 1T-donor. It is impossible
to form ion pairs [Mn+(Au(CN)i)n] on the carbon surface since the cations in the
system co-adsorb non-specifically at the carbon-solution interface.
Ibrado and Fuerstenau [63] further supported Jones and co-worker's
suggestion, indicating that the carbon structure is a crucial factor in the adsorption
of gold cyanide on carbon. The results from different carbonaceous adsorbents
(including lignite, coals, anthracites, carbon blacks, graphite and activated carbon)
adsorbed with gold cyanide demonstrated very strong correlation with the degree of
graphitization of the adsorbent. The results also show that the adsorption of gold
cyanide per unit area of adsorbent is not related to the amount of oxygen groups on
the surface or' even the total oxygen content of the material. They suggest that the
adsorption of gold cyanide complex resides on the plate faces of the graphite
crystallites of activated carbon.
Miller and Sibrell [64] studied gold adsorption from alkaline cyanide solution
with activated carbon, carbon black, and graphite. Their work showed that gold
adsorption densities are similar for these dissimilar graphitic carbon materials on a
surface area basis. The adsorption density for these types of carbon (-10- 11 moles of
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Au(CN)2 per cm2 of carbon surface) is roughly equivalent to an one-tenth of
monolayer coverage. On the other hand, no gold adsorption by diamond could be
detected. This suggested that the graphitic structure itself is the adsorption site.
Several experimental techniques were then used to detect adsorbed gold on various
carbonaceous materials [65,66]. Fourier transform infrared (FfIR) spectroscopy and
electrochemical methods were found to be not effective, however, a radiolabeling
method and x-ray photoelectron spectroscopy proved to be sensitive enough to detect
adsorbed gold. The results from the latter two methods on highly-oriented pyrolytic
graphite structure (HOPG) [66] demonstrated that gold adsorption was much higher
on the edges (defects) of the graphite planes than that on the basal plane, indicating
site-specific adsorption is prevalent in the adsorption of gold by graphitic carbons
(graphite, carbon black and activated carbon).
Researchers have presented several reviews of the recovery of gold from
cyanide solution by activated carbon [67-73]. These papers provided a general
background of activated carbon [67-69], adsorption and desorption mechanisms of
gold by activated carbon [67-72], and various recovery processes and applications of
gold from cyanide solutions [70-73]. It was reported that under certain conditions it
is possible to reach 600 mg Au/g carbon in the laboratory [73]. Currently there are
two prevailing theories regarding the adsorption mechanism [69-71]:
(1) adsorption of aurocyanide without chemical change;
(2) adsorption of aurocyanide with decomposition to other species.
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The first mechanism may occur either by adsorption of ion pairs or by ion exchange
of Au(CN);. Whereas, the second may involve from Au(CN); decomposition to
AuCN, and/or partial reduction to states between Au(I) and Au(O), or even
reduction to metallic gold. In short, gold is present on the carbon surface as one of
the following species: Au(CN);, AuCN, AuX<CN)y and Auo. Understanding these
proposed adsorption mechanisms of gold from cyanide solutions by activated carbon
is helpful to developing knowledge about the gold-iodide recovery system.
Adams and others [74] recently investigated the adsorption of auric cyanide
Au(CN)4" onto activated carbon, as an additional means of obtaining insight into the
mechanism of adsorption of aurous cyanide Au(CN); on carbon. It was reported that
Au(CN)4" adsorbs onto activated carbon according to a process similar to the ion pair
mechanism ([M n+(Au(CN)4")nD proposed for Au(CN);. Moreover, the affinity of
carbon for the Au(III) cyanide species is greater than that for the Au(I) cyanide ones
because larger anions, such as Au(CN)4", are more polarizable and less hydrated than
smaller anions.

2.2.2 Gold Recovery from Chloride Solution by Carbon
The recovery of gold from halide solutions carbon has not received as much
attention although its use in this field was noticed in the 19th century. Henry [75] in
1801 referred to the reduction phenomenon of gold from chloride solutions by
charcoal. Percy [76] in 1869 mixed wood-charcoal and gold-chloride compound into
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water. Later on, it was observed that metallic gold was reduced on the charcoal
surface. Davis [77,78] then patented the carbon adsorption process for gold chloride
in the late 19th century. Three vessels containing carbon arranged in series were used
in order to prevent any possible loss, although it was found that all the gold was
recovered from the first vessel. It was also discovered that the rapidity and
completeness of gold deposition on carbon could be enormously increased by adding
hydrogen gas to the solution. Brussov [79] in 1909 suggested that the adsorption of
gold on carbon occurred by a reduction phenomenon. He based this conclusion on
the standard reduction potentials of the chloride leach solutions and carbon. Table
1 provides the standard reduction potentials of various gold-halide as well as goldcyanide reactions for comparison. It was reported [69,80] that the reduction potentials
for activated carbon are between 0.1 and 0.4 V. On the basis of these potentials, it
would be predicted that activated carbon would reduce gold from chloride, bromide
and iodide solution, but not from cyanide solution. However, the true thermodynamic
potential depends on the solution composition. The general reduction tendency for
gold on activated carbon is Cl > Br > I.
Gross and Scott [48] also reported the reduction action of charcoal in gold
chloride solution. Piert [81] disclosed a process whereby gold can be recovered from
chloride solutions containing other heavy metals. A three step treatment of the
chlorinated solutions consists of: (1) adding to the solution finely divided activated
carbon for reduction of gold in solution to gold metal and absorption of the gold
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Table 1: Standard Reduction Potentials
for Gold Halide and Cyanide Species

Reaction

EO298'

V vs. SHE

AuCl; + e- = Au + 2Cl-

1.15

AuCl:; + 3e- = Au + 4Cl-

1.00

AuBr; + e- = Au + 2Br-

0.96

AuBr:; + 3e- = Au + 4Br-

0.87

Aul; + e- = Au + 21-

0.57

Aul:;

+ 3e-

= Au

+ 41-

+ e- = Au + 2CN
Au(CN):; + 3e- = Au + 2CNAu(CN);

0.57

-0.57
-1.81

Note: 1. E0298 data after [82].
2. AuCl:;. AuBr:;. AuI; and Au(CN); stable under typical
conditions.
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metal by the carbon; (2) adding a reducing metal (i.e. zinc dust) to the solution; and
(3) adding iodine for selectively precipitating the precious metals.
Several researchers have investigated the fundamentals of the loading of gold
on activated carbon from chloride solution under various conditions [60,61,67-69,8389]. This work has established that gold-chloride complex is reduced to the metallic
state on carbon during loading from chloride solutions although some workers [88]
pointed out that some AuCI:; species remains unchanged and some [89] indicated the
adsorption of AuCI:; ions on the basal plane of graphitic structure on activated
carbon. In general, metallic gold deposits superficially on the carbon.
McDougall, Hancock and Fleming [67-69] observed three kinds of activated
carbon particles (peach pit carbon particles, carbon spheres derived from polystyrene
beads, and extruded peat-based carbon pellets), coated with metallic gold after
immersion into a AuCI:; solution. McDougall et al. [69] noted that metallic gold
could be seen on the carbon surface even at relatively low gold loadings. The
capacity of thermally activated carbon for gold from chloride solution was stated to
be about 60% by mass. Consistent with equilibrium reduction potentials, the ability
of carbon to extract gold decreased with increasing chloride concentration. The
reduction proceeds by transfer of electrons from the interior to the surface of the
carbon granule. This was demonstrated by the test that a pellet of extruded activated
carbon was loaded with gold to its ultimate capacity from chloride solution. The
pellet was then removed from the solution and carefully broken into two fragments,
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exposing two new surfaces. After the two pieces of carbon were put back to the gold
chloride solution, it was found that no gold plates out onto the newly exposed
surfaces.
de Siegel and Soto [83] observed spherical gold particles ranging from 0.5 to
35 J,£m on the activated carbon surface depending on the dissolved gold
concentration. The small 0.5 J,£m gold spherules were predominant with the low
concentration experiments. Gold appeared as both isolated multi-layer patches and
thin continuous layers covering the entire surface. Little if any gold deposited in fine
pores and capillaries, however, some carbon particles contained gold in fine radial
fissures when high gold concentrations were used.
Avraamides [84] investigated the uptake of gold from acidic chloride solutions
by activated carbon. Their results also indicate superficial deposition with a tendency
of gold to appear on specific surface sites. The most important parameters affecting
the rate of gold loading from chloride solution were carbon particle size,
temperature, and chloride ion concentration. Hughes and Linge [85] studied the
kinetics of gold loading on activated carbon from chloride solution. These
investigators showed that the rate of gold uptake in 1 M HCl solution by fresh carbon
is controlled by mass transfer of AuCI;j to the external carbon surface. Additionally,
the first order rate constant is close to that of gold adsorption on carbon from
cyanide solution.
Hiskey and others [86] examined the loading of gold on activated carbon from
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chloride solution in the presence of hypochlorite. This work confirmed that the rate
of AuCI::; reduction is controlled by boundary-layer diffusion (solution mass transfer).
In the absence of hypochlorite, overall gold extraction was independent of pH below
pH 7. Above this pH value, gold extraction decreased noticeably. Hypochlorite ion
exhibited an adverse effect on the rate of gold uptake from chloride solution, as well
as on the equilibrium gold extraction. The effect was more pronounced above pH 7.
Scanning electron microscopy analysis revealed 0.1 to 0.5 j.£m crystallites of metallic
gold distributed relatively uniformly on the carbon surface when deposited from 10
ppm [Au] and 20 gil [CI-] solution at 25°C. This research appeared to support the
results of Avraamides [78], indicating preferential deposition of gold at specific
surface sites.
Recently, Sun and Yen [87] discussed the fundamental kinetics of activated
carbon adsorption from chloride solutions. The effects of initial gold concentration,
carbon particle size, carbon concentration, chloride ion and solution acidity, and
impurities on carbon adsorption were examined. It was found that gold reduction
from chloride solutions by activated carbon followed a first-order kinetics, which was
limited by mass transfer of gold chloride species from solution to carbon surface.
Brown and Deschenes [88] showed that the gold species deposited from a
chlorinated solution on carbon by XPS was partially reduced to metallic gold and
partially remains as the AuCI:; complex. On the surface, the percentage of the
complex was determined to be about 40%.
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Groszek and co-workers [89] studied the heats of adsorption of gold chloride
complexes from aqueous solution on graphitized carbon black and activated carbon.
Two distinct loading regimes depending on HAuCl4 concentration were observed for
gold uptake by graphitized carbon black. It was concluded that AuCI;; and H+ ions
adsorbed on the basal plane surface of graphite in a manner similar to that suggested
by Jones et al. [62] for Au(CN)i on carbon. Unfortunately, Groszek provided no
direct evidence of HAuCl4 adsorption onto the basal planes of graphite.

2.2.3 Gold Recovery from Bromide Solution by Carbon
The loading of gold onto activated carbon from bromide solution has also
been studied by a few researchers [29,79,90-92]. It is generally agreed that it is of the
same reduction mechanism as that for gold from chloride solution, except for one
paper [91] which proposed the adsorption of AuBr;; onto the carbon.
Based on the standard reduction potentials of the gold bromide system,
Brussov [79] proposed that the gold was adsorbed partially or completely by
reduction from bromide solution. Dadgar [29] carried out tests for gold recovery by
carbon absorption, resin ion exchange and zinc precipitation from solutions produced
by leaching with Geobrom, a liquid bromine carrier. All of the results indicated in
excess of 95% gold recovery for the different recovery systems. Reid and MensahBiney [90] examined the loading characteristics of gold bromide on Calgon PCB and
Autochem activated carbons and found significant oxidation of the carbon surface
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during loading.
Recently, Pesic and Storhok [91] studied the fundamental kinetic parameters
for gold adsorption on activated carbon from bromide-bromine solutions. Based on
visual examination of the activated carbon, they concluded that metallic gold was not
precipitated except when very high initial gold bromide concentrations were used.
They further proposed that gold bromide adsorbs on activated carbon as the AuBr:;
species. This is contrary to the reduction phenomenon found in gold chloride solution
and the thermodynamically predicted reduction from gold bromide solution. It was
also found that in the presence of free bromine, the gold uptake rate decreased due
to the adsorption of molecular bromine on carbon.
More recently, Mensah-Biney et al. [92] found that the loading of gold bromo
species by activated carbon occurred by the mass transfer of AuBr:; to the external
surface and subsequent reduction to metallic gold by carbon. SEM photographs
clearly showed deposits of metallic gold on the carbon surface for extended time
experiments. The uptake rate of gold by mass transfer decreased considerably as
loading progressed. The amount of elemental gold loaded was as high as 1200 mg
Au/g carbon.

