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FOREWARD

It is with great pleasure that we
announce the availability of this
fourth issue of the IPMI Journal, a
publication of the International
Precious Metals Educational and
Scientific Foundation. This digital
peer reviewed publication has been
created as a vehicle for the sharing
of technical information related
to the science and technology of
precious metals.

Since 1976, the International
Precious Metals Institute has
championed the exchange of

information of critical importance
to the precious metals scientific
and commercial communities
through its various communications
vehicles. This has included
instructional videos, annual
conference symposia, special topic
committee  meetings, regional

seminars, and professional and
student achievement awards. Due
to the breadth of important topics
related to all aspects of precious
metals, it has been the vision of
the IPMI to provide a publication
available to the general public
that would become a key source
of pertinent topics containing high
quality publications by experts in
their fields of study.

Historically, the IPMI has attracted
world renowned experts in many
fields (including Nobel Laureates
Henry Taube, Ei-ishi Negishi,
Robert Grubs, Professor Ben
Feringa, and David MacMillan) in
the dissemination of discoveries,
inventions, and industry proven
practices. Such information has a
total value greater than the sum
of its parts as seemingly unrelated
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innovations from distinct focus
areas can be adapted to solve
problems. Because of thisimportant
characteristic  of  information
exchange, we have decided to
create a digital journal, available
to the general public, that will not
only communicate state of the art
discoveries and sound practices,
but will also review historical
communications from the [IPMl’s
archives that have value and use
even in today’s environment.

On behalf of the members and
leaders of the IPMI, we hope you will
find value in this new publication.

Dr. Corby G. Anderson, co-editor
Dr. Robert M. lanniello, co-editor
Mark Caffarey, co-editor
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Educational and Scientific Foundation

In 1976, the International Precious
Metals Institute, Inc. (“IPMI”)
was founded to promote the
development of precious metal
science and technology. Over
the past 47 years, the IPMI has
provided its members with an
extraordinary body of technical
and educational work and an
exceptional series of technical
videos. The IPMI has also
recognized leadersinthe industry
and academia and students
through its long standing Awards
Program. This recognition and
financial support for continued
dedication and research in
the field of precious metals is
a cornerstone of the IPMI and
owes its support to generous
sponsorships and endowments.

In 2019, the IPMI made a
fundamental structural change
by reorganizing IPMI into a
trade association to focus on its
membership and the needs of
the precious metal industry. At
the same time, IPMI preserved
its scientific and educational
roots by renaming its original

organization the International
Precious Metals Educational
and Scientific Foundation (the
Foundation).

The Foundation will continue
IPMI’s charitable activities by
focusing on its long-standing
Student and Industry Awards
Program and by continuing
to promote the science and
technology of precious metals as
its primary mission. This Journal
of the International Precious
Metals Institute is a cornerstone
project of the Foundation.

Another of the Foundation’s
primary goals will be to expand
its fundraising activities to ensure
the long term sustainability of its
educational and scientific work,
including new and expanded
initiatives, such as the student
internship program, designed
to attract a new generation
of trained professionals to the
precious metals industry.

Onbehalfofboththe IPMland the
Foundation, | want to personally
thank our Board of Directors,

Awards Committee, corporate
sponsors, donors, and the
benefactors of our endowments
for their continued hard work,
support, and dedication to our
mission.

| would also like to thank Dr.
Corby Andersen, Dr. Bob
lanniello and Mark Caffarey,
who are the co-editors of our
Journal. Their research through
our historical treasure trove of
technical papers has produced
an extremely important and
relevant body of work. Special
thanks to all the authors of the
papers in this fourth issue. It is
through work like yours that the
industry has continued to grow
and improve technologically. And
lastly, thank you to the sponsors
of this publication. Because of
your generosity, the net proceeds
of the Journal will go directly to
the Foundation and help provide
continued support for our
programs.

Larry Drummond
Executive Director
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ABSTRACT

Arsenical gold ores occur in many parts of the world, including numerous mines in Canada and
the western United States. Free gold is often finely disseminated in the grains of sulfide minerals,
arsenopyrite, pyrite, orpiment and realgar. Generally, a sulfide concentrate is produced by flotation.
Arsenical ores or concentrates are not amenable to direct cyanidation and therefore are considered
refractory. A wide variety of roasting equipment and conditions have been used by the mills to
remove arsenic and sulfur from these concentrates. The resulting calcine is easy to cyanide and gold
is recovered from the cyanide solution by zinc dust cementation. Room-temperature potential-pH
diagrams and high-temperature phase-stability diagrams are presented to discuss the chemistry of
the gold cyanidation, cementation, and roasting steps in the presence of arsenic. The environmental
aspects of arsenic discharge are also included.

INTRODUCTION

In several parts of the world, gold has been found in association with arsenic. This association is
common in the sulfide gold deposits of Canada and the western United States. It was found early in the
milling of these gold ores that a significant fraction of gold, probably closely associated with arsenic,
was not recovered by amalgamation, gravity separation, or direct cyanidation. The normal practice
was to subject the residue from the amalgamation or cyanidation step to a notation treatment and
ship the resulting concentrate to a smelter.

Around 1920, it was realized that a more economically attractive alternative was to produce an
arsenical sulfide flotation concentrate, roast the concentrate, and cyanide the resulting calcine. While
the value of the byproduct arsenic fluctuated considerably, the value of the extra gold recovered at
the mill was generally more than that received from the smelter after paying for the transportation
and smelting charges. Over the next three to four decades, single and multiple-hearth roasters
were replaced by fluidized-bed roasters, which provided better control of roasting parameters and
enhanced gold recovery. During the 1970s, as environmental regulations regarding arsenic emissions
were formulated and enforced, the emphasis has shifted toward better emission control systems.

As new arsenical gold ore deposits are still being discovered or found underlying free-milling gold
deposits, metallurgists face the challenge of developing an efficient process for recovery of gold
from these arsenical ores while meeting environmental safeguards. A necessary first step in that
direction is fo have a comprehensive knowledge of the basic problems associated with the treatment
of arsenical ores and the evolution of the present treatment methods as well as their limitations. This
paper aims at providing such information.

First, the world-wide occurrence of arsenical gold ores is briefly described along with the mineralogy
of such ores. Next, the operating practice and experience of several gold mills and the laboratory test
results published in the past are discussed in light of the current knowledge of the chemistry of the
process as affected by the presence of arsenic. To this end, room-temperature potential-pH diagrams
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and high-temperature phase-stability diagrams are presented to illustrate the thermodynamics
of the cyanidation, cementation, and roasting steps. Finally, the environmental aspects of arsenic
emissions are briefly discussed.

OCCURRENCE OF ARSENICAL ORES

Because of its noble or unreactive nature, gold occurs in nature mostly in metallic form, either by itself
or alloyed with silver as electrum. The only other important gold minerals found in nature are gold or
gold-silver tellurides. However, there are numerous sulfide deposits around the world in which finely
disseminated gold is found in association with pyrite and arsenopyrite or other arsenic sulfides.

An excellent review published by Schwartz (1) in 1944 refers to numerous gold deposits in which
gold was associated with arsenopyrite. Out of the 115 districts reviewed, 45 reportedly had a direct
relationship between gold and arsenopyrite, i.e., the gold occurred in or on arsenopyrite. In several of
the remaining districts, arsenopyrite was present in the ore but no direct relationship was described.
Thereview briefly describes several arsenical ore deposits and, in most cases, refers to other published
articles for details. Amore recent review published by Henley (2) in 1975 lists some additional deposits.
Canada has the most arsenical ore deposits. In fact, in a recent monograph on cyanidation of gold
and silver ores (3), the three plants, described to exemplify the roasting of arsenical sulfide gold ores
prior to cyanidation, were all located in Canada: the Campbell Red Lake Mines, the Giant Yellowknife
Mines, and the Kerr Addison Mines. The combined capacity of these three operations was about
3,400 tons of ore per day. Other arsenical gold deposits include the Cortez., Getchell, Carlin, Bald
Mountain, Jardine, and Mercur mines in the United States, Darasun, Mindyak, and Kazakhstan mines
in the USSR, Barberton, Eastern Transvaal, and Witwatersrand regions in South Africa and scattered
properties in Sweden, France, Brazil, Fiji, and Australia. While this list does not include every arsenical
gold deposit, it does point out the wide-spread nature of gold-arsenic association.

MINERALOGY OF ARSENICAL GOLD ORES

Of the three sulfides of arsenic, As,S,, As,S,, and As,S,, only two, realgar* (ASZSZ) and orpiment (Aszss)
occur naturally. These two minerals constitute the major host minerals for gold in Getchell Mine in
Nevada (4). However, in most of the go sulfide ores, arsenic is present as the mineral arsenopyrite
(FeAsS). Other arsenic-containing minerals such as cobaltite (CoAsS), enargite (Cu3AsS4), tennantite
((Cuy, Fe),, As4S13), proustite (Ag3AsS3), and argentiferous tennantite ((Cu, Ag, Fe),, As4S13) are found
mostly in silver-bearing complex sulfide deposits.

Microscopic examination of polished specimens has been the most common experimental technique
used for study of the association of gold and arsenic in the sulfide ores. Numerous such studies were
reviewed by Schwartz (1) in 194.4. and by Henley (2) in 1975. Both papers contain some excellent
photomicrographs illustrating the association of gold and arsenopyrite. In most of the ores, gold is
disseminated in pyrite and arsenopyrite crystals. A major limitation of the microscopic examination
is that in many cases gold particles are too small to be seen under the microscope. This limitation
has been largely overcome using the electron microscope and electron microprobe in recent years.

* While standard mineralogy texts use AsS to describe realgar, Ass, has been more commonly used
in the process chemistry publications referred to in this paper.
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Wells and Mullens (5) have used the electron microprobe to study gold-bearing arsenical pyrites
from the Cortez and Carlin gold mines in Nevada. They conclude that in the unoxidized sulfide ore,
gold is concentrated along with arsenic in tiny (0.005 mm) pyrite grains and in the rims of larger
pyrite grains. Gold is also concentrated in arsenopyrite which is sparsely distributed in the Cortez
ore. Little, if any, gold or arsenic is contained in quartz, carbonate, clay, and carbonaceous material,
which are the main constituents of the gangue.

Because of the fine nature of the gold particles and their dissemination in pyrite and arsenopyrite
crystals, itis generallyimpractical to grind the ore fine enough to liberate all the gold foramalgamation
or cyanidation. This was realized by the early gold operations such as the Jardine Mine in Montana
(6), Beattie Mines in Quebec (7) and Cochenour Willans Mines in Ontario (8). These mines could
recover only about 50 to 70 percent of the gold during amalgamation or cyanidation. The common
practice was to ship the residue, as such or after concentration, to a smelter. The high shipping cost,
however, persuaded all these gold mills to develop alternative methods to increase gold recovery at
the mill site.

MINERAL BENEFICIATION

Due to the finely disseminated nature of gold and the relatively coarse grind (30 to 50 percent plus
200 mesh) required to avoid dust losses in the roasting step, it is not possible to concentrate gold with
respect to pyrite and arsenopyrite. While gravity separation methods have been used occasionally,

Gold Assay of Concentrate

Gold ding Ratio =
* Gold Upgrading Ratio Gold Assay of Feed

flotation has been the most widely used method for beneficiation.

A review of published information about four commercial flotation operations involving arsenical
gold ores (97) indicates a typical gold recovery of about 90 percent. Since pyrite is the main mineral
to be floated, soda ash, xanthate and pine oil are the common reagents used. The flotation of
arsenopyrite is somewhat slower than that of pyrite and copper sulfate has been used as an activator
(10). Reported reagent consumptions were about 0.3 Ib/ton xanthate, 0.2 fo 0.4 |b/ton copper sulfate,
0.2 to 1.5 Ib/ton soda ash and 0 to 0.15 Ib/ton pine oil. Mechanical-type notation cells have been the
standard equipment. In general, the grade and recovery have an inverse relationship, i.e., recovery
can be increased at the expense of grade and vice versa. The published data indicate that the gold
upgrading ratio* has varied from about 5 to about 9.

The rejection of gangue, which increases the concentration of gold and sulfur, results in a
corresponding decrease in the size of the roasting and cyanidation plants. The increase in sulfur and
arsenic contents enables the roasting process to be autogenous or at least decreases the external
energy requirement. Elimination of gangue may also help in avoiding sintering or other undesired
side reactions in the roaster.
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In this context it is interesting to note that one operation, the Getchell Mine in Nevada, does not use
flotation to upgrade the ore before roasting, but rather roasts the ore directly after grinding (13). In
the case of Getchell, orpiment (Aszs3) and realgar {Aszsz) are the host minerals of gold.

CYAHIDATION OF CONCENTRATES

As discussed in the Introduction, a significant amount of the gold present in arsenical ores and
concentrates is not extracted by direct cyanidation. Additionally, lime and cyanide consumption
increase considerably. This behavior classifies arsenical ores asrefractory. In the following paragraphs
an attempt is made to explain this refractory behavior in terms of the physical chemistry of the gold
cyanidation process in the presence of arsenic sulfide minerals.

Laboratory Investigations

In 1952, Hedley and Tabachnick of the American Cyanamid Company presented the results of their
systematic investigation into the behavior of arsenic sulfides during the cyanidation of gold (14).
They concluded that arsenopyrite (FeAsS) had no adverse effect on gold dissolution at pH 10, 11 or
12. Realgar (As,S,) had no adverse effect on gold dissolution at pH 10 or 11, but at pH 12 the retarding
effect was appreciable. Orpiment (As,S,) was detrimental to gold dissolution, and the retardation
became more pronounced as the pH was increased. The gold extractions after 48 hours at pH 10,
11, and 12 were 73, 44, and 19 percent, respectively, as compared to 95 percent in the case of control
tests where no arsenic minerals were added to the ore.

About the same time, Carter and Samis (15) published their work indicating that the presence of
arsenopyrite had a definite detrimental effect on gold extraction during cyanidation. Only 20 to 30
percent gold extraction was achieved. On the other hand, recent work completed at U.S. Bureau
of Mines, Reno, claims over 95 percent gold extraction by direct cyanidation of an arsenopyrite
concentrate produced by gravity separation at a small operation in California (16).

These apparently conflicting conclusions may be attributed to different leaching conditions or to vast
differences in the gold, sulfur, and arsenic contents of the concentrates used in these three studies.
Table 1 presents relevant information from the three publications to develop a better understanding
of the chemistry of gold dissolution during cyanidation of arsenical concentrates. It is seen that of the
three arsenical sulfides, orpiment with a higher sulfur to arsenic ratio is the most detrimental for gold
dissolution. Arsenopyrite appears more harmful when the arsenic content is high. The U.S. Bureau of
Mines (13) sample is unusually high in gold at 21.8 oz/ton. At 95 percent gold extraction, the residue
will still contain about 1 0z/ton gold which is higher than the gold content of the feed sample used by
Hedley and Tabachnik (14) and close to that of the sample used by Carter and Samis (15).

The difference in the effect of arsenopyrite on the extraction of gold observed by Hedley and
Tabachnik (14) and the other investigators (15, 16) may also be attributed to the different nature of
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Table 1. Results of Laboratory Studies on Direct Cyanidation
of Gold-Bearing Arsenical Sulfide Concentrates

Investigators Hedley and Tabachnik  Carter and Heinen
Samis et al
Reference (14) (15) (16)
Feed Synthetie Gold Ore* Flotation Table
Concentrate Concentrate

Arsenic Sulfide Mineral AsgS3  AsgS,; FeAsS FeAsS FeAsS
Feed Analysis
Golg, oz/ton 0.27 0.27 0.27 1.63 21.8
Sulfur, % * * * 33 24
Arsenic, % 0.25 0.25 0.25 17 3.7
Iron, % * * * 34 33
Cyanidation Conditions
Pulp Density, % solids 25 25 25 17 25
CN™ Concentration,

% NaCN 0.05 0.05 0.05 0.1 0.5
pH 11 11 11 — 11

Gold Extraction, percent

6 hours 10 54 61

24 hours 35 93 85 21 or 31** 85
48 hours 44 97 96 95
72 hours 96
96 hours 97

* Synthetic ore consisted of quartz with gold-bearing quartz erystals and arsenic
minerals added to it in required amounts.

** 21 percent from as-received concentrate and 31 percent from concentrate
ground for 1 hour.

The difference in the effect of arsenopyrite on the extraction of gold
observed by Hedley and Tabachnik (14) and the other investigators (15, 16) may
also be attributed to the different nature of the occurrence of arsenopyrite. In
the former study, the sample was a synthetic ore, which consisted of gold-bearing
quartz crystals to which arsenic minerals were added. Any effect that the arsenic

the occurrence of arsenopyrite. In the former study, the sample was a synthetic ore, which consisted
of gold-bearing quartz crystals to which arsenic minerals were added. Any effect that the arsenic
minerals had on gold extraction were only chemical in nature, as gold was not entrapped in them. In
this case, chemical inertness of arsenopyrite in cyanide would not adversely affect gold extraction.
On the other hand, the other investigators used naturally occurring gold ores which contained
arsenic minerals. In these cases, it is likely that at least some of the gold was physically entrapped in
arsenopyrite particles. This entrapped gold was not exposed to cyanide and thus, the gold extraction
was lower, due to physical reasons.

Theresults presentedin Table 1also show that the kinetics of leaching gold from arsenical concentrates
is slow, requiring 48 hours or more to attain 95 percent gold extraction. In a continuous operation,
such as normally practiced on a commercial scale, the required residence time would be about twice
as long, on the order of 100 hours. As a comparison, most gold operations provide a residence time
of 24 to 48 hours for free-milling gold ores (17).
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Eh-pH Requirements for Gold Dissolution

An important variable that has not been listed in Table 1, but which significantly affects the dissolution
of gold, is the redox potential of the solution. It has long been known that aeration is essential during
cyanidation of gold (18). As a noble metal, gold remains unattacked by most aqueous solutions.
In the presence of cyanide ions, gold can be dissolved as the complex ion, Au(CN)Z‘, but this
requires oxidizing conditions, under which water is oxidized to hydroxyl ions. Although there is some
uncertainty regarding the mechanism of the reaction, particularly the importance of H,O, formation
as an intermediate (18,19), the overall reaction can be expressed by

The chemical requirements for this reaction may be represented by an Eh pH diagram. Finkelstein
(19) has discussed this aspect in detail. and a simplified version of his potential-pH diagram for the
Au-H,0-CN" system is shown in Figure 1. It is seen that the gold dissolution line is always above
hydrogen line, i.e., the Eh must always be higher than that corresponding to the reduction of water to

4Au+8CN™ + Oy + 2H,0 — 4 Au(CN), ~ + 4 OH™ (1)

hydrogen. On the other hand, the oxygen line (Eh potential at which water can be oxidized to oxygen),
is always above the gold dissolution line, so that air can be successfully used to oxidize metallic gold.
Because hydrocyanic acid is a very weak acid, the concentration of free cyanide ions increases with
increasing pH. This results in lower reduction potentials, which in turn favors the leaching of metallic
gold. At pH levels above 9, almost all the cyanide is present as free ions and the reduction potential
becomes insensitive to pH.

To avoid the formation of poisonous HCN and to have maximum concentration of free cyanide ions,
while minimum sodium cyanide or lime requirements, commercial leaching operations are generally
performed at pH 10 to 12. It can be seen from Figure 1 that at this pH, the redox potential should be
higher than -400 mV (vs. the standard hydrogen electrode) for gold to dissolve. The thermodynamics
of gold dissolution become more favorable as the potential increases.

Effect of Arsenic Sulfides

3.0

AuOp

20r Au(OH)3

h S 1 Figure 1. Potential-pH equilibrium diagram for the system Au-H,O0-CN™ at
25°C (Reference 19).

REDUCTION POTENTIAL ,Eh (VOLTS)
/
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The previously mentioned work of Hedley and Tabachnick (14) demonstrated that orpiment (As,S,)
and realgar (As,S)) decompose and introduce sulfide ions in cyanide solution. The extent of
decomposition was higher for orpiment and increased with increasing pH. Similar conclusions can
be reached from the potential-pH diagram for the As-S-H,O system presented in Figure 2, based on
the work of Tsuchizawa and Nishimura (20). It can be seen from Figure 2, that any arsenic sulfide (no
data could be found for arsenopyrite at high concentrations) dissolved in the alkaline solution at pH
11 or so will be present as As3362' ions and that the Eh will be about -500 mV. This potential is lower
than that required for dissolution of gold (-400 mV or above). Thus it is mandatory to oxidize any
As3862‘ ions to AsO,” ions and probably to AsO43' ions, so that the Eh is raised to a point where gold
can dissolve. Calcium arsenate may precipitate at this point.

The adverse effect of sulfide minerals during cyanidation of gold has long been known (18). Generally,
it was explained in terms or increased oxygen demand to oxidize the sulfide ion to sulfate ion and
increased lime demand to maintain the desired pH. The interpretation presented by the potential-
pH diagram, such as Figure 2, is another way to look at the same problem. The advantage is that
such diagrams provide a quantitative basis for measuring and controlling the Eh, in addition to pH,
at which gold will dissolve.

Besides the thermodynamics, the kinetics of gold dissolution is also affected by the presence of arsenic
sulfides. Physical entrapment of finely disseminated gold within the sulfide particles increases the
diffusion path for cyanide ions. Thus, fine grinding is expected to improve the rate of gold dissolution
(15). In addition, the presence of sulfide minerals may also cause electrochemical passivation of gold
according to the recent work of Filmer (21) on partially roasted pyrite concentrates.

In conclusion, it can be said that direct cyanidation of gold from arsenical sulfide ores is difficult due

30— ~ ~

o
]
T

REDUCTION POTENTIAL ,Eh (VOLTS)
=
1
1
/

pH

Figure 2. Potential-pH equilibrium diagram for the system As-S-H,0 at
25°C (Reference 20).
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to both physical and chemical factors. While it may be possible to use oxidants such as chlorine or
oxygen to oxidize the arsenic and sulfur in an aqueous system, and thereby improve gold leaching,
traditionally, it has been found more convenient to oxidize the concentrate at high temperature by
roasting and remove most of the arsenic and sulfur altogether prior to cyanidation.

