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ABSTRACT
Cyanidation has been used for more than a century for precious metal recovery and it is
still in use today. Cyanide is a very toxic chemical and if not used appropriately will
cause environmental problems. There is considerable attention devoted to the
development of non-cyanide lixiviants for the process of gold and silver ores. Thiosulfate
solution is one of the proposed alternatives to cyanide and gold cementation by copper
has been suggested as a promising method for gold recovery from leaching solution.
Copper powder and rotating disc electrode were used for the kinetic study. The
equilibrium gold concentration was calculated to be 1.09 ppm for -200 mesh particulates
system. The rate of gold cementation on copper disc is proportional to the initial gold
concentration and disc rotating speed. The cementation reaction exhibited two distinct

kinetic regions, an initial slow rate followed by an enhanced rate. The activation energy
of the reaction was 5.9 kJ/mol at low copper concentration and the reaction is mass
transport controlled. With 30 ppm initial copper concentration, there was noticeable
decrease in the reaction rate in high temperature range. EDS, XRD, and XPS analysis
revealed that the deposits are a Au-Cu alloy instead of pure gold. The alloy composition
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ranged from AuaCu to AuCua depending on the initial Cu/Au mole ratio in solution and

applied potential.
The formation of these alloys could handicap the recovery process using a copper

substrate for gold cementation. Additional purification steps would be required for these

products.
Electrochemical

studies

were

performed

using

rotating

disc

electrode

and

electrochemical quartz crystal nanobalance. Evans' diagrams were constructed under
various experimental conditions. Corrosion current increased with increasing gold
concentration, disc rotating speed, as well as thiosulfate concentration. These results
confirmed those obtained in the kinetic study. Corrosion potential measurements
indicated that passivation onset time was changed by gold concentration, copper
concentration and disc rotating speed. Gold(I)-thiosulfate reduction was found to occur at
approximately -250 mV vs. SHE using EQCN. Copper adions on the gold surface
contributed to the underpotential deposition of copper and the underpotential deposition is
the mechanism of alloy formation in cementation system.
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Chapter 1. INTRODUCTON

1. Introduction
Recovery or extraction of gold and silver by lixiviation is commonly performed by
using cyanide solutions, mainly sodium cyanide. Because cyanide is so highly toxic and
causes substantial environmental problems, the use of cyanide is now falling into disfavor.
Moreover, cyanide is a costly chemical. This makes its use economically disadvantageous.
Furthermore, the use of cyanide solutions is at best difficult, and sometimes is impossible
for some ores, especially those containing copper and/or manganese, because the latter
materials easily contaminate the cyanide solution. Such materials as copper and
manganese are frequently present in ores to such an extent that high reagent loss is
experienced, along with poor recoveries of the precious metals. [1]

It is an object of this research to provide a proper process for recovery of gold without
the use of prior conventional cyanide solutions, i.e. using thiosulfate solution. The
leaching of gold in thiosulfate solution has been studied extensively and the leaching rate
in thiosulfate is as high as that in cyanide, but the rate of gold reduction in thiosulfate
solution, especially cementation, was not achieved as high as in cyanide solution. Thus
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gold cementation study in thiosulfate has more attention for the researchers to find a
method to enhance the rate.
Gold cementation kinetic studies have been carried out using copper powders and

rotating disc electrode in ammoniacal thiosulfate solutions. Particle sizes were changed as
an experimental variable in gold cementation onto copper powders. In rotating disc
electrode system, many experimental parameters were changed such as initial gold and

copper concentration, disc rotating speed, and temperature.
Electrochemical studies were carried out in sodium thiosulfate solution to investigate
the fundamental characteristics of the gold-thiosulfate system. Rotating disc electrode and
quartz crystal microbalance were used for electrochemical experiments.

It is the goal of this research to develop a basic kinetic theory for gold cementation
onto copper in thiosulfate solutions for future industrial applications as an alternative to
the current cyanide process.

1-1. The history of gold.
The history of gold begins in antiquity. Bits of gold were found in Spanish caves where
Paleolithic people lived around 40,000 BC. Gold was called aurum by the Romans, its
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meaning being "shining dawn". Gold is the first element and first metal mentioned in the
Bible, where it appears in more than 400 references. [2]
In the last 6,000 years, a little over 125,000 tons of gold have been mined. But its
production history is clearly divided into two eras: the period before the Califomian Gold

Rush of 1848, and the period after. Some calculations suggest that up until 1848 scarcely
10,000 tons of gold had been excavated since the beginning of time. Thus more than 90%
of the world's gold has been produced in the last 155 years. [3]
Gold and copper were the first metals used by man because of their occurrence in the
native state and their malleable and ductile properties, which meant that they could be
easily worked with primitive tools. The earliest uses of gold were in the Middle East,
during the Neolithic age, where gold was collected from stream beds either manually or
by crude gravity concentration methods.
In Egypt, gold was used for a monetary payment as grains and small bars. However,
the major application of gold has been in jewelry and decoration since that time. In 1300
BC, early miners used sheep's fleeces to trap gold which is believed the first application
of surface chemistry in mineral processing. The exploitation of the Roman Empire for its
mineral wealth was widespread, with gold used as the principal form of payment for
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imports from as far away as China. Mining in Spain was well-developed with technology
using water wheels. The decline of Roman Empire also resulted in diminished mining

activity until a revival in the 11th century. By 1400 AD, amalgamation and retorting
processes were used widely in gold extraction.
From the middle of the 15"^ century, the Gold Coast of western Africa (now known as

Ghana) became an important source of gold providing 5-8 tons per year. In the early 16"^
century the Spanish conquests of Mexico and Peru opened up a bigger source of gold.
Gold was first discovered in Brazil in the mid 16^'^ century in South America and the
annual production increased up to 25 tons with significant supplies from Russia. By 1847,
the year before the Califomian gold rush, Russian output accounted for 30-35 tons of the
world total of about 75 tons. Gold production was significantly increased in 1886 with the
discovery of the huge gold reefs in the Witwatersrand Basin of South Africa. The gold
miners failed to understand the peculiar geology of the huge Witwatersrand Basin in
which the gold-bearing reefs, with gold flecks so fine that it could rarely be seen with the
naked eye, outcropped only briefly on the surface near what is now Johannesburg. They
are plunged below the ground at an angle of 25 degrees or more, sloping inward toward
the center. The gold bearing conglomerate looks like a sandwich of white pebbles packed
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tightly together and the low grade ore stretched in a wide arc from 40 miles east of
Johannesburg to 90 miles west, then swinging down south west into the Orange Free

State. The initial riches found in South Africa were diamond, not gold. Entrepreneurs who

had previously been lured by gold, arrived from all over the world to build up diamond
fortunes that would later enable them to participate in those hard-to-mine gold bearing
reefs. However, there was a real problem in getting a profitable amount of gold from the
ore. The old methods of crushing ore to a powder which was carried by water over copper
plates coated with mercury, which in turn amalgamated with the gold, might have been
satisfactory for the gold in the quartz veins of California or Australia, but it was not
suitable enough for the fine grains of gold sprinkled throughout this area. Such techniques
extracted about 65 percentages of gold in average. In 1890 the gold boom seemed
finished. Two doctors in Glasgow, Robert and William Forrest, and a Chemist, John S.
MacArthur studied gold extraction independently and patented the MacArthur-Forrest
process for extracting gold from ore with cyanide. It was the origin of modern
cyanidation and the process extracted 96 percentages of the gold from the ore.
Russia was the main source of gold in the first half of 19th century, supplying 60% of
the world's production. However, Russian gold output was eclipsed by a series of gold
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rushes in California, South America, Australia and New Zealand. The 1848 gold rush in
California was perhaps the most important of these, opening up the western United States
and contributing significantly to the establishment of the nation. During the gold rush era,
gravity concentration equipment was developed to treat a wider range of ore types on a
large scale. Amalgamation circuits were modified to include the use of potassium cyanide
to clean the mercury/copper surfaces. Gravity concentration and amalgamation were used
in crushing circuits to recover gold at the earliest possible stage which is still a valid
approach.

In 1893 gold was found at Kalgoorlie in Western Australia, since then over 1,300 tons
have been extracted form Kalgoorlies's "Golden Mile" alone. Australian output peaked in
1903 at 119 tons, a level not reached again until 1988. And in 1896, alluvial deposits
were found in the Yukon territories of Canada, initiating the Klondike gold rush which
yielded 75 tons over the next three years. By the turn of the century, world production
was averaging 400 tons annually.
Through much of the twentieth century the gold mining industry was in decline in
many countries. There was a brief revival after the rise in the price of gold in the late
1930's; in 1940 United States production was 155 tons and the following year, Canadian
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output reached 172 tons, a record which stood until 1991. However, it was not until the
dramatic price rise of 1980 that the industry experienced another transformation. Old
mines were revived and exploration activity exploded.
Western world production almost doubled during the 1980s, rising from 962 tons in
1980 to around 1,744 tons ten years later. A new era of gold rushes occurred, with
prospectors swarming to alluvial deposits in various countries including Brazil,
Venezuela and the Philippines. Serra Pelada in Brazil proved to be one of the richest
placer deposits ever found, yielding 13 tons in 1983 alone.
The application of new technologies to the mining, milling and recovery processes also
contributed to the boom. They enabled the development of orebodies that would

previously have been considered uneconomic, notably in Nevada, USA, which accounted
for over 60% of US production in the late 1980s, and in Western Australia.
Canadian output increased three times in the years following the gold price rise, from

51.6 tons in 1980 to peak at 175.3 tons in 1991. The industry there is more traditional
with underground operations rather than open pits. The most significant new discovery
was the Hemlo field in northern Ontario whose three mines produce nearly 35 tons
annually.
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The potential for the development of future mines is promising, particularly low-grade
epithermal deposits on the Pacific "rim of fire", in the greenstone belt of South America,
in the sub-Saharan Africa (especially Ghana) and in such CIS republics as Kazakhstan

and Uzbekistan. Although the industry faced major challenges in the early 1990s, with a
lower gold price and tighter environmental controls, improved prices after 1993 provided
new incentives. The period of rapid growth is over, but, with less South African output,
world-wide production is expected to remain fairly stable. [4] Fig. 1 shows the current
gold production by country. South Africa, USA, and Australia produce more than 50 % of
the total amount of gold production in the world.

RSA

USA

AUS Indonesia China

Russia

CAN

Country

Fig. 1 Current gold production by country in 2001.

Others
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1-2. Properties and usage of gold
Gold is a group IB element along with copper and silver of the periodic table. Its

principal oxidation states are +l(aurous) and +3(auric). The abundance of gold in the

upper lithosphere is estimated to be about 0.005 ppm, ranging from 0.003 ppm in
limestone and granite-rhyolite to 0.03 ppm in sedimentary rocks. [5]
The name Gold comes from the Sanskrit word jvolita that means light. Gold's chemical

symbol comes from the Latin word for gold, aurum.

Table. 1 Some important properties of gold [6]
Symbol

Au

Color

Yellow

Atomic number

79

Atomic weight

196.97

Density

19.32 g/cm^

Melting point

1064 °C

Thermal conductivity

3.17 W/cmK

Electrical resistivity

2.271 * 10'^ Q.

Crystal structure

cubic

An attractive and highly valued metal, gold is sometimes found free in nature but it is
usually found in conjunction with silver, quartz (Si02), calcite (CaCOs), lead, tellurium,
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zinc or copper. There is roughly 1 milligram of gold dissolved in every ton of seawater,
although extracting it currently costs more than the gold is worth. It has been estimated
that all of the gold that has currently been refined could be placed in a cube measuring 20

meters on a side.
Gold is the most malleable and ductile of all known metals. A single ounce of gold can
be beaten into a sheet measuring roughly 5 meters on a side. Thin sheets of gold, known
as gold leaf, are primarily used in arts and crafts for gilding. One sheet of gold leaf can be
as thin as 0.000127 millimeters, or about 400 times thinner than a human hair. Pure gold
is soft and is usually alloyed with other metals, such as silver, copper, platinum or
palladium, to increase its strength. Gold alloys are used to make jewelry, decorative items,

dental fillings and coins. The amount of gold in an alloy is measured with a unit called a
carat. One carat is equal to one part in twenty-four, so an 18 carat gold ring contains 18
parts pure gold and 6 parts alloy material. [7]
Gold is a good conductor of heat and electricity and does not tarnish when it is exposed
to the air, so it can be used to make electrical connectors and printed circuit boards where
corrosion resistance is an issue. The use of gold in the microelectronics industry becomes
more widespread. Only silver and copper are better conductors of electricity, but do not
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have comparable resistance to tarnishing or corrosion. Gold remains inert and extremely

durable in conditions at which most other metals either tarnish or corrode away. So where

the resistance to tarnish or corrosion is needed, it is therefore common to use gold or a
gold alloy, or to plate gold onto a less noble metal. For electronic applications, the
resistance of gold to environmental effects is perhaps its most important property. It
means that the technical performance of gold bonding wires or gold electroplating remain
essentially unaltered with time. The most significant uses of gold in electronics are
contacts and connectors, bonding wires in semiconductor devices, sputtered gold
metallizations, gold based solder alloys, and gold based coatings for printed circuit boards.
Gold is also a good reflector of infrared radiation and can be used to help shield
spacecraft and skyscrapers from the sun's heat. Gold coated mirrors can be used to make
telescopes that are sensitive to infrared light.

A radioactive isotope of gold, gold-198, is used for treating cancer. Gold sodium
thiosulfate (AuNa306S4) is used as a treatment for arthritis. Chlorauric acid (HAuCU) is
used to preserve photographs by replacing the silver atoms present in an image. [8]
Increased use of gold in today's high-technology industries has accounted in part for
the increase in gold production and has sustained the prevailing high gold prices. Gold
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consumption by the electronics industry grew by 18% in 1984 and is expected to increase
further in 21®' century. However, much of the world consumption of gold continues to be

related to its perception as an 'absolute store of value.'

General gold consumption statistics are shown in Fig. 2. Jewelry consumes 80 % of
gold and industrial usage is still only 11 % as illustrated in Fig. 2 (a). Electronics usage is
54 % of industrial usage and dentistry uses 18 %.

1-3. Leaching of gold
Leaching is the first chemical step of any hydrometallurgical process to obtain high
value materials from raw materials. The cyanidation and carbon in pulp process to extract

gold from its ores have been used for a long time and lots of attention has been given to
alternatives to the use of cyanide. Interest in the use of non-cyanide methods for the
dissolution of gold arises from concern regarding the toxicity of cyanide and the inability
of cyanide solution to effectively leach carbonaceous or complex ores. Organic
carbonaceous matter is believed to adsorb solubilized gold complexes. The adsorbed gold
is not recovered which leads to poor overall gold recovery efficiency. A small amount of
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carbonaceous matter can adsorb essentially all of the solubilized gold in the cyanide
process. In other cases, the carbonaceous matter is believed to coat the gold, and thereby

prevent the lixiviants solution from gaining access to it. [9]
Leaching process for precious metals such as gold and silver has been worked for more
than a century by using cyanide solutions, mainly sodium cyanide. The use of cyanide is
difficult, and sometimes is impossible for some ores, especially those containing

manganese, copper or both, because these elements easily contaminate the cyanide
solution resulting in high reagent loss and poor recoveries of the precious metals.
There are many difficult-to-treat ores that contain copper and significant amount of
gold or silver. It is highly desirable to extract and recover the precious metals from those
refractory ores without using cyanide solution.
Cyanidation has been used as the main treatment option for gold and silver. MacArthur
and Forrest patents for cyanidation of gold and silver and their precipitation with zinc
shaving in 1887 and 1888, respectively. The solubility of gold in cyanide solution was
recognized as early as 1783 and was studied in 1840s by Scheele. The dissolution of gold
in aerated cyanide solution and the role of oxygen in the mechanism was investigated by
Eisner in 1846 and the reaction was reported as follows:
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2Au + 4KCN + O + H2O = 2AUK(CN)2 + 2K0H

(1)

Eisner's equation can be modified to show the chemical reaction as we now understand it.
This is shown for general cyanide leaching.

4Au + 8CN' + O2 + 2H2O -> 4AU(CN)2" + 40H"

(2)

The role of oxygen in the reaction is very important and if oxygen is not dissolved in the
cyanide solution, gold will not be dissolved. The rate of gold dissolution is proportional to
both concentrations of oxygen and cyanide. When temperature increases, the reaction rate
increases. However, the dissolved oxygen concentration decreases with increasing
temperature. Normally the process is carried out at room temperature. [10]
Cyanide is so highly toxic and causes substantial environmental problems and must
used with extremely care. For the past two decades there has been considerable interest in
developing lixiviants other than cyanide for the leaching of gold and silver. Basically two
areas have driven this effort: (1) the search for non-toxic environmentally safe substitutes
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for cyanide; and (2) improved reagents for treating refractory gold ores. Thiosuifate
leaching of gold has been successfully developed for specific refractory ores. Progress
towards finding efficient methods for recovering gold from thiosuifate solution is not as
advanced. High consumption of reagents and the lack of a cheap process for recovering
gold have made thiosuifate leaching uneconomical to date, in comparison with cyanide

leaching. Consequently the process has not been widely used on a commercial scale.
The recovery of precious metals using thiosuifate was first proposed in the early 1900s.
[11] Gold and silver ores were first subjected to a chloridising roast and then leached with
thiosuifate. Early studies tended to be carried out at high temperature and pressure to
avoid forming a copper sulfide and sulfur layers on gold particles which inhibited their
leaching. Later, it was demonstrated that copper ions in the solution could speed up the
dissolution of gold.
An alternative approach is to use thiosuifate to leach gold from ores. Thiosuifate is
considered a non-toxic alternative to cyanide and can leach gold faster than cyanide. In
the conventional cyanide process, the recovery of gold and silver from ores is hindered by
a variety of metal impurities like copper, arsenic, antimony, zinc and nickel, since these
consume either cyanide or oxygen. However, leaching by thiosuifate decreases
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interference from these foreign cations. In fact the presence of copper in the ore can be
utihzed directly in the leaching process as a catalyst. [12]
Gold dissolves slowly in the presence of a mild oxidant in alkaline or near neutral

thiosulfate solution. The dissolution reaction of gold can be described as follows where
oxygen is the oxidant.

4Au + 88203^' + O2 + 2H2O = 4A u(S203)2^' + 40H-

(3)

The chemistry of the ammonia-thiosulfate-copper system is complicated due to the
simultaneous presence of complexing ligands such as ammonia and thiosulfate, the
Cu(II)-Cu(I) redox couple and the possible decomposition of thiosulfate to tetrathionate
and other additional sulfur compounds. Cupric ion is believed to have a strong catalytic
effect on the rate of oxidation since the addition of cupric ion to a thiosulfate solution
results in the formation of copper-thiosulfate complex. Alkaline solutions must be used to
prevent the decomposition of thiosulfate at low pH. Another advantage is that of
minimizing the solubility of impurities, in particular iron compounds. The goldthiosulfate complex is extremely stable once it is formed.
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In the absence of ammonia, gold dissolution by thiosulfate is known to be passivated
by the build up of sulfur coatings as a result of decomposition of thiosulfate on the gold
surface. It is suggested that ammonia prevents gold passivation by being preferentially
adsorbed on gold surface over thiosulfate thus bringing gold into solution as an ammine
complex. Ammonia reacts with gold ions forming gold ammonia complex ions that are
then substituted by thiosulfate ions as follows. [13, 14, 15, 16]

4Au(NH3)2"' +28203^" = AU(S203)2^" + 2NH3

(4)

The major role of ammonia in the thiosulfate system is to stabilize copper(II) and
copper ions catalyze the overall gold dissolution reaction. Not only does the presence of
ammonia facilitate the formation and stabilization of cupric tetramine ions, but it aids in
neutralizing the ore material and keeping it alkaline.
The redox reaction between the cuprous-cupric couple in ammoniacal thiosulfate solution
is represented by the following reactions. Eq. (5) coupled with Eq. (6) makes overall
reaction shown in Eq. (7).
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Cu(S203)3^" + 4NH3 = Cu(NH3)4^'' + 38203^" + c"
O2 + 2H2O + 4e" = 40H'

4Cu(S203)3^' + I6NH3 + O2 + 2H2O = 4CU(NH3)4^^ + 40H" +128203^'

(5)
(6)

(7)

The role of cupric tetramine as an oxidant during the dissolution of gold is shown as
follows. It is also depicts the cupric/cuprous equilibrium that exists in ammoniacal
thiosulfate solutions. However, under oxidizing conditions, oxidative degradation of
thiosulfate to tetrathionate occurs and the oxidation reaction is promoted by cupric ion.