2.2.4 Gold and Iodine Recovery from Iodide Solution
Even less work has been directed to the recovery of gold from iodide-iodine
solution [86,93-98]. Of these, only two are related to the carbon adsorption [86,93].
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Hiskey and co-workers [86] examined the effect of iodide additions to gold-chloride
solution in order to overcome or reduce the superficial deposition of gold on carbon.
Increasing iodide concentration in gold chloride solution appeared to shift gold
loading to an adsorption-type mechanism. SEM studies revealed a decrease in the
amount of superficially deposited gold with increasing iodide concentration while
maintaining an equivalent level of gold loading. Meng and Han [93] investigated the
adsorption of gold onto activated carbon in iodide solution. The effects of
temperature, salt concentration, pH and activated carbon concentration on the
loading rate were studied. A kinetic model was developed based on adsorption
considerations. The adsorption kinetics is characterized by a combined mechanism
of film diffusion and pore diffusion.
Several processes other than carbon adsorption to recover gold and iodide
from iodine/iodide solution have also been reported [94-98]. Falanga and McDonald
[94] developed the recovery of gold and regeneration of the iodide/iodine from
etching solution. After removal of the precipitated gold which was produced at
strongly basic pHs, iodide is then oxidized to iodine chemically. Razumney and
Wroblowa [95] suggested that simple photochemical oxidation of iodide to iodine in
the presence of oxygen be commercially viable. Bumb and co-workers [96] indicated
that iodine can be recovered from the resulting dilute solutions using an ion
exchange technique.
Murphy [97,98] described a process which a gold and iodide/iodine containing
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leach solution is handled electrolytically to depositing gold cathodically and
regenerating iodine anodically. Stainless steel is the preferred choice for the cathode
and graphite for the anode. Iodine is controlled by the current in the cell at a rate
sufficient to provide for a recycle leaching of gold. The main electrochemical
reactions occurring in the cell are given as follows:
AuI; + e - ... Au + 2r

13- + 2e- ... 3r

cathodic

(4)

anodic

(5)

2.3 Gold Elution

2.3.1 Gold Elution from Carbon

Although the use of activated carbon from the recovery of gold-cyanide was
recognized very early, its application was limited till 1970's due to the difficulty of
stripping it from the carbon. Several processes have since been developed which can
strip gold from the carbon almost completely. These methods are based on the
important parameters of temperature, ionic strength, solution composition and polar
organic solvents [72]. The most critical parameter is temperature since both the
kinetics (activation energy) and thermodynamics (exothermic heat of reaction) of
elution are related to this parameter. The rate of elution increases with increasing
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anion concentration and decreases with increasing cation concentration. The catalytic
effect of polar organic solvents also enhances the rate of elution.
The US Bureau of Mines Zadra process [43,44] used a solution containing 10

gIl NaOH and 1 gIl NaCN to strip gold from loaded carbon. It was operated at
atmospheric pressure, boiling temperature (90-100°C) and an eluate flowrate of 1-2
bed volumes per hour for 48 hours. The solution is circulated through the carbon to
an electrowinning cell which consists of a stainless-steel screen anode and a porous
stainless-steel wool cathode. The modified process [99] utilized pressure to elute gold
at 150-160°C with a solution of 4 gIl NaOH and 0.3 gIl NaCN. It greatly reduced the
stripping time from 2 to 6 hours. These researchers showed that the stripping
percentage increases with increasing temperature and presoaking time for each bed
volume in the column. However, the gold-cyanide complex decomposed and metallic
gold precipitated in the carbon at 180°C.
The ANGLO (Anglo-American Research Laboratory) process [100,101]
consists of pretreatment of the gold-bearing carbon with 0.5 bed volume of 50 gIl
NaCN and 10 gIl NaOH solution followed by deionized water at 90 to 125°C, It
takes about 14 h at 90°C or only 8 h at 110°C to strip nearly 100% gold. Column
operation at 110°C was suggested due to shorter elution times and more-concentrated
gold eluates for the subsequent electrowinning of gold. Both the concentration of
sodium cyanide for pretreatment and elution flowrate have no large influence on the
efficiency of gold elution. The process is more efficient when large amounts of gold
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were loaded on the carbon because the mechanism of elution after pretreatment
transfers from chemical to physical equilibrium. This process has several economic
advantages, however, it depends very much on water quality.
The Micron distillation process [102] involves eluting the gold-loaded carbon
with organic solvents (methanol, ethanol and acetonitrile) refluxed at 65 to BO°C after
presoaking with 50 gil NaCN and 20 gil NaOH solution. Gold was typically stripped
from the carbon in 4 to 6 h in one bed volume of solution. The carbon retains a high
kinetic activity after stripping. This elution process is very fast and produces highly
concentrated aqueous eluates so that the gold can be readily recovered by
precipitation or electrowinning. Muir and colleagues [103] further indicated that the
ability of the solvents to desorb gold from activated carbon follows the sequence
acetonitrile > methyl ethyl ketone

~

acetone:> dimethylformamide > ethanol. These

organic solvents are strongly adsorbed onto the carbon surface and substantially
increase the activity of small CN- relative to large Au( CN) 2'
Heinen and co-workers [104] reported an other process using ambient
pressure and a caustic cyanide solution with 20% ethanol. At BO°C, gold was stripped
in 6 hours. Martin and others [105] showed after presoaking the carbon, pure
azeotropic acetone and isopropanol eluted 95% of the gold in only 3 bed volumes
at 50°C.
Mensah-Biney et al. [92] tried to strip gold loaded onto the activated carbon
from bromide solution using 0.25 M acidic thiourea solution for one hour per cycle
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contact time. However, the result showed only 40% of the gold was stripped from the
loaded carbon after two cycles.

2.3.2 Gold Elution from Resin
During the past decade, resin technology, an alternative to the use of activated
carbon in gold cyanidation circuits, has expanded rapidly. Researchers have
developed some elution processes for gold cyanide with various eluants [106-109] in
order to overcome the low degree of selectivity of strong-base resin. One process
[110] needed particularly mentioned here is for stripping gold-iodine complex from
a strong base anion-exchange resin. It uses a pretreating solution containing sulfuric
acid and sodium nitrite, and an eluant containing sodium sulfite. The concentrations
range from 50 to 250 gil by weight each for sulfuric acid and sodium nitrite and from
30 to 250 gil for sodium sulfite. The percentage of gold eluted after seven cycles
totalling 140 ml of eluant reached 98.6%.

2.4 Thermodynamics & Solution Chemistry

2.4.1 Thermodynamic Considerations
The chemistry of gold iodide solutions is complicated by close values of
reduction potentials of reactions among the species, sequential reactions and possible
formation of inhibiting surface film. The leaching reaction also involves both mass
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and charge transfer processes. A list of available thermodynamic properties for iodine
and gold species is given in Table 2 [111].
The thermodynamic stability of gold and its oxidation potentials can be
graphically depicted with the aid of Eh-pH diagrams [82]. The extremely noble
nature of gold in the absence of coordinating ligands is illustrated in the Eh-pH
diagram of the Au-H20 system shown in Figure 1. The dashed lines indicate the
upper and lower limits of water stability. Metallic gold covers a very large area of
predominance including the entire domain of water stability. The Eh-pH behavior
of the Au-I 2-H20 system is represented in Figure 2 for 10- 2 M 1-. This diagram
illustrates the large solubility field for the AuI; and AuI:; complexes. Metallic gold
is oxidized in the presence of iodide to yield the aurous iodide complex at a potential
of approximately 0.5 V and above 0.69 V the auric iodide species becomes stable.

2.4.2 Solution Chemistry of Gold and Iodide System
Solid iodine dissolves in aqueous iodide solution by the formation of triiodide
as follows:
~(9)

¢

~(aq)

(6)

(7)
and it also exhibits the ability to form polyiodide complexes, such as I~-, Is, I~-, I;
and I~- [112-114], according to the following general equilibria:
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Table 2: Thermodynamic Data
for Iodine and Gold Species (after [111])

Formula

AGor,298

State

kJ mol-!

kJ mol-!

So
J deg-!

AHor,298

12

c

0

0

116.1

12

aq

1-

aq

16.4
-51.6

22.6
-55.2

137.2
111.3

I;
1-5

aq

-51.4

-51.5

239.4

aq

-28.9
-103.5
-38.5

-95.4
-107.5
-221.3
-151.5

222.0

-138.1
-211.3

95.4
166.9

-759.4
0
222.2

47.4
127.6

-424.7

189.5

I~-

10-

aq
aq

10;

aq

10:;

aq

-128.0
-58.5

10~-

aq

-180.4

HIO

aq

-99.1

HI03

aq

HI04

aq

-132.6
-62.8

HIO~-

aq

-243.1

H 210+

aq

-106.3

H 410 6
Au
Au+
Au3+

aq
c
aq
aq
aq
aq
aq
aq
c
c
aq
aq

-518.3
0
178.6
433.5
-51.8
-283.4
-142.2
-218.3
-316.9
-0.5
-47.4
-44.2

AuO~-

Au(OH)3
HAuO~-

H 2AuO;
Au(OHh
Aul
Auli
Aul:;

-5.4
118.4
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16

. Potential-pH equilibrium diagram for the Au-H20 system at 25°C and
dissolved gold species of 10- 2 M (after [82]).
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Figure 2

Potential-pH equilibrium diagram for the Au-1 2-H20 system at 25°C
and for [Au] = 10- 5 M and [I] = 10- 2 M (after [82]).
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(8)
r+I,
x -1

2x

(9)

~I,

where x and x' are an odd and even number (not including 1 and 2), respectively.
From these considerations, the solubility of iodine should depend on the
aqueous concentration of iodide ion. Silcock [115] reports data for the solubility of
iodine at 25°C as a function of Nal concentration. The solubility of iodine varies
linearly with sodium iodide concentration upto 2xlO- 2 M Nal.
Iodide leaching of gold employs effectively iodide ion as the complexing agent
and iodine as the oxidant. The triiodide ion serves as the oxidant according to the
following electrochemical reaction:

2Au

+

r

+ I;

-+

2Aul 2

anodic

(10)

cathodic

(11)

overall

(12)

2.4.3 Computer Modelling
The overall distribution of iodide species has been calculated using a
PHREEQE computer program [116]. The PHREEQE [117] program has the
necessary thermodynamic data to evaluate the equilibrium solution chemistry of the

1-/12 system. A distribution of iodide species diagram is shown in Figure 3 for
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various concentrations ofNal with [12] = 5x10- 3 M and 25°C. As shown, the triiodide
species (I;) is the predominant oxidant at Nal concentration greater than about
4xlO- 3 M.
The concentration of the iodide species was also determined as a function of
pH for [NaI] = 1xlO- 2 M and [12] = 5xlO- 3 M at 25°C and a solution potential of
0.66 V. As shown in Figure 4, the predominant oxidant species below pH 6.5 is the
triiodide complex while above pH 6.5, iodate (10 3) is the predominant species. The
concentration of 13 is essentially constant below pH 6.5. The computer modelling at
0.55 V, however, shows that iodide is the predominant species below pH 8.5 and the
triiodide complex concentration is very small. Above pH 8.5, iodate is still the most
predominant species. Davis and Tran [7] presented a similar diagram for 0.1 M land 5xlO- 4 M total 12, At these conditions, I; was the predominant oxidant species
in the pH range from 0 to about 11. Hypoiodite ion (10-) was the principle oxidant
under highly alkaline conditions.
Pourbaix [118] has discussed the stability of hypoiodite ion. Hypoiodite
undergoes rapid disproportionation according to the following reaction:
(13)

This reaction is relatively slow in very alkaline solutions and 10- may exhibit some
transient stability when iodine reacts with iodide solutions under alkaline conditions.
However, the thermodynamically stable species at equilibrium is the iodate (10 3) as
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depicted in Figure 4.
The equilibrium concentrations for various species, when a solution containing
10- 2 M Nal and 5x10- 3 M 12 (pH 5 and Eh 0.66 V) is allowed to react with different

additions of metallic gold were determined as presented Figure 5. The program
added gold at levels ranging between 5xlO- 6 to 7xlO- 3 M (0.99 to 1379 ppm).
Aurous iodide (AuI;) is the predominant gold species over this range, and averages
86% of the total dissolved gold. The system's main oxidant, 13, remains essentially
constant up to a 1xlO- 3 M Au addition. It is important to note that solid AuI forms
as the level of gold increases. This can be shown by the following equilibrium:
(14)

Kcq -

-

6.65

(15)

These considerations prove that gold can be solubilized in dilute NaI solutions using

12 as an oxidant.

2.5 Carbon Properties

2.5.1 Manufacture
Activated carbon, a generic term for a family of highly porous carbonaceous
raw materials [68], has been reviewed extensively in the technical literature [67-70,
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72,119]. It is available basically in forms of powders, granular chips, and pellets. Its
manufacture involves two main steps: the carbonization at temperatures below 800°C
and the activation of the carbonized product [69]. During the first carbonization
process, interstices are created from the aromatic structure, giving rise to pores.
During the second activation process, the pore structure is enhanced to the greatest
possible number of various shapes and sizes of pores, resulting in an extremely high
surface area of the product.

2.5.2 Structure
Graphite is of a hexagon structure as identified by X-ray diffraction studies
and as shown in Figure 6 [120]. Carbon atoms in graphite stack as layers, which are
held approximately 3.35

A apart by weak

Van der Waals forces. The carbon atoms

in anyone layer lie above the centers of the hexagons in the layer immediately below
it. The lattice is of the ABAB type. In fact, graphitic surface structure was revealed
at atomic resolution using scanning tunneling microscopy (STM). The constantcurrent image was taken on the basal plane of HOPG by other researchers [121] and
at the Copper Research Center of the University of Arizona. A nearly perfect array
of hexagonal rings is depicted in Figure 7. The unit cell of hexagon can be identified
by superimposing a hexagonal grid. It was found by STM that the unit cell length,
measured about 3

A, is very close to the size of a hexagonal

ring.

The turbostratic structure of activated carbon is similar to that graphite as
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Figure 7

The constant-current image of the graphitic plane on HOPG by STM.
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given in Figure 8 [120]. As discussed by McDougall et al. [67-71], it is consisted of
tiny graphite-like platelets which are only a few carbon atoms thick and 2-10 nm in
diameter. The separation between the layers is found to be greater than that in
graphite itself. The hexagonal carbon rings are randomly oriented and the overall
structure is very disordered.

2.5.3 Physical and Chemical Properties
Properties of activated carbons vary greatly from one form to another. The
physical properties include the quantity and size distribution of their pores, the bulk
density, the impact hardness and the particle size. The chemical property of the most
important is the ability to adsorb selected compounds that are in the gaseous phase
or species dissolved in aqueous solution. Table 3 lists those properties of an activated
carbon, which is typically used in gold recovery applications [69].

It should be noted that the iodine number is a standard test method in which
the amount of iodine is absorbed (in mg) upon one gram of carbon [to]. This test has
been used to determine the relative activation level of unused and reactivated carbon
by measuring the adsorption of iodine from aqueous solution. Although iodine
number may be an approximate surface area for some types of activated carbon, it
is not proper to generalize any relationship between surface area and iodine number
since it is dependent on carbon raw material, processing conditions and pore volume
distribution. Because the small iodine molecule is adsorbed in pores down to 1 nm
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Figure 8

Schematic diagram of the proposed activated carbon structure (after
[69]).
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Table 3: Physical and Chemical Properties
of an Activated Carbon Typically Used
in Gold Recovery Applications (after [69])

Physical properties
Particle density (Hg displacement)

0.80-0.85 g/ cm3

Bulk density
Pore volume

g/cm3
0.70-0.80 cm3/g

Ball-pan hardness (ASTM)

97-99 %

Particle size

1.18-2.36 mm

Ash content

2-4

Moisture

1-4 %

0.48-0.54

%

Chemical properties
Surface area (N2 BET)

1050-1200 m2/g

Iodine number

1000-1150 mg/g

Carbon tetrachloride number

60-70 %

Benzene number

36-40 %
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in diameter, the iodine number is an indication of the number of pores above this
size, comparing with the molasses number which indicates the number of pores larger
that 3 nm [67].