ROASTING OF CONCENTRATES

The main objectives of roasting the arsenical sulfide concentrates are to oxidize and remove arsenic
and sulfur, while producing a porous calcine from which gold can be leached by cyanidation. Both
the physical and chemical characteristics of the calcine are important for high gold extraction during
cyanidation of the calcine. Porosity and particle size are the important physical characteristics
requiring that roasting be performed under conditions that do not cause fusion and sintering of
particles. As for the chemical factors, it is important to eliminate sulfide sulfur which affects the redox
potential and the passivation of gold during cyanidation. Further, it has been suggested that if arsenic
is oxidized to nonvolatile As,O instead of volatile As,O,, iron or calcium arsenates are formed which

23
adversely affect the extraction of gold and silver (9).

The objective of roasting plant operators has been to select the temperature and excess of air such
that most of the arsenic and sulfur are oxidized without causing sintering or fusion. In practice the
desired performance has been difficult to achieve, more so in the case of arsenical concentrates
than for straight pyrite concentrates.

During the last 50 years or so, the design of roasters has changed considerably from single-hearth
Edwards type (10, 22, 23) to multiple-hearth McDougall and Wedge type (6, 7, 9) and, finally, to the
fluidized-bed Dorree FluoSolids type (11, 12, 13). A parallel effort continued in the laboratories to
develop a better understanding of the chemistry of the roasting process and its influence on gold
recovery during the subsequent cyanidation step (15, 22, 24-27).

The optimum roasting conditions recommended in these publications differ significantly. For example,
the recommended temperature varies from about 400°C to about 700°C. This is partly because of the
vastly different compositions of the concentrates used and partly because of the type of equipment
used in the laboratory and commercial-scale roasting operations. An attempt has been made in
the following pages to present a comprehensive picture of the roasting process - first by discussing
laboratory investigations, then the evolution of the roasting practice, and finally by presenting the
chemistry of the roasting reactions.

Laboratory Investigations

There are several papers that describe laboratory investigations of the roasting of arsenical
concentrates to optimize gold recovery from the calcines (15, 22, 24, 25). However, these laboratory
tests were performed in a muffle furnace with occasional rabbling of the charge. There is
considerable uncertainty about the actual temperature and gas composition, as a function of time.

The IPMI Journal - A Publication of the International Precious Metals Educational and Scientific Foundation - https:/ipmi.org que 20



Moreover, agglomeration is very likely wider these conditions. Thus it is not surprising that many of
the conclusions derived from these investigations, regarding temperature and excess air, became
irrelevant when fluidized-bed roasters came into operation.

Two papers describing laboratory testing of fluidized-bed roasting of Russian gold-arsenic
concentrates also appear in the literature (26, 27). Both studies suggest optimum roasting conditions
for removal of arsenic and sulfur, but neither correlates their roasting conditions with gold extraction
during subsequent cyanidation.

Evolution of Roasting Practice

Table 2 summarizes the roasting practices of six United States and Canadian plants. All three major
types of roasters, single-hearth, multiple hearth, and fluosolids are represented. The arsenic content
of the roaster feed covers the range of 2 to 38 percent. It can be seen that the roasting conditions
(temperature and throughput rate), varied considerably and so did the results in terms of gold
extraction by cyanidation of the calcine.

The Jardine mine in Montana (6) was one of the first gold mines to roast arsenical concentrates.
The concentrate was extremely high in arsenic content, 38 percent, and the significant increase in
arsenic price, after World War |, helped in the decision to install roasters and arsenic kettles. The
gold recovery was unsatisfactory, less than 60 percent, even after roasting the concentrate, and the
calcine was still shipped to a smelter. However, the substantial weight loss during roasting, due to the
removal of arsenic and sulfur, resulted in considerable savings in the shipping costs. Amultiple-hearth
McDougall roaster was used at Jardine, which under certain conditions operated autogenously.

A slightly different version, a Wedge-type multiple-hearth roaster was used at Beattie Mines in
Quebec. The roasting plant was built in 1937. Prior to that, the flotation concentrate was shipped to
a smelter. Archibald has published several papers on the Beattie operation; a paper published in
1949 presents excellent coverage of all the plant and laboratory work done to develop the so called
“Beattie Roasting Process” for treating arsenical gold ores (9). An important feature of this roasting
practice was to eliminate almost all the arsenic at a low temperature, below 482°C. This, however,
was probably possible only because of the very low arsenic content of about 2 percent.

Another type of roaster, a single-hearth Edwards type was preferred by many operators because
of the convenience of single-floor operation. It has been used in Australia (22), South Airica (23)
and Canada (10). The Canadian operation at MacLeod-Cockshutt (10) has been included in Table
2. Because of the very high sulfur content of this concentrate, 35 to 38 percent, it was possible to
operate the roaster autogenously most of the time.

While the long, horizontal single-hearth type and tall vertical multiple- hearth type roasters had
their relative advantages and disadvantages, it was apparent to most operators that there was non-
uniformity in femperature and gas composition in both types of roasters, and that these important
variables were difficult to control Poor control not only affected the chemical analysis of the calcine,
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but more importantly its physical properties - the extent of agglomeration and the porosity.

Table 2. Details of Roasting Practice of Various Gold Mills
Treating Arsenical Ores

Mill Jardine Beattie MacLeod- Cochenour- Giant Getchell
Cockshutt Willans Yellowknife
Reference (6) (9) (10) (11) (12) (13)
Roaster Type Multiple Multiple Single- FluoSolids  FluoSolids FluoSolids
hearth (6)  hearth (13}  hearth (Dorreo) two-stage oil-fired
(MecDouw- {(Wedge- {Edwards)
gall) type) 139'x13%’
Diameter, ft 16 25 6.7 Stage 1: 16 16
Stege 2: 14
Throughput,
tons/day 20-40 100-125 50 8-15 200 1500-1800
Tcmperature,oc 550-600 470-704 538-650 593 Stage 1: 496 593 to 650
Stage 2: 468

Feed Analysis

Gold, oz/ton 0.9 1.1 6.0 4.1 0.25
Arsenie, % 38 2.3 3-5 5.3 9.3 2.9
Sulfur, % 20 16 35-38 16.6 20.1 3.6

Calecine Analvsis

Gold, oz/ton 3.5 1.1 1.5 6.3 5.0 0.3 (est.)

Arsenic, % 1.1 0.3 0.4 == 1.35 o

Total

Sulfur, % — 1.6 1.2 1.3 3.8 0.2

Gold Extraction

by Caleine

Cyanidstion, % 60 92 73% 92 94 75-80
(prelim.) (est))

* Part of the gold is recovered by gravity concentration, prior to cyanidation.

The development of fluidized-bed roasters during the 1940s solved most of the control problems by
providing a reactor with uniform temperature and gas composition. The Dorr company pioneered the
development and installation of these under their trade name Dorrco FluoSolids reactors, commonly
known as fluosolids reactors now. One of the first installations was at Cochenour-Willans (11). This
relatively small unit demonstrated that arsenical concentrates can be roasted at one temperature to
attain the desired porous calcine. A temperature of about 600°C was found optimum and the gold
recovery during cyanidation of the calcine was 92 percent. It should be noted, however, that the
calcine was very rich in gold content, above 6 oz/ton.

The operators of the Giant Yellowknife Gold Mine, also in Canada, decided in the late 1950s to replace
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its Edwards-type roaster with a large fluosolids roaster (12). Two-stage roasting was developed for
the highly arsenical sulfide concentrate (9% As). In the first stage, almost all of the arsenic and about
half of the sulfur are eliminated at a low temperature, under 500°C, and very low free oxygen content
of the gas, 0.25 to 0.5 percent. Most of the remaining sulfur is oxidized in the second stage, at a still
lower temperature. The entire operation is autogenous. Excellent gold extraction, about 94 percent,
is obtained by cyanidation of the calcine containing about 5 oz/ton gold.

A novel feature of the fluosolids roaster installed at the Getchell Mine in Nevada in the early 1960s is
that it is oil-fired and roasts the ore rather than a concentrate (13). The arsenic and sulfur contents
of the feed are only about 3 percent each and its gold content is only about 0.25 oz/ton. It is not
surprising that the gold extraction during cyanidation of the low-grade calcine is only 75 to 80
percent. The operation uses a higher roasting temperature, in spite of lower arsenic and sulfur
contents, in comparison to Giant Yellowknife operation, but is able to cut down the residence time
considerably and achieve a much larger throughput rate fora single roaster of Ule same size (16-ft
diameter).

Fluosolids roasters continue to be the choice for roasting of gold-bearing pyritic and arsenopyritic
concentrates. They are in use atthe three Canadian plants, Campbell Red Lake Mine, Giant Yellowknife
Mine and Kerr Addison Mines, illustrated in a monograph on cyanidation (3).

Chemistry of Roasting

Most of the papers presenting details of roasting practice propose theories regarding the effect of
roasting temperature on the subsequent cyanidation of the calcine. Djinghenzian (25) presented a
state-of-the-art review in 1952 and listed several possible reactions, but no thermodynamic data
were presented.

An attempt is made in the following paragraphs to discuss the chemistry of roasting of arsenic
and iron sulfides under conditions of commercial roasting, about 450 to 650°C and from near zero
concentration of free oxygen to about 10 percent oxygen. Three temperatures, 500, 700, and 900°K,
(227, 427, and 627°C) have been selected to present the relevant data. First, the volatilization and
decomposition of various compounds are discussed to show how temperature affects the removal
of arsenic and sulfur from the concentrates into the vapor phase. Then the stability diagrams are
presented to show the effect of temperature and oxygen partial pressure not only on oxidation of
sulfur and arsenic to SO, and As,O, gases, but also on the stability of various oxides and sulfates in
the solid phase. Finally, the findings on the chemistry of the roasting process are discussed in terms
of their application to roasting practice.

It should be mentioned here that some standard thermodynamic data books such as JANAF Tables
(28) have no information on arsenic or its compounds. In many cases, the data estimated long ago
(29) have not been verified. However, a recent publication by the U.S. Bureau of Mines (30) has
summarized and critically reviewed most of the published thermodynamic data on arsenic.
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Volatilization and Decomposition of Compounds: Arsenic, sulfur, and many of their compounds
have significant vapor pressures at the temperatures encountered during the roasting of arsenical
concentrates, 450 to 650°C. The pyrite and arsenic sulfides present in the concentrate or in the vapor
phase decompose at these high temperatures to yield elemental arsenic and sulfur vapors which are
easily oxidized by air. The two oxidation products, As,O, and SO,, leave the roaster as off-gas along
with nitrogen and any unused oxygen.

Strathdee and Pidgeon (31) measured the vapor pressure of arsenic over elemental arsenic as well
as arsenopyrite. Their results are presented in Table 3, which also lists vapor pressure of some other
compounds of interest. Their measurements for elemental arsenic agree fairly well with the data
tabulated in an ASM compilation (32). This provides credibility to their measurements of arsenic
vapor pressure over arsenopyrite. Their data suggest that arsenopyrite will decompose easily at
about 700 to 800°K to arsenic vapor and pyrrhotite, (FeS).

As for the two arsenic sulfides, realgar, As_S,, and orpiment, As_S_, a book on the thermodynamics

Table 3. Vapor Pressure of Certain Species of Interest
in Roasting of Arsenical Sulfide Concentrates

Species in Condensed Equilibrium Vapor Pressure (mm Hg)

Vapor Phase  Phase 500°K 700°K 900°K Reference
Sulfur#* Sulfur 5 14 b.p. 718°K 32
Arsenic* Arsenic 0.0002 5.6 s.p 876°K 32
Arsenic Arsenopyrite  0.0002 1.3 158 31
AsyS, Realgar 0.62 77.3 — 31
s Orpiment — 10.7 248.5 33

*  Includes all polymers
** Includes arsenie, sulfur and combined sulfides

of sulfides by Mills (33), lists vapor pressure data at elevated temperatures. However, according to
Barton’s work on the Fe-As-S system (34), the two sulfides are not stable above about 580 and 588°K,
and melt into an arsenic-sulfur liquid phase. Thus, any vapor pressure measurements made above
these temperatures may not be definitive because of the presence of S, As, and combined arsenic
sulfides such as As,S, and As_S, in the vapor phase.

Figure 3 is a simplified version of Barton’s presentation of a sulfur activity temperature diagram
for the Fe-As-S system. Because of the relatively lower arsenic contents in gold concentrates, in
comparison to iron and sulfur contents, iron arsenides have been deleted. It should be noted that
Barton has considered only S, gas in the vapor phase and not other sulfur species. Thus at 718°K,
sulfur’s boiling point, the vapor pressure of S, is only about 0.03 atmosphere.

It can be seen from Figure 3 that even at relatively low temperatures, about 300°C, any orpiment
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Figure 3. Temperature-activity of S, projection for the Fe-As-S system

(Reference 34).

(ASZS3) and realgar (ASZSZ) present in the concentrate will decompose to sulfur vapor (equilibrium
pressure of about 107 to 107° atm) and an arsenic-sulfur liquid phase. As the temperature increases,
the equilibrium sulfur vapor pressure also increases. Thus, at about 600°C, the sulfur pressure can
range from 1to 107 atm, depending upon whether the arsenic-sulfur liquid phase is rich or poor in
sulfur.

However, in most of the gold concentrates, arsenopyrite (FeAsS) rather than orpiment or realgar,
is present. It can be seen from Figure 3 that the equilibrium sulfur pressure is lower by an order
of magnitude. As for the decomposition of pyrite (FeS,) to pyrrhotite (FeS) the equilibrium sulfur
pressure is lower than that for arsenic sulfides at temperatures below about 400°C, but is higher at
temperatures above about 500°C.

In summary, it can be said that heating of arsenical sulfide concentrates leads to their decomposition
into lower sulfides and sulfur and arsenic vapors. The equilibrium vapor pressures of arsenic and
sulfur increase with increasing temperature and become significant, 0.01 o 0.1 atm, in the 500 tfo
600°C temperature range, commonly used for roasting. Only pyrrhotite remains behind as a stable
solid sulfide phase under these conditions.

Phase-Stability Diagrams
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The discussion of the previous section assumed that elemental sulfur and arsenic vapors are emitted
from the concentrates into a static and inert atmosphere. In roasters, however, air is

continuously introduced, causing oxidation of arsenic and sulfur to As,O, and SO, which then leaves
as off-gas. Availability of oxygen more than that required to oxidize arsenic and sulfur oxidizes
pyrrhotite (FeS) to magnetite (Fe,O,) and to hematite (Fe,O,).

The extents to which oxidation occurs will depend mostly upon the temperature and oxygen partial
pressure, which vary considerably as cold sulfide particles enter the roaster and are converted to
hot oxide particles exiting the roaster. A convenient means of presenting the thermodynamics of
these reactions, at varying temperature and oxygen partial pressure, is fo construct phase-stability
diagrams at several temperatures of interest.

Thermodynamic data from various sources (28-30, 34) have been used to calculate the equilibrium
constants of various reactions at 500, 700, and 900°K. These equilibrium constants were then used
to construct the phase stability diagrams for the As-S-O and Fe-S-O systems presented in Figures 4,
5,and 6.

Figure 4 shows the As-S-O system at 500°K. This temperature is typical of the early stages of roasting,
either in the upper hearths of multiple-hearth roasters, or near the surface of freshly fed concentrate
particles in the fluidized-bed reactor. As seen in the previous section the equilibrium partial pressure
of sulfur and arsenic will be about 107° to 10° atm, depending mostly upon whether As,S,, As,S,, or
FeAsS is present in the feed. It can be seen from Figure 4 that there is a strong driving force for both
sulfur and arsenic to be oxidized to SO, and As,O,. According to Wicks and Block (29)., As,O, melts at
586°K and boils at 730°K. Thus the vapor pressure of As, O, is significant even at 500°K and it leaves

with the off-gas.

It is important that most of the arsenic be removed as As,S, at low oxygen pressures and low
temperature. Nonvolatile As,O, may form at higher oxygen pressure, above about 107 atm at
500°K (see Figure 4). Also, if the temperature is increased to a high level, without complete arsenic
elimination, FeS may oxidize and form iron arsenite, which is soluble in water and will consume
oxygen and lime during cyanidation.

Figures 5 and 6 show the phase-stability diagrams for Fe-S-0O systems at 700 and 900°K, respectively.
As noted before in Table 2, commercial roasters have operated in the temperature range of 460 to
650°C (733 to 923°K). The As-S-O diagram at 700°K has been superimposed in Figure 5 using dashed
lines. At low O, and high S2 pressures, while the FeS, is being converted to FeS, sulfur and arsenic
will be oxidizing to SO, and As,O,, respectively, both of which will leave the roaster as off-gas. The
SO, partial pressure will probably be in the range of 10" to 1072 atm, nitrogen being the main diluent.
As,O, vapor pressure will depend upon the arsenic content of the concentrate but should be an order
of magnitude lower. As sulfur is eliminated and oxygen partial pressure is increased during the later
stages of roasting, FeS will be oxidized to Fe,O,, Fe,O,, or Fe,(SO,), depending upon the oxygen
partial pressure, SO, partial pressure, and temperature (see Figures 5 and 6). While the presence
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of magnetite has been considered desirable by some operations (9), hematite is the usual product.
As a comparison of Figures 5 and 6 will show, sulfate formation is more likely at lower temperature.
It should be mentioned here that the arsenic lines in Figure 5 are based on solid arsenic metal and
whereas in real situations, at 700°K, both will be present as vapors in significant quantities.
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Figure 4. Phase-stability diagram for As-S-O system at 500°K.
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Figure 6. Phase-stability diagram for Fe-S-O system at 900°K.

The thermodynamic data presented and discussed in the last two sections can be applied to
commercial roasting practice to provide a better understanding and thereby better control of the
process.

As mentioned before, the roasting temperature has been varied from 470 to 700°C (see Table
2). Of two plants which both used multiple-hearth roasters, Jardine operated at a higher initial
roasting temperature (550°C) than Beattie (470°C). The reason for the temperature difference is the
significantly higher arsenic content of Jardine concentrate, 38 percent in comparison to about 2 to 3
percent in Beattie concentrate. Higher temperature results in higher equilibrium sulfur and arsenic
vapor pressures (see Table 3 and Figure 3) and thereby increases the rate of arsenic and sulfur
removal. On the other hand, the final roasting temperature was higher for Beattie, 100°C, than for
Jardine, 600°C, probably because of the higher iron content of the Beattie concentrate. The single-
hearth McLeod-Cockshutt roaster used temperatures intermediate to those mentioned above. This
seems logical in view of the infermediate arsenic content of this concentrate and the desire to operate
the roaster autogenously, using the very high sulfur content of the concentrate.

The fluosolids roasters were developed to avoid localized oxidation and superheating of solids to
minimize agglomeration. Despite a high temperature, 593°C, and low throughput rate, 0.2 fo 0.4
ton per day per ft?, the sulfur elimination was not very good at Cochenour Willans. This is probably
because a low air flow rate was used in this single stage fluosolids reactor, which would result in
low partial pressure of oxygen but high partial pressure of SO,. Under these conditions, arsenic will
be eliminated, even from intermediate level concentrates, 5.3 percent arsenic, but a considerable
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amount of sulfation will occur (see Figure 6).

The use of two-stage roasting at Giant Yellowknife permitted treatment of concentrates relatively
high in arsenic, 9.3 percent, at very low temperatures, 496 and 468°C (see Table 2). The throughput
rates for the two stages were about 1 and 1.3 tons per day per ft2. Almost all the arsenic and about
half of the sulfur were removed in the first stage, which operated at low oxygen and high so2 partial
pressure, at 496°C. An even lower temperature, 468°C, in the second stage of roasting is responsible
for a high sulfate level of the calcine which necessitated washing prior to cyanidation (12).

The oil-fired roaster at Getchell is a different case because it treated an ore rather than a concentrate.
A high temperature, 593 to 650°C, coupled with low arsenic and sulfur contents, about 3 percent
each, permitted throughput rates as high as 7 to 8 tons; per day per ft.

WASHING AND CYANIDATION OF CALCINE

As was noted in the previous section, the calcines produced by various roasters still contain some
arsenic and sulfur (see Table 2). The arsenic is generally present as oxide, arsenites, or arsenates,
the former being somewhat soluble in water. The sulfur is present partly as sulfide and partly as
sulfate. The amounts of sulfate formation and arsenic retention increase with a decrease in roasting
temperature as discussed in the previous section.

The presence of significant amounts of arsenic and sulfur in the calcine cause increased cyanide
and lime consumption during cyanidation. They also cause problems in extraction of gold due to
increased oxygen demand, and possibly in cementation of gold from “foul” solutions.

To overcome these ill effects, the Giant Yellowknife Mine incorporated an elaborate water washing
circuit prior to cyanidation of calcine (12). The washing removes soluble arsenites as well as metal
sulfates which are cyanicides. At Giant Yellowknife, incorporation of washing steps resulted in a
significant decrease in cyanide consumption, from about 1.8 pounds per ton of calcine to about 0.8
pound per ton of calcine. Washing prior to cyanidation of calcine was also practiced al MaclLeod-
Cockshutt (10) and Getchell (13). On the other band, Cochenour--Willans (11) discontinued water
washing practice because of the difficulties encountered in the settling of fine calcine particles and
the resultant loss of gold present in these particles that were discarded as thickener overflow.

It may be advantageous in certain cases to aerate the calcine slurry in the presence of lime so as
to remove some of the alkali- and oxygen-consuming substances prior to cyanidation (17). Washing
or lime treatment of calcines becomes even more important if the barren solution from the gold
precipitation step is recycled to the plant, so that the cyanicides do not build up to a very high
concentration level.

Generally speaking, cyanidation of calcine is a straightforward process and no major problems are
encountered. Gold extractions as high as 92 to 94 percent are obtained. The kinetics is generally
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faster than with non-calcined, oxide ores. In one case, it was reported that 50 percent of the gold
can be extracted within 1 minute in a percolation test (12). The cyanide and lime consumptions are
reported in the range of 0.75 to 25 pounds per ton of calcine (10-13). The composition of the calcine
and its washing are the governing factors. Agitated tanks and thickeners are the standard equipment
used. In some cases, ball mills are also used.