AU + 58203^' + CU(NH3)4^"' ^ AU(8203)2^" + 4NH3 + Cu(S203)3^"

(8)

Thiosulfate degradation to tetrathionate occurs and produces copper (I) ion as follows.

2Cu(NH3)4^^ + 88203^" = 2CU(8203)3^' + 8406^" + 8NH3

(9)
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Copper plays a important role in leaching solution for thiosulfate stability. The reduction
of cupric ion by thiosulfate ion is extremely fast in pure aqueous solution, but the

reduction rate decreases in the presence of ammonia.
The pH value for leaching solution should be maintained at least above 9 because it is
very important to keep the cupric tetramine complex which plays an important role to
dissolve gold. The Eh-pH diagram will be used to explain the stable form of gold
complex in ammoniacal thiosulfate solution. The comparison between the old concept
and the recent work will be presented.
Based on the old assumption and Eh-pH diagram, gold could be present in solution as
[Au(NH3)2^] rather than as [Au(S203)2^"], especially at high pH. The Eh-pH diagram for
Au-NHa-SaOs^" system in IM of [SaOa^"] and IM of [NH3+NH4^] is shown in Fig. 3 and it
shows that the gold thiosulfate complex is the most stable species in the leaching system
up to pH 8.5. Above this pH, when NH/ converts to NH3, the predominant gold
compound is gold(I) diammine complex. [17] However, measurements at pH>9 have
shown that gold rest potentials change with thiosulfate concentration rather than with
ammonia concentration. This suggests that the predominant gold species is Au(S203)2^"
rather than Au(NH3)2^. [18] The variation between thermodynamics and electrochemical
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Fig. 3. Eh-pH diagram for Au-NHs-SiOs^-HiO system at 25°C.
[Au] = 2.5xlO"^M, [8203^"] = IM, and [NH3+NH/] = IM.
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studies may be attributed to the high activation energy for Au(NH3)2'^ formation. Thus
gold(I)-thiosulfate ions can exist over the whole pH range under those conditions.

Recently, there are many experimental evidence to confirm that gold(I)-thiosulfate is
more stable than gold-amine complexes. Nicol and O'Malley reported that the goldloaded anion-exchange resins as gold(I)-thiosulfate could not be eluted with concentrated
ammonia solutions and it is not consistent with the phenomena suggested by the Eh-pH

diagram shown in Fig. 3. [18] Senanayake et al. [19] reported that the unreliability of
some of the thermodynamic data led to this conclusion. It is because of the variability of
the published data for the relevant complex species. They constructed a more reliable EhpH diagram for the Au-NH3-S203^"-H20 system at various conditions showing goldthiosulfate complex as the predominant species in high pH value and the diagrams are
shown in Fig. 4 and Fig. 5. Fig. 4 shows the Eh-pH diagram in 0.2M 8203^", 0.4M
NH3+NH4^, and 2.5xlO"^M gold. The gold(I)-thiosulfate complex and elemental gold are

shown in the diagram and the gold-amine complex does not appear under these conditions.
Increasing ammonium/ammonia concentration to IM changes the diagram and present
species which is shown in Fig. 5. Gold-amine complexes appear in this condition and the
area of the gold(I)-thiosulfate complex stable region decreases, but the gold (I)-thiosulfate
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Fig. 4. Eh-pH diagram for Au-NHa-SzOa^-HzO system at 25°C.
[Au] = 2.5xlO-^M, [SaOj^"] = 0.2M, and [NH3+NH/] - 0.4M.
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Fig. 5. Eh-pH diagram for Au-NH3-S203^-H20 system at
[Au] = 1.0xl0"^M, [8203^1 = O.IM, and [NH3+NH/] = IM.
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complex is the predominant species throughout the pH values from 6 to 14.
Although the dissolution of gold is thermodynamically feasible in ammoniacal
solutions, kinetic experiments have shown that gold is essentially not leached in

ammoniacal solutions at room temperature. [20] Gold dissolution in ammonia solution is
observed only at temperature above 80°C. The major role of ammonia in the thiosulfate
system is to stabilize copper (II). Gold dissolution can occur by using copper as the
oxidant, rather than oxygen.
Byerley et al. investigated the oxidation of thiosulfate in aqueous solutions with
emphasis on the formation of trithionate and sulfate ion. Reactions catalyzed by copper
compounds in aqueous solution frequently involve oxidation-reduction systems and a
Cu(I)-Cu(II) redox cycle. Initial region of oxygen consumption was believed to involve a

buildup of a catalytically active copper-oxygen complex which was present as Cu(II)
rather than Cu(I). They reported that at temperatures up to 50°C and at atmospheric
pressure, copper(I)-thiosulfate species resulting from reduction of Cu(II) ions in water by
excess of [SaOs^'] were stable with respect to reoxidation to Cu(II) by O2. Without Cu(II)
or ammonia, oxygen consumption was not observed. Thus, for the continuous oxidation
of thiosulfate in the presence of oxygen, both Cu(II) and ammonia were required. The rate

in the presence of oxygen was at least 40 times faster than that in its absence. The amount
of oxygen consumption was dependent on the initial thiosulfate concentration and
solution pH. [21], [22]
Rabai et al. [23] and Rolla et al. [24] studied the kinetics of copper(II) reduction by
thiosulfate. They reported that the reduction of Cu(II) by thiosulfate produced Cu(I) and
tetrathionate.

At pH>10 tetrathionate decomposed to thiosulfate and trithionate. At pH

5.5-12 trithionate reacted with water to give thiosulfate and sulfate. Thiosulfate was
oxidized to sulfate by dissolved oxygen in an alkaline solution and the rate of oxidation is
first order with respect to thiosulfate. Air oxidation of thiosulfate under normal pressures
and temperatures was a very slow process. The oxidation of ammonium thiosulfate with
oxygen in aqueous ammoniacal solutions was an almost zero-order reaction. Solutions of
thiosulfate and polythionates at pH 7 were aerated for 4 months under sterile laboratory
conditions with less than 10% change observed in the thio salt concentration.

1-4. Recovery of gold from lixiviant solution.
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Recovery means gold removal from solution into a concentrated and purified solid
form. The high grade solid product may then either be sold directly or treated further on
site by refining to improve the grade.

1-4-1. Precipitation
Leaching results in a pregnant leach solution (PLS) containing precious metals which
can be recovered by several methods. Precipitation, or cementation of gold with zinc was
introduced commercially for the treatment of cyanide leach solutions in 1890 and has
subsequently been applied widely in the industry. The process is referred to as 'Merrill-

Crowe' precipitation after its pioneers. The Merrill-Crowe process has very high

efficiency with gold recovery in excess of 99.5%. There are many experimental
parameters that can determine the kinetics of the overall reaction such as gold
concentration, cyanide concentration, zinc concentration, zinc particle size, temperature,
dissolved oxygen concentration, pH of the solution, and solution impurities. Studies have
been performed to determine the roles of these parameters and at present the process is
very well developed. In the Merrill-Crowe zinc cementation process using cyanide
lixiviant system, deaeration of the solution prior to cementation reaction is very important
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for the efficiency of gold recovery. Dissolved oxygen can passivated the zinc surface and
also causes redissolution of gold precipitate. This causes the excessive consumption of
zinc and poor recovery of gold. Jiexue and Qian reported that iron powder can prevent the
problem. [25] However copper also precipitates with iron. The reaction with zinc powder
for gold recovery occurs as follows:

2NaAu(CN)2 + Zn = Na2Zn(CN)4 + 2 Au

(10)

Gold in copper-ammonia thiosulfate solutions can be precipitated out of clarified
solution by the addition of metallic copper, zinc, iron, aluminum or soluble sulfides. The
gold reduction reaction is a result of charge transfer reactions. Additional copper ions
such as in the form of copper sulfate are needed to maintain the desired level of cupric ion
because zinc, aluminum and soluble sulfide will also consume copper from the lixiviant
solution. [26]
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1-4-2. Activated carbon adsorption
Activated carbon is an organic material which has an essentially graphitic structure. It
has an extremely large specific surface area due to a highly developed internal pore

structure. Activated carbon has found diverse industrial application in both gas and liquid
separation processes and its use in the gold recovery industry has been widespread since
about 1980. The complex physical and chemical structure of activated carbon allows the
adsorption of different species by various mechanisms. Consequently, the exact
mechanism of adsorption of gold from cyanide solutions has been difficult to deteiTnine.
The extraction of Au(CN)2' is enhanced by the addition of electrolyte such as CaCl2 and
KCl. Studies proposed a number of mechanisms to establish adsorption characteristics.
Gold adsorption can be split up into four categories, i.e:
(1) adsorption as the Au(I) cyanide ion,
(2) adsorption as molecular AuCN,
(3) reduction and adsorption as metallic gold and
(4) adsorption in association with a metal cation such as Ca^"^.
Subsequent investigations using Mossbauer spectroscopy, XPS have shown that the gold
cyanide complex is adsorbed predominantly.

48

The adsorption of gold cyanide onto activated carbon is dependent on many chemical
and physical factors which affect both the adsorption kinetics and the equilibrium goldloading capacity. The initial rate of adsorption of gold cyanide is rapid, with adsorption
occurring at the most accessible sites in macropores, and possibly mesopores, but the
kinetics decrease as equilibrium is approached. The rate is controlled by the mass

transport of gold cyanide species to the activated carbon surfaces under these conditions.
The adsorption of gold onto carbon is exothermic, which account for the ability to
reverse adsorption by increasing temperature. Consequently, the loading capacity
decreases as the temperature increases. The rate also increases with increasing gold

concentration in solution. Both loading rate and capacity of gold on carbon decrease with
increasing free cyanide concentration.

1-4-3. Ion exchange resin
The use of ion exchange resins for the concentration and purification of gold from
dilute cyanide solutions has been investigated since late 1940s. First, the resin-in-pulp
(RIP) process was used commercially in 1970. Commercially-available resins have been
unable to compete with activated carbon in most mineral systems due to poor selectivity.
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mechanical breakdown of the beads and the requirement for complex elution and
regeneration processes. However, resins offer some chemical advantages over activated
carbon and have excellent technical potential for application in gold extraction systems.

Ion exchange resins are synthetic materials which consist of an inert matrix (e.g.
polystyrene-divinyl benzene co-polymers) and contain surface functional groups, such as
amines and esters. Resins prepared without using a solvent diluant in the process have a
gel-type matrix structure, while those prepared with solvents have a more open,

macroporous structure. The latter are preferred for use in gold extraction systems since
they provide high surface area for ion adsorption and have better mechanical strength
than the gel-type resins. The functional groups can exchange ions with other similarly
charged ionic species in solution, depending on the preference of a particular functional
group for a specific ion. This depends on the properties of the functional group and the
charge, size and polarizability of the ions in solution. Functional group can be anion
exchangers (basic) or cation exchangers (acidic).
Resins are produced as beads, ranging from 0.25 - 0.60 mm diameter. The physical
strength of resins depends strongly on the matrix structure. Adsorption of gold and silver
from cyanide solutions can be achieved with both strong-and weak-base resins. Strong-
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base resins typically have high loading capacity and fast loading rates, but they have poor
selectivity and difficult to elute. Weak-base resins are more selective and much easier to
elute, but have lower loading capacity and slower loading rates. Loaded resins must be
eluted to enable subsequent gold recovery and allow recycling of the resin to the

adsorption circuit, for the process to be economic. Other adsorbed species must also be
removed from the resin and eliminated from the system, to avoid build up of poisoning
elements that would otherwise reduce gold adsorption.

1-4-4 Solvent extraction
Solvent extraction has been applied industrially for the separation of gold, platinum
and base metals during precious metals refining. This process competed favorably with
the well-established electro-refining technique. The method also forms the basis for a
well-established analytical technique to determine gold concentration in dilute solutions.
Liquid extractants have some potential advantages over activated carbon and ion
exchange resins. It has faster extraction kinetics and higher gold loading ability. These
advantages have the potential to reduce process equipment requirements, reduce gold
inventory and may simplify refining requirements of the product. However, liquid
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extractants have some solubility in water which results in solvent and gold losses to the
aqueous phase.

Solvent extraction uses suitable liquid organic extractants to selectively remove gold

species from the aqueous solution. The extractant is dissolved in a diluent like kerosene to
distribute the functional groups in an optimal concentration for extraction. Gold is
recovered from the loaded extractant either directly, by precipitation or electrolysis, or

indirectly by stripping the solute back into the aqueous phase to allow recovery by other
methods.
The kinetics of solvent extraction are much faster than carbon adsorption and ion
exchange resin process, and high levels of extraction can usually be achieved within a

few minutes because of the superior mass transport properties of the liquid-liquid system.
However, the stripping process is much slower than that of the extraction and sometimes
may be required several hours to achieve satisfactory metal recovery.

1-4-5. Electrowinning
Electrowinning is used for treatment of high-grade gold solutions, i.e. carbon eluates,
to produce loaded cathodes; and cathodes cell sludges, which require relatively little
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further refining. There is also some potential for the application of electrowinning to more
dilute leach solutions, however, further developments in electrowinning technology are
required for this to be economically viable.

A cathodic reduction reaction in aqueous solution can be driven by applying a voltage
across a pair of electrodes immersed in the solution. The voltage applied must exceed the
reversible electrode potential for the desired reaction to occur and must allow for the
voltage drop due to the resistance of the solution. [27]
Gold deposit on the cathode at low cathodic overpotential forms a dense, solid product
while at higher cathodic overpotentials a fluffy, porous deposit forms on the cathode
surface. For solutions containing low concentrations of gold, as is generally the case in
gold extraction systems, cells must be operated under mass transport controlled
conditions to maximize deposition rates and allow electrowinning to be performed

economically. The optimum current for gold deposition is that at which the deposition
rate is just mass transport controlled since this minimizes other side reactions at he
cathode. Consequently, for an electrowinning system operating at or above the limiting
current density, the rate is determined by factors which affect the mass transport of gold
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ions to the cathode. The mass transport of gold ions to the cathode surface depends on the
hydrodynamics of the electrolyte, solution temperature and the cathode surface area.

Gold solution produced by the elution of loaded carbon and the leaching of high grade
materials are still too dilute for treatment in conventional electrowinning cell such as
copper recovery cells. However, the relatively small volume of electrolytes containing
between 20 and 100 g/t gold that are produced by these processes can be treated
successfully in customized cell systems with current efficiencies between 1% and 10%
achieved. Application of existing electrowinning technology to more dilute solutions (i.e.
1-lOg/t gold) results in much lower current efficiencies that makes the process

uneconomic.
Electrowinning has several advantages over zinc precipitation for the treatment of
high-grade solutions, for example:

(1) no new chemicals or metals are introduced into the process,
(2) the process is more selective for gold and silver over copper, and
(3) the product is generally of higher purity.
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However, it has the following disadvantages:
(1) Low single pass efficiencies are achieved at high flow rates per unit cell volume and
most systems rely on recirculating solutions to achieve acceptable gold extraction.
(2) Mecury may present more of a health hazard in electrowinning systems than in
closed zinc precipitation circuits.

Steel wool cathode may be loaded up to 20 times their weight in precious metals,
however this is rarely achieved. Loading of l-2kg Au/kg steel wool are typically achieved.
The amount of steel wool charged into a unit volume of cathode space is very important
because it determines both the flow-through and loading characteristics of the electrode.
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Chapter 2. REVIEW

2-1. Cementation
In hydrometallurgical processes the treatment of the leach liquor for solution
concentration and purification prior to metal recovery is very important. The techniques
used may vary with composition of the solution and other conditions.
Cementation is used extensively as a means of primary metal recovery and as an
electrolyte purification technique in electrolytic recovery systems. Cementation can be

classified as an electrochemical reaction and the analysis of cementation system is
possible from electrochemical theory as well as kinetic considerations. [28] Cementation
is a general term used in the hydrometallurgical industry for the recovery of any dissolved
metal from aqueous solution by contact reduction. More precisely, cementation, or
displacement is described as the electrochemical precipitation of a metal from solution by
another more electropositive metal. These techniques have been applied to many precious
metal systems. In fact, the original Cyanide Process for gold incorporated the use of zinc
shavings to recover gold from cyanide leach solutions. This eventually evolved into the
Merrill-Crowe Process which utilized fine zinc dust for cementation. The Merrill-Crowe
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Process has been practiced since the late nineteenth century. The efficiency of the
reaction is significantly improved by removing dissolved oxygen from the system prior to
zinc addition, using a vacuum deaeration technique. Advantages of the Merrill-Crowe
Process are fast reaction rates, low gold inventories, and ease of operation. However, the
high zinc consumption and reaction sensitivity to impurities of the leach liquors can make
zinc-dust cementation technology less competitive than other alternative technologies.
Traditionally, the Merrill-Crowe Process is used for gold precipitation from dilute
aurocyanide leach solutions and is especially favored for aurocyanide solutions with a
high silver concentration. Cementation is also receiving favorable consideration for the

direct treatment of eluates from carbon adsorption processes.

2-1-1. Electrochemistry
An electrochemical reaction can be distinguished from a chemical reaction. The
electrochemical reaction is any process either caused or accompanied by the passage of
an electric current and involving in the transfer of electrons between two substances. The
occurrence of a chemical reaction is accompanied by the liberation or adsorption of heat
and not of any other form of energy. The kinetics of electrochemical reactions, such as
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cementation, not only involve the activation energy associated with the chemical process
but also an activation energy effect associated with the charge transfer process, because a
metal ion or an electron is transported through an interfacial electrical potential gradient
developed by the system.

2-1-1-1. Reactions

Cementation reaction consists of two electrochemical half-cell reactions ;

M°

+Z,e'

Ml

+Z^e'

(11)

(12)

The half cell reaction, Eq. (11) and Eq. (12) can be considered as a separate reaction
involving both a forward and reverse direction. The half-cells are short-circuited so that
the amount reacted and the rate of consumption of M2 for this ideal case must be related
to the amount reacted and rate of production of M; by the stoichiometry of the reaction.
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d[M,]
dt

Z, d [ M , ]
Z2

dt

The half-cell reactions and the overall reaction for the cementation of gold on copper in

thiosulfate solution can be explained as follow.

Au(S^O,)l' +e' --^Au + 2S^0^-

(15)

Cu + 3S,0^' ^Cu(S,0,)l- +e-

(16)

Au( S20^)2 '^Cu + S20^ —^ Au + Cu(^3202)1

(1*7)

The standard free energy associated with this reaction at 25°C is -42.4kJ mol''. Gold(I)thiosulfate complex is reduced to elemental gold on copper substrate and metallic copper

is dissolved to form cuprous thiosulfate complex.
Gold thiosulfate is dominant species of gold complex in the ammoniacal thiosulfate
solution and cupric amine complex (Cu(NH3)4^'^) is the predominant species of copper
complex. Cu(II) can be reduced to Cu(I) by the reaction of degradation of thiosulfate to
tetrathionate ions as follows.
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2Cu(NH3)4^^ + 88203^" ^ 2CU(S203)3^" + 8406^" + 8NH3

(18)

This results in a decrease of Cu(NH3)4^^ concentration and the formation of copper(I)
thiosulfate complex. The rate of degradation is not very rapid in the presence of ammonia.
Cupric tetramine(Cu(NH3)4 ) ions catalyze the oxidation of gold in thiosulfate solution

and it plays a key role for gold leaching in ammoniacal thiosulfate solution.

