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ABSTRACT

An isoperibol calorimeter has been used to study the
standard heats of reaction in some systems pertinent to the
flotation of sphalerite and pyrite. The results have been
correlated with the measured heats of adsorption of diethyl-
dithiocarbamate ion onto ground samples of these minerals.

The process of copper activation of sphalerite and pyrite have
been investigated and, in the case of sphalerite, its effect
on diethyldithiocarbamate adsorption has been examined.

The copper activation of sphalerite was found to be a
stoichiometric exchange of copper for zinc atoms in the minerals'
lattice, The meésured heat of this reaction was in agreement
with the theoretical value, although iron impurities were found
to inhibit the rate of reaction. Pyrite adsorbed copper ion from
solution but no temperature change was recorded, indicating that
the adsorption was primarily of a physical nature and not due, as
previously thought, to a chemical reaction.

No heat of adsorption of diethyldithiocarbamate ion on
unactivated sphalerite was found unless the sphalerite had been
exposed to oxygen for long periods. The lack of chemisorption
was related to the slow rate of oxidation of zinc sulphide
compared to other common sulphides.

The heats of adsorption of diethyldithiocarbamate on
copper-activated sphalerite and on pyrite,were found to correspond

to the heats of reaction between sodium diethyldithiocarbamate



-

and copper and iron salts respectively. The adsorption process
took place through chemical reaction, forming metal diethyl-
dithiocarbamates several monolayers in thickness. After the
reaction with sodium diethyldithiocarbamate,the samples of
sphalerite and pyrite were found to be hydrophobic and
exhibited strong attachment to nitrogen bubbles.

The mechanisms of diethyldithiocarbamate adsorption on
sphalerite and pyrite are discussed and possible effects on

their flotation response examined.
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FOREWORD

The system of units used throughout this thesis was the
Systeme International d'Unites, (S.I.). All data taken from the
literature involving the calorie unit of heat has been converted
to joules using the factor 1 calorie = 4.186 joules.

The units of concentration in solution in the S.I. system
are mol/de, where 1 mol is equivalent to 1 gram-mole.

The values of heats of reaction, therefore, are expressed

in units of kJ/mol instead of the more familiar keal/mole.
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INTRODUCTION



Zinc is one of the world's major industrial metals anl,
despite growing competition from plastics, mine development
and expansion is rapidly increasing(q)(z). The Western World's
production of zinc was 4.55 million tons in 1969, and demand is
expected to double in the present decade. The vast majority of
zinc is obtained from the benefi;iation of sphalerite (ZnS) ore
bodies, the largest of which are situated in North America and
Australia. The sphalerite is invariably associated with other
sulphide minerals such as pyrite (FeSZ), galena (PbS) and
chalcopYrite (CuFeSz),and separation of these minerals was
found to be virtually impossible before the discovery of the
differential flotation process. During the development of
flotation practice it was found that sphalerite responded poorly
to normal additions of sulphydryl collectors whilst other sulphide
minerals could be readily floated. For successful flotation, the

surface of sphalerite has to be radically alteredu+> by the

o+ in the crystal

additicn of Cu2+ ion which exchanges for Zn
lattice. The préblems associated with pyrite flotation have
mainly centred around its depression during galena-sphalerite
and chalcopyrite-sphalerite separations. Iron is undesirable in
the smelting and refining of lead, zinc and copper and penalties
are usually invoked if, due to the uncontrolled flotation of

pyrite,the iron content of the concentrates rises above a

certain value.,
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Pyrite is not mined commercially as a source of iron
because of its low metal content (L47%Fe) compared to oxide
minerals such as hematite (71%Fe), which provide most of the
world's iron ore. However, pyrite is extensively used to
produce sulphur dioxide and hence sulphuric acid. At present
about 25% of the world's sulphuric acid tonnage is obtained by
this methodgz) Consequently pyrite, after being depressed
during the flotation of other sulphide minerals, is activated
and concentrated for its sulphur content. In some cases small
amounts of gold are present in the pyrite and make its concentra-
tion and treatment more economically viable.

An example of differential flotation is provided by the
concentration of sulphide minerals occurring at Quemont, Quebec,

(L)

Canada . - The ore contains chalcopyrite, sphalerite and pyrite
in a siliceous host rock. After grinding, the pyrite is depressed
by the addition of sodium cyanide and the chalcopyrite is floated.
Sphalerite is then activated by CuSOu and concentrated; 1ime
being added to the pulp to help depress the pyrite. After the
removal of the copper and zinc minerals, pyrite is floated by a
lowering of pH and the addition of further collectors. Close
control of reagent additions, particle size distribution and
pulp densities during the process, allows the operators to obtain
three high grade concentrates for shipment to the smelters.

Many approaches have been used to study sulphide mineral

flotation phenomena on a laboratory scale. Observation of bubble

contact and measurement of contact angles on polished sections of



sulphide minerals in various collector solutions, have provided
knowledge of the limits of flotation due to concentration effects
such as pH, Hallimond Tube and batch flotation tests have
indicated the regions of good dynamic flotation as opposed to the
static bubble adhesion studies. These techniques demonstrate
whether flotation is possible or not, without giving any clear
understanding of the nature of the adsorbed species nor of the
mechanism of its adsorption. Electron diffraction and infra-

red absorption analyses are usually employed to determine the
character of the species adsorbed on mineral surfaces during
flotation. However both methods have been critioised(5>;
electron diffraction on the basis that energy 4& supplicd to

the surface which may have altered the adsorbed film; and infra-
red adsorption because of the necessity of drying the samples
before analysis.

Quantitative and kinetic measurements of the adsorption of
surfactants on sulphide minerals contributes to the knowledge of
the mechanism of collector attachment. Unfortunately misunderstan-
ding has been caused in the past by variations in experimental
conditions between different observations§6) Electrochemical
investigations have provided detailed information of the galena
flotation system, but this method was not satisfactory with high

(7)

specific resistance sulphides such as sphalerite. A recent

(8)(10)

innovation has been a calorimetric technique which has
provided consilderable fundamental information on the physical

chemistry of collector adsorption on galena. The procedure
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involves the measurcement of the heat of adsorption of collectors
on galena, and a comparison of the values obtained with those
found for reactions in solution between the collector and
pertinent lead compounds. By providing a means of identifying
the reactions that occur during chemisorption, this method was
used to elucidate the mechanism associated with galena flotation.
As yet no universal theory of sulphide flotation has been

(6)(9)

accepted , and, considering the large variations in physical,
chemical and crystallographic properties of the common sulphide
minerals, it is doubtful whether one overall hypothesis will

ever be postulated. Currently, collector attachment in flotation
is generally thought to be due to one or both of the following
mechanisméz

(a) Ion adsorption

The ionised collector radical exchanges for oxy-sulphur ions

such as SOAZ and $.0,  on the mineral surface in a manner resembling

23
simple chemical reaction. The oxy-sulphur anions are formed almost
instantaneously on exposure of a freshly cleaved sulphide surface
to oxygen. A fresh, non-oxidised surface of a sulphide mineral is
presumed not tec adsorb collector. However there is some evidence
in the case of galena that, although the heat of adsorption of
xanthate ion is found to be the same as the bulk precipitation

of lead Xanthate(S)

- o8

(Psz), the initial monolayer is of the

Also the apparent solubilities of the adsorbed
(&)

compounds are not the same as those of the bulk precipitates.
(216)
9

form

Recent calculations involving statistical quantum mechanics
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have supported the hypothesis of an initial - PbX monolayer but
have not explained the heat of recaction measurements.

(b) Neutral molecule adsorption

Two main theories have been propounded. One cnvisages
either the adsorption of molecules of the collector acid from
solution, or the co-adsorption of hydrogen and collector ions
which then form neutral acid molecules on the mineral surfaces67)(68)

If this theory is correst it is difficult to explain the
knowﬁ specificity of sulphydryl collectors for sulphide surfaces,
rather than other minerals present in flotation circuits such as
quartz. Also, since flotation is usually carried out in alkaline
media, the concentration of hydrogen ions will be much too small,
considering the low pka values of common collectors, to account for
the quantity of surfactant adsorbed.

The other theory involves the production and adsorption of
disulphide molecules such as dixanthogen, (X2 « It has been
shown that collectors are not oxidised by dissolved oxygen in

(7)(70)

solution and, therefore, the role of oxygen must be to
raise the mineralts electrochemical potential by absorbing electrons.
The molecules of-dixanthogen then form between adsorbed xanthate
ions by donation of their electrons to.the mineral. However, although
it has been found that there is no bubble attachment on galena
until the electrochemical potential is raised to form a mixed
xanthate-dixanthogen film‘?9). this is not the case with the
collector diethyldithiocarbamate which gives good bubble contact

(73)

with ionic adsorption only. « Another anomaly is that the
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abstraction of xanthate by galena continues at a fairly high rate
for several days in air¥71); although the xanthate ions and oxygen
molecules would have to penetrate an increasingly dense coating of
dixanthogen oil to reach the mineral's surface. Finkelstein(72)
has produced some evidence to show that the product of the
oxidation of xanthate ion on a galena surface is not dixanthogen,
but soluble monothiocarbonate which enters the solution, thus
leaving the surface exposed for further oxidation.

Most of the evidence obtained thus far on flotation
mechanism has dealt with the galena-xanthate system and has led
to the theories outlined above., The flotation of other sulphide
minerals has received less attention and, consequently, little
is known about the reason for the non-floatability of unactivated
sphalerite, nor of the types of reaction between collectors and
spholerite after activation. Freshly ground pyrite is found to
float very well with small quantities of collector but mild
oxidation lowers the recovery tremendously. A high pH generally,
and a lime-media in particular, also enhance the depression of
pyrite but the mechanisms involved are unknown.

Hence, with a view to improving the flotation of sphalerite
and pyrite,the work reported in this thesis was undertaken, using
the calorimetric technique mentioned previously, to investigate
some of the fundamental phenomené underlying the flotation of
these two minerals. The work was divided into three sections.

Firstly the calorimeter was carefully calibrated and an experi-

mental procedure siandardised to allow thermcchenical data of a



high accuracy and precision to be obtained. Secondly reactions in
solution between various copper, zinc and iron salts and a
sulphydryl collector were studied. Finally the heats of adsorption
of this collector on ground samples of pure sphalerite and pyrite
were examined, and attempts made to correlate the results with

the A&HOZB values found for bulk chemical reactions. The
surfactant chosen for this study was sodium diethyldithiocarbamate,
because of its availability as a high purity reagent§10)
widespread use in industry(#) -

(73)

to many other collectors,

its

and its chemical stability compared
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CHAPTER 1

SOME PHYSICAL AND CHEMICAL
PROPERTIES OF SPHALERITL AND

PIRITE
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An understanding of flotation rests partly on the
characterisation of minerals through their crystallographic
and physico~-chemical properties. The influence of solid-state
chemistry and impurities on the flotation of minerals has led
to much confusion in the past. Two samples of the same mineral,
from a given region, have shown markedly different flotation
behaviour although apparently identical in chemical composition
and mineralogical appearance. The kinetics and mechanism of the
oxidation of the surfaces of sulphide minerals, has alsc been
shown to contribute significantly to their flotation reactions,
and a prior knowledge of the surface state of a mineral is of
great benefit. Therefore some physical and chemical properties
of sphalerite and pyrite are summarised below and their possible

influence on flotation assessed.

1.1 Physical properties

1.7.1 Zinc sulphide minerals

Zinc sulphide occurs in two main forms: the cubic form,
known as sphalerite, and the hexagonal form, known as wurtzite,
although rhombohedral varieties have been reported511) Both main
types have the so-called 'zinc blende' structure where each zinc
atom is tetrahedrally surrounded by four sulphur atoms and vice-
versa. The wurzite structure results when the layers of ZnS in

sphalerite are rotated around the [111] plane by 60° relative to

one ancther.



-’ 8=

In naturally occuring mineral deposits both sphalerite
and wurtzite are usually found intimately intergrown. Sphalerite
is the stable low temperature form, the transition temperature

between the two being at 1020° for the pure substances, butthis

(12

tenperature may be substantially lowered when impuritics are present.

(13)

Kullerud has shown by X-ray diffraction that grinding provides

the activation energy necessary to convert wurtzite to sphalerite.
Since extensive comminution is a pre-requisite for .the flotation of
ZnS, it was assumed that all the wurzite in the samples used in
this work was converted to sphalerite. Discussion, therefore,
will deal with sphalerite alone.

Iron invariably substitutes for zinc in the sphalerite

(14)

lattice, sometimes up to 25% , giving rise to varieties

known as marmatites. The inclusion of iron increases the ionic

(15)(16)

nature of the crystal bonding of sphalerite

(118)

regarded as being primarily covalent . The iron in sphalerite

, which is

is generally assumed to be divalent although recent Mossbauer

(17)_

studies have indicated that some may be in a trivalent state

A number of other elements have been found in sphalerite in small
R . (14)(18)

amounts, the most common being cadmium, manganese and copper .

The only one of commercial significance is cadmium which is

sometimes recovered as a by-product during the refining of zinc.

Substitution of other anions for sulphur has not been detected in

naturally occuring sphalerites, although Skinner et. alS19)have

shown that oxygen can replace up to 1% of the sulphur in precipitated

zinc sulphide. Some physical and chemical properkties. of sphalerite

and wurzite are summarised in Table 1.

)



1.7.2 Pyrite and marcasite

Pyrite has a cubic structure, with iron atoms at the corners
and face centres of the cube, and sulphur atoms arranged in pairs
in between. Compared with many other sulphides the structure of
pyrite is densely packed, and the commonly found substitutions
of nickel and cobalt for iron have a marked effect on the cell
edge(zo)(ZB). Marcasite is the rhombic form of pyrite and the two

are usually found intergrown. The two types are generally considered

to have the same chemical composition, although variations in

(25) (26)

physical properties , (especially in electrical conductivity

which is 500 times less in marcasite than pyrite), have cast doubt

(22) (23)

on this. In a recent review Kullerud and Yodor attributed
any differences reported in chemical composition to errors in
analytical technique. They summarised the data on the inversion of
pyrite to marcasite and concluded that pyrite is the stable form

up to 400°C. An X-ray study has shown (24)

that grinding provides
the energy necessary to convert marcasite to pyrite, and throughout
this thesis it will be assumed that all the Fe82 is in the pyrite

form. Some chemical and physical properties of pyrite and marcasite

are given in Table 1.
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Table 1. Some physical and chemical properties of ZnS and FeSz.

Property Sphalerite Wurtzite 'Pyrite Marcasite
Structure cubic hexagonal cubic rhombic
Sp. grav. L,10 3.98 5.00 4,87
Solubility
Product 7% 10-26 ’l.6x’10"23 1.6x10-14 unknown

A};ZB kJ /ool -202.92  -189.54  =117.90 -117.82
Usual
Semiconductivity n n P p
vTransiBion o o
temp. C 1020 4oo

Rest Potential
(vs. N,H.E.)
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1.2. Surface oxidation products of sphalerite and pyrite.

Most heavy metal sulphides become unstable when exposed
to air or water at normal temperatures and pressures. Wet
grinding, for example, will expose freshly cleavéa surfaces to
H, on”, 0, and CO, as well as any hydrocarbons present in
solutién. In such an environment, the alterations that take
place to the atoms in the mineral lattice are controlled by
the Eh and pH of the system, and the partial pressure of the
gases above it. Garrels and Chrisf have illustrated the Eh - pH
diagrams for a number of sulphide minerals§27) From the
consideration of the sulphur-water Eh - pH relationship it can
be shown that S, HS™, so;, HSO, , H,S and S_ are the only
sulphur species stable at 2500. However kinetic considerations
can intervene and metastable products such as 8203= are often
found. The oxidatipn of a metal sulphide proceeds by transfer of
electrons from the solid to dissolved oxygen which has adsorbed
on the mineral surface. This process will be effected by any semi-
conductive properties exhibited by the mineral. The oxidation will
most probably occur in the presence of water, and therefore the
solubility and stability of the metal oxides and hydroxides, must
also be considered in predicting the possible reaction products.

(21)(29)(30)(31)

Early investigators had found that pyrite

oxidised to hydrated ferric oxide and thiosulphate ion in alkaline

solution, and to ferric sulphate in neutral solutions. The alkaline
(32)

reaction was later confirmed by Bain who postulated the formation
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of FeSO4 as the initial step. Gottschalk and Buehler(28) carried

out one of the first, general investigations into the oxidation

of sulphide minerals. They found the final oxidation products

to be metal ions and sulphate ions in the cases of sphalerite

and pyrite. It was also observed that the rate of oxidation of

other sulphides was increased in the presence of pyrite. Later
investigations into pyrite oxidation in neutral solution(47)(48)(6o)(61)
confirmed that the aqueous phase became steadily nore acidiec, and
ferrous, ferric and sulphate ions as well as elemental sulphur were
being formed. The oxidation of pyrite, once started, is self

generating since more hydrogen ions are produced than are needed

for the reduction of the consumed oxygen. The equations can be

written:

2FeS, + 16H,0 —> 2Pt 4 L+so4= + 32H" 4 28e” cereneo[la]
then

28e” + 14H,0 + 70, —% 280H" ceeees D]

The concentration of hydrogen ion will continue to increase until

ferrous ion is oxidised to ferrics

2 A4

Fe++’+H++02---—)Fe + 2H.O ceeens [2]

2
(33 - 26)

Further work into the oxidation of sphalerite confirmed

earlier observations that the products were zinc ion and sulphate
ion in slightly acid solutions.

Much of the work quoted above concerned investigations into

-

the long-term oxidation of mineral deposits in neutral or acid

media. Following a suggestion by Mitrofanov(37), Plante and
(38)

Sutherland investigating systems more pertinent to flotation,
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bubbled air through pyrite and sphalerite suspensions, for two

days, at alkaline pH'.s. large quantities of thiosalts;

’ S,+O6= as well as SOL+ , were found in solution. Plaksin
(126)

5203
et., al. recorded the decrease in oxygen content in the water
of various mineral suspensions. They reported that the oxygen

4 mol/am’ to

content of a pyrite suspension dropped from 5 x 10~
6 x 1072 mol/dm3 in 60 seconds;_aéd that the counsunption of oxygen by
pyrite was considerably faster.than with other sulphide minerals.,
It is well known that oxygen is consumed during the wet grinding
(39)

of sulphide minerals. Woodcock and Jones , in an investigation
into several zinc flotation plants in Australia, found that the
concentration of dissolved oxygen in the pulp fell by 90% during
the grinding of pyritic, lead-zinc ores. They also detected
significant quantities of reducing ion in the pulp, which they
assumed to be thiosulphate. It was also shown(ho) that, after
dry grinding, a sphalerite sample had a heat of wetting of
-2.05 J per m2 in pure water. This was comparable to the A E%values
of bulk chemical reactions and indicated that such reactions may
occur during wet grinding.