RECOVERY OP GOLD PROM SOLUTION

At almost all the plants described in the roasting and cyanidation sections, gold was recovered from
the cyanide solution by a standard zinc dust eementation technique. The most common variation of
this technique is known as the Merrill Crowe process. Finkelstein (19) has reviewed the chemistry of
this cementation process and the potential-pH diagram presented in Figure 7 is taken from his paper.
As the diagram indicates, metallic zinc easily reduces the Au(CN)'2 ions to metallic gold according to

the reaction
2Au(CN),+Zn -> 2 Au+Zn(CN)*> 2

The cemented gold is fire refined to remove zinc and other metallicimpurities, before being marketed.

Little information is available on the gold recovery efficiency at the plants described in this report
It is mentioned in the literature (19) that the presence of arsenic, even at concentrations of only a
few parts per million, adversely affects the gold cementation process. Serious problems may be
encountered at about the 15-parts-pe million concentration level Arsenic is a relatively noble metal
and will be cemented along with the gold, requiring its removal in the fire-refining step.

Another problem relates to safety. Under the strongly reducing conditions present during zinc dust
cementation (an Eh of-1000 mV or less, see Figure 7), the dangerous gas arsine (AsHs) may form.
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Figure 7. Potential-pH equilibrium diagram for the system Zn-Au-H,O-CN
at 25°C (Reference 19).
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Special safety precautions, such as venting of the workplace, are required under these conditions,
adding to the cost of operation.

In view of the above-mentioned problems, an alternate technique, that of adsorption of gold on
activated carbon has been suggested for arsenic-bearing solutions. Excellent results have been
obtained on a laboratory scale at the U.S. Bureau of Mines, Reno (16). On a commercial scale,
this method has been used for arsenic-rich gold-bearing dusts collected from the electrostatic
precipitators at Campbell Red Lake Mine {35). A major advantage of this method is that carbon
absorption may be carried out directly from the cyanidation pulp, eliminating the need for an
expensive continuous countercurrent decantation system. The loaded carbon is screened out. While
the gold can be stripped and the activated carbon recycled for reloading of gold, Campbell Red
Lake, due to the small size of its operation, prefers to sell the gold-loaded carbon to a smelter.

ENVIRONMENTAL ASPECTS

Arsenic and most of its compounds are toxic. In the past, little attention was paid to environmental
pollution caused by arsenic emissions leaving the stacks of roasters or discharged with the barren
solution. This was partly because of the location of the mills in sparsely populated, remote areas. The
practice continued until the early 1970s (35).

However, in recent years the governments in several countries have passed regulations to protect
the environment. The United States Environmental Protection Agency has set guidelines for arsenic
emissions in air and water streams {36, 37). For air emissions, the average arsenic content should be
less than 0.5 mg/m? {STP). For domestic water, the arsenic limit is at 0.05 mg/L while for other waters
the limit is 1 mg/L.

The atmospheric emission of arsenic consists of As,O,, both as particulate matter and as vapor
present in equilibrium with air. Thus, it is important to install not only an efficient condensation
system but also a particulate collection system. The facilities installed at Campbell Red Lake Mines
are considered not only adequate but exemplary {38). Here, the overall efficiency for the control
of particulate emissions using a combination of a hot electrostatic precipitator, an air quench in
a mixer-cooler, and a cold baghouse exceeded 99.9 percent. Collection of particulate arsenic in
the baghouse was greater than 99.95 percent; however, overall arsenic collection efficiency in the

baghouse was slightly less due to the passage of some As, O, as vapor.

According to Behrens and Rosenblatt (39), the vapor pressure or A3203 is given as
in the temperature range of 94 to 156°C. Thus, at the temperature of the condenser at Campbell
Red Lake, 107°C, the equilibrium As,O, vapor pressure is 7 x 10 mm Hg, which would indicate a

—6067
log p(atm) = % + 9.905
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vapor phase arsenic content of about 8 Mg/m? (STP) or in terms of arsenic, 5 to 8 mg/m? (STP). This
compares with total arsenic emission of 11 mg/m?* (STP) measured during the observation campaign
(38). In order to reach an arsenic content of 0.5 mg/m?3 (STP)., the equilibrium vapor pressure has
to be an order or magnitude smaller which means that the condenser temperature has to be about
84°C based on extrapolation of the above equation. This, of course, will enormously increase the
requirement of cold air to be mixed in. It should be further noted that this cooling by mixing air is not
suitable where SO, has be recovered as sulfuric acid.

With regards to the arsenic discharge in gold mine and mill water, Laguitton (40) has presented
an excellent analysis of the most efficient method, the lime addition method. Figure 8, taken from
his paper, shows that residual arsenic levels of 1 mg/L or less can be obtained by this method. It is
important to oxidize arsenic to the pentavalent state, particularly if the barren solution from the zinc-
dust cementation step is to be treated. While air can be used for this purpose, addition of chlorine or
sodium hypochlorite is more expedient. Since arsenic acid, H,AsO , is a weak acid, a high pH of 12 or
so should be maintained.

The arsenic level in water can be further reduced below 0.5 mg/L by adding a small amount of
phosphate ions (40). Otherwise, ion exchange or other techniques must be used to meet the standards
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Figure 8. Variation of the residual As(V) concentration in equilibrium with

Calt ions in solution (Reference 40).

of drinking water.

As for the arsenic containing solids, the As,O, condensate can be purified and sold. The two major
consumers are the alloy manufacturing industry and the agricultural chemical industry (41). In those
cases, where market conditions do not permit this, the arsenic oxide, or other arsenic compounds
such as calcium or iron arsenate or cyanidation tailings, have to be stored at the plant site in sealed
spaces.
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SUMMARY AND CONCLUSIONS

The major conclusions regarding recovery of gold from arsenical ores are summarized below.
1. Occurrence of Arsenical Ores

Arsenical gold ore deposits occur in almost all parts of the world. Several large mines containing
arsenical gold ore have operated or are operating in Canada and the western United States.

2. Mineralogy

Arsenopyrite (FeAsS) is the most commonly occurring arsenic mineral, often in association with pyrite
(FeS). At the Getchell Mine in Nevada, orpiment (AsZS3) and realgar (ASZSZ) are the major arsenic
minerals. Generally, very fine particles of free gold are disseminated in the grains of sulfide minerals.

3. Mineral Beneficiation

Because of the nature of gold distribution, fine grinding of the ore may not increase the liberation
of gold for cyanidation. Rather, gravity separation and, more commonly, flotation has been used
to prepare a sulfide concentrate containing most of the gold (87 to 95 percent recovery). The
concentrates contained from 2 to 38 percent arsenic, 16 to 38 percent sulfur, 17 to 38 percent iron
and 1to 6 oz/ton gold. Al the Getchell Mine, where the beneficiation step was not included, the ore
containing about 3 percent each of arsenic and sulfur, and about 0.25 oz/ton gold, was fed directly
to the roaster.

4. Cyanidation of Concentrate

It has long been known that the presence of arsenic sulfide minerals adversely affects the gold
extraction during cyanidation. This is why arsenical ores are considered refractory. Both physical
and chemical factors are responsible for this behavior. Finely disseminated gold particles inside
arsenopyrite grains require extremely fine grinding and unduly long residence time for cyanide (CN-
) ions to reach the gold. On the chemical side, dissolution of gold as Au (CN),” ions requires oxidizing
conditions, an Eh of -400 mV (vs. standard hydrogen electrode) or above. The presence of arsenic
sulfides tends to lower the Eh to -500 mV and below. This necessitates excessive aeration or the use
of stronger oxidants. There are also suggestions that the presence of sulfide grains in contact with
gold causes an electrochemical passivation of gold.

5. Roasting of Concentrates

To overcome the above-mentioned problems, arsenical concentrates are roasted to remove most
of the arsenic and sulfur as As,O, and SO,, while producing a porous oxide calcine suitable for
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cyanidation. The roasting practices of six United States and Canadian plants show how roasting
technology has evolved from the early 1920s to the 1960s. The single-hearth and multiple-hearth
roasters of the earlier plants have been replaced by fluidized-bed roasters. The optimum roasting
temperature has ranged from about 470 to 700°C, depending upon the roaster design, arsenic, and
sulfur contents of the calcine and throughput rate.

Available thermodynamic data have been used to describe the chemistry of the roasting process
and its bearing on roasting practice. The vapor pressures of arsenic and sulfur over arsenic sulfide
minerals are considerably higher than that of sulfur over pyrite. Also, the driving force for the oxidation
of arsenic to As,O, vapor is comparable to that for the sulfur to SO, gas. As a result, during the early
stages of roasting while FeS, is converted to FeS, most of the arsenic and about half of the sulfur are
removed in the vapor phase as As,O, and SO,. Higher temperature increases the rate of arsenic
removal, and has been used to either increase the throughput rate or to treat feed materials with
higher arsenic contents. It is important to remove most of the arsenic this way, otherwise during
later stages of roasting when FeS is converted to Fe O, under stronger oxidizing conditions, non-
volatile As, O, will be formed and may combine with iron oxides to form iron arsenite or arsenate. The
presence of soluble arsenic oxide compounds adversely affect the cyanidation of the calcine.

6. Washing and Cyanidation of Calcine

The calcines, particularly those produced at low temperature, are washed prior to cyanidation to
remove soluble sulfates and arsenites to reduce oxygen, lime, and cyanide requirements during
cyanidation. Generally, cyanidation of calcine presents no major problems and gold extractions of
up to 94 percent have been obtained using standard equipment; agitated tanks followed by a series
of thickeners.

7. Gold Recovery from Solution

Zinc dust cementation is the standard technique used. When treating arsenic-bearing solutions, there
is a possibility of forming dangerous arsine gas (AsH,) due to strongly reducing conditions present
during zinc cementation (an Eh of-1000 mV or so). For safety, the workplace has to be vented. It is
also reported that the presence of arsenic in cyanide solutions, even at the 5 to 10 parts-per-million
level, adversely affects gold recovery. For such situations, absorption of gold on activated carbon
provides a better alternative.

8. Environmental Aspects

Atmospheric pollution can be minimized by installation of proper dust collecting equipment and
designing As,O, condenser to operate at a low temperature, about 100°C. For aqueous streams,
oxidation of arsenic to the As (V) state and addition of lime to the saturation level can bring down the
arsenic level to less than 1 mg/L, which is the EPA limit for non-domestic water. As for the solids, arsenic
oxide or calcium arsenate can be purified and sold to the alloy manufacturing or the agricultural
chemical industries. Otherwise, a sealed space should be used to store the arsenic compounds.
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INTRODUCTION

Palladium and platinum compounds are well-known stoichiometric reagents and catalysts for many
organic interconversions. In our laboratory we work with the simple Pd(Il) and Pt(Il) aqua complexes
(Chart I), which are easy to prepare from the available precursors and are stable at a variety of
conditions. Liability of ligand exchange on Pd(ll) and relatively low pK, for the bound water in Pd(ll)
aqua complexes make these complexes especially valuable catalysts for hydrolytic reactions. We
have studied several examples of such organic hydrolytic reactions, three of them are presented in
this report.

Hydration of nitriles and formation of corresponding carboxamides (eq 1) is an important reaction
both in laboratory and in industry. This reaction is

0
R—C=N + H,0 —> I M

e,

catalyzed by various acids and bases, but many of these classical methods require harsh conditions
and give low yields. The undesirable further hydrolysis of carboxamides into carboxylic acids cannot
be avoided, because this reaction is faster than hydration. especially under basic conditions. Extreme
acidity and basicity can, however, be avoided if transition-metal complexes are used. Such studies
have been done with several transition metals, often underforcing conditions. Labile complexes served
as catalysts. Inert complexes allowed reactive intermediates to be trapped and gave kinetic and
stereochemical information about the mechanisms of hydration. The main advantage of transition-
metal complexes over acids and bases is their selectivity. In the presence of these complexes,
carboxamides are not converted to carboxylic acids. We report here on hydration of several nitriles
catalyzed by palladium(ll) aqua complexes. We examine the effects of the aqua ligands, ancillary
ligands, solvent, and the pH value on the rate of hydration and present a general mechanism for this
reaction. Since nitrile hydratases, which catalyze the reaction in eq | in vivo, are metalloenzymes,
investigation of catalysis by transition-metal complexes may contribute to an understanding of these
important but little-studied enzymes.

Many biological processes involve amide bond hydrolysis in proteins and peptides. The amide bond
is extremely unreactivc, the half-life for its hydrolysis in neutral solution is ca. 300 years. Transition-
metal complexes hold great promise for the hydrolytic cleavage of biomolecules. Many of the
previous studies have been done with esters and activated amides, however studies with regular
(inactivated) amides, peptides, and proteins are becoming more frequent. These reactions are
important in practice and interesting from the mechanistic point of view. Urea is the simplest example
of an inactivated amide. Uncatalyzed hydrolysis of urea has not been reported. However, nickel(l1}-
containing enzyme urease catalyzes hydrolysis of urea into ammonia and carbamic acid. Carbamic
acid then spontaneously decomposes intosecond molecule of ammonia and carbon dioxide (2).
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Here we present the first example of catalytic decomposition of urea by the simple palladium(ll)
aqua complexes. Since Pd(ll) belongs to the same group as Ni(ll) and has the same oxidation state,
our mechanistic study provides some insights into the mechanism of enzymatic urea decomposition.
The fact that carbamic acid is the common intermediate in both cases, also makes our reac tion quite
relevant to urease chemistry.?

The third example of organic reactions catalyzed by Pd(ll) complexes is catalytic alcoholysis of urea
in the presence of various alcohols (3). In a case of alkyl alcohols formed carbamic ester is more
stable than carbamic acid, and carbon dioxide is not produced. If, however, aryl alcohols are used,

the resulting ester is hydrolyzed to carbamic acid, which then decomposes into ammonia and carbon
dioxide. *

0 O

) N S
HLNT SNH, HNT SOR :

Both reactions, hydrolysis and alcoholysis of urea catalyzed by Pd(Il) aqua complexes, were studied
quantitatively: binding of urea to the catalyst, formation of carbamic acid coordinated to palladium(ll)
via the nitrogen atom. conversion of this intermediate into carbamic ester or carbon dioxide and
ammonia, direct alcoholysis of coordinated urea. We examine the effects of the aqua ligands on
Pd{Il), presence of inhibitors and other metal ions, and the pH value on the rate of hydration and
present a general mechanism for these reactions.?”
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Chart 1. The Complexes

N OH, —Il+ 0\/\ ()HZ_P+ H‘;O OH _lz~t

N/ \OH2

H .
cis-[Pd{en)( H0) " cis-[Pd(dico-OH) (H;0),)** [Pd(HZ0)4]"

CH;00C

2 N
H, 2_l ' gz\ /Oﬁz =
\ (O /Pd
7 H,
i 2
\ay, \__/
cis-{ P&(Mei0O M) H:0)5)2 (Pd(dien)(H0)]

HYDRATION OF NITRILES

Detection of Nitrite Coordination to Palladium(ll)

Carbon-13, nitrogen- 15, proton NMR spectra, and visible absorbance experiments confirm the coor
dination and show that nilrile is a labile ligand to palladium(ll).

The equilibrium in eq 4 was quantitatively studied by '"H NMR spectroscopy because of the sensitivity
of this method.

RCN + HZO—-iLd = HO + RCN—LLd— ()

The results for various nitriles and palladium(ll) complexes are given in Table 1. Hydration of
CH,CN and CH,CICN at 293 K was slow enough not to interfere with the study of coordination. The
corresponding three values of the equilibrium constant in Table 1 are accurate. Proton NMR spectra
did not give evidence of binding of CH,CICN to [Pd(dien)(HzO)]Z", and CHCI,CN under went hydration
too rapidly for the coordination to be studied. For these reasons, the last four values in Table 1 are
estimates, obtained on the basis of known equilibrium constants.
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Table 1. Experimentally Determined and Estimated Equilibrium Constants for
Displacement of an Aqua Ligand by a Nitrile Ligand (eq 4) at 293 K

Entering Complex K, M~
Ligand Determined Estimated
CH,;CN cis-[Pd(en)(H,0),]** 22+2
[Pd(dien)(H,O))** 0.37 £0.04
[Pd(H.0).)* 5.4
CH,CICN cis-[Pd(en)(H,0),]** 2703
[Pd(dien)(H,0)]** 0.04
CHCI,CN cis-[Pd(en)(H,0),]** 0.3
[Pd(dien)(H,0)]** 0.004
[Pd(H,0),]* 0.05

Dependence of the Hydration Rate on the Catalyst and the Substrate Concentrations

The reaction is of first order with respect to the catalyst The results show that there is no saturation
of the catalyst complex by the substrate under these conditions. Indeed, the equilibrium constant for
nitrile coordination is low (see above).

Dependence of the Hydration Rate on pH

Hydration of CHCL,CN catalyzed by the tridentate complex [Pd(di<en)(H20)]2+ was independent of pH.
The complex [Pd(dien)(CHCIZCN)]2+ lacks aqua ligands; the water for hydration must come from the
solvent. We assume that hydration involving the complex cis—[Pd(en)(CHCIZCN)iJZ", which also lacks
aqua ligands, will likewise be in dependent of pH.

The dependence of the hydration rate on pH therefore comes from an acid base process involving an
aqua ligand. Since the catalyst is [Pd(en)(HZO)z]z", the complex responsible for the pH dependence is
cis-[Pd(en)(CHCIZCN) (HZO)]Z"; its acid-dissociation constant is K,. The experimental data were fitted
to eq 5.

k +
oy = w20 [H*] + Kakon &)
Ka + [HY]
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The fitted parameters areas follows: kHzo=(7.210.1)x10’4 min~", kOH=(24¢2) x10* min™, and K0 = (8.0 =
0.1) x10°® M. The last value corresponds to pK,=5.1%0.1in D,O as a solvent.

The hydroxo complexes may be somewhat better catalysts than their aqua precursors for two
reasons, illustrated in Scheme 1. The hydroxo ligand is both a stronger nucleophile and a stronger
general base than the aqua ligand. Kinetic experiments. however, cannot distinguish between those
two mechanismes, i.e., between lhe internal and external nucleophilic attacks on the coordinated ni
trile. Labeling experiments are inapplicable to these palladium(ll) complexes, which are labile.

Scheme 1
R +
(:’R I+ ‘?c’ |
N’ p, i
N\ / \ 0
/ \OH CH
nucleophilic attack general base catalysis

The smallincrease in the rate of hydration in neutral and weakly basic solutions is not advantageous in
practical catalysis, because with increasing pH value increases the rate of the undesirable hydrolysis
of carboxamide into carboxy late. For this reason, we continued studying catalysis of hydration in
acidic solutions.

Dependence of the Hydration Rate on the Substrate Electrophilicity

Table 2 shows a marked increase in the rate of hydration as the electron-with-drawing ability of
substituents increases in a series of similar nitriles. Table 1 shows a parallel decrease in the binding
affinity of the nitrite for palladium(ll). Evidently, reactivity is enhanced more by the electrophilicity of
the nitrile carbon atom than by the substrate binding to the catalyst.

Dependence of the Hydration Rate on the Ancillary Ligands Bound to Palladium(ll)

Table 3 shows a considerable kinetic effect of the ligands that remain bound to paljaclium(ll) during
the catalytic reaction.

Because it contains the most nucleophilic aqua ligand, even though it has the least affinity for
binding of the nitrile (Table 1), the complex [Pd(HzO)4]2+ is more effective vAan the other complexes.
For the aforementioned electronic reason, the bidentate ligands methionine ester (an S,N-donor),
ethylenediamine (an N,N-donor), and a substituted 1,5-dithiacyclooctane (an S,S-donor) lessen the
catalytic effectiveness of the palladium(ll) atom.
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Table 2. Effect of Substituents on the Rate Constant for Hydration of Nitriles
and Formation of Corresponding Carboxamides Catalyzed by 17 mM

[Pd(H,0),*
Mole Ratio Substrate Kons, 7Y,

Catalyst : Substrate at 313 K
1:10 CH;CN 0.0016 £ 0.0001
1:10 CH,CICN 0.042 +£0.003
1:10 CHCI,CN® 5.22+0.16
1:1 4-CH;0-C,H,CN 0.010 £ 0.001
1:1 CcHsCN 0.023 + 0.001
1:1 4-NO,-C;H,CN 0.35+0.04

a) For disappearance of the nitrile.

Table 3. Rate Constant for Disappearance of CHCI,CN and Appearance of
CHCL,C(O)NH, in Solutions that were Initially 170 mM in the Nitrile and 17
mM in the Palladium(II) Aqua Complex

Catalyst kKo, B, at313 K
[Pd(H,0),]* 5.22+0.16*
cis-[Pd(MetOMe)(H,0),]* 1.05 £ 0.01
cis-[Pd(en)(H,0).]** 0.39 £0.02
cis-[Pd(dtco-OH)(H,0),]** 0.05 £ 0.01
[Pd(dien)(H,0)]** 0.020 £ 0.002

a) For disappearance of the nitrile.

That the diethylenetriamine (dien) complex is only about 20 times less reactive than the
ethylenediamine (en) complex can be explained with reference to Scheme 2.

Scheme 2
2+
/R _IZ+ zR _l
i M /N@C 3
AN
VN
OH‘) HN NH,
internal attack external attack
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Lack of Affinity between Carboxamides and Palladium(ll)

Carboxamides can coordinate to transition metals via the oxygen or the nitrogen atom. Various
experiments showed that acetamide and dichloroacetamide do not detectably bind to [Pd{HZO)4]2+
under the conditions used for the hydration reactions, even when the amide was present in a tenfold
or 50-fold molar excess over the complex. This finding rules out inhibition of nitrile hydration by
coordination of the product, carboxamide, to the catalysL Without the inhibition, the catalysts are
more efficient.