2.5.4 Highly-Oriented Pyrolytic Graphite
Synthetic highly-oriented pyrolytic graphite (HOPG), known as "ideal mosaic
crystal" [122], is a member of graphite family. Its novel application, structure and
properties have been reviewed in detail by Moore [123]. It is produced by
decomposition of a hydrocarbon on a graphite substrate and then aligned closely
under thermal or stress annealing. It is characterized by a nearly defect-free basal
plane and almost perfect array of basal plane edges. HOPG is anisotropic and the
properties of HOPG are practically the same as those of single-crystal graphite,
although the structural examinations and physical property measurements show that
HOPG is polycrystalline.

2.6 Instrumental Analyses

A variety of instruments have been used to identify and characterize the
nature of the adsorbed gold-halides and gold-cyanide species on carbon. However,
no agreement has been made on the mechanism of gold adsorption. These include:
scanning electron microscopy (SEM); x-ray photoelectron spectroscopy (XPS);
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Mossbauer spectroscopy (MS); and Fourier Transform infrared spectroscopy
(FfIRS). Some of these techniques were mentioned in section 2.1. The following is
a brief review of the use and application of these instrumental methods.

2.6.1 Scanning Electron Microscopy
SEM has been used to observe the carbon structure and the gold complexes
on the carbon surface. Adams and Flemming [56] found neither AueN nor metallic
gold on the carbon surface after the treatment of gold-bearing carbon with hot acid.
However, metallic gold in the dendritic form was seen after the treatment of the
same sample subsequently with hot sodium hydroxide solution.
Most researchers found that metallic gold reduced from gold-chloride and
gold-bromide complexes was deposited on the carbon surface [60,68,83,84,86,87,90].
McDougall and Hancock [68] revealed three types of activated carbon particles
coated with metallic gold after immersion in a gold chloride solution. de Siegel and
Soto [83] observed metallic gold from chloride solution in the form of fine spherules
on the activated carbon. These gold particles ranges from 0.5 to 30 J,£m, depending
on the gold concentration of solution. Avraamides and co-workers [84] showed that
the initial deposition of gold occurs on specific sites of the carbon surface. Gold
occurred as continuous layers and sometimes as multilayers covering the entire
surface. Hiskey and Jiang [86] confirmed the superficial deposition of metallic gold
on the carbon surface as isolated patches. There appears to be preferential
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deposition of gold at edges and other surface irregularities. Sun and Yen [87] found
that the metallic gold particles were reduced from gold chloride solution and were
deposited only on some specific spots of the external surface of carbon. These
particles, ranging from 1 to 5 J,Lm, were aggregated at the edges of the carbon
surface.
Mensah-Biney et al. [60] illustrated that the gold deposited from bromide
solution was crystalline in form and covered most of the carbon surface. There was
no observable degradation of the loaded carbon surface.

2.6.2 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy has been extensively employed to decide the
oxidation state of the gold species on the carbon surface. As mentioned, McDougall
and co-workers [51] proposed a mechanism in which Au(CN); complex after
adsorption on carbon is reduced to either Au(CN)x surface species or a cluster-type
compound of gold. This is based on the fact that the binding energy of the gold
cyanide species deposited on the carbon is so close to that obtained for Au(O) (90.8
e V). This value is higher than that obtained by most researchers (85 e V).
Jones and associates [62] measured the ratio of 2:1 for CN:Au on the goldloaded carbon using the relative areas of N Is and Au 4f peaks. They also showed
that terminal nitrogen atoms of the adsorbed gold cyanide complex was of the same
chemical environment on the surface of each carbon, meaning the adsorption as

66
Au(CN)i. Cook and colleagues [124] found that the molar ratio of Au:K increases
with loading in oxygenated solution. This reveals the presence of Au(CN); as well
as AuCN. Van Deventer and Van Der Merwe [60] also determined the ratios of 2:1
and 1.3:1 for CN:Au on the gold-loaded carbon from the Au 4f and N 1s signals,
indicating the existence of both Au(CN)i and AuCN species.
Sibrell and Miller [66] demonstrated that Au(CN); preferentially adsorbs on
the edge of highly oriented pyrolytic graphite, not on the basal plane. These findings
contradict the suggestion that Au(CN); adsorbs intact as N=C-Au-O=N onto the
hexagonal ring structure of the basal plane of activated carbon, by Jones and others.
Brown and Deschenes [88] supported the presence of both Au(CN); and
AuCN with the semi-quantitative surface composition data. They further stated that
both gold metal and AuCl 4 exist for the gold adsorption from chloride solution on
carbon.

2.6.3 Fourier Transform Infrared Spectroscopy
As discussed by Sibrell and Miller [65], because of the low abundance of

functional groups on the carbonaceous materials and electronic absorption of
functional group at higher wavenumbers, the IR spectra are essentially not effective
for studying gold adsorption on carbon. They tried to track gold adsorption with the
cyanide peak (C=N) at 2140 em-I. From the various modes used, such as transmission
spectroscopy, diffuse reflectance, internal reflection, and specular reflectance, no
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mode was sensitive enough to detect the adsorbed gold-cyanide species on carbon.
Van der Merwe and Van Deventer [125] observed the presence of both peaks
for AuCN and Au(CN)2 at 2237 and 2148 cm-I, respectively, on gold-loaded carbon.
Adams [126] found the adsorption of aurocyanide species (Au(CN)2) on high
gold-bearing carbon without chemical change using the transmission mode. However,

it could not identify the real form of gold (Le. either ion pairs or ion exchange of
Au(CN) 2)'

2.6.4 Mossbauer spectroscopy

Faltens and Shirley [127] observed a linear correlation of the isomer shift (IS)
and quadrupole splitting (OS) for each oxidation state of aurous and auric
compounds, including gold-halides and gold cyanides. These combined results,
explained in terms of the hybridization of the bonds and the number of bonding
electrons on gold, could be used to determine the oxidation state. This might prelude
the use of Mossbauer spectroscopy to study the adsorption of gold on carbon.
Cashion et at. [128] found no evidence for the presence of AuCN or metallic
gold on gold-cyanide-bearing carbon from the IS and QS values. They further
confirmed the reduction of AuCI:; to metallic gold on carbon from chloride solution.
McGrath and associates [129] obtained the same result and revealed the similar
spectra of Na +, K+ and Ca2 + crystalline samples of the dicyanoaurates. Kongolo and
colleagues [130,131] indicated dominant species of Au(CN)2 on carbon. Drying could
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result in the formation of other types of gold species, especially in high-loaded
samples at lower pH values of solution.
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CHAPTER THREE
EXPERIMENTAL PROCEDURES

3.1 Materials and Solution Preparation

3.1.1 Activated Carbon and Graphite
Six types of carbon were used during this investigation. The samples consisted
of five commercially available activated carbons, with one sample typical of that
employed by Newmont Mining Co, and a sample prepared from sheet graphite
obtained from Alfa Products. As-received particle sizes were used for all samples
except for the graphite, which was prepared by filing and screening 3Sx48 mesh
particles from the sheet.
These carbons are listed by name, particle size and moisture content in Table
4. They represent different manufacturers, sources and sizes, and comprise shapes
varying from powder to granular and pellet. As shown, all carbons, except the Darco
KB have moisture contents < 6%. The graphite sample contained almost no moisture.

3.1.2 Highly-Oriented Pyrolytic Graphite
Extremely pure highly-oriented pyrolytic graphite (HOPG), also listed in Table
4, was utilized as a model structure to investigate the adsorption of gold at specific
sites and to determine the oxidation state of gold on carbon. The HOPG was
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Table 4: Carbon Sample Information

Particle Size

Sample

Moisture (%)

Activated Carbon

Darco KB, wet powder

-100 mesh

19.7

Nuchar WV-G

12x40

5.4

Newmont (Westates)

3.5x5

3.2

Norit A

-100

4.0

Norit RO 0.8, pellets

0.8 mm in diam.

2.2

35x48 mesh

0.4

2x6x6 mm

0.0

Graphite

Alfa Products

HOPG*

Union Carbide

* Highly-Oriented

Pyrolytic Graphite
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obtained from Advanced Ceramics Division of Union Carbide. The original HOPG
was cut into four pieces (-2x6x6 mm) using an isomet saw. Edges were carefully
polished on 600 grit silicon carbide paper and a few surface layers from one basal
plane were cleaved away to expose a "fresh surface". The sample was immersed into
gold-iodide solution with the "fresh surface" facing up for 72 h. The sample was then
rinsed in distilled-deionized water and allowed to air dry at room temperature.

3.1.3 Solution Preparation
Gold chloride (AuCI 4) and gold bromide (AuBr 4) solutions were prepared
by dissolving solid AuCl3 and AuBr3 into 10-1 M NaCI and 10-1 M NaBr solutions,
respectively. Gold iodide (Auli) solution, on the other hand, was made by dissolving
solid AuI into 10-1 M NaI/lO-2 M 12 solution. Gold cyanide (Au(CN)i) solution was
prepared by dissolving solid AuCN into 5xlO-2 M NaCN solution. The properties of
these gold complexes are summarized in Table 5. It was necessary to add iodine to
completely dissolve Aul, even though, as suggested by Puddephatt [132], aurous
iodide should dissolve directly in sodium iodide solution. In a practical sense, a goldiodide solution would always contain iodine and/or polyiodide. Triiodide solution was
also prepared by dissolving 10-2 M 12 into 10-1 M NaI solution. All stock solutions
contained 1000 ppm Au. The gold-chloride, gold-bromide and gold-cyanide solutions
were used at this concentration, and the gold-iodide where required was diluted using

10-1 M NaI. For the iodide system natural pH values (-5) were used to determine
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Table 5: Properties of Gold Complexes
and Preparation of Solution

Stock
Solution

Solution
pH
Eh,mV

Solid

Appearance

Au%

AuCN

light-yellow
crystalline

83.3

5xlO-2 M NaCN

11.0

-300

AuCl3

claret-red
crystal propyl

65.0

10-1 M NaCI

2.8

825

AuBr3

gray powder

45.0

10-1 M NaBr

2.8

685

AuI

greenishyellow powder

61.1

10-2 M I2 &
10-1 M NaI

5.0

369

AuI3

dark granular

34.0
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loading kinetics and pH 5 was chosen for the equilibrium loading isotherms. All
other pH values will be stated where appropriate.
All chemicals used in this research were of reagent-grade quality. The gold
halide and gold cyanide compounds were obtained from Alfa Products. Distilleddeionized water was used to prepare the required solutions and all tests were
performed at room temperature (-22°C) except for the elution tests.

3.2 Loading Tests

3.2.1 Equilibrium Loading
Equilibrium loading isotherms for the gold-iodide complex and iodine were
carried out for selected carbon samples. The isotherms were constructed by
contacting a given weight of carbon with 25 ml of the gold iodide solution in 50 ml
flasks using an orbital shaking water bath with microprocessor temperature control
(Lab-Line Instruments Inc. Model 3545). The orbital shaking rate was operated at
about 250 rpm. Gold uptake rate was examined initially using 0.5 g of carbon and
AuI; concentrations of 5 and 25 ppm as Au. The results for times up to 72 h showed
that > 98% of gold and triiodide were extracted onto carbon within the first 6 hours.
Similar results were obtained for a solution containing an initial concentration of
gold of 500 ppm. Therefore, based on these results, all equilibrium loading
experiments were performed with a 24-hour contact time and 0.2 g of sample. For
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the isotherms, gold concentrations ranged from 125 to 1000 ppm Au and triiodide
concentrations from 5xl0-4 to 10-2 M 12, The solution pH was adjusted to be about
5 with either hydrochloric acid (Hel) or sodium hydroxide (NaOH). Furthermore,
equilibrium loading isotherms for gold cyanide adsorption by carbon were also
established under the similar conditions except for the solution pH which was kept
about 11 for comparison. After 24-hour contact time, the solutions were filtered, and
final pH and Eh values were measured using a pH meter and platinum electrode,
respectively.

3.2.2 Successive Loading
Maximum gold loading on carbon from different gold halide and cyanide
solutions was established for Nuchar granular and Norit pellets under similar
conditions. The tests were performed with 0.3 g of carbon contacting 25 ml of 1000
ppm Au solution for 24 h. One additional test from gold iodide solution was also
carried out with 0.3 g of Norit carbon contacting lower gold concentration (200 ppm
Au) for comparison. After each contact, the carbon sample was filtered, rinsed and
dried for several hours, after which a fresh 1000 ppm Au solution was added for the
next loading. The schematic diagram for this type of successive loading is illustrated
in Figure 9. Dissolved gold concentration was determined after each contact. Gold
halide loading was compared with iodine loading using 25 ml of 10-1 M Nal and 10-2
M 12 solution.
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Figure 9

Schematic diagram showing successive loading tests.
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3.3 Analytical Methods

3.3.1 Surface Area
Surface area of all carbon samples was measured by the Brunnauer-EmmettTeller (BET) method using an Accelerated Surface Area and Porosimetry 2000
system (ASAP 2000) manufactured by Micromeritics. This method uses
adsorption/desorption of gas for the evaluation of monolayer capacity Vm' the
volume of gas in cubic centimeters at standard temperature and pressure (STP)
required to cover the adsorbent with a monolayer [119]. The monolayer capacity is
determined by performing an adsorption isotherm of nitrogen gas on the carbon at
-19S.8°C (liquid nitrogen temperature). The adsorption isotherm is plotted in terms

of the BET equation:

(14)

where P is equilibrium pressure, Po is saturation pressure of nitrogen at the
temperature of the experiment, V is volume of nitrogen adsorbed, Vm is monolayer
capacity and C is constant characteristic of the gas-solid pair. A linear correlation is
obtained by plotting P/V(P°- P) versus P /P° and the value of the monolayer capacity
Vm can be determined for the slope (C - 1) /V mC and intercept 1/VmC.
Samples were degassed under vacuum at 80°C overnight prior to each
measurement. Five data points were taken for calculation of the surface area with
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a saturation pressure of about 690 mm Hg.