More recent studies have been made into the acidic leaching

(41) (47)

of sphalerite by Habashi and Sato: The reaction mechanism
proposed at low acidities and below 120°C was

The function of the acid was to prevent the formation of Zn(OH)2
which would form a layer on the surface., The average rate of

dissolution was found to be independent of oxygen partial pressure
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and dependent only on hydrogen ion concentration. This reaction
would, therefore, cease in alkaline solutions. The rate of reaction
was slow in the case of suspensions of the pure solid, but the
addition of iron in any form improves the recovery of Zn2+ by

(128)

acting as an "oxygen carrier'.

Plaksin(ha)

suggested that the crystal structure of pyrite
has an influence on its ease of oxidation. The S atoms are in
pairs and on the surface of the main cleavage face, thus making
them easily accessible to oxygen. In fact pyrite was found to
show topotaxy in its reactions with oxygen in alkaline solu-
tionsghs)(hu)(hs)(63) Sulphate ion was found in solution and
Fe203 and Fe(OH)2 were identified on the pyrite surface. X-ray
(45)

studies led to the following mechanism being proposed to
account for the topotaxic formation observed. The O ions were
thought to replace 82= groups in the same positions in the lattice.

This gave rise to FeO which was unstable and changed to hematite,

Fe203, under the oxidising conditions prevailing. The ferric oxide

> and O dions

layer would form a protective film through which S
must diffuse for the reaction to continue. The reaction rate
therefore, being controlled by solid-state diffusion, would be
quite slow after the initial period. However the hematite layer
is easily removed by abrasion and the reaction continues.
Grinding in neutral or alkaline media therefore,is expected

to produce ion oxides or hydroxides on the surface of pyrite with

sulphate lons in solution.
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The electrochemical oxidation and dissolution of sulphides
has been studied, and a recent survey was given by Majima and

(46)

Peters. Observations have centred mainly on the semiconductive
and "galvanic cell action" properties of sulphides. Sulphides are
generally regarded as impurity-type semiconductors whose properties

are dependent on the non-stoichiometry of the crystal and the type

() 301
(52)

of iﬁpurity present has summarised the data for

several sulphides. Prosser , discussing the effect of
semiconductivity in the oxidation of sulphide minerals, noted that
although in some cases the effect on the rate of reaction was
considerable, the amount of information available was too small

(50)

for a general theory to be proposed. Plaksin et. al. have

studied the effect of Gamma radiation on pyrite and sphalerite

and have shown that it changed the degree of semiconductivity

to some extent. Conductivity and electrode potential measurements
indicated that the irradiation had produced an increased concentration
of free electrons. These artificially generated defects were found
to persist for up 48 hours and have a marked effect on the minerals’
reaction with flotation reagents. Pawlek(51) increased the dissolution
rate of sphalerite by irradiation with ultraviolet light., He also
found that iron impurities in sphalerite increased the rate of

(53)

oxidation. However, Springer found no difference in
behaviour of n- and p-type pyrites in acid solutions under
polarisation.

The ‘'cell action' may be one of the most important factors

]

in the oxidation of sulphide minerals in galvanic contact, and
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favourable conditions for attack exist in ore storage and
grinding§54) The rest potential of pyrite is of particular
importance for it is more noble than that observed for any other

(55) (56)

sulphide mineral and will enhance the anodic corrosion

of all other sulphides with which it is in contact. Anodic
polarisation in acid solution gave ferric sulphate, whilst with
cathodic polarisation ferrous ions, hydrogen sulphide and elemental

(55)(57) (58)

sulphur were obtained. The polarisation of sphalerite
was founa to give Zn2+ jons and either S° or HSOi in solution$56)(59)

It should be noted that the electrochemical rest potential
is set by the main constituents of the sulphide crystal. However
the conductivity type may change with impurity levels which are
too small to effect the rest potential significantly.

It has been shown that many factors influence the type and
amount of surface oxidation of sulphides. From the available
evidence the oxidation of pyrite and sphalerite,during wet grinding
in neutral or alkaline media, would lead to the formation of zinc

and iron hydroxides and sulphate ion. Also the formation of

and other oxysulphur ions would be a possibility. However
(128)(217)

SZO3
the greatly differing rates of oxidation of the two minerals
make it unlikely that the decomposition of sphalerite will have

proceeded to any great extent, compared to pyrite, during the

grinding of the samples.

1.3 Oxidation of activated sphalerite

The oxidation of the CuS coating on sphalerite activated
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with Cu2+ ion merits separate consideration. It usually occurs
in a flotation cell, outside of the high energy environment

provided by grinding, and involves a surface of very recent origin.

The replacement of Cu2+ for Zn2+ over whole or part of the sphalerite

surface will bring zbout distortions of the lattice, dislocations

and other defects which may give rise to some highly reactive

(52) (50)

areas upon exposure to oxygen. . In this respect Plaksin et. al.
have stated that copper iéns diffusing into a sphalerite lattice
would adsorb the free electrons associated with its n-type semi-
conductivity. This would alter the electronic nature of the surface

layers and ﬁight effect any reaction with oxygen. The mineral

(46)

covellite (CuS) has a higher rest potential than sphalerite

and anodic dissolution of zinc is possible, in electrolyte
solutions, from unactivated regions of the sphalerite surface,
with the CuS area's acting as cathodes to oxygen. However, the

rest potential of sphalerite is known to increase significantly

(46)

with iron inclusions y and its electrical conductivity is

(50)

small , hence the prediction of any general electrochemical

effects is difficult.,
(46)

Pressure leaching studies on CuS in perchloric acid

have shown the formation of both & and SOA=, the ratio of &
to SO,+= being decrcased with decreasing acidity. . Studies on

the oxidation of covellite in neutral or alkaline aqueous

(27)(28) (47> (61) (62)

media , suggested the formation of Cu(OH)2

~. As a chemical precipitate CuS is known to

(64)

or CuQ, and SOH

undergo rapid oxidation to CU.SOLP in meist air
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(65)

Mitrofanov and Nagirnyak stated that covellite behaves

like chalcopyrite (CuFeSa) under alkaline grinding conditions.
(38)

Plante and Sutherland have shown that at pH 10 chalcopyrite
oxidises in aqueous suspension te give SOQ: and 5203= ions.
Overall the oxidation of activated sphalerite in neutral
or alkaline suspensions would probably proceed to give Cu(OH)2
and oxy=~sulphur ions in solution. However the rate of oxidation
may be different from that obtained with sphalerite and pyrite
which were mainly oxidised during grinding. The activated
sphalerite samples used in this work were only exposed to oxygen
as slowly stirred suspensions in water. Balanced against this
was the fact that a newly-formed surface of the type found on

activated sphalerite may have a different reactivity than, say,

a freshly exposed cleavage face produced by grinding.

1.4 Summary

The following points relevent to the flotation of pyrite
and sphalerite have emerged from the review of their pkysical
and chemical properties outlined above:

(a) The elecctronic properties of sphalerite may play an
important part in the oxidation and collector coating
of this mineral. These effects will be enhanced by the
presence of impurities which have been shown(BO) to

influence flotation response.

The surface oxidation products of sphalerite and activated

sphalerite in a neutral medium are likely to be the
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hydroxides and sulphate ion (although the rates of
oxidation of the twc sphalerites may well be very
different. The reaction of diethyldithiocarbamate
with the surface hydroxides will depend to some extent

on the relative solubilities of the Cu®

* and Zn2+compounds,
and to the abundance of oxidised sites on the surfaces.
Pyrite is a polysulphide which cannot be formed by
precipitation from solution, and as such, may have

very different chemical properties to normal sulphides.
The probable oxidation products in neutral media are
hydrated iron oxides and sulphate ion but the production
of elemental sulphur cannot be ruled out. Few prediptions
can be made about the adsorption of collectors onto a
surface that may contain ferric ions and sulphur.

However the possibility of redox reactions playing a

significant part in the collector coating of pyrite

must be recognised,
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-CHAPTER 2

A REVIEW OF
THE FLOTATION OF SPHALERITE

AND PYIRITE.
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The adsorption of a dissolved species at the solid-
solution interface can be conveniently described as either
physical adsorption, chemisorption, or chemical reaction.
Theoretically the following distinclions are not rigid, but
in practice they provide a counvenient division of different
adsorption phenomenz. Throughout this discussion adsorption
will Be refered to as follows:

a) Physical adsorption. Characterised by low energy
transfer, (less than 8kJ/mol), reversibility and lack of
specificity, No true chemical bond is formed between the
surface and the adsorbing species. The adsorbate may be an
ion or a neutral molecule.

b) Chemisorption. Usually a high energy process,
(about 40 kJ/mol), generally specific and irreversible,
involving electron transfer or rearrangment. Theoretically
the chemisorbed species cannot exceed @ monolayer in
thickness.

¢) Chemical reaction. A relatively high energy process,
(40 to 200 ¥J/mol). Specificybut the extent of the reaction
may depend on the products formed. May be reversible.

Both physical adsorption and chemisorption may be
strengthened by lateral van der Waals forces between molecules.

2.1 Sodium diethyldithiocarbamate in solution

Sodium diethyldithiocarbamate, hereafter abreviated to

Naag, and the salts obtained from it by double decomposition
(1120 (114)

with heavy metal ions, were first described by Delepine.

Diethyldithiocarbamic acid can be prepared in an aqueoub dedium below
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OOC, but is unstable at room temperature and hydrolyses

immediately to CS., and diethylamine. The sparingly soluble,

2
- (116) . -
heavy metal salts, however, are stable, even in boiling
water, (115) and are used extensively in amalytical chemistry.

The structures and physical properties of the metal dithio-
carbamates have been determined and are available in the

(122)(123) The solubilities of a few metal salts

literature.
have been found and the values are presented in Table 2 with
the appropriate references.

Table 2. Solubility products of metal diethyldithiocarbamates.

Salt Solubility product pK_
paaﬂé 1.7 (73 21.68(218) 21,721 i 23°4(221)
cﬁEEé 29.55(218) : 1.7 (219 : 27.8(221) , 31°O(181)
zﬁEEé' 16,93(218) . 17.3 (219) (220)(221) : 16,52(222)
NiESé 23‘,07(218) , 19°26(220)

gD 19.58(218)

It can be seen that wide variations were obtained bet-
ween the various investigators. These may partly be due to

the instability of diethyldithiocarbamate solutions in water
(178)(180)

and to differences in experimental techniques. No

solubility product has been reported for iron diethyldithio-

carbamate although Thorn and Ludwig (117) gave the order of
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decreasing solubility as Zn; Fe(2); Cd; Pb; Cu(2); which
was in agreement with the values reported in Table 2.

An approximate determination of the solubility of Féﬁgz,
reported later in this thesis, gave a value of 2.3 x 102
mol/HmB.

The Cb ion can be oxidised in solution to the compound
diethyldithiocarbamyl disulphide (EEZ) which is a liquid
below 70°C and immiscible in water.

The standard redox potential of the system

205 £z T5, # 26 evuvns [4]

2

(73) to be -68mv (vs N.H.E.) compared to -81mv

was found
(vs N.H.E.) reported for the xanthate-dixanthogen system.

(7

Yarrar found that a 10~ mol/dm3 solution of NaCb at

P 9 did not ckhange in optical density:-ower a period-of
9 hours in contact with oxygen. However the introduction of
a platinum foil did lead to appreciable oxidation, the foil
serving as an electron transfer path by which adsorbed
oxygen and Cb_ can react. The possibility of mineral sur=
faces providing this action, during flotati;n with NaCb in
air, mast be considered.

The hydrolysis of Cb  ion in relation to its use in’

(119)

anelytical chemietry, has been stuﬁied by Bode, . who found

that its rate of decomposition was directly proportional to
the H+ ion concentration. Half-lives of the Cb ion found
by Bode are given in Table 3, with those values reported by

(70}

Finkelstein for the xanthate iom,(X*).
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Table 3., Half-lives of the Cb  and X~ ions at various pH
(119) (70)

values, After Bode and Finkelstein,

o Half-life (hours)
B x-

b 0,008 -

5 0.080 -

6 0,850 37.5

7 8.3 261

8 84 520

9 840 570

10 - 671

From the data in Table % it can be seen that the X~ ion was more
stable below pH 9 thﬁn the' Cb ioh, whilst above pH 9. he.opposite
was true. Different decomposition mechanisms may be respon-

(120)(121) .
into

sible for these disparities. Investigations
the mechanism of hydrolytic decomposition of Cb~ ion have
confirmed Bode's analysis. A hydrogen ion attacks the

=N~ "bridge" in the Cb group to give a short-lived intermediate
which decomposes to give CS2 and an amine., The mechanism is
illustrated for the diethyldithiocarbamate ion below, where R
is the ethyl group, [CZH57] and the dithiocarbamate group is

(:NCSZ)_:



S S
o _ + 1
R2= N-C-S~ + H — R2=N-C-S-H
S
\i
— (o . Y
Re_ g+0 S = 052 + RZNH.

The use of NaCb as an industrial flotation reagent

stated that, .. "the action of dithioc-

Although Goliko

arbamates in flotation is, in many cases, connected with their
ability to oxidise with the formation of oily substances," no
evidence has yet been produced that Cb

2
(73)(111)(125)a

s in the case of xanthate

is necessary for bubble
contact or flotation

(69)

collectors. In view of NaCb's stability in alkaline solu-
tions, its well-defined heavy metal salts and availability in
analytical-grade purity, it was decided to conduct all gdsorptirn
tests using this reagent. Before use,the reagent as received
from the manufacturer, was further purified by the usual tech-
nique of dissol¥ing in acetone and re-precipitating with ether,(g)

in order to remove any decomposition products formed during

storagee.
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2.2 The flotation of sphalerite

Any discussion of the flotation of sphalerite must distinguish
between activated: dnd upactivated mineéral.. surfaces. Suprisingly
this distinction has mwot always been made clear in the literature
and sorle  confliction of - results has. occurred. SO - The
discussion here will deal first with unactivated sphalerite.

The behaviour of sphalerite towards short hydrocarbon chain
xanthates was found to be unusual for a sulphide mineral, in
that little or no flotation recovery was obtained over the
neutral and alkaline pH range with normal additions of collector

3 (74

(>10™ mol/de)jGaudin and Wilkinson showed in 1933 that there

was no permanent adsorption of ethyl xanthate from solution onto

(75)

spalerite, Later, electrochemical work by Kamienski confirned
that there was -no-change’inthé potential: of .a ' sphalerite.
electrode when ethyl xanthate was added to the electrolytec.
However it was soon apparent that the higher xanthate homologues
showed appreciable power. Gaudin(q) demonstrated that although
flotation recovery with ethyl xanthate was very low, recovery

with amyl xanthate was 40% and heptyl xanthate nearly 90%.

Sutherland and Wark(7°)

have measured the contact angles of
dithiocarbamate collectors on sphalerite. They found a zero
contact angle for diethyldithiocarbamate whilst an angle of 730
was found for the dibutyl- homologue and 80° for diamyl-,.

(?77)

Yonezawa found similar results for the xanthate hqmglogues
at the patuoral pH of the  xantbite solutioms (6.3), but

could detect mno adsortion at pi 8 or 10.5. He



corrédated the increased adsorption of highér xanthate
homologues with their decreased solubility compared to

ethyl xanthate and, hence, their greater affinity for zinc
sites on the sphalerite surface. However he offered no
explanation for the absence of adsorption in alkaline regions.

(78)(79)

Other investigators have also reported on the poor

floatability of sphalerite by sulphydyl collectors.

Yamasaki and Usui(go) using an infra-red spectroscopic
technique found that the butyl xanthate adsorbed onto
sphalerite and ZnS precipitate was present as free butyl
xanthic acid on unoxidised samples and as zinc butyl xan-
thate on oxidised specimens. In the cases of butyl xanthic
acid adsorption, OH ions were expelled into solution,
whilst with the oxidised samples soZ ions appeared in the
aqueous phase, Evidence was obtained to show that the adsorbed
xanthic acid had partially decomposed to CS2 and butyl aleohol.
Howewer both oxidised and unoxidised samplas achieved good
contact anglescwith air bubbles.

Sphalerite has been found to respond to collectors other
than ionised xanthates. The contact angle on sphalerite was
found to increase with increasing concentration of dissolved

dodecylamine(u)(81) whilst hexyl mercaptan was readily adsorbed

up to a monolayersgz)(gj)(gs) The adsorption of other neutral
molecules was tested by Steininger(gq) who found that flotation

of sphalerite increased with the decrecase in the degree of ion-
isation of a number of mercaptans. He envisaged the reaction

of neutral mercaptan molecules, (RSH),with hydroxylated zinc
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sites on the sphalerite surface thus:

-Zn(OH) + RSH = -Zn(SR) + H,0 ......[5]
The neutral molecules of mercaptan were presumed to be first
physically adsorbed, then to undergo a chemical reaction involving
the substitution of an -SR group for an OH ion on the surface.
No flotation response was found with either ethyl xanthate @ NAEE,
which were highly ionised in solutiodn having pka of 1.8 and
5.6 respectively. The lack of adsorption of highly ionised collectors
at alkaline pH was thought to be due fo the small proportion of
neutral molecules present, whilst at acid pH values collectors
like NaCb decompose. This mechanism however cannot explain the
increased flotation response found with higher xanthate homologues
which have similar pka‘s to ethyl xanthate. The threshold value
when flotation ceases, was found by Steininger to be at a pH close
to the pka of the collector, or when about 50% ionisation had
taken place. However, Steininger's experiments were performed
in aerated solutions and he did not consider the oxidation of

(129)

mercaptans. This is known to be rapid under alkaline conditions

giving oils of the (RSSR) type, in themselves excellent flotation

(130) have shown that there

reagents. Kakovsky and Arashkevich
was little difference in the flotation recovery of sphalerite
when either xanthate ion or dixanthogen was used. In this case

the neutral oil formed a chemisorbed species at the solid surface

which may have been similar to the xanthate ion.
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Several studies have reported the variation in the degree
of flotation of sphalerite with ion inclusions. Generally it has
been concluded that iron, in the sphalerite lattice, oxidises to

(15) (16) (86-93)

hydroxides thus rendering the surface more hydrophilic.
Plaksin,(16) for instance, found improved flotation recovery of a
dark sphalerite, (5% Fe), compared to a low iron sample (0.5% Fe),

in the presence of alkyl sulphonates. It is known that the
sulphenates are good collectors for iron oxides. Other investigators

have reported(BO)(gh)(gs)

that an increase in the intensity of
oxidation improves xanthate adsorption on sphalerite, probably
by providing more ionised sites on the surface, but in these cases

(50)

the iron content was not stated, Plaksin et. al. calculated
from conductivity measurements that sphalerite has the largest
concentration of free electrons in its lattice of any common
sulphide mineral, i.e. it generally has n-type semiconductivity.
They concluded that oxidation removes these free electrons from
the surface thus improving the chance of electron iransfer from
collector ions to the surface., In fact they found that by
treating sphalerite for 15 hours with HZOZ solution the flotation
recovery with xanthate collectors increased from 25% to 100%,
However every sphalerite sample will have a different set of
physical and chemical characteristics depending on the structure
and imﬁurity content of the lattice. These parame%ers will

determine the mineral's semiconductive properties and hence the

relationship between oxidation and collector adsorption.
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The depression of sphalerite has received some atten-
tion and has been summarised by Klassen and Mokrousov.(GE)'
The most common depressing agent was ZnSO,+ which formed

Zn(OH)2 or ZnCO, in alkaline flotation pulps. The colloidal

3
particles of Zn(OH)2 were considered to coat the mineral
grains and inhibit collector adsorption. There was no evi-

(96) that the effect was epscific for sphalerite grains,

dence
but the collector adsorption was further impeded from its
already low level and total depression ensued.