The Observed Intermediate in the Reaction Catalyzed by [Pd(H,0) 4]2+

In the reactions catalyzed by [Pd(H20)4]2+ an infermediate was observed at 6.68 ppm. The resonance
that grows over time at 6.68 ppm, 0.40 ppm upfield from that of CHCL,CN and 0.42 ppm downfield
from that of CHCI,C(O)NH,, cannot be due to either coordinated nitrile or coordinated carboxamide.
The near equiclistance of the middle resonance from the resonances of CHCL,CN (0.40 ppm) and
of CHCIIZC(O)NHI2 (0.42 ppm) suggests that the middle resonance is due to an intermediate in the
conversion of the nitrile to the carboxamide, a species with partial characteristics of both. Iminol, the
minor tautomer of carboxamide (eq 6), satisfies this requirement It resembles both the nitrite and a
carboxamide in having both a multiple carbon-nitrogen bond and a carbon oxygen bond. Iminols
can be stabilized by transition metals,

e OH
—C == —C
R
“NH, S\H ”
carboxamide iminol

and both unidentate and bidentatc modes of coordination have been examined crystallographically.
Therefore, there are good precedents for possible iminol intermediates in the hydration reaction,
which are shown below. The two unidentate ligands are geometrical syn and anti isomers; the third
intermediate, containing bidentate iminol, cannot show geometrical isomerism. Corresponding
iminolates are unlikely, because deprotonation is suppressed in acidic solutions used in our study.

HO R
¢ N

R” *rqu HO™ '*'riJH ?=TH
o, ¥ - —Pd— HO—Pd—
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Chemical Mechanism and the Iminol Intermediate

Although either unidentate or bidentate iminol intermediate (see formulas above) can result from
either mechanism of hydration, the unidentate iminol may be more likely in the external attack,
whereas the bidentate iminol may be more likely in the internal attack. As simulations with program
KINSIM showed both mechanisms occurred.

Chemical shifts give a clue about the mode ofiminol coordination. When the hydration is studied in
aqueous (D20) solution, the intermediate gives only the resonance at 6.68 ppm. This fact argues
for the bidentate iminol complex, which cannot exist as geometric isomers. Monodentate iminol
infermediate was not observed.

Overall Mechanism. and Turnover in Hydration

The experimental facts discussed above are integrated in the mechanism in Scheme 3.

Scheme 3
OH, H0 OH2 H,0 OH,
M d\/ o N N, d\/ o
7 “w-d L 7 Npd
H, R RC(O)NH, 2 RC(O)NH, H, R
‘f RON ]
RCN
l o
H0
RC(O)NH,
6
o OH %,
“ed/  oH Sed . JCR
® H,0 B
two isomers R
extermal internal
atack attack

Kinetics and Mechanism of Urea Hydrolysis

Carbon-13 NMR Spectroscopy in Kinetics. It is well known that quantita tive analysis with *C NMR
spectroscopy is difficult to perform due to differen tial relaxation and Nuclear Overhauser Effects
(NOE). Both of these factors effect carbon signal intensity, such that carbon concentrations are not
accurately obtained from thespectrum. Addition of CF(GCGC)3 or Fe(0|cc|c)3 (relaxing agents) to the
solution shortens long relaxation times of carbons and suppresses NOE. Thus, in the presence of a
relaxing agent we were able to study kinetics of urea decomposition by carbon-13 NMR.
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Binding of Urea to cis-[Pd(en)(H20)J2+Complex

There are many possible modes of urea binding. Among those two are the most common: 0-bound
(D) urea and N-bound (I1) urea.

e &
M—C=C
“NH, O=C\"IIH2
M

When urea decomposition is catalyzed by cis-[Pd(d’rco-OH)(HzO)z]2+ complex we observe the
increase in the concentration of N-bound isomer overtime. At the same time the concentration of the
O-bound isomer, present almost from the start of the reaction, decreases. Therefore, it is reasonable
to assume that O-bound urea isomerizes into thennodynamically more stable N-bound urea.

Urea binding occurs as shown in Scheme 4 with parameters K_ (binding through oxygen) and
(isomerization to N-bound urea complex).

Scheme 4
NH,
H H ~N (1?
EN Z\H;?/mz N/g - l::; -, of T K 2+ NS,
+ E—== N Pd
4 \Gd12 H, NNH, Hy0 \OHZ \OH
H2 }-b H2 2

All calculated parameters shown in Table 4. In the presence of 1.5 M H,0 these binding constants
become somewhat lower due to competition between water and urea for coordination. This effect,
however, is not very pronounced.

Table 4. Equilibrium Constants for Urea Binding to [Pd(en)(H,0),**] Complex
in Aceione-dg, at 313 K

Equilibrium Constants No H,O Added 1.5 M H,O
Ko 23 20
Kun 0.060 0.050
K= Kox KN' 1.3 0.95
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Different Pd(ll) Complexes Promote Decomposition of Urea

Five Pd(ll) aqua complexes shown in Chart 1 were compared in terms of reactivity toward urea
decomposition. The results are shownin Table 5. All complexes with monodentate and bidentate ligands
([Pd(H,0),I**, cis-[Pd(en)(H,0),I**, cis-[Pd(OMeMet)(H,0),]**, and cis-[Pd(dtco-OH)(H,0),]**) show
very similar re-activity. We have chosen cis—[Pd(en)(HzO)z]2+ complex for our kinetic investigations.

Table 5. Initial Rate of CO, Formation in the Decomposition of Urea Catalyzed
by Various Palladium(II) Complexes in Acetone-dg, at 313 K

Complex v;t9, x 105, Mimin™!
[Pd(H,0),]* 6.67 £0.69
{Pd(en)(H,0),]** 13.3+1.1
[Pd(OMeMet)(H,0).]* 7.87 £0.55
[Pd(dtco-OH)(H,0),]* 165+1.0
[Pd(dien)(H,0)]* <1.4x 103

Complex with tridentate ligand [Pd(dien)(HzO)]2+ is not reactive toan appre ciable extent due to the
extremely low binding of urea and absence of internal water delivery or general base catalysis.

Observed Intermediate in the Decomposition

Decomposition of urea catalyzed by Pd(Il) aqua complexes involves formation of an intermediate. This
species was studied by ®C and N NMR spectroscopy. The chemical shifts suggest eithercarbamic
acid itself (illa) or its deprotonated fonn bound through N to Pd(ll) (lllb).

NH,

NHz™ E\OH -lz+ NH/g\OH ]+ \, d,o"é§o _|2+
e O L

OH,

lla b v

Products and Overall Stoichiometry of the Reaction

The ultimate products of the hydrolytic urea decomposition are ammonia and carbon dioxide. Overall
stoichiometry of the reaction was confirmed by initial rate measure ments. Initial rate of CO, formation
was obtained from CNMR spectroscopy. It is equal to (1.33 £0.1) x 104 M min-1e Initial rate of overall
ammonia production (including ammonium ion and ammonia), found from NNMR spectroscopy
is (2.48 £0.17) x 10* Mmin~. This finding demonstrates stoichiometry of urea decomposition as one
equivalent of CO, produced per two equivalents of ammonia as it should be from the overall scheme.
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Independence on Water Concentration

Initial rate of COi formation does not depend on water concentration in the range 0.15M - 7.9M and
it is equal to (1.33 £0.10) x 10* Mmin™". Water independence suggests that noexternal water is involved
in the rate limiting step in urea decomposition.

Kinetic Effects of Base

Decrease in the initial rate of CO, production with increasing base concentration was observed. This
is consistent with either or both the decomposition of carbamic acid intermediate and dimerization of
Pd(Il) catalysts, forming inactive p-OH bridged complexes. We concluded that mostly deprotonated
form of carbamate intermediate lllb rather than dinuclear Pd(Il) complexes is responsible for the
slow carbon dioxide formation at high base concentration.

Inhibitors of the Urea Decomposition

Thiourea and the product of the reaction ammonia inhibit production of CO2 from urea due to their
binding to Pd(lI).

Kinetic Effectsof Acid
As Table 6 shows, an increase in the solution acidity inhibits coordination of urea to palladium(ll) but

favors the O-bound over the N-bound isomer in the diminishing fraction of urea that is coordinated.
The initial rate of CO, formation decreases as the concentration of acid increases.

Table 6. Effects of Acid on the Extent of Urea Coordination, the Mode of
Coordination, and the Initial Rate of CO, Formation. Initial Concentrations of
Urea and [Pd(en)(H,0),J** Complex were 0.30 M Each, the Temperature was
313 K, and the Solvent was Acetone-ds.

Added [DCIO4],M  [bound]/[free] [O-bound]/[N-bound] V¢, x 108,

urea urea Mmin!
0.000 3.10 8.70 1.330 £ 0.070
0.027 2.20 8.70 1.020 £ 0.090
0.080 1.10 14.1 0.800 £ 0.070
0.107 0.700 214 0.640 = 0.050
0.133 0.500 22.4 0.600 = 0.050

Mechanism of Urea Decomposition

Concentration of the infermediate in Scheme 5 was fitted to eq 7, and rate constants k, and k, were
obtained from this fitting.
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K [Pd H C(O)NH
PENH,COOH] = kq K [Pd(en)( 20)22% [NH,C(O)NH,}, [exp(-k,t) _ em(kgt)] (7
kz - k1
Scheme 5
o
1;<U'11 K 2+ ~e, k 2+, ka2 M
E = TN THO
CH2 * = Hy 2 -:1 2 :Pé}zio; H

The rate constant k, corresponds to the nucleophilic attack at the carbon atom of N-bound urea. The
experimental results were fitted to eq 8, derived from Scheme 6.

ki Kag
ke = 1 Iy (8)
Scheme 6
o}
o ' H
24 NHZ/E\NHZ k1 2+/ ~~OH
d/ > >>d + N,
\OH H0O \OH
Hz
Hy
Ky || 0¥

v

HO
O

0 .
k1 \2:/“‘/&0“
Qbi\? d<NH/8\NHz Ez/p \OHZ +  NH3

Hz

The equilibrium constant K ,could not bedetermined experimentally because thecomplex cis-[Pd(en)
(NH,C(O)N Hz)(HZO)]2+ is reactive and present in a very low concentration. Fortunately, this constant
could be estimated on the basis of known pK values for various Pd(ll) aqua complexes. With a
reasonable estimate of K = I x 107 M, the fitting yielded the rate constant for the aqua complex, k,"
= 0.3 min™ and the one for the hydroxo complex, k,' =460 min~'. That the hydroxo complex is more
reactive than the "parent" aqua complex is consistent with both internal attack and general base
catalysis.

The IPMI Journal - A Publication of the International Precious Metals Educational and Scientific Foundation - https:/ipmi.org

Page 51



The composite rate constant k2 represents the disappearance of the carbamic acid intermediate
by two pathways: direct decomposition when bound to Pd(m or when free; the corresponding

rateconstants are lei,and kras shown in Scheme 7.

The later reaction is extremely fast: k =6.0 x 10" min™". Fitting the experimental data to eq 9, derived

from Scheme 7, yielded Kd ==9.0 x 10™ M and k_= 8.9X 107 min™".

ke Kg [H']

k2 = + kb
[Pd(en)(HL0)2]
Scheme 7
o
K
A d 0
74 Hz
Efs;d ou LU 2 + *NH;COOH
o, o,
ko ke
2+ Pty .
NHy + CO, =+ \p:\); Nl + COp
R,
H;
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The overall Mechanism and Catalytic Turnover. All steps discussed so far are integrated in Scheme 8.
The observed species are shown in boxes.

St

2+ OH,
Hp, o >Pd/\(())ﬂ N
2+ O’C(NHZ)Z \2+,OH2
\ 7 NH; + CO, Pd + COOH
Pd 7 N\o 3
7 \oH, ke H,
HO K
Ks
k«'; H,0”

HO
))zg _NH,C(O)NH, /m N 135 _NH,COOH

“oH, )

N 1 ATCOME: — kg

K, /
LA “oH
base
HC(O)NH
\Fd’N o
PN

OH-»

This mechanism, however, does not fully account for the kinetic results. The overall rate of the
reaction (i.e., the initial rate of CO2 formation) is greater than the maximal rate of decomposition
of carbamic acid, calculated from the known values of k; and k, and the maximal concentration of
the carbamic acid interme diate.Some carbon dioxide is formed bya pathway that does not involve
N-bound carbamic acid.Although the palladium(ll) complex containing O-bound urea is clearly
evident in the NMR spectra, there are no precedents for nucleophilic attack by water at the carbon
atom in it and formation of O-bound carbamale anion. There are precedents for decomposition of
0-bound carbamate anion into CO, and NHj,, but this reaction is much slower than decomposition of
N bound carbamic acid. We, however, hesitate to implicate O-bound carbamate anion as a possible
infermediate in the second pathway for urea decomposition until conversion of 0-bound urea into
0-bound carbamate anion is demonstrated.
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Catalytic turnover

Since ammonia poisons the paljadium(ll) catalyst and inhibits decomposition of urea, sequestration
of ammonia is expected to pro mote decomposition. Indeed, Table 7 shows that this reaction is
enhanced in the presence of certain metal cations

Table7. Effects of 1.0 M Added Metal Cation on the Half-life of Urea Decomposition.
Initial Concentrations of Urea and [Pd(en)(H,0).]** were 0.3 M and 0.075 M
respectively, the Temperature was 333 K, and the Solvent was Acetone-ds.

Cation B, B, tin, It
Ag* 20x 103 1.4 x 107 4.10
Cd> 3.2x 102 29x 10¢ 184
Ni* 4.7 x 102 6.1 x10% >26.7
Hg> 6.0 x 108 3.0x 10 <2.30
Zn* 1.5x 102 2.7 x 10° 26.7

Stabilities of ammonia complexes follow the order of the binding constants Hg?* > Ag+ > Ni** > Cd** > Zn?*,
The order of half-lives for the reaction is remarkably similar: Hg?* << Ag*< Cd?* <Zn?* < Ni**. The only
qualitative discrepancy is the Ni(ll) ion, whose activating affect is less than expected from its affinity
for ammonia. Carbon-13 NMR spectra show Ni(ll) to be the only cation out of these five that bind
urea to a detectable extent under theconditions of our experiment.

As Table 8 shows, when ammonia is sequestered by complexation to the Ag(l) cation, the hydrolysis
occurs with a turnover - one equivalent of [Pd(en)(HzO)z]2+ effects complete hydrolysis of four
equivalents of urea. When the concentration of the Ag(l) cation is raised, this reaction becomes rather
fast - its half-life is less than 4 h.

Alcoholysis of Urea Catalyzed by [Pd(en)(H20)2]2+ Complex

Binding of Urea to Pd(ll) in the Presence of Various Alcohols. As Table 9 shows, presence of different
alcohols in similar concentrations does not affect urea coordination. In pure methanol overall binding
of urea to Pd(ll) is lower due to the competition with the solvent.

Table 8. Effects of Ag* Ion Concentration or the Half-life of Urea
Decomposition. Initial Concentration of Urea was 0.3 M, the Temperature was
333 K, and the Solvent was Acetone-d,.

[Ag], M [Pd(en)(H,0),**], M tin, b
0.1 0.075 16.5
0.5 0.075 4.60
1.0 0.075 4.10
1.0 0.150 2.50
2.0 0.075 3.30
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Table 9. Equilibrium Constants for Urea Binding to [Pd(en)(H,0);**] Complex
in the Presence of Various Alcohols in Acetone-dg, at 313 K

Alcohol Ko, M! K=Kyx Ky, M?
none 23 1.3
CH,0H (3.6M) 30.6 0.63
CH,0H (pure, 22.6M) 18.0 0.23
CH;CH,OH (1.5M) 31.3 0.49
CFH,CH,OH (1.5M) 34.0 1.91
CF;CH,0H (1.5M) 41.9 2.3
CH;CH,CH,0H (1.5M) 28.3 0.41
CH;CH(OH)CH; (1.5M) 25.6 0.40
CH;CH(OH)CH,CH; (1.5M) 26.2 0.44
HOCH,CH,0H (0.9M) 36.0 0.83
HOCH,CH,CH,0H (0.9M) 324 0.92
HOCH,CH(OH)CH,OH (0.9M) 38.7 0.77

Determination of the Reaction Rate Law

First order with respect to the concentration of MeOH was observed at low (< 1.0M) concentrationsof
methanol.

Dependence on Water Concentration

Initial rate of carbamate melhylester fonnation slightly increases upon water concentration increases
in the range 0.6 M-11.TM.

Reaction Mechanism

Kinetics and the mechanism of urea methanolysis were studied by *CNMR spectroscopy similarly
to the urea hydrolysis studies. Due to the low stability of palladium(ll) complexes in acetone and
methanol, we were unable to dry the reaction mixtures completely. Therefore hydrolysis of N-bound
urea by the present water resulted in the formation of palladium(ll) bound carbamic acid intermediate
[lla. In pure methanol formation of carbon dioxide was suppressed and intermediate llla was entirely
converted into car bamate ester NH,COOMe.

The rate constant for the formation of intermediate llla in MeOH is indepen dent on the concentration
of water in the range 0.6-11.1 M and is equal to 0.5 + 0.2min”". This independence suggests
intramolecular attack of bound water or hydroxide at N-bound urea as in Scheme 9. The fact that
the overall methanolysis depends on the concentration of methanol, indicates intermolecular attack
of free MeOH at bound urea (Scheme 9).
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Scheme 9
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The rate constant for the disappearance ofintennediate llia kc,and the over all initial rate of carbamate
methylester fonnation grow as the concentration of water increases in the range 0.6-7.4 M. Presence
of water affects methanolysis due to the general base catalysis. shown in Scheme 0.

Scheme 10

X=NH2., OH

OH
\ HOCH;

The rate constant for the disappearance of intermediate llla k_, and the over all initial rate of
carbamate methylester formation decrease as the concentration of added acid increases. The
observed rate constant kccr, is a composite rate constant for the reactions of [Pd(en)(NH,C(O)NH,)
(HZO)]2+ and [Pd(en)(N HZC(O)N Hz)(OH)]+ complexes. Experimental data were fitted to eq 8, derived
from a scheme analogous to Scheme 6. The individual rate constants for aqua- and hydroxo-
complexes are (1.37 £ 0.31) x 10 min" and 47.7 + 3.1min' respec tively. The 3.4 x 10* times enhancement
in [Pd(en)(N HZC(O)N Hz)(OH)]+ complex suggests general base catalysis by bound hydroxide.

The overall mechanism for methanolysis reaction is presented on Scheme 11.
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Scheme 11
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Alcoholysis Reactions with Alcohols other than Methanol

Almost in all cases the ultimate products were the carbamate ester of the respective alcohol and
ammonia. The ®C NMR chemical shifts of various carbamate esters and the respective observed rate
constants for the ester formation are shown in Tables 10, | |, and 12.

Table 10. Carbon-13 Chemical Shifts and the Respective Observed Rate
Constants for the Formation of Carbamate Esters NH,COOR (R = alkyl) in
Acetone-dgat 313 K.

R Chemical Shift, ppm K. X 10%, min!

CH;- 158.38 5.1240.29

CH;CH,»- 158.51 146%+0.12
CH,CH,CH,- 158.47 1.68+0.12
CH;(CH;)CH- 157.94 0.62 +0.07
CH;CH,(CH,)CH- 158.53 093 +0.13
(CH;)5C- 157.56 0.23 +£0.01
(CH;),CHCH,CH-- 158.47 23+0.16

As results in Table 10 show. carbamate ester formation is affected by the bulkiness of the attacking
alcohol. Thus, methanol and primary aJcohols generally are more reactive than secondary and
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tertiary alcohols. Reaction is not af fected by the size of the attacking alcohol - ethanol, propanol,
and isoamylalcohol give similar rate constants for urea alcoholysis.

Table 11. Carbon-13 Chemical Shifts and the Respective Observed Rate
Constants for the Formation of Carbamate Esters NH;COOR (R = fluoroalkyl)
in Acetone-dgat 313 K.

R Chemical Shift, ppm pKa K, x 104, min’?
CH;CH»- 158.51 15.93 1.46 20.18
CFH,CH,- 157.87 =143 1.08 £0.06
CF;CH,- 158.12 12.39 0.18 £0.01

Alcoholysis of palladium(l)-bound urea is strongly affected by the nucleo philicity of the attacking
alcohol, as shown in Table 11. Fluoro substituents in ethanol derivatives decrease nucleophilicity of the
hydroxyl oxygen atom as reflected by the decreasing pK_ values, and the nucleophilic attack of an
ajcobol is slowed down. Tertiary butanol has pK _ of > 19 and is very nucleophilic. High nucleophilicity
of this alcohol, however, does not offset the steric bulkiness, and the alcoholysis is slow.

We also studied diol alcoholysis, hoping to see an intra.molecular reaction between coordinated
urea and coordinated diol within the coordination sphere of palladium(ll). However, there are not
any indications at the intframolecular attack of a coordinated alcohol. The higher reactivity of primary
diols in Table 12 relative to the monoalcohols in Table 10 is attributed to the presence of two primary
hydroxyl groups per diol molecule. Thus, the effective concentration of a hydroxyl group in a diol
is twice as high as in a monoalcohol. Lower diols arc somewhat less reactive due to the reduced
nucleophilicity of the hydroxyl oxy gen atom. For instance, pK  of etheleneglycol is 13.27, lower than
that one for ethanol. In reactions with asymmetrical diols containing primary and secondary hydroxyl
groups the primary ester is always formed. The rate of the ester forma tion is similar to the rate of
an analogous primary monoalcohol. Cis-1,2cyclohexanediol does not react to an appreciable extent.
probably, due to the steric bulk and frigidity of hydroxyl groups. Glycerol gives two products - the
primary alcohol ester and the secondary alcohol ester. Due to the low nuclco philicity of glycerol (pK
=14.4) the rates of their formation arc relatively low. The primary ester is being formed approximately
50 % faster than the second ary one (Table 12). Thus, per hydroxyl group the reactivities of primary
and secondary hydroxyl groups in glycerol arc similar.
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Table 12. Carbon-13 Chemical Shifts, Number of Carbon Atoms between Hydroxyl
Groups (Linkage)in a Parent Alcohol, and the Respective Observed Rate Constanis
Jor the Formation of Carbamic Esters NH,COOR (R = hydroxyalkyl) in Acetone-

deat 313 K.
R Chemical Shift, ppm Linkage, n Kobs X 104, min™!