3.3.2 Pore Size Distribution
Micropore and mesopore size distributions of activated carbon were evaluated
by the ASAP 2000 system with an analysis of gas adsorption isotherms in the range
where capillary condensation accompanies physical adsorption. The Kelvin equation
in general is applied to the desorption portion of the adsorption isotherm as follows:

=_

4yV cosa

DRT

(17)

where P is equilibrium vapor pressure of the liquid contained in a narrow pore of
diameter D, Po is saturation pressure of the same liquid exhibiting a plane surface,
y is surface tension, V is liquid molar volume, a is contact angle at which the liquid

meets the pore wall, T is absolute temperature, and R is universal gas constant.
The useful range of the Kelvin equation is limited to 60 nm (micropore and
mesopore diameter range). Above this range, the equation progressively loses
reliability due to the rapid change of the pore diameter with relative pressure.
Macropore and mesopore size distributions for activated carbon were obtained
by a mercury porosimetry penetration method using an AutoPore II 9220 System,
also manufactured by Micromeritics. This method is based on capillary depression
[119]. Due to its high surface tension, mercury tends not to wet most solid surfaces
and must be forced to enter a pore. The Washburn equation is used to relate applied
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pressure and pore diameter:

(18)
where Ym is the surface tension of mercury, 8m is its contact angle with the object
(-130°), P is applied pressure, and D is pore diameter.
The volume of mercury forced into the pores is monitored in a penetrometer,
which is a calibrated stem of a glass cell containing the sample and filled with
mercury. As intrusion occurs, the level in the capillary stem decreases. The volume
of mercury penetrating the pores is reported against the applied pressure, up to
60,000 psi, which corresponds to a pore diameter of 3 nm.

3.3.3 Iodine Number
The iodine number of activated carbon was determined according to the
ANSI/ ASTM standard test method (D 4607-86) [10], used with little modification.
This method is based on a three-point adsorption isotherm and the amount of iodine
adsorbed in milligrams per gram of carbon is determined at a residual iodine
concentration of 0.02 N.
Carbon to be tested was ground to 325 mesh (44 J.£m) using US series of
sieves. It was dried overnight in an oven at 110°C and cooled to room temperature
in a desiccator. Three different weights of activated carbon were treated with 0.100

N iodine solution. The carbons treated solution were filtered to separate the carbon
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from

the

filtrate.

The

concentration

of iodine

species

was

measured

amperometrically.

3.3.4 Sample Analysis
Gold concentrations in the various tests were determined by atomic absorption
spectrophotometry using a Perkin-Elmer model 2380. Triiodide and total iodine
concentrations (12 and 13) of the barren solution were measured with a Spectronic
spectrophotometer (Milton Roy model 1201) and by an amperometric titrator (Fisher
& Porter Co. Model Series 17T2000), respectively. The latter uses a platinum

measuring electrode and a copper counter electrode to generated a current as a
function of the concentration of halogen, and it also uses phenylarsene oxide solution
as the titrant.
Carbon samples loaded with gold complexes were sent to Jacobs Assay for fire
assay. The sample known weight was burnt in an oven at about 1850°C [133]. After

it was cooled, the gold content was weighed.

3.4 Characterization Studies

During the course of this work, various analytical and characterization
techniques have been employed to investigate the nature of gold adsorption on
carbon, including: scanning electron microscopy (SEM); transmission electron

80
microscopy (TEM); thermal analysis (TA); Fourier Transform infrared spectroscopy
(FTIRS) and X-ray photoelectron spectroscopy (XPS).

3.4.1 Scanning Electron Microscopy
SEM primarily provides high-resolution and depth-of-field images of sample
surfaces, and chemical analyses of micron-sized areas of the structure. A lEOL
scanning electron microscopy (Model 840 A/TN 5502), equipped with an EverhartThornley detector was used in this study to examine size, shape, and distribution of
gold on carbon. An energy-dispersive spectrometer (EDS) was used to detect
quantitatively the ratio of gold to halides and relative distribution.
Carbon samples were coated or painted with carbon to eliminate the charging
effect.

3.4.2 Transmission Electron Microscopy
A high resolution transmission electron microscopy (Hitachi H-8100) was
employed to obtain detailed information regarding the extremely fine structural
features of the loaded carbon. This instrument allows two modes of operation, ultrahigh resolution imaging and nanoprobe chemical analysis. Analytical accessories
include the scanning system, high sensitivity energy dispersive X-ray spectrometer
(Link EXL1), and parallel-detection electron energy loss spectrometer (PEELS).
Electron energy loss spectroscopy probes the primary excitation and registers each
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excitation event independently of the exact de-excitation mechanism [134]. It can be
used to identify the elements, to analyze the sample composition and to determine
the valence of an atomic species.
Sample preparation involved grinding the samples and dispersing the very fine
carbon particles on a thin carbon membrane resting on a 200 mesh copper grid.

3.4.3 Thermal Analysis
Thermal analysis is the measurement of changes in chemical or physical
properties of a sample as a function of temperature. Thermogravimetry analysis
(Thermal Analyst System 2100 with 951 Thermogravimetric Analyzer, Du-Pont
Instruments) was used to measure the amount and rate of weight change of a sample
material for determination of thermal stability, chemical composition and oxidation
process. It is accomplished by measuring variations in sample mass with temperature
using a thermobalance, which is a combination of a suitable electronic microbalance
with a furnace and associated temperature programmer.
Differential thermal analysis (Thermal Analyst System 2100 with 1600
Differential Thermal Analysis Cell, Du Pont Instruments) was utilized to detect
phase transitions and chemical reactions. It is made by recording the difference in
temperature,

~ T,

between the sample and a reference material (Al 20 3) in the same

heating programmer. The reference material should have the features of no thermal
events over the operating temperature range, no reaction with the sample holder or

82
thermocouple and similar thermal conductivity and the heat capacity to those of the
sample [135].
Heating rates were mostly 10 and 5°C/min for TGA and DTA, respectively.
Nitrogen gas was used as carrier gas in thermal analysis to release the iodine vapor.

3.4.4 Fourier Transform Infrared Spectroscopy
Infrared (IR) spectroscopy is a useful technique for characterizing materials,
providing information on the molecular structure and environment of a compound
and identifying molecular species adsorbed on surfaces. FTIRS uses an
interferometer to modulate the intensity of each wavelength of light at a different
audio frequency [136].
Chemical characterization of activated carbon was monitored by FTIRS in the
transmission mode. A Perkin-Elmer Model 172SX instrument was used. Carbon
samples ground by a ball pestle were well mixed (3 wt. pct.) with infrared-grade
potassium bromide. 150 mg of the mixture was then pressed in an evacuated die in
a hydraulic press at about 20,000 psi for 3 minutes, resulting in a disk for analysis.
Transmission spectra were measured using pure KEr as the background and were
averaged over 64 scans across the wave number ranging from 4000 to 400 cm-I .

3.4.5 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy
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for chemical analysis (ESCA), was used to determine the presence and oxidation
state of gold-iodide species at both basal plane and edge surfaces of HOPG samples
as mentioned in section 3.1.2. In this research work, the XPS analysis was done in the
Department of Chemistry.
This technique is based on the ejection of a valence or core electron with an
incident x-ray beam under ultra-high vacuum conditions (_10-9 torr). This is the least
destructive particle surface technique, which provides information a few atomic layers
below the surface (2 to 10 nm). The kinetic energy KE of the photoemitted core
electron is:
KE

= bv

- BE +

<t>

(19)

where hu is the photon energy, BE is the binding energy of the emitted electron, and

4J is the spectrometer work function. All of the elements except hydrogen and helium
can be detected by XPS [137]. Due to the unique set of binding energies for each
element, the elements could be identified from the corresponding XPS spectra. In
addition, chemical shifts, caused by the variations in chemical environment on the
binding energies, made possible determining the oxidation states of elements.
For this investigation, all experimental values of the binding energy were
referenced to the carbon 1s peak of HOPG at 284.6 eV.
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3.5 Gold Elution

3.5.1 Anglo and Zadra Processes
Nuchar carbon, used in commercial operations for the gold recovery from
cyanide solutions, was chosen for elution tests. Loading carbon from 50 ml of gold
chloride, gold bromide, gold iodide and gold cyanide stock solutions, respectively,
followed the same procedure as described previously in section 3.2.1. The gold
concentration for these stock solutions was 1000 ppm and for gold iodide system, Nal
and 12 concentrations were 10-1 and 10-2 M, respectively. The contact time was 24 h
with a shaking rate of 250 rpm at ambient temperature.
The Anglo process, with 50 gil NaCN and 10 gil NaOH was utilized for all
these systems, and the Zadra process with 2 gil NaCN and 10 gil NaOH, only for
gold iodide system for comparison. The stripping tests were performed up to 24 h
with 0.3 g of carbon contacting 50 ml of caustic cyanide solution in 125 ml flasks at
temperature close to boiling (-96°C) and at a shaking rate of 250 rpm using the
orbital shaking water bath. After each contact, the solutions were immediately
filtered to separate the carbon. The concentrations of gold in filtrate were measured
by atomic absorption spectrophotometry.

3.5.2 Pressure Elution
Nuchar carbon was loaded with 500 ml of gold iodide and cyanide solutions,
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respectively, in a 1000 m1 vessel using a stirrer. The concentration of gold loaded on
carbon from cyanide systems was kept as close as possible to that loaded from iodide
system.
The laboratory pressure stripping device was made from 1.27-cm in diameter
and 20-cm long stainless steel pipe with stainless steel screens and glass wool at both
ends. The column followed the one design by researchers at the USBM [138]. As
demonstrated in Figure 10, the unit was equipped with an autoclave (Parr Instrument
Company) to control the temperature and pressure of stripping solution,
thermocouple, pressure gauge, cooling jacket, drain valve and an outlet valve to
control the downflow of solution through the column. The column itself was heated
by heating tapes with a temperature controller and was also wrapped with insulating
tapes to prevent any heat loss while the solution was passing through tubings from
the autoclave.
The column was designed to hold 10 g of gold-bearing carbon. The stripping
experiments were carried out using a solution containing 5 gil NaCN and 10 gil
NaOH at temperature of 160°C which results in a steam pressure of 89.7 psi. The
temperature and pressure of the stripping solutions inside the column were also
carefully monitored and recorded. Samples were withdrawn at regular intervals for
analysis. Carbon samples were also analyzed.
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Schematic representation of the pressure elution column.
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Carbon Properties

4.1.1 Surface Area and Porosity Analysis
The pore size analysis of the different carbon samples used in this
investigation is given in Table 6. As shown, activated carbon contains a distribution
of various pore sizes. Miller and Sibrell [64] noted that the definition of pore size
dimensions varies from authority to authority. In this analysis, the classification
proposed by Bansal et al. [70] is generally accepted. Pores are described by three
basic categories:

Macropore

50 nm < r

Mesopore

2 nm < r < 50 nm

Micropore

r < 2 nm

where r is the radius of a cylindrical pore. Bailey [72] presented a schematic revealing
the carbon pore structure for macropores and micropores as shown depicted in
Figure 11. In this representation, mesopores are defined as transitional pores
between macropores and micropores. It is observed from Table 6 that the dominant
percentage of the BET surface area in activated carbon is associated with
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Table 6: Pore Size Analysis

Total
Surface Area

Surface Area
by Pore Size

Iodine
Number

Sample

BET
(m2/g)

Macro *
(m2/g)

Meso*
(m2/g)

Micro
(m2/g)

I2/C
(mg/g)

Darco

1553.1

9.3

247.2

1296.6

985

Nuchar

1153.3

51.5

99.3

1002.5

1308

Newmont

978.0

22.6

66.1

889.3

1226

Norit A

810.9

7.3

177.0

626.6

968

NoritP

1011.7

4.1

132.6

875.0

1255

Graphite

3.0

* Determined by Hg porosimetry.
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Figure 11

Conceptual representation of the carbon pore structure (after [72]).
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micropores. As shown, graphite demonstrates very little BET surface area. It should
be mentioned that micropores were determined by the difference between the BET
surface area and the total area obtained by mercury porosimetry [119].
The theoretical surface area of carbon can be estimated to be approximately
2767 m 2/g in terms of its turbostratic hexagon structure (Figure 8) using conditions
that one hexagon contains two carbon atoms and that the carbon to carbon bond
distance within each layer is 1.42

A

[119]. This value is much larger than the

measured BET surface area for activated carbon (2-2.5 times). It is probably due
to the facts that some layers stack upon each other after collapse, and that some
pores are extremely small and some internal pores are blocked so that nitrogen
molecules could not reach them for measurement.

4.1.2 The Effect of Particle Size
Since different carbon particle sizes were used during this investigation, it
should be noted that BET surface area is essentially independent of particle size. For
example, the Newmont sample in 6x12 mesh, 35x48 mesh, and -100 mesh size
fractions had BET surface areas equal to 978.0, 1015.2, and 1042.9 m2/g, respectively.
It is concluded that particle size should not have much of an effect on adsorptiontype processes; however, processes sensitive to the superficial surface area would be
dependent on particle size.
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4.1.3 Iodine Number
As mentioned earlier, the iodine number can be used as an approximate

measure of surface area for some types of activated carbons. The well behaved
curves are presented in Figure 12, in which iodine adsorbed on one gram of carbon
is plotted against normality of residual filtrate (log-log plot). Their corresponding
values are also reported in Table 6. These iodine numbers are around the values of
1000-1150 mg/g for an activated carbon typically used for practical gold operation
given in Table 3 [64]. Except for the Darco sample, all activated carbons demonstrate
a direct correlation between iodine number (mg 12/g carbon) and surface area
(m2/g). High BET surface area and low iodine number exhibited by the Darco
sample are possibly due to poor activation during manufacturing. It thus results in
less adsorption sites as will be seen later. By comparison of the BET surface area
with iodine number, it indicates that iodine number truly represents the active
adsorption sites for activated carbon.

4.1.4 Thermal Analysis
TGA was used to determine the moisture content of various as-received
carbons. A typical curve for Nuchar carbon is presented in Figure 46. The wave turns
flat at about 1000 e after release of physical moisture. Ii is determined that Nuchar
carbon contains about 5.4% moisture. DTA was also employed to establish a
differential thermal response for different as-received carbons, as will be discussed
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Determination of iodine number by carbon.
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later in section 4.3.5.

