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ABSTRACT

Two methods were used for synthesizing geerite (Cu1 68) or the geerite
structure. Standard evacuated silica tube techniques were used unsuccessfully to
synthesize geerite from its elemental constituents. Synthetic copper sulfide
samples of composition Cul_SS and Cul.6
powder method, reflection ore microscope and a seanning electron microscope.

S and Cu1 758 were studied by the x-ray

Digenite invariably appeared in all final synthesized products at room
temperature. The external morphology of the crystals of digenite was irrationally
related to the quenching temperature, varying from high temperature irregularly
shaped crystals to low temperature well-formed octahedrons and modified
octahedrons resembling "hexagonal-like" plates, as indicated by Donnay (1958).
The principle of the leaching of synthetic copper sulfide of composition
Cul.,sz was investigated by using ferric sulfate solution in the concentration
range (1.0X107°M), (1.0X107°M), (1.0X10 °M) and (1.0X10 'M). Leaching of
synthetic copper sulfide resulted in mineralogical and structural changes from
digenite (Di) to blue-remaining covellite (Be) to normal covellite (Cv). At
constant concentrations of ferric sulfate solution for a set period of time, smaller
sized particles were more readily dissolved and hence modified. The rate of
dissolution of synthetic digenite was also directly related to the strength of the
leaching solution, as well as to the exposure time. These synthetic specimens
developed a structure similar to the pseudocubic structure of geerite. X-ray
powder patterns of leached synthetic digenite strongly resembeled those of

sphalerite and blue-remaining covellite.



Flotation was conducted in two types of experiments using a modified
Hallimond miecroflotation cell with (%T ) potassium ethyl xanthate as a
collector. First the behavior of unleached, leached and normal covellite were
studied. The results showed that unleached digenite is most readily floatable,
followed by leached digenite and normal covellite. The unfloated residues from
these flotations were examined and identified as normal covellite. The
naturally occurring covellite showed only small recoveries, even when floated for
up to thirty minutes. Secondly, the effects of the Cu(ll) ion on the flotation of
cubic ZnS in the absence of any collectors was also studied. Better recoveries
were obtained when the sample was exposed in regular tap water rather than
distilled water. The flotation of naturally occurring pure cubic sphalerite of both
light and dark cblor (low and high iron content, respectively) was greatly enhanced
by the absorption of the traces of the Cu(ll) ion. The cupric ion gave a rather

thick coating of a deep blue color over the entire sphalerite surface.



CHAPTER (I) - INTRODUCTION

Zine occurs naturally as sulfides in the form of sphalerite, wurtzite (ZnS)
and marmatite Zn(S:FeS)x . In the majority of commercially important deposits,
the zine sulfides are associated with copper or lead sulfides, sometimes in binary
mixtures and, commonly, together with pyrite (FeSz) and pyrrhotite (Fel__ xS) in
ternary or more complex mixtures. Hence, the process of flotation of zine
sulfides is primarily concerned with the problem of separating these zinc sulfide
minerals from copper, iron and lead sulfides.

Flotation is a process of mineral concentration based on the adhesion of
some particles of a pulp to air bubbles while other particles adhere to water. That
is, it depends upon the relative "wettability" of minerals. In practice, air is
bubbled through a mineral mixture, adheres to the less wettable minerals and
floats them off (Berry and Mason 1959). Other related processes include greased-
deck concentration, in which separation is based on selective adhesion of some
grains to organic liquids with adhesion of other grains to water. In froth flotation,
adhesion is affected between gas bubbles and small particles in such a way that
the specific gravity of the mineral-air association is less than that of pulp. The
mineral particles and air bubbles rise in the pulp to produce a froth which is
recovered (Gaudin 1939).

Flotation reagents are those organic' and inorganic substances added to the
pulp to modify or control the chemical conditions of the pulp and so enhance the
selectivity of the process. In general, flotation reagents are classified as follows:
"Frothers" are reagents used to promote the formation of bubbles and froth. The

ability to lower the surface tension is characteristic of all frothers. "Collectors"



are those substances that promote the adherance of air bubbles to the mineral
grain and enable the mineral to be held at the air-water interface and, in the
presence of the frothers, to form a mineralized froth., Collectors are two main
types: (1) liquid hydrocarbon and (2) water soluable compounds. Comprising a
hydrocarbon radical linked to a chemically active group (Gaudin 1957), as shown in
figure 46, the structure of collectors has two ends: a reactive end which is
attached to mineral particles, and a repellent end which produces the oily coating
(table 14). "Conditioners" (modifying agents) are those substances that modify
the surface of a mineral particle. They may act as "activators", "depressants" or
"pH regulators" (see table 15). "Activators" are conditioners that affect the
surface of a mineral particle in such a way as to make it easy for the collector's
atoms to become attached. "Depressants" have the opposite effects.