HOCH,CH,- 158.52 2 2.01 £0.13
HOCH,(CH;)CH- 158.35 2 0.97 £ 0.06

cis-1,2cyclohexanediol none 2 <9 x 102
HOCH,CH,CH,- 158.62 3 3.22+0.10
HOCH,CH,CH,CH,- 158.62 4 3.11+0.12
HOCH(CH;)CH,CH,CH.- 157.92 4 222+ 0.20
HOCH,CH,CH,CH,CH-- 158.50 5 2.62+0.20
HOCH,CH,CH,CH,CH,CH,- 158.50 6 408 £0.10
HOCH,(OH)CHCH,- 158.67 1 0.61 £0.04
(HOCH,),CH- 158.05 1 0.46 = 0.02

Despite their low nucleophilicity phenol derivatives form esters upon alco holysis similarly to
alkyl alcohols. The phenyl esters in our system, however, are unstable toward hydrolysis, and are
hydrolyzed to carbamic acid and a par ent alcohol. Formation and disappearance of two esters
was followed by ®C NMR speclroscopy and the resulted rate constants are shown in Table 13. As
expected, less nucleophilic p-nitrophenol is slower in nucleophilic attack at elec trophilic carbon
of palladium(ll)-bound urea or carbamic acid than more nu cleophilic p-methoxyphenol. Also
carbamate p-nitrophenol ester decomposes faster due to better stabilization of the leaving group
by the highly electronega tive nitro group.

The phenyl ester hydrolysis was studied in some details with a commercially available carbamate
phenyl ester. In the absence of palladium(m complex in acidic wet acetone (0.IMHCIO ) at 318 K
carbamate phenyl ester is stable and does not hydrolyze even after prolong incubation. However,
upon addition of 0.3 M cis—[Pd(en)(HzO)z]2+ the ester hydrolyzed into phenol and carbamic acid
with an estimated rateconstant of 4 x 10 min™. Carbamic acid was not detected due to its fast
decomposition to ammonia and carbon dioxide. Final products phenol and carbon dioxide were
observed by *C NMR speclroscopy. The observed rate constant for phenol carbamate decomposition
is similar to rate con stants of N-bound carbamic acid disappearance, discussed in the previous sec
tion. Thus, palladium(ll) also catalyzes the decomposition of carbamate phenol esters, which will be
addressed elsewhere.
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Table I3. Carbon-13 Chemical Shifts and the Respective Observed Rate Constants
Jor the Formation and the Disappearance of Carbamic Esters NH,COOR
(R = phenyl derivative) in Acetone-dgat 313 K.

R Chemical Shift, ppm pKa k;x 10, min!' Kk, x 103, min™!
pCH;0-C:H,- 158.536 10.20 5.89£1.63 5.18 £0.29
pNO,-C¢H;- 158.52 7.16 471 £0.82 16.3£0.9
CONCLUSION

The uncatalyzed hydration of nitriles has a half-life longer than ca. Ix 10° h. Paljadium(ll) aqua
complexes accelerate these reactions approximately 106-fold under thesameconditions. Since the
vinyl group resembles the CH,Cl and CHCI, groups in its electron-withdrawing ability, the results of
this study may be relevant to hydration of acrylonitrile. Acrylamide, the product of this last reaction,
is an important industrial chemical.

We have shown the first examples of catalytic decomposition of urea by hydrolysis and alcoholysis.
These reactions are relatively fast (10°-fold enhancement relative to the uncatalyzed decomposition
of urea to cyanate and ammonia) and clean.

We are now working on Pd(Il) and PI(ll)-catalyzed hydrolysis of peptide bonds in tryptophan-
containingdipeptides.
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ABSTRACT

The successful application of flotation is now 100 years old. However, in a practical sense, it
remains predominantly an art rather than a quantifiable science. Moreover, the laboratory testing,
interpretation and application of the technology can still be tedious, time consuming and costly. This
paper outlines the use of statistical design of experimentation for rapid optimization of gold bearing
copper ore flotation testing with limited sample utilization. This results in less costly required testing,
a more thorough understanding of the results and the ability to simultaneously optimize several
variables and outcomes at once.

INTRODUCTION

While flotation technology is now over 100 years old, the testing, interpretation and application of
lab results can be tedious, costly and time consuming requiring extensive sample collection and
preparation. In addition, applied flotation remains more of an art than a quantifiable science. This
paper will elucidate the application of STAT-EASE Design-Expert software!” to minimize required
laboratory flotation testing while rapidly optimizing multiple results and outcomes in a statistically
valid manner. The STAT-EASE program is based on proven design of experiment fundamentals.
In this paper, the real world application of this methodology to a gold bearing copper ore will be
illustrated.

APPLICATION TO A COPPER AND GOLD ORE

Based on previous work along with current legal issues concerning limiting cyanide use in Montanag,
flotation with gravity concentration was the process chosen to develop the Elkhorn copper gold ore
deposit. A review of previous scoping level test work revealed significant results on optimal collector
and frother usage, grind time, and float time were missing on Elkhorn ore deposits such as Mt.
Hagen.

Because of client budget constraints and a limited quantity of representative core samples material
available, STAT-EASE statistical software was used to minimize the number of flotation experiments
required to identify a statistical representative experimental set. Design of Experimentation is
not new but with the advent of advanced computer programming, it has become more robust
and approachable @', This commercially licensed program based on fundamentals of design of
experiments provides highly efficient:

1. Two-level factorial screening studies so that the vital factors which affect a process
can be identified.

2. Response surface methods to find ideal process settings and achieve optimal per-
formance.

3. Mixture design techniques to discover optimal formulations.
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Among other features, the program offers rotatable 3D plots for visualization of response surfaces.
Again, the key feature is the ability to set up statistically valid design of experiment matrices which
allow a minimum amount of experimentation to take place. This saves time and money allowing
robust flotation testing and optimization to occur with a minimal amount of ore sample used.

ELKHORN MT. HAGEN ORE COMPOSITE DEVELOPMENT

The Mt. Hagen ore composite was collected from different drill holes going across the deposit
from north to south and top to bottom. No special considerations were given to the sample other
than ensuring that the sample was taken from an ore run and the appropriate interval assigned.
Approximately twelve inches of sample were taken from the appropriate interval and recorded. No
special considerations were made for oxide, sulfide, or waste.

Upon arrival at the Center for Advanced Mineral and Metallurgical Processing (CAMP) laboratory,
all samples were crushed to minus 3/8 inches and thoroughly mixed. A sample for assaying was split
from the material using a Jones Splitter. This composite was assayed for gold, silver, and copper.
The gold assays were completed using metallic screen fraction analysis at 100 mesh to identify any
coarse gold. Multi-element ICP and X-ray diffraction analysis were also completed. Table 1identifies
the composite ore average analysis.

TABLE 1
Elkhorn Goldfields — Mt. Hagen Ore
Weighted Average Composite

COMPOSITE 23-Sep
WEIGHTED AVERAGE

AU, OZ/TN CU, %
COMPOSITE ASSAY 0.204 0.40
HOLE WEIGHT AU GRADE (CU GRADE |AU WEIGHT |CU WEIGHT
CEG04-12 21.2 0.180 0.55 3.825 11.58
CEG04-18 9.6 0.151 0.02 1.452 0.23
CEG04-11 25.3 0.260 0.39 6.589 9.82
CEG04-10 10.5 0.133 0.40 1.394 4.15
CEG04-24 50.3 0.210 0.41 10.544 20.85
TOTAL 116.9 0.204 0.40 23.80 46.63
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ELKHORN MT HAGEN ORE FLOTATION TESTING

Flotation testing was guided and completed using STAT-EASE diagnostic software. The software
requires the development of a statistically valid design of the experiment matrix using several
variables and outcomes. In the case of the Mt. Hagen deposit testing, the variables used were grind
time, pH, flotation time, and the addition or not of sodium sulfide. In addition, the testing was used
to simultaneously identify four outcomes: gold and copper grade and recovery.

The grind time variable was developed to review the effects of grinding and liberation at a base
size of 150 mesh. A shorter grind time would add capacity and lower costs. A longer grind time
will better liberate the ore and typically improve recovery. Based on previous testing, a twenty-five
minute grind fime gave an 80% passing 150 mesh ore size. The grinding pulp density was 50% solids
by weight in a laboratory ball mill.

Sodium sulfide was used as a sulfidizing agent variable to promote flotation of oxidized copper and
gold bearing minerals. Testing was completed to identify a response based on use or no use.

A variable pH of 8.5 or 10.5 was chosen to both promote and depress pyrite and pyrrhotite. At pH
8.5, pyrite and pyrrhotite tend to be promoted. At pH 10.5, both pyrite and pyrrhotite are effectively
depressed. This difference in pH was used to assist in identifying the source of the gold and how to
best optimize the gold recovery.

Flotation testing was completed with a Denver Laboratory flotation machine. The density of the
flotation pulp was a constant 40% solids by weight. Each ore charge for the testing was 1,000 grams.
Variable float times were used to optimize the float machine size requirements.

The collector chosen for this project was Cytec Aerofloat 3477. It was used at a constant dosage.
This collector is a common dithiophosphate based collector. It was chosen because of its selectivity
towards gold and copper and its positive results in previous testing of other Elkhorn ore deposits.

The frother chosen for the testing was pine oil. It was also used at a constant dosage. Pine oil was
chosen in other Elkhorn ore deposit flotation testing because it minimized effects of specific minerals
with the deposit.

With the development of the pertinent variables and measurable outcomes, several choices of matrix
sizes and sample numbers can be developed. Accordingly, a higher number of tests can improve the
statistical reliability of the data being developed. In the case of Mt. Hagen ore testing, four variables
with four measurable outcomes were identified. The total number of samples and the size of the
matrix required two to the power of four or sixteen total possible tests. The user of STAT-EASE can
select a total, half, or quarter of this testing matrix to identify a statistically valid outcome.

For this real world project, there were significant restraints on both budget and sample quantity. A
one half STAT-EASE matrix was chosen containing eight tests that would statistically validate the
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testing of the sixteen total possible combinations. STAT-EASE software also can add midpoints into
the data testing. Although this adds to the size of the sample matrix, midpoint testing adds extra
results which can improve the outcome. In the Mt. Hagen ore testing two replicate mid-point tests
were conducted based on the STAT-EASE testing matrix. Thus, a total of 10 tests were utilized as

follows:
TABLE 2
STAT-EASE One Quarter Design of Experiment Matrix
TEST T&REINR?IN %, pH FLOAT TIME
S GRAMS
1 30 1.0 8.5 15
2 20 0.0 8.5 15
3 25 0.5 9.5 17.5
4 30 1.0 10.5 20
5 30 0.0 10.5 15
6 25 0.5 9.5 17.5
7 20 1.0 10.5 15
8 20 0.0 10.5 20
9 20 1.0 8.5 20
10 30 0.0 8.5 20

This represents the eight tests determined by the software along with two midpoint replicate tests

(i.e., test numbers 3 and 6 above).

RESULTS

Upon completing the initial ten diagnostic flotation tests based on the above STAT-EASE matrix, the
test results were illustrated in Table 3 and Table 4.

TABLE 3

Elkhorn Goldfields — Mt. Hagen
STAT-EASE Matrix Assay Results

ASSAYS
Sample CONCENTRATE TAILS
# Au Ag Cu Au Ag Cu
(ozit) ()] (%) (ozit) (ozit) (%)
1 0,608 0.18 087 0,056 0.14 0.026
2 0474 038 066 0.182 0.14 0,085
3 0,606 058 061 0052 0.14 0.024
4 0592 048 073 0068 024 0.026
5 0524 054 071 0068 024 0.027
6 0452 032 046 0064 0.14 0019
7 0618 140 069 0062 0.18 0.020
8 0918 134 125 0.124 008 0,051
9 0508 036 060 0088 0.10 0,059
10 0416 050 046 0.102 012 0.026
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TABLE 4
Elkhorn Goldfields — Mt. Hagen
STAT-EASE Matrix Recovery Results

RECOVERIES TO
Samp|e CONCENTRATE

# Au Ag Cu

(%) (%) (%)
1 80.8% 33.32% 92.9%
2 451% 46.12% 85.6%
3 78.7% 56.82% 89.0%
4 74.2% 39.83% 90.3%
5 75.3% 47.13% 91.2%
6 81.4% 58.54% 93.7%
7 77.2% 72.52% 92.1%
8 47.5% 67.21% 75.0%
9 69.9% 59.20% 80.4%
10 68.5% 68.96% 90.4%

The above recovery data was entered into the STAT-EASE statistical software and modeled to optimize
the gold recovery flotation requirements for the MT. Hagen deposit. STAT-EASE gives several options
to transform the data into a statistical probability plot that allows for the best statistical presentation
of each outcome. Figure 1is an example of the half normal plot for gold recovery of the Mt. Hagen

deposit.
DESIGN-EXPERT Plot Half Normal plot
Gold Recov ery
A Grind Time o8
B: Sulfide Dose 7]
C: pH _ i
D: Float Time 97
95
= a g
E 90 3
B g5 3
2 E
= 80 3 A
F oo
o
40 2 -
o
20 = i}
EN
| [ I [ I
0.00 4.06 8.12 12.19 16.25
|Effect|

Figure 1 - Example STAT-EASE Half Normal Plot For Gold Recovery
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Upon finding a graphical transformation to fit the variables with the outcomes, STATEASE allows you
to add and remove effects generated from the variables to statistically optimize the data. Based on
the reviewing of the statistical outcome of gold recovery, the probability that the gold recovery would
be maximized using this data was 98.7%. A review was completed on all the outcomes (gold and
copper recovery and gold and copper grade) and all outcomes were found to have probabilities over
90%. Based on this data no further testing was completed on the Mt. Hagen deposit. In reviewing the
STAT-EASE variable data, plots such as Figure 2 and Figure 3 can be created.

DESIGN-EXPERT Plot Inte ractlon Graph
D: FloatTime

Gold Recovery 87.5464 —|

X=A:Grind Time
Y =D: Float Time

e Design Points 74 5232
m D- 15.000

A D+ 20.000 >
Actual Factors §

B: Sulfide Dose = 0.0 61.5
C: pH =10.50

48.4768 —

35.4536 4 —

20.00 22.50 25.00 27.50 30.00

A:Grind Time

Figure 2 - Variable Interaction Graph for Gold Recovery

DESIGN-EXPERT Plot Interaction Graph

Gold Recovery RS o D: Float Time B

X =A: Grind Time T
Y =D: Float Time il -+

o Design Points 81,0348 |
= D- 15.000 z./’A
a D+ 20.000 ) |

Actual Factors
B: Sulfide Dose = 1.08) 235 |
C: pH =10.50 ’ =F

g |1

57.0116 -

45 —

I I I I I
20.00 22.50 25.00 27.50 30.00

A: Grind Time

Figure 3 - Variable Interaction Graph for Gold Recovery
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The above noted interaction graphs plot grind time against recovery with float time, pH, and sulfide
dose as variables. As noted on the first graph, the sulfide dose is zero and on the second graph the
sulfide dose is 1.00. Based on a review of the graph, the expected gold recovery would be identified

as shown in Table 5.

TABLE 5§
Statistical Model Predicted Gold Recoveries
VARIABLE GRIND TIME, MINS SULFIDE DOSE, RECOVERY, %
GRAMS
GRIND TIME 20.00 0.00 48.5
GRIND TIME 20.00 1.00 78.0
GRIND TIME 30.00 0.00 74.5
GRIND TIME 30.00 1.00 78.0

By reviewing the above datq, sulfide dose is extremely important for low grind times in that recovery is
improved approximately 30%. Sulfide dose is not very important for higher grind times and recovery
is only improved approximately 3.5%. In the case of a small ball mill with low grind times, sulfide dose
optimizes recovery. Sulfide dose would not be important in the case where excess grinding capacity
exists. All the variables can be manipulated together using various graphing techniques to optimize
the specific flotation requirements for the specific orebody. In the case of the Mt. Hagen deposit,
Table 6 identifies the rougher flotation variables that would be expected to maximize the recoveries

in Mt. Hagen ore.

TABLE 6
Mt. Hagen Optimal Rougher Flotation Parameters
FACTOR PARAMETER
GRIND TIME 30 MINS
FLOAT TIME 15 TO 17.5 MINS
pH 10.5
SULFIDE ADDITION YES
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In summary, in real world situations where limited representative testing material is available or
cost and time are significant issues, proper design of experimentation using STAT-EASE can identify
statistically valid subsets and allow for rapid optimization and design.

SUMMARY

This paper has illustrated the successful use of statistically valid design of experiments using STAT-
EASE software. This methodology provides a low cost and rapid process for real world laboratory
flotation testing, optimization, application and flow sheet development, particularly when minimal
financial resources, time and representative samples are a constraint.
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ABSTRACT

Iridium, rhodium, and ruthenium melted with excess tin are soluble in HCl - H,O, or HCI - HNO, and
are conveniently determined by AA or ICP. The same is true for platinum, palladium, gold and silver.
Methods of determining the precious metals after tin collection supplement traditional lead collection
methods and allow the refinery assay laboratory to determine iridium, rhodium and ruthenium and
to determine the other precious metals in their presence. Recoveries of .5 to 100 mg of each precious
metal carried through tin collection, dissolution, and measurement are evaluated. Each step in the
process is described.

INTRODUCTION

Samples are fused with fire assay tin flux. Tin buttons are recovered and melted in graphite crucibles.
Molten tin/precious metal alloy is poured into water to make homogeneous shot. Tin and precious
metal are dissolved together. Any residue of precious metal (Ir and Ru) is separated on a microfiber
filter. Filtrate and washings are diluted to 500 mL. Filter and residue are decomposed by sodium
peroxide, sodium carbonate fusion. Determinations are done by AA or ICP. Calibration curves are
established using matched matrix standards and blank.

COLLECT PRECIOUS METALS IN A20G TIN BUTTON

Mix a one or two gram sample with 147 grams of tin fusion flux. Transfer o a 40 gram assay crucible
and fuse. Starting at 750°C. (1400°F), raise temperature over 40 minutes to 1100°C (2000°F). Hold at
1100° for 20 minutes. Remove crucibles from assay furnace. Allow tin button and slag to solidify and
cool. Break crucible and slag away from tin button. Clean the button thoroughly. The button should
weigh 20 * 2 g. Fuse a blank flux charge (147 g tin flux) with each set of samples to provide tin for
matched matrix standards and blanks.
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Tin fusion flux

SnO, -30g

Flour -30g
Anhydrous Borax - 20 g
Silica-7g
Na,CO,-60g

RE-MELT AND SHOT THE TIN BUTTON

Re-melt each tin button in a covered 33cc graphite fusion crucible. The graphite crucible (Aesar
14750) is placed inside a 30 g assay crucible and covered with a 3 inch scorifier. The assembly
is placed in an assay furnace at 900° C for 10-15 minutes then removed and set on a refractory
block. The molten tin is immediately poured into 2 gallons of water at least 12” deep. The tin shot is
recovered and transferred to a 1000 mL beaker.

Re-melting and shotting are required because precious metals in the shotted tin are more
homogeneously distributed and easier to dissolve than precious metal/tin phases that have
segregated during slow solidification of the tin button.

DISSOLVE TIN / PRECIOUS METAL SHOT

Dissolve tin with 150 mL of HCI (conc.). Warm to 80° C. Add 50 ml of water, add a stir bar and stir
over a magnetic stirrer. From a pipet, slowly and cautiously add 15 ml of HNO, (conc.). CAUTION:
THIS IS AN EXOTHERMIC (POTENTIALLY VIOLENT) REACTION as 20 grams of Sn*? are oxidized to
Sn*4, aqua regia forms, and precious metals dissolve. Heat near boiling for 5 to 10 minutes. When
the reaction is complete, there will be color change. Precious metals will dissolve and the presence
of aqua regia is apparent.

Remove from heat, add 50 mL of water and allow solids to settle.

RECOVER INSOLUBLES AND PREPARE STOCK SOLUTIONS OF SOLUBLES

Decant most of the solution into a 500 mL volumetric flask. Filter insolubles, (a heavy fine residue), on
a 2Imm 934 AH Whatman filter fitted to a 25 ml Coors #60148 porcelain, perforated, gooch crucible.
The filter is supported over a vacuum filter flask. Use gentle vacuum assist. Transfer insolubles to
filter with 10% HCI. Combine filtrate and washings with the decanted solution in a 500 mL volumetric
flask. Dilute the stock solution of the soluble fraction to 500 mL with 10% HCI. The stock solution is 40
g/L tin and 30% HCI.
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DETERMINE IRIDIUM, RHODIUM, AND RUTHENIUM
FROM THE AQUA REGIA INSOLUBLE

Prepare a 400 mL beaker containing 100 mL of water to receive each crucible. Fuse each filter and
a blank filter in a zirconium crucible with 2 g of sodium peroxide and 1 g of sodium carbonate. Heat
over a Meker burner until salts melt and the filter dissolves. Continue heating until crucible and
molten salts are cherry red. Allow fusion to cool until salts solidify, then plunge into the water in the
beaker. When the salt disintegrates, lift, rinse and remove the crucible. Add 50 mL of HCI (conc)
to the beaker. Transfer sample solutions to 250 mL volumetric flasks and the blank to a 200 mL
volumetric flask.

Samples (250 mL flasks) are 16 g/L NaCl, 20% HCl and are ready for ICP.

The stock blank solution (200 mL flask) is 20 g/L NaCl and 25% HCI.

Prepare an ICP matrix blank by diluting 80 mL of the stock blank to 100 mL with water.

Prepare an ICP standard (30 mg/L) Ir, Rh, or Ru by adding 3 mg of Ir, Rh, and Ru to 80 mL of stock
blank solution and diluting fo 100 mL with water.

ANALYZE STOCK SOLUTION OF SOLUBLE PRECIOUS METALS

The matrix of stock solutions of samples and blank (all 500 mL) is 40 g/L tin, 30% HCI. We determine
Au, Pt, Pd, Ag and Rh by AA. To determine up to 50 mg of Au, Pt, or Pd, 15 mg Ag or 20 mg Rh transfer
a 50 mL aliquot to a 100 mL volumetric flask, add 10 mL of 10% La in 50% HCl and dilute to 100 mL with
10% HCI. The matrix is 20 g/L tin, 1% La and 25% HCI.

To prepare a midrange calibration standard, transfer to a 100 mL volumetric flask; 50 mL stock blank
solution, 10 mL of 10% La in 50% HCI, 3 mg Au, Pt, Pd; 1 mg Ag and Rh. Dilute to 100 mL with 10% HCI.
This midrange or reslope standard is 30 mg/L Au, Pt, Pd; 10 mg/L Ag and Rh, 20 g/L Tin, 1% La, and
26% HCI. Prepare low standard, high standard and blank as needed.