2-1-1-2. Evans' diagram
Plotting the current-potential curves for the respective half-cell reaction in cementation

system is a convenient way to predict the cementation kinetics. The Evans' diagram is
constructed by superimposing two current-potential (polarization) curves. Commonly the
Evans' diagram was constructed by plotting the potential against the logarithmic value of
current density, i.e. E versus log i. Fig. 6 shows a typical polarization curve for an
arbitrary metal system showing cathodic and anodic reaction.
At very low currents the potential, Eo, is equivalent to the reversible electrode potential.
As E is made more negative (cathodic) than EQ, the metal ions begin to be reduced. At
some point the potential begins to vary linearly with log i. This region of the polarization

|Z+

anodic
E

Tafel slopes

cathodic
|Z+

log /

log / (A/cm^)

Fig. 6 Polarization curves showing anodic and cathodic reaction.
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curve is known as the Tafel region and the slope of the linear portion of the polarization
curve is called as the Tafel slope. For large negative values of potential, the current

density reaches a maximum value, that is, the limiting current density. Under these
conditions the current is determined by the rate of transport of metal ions to the surface.
Similar regions can be identified for the anodic behavior of the system when the potential
is made more positive than Eo- In this case, the limiting current density is reached only
when the metal surface becomes saturated with respect to a salt of the metal.
Fig. 7 shows an Evans' diagram for an arbitrary cementation system and provides

important information about the system. It shows the same basic concept shown in Fig, 6

and also give additional information of the system. The cathodic curve shows Eo at low
current density, Tafel region and diffusion limiting region. It can be seen that the
intersection of the cathodic and anodic polarization curves are located in the region of the
mass transport limited region on the cathodic polarization curve. It indicates that the
overall reaction is mass transfer controlled reaction. If the intersection is located in the
Tafel region of the reduction curve, the reaction is controlled by surface chemical reaction.
An idealized Evans' diagram is illustrated in Fig. 8 giving a simple method to determine
the rate controlling step of the cementation reaction. If the potential difference

AEq (Eq'^-

=M

corr

M °= M

corr

7 Evans' diagram in arbitrary system showing ECORR and icon-
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Eo^) is greater than 0.36V, the cementation reaction is going to be controlled by mass

transfer and if it is smaller than 0.36V, the cementation will be surface controlled reaction.
The Butler-Volmer equation can be written in terms of the exchange-current density
and the overpotential as shown in Eq.(19). The overpotential is the difference between the
potential at any current i and the reversible electrode potential as shown in Eq. (20)

/

i=

exp -

(19)

V

where,

io - exchange current density,
a = transfer coefficient,

rj = overpotential,

z = valence

F = Faraday constant,
R = gas constant,
T= temperature (K).
?] = E ^ - E

(20)
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Fig. 8 Idealized Evans' diagram which represents the transition from mass transfer
control to electrochemical reaction control
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If the overpotential is high enough (l7|>100mV), one of the bracketed term in equation
(19) can be ignored. For example, at large negative overpotential, the first-bracketed term
is much greater than the second-bracketed term in Eq. (19) and it becomes

I=

exp

- azFrj
(21)
RT

Eq. (21) can be written with respect to overpotential {rf) as follow.

n

RT , .
lnz„
azF

RT , .
Inz
azF

rj = a ~bh\i

where, a =

(22)

(23)

RT , . ,
RT
In i , b =
azF
azF

Evans' diagram is useful method for interpreting and predicting kinetics of cementation
reaction. However, Evans' diagram is not exact simulation of cementation reactions and it
may cause some prediction errors. When the anodic and cathodic areas are not the same
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due to the deposition, the current density at small area should increase to make the anodic

and cathodic currents equal. This is very common in cementation reactions. But it is
worth while to predict cementation kinetics using Evans' diagram

2-1-2. Rotating disk geometry
Mass transport consists of diffusion, migration and convection. Diffusion is the motion
of both charged and uncharged species due to concentration gradient in hydrodynamic
diffusion layer. Migration is a motion of charged species in an electric field

and

convection is transfer of mass due to the bulk motion of the liquid phase.
The rotating disk system has been used with good success in the quantitative study of
electrode kinetics. The rotating disk system is unique for kinetic studies, laminar flow

being maintained even to Reynolds numbers as high as 2x10^. The hydrodynamic flow in
the system is well defined and can be calculated from first principles as done by Levich.
[31]
In rotating disk geometry, the convective diffusion equation in cylindrical coordinate
system is given by;
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(24)

d(t)

where.
C = concentration (mol/cm )
Vr = radial velocity component
v^= tangential velocity component
Vy = axial velocity component
D = diffusion coefficient (cm2/s)

If mass transport controlls the overall reaction, the boundary condition is defined as;
at 3^=0, C=0

at

C=Cb, where Q is bulk concentration.

If assumed the concentration is only a function of the distance from the disk(y) and not a

function of radius or (j), the diffusion equation is simplified and given by

' dy

dy'

(25)
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Mass flux can be solved using the boundary conditions to be the Levich equation.

J=0.62D^^^v'"'(o"^Cb

(26)

where
2

J = mass flux of ion (mol/cm s)

D = the diffusion coefficient of ion (cmVs)

V = the kinematic viscosity of the solution

CO = the angular velocity of the disk (rad/s)

From the equation, the mass flux is proportional to the square root of the angular velocity

of the rotating disk.
A lot of cementation-rate studies have been reported with a rotating disk electrode. For
most systems, the rate of cementation is limited by mass transfer and the mass transfer
coefficient is

/

k=0.62D

^ J/2
V -1/6 CO

(27)
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However, the actual experimental systems are more complicated than has been

explained. Specifically, competing reactions, such as equilibrium complexation,
hydrolysis and chemical redox reactions can make the analysis of kinetic data difficult.
Furthermore, the formation of a surface deposit can cause an increase in the apparent
reaction-rate constant. Details of the effect of deposits will be discussed later.

2-1-3. Cementation kinetics
The cementation reaction rate is expected to be a function of the copper substrate area,
volume of the solution and gold concentration according to the following first order rate

expression:
d\Au\ ,,
r . n
^—- = k'-^[Au\
d t V s

(28)

where, [ A u ] is the gold-thiosulfate complex concentration, t is time, V s is solution volume,
and Ao is initial exposed substrate area, and k is the apparent rate constant. This kinetic
relationship can be integrated to yield:
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log-Ll^ = -y^'^l—or \n^^ = -k'^t^-k*t
^[Au\

2.303V,

[Aul

(29)

V,

Solution diffusion is the rate controlling step for most cementation reactions and k can
be equated to the diffusion coefficient and limiting diffusion layer thickness (^=D/5
cm/s).
Cementation

is a heterogeneous reaction

consisting of

mass

transport

and

electrochemical reaction. In a simplified way, the reaction occurs by following 4 steps.

1) mass transfer of metallic ions from bulk solution to boundary layer

2) adsorption of ions to reaction surface
3) chemical reaction on the surface and reduction of ions
4) mass transfer of product to bulk solution

The kinetics can be determined by the slowest step listed above. If step 1) and 4) are slow
in determining the overall reaction, it is called mass transfer control, and if step 2) and 3)
are slow to control the overall reaction, the reaction is said chemical control.
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Cementation reaction has two distinctive stages in terms of the overall reaction velocity.
From Eq.(29) the overall reaction rate is proportional to the substrate area. It is clear that
the cementation deposits form a non-flat surface resulted in increasing surface area of the
deposit. After initial deposits form a rough surface, the enhanced second stage is observed
in most cementation systems. The overall reaction rate increases significantly after a
certain amount of time. The first stage, in which a rough surface deposit forms on the
substrate, is called initial stage; and the second stage is called enhanced stage where the
reaction rate increases abruptly. The time of the initial stage decreases with several

experimental parameters that increase the overall reaction rate.

2-1-3-1. Surface deposit effect on the kinetics

The importance of the surface deposit in the interpretation of cementation rate data has
been clearly demonstrated. Cementation reaction rate is controlled by boundary layer
diffusion processes. When surface deposit effects are neglected, interpretation of
cementation rate data can be misleading. The surface deposit morphology play a
important role in the overall cementation kinetics. [32,33]

72

Unlike many other heterogeneous reaction systems, cementation reactions are unique
in that the reaction product usually does not impede the reaction progress but rather

frequently enhances the reaction kinetics. This phenomenon can be attributed to the
electrochemical nature of the reaction and the structure of the surface deposit. The
cementation deposit may be influenced by hydrodynamics, concentration, temperature,
and other solution conditions. Surface deposits formed in cementation systems are quite
similar to electrolytic deposits because of the electrochemical nature of the reaction. In
cementation systems the current density is not an independent variable and consequently
some interesting surface deposit effects are observed. Under special circumstances, i.e.

conditions which lead to a tight, smooth, coherent deposit, the cementation reaction may
become inhibited because of product ion diffusion resistance. Generally the surface
deposit is dendritic or botryoidal and the reaction kinetics are enhanced significantly due
to the presence of the deposit.

Surface deposit can change the flow pattern to the substrate. If the deposit forms a
smooth surface, laminar flow can be sustained at high disc rotating speed. However,
laminar flow can not be maintained in high disc rotating speed when the deposit surface is
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rough. For the case in which the flow changes from laminar to turbulent at some radial
position of the disk, there is an abrupt change in surface deposit character.
Several explanations for the rate enhancement in cementation due to surface deposit

can be suggested.
1) decrease in diffusion path length
2) micro turbulence in the interstices of the surface deposit
3) increase in effective surface area

2-1-3-2. Deviations from the

order kinetics

In the cementation solution, both metals (ie. substrate and deposited metal) are in
contact with each other and with the electrolyte, forming a short-circuited cell. As a
consequence, both metals have practically the same potential. Therefore, reduction of the
cemented metal ions may equally well occur at the surface of the substrate or of the
already deposited metal. It has been observed that the reaction rate is accelerated due to
the increase in the reaction surface area when the cemented metal deposits in the dendritic
or spongy form. [34]
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However, the cementation reactions sometimes are hindered and the reason is

considered in two cases.
(1) When deposited metal hinders transport of the depositing metal ions into the bulk
of the solution to such an extent, that the rate of their removal (by diffusion)
becomes smaller than the rate of their formation. Therefore, the concentration of
these ions rises in the vicinity of the reaction surface and finally

foiTns a

passivating salt layer.
(2) When the layer of the precipitated metal is so compact that it entirely isolates the
depositing metal from the electrolyte.
In gold cementation with copper in thiosulfate solution, Guerra and Dreisinger reported
the negative deviation from first order kinetics and believed it was due to the progressive
formation of a passivating substance on the copper surface. The passivating substances
were speculated to be CuaO and CU2S by XRD and EDS analysis. The passivation film
reduces the the reaction surface of the metal electrode (Ao) • It is supported by case (1).
[35]
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When the deposit forms very dense and adhesive films on the reaction surface, the
mass transport of the cemented metal ion through the film is very difficult. It happens

sometimes in the case of hard-gold deposit. [36]

The negative deviation of ln( C / C o ) vs. time plot was explained by the passivation
phenomena. However, it may be attributed to the fact that the cementation system
approaches the cementation equilibrium. S^dzimir reported that the concentration of the
deposited metal ion does not tend to zero but to its equilibrium value in cementation
system.[34, 37, 38]

In gold cementation system, the gold concentration is considered to be diminished
continuously with time and assuming that the reaction surface area does not change with
the progress of the reaction, Eq. (28) and Eq. (29) are derived. From Eq. (29) the
following equations can be derived which inform that the rate of cementation is a
continuously declining function of time.

exp • k ^ ' t
Vs J

[Au]

(30)

{Mo

^
A ^
[ A u ] = [ A u ] ^ - exp k ^ - t

(31)
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(32)

Eq. (28) shows the reaction rate of the cementation, however there was no direct
method to determine the rate of the cementation process. Therefore, the secondary
integral form(Eq. (29)) has been used to confront the experimental results. For doing this,
the gold concentration should be analyzed subsequently during the cementation. The
experimental results confirm that ln[Au] is a function of time predicted by Eq. (29). The
assumption that the cementation kinetics is determined by the mass transport of the gold
ions to the surface of the substrate metal does not explain differences in the rate of these

processes when different substrate metals are used. Eqs. (28) - (32) suggest that the
concentration diminishes aiming at [Au]=0. In fact, reaction runs until the equilibrium
state concentration [Au]e is attained. Taking this into consideration the rate equations can
be derived.

d{[Au-\-[Aul)

= k{[Au-\-[Au\)

dt
{[Au]-[Au\) _
{{Au\-[Au\)

(33)

(34)
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Concentration of gold decreases, with the progress of the cementation reaction, from
[Au ]o to [Au ]e and that of copper increases from zero or certain concentration to [Cu ]e.
The equilibrium condition gives Eq. (35)

+^\n[Cu\
mt

(35)

nr

In the several cementation systems such as Cu^VFe or Zn, Ag'^/Cu or Zn, when copper

or silver concentrations are in between O.l-l.OM, then the equilibrium concentrations
calculated from Eq. (35) are in the range of value from 10"^*' to 10"^° M. Those
equilibrium concentrations are far beyond the analytical limitation and which means that

Eq. (33) and Eq. (34) transform practically to Eq, (28) and Eq. (29). However, when
cementation takes place in complex salt solutions, the values of the equilibrium
concentration may be several orders of magnitude higher, and also markedly dependent
on the concentration of the complexing reagent such as ammonia, cyanide, and thiosulfate.
In these cases, Eq. (28) and Eq. (29) may be inconsistent with the experimental results.
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Cementation reaction consists of cathodic(A'""^ + me = A) and anodic(B =

+ m)

reaction. In the absence of an external current, these reactions proceed at the same rate.
Ja^Jb = J

(36)

The cementation reaction rate is controlled by the intersection of the polarization curves.
As described in chapter 2-1-1-2, the location of the intersection point of two polarization
curves is related to the mechanism of the reaction. When the reaction is controlled by the
mass transport of the A'"'^ ions, the polarization curves intersect in the range of the
limiting current and the limiting current can be described by the product of the limiting

current density iwm and the reaction surface area AQ. When the area is constant, then
cementation rate J will decrease as starting of the process.
If the cemented metal A forms fine-grained, dendritic or spongy deposits on the surface
of the metal B, the A'""^ ions do not need to penetrate through the A deposit layer to the
surface of B to be reduced there. They react on the surface of that deposit and the reaction
surface area increased in time. When the surface area rises faster than the limiting current
density decreases, then cementation rate will initially increase. However, its decline is
afterwards inevitable because with the progress of reaction concentration of A'"^ ions and
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the Hmiting current density falls practically to zero in especially uncomplexed salt
solutions.
When the cementation deposit forms more compact layer, the transport of the B"^ ions
into the bulk solution becomes the rate-determining step of the overall reaction. In the
extreme case when a totally tight cementation deposit is formed which is isolating
substrate from the electrolyte, the reaction stops and it is in effect a pseudo-equilibrium
condition.

2-1-4. Alloy formation in cementation
If two or more metal ion species are present in a solution, they may be co-cemented by
another more electronegative metal. Alloys may form in the process and the compositions
of the alloys formed will depend on the concentrations of the various ions in solution as
well as on the limits of solubility of the metals concerned. [39]
It is also possible for the substrate metal to be codeposited from solution in a metal
displacement reaction, either as the metal itself or as an alloy. In Gold/Copper system, the
activity of copper in the alloy is less than that in the pure metal, copper will tend to
dissolve and redeposit in the alloy. The anodic current associated with the dissolution of
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copper will be balanced by the total cathodic current, which is due to copper deposition

and gold deposition in the alloy. If the initial test solution contains both gold and copper
ions, the composition of the alloy formed will depend on their concentration. Increasing
copper concentration in the solution raises the copper deposition current and it causes
decrease of the gold deposition current. Conversely, if gold concentration in the solution
increases, the deposited alloy will contain a higher proportion of gold.

Straumanis and Fang studied several cementation systems to identify the composition
and the structure of nonadherent immersion deposits of noble metals on zinc. Cu, Au, Ni
and Ag alloys were obtained by electrochemical displacement from their salt solutions

and analyzed by X-rays. All of them contained redeposited Zn on the deposits. Cu
deposits contained approximately 9 to 13 atomic percentages in solid solution, and Ni
deposits contained 17 to 20 at. % in solid solution, Au has large amount of Zn and Ag
deposits has less than 0.5 at. % of Zn. The grain size of the deposits was very small
because the grain growth was hampered by codeposition of Zn. [40]
von Hahn and Ingraham reported Pd-Cu alloy in palladium cementation on copper
sheet. The deposit was reported porous and loose. All of the cemented deposits are Pd-Cu
alloys rather than pure palladium. The Pd-Cu alloys ranged between 20 and 45 at.% Pd.
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The formation of these alloys during cementation is thermodynamically possible, since
the activity of alloyed copper is lower than that of the pure metal. Alloy formation
probably occurs by simultaneous deposition of Pd(II) and copper ions. [41]

Silver cementation on copper was also investigated by von Hahn and Ingraham in
perchloric acid and alkaline cyanide solutions. In alkaline solutions the rates were
decreased in the presence of the deposits. This has been attributed to restricting the
diffusion of the copper ion from the metal outward into the bulk of the solution. Analyses
of the cemented deposits from both perchlorate and cyanide solutions by XRD showed
them to be 98-99 at.% Ag. It is in contrast to the considerable alloying observed in the
Pd-Cu system. The difference in alloying behavior between Pd-Cu and Ag-Cu systems

may be related to the fact that the Ag-Cu phase diagram shows little solid solubility of
either metal in the other. The solid solubility of copper in silver is approximately 2 % at
400°C.[42]
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Chapter 3. EXPERIMENTAL METHODS

3-1. Kinetic study
Pure copper powder and rotating disc were used for kinetic studies of gold cementation
in ammoniacal thiosulfate solution. Copper powders were screened by standard sieve to

obtain a uniform size distribution. The cementation reaction rate is a function of the
substrate surface area as described in chapter 2. To calculate the experimental rate
constant, it is essential to know the surface area of the copper powder substrate and the

uniform size of the particulates can make estimation of the total surface area.
Copper rotating disc electrode was also used for kinetic study. As explained in chapter
2, the rotating disk geometry a powerful method for determining the mechanism of the
reaction in aqueous solution. It is possible to maintain laminar flow to the reaction surface
up to certain rotating speed depending on the experimental variables and maintaining the
laminar flow throughout the test plays a key role to determine the reaction mechanism.
Conservation of the laminar flow can control the mass transport rate of the reactant and it
is possible to investigate the effect of the other experimental parameters such as
temperature and concentrations without changing the whole system.
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3-1-1. Experimental solutions
A stock solution was prepared using 18.525 g (0.25M) of ammonium thiosulfate

[(NH4)2S203] in 500ml Pyrex beaker. The ammonium thiosulfate was dissolved in 18MD
Millipore deionized water to produce a 0.25M thiosulfate solution in slightly less than
500ml volume. The pH was adjusted to 9.5 by adding ammonium hydroxide. A 1000 ppm
copper standard solution was made by cupric sulfate (CuS04'5H20) and 15 ml of this

solution was added to the stock solution which gave 30 ppm copper concentration in
500ml solution. Millipore DI water was then added to the stock solution to bring the final
volume of 500 ml solution. All chemicals were of ACS reagent grade.
Gold powder (3-5.5 jim 99.96+% by Aldrich) of 0.5gram was introduced in the
solution and ultra high purity oxygen was purged to the solution to completely dissolve
the gold for 12 hours. During the dissolution process for gold in ammoniacal thiosulfate
solution, the dissolved oxygen level was measured to be approximately 38 ppm [O2].
After the dissolution step, the solution was then allowed to be equilibrated with
atmospheric oxygen concentration for more than 5 hours. The dissolved oxygen
concentration was approximately 7-8 ppm [O2] in the solution during this period and it is
assured that the cementation test solution has the same amount of oxygen in the solution.

A stock solution made by this procedure yielded a gold concentration of 960-990 ppm.
The cementation test solution was prepared in 0.25M ammonium thiosulfate base
solution. The first step to make a test solution is to dissolve 18.525g of ammonium

thiosulfate in a beaker. When it was fully dissolved, DI water was added to make about
450 ml solution and copper standard solution was added to acquire the required copper
concentration. Then solution pH was adjusted to 9.5 by ammonium hydroxide and the
total solution volume was set to 500 ml by adding more DI water in the solution. These
processes are very essential in having good experimental reproducibility. To minimize the
experimental error during the solution preparation, all the chemicals were ready,

dissolution times were identical, and the whole preparation time were meant to be the
same in every test.
A jacketed reactor with 500 ml of the test solution was used in each test for constant
solution temperature during the test. The temperature of the solution was maintained at
±0.5 °C by HAAKE DC5 water bath circulator.
Experimental solutions were sampled periodically and analyzed by an Atomic
Absorption Spectrometer (Perkin Elmer AA2380). Most of the test time was 2 hours and
the solution was samples at 10, 20, 30, 60, 90, 120 minutes. To make the test solution
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match with the analytical range of the AAS, dilution was sometimes required. The
analyzed solution must have 0.25M thiosulfate and pH 9.5 to minimize the analytical
error. For this reason, the diluent of experimental solution was prepared to have same
thiosulfate concentration of 0.25 M and pH of 9.5.
3-1-2. Copper particulates and rotating disc
Pure copper powder (American Chemet, Deerfield, IL) was screened by 150 and 200
mesh standard sieves for particulates tests. Hydrochloric acid was used to clean the
copper surface before sieving. From 150 to 200 mesh powder and -200 mesh powder
were stored in packed glass vials to avoid surface oxidation.
The copper disc was cut to have 2 cm diameter and 0.7 cm thickness from pure

electrowon copper cathode plate.
The rotating disc holders were machined using a Teflon rod. The schematic diagram of
rotating disc and disc holder are shown in Fig. 9. Copper disc was attached to the holder
using Silicon glue and at least 24 hours were allowed to fully dry to avoid water leaking
between disc and holder. The mounted copper disc was polished by SiC paper up to 800
grit. The electrode was then rinsed by isopropyl alcohol followed by DI water. A Teflon
coated steel shaft was screwed in the disc holder and was connected to the rotor assembly.
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Fig. 9 Schematic diagram of copper rotating disc and disc holder.
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Copper disc rotating speed was controlled by a Pine Instrument analytical rotator,
Model ASR2, operated at 500 to 2000 rpm. Copper disc was removed from the holder for
SEM, XRD, and XPS analysis after selected experiments. The electrode was cleaned and

fully dried before removing from the holder and avoided contacting with water, moisture
and other contaminants.