4.2 Loading Tests

4.2.1 Adsorption Isotherms for Gold in Iodide Solution
Equilibrium loading isotherms for gold from iodide solution are plotted in
Figure 13 for the various carbons. It is obvious that the adsorption response is well
behaved and follows a Freundlich-type isotherm. This is a plot of the quantity of a
component adsorbed per unit of adsorbent versus concentration of that component
at equilibrium and at constant temperature. This isotherm obeys the following
equation [140]:

Q

= _x = bC n
M

(20)

where X is the quantity adsorbed, M is the quantity of adsorbent, C is the
concentration, and band n are constants. Nearly identical adsorption isotherms were
obtained for the Nuchar, Norit A and P, and Newmont carbons. These data are
represented by a single regression line in Figure 13. The Darco sample exhibits
nearly the same slope, but yields a noticeably lower level of adsorption. As indicated
in Table 4, this sample contains about 20% moisture that is significantly higher than
that of the other carbons. Normalization of the data to account for the moisture
content in this sample achieved very little in correcting these data. Based on the
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value of the iodine number, it is believed that this carbon is less active than other
carbons tested. That is, the carbon with high surface area does not necessarily have
large active adsorption sites. Adsorption on the graphite sample is much less than any
of the activated carbons. These findings are consistent with the observations of Miller
and Sibrell [59] for gold cyanide adsorption by carbon.
An alternative way of expressing the isotherm results is to plot adsorption
density of gold versus equilibrium gold concentration in solution as shown in Figure
14. This type of plot provides a normalization of the data with respect to surface
area. These results show a general increasing trend for equilibrium gold
concentrations up to 500 ppm. Furthermore, since no plateaus were observed,
monolayer coverage was not achieved for this adsorption process. As revealed in
Figure 14, the adsorption density for all forms of carbon varies between 10- 11 and
10- 10 moles of Au1i per square centimeter of carbon surface. Furthermore, since it
is related to the gold adsorption in iOdide/iodine solution, it is possible to normalize
adsorption density of gold with respect to iodine number against equilibrium gold
concentration in solution from the consideration of activation as shown in Figure 15.
As compared to Figure 14, it generates an even better normalization of the data. The

data could be further normalized if the moisture content of the Darco sample is
considered.
The Langmuir adsorption theory was also used to plot the above mentioned
data. The Langmuir equation is given as follows [141]:
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e=
where

e is the fractional

~ = aC
Qm
1 +aC

(21)

surface coverage or the weight adsorbed relative to the

weight adsorbed in a completed monolayer; C is the concentration in solution (ppm),
and a is the constant. This equation can also be rearranged in the form:
C
Q

1
aQ

(22)

According to this equation, a plot of cia (the ratio of the gold concentration in the
solution to that adsorbed on the carbon) against C should give a straight line and
further yield the monolayer capacity

am. However, as shown in Figure

16, no data

for the activated carbon fit this theory. Similar Plots for the Nuchar, Norit A and
Newmont carbons were obtained in Figure 16b. As compared to these carbons, the
Norit P carbon is shown to be very active (Figure 16a) and the Darco less active
(Figure 16c). It seems that these plots approach to the Langmuir-type isotherm at
high equilibrium gold concentrations in solution.
According to the adsorption density of gold on carbon in Figure 13, it is
possible to estimate the monolayer coverage of these gold iodide complex assuming
that a single gold iodide complex covers an area of 19.84 A2 (7.46x2.74 A). Here the
length of covalent bond of Au-I is presumed to be 2.40

A (2.36 A for Au-CI [132])

and the diameters of gold and iodide atoms are 2.74 and 2.66

A, respectively [139].

At the adsorption density of 10-10 mol/cm2, it can be calculated that the gold-iodide
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complex alone only lilies on" about 12 % of the carbon surface. If the co-deposited
triiodide complex is considered, it can be estimated that it occupies about 12 % of
the carbon surface, too, assuming that a single triiodide ion covers an area of 15.72

/\2 (5.91x2.66 A [142]). Total coverage of these gold-iodide and triiodide complexes
is about 24 % of the carbon surface, much less than monolayer coverage.

4.2.2 Adsorption Isotherms of Gold in Cyanide Solution
Equilibrium loading isotherms for gold from cyanide solution for selected
carbons are also plotted in Figure 17 for comparison. The adsorption data again fit
the Freundlich-type isotherm well. As with gold-iodide, the Darco sample yields a
much lower level of adsorption. These lines are slightly lower than those in Figure
13, but very close to those found by Miller and Sibrell [64]. This phenomenon is
more apparent when adsorption density of gold from cyanide solution plotted as a
function of equilibrium gold concentration in solution as shown in Figure 18 was
compared with that from iodide solution (in Figure 14).
Additionally, the values of constants, band n, in Equation 17 were also
determined and compared in Table 7 where Q and C were expressed as mg/kg
carbon and mg/l, respectively. Clearly, band n values from gold iodide solution in
Table 7 are noticeably greater than those from gold cyanide solution.
Similar Langmiur-type plots for Nuchar, Norit P and Darco were also
constructed in Figure 19, and no fit for the Langmiur-type isotherms was found,
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Table 7: Values of the Constants
band n in the Freundlich Equation (Q bC n)

=

b*

Sample

n*

A. Gold Adsorption from Iodide

Nuchar
NoritP
Darco
Newmont
Norit A
Graphite

3.76x104
5. lOx 104
1.11x104
3.96x104
4.41x104
1.64x10 1

0.279
0.320
0.370
0.283
0.259
0.714

B. Gold Adsorption from Cyanide
1.58x104
2.30x104
5.60xl02

Nuchar
Norit P
Darco

0.263
0.275
0.545

C. Iodine Adsorption from Gold-Iodide
Nuchar
Newmont
Darco

1.12x107
1.04x106
9.63x1OS

0.128
0.347
0.218

D. Iodine Adsorption from Iodine-Iodide
Darco

* Given as

8.88x106

0.443

Q and C as mg/kg and mg/l, respectively.
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Langmuir isotherms for gold adsorption from cyanide solution by
carbon (a) Norit P, (b) Nuchar, and (c) Darco.
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although the plot for the less active Darco carbon in Figure 19c is close to the
Langmiur-type isotherm. These results are consistent with those obtained by Miller
and Sibrell [64] for Au(CN)i adsorption on carbon.

4.2.3 Adsorption Isotherms for Triiodide
Equilibrium adsorption isotherms for triiodide, which also adsorbs on carbon,
from gold iodide solution are plotted in Figure 20 for the different carbons. One set
of data for Darco from pure iodine solution is also given in Figure 20 for
comparison. Norit A and P were very active so that in almost all cases equilibrium
triiodide concentrations were close to or below the detection limits of the analytical
method used. These data were therefore not included in Figure 20. Again, the Darco
sample is shown to be less active than the other forms of carbon. For the equilibrium
I; concentration range shown, there appears to be no noticeable effect on I;
adsorption by the presence or absence of gold, however, as will be discussed later,
there is an observed influence when the carbon surface gets close to saturation. The
plot of iodine adsorption density as function of equilibrium triiodide concentration
in solution, and the values of band n in the Freundlich equation are also provided
in Figure 21 and Table 7, respectively. These results also demonstrated a general
increasing trend for equilibrium triiodide concentration up to 5xlO-3 M except for
graphite. High values of adsorption density at high equilibrium I; concentration for
graphite could be attributed to the experimental errors when high concentration of
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I; was used for small surface area of graphite.
The constant n, or the slope of the Freundlich plots can be used as a sensitive
measure of loading onto carbon. By comparing the values in groups (A) and (B) of
Table 7, it is found that gold adsorption on carbon from iodide solution is in general
more sensitive than that from cyanide solution. Similarly, from (A) and (C), gold
adsorption is more sensitive than triiodide in the same solution except for Newmont.
Final by comparing groups (D) and (C), triiodide adsorption in the solution
containing no gold is more sensitive than that containing gold. Furthermore, if the
values of n are similar, the constant b corresponds to adsorbability of carbon.

4.2.4 Successive Loading for Gold
Maximum gold loading experiments were performed by successive loadings of
gold from iodide, cyanide, bromide and chloride solutions using Norit pellet and
Nuchar granular carbon. It should be emphasized here that for these tests, the goldbearing carbon was returned to next loading with fresh gold solution as mentioned
in section 3.2.2 along with a schematic shown in Figure 9. Extraction curves are
presented in Figure 22 for these experiments. In these plots, gold concentration in
the barren solution is plotted against the number of loadings. The initial gold
concentration for each loading was 1000 ppm in all cases in Figure 22. For gold
iodide, the Nuchar carbon becomes saturated after six loadings, and as shown, the
Norit has a similar loading profile but lag the Nuchar sample by about 1 loading
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Successive loading of gold from cyanide (pH 11.0), iodide (pH 5.0),
bromide (pH 3.0) and chloride (pH 3.0) solutions on carbon using 1000
ppm initial gold concentration.
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cycle. After six loadings from gold iodide, the Nuchar and Norit samples contained
282 and 330 mg Au/g carbon, respectively. In addition, these experiments resulted
in the loading of 940 and 1003 mg I2/g of Nuchar and Norit carbon, respectively.
Loading from gold cyanide solution was accomplished for comparison. A very
steep loading profile characterizes the adsorption of Au(CN)i. The Nuchar carbon
appeared to reach a plateau after about three loadings. On the other hand, maximum
loading was accomplished with Norit pellets after four or five loading cycles. As with
AuI;, the Norit carbon lagged the Nuchar especially in the initial stages of loading.
In general, the shape and position of the curves for Au(CN)i and AuIi are very
similar. Maximum loadings from gold cyanide were 129 and 157 mg Au/g carbon for
the Nuchar and Norit, respectively. Fleming [73] recently reported that under certain
conditions it is possible to reach 600 mg Au/g carbon in the laboratory.
Gold chloride and gold bromide experiments are also plotted in Figure 22.
Extraction profile for these systems are distinctly different from both gold-iodide and
gold-cyanide. For both bromide and chloride, nearly complete gold extraction from
solution was observed during the first 6 loadings. Even after 17 loading cycles gold
was still being extracted from chloride solution. Gold loading was 1056 mg Au/g
carbon after 17 loadings from chloride solution and 736 mg Au/g carbon after 10
loadings from bromide solution. According to the reduction mechanism, gold would
continue to be extracted from these solutions, albeit at a slower rate, as long as there
was sacrificial carbon present.
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A maximum loading test using lower initial gold concentration (200 ppm) was
also carried out and compared to 1000 ppm initial gold concentration. As shown in
Figure 23, after 18th loading, gold concentration in the barren solution exceeds that
in the initial solution, indicating that the superficially deposited metallic gold on
carbon redissolved into the solution. After 18 loadings, 199 mg of gold was adsorbed
on 1 g of the Norit carbon. This value is significantly lower than 330 mg Au/g carbon
obtained from high initial gold concentration. On the other hand, iodine was
continuously loaded onto the carbon and triiodide concentration in the barren
solution was far below the saturation value. It was recorded that after twenty-one
loadings, a total of 788 mg 12 was deposited on 1 g of carbon in comparison with
1003 mg 12/g carbon from 1000 ppm of initial gold concentration. It is therefore
believed that the equilibrium between gold in solution and on carbon was reached
at the eighteenth loading. It should be noted that this equilibrium point is just on the
extended regression line for Norit P in the equilibrium loading isotherms (Figure 13).

4.2.5 Successive Loading for Triiodide

In an attempt to elucidate the mechanism of gold uptake from iodide solution,
a maximum loading test for triiodide adsorption was performed using 10-1 M Nal and

10-2 M 12 on Nuchar carbon. These results are compared in Figure 24 with that
previously shown for the gold iodide solution. As depicted, the carbon becomes
saturated with triiodide after 8 loading cycles. The total iodine adsorbed was 1137
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mg I2/g carbon. This value is approximately 13% below that determined separately
and reported in Table 6 as the iodine number. The difference may be attributed to
the preparation of the carbon used to determine the iodine number (i.e. HCI
pretreatment to remove impurities). In addition, different analytical methods were
used to determine iodine concentration. It is apparent that the adsorption of triiodide
is sensitive to the presence of gold. Saturation will require fewer loading cycles.
Conversely, the uptake of gold from iodide/iodine solution is sensitive to the
presence of triiodide and the availability of active surface sites. This is demonstrated
by comparing the total capacity of carbon as determined by the iodine number and
the total amounts of triiodide and gold adsorbed at saturation, as shown below:
Iodine Number

AuIi

r3

5.15 mmoles

1.42 mmoles

3.70 mmoles

The sum of the Auli and I; values is nearly equal to the iodine number capacity of
the Nuchar carbon.
The total amounts of gold and triiodide adsorbed on carbon from the
successive loading tests are summarized in Table 8.

4.2.6 Competitive Adsorption
Adsorption of gold from iodide solution is complicated by the presence of
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Table 8: Total Amounts of Gold and Triiodide
Adsorbed on Carbon from Successive Loadings

System

Loading
(No.)

Gold

Triiodide

(mgjg)

(mgjg)

Comments

Au-CN

6

157

Au-CI

17

1056

not saturated

Au-Br

10

736

not saturated

Au-I

6

332

1003

Au-I*

21

199

788

Norit P

Nuchar

Au-CN

5

129

Au-I

6

282

I

9

940
1137

* From 200 ppm of initial gold concentration.

equilibrium
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triiodide, which competes for adsorption sites with gold-iodide complex. Figure 25
shows the plot of the total adsorbed amount of Auli and I;, and the adsorbed
amount of each species in the same solution as a function of number of successive
loadings for Nuchar carbon. The curve for Aul; levels out after about 3 loadings,
while the one for I; continues to rise up to 6 loadings. An alternative way of
reporting these data is to plot the respective extraction percentage for Aul; and I;
by carbon versus number of successive loadings. As shown in Figure 26, it is apparent
that the extraction percentage for Aul; declines much fast than that for I;. At the
6th loading, only 8% of AuI'i was extracted as compared with 36% for 13, It can be
imagined that at the first two or three loadings, Aul; and I; freely deposit into the
carbon structure because there are enough adsorptive surface sites available. With
the number of successive loading increases, or the available active surface sites
decreases, only smaller triiodide species favors to fill in some gaps among others.
Moreover, triiodide species adsorbs not only at defect sites of the graphitic planes,
but also at the basal planes which gold-iodide complex does not deposit, as will be
discussed later in section 4.3.6.