In flotation, zine sulfides demonstrate two remarkable behaviors. First,
they respond poorly to thiol collectors, compounds containing a -SH group in
combination with radicals. That is, they are not floated at all by short chain
homologous of xanthates. On the other hand, the zinc sulfides are very weakly
floatable with longer chain xanthates. Secondly, they can be activated toward
flotation by thiol compounds after treatment with copper or other heavy metal
solutions. '

Selective zine sulfide flotation is primarily based upon these features.
Generaily, copper and lead sulfides can be floated away from zinc sulfides under
either strongly or mildly alkaline conditions (Ralston & Healy 1980). However,
copper and in particular copper sulfate solution is the most widely used activating
reagent (Baldwin et al. 1979). After activation with copper sulfate, the zine
sulfide can be floated away from other sulfide minerals. This step again takes

place under a moderately alkaline condition (Ralston & Healy 1980). Previous



flotation studies of the metal ion activation of zine sulfide have often given
inconclusive results due to the presence of metal ions impurities Gaudin 1929,
Gaudin et al. 1957, Gaudin et al. 1959, Fuerstenau et al. 1974, Baldwin et al.
1979, Ralston & Healy 1980).

Due to the action of the collectors alone, there are cases where zine sulfides
are found to float to a significant extent and to introduce an unacceptable
contamination of lead and copper concentration. This flotability has been widely
ascribed to natural or inadvertant activation of the sphalerite by heavy metal
cation (Gaudin 1929, Gaudin et al. 1957, Sutherland et al. 1955).

If a copper salt such as copper sulfate is added to an alkaline or neutral
sphalerite pulp and conditioned with the mineral for a few minutes the mineral
changes in flotational behavior in such a way that the mineral can now be adhered
to more effectively by the collector. In dealing with relatively coarse particles,
the change is striking and can be described as representing an abrupt change from
a nonfloating to a floating condition (Taylor & Warren 1979). However, if instead
of being coarse, the material is relatively fine, the transition from unactivated
behavior is more gradual, but again, change in flotability is striking.

The action of copper and similar salts on natural sphalerite has long been
known. A. F. Rogers (1911) found visible blue-black coatings to be formed on
sphalerite upon prolonged treatment with hot, strong copper sulfate solutions.
Lack of reaction between the coating and silver nitrate (AgNOs) solution was
interpreted as proving the coating to be covellite (CuS), formed according to the
reaction

Zns + cu™ — S cus + zntt D
2 YL



which proceeds from left to right and is in accordance with the solubility products
of sphalerite (K p=10-3) and cuprie sulfide (Ksp=10-44) (Gaudin 1929). Reaction
(1) is in agreement with the data of Baldwin, et al. (1979). They showed that the
changes in concentration of copper and zine in a solution during activation of
sphalerite (ZnS) by Cu++ solution confirm the formation of one monolayer of
copper sulfide. The data from three separate tests showed that the final state
corresponds to a Cu:Zn ratio of 1.0, 1.0 and 0.94, i.e. to stoichiometric
replacement of Zn by Cu. This suggests the formation of a layer of covellite
(CuS). However, the physical properties shown by the Cu-activated sphalerite are
not, in fact, shown by covellite. In 1930, J. Ralston and his co-workers showed
that covellite is not naturally floatable and that even the addition of collectors
such as xanthates do not make it particularly floatable.

Covellite is distinguished from the similar  blue-remaining covellite
(blaubleibend covellite) by its behavior in immersion liquids, appearing blue when
immersed in air, violet-blue in water, red-orange in methylene iodide, and scarlet
in bromonaphthelene (Baldwin et al. 1979). Blue-remaining covellite (Cu,  S)
distinguished by "remaining blue" under oil immersion (Shuey 1975), is an oxidation
product of digenite (Cugss) or djurleite (0“1.963)' Baldwin et al. (1979) found that
ZnS activated with one monolayer of copper retained the same green color in all
liquids, suggesting that the material produced may be blue-remaining covellite.
However, according to them, the composition of produets of their experiments
does not correspond to that of blue-remaining covellite.