3-2. Electrochemistry
To more fully understanding the cementation process, a detailed electrochemical study
of gold deposition on copper was carried out using sodium thiosulfate solution without
ammonia using both a rotating disc electrode(RDE) and an electrochemical quartz crystal
nanobalance (EQCN).
The experimental solutions for electrochemical studies are different from those used for
kinetic studies and based on sodium thiosulfate (Na2S203-5H20), not on ammonium
thiosulfate ((NH4)2S203). The solution pH was adjusted by addition of sodium hydroxide
(NaOH) solution. For kinetic studies, gold metal powders were dissolved in ammoniacal
thiosulfate solution to make a gold stock solution. However, it is not necessary to prepare
a gold stock solution to make a cementation test solution for electrochemical studies.
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because the source of gold is not from the gold metal powders but from the gold-

containing salt. The source of gold for electrochemical studies is gold sodium thiosulfate
(Na3Au(S203)2'5H20). Copper standard solution was also used for adding copper ion to
solution. Ultra high purity nitrogen was purged to the test solution to eliminate dissolved
oxygen for 30 minutes in most of the electrochemical study.
Polarization studies were carried out on pure copper and pure gold disk electrodes.
Initial gold concentration was varied between 10 - 100 ppm and dissolved copper ranged
from 0 to 30 ppm. Potentiostat (EG&G 273) connected with IBM PC was used to

measure the current and potential of the system with a conventional three-electrode
arrangement. Platinum electrode was used for counter electrode and saturated calomel
electrode (SCE) with luggin capillary was used for reference electrode. All potentials
were measured relative to the saturated calomel electrode but were reported relative to the
standard hydrogen electrode (SHE).

3-2-1. EQCN (Electrochemical Quartz Crystal Nanobalance)
Electrochemical study of the cementation system was performed using Electrochemical
Quartz Crystal Nanobalance (EQCN 700 system, Elchema, Potsdam, NY). The working

89

electrode is in the form of a thin film and is placed on one side of a quartz single crystal
wafer which is sealed to the side opening in an electrochemical cell. The AT-cut quartz

crystal oscillates in the shear mode at nominal 10 MHz frequency. This particular crystal
is fabricated by slicing through a quartz rod at an angle of approximately 35° with respect
to the crystallographic x-axis. Any change in the mass rigidly attached to the working
electrode results in the change of the quartz crystal oscillation frequency. The frequency

of the working quartz crystal is compared to the frequency of the standard reference
quartz crystal. The frequency measurements are differential, i.e. the frequency of the
reference crystal is subtracted from the frequency of the working crystal. The obtained
frequency difference is then measured by a precision frequency counter and displayed on
the equipment and transformed to the PC. The quartz crystals were purchased directly
from Elchema. Gold coated electrode was prepared by chromium sputtering of 10 nm
thickness prior to 100 nm gold sputtering. Gold coated quartz crystal electrode has gold

coated layer in both sides and each has a wire for electrical connection to the nanobalance
system.
A 50 ml Teflon beaker was drilled to have a 0.8 cm diameter hole which is 1.5 cm
above from the bottom of the beaker. The crystal was attached to this opening with
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Silicon glue. 30 ml of test solution was used for electrochemical study with the EQCN.
The quartz crystal electrode was connected to the nanobalance, potentiostat, and personal
computer to monitor the weight change on the electrode surface. Potentiostat controls the

potential or current applied to the electrode system and the nanobalance system is

connected to personal computer with DAQ system (ADC-42, A/D converter with Data
Logger). The in-situ weight changes in the electrode was measured and saved in every
second during the experiments. Fig. 10 shows the connections of the electrochemical

quartz crystal microbalance system with potentiostat, analog/digital converter and
personal computers. The detailed illustration of the electrochemical cell and the quartz
crystal electrode are shown in Fig. 11.

3-2-2. Principles of EQCN
The last 20 years have seen electrochemists applying more and more sophisticated
instrumental techniques to studies of electrode surfaces, both because of the increased
availability of powerful new tools for interfacial characterization and because of an
increased emphasis in modem electrochemical research on detailed characterization of the
structure and composition of the interface. Many methods have been recently applied to
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Fig. 10 Connection of the EQCN with potentiostat and personal computer.
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Fig. 11 Expanded view of the electrochemical cell and quartz crystal electrode.
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the study of electrochemical interfaces. One of these methods is based on quartz crystal
microbalance (QCM) technology. QCM comprises a thin quartz crystal sandwiched
between two metal electrodes that establish an alternating electric field across the crystal,
causing vibrational motion of the crystal at its resonant frequency. The ability to employ
one side of the EQCN as a working electrode in an electrochemical cell while
simultaneously measuring small mass changes has provided a powerful approach to
examining electrochemical processes involving thin films,

including monolayer and

submonolayer films. These studies have revealed detailed mechanistic information about
film deposition and dissolufion, surface morphology changes, and mass changes in thin

films caused by redox or other chemical processes. [43]
In 1880, Jacques and Pierre Curie discovered that mechanical stress applied to the
surface of various crystals resulted in an electrical potential across the crystal whose
magnitude was proportional to the applied stress. This behavior is referred to as the
piezoelectric effect, which is derived from the Greek word piezin meaning "to press".
This property exists only in materials that are acentric, those that crystallize into
noncentrosymmetric space groups. A single crystal of an acentric material will possess a
polar axis due to dipoles associated with the arrangement of atoms in the crystalline
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lattice. The charge generated in a quartz crystal under mechanical stress is a manifestation
of a change in the net dipole moment because of the physical displacement of the atoms
and a corresponding change in the net dipole moment. This results in a net change in

electrical charge on the crystal faces, the magnitude and direction of which depends on
the relative orientation of the dipoles and the crystal faces. Following their initial
discovery, the Curies discovered the reverse piezoelectric effect, in which the application
of a potential across these crystals resulted in a corresponding mechanical strain. It is this
effect that is the operational basis of the electrochemical quartz crystal nanobalance
(EQCN).
When an electrical potential is applied across the crystal, the AT-cut quartz crystal
experiences a mechanical strain in the shear direction. Crystal symmetry dictates that the

strain induced in piezoelectric materials by an applied potential of one polarity will be
equal and opposite in direction to that resulting from the opposite polarity. [44]
In practice, the quartz crystal was coated with thin metal on both side of the electrode,
forming a pair of electrodes. This enables an AC potential to be applied to the electrode
on the crystal, and the resultant frequency of oscillation can be represented by the

following equation.
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(37)

where,/o is the frequency of acoustic wave,

cut quartz(3.34 x

is the transverse velocity of sound in AT-

m/s) and tg is the thickness of the quartz crystal. This equation

assumes that the velocity of sound in the electrode material is the same as that in quartz,
which is valid if the thickness of the electrode is small compared to that of quartz. If one
assumes that the acoustic velocity and density of the deposited metal are identical to those
in quartz, a change in thickness of the metal layer is equivalent to a change in the
thickness of the quartz crystal. Under these conditions, a fractional change in thickness
results in a fractional change in the resonant frequency and it is described as the well-

known Sauerbrey equation;

-2//Am

(38)

where, Af is the measured frequency change, fo is the frequency of the quartz resonator
prior to a mass change. Am is the mass change, A is the piezoelectrically active area, //g is
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the shear modulus of AT-cut quartz (2.947 xlO^^ dyn/cm^), and pg is the density of quartz
(2.648 g/cm^). This equation is the primary basis of most EQCN measurements wherein
mass changes occurring at the electrode interface are evaluated directly from the

frequency changes of the quartz resonator. It is generally considered accurate as long as
the thickness of the film added to the QCM is less than 2% of the quartz crystal thickness.
The thickness of quartz crystal is 0.166 mm and the coated layers are 10 nm Cr and 100
nm Au, respectively. The fraction of the thickness of coated films to that of quartz crystal

is only 0.066% and is considered acceptable.
To measure the in-situ mass changes during chemical or electrochemical processes like
adsorption, deposition or leaching, it is only required a circuit to apply an AC potential to
the quartz crystal, and a frequency counter to measure the resultant frequency of

oscillation. Therefore, the EQCM is a very powerful technique for measuring reactions
occurring at the solution-solid interface. [45]
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3-3. Surface Characterization

3-3-1. FESEM, EDS and XRD
Hitachi S-4500 Field Emission Scanning Electron Microscope (FESEM) was used for
surface morphology studies. The FESEM was equipped with a Noran's Voyager digital
image and X-ray spectra acquisition system for performing EDS analysis. When the
electron accelerating voltage was set at 25kV, the electron beam fully penetrated the
deposit and finally reached the copper substrate or carbon tape when analyzing the foils
resulted in significantly high copper or carbon concentration. To minimize the beam

penetration through the deposit, it was found that the optimal accelerating voltage was
15kV. With the accelerating voltage below 15kV, the EDS could not detect and analyze
gold properly in the deposit. The working distance was set to 15 mm. The deposit was
investigated from as deposited condition and the chemical composition was quantified at
least 2 times and the average value was taken.
A SCINTAG XDS 2000 was used for crystallographic analysis of the surface deposit.
Original copper substrate and rotating disc after the test were examined by XRD. Start
and stop angle were 18 degree and 90 degree, respectively with continuous scan mode.
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Angle step size was 0.02 degree and the scan rate was 2.00 per minute.

3-3-2. XPS
X-ray Photoelectron Spectroscopy (XPS) was used for detailed compositional analysis

of the deposit. As mentioned above, the electron beam penetrated through the deposit for
EDS analysis. XPS can reduce the penetration depth to get more precise analytical results.
For detailed depth profile of the deposit, XPS samples were precisely prepared on the
disc electrode. Depth profiling analysis was performed on a Kratos AXIS 165 Ultra X-ray

Photoelectron Spectrometer. XPS studies were done using monochromatized A1 Ka
radiation with the analyzer in constant energy mode. The analyzer static base pressure
was better than 1 x 10"® torr and was at 5 x 10"^ torr of Argon while the sputter depth
analysis was conducted.
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Chapter 4. RESULTS AND DISCUSSION.

4-1. Kinetic study.

Reaction kinetics of gold cementation were studied in ammoniacal thiosulfate solution
on copper powders and rotating discs. The size of the copper powder was changed to
examine kinetics on particulates. In rotating disc tests, the experimental parameters are
disc rotating speed, initial gold concentration, and solution temperature.

4-1-1. Cementation onto copper particulates
Gold cementation from thiosulfate solution by copper powder was examined using 150
X 200 and -200 mesh particles. The standard conditions for these experiments were 0.25

M [8203^'], 30 ppm [Au], 30 ppm [Cu^^], 22 °C, and pH 9.5. The mean particle size for
the 150 X 200 mesh powder was determined from standard sieve sizes to be 89.5 p,m.
SEM analysis indicated uniform particle diameters approximately equal to this value.
Copper particles in the -200 mesh sample had a mean diameter of approximately 17.1 |j,m
as measured by SEM techniques. The particle shape was of uniform sphere. The amount
of copper powder used in the tests was 0.25 g in 500 ml of solution.
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The cementation reaction rate is a function of the surface area of the copper substrate
and the rate equation is expressed in Eq. (28) and Eq. (29). The results of the cementation
tests using 150 x 200 mesh and -200 mesh powder are shown in Fig. 12. Data for the 150
X 200 mesh powder exhibits linear kinetics up to 40 minutes. For the -200 mesh powder,
the cementation of gold onto copper obeys first order kinetics up to 10 min, after which
there is a noticeable deviation from first order kinetics similar to that observed by Guerra
and Dreisinger. From this plot, it is evident that gold cementation from a thiosulfate
solution onto copper particulates obeys first order kinetics up to about 85 % reduction for
the -200 mesh powder. Gold reduction gradually reaches 97 % at 40 min, which is

equivalent to a final [Au] value of about 0.70 ppm. This value is very close to the

equilibrium value calculated by S^dzimir for a similar system (i.e. Guerra and Dreisinger).
S^dzimir calculated the equilibrium concentration of 0.65 ppm from the experimental
results of Guerra and Dreisinger.
From the first

order kinetic plot, the slope and intercept were obtained by linear

regression of the data. Using Eq. (29) and the value obtained from the linear regression,
the value [Au] which is the gold concentration at time t can be calculated. Then, using Eq.
(34), the equilibrium concentration [Au]e can be calculated by the already known values
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predicted from
Equilibrium Model

•
•

mesh size
150X200
-200

Time (min.)

Fig. 12 The effect of particle size on the cementation reaction using 150 x 200 mesh and 200 mesh copper spheres
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such as [Au]o, [Au]e, and t. It is well explained in the reference [34], However, Guerra
and Dreisinger introduced 2"'' order rate equation with time shown in Eq. (39), and
S^dzimir also used that equation to calculate the equilibrium concentration.

In—
Co

k\t

k'^t^

(39)

Eq. (39) leads the conclusion that the gold concentration initially decreases and reaches
its minimum value at t = (ki )/(2k2), then increases again.
Here the author uses Eq. (29) and Eq. (34) to calculate the equilibrium concentration
and the procedures are shown at Table 2, Table 3, and Table 4. Table 2 shows the
experimental data of Guerra and Dreisinger and those of this study are shown in Table 3.
Guerra and Dreisinger used 100 to 200 mesh copper powders in 3.75 liter of the
electrolyte at 50 °C. Ammonium thiosulfate concentration was 0.1 M and the initial
copper concentration is 1000 ppm. The initial gold concentration was 13.33 ppm. The
conditions of this study are 0.25M ammonium thiosulfate concentration, 26 ppm of initial
gold concentration, 30 ppm initial copper concentration. Copper powder of 150 to 200
mesh was used in 500 ml solution at 25°.
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Table 4 shows the detailed procedure to calculate the equilibrium concentration of the
two different experimental conditions.

Table 2. Experimental conditions for Guerra and Dreisinger.

Time(min.)

0

5

10

15

20

30

45

60

90

ln([Au]/[Au]o)

-0.00

-0.25

-0.45

-0.63

-0.80

-1.08

-1.54

-1.89

-2.53

[Au]

13.33

10.42

8.52

7.11

6.00

4.53

2.86

2.02

1.06

Table 3. Experimental conditions for Lee and Hiskey.

Time(min.)

0

1

2

5

10

20

40

ln([Au]/[Au]o)

-0.000

-0.373

-0.557

-0.986

-1.847

-2.996

-3.615

[Au]

26

17.9

14.9

9.7

4.1

1.3

0.7

For the case of Guerra and Dreisinger, the linear regression was carried out up to 90
minutes and the equilibrium concentration was calculated at 180 minutes which is the
value of twice of the time for regression. For this study, the data point in 40 minutes is
way off from the linearity and the regression is done up to 20 minutes. As same method,
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the equilibrium value was calculated not only at 40 minutes but 60 minutes.

Table 4. Detailed procedure to calculate the equilibrium concentration.

Lee & Hiskey

Guerra & Dreisinger

In—
c,,

0.2072

0.14515?

In—

In—
26

0.2072

0.14515*20

In

C

C

1.15 ppm

In ^
Q

0.2072

In^'^^
26
Cg
In ^
c0

0.14515*40

c.
0.2072 0.14515*40

0.0278;

0.167

0.0278*90

0.92 ppm

0.167

0.0278*180

c.

0 92 C
•
13.33

0.167

0.0278*180

0.?>Appm

1.09 ppm

ce

^
13.33

In ^
Q
In

0.167

0.2072

0.14515*60

l.l4ppm

The calculated equilibrium value for Guerra and Dreisinger is very close to the value
which SQdzimir did in Ref. (34), SQdzimir obtained the equilibrium value of 0.65 ppm
using Eq. (39) and it is calculated to be 0.84 ppm using Eq. (29) as shown in Table 4.
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The gold concentration at 40 minutes from the experimental result was 0.7 ppm and the
calculated equilibrium value at 40 minutes was 1.09 ppm. The difference of these two
values is come from the linear regression methods and its error. As mentioned already, the
regression was done up to 20 minutes because the deviation of the data point at 40
minutes is too much to consider. However, if the value at 40 minutes is included to get the
regression value, the slope should be changed and the equilibrium concentration also
changed. Including unreasonable data point is also not good method and the other
possibility is the analytical error from the instrument. The gold analytical range without

dilution is up to 30 ppm and below or close to the 1 ppm range, the accuracy should be
very low. Normally, the sensitivity for gold analyzing with AAS is 0.3 to 0.6 ppm range,
so the value obtained in this study and in S^dzimir's calculation is in the same range.
The equilibrium model was defined by the Eq. (34). Using this model, it is possible to
predict ln([Au]/[Au]o) behavior which is depicted by the dashed line in Fig. 12. From the
experimental data, [Au], [Au]o, k, and t are obtained, then the equilibrium concentration
[Au]e can be calculated from these data. It shows the initial linearity up to 10 minutes and
the equilibrium concentrations follow the experimental data points. These results appear
to confirm the equilibrium model , which may apply to cementation systems involving
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complex salt solutions.
Experimental rate constants for 150 x 200 mesh and -200 mesh were calculated to be
1.78 X 10"^ cm/s and 1.30 x 10"^ cm/s, respectively. Miller et al. reported that the
calculated mass-transfer coefficient was 1.6 x 10'^ cm/s for 150 x 200 mesh powder and
2.15 X 10'^ cm/s for 270 x 400 mesh powder for gold cementation onto zinc in cyanide

solution. [46] In a system using 100 x 200 mesh, Cu powder and a solution containing
13.33 ppm [Au], 0.1 M SiOs^", 1000 ppm [Cu] at 50 °C, an experimental rate constant
was calculated to be approximately 1.0 x IQ"^ cm/s in the linear region. The cementation
rate is lower under these conditions than those obtained from the result in Fig. 12. The
reason is believed that Guerra et al. used lower thiosulfate and gold concentration and
higher initial copper concentration. The thiosulfate concentration and gold concentration
are directly related to the cementation reaction and the copper is reported to have a

negative effect to the cementation reaction.
Equilibrium concentration also can be calculated by thermodynamics data and Eq. (35).
Thermodynamic data for various ions are listed in Table 5. The overall gold cementation
reaction is already shown in Eq. (17) and the ratio of copper and gold concentration can
be calculated by thermodynamics as follow.
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AU(S203)2^' + CU + 8203^" = Au + Cu(S203)3^"

(17)

AG° = -42.25 kJ/mole = -RT InK

(39)

K = 2.54x10^

(40)

From Eq. (17) the equilibrium constant K can be written as follow.

K.eq

Cu{Sfi,)\ [Cu{SM\ ]

^Cu(S,0,)\

Au(S,0,r2 [Au{S,0,)l ]

'^Au(S20j)1

(41)

[^3^3^ ]

It is assumed that gold(I)-thiosulfate and copper(I)-thiosulfate concentrations are equal to
those initial ions concentration (ie. [Au]=[Au(S203)2^"]). The activity coefficients of each
species were calculated using Debye-Hiickel theory. Then, combining Eq. (40) and (41)
makes the equation as follow.