The results described above lead to the conclusion that
unless sphalerite has been extensively oxidised, no permanent
collector attachment occurs with highly ionised sulphydryls.
Physical adsorption of neutral rolecules may give good flotation

in the pH regions where the molecules are the majority stable

species.

2.,%. The flotation of activated sphalerite

The discussion of the flotation of activated sphalerite
will deal only with results obtained when CuSOL+ was used as the
activating agent. A full explanation of the mechanism of acti-
vation will be given later.

The flotation behaviour of sphalerite was found to change

dramatically after treatment with Cusol}fl'_)(r’?)(?g)("oz)

Good
flotation response was obtained with highly ionised collectors
over the pH region 7 to 12, in marked contrast to their effect

on unactivated sphalerite. Glembotski(97) found that most of
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the adsorbed layer formed by ethyl xanthate on activated sphal-
erite was strongly attached and resisted the attack of boiling

(98) demonstrated that up to 50%

water. Plaksin and Anfimova
of the xanthate laycer obtained on activated sphalerite could be
waghed off with water, whilst the other half could only be re-
moved by treatment with pyridine. However they did not state
the extent of adsorption in monolayer terms. They merely assumed
that ithe first WElf-of the collector uptake was‘chemieorbedjgn&
the second physically addorbed, - surrounding *'the first:
layer. Glembotski's layer probably consisted therefore almost
entirely of chemisorbed ions.,

Yonezawa(77) found that the adsorption of ethyl zanthate
on activated sphalerite fitted the Freurdlich isothern at pH 6.6
but the uptake decreased with increasing alkalinity. Recal-
culation of Yonezawa's data reveals that adsorption of several
monolayers of xanthate ion had teken place and some of this
may have been physically adsorbed. Unfortunately he did not
test the reversibility of the adsorption isotherms obtained,

(99)

Coleman et.al, studied the first few monolayers adsorbed
on activated sphalerite from ethyl xanthate solution, Infra-
red spectroscopy revezled patterns for cuprous xanthate and
ethyl dixanthogen.
Following an electron diffraction study, Sato stated
that cuprous xanthate was the ouly sulistance found after .treating
activated sphalerite with xanthatesqos) The possibility of

other thin, adsorbed layers being present cannot be excluded

however, since the electron diffraction technique is close to
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its lower level of detection at monolayer quantities. Leja and
Poling(qu) found that in bulk solution cupric ion gave cuprous
xanthate and dixanthogen when xanthate solutions were added.
These findings supported an earlier suggestion by Gaudin(u)
that the chemisorption of ethyl xanthate,(X ), was by the
mechanism:

2

20u=t + UWXT —9 20uX + xa.........[6]

(130)

Recently Kakovsky and Arashkevich found no difference in

the flotation recovery of activated sphalerite with ethyl xantBate
or dixanthdgen. They suggested thnt dixanthogen was-capable_oi.‘
regcting with copper sites on the mineral surface to give coppsr
xanthates, '~ This is not unexpected since tlie electrodhemical
potential of thé system will determine the ‘state of [X-]/[Xa]
equilib(ium.

Sutherland and Wark(76)

reported experiments on the
change in conductivity of sphalerite when treacted with flotation
reagents, Coarse sphalerite was packed into a tube and water
circulated through it. The measured resistance was 11,5 ML

but this dropped to 1 MJ4L - _when dilute CuSO,+ was passed through
for 2 minutes. NaGb solution was then passed through the bed
and the resistance rose rapidly to 11.3 M#A.. This clange in
conductivity was direct evidence for a chemical reaction be=
tween NaCb and the CuS surface of the sphalerite.. Recently(101)

it has been shown that NaCb reacts with cupric ion to give

Only Cu.d—ﬁa .



=42~

At pH values between 5 and 7 the flotation of acti-
vated sphalerite showed a marked depression in the presence

In
(76) (104) It was found that

of low xanthate concentrations.
stable, basic copper xanthates were forming and presenting
a surface coating partly hydrophilic and partly hydrophobic,

e.g. Cu(OH)X. It was also reported(130)

that, with slow
additions of sulphydryl collectors to heavy metal solutions,
a stepwise reaction took place giving basic salts. The
measurement of equilibrium constants demonstrated that these
basic compounds were 20-30 times mére stable that the neutral
salts, but their importance to flotation at normal collector
concentrations was not demonstrated,

The adsorbed species on copper activated sphalerite,
therefore appeared to depend somewhat on the stability of the
collector anion or neutral oil used, Cﬁaﬁé is stable and

is expected to be the surface compound when NaCb is the col-

lecting reagent used to promote flotation.

2.4 The flotation of pyrite

During the early research into flotation phenomena
workers in the field found that the interaction between pyrite
and xanthate collectors was rapid and extensive. Gaudin .
et.al.(74)(105) reyported that there was a large consumption of

ethyl xanthate by pyrite in aerated solutions. Ferric and

sulphate ions were expelled into the agueous phase. However
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an acetone leach of the pyrite particles extracted elemental
sulphur, 082 and some other unidentified organic liquids,
Only a trace of ferric xanthate was found, but the pyrite
exhibited excellent floatability even at fairly low xanthate
additions.

1t was suggested, that in the presence of air, the
xanthate ion on the pyrite surface was rapidly decomposed to
dixanthogen, then further oxidised to other organic oils and
sulphur., In a later study Gaudin~et.a1£106) found that the
adsorption of ethyl xanthate continued for many lsyers.
from solutions containing air whilst the solutions themselves
became turbid. The formation of dixanthogen was postulated
but not confirmed. In deoxygenated solutions the uptake of
ethyl xanthate reached a maximum at a theoretical monolayer
and the solutions were clear, The adsorption of xanthate ion
was found to depend greatly on the pH of -the.solution, being

(%] 1/5

[on™]

approximately proportional to the ratio .
A direct competition between xanthate and hydroxyl ions for
the surface sites would have gifen a xanthate uptake propor-
tiénal te [xX™] . The adsorption mechanism was evid-
[or™]

ently more complicated than simple competition betweecn ions.
Recently it was proposed’ >0’ that basic ferric svlphate on
the surface of pyrite reacted with sulphydryl collectors to

give basic salts of the form Fe(OHg(X). (An exess of alkali

“
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would tend to displace the xanthate ion and depress the flo-
tation of pyrite.) However, it is difficult to explain the
existance of ferric jon in the generally rcducing atmosphere
of pyrite. Plaksin(16) using an autoradiographic technique
detected anodic and cathodic arcas on pyrite. The major part
of any Xanthate adsorbed from acrated solutions became fixed
on the anodic parts, in quantities that considerably exceeded
monolayer coverage. The adsorption was found to be irreverss.
ible and was assumed to accompany the formation of iron xan-
thates and dixanthogen.

Electrochemical and flotation rate studiossqo7—109)(127)
have indicated that dixanthogen is the species resomsible for
bubble contact on pyrite in the presence of air. Fuerstenau
et,alSqu) have shown that the producticn of dixanthogen may
be due to the reaction:

2Fe(0H)3 b 2X + 6HY —3 oFe®

* o, 6H20 + Xa....[7]
with the function of oxygen being to keep irom in a trivalent
state. They found little difference in the flotation recovery
of pyrite when amyl xanthate c& amyl dixanthogen was added to
the pulp. Infra-red spectroscopy found only dixanthogen on the
partieles after treatment with amyl xanthate, and measurements
of the Eh of the flotation system at various pH levels indicated
that the equilibrium

X, + 2e = 24" eeeeo[8]
was well to the left.
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(215)

Klymowsky and Salman in a recent survey of pyrite

flotation obtained results in agrecment with those previously
mentioned, except that in deoxygented solutions the uptake of
xanthate ion exceeded two lsyers.

Very little work has been reported on the action of

(76)

dithiocarbamates on pyrite. Sutherland and Wark gave the

critical pH for bubble contact on pyrite in 10-4 mol/dm3 NaCb

[111]

solution as 10.5. Schulman and Smith reported an adsorpe

tion of 14 monolayers of Cb on pyrite powder from a solution

of 107 mol/dm3 NaCb. However, in a recent publication,
Glembotski and Livshits(112) reported only weak uptake of

isopropyl-methyl thionocarbamate on pyrite.

In view of the ease with which pyrite oxidises xanthate
ion to dixanthogen the most likely adscrption product with
NaCb solution is the compound Cb , dicthydithiocarbamyl disul-
phide. In a deoxygenated solution however the formation of

i}on.capbamates is rossible.
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CHAPTER 3%

THE CALCRIMETER AND ITS

CALIBRATION
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The frec energy of a reaction, AG, is often determined
by semarate measurements of enthalpy, LA H, and entropy £58,
O H is a measure of the internal energy chonge in o system
and is considered negative for exothermic reactions. The
First Law of Thermodynamic's defines the heat of reaction,

AH to be

AB= AE+ VW ..iiieeeeneas.[9]
where QA E is equivalent to the internal energy change of the
system and W is a measure of the work perfesmed—ery—er done by
the system. When considering reactions involving liquids and
solids only, the volume change is very small and can be dis-
regarded at normal pressures., Therefore YW can be neglected
in these cascs and > H would be equal to 2D E. The measure-
ment of & H values in adsorption processes at the solid-liguid
interface can be conveniently made by observation of the tem-
perature chenge involved. The combination of calorimetric
measurement of temperature with chemical analysis provides a
valuable tool for investigating fundemental processes involved

in adsorption.

3¢1 The isoperibol calorigeter

The calorimeter used in this study was cf the isoperibol
type in which the surroundings are held at constant temperature

and the temperature inside the reaction vessel is monitored
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contimiously. This type of calorimeter has been extensively
used in studying heats of reactions involving liquids and solids

(131-135)

because of its eazse of contruction and versatility of usec,

(135)

Sunner and Yadso have pointed out several wecknesses in °
the use of isoperibol calorimetry, the most prominent being
the time taken to recach equilibrium, many hours in some cascs,
and the low reproducibility, generally iO.B%.

The calorimeter was basically the same aé that described

by Mellgren(8) and conslisted esentially of two BOOcm3

Dewar -
flasks in separate, close-fitting copper jockets. One flask
acted as the reaction vessel and the other as the reference
temperature environment for a set of copper-constantan thermo-
couples. The copper jackets, fitted with lids, were suspended
in a 0.05m3 water bath, The contents of both flasks were
stirred by 'Polythene!' stirrers driven by flexible drives from
the same motor. The stirrer motor was of the shunt-wound d.c.
variety ultilising power provided by a mercury-arc rectifier
that was rated at 220v. The water bath was agitated by 2 sim-
ilar motor mounted on the bath wall, A schematic diagram of
the calorimeter is given in Figure 1.

The reaction vessel was fitted with a mercury seal areund
the etirrer bearing housing, ~tor secure .gas-tight® operatioms
On submersion of the calorimeter the bearing houses were in
contact with the water bath to dissipate the heat gencrated by
stirring. The 1lid of the reaction vessel jacket was provided

with several openings raised above the water level to take the

thermocouples, heater etc..
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These were sealed during operation with rubber tubes and.clips.
The reactions were initiated by breaking thin-walled glass bulbs
held on the end of a 1mm. plastic-covered, steel rod.

The caloriﬁeter. wes housed in a small room which was
maintained at constant temperature by a refrigeration unit.
Auxillary fans were used to give good air circulation and it -
was found that the room temperature could be held to z 0.590

over the range 15 to 25°C.

3.2. Water bath temperature control

The water bath temperature was maintained at 25.000 by
a large mercury-toluene switch in seriecs with a 60W, household
light bulb. Contact was made in the switch between a thin
platinum wire, held in a 2mm. capillary tube, and the mercury
meniscus., The tube was filled, above the mercury, with hexa-
decane oil to reduce both oxidation of the mercury surface and
sparking which may give substantial crrorssquo)(u1)
The bath temperature was adjusted to 25.000 by the use of
a mercury-in-glass thermometer graduated in O.ZOC divisions.
The error in reading this thermometer was pa 0.100. The effect
~ that an inaccuracy in temperaturc has on.iSHp values can be
calculated from
2
E=pE, - oF) = fL\__deT..........{’IO]
dT,l
where E is the error introduced by the temperature diffe-

rence (Tz'Tq)'
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Over a small temperature range ACp is considered as constant
for solids and liquids and -
L,
E o - SRR & K

T1
The value of K for a mineral-collector agueous suspension was
estimated from the average Cp.'s of insoluble heavy metal salts,
around 60 J/°C/mol$149) and ions in solution, approximately
240 3/°¢/mo1’’>)  Therefore, X was approximately 400 J/°C/mol
for simple collector-mineral systems. By substitution in

equation (11] we get, for a O.1°C bath temperature error;

E = 400 [T]Sgg:g

= 4o J/mol

Therefore the error involved in an average chemisorption measure=
ment. would be = 40 J/mol in 100 EJ/mol or = 0.1% which could
be neglected.

The effects of bath agitation rate and the temperature
of the surrounding room on the stability of the bath temperature
were investigated. A 12-junction copper-constantan thermocouple,
of known e.m.f. -temperature constant was arranged with one arm
in the water bath and the other in a slowly stirred mixture of
crushed ice and water which acted as the reference temperature,

This type of reference temperature is reported(142) to be con-

-4 ¢

stant to 10 « Figure 2 shows the change in bath temperat-

ure at various agitator speeds with the temperature of the
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surrounding room held first at 22°C then 19°C 30,5°C.'

At a room temperature of 22°C the 2¢33 and 3.33 Sf1curves
showed fluctuafions around the set teoperature .of-=0,03°C,

but in the case of an agitator speed of 4,66 5”1 the bvath
temperature slowly but steadily increased. It appeared that,
at this high speed, the mechanical stirriﬁg was.-providing encugh
heat to give a bath equilibrium temperature above 25°C. How=-
ever the variations obtained with a room temperaturc of 19°C
were much smaller at all bath agitation gpeeds. The lower room
temperature provided a larger heat sink and in this case, the
bath temperature wvaried by t? X 10-300 which compared favour-
ably with walues reported by other workers using similer appa-

ratus,S131)(133)(134)(1h3)(1hh) All tests reported in this

‘work were run with a bath agitator speed of 3.33 5”7 and the
room temperature maintained at 19°C which provided a stable
enviromment for the calorimeter.

Ze3s Calibration

The calibration of the calorimeter used in this work was
achieved by the dissipation of a known quantity of electrical
energy into a known méss in the calorimeter flask, and measuring
the temperature rise induced. Chemical reactions have been
used by other workers for calibrationg1h3)(1h7) but few are
sufficiently well known thermodynamically to give an accuracy

(144)

comparable with electrical energy calibration. Since certain
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errors common to both the calibration and experimentation vary
with the magnitude of the temperature changes148) the temper-~
ature rise induced during electrical calibration was of the
same magnitude, NO.‘]OC, as that expected in the rezctions to
be studieds The e.m.f. generated by the thermocouples was
measured on a Tinsley Type 4025 potentiometer with dial settings
in series with a Tinsley Type S.8.445 swing beam light galvano-
meter, Power for the potentiometer was provided by a constant
power source set at 2.00v. This method of voltage generation
proved far superior, both in accuracy and ease of operation, to
batteries. Fluotuations in voltage, as read by a digital volt-
meter, were & 1mV, The potentiometer-galvanometeter was standar-
dised using Weston standard cadmium cell, The cell was always
kept in the constant temperature room and the calibration was
checked once a week at first. However, it was found that very
little adjustment was required, even over a period of months,
and recalibrations were reduced to a monthly basis.

An imbﬁlance of 1 PV in the potentiometer caused the
galvanometer light beam to move 3mm across a graticule. Since
a deflection of 0.5mm could be discerned the apparatus had a
sensitivity of i-O.Z’kv. The galvanometer rested upon rubber and
polystyrene supports which eliminated all vibration of the light
beam, The galvanometer zero was found to drift over a period
of weeks, probably due to settling in the polystyrene foam,
but no change could be detected during the running of a test.

The copper-constantan thermocouples used in all measure=

ments had 12-junctions and were constructed by Dr. O. Mellgren
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(8)

as described previously. The thermeccouple unit was cali-
brated by measuring the c.m.f. gemerated at vorious temper-
ature differences between its arms. The 'cold' junction was
provided by a Dewar flask containing a slowly-stirred, mix-

ture of ice and water. The 'hot' junction was a Dewar flask
containing pure water and stirred at a constant rate. Tem-
peratures were read to 0.1% by a mercury-in-glass thermom-

eter, Results for various depths of immersion of the therm-
ocouple arms are shown in Figure 3. The relationship ob-
tained with both Junctions submerged 1cm, curves 2 and 3 in
Figure 3,was a straight line. At a2 temperature difference of
2500 the-hot junetion was moved up and down 5mm but no signi=-
ficant change in e.m.f. was observed. Curves 1 and 4 in

Figure 3 indicated that heat flow between the junctions did
occur when large immersion depths were employed, which was

in agreement with the work rcported by Roescr and Lonberger.(145)
From curve 2 it was calculated that 1°C corresponded to
0.760mv or 11V = 1.32 X 1072 °C and, taking the sensgtitity
of the potentiometer as O.23LV, the smallest temperature change

that could be detected was 2.6 X 10_4 0C,.which conpares favowr-

ably with similar values found for this type of thermocouples146)
In all tests, therefore, the thermocouples were arranged to
be 1cm. submerged in the Dewar flask contents.

The heater used for the calibration was constructed from
constantan wire as described previouslys8) The resistance of

the heater, RH’ was found by immersing it in the constant temp-

erature bath at 2500 and running a small current (€ 50mh)
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Fig. 3 Calibration of thermocouples.
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through it. The voltage across the heater and across a standard
resistance in series with it were measured by the potentiometer,

RH was found to be 17.655 g + 0.005. The resistance of the copper
leads in the heater, r, was calculated to be 1.5 x 10_25L ’
assuming the resistivity of copper to be 1.75 x ’IO_4 Jltm_1.

The resistance of the constantan heating element was then taken

to be (RH - r) = 17.6408.. The temperature coefficient of resistance(qqg)
of constantan is 2 x 10~° ®G"" over the range 0° - 100°C, which

is very small compared to other conducting materials. Therefore

changes in the resistance of the heater with the small temperature

changes that that were induced in the calorimeter were neglected.