R. J. Goble (Personal Communication, 1982) has suggested that the material

which coats sphalerite may in fact be geerite (Cu1 6S) or have the geerite



structure. Geerite is a newly described copper sulfide, described by Goble &
Robinson (1980). Natural geerite occurs as a thin, blue, iridescent coating on the
(110) cleavage of sphalerite, where it was first discovered. X-ray patterns from
geerite are very similar to those of sphalerite, suggesting strong structural

similarities. Artificially leached anilite (Cu, ,.S) remains in the geerite structure

1.75
to compositions approximately approaching covellite (CuS), (Goble 1981). Upon
immersion in oil, geerite shows no color change. The flotability of geerite is not
known.

The goal of this research is three-fold: (1) synthesis of geerite from its
elemental constituents using evacuated rigid silica tube techniques. A second
possible synthesis technique relies on the leaching of copper from synthesized
copper sulfides to produce materials having the geerite structure; (2) upon the
successful completion of one of the two synthetic techniques the study of
flotation of the geerite or materials with the geerite structure will be conducted.
At the same time, study of the flotational behavior of synthesized geerite will
also be conducted; (3) the final purpose of this research is to identify the coating

produced on sphalerite upon activation in dilute copper sulfate solution in the

flotation process.



(CHAPTER (II) - FLOTABILITY AND HYDROPHOBIC PROPERTIES OF SPHALERITE

A) Some Properties of Zine Sulfides

Sphalerite is the principal ore of zine. It occurs in nature in numerous
polymorphs. The two most important of them are hexagonal (wurtzite) and cubic
(sphalerite or zinc blend). The former is a high temperature ( 129[]o K) form
which is metastable at normal temperatures. Many specimens are mixtures of the
two, with the cubic type predominating. In both sphalerite and wurtzite, each
zine atom is tetrahedrally-coordinated to four sulfur atoms. Sphalerite has a face
centered cubic arrangement of Zn whereas wurtzite possesses hexagonal close

packing of Zn.

B)  Associated Minerals

In both wurtzite and sphalerite, replacement of the zine by other cations
such as Mn2+, Cd2+, Fe2+, and Cu2+ is common. In the case of Fe2+ this
replacement results in large increases in the cell volume. Sphalerites that contain
a relatively high eoncentration of iron are loosely called marmatite. Zine sulfides
are most commonly associated with lead sulfide (galena, PbS) and are present in
hydrothermal deposits at various temperatures. There are also several other
minerals such as tennantite (CumAs 4513), tetrahedrite (CulZSb 4813) and
chalcopyrite (CuFeSz) which are structural derivatives of cubic zinc sulfide

(sphalerite).



C) Structure and Bonding

Table 1 outlines both the major structures and other characteristies of cubic
and hexagonal zinc sulfides. The sulfur atoms are close packed. Each sulfur atom
is tetrahedrally coordinated by zine. In the cubic type the Zn and S atoms are

— R

each on face centered cubic lattices, displaced from each other in the "111,;
direction. The two polymorphs of ZnS differ from each other only in stacking
sequence. However, it has been suggested, (Shuey 1975), that transformation from
one type to the other is possible by introducing stacking fault.-

In a purely ionic model, ZnS would consist of Zn2+ with a full 3d shell and
Sz- with a full 3P shell. The S-S distance is larger than ionic diameter of sulfur
atoms (3.6812). Therefore, S-S covalence may be neglected. On the other hand,

the Zn-S distance is distinetly less than the sum of the octahedral radii (2.5803).

D) Flotation

Although those workers who have'studied the flotation properties of zine
sulfides have generally assumed their samples to be pure cubic (sphalerite) and
have not been able to distinguish between the hexagonal and cubic forms, it must
be borne in mind that in flotation several properties of wurtzite will differ from
those of sphalerite, i.e. the solubility product and free energy of formation (see

table 1).

E) Flotability and Hydrophobic Properties of Sphalerites

A large number of previous investigators have considered the flotation

properties of sphalerites, both with and without activation by metal ions. In each



Table-1 PropPerties of zinc sulfides.