2.54ul0'

0.001u[C^]
0.1uMw]u0.15u0.25

[Au]=1.05 X lO'lCu]

(43)
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Table 5. Free energy of formation (kJ/mole) for various species in copper-goldammoniacal-tliiosulfate system.
Species

AG"298

Species

AG''298

Species

AG''298

S2O3'"

-532.2

CuO

-127.2

Cu(S203)3'-

-1624.65

NH4^

-79.5

CU2O

-146.4

Cu(S203)2'-

-1084.1

NH3

-26.7

CuS

-48.9

Cu(S203)-

-540.9

+
<

163.2

CU2S

-86,2

Cu(NIl3)^

-10,3

AU(S203)2'"

-1050.2

Cu^^

64.9

CU(NH3)^^

14.5

AU(NH3)4'^

64.4

Cu^

50.2

CU(NH3)2'^

-32.3

CU(NH3)4^^

-112.9

CU(NH3)3^^

-73.2

Eq. (43) gives the equilibrium gold concentration as a function of equilibrium copper
concentration. The equilibrium copper concentration can

be predicted

by

the

stoichiometry of the overall reaction. From Eq. (17) the mole ratio of dissolved copper
and reduced gold is 1. When initial gold concentration is 30 ppm (1,52 x 10""^ mole) and
initial copper concentration is 30 ppm (4.72 x 10"^ mole), if 95% of gold (1.44 x lo"^)
consumes, copper concentration increases as same as the gold decreases. The equilibrium
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copper concentration is then 6.16 x 10""^ mole and the equilibrium gold concentration is
calculated to be 1.27 x 10"^ by Eq. (43). It is very low and it's better to explain the

reaction kinetics by Eq. (29) rather than Eq. (34).
Another method to calculate the equilibrium concentration is to use Eq. (35).
Cementation comes to an end when equilibrium potentials of both metals in the solution

participating in the process become equal to each other. Eq. (35) can be rewritten as
follow.

E:.
where,^ E °Au / Au

1

IMV, E°^

Cu/Cu

(44)

0 . 5 2 V [47]

'-

•*

[Au^] = 2.18 X 10-20 [Cu^]

(45)

When metal ions form complexes in the experimental solution, gold and copper are
present mainly in a form of complexes.

[Au(S203)2'1=Cau-[AU1

(46)

[Cu(S203)3'l=Ccu~[Cu"]

(47)
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K

,

]
[Au ][S^Ol ]'

[Au MS^Ol f
C,„

[Au]

K^^^^^.{Au]{S,Olf

[Au ]

^

[Cu{S^O,\ ]
^cu ][5,03^ ]^
C,„

J3^^Q26

Cc, [Ct< ]
[Cu ][5,03^ ]^

[Cu ]

(49)

(50)

5_22u10''

[Cu ][5,03^ ]'

[Cu ]

(43^

, 3

(51)

(52)

(53)

At equilibrium, Cau == Q«^ Ccu ^ CcuAssuming the gold and copper concentrations are equal to the concentration of each
complex.(i.e. [Au^] = [Au(S203)2^"], [Cu^] = [Cu(S203)3^"]), Eq. (45) will be as follow.

C •iu

cCm
12 i 2

^

^

V

r c /o2 l3

10,,1A 20
u2.18ul0

(54)

^AulSiOl
1 K.
CI
1

^ ^
[^2^3 ] ^2.18u10
Kcu,s.ol iS.Ol f
CI

1.45U10 ^ C^„

(55)

(56)

Ill

Comparing with the value in Eq. (43) ([Au]=1.05 x 10'^[Cu]), it has same order and the
constant is close to each other. Those two equations give very low gold equilibrium
concentration, while S^dzimir calculated 4.4 x 10'^ mol/1 of gold equilibrium
concentration which is equal to 0.88 ppm.[48] S^dzimir assumed that the copper existed
as a copper(I)-amine complex not a thiosulfate complex which is not true in this condition
and it is believed to lead the different results.
Equilibrium concentration theory is challenging to the conventional passivation theory,
but it is acceptable when the metal ions form complexes. Both calculations for
equilibrium constant of the reaction by thermodynamics and equilibrium potential using
Nemst equation led to very low equilibrium gold concentration, however equilibrium
concentration calculated by the experimental data was very close to the real value and the
predicted concentration based on the equilibrium concentration followed the experimental
data very well as shown in Fig. 12.

4-1-2. Rotating disc experiments
Copper rotating disc was used for detailed kinetic study of gold cementation in
thiosulfate solutions. The standard conditions for the rotating disc electrode experiments
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are shown in Table 6.

Table 6. Standard condition of gold cementation experiment

[Au]

[Cu]

[(NH4)2S203]

pH

Temp.

Time

Disc rotating speed

30 ppm

30 ppm

0.25 M

9.5

20 °C

2 hrs

1000 rpm

4-1-2-1. Effect of disc rotating speed
Kinetic data is shown in Fig. 13 for ln([Au]/[Au]o) as a function of time for disc
rotating speeds from 500 to 2000 rpm with 0.25 M [8203^'], 30 ppm [Au]o, 30 ppm [Cu]o ,
and pH 9.5. The cementation rate increases with increasing disc rotating speed and has
good linearity indicating 1^' order kinetics. There are obvious breaks at between 20 to 30
minute ranges and this is a typical cementation kinetics behavior. The first stage which
has relatively low kinetic rate is called initial stage and the second one that has higher rate
is called enhanced stage. The initial kinetic period extends to about 20-30 minutes after
which there is a noticeable enhanced kinetic stage. The rate change between these two
regions can be explained in part by changes in the surface morphology and an increase of
area. In the initial stage, gold precipitates on a smooth surface and the Levich equation
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0.0

-0.1

-0.2

-0.3

< -0.4

-0.5
•
•
A

-0.6

T

500 rpm
1000 rpm
1500 rpm
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0

60

90

120

Time (min.)

Fig. 13 The effect of disc rotating speed on the cementation rate.
[SaOs^'l = 0.25M, [Au]o = 30 ppm, [Cu]o = 30 ppm, pH = 9.5

150
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fits well under laminar flow condition.

However, in the enhanced stage the reduction of

gold occurs onto a rough surface that has more surface area than that of the initial stage.
As described in Eq. (28), the cementation reaction rate is proportional to the surface area
and the higher surface area after the initial strike of the deposit leads higher reaction rate
in enhanced region. The morphology of the deposit doesn't change much with the disc
rotating speed but the apparent amount of the deposit changes. The deposit in 500 rpm
has good adherence with the copper substrate and is not detached from the surface.
Whereas, the cementation deposit from higher than 1000 rpm is easily detached from the
surface and the foils can be collected from the reaction vessel.

The experimental rate constant plotted as a ftinction of the square root of angular
velocity of the rotating disc is shown in Fig. 14. The enhanced kinetic region is very well
behaved. The initial kinetic region exhibits a little more scatter, but as expected shows an
intercept through the origin. From this plot, it is predicted that enhanced kinetics will not
be observable below 153 rpm (16 rad). The difflision coefficient of gold was calculated to
be 4.41 X 10"^ cm^/s in the initial stage of cementation, using kinematic viscosity of water
and the experimental rate constant by Eq. (29). Sullivan and Kohl calculated the gold
thiosulfate diffusion coefficient by an electrochemical method and a value of 7.01 x 10'^
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0.012
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Slope = 1.16*10
(Enhanced)
_ 0.008
'v)

E
^ 0.006
0.004
Slope = 3.59*10
(Initial)

0.002
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0

4

8
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16

Fig. 14 Experimental rate constant plotted against square root of disc rotating speed for
initial and enhanced stage.

116

cm^/s was determined. [49] Wang et al. determined the diffusion coefficient of Au(I) as
6.99 X 10"'' cm^/s in the medium of KI, K2S2O3, and K2B4O7. [50] The diffusion
coefficient for the gold-thiosulfate complex obtained by Guerra and Dreisinger was 1.32
X 10'® cm^/s and they also concluded that the reaction was controlled by mass transfer.

4-1-2-2. Effect of initial gold concentration
The effect of initial gold concentration on the cementation reaction rate is plotted in Fig.

15 in 0.25 M [S2O3 "] with 30 ppm initial copper concentration at 1000 rpm. These results

continue to exhibit two kinetic regimes. This plot shows a decrease in the initial stage
period with increasing gold concentration. The enhanced first order rate displays a
marked concentration effect. In this region, the rate is approximately first order with
respect to gold concentration. The surface morphology was significantly changed by
concentration. For 10 and 20 ppm initial gold concentration, the copper rotating disc
electrode surface was covered by a very shiny and smooth deposited layer. At 50 and ICQ
ppm initial gold concentration, the color of the cementation deposit turned dark and the
layer was noticeably rougher and less uniform. At low initial gold concentration (10 and
20 ppm [Au]o) , the deposit has good adhesion to the copper substrate, whereas the

•
T
•

0

10 ppm
20 ppm
30 ppm
50 ppm
100 ppm
30

60

90

120

150

Time (min.)

Fig. 15 The effect of initial gold concentration on the reaction rate at 1000 rpm.
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deposit from high gold concentration was easily removed from the substrate. There were
also a lot of flakes exfoliated from the surface and numerous rolled gold foils in the
solution after the experiments. The typical rolled foil collected from the solution after the
test is shown in Fig. 16. This foil was detached from the copper substrate during the
cementation reaction and had two distinct surface textures. The one has relatively smooth
and a lot of striae on the surface. This side is the substrate side and the striae came from
the initial polishing of the copper substrate. The solution side is typical morphology of the

solution deposition which is rough and nodulated. The solution side surface was
noticeably brighter than the surface of the substrate side. The color of the solution side
surface was shiny gold, whereas the substrate side was dark brown. The color of the layer
seemed to be related to the chemical composition of the deposit and will be discussed

later.

4-1 -2-3. Effect of temperature
The experimental conditions for the series of temperature tests were the same as the
standard conditions described in Table 6 except for the initial copper concentrations. The
initial copper concentration was only 1.6 ppm when using a gold concentration of 30 ppm.

Fig. 16 SEM micrograph of the detached foil after a cementation test.
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Cupric sulfate solution was not added to the test solution, but the copper concentration of
1.6 ppm came from the gold stock solution which has about 60 ppm copper concentration
added to dissolve gold in thiosulfate solution. Fig. 17 indicates the effect of temperature
on the gold cementation rate at values ranging from 22 to 50 °C. The experimental rate
was observed to increase uniformly with temperature under these conditions. The value at
40 °C is an average of three experiments and regression of all data through the origin.
Removing the initial kinetics which is 0 to 10 minutes and plotting a regression from 10

to 120 minutes, the first order rate constant in 40 °C is 2.10 x 10"^ s"', which is slightly
higher than the regression value for 0 to 120 minutes. At 22 °C the initial stage kinetics
has a rate constant of 1.12 x lO"^ s"' while the enhanced stage kinetics has a first order
rate constant of 1.86 x 10"^ s'\ The deposit obtained 22 °C and 30 °C had a good adhesion

to copper substrates and the deposit at 40 °C was easily removed by scrubbing with the
lab paper. The adhesion of the deposit from 50 °C was very poor. It even detached from
the substrate when sprayed with DI water from a squeeze bottle.

Initial stage kinetics at 22 °C persists up to about 30 minutes. At 30 and 40 °C, the

initial stage lasts for about 20 and 10 minutes, respectively. The kinetics remained
unchanged throughout the test at 50 °C. Table 7 shows the differences of the first order

-

-0.20 -

•

•

22 °C
30 °C

• 40 °C
T

-0.30
0

50 °C
^^^^
30
60
90
120

150

Time (min.)

Fig. 17 The effect of temperature on the gold cementation rate at 1.6 ppm [Cu]
ppm [Au]o

122

rate constant with temperature and initial conditions. The experimental conditions used in
series 2 were similar to those used by Guerra and Dreisinger. These results show that
initial gold concentration, disc rotating speed, and temperature have a marked influence

on the first order rate constant.

Table. 7 The first order rate constants [cm s"^] at various experimental conditions.
Temperature (°C)
Series

Conditions
30

40

50

1.86*10"^

1.96*10"^

2.10*10"^

2.29*10'^

1.1*10"^

1.3*10"^

1.7*10'^

1.9*10"^

22

0.25M (NH4)2S203
1

30ppm [Au], 1.6ppm[Cu]
pH 9.5, 1000 rpm

0.2M (NH4)2S203
2

17ppm [Au], Ippm [Cu]
pH 10.1, 500 rpm

An Arrhenius plot is shown in Fig. 18 for the enhanced stage kinetics reported in Table
7 for series 1. The activation energy was calculated to be 5.9 kJ/mol. This value suggests
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E =5.9kJ mol

3.0

3.1

3.2
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3.4

3.5
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1000/T

Fig. 18 Arrhenius plot for the cementation reaction between 22 °C - 50 °C with 1.6 ppm
[Cu]o and 30 ppm [Au ]o.
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that the gold cementation onto copper in thiosulfate solution for the enhanced regions
controlled by a mass transfer step. The activation energy for the series 2 data is 16.1

kJ/mol. This value is comparable to that for the initial kinetics of series 1 data.

Fig. 19 is an Arrhenius plot of a system using an initial copper concentration of 30 ppm.
In most instances, two replicates were performed to obtain the experimental rate constants
used in Fig. 19. In the temperature range of 10 - 15 °C, the cementation reaction rate was
found to increase with increasing temperature, with an activation energy of 10.6 kJ/mol.

However, there was a noticeable decrease in the rate of cementation, with increasing
temperature in the range of 25 - 50 °C. This is understandable, since in the presence of a
measurably higher copper concentration and with increasing temperature, CuiS can be
formed from degradation of Cu(S203)3^' and deposited as a passive film on the electrode
surface in accordance with Eq. (57).

2CU(S203)3^" + 20H" = CU2S + S04^" + SSZOS^' + H2O

(57)

Copper was reported as a non-cemented species and was observed to have a negative
effect on the overall reaction rate by Guerra and Dreisinger. Their experiments were
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V -5.0

E =10.6kJ mol

1000/T

Fig. 19 Arrhenius plot for the cementation reaction between 10 °C - 50 °C with 30 ppm
[Cu]o and 30 ppm [Au]o.
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conducted at 30 °C and 50 °C.

During this investigation, the initial copper concentration

had a negative effect on the reaction rate at temperature of 25 °C - 50 °C. This support the

work of Guerra and Dreisinger, whereas at low temperature, initial copper concentration
had little if any effect on the cementation rate. Guerra and Dreisinger reported that the
activation energy of gold cementation onto copper in thiosulfate solution was 13.9 ± 7.9
kJ/mol under the conditions of their study. Nguyen et al. found that the cementation rate
of gold onto copper in cyanide solution at high temperature was significantly decreased in
the enhanced stage because of the passivation and the passivation resulting from the shiny
compact gold deposit, which caused a blockage of the electrode surface, and the
activation energy was 53.4 kJ/mol. [51] However, the thin layer obtained in this research
did not seem to act like a barrier for the reaction and we did not have any evidence of
passivation in our experimental conditions even at experimental times up to 3 hours. The
decrease of the reaction rate at high temperatures in this research is believed to be due to
the instability of thiosulfate and its decomposition.

4-2. Surface characterization
In some instances, the deposit remained as an adherent coating on the electrode surface.

ni

At other times, the deposit was found as detached flakes in the test solution. Both types of
products were analyzed during this session of the investigation.

4-2-1. Chemical composition of the deposit analyzing by EDS.
Metallic flakes representing the cementation deposit were collected from the reaction
vessel at the end of each experiment. The flake was very brittle and needed carefiil
handling to avoid breaking into pieces. The chemical concentration of gold and copper

were measured by EDS and summarized in Table 8 for various conditions. As seen in
Table 8, the test number 1 to 4 had fixed initial gold concentration of 30 ppm and the
initial copper concentration was changed from the standard of 30 ppm to 4.8 ppm for
various initial Cu:Au mole ratios. The tests, number 5 to 7, were obtained at conditions of
fixed copper concentration at 30 ppm and the gold concentration changing from 10 to 100
ppm. Test 6 and 7 do not have the chemical composition on the substrate side deposits,
because when the gold concentration is lower than 30 ppm, the reaction rate is not high

enough to make the deposit detached from the copper surface. If the amount of the
deposit on the substrate is small, the surface has smooth and adherent deposit as described
in chapter 4-1-2-2. It was essential to maintain a minimum initial gold concentration in
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the solution to get much deposit and make it exfoliated from the surface to analyze both
sides of the deposit. At 30 ppm initial gold concentration that can make the deposit
detached from the substrate.

Table 8. EDS analysis of deposits cemented from various Cu:Au ratios in solution.
Solution side (wt.%)

Substrate side (wt.%)

Initial Cu : Au in
No.

AuxCu
solution

Cu

Au

AuxCu
Cu

Au

X

X

1

3.1 : 1 (30Au-30Cu)

33

67

0.67

73

27

0.12

2

2 : 1 (30Au-19.4Cu)

20

80

1.27

40

60

0.48

3

1 : 1 (30Au-9.7Cu)

17

83

1.56

37

63

0.55

4

1 : 2 (30Au-4.8Cu)

15

85

1.86

36

64

0.57

10

90

2.85

33

67

0.67

71

29

0.14

—

—

—

74

26

0.11

—

—

—

0.93:1 (100Au-30Cu)
5
2000 rpm
4.6 : 1 (20Au-30Cu)
6
lOOOrpm
9.3 : 1 (10Au-30Cu)
7
SOOrpm
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EDS analysis was performed at several spots on both the solution and substrate sides of

the deposit. The standard conditions for the main part of the cementation study were 30
ppm [Cu]o and 30 ppm [Au]o equivalent to a mole ratio of Cu/Au of 3.1 : 1. Under these
conditions, the solution side contained 33 wt. % copper and 67 wt. % gold, whereas the
substrate side deposit contained 73 wt. % copper and 27 wt. % gold.
Guerra and Dreisinger reported that the transient copper-sulfur-oxygen precipitate and
some other sulfur-bearing species were formed in the surface, and these species
contributed to passivation. However, these passivation contributing phases were not
detected by EDS during this investigation. Fig. 20 shows the acquired spectra of the
cementation deposit for solution side and substrate side. The solution side has more gold
than copper and substrate side has more copper than gold. Contaminantion of the deposit
was not detected except a small amount of oxygen in the substrate side deposit due to the
oxidation of copper in the surface and a little of carbon in the solution side come from the
environment or carbon tape used for attaching foils to the sample holder.

A series of experiments aimed at collecting deposits at various initial Cu/Au ratios was
conducted. Results for 2:1, 1:1, and 1:2 of Cu/Au initial mole ratios in the solution are
reported in Table 8.

In general, the solution side of the deposit has higher gold contents
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Fig. 20 EDS analysis spectra of gold cementation deposit for solution side (a) and
substrate side (b).
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than the substrate and the color is noticeably brighter.
Fig. 21 summarized the EDS analysis results and shows the gold atomic percentage in
the deposit with various initial Cu/Au mole ratios in the solution. Clearly,. The solution
side has higher gold concentration under each condition. The gold concentration in
solution side had 65 atomic percentages at the mole ratio of 0.5 and decreases to 40
atomic percentages at the mole ratio of 3.1. The content in substrate side has a same
tendency to the solution side and it changed from 36 to 11 atomic percentages as
increasing the initial mole ratio. As the mole ratio of Cu/Au increases in the solution,
there is a trend towards higher copper content in the deposit. It is important to observe

that a pure gold deposit is not obtained under the condition of these experiments. As
suggested by the result in Fig 21, deposit films appear as intermetallic alloys ranging
from approximately AuaCu to AuCua. This observation is supported by the binary Au-Cu
phase diagram that shows AusCu, AuCu, and AuCus to be the predominant low
temperature phases. The Au-Cu binary system phase diagram is shown in Fig. 22.

Several tests were conducted at extremes in cementation rate. These EDS results are
also provided in Table 8. The results for a fast kinetic regime using a solution ratio of
Cu/Au of

0.93 and 2000 rpm are close to those for the 1 : 1 result described above. The
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Fig. 21 Variation of atomic percentage of gold in the deposit as a function of initial Cu/Au
mole ratio in the solution.
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Fig. 22 Au-Cu binary system phase diagram showing Au-Cu intermetallic compounds.

134

slow kinetic regime, using Cu/Au 9.3, results in thin film only attached to the copper
substrate. Under these conditions, the solution side reveals a predominantly copper
deposit. As shown in Table 8, under accelerated kinetics the solution side is
predominantly gold (67-90 wt. %).

4-2-2. Depth profile of the deposit using XPS.
X-ray Photoelectron Spectroscopy (XPS) was employed as a technique to obtain
detailed compositional information for the deposit obtained from the initial condition of
20 ppm [Au]o, 30 ppm[Cu]o, and 1000 rpm. The reason for choosing this experimental
condition is to maintain smooth deposit surface without exfoliating of the deposit. As
explained before, the deposit would detach from the surface at more than 30 ppm initial
gold concentration. The thickness of the deposit was 0.7 |im and sputtering commenced
from the solution side of the sample. Compositional variation for gold and copper are
shown in Fig. 23 as a fLmction of sputter time. Once surface contamination was removed,
the copper concentration was approximately 70 atomic percentages and the gold
concentration

varied

uniformly

between

15-20

atomic

percentages.