3,3,1 Calibration procedure and heat capacity determination

3

The calorimeter was set up containing 100 em” water and
left overnight to reach thermal equilibrium. It was found that
the apparatus required at least 8 hours to attain,equilibrium,
generally longer, The heaten circuit contained a 'dummy’
variable resistance, RD’ which had been adjusted to the value

of the heater, R Power was provided by a second constant

H.
power source identical to the one used on the potentiometer.

The circuit was 'warmed-up' over the 'dummy' variable resistance
for 1 hour before each calibration to enable it to reach thermal

equilibrium. Power was then transferred through the heater,

RH’ and a stopwatch started. During heating, the temperature
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inside the flask and the voltage, VS’ across a standard re-
sistance, Rs, in series with the heater was measured. Tine,

t, was recorded by the hand opzrated stopwatch. After the
heating peri»d, usually 5 ninutes, readings of the calorimeter
temperature were continued until the establishment of a linear
cooling curve had been observed. A curve of time versus tLV’
where F.V represented temperature, was drawvn and the e.m.f.
rise,A‘kV, egtimated as described below. The calorimeter's heat

capacity, K is then given by

A
]

iz.RH,t. .,.J/lkv

AF‘V

Ryete ,.,J/\AV cacoss 12
Ak\V

=
8
o]
0
A
]
o
fe)
&l
3]

The stopwatch could be read to 0.1z over 300s, that is to an
error of 0.03%. However, the physical coordination of start-
ing the heater current and stopwatch in unison will be of
lower accuracy. t was considered that, with practice the

error was reduced to 0.1%.

3.3.2 Graphical estimation of temperature rise

The types of time-temperature curve usually obtained in reaction
calorimetry are shown in Figure 4. The temperature change

due to the heat of reation or electrical energy input,
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can be found directly from these graphs after sllowing for heat
loss from the. reaction vessel to its surroundings. The rate of

heat transfer is given by Newton's Law

- 4T = k(T -T )....... ceeresseesesesel13]
at

where TO is the temperature of the surroundings
and k 1is a constant of the system.

Tm is the mean temperature of the reacting system.
Heat lost by convection does not follow this law and will
introduce a varying error depending on the individual
calorimeter used. However with vacuum flask calorimeters, as
used in this work, convection losses are very small§141)
When the reaction period of an experiment was short, i.e. less ;
than 5 minutes, a graphical estimation of the true temperature

(138)

change based on Dickinson's method has been found to give
accuracies(154)to 1%. The method involved constructing tangents
to the time-temperature curve at the beginning and end of the
main pericd. These were extrapoled to a defined time, tm’ such
that the difference of their values at that time was equal to
the corrected temperature rise. It was shown mathenaticallé{jﬁa)
that if the value of tm was chosen such that Area A1 = Area A2'
in Figure 5, then the temperature (TZ-T1) was equal to the

corrected temperature rise.
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Fig.5 Graphical temperature correction. (Fast reactions)

Where the reaction rate was essentially linear with time, as in
electrical calibrutions; or was very fast, as with chemical
precipitations, the time tm occurred at the time for 50% of the
reaction having been completed, i.e..%(tz - tl) in Figure 5.

This procedure was adopted for all calibratinns and for heat of
reaction curves of Type (a) in Fugure 4. However if the time-
temperature curve were a perfect representation of heat distributed
instantly and evenly throughout the calorimeter, it would follow

(138)

an exponential law where
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T = 1-ekt-...-cn-.eo.e-.-..o..o.. E].iﬂ

In this case the curve would have been similar to that shown in

(138)

Figure Wb, and it can be shown that the time t occurs at
0.63 (t, - t,). The value of 0.6 (t, - t,) is usually taken (150)
and was adopted in this work in all the tests that gave curves
approximating to exponential relationships i.e. Type (b) in
Figure L.

In the case of slow reactions (5 - 60 minutes) the
evaluation of the temperature correction was also achieved

g%, (136)(139) (15k)

graphically to an estimated error of However,
the evaluation of the main reaction time, tm’ and hence the mean
temperature of the system during the reaction,ib, was performed
by dividing the area below the curve into a number of trapezes,
the width of which were taken such that the time-temperature
curve is approxXimately linear over that period. For each of

these trapezes the mean temperature was evaluated and Th was

taken as the arithmetic mean over the period (t, - tq):;

T = al

+ bT2 + cT3 + ccens
m m m m

N £ 1

a+b + € + ceecccece

where T;, Ti, a, b, etc are shown in Figure 6.



- 6k -

0 Tr‘\?/ ngt?id —— e I Cooling
i c ! :
5 1 i I
7 Centre T3 I B
5 .
Q ! | ! '
£ b
g RN
| I
\ | : | Ieoss
Tm e e e e v A A e e m e e e - i | | l
2 | | 1 I
e o
T - E : : ! |
Foreperiod A 4 '___;___!__;}j’____
To + slope, gi :"— a i -b';:;' C-:: :
| P : I
| | { 1 1
t4 e t2 Time

Fig.6 Graphical temperature correction. (Slow reactions)

Considering Newton's Law of Cooling given by equation [l}] the value
of ¥ was determined by measuring the slopes over the initial and final
linear pdrtions of the time~temperature curve. The slopes of the

initial and final linear steps, 8; and ge were given by

K(T = By) eavecencenenss [16]

03
1l

K(T, = Tp) eveeenodenens [17)

oY
B
o,
[0}
Hh
i
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where Ti_and T% were the mean temperatures over the initial and
final linear portions of the curve.

By combining [16] and [17] we get

k= 8 ~8& . ...... [18]

Tf - Ti

The sum of the heat losses during the reaction period were then

evaluated by integrating Newton's equation.

s
C = }\ k(T - T) dt eeeerasl19]

t

A5

(137)

which using the mean value theorem reduced to

C = k(T - Tm)(t, -t Yeeeessesal20]

1

where Tm was given by equation [45]
By substitution of [15] and [18]§nto [20] the value of the

corrected temperature change,@ s was given by

& =Cops + ©

. & - O ops + gy - k(@ - )] (¢, - £,) wol21]

: Where£90BS was the obsorved temperature rise as shown in

Figure 6.
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The three types of temperature correction evaluation
described above provided simple rapid methods for determining 1
the true temperature change associated with the reactions studied

in this work.

3¢3¢5 Heat capacity and liguid volume.

The heat capacity of the calorimeter, K, varied with the
amount of water the reaction flask contained. This variation was
due, not only to the change in liquid volume, but to the change
in the area of the solid parts of the calorimeter, such as the
Dewar walls, in contact with the liquid. The Dewar flask and

3

stirrer dimensions were such that 10em” of water raised the liquid
level in the straight-sided portion of the flagk by 35mm.

Table 4 shows the variation of heat capacity with the volume of
water in the flagk.

In all cases the stirrer spced was 5.7 5-1 and the thermo-
couples were arranged to be 1em submerged when the liquid volume
was 100cm? A graph of water content, (x), against calorimeter
heat capacity, (K) was found to be a straight line with an
equation

K = 1072(87.8 + 5.026x) ..s.n..[22]
Therefore the contribution of the Dewar flask to the heat capacity

was given when x = 0, i.e. 0,0878 J/TLV-
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Table 4, Measured heat capacities for various water volumes in

the calorimeter.

Water Calorimeter Heat capacity Apparent Specific

(om?) Heat of Water
J/}LV J/°c 3/°C/g
80 0.4901 371.2 4,640
90 0. 5400 409.1 L, 546
100 0.5906 bz b Loyl
110 0.6408 485.5 4, bk
120 0.6911 523.6 4,263

However other errors were involved as indicated by the calculated
values of the specific heat of water which were always greater
than the excepted value of 4.186 J/°C/g. The excess was

probably due to the heat losses by conduction, convection and
radiation, as well as the heat capacity of the Dewar flask walls
etc, However the apparent specific heat decreased with increasing
water volume, whereas one would expect it to increase as the area
of contdct between the liquid and the flask walls etc., became
greater. It was possible that the lag of the thermocouples
decreased with the depth of immersion. This would mean they
aquired the true temperature of the liquid more rapidly and hence
the recorded time-temperature relationship was more accufate.

The thermocouple had a time constant, C, 7f the liquid
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temperature is raised from T1 to TZ in time t, . then the

probe is at some temperature T (& T2) defined as

h.A-(TZ - T) = Cp. We _d_-_rl_}_ -0'000-0[23]
dt

where h = surface heat transfer coefficient

A = guface arca of probe

w = weight of probe
then ﬂ':l(Ta-T) .........--[24}
dt C

where C = w..Cp
h. A

The value of (T2 - T), the difference between the measured
and actual temperatures, is small when C is small. Greater
immersion of the thermccouples may have reduced the value of
C by increasing A, the area of the probe in contact with the
1iquids

All reactions rcported in this work involving solutions
only, had a total volume of ’IOOcm3 and the heat capacity was
taken as 0,5906 J/;&V. The smallest heat change thdt could be
detected under these conditions was, therefors, 0.1180 J. The

3

error 1in measuring out 100cm” of water from a buret*e was

¥ 0.iem? From table 4 it was calculated that the possible
error in heat capacity, due to an error in liquid volume of

O.1cm3, was & L,77 x 'IO—I1L J/}LV which could be neglected.
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Throughout this work the heat capacity of the calorimeter
will be quoted in units of J/}LV. This is not in accord with
the strict definition of heat‘capacity which has units of J/°C,
but since the accuracy of the conversion factor over the small
temperature rises recorded in the present work was not known,
it was decided to use the ratio J/}LV. The conversion from
J/qu to J/°C was given in section 3.3 as 1*AV~='1-32 p.d 10-3 °Cc from

15 to 30°C..

3.3.4 Variation of heat capacity with stirrer speed

The heat of stirring need not be considered in isoperibol
calorimetry if the stirring rate was the same during calibration
and experimentation. However, variations in stirrer speed did
affect the absolute value of the heat capacity due to lags
produced in the dispersal of heat throughout the liquidg150>
Table 5 illustrates the change in the heat capacity with
3

stirring rate for 100cm” water in the reaction flask. It can
be seen that X was essentially constant over the range of
stirring speeds from 5 to 6 5:1 At lower specds lags introduced
errcrs in the estimatlon of the corrected temperature rise,
mainly because of non-linearity of the cooling curve. On the
basis of the results given in Table 5 it was decided tc run

LI

all tests involving liquids at a stirrer speed of 5.7 Se
stirrer motor voltage was found to fluctuate by less than

I 2v after it had reached operating temperature., This represented

a variation in stirring speed at the 5.7 s—1setting of about
¥ 0.05 577 or less then 1%.
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Table 5 Variation of heat capacity with sfirrervspeéd.

>3

Volume of water 100cm?

Stirre£1Speed Heat Capacity

(s” ) (J/}1V)
6.16 0.5915
6.00 0.5910
5.75 0.5906
5.50 0.5905
5.00 0.5908
ko33 0.5860
3433 0.5821

3.4 Heat of bulb breaking

The heat of rupture of a thin-walled glass bulb used to
initiate a reaction depended on its wall thickness, the

mechanical properties of the glass and any internal strains

(135)

produced during blowing. Apart from these internal energy

considerations, heat is probably generated from the mechanical

energy required to break the bulb. Bartell ethalg151) found

3 glass bulbs filled with water to

the heat of kreaking of 17cm
average + 3.10 J, although the measurements showed poor
reproducibility. They suggested that part of this heat was due

to vapourisation of enough liquid to saturate that space occupied
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by the bulb but not filled with reagent. However calculation shows

this could not have been more than 10% of the total recorded heat

(132)found the heat of

(131)

of the bulb breaking, Evans and Richards
breaking of empty bulbs to be 0.2 J, whilst Coora et. él.
determined the heat of rupture of small glass bulbs to be +0.4 J,

unn(zm)

Recently, G mode wery accurate measurements on the heat of

breaking small glass bulbs, and found the average heat liberation

(135) have pointed out

to be quite 1bw at 0,03J. Sunner and Wadso
that if the bulb was situated close to the stirrer, the heat
generated by friction between the liquid and the unbroken bulb may
be different from that generated between the liquid and the broken
glass.

Experiments were conducted on a selection of "fhin-walled
glass bulbs of approximately 5cm3 volume, taken at random from a
batch of about 100, which had been blown from émm glass tubing.
The bulbs contained various amounts of water frbm 1.0 to 5.Ocm3
and were situated in the calorimeter flask just in contact with
the stirred water. The total water volume was always 100.0cm?
At thermal equilibrium the bulbs were broken by pushing down of
the thin-steel rod attached to the bulbs until they touched the
impeller. After breakoge the remaining stem of the bulb, attached
to the steel rod with wax, was withdrawn above the liquid level,
No heat of breakage was detected in any test although in some cases
the hesat of stirring did change slightly. A calibration run after
one test gave the heat capacity of the calorimeter as 0,5910 J/}LV

indicating that the pieces of broken glass had no appreciable

affect on the heat capacity of the system. A similar technique
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was employed for production of the glass bulbs throughout the work
reported in this thesis. In all cases the heat of bulb breakage

was assumed to be negligible,

3.5 Chemical check of calibration

The electrical calibration of the calorimeter involved a
point input of heat which was then distributed throughout the liquid
by stirring. A chemical reaction on the other hand, can be
considered as taking place throughout the liquid and nay give a
slightly different walue of the heat capacity. Observations on a
thermodynamically well known reaction would give a good check on
the electrical calibration. The reaction chosen was the heat of

neutralisation of an acid, HCl, by an alkali, NaOH. From published

(152)(210) °

values the value of £>H25 for the reaction

NaOH(( 100y * I’Cl(o.OOB?r——-é NaCl + H20....[25]

(c.0054)
is - 56.80 kJ/mol. Table 6 shows the results obtained at various
stirrer specds for the heat of reaction, using a total volume of

3

reagents of 100.0cm;
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Table 6. Heat of reaction of HC1 with NAOH st verious

stirrer speeds

Stirrer Speed —Ai{;’5
] B

(87 17 /mol
L.75 57.22
5.00 56.81
5.3% 56.76
5.66 56.64
6.11 56.93

In the region of constant values of heat capacity ie.e.from stirring
speeds of 5 to 65‘1, the measured heats of reaction were in good
agreement with the calculated values. The eleetrical calibration

was therefore confirmed.

3.6 Calibration with solid present

3.6.1 Heat capaeity of sphaleritc suspensions

The results of a series of calibration tests run with 50g
sphalerite and various quantities of water are giwen in Table 7,
The values obtzined were not as reproducible as when water alone

was used, but they did not vary by more than 0.5%.
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Table 7 Heal capacities for mixtures of sphalerite, 50g,

and weter

Volume [ Total {% 8olids by | Hect capacity ! Apparent specific heat
Watgr Volu;e Volume J/}LV J/OC sphalerite
cm cm . - J3/°c/g
60 7245 17.2 0.4395 | 332.9 0.742
75 87.5 1%4.3 0.5065 | 383.7 0.63%6
85 97.5 12.8 0.5567 | 421.7 0.6%6
100 112.5 11471 0.6321 { 478.9 0.621
110 122.5 10.2 0.6781 | 513.7 0.561

The apparent specific heat of sphalerite was calculated'by
assuming the specific heat of the various volumes of water, in the
sphalerite-water mixtures,to be the same as that given in Table L
for water alone in the calorimeter. The curve of heat capacity
against the water content of the sphalerite suspension was
essentially linear and the colculated values of the heat capacity
of sphalerite approached the published value(qqg) of 0.5383 J/g/OC
as the pulp density decreased. Stirring speed was held constant
at 5 5_1 but even at this high speed it cannot be assumed that a
truely homogeneous pulp was obtained. This heterogeneity and the
time lag involved for heat to penetrate the solid particles,
probobly accounted for the difference between the observed and

theoretical values of the heot capacity of sphalerite.
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In all tests involving sphalerite it was decided to use 50g

of the sclid with 85cm3

water, giving o heat capacity value of
0.5567 J/}LV. The total volume of pulp was 97.5cm3, calculated on
2 sphalerite density of hg/cmB, which was close to the total

volume (100cm”) used in liqnid-only reactions, thus allowing

convenient positioning of the thermocouples and glass bulb.,

3.6.2 Heat capacity of pyrite suspensions

The heat ecpocity of a pyrite suspension ocomposed of BOg.Fe32
and 85cm3 water was 0.5500 J/‘LV. The pyrite suspension had a
slightly lower total volume than in the case of sphalerite,

95.Ocm3 3

to 97.5cm”, but the position of #he thermocouples was sdjusted
to give 1cm immersion. Observations were made on the change in
heat capacity with stirring rate and are given in Table 8.

Table 8 Heat capacity of 50z pyrite and 85cm3 water at

‘various stirrer speeds

Stirrer Speed Heat Capacity

) /N
2ot 0.5417
3,00 0. 5484
4,00 0.5496
4.50 0.5509

5433 0.5530
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It can be seen that the heat capacity did not change by more than
1% until a stirrer speed of less than 2.5 5-1 wes used. Visual
examination of the flow patterne of the pyrite pulp in a glass
vessel of the some dimensions as the calorimeter Dewar flask
confirmed that some stratification of solid was occuring at speeds
below 3 sﬂq. However all solid particles were in suspension down
to a speed of 1 5-1. In view of these results, it was decided

to run all tests involving sphalerite and pyrite which had similar

size distributions, at speeds in excess of L a1,

2.7 Summary

The individuel errors of each aspect of the calibration of
the calorimeter have been discussed. In no case was the individual
error estimated to be greater than 1% and hence the overall error
will also be of the order of 1%.

The reproducibility of results, within the constraints of
stirrer speed, depth of thermocouple immersion, etc. outlined

above, was also considered to be of the order of 1%.
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CHAPTER 4

EXPERIMENTAL MATERTALS AND

ANALYTICAL TECHNIQUES.
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4.1 Experimental materials

L,1.1 Sphalerite and pyrite samples

The sphalerite sample was obtaincd from Ministerley in
Shropshire and consisted of massive sphalerite in a matrix of
calcite, (CaCOB). The pyrite sample was from Elba and consisted
of separate, well-formed cubes with very little impurity.