PROPERTY SPHALERITE WURTZITE
crystal structure cubic hexagonal
lattice constants a= 5.4060 A a=3.820 é

=6.760 A
cell content Z:4 2:2
cleavage { 110'} Perfect | {1130} easy

hardness 3.5-4 3.5-4
density 4.096 4.089
Zn-S distance 235 225
Zn-2Zn distance 3.85 3.81
fref:” :::r'g: of | 1985 kj/noe —187.0 Ki/\ ol
solubility product | 2.57x10"2° 5.92x102
band gap 3.7 ev s




case they have conducted experiments with and without the addition of thiol

collectors, (Gaudin 1929, Wark & Cox 1934, Clifford 1971).

F)  Flotability With Xanthate (Without Activators)

It has been established that the short chain xanthates have little or no
ability to collect sphalerite. This was clearly observed by Gaudin (1929), who
established the exact flotability of sphalerite with ethylxanthate. He conducted
experiments on a specially copper-free coarse crystalline sphalerite which had
been deslimed in copper-free water. Under these circumstances he demonstrated
that the flotability of sphalerite when using amylxanthate as collector was found
to be smaller (although it was larger than ethylxanthate) and complete flotation of
sphalerite was only obtained when Gaudin used heptylxanthate as collector.
Recently, Clifford (1971) has shown that at the optimum pH (3.5) about 7.0X10"2
moles of potassium-ethylxanthate per liter of solution is required before an
appreciable recovery of sphalerite is obtained. On the other hand, he also found

no differences in response of the sphalerite (0.3% iron) and marmatite (8.8% iron)

to flotation.

G) Activation Studies

In geological application, the action of copper sulfate and similar salts on
sphalerite has long been known. Some experiments have been reported as far back
as the early part of this century. Rogers (1911) found a blue-black coating formed
on the surface of sphalerite upon prolonged treatment of the mineral with hot-
strong copper sulfate solution. This observation was confirmed by other

investigators.



The reaction between zine sulfide and cupric ions is by no means unique. A
large number of heavy metal ions such as lead, silver and cadmium have also been
found to be effective collectors (Ralston & Healy 1980). In general, those cations
whose sulfides are less soluble than zine sulfide are effective activators
(Sutherland & Wark 1955). There are two exceptions to this generalization: i

i with less soluble sulfide (Sutherland & Wark

with a more soluble sulfide and Sn
1955).

Maust & Richardson (1975) showed that the activating ability of Ti and Sn
can be correlated to their surface state energy at the sphalerite surface.
According to their work, this surface state energy is a measure of
electronegativity of the Ti' and Sn4+ relative to that of Zn. One can easily
correlate this with the respective sulfides of these compounds. Surface state
energy and solubility product cannot be thought of as two independent parameters.
Therefore, the insolubility of these sulfides relative to that of sphalerite ean in
general be taken as the principle factor in the ability of cations to activate

sphalerite. This principle has been proposed by a number of authors, including

Sutherland & Wark (1955), Cook (1950) and Toshiiaki (1961).

H) Activation by Copper Salt

In flotation, copper sulfate is universally used for the activation of
sphalerite and, to some extent, for the activation of other minerals (Bushell et al.
1961).

The copper-activated surface readily adsorbs standard collectors such as the

xanthates and dialkyldithio phosphate whereas untreated zine sulfides do not. The

10



activation of sphalerite with copper sulfate has long been thought as a chemical
reaction of the following form:

Zns + Cu'  ——cus + zn"" (1)

e

Early experimentation (Gaudin et al. 1959), Ralston et al. (1930) showed that
the reaction seemed to be stopped by the coating of insoluble copper sulfide.
Rogers (1911) found visible blue-black coatings to be formed on sphalerite upon
prolonged treatment with hot, strong copper solutions. The lack of reaction
between the coating and silver nitrate (AgNOa) solution was interpreted as
proving the coating to be covellite (CuS), formed according to reaction (I). This
assumption was confirmed by Cook (1950), who found a stochiometric replacement
of 'Z.n++ by Cu'H after 50 days reaction at about (100° C). Cook also suggested
that the recovered, covellite-coated sphalerite is the produect of the continuing
replacement of Zn++ by cu™t rather than diffusion of Cu++ throughout the
sphalerite lattice.