4.3 Characterization Studies

4.3.1 Optical Microscopic Observation
The superficial reduction of gold on carbon from halide solution by carbon
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could be seen with the naked eye. Figure 27, taken with a 35 mm camera, clearly
shows this phenomenon. Under optical microscope, beautiful and brilliant yellow gold
metal could be observed on those samples from successive loading experiments.
Metallic gold partially coated the carbon surface and partially filled the pores within
the carbon. The sample from chloride exhibited most of the former occurrence and
the samples from iodide and bromide solution displayed most of the latter feature.
Superficial gold particles for the Au-Br system are relatively smaller in size and
denser in distribution (see Figure 29b).

4.3.2 Scanning Electron Microscopy Analysis
Superficial deposition of metallic gold on carbon was previously analyzed by
scanning electron microscopy for the gold chloride system [86]. In the current
investigation, surfaces of Norit pellets were examined using SEM after various
loading experiments. Samples of carbon were obtained from successive loadings (see
Figure 22) for chloride, bromide, iodide, and cyanide. As shown in Figure 28, surface
deposits of gold are observed for the halogens but not cyanide. Massive continuous
deposits of metallic gold are found for the Au-Cl system (Figure 28a). The Au-Br
system depicted in Figure 28b is illustrated by a relatively denser distribution of gold
crystallites on the cylindrical surface of the pellet and a massive deposit structure at
each end of the pellet. This region is marked by the arrow in Figure 28b. The heavy
gold deposits at the end of the pellet were a very common feature of the bromide
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Figure 27

•

A photograph showing Norit pellets loaded with gold from halide and
cyanide solutions.
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system and could be seen with the naked eye. The Au-I system indicates a limited
and comparatively disperse distribution of gold crystallites (Figure 28c). The Au-CN
sample shown in Figure 28d is free of metallic gold and reveals only a small amount
of loose debris on the carbon surface.
Figure 29 represents regions of the cylindrical surfaces for these samples
under higher magnification. The Au-CI system in Figure 29a is characterized by large
continuous layers of metallic gold that blanket much of the carbon surface. By
contrast, the Au-Br and Au-I samples in Figures 29b and 29c, respectively, are
distinguished by isolated crystallites of metallic gold. The size of these crystallines
ranges from 5 to 25 J.£m. The characteristic x-ray spectra on the carbon surface in
Figure 29c are presented in Figure 30. The EDS scan on these white spots in Figure
29c shows only gold peaks at 1.65,2.14 and 9.73 keY as shown in Figure 30a. On the
other hand, both gold and iodide peaks

wer~

found in the matrix region as given in

Figure 30b. In the Au-CN sample portrayed in Figure 29d, there was no metallic gold
identified either by direct SEM observation or by EDS mapping.
Scanning electron micrographs of the end surfaces of the Norit pellets for the
various loading experiments are illustrated in Figure 31. The Au-CI and Au-Br
systems both indicate massive deposits of metallic gold as revealed in Figures 31a
and 31b, respectively. The Au-I sample represented in Figure 31c indicates a
significant amount of gold deposited in a sheet-like structure. In addition, this sample
displays a small number of isolated gold crystals measuring about 1 to 2 J.£m. The end
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Figure 29

SEM micrographs showing Norit carbon surface of various goldbearing solutions: (a) chloride, (b) bromide, (c) iodide and (d) cyanide.
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X-ray spectra for Figure 29c showing (a) typical of bright particles, and
(b) matrix region,
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Figure 31

SEM micrographs of the Norit pellet end surface for various goldbearing solutions: (a) chloride, (b) bromide, (c) iodide, and (d)
cyanide.
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of the pellet used in the Au-eN test is given in Figure 31d. This sample reveals some
free debris, but failed to show any gold on the surface. The tubular structure of the
Norit pellets is demonstrated by a cluster of pore openings in the right center part
of the micrograph.
Some interesting features are shown in Figures 32 and 33 for the Au-Br and
Au-I systems, respectively. In Figure 32, deposition of metallic gold on the Norit
pellet from bromide solution reveals a series of short columns growing near the end
of the carbon pellet. This feature is even evident in Figure 26b for bromide, but was
not observed for the other halogens. Figure 33a illustrates well-defined facets of
metallic gold on carbon surface deposited from iodide solution and Figure 33b gives
a better view of some of these gold crystallines at higher magnification. In addition,
the crystallines appear to form in aggregates on the carbon surface. Figure 34 also
shows gold crystallines deposited from iodide solution in the macropores of a pellet
with high depth-of-field. Here the picture was taken at a section view after the pellet
was broken. The gold aggregates lie on the clearly seen porous structure of the Norit
pellets.
Gold adsorption on carbon from iodide solution as a function of gold
concentration was also examined by SEM. Figure 35 reveals the end surfaces of the
Norit samples. The gold concentrations on these samples by calculation are
approximately 125.0, 16.6, 1.3 and 0.3 mg Au/g carbon for Figures 35a, 35b, 35c and
35d, respectively. Figure 35a shows gold crystals deposited at the end surface, but the
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Figure 33

SEM micrographs showing well-defined crystal facets for metallic gold
deposited from iodide solution at the carbon surface.
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Figure 34

SEM micrograph with high depth-of-field showing gold crystals from
iodide solution at the carbon surface.
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Figure 35

SEM micrographs showing the effect of gold loading concentration
from iodide:(a) 125.0, (b) 16.6, (c) 1.3 and (d) 0.3 mg Au/g C.
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amount is much less than for a concentration of 332 mg Au/g carbon observed in
Figure 31c. Additionally, gold was not deposited in a sheet-like structure. It is
obvious that the amount of gold decreases significantly from Figure 35a to Figure
35d. Actually, only limited metallic gold crystals could be found on the sample shown
in Figure 35c. EDS mapping for loadings of 125 and 0.3 mg Au/g C are depicted in
Figure 36 for gold and iodine.

4.3.3 Transmission Electron Microscopy Analysis
Norit pellets obtained from 6 successive loadings for the iodide system were
ground and the fine particles dispersed onto a copper grid for TEM analysis. A TEM
micrograph is shown in Figure 37 for a typical carbon particle. This picture reveals
extremely small particles of gold disseminated in the carbon matrix. The sizes of
these particles range from 1 to 5 nm. The smaller size particles appear to be
uniformly distributed throughout the carbon matrix. An energy dispersive x-ray
system was used to obtain elemental analyses of the matrix and the small crystals as
shown in Figure 38. A characteristic x-ray spectrum for a small dark crystal is given
in Figure 38b. This reveals the presence of gold peaks at 2.12, 9.71 and 11.44 keY
(Note: the copper peaks are from the grid material and silicon from the stub).
Although the x-ray spectrum indicates only gold, the original particle may have been
a gold-iodide complex that decomposed in the electron beam. It is thus not
conclusive whether these particles represent an adsorbed species or a reduced state
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Figure 37

TEM micrograph showing extremely fine gold iodide complexes
distributed in a carbon matrix.
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(a) TEM micrograph; (b) x-ray spectrum typical of small dark particles;
and (c) x-ray spectrum of matrix region.
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of gold within the carbon structure. The EDS spectrum of the matrix region is given
in Figure 38c. This indicates the presence of both gold and iodine within the carbon
matrix.
In fact, a similar TEM micrograph for the Au-CN system from 6 successive
loadings revealed a similar internal structure. As depicted in Figure 39, extremely
small particles of gold inside the carbon matrix as well as the copper grid are clearly
seen. These particles, with the sizes between 2 to 10 nm, are generally larger than
those from the Au-I system. EDS analysis on a small dark particle reveals gold and
carbon peaks (carbon peak mostly from the media), but no nitrogen peak. The
nitrogen peak could be overlapped by an oxygen peak, since EDS analysis on solid
AuCN indicates the collection efficiency for carbon and nitrogen is very low as shown
in Figure 40. It should be mentioned that because no sodium peak was found
throughout the entire observation, it suggests the gold adsorption from cyanide
solution on carbon not as an ion pair, NaAu(CN)2 under these conditions.
On the other hand, TEM micrographs for the Au-CI and Au-Br systems also
from multiple loading experiments exhibit crystal facets, as displayed in Figures 41
and 42, respectively. These crystal facets, having size from several tens to one
hundred nm, are superficially deposited metallic gold from the carbon surface during
sample preparation. In addition, extremely fine particles of gold ( < 10-15 nm) in the
carbon matrix, similar to those found in Figures 37 and 39, were observed. It is
believed that these are the gold-chloride or gold-bromide complexes. EDS results
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Figure 39

TEM micrograph showing extremely fine gold cyanide complexes
distributed in a carbon matrix.
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Figure 41

TEM micrograph showing gold crystallines as well as gold chloride
complexes distributed in a carbon matrix.
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Figure 42

TEM micrograph showing gold crystallines as well as gold bromide
complexes distributed in a carbon matrix.

140
confirmed the existence of chloride and bromide species in the matrix region for the
samples loaded with Auel:; and AuBr:;, respectively.
Additional work was pursued to determine the effects of beam damage and
ultra-vacuum of the microscopes on the gold species, and the exact state of gold
within the carbon matrix. The EDS results for pure AuI are shown in Figures 43a
and b for an unfocused beam and a focused beam (-2-3 sec.), respectively. As
shown in Figure 43a, peaks for both gold and iodine are found, however, as shown
in Figure 43b, AuI decomposed to Au after beam irradiation. The decomposition
phenomenon was even seen on the microscope. The shape of AuI particles changed
rapidly after the beam was focused on the particle about 2 seconds. The ultra-vacuum
condition does not seem to cause decomposition problem since the greenish yellow
AuI solids were still observed under the optical microscope after the TEM analysis.
Parallel-detection electron energy loss spectrometer (PEELS) failed to show
any energy loss peaks for gold adsorbed on the Norit carbon sample due to the
limitation of the TEM detector. Since gold is a heavy metal, its electron energy loss
occurs in the M shell. For the high electron energy loss detection, the larger the
energy loss of electron, the smaller the angle of the beam. The detection is very low
at about 2400 e V for gold. This technique is only suitable for pure samples. For the
low electron energy loss detection, it is difficult to determine the oxidation state from
band structures since for the real sample, the gold species is adsorbed in the carbon.
A standard or reference spectrum, hence, is necessary.
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X-ray spectra for AuI powder: (a) before, and (b) after irradiation of
the electron beam.
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High resolution images for partially decomposed AuI solids were taken as
shown in Figure 44. Measurements of spacing fringes in Figures 44a and b indicate
Au and AuI, respectively. Using this technique, the electron beam does not need
focusing on a single particle (i.e. EDS on a small dark crystal) thus preventing the
gold-iodide complex from decomposition. It is therefore probable to identify the
adsorbed gold species. High resolution images for the Norit samples loaded with
gold, however, fell short of revealing any similar spacing fringes, even after extended
irradiation time. It is possible that the electron beam intensity was reduced by carbon
before reaching the gold particles. This needs to be clarified in the future. It is
interesting to note from Figure 44b, that crystal nucleus can clearly be seen. It then
grows towards two directions.

4.3.4 Thermogravimetry Analysis
Thermogravimetric analysis was initially performed on compounds of iodine,
aurous iodide and auric iodide to establish reference behavior. As presented in
Figure 45, solid iodine volatization starts at about 50°C and the rate of weight loss
reaches a maximum after the melting point of iodine (114°C [143]). The reaction,
represented by the following equations, stops at 142°C as all iodine melts and
subsequently vaporizes.

(23)
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Figure 44

High resolution TEM images for partially decomposed AuI powders:
(a) Au, and (b) AuI.
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TGA curves for solid 12, Aul and Aul3 at a heating rate lOoC/min.
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(24)

Prior to the melting temperature, iodine sublimes because of its very high triple point
pressure (90 mmHg [144]). After the temperature exceeds the melting temperature,
iodine melts followed by vaporization.
Also shown in Figure 45, solid AuI decomposition starts at approximately 90°C
and the rate of weight loss reaches a maximum after the decomposition temperature
of AuI (120°C [143]) up to 173°C. It follows the reaction:

2AuI

-+

2Au + I2(g)

(25)

This test left 66.9% of the total sample weight in the sample tray, slightly higher than
the 61.1 % gold content in AuI provided by the manufacturer. The reason is that the
AuI compound used in this TGA work had been opened for several months. When
it was exposed to the air, it decomposes slowly at room temperature. This
phenomenon has been confirmed by the x-ray diffraction (XRD) analysis of the
sample. As depicted in Figure 46, only gold peaks are shown in Figure 46a for the
AuI compound which had been exposed to the air about 6 months. However, both
gold and gold iodide peaks are present in Figure 46b for the fresh AuI compound.
Solid AuI3 decomposes in two-stage. As given in Figure 45, the first part of
curve appears very similar to the one for solid iodine, and at the first inflection point,
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the weight loss is about 41.7%, which is about the theoretical percentage for

12

in

AuI3 (43.9%). The second part of curve, however, closely parallels the one for solid
Aul, and at the second inflection point, only 35.5% of the total left in the sample
tray, compared with 34.0% gold content in Aul3 given by the manufacturer. It is
therefore believed that Aul3 initially decomposes to Aul and 12(5)' Aul being further
decomposed to Au and

12(5)

as follows:

Aul3

-I-

Aul + 12(g)

(26)

2Aul

-I-

2Au + 12(g)

(25)