The

gold

concentration reached a maximum of about 24 atomic percentages and then decreased as
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Fig. 23 Depth profile of Au and Cu in the deposit by XPS.
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the substrate was approached after 38,700 seconds of sputtering. These results correspond
to an EDS analysis that found gold and copper composition of 12 and 88 atomic
percentages, respectively at the solution side. EDS results for the test number 6 and 7 in
Table 8 (non-detached film) probably yield high copper values, because of beam
penetration. An accelerating voltage of 15kV was used as an optimum value to detect gold
and to avoid beam penetration to the copper substrate. However, the energy of the
electron beam was still sufficient to reach the copper substrate and cause an anomalously
high copper concentration by EDS. On the other hand, the XPS analysis is more surface
sensitive method for chemical quantification and it gives a more accurate result to
determine what the surface actually is. The XPS results support an intermetallic alloy
composition of CusAu which is reasonable from the phase diagram shown in Fig. 22.
Oxygen, carbon, and sulfur analysis results by XPS are shown in Fig. 24, Fig. 25, and
Fig. 26. The surface of the deposit consists of large amounts of carbon and oxygen which
are common environmental contaminants. Oxygen concentration was increased close to
the copper substrate indicating copper-oxide formed on the substrate and carbon content
also increased because the original copper substrate might be contaminated with carbon
before starting the cementation experiments. The surface concentration of carbon exceeds
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Fig. 24 Depth profile of O in the deposit by XPS.
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more than 50 atomic percentages and drops abruptly to about 10 atomic percentages in

just a little bit inside of the deposit. After this sudden decrease, the carbon concentration

remains less than 10 atomic percentages through out the deposit and it sometimes even
hits the zero percentage line. On the other hand, the sulfur content for the bulk of the
sample remained 5 atomic percentages or less even approaching the copper substrate. The

sulfur concentration suggests that the surface was not passivated by CU2S during the
cementation process. If CU2S was formed on the surface, the sulfur contents should
increase one half of the copper concentration. Oxygen concentration changes have similar

behavior to the carbon contents. Initially, the deposit has more than 30 atomic percentages
and plummeted to less than 10 atomic percentages and remains very low concentration
through the deposit. This indicates that the copper on top surface of the deposit was
oxidized and the bulk remains its own alloy forms without oxidation.
Binding energy plots versus the signal intensity for gold, copper, sulfur, and oxygen are
illustrated in Fig. 27, Fig. 28, Fig. 29, and Fig. 30, respectively. Z-axis of the plot
indicates the depth profile of the deposit which exhibited on Fig. 23, 24, 25 and Fig. 26.
These figures also show the elemental content change with sputter time. Clearly, there is a
uniform increase in gold intensity with depth and a nearly constant value for copper after

Binding Energy (eV)

Fig. 27 Binding energy versus intensity and depth of the deposit for gold.
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Fig. 28 Binding energy versus intensity and depth of the deposit for copper.
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Fig. 30 Binding energy versus intensity and depth of the deposit for oxygen.
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surface contaminations are removed. Minor amounts of sulfur could be deposited as a
consequence of the chemical instability of the thiosulfate system. On Fig. 28 for copper,
there is a little double bump on the first curve and this indicates Cu(II). It means the
copper located on the top surface was oxidized to CuO and the cupric oxide was not

detected again all through the deposit.

4-2-3 XRD results
Fig. 31 shows in detail the cross-section of a deposited layer from a thiosulfate solution
containing 30 ppm initial copper and gold. The thickness of this deposited layer is very
uniform and measures about 1.5 |im. The chemical composition of a position close to the
center of the foil edge was analyzed by EDS as 55 wt. % Au and 45 wt. % Cu. It is very

close to the results of test No. 1 in Table 8. The mean value of solution side and substrate
side is 47 wt. % gold and 55 wt. % copper. It is understandable when the beam
penetration is considered. The EDS analysis showed that both surfaces (i.e. substrate and
solution sides) contained only copper and gold as the main elements. Sulfur was not
detected in either sides and oxygen was detected as a minor element in the substrate side.
This is understandable since the substrate side is an alloy phase with the highest
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Fig. 31 SEM micrograph of the cross-sectional area of the deposit at 30 ppm [Au]o and 30
ppm [Cu]o
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percentages of copper. This provides the evidence that the deposited layer was not
oxidized or passivated. Under the conditions of these experiments, there was no evidence
of passivation, as demonstrated by the well behaved first order reaction kinetics.

Furthermore, the EDS analysis of the cementation deposit failed to detect either oxide or
sulfide surface film.
The EDS analysis of the deposit indicated a copper-gold alloy ranging from
approximately CuAua to CusAu. A deposit sample produced from experiments using

copper disc substrates was analyzed by XRD techniques and the test results are shown in
Fig. 32. The pattern for the as-deposited sample is shown in Fig. 32 (a). Peaks at 43.30
and 50.430 (20) for pure Cu (Fig. 32 (c)) are not present in this pattern. The second most

intense peak for pure Cu at 50.430 (20) is also not present. However, at high angle
diffraction, a peak at 74.130(20) is observed. The peak at about 40.50(20) corresponds to
the most intense peak for CuAu which has a value of about 40.490 to 40.610 depending
on the reference pattern. CU3AU2 exhibits a major peak at 40.930(20) with a minor peak at
46.710(20) which is the small shoulder in the pattern.
After heat treatment for 3 hours at 200°C in an Ar atmosphere to prevent Cu oxidation,
the original peak at approximately 40.50(20) has become much sharper and has shifted to
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Fig. 32 XRD patterns of various layer (a) as-deposited, (b) after heat treatment,
(c) original copper powder.
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about 41.50 (20). This may reflect a phase transformation to CuaAu which has its major
peak at 41.680 (20), and the next most intense one at 48.520 (20). Both of these peaks are
present and are labeled in Fig. 32 (b).

It should be noted that neither Fig. 32 (a) nor (b)

indicates the presence of pure gold which has a maximum intensity peak at 38.20 (20).

4-3. Alloy formation
Previous investigation by EDS and XPS revealed the cementation deposits were goldcopper alloys ranging from AusCu to AuCus depending on the mole ratio of Cu/Au in
solution. The possible reactions accounting for alloy formation are shown in Eqs. (58) (60).

3 Au(S203)2^" + 4Cu + 38203^" = AusCu + 3Cu(S203)3^"

(58)

AU(S203)2^" + 2Cu + 8203^" = AuCu + CU(8203)3^"

(59)

AU(8203)2^" + 4Cu + 8203^" = AUCU3 + Cu(S203)3''

(60)

The standard free energies of these reactions are -147 kJ/mol , -60.9 kJ/mol, and -71.7
kJ/mol, respectively.

These equations show similar tendency with the results of initial Cu/Au mole ratios in
the solution. As explained in chapter 4-2-1, the composition of the deposited alloy

changed with initial conditions of the experimental solution. As initial mole ratio of
Cu/Au increases the copper content increases. The mole ratios of copper and gold in those
equations also have a relationship with the alloy products. As seen on Eq. (58), to form a
AUBCU, 4 moles of copper and 3 moles of gold-thiosulfate complex should react. The
reactant mole ratio of copper and gold is thus 1.33. As increase the Cu/Au ratios to 2 (Eq.
(59)) and 4(Eq. (60)) the alloy products will move toward AuCu and AuCua, respectively.

This confirms again that the initial mole ratio of Cu/Au in the solution plays an important

role to determine the final composition of the deposit product.
The activity of copper in pure metal is larger than that in the form of alloy which is in
this case gold-copper alloy. The copper in alloy form tends to dissolve into the bulk

solution and the dissolved copper can deposit again in alloy form.
Alloy formation during cementation was explained by Straumanis and Fang. [40]
According to their observation, the precipitation of the noble metal starts on the surface of
less noble metal. After the first nucleus, consisting of the nobler metal, is formed, the
precipitation then continues from these nuclei as starting points, because this growth
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requires less energy than the formation of new nuclei. The noble metal grows simply by
cathodic deposition. The less noble metal acts as anode and after the deposit forms, it acts
cathodically because the electrolyte contains not only the noble metal ion but also the less
noble metal ion. A current is supplied by the less noble metal that goes into solution and
the electrons flow from the less noble metal to the deposit. The cathodic potential was
calculated but it was quite insufficient to deposit the less noble metal from the solution.
However, the redeposition of the less noble metal could be explained by the concept of
solid solution. For example, cementation of Cu, Ni, or Au with Zn forms alloy with the
less noble Zn. It is well known that zinc forms solid solution with copper and the
reversible potential of a solid solution generally lies between those of the pure

constituents. The deposition potential of the solid solution is less anodic than that of the
anode (Zn) and, therefore, Zn in solid solution can be deposited by the emf of Zn itself.
The same relates also to the Au and Ni cementation deposit with Zn.

4-4. Electrochemical study.
Electrochemical studies for gold cementation onto copper were done in sodium
thiosulfate solutions without adding ammonia/ammonium ions. For mixed potential
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measurement and constmction of Evans' diagrams, copper and gold rotating disc

electrode made by Pine Instrument Co. were used. The diameter of gold electrode was 1
cm and copper electrode has 0.5 cm of diameter. The electrode surface was polished by
up to 800 grit polishing paper and rinsed by DI water and dried. A Pine Instrument
AFCPRB rotating disc rotator was used for electrochemical study. Gold plated quartz
crystal electrode was used for detailed investigation of the systems for EQCN.
All the electrochemical studies were done in 0.25M sodium thiosulfate (Na2S203)
solution and pH was adjusted to 9.5 by sodium hydroxide (NaOH). Gold sodium

thiosulfate (Na3Au(S203)2) used as a source of gold for making stock solution in 0.25 M
sodium thiosulfate with Millipore DI water. The stock solution had a gold concentration
of 600 ppm and was diluted to desired concentration before each test. Cupric sulfate
(CUSO4) was used for addition of initial copper in the solution. The volume of the

experimental solution was 50 ml for rotating disc tests and 30 ml for quartz crystal nano
balance test. Nitrogen gas was purged to eliminate dissolved oxygen for 30 minutes and

the dissolved oxygen concentration was measured less than 1.0 ppm. All the chemicals
used were of ACS reagent grade.
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4-4-1. Evans' diagram
Evans diagrams were plotted to help in the analysis of gold thiosulfate cementation

reactions. Copper polarization curve was constructed in 30 ppm initial copper
concentration in 0.25M sodium thiosulfate solution using copper rotating disc electrode.
The current-potential curves for gold were constructed with various experimental
conditions using gold rotating disc. Evans diagram were constructed by superimposing

the cathodic portion of the current-potential curves of gold and the anodic portion of
polarization curve of copper. So, the Evans diagram for this study consists of the portion
of gold reduction curve and copper dissolution curve in thiosulfate solution.
Fig. 33 shows the effect of initial gold concentration in the cementation solution of
0.25M 8203^" and without disc rotating. The cathodic and anodic reactions are shown in
Eq. (15) and Eq. (16). When the initial gold concentration was 30 ppm, 60 ppm and 90
ppm, the open circuit potentials (OCP) of the system for gold thiosulfate reduction
increased accordingly. The calculated open circuit potential values are 21 mV, 39 mV and

50 mV for 30 ppm, 60 ppm and 90 ppm, respectively assuming the activity coefficient of
gold(I)-thiosulfate complex is 0.1. These values are well-matched with the experimental
results showing in Fig. 33.
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Fig. 33 Evans' diagram of gold cementation for various gold concentrations at 0 rpm.
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The rest potential of the anodic reaction (i.e. copper oxidation in thiosulfate solution)
was calculated to be -414 mV and it is also close to the experimental value obtained for

this system. As shown in Fig. 33 the rest potentials of the cathodic reaction increases with
increasing initial gold concentration. The current density at corrosion potential where the
two curves are intersected also increased with increasing gold concentrations. The current
densities at corrosion potential (or mixed potential) were increased with gold
concentration and these values are directly proportional to the overall cementation
reaction rate. Because the cementation reaction is a kind of corrosion reaction where the
substrate must be corroded and dissolved into the bulk solution. It is obvious that the
overall cementation reaction rate increased with gold concentration. The gold cementation
onto copper in thiosulfate solution is predicted to be a mass transfer controlled reaction by
Fig. 33, because the intercept of two polarization curves met in the mass transport
limiting region of the gold cathodic reaction curve.
Fig. 34 shows the plot of current density and initial gold concentration. Current density

is directly related to the reaction rate and the slope of this plot is calculated to be 0.73
which should be 1 theoretically. The plot of logarithmic rate vs. logarithmic initial gold
concentration had slope of 0.87. Those values diverged from the ideal number, however
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from the kinetic studies, the first order kinetic plot behaves very well to support the
overall cementation reaction is first order reaction.
The rest potential calculation was performed with ionic activities calculated for the
solution conditions. Ionic strength was calculated to be 0.75 by using Eq. (61) for 0.25M
Na2(S203) solutions. The copper concentration and gold concentration was 4.4 x 10"'' M
and 1.5 x lO '^ M, respectively and they can be ignored comparing with thiosulfate and

sodium concentration.

(61)

where, c; is concentration of ion and z, is the valence of the ion. The standard free energy
of the cathodic reaction (Eq. (15)) is -14.2 kJ/mol and the standard reduction potential
is calculated to be 0.147 volts. The rest potential of the reaction can be described by the
Nemst Equation shown in Eq. (62), Eq. (63) and Eq. (64).

E

E"

RT
—InK
nF

(62)
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E

0.147

0.0591 log

—
^"(*^2^3 )2

(63)

Activity is given by the product of activity coefficient and concentration of the ion

species.

E

0.147

0.059Hog

(64)
'"Au(S20j)1 '^AU{S20J)1

The activity coefficient can be calculated by using Eq. (65), an extended form of the
Debye-Hiickel equation.

where, y, is the activity coefficient of / species, z, is the valence of the ion, / is ionic

strength of the solution, and 5 is a constant regarding the size of the ion. Using Eq. (61)Eq. (65) the rest potential of the gold thiosulfate was calculated, however the constant B
of gold (I) thiosulfate complex in Eq. (65) varied in some references and led to different
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rest potential values. Same calculation was done for anodic reaction of gold dissolution
with proper B value. [52]
Fig. 35 shows Evans' diagram for various disc rotating speeds. The rest potentials did
not change with disc rotating speed because the rest potential is not a function of disc
rotating speed. The electrode potential is only changed with the activity coefficient of
thiosulfate ions and gold thiosulfate. The current densities at the mixed potential were
also found to increase with disc rotating speed which agrees well with the results of the
previous kinetic study. [53] Comparing with the results of the effect of gold concentration
changes without disc rotation in Fig. 34, the current density at the corrosion potential with
disc rotation is much higher than that of high gold concentration. The effect of disc
rotating speed on the overall reaction is greater than the concentration effect and it proved
again that the gold thiosulfate cementation onto copper is controlled by mass transport
reaction.
Fig. 36 shows the logarithmic plot of current density vs. square root of disc rotating
speed indicating linear relationship. Cementation rate is proportional to the square root of
disc rotating speed and the current density is the rate of the reaction. It is well behaved
results and the slope of the log (current) vs. log (co) is calculated to be 0.56 and it is
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Fig. 35 Evans' diagram of gold cementation for various disc rotating speeds.
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close to 0.5 which is theoretical value. These results support the cementation rate follows
the Levich equation very well.
Fig. 37 shows the effect of thiosulfate concentration on the reduction of gold
thiosulfate. When thiosulfate concentration increased from 0.25M to 0.5M, there was an

apparent increase in corrosion current density. However, there was little difference of
corrosion current density at 0.5M and l.OM so that it can be predicted that thiosulfate
concentration higher than 0.5 M would not make the cementation reaction faster.
Generally, increasing the concentration of thiosulfate in the leaching solution resulted
in higher gold extraction. Aylmore reported that gold extraction in thiosulfate solution
increased with thiosulfate concentration ranging from 0.1 to 0.8M. The pH was kept
constant at 10.2 for 96 hours leaching period. The ammonia and copper concentration was

4M and 0.05M, respectively. [54] Breuer and Jeffrey have done similar experiment in 10
mM CUSO4, 0.4M NH3. The leaching rate of gold is reduced at lower thiosulfate
concentrations. [55]
In most leaching systems, the leach rate is directly proportional to the lixiviants
concentration. High concentrations lead to faster metal dissolution rates. However, the
cementation is a metal-reduction process and the lixiviants concentration is not a main
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Fig. 37 Evans' diagram of gold cementation for various thiosulfate concentrations.
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factor for the overall rate. The metal ion concentration and agitation play more important
roles to enhance the cementation rate.
To predict the kinetics of the cementation system Evans' diagram may be useftil

method, however, sometimes it is restricted or difficult to use Evans' diagram for the

kinetic study.
Luna-Sanchez et al.[56] reported the limitation of using Evans' diagram to describe

hydrometallurgical phenomena. They explained the limitation of using Evans' diagram in
terms of the characteristics of the surfaces. In the electrochemical studies, Evans' diagram
has been constructed with volt-amperometric data from metal oxidation and reduction of
oxygen or another metal. The potential sweep is normally initiated at the open circuit

potential (OCP) of the system and proceeds to the oxidation or reduction potential
selected. As the sweep progresses, the solid surface is continually undergoing
modification because of the generation of chemical species. Due to this reason, they
reported that separate analysis of the corresponding anodic and cathodic half reactions
involves stoichiometrics or adsorption processes very different from the combined redox
reaction. For that reason, the evaluations of the leaching or cementation velocities are not
possible from Evans' diagrams.
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But it is worth to predict and interpret cementation kinetics using Evans' diagram. We

are not going to measure the reaction velocity of the cementation reaction with the Evans'
diagram and want to predict the kinetics and verify it with the kinetic experimental results.
The experimental kinetics using copper rotating disc electrode with various experimental
parameters are well matched with the results obtained from the Evans' diagram.