Both samples were crushed to about 0.5 cm size and the
purest crystals were handpicked for further treatment. These
crystals were washed in 20% HCL until gas evolution had ceased.
The gas evolved was assumed to be CO, from small calcite

2

inclusions, since no HES could be detected. The samples were then
repecatedly washed with distilled water until no chloride ion
could be detected with silver nitrate solution, and dried in air
at room temperature. Any alterations that had occurred on the
sulphide mineral surfaces could be neglected since these initial
samples had a very small surface area compared to the final area
produced by grinding,

The purified samples were further reduced in size by crushing
in a laboratory cone crusher. The product was screened on a
600_r1m sieve and the oversize was returned to the crusher for
further reduction. The minus 6OO;*L1n fraction was screened
on a 45 }Lrn sieve and the undersize was discarded. Microscopical
analysis of both the sphalerite and pyrite final samples revealed

some impurity material, mostly quartz and calcite grains, but both

samples were estimated to be at least 97% pure. The results of
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chemical and X-ray fluorescence analyses on the samples are given

in Table 8,

Table 8. Analysis of sphalerite and pyrite samples

% in sample

Element _
Sphalerite Pyrite

Zn 61.20 -

Fe 0.70 53.11

S 31,70 46,48
Ca0 2.20 L 1%
810, 1.60 £1%
Cu £1% trace
Mn £1% -

cd L% -

Pb trace trace

A 1.5 kg samplc of the - 600 + 45 kan material was ground
in a porcelain mill with porcelain balls at a pulp density of
65% solids by volume. The distilled water used was initially
adjusted to pH 7.0 with sodiun hydroxide and the nill was sealed to
prevent air entering. After grinding the mill was emptied and
the solids filtered, both procedures being performed under a
nitrogen atmosphere to prevent further oxidation. The percentage
of water in the filtered solid was detcrmined, and 50 g lots of

pyrite or sphalerite were prepared (on a dry basis) under
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deoxygenated conditions. Each sample was stored in a rubber-
stoppered phialgunder an atmosphere of purified nitrogen.

Two types of sphalerite sample were prepared, one having
a surface area of 0.771 mz/g and one of 0.494 mz/g. The two
pyrite samples had surface areas of ©.200 mz/g and 0.330 mz/g
respectively. BSurface areas werc measured by krypton gas
adsorption employing the B.E.T. method of calculation and using
the computer program described previouslys155)

Analyses of the grinding water in the cases of the sphalerite

and pyrite preparations are shown in Table 9.

Table 9. Analysces of grind water

Radical Sample
mol/dm
Sphalerite Pyrite
pH 7.1 6.8
n°* 1.1 % ’IO_L1L ~
Fe2+ none none
= by ) =3
SOQ -5 x 10 F2 X 10
s~ none none
. . -5 -
Reducing ion 5 x 10 1 x 10

The ions found in solution would suggest that the main
products of oxidation during grinding were metal hydroxides and

SOQZ. Some other thio-ions were present, probably 5203: and SQO6=.
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It was noticible in the case of pyrite, that the final pH was
similar to the initial pH and no ferrous ions werc found in
solution, This would suggest that iron was present on the surface
as ferric hydroxide or as a very insoluble basic ferrous salt.
Certainly the continuous oxidation process pictured by equation [1]
was not taking place, probably duec to the lack of oxygen in
the mill,.That a gas was consumed  during grinding was evidenced
by a vacuum upon opening the mill,

The size distributions of the various ground samples were
investigated by sieving, sedimentation and microscopical analysis.

The following average particle sizes, by weight were found

d50’
for the four mineral samples used:-

Sphalerite. Specific surface area O.494m2/g d.. = 20}1

50

1t [} 11 i 0‘77’] d50 - 10),(
Pyrite " i " 0,200 dey = 35
] it 15 0,330 d50 — 30,1_

The average particle sizes were taken from log-normal plots
of particle size against percent weight, which were essentially
L
Gaussian in shape('). It can be seen that the pyrite samples'

lower specific surface area was reflected in their coarser

grain size.
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4.,1.2 Preparation of deoxygenated water

Deoxygenated conditions were maintained throughout much
of the work reported in this thesis and the production of
oxygen-free distilled water was necessary. The most comnmon
method applied for removing oxygen involves lowering the oxygen
partial pressure above the water by bubbling 'oxygen-frec'
nitrogen through it. However no quantitative assessment has
been reported on the rate of removal of oxygen by this procedure.

(156)

It was generally agreed that oxygen concentrations
below 10'8 mol/’dm3 were attainable by this method.

Cylinder nitrogen containing less than 0.1% oxygen and
carbon dioxide was passed over copper gauze maintained at EOOOC,
through packed beds of soda-lime, chromous chloride solution,
saturated KOH solution and finally 20% KOH solution. Similar
trains of reagents have been recported in the literature (7)(156-158)
and it was cxpected that the oxygen and carbon dioxide concentrations
in the nitrogen be lowercd at least 100 times by this method. There
must always be some residual concentration of oxygen in the gas due
to the partial pressure of oxygen over copper oxide and to the
short residence time of the gas in the wash bottles. The use of
alkaline pyrogallol solution has been recommended(159) as an
oxygen absorbent, but was avoidced in the present work as some CO

is always produced, which may have & ffected the mineral surfaces

by chemical reaction.
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The purified nitrogen was then dispersed through a sintered-
glass disc into a 9.0 dm3 sample of distilled water saturated
with air. The dissolved oxygen content of the water was monitored
continuously with a Pro-Tech S.M.120 Oxygen dMeter. The water
temperaturc was held at 20°c ¥ 0.5 since the calibration of the
meter was sensitive to temperature changes.

Figure 7 shows the decrease in dissolved oxygen content
with time for various flowrates of nitrogen. The lowest
attainable oxygen concentration according to the mcter was
1.56 x 1072 mol/dm’ but a series of dilution tests proved that
this was indicative of the lowest level of detection of the oxygen
meter rather than the actual concentration obtained. Analysis

(156) mcthod at several points on the 4.3 cms/s

by the Winkler
nitrogen flowrate curve gave good agreement with the values
indicated by the meter. However the lowest attainable oxygen
level was found to be below 1.56 x 1O~5 mol/ﬁmB. Although
analysis by the Winkler method lacked great accuracy at low
oxygen concentrations, it was suggeéted from the results obtained
that the level of oxygen present after 4h at a nitrogen flowrate
of 1Ofcm3/s,was between 0.5 x410’5 and .0 x 10—5 mol/dm3°

For a given sintered-glass disc the rate of deoxygenation
of distilled water depended on the number of nitrogen bubbles
produced, their surface area and retention time in the liquid.
It was possible to calculate the theorctical volume of nitrogen

required to reduce the oxygen concentration in water to any

desired value, ¢ mol/ﬁms. Considering a small, initial quantity



Initial O,conc.: 2:87 x 10* mol|dm?>
Temperature: 20°C

Oxygen concentration (mol/dm3x10" )

| 1 1 1 1 1 |

0 5-0
Time (h)

Fig. 7 Dissolved oxygen content of water at various nitrogen flowrates.

-{78-
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of nitrogen av dm3 entering 1 dm3 wateor, then the change in

oxygen concentration, dc mol/de was given by

-dc = dv P02
N -

22, ’I—Po2

where Po, = portinl pressurc of oxygen (atmospheres)s
Assuming that the bubble had reached cquilibrium before escaping
and ignoring the partial pressure of water, the concentration
of a gas in solution was given by Henry's Law, and equation [26]
became

-dc = cdv
EETETK:E) escssancoas [27]

wvhere K is Henry's Constant for oxygen at 20°c.

Then integrating between the initial concentration, C., and

11

the final concentration, C, we get:-

€

55 [King + (C-cpl...[28]

For 9 de water and a nitrogen flowratc of 10'2 de/s the
calculated time to lower the oxygen concentration from

57.3 x 10—5

mol/’c’im3 to 1.0 x 1077 mol/dm3 was approximately 300s.
This compared to almost 2h nceded in practice (see Figure 7).
Clecarly the retention time of the bubbles was much too low

for equilibrium conditions to be approached.

However the diffusion of gas across a gas-liquid intecrface

is usually considered to be a first order process and to follow the

general squation
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log El =Kt vevcocnnns [29]
C

A plot of log Sl against time for the 4 flowrates of
C
nitrogen tested is shown in Figure 8. It can be seen that for

each flowrate there was initially a linear relationship between
In Ei and time, demonstrating that the deoxygenation process

C
was in fact first order with respect to oxygen concentration.

The non-linearity at low oxygen concentration was probably due
to errors in the oxygen meter rather than a change of mechanism
of deoxygenation.

In practice the nitrogen was dispersed through the water
for at least 4 hours at a flowrate of 10 cmB/s before usec.

If it is assumed that the lowest attainable oxygen concentration

5

was 1 x 10 mol/de, then assuming a molecular area of

7.7 % 10-20 m2 for cach O2 atom, the possible surface coverage of

the mineral samples used was calculated., For 50 g of the lowest

surface arca sample uscd, (Pyrite, specific surface area O.2OOm2/g),

3

in 85 em” deoxygenated water there was enough oxygen to provide

less than one-thousandth of a monolayer coverage. The reaction
of oxygen in 'deoxygcnated' water with the mincral surface was
therefore negligible.

Finzlly the calorimcter was tested for 'gas tightncss!

3

by loading it with 100 cm” deoxygenated water under deoxygenated

-1
conditions. The sample was left to stir overnight at 6 s

then analysed for oxygen content by both the Oxygen Meter and

the Winkler method. The Oxygen Meter recorded

5

1.57 x 10"~ mol Oz/am3 whilst the Winkler analysis gave



- 87 -

Nitrogen flowrates:
o 2:50 cm3[s
0 433
s 10-03
r 15-23

‘. 1 L i L 1 1 g 1
05 1.0 15 20 25 30 25 4-0
' Time (h)

Fig. 8 Rate of deoxygenation of water
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0.83 x 10”7 mol Oz/dmz. The apparatus was therefore considered
to be free from gas leaks; the rate of diffusion of oxygen through

the seals in the caloripeter lid being very slow.

4,1.3 The glove box

All experiments involving the maintainence of deoxygenated
conditions were preparcd in a glove box. The box was constructed
from perspex and was equipped with a balance, @ pH ueter,
deoxygenated water inlet and a wvacuum line for filtering.
Nitrogen, purified as described previously, was used to flush
out the glove box before use and nitrogen flow was maintained
during sample preparation to keep a small excess pressure, over
atmospheric, in the box. The glove box had a total volume of
150 de and, assuming perfect displacement ,the time required
for complete replacement of nitrogen for air was 0.5 hours at
a nitrogen flowrate of 83 cmz/s. However if the removal of
oxygen was regardced as an examplce of perfect mixing it can be
shown that the ratic of the initial concentration of oxygen, Ci,

to the final concentration, C, is given by

/C’ = e ceensscessne [30]

where x is flowrate of nitrogen
t is time to reach concentration C

v is volume of glove box.
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By substitution of the various values in equation [30] it was

calculated that 7Y hours would be required, at a nitrogen flowrate

of 83 cm3/s, for a million times reduction in the oxygen concentration.
In practice a flushing time of & hours was used before any

preparation of samples or reagents. It was found that deoxygenated

water, introduced into the glove box after 6 hours, did not increase

in oxygen concentration over a period of a further 5 hours, and

a dilute solution of chromous chloride did not change colour.

It was assumed, therefore, that an oxygen-free atmosphere had been

created within the glove boxX.

4,2 Analytical techniques

L,2.1 Analysis for diethyldithiocarbamate ion

Several methods of analysis were available for the determination

of Cb~ ion. Spectrophotometric§160) iodometric(161) and precipisation
titration(162) were chosen for further investigation,although other

(111)(163)

methods have been used.

(a) Spectrophotometric Analysis

The diethyldithiocarbamate ion has two distinct absorption

(160)

peaks in agueous solution at 282.5 nm and 257.5 nm. The

oxidation product, Cb.,, has no-known peaks in this region but

2,
may have some absorbance. Solutions of 5.0 x 1072 ana

15 x 1072 mol/dm3 NaCb were made up at pH 9.0 with sodium hydroxide.
A sweep of the wavelengths was made in a Hilger-Watts Urispek

Spectrophotometer equipped with 1 c¢m cells and the optical

densities obtained are shown in Figure 9.
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Fig. 9 Spectrum of diethyldithiocarbamate ion.
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The reported absorption peaks were confirmed, and no interference

was found upon the addition of saosz, soq= and 8~ in
concentrations up to 10_1 mol/mB. However a dispersion of the
pxidation product, Ega, in distilled water at pH 9.0 gave a
blanket’ absorption over the useful wavelengths, (see Figure 9),
even after prolonged centrifuging.,

A series of standard solutions of NaCb at pH 9,0 were
made up and the optical densities measured at 282. nm., It was
found that a graph of optical density against concentration was
linear over the range 1.0 x 107 to 18.0 x 1077 mol/'dm3 HaCb.

in accordance with Beer~Lambert's Law. Table 10 lists several

values in the relationship.

Table 10, Optical density of various NaCb solutions at pH 9.0

Concentration Optical Density
z
mol,/dm”
-5

8 x 10 0.110

%.25x% 1072 0.451

2.00x 1077 0.962

11.00x% 10“5 1.520

17.00x 10~2 2,345

e s

A solution of 5 x 1077 mol/de NaCb was made up at
pi 4.0 with HCl. it was left overnight and then its optical

density compared with a similar solution at pH 9.0.
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Figure 9 shows that the optical density of the hydrolysed sample
dropped to only about 30% of its stable values at pi 9.0.
This was probably due to dissolved 082 and diethylamine, which
have light absorbancies in the wavelength region examined.

Two possible errors were shown to exist in spectrophoto-
metric determinations of Cb ion; the products of hydrolysis
and oxidation. The possibility of one or both of these effects
oaearring when NaCb is added to mineral suspensions must be
considered.

(b) Iodometric Titrations

If jiodine is added to solutions of NaCb a white oxidation
product, diethyldithiocarbamyl disulphide is formed according to
the reaction:

2 Cb(aq) * IE(aq)—-_’Cb2q_) + 2 I(aq)

ceeee [31]

However the disulphide is casily oxidised to other, higher
organics by lodine, and the end-point, in a titration with starch
as indicator, was found to be variable. It has been reported(161)
that the addition of either chloroform or ether to the flask
during titration greatly improves the reproducibility of the

end-point, by dissolvring the Cb2 and removing it from the aqueous
phase.

A series of titrations were run with standard solutions of
jodine and NaCb , using starch as an indicator, to find the error

involved in the presence of ethef or chloroform. The results are

presented in Table 1.
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e

The use of ether to dissolve Cb2 produced large and
variable errors due to the solubility of iodine in the ether.
These errors occured even when the iodine was added below the
ether layer by a capillary tube and no further tests were run

using this reagent.

Table 11. Titrations of NaCb solutions with iodine in presence

of ether and chloroform.

Range of Organic Agueous Ratio Error Remarks

solutions ' pH Aqueous %

tested organic

3

mol/dm

1071 - 10‘4 none 8.5 - 10 = 15 Gnd-point indistinct
due to further oxida-
tion

10”1 = 1072 ether 8.5 1 :’16&!88 an&)Some iodine dissolves

variable/in ether layer

107" - 107 chloroform 8.5 1:1 2-4 Flask must be shaken
by hand after each
addition of I. near
the end-point

107" - 107 " 11.0 1:1 20 - 30 Todine_consumed_by
I?.+20H —>1 +Io3 +H20

10~1 - 1073 L 8.3 1:1 1-L pHinitially 41.0.
Lowered by addition
of HCl to phenel-
phthalein end-point

10~2 ! 8.3 17:5 &8-=10 f n
10—3 t 8'3 5 s 1 13 n i




- oh -

Chloroform, on the other hand, gave reasonable results for equal
volumes of organic and aqueous phases. The error was close to 1%
with ’IO_3 mol/de solutions as long as the flask was shaken fairly
vigorously by‘hand between iodine additions.

The presence of other reducing ions would cause serious
errors by consuming iodine.

(c) Precipitation titrations

NaCb reacts with slightly acidic sclutions of heavy metals(162)

to produce colloidal precipitates. The end-point of such a
titration can be determined by the colour change of dithizone,
which is selective for certain metals within narrow pH ranges&164)
The titration of standard solutions of NaCb and Pb(NOB)2 was
studied following the procedure reported by Wickbold€162)
The lead solution was adjusted to a pH between 5 and 6 with
tartaric acid, ammonia and HCi solutions, then buffered by the
addition of sodium acetate and acetic acid. Dithizone was added
as a chloroform solution and turmed from green to red, due to the
formation of a lead dithizonate complex. HaCb solution was
added until the end-point was recorded by a change in the colour
of the chloroform layer from red to green. It should be noted
that the indicator turned violet just before the end point.

The method was found to give accuracies to better than
1% in the Cb  concentration range 10™" to ’IO‘J1L mol/de.
The end-point was rapidly and distinctly achieved in all cases.
No interference was found upon the addition of Egé which was
taken up by the chloroform layer. The accuracy of the titration



was tested in the presence of 504 ion, Negligible errors were
recorded when using 1072 mol/dm3 solutions of Pb(N03)2 and Naag,
with Na SO, additions up to 10™% mol/dm-. i
It was decided that after each test involving Naag,the Cb
concentration would be determined spectrophotometrically and
iodometrically. The difference between the two values was taken
as the concentration of other reducing ions in solution. If the
spectrophotometric determination falled because of the presence

of other absorbing ions, the Cb was determined by titration with

Pb(NOB)Z'

h.2.2 Analysis for oxy-sulphur anions

The concentration of SOQ= ions in solution was determined
by the classical method of precipitation with BaCl, solution

2
(165)

and direct weighing. A titrimetric method using an Alizarin
indicator was tried, but detection of the end-point was difficult when
the S0, ion concentration in sclution was below 10™%mo1/dr>.  The BaS0),
precipitations were perforned at boiling temperature in the presence of
5 x 10_2 mol/dm3 HCl. The precipitates were aged for 2 days at

room temperature before filtering on sintered-glass filter discs,
(porosity 4), and drying at 100°C, The method was found to give
acceptable accuracy in the range 10—2 to 10_4 mol/dm3 sulphate

ion concentrations, as long as the precipitates were aged

sufficiently. The presence of up to ’IO—2 mol/dm3 KaCb gave no

interference if enough acid was added to decompose all the Cb ion.
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In cases where S,0., ion existed in solution, allowance was made

23

in the final weighing, for sulphur produced by the reaction.

= + - o]
8,05 +H —> HSO; + 8 cesenennes [32]

Thiosulphate ion was determined with standard iodine solution
using freshly prepared starch as the indicator. Sulphide ion was

(166)

also determined iodometrically using a method described by Vogel.

4,2.3 Analysis for iron, zinc and copper

Analyses for iron, zinc and copper were performed by atomic
absorption spectroscopy employing a Hilger and Watts Atomspek
H1170 instrument.

(a) Iron Analysis

The determination of iron by atomic absorption spectroscopy
was tested in the concentration range O to 5 x 10—4 mol/dm3 Fe?and
the influence of sodium, zinc and copper on the results was studied.
An air-acetylene flame was used and the absorpticn at 248 nm was
measured. No effect was found for large sodium concentrations,

10-2 mol/dms, nor for zinc or copper up to ’IO-'3 mol/dms. The

3

iron solutions were prepared in 0.1 mol/dm” sulphuric acid from
ferroﬁs sulphate crystals.