Gaudin et al. (1959) found the ratio of the quantity of zinc released into
solution to the quantity of copper taken up to be 0.8 and 0.96 in two separate
experiments. Pomianowski, et al. (1961) showed that the ratio was between 0.8
and 1.0 unless the sample was heavily oxidized, in which case it was somewhat
higher than 1.0. More recently Baldwin et al. (1979) showed that in three
separate tests the final state corresponds to a Cu:Zn ratio of 1.0, 1.0 and 0.94,
i.e., to stochiometric replacement of Zn by Cu. Cook (1950) found the ratio to be
unity in experiments in which massive amounts of reaction product were formed.
Thus, the observed behavior is reasonably close to the value of unity to be

expected on the basis of equation (1).

1



For the kineties of activation of sphalerite by copper, there is a continuing
reaction that does not appear to reach a steady state. However, there is general
agreement (Gaudin et al. 1959 and Toshiaki 1961) that the resuts of the reaction
during the first thirty minutes to one hour are limited to the formation of a few
nominal monolayers. Both Bushell et al. (1961) and Pomianowski et al. (1975)
found the amount of copper abstracted by sphalerite to decrease as the iron
content of the sample increased. Bushell and his colleagues also found that the
abstraction of copper was lower when oxygen was present in the solution than
when it was absent. Accordingly, they suggested that iron present in the lattice
of sphalerite reacted td form ferric hydroxide which was the direct cause of
inhibition of the reaction with cupric ions. On the other hand, Pomianowski et al.
(1975) and Baldwin et al. (1979) found in separate experiments that the oxygen

concentration of the solution had no effect.

i)} Product of Activation

There have been a number of attempts at direct identification of the
product of reaction. Although copper sulfate solution has long been used as the
activating reagent for sphalerite, Cook (1950) reacted sphalerite with a solution of
cupric chloride at about 100° C for 50 days, observing a thick blue-black coating,
which x-ray analysis showed to be covellite. Sato (1957), using electron
diffraction spectrometry, obtained only diffuse diffraction patterns from
both thick and thin layers of product and was not able to draw precise conclusions
as to whether or not this layer was indeed covellite. Other attempts to produce
this layer have been made, the earliest being Gaudin (1929) and Ralston et al.

(1930).

12
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The ESCA (Electron Spectroscopy for Chemical Analysis) of copper-
activated sphalerite, as determined by Clifford et al. (1961), showed only copper
(I) to be present. On the other hand, Story & Pratt (1982) are currently applying
Electron Spin Resonance Spectroscopy (ESR) to the problem. They have obtained
results strongly indicative of copper (II) from artificial samples. Frost et al.
(1972) and Clifford et al. (1961) consider two important factors as having caused
these inconsistent results. First, the instrumental technique and experimental
methods used all have important limitations. Although ESCA is a very strong and
sensitive technique for the detection and identification of surface species, the
experiment cannot be carried out under wet conditions. The analytical operations
are carried out under dry, high pressure conditions which are much different than
those found in flotation experiments. Furthermore, as shown by Frost et al.
(1972), copper (II) compounds are susceptible to photoreduction in the source of
the instrument and copper (I) compounds to surface oxidation. Thus, surface
oxidation to copper (II) is likely to be present. Likewise, because ESR
Spectroscopy is insensitive to copper (I) compounds, Story & Pratt (1982) have not
conclusively shown this to be the only or even prime form in which the copper
oceurs.

Second, copper sulfide (II) is not stable under conditions of normal pressure
(Jellinek 1968). He also states that covellite (CuS) 5 diamagnetic and hence can
have no simple divalent copper. In sulfides, this preference of copper for the
monovalent rather than the divalent state is perhaps responsible for the presence

of Cu® in CuFeS, and probably also in CuCr,S, (Jellinek 1968). Regarding the

2
+
structural characteristics of Cu when found in coordination with sulfur atoms

Jellinek (1968) observes:
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--- One might expect that cut with a ful 3d shen (3a'%

configuration to prefer a tetrahedral coordination by sulfur. Indeed,

Cu usually is situated in tetrahedral holes of a close packed sulfur

lattice. Frequently, it is however, not in the center of these holes

but displaced towards a face or an edge of the surrounding sulfur

tetrahedron, approaching triangular or linear coordination. With each

tetrahedron several equivalent displacement are possible

Berry (1954) and Berry et al. (1962) determined that these structural
ambiguities give rise to various possible Cu positions within sulfur tetrahedron at
high temperatures and to complicated superstructures at low temperatures. An
analysis of the structure of covellite (Berry 1954) suggests that those copper ions
(one-third of all) which are surrounded by sulfur ions in triangular coordination are
divalent, and that those which are tetrahedrally coordinated to sulfur are
monovalent. However, the Cu-Cu distance (3.18?&) and the presence of
diamagnetism indicate some bonding between copper ions. Thus, copper sulfides
are likely to have intermediate valencies.