4-4-2 Corrosion potential
When a metal is immersed in a solution in which it is not stable, it will take up a

potential, called the mixed potential or corrosion potential, which is a fianction of the
thermodynamic and kinetic characteristics of both the relevant cathodic and anodic half
reactions. In a cementation reaction, the cathodic reaction is mainly the reduction of the
noble metal ion, although the evolution of hydrogen gas and the reduction of oxygen may
also occur.
Evans' diagrams were previously reviewed and discussed in chapter 4-4-1. Evans'

diagrams can be used to explain some of the characteristics of cementation reactions. The
potential at which the two polarization curves intersected corresponded to the steady state
mixed potential of the reaction. The steady state mixed potential can be shifted to higher
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values under some conditions such as increasing mass transfer rate for a diffusion
controlled reaction. Change of potential with time can yield additional information. [57]

When the base metal is placed in a solution containing the ions of a noble metal, the
mixed potential of the system will be negative with respect to the rest potential of the
noble metal. At this point, very little cementation would have occurred, and the mixed
potential will be that of the base metal immersed in the solution. As the noble metal ions
begin to cement on the surface of the disc, the mixed potential will change. Provided
enough of the noble metal is deposited on the surface of the electrode, the mixed potential
will increase with time as the electrode becomes more characteristic of the noble metal
immersed in the solution. In general, a steady state mixed potential is reached after a

period of time.
How fast the mixed potential increases with time is a function of a number of things.
For example, the characteristics of the cathodic and anodic reactions, the rate of the
cementation reaction, the nature of the deposit and the occurrence of any competing
reactions such as hydrogen evolution.
Fig. 38 shows recorded mixed potential with time as a function of initial gold
concentration in 30 ppm initial copper concentration, 0.25M thiosulfate concentration, pH
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Fig. 38 Corrosion potential with time as a function of initial gold concentration with 30
ppm initial copper and without nitrogen purging.
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9.5 and without nitrogen purging. At higher initial gold concentration (30, 50, and 100
ppm), the mixed potential of the system increased rapidly from the low initial potential
region. In contrast to this, at the lower initial gold concentration (5, 10 and 20 ppm), the
mixed potential remained quite negative throughout the experiment. These results can be
interpreted in view of the fact that the cementation of gold by copper is diffusion

controlled, with the rate of the reaction increasing with increasing gold concentration.
Clearly, at the higher gold concentration, the rate of deposition is faster and hence the
mixed potential increases quite rapidly. At lower gold concentration, the rate of deposition
is relatively slow and the amount of the deposit is less, and therefore the mixed potential
remains more negative, still largely influenced by the potential of the copper substrate.
Fig. 38 also shows the passivation characterization of the electrode under these
conditions. At low initial gold concentrations (5, 10, and 20 ppm), the electrode surface
does not appear to be passivated. Mixed potentials increase slightly up to about 500
seconds and then gradually decrease for the next 2500 seconds. Corrosion potentials
remain steady around -360 mV to -365 mV for the remainder of the test. With increasing
gold concentration, mixed potential curves have distinctly different patterns. Each
exhibits strong evidence of passivation. The abrupt potential increase at 4500 seconds for
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30 ppm, 1200 seconds for 50 ppm, and 900 seconds for 100 ppm initial gold
concentration indicates that the electrode surface is being passivated. When the copper
electrode was coated with cementation deposit, it acts more like gold electrode and the
mixed potential approaches to the rest potential of cathodic half cell reaction. The curves

for 50 ppm and 100 ppm initially decreased and had steady potential regions before
sudden increase, however the one for 30 ppm had a short period of increasing potential
range. The potential increase was about 10 mV for 115 seconds. The reason of this initial
increase is not clearly evident.
Initial gold concentration is directly related to the length of time before passivation.
The passivation onset time decreased from 4500 seconds to 900 seconds as increasing
gold concentration. The curves in high initial gold concentrations showed second or third
passivation events. In case of 30 ppm, the potential increased suddenly at 4500 seconds
from -345 mV to -325 mV and the potential remained same for next 1000 seconds and
increased again up to -320 mV. A series of passivation event can be identified in the curve

for 100 ppm gold. For 50 ppm initial gold concentration, the initial passivation happened
at 1200 seconds and followed by a region of depassivation and then passivation at 3300
seconds.
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It is believed that passivation occurs when the gold-copper alloy deposit acts as a
reaction barrier between copper substrate and solution. When the copper substrate
electrode was coated by close-packed metal alloy, the mass transfer of the copper ion into
bulk solution was inhibited that resulted in passivation. However, the deposited alloy

surface easily detached from the copper substrate exposing a fresh copper surface to the
cementation solution. Reaction with the fresh substrate led potential decrease and the
electrode is believed to be depassivated. Copper-gold alloy deposit during the gold
cementation in thiosulfate solution is easily detached at high gold concentration or high
reaction rates. Thus, at low gold concentration, the overall cementation reaction was not
high enough to make a dense gold-copper alloy deposit capable of causing passivation.
However, at high gold concentration the gold-copper alloy blocked the substrate for

cementation reaction which resulted in passivation. The higher the gold concentration, the
shorter the passivation onset time is. Multiple passivation events can be explained by
deposit detachment. This phenomenon can be seen in curves for 30 ppm and 50 ppm. In
case of 100 ppm, depassivation could not be seen but several passivations were observed
because the overall rate was so high that the surface is almost always covered by the goldcopper alloys. The fluctuation in mixed potential during the cementation process was
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reported by Hassissene et. al. [58] They studied Ag/Cu/NOs", and Cu/Zn/S04^" system
using rotating disc electrode for the cementation. It was reported that the fluctuation of
the corrosion potential is very important for comprehensive study of this type of systems.
The cement detachment was easily detected from potential measurement even though
such an event is undetectable on a first order kinetic plot obtained by sampling the bath

from time to time. Observation of the electrodes during cementation reaction allows a
correlation between each potential fluctuation and deposit detachment and fall from the
substrate. When a non-adherent cementation deposit falls from the electrode, the cathodic
surface area is expected to decrease and the anodic surface area to grow by releasing
superficial sites for substrate dissolution, which leads to a sudden potential decrease.
Fig. 39 shows mixed potential as a function of initial gold concentration without initial
copper in solution and without nitrogen purging. At low gold concentration (5 and 10

ppm), the potential behaves similar to those in Fig. 38. Curves show initial increase and
gradual decrease, because the reaction is very slow at low initial gold concentrations.

Passivations can be seen in 15, 20, and 30 ppm initial gold concentration. When the
experimental solution contained 30 ppm of initial copper concentration, the passivation
was not observed until 30 ppm initial gold concentration. The passivation onset time
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Fig. 39 Corrosion potential with time as a function of initial gold concentration without
initial copper and nitrogen purging.
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decreased with increasing gold concentration and there is a linear relationship between
gold concentration and the time of passivation initiation. The driving force of the gold
cementation is dissolving copper metal to copper ions and the amount of dissolved copper
ion is directly related to the amount of cementation deposit. If the solution did not contain
initial copper, the dissolution rate of copper was much higher than the case of 30 ppm
initial copper contained in the solution. The high dissolution rate without initial copper
made more deposit on the surface and the electrode was passivated by the deposit. The
copper was reported as a non-cemented element that has a negative effect on the

cementation reaction by Guerra and Dreisinger. It seemed that the presence of copper in
solution has a tendency to inhibit the degree and onset of passivation. This is
demonstrated clearly in Fig. 40. Fig. 40 shows the corrosion potential changes with time
as a fiinction of initial copper concentration at 30 ppm initial gold concentration without
nitrogen purging. The cementation deposit without initial copper in the solution is initially
more like pure gold than a gold-copper alloy and it goes to gold-copper alloy as the

copper is dissolved to the solution. The initial dense gold deposit appears to block the
surface more easily than gold-copper alloy to make the surface passivated. The copper in
gold-copper alloy can give a surface for cementation reaction, because the activity of
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Fig. 40 Corrosion potential with time as a function of initial copper concentration at 30
ppm initial gold concentration without nitrogen purging.
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copper in gold-copper alloy is less than that in pure metal. The low activity in alloy made
copper dissolved to the solution easier and it led to longer time for surface passivation.
The potential difference between the steady state potential before the passivation and the
peak potential just after the passivation in Fig. 40 is defined as the amount of passivation.
The passivation onset time for 30 ppm initial copper concentration case is 4560 seconds
and the amount of passivation is 20mV. The second passivation occurs at 5620 seconds
with 5mV of passivation amount. To the contrary, the passivation happens much earlier

without initial copper solution than that with 30 ppm initial concentration of copper. It is

1770 seconds and the amount of passivation is 35mV. The second and third passivations
are recorded at 5470 seconds and 5845 seconds with the amount of 13 mV each.
Fig. 41 shows the effect of disc rotating speed on the mixed potential variation with
time. The experimental conditions are 30 ppm initial copper and gold concentration,
0.25M sodium thiosulfate. In all cases, mixed potential decreased abruptly for the first
several hundred seconds and stayed stable at between -365 mV to -375 mV. For 500 rpm
the stable potential region lasted up to 4500 seconds and increased up to -345mV where
the electrode surface was passivated. The onset time of passivation at 1000 rpm and 2000
rpm was almost same at 2500 seconds. The amounts of passivation for all three conditions
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Fig. 41 Corrosion potential with time as a function of disc rotating speed at 30 ppm initial
copper and gold concentration without nitrogen purging.
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are almost identical which is from around -370mV to -345mV. It shows that the chemical
composition of the initial solution played an important role to determine the amount of
passivation. It is also evident that increasing disc rotating speed makes the passivation
onset time decreased. At 500 rpm and 1000 rpm only one passivation step was observed,
however, a second passivation was observed at 2000 rpm. It is very similar reason for the
concentration effect that increasing disc rotating speed makes the mass transport increase

which resulted in increasing overall reaction rate.
The kinetic results using rotating disc electrode did not have any evidence of
passivation. The negative deviation was not observed in the first order kinetic plot
obtained by analyzing experimental solution and any sulfur containing materials that
induce passivation were not detected by EDS or XPS analysis. But, the passivation indeed

happened in most of the cases except at very low initial gold concentration. To explain
this phenomenon the deposit detachment must be used. Cementation deposit is not as
coherent as the one in electrodeposition because, the dissolved metal sites in the

originally smooth surface acts as a nucleation site for the cementation deposit. In this
research, the morphology of the copper substrate exposed to the cementation solution
changed dramatically as the reaction going on.
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Fig. 42 shows the morphology of the cementation deposit and copper substrate after the

experiment at 30 ppm initial copper and gold concentration. The cementation deposit has
smooth surface but the substrate underlying is totally different. The photomicrograph
shows very irregular surfaces that has deep valleys, holes, and a lot of height differences
on the substrate. Those irregularities on the copper substrate cause non-adherent deposit
resulting in detachment. The continuous detachment of the cementation deposit prohibited
the surface being passivated because they gave fresh surfaces for the reactions in the
electrode used for kinetics study. The electrode used for kinetic study has 2 cm diameter

and the one for electrochemical study was 0.5 cm diameter copper rotating disc. The
surface area of the disc for kinetic study has 16 times more than that of electrochemical
study and it causes the huge difference of the amount of the deposit. It is believed that the
passivation might happen on the electrode surface in kinetic studies, but it was not
detected by analytical method due to the detachment of the surface deposit. Continuous
deposition on copper surface and detachment from the substrate kept happening
simultaneously after a certain amount of time resulting in linear decrease of gold
concentration. This is the reason that a lot of exfoliated foils in the reaction vessel after
tests

could be collected and

fully coated rotating disc electrodes

were obtained at the
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(b) Copper substrate showing many kinds of irregularities
Fig. 42 SEM microphotograph showing the morphology of the cementation deposit and

copper substrate
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same experiment.
Nitrogen is normally purged into the solution to eliminate dissolved oxygen, especially
for electrochemical studies. The previous conditions did not including initial nitrogen
purging and Fig. 43 shows the effect of nitrogen purging for mixed potential changes in
various experimental conditions. It consists of two experimental series. One is without
initial copper and the other is with 30 ppm initial copper in the solution. Comparing the
two conditions, mixed potentials without initial copper started at around -345mV and
those with initial copper started at around -375mV. This supported the previous results

and explanation that the deposit without initial copper is more like pure gold than goldcopper alloys resulted in higher mixed potential than those with initial copper in the test
solution. Both curves without initial copper drop initially from -345mV to -375m and the
potential drop is more rapid for the case of nitrogen purging. Then the potentials increase

gradually up to -340mV for 1500 seconds which is close to the point of passivation
potential for atmospheric condition. It is believed the electrode was not passivated at this
point and the potential started increasing rapidly at 1500 seconds up to -310mV. At this
point the electrode is believed to be passivated. After the passivation at 1500 seconds the
potential increases slightly for next 5400 seconds. The curves with 30 ppm of initial
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Fig. 43 Corrosion potential with time as a function of initial nitrogen purging at 30 ppm
initial gold concentration without initial copper.
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copper concentration with nitrogen purging show lower potential values than those
without copper. An initial drop from -375mV to -400mV is observed for all 10, 20, and 30
ppm initial gold concentration. The mixed potential gradually increased over the next
7200 seconds and the electrode was not passivated at 10 ppm initial gold concentration.

At 20 and 30 ppm conditions the mixed potentials gradually increases similar to the one
in 10 ppm gold concentration, however those in 20 and 30 ppm started increasing at 1800
seconds up to -350mV. This showed the passivation of the electrode at 20 and 30 ppm
initial gold concentration. Table 9 summarized the result of corrosion potential
measurement in terms of the passivation occurrences. Passivation occurred at high gold
concentrations and was prohibited with initial 30 ppm copper concentration. Nitrogen

might have enhanced the passivation. When nitrogen purged in the solution, most of the
dissolved oxygen was removed and it avoided wasting electrons for oxygen evolution on
the electrode surface. This increases the efficiency of reaction leading lots of deposits and
the deposit makes the electrode passivated.
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Table 9. Summary of the passivation occurrence with the experimental conditions.

[Au]o (ppm)
No

30ppm[Cu]o

Purging

Oppm[Cu]o

Nz

30ppm[Cu]o

Purging

Oppm[Cu]o

1

o

5

10

o

o

o

o

15

20

30

o

V

o

V

V

V

V

50

100

V

V

V

V : passivation, o : no passivation

4-4-3. Electrochemistry with EQCN
Linear sweep voltammetry (LSV) was used to determine the reduction potential of gold
thiosulfate complex. The complete electrochemical behavior of a system can be obtained
through a single experiment by sweeping the potential with time and recording the i-E
curve. Usually the potential is varied linearly with time at a certain sweep rate. The
technical name for the method is linear potential sweep chronoamperometry but most
researchers refer to it as linear sweep voltammetry (LSV).

4-4-3-1. Gold(I)-thiosulfate reduction potential
To find

the reduction potential of gold(I)-thiosulfate complex, linear sweep
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voltammetry was used using electrochemical quartz crystal microbalance (EQCN). Zhu et
al. reported that the anodic voltammetric curves of the gold electrode in thiosulfate

solutions did not indicate the feature of gold dissolution in gold leaching experiments in
thiosulfate solution. [59] The rotating disc electrode was used to find

the reduction

potential of gold(I)-thiosulfate by linear sweep voltammetry and cyclic voltammetry but
these attempts were in vain.
Using a electrochemical quartz crystal microbalance is a good alternative method to
determine the reduction potential of gold(I)-thiosulfate complex. If gold is deposited on
the surface, the mass change on the electrode surface will be detected. The potential was

swept from OmV to -700mV vs. SHE (Standard Hydrogen Electrode) with scan rate of 1
mV/s. The experimental solution contained 0.25M sodium thiosulfate and 50 ppm and
500 ppm initial gold concentration without initial copper.
Fig. 44 and Fig. 45 show linear sweep voltammogram showing the reduction of
gold(I)-thiosulfate to elemental gold and the mass changes measured using the EQCN at
50 ppm (Fig. 44) and 500 ppm (Fig. 45) initial gold concentration. The calculated current
density was calculated by Faraday's law using the recorded mass changes. There is
essentially no reaction occurring at potential more positive than -250mV and the little
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Fig. 44 Linear sweep voltammogram showing the reduction of gold(I)-thiosuIfate to
elemental gold at 50 ppm initial gold concentration at 0.25M sodium thiosulfate.
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Fig. 45 Linear sweep voltammogram showing the reduction of gold(I)-thiosulfate to
elemental gold at 500 ppm initial gold concentration at 0.25M sodium thiosulfate.
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current density measured in this region is due to the reduction of residual dissolved
oxygen. [60] The current density increased rapidly at potential more negative than 250mV in both cases. The measured current density cannot be considered solely gold
plating. It is reported that thiosulfate could be reduced to hydrosulfide at -310 mV as
shown in Eq. (66). The gold plating reaction should be distinguished from this kind of
reaction occurred in the solution that did not affect the mass change in the electrode

surface.

+ 5H2O + 8e" ^ 2HS" + 80H"

(66)

The current density changes only with 0.25M sodium thiosulfate support the thiosulfate
reduction to hydrosulfide shown in Fig. 44. Mass changes on the quartz crystal electrode
were not detected in the condition of only 0.25M sodium thiosulfate. This result makes
sure that the elemental sulfur deposition onto gold electrode surface does not happen by
disproportionation shown in Eq. (67) and Eq. (68). The possible side reactions which are
not related to mass change in quartz crystal electrode concurred with gold deposition are
shown in Eq. (69) to Eq. (71).
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SzOs^'

SOa^" + S°

28203^" + H2O ^ 2S0/" + 4S° + OH8203^" + O2 + 2H2O

280/- + 4H^

(67)
(68)
(69)

48203^- + O2 + 2H2O ^ 28406^" + 80H-

(70)

38203^- + 60H" ^ 4803^- + 28^" +3H2O

(71)

Eq. (69) and Eq. (70) show the oxidation of thiosulfate to sulfate and tetrathionate and Eq.
(71) shows disproportionation into sulfite and sulfide ion.
The difference between the measured current density and the one only with thiosulfate
is considered as the current involved for gold reduction reaction. However, the difference
between the calculated current density and the current density with only thiosulfate is still
larger than the calculated current density. This also reveals that there are other electroninvolved reactions happening in this system. The mass changes in the gold electrode were
measured using EQCN and it also shows that the mass increases at more negative
potential than -250mV. Breuer et al. [60] reported that gold deposition reaction is
diffusion controlled at the potential more negative than -700 mV at O.IM sodium
thiosulfate solution with 300 rpm and the mass changes in that region was linear with
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potentials. The diffusion limit plateau in calculating current density curve is not observed
in the condition of this research.

4-4-3-2. Gold deposition rate with applied potential
Gold deposition rates for several potential ranges are shown in Table 10. The potential

ranges were selected and the deposition rates calculated using data from Fig. 44 and Fig.
45. The deposition rates in each region are not constant. The change in mass with
potential in Fig. 44 and Fig. 45 appears linear but the calculation reveals the deposition

rate kept increasing. It is the evidence that the reaction does not hit the mass transfer
limiting condition and explains the reason of the absence of a diffusion limit plateau. The
potentials where mass started increasing in 50 ppm and 500 ppm initial gold
concentration were almost identical and it is clear that gold(I)-thiosulfate complex is
reduced in the potential around -250 mV.
From the results shown in Table 10, the rate of gold(I)-thiosulfate reduction to gold

metal kept increasing with decreasing potentials. To verify the result from the linear
sweep voltammetry, gold deposition experiments were carried out at several applied

potentials and the currents were measured.
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Table 10. Gold deposition rate as a function of potential in selected ranges.

50 ppm [Au] o

500 ppm [Au] o

(ri/s)

(rfe/s)

-300 mV to -400 mV

0.00175

0.0123

-400 mV to -500 mV

0.00282

0.0192

-500 mV to -600 mV

0.00350

0.0256

-600 mV to -700 mV

0.00308

0.0308

^~~^\Gold concentration
Potential ranges

The mass changes on the quartz crystal electrode were recorded simultaneously. Fig. 46
shows the results at 50 ppm initial gold concentration without initial copper in -300mV, 400mV, and -500mV. As mentioned earlier gold(I)-thiosulfate reduces at -250mV and the
deposition rate increased monotonously with decreasing potential (i.e. increase
negatively). When the applied potential was -200mV vs. SHE, the mass rarely changed
for moie than 10 minutes. The slopes of cach applied potential show the gold reduction

rate increases with decreasing applied potential and the rate stays constant through the
tests.
Fig. 47 shows the experimental results at 30 ppm initial copper concentration and the
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Fig. 46 Mass changes of gold deposition as a fiinction of applied potential at 50 ppm
initial gold concentration without initial copper.
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Fig, 47 Mass changes of gold deposition as a function of applied potential at 50 ppm
initial gold and 30 ppm copper concentration.
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mass changes are very similar to the result in Fig. 46. These results in Fig. 46 and Fig. 47
are well matched with the result from Fig. 44 and Fig. 45. The gold deposition rate in
thiosulfate solution is proportional to the applied potential and the rates of the deposition
for each applied potential are shown in Table 11. The values for 50 ppm initial gold
concentration without copper (Fig. 46) and 50 ppm initial gold and 30 ppm initial copper
concentration (Fig. 47) are obtained by linear regression from the plot and the values for
Fig. 44 are calculated by choosing 5 each values before and after the each potential from

the raw data. These data in Table 11 are well matched each other and are another evident
for the relationship between the gold deposition rate and applied potential. Comparing the
results for Fig. 46 and Fig. 47, the initial copper in the solution reduces the deposition rate
and it confirmed the kinetic study that the copper had a negative effect on the cementation
reaction in thiosulfate solution. However, it was especially in high temperature and the
effect of copper is very small in 20 °C for cementation reaction. [53] The lower rate in
copper containing sokitions can be explained by the alloy effect because of the atomic
weight differences of copper (63.55 g) and gold (196.97 g). When the pure gold deposit
goes to gold-copper alloys, the total weight of the deposit will decrease.
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Table 11. Gold deposition rate as a function of applied potential at various experimental

conditions.
Applied
[Cu] o =0 (Fig. 44)

[Cu] o =0 (Fig. 46)

[Cu] o =30 ppm (Fig. 47)

(rfe/s)

(ri/s)

(rfe/s)

-300 mV

0.0007

0.0007

0.00056

-400 mV

0.0022

0.0020

0.00156

-500 mV

0.0028

0.0028

0.00201

-600 mV

0.0031

-

-

-700 mV

0.0040

-

0.00415

Potential
(vs. SHE)

4-4-3-3. Morphology and composition changes
The quartz crystal electrode was removed from the experimental cell and analyzed by
FESEM and EDS. Fig. 48 shows SEM micrograph of the deposit obtained at -300 mV in
50 ppm initial gold concentration and 30 ppm initial copper concentration. The surface
deposit has ring-shape deposit clusters with an obvious hole in the center and the size of
the cluster is about 150-200 nm in diameter. The cluster consists of very small grains and
holes in the center of the cluster whose sizes are about 50 nm in diameter.