The distinction was made between ferrous and ferric ions by
spot tests. Ammonium thiocyanate gave a blood~red colour with
ferric ion whilst potassium ferricyanide gave a blue colour with

(167)

states that these tests arc sensitive to

3

ferrous ion. Feigl

a concentration of 10-5 mol/dm” Fe and this was confirmed by experiment.
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(b) Zinc Analysis

The determination of zinc by atomic absorption spectroscopy
was tested in the concentration range O to 3 x 10—4 mol/ﬂﬁ? Zn.
The response was found to be lincar in an air-acetylene flame at
213%.5 nm. The influence of iron, copper, sodium and sulphate ions
was examined. It was found that sodium and iron had no effect whilst
copper interfered at all concentrations, if a copper-containing
lamp was used. When radiation was provided by a zinc-aluminium lamp
the copper interference was removed. soqz ion was found to have
a varying effect up to 0.2 mol/'dm3 but the interference became
constant above this ﬁalue. A1l standard and test solutions

3

containing zinc were made up in 1.0 mol/dm stoq tc compensate
for the 80, effect.

(¢} Copper Analysis

Copper analysis by atomic absorption spectroscopy was
examined over the concentration range O to 3 x ’IO“L+ mol/'dm3 Cu.
Solutions were made up in 0.5 mol/dm3 stO4 and tested in an
air-acetylene flame at & wavelcngth of 322.5 nm. No interference
was found at any concentration of copper in the presence of iron,

zinc, sodium or sulphate ions.
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CHAPTER 5

THERMOCHIMISTRY OF SOME REACTIONS
PERTINENT TO SPHALERITE AND

PYRITE FLOTATION.
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5.1 The heats of formation of various zinc, copper and jiron salts.

The heats of formation of some zinc, copper and iron salts
were measurced using the calorimeter described in Chapter 3. The
total volume of reagents used in all cases was 100.0 cm3 and the
heat capacity of the system was taken as 0,5906 J/rLV (see Table 4).
The heat capacities of any precipitates produced by the reactions
under study were ignored, as the solution concentrations used never
produced more than 0.3 g of solid. Predictions of the heats of
reaction were made, ﬁhere possible, by calculation ultili;ing thermo-
dynamic data reported in the literature§152) Deoxygenated conditions
were maintained throughout these experiments although, in many cases,
it proved unnecessary.

The MNaCb solutions were found to have substantinl heats
of dilution. A determination of the heat of dilution was carried

out after each test described in this section, and corrections were

applied to the values of [5H;5 obtained.

5.1.1. Thermochemistry of some zinc salts.

(a) Zinc sulplide

Precipitated zinc sulphide appears to be somewhat more soluble
than naturally occcurring sphalerite and wurtzite,and its solubility
was found to depend largely upon the pH at which it was precipitated.

(168)

Latimer calculated the 43Hg5 for precipitated ZnS to be -185.4

kJ/nol, although some doubt was expresses about the validity of this.
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ZnS is preferably precipitated from a slightly acidic, buffered

solution, when the solid formed is mainly of the sphalerite

(169)

wo X-ray diffracticn studies reported precipitated

(15)

structure.
ZnS to be 75% sphalerite and 25% wurtzite, and 80% sphalerite

(19)

and 20% wurtzite respectively. The pH's values during precipitation

were not stated but both solids were made from HES and ZnSOA. Heating
the precipitate to 600°C in a nitrogen atmosphere was recommended if
a pure sphalerite structure was required. Smzall, pure, single crystals

(170)

of wurtzite have been grown from precipitated ZnS heated under

different conditions.

Zinc sulphide was precipitated by the addition of Na_S to ZnSOq

2

solution according to equation [30]

7nso + Na_S —~—>  ZnS, | + Na.SO cevee[30]
“0.0182) 2 (0.283) (s) 2" (0.0135)

The numbers in brackets in this equation refer to the solution
ccncentrations used and are in units of mol per dm3. The calculated
value of zﬁ5H§5 for reaction [30] was - 95.82 kJ/mol Zn, if the solid
phose were sphalerite, or - 82.42 kJ/mol Zn if it were wurtzite.

The precipitations were carried out in buffered and unbuffered
solutions. In solutions buffered at pH 6.0 or 4.2 with 0.2 mol/dm3
mixtures of sodium acetate and acetic acid, the values obtained for

L}Hgs were - 86.35 + 0.17 kJ/mol Zn. The reaction was rapid and

complete with a reproducibility of + 0.2%. However in unbuffered

o}

25
generally about 10kJ/mol lower tham the buffered values. The pl

solutions the measured values of £\ H._ obtained varied and were

in these experiments increased from 6.0 to 6.4 and in one case



-101-

a secondary reaction was noted vhich commenced about 2 minutes
after the time-temperature curve had indicated cooling. Mellor<171)
reported that zmorphous ZnS was the product of an unvuffered
precipitation reaction between ZnSOh and alkali sulphide solutions.
Thermodynamically an amorphous precipitate is at a higher energy
level than one with a definite crystal structure, but the entropy
term may also change and it is impossible to predict the values of
15H§5.

The values of [}HZE obtained in buffered solution did not
correspond to either of the values calculated for the precipitation
of sphalerite or wurtzite; and the precipitate may have been a
mixture of the two,or, alternatively, amorphous. Richardson and
Jeffess173) in discussing the thermodynamics of sulphides, state
that the large difference between A’ for sphalerite and wurtzite
is improbable and the generally accepted values may be in error.
The heat of formation of precipitated ZnS given by the data found

in the present work was - 194,10 kJ/mol which was about 9 kJ/mol

higher than the value given by Latinmer.

(b) Zinc hydroxide

(174)

Pourbaix has identified 5 types of zinc hydroxide in

the corrosion products of zinc metal, with solubility products

(175)

ranging from 1.66 x 40‘16 to 8.41 x 10'18. Feitknecht found
that the product of precipitation from a zinc salt and an alkali

was amorphous Zn(OH)z. This was found to be unstable, and changed
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into one of the other forms noted by Pourbaix, the variety of which
depended on pH. ZLater the heats of transformation from an
amorphous precipitate tc one of the crystalline variety, were

(176) and found to be approximately - 12 kJ/mol Zn.

measured
The calculated heat of formation of zinc hydroxide by
equation [31] was found to be - 30.56 kJ/mol Zn assuming the product

to be amorphous Zn(OH)Z.

+ 2NaCH —> IZn(OH)

ZnS0 5
(0.0055) (0.200) ()

+ N32504

A ceo[31]

(0.0052)
The measured value of 11H35 was - 30.73 kJ/mol Zn, which was
in good agreement with the calculated value considering the
ambiguous nature of the precipitate. The reproducibility was
acceptable as long as stoichiometric quantities of reagents were
used. In the presence of ecxcess ZlnSO,_P the measured heat of formation
was - 19.00 kJ/mol Zn , although the reproducibility was only
within + 10%. Analysis of the final solution in this case suggested
the formation of the basic salt an(OH)Zsoq. Basic salts of zinc
sulphate are well known but their reported compositions have not

(177)

been in agreement.

(¢) Zinc Carbonate

The reaction between zinc sulphate and potassium or sodium
carbonate has been reported to give rise to a series of solid

. , ; (171)
solutions between Zn(OH)2 and énCOB,

reaction represented by equation [32] does not take place under

Certainly the simple

normal conditions.
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Zns0 + K.CO, —> ZnCO + K_S0, cees [32]
4(0.01) 2 3(0_30) 3(5) 2 Y o.01)

o
25

Zn and clearly large entropy changes are involved ifAG° is to remain

The theoretical value of AH._ was calculated to be + 13.06 kJ/mol

negative and precipitation to take place spontaneously. The measured
heat of reaction between zinc sulphate and potassium carbonate was

+ 19,67 kJ/mol Zn. The pH of the solution increased from 6.3 to 6.7

and all the Zn2+ ion was consumed. However analysis revealed that

only 66% of the soh= ion was in solution, and either a conplex salt

had been formed, or adsorption of SOLP= sion on the precipitate had

taken place. The large discrepancy between the measured and calculated
LSHO values would tend to confirm the formation of a complex salt.

(171)

ZnCO, has been shown

3
ZnSOh and KHCO

to form during the reaction between

according to the equation

3

ZnS0 + bKHCO ~—3> ZnCO

+ K. S0 + K_CO
%0.005) 3(0.300) 5g) 2 ¢

(0.005) 2 3(o.ooa)

+ H.CO, ceeenes [33]
< 2(0.002)

The calculated value of LXHZ for this reaction is + 28.88 kJ/mol Zn.

7
Experimentation gave a measured value of LhHZB of + 28.10 kJ/mcl Im,
which was in fair agreement with the calculated value. Analysis of
the filtered solution showed that all the zinc had been precipitated
and all the S0~ ion was in solution.

The'cooling' periods at the end of all the reactions involving

ZnCO, precipitations were non-~linear, suggesting that further

3
adjustuents to the chemical composition werc taking place.



- 104 -

(d) Zinc diethyldithiocarbamate (Zn-C-‘EE)

The precipitation of Zn-('f‘z)”2 was performed according to
equation [34] and the AHZS value measured.

ZnSO + 2NaCb s ZnCb, + Na_S0 R Y
*(0.0053) (0.333) 2(s) 2 *(0.005)

Aﬂgs for this reaction was found to be -56.64 kJ/mol Zn. The

reaction, as written above, was also found to hold when excess

Cb~ion was added. However, in the presence of excess zinc ion

the heat of reaction was lower, being -55.3% kd/mol Zn. It has

(117)

been reported that Zn—cﬂb-2 can form a complex in the presence

of zinc ion thus:
== 2+ o
ZanZ + Zn -*'*‘-)EZ!’ICb 0000100-0000000[35]

The "activity constant' for this reaction, measured by an amperometric
method, (223) was reported to be 5 x 107, A emell smount of ZnCb'
formed in the experiment described above may have been responsible
for the lower AHZS value recorded.

(e) Heat of the reaction between Zn(OH)2 and NaCb

The heat evolved during the reaction between Zn(OH)2 and NaCb
was calculated by subtracting equation E‘j‘ﬂ from {3’:_\ thus:
ZnSOL} + 2NaCb -—-?Zan2 + Nazsoh

- ZnSOl,_ + 2NaOH - Zn(OH)2 + NaESOl,_

2N&Ch () 5y + Zn(OH)E(r Zanz(s) + ZNB‘OH(O.OOE)""'BG]
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The theoretical dng value of reaction [36] was then calculated

5
to be - 26.25 kJ/mol Zn.

Zn(OH)2 was prepared by precipitation, according to equation [31],
in the glove box under dcoxygenated conditions. A suspension of 0.5 g
2O was made up in the calorimeter flask and was

found to have a pH of 8.3 NaCb was added and the heat of reaction

Zn(OH), in 97 cm” H

measured. It was found that if relatively large quantities of NaCb
were used ( 5 x 10-h mol) the reaction period was 20 minutes or
longer. The heat liberated corresponded to a Z&Hgs value for
equation [36] of - 30.4 kJ/mol Zn and a final pH of 11.6 was obtained.
If smaller { 1 x 10-4) quantities of NaCb were used the heat rise
recorded was fairly rapid and although no cooling appeared,the
time-temperature curve became almost horizontal after 3 to 4 minutes.
After the short horizontal period the curve slowly began to rise
again suggesting a continuing reaction. The measured values of £&Hg5
were - 26.58 + 0.17 kJ/mol Zn which were close to the calculated
value. The final pH varied between 11.0 and 11.3 but equilibrium had
not been reached when experiments were stopped as evidenced by the
increasing time-temperature curves.

The results were explained by considering the ecguilibriz of
zinc ions in solution at various pH. Using the values reported by

(174)

Pourbaix for amorphous zinc hydroxide, the total quantities
of zinc in solution at pH 8.3 and 11.5 i.e. the initial and final
pH of the solution were calculated. The values are given in

Table 12 and it can be seen that there was more zinc in solution

at the higher pH than the lower one.
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Table 12 Soluble zinc species in alkaline solutions

Concentration log(mol/dmj)

Species

pH = 8.3 pH = 11.5
A - 5.68 - 12.08
ZnOH™ - 7.05 - 10.25
HZn(~ - 8,42 - 4,28
2n0, ~13.83 - 5.89
Total Zine - 5.66 - 4,27

On addition of NaCb to the suspension of Zn(OH), the reaction

by equation [36] would be almost instantaneous, considering the large
surface ared provided by the colloidal hydroxide particles. The
soluble zinc at pH 8.3 was consumed during the formation of ZnEBZ
but a new equilibriun must then have been established to provide

the soluble zinc requircments at a pH close to 11.5. The secondary
reaction period observed was probably the dissolution of some of

the unrcacted Zn(OH)2 to give zinc species in solution.

(f) The heat of reaction between ZnCO3 and NaCb

The heat of rcaction between ZnCO3 and NaCb was calculated,

by substracting thelﬂHg value for equation [32] from that for

2

equation [34], to be - 69.70 kJ/mol Zn. ZnCO3 was precipitated in

the glove box from Znsoq and NaHCO_ solutions. About 0.5 g of the

3

washed precipitate were used in the determinations of ZSHZB for

reaction [37]
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ZnCO + 2Halb

5 —3 ZnCb + Na_CO
(s)

(0.20) 24 27306, 002) eens [37]

The measured value of ASHZE for equation [37] was - 47.72 + 0,47
kJ/mol Zn, and a considerable discrepancy cxisted between this value
and the calculated value. The reaction periods were short (€2 minutes)

and the time-temperaturc curves showed no evidence of secondary

reactions. The final pH was 11,0. Analyses of the filtered

solutions revealed that the exchanze of Cb for CO3 was not
stoichiometric being in the ratio 2 Cb : CO, = 1 : 0.85

3

Clearly the reaction was not as simple as suggested by equation [3?]
but this was to be expected, considering the possibility of the

presence of basic zinc carbonate discussed previously.

(g) Cther zinc salts.

Solutions of soluble zinc salts of thio-acids which may have
been present on an oxidised sulphide‘mineral surface were prepared.
Solutions of zinc and thiosulphate ions, zinc and metabisulphite
ions, and zinc and persulphate ions were treated with NaCb
solutions in the calorimeter. The measured heats of formation of
ZnEEé were - 56.6, - 56.2 and - 56.6 kd/mol Zn respectively, which
were in agreement with the value reported in Section 5.1.(d).

No secondary recactions were observed in these systems.
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5.1.2 Thermochemistry of some copper salts

(a) Copper sulphide

e}

25
was calculated to be - 157.81 kd/mol Cu.

The value of AH__. for the precipitation of CuS by equation [38]

Cuso,, .+ NayS§ —> CuS(y +.Na S0, ceneeens [38]

(0.2) (0.008)

(0,008)
The activation of sphalerite with CuS0, required the production
of a CuS layer on its surface(h). The effect of reagent concentration
on the heat of formation of CuS was studied to determine whether

2+ = . .
excess Cu~ or § altered its valuc. Various measurcnents

afzsﬂg5 for reaction [38] are given in Table 13.

Table 13. Heat of formation of CuS

Conditions of Reaction Initial Final -£5H;5
pl pil kg /mol Cu
Stbéchiometric amounts 4.6 5.0 158.23
S50% Excess a8 4,6 10.8 155.72
50% Excess Cuso, 4,0 L.3 159.91
Stoichiometric amounts but - 4,9 157.39
2+

in presence of Zn~ ion

It con be seen that the variation from the calculated value of
[kngq was not more than + 1.3, even on the presence of zinc ion.

It was not expected, therefore, that the formation of CuS on the
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sphalerite surface would be affected by local high concentrations

of Cu2+, S~ or Zn2+.

(b) Cupric dicthyldithiocarbamate (cﬁEEé)

CuEEZ was formed according to equation 129] and its heat of
formation was measured.

Cuso,, + 2Naag(o.44)-*——§ CuCb + Na 80, veeeee[39]

(0:008) 2(s) 2" *(0.008)

The value of13H§5 was found to be - 143.08 kJ/mol Cu. Analysis
of the test solution after precipitation revealed that all the
copper had been removed and Cb  was nresent only to the slight
excess added. The precipitate was brown in colour and dissolved
readily and completely in chloroform.

In the presence of exceés copper lons the heat of formation
of‘CdEga was found to be slightly lower at - 140.65 kJ/mol Cu but
analysis indicated that the rcaction had taken place according to
equation [39]. However the formation of a smoll amount of CuCb.

comnlex in a manner similar to that discussed under 5.1(d) may have

accounted for the discrepancy.

(c) Cuprous dicthyldithiocarbamate (CuCb)

Experiments reported in the litcerature on the trace analysis

(122)

of metals have shown that CuCb is a stable, insoluble compound.
Since the formation of some cuprous ion on the surface of sphalerite

during activation was a possibility, it was necessary to know the
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heat of formation of CuCb., NaCb was reacted in the calorimcter
with a suspension of colloidal CuCl particles according to the
equation

CuCly + NaCb(O.134)~—~9 CuTh _y + NaCli ooy +eees [40]

Excess NaCb was used and the heat of reaction was found to be

- 72.33 kJ/mol Cu. HNo secondary reactions uwere observed and the
reaction period was about one minute. The final precipitate was
brown and almost completely dissolved in chloroform indicating
that nearly all the CuCl had rcacted. The chloroform solution of
CuCb was evaporated under a stream of nitrogen and gave well-
formed, brown prismatic crystals., Chemical analysis of these

crystals for copper corresponded to a formula of CuCb.

(d) The reactiocn between Cu(OH)2 and Halb.

The reaction between Cu(OH)2 and HaCb according to equation [41]
was found to be slow, but a cooling curve was obtainel after 24 minutes.

Cu(OH)2 + 2HaCb

Cb e L
- (0.25) ~2CuCb, & a0l ooy weees [L1]

The calculated heat of reaction for equation [41] was - 84.98 kd/mol Cu
whilst the ueasured volue was - 86.23 kd/mol Cu. The crror of 1.5%
may have been due to the known tendency for Cu(OH)2 to deconmpose to CuO.
The pH of the solution had risen from 7.4 to 11.6 and all the NaCb

added had been ocnsumed. Analysis of the sclution for copper ion

3

revealed a concentration of 1.6 x 10—5 mol/dm” which roughly eorrecs-

(174)

ponded ¢to the  solubility of Cu(OH)2 at pH 11.5 duc to

the dissolution of non-ionised Cu(CH)Z.
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(e) The reaction between basic copper carbonate and 11aCh

The carbonate of copper does not exist as the simple salt

(6l)

CuCOB, although many claims to its production have been made.
The product of the rcaction between a soluble cupric salt and an

alkali metal carbonate has been shown to be the basic salt CuCOBCu(OH)Z,
although small variations in composition were usual.