At high temperatures the Cu+ ions can easily move from one possible
position to another. This causes the ionic conductivity. Jellinek (1968) described
the electronic configuration of Cu’. He concluded that the occurrence of an
irregular rather than regular tetrahedral coordination of Cu+ may possibly be

10 15 4% (@s) ! or a%as)? where (ds)

ascribed to (excited) configurations from d
stands for hybrid orbitals. There are two such hybrid orbitals which are
degenerate in the free ion in sulfides; one of these can be stabilized by lowering
the symmetry of the cation environment. In an extreme case the distortion will
lead to either triangular or a linear coordination.

The above consideration together with what is known about the structure of

covellite (Berry 1954) suggest that copper possibly occurs at the surface of



15

sphalerite in two forms: as cupric sulfide with an unknown composition, which for

2+82- and as covellite (CuS). These

the purpose of this work, is designated as Cu
two compounds are in turn formed under two separate sets of conditions, at
different rates and mechanisms shown by the reaction below (Gaudin et al. 1959),
(Baldwin et al. 1979):
zns + cu?t —— cu®*s?” + zn?* (1)
g
acu?* + 28" —— 2Cus (2)
e
The net product of the above reactions is in proportions that vary with the extent
of the overall reaction (Gaudin 1957):

cut + Zns — cus + zn2*
e

(3)
It has been found (Gaudin et al. 1959, Bushell 1961, Baldwin et al. 1979,
Story et al. 1982) that the initial stage of the reaction involves simple exchange

between Cu2+ and Zn2+.

The resulting cupric sulfide is an unstable form and
there is a strong tendency for the Cu to be reduced to Cu2+ as in reaction (1) and
(2).

Reaction (2) requires that the lattice of the sulfide ions be rearranged into a
complex configuration. A major structural rearrangement (Reaction 2) is
apparently required to stabilize the intermediate copper sulfide compound. For
instance, the S-S distance in sphalerite is 2.76 (R), whereas in covellite, the same
distance is only 2.05(;) (Gaudin et al. 1957). This arrangement will certainly
produce or require an appreciable activation energy. Most of the above authors
postulated that activation starts with the reaction (1) until a number of layers of
cu®*s?” are formed at the surface. These speculations are in agreement with

kinetie studies which indicate that the activation takes place in two distinet

stages.
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J)  Calculation of Cu++Uptake

An indication of how much Cu2+ is required to form a monolayer can be
obtained from the crystal structure of sphalerite. The amount of copper absorbed
is in turn based on the calculation of the specific surface area of the (110)
cleavage plane of sphalerite, assuming reaction (1):

T scul*s?T 4 zn?t
—

ZnS + Cu
This reaction goes toward completion and all the copper ions in solution have gone
into mineral.

The crushed sphalerite surface is composed entirely of dodecahedral
cleavage faces (110) (see figure 1). A dodecahedral has two cationic sites per unit
surface area of (5.42) X (7.66)A or two sites for every 41:1.6(?&)2 (Guadin 1957). If
it is assumed that two surface zinc atoms (represented by clotted and crossed
areas) are replaced by two copper atoms, the possible copper uptake is one per
20.8(1;)2. Using this assumption of densest packing, there is only one copper-ion
for each 10.4(3)2. On the other hand, the specific area of the same cleavage
plane of sphalerite (110) has been measured utilizing the (BTE) method (Braunaver
et al. 1938) with krypton as a measuring gas. Applying this method, the calculated
specific surface area varies with the grain size. For instance, (-150/+200 mesh)
sphalerite has a specific area of 6980m2/g'm, where as (-65/+100 mesh) has a value
which ranges between 368cm2/gm and 370cm2/gm, Gaudin (1957.