TGA results for Nuchar carbon from the Au-I system after 6 successive
loadings and from the pure iodine system after 9 successive loadings are shown in
Figure 47. The initial weight loss for both samples below lOOoe represents the
evaporative loss of physical water. As previously discussed for the as-received Nuchar
sample, this is equal approximately 6% of the sample weight. A curve for Nuchar
carbon after contacting water is also shown in Figure 47 for base line check. After
dried overnight in oven at 1lOoe, the sample was soaked in water for 24 hours. It was
then dried at room temperature for 48 hours. It shows a simiar pattern with that for
the as-received Nuchar sample with slightly more physical water (-9%). It confirms
that no physical water could remain inside the carbon structure at temperature high
than lOOoe. The wave above lOOoe demonstrates a similar response for the Au-I and
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TGA curves for Nuchar carbon samples from the final loading cycle
for Au-I and pure iodine systems, and from pure water, as well as asreceived sample at a heating rate lOoC/min.
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12 loaded carbons. Because the iodine and gold-iodide complexes are adsorbed inside
the micropore structure of carbon, decomposition and weight loss occur at a higher
temperature (an onset point of -160°C) than that with pure iodine as shown in
Figure 45. That is, at high temperature the iodine gas inside the carbon structure was
slowly released to the air by pressure. Two steps of weight loss for iodine and goldiodide complexes for the Au-I system were therefore merged into one response. It
is obvious that the difference of weight loss between two curves is attributed to the
presence of gold in the carbon.
The effect of heating rate on the TGA response of Nuchar carbon with 6
successive loadings from the Au-I system is given in Figure 48. At the slower heating
rate (2°C/min) onset of weight loss appears to occur at -130°C. This is about 30°C
below that at lOoC/min. It is understandable that the slower the heating rate, the
lower the onset point and the closer to the theoretical decomposition temperature
of 120°C.
Figure 49 illustrates TGA curves for as-received Norit samples and Norit
samples obtained from various successive loadings for the Au-CN, Au-CI and Au-Br
systems. A curve for Norit sample after contacting water, exhibiting similar behavior
with that for the as-received Norit sample, is also presented for comparison. This
sample contained more physical water than that for the as-received sample, but less
water than those samples with multiple loadings of aqueous solution (Au-CN, Au-CI
and Au-Br). However, it is not the case for the gold-iodide system. As shown in
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Figure 47, the samples loaded with gold and iodide complexes contained about the
same amount of water as that for the as-received sample. This can be attributed to
the fact that triiodide occupies much of the remaining space besides gold complex
so that only limited amount of water molecules can adsorb in the pore structure of
carbon. In fact, all activated carbons used in this study demonstrate similar behavior.
The TGA behavior of Au-Ion Norit carbon is nearly identical to that for the Nuchar
carbon. Since the percentage of weight loss up to 350°C for these systems was very
small, an expanded scale is used in Figure 49. The Au-CN sample indicates no signs
of decomposition up to 350°C. On the expanded scale there is evidence of
approximate 6% moisture loss below 100°C. These results illustrate the stability of
the adsorbed AuCNi species at the temperature investigated. The samples for the
Au-Cl and Au-Br systems show decomposition commencing at about 175°C with the
latter losing slightly more weight at 350°C. The only possibility for this is the
decomposition of gold-chloride and gold-bromide complexes. It could be estimated
from these results that the carbon contained at least 20% complexes for both goldchloride and gold-bromide systems from the loss of weight percentage at 350°C,
assuming Au(III) as the dominant species. It confirms the existence of gold
complexes in the carbon matrix as described in section 4.3.3.

4.3.5 Differential Thermal Analysis
Differential thermal analysis results for pure iodine, AuI and AuI3 solids are

lS3
presented in Figures SOa, band c, respectively. An endothermic peak representing
melting of solid iodine, as seen in Figure SOa, is obvious. This reaction starts at about
110°C and stops at 118°C. The decomposition of Aul is shown in Figure SOb. It also
starts at 110°C, however, it is not completed till 170°C, Three endothermic peaks
were observed for the decomposition of Aul3 as depicted in Figure SOc. Peak I
represents the decomposition of Aul3 to Aul and solid

12'

Peak II corresponds to the

melting of 12(5) formed from the decomposition of AuI. This observation is confirmed
by the TGA results previously reported. Peak III represents further decomposition
of AuI to Au. In fact, the shape of this curve is very similar to the one in Figure SOb.
DTA curves for Nuchar carbon are portrayed in Figure S1. The wave for the
as-received sample corresponds an almost flat curve in this region, the one with 6
loadings of gold-iodide indicates a continuous rising trend after 100°C. This denotes
that melted iodine inside the carbon pores was slowly released to the air so that the
temperature differences in this region were very small with increasing temperature.
This results in no clear transition point. No particular information could be drawn
from this analysis.

4.3.6 Fourier Transform Infrared Spectroscopy Analysis
A Darco sample loaded with about 6.S% gold from iodide solution was
examined by transmission spectroscopy. As can be seen in Figure S2, no gold iodide
peak was detected. In addition, no gold iodide peak was found for the pure AuI
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sample, indicating that IR vibration mode for gold iodide is not active in the range
investigated.
A Norit sample with about 16% of Au(CN)z from 6 successive loadings for
Au-CN system was also investigated, however, no Au(CN); peak at 2140 cm"} was
observed. This illustrates the inability of IR radiation reaching the adsorbed gold
species hidden in the micropores of the activated carbon. This is in agreement with
the results of Sibrell and Miller [65].

4.3.7 X-ray Photoelectron Spectroscopy Analysis
Highly oriented pyrolytic graphite was used in the XPS investigation because
of the nearly perfect array of the graphitic layers. Sample preparation included
immersion of HOPG in gold-iodide solution for 72 hours. It was then rinsed in
distilled-deionized water and allowed to air dry at room temperature.
The published values of binding energy for gold and iodine are listed in Table
9. These values are different for different literature due to sample charging,
referencing problem and chemical environment influences. XPS results for gold are
summarized in Table 10. The binding energies of the gold 4f7/2 electrons from each
samples are given in the first two columns and their relative concentrations are
presented in the last two columns. The AuI and AuI 3 powders were used as reference
samples. However, the AuI3 powder results may not be completely reliable since it
decomposes under ultra-high vacuum. In terms of the previously shown TGA results
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Table 9: Published Binding Energy Values for Gold & Iodine

Sample

Binding Energy*
(eV)

Reference

Au
Au
Au
Au

83.3
83.7
83.8
84.0

[66]
[146]
[88,146]
[125,146]

AuCI
AuCI
KAuCl 4
NaAuCl4

86.1
86.4
87.0
87.3

[146]
[88]
[88]
[146]

619.5

[146]

I

* For gold as 4f1/2 electrons and iodine as 3d5/ 2 electrons.
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Table 10: Summary of Gold XPS ResuIts(1)

Sample

Description

BE of Au 4e/ 2 (eV)

Au to C ratio (ppt)(2)

Plane

Plane

Edge

Edge

1A
1B

AuI powder
AuI3 powder

- - - -83.3 - - - - - - -83.9- - --

2A
2B
2C
2D

HOPG
1000 ppm Au
100 ppm Au
1000 ppm Au

86.8
83.8
83.8
84.3

2.22
2.35
1.26
3.08

3A

HOPG

81.6

1.89

4A
4B

HOPG(3)
1000 ppm Au

83.8

0.98

Note: (1) All values of binding energy are referenced to the carbon 1s peak of
HOPG at 284.6 e V.
(2) ppt stands for atoms per thousand carbon atoms.
(3) HOPG 3 was pretreated with aqua regia solution.
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in section 4.3.4, it should decompose to Aul and 12,
As many as five as-received HOPG samples were examined. Gold was
detected at the edge of all these samples except for 4A which was treated with aqua
regia solution. Among them, sample 3A was produced in a different furnace and
delivered later by Union Carbide Corporation. The possibility of contamination from
the XPS chamber, thus, is ruled out.
Also from Table 10, it is apparent that gold was detected at the edges of
HOPG samples, but not on the basal planes. The spectra for sample 4B contacted
with an iodide/iodine solution containing 1000 ppm gold are provided in Figure 53.
Typical spectra plot electron counts versus binding energy in the region where Au 4f
electron would be detectable. The Au 4f doublet at 83.8 and 87.3 e V, after correction
of the carbon 1s peak to 284.6 ev, are seen only at the edge of HOPG sample. The
value of 83.8 eV for the Au 4[1/2 is also obtained for samples 2B and 2C. Although
it is close to the published values of 83.6 to 84.0 e V for gold metal, it is higher than
the value of 83.3 eV, reported for gold metal on HOPG (see Table 9). It was
discussed that the measured binding energy varies with the binding energy
corresponding to the carbon 1s electron peak due to the different carbon sources
[66]. There are even small shifts in binding energies for HOPG samples under the
same conditions, as seen in Table 10. These could be attributed to chemical
. environment effects.
XPS spectra for Aul and Aul3 powders are provided in Figure 54. These
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XPS spectra in the Au 4f region for AuI and AuI3 powders.
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results show gold 4f/2 peaks at 83.3 and 83.9 eV for AuI and AuI3, respectively.
Therefore, the adsorbed species on HOPG could be gold iodide complex since the
binding energy for gold compound generally is smaller than gold complex. For
example, it is reported [145] that the binding energies of Au 4f7/2 for AuCI and
NaAuCl4 are 86.1 and 87.3 eV, respectively.
XPS results for iodine are listed in Table 11. By contrast, iodine was found
on both the edges and basal planes of the HOPG samples. The results for HOPG
sample 5A are shown in Figure 55. The iodine 3d doublet at 619.7/631.1 and
620.2/631.7 eV, after correction of the carbon Is peak to 284.6 ev, are detected on
the edge and basal plane, respectively. This phenomenon displays that the adsorption
of iodine does not require preferred sites. Furthermore, it illustrates the strong
tendency for iodine to adsorb onto the carbon surface.
it was noticed that the adsorption density for Au(CN)z on the edge is much
larger than that for the basal plane of HOPG [66]. However, the greater adsorption
density on the HOPG edge is not related to the greater surface area on the edge
caused by surface roughness. It can be concluded that the adsorption of gold iodide
complex is similar to that of gold cyanide complex, and is at the edge defects in the
graphite structure.
It should be mentioned that the ratios of gold and iodine to carbon atoms are

shown in the last two columns of Table 10. They are calculated according to the
following relationship:
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Table 11: Summary of Iodine XPS ResuIts(l)

Sample

Description

BE of 12 4f1/2 (eV)

12 to C ratio (ppt)

Plane

Plane

Edge

Edge

1A
1B

AuI powder
AuI3 powder

----619.2------619.7---

2B
2C
2D

1000 ppm Au
100 ppm Au
1000 ppm Au

620.2
620.3

619.6
619.8

5.33
7.46

12.30
16.40

4B

1000 ppm Au

621.1

620.6

0.53

2.91

5A

10-1M I"/1O-2M 12

620.2

619.7

3.89

6.88

Note: (1) All values of binding energy are referenced to the carbon Is peak of
HOPG at 284.6 eV.
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XPS spectra in the 12 3d region for the edge and plane of HOPG
equilibrated with 10- 1 M Nal and 10- 2 M 12,
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where N is the number of atom, I is the peak area and a is the cross section. The
data seem to lack consistency, especially for iodine, since it is a volatile element. In
general, however, both ratios are higher at the edge of the highly-oriented pyrolytic
graphite. The ratio of gold to carbon is roughly one part per thousand (ppt) for the
sample 4B equilibrated with 1000 ppm gold solution. This value is very close to those
obtained from cyanide system [66]. Data from the other samples (Le. 2B, 2C and
2D), which were not pretreated with aqua regia, are not reliable because gold was
detected at the edges of its as-received sample (2a).

4.3.8 Loading Model
A number of techniques have been employed to examine the loading of gold
from iodide/iodine solutions by carbon. Based on the results of this work, it is
concluded that loading involves a combined mechanism of reduction and adsorption.
SEM experiments showed isolated crystallites of metallic gold on the carbon surface
and inside the macropores, which were superficially reduced from the gold-iodide
complex. The amount of the gold crystallites is limited as compared as compared to
large continuous patches of metallic gold for the Au-CI system, and to relatively
denser distribution at the cylindrical surface of the pellet and massive deposits at the
end surface of the pellet for the Au-Br system. The reduction of gold proceeds by
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consumption of active surface sites on carbon. It follows an electrochemical reaction
as represented by cathodic and anodic steps:

Auli + e-

-+

Auo + 21-

Cathodic (28)

C + 2H20

-+

4H+ + CO2 + 4e-

Anodic

(29)

Overall

(30)

4Auli + C + 2H 20

-+

4Auo + 8r + 4H+ + CO2

The schematic of this process is illustrated in Figure 56.
On the other hand, TEM pictures gave evidence of uniformly and finely
divided gold species inside the carbon matrix. The size of these species ranging from
1 to 5 nm, is very close to the theoretically estimated one for Aul;. Since a similar
picture was obtained for the Au-CN system. It is concluded that a portion of the gold
is adsorbed as the Aul; complex, after reaching the internal surface of the activated
carbon by diffusion through the pores. The schematic of the diffused species inside
micropores is presented in Figure 57.
XPS results indicated that the adsorption of the gold-iodide complex occurs
only at some specific sites, or in other words, not all sites in the carbon micropores
are active towards gold-iodide adsorption. Additionally, the gold loading from iodide
solution follows the Freundlich-type isotherms which also suggests that the
energetically most favorable sites are occupied first [146]. These findings are identical
with those obtained for the Au(CN)i adsorption [64-66]. It was further demonstrated
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Schematic of the electrochemical reduction of gold at a carbon surface.
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pores

o

Figure 57

I.
3

Schematic of AuI; and 13 anions adsorbed inside the micropores. Note
that graphitic planes are very randomly oriented in three dimensions.
AuI'2 anions are only attached to the edges of graphitic planes while
13 are present at both the edges and basal planes.
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that the adsorption of gold at the HOPG edge is not related to the greater surface
area at the edge caused by surface roughness [66]. These sites, therefore, could be
the edge defects of broken graphitic rings in the micropores.
Several mechanisms have been proposed to explain the Au(CN)z adsorption
onto carbon [54,62,69]:
(a)

The reduction of Au(CN)z to Auo;

(b)

The adsorption of an ion pair, [Mn+(Au(CN);)n];

(c)

The adsorption of Au(CN)z with subsequent degradation to the
AuCN species;

(d)

The initial adsorption of ion pairs followed by a partial
reduction of Au(CN); to Au(CN)x or cluster type-species;

(e)

The electrical double-layer adsorption of Au(CN)i and cations
onto a charged surface;

(f)

The ion exchange extraction of Au(CN)z anions by positively
charged carbonium-ion sites which were postulated to exist on
the surface of the carbon;

(g)

The adsorption of Au(CN); as N=C-Au-C=N onto the
hexagonal ring structure of the basal plane the crystallites in
activated carbon.