A deoxygenated suspension of CuCO Cu(OH)2 was prepared from

3

C1.1SOL+ and Na2003 as described by Brauer(169) in the calorimeter

flask and 4 x 10’4 mole NaCb added. The heat of reaction was found
to be = 119.5 kJ/mol EEZ and all the Cb had been consumed. The
final pH was 10.5 and titration with hydrochloric acid revealed
stoichiometric exchange of alkaline anions for Cb . The solid

particles had changed from green to brown indicating that cﬁEEZ

had, in fact, becen formed. The equation of the reaction was assumed

to be
CuCo.,.Cu(0H) + 4NaCb —>2CuChb + Na.CO + 2NaOH
7 %(s) (0.135) 2(e) 2 2(0.001) (0.001)
cenL 2]
O ——
AH25 = - 119.5 kJ/mol Cb,

The reproducibility ¢f the reaction was + 2% which was considered
to be due to the difference in composition of the precipitates used.

The heat of reaction between copper hydroxide and NaCb was found

to be - 86.23% kJ/mol Cb. according to equation [41] whilst the

2
hypothetical reaction between CuCO, and NaCb by equation [43] was

calculated to be - 157.73 kd/mol EB‘Z

CuCo + 2NaCh —> CuCb + Na.Co veeess [83]
3(s) (0.1) 2(5) 2 3(O.OO’I)
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The mean of these th values was - 121,98 kJ/mol Egé which provided

a rough estimate of the theoretical value of £§H25. for reaction [42].
This estimate was in fair agreement with the experimental value found
for equation [Q2]. Therefore the reaction between basic copper
carbonate and NaCb can be considered as taking place between NaCb

and a mixture of roughly equal parts Cu(OH)2 and CuCOB.

5e1e3. Thermochemistry of some iron salts

(a) Ferrous diethyldithiocarbamate (FéESZ)

The precipitation of Fer2 was performed in the calorimeter

by mixing ferrous sulphate and NaCb solutions according to the
equation

FeSOLF + 2Na‘6€(o.38)"_‘—>’ FeC—bZ + NaESO seee [%]

(s) 4(0.008)

The heat of reaction was found to be - 42,49 kJ/mol Fe and a black

(0.008)

precipitate was formed. This precipitate was soluble in chloroform.
The final pH was 8.0 and no ferrous cr ferric ions were detected in
solution by spot tests with ammonium thiocyanate and potassium
ferricyanide. However there was a small amount of [ (‘110—6 uel)
in solution at the end of the test which was approximately equal to
the slight excess of Cb_ added. The precipitation was, therefore,

in accordance with equation [ith].

(b) Ferric diethyldithiocarbamate (FéEES)

The precipitation of ferric ions with NaCb solution was
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complicated by the low pH necessary to stop ferric hydroxide
precipitating. To maintain quantitics im the order of 1072 mol/'dm3
of ferric ion in solution the pH must be between 1 and 2. At this
pH the hydrolysis of Cb  to 052 and diecthylamine would be exfrcmely
rapid according to the mechanisn described in Section 2.7,and it was

doubtful whether FeCb, would precipitate before some of the Cb had

3
decoriposed.

1aCb was added to a solution of ferric chloride, contzining
HCl, in the calorimeter ond the heat of reaction was observed. With
stoichionetric quantities of rcagents, i.e. according to the equation

FeCl + 3r\za0b(o.45)-9Fer3 + 3MaCliy 00y ceees [ B5]

3(0.007) (s)
a large initial reaction was obscerved which was conipleted within
1 minute and cvolved 60.70 J of heat. However, after a period of
about 1,5 minutes, during which cooling had started, a sccondary
reaction commcnced and continued for approximately 25 minutes
evolving a further 6.0 J. A brown precipitate had foried in the
flask and all the Cb ion had been consumed. Annlysis for iron,
revealed that only 43.5% had reacted and both ferrous and ferric
ions were in solution. Clearly the reaction cbscrved was more
complicated than suggested by equation [45] and involved the reduction
of ferriclion. The initial reaction period gave a heat of formation
of FeEEB of - 202.3% kd/mol Fe.

In a second experiment a large excess (40%) of NaCb was
added in an attempt to precipitate all the iron as FéEBB before
any reduction of ferric ion occurred. The main reaction period

was 3 minutes evolving 48.97 J of heat and no secondary rcaction
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was recorded. Analysis of the test solution revealed that all the
carbamate had'reacted but 1.33 x 10_4 mol of iron, corresponding to
35.5.% of the initial iron, was still in solution. The residual
iron was in the ferrous forn and no definite, positive result for
ferric ion detection was obtained. The heat cvolved corresponded

to a heat of formation of Feagé of - 203.0 kd/mol Fe. The results
obtained suggested that some reduction of iron was occuriing, before
or during precipitation of iron diethyldithiocarbamate, according
to the rcaction

2Fe?" 4+ 205" =3 2Fe?t 4+ Th, vivriiiririnnnereenns [46]

2
(10)

Utilising the value of OHEfound by Mellgren and Rao for the

reaction

Ig + 2Cb~ 31" + Tb, vesesecosaerceness| 7]

O = - 54,42 kJ/mol Cb.

Bs 2
it was calculated thatv£§H25 for reaction [46] was - 59.93 kJ/mol 632.
If the observed reactions were oocurring via equation [46] and
[44] there was still a large quantity of heat to account for. This
may or nmay not have been due to hydrolysis of Cb  ion.
Overall, the reaction between Fe3+ and Cb_ was a conzplex one
involving the reduction of some part of the ferric ion to ferrous,

by Cb , and the hydrolysis of some of thc Cb  to CS., by the high

2!
concentration of hydroxygen ion necessary to keep Fe3+ in solution.
No definite value of £§H§5 could be given to this reaction, although

it appears to be much higher than those found for other metal ions and Cb .
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(¢) Reaction between Fe(OH)2 and NaCb

Treshly precipitated Fe(OH)2 was preparcd under nitrogen, in
the gloveﬂbox and ¢ 0.5 g was made into a suspension in the calori-
neter flask. ’IO"3 mol NaCb was added and the temperature change
of the system recorded, Initially therc was a small rapid reaction,
a sccond reaction then commenced which continued for about 30
minutes and was somewhat variable in rate. After the reactions
were completed the ferrous hydroxide precipiltate had changed from
green to black and 30% of the Cb  added had been consumed. The pH
had risen slightly from 9.2 to 9.5. The value oquHgs was
found to be - 20.85 kJ/mol Tb,
of ~ 14.65 kd/mol EEZ for the equation.

compared to the theoretical value

Fe(OH)2 + ZNaEE(O‘ZZ) — FeEBZ + 2NaOH eweoo.. [48]
(s) (s)

The reaction was repeated, but the cxperiwent was terminated after
one ninute and the solution immediately filtered and analysed.
The small initial heat of reaction recorded previously was found

to correspond to the heat of formation of Fer2 from FeSOL+ and
NaCb. This was probably due to FeS0,, co-precipitating with the
iron hydroxide during its formation and then being released as
aging was taking place. Thce inconsistency between the experimental

(64)

and theoretical value of LSHS was probably due to the instability

5
of Fe(OH)2. Attempts were made to mcasure the heat of formation of
Fc(OH)2 from FeSO4 and NaOH, but the values obtained were not
reproducible, being only within + 50% of the theoretical value.

In some cases large secondary effects were evident, and the
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graphical estimation of temperature riscs was difficult.

When 1.0 x ’IO-LP nol HaCb was added to an Fe(OH)2 suspension,
the heat liberated was smaller in quantity and cxtended over a longer
value in this

period than when 1,0 x ’IO_3 nol was used. The AH

o

25

case was found to be - 20 kJ/mol 652.
The results suggested that the solubilities of Fe(OH)2 and

FeEEa were influcncing the observations. The solubility of FOEEE

was estimated by agitating some freshly preparcd solid in deoxygenated

water, mointained at pH 9.0 with sodium hydroxide. After consumption of

hydroxide had ceased the suspension was left overnight, then
determined for Cb concentration spectrophotometrically. Optical
density rendings gave the concentration of Cb~ ion as 1.L0 x 107>

mol/de. The solubility product of Fe(OH)2 was reported(168) as

1O~1q'75, giving the concentration of Fe2+ ions in solution at pH
9.0 as ’IO'"L'L‘75 mol/de. Utilising this value znd the neasured
concentration of Cb ions, the solubility product of FeCb. was

2
calculated to be 3.6 x ’IO"’I’I

, and therefore, reaction hctween Fe(OH)2
and NaCb occurs only when [EE_];>.100[OHﬂ.

In the tests reported above, the initial concentration of OH™
ions was approximately 1072 mol/ﬂmE. Therefore when 1.0 x ’IO—L’L mol
NaCb was added to the Fe(OH)2 suspension the concentration of Cb~

3

became 10 mol/dm5 and the reaction was rather slow since the

solubility product of FGESZ was only Jjust exceeded.

5.2 The activation of sphalerite

Throughout this section the uptake of cations by sphalerite
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will be referred to as a sorption process. This is to distinguish
it from adsorption which implies, by definition, a surface phenomena.
The discussion will show that the uptake of cations by sphalecrite

can involve the crystal lattice to a depth of many layers.

(182)

was the first worker to establish the chemical

nature of the activation of sphalcrite by Cu2+ ions. Initially,

Gaudin

the sphalerite sample, containing 1% iron, was found to rapidly
remove copper from solution, but the rate slowed with time. Zinc
ions were identified in solution after activation. However, a longer
conditioning time was required in alkaline pulps due, it was thought,
to the precipitation of copper as Cu(OH)z. The covellite coating
formed on the sphalerite was readily removed by cyanide soluticn.

In twc papers dealing with pyritic zinc ores Ralston et.
al<183)(184) reported that, at pH 6, a pulp of the ore consumed
90% of the added CuSOL+ in about 2 minutes, the remsining 10% being
slowly adsorbed. The solutiocn was found to contain zinc and iron

(185) reported that the density of sorbed

cations. Ravitz and Wall
Cu2+ on sphalerite increased with particle size and they explained
their results by postulating that larger particles contained more
“microcracks’ and hence a bigger surface area per unit weight.
Further work on the activation process centred around the
measurement of changes in zeta-potential associated with the

(75)(186-188) The zeta-potential of sphalerite was found

reaction.
to shift into more positive values upon addition of CuSOu sclution,
and this shift in potential was reported to be directly proportional
to the initial Cu2+ ion concentration.

st (189)(190)

examined specimens of sphaleritc by electron



diffraction. They were immersed in CuSOl+ solution at pH 6 and
selected cleavage faces were cxamined under the beam. A very thin
film was detected which consisted either of tiny crystallites or
was amorphous. This film gave a thick, disordercd coating of CuEEa
when treated with NaCb solution.

Gaudin et.al‘191) in the first really careful study of
sphalerite activation found that the uptake for the first two
layers of Cu2+ was very rapid, the third tock between 15 and 30
minutes, where after the rate was linear with the squarce root of

time. Stolchiometric exchange of Cu2+ for Zn2+ was proved to

take place according to the eguation

~ZnS + Cu2+ - CusS + Zn2+ evrseses [49]
Z§H§5 = - 62,79 kd/mol Cu

The overall process was found to be only slightly affected by

dissolved oxygen. These results were confirmed in similar studies

(192) (77)

by Mitrofanov and Bazanova, and by Yonezawa.

RT3
Attentionhthen turncd to the activation of iron-containing

sphalerites, which were known to be morc difficult to float in

(193)

practice. Chainikova however, found no differencc between

light and dark varicties of sphalerite in their behaviour in Cus0,,
solution, Later Bogdanov et.alF194) investigating sphalcrites
containing between 0.4 and 14% iron found that the same amount

of Cu2+ was sorbed from solution by all varieties. Flotation
tests, however, demonstrated that relatively more activation was
required by higher iron varieties for the some flotation recovery.

(86)

Bushell et. al. noting that Cu2+ has a greater chemical affinity
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for pyrrhotite, (FeS) than sphalerite, investigated the former's
lack of sorption of Cu2+ from solution. They found that a coatingof
ferric hydroxide greatly impeded the sorption of Cu2+ on to the
iron sulphide. This protective layer was not formed on pyrrhotite
ground and conditioned in nitrogen, and Cu2+ was readily sorbed
by the nmechaonism of equation [50].

FeS + Cuot =3 CuS + Feor  uurieensss [50]

£>H§5 = = 100.05 kJ/mol Cu

Iron inclusions in sphalerite were also shown to inhibit the sorption
of Cu2+ on to this mineral, after grinding in air. The iron in
sphalerite was regarded as forming an incomplete film of ferric
hydroxide which provided limited shielding from the solution,

in o monner similar to pure pyrrhotitc;

(87)(195)

Holmscn confirmed the effects reported by Bushel et. al.
but attributed them to a decrease in the ratio Cu2+/Cu+ with .
increasing pH. However the presence of air in flotation procecsseS
would oxidisc any cut ion present in the pulp.

The sorpticn of clements, other than coppcer, on sphalerite
has been studied with a view to improving flotation practice.

Sato<190)

found by electron diffraction that metallic silver, as
well as Agzs, was invariably formed on sphalerite in contact with
a silver solution. The AgZS had a definite orientation on the
surfacce whilst the silver was randomly orientated. Gaudin et.

al.(196)(197) found that the reaction with AgNO, was vigorous

3

and that silver diffused into the mineral very rapidly compared

to copper. However X-ray diffraction did not reveal patterns for
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AgZS or metallic silver. It was possible that the silver had

rapidly diffused throughout the whole mineral samplec.

(198)

Rferstenau and Metzger found lead ion to be a good
activator for sphalerite, but the uptake was slow being dependent
upon the fourth root of tine.

The critical ratio of concentraticns of lead to zinc ions
in solution which would stop the reaction was found to be 103,

9

compared to ’lO1 in the case of copper to zinc. The activation
with lead ion could therefore be readily controlled by adjustment
of the zinc ion concentration. However carbonate ion was found
to have an inhibiting effect, probably due to the precipitation
of basic lead carbonates which have free energies of formation
greater than the activating reaction. Other activators including

(190) (190) (76)

nercury y gold and platinum have been investigated
but in all cases their cost prohibits industrial application.
Copper and lead ions have emerged as the most economic
activators of sphalerite. However the lead ion activation, being
greatly affected by coarbonate additions to the pulp, has found

limited use in industry.

5.2.71. Heat of Sorption of copper ion on low-iron sphalerite

A series of experiments were conducted to measure the heat
of sorption of cupric ion on low-iron, (0.7%), sphaleritc at various
concentrations of CuSOq. Samples of sphalerite (50 g each) were

3

washed in the glove box, in a nitrogen atmosphere, with 200 cm
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deoxygenated, distilled water. The sclid was filtocred on a sintered
glass disc of porosity No. 4, and transferred to the calerimeter
flask. Deoxygenated conditions werce maintained throughout the tests.
A typical anclysis of the watcer after washing the sphalerite sample

is given in Table 14,

Table 14. Analysis of soluble specics washed from sphalerite surface

Species Concentration (mol/de)
" 10772
7t 1076
50, ~ 7 10~
L X
-5
Reducing ions Equivalent to a 10 ? soluticn iodine

S No reaction with sodiunm

nitroprusside

The analyses indicated that the surface of the sphaleritc samples
consisted of an insoluble zinc salt and adsorbed sulphate ion.
A comparison with Table 9 in Section 4.7 shows that the concentrations
of solublc salts obtained in the washing process was roughly the
same as that found in the grinding watcer. No appreciable oxidation
had taken place, therefore, during the storage of the sphalerite
sanmples.

Various quantities of CuSOu were added to the sphalerite
suspensions in the calorimeter as solutions in 3 cm3 water in o

glass bulb, and the heats of reaction were measured. The results-are
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presented in Table 15 and Figure 10,

Table 15. Heat of sorption of Cu°’ on spholerite

50 g sphalerite, 85 o water

24 . o
Cu”" sorbed . Tons in solufion Final AN:
2+ =
7Zn SOH
1,00 22 0.52 0.98 7.0 60.28
2.38 77 0.85 2.4 7.0 6L, b6
b 26 137 2.64 4,09 6.9 63.63
5.11 165 L, 55 L,92 6.7 63.63
6.00 192 574 6,02 6.6 63,21
7.05 228 6.5 6.97 6.5 61.53
8.00 258 7,72 7.96 6.5 61.59

It was found that the CuSOq solution had an appreciable heat
of dilution, and a correction had to be made for this in calculating
the CBHZ5 values reported in Table 15. The heats of dilution of
various guantities of CuSO4 in 3 cm3 water in 2 bulb were measured.
The flask contained 82 cm3 deoxygenated distilled water giving
a total volume of 85 cms. The heat capacity was taken as 0.5150
J/ rLV from inspcction of Table 4 in Section 3.3.3. The results
are presented in Figure 11 as the quantity of heat liberated during
dilution of a given weight of copper sulphate from a solution in

3 3

3 cr” water to one in 85 cm” water, This graph was used in all
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tests involving CuSOu to corrcct for heat of dilution effects.

The spholerite samples used had a specific surface arca of

0,771 ma/g and, using thc value reported by Gaudin et. alg191)
for the areca of one surface copper site (20,8 x 10~%° ma), it

was colculated that a theoretical monoloyer was formed when .

3.7 x ’IO_.I+ mol copper had been sorbed. The measured hcats of
sorption between one and two layer coverages were close to the
theoreticnl valuc for equation [49] of - 62.79 kJ/mol Cu. At less
than a monolayer of sorbed copper the values of ZSHZS showed large
deviations from the theorctical value. It has been well cstablished

(52)

thaé deformation processes such as grinding, produce lattice
dislocations and imperfections in crystals. In the areas of
dislocations there are regions of inicreased cnergy which may have

ann effect on the chemical reactivity. The copper ions sorbed first
during activation would certainly be taken up preferentinlly on such
'active sites' on sphalerite. The ions sorbing on 'active' arcas
may not follow the reaction given by the equation [49] exactly,

and could have £§H35 values different from that calculated theoretically.
As discussed carlier, the uptake of copper by sphalerite has been
rcported to be rapid for the first two layers. In the prescnt work,
for an sorption of Cu2+ groater than two layers, the necasured vaolues
of ﬁ&HZs were slightly below the theoretical volue. This may have
been due to any excess unreacted copper not reporting in the copper
analysis. By remaining in the double laycrs of the particles this
copper would apparcntly have been consuned.

The analysis for zinc at the ecnd of the tests did not give

amounts consistent with a stoichiometric exchange of copper for
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zinc on sphalerite. The deviation varied from 50% at low adsorption
to approximately 7% at higher volues. It has been reportef(ng)
that zinc ion physically adsorbs on covellite (CuS), and, considering
the large surface area of the samples, some zinc ricy have remained
in the surface double layers,

In all reactions the time-temperaturc curve was of Type b
in Figurc 4 and the reaction period was between 1 and 5 minutes,
whereafter a cooling curve was established. Analyses for reducing
ions were performed after cach test but only small amounts were
found (< 10™° mol iodine in 85 cmB). No iron or copper was

detected in solution after any test and the sulphate ion was

found to be only slightly adsorbed at all CuSOh additions.