To determine up to 40 mg Ag, 50 mg Rh, and 125 mg Au, Pt, Pd, tfransfer 20 mL aliquots of samples
and 20 mL aliquots of blank to 100 mL volumetric flasks. Add 10 mL of 10% La and 20 mL HCI (1+1).

Prepare blank, mid range standard and additional standards as needed. Dilute to 100 mL with 10%
HCI. This matrix is 8 g/L tin, 1% La, 25% HCI.

DETERMINE IR AND RU BY ICP

To determine up to 50 mg Ir or Ry, transfer a 25 mL aliquot of the stock solution to a 100 mL volumetric
flask. Add 15 mL of 50% HCI and dilute to 100 mL with 10% HCI. The matrix is 10 g/l tin, 20% HCI.

Matrix Blank: 25 mL stock blank, 15 mL of 50% HCI, dilute to 100 mL with 10% HCI.
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High Standard (30 mg/L Ir, Ru): 25 ml stock blank, 3 mg Ir, 3 mg Ru, 12 mL of 50% HCI. Dilute to 100
mL with 10% HCI.

Recoveries of 20 mg of Each Precious Metal

Test Set Rh Au Ag
19.64 19.65 18.86

#1 19.86 19.74 18.78
Ry Pd Ag

18.97 19.36 19.40

#2 19.89 19.48 19.12
Ir Pt Av

18.70 18.44 18.52

#3 19.34 18.75 18.88

Aliquots of standard solutions, Tmg/mL or 10 mg/mL were pipetted on to tin flux contained in a plastic
sandwich bag and mixed by kneading. Test samples and flux were placed in 40 g assay crucibles,
dried, and assayed.

AA measurements were done in a matrix 10 g/L tin, 1% La, 25% HCI.
ICP measurements - 10 g/L tin, 25% HCI.

Recoveries of 2-100 mg of Each Precious Metal

Ir Rh Rv Au Pt Pd
4138 5.00 50.00 2.00 50.00 2.00
5.83 49.25 2.15 49.15 2.02
4139 2.00 50.00 2.00 50.00
2.11 48.85 1.66 47.05
4140 50.00 2.00 2.00 50.00
50.05 1.91 1.69 51.99
Table 1
Total Rh Total Ru Au Pt Pd Insoluble _ from
Ir microfiber filter
4586 5.00 50.00 50.00 0.8 mgRu
4.68 46.62 48.44
4588 50.00 5.00 5.00 50.00 5.00 0.16 mglr
46.51 4.99 4.89 47.99 5.08
4589 5.00 50.00 50.00 5.00 0 mg Rh
5.05 48.85 48.98 4.88
4648 5.00 50.00 50.00 5.00 0 mg Rh
5.56 48.90 49.28 5.16
Table 2 Insoluble precious metals were captured on a microfiber filter,

determined and added to soluble precious metals.
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Total Ir Rh Total Ru Au Pt Pd Insoluble from
microfiber
filter

4696 5.00 50.00 5.00 100.00 0.38 mg Ru
4.86 47.04 5.06 98.10
4697 50.00 5.00 50.00 100.00 0mg
50.64 4.87 49.56 96.55
4898 100.00 100.00 4.46 mg Ru
93.86 96.82
5200 100.00 100.00 6.16 mglr
96.16 100.00
Table 3 Slags fused with sweeps flux (litharge based) with 100 mg Pd added.

Pd bead melted together with tin button.

CONCLUSIONS

The optimum range for determining Ir, Rh, Ru, and Ag is 2-50 mg, up to 100 mg for Pt, Pd, and Au.

More sophisticated measurements of iridium concentrations would have produced better recovery
data. Overall, however, results show that an assay laboratory with just a moderate investment in
equipment and expertise can determine Ir, Rh and Ru, and can determine Au, Pt, Pd, and Ag in the
presence of significant amounts of Ir, Rh, and Ru.

Improving Sensitivity

Sensitivity can be improved by collecting the precious metals in a palladium bead via lead collection
and cupellation, melting the palladium bead or replicate palladium beads with tin, dissolving tin and

precious metals and performing determinations in final dilutions of 250 ml.

Ir Rh Ru Pd Tin
1.00 1.00 1.00 100 mg 59
1.14 0.95 1.14
2.00 2.00 2.00 100 mg 59
2.37 1.83 1.85
Tin Melts of Assay Beads from Lead Collection and Cupellation
Form Wat Ir Rh Ru Au Pt Pd Ag Tin
Coherent | 101 mg 20.00 20.00 20.00 19.5
19.78 19.60 17.28
Coherent | 121 mg 20.00 2000 | 2000 | 195
18.86 19.34 | 1684
Spherical | 252 mg | 20.00 2000 | 2000 | 100 19.5
. 17.74 19.03 | 1923 | 977

Assay beads that are flat, encrusted, or leaded can be melted with tin, shotted and analyzed by AA,
ICP, or X-ray for estimates of precious metals concentrations. Palladium (100 mg) can be added as
a collector to assure a coherent bead and to minimize losses to the cupel.
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X-ray Analysis of Tin/Precious Metals Alloys

Previous presentations have described melting assay beads from cupellation with tin in graphite
crucibles. The molten tin alloy (usually 5 g) is poured into water. The shot is transferred to a spex cap
and pressed for an X-ray specimen.

Tin collection buttons can be melted and shotted. Part of the shot is pressed in a spec cap and
analyzed by X-ray. The information is used to devise an analytical scheme and to prepare calibration
standards. The pressed tin alloy is broken out of the spec cap, combined with the rest of the sample,
dissolved, and analyzed by AA and ICP.
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ABSTRACT

A disruptive, green chemistry, green engineering separation process, SuperLig® Molecular
Recognition Technology™ (MRT™), is reviewed with industrial examples that achieve a circular
economy and metal sustainability for individual platinum group metals (PGM: palladium, platinum,
rhodium, iridium, ruthenium.) Highly selective single pass recovery yields and high product purities
(99.95-99.99%) of individual PGM at the industrial scale from primary and secondary sources
are obtained. Implementation of MRT™ processes at industrial scale is described for major PGM
refineries processing primary ore and spent secondary PGM sources such as catalytic converters and
e-waste. Significant process and operational advantages of MRT™ systems over solvent extraction
(SX), ion exchange (IX) and precipitation (Classical PGM Separation Processes) for industrial PGM
separations and recovery are discussed. A commercial comparison of MRT™ and Classical PGM
Separation Processes shows that MRT™ has significantly lower capital expenditures (CAPEX) and
operating expenditures (OPEX). Projected increasing demand for Pt, Ir and Ru as catalysts in the
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emerging green hydrogen energy economy as well as these and other PGM in additional catalytic
and other applications mandates the increased use of green energy processing to conserve the
supply of these valuable resources in a circular economy.

1. Introduction

1.1. Platinum Group Metals (PGM: Palladium, Platinum, Rhodium, Iridium, Ruthenium)
Refining

The industrial-scale adoption of SuperLig® Molecular Recognition Technology™ (MRT™) in the mid-
1990s by a top secondary platinum group metals (PGM) refiner, Tanaka Kikinzoku Kogyo

K.K. [1-3] and a top primary PGM refiner, Impala Platinum Limited [1,4,5] marked the first disruptive
innovation in PGM refining since the early widespread use of solvent extraction (SX), ion exchange (IX)
and precipitation (Classical PGM Separation Processes) in the mid-20th century. The development
of Classical PGM Separation Processes occurred in a period (mid-twentieth century) when much
less attention was paid to clean chemistry operations and environmental issues associated with
PGM mining and refining. Since that time, recovery of PGM from feeds derived from primary mined
ore has become increasingly difficult as the grade of PGM has decreased, the need for mining at
increasing depths has increased, the concentration of impurities has increased, socio-political issues
have emerged, energy and water costs have increased, and the demand for greener, safer and
more economic processing has accelerated [5-9].

Recovery of PGM from secondary sources has likewise become increasingly challenging as new feeds
containing different mixtures of PGM (e.g., Pt, Ir and Ru as catalysts in fuel cell processes) become
more common; feed concentrations of PGM trend lower; feed matrices become more complex;
and environmental, safety, health and economic concerns intensify. PGM refining from feedstock
derived from both primary mined ore and spent secondary sources such as catalytic converters
and e-waste has traditionally involved use of Classical PGM Separation Processes. Despite the
increasing complexities associated with PGM refining, these processes have remained essentially
unchanged, with only incremental improvements that leave them with appreciable energy use;
high capital expenditures (CAPEX) and operating expenditures (OPEX); low selectivity for individual
PGM; low single pass PGM recovery rates; high in-process PGM inventories resulting in high metal
financing costs and delayed sale of PGM; appreciable PGM loss during processing; complex
flowsheets; extensive use of organic solvents and organic extractants; appreciable carbon footprint;
and extensive waste generation with resulting widespread negative environmental consequences
[10-14].

Sustainability in PGM refining can best be accomplished by successfully meeting the increasing
challenges described above and avoiding problems associated with the use of Classical PGM
Separation Processes. In order to do so, technology for PGM separations must incorporate green
chemistry and green engineering for the efficient separation and recovery at high yield of individual
PGM from primary and secondary sources while producing minimal waste, achieving a circular
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economy and ensuring metal sustainability. Anastas and Zimmerman [15] made a similar observation
in comparing present day industrial processes with those of the past: “If the mining methods,
manufacturing methods, distribution methods, and use profiles were developed before there was
an awareness of sustainability consequences, there is no reason to believe that they were optimized,
or even adequate for today’s circumstances, Einstein is often quoted as saying ‘Problems cannot
be solved at the same level of awareness that created them.” With our current level of awareness of
what is acceptable for an enterprise to maintain its license to operate, comes a need for a new level
of investment.”

MRT™ processes, as will be explained in detail in this paper, are based on green chemistry and
green engineering principles and provide an industrially proven and widely used green alternative
to Classical PGM Separation Processes for industrial PGM processing. MRT™ systems have been
used world-wide for nearly three decades for highly selective industrial separations and high-yield
recovery of individual PGM from primary and spent secondary sources [1,160,16b,17-19]. MRT™
systems have been recognized by others for their innovative use at major global enterprises for
the successful recovery and separation of individual PGM with low costs, reduced processing time,
innovative use of green technology, achievement of high purification levels, achievement of high
selectivity and process scalability, minimal waste generation, and minimal carbon footprint [5,20-
22].

1.2 Topics Covered in This Review

This paper presents an account by an industrial team of the commercial success of their green
chemistry metal separations technology. This technology grew out of successful original academic
research on establishing host-guest molecular recognition principles over a half-century period [16b].
IBC Advanced Technologies, Inc. (IBC) markets the MRT™ and the SuperLig® products mentioned
in this review.

The increasing importance of PGM to the global economy, PGM supply and demand dynamics, and
the essential role played by separations science and technology in providing a sustainable PGM
future will be examined. The separation and recovery of individual PGM using MRT™ processes
will be reviewed. Principles of molecular recognition, green chemistry, and green engineering that
are important in the design of PGM-selective MRT™ processes will be presented. Flowsheets will
be given, and examples will be presented demonstrating the attainment of very high single pass
recovery rates and product purities (99.95-99.99%) of individual PGM at the industrial scale from
primary and secondary sources. The role of MRT™ processes in the separation and purification of
iridium, platinum, and ruthenium in the emerging hydrogen economy will be evaluated. Acommercial
comparison of MRT™ and Classical PGM Separation Processes in industrial PGM separations and
recovery will be used toillustrate the significant economic and process advantages of MRT™ systems
in industrial operations.

2. Importance of Separations Science and Technology in the Achievement of PGM
Sustainability in a Circular Economy
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2.1. Critical Importance of PGM in 21st Century Commerce

With the exception of osmium, all PGM have been designated as critical raw materials by the United
States (US) [9,23] and the European Union (EU) [24,25] because these metals are essential to the
economies of these nations but have supply chains associated with high risk [5]. The essential role of
PGM in modern industrial, military, domestic, and other applications is due to their unique physical
and chemical properties including their proven ability to catalyze (accelerate or make possible)
chemical reactions, high electrical and thermal conductivity, multiple oxidation states, high corrosion
resistance, high conductivity, unique optical qualities, and high melting points, among others [21,26].
It is seldom possible to substitute other metals for PGM in their applications without significant loss of
function and, often, PGM are the best substitutes for other PGM in a particular application [9,23,27a].

PGM are used in a wide range of applications including in substance mixtures such as alloys or
in compounds that resemble alloys. The number and type of applications for PGM are increasing
rapidly following the rapid growth of existing and new technologies such as hydrogen-related
applications, that require unique PGM properties for maximum function [27b]. However, at present,
catalytic converters remain by far the largest single PGM application. For example, 90% of gross
demand for Rh in 2020-2021 was in the autocatalyst sector [27b]. A sampling of the wide range of PGM
applications that stem from their unmatched chemical and physical properties is given in Table 1.

Table 1. Some Important Applications of Platinum Gr Metals in Several tors [220,23,28].

Sector Application

Aerospace Jet engines (casting, coatings)
(Non-defense)
Energy Catalytic converters

Fuel cells
Land-based turbines
Petroleum catalysts
Telecommunications Capacitors
and electronics Electric equipment
Electronic equipment
Flat panel displays
Hard-disk drives
Mobile phones
Transportation Catalytic converters
(non-aerospace) Automotive components
Fuel cells
Other Chemical catalysts
Dental applications
Glass applications
Integrated circuits
Jewelry
Lighting
Medical applications
Metallurgical applications
Plating solutions
Refractory crucibles
Touch screen technology
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Hageltken [29] observed in 2014 that more than 80% of global mine production of PGM had occurred
in the preceding three decades confirming the observed rapid increase in demand for PGM use in
society. The recent increase in the rate of mining primary PGM ore to meet this demand parallels
the upsurge in new applications of these metals and provides a compelling reason for achieving
sustainability in a circular economy for individual PGM to prevent their irretrievable depletion. PGM
are among the rarest metals in the Earth’s crust as seen in Figure 1 and are extremely difficult to
separate from each other compounding the sustainability issue [30].
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Figure 1. Abundance (expressed as atoms of element per 106 atoms of Si) of the Chemical Elements
in Earth’ r Continental Crust Function of Atomic Number. Platinum gr. lements ar
shown as six of the nine rarest elements present in Earth’s crust.

Reproduced with permission from U.S. Geological Survey, Department of the Interior.
http://pubs.usgs.gov/fs/2002/fs087-02/ (accessed May 3, 2023).

PGM are found together in nature with Pt and Pd being the most abundant. Due to the lanthanide
contraction, the three lighter PGM (Ru, Rh, Pd) have densities nearly half those of the three heavier
PGM (Os, Ir, Pt), but have very similar chemical properties. The PGM are characterized by multiple
oxidation states, high affinity for “soft” anions such as chloride ion providing a variety of chloro anions,
and a few hydrated simple cations. Selectivity in the MRT™ process is based on the ability to use
supramolecular chemistry principles to design host SuperLig® materials that will have high affinity
for specific guest PGM species. The variety of PGM chemistry provides the opportunity to produce
SuperLig® materials that are highly selective for specific PGM species. A striking example of the high
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selectivity of the MRT™ process is found by comparing the simple MRT™ flowsheet (Figure 6) with
the traditional complex flowsheet in the refining of Ir as described in Section 7.2.

2.2 PGM Supply-demand Issues

Significant risks to the economies of the EU, US, and many other nations are associated with the
supply-side of PGM. These risks begin with the geographical sourcing of these metals. Over 90% of
global mined PGM production is located in only three countries, South Africa, Zimbabwe, and Russig,
presenting the potential for supply disruption [24,28,31,32a].

Globally, in 2021, approximately 21% of Pt, 33% of Pd, and 32% of Rh supply came from metals recycled
from spent secondary products, largely from spent automotive catalytic converters [27b]. In @
separate European Union Horizon 2020 project, a flowsheet processed approximately 1.3 kg of spent
milled autocatalyst and produced 1.2 g Pd, 0.8 g Pt, and 0.1g Rh in nitrate form with a 92- 99% purity
[32b]. The overall recoveries from feedstock to product were calculated as 46% Pd, 32% Pt, and 27%
Rh, respectively.

Iridium and Ru are also recycled, but at much lower rates. The gap between supply and demand
for Pt, Pd, and Rh is widening giving further emphasis to the need for more effective and increased
recycling of these critical metals to meet demand [28]. For example, Nasser and Fortier [9] observe
that “Demand (for PGM) continued to modestly outpace new supply during 2020, widening the
deficit to nearly 400,000 oz’

Gordon, et al. [33] have studied the occurrence of PGM in the lithosphere and conclude that it is
unlikely that significant new platinum resources will be found on Earth, further emphasizing the need
for more effective recycling. The potential supply of PGM from spent secondary sources is large.
In addition to the major secondary source, catalytic converters, many chemical wastes produced
globally contain PGM, particularly Pt and Pd, at low concentrations of part-per-million (ppm) or
less. These wastes include spent forms of petrochemical catalysts, chemical catalysts, plating bath
solutions, and electrical and electronic products among others (Table 1.)

Karim and Ting [11] observe that recovery of PGM from spent automotive catalytic converters not only
conserves natural primary ore to meet future demand but also supports sustainable development
by minimizing waste disposal, limiting power consumption, and reducing environmental pollution.
For example, these authors point out that 1 kg of Pt is obtained from processing 150 metric tons of
primary ore at 1,000 meters depth with generation of 400 metric tons of waste, whereas the same
amount of Pt can be recovered from recycling two metric tons of spent catalytic converters with
much smaller waste generation [11].

The attractiveness of using urban mining as a means of augmenting the global PGM supply has been
pointed out by lzatt and Hageltken [34a]: “Considering the high environmental impact of primary
production of precious metals arising from low ore concentrations, difficult mining conditions, high
energy and water use, high chemical consumption, large waste generation, and other factors,
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recovery of metals from EolL [end-of-life] products is appealing.” However, Zupanc, et al. [34b] caution
that use of environmentally damaging processes in recycling “seems somewhat counterintuitive and
calls for application of sustainable approaches in recovery of sparsely available noble metals in the
pursuit of ‘Urban Mining.” These authors further indicate that highly oxidative and acidic conditions
coupled with use of toxic oxidants like aqua regia and CI2 produce large amounts of toxic and/or
corrosive waste. Their conclusion is apt: [34b] This goes against objectives of sustainable development,
which seem somewhat counterintuitive when recycling, a principle of circular economy and green
chemistry, is at aim.”

3. SuperLig® Molecular Recognition Technology™ (MRT™) Systems

A SuperLig® resin consists of a ligand, pre-designed using supramolecular chemistry principles to
have high target metal selectivity, covalently bound by a tether to silica gel or other solid support
[10,16b]. The SuperLig® resin is used in solid bead form in a packed column. The steps in the operation
of the MRT™ process are given in Table 2.

Table 2. Steps in the Operation of the MRT™ Process for Single Pass Separations from
Feedstock Containing Individual PGM in the Column Mode [10,16b].

Step Operation
Loading Target PGM is selectively extracted from the feed by the SuperLig® resin,
which has previously been loaded at high capacity onto the column.
Pre-elution Remaining feed solution is washed from the column leaving
wash only the target PGM bound to the SuperLig® resin.

Elution All of the bound target PGM is completely eluted from the column with a
small amount of eluent forming an eluate solution containing the concentrated
target PGM at high purity. Bed volumes of 1-2 are typical in the elution step.

Post-elution The remaining eluent solution is washed from the column and
wash the cycle is repeated starting with the loading step.

The high selectivity of SuperLig® resins for target PGM and non-use of organic solvents allows the
design of low-complexity operating systems that follow the steps in Table 2 and are defined by the
flowsheets in Section 6 (see examples of systems in Section 7.) The chemistry involved functions at
the molecular level in accordance with green chemistry and green engineering principles [10]. High
target PGM selectivity and high target PGM-ligand binding constants make very high single pass
separations at high column capacity levels possible, eliminating extensive and costly downstream
processing. Classical PGM Separation Processes have low single pass recovery rates resulting in high
in-process metal inventories due to the need for extensive re-work causing high metal financing costs
and delay in selling the target PGM. Examples comparing recovery rates for MRT™ and Classical
PGM Separation Processes are given in Section 7.3 involving Pd separation, in Section 7.2 involving
Ir/Rh separation, and in Section 7.4 involving Pd separation. MRT™ systems are readily automated,
have small space requirements, do not use highly deleterious chemicals, and, in the elution step,
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produce pure, concentrated target PGM rapidly with short metal inventory times.

Selective and complete separation of the target PGM in the loading step ensures that traces of the
target PGM do not pass to the raffinate which would require further separation steps downstream.
High metal selectivity and binding strength enable high-capacity loading of the target PGM on the
SuperLig® resin because competing metals either do not bind to the SuperLig® resin or are pushed
off the column due to the higher binding strength of the target PGM to the SuperLig® resin. The
result is complete separation of the target PGM from other PGM and base metals, which pass on
to raffinate, where other SuperLig® resins can be used to selectively separate the remaining PGM.
Selective recovery of each PGM in a comprehensive flowsheet avoids significant waste generation
and conserves valuable resources.

Wash and elution steps are accomplished using mild chemicals such as water, dilute mineral acids,
and others, that are designed to be as compatible as possible with the overall PGM refining flowsheet
(examplesaregiveninthe flowsheetsinSection 6.) Inthe elution step, all of the target PGMis completely
eluted from the SuperLig® column. Enrichment of the PGM in the elution step makes possible the
effective treatment of feedstock solutions containing low as well as high PGM concentrations. This
flexibility allows for treatment of PGM-containing streams derived from secondary products that are
currently discarded without recovery of the PGM they contain. An example is given in Section 7.5.

Binding and release of target metals by SuperLig® resins are rapid and the entire procedure can
be incorporated into existing process flowsheets. The ability to efficiently separate, recover, and
purify individual metals at any concentration level, in the presence of much higher concentrations
of impurity metals, significantly reduces refining costs that are otherwise incurred through the use
of Classical PGM Separation Processes that, to be efficient, use, depending on the process, organic
solvents and/or harsh chemicals combined with heat and pressure to increase the concentrations of
PGM in solution.