In the case of (-65/+100 mesh) sphalerite, knowing the required area for
densest packing (one copper ion for each 10.4 square angstrom) and the specific
surface area, one can calculate the number of copper atoms required to form a

dense monolayer (a film of mineral one molecule thick) or molecular layer for

each gram of sphalerite.



Fig—1

The (110)plane of sphalerite. Unit area; 5.42X7.66=41.6 A"

2

Sulfur atoms: S ,and zinc atoms are designated as follow:

A\

PP

seetsge® e p
® 0@ s Jeee

first layer [upper]

Zn

second layer [ lower]

i Zn

[Gaudin,A M., et al., 1959]
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From the following calculations:

370 cm2

Number of Cu atoms = gram 4 = 3.53x10"
L] .-
10.4a% X076 S0

17

Utilizing Avagadro's number (6.023?(1023) and the molecular weight of
copper sulfate, this represents:

+17
Gram copper ion = (3.53X10 )2:(3249'649) = 1.466X10

6.023X10

ol

The above value shows that the quantity of copper ion which is taken by only one
zine atom in a given surface area of (65/100 mesh) sphalerite. However, as is
shown in figure 2, a dodecahedral cleavage face of sphalerite has two cationic
positions. This in turn requires exactly double the amount of copper ions,
calculated above. Therefore, on the basis of this calculation, the amount of
copper ions needed to form a dense monolayer of copper per gram of sphalerite is
approximately 3.0X10-4g/g or 0.3mg/g (micromole) of mineral. Gaudin et al.
(1959) give an extensive list of copper abstracted per gram of sphalerite (65/100
mesh) from solutions containing excess cu™ as a funetion of time of agitation at
room temperature. Table 2 and figure 2 (afte'r Guadin et al. 1959) illustrates the

rate of copper abstraction by sphalerite.

K) Kinetics of Activation

Several investigators have made studies of the rate of reaction between zine

sulfides and cupric ion and have discussed the mechanism of the process on the



20

(6561 ““|u 19 "W’V ‘uIpnen ) ‘swi) 1081U0D 8y} O J00J ienbs
ay} jo uojjoun} v se eYiejeyds Aq uojjomiisqe saddos eyy Z-Bi4

L 9, S, v, €, [ b OO
"SHH ‘INIL
+¢0
l‘.°

-0C

(X4

WNYHD H3d SITOWOHIIW ' NOILOVHISEY H3ddOD



TIME ABSTRACTION
MICROMOLES /GRAM
5 min 0.58
15min 0.61
30min 0.94
1hr 0.98
2hrs 1.04
4 hrs 1.17
8hrs 1.26
16 hrs 1.42
32 hrs 1.73
63 hrs 2.14
Table—2 Data  to the figure—

copper abstraction by sphalerite.

r
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basis of analysis of the kineties of reaction. Pomianowski et al. (1975), states that
the second stage continues until equilibrium is reached, but there is no direct
evidence that the uptake of copper ever ceases. This is true as long as cupric ion
is present in solution. In faect, as is shown in table 2 (after Gaudin et al. 1959),
copper was still being abstracted from solution after 63 hours.

For the first stage of reaction, several authors found the rate of uptake of
copper to be a strong one, a function of the concentration of copper added to the
system (Gaudin et al 1959). Theyalso discovered that the reaction involving this

stage obeys the first order of kineties which is:

dg _ 2
a%-kA(Cu +J

where K is constant. A is the surface area of the solid and q is the quantity of
copper absorbed.

In the previous section, it was shown that 0.3 micromole of copper ion is
required to form a monolayer on one gram of (-65/+100 mesh) sphalerite.
However, table 2 (after Guadin et al. 1959) shows that the amount of copper
involved in rapid uptake is 0.58 micromoles, almost exactly double the amount
calculated. It is Gaudin's suggestion that Cu2+ immediately replaces the surface
zine atoms, designated as crossed areas in figure 1. Almost immediately after the
first layer is replaced, partly buried zinc atoms, designated by dotted areas in
figure 1, become involved in ionic exchange. At this time the total uptake of
copper ions is about 0.60 micromoles per gram of sphalerite. However, by looking
at figure 1 we see that another layer of zine must be invovled in the first stage of

reaction. Gaudin et al. (1959) suggest that once the reaction reaches this point,
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the second stage of reaction starts. They concluded that the second stage of
reaction follows a parabolic law:

Q= kt+b
As it is shown in figure 2, Gaudin et al. have been able to construct a straight line
by plotting the quantity of Cu2+ uptake by sphalerite versus the square root of
time.