According to these mechanisms, gold is loaded on the carbon in one of the following
forms: Au(CN);, AuCN, AuiCN)y and Auo.
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Most recent experimental and thermodynamic evidence tends to oppose the
existence of substoichiometric gold cyanide species (gold valency less than 1) on
carbon. The adsorbed species, therefore, should be considered as aurocyanide,
Au(CN); under the laboratory conditions or as ion pairs, Mn+(Au(CN);)n under
normal plant conditions.
It was also discussed that site-specific adsorption is prevalent in the adsorption

of gold by graphitic carbons since gold adsorption was much higher on the edges
(defects) of the graphitic planes than that on the basal plane [66]. Thus, it is
necessary to look at the structure of activated carbon. As discussed in literature [6771], the structure of activated carbon is composed of tiny graphite-like platelets,
which are only a few carbon atoms thick and 2-10 nm in diameter and form the walls
of open cavities of molecular dimensions. The hexagonal carbon rings having
undergone cleavage are randomly orientated and the overall structure is very
disordered. Because of the high degree of structural imperfection in activated
carbons, it is possible to react at the edge carbon atoms. The surface of activated
carbon was proposed to be consisted primarily of oxygen-containing organic
functional groups that are located mostly at the edges of broken graphitic rings.
Although the identities of these groups are not exactly known, those that have most
ofter been postulated include: carboxyl groups, phenolic hydroxyl groups, quinonetype carbonyl group, normal lactone, fluorescein-type lactone, carboxylic acid
anhydrides and cyclic peroxides as shown in Figure 58. Detailed discussion on the
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functional groups in activated carbon has been reviewed in literature [147-150].
Oxygen or oxygen containing-species here plays a role to ion-exchange the Au(CN);
anions in the cavities created by edges during the loading. 1-pentanol and polymeric
adsorbents containing similar surface functional groups to those proposed as being
on carbon have been used as model systems for the adsorption of aurocyanide onto
activated carbon [54].
Since similar TEM and XPS results were obtained for the Au-I and Au-CN
systems as discussed earlier, the AuI; species is adsorbed as the same manner as that
for the Au-CN system. In contrast, the adsorption of triiodide species is no sitepreferential or it is stable by attaching to only one flat basal-plane of the carbon. As
a result, the extraction percentage for I; by carbon is much higher than that for AuI;
from the same solution. That is why iodine number may be used to approximate
surface area for activated carbon. Furthermore, because the shape of the successive
loading curves for these two systems is almost identical, it is believed that the
adsorption process should be predominant for this gold-iodide system. Although the
SEM micrographs demonstrate some reduced metallic gold at the carbon surface, the
amount is limited as compared to the adsorbed species. The loading mechanism can
be understood that some of AuI; species was reduced to metallic gold superficially
after contacting the carbon surface. Meanwhile, some reached the internal surface
of the carbon by diffusion through the pores without chemical change. (It was
discussed that the adsorption rate was controlled by a combined mechanism of film
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and pore diffusion with the former playing a major role [93].) Due to the existence
of oxygen, the potential inside the micropores is probably higher than that on the
carbon surface so that no gold iodide species could be reduced in the carbon
structure. These species were attached on the internal surface through an ionexchange method with oxygen-containing species on carbon as mentioned and were
"accommodated" in the cavities created by edges.
In contrary, only limited amount of adsorbed species is estimated as compared
to the reduced metallic gold for the gold-chloride system. and a borderline situation
appears to exist for the gold-bromide system. If a scale is used to measure the
reducing degree of gold loading by carbon from cyanide and halide solutions, with
0% reduced species for the Au-CN system, 25% of the reduced species could be
roughly estimated for the Au-I system, 50% for the Au-Br system and 75% for the
Au-CI system.

4.4 Gold Elution

4.4.1 Anglo and Zadra Processes
In order to gain a better understanding of gold adsorption on activated carbon
from iodide solution, elution experiments were performed. Nuchar carbon samples
loaded with approximately 135 and 80 mg Au/g carbon from halide and cyanide
systems, respectively, were stripped according to the Anglo process. The standard
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conditions for this process were 50 ml solution containing 50 gil NaCN and 10 gil
NaOH in 125 ml flasks at 96°C. The Zadra process using lower concentration with
2 gil NaCN and 10 gil NaOH was also performed for the iodide system for
comparison. Elution was determined by the solution analysis. However, it will be
discussed later that about 10% gold was lost to very fine carbon particles during the
loading. That is, the actual gold loading on carbon should be about 10% lower than
that determined by the solution analysis method. Therefore, presented in Figure 59
are normalized elution curves, where the percentage gold desorbed is plotted as a
function of time. It is clear that initial kinetics for the Anglo and Zadra processes are
very close although the former shows high total percentage in eluting gold after 24
hours. There is very little difference for the various samples for the Anglo procedure.
After 1 hour elution, 65% of the gold was eluted from the carbon for all these
samples. Desorption then proceeded slowly yielding nearly 90% after 24 hours. A
similar profile was found for the Zadra procedure but only 66% of the gold was
stripped after 24 hours.
Muir and others [102] indicated > 90% desorption after 6 hours for gold
cyanide system using the Anglo procedure with presoaking the carbon prior to
elution. The difference can be attributed to the fact that the concentration of gold
bearing carbon they used was only 3.65 mglg, much lower about 80 mglg used in this
study for cyanide and 135 mglg for halides. Similar elution curves also confirm that
there is some adsorbed species inside the carbon structure for gold halide systems.
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Comparison of elution procedures and profiles for gold cyanide and
gold halide systems from Nuchar carbon at 96°C; Anglo procedure: 50
gil NaCN & 10 gil NaOH; Zadra procedure: 2 gil NaCN & 10 gil
NaOH.
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The desorption for the gold chloride system is about 5% higher than that for other
systems. It represents the high percentage of superficial metallic gold on the carbon
surface for the gold chloride system. The precipitation of metallic gold as a delicate
deposit on the carbon surface is a serious limitation for carbon in pulp system. Under
normal plant conditions, however, the concentration of gold-iodide bearing carbon
as that for gold cyanide should be very low as compared to that under the laboratory
conditions. It is believed that the amount of gold reduced on the carbon surface
should be very limited. Therefore, for the gold halide systems, the elution of gold
from carbon with the caustic cyanide solution is effective even though it involves
removal of superficially deposited metallic gold from the carbon surface.

4.4.2 Pressure Elution
In order to improve stripping rate and efficiency, pressure elution experiments
for the gold cyanide and iodide systems were also performed. The results for gold
cyanide are summarized in Table 12. For Test No.1, carbon was loaded with higher
concentration of gold (-102 mg/g). Each 0.4 bed volume of solution was retained
10 minutes before flowing off the stripping column for analysis. Here one bed volume
is equivalent to 25.7 cm3 of solution in volume. For Test No.2, after carbon was
presoaked about 15 minutes, the solution containing 5 gIl NaCN and 10 gIl NaOH
was then continuously passing through the column without retention during the test.
Two analytical methods, fire assay and solution analysis, were used to determine the
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Table 12: Summary of Pressure Elution
of Gold Cyanide from Activated Carbon

Test No.1

Test No.2

4

1

Elution with
Soaking

Continuous
Elution

101.9

45.07

Au Remaining on Carbon
Tails after Elution by Fire
Assay (mg/g)

1.96

2.45

Au Elution Determined by
Fire Assay (%)

98.07

94.58

Au Eluted in Solution by
Solution Analysis (mg/g)

67.89

37.75

Au Elution Determined by
Solution Analysis (%)

66.63

83.75

Loading Number
Elution Conditions

Total Au Loaded on
Carbon by Solution
Analysis (mg/g)
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concentration of gold on carbon independently as listed in Table 12. The fire assay
technique is believed to be a very accurate way for the determination of gold on
carbon. As seen, there is a large discrepancy in stripping results as determined by
solution analysis and fire assay methods. A test was then conducted to determine the
difference. It was found that for one loading, the actual amount of gold loaded onto
carbon, determined by the fire assay method, was about 10% less than the amount
calculated from the solution analysis. It is therefore possible that four successive
loading could cause a cumulative loss equal to (1-0.94), or approximately 34% gold
loss. This loss was attributed to the very fine carbon powders lost during the loading,
filtering, and other handling.
The normalized stripping profile for the test No.2 is provided in Figure 60,
where the total gold recovery is plotted versus bed volume of solution used. The
results indicate that up to 95% of the gold in carbon loaded to about 45 mg/g was
stripped at about 160°C with 7 bed volumes and 15 minute soaking time prior to the
test. The curve levels off after about 4 bed volumes. Samples were taken at a
flowrate of about one bed volume in 30 minute period. Similar results were obtained
for the Test No.1 with high gold loading, when each 0.4 bed volume of solution was
retained 10 minutes and samples were taken at a fast flowrate of 0.4 bed volume in
5 minutes. Further, these results are generally agreement with those obtained by 1.R.
Ross and coworkers [99], but with much high concentration of the gold-bearing
carbon (> 10 times).
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Pressure elution of gold from Nuchar carbon with 5 gil NaCN & 10
gil NaOH at a flowrate of one bed volume per 30 min (one bed
volume = 25.7 cm3).
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The stripping of Au-I by pressure elution technique was unsuccessful. Only
20% of the original gold was removed from the column. Metallic gold was seen in
the stripping solution and on the carbon particles removed from the column. It is
obvious that the gold-iodide complex decomposed at the operating temperature of
160°C in this test, since as discussed in section 4.3.4, AuIi starts to decompose to Au
and 12 at 120°C. Under pressure, the metallic gold was flushed out with stripping
solution. The pressure elution is thus not suitable for gold iodide system.
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CHAPTER FIVE
SUMMARY AND CONCLUSIONS

Gold loading behavior from iodide solutions by carbon has been studied and
compared with other halogens and gold cyanide. It was found that carbon is
extremely effective in extracting gold from iodide solutions. Furthermore, iodine is
quantitatively adsorbed by activated carbon. Gold loading as well as iodine
adsorption from iodide solutions follow Freundlich-type isotherms. As indicated by
the Freundlich parameter b, gold loading from iodide solution yields a higher level
of adsorption than that from cyanide solution. Maximum loading behavior of gold in
iodide solution is similar to that for Au(CN)i adsorption. Loading is also sensitive
to the presence of iodine and the availability of active surface sites. Maximum
loading aspect of gold in lower initial concentration resulted in lower loading capacity
of gold on carbon due to equilibrium between gold on carbon and in solution. Total
gold and iodine adsorption at saturation equals the iodine number for activated
carbon. Gold loading from iodide solution is distinctly different from chloride and
bromide systems.
A variety of analytical and characterization techniques have been utilized to
examine the nature of gold-bearing carbon samples. SEM examination indicates the
presence of metallic gold deposited on the carbon surface for halide systems. The
amount of metallic gold reduced on the surface of carbon follows the same order as
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their standard reduction potentials, i.e. iodide < bromide < chloride. In addition, the
gold crystallines appear to form aggregates on the carbon surface.
TEM analysis, on the other hand, reveals extremely small particles of gold
complexes disseminated inside the carbon matrix for the gold-iodide system. By
comparison only limited amount of particles was observed for the gold-chloride and
gold-bromide systems. Unlike gold cyanide, gold iodide complex is not stable. They
decomposed under the severe electron beam irradiation ( -150 - 200°C). TA results
confirmed the stable gold cyanide species under the temperature investigated and the
existence of at least 20% of gold chloride and gold bromide complexes from the total
gold deposited on the carbon, which decomposed at -150°C. Since the
decomposition process for gold iodide was merged into that for iodine melting, no
clear transition for them was found. However, it is believed, from the shape of the
successive loading profile and microscopic observations, that absorbed gold species
should be much higher than 20% out of total gold deposited. The IR spectra are
uncharacteristic because of inactive vibration mode for gold iodide in the range
investigated.
Hence, it appears that the uptake of gold by carbon from iodide solution
involves a combined reduction and adsorption type process, where some of the gold
iodide complex is reduced to the metallic state superficially and some adsorbed in
the porous structure of activated carbon. That is, the rate is controlled by solution
mass transfer, boundary-layer diffusion at the carbon surface and pore diffusion
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inside the carbon structure. A loading model for gold loading on carbon from iodide
solution is also proposed based on the loading and characterization results.
Furthermore, XPS spectra show that the gold iodide complex is adsorbed at
the edges of HOPG samples, but not on the basal planes. This phenomenon was
even observed on as-received samples, illustrating that the gold iodide complex only
exists at some specific sites, i.e. the edge defects in the graphitic structure. On the
contrary, iodine was found on both the edges and basal planes, indicating that the
adsorption of iodine has no preferential sites. It also illustrates the strong tendency
for iodine to adsorb onto the carbon surface. This observation is further confirmed
by comparing the extraction percentages of AuI; and I; from the solution by carbon.
It was found that the extraction percentage for AuI; declines much fast than that for

I;.
Elution data exhibit that gold-bearing carbon samples from iodide solution can
be stripped by caustic cyanide solution at 96°C, and the desorption percentage,
similar to that for gold cyanide system, could reach more than 90%. Pressure elution
is very effective for gold cyanide system even when the gold loading on carbon is very
high, but not suitable for gold-iodide systems owing to the low decomposition
temperature of gold iodide complex.
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CHAPTER SIX
FUTURE PROSPECfS

Additional work needs to be pursued to further confirm the oxidation state
of the adsorbed gold iodide species using Mossbauer spectroscopy. This is a
spectroscopic method for observing nuclear y-ray fluorescence with the recoil-free
transitions of a nucleus embedded in a solid lattice [136]. As discussed, a linear
correlation of the isomer shift (IS) and quadrupole splitting (OS) for each oxidation
state of aurous and auric-halide species has been established and the adsorbed gold
cyanide complex has been detected using this technique. In addition, it is necessary
to use NaAuI 2 and NaAuI 4 salts as reference samples for TEM and XPS studies.
Unfortunately, no such salts are currently available on the market. Furthermore, the
ratio of reduced metallic gold to adsorbed gold species can be determined by TGA
if there is a way to prepare a solution of AuI; containing no iodine.
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