An important advance made by MRT™ systems is the significant reduction of platinosis risk.
Platinosis is a disease caused by exposure to complex salts of platinum, mainly chloroplatinates.
These salts are well-known respiratory sensitizing agents leading to work-related sensitization and
allergies in the work environment, especially in the PGM refining process. Heederick, et al. [35] have
discussed the history of platinosis and the on-going effort to arrive at a safe level of exposure to
these salts. These authors also evaluated the quantitative exposure-response relationship between
occupational chloroplatinate exposure and sensitization using routinely collected health surveillance
data and chloroplatinate exposure data. Their results suggest an occupational exposure limit of 200
ng/m3 for chloroplatinates [35]. MRT™ platinum refining systems are closed and do not generate
chloroplatinates, thereby minimizing worker exposure, and significantly reducing the risk of platinosis.

4. Role of Thermodynamics and Kinetics in Designing Highly Metal-selective MRT™
Systems

4.1. Technical Comparison of MRT™, lon Exchange, and Solvent Extraction Processes
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MRT™ systems have been incorrectly listed in the literature as IX processes.[36,37] MRT™ processes
do not exchange ions as is done in IX systems. The extraction mechanism in MRT™ systems is based on
selective molecular recognition of a target metal ion by a ligand bound to a solid support (SuperLig®
resin) as is described in Section 3.

The important roles of thermodynamics and kinetics in creating efficient separation processes are
explained in the following section where studies from Mintek (Figure 2) and the U.S. Department of
Defense (Table 3) are given that show SuperLig® resins to be significantly more effective than IX,
chelating IX or SXin comparable separation systems.

4.2. Thermodynamics and Kinetics

The efficiency of a metal separations process is directly related to the relative magnitudes of the
apparent binding constants (K) associated with the interaction of the target metal and impurity
metals with various components of the separation system. For example, in an MRT™ gsystem these
components include the ligand component of the SuperlLig® resin, the eluent, and the wash reagent.
In SX and IX systems, extractant and resin molecules, respectively, are involved. Impurity metals are
invariably present in metal separations and compete with the target metal for ligand binding sites that
may be present. Therefore, the efficiency of the separation system is dependent on the difference in
log K values (Alog K) between the competing metals for various ligand binding sites. The magnitude
of the Alog K value is very important in determining separation efficiency since it determines metal
selectivity. Decreasing Alog K values result in progressively lower separation efficiencies and the
need for an increased number of separation stages to obtain high target metal purity values. The
increased number of separation stages is the cause of high inprocess metal inventories that must be
re-worked resulting in high metal holding (inventory) cost and delay of PGM being sold to the market,
which is a critical issue in commercial operations. Excessive waste generation must be managed as
a result, at high cost, o avoid environmental, safety, health, and other problems.

The critical role of thermodynamics in metal separations can be summarized as follows:

e high log K values are required for high efficiency in metal separations and recovery

« high Alog K values for the target metal vs. impurity metals are required for high
target metal selectivity

« highlog Kand large Alog K values for target metal vs. impurity metals eliminate
multiple separation stages, avoid expensive downstream processing of impuirities,
and minimize generation of waste

Design for rapid kinetics of metal-ligand binding and release is essential for an industrial separation
system. Rapid kinetics for MRT™ processes can optimize product production in several ways including:

e savings in operation tfime
e minimization of in-process PGM inventories
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e reduction in space requirements

e reduction in labor requirements

e reduction in chemical usage

e increased ability o design simpler and more compact separation systems

e easier incorporation of separation systems into automated, in-line processing units

An example of rapid kinetics is given by the MRT™ Pd separation system, where Pd is loaded at
0.5 liter/minute/kg SuperLig® 2 and eluted at 0.25 liter/minute/kg SuperLig® 2. Demonstration of
rapid kinetics for PGM separations is supported by the incorporation of MRT™ systems into industrial
plant process flowsheets on a real-time basis, as illustrated in Section 7.4 for separation of Pd at the
Boliden Rénnskar precious metals refinery.

MRT™ systems are designed to enhance both thermodynamic and kinetic properties specific to PGM
processes. It is critical fo understand that MRT™ systems are designed to not only selectively bind a
target element, but also to completely release that target element in each cycle allowing for multi-
cycle use and easy system automation.

The thermodynamic and kinetic properties of MRT™ systems result in orders of magnitude greater
selectivity factors and apparent binding constants than those for either IX or SX systems.

Although not involving PGM, a study undertaken by Mintek (South Africa) directly compares the
performance of SuperlLig® 177, an SX extraction agent, and an IX system in Co purification by Cd
removal. Results from this study are given in Figure 2 [1,38a,38b]. Direct comparisons such as these
are typically made by companies before selection of MRT™ processes for their industrial PGM
separations (see Section 7.)

SuperLig® 177 ®D2EHPA #5950
6 54T
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Log SF
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Figure 2. Plot of the Log of the Selectivity Factor (Log SF) Versus Metal for the Separation by SuperLig®
177, D2EHPA, and S950 of Cadmium from Cobalt, Magnesium, and Manganese, all Initially Present in
a Co Electrolyte Feed Solution. Reproduced from [38b].
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Cadmium is an important impurity in the refining of Co electrolyte solutions which also contain
various other impurity metals including Mg and Mn. The selectivity factors (SF) in Figure 2 measure
the relative abilities of SuperLig® 177, di-2-ethylhexyl phosphoric acid (D2EHPA), and the adsorption
agent amino-methyl phosphoric acid resin (Purolite S950) to separate Cd (~6 mg/L) from a Co
electrolyte feed solution containing 60 g/L Co and trace amounts of Mg and Mn. The differences in
log SF values show that SuperLig® 177 is many orders of magnitude more effective than either SX or
IX processes in separating Cd from Co and other impurity metals present in this electrolyte solution.
In addition, the recovered Cd in the MRT™ system is available for reuse or safe disposal rather than
being discarded into landfill or tailings ponds as is usually done with traditional processes.

The significantly larger apparent log K values for interaction of several metal ions with a SuperLig®
resin compared to a sulfonate IX resin and a chelating IX resin containing iminodiacetic acid are
shown in Table 3, as given in a U.S. Department of Defense report [39]. Important factors in the low
selectivity of IX resins are the low resin-metal ion binding constant and the similar log K values for
each charge type. In these resins, binding strength for metal ions increase in the order 1+ < 2+ < 3+.

Table 3. Apparent Log K Values Valid at pH 6 for the Interaction of Several Metal lons with a
SuperLig® resin, a Regular lon Exchange Resin, and a Chelating lon Exchange Resin [39].

Metal Ion | SuperLig® | Regular IX, Sulfonic | Chelating IX. Imino-
Resin acid group diacetic acid group
Ni?* 17.0 <0.7 4.9
Cu* 22.0 <0.7 7.3
Zn* 144 <0.7 38
Cd* 13.8 <0.7 3.0
Pb** 144 <0.7 4.2
Ag’ 13.8 <0.7 <0.7

Within a charge type, the variation in log K values is small as seen in Table 3. The presence of the
iminodiacetic acid chelating group enhances the metal selectivity of the IX resin over the regular IX
resin. However, the magnitude of the log K values is small compared to those with the SuperLig®
resin.

5. Principles of Green Chemistry and Green Engineering Applied to Hydrometallurgical
Separations of PGM using MRT™ Systems

Green chemistry has been defined as “the design of chemical products and processes to reduce
or eliminate use and generation of hazardous substances [15,40,41]. A cardinal principle of green
chemistry is that it is better to prevent generation of waste than to clean it up after it is formed. Waste
generation has become a defining feature of our civilization, especially in the past few decades
[340,42]. The United Nations Brundtland Commission’s report in 1987 characterized sustainable
development as “development that meets the needs of the present without compromising the ability
of future generations to meet their own needs [43]. We [10,30] and others [12,22] have promoted
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the desirability of developing technologies for the separation and recovery of metals from primary
and secondary sources that conform to green chemistry and green engineering principles, produce
minimal waste, and lead to a circular economy and metal sustainability. Significant obstacles to
attainment of increased metal sustainability together with their consequences have been discussed
by us [30].

In their analysis of chemical systems, Anastas and Eghbali [40] indicate that organic solvents account
for most industrial waste in the chemical industry and that it is preferable to use systems that either
minimize or do not require solvent use. This assessment is confirmed by Firmansyah, et al. [28] who
point out that disposition of solvent wastes is one of the major issues in industry. Solvent wastes raise
environmental and economic concerns and account for the vast majority of mass wasted in syntheses
and processes in industry. Use of organic solvents in PGM separation processes increases the risk
of workers’ exposure and has led not only to serious accidents but to fires that destroy facilities and
shut down production for extended periods of time. Anastas and Eghbali [40] suggest that “the ideal
solution would be to not use any solvent because the decision to include an auxiliary always implies
efforts and energy to remove it from a designated system.”

Design of MRT™ systems is based on optimization of thermodynamic and kinetic parameters,
as explained in Section 4.2. This optimization permits the principles of green engineering to be
incorporated into these systems. Key aspects of green engineering are predictability of operation
(thereby allowing the process to be automated and run efficiently in a semi-continuous mode), low
energy and water usage, low environmental risks, and avoidance of high pressures and temperatures
(thereby avoiding the need for extensive equipment infrastructure). Thermodynamic and kinetic
optimization leads to MRT™ system predictability (i.e., the SuperLig® column will bind a known
amount of target PGM and that target PGM can be completely eluted in a known volume) and
operation over a range of temperatures at atmospheric pressure, without the need to employ large
amounts of energy, extensive heating, or pressurization. Unlike many IX resins, SuperLig® resins do
not need to be burned to recover PGM. In the MRT™ process, the target PGM is completely eluted
from the SuperLig® resin in each cycle, thereby allowing for simple recovery of the target individual
PGM, system predictability, and easy automation.

Systems that do not require intensive energy input are highly desirable in metal separations and
recovery. O’Connor et al. [12] indicate the need in recycling for methods that can separate recovered
metals from one another, so they can be easily reinserted in the manufacturing process. These authors
discuss green engineering aspects of such separations and emphasize that separation processes
need to be simple, economically feasible, have low energy requirements, and low environmental
risks. Green chemistry and green engineering principles mandate that in the design of chemical
processes, the introduction of new pollutants or the use of highly toxic and/or corrosive chemicals
and/or heat and pressure should be avoided. The chemical industry has benefited greatly over the
past three decades from the introduction of green chemistry practices [44]. Similar benefits are seen
where green chemistry and green engineering principles have been introduced in various steps in
metal lifecycles, including in PGM separations and recovery from primary ore and spent secondary
sources [10,16a,17,45, 460,46b,46¢].
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An important contribution of MRT™ systems has been the introduction of green chemistry and green
engineering processes into the field of industrial PGM separations [16a,16b]. In Table 4, process
properties of MRT™ systems are listed together with advances derived from use of these systems.

Table 4. Process Properties of MRT™ Systems with Advances Achieved from their Use.
Compiled in part from information in earlier publications [16a,17,46¢,49].

Process Property

Advance

High selectivity for
individual PGM

Ensures very high single pass individual PGM separations in
column loading step

Provides the flexibility to target specific, commercially
important PGM, such as Rh, early in the flowsheet.

Ensures maximum column loading capacity

Minimizes retention on column of competing PGM and/or
impurity metals

Dramatically reduces PGM in the processing pipeline, thus
reducing metal financing costs, and releasing metal earlier for
sale

Eliminates or markedly reduces need for downstream processing
Minimizes SuperLig® and reagent use while reducing
equipment size

Minimizes MRT™ system footprint

Rapid kinetics

Ensures rapid PGM binding to, and release from, the
SuperLig® resin making incorporation into plant operation on a
real time basis feasible

High energy
conservation

Minimizes energy consumption by operation over a range of
temperatures at atmospheric pressure and by conservation of
equipment, labor, chemicals and facilities used

Simplified process
design and operation

Ensures an uncomplicated operating system in a small compact
working space

Results in simple flowsheets

Makes easy automation of the process feasible

Efficient and rapid
wash of SuperLig®
column with mild
wash solutions

Increases compatibility with refinery plant operations
Facilitates washing of residual feed from the column after
loading and residual eluent after elution using mild reagents, e.g.,
H>O0, dilute acids, and simple salts

Minimizes operational and environmental risks

Allows for recycling of wash solutions whenever possible

Efficient and rapid
elution of target
PGM

Enhances the complete and efficient transport of all of the target
PGM from the loaded column to the eluate using simple eluents,
e.g., H2O, dilute acids, simple salts and metal complexing agents
Ensures that all of the PGM bound to the SuperLig® column is
recovered in concentrated form in the elution step by use of a
small volume (2-3 bed volumes) of eluent

Enables recovery at high yield of a concentrated PGM solution
Minimizes operational and environmental risks, ensures
compatibility with refining plant requirements and provides
eluent recycling whenever possible
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Recovery of target e Enhances conversion to final product by enrichment of PGM in

PGM in a the eluate
concentrated eluate e Makes possible the economic recovery of PGM when present at
low levels in spent secondary products
Minimal waste e Avoids major waste generation problems by non-use of organic
generation solvents and hazardous chemicals

e Adds no contaminants to process feed solution

e Minimizes contentious interactions with public and community
leaders over pollution and other environmental issues

e Eases permitting issues

Recovery rather than e Allows recovered impurity metals to be sold for value or sent for
discard of impurity safe disposal thereby minimizing management, disposal,
metals environmental and health issues
Minimal carbon e Allows for carbon minimization goals to be met
footprint
Low cost e Results in increased market competitiveness

The flowsheets and examples of industrial installations that follow describe the application of MRT™
systems to the commercial highly selective separation and high-yield recovery at high purity levels
of individual PGM from a variety of primary and secondary sources.

6.Flowsheets forthe Green Chemistry Separation of PGM from Industrial Feedstocks and Summary
of Advances Achieved by use of MRT™ Processes

The flowsheets in Figure 3 — Figure 7 illustrate the simplicity of the MRT™ approach to the
selective separation of individual target PGM from feed solutions containing other metals, often
at concentrations much higher than that of the target PGM. A key advantage of MRT™-based
flowsheet design is the flexibility to target specific, commercially important PGM, such as Rh, early
in the flowsheet. This is shown in Figure 5, where Rh is selectively separated from an input stream
containing Rh, Pd, Pt, Ry, Ir, Au, Ag, and base metals.

In each flowsheet, incoming HCI feed solutions containing the target PGM, and other metals are
passed through the appropriate loaded SuperLig® column(s) for selective separation of the target
PGM. No contaminants are added to the process stream in the MRT™ process. The ability to selectively
separate an individual PGM efficiently is of critical importance since the need for multiple stages
is eliminated, PGM processing loss is minimized, the use of hazardous/contaminating chemicals
is avoided, and waste generation is minimized. Reagents for washing the SuperLig® column and
eluting the SuperLig®-bound PGM are simple and compatible with the production of the final PGM
product. End-of-life SuperLig® resins are devoid of PGM and easily handled in accordance with a
specific company’s policy on disposition of spent materials.

SuperLig® resins are capable of very high single pass recovery yields on an industrial scale. For
example, the Boliden Rénnskér MRT™ system (Section 7.4) recovers palladium at 99.99% yield in
a single step from a feed stream derived from the recycling of e-waste, spent catalytic converter
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residues, and other materials. Factors that may influence the single pass recovery yield include
the individual PGM being recovered, the relative concentration of the individual PGM and other
constituents in the feed solution, and the dynamics of the SuperLig®-individual PGM interaction.

Wash: 5M NaCl /0.1 M HCI

ORP adjust | Input/feed stream: Pd, Pt, Rh, Ir, Base metals
4 ORP: 725mV vs. Ag / AgCl
Wash: 1-6 M HCI
Wash: H,0 Trace Pd recycled for recovery in SuperLig® 2 column
v v v l HCl, air, and Hzozl
Pd in eluate as
: Column(s): SuperLig® 2,
Eluent: 1 M NH,HSO; or
c o » selective for Pd concenisIEn »| PA(NH3),Cl (s)
1M (NH,4)>SO4 product formation and filtration
ORP adjustment Purified Pd yellow salt

P

Eluent: H,O

Raffinate: Pt, Rh, Ir, Base metals
ORP: 550-650mV vs. Ag / AgCl

Column(s): SuperLig® 133,

selective for Pt — Pt product

Wash: 5M NaCl/ 0.1 M HCl or

HCIO bleach
Raffinate: Rh, Ir, Base metals

6M HCI/0.5M NaCl

Eluent: H,O and / or 0.25M Na,SOg4

ORP: adjusted to 850900 mV vs. Ag / AgCl

A 4

Column(s): SuperLig® 182, |, | product

v

selective for Ir

in 2.5M NaCl
HCIO bleach
Wash: 6 M HCI Raffinate: Rh, Base metals
ORP: adjusted to 850-900 mV vs. Ag / AgCI
Wash: H0 ———— l
N
Eluent: 5M NaCl or Column(s): SuperLig® 190, I » Rh product

3—4 M KCI

selective for Rh

|

Raffinate: Base metals

Figure 3. Individual, Sequential, Selective Separations of Palladium, Platinum, Iridium, and Rhodium
from a Base Metal Matrix. ORP = oxidation-reduction potential. Adapted with permission from [47].
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ORP: adjust to 725mV

Input/ feed stream: Base metals,
Pd, Pt, Rh in HCI solution

Wash: 1-6 M HCI

Trace Pd recycled for recovery in
SuperLig® 2 column

Wash: H,O

Eluent: 1M (NH,),SO, or
1M NH4HSO4

Column(s) for Pd separation
and loading: SuperLig® 2
selective for Pd

HCI, air, and H,O, l

Pd in eluate as
concentrated product

Pd(NH3),Cl, (s)

ORP: adjust to 550-650 mV, if necessary

Wash: 5M NaCl /0.1 M HCI

Eluent: H,O
—_—

Column(s) for Pt separation and
loading: SuperLig® 133,
selective for Pt

»| formation and [
filtration

Purified Pd yellow salt

Raffinate: Base metals, Rh, Ptin HCI

ORP: adjust to 850-900 mV

Wash: 6 M HCI

v

Wash: H,O

l v v

Eluent: 5M NaCl or 3—-4 M KCI i

Column(s): SuperLig® 190,
selective for Rh

» Pt Product

Raffinate: Base metals, Rh in HCI

Raffinate: Base metals in HCI

» Rh Product

Figure 4. Individual, Sequential, Selective Separations of Palladium, Platinum, and Rhodium

from a Feed Solution Containing these Metals and Base Metals in an HC| Solution.
ORP = oxidation-reduction potential.
Adapted with permission from [47].
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ORP: HCI, adjust as necessary

>
»

ORP: 850-900 mV

Wash: 6 M HCI
Wash: water, 25°C —l
Eluent: 5M NaCl COlumq(sg:
or — Super]_lg
3-4M KCI selective for Rh

Input/feed stream: Rh, Pd, Pt, Ru, Ir, Au, Ag, Base metals

Wash: 5M NaCl Eluent: water

!

190,

v

Rh, trace Pt Column(s):
SuperLig® 133
for Pt Polishing

Concentrated Rh

|

Raffinate: Pd, Pt, Ru, Ir, Au, Ag, Base metals

Pt

Figure 5. Flowsheet for the Selective Separation of Rhodium from Palladium, Platinum,
Ruthenium, Iridium, Silver, Gold, and Base Metals. ORP = oxidation-reduction potential.
Adapted with permission from [47].

ORP: HCI, adjust as necessary

Input/feed stream: Rh,Ir, Base metals

Eluent: H,O (25°C), H,0 (70°C)

v

> | (low Fe required if total chloride is >5 M)
Wash: 5M NaCl/ 0.1 M HCl or 6 M HCI / 0.5M NaCl | ORP: 850-900 mV/6 M HCI, >0.2M NaCl

’
»

or 0.25M Na,SO4/ 2.5 M NaCl

;

Column(s): SuperLig® 182,
selective for Ir

—————— Purified Ir

Raffinate: Rh and
Base metals

Figure 6. Flowsheet for the Selective Separation of Iridium from Rhodium and Base Metals.

ORP = oxidation-reduction potential.
Adapted with permission from [47].
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5 M NH,CI Elution at

Ru, Al, Fe, Na in 6 M HCI Feed
Solution

Room Temperature

SuperLig® 187 Column(s)

Ru Product
Solution:

Al, Fe, Na in 6 M HCI
Raffinate Solution

(NH,),RuCl,

v

Figure 7. Flowsheet for the Selective Separation of Ruthenium from a Matrix of Aluminum,
Iron, Sodium, and other Base Metals in 6 M HCI using the MRT™ Process.
Oxidation-reduction potential (ORP): 300-400 mV vs. Ag/AgCl electrode. Wash: HCI.

Reproduced with permission from [48].

Green chemistry advances provided by SuperLig® MRT™ systems are given in Table 5.
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Table 5. Advances Offered by Green Chemistry MRT™ Systems to PGM Refining Operations.

Compiled in part from information in earlier publications [16a,17,46c,49].

[a—

Very high single pass individual PGM recovery yields

Product purities of 99.95%-99.99%

Flexibility to target specific, commercially important PGM, such as Rh, early in the
flowsheet

Significant reduction in the risk of platinosis and other negative health effects because the
MRT™ gystem is self-contained, thereby greatly reducing worker exposure

Rapid processing time for target PGM resulting in lower financing costs and earlier
release of the target PGM for sale

Reduction in processing losses resulting from very high single pass individual PGM
recovery yields

Lowered PGM refining expenses from the elimination and/or reduction of process
chemical use, number of process steps, considerable associated infrastructure, and labor
Costs

Lowered maintenance costs due to less infrastructure use and simplicity of equipment

Reduced need for effluent control measures because no organic solvents or corrosive

chemicals are used

10.

Ability to treat both dilute and concentrated feed streams of any solution volume

11.

Option of producing a salt product that may be sold or reduced to market-grade metal

12.

Capability for rapid and semi-continuous operation of the MRT™ process at high flow
rates for both loading and elution

13.

Capability to recycle wash and elution solutions

14.

Competitive capital costs with simple, compact equipment requiring minimal space

15.

Reduction of PGM security risk by minimizing exposure with a self-contained system

16.

Multi-cycle use of SuperLig® resins

17.

Minimal waste generation and minimal carbon footprint

18.