In the formation of copper sulfide film on sphalerite, it may be assumed that
the large sulfur ions are practically devoid of movement while the small ions of
copper and zince with radius of 0.70 and 0.743, respectively, diffuse from lattice
defect to lattice defect (Gaudin et al. 1959). This movement of cations within the
lattice takes place in two opposite directions: zinc ions move outward whereas
copper ions diffuse move inward. Nevertheless, the two diffusions must be
equal so that the net result will be equal to the rate of growth of copper film on
sphalerite. The equation: g-tg = kA [Cuz*) reveals the outcome of this

movement, where, if dq is the thickness of the film of copper and t is the time,

the rate of growth of thickness in the film is g-g.

L)  Mechanism

'T;he above discussion shows the present knowledge of the kinetics of the
reaction between Cu2+ and zine sulfide to be sketchy, incomplete and in many
respects uncertain. Nevertheless, it is considered important to treat the matter
in this work and consider the most obvious mechanisms involved.

It is clear that the overall reaction is effectively an ion exchange (equation
2). As previously discussed, the reaction takes place in two separate stages, the

first being more rapid than the second.
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Essentially, for the first stage two alternative mechanisms can be
envisaged—firstly, adsorption takes place, followed by ion exchange and

desorption:

2+

ZnS + Cu CuS + Zn2'

—— zZnscu?t ——
Secondly, diffusion of cations throughout the lattice is followed by surface
nucleated precipitation. Available data, particularly on the influence of pH do not
allow these mecha;\ism to be distinguished. However, it is clear that the second
stage of the reaction is one in which the progress of the exchange is progressively
inhibited by the accumulation of the products. Gaudin et al (1959) stated that
Zn2+ ions would diffuse inward. These diffusion mechanisms are consistent with
the observed quadratic relationship between the density of absorption and time,
but do not prove the mechanism. Firstly, it is entirely qualitative; nor would it
be easy to make it more quantitative by the use of known values for diffusion
coefficient data for cations. These data are invariably determined for single-
erystals, and hence, would not be applicable to the type of indefinite structures
that the CuS forms at the surface of zinc sulfides. Secondly, it is not certain that
the rate of reaction shows the correct dependence on the concentration of Cu2+.
Finally, one may perhaps wonder whether it is realistic to consider a linear
increase in resistance of Zn ions as due to diffusion occurring during the course of
accumulation of a few monolayers of copper sulfide. However, it is possible that
the transition between the first and second stages of the process marks a change
of the surface layer from Cu2+52- with a poorly developed structure to a surface

layer with the definite structure of covellite.



25

CHAPTER (Ill) - SYNTHESIS OF COPPER SULFIDES

Synthetic copper sulfides of different composition have been used for many
years by numerous investigators to study the complex copper-sulfur system. Most
synthetic materials are produced from nearly 100% copper and sulfur.
Therefore, the final products are generally devoid of any impurities, a quality
which enables them to be used in conjunection with naturally occurring minerals as
a reliable source for detailed studies. Early experiments with synthetic copper
sulfides were conducted primarily to investigate phase relations between different
compounds as well as related thermodynamic and electrochemical properties, ete.
Due to the high purities of the samples, they have also been used for
crystallographie studies and subsequent identification of crystal structures.

One of the goals of this investigation was slightly different than those mentioned
above in the sense that the author was primarily interested in the synthesis of
geerite or material having the geerite structure. Two methods were used for the
synthesis of geerite. Standard evacuated silica tube techniques were used to
attempt to synthesize geerite from its elemental constitutents. Starting
S, Cu

compositions of Cu S and Cu1 S were used. A second possible

1.5 1.6 75
- synthesis technique relied on the leaching of copper from copper-rich synthetic

materials. These synthetic samples were treated with an acidic solution of ferric

sulfate, Fez(SO4)3 XH 0, using the method of Goble (1980).

2
Leaching of copper sulfides results in mineralogical as well as
crystallographic changes in these sulfide minerals. The prime reason for this

phase of the investigation was to produce the pseudocubic structure of geerite



































































































































































































































































































































































































































































