The deposit
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Fig. 48 SEM micrograph of the deposit at -300mV in 50 ppm [Au] o and 30 ppm [Cu] o on
quartz crystal electrode.
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does not cover the gold substrate, whereas the gold surface is fully covered by the deposit

at potential more negative than -400 mV. Fig. 49 shows the deposit obtained at -400 mV
and the grain size is very close to the deposit at -300 mV. It seems that the holes in the
deposit at -300 mV are covered by the deposit at more negative potential. The
morphology of the deposit obtained at -500 mV is also very similar with the one at -400
mV shown in Fig. 50. The deposit obtained at -700 mV has very different morphology
comparing to those obtained at lower potentials.
Fig. 51 shows the morphology of the deposit in low magnification (lOK) and high
magnification (30K). The deposit does not fully cover the gold substrate and is not
smooth. The pattern of the growth at -700 mV is like linked chain and seems to grow
upward. As increasing the applied potential, the deposit at aqueous solution normally has

a bigger grain size and covers all the area of the substrate forming microscopically rough

surface, because it is required to overcome the activation energy barrier to form a new
nucleus resulting in growth existing nuclei instead of making a new one. But the result in
-700 mV in this case does not follow that. By EDS analysis, the deposit obtained at -300
mV is pure gold and copper was not detected at all. Gold reduction potential was
identified around

-250 mV and copper reduction potential

must be more negative than
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Fig. 49 SEM micrograph of the deposit at -400mV in 50 ppm [Au]o and 30 ppm [Cu]o on

quartz crystal electrode.
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Fig. 50 SEM micrograph of the deposit at -500mV in 50 ppm [Au]o and 30 ppm [Cu]o on
quartz crystal electrode.
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Fig. 51 SEM micrograph of the deposit at -700mV in 50 ppm [Au]o and 30 ppm [Cu]o on

quartz crystal electrode.
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-300 mV in this condition. Copper was detected on the deposits obtained at -400 mV, -500
mV, and -700 mV. The amount of copper in -400 mV and -500 mV was relatively smaller
than that in the deposit obtained at -700 mV. The amount of the deposit is very small and
the thickness of the deposit was too small to quantify the elemental composition. The

amount of copper estimated by the EDS peak intensities varied with the applied potentials.
The deposit at -700 mV has the most amount of copper and it is very close in the deposit
at -400mV and -500 mV. It is believed that the copper contents in the deposit at -700 mV
played an important role for the morphology of the deposit. The linked chain shape region

has more copper and the base has more gold in the deposit. The amount of copper in the
base is less than those in the deposits at -400 mV and -500 mV. From these EDS analysis
results, it can be predicted the formation of the deposit at -700 mV. Initially, gold rich area
forms a uniform and smooth surface on the gold electrode surface and the deposit which
has more copper started to form a chain-linked shape deposit, because at -700 mV it is
much easier to deposit gold than copper. Then, the copper rich gold alloy is deposited on
the gold rich surface.
To get the quantitative results of the alloy composition with various applied potentials,
a small stainless steel substrate used which will be discussed in chapter 4-4-6.
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4-4-4. Linear Sweep Voltammetry (LSV)
Fig. 52 shows the mass changes with potential from linear sweep voltammetry at

various initial copper concentrations with 50 ppm initial gold concentration. The deposit
is pure metal without initial copper in the solution and it goes to gold-copper alloy with
initial copper in the solution. The gold reduction started around -250 mV as described in

chapter 4-4-3-1, however the rate of the reduction is very slow and the total mass

deposited for pure gold deposition stays the lowest position in the figure until the
potential reaches around -500 mV. The initial deposition rates of gold-copper alloy when
the solution contains initial copper are greater than that of pure gold deposition. It is the
total molar concentrations of copper and gold that make the initial deposition rate

differences. It is 2.54 x lO""^ M of gold when the solution contains 50 ppm initial gold.
However, the copper concentrations are higher than gold concentration. When the copper
concentrations are 30 ppm and 80 ppm, the molar concentrations are 4.72 x lO"'^ M and
].26x 10'^ M, respectively. At low potential (< -300 mV), higher copper concentration

attributed to increase the mass changes. The mass changes between -300 mV to -400 mV
is higher than those of -400 mV to -500 mV for gold-copper alloy deposition, because
copper and gold codeposition started in the region of -300 mV and the alloy composition
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Fig. 52 Linear sweep voltammetry showing the mass changes with potential for 50 ppm
initial gold and various copper concentrations.
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is considered being AusCu under these conditions. At increasing potential, the amount of
deposited copper increased and the alloy composition would go from AusCu to AuCu and
finally AuCus. So, at the potential range of -300 mV to 500 mV the deposition rate
decreased because the deposited alloy would be AuCu. When the potential goes more
negatively than -500 mV, the rate increased again. It is not matched with the mass of alloy
because at more negative potential (< -500 mV), overall deposition rate increased due to
high overpotential. The calculated current efficiency in -700 mV was 39.9% and 20.1 %
in -500 mV. When the potential is more negative than -500 mV, the overall deposition rate,
especially the rate of copper is significantly increased. The high copper deposition rate

will be discussed later in the point of view of underpotential deposition. Compared with
the results with initial copper in the solution, pure gold deposition rate was relatively
lower than the rate of alloy deposition. It is not matched with the compositional changes
hypothesis and underpotential deposition (UPD) of copper can explain this phenomenon.

4-4-5. Underpotential deposition (UPD) of copper
The electrodeposition of a metal adsorbate onto a solid surface is a key aspect of
important technological processes such as electroplating and corrosion inhibition. In a
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number of cases, metal overlayers can be electrodeposited onto a dissimilar metal
substrate at a potential that is less negative than the Nemst potential. The initial stages of
adsorption/deposition dictate the structure and properties of the deposit. The strong
interaction in a UPD process is between the metal to be deposited and the substrate. [61,
62]. UPD is now a well estabhshed phenomenon, and has been observed with a great
variety of substrate/adsorbate combinations and surface structures. [63-66] The
applications of UPD are numerous. It has been used to catalyze the electro-oxidation of
organic substances, oxygen reduction, reduction of nitrate ions and other redox reactions.
[67]
Underpotential deposition shift depends on work function differences, lattice

coordination numbers, solvent desorption energies, and surface coverages. The
occurrence of UPD is, in general, inferred from cyclic voltammetric studies wherein
peaks corresponding to (sub)-monolayer adsorption are observed at potentials more
positive than Nemst potential. Thus, the charge involved in the adsorption and deposition
processes can be conveniently analyzed by integrating the observed current response over
the entire time. Because the origin of this phenomenon lies in the enhanced interaction of
depositing metals with foreign substrates, the work function differences play a
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predominant role in dictating the potential shift. [68]
Underpotential deposition of copper on gold or platinum has been commonly observed.

[69-72]. Omar et al. studied the UPD of copper on Au(lll) in sulfate solution at different
Cu^^ concentrations and the UPD of copper spectrum shifted towards lower potentials as
decreasing Cu^"^ ions. They proposed the formation of the intermediate species Cu'^int by
the chemical disproportionation reaction shown in Eq. (72).

Cu^^ + Cu° ^ 2Cu^nt

(72)

The Cu° atoms in Eq. (72) may be either atoms at the surface of copper or presumably
adatoms (Cu^ad) on the gold surface deposited at underpotentials. The intermediate
species Cu^int can be further discharged as shown in Eq. (73) or diffuse away from the
surface into the bulk of the solution by Eq. (74).

Cu"^int + e" —> Cu°

Cu int

*

Cu aq

(73)
(74)
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Magnussen et al. studied the morphology of the atomic layer of copper adlayers on
gold electrodes using in situ scanning tunneling microscopy. The atomic structure of
ordered copper adsorbate layers on Au(lll) and Au(lOO) electrodes surfaces and of the
clean substrates was resolved by STM. [73]
Fig. 53 shows the linear sweep voltammograms in various experimental conditions to
determine the underpotential deposition of copper on gold electrode. The calculated
reduction potential of copper(I)-thiosulfate complex shown in Eq. (16) is -401mV. The
dotted line represents the normal copper deposition without initial gold concentration
onto copper substrate and the reduction potential is about -440 mV. It is believed that the

bulk deposition of copper is going to happen in this potential. The other three curves
represent the deposition of gold or gold-copper alloys onto gold electrode. It is the
intention to find the copper(I)-thiosulfate complex reduction potential and compare it to
the normal bulk deposition potential. When the experimental solution contains only 50
ppm initial gold concentration, the deposit must be pure gold and, as described before, the
gold reduction potential could not be identified. The voltammogram shows a little
shoulder in the potential range between -300 mV to -350 mV with the addition of 30 ppm
initial copper concentration to the solution. A distinguished reduction peak at -310 mV
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appears when the solution contains 80 ppm initial copper concentration. It is sure that this

peak represents the reduction of copper(I)-thiosulfate complex, because, there is no peak

observed in the solution containing only 50 ppm gold. When copper concentration

increases from 0 to 30 and 80 ppm, the peak on -310 mV appears. It is the evidence of the

underpotential deposition of copper on gold electrode. The normal reduction potential

calculated by the Nemst equation is -404 mV and the experimental reduction potential of

copper onto copper electrode is about -430 mV which is close to the value of the

calculation. Fig. 53 shows the transition of the copper deposition characteristics depends

on the copper concentrations and the substrate to make sure that underpotential deposition

happens in this condition.

4-4-6. Alloy composition and morphology changes with applied potentials.

The morphologies of the deposit on the quartz crystal electrode were discussed in

chapter 4-4-3-3 and the chemical composition was not determined, because not only the

thickness of the deposit was too thin to get precise quantitative values but also the quartz

crystal substrate was coated with gold which would be analyzed by the EDS. It is

essential to prepare a substrate which does not contain gold or copper, therefore a 1.5 cm
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X 1.5

cm X

0.5 cm stainless steel electrodes were fashioned and used as a cathode for

alloy deposition. The stainless steel was cut from a large plate and followed the same

procedure of surface preparation as for copper rotating disc electrodes described in

chapter 3-1-2. Applied potentials were changed from -300 mV to -700 mV and the

solution contained 0.25 M sodium thiosulfate, 50 ppm initial gold and 30 ppm initial

copper concentration.

4-4-6-1. Chemical composition changes

The alloy composition of each sample is shown in Table 12. The gold concentration is

high at relatively low applied potential and decreases with decreasing potential.

Table 12. Alloy composition with various applied potentials with stainless steel electrodes.

\

-300 mV

\

-400 mV

-500 mV

-600 mV

-700 mV

at. %

wt. %

at. %

wt. %

at. %

wt. %

at. %

wt. %

at. %

wt. %

Au

80.1

92.6

74.9

90.2

54.6

78.8

35.2

62.7

29.9

56.0

Cu

19.9

7.4

25.1

9.8

45.4

21.2

64.8

37.3

70.1

44.0
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It shows copper content in the deposit increases as the potential becomes more negative.

It is very critical in terms of gold recovery. It is better for the deposit to have more gold

and less copper to increase the efficiency of gold recovery. With high negative potential

applied in the system, the deposit should have a lot of copper instead of gold. From these

results, to increase the efficiency of gold recovery, it is better to maintain low negative

potential. It also supports the result in Fig. 52. As the potential goes to more negative

directions, the rate of the mass change decreases because of the alloy composition change

from AusCu to AuCu. When -400 mV was applied, the chemical composition was about

75 at. % gold and 25 at. % copper which is exactly AusCu. The chemical composition of

the deposit changes significantly when the potential goes to more negative direction. At -

500 mV, the composition is 54.6 atomic percentages and 45.4 atomic percentages of gold

and copper, respectively which is close to the AuCu. Finally the chemical composition of

the deposit is very close to the AuCub at -700 mV which has 70 atomic percentages of

copper and 30 atomic percentages of gold. Gold composition changes on the deposit with

applied potential were plotted in Fig. 54. The composition changes have a good linear

relationship with applied potential, especially in the range from -400 mV to -600 mV and

the alloys obtained under these conditions are in the range of possible gold-copper
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intermetallic compounds.

In the kinetic study, the chemical composition is proved to be a function of initial mole

ratio of copper and gold in the solution and the possible chemical compositions based on

the binary phase diagram of Au-Cu are AusCu, AuCu, and AuCua. These results show that

applied potential also influences the alloy composition. The chemical composition of the

deposits is a fiinction of applied potential as well as initial mole ratio of copper and gold.

4-4-6-2. Morphological changes

Stainless steel electrodes was cleaned by DI water and dried after the deposition

process. The whole piece was mounted on the SEM sample holder and investigated using

FESEM. SEM micrographs were taken at the magnification of 3000, 50000 and 80000 for

each applied potential to compare the morphologies of the deposits except at -600 mV.

Fig. 55 shows the deposits at -300 mV. At low magnification the deposit appears to

have a lot of particles on the surface. The size of the particle is less than a micron and

there are a lot of small clusters on the bottom. From this feature, it is believed that many

nuclei formed initially on the substrate and the growth came to dominate the nucleation

processes to make big particles. The stria from the initial surface polishing seems to give
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(a)

(b)
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Fig. 55 SEM micrograph of the deposit at -300mV in 50 ppm [Au]o and 30 ppm [Cu]o on
stainless steel electrode, (a) at 3,000x, (b) at 50,000x, (c) at 80,000x

Ill

nucleation sites for deposits during the initial stage, resulting in the particles being

aligned parallel to each other. The EDS point analyses revealed the composition of the

base and the cluster in the deposit had same chemical composition. Increasing the

magnification from 50000 to 80000, the figure

shows the submicron size clusters also

consist with very fine structures whose sizes are 20-30 nanometers. The big clusters look

like sphere and those seem to grow in all directions simultaneously.

Fig. 56 shows the alloy deposits at -400 mV and the surface was almost fully covered

by big clusters as seen at low magnification. The size of the large clusters is almost

identical and only the density is increased at -400 mV deposit than that at -300 mV.

Comparing with the results at -300 mV, only the size of the small clusters are increased

while the large clusters shown in low magnification is almost same. The size of the large

clusters in high magnification for both -300 mV and -400 mV is 200-800 nanometers but

the small clusters at -400 mV have the size of 30-60 nanometers.

Fig. 57 shows different images comparing with those in Fig. 55 and Fig. 56. At low

magnification, the surface is almost filled with large grain-like deposits whose sizes are 3-

12 microns. The base surface and clusters are not distinguishable at low magnification. At

higher magnification, it can be seen that the grain sizes are more uniform and the surface
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(b)

(C)

Fig. 56 SEM micrograph of the deposit at -400mV in 50 ppm [Au]o and 30 ppm [Cu]o on
stainless steel electrode, (a) at 3,000x, (b) at 50,000x, (c) at 80,000x
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(b)

(C)

Fig. 57 SEM micrograph of the deposit at -500mV in 50 ppm [Au]o and 30 ppm [Cu]o on
stainless steel electrode, (a) at 3,000x, (b) at 50,000x, (c) at 80,000x
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morphology is flatter than those of -300 mV and -400 mV. The base of the surface can be

seen only at high magnification.

Fig. 58 shows the deposits at -600 mV and similar results with Fig. 57. The grain size

and the morphology of the surface is almost identical to that of -500 mV in low

magnification. The only difference is the presence of the spherical deposit on the surface

at -600 mV. The sizes of the spheres are about one micron and it can be seen in detail at

the high magnification (lOOOOX). The spheres of one micron size consist of smaller

clusters whose sizes are less than a micron. A new feature comes up at the magnification

of 80000. It shows the very small sizes of clusters on the one micron size spheres and

faceted structures whose sizes are 100-200 nanometers. The cubic-like precipitates were

analyzed by EDS spot analysis and it had slightly high gold concentrations. Because the

beam penetration is much deeper than the size of precipitates, the quantitative values are

not given.

At -700 mV the features change once again and are shown in Fig. 59. The surface

seems very smooth and there are not many clusters at low magnification (3000X).

However, the cubic-like precipitates observed in Fig. 58 come to dominate. The sizes of

the precipitates are around 300 nanometers and the very small size clusters on the bottom

(b)
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Fig. 58 SEM micrograph of the deposit at -600mV in 50 ppm [Au]o and 30 ppm [Cu]o on
stainless steel electrode, (a) at 3,000x, (b) at 10,000x, (c) at 80,000x
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(b)
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Fig. 59 SEM micrograph of the deposit at -VOOmV in 50 ppm [Au]o and 30 ppm [Cu]o on
stainless steel electrode, (a) at 3,000x, (b) at 50,000x, (c) at 80,000x
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can be seen at higher magnifications.

Electroplated gold deposition morphologies change with the current densities showing

'foxy brown' appearance. At low current density the morphologies show micronodular

texture which has not smooth surface and faceted morphologies were obtained at high

current densities. The transition from nodulated surface to faceted surface was due to the

current densities.[74] The current densities are low at -300 mV, -400 mV, and -500 mV

and high at -600 mV and -700 mV. It is the reason for the deposit morphologies changes

and appearance of the faceted precipitations at high negative potentials.
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Chapter 5. CONCLUSIONS

Kinetic studies were done in ammoniacal thiosulfate solution containing 0.25M

ammonium thiosulfate at pH 9.5 with various concentrations of initial gold and copper.

Copper powder and rotating disc electrode were used as a cementation substrate. The

experimental parameters for kinetic studies are initial gold and copper concentrations,

solution temperature, and disc rotating speed.

Probably the most important conclusion from this work is the establishment of gold-

copper alloy formation during the cementation. From the point of view of gold recovery,

alloy formation has a negative effect on the efficiency of gold reduction, because an

additional process is required to produce the pure gold.

The specific conclusions from the kinetic study are summarized below.

The calculated experimental rate constant for 150x200 and -200 mesh powders

are 1.78 x 10"^ cm/s and 1.30 x 10"^ cm/s, respectively.

^ The equilibrium concentration calculated to be 1.09 ppm in -200 mesh powder

using the slope of first-order kinetic plot.
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§€ Equilibrium concentration theory can be applied when the metal ions form

complexes, but thiosulfate reacts with all the gold ions to form gold(I)-thiosulfate

complexes

resulting

in

very

low

equilibrium

concentration

based

on

thermodynamics.

The reaction rate of gold cementation onto copper increases with increasing

copper disc rotating speed and the diffusion coefficient of gold is calculated to be

4.41 X IQ-'^cm^/s.

Gold cementation rate increases with increasing initial gold concentration and the

surface of the deposit is very smooth at low gold concentration with going

rougher as increasing gold concentration.

3^ At low initial copper concentration (1.6 ppm), the cementation rate increases with

increasing temperature and the activation energy is 5.9 kJ/mol.

At standard condition of initial copper concentration (30 ppm), the cementation

rate decreases at high temperature due to the decomposition of thiosulfate and the

activation energy in the low temperature range is 10.6 kJ/mol.

§€ Gold cementation onto copper is mass transport controlled reaction.
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Cementation deposit is not a pure gold but a gold-copper alloy and the alloy

composition changes with the mole ratio of gold and copper in the solution.

^ EDS analysis support the assumption of formation of possible alloys which are

AusCu, AuCu, and AuCus based on the gold-copper binary system phase diagram.

Solution side deposit has more gold and is brighter whereas the substrate side

deposit has more copper and is dark foxy-brown.

XPS depth profile analysis confirms the alloy formation of AusCu and that the

cementation deposit only consists of gold and copper without sulfur and oxygen.
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Electrochemical studies were done in sodium thiosulfate solution without ammonia at

pH 9.5 in 0.25M sodium thiosulfate. Initial gold and copper concentrations are changed

and gold and copper rotating disc electrodes, gold-coated quartz crystal electrode, and

stainless steel electrode are used as a substrate. Experimental variables are initial gold and

copper concentrations, disc rotating speed, and applied potential. Summarized results of

electrochemical studies are below.

Evans' diagram predicts the cementation kinetics as a function of initial gold

concentration, disc rotating speed, and thiosulfate concentration.

Passivation of the electrode surface is affected by the initial gold concentration,

disc rotating speed, and nitrogen purging. The higher the reaction rate, the shorter

the passivation onset time.

^ EQCN technique reveals gold(I)-thiosulfate complex reduces at -250 mV vs. SHE

and gold deposition rate increases with increasing applied potential.

Calculated current efficiency for deposition is very low and it is believed that

there are many side reactions only consume electrons and not contributing

deposition process.
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Reduction potentials of copper on copper substrate and gold substrate are -440

mV vs. SHE and -310 mV vs. SHE which support the underpotential deposition

of copper on gold surface.

Gold concentration on the deposit changes from 80.1 at. % to 29.9 at. % with

changing the applied potential from -300 mV to -700 mV vs. SHE on stainless

steel electrode. These results support the result of kinetic study that the alloy

composition changes from AusCu to AuCua.

The deposit surface is nodulated and the size of the nodule increase with

increasing over potential and at -700 mV, the nodulated surface changes to faceted

precipitation due to high current density.
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