Establishment of a circular economy for individual PGM leading to sustainability of these
critical metals

7. Selected Industrial-Scale Examples of MRT™ PGM Separation Systems

A summary of MRT™ processes used for a variety of industrial PGM separations is given in Table 6. In
each case, the appropriate flowsheet in Section 6 or a modification thereof is used for the separation
of the indicated PGM.
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Table 6. Separation, Recovery, and Purification of Individual Platinum Group Metals from Various
Matrices using MRT™ Systems. Adapted from ref. 46a and 46c.

PGM Separation, Recovery, Purification Event Ref
Pt Pt from spent catalytic converters and other feeds a,b
Pt from Pt/Cr/Co/Cu alloy scrap from a sputtering c
process
Pd | Pd from spent catalytic converters and primary mine feed | a,b.d,e
Pd from spent petrochemical catalysts f,g
Pd from dipping bath solutions h
Pd from plating baths 1
Pd from spent secondary sources k
Rh Rh from spent catalytic converters and other feeds ab.de.l
Ir It from primary mine feed matrix of Rh and base metals | m,n,0,p
Ru Ru from alloy scrap c

a[49]; P[50]; “[48]; 9[1]; °[4]; [51]; °[52]; "[53]; '[54];[46a]; ¥[46b], '[2]; ™[16a]; "[47]; °[46c]; P[18]

Industrial examples selected from those listed in Table 6 are now presented to show in more detail
the effectiveness and flexibility of the green chemistry MRT™ approach. Particularly challenging
PGM separations are described that include the selective separation of Rh from complex secondary
feed, the selective separation of Ir from Rh in primary mine feed, and the selective separation of Pd
(a) from primary mine feed, (b) from various primary and secondary sources, including e-waste, at
a copper smelter, and (c) from low-grade spent plating feed with a modular mobile unit deployed
on-site, sent fo be processed at a central refining location and returned to the on-site location for
reuse in a circular fashion.

An important principle in scientific work is that results should be reproducible in the hands of others.
The following examples involving PGM separations show this principle in the case of MRT™ processes
by describing their adoption and use by multiple industrial companies. In each case, the MRT™
process was tested extensively in-house against existing technologies being used at the industrial
site. The MRT™ process was chosen for its superior economic and process value to the companies.
The MRT™ processes for Pd separation in the case of Impala and Rh separation in the case of
Tanaka have been in use for nearly three decades.

7.1 Refining of Rhodium at Tanaka Kikinzoku Kogyo K.K. (TKK)

Since the mid-1990s, TKK has used the MRT™ process to extract and purify Rh from spent catalytic
converter and other feeds [1-3,55]. High selectivity for Rh is obtained by use of SuperLig® 190 that
recognizes Rh as a chloro anion making it highly selective for Rh over other metals present as cations.
Platinum present at concentrations in excess of those of Rh can result in trace Pt impurity, present as
an anion, in the concentrated Rh product. The trace Pt impurity is removed using another SuperLig®
resin, resulting in pure Rh and Pt products.
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The MRT™ Rh system installed at TKK is shown in Figure 8.

Figure 8. MRT™ Industrial Facility for Rhodium Separation and Recovery at
Tanaka Kikinzoku Kogyo K.K. Reproduced with permission from [2].

7.2 Refining of Iridium at the Sibanye-Stillwater South Africa Precious Metals Refinery

The traditional flowsheet employed to separate Ir from Rh has been described by Le, et al. [56]. A
large number of steps are involved in this very complex flowsheet including the use of harsh chemicals
and organic solvents, high temperature (1,000 oC) ignition of precipitates, digestion and electrolytic
refining, and repeated salt recrystallizations among others. Le, et al. [56] state that the separation
of Ir from Rh is extremely difficult because of the similar chemical properties of the Rh and Ir chloro
anions. Classical PGM Separation Processes are unable to distinguish between these anions with a
high degree of selectivity resulting in complex separation flowsheets with multiple separation steps
involved. The complexity of the traditional flowsheet and the need to improve the industrial Rh/Ir
separation process is recognized by Le, et al. [56] as follows: “These processes are complicated and
consume a large amount of energy and thus the development of a simple process to recover these
metals from industrial wastes is necessary.”

The substantial difficulties in the traditional Rh/Ir separation flowsheet have been overcome by a
simple, compact, and effective MRT™ process (see Figure 6) that has been used for the industrial
scale refining of Ir by Sibanye-Stillwater’s South African Precious Metals Refinery since 2015 [18]. The
MRT™ system operates by an entirely different mechanism than the traditional system and is highly
selective for Ir over Rh.
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Sequential steps in the MRT™ iridium separation operation are shown in Figure 9.
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Figure 9. MRT™ Industrial Facility for Iridium Separation and Recovery at the Sibanye-
Stillwater South Africa Precious Metal Refinery.

Frame A: unloaded SuperLig® 182 column; Frame B: 6M HCI wash displacing Rh to raffinate
after Ir binding to SuperLig® 182; Frames C and D: SuperLig® 182 columns loaded with Ir.
Reproduced with permission from [18].

The MRT™ process is fully automated using a supervisory control and data acquisition (SCADA)
system. SCADA screens are shown in Figure 10.

i

(]

Figure 10. Fully Automated MRT™ Industrial Facility (left) with SCADA Screens (right) at the
Sibanye-Stillwater South Africa Precious Metal Refinery.
Reproduced with permission from [18].
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7.3 Refining of Palladium at Impala Platinum Limited

Impala has used the MRT™ process since the mid-1990s to refine large quantities of Pd at commercial
scale [1,4,5]. In this process, Pd (~30 g/L) is selectively separated from a feed stream containing other
PGM as well as base metals. The composition (g/L) of a typical feed stream is Au (<0.001), Pt (50-60),
Pd (30-40), Rh (8-10), Ru (10-15), Ir (4-5), Fe (8-12), Cu (2-4), and Ni (4-7.) SuperLig® 2 is highly
selective for Pd over the other metals present. Prior to implementing the MRT™ process, Impala used
classical precipitation methods to refine PGM. Extensive comparative laboratory and pilot tests with
MRT™, |X, and SX were made by Impala in the mid-1990s prior to the choice of the MRT™ process
for the separation system. The MRT™ process was able to separate Pd in a single pass as a first
step in the PGM processing eliminating the need to recover traces of Pd downstream. The classical
methods were unable to make this single pass separation of Pd resulting in the requirement for
multiple passes downstream.

MRT™ columns installed at the Impala Springs Refinery are shown in Figure 11.

Figure 11. MRT™ Industrial Facility for Palladium Separation and Recovery at Impala Platinum
Limited Springs Refinery (left.) On the right frame, in the close-up of the left column, the dark
coloration is caused by the loaded Pd. The column on the right in the right frame is in the process
of being loaded. It is evident that Pd is retained by SuperLig® 2 upon first contact. Reproduced with
permission from [4].

7.4 Separation of Palladium from Primary and Spent Secondary Sources at the Boliden
Ronnskar Copper Smelter

The MRT™ process is used for the highly selective separation of Pd from primary and spent
secondary sources in the precious metals plant at the Boliden Rénnskar copper smelter in Sweden
[46Db]. Palladium is recycled from e-waste, spent catalytic converter residues, and other materials.
The purity of the Pd product is around 99.95%. The recovery (feed product = solution) yield is in the
order of 99.99%. Palladium separation is achieved in a single step ensuring no need for additional
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steps for Pd recovery downstream.

The MRT™ installation at the Boliden Ronnskér copper smelter is shown in Figure 12 [46b].

Figure 12. MRT™ Industrial Facility for Palladium Separation and Recovery at the Boliden Rénnskar
Precious Metals Refinery in Sweden. The column on the left is packed with SuperLig® 2 resin beads.
The column on the right is loaded with Pd (dark coloration.) Reproduced with permission from [46b].

Advances made by use of the MRT™ system with their consequences are [46b]:

highly selective, single step separation of Pd with 99.99% recovery yield eliminating
expensive downstream processing

non-use of organic solvents or harsh chemicals eliminating a host of process, envi-
ronmental, and social problems associated with the use of these solvents

minimal waste generation minimizing potential environmental and social concerns
hundred-fold or more concentration of Pd in the elution step reducing equipment
size and enabling the economic recovery of Pd from formerly inaccessible, low
concentration level solutions

rapid binding and release kinetics permitting inclusion in the plant process flow-
sheet on a real time basis

compact, simple separation systems conserving space, labor, fime, chemicals, en-
ergy and infrastructure with significant reduction in CAPEX and OPEX values
attainment of a circular economy in Pd making possible the achievement of Pd
sustainability

minimal use of fossil fuel-derived processes or chemicals insuring a minimal car-
bon footprint
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7.5 On-Site Separation of Palladium from Industrial Plating Baths using a Modular Mobile Unit.

Plating baths are examples of the many applications of Pd in commerce. Typically, the Pd is present
in the bath in colloidal form at low concentrations. The colloidal Pd is consumed during use through
adsorption on parts, adsorption on rack coating, chemical breakdown, and drag-out. It is desirable
to recover as much of this waste Pd as possible for reuse.

SepraMet, Ltd. has deployed an MRT™ unit to recover Pd from a colloidal tin (Sn)/palladium activator
drag-out bath at a major North American plating on plastics (POP) line [46ad,46c,54]. In operation,
the modular MRT™ unit for Pd separation and recovery from plating baths using SuperlLig® 277
is provided to a customer, loaded with spent Pd, and returned to SepraMet for Pd retrieval. The
regenerated MRT™ unit can then be returned to the customer for reloading in a circular process that
can be repeated indefinitely.

The modular MRT™ unit and a depiction of the circular process are shown in Figure 13.

Figure 13. Industrial Installation of MRT™ Modular unit (left) for Separation and Recovery of Palladium
from Plating Baths. The circular process is depicted on the right.

The MRT™ system replaced an IX process at the customer location that had proven inadequate for
making the required separation. Limitations of the IX method included [46c]:
e applicability to only one of the two portions of the conventional POP operation
e not being applicable to the direct metallization lines
e not being selective for capture of Pd over Sn present in the plating bath leading to
the requirement for an additional separation procedure to obtain pure Pd
e requirement of an additional destructive and energy-intensive smelting process to
recover Pd
« inconsistency in the quantity of Pd recovered over time
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The MRT™ system enables [46c]:
e recovery of Pd from both activator and accelerator sections of the conventional
POP lines
« use on the activator section of direct metallization lines
o selective one-step separation of Pd with no retention of Sn
e production of a consistent yield of Pd
e recovery of both Pd(0) and Pd(lI)
e constancy in the flow rates and contents of process tanks

Significant amounts of Pd previously going to waste are recovered using the MRT™ process.
Beneficial features of the MRT™ system include [46c]:

» high selectivity and high recovery yields for Pd present at low concentration levels

e no use of organic solvents or chemical separating agents

« operation over a range of temperatures at atmospheric pressure

e no use of energy-intensive processes such as thermal processing by burning or

incineration

e asimple, closed system with zero emissions

» use of simple chemicals and dilute reagents that mostly can be recycled

e no customer liability

e no negative environmental consequences

Recovery of Pd conserves a valuable resource while minimizing drag-out costs, providing
environmental benefits, and off-setting production costs. Palladium in these wastes would normally
be discarded because recovery is not economical. A major economic and public relations benefit to
the customer is the elimination of the need to dispose of the waste with attendant time, labor, space,
public relations issues, and environmental costs [46c].

Modular MRT™ systems have the possibility of (1) significantly increasing the separation rates and
recovery yields of PGM or other metals of value in global locations where recycling rates are very
low [340,57,58] and (2) enabling economic recovery of currently discarded metals when present
at low levels in industrial processes including mining waste solutions and tailings, refining streames,
waste streams, and processing steams derived from e-waste. Marketing of pure metal products
recovered in the modular approach can offset recovery costs. Modular MRT™ separation processes
offer promise for achieving sustainable, economic metal separation and recovery of valuable critical
metals that are presently being discarded.

7.6 Selective Separation and Purification of Iridium, Platinum, and Ruthenium for Use in
the Emerging Hydrogen Economy.

There is much current interest in the use of hydrogen as an alternative energy source to fossil fuels to
generate power for domestic heating and in the industrial and transport sectors [59a,59b,60-- 63].
The potential for this technology is enormous and includes, perhaps, revolutionizing the global energy
economy toward a predicted hydrogen economy/society. An appealing feature of this technology is
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the wide distribution and availability of hydrogen as a source element ensuring plentiful supply. A
major challenge is retrieving hydrogen effectively and economically from water or other compounds
in which it is found.

One promising method for hydrogen production from water is by a membrane electrode assembly
(MEA) fuel cell process, which requires the use of high corrosion-resistant materials (Ir, P, and Ru)
for the catalysis components of the apparatus [59a]. Iridium is an important component because it
is the most corrosion-resistant metal known and has unique catalytic properties. However, in order
to ensure sufficient Ir, a circular economy in which Ir is used, recycled, and reused is very important.
In a White Paper [59b], Johnson Matthey expresses confidence “that iridium supply can be made to
support PEM electrolyser growth ambitions to 2030 and beyond if the supply chain works together to
innovate, recycle and reuse this critical element.”

As the hydrogen economy advances, several companies have begun manufacturing PGMcontaining
MEA assemblies. One of these, Isondo Precious Metals (IPM) in South Africa, recently started
construction of a state-of-the-art industrial plant to manufacture MEAs for the global automotive,
aeromotive, stationary power and hydrogen generation technology supply chains [64]. IPM selected
the MRT™ process to recycle Ir, Pt and Ru from IPM’s manufacturing operations as well as from spent
MEAs [19]. The more efficient recycling of Ir, Pt and Ru using the MRT™ process promises to result in
a circular economy for these individual PGM and make a major contribution to their sustainability.

8 Commercial Comparison of MRT™ and Classical PGM Separation Processes for
Industrial PGM Separations

High performance MRT™ PGM separation systems are commercially advantageous because the
value of their performance far exceeds the associated costs when compared with Classical PGM
Separation Processes. The positive benefit-cost ratio of MRT™ PGM separation systems is derived
from simplification of PGM refining process flowsheets and minimization of whole-life or lifetime
costs (which include financial as well as environmental and social costs.) The stability, durability
and cost-effectiveness of SuperLig® resins have been proven by their industrial use in MRT™ PGM
refining systems over several decades.

We have summarized and compared MRT™ and Classical PGM Separation Processes for industrial
PGM separations as follows [16a]:

One perceived advantage of less selective technologies, such as IX and SX, over MRT is the low price
of the resins or reagents involved. However, this price is not indicative of the true costs incurred by
these technologies. As compared to MRT, the negative externality costs associated with less selective
technologies are paid forin more complex capital equipment systems; larger system footprints; limited
orno resin reusability; extensive use of sub-optimal and/or hazardous and flammable chemicals, such
as solvents, that introduce substantial risk into the process and require complicated operational and
environmental protocols; higher energy costs; lack of system flexibility to target specific, commercially
important metals early in the flowsheet; higher number of separation stages; increased volumes
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of eluates, washes, and wastes; larger and more complex waste treatment systems; slower metal
binding and release; incomplete and slow extraction and recovery of the target metal; complex pre-
and post-treatment regimens; lower metal purities; lower metal recoveries; higher metal losses; and
longer retention of valuable metals in the process, resulting in high metal inventories and working
capital costs. Low selectivity means that traces of impurity metals follow target metals, and this
translates into the creation of multiple side streams that then need to be processed, resulting in
higher costs, greater environmental liabilities and increased worker exposure. All the above factors
must be taken into account to determine the true cost effectiveness of a separations technology.

Due to the proprietary interests involved, there is a lack of publicly available information for direct
comparisons of CAPEX and OPEX for MRT™ and Classical PGM Separation Processes. However,
compelling evidence that MRT™ PGM systems have lower CAPEX and OPEX s found in the increasing
number of industrial installations of MRT™ PGM systems worldwide. Prior to installation of commercial
MRT™ PGM systems, extensive comparison tests of MRT™ with Classical PGM Separation Processes
are routinely made by companies for economic and process evaluation (see Section 7.)

The complexity of Classical PGM Separation Processes for individual PGM separations is illustrated
by the industrial separation of Ir and Rh (see Section 7.2.) High energy, material, infrastructure, and
labor costs result. Added to these costs are larger and more complex waste treatment systems;
appreciable carbon footprint; and extended time periods for achieving effective separations resulting
in long metal pipeline retention times and high metal financing costs.

Central to the cost-effectiveness of MRT™ separation systems are the much higher separation factors
(SF) exhibited by MRT™ over those exhibited by SX and IX in comparable separation systems. One
example is found in Figure 2, where a comparison is given of the relative effectiveness of MRT™, SX-
based D2EHPA, and IX-based Purolite S950 in removing Cd from a Co electrolyte solution containing
Mg and Mn impurities. This example does not involve PGM separations. However, the same
comparative principles are applicable to the relative SF values for MRT™, SX and IX for other metals
of interest, including PGM. The SF values in Figure 2 for the D2EHPA and Purolite S950 processes
were several orders of magnitude lower than those for MRT™ suggesting that CAPEX and OPEX for
these technologies would be much greater than those for MRT™ for Cd removal. Similar SF results
would be expected for separations of individual PGM using MRT™ and Classical PGM Separation
Processes.

Lower CAPEX and OPEX values for MRT™ processes result from the green engineering and green
chemistry advances listed in Tables 4 and 5. Very high single pass recovery rates of individual PGM
by MRT™ processes coupled with rapid processing fimes maximize the financial rate of return and
minimize working capital needs due to low metal inventories. Green chemistry processes of the
MRT™ type are desirable for 21st century individual PGM separations where increasingly stringent
environmental and health standards must be achieved in concert with intensifying demands for
economic efficiency as PGM applications continue to expand [30,46¢].
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9 Conclusions

The selective separation and recovery at industrial scale of individual PGM from primary and
secondary sources using MRT™ processes has been reviewed. Very high single pass recovery yields
and product purities (99.95-99.99%) are obtained leading to a circular economy for individual PGM
and increased metal sustainability for these critical resources. Principles of molecular recognition,
green chemistry, and green engineering that are important in designing PGM-selective MRT™
processes have been discussed and these processes have been contrasted with Classical PGM
Separation Processes used in the PGM refining industry.

Maijor conclusions follow:

1. The industrial-scale adoption of MRT™ processes in the mid-1990s by a top sec-
ondary PGM refiner, Tanaka Kikinzoku Kogyo K.K. [1-3] and a top primary PGM
refiner, Impala Platinum Limited [1,4,5] marked the first disruptive innovation in
industrial scale PGM refining since the early widespread use of Classical PGM Sep-
aration Processes in the mid-20th century.

2. PGM are listed as critical metals in the US and EU because they are essential to
the economies of these nations but have supply chains associated with high risk.
Over 90% of global mined PGM production comes from just three countries: Rus-
sia, South Africa, and Zimbabwe, presenting the potential for supply disruption
[1,24,28,31]. In addition, there is a constantly diminishing supply of mined PGM ore
that becomes more expensive to mine with time. Limited prospects exist for new
major global discoveries of mineable PGM ore [33].

3. The status of the PGM supply-demand balance is precarious with the gap wid-
ening [9,28,65]. Achievement of global sustainability requires enhancement of the
PGM supply by increasing the sourcing of PGM from spent secondary sources
through recycling.

4. Globally, in 2021, approximately 21% of Pt, 33% of Pd, and 32% of Rh supply came
from metals recycled from spent secondary products, largely from spent automo-
tive catalytic converters [27b]. There is a great need to increase the recycling rate
of individual PGM from spent secondary sources, such as those in Table 1 at their
end-of-life. For example, recycling of PGM from spent electronics is 5-10% [58].
Increasing recycling rates of PGM from these spent sources would access a large
quantity of PGM that is currently not being recovered.

5. MRT™ processes exemplify the type of industrially proven selective separation
technologies needed to meet increasingly stringent environmental standards and
to more efficiently and cost effectively separate and recover individual PGM from
primary mine feeds as well as from lowgrade levels present in many waste streams
and spent products [10,12,37,66].

6. MRT™ systems are effective in performing selective industrial separations of indi-
vidual PGM in a compact column-based operating mode from both primary and
secondary sources. Green chemistry and green engineering advances of these
systems are presented in Tables 4 and 5.
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7. Highly selective single pass recovery rates and high product purities (99.95-99.99%)

of individual PGM at the industrial scale from primary and secondary sources are
obtained in MRT™ processes.

SuperLig® MRT™ systems have been adopted at industrial-scale by top sec-
ondary and primary PGM refiners including Tanaka Kikinzoku Kogyo K.K. [1-3,55],
Sibanye-Stillwater [18], Boliden Ronnskdr [46b], and Impala Platinum [1,4,5].
Recycling rates of individual PGM from spent products not normally recycled can
be enhanced using MRT™ processes. An example is given of a modular unit (Fig-
ure 13) capable of performing separation and recovery processes at an industrial
site of low-level Pd from plating bath waste streams. In a circular economy mode,
the loaded unit is sent to a central site where the Pd is retrieved, the column is
recharged, and then returned to the industrial site for reloading. Accessing spent
secondary sources such as this could make a major contribution to individual PGM
sustainability since it is estimated that less than half of the PGM mined is recovered
by recycling [27a,63].

10. The expanding use of new PGM-containing products including catalysts necessi-

tates more efficient and selective separation processes to perform the increasingly
complex separations that will be needed for efficient, cost-effective recycling of
individual PGM from these products. An example is given in Section 7.6 involving
MEAs, essential o the emerging green hydrogen energy economy, which employs
Ir, Ru and Pt as catalysts for water oxidation [19].

11. The demonstration with numerous examples shows that MRT™ systems have supe-

rior performance in PGM refining to Classical PGM Separation Processes which are
profligate in their use of energy, time, and resources (Section 8.)

Adherence to green chemistry and green engineering principles in individual PGM separation and
recovery operations is essential o the goal of achieving greater PGM sustainability in a circular
economy [10,22,30]. The effectiveness of MRT™ systems in enhancing the recovery of individual PGM
from a variety of primary and spent secondary sources in industrial settings has been shown, a major
step toward greater PGM sustainability. This study points to a future where metal sustainability is the
norm, resources are conserved, waste generation is minimal, and carbon generation is close to zero.
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