5.2.2. Sorption of copper ion on sphaleritc containing

appreciable iron

The effect cf iron inclusions on the sorpticn of Cu2+ on

sphalerite was discussed earlier. Some workers had reported a
decrease in Cu2+ uptake with iron~containing sphalerites compared
to low iron varieties, whilst others found 1little variation.

A special sample of sphalerite containing 8.1% iron was purified
and prepared as described in Scction 4.1.1. The specific surface
arca was found to be 0.748 ma/g.ji)g samples of the sphaleritc
containing 8,1% iron were trecated in the calorimeter with various
quantities of Cu804 and the heat of sorption mcasured. The

experiments were terminated after 12 minutes although the reactions
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in sone cascs were not quite completod, and the suspensions
filtered and analyscd. The results are presented in Table 16

and Figurc 12. No iron was detectced in solution after any test.

Table 16. Sorption of " on sphalcrite (8,1% Fe)

12 minutes contact time

Cuso Final Ton in solution - ésugs
Zn Cu 50,

1,10 7.2 O.l2 0.00 1,06 64,05
2.50 7.7 2.35 0.00 2.45 6446
3.50 7.1 3.29 0.00 341 62,79
5.00 7.0 4,95 0.12 5.00 63.21
6.00 6.9 5.81 0.09 5.96 61,95
7.00 6.8 6.20 0.70 6.87 61.95
8.00 6.8 6.64 1.05 7.86 59.86
9.10 6.7 7.0k 1.69 8.83 58.60
8.00* 6.8 7.82 0.00 7473 -

* 1 hour contact time
The sorption of copper on sphalerite with 8% iron was found to be
similar to the low-iron variety up to approximately 1.8 layers.
Copper then appeared in solution and the rate of increacse of zinc
concentration in solution fcll off. The heat of sorption, per mol
of copper, also decreased slowly with CuSOLP addition after 1.8 layers.

However if the heats of sorption are recalculated on the basis of
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the zinc jon in solution the values arc in better agrocment with the
theoretical value for cquation [49] of - 62.79 kJ/mol Cu or Zn.

A comparison is given in Table 17.

Table 17. Heats of sorption obtained on sphalerite (8.1% Fe)
2

expressed in terms of Cu2+ sorbed and Zn“" desorbed

Cus0), added - AH, - DH
(mol x 107) (kJ/mol Cu) (kJ/mol Zn)
1.10 €k.05 168.28
2.50 6L, 46 68.23
3.50 62,79 70.32
5.00 63.21 63.21
6.00 61.95 62.79
7.00 | 61.95 63.21
8,00 59.86 62,79
9.10 58,60 61.95

The results suggested that somc Cu2+ ion was held, adsorbed
in the double layer, before being accepted into the lattice. These
ions expelled almost all the previously liberated zinc ion cut of

.

the double layer and into solution.
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5.3 The adsorption of copper ion on pyritc

Few invcstigations have been made into the reaction between

cupric ion and pyrite, In 1933 Borl and Schmitt(179)

found by
spectroscopic measurements that freshly ground pyrite readily
removed Cu2+ from solution. However, there was hardly any
adsorption on a heavily oxidised sample in 10-3m01/dm3 CuSOQ
(199)

solution, Mitrofonov and Kusknikova reported an adsorption

of copper ien from solution on to pyrite and, at pH 10, found it
to be 10 times greater than on sphalerite. In a later paper the

(aoo)found that the adsorption of Cu2+ on pyrite increased

same authers
with concentration and pH, but no evidence of a chemical reaction

was furnished.

In a fundamental study of the adsorption of Cu2+ fron cupra-

rmonium solutions Bushell and Krauss(201) proposced the mechonisn
2+ 2+ o)
FGSE+CU. """'9CU.S+F€ + 8 -o-o-o-oo!.oo[51:l
AHZ5 = - 23,02 kJ/mol, Cu

Unlike pyrrhotite, they found that the adsorption of copper on to
pyrite was not prevented by oxidation of the surface., Uptake

of copper was somewhat erratic but up to 10 layors appeared to be
adsorbed, assuming close-packing of Cu2+ ions, Fcrrous ion was

not found in solution however, which was suprising if the chemical
reaction given by equation [5T] was taking place. They also reported
that calcium ions in the copper solution impeded copper uptzake at

high pH; however this effect was not apparent at a pH of 6.0.
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(76) that pyrite does adsorb

It has gencrally been assumed
copper by some mechanism similar to equations [50] and [51] but no
conclusive evidence that such a reaction tokes place has yet been

presented.

5.3.1 Heat of adsorption of copper ion on pyrite

Samples of pyrite, 50 g each, were washed in the glove box
as described in Scction 5.1.1. The average chemicol analysis of

the washwater is shown in Table 18.

Table 18. Analysis of soluble snecies washed from pyrite surface

Species Concentration (mol/de)
il 107° |

Iron 2 x 1072 (forrous)
Cu2+ none
= -

S0, 3.7 x 10

Reducing ions  Eguivalent to 2.1 x 10—& soluticn iodine

8" No reaction with sodium nitroprusside

The main difference between the analysis reported above for pyrite
and that reported for sphnleritc in Table 14 are the ten-fold
increases in the concentrations of metal and reducing ions in

the case of pyrite. It was found that the acidified pyrite
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washwater went cloudy on standing and reduced iodate ion to iodine.

This suggcested that the roducing icns were S A comparison

2o;.
with Table 4 revealed that no further appreciable oxidation had
vccurrcd to the pyrite on storngc.

The washed samples were transferrced to the calorimcter flask
and water added to give a total volume of 82 cn”,  Various
quantities of CusO, were added, in 3 e’ water in bulbs, and the

hoat of reaction measured. The results are presented in Table 19.

Table 19. Adsorption of Cu2+ by pyrite

CuSOu Heat Final Ions in solution Desorbed Adsgrbed %mono=-
added libern~- pH after test ? Cu layer

: !
(molx10 )tcd (mol x 107, (no x10 )(n11x10 ) of copper

504= Fe  cu°t ion

2.06  0.00 3.75 3.20 0.35 0.9% 1,14 1.12 6.2
3,20 -0.03 3.6 4,95 0,76 1.54 1.75 1.66 9.2
5.10 +0,08 3,7 6.85 0,51 2.58 1.75 - 2.52 14,0
6.50 0,00 3.8 8,20 0,26 3.35 1.78 3.15 17.5
9.12 0.00 3,8 10,90 0.46  L.67 1.80 Lo45 ak.7

The surfacc area of the sample was 0,200 mz/g and the monolayer
covurage of adsorbed Cu2+ wag calculated assuming close packing and
an ionic radius of 9.6 x 1o 1 for Cu2+,i.e. ignoring any hydration
of the ions that might have occurred. Cupric ions are known(208)

to be coordinated with up to 4 hydroxylated groups and these would

incrcase the area required by each adsorbed copper ion. It was

apparent that although large uptakes of copper ion had taken place
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no heat was liberated, after allowing for the heat of dilution of
Cus0, solution. The oddition of 9.12 x ‘IO_L'L mol copper to thc pyrite
suspension should have resulted in o heat liberation of 10.25 g if
the adscrption mechonism was by equation [51]. The possibility
existed, of course, that two sirmltancous reactions were taking place,
one oxothermic and one cndothermic, each involving the same quantity
of heat, but this was very unlikely.

A plot of 1og[0u2+ adsorbcd] against log[Cu2+ concentration
in solution] is shown in Figure 13. The uptoke of Cu2+ by pyrite
was found to be linear with the equilibriwm concentration of Cu2+

in solution. The data, thereforce, fits the Freundlich isotherm which

has the equation

M= ac % R 73

The value of % was found from Figure 13 to be 0.152,

The results, however, did not give a smooth curve when the
Langmuir isotherm was applied.

Several 1 m.n crystals of pyrite.were left in contact with
0.1 mol/dm3 CuSOu, under deoxygenated conditions for 13 days. At
the ond of this period the crystals had not lost their metallic lustre
and there was no cvidence, from a microscopical exarmination, that
chemical attack had ccecurrcd. Similar sized crystals of sphalerite
were scen to tarnish and show etching of surface imperfcections, after

3

being in contact with 0.7 mol/dm Cu804 solution under corrcsponding

conditions.

Finally the sign of the zeta-potentinl of the pyrite particles
was examined in the cell described by Shergold andbiellgren5213)
A pyrite sample was left overnight in the coalorimeter under deoxygm-
ated conditions. Ixamination of the pyritc's zeta-potentinl showed

it to be negative at pH valhies greater thon 4.
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CHAPTER 6

HEAT OF ADSORPTION OF

DIETHYLDITHIOCARBAMATE ON SPHALERITE.
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Investigations were made in to the heat of adsorpticn of
NaCb on both activated and unactivated sphalerite. The tests
were run using 50 g samples of the low-iron sphalerite having
a specific surface area of 0.494 mz/g. A1l samples were prepared
in the glove box under a nitrogen atmospherc unless otherwise
stated. The calorimeter was sealed with a slight overpressure
of nitrogen and the stirring speed was maintained at 4.5 S_1.
The total volume of liquid in the calorimeter was 85 cm3 and the
heat capacity was taken as 0.5567 J/ )J.V as reported in Toble 7,
Section 3.6.7.

In a2ll cases corrections were made for the heat of ¢dilution
of the NaCb solution added to the systen, The heats of dilution were
determined in a series of tests in which various quantities of
NaCb, in 3 e’ water in bulb, were diluted to 85 cmB, in the
calorimeter., The results are presented in Figure 14, and the
correction appliced to each test was found by interpolaticr from
this curve.

It is pertinent to discuss here the effects that particle
size and hence surface area, have on flotation. The sphalerite
samples used in the work described in this section had a
specific surface area one third lower than the samples used in
the copper activation tests. Gencrally it has been reported(63)
that, for a given collector concentration, individual mineral
samples possess a definite optimunm size for goed flotation

recovery This size usually lies in the intermediate particle size

range, approximately 50 to 150’i.m. In previous work recported
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on flotation it has been mineral particles in this size range

that have been most studied. The samples used in the present work

had much smaller sizes, being between 10 and BOFm.

_ Particles larger than
the optimum size show poor floatability since they require
larger bubbles to 1ift them, and hence more extensive surfacec
hydrophobicity. Fine particles, on the other hand were usually
rejected from flotation résearch on the grounds that they have
properties dissimilar to larger sizes; properties such as
increased solubility, higher rate of surface reaction and
increased hydration have been mentionedﬁu)(63) However there
is little evidence that a wminersl8 inkerent chemical properties
do change with particle size. Recently Taylor and Hockey(zqq)
have shown that the heats of immersion in water cof sized samples
of a silica, with surface arcas between O.4 and 9.0 mz/g, were
the same per unit of arca. The heat of immersion of a solid

is related to its ability to chemisorb reagents and hence to its

chemical properties. Nevertheless Taylor and Hockey pointed out
(212)

that the issue may be modificd by the presence of “micropores",
which enhance the quantity of reagent sorbed on a mineral. It is
possible that, during grinding, a mineral shears along the planes
of weakness:provided by '‘micropores’ and that these pores are
greatly reduced in number in fine particles.

The present author is of the opinion that the reasons for

the poor floatability of fine mineral particles lies in the

actual mechanical attachment of these particles to gas bubbles,
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rather than any changes in their chemical properties. The
very small mass of a fine particle implies that the kinetic
energy dissipated during its collision with a bubble may not
be enough to overcomc the barrier created by the intervening
water layer. )

It was not considered, therefore that the difference in
surface area between the samplesAused in this section and those

in Chapter 5 will have a significant effect on their surface

properties.

6.1 Adsorption of sodium diethyldithiocarbamate on

unactivated sphalerite.

Various quantities of NaCb were added to samples of
sphalerite in the calorimeter. The sphalerite samples had
previously been washed with 200 cm3 water but were given no
other treatment prior to transference to the calorimetric flask.
The washings gave ﬁnalyses similar to those given in Table 4.

The natural pH of a sphalerite-water suspension was found to be 6.7.
After allowing for heat of dilution, no heat was detected
when NaCb was added to the sphalerite samples. The Eﬁrboncentyation
range tested was 1,17 x 10‘3{301/'dm3 to 1,17 x 10'2mol/ﬂm3.Tho sphalorite

particles showed no floatability with nitrogen bubbles after the
tests but‘analysis revealed some uptake of Cb . The fine sphalerite
particles were stabilised in suspension and required the addition

of potassium chloride, bofore centrifuging, to obtain a clear
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solution for analysis. The analyses of the final solutions

are given in Table 20,

Table 20, Adsorption of Cb by unactivated sphalcrite

g:ggd Figal I?;slin sgéation A;EE- g £&H05

(no1x10h) EES —= Tot;l re- 50" (mot x 100 (1s3/mol TE)
qucing
ions

1,00 9.7 0,54 0,62 0.13 0.46 0.00

4.00 10.2 2.63 3,57 ¢ 0.27  1.37 0,00

7.00 10.5 5.08 6,24 0.72 1.92 0.00

10.00 10.6 7450 8.65 0.73 2.50 0,00

4,00% 10.3 3452 k.57 0.3k 0.48 =5k, 20

7.50%* 10,0 3.76 3.92 1.37 3.4 0.00

* After exposure to oxygen for 16h.
** Precipitated ZnS.
The pH of the final solutions were higher than the natural
pH of a solution of NaCb (15 x 1O~4 mol/dm) which was 8.6.
Some Cb_ ions were consumed but no heat was recorded. Reducing

. - = . . . -
ions, other than Cb and 504 ions, were found in sclution in

amounts that increased with Cb adsorption but were not stoichio-
metric with it.

In view of the lack of heat associated with a Cb ébstraction

from solution on unactivated sphalerite it was concluded that the

adsorption was mainly of physical character. The formation of a

euapensioﬂ of fine ephalerite particles is further proof of an adsorption
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of surface active agent as these particles were normally
quick to settle on standing.

The sphalerite sample, after the test involving
7 x ‘10”1+ nol Naﬁg, was washed on a filter with deoxygenated
water adjusted to pH 9.0 with NaOH. An analysis of the wash
water revealed that 63% of the adsorbed Cb ion was washed
off the mineral,

One sphalerite sample was left overnight, approximately

3

16 h, as a continuously stirred suspension in 100 cm” water,
exposed to air. The sample was then washed in the glove bcx
under nitrogen in the same manner as the previous samples and

treated in the calorimeter with 4 x ’IO—L+ mol NaCb. The

> 3

filtered washwater was found to contain 2.7 x 10~ mol/dm” zinc
ion i.e. 10 times greater than was normally found in the
deoxygenated sample washwater. Sulphate ion was also detected
and the filtrate had a pH of 7.7. The heat of adsorption of
NaCb added to this gample was approximately the same as the
heat of formation of ZnEEé from its ionsg, A stable suspension
of fine particles was formed but the total Cb~ ion removed
from solution was less than under deoxygenated conditions (see
Table 20). The further oxidation of the sphalerite sample,
therefore, whilst leading to some chemisorption, greatly
decreased the amount of Cb  ion physically adsorbed. This

decrease may have been due to the competition in the double

layer between Cb ion and other anions such as SO4=. The
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concentrations, in the surface layers, of these other anions
probably rose during the extra oxidation that took place.
The floatability of the mineral grains after this test could
not be examined because of the suspension of fine particles
formed.

A sample of 50 g. precipitated ZnS was treated with
7.5 x 107 101 NaCb under deoxygenated conditions but no
heat of reaction was recorded, revealing that the lack of
chemisorption was not restricted to natural ZnS alone,
Analysis indicated a far greater physical adsorption of Cb
on precipitated ZnS but this was probably due to its much
larger surface area.

The evidence obtained, therefore, would tend to suppert
the proposition that the abstraction of Cb~ from solution, by
sphalerite; was predominently a physical adsorption process

involving little permanent mineral-collector attachment.

6.2 Adsorption of NaCb on activated sphalerite

Tests were conducted on 50 g. samples of sphalerite
(0.494 mz/g) which were prepered under deoxygenated conditions
3

in the glove box. The samples were washed with 200 cm” water,
filtered and then treated with CuSOu solution., Further washing,
where necessary, was then carried out. The samples were transfered

to the calorimetric flask and the liquid volume made up to 82cn”.

NaCb was added as a solution in 3 cm5 water in a bulb.
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6.2.1 Consumption of NaCb by an activated sphalerite

suspension containing the liberated zinc ions.

Initial studies on the consumption of Cb by activated
sphalerite were made leaving all the ions assoclated with
activation in solution, Samples of sphalerite were activated
with 2 x 0™ mol CuS0,, and the liberated zinc ions left in
solution in the celorimeter flask. Various quantities of NaCb solution
were added and the heat liberated was measured. After the tests
the filtered test solutions were analysed for Cb, S0,y total
reducing ion, Cu2+, Zn2+ and pH using the methods described in

Section 4,2, The results of the tests are presented in Table 21

and Figure 15.

Table 21. Consumption of Cb_ by activated sphalerite.

Liberated zinc ions in solution

NaCh Final Ions in sol&tion Cb Heat 1li-~
additionp  pH (molx10 ") Consume berated
(molx10 ') T Totel re- soq= (inclx10") (@

ducing

ions
1.00 9,0 0.00 C.19 0,65 1.00 3.4
2.00 9.1 0.00 0.25 0.75 2.00 6.45
3,00 9,8 0.03 0. 41 1.11 2.97 9.96
4,00 10,6 0,06 0,62 1.88 3.93% 12.72
5.00 10.8 0,48 0.92 1.91 4,52 13.40
7.00 10.8 To74 2.19 2.00 4,96 13,60

9.00 11.2 L,12 5.07 2.01 4,88 13. 40
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The surface area of the sphalerite samples used was

9 2

0.494 ma/g,and using the value of 2.08 x 10717 u° for the area

(191)

of one zinc site on the sphalerite surface, it was calculated
that 2 x 10_4 mol Cu2+ provided a surface coverage of a monolayer,
It was assumed, therefore, that most of the first layer of zinc
atoms had been replaced by copper and the surface of the sphalerite
was now predomimatly CuS.

The results presented in Figure 15 showed that the heat of
reaction of NaCb with the activated sphalerite suspension was

Ly

constant until between 4 x 10 and 5 x 10-4 mol NaCb had been

consumed, which corresponded to the stoichiometric precipitation

of zinc as Zana;

heat of reaction between 1.0 x 10~

then fell rapidly to zero. The differential
4 and 4 x ’IO-LP mol NaCb additions

was found to be -50.0kJ/mol EEZ' This value was only within 12%

of the heat of formation of ZnCb, from its ions, - 56.64 kJ/mol Zn,
reported in Section 5.7.1. The residual concentrations of Cb_ ion
rose considerably in the region of dimminishing differential heat

of reaction reaching 4.12 x 10_4 mol at zero L&HZB. The abrupt

halt in the consumption of Cb_ ion, after approximately stoichiometric
precipitation of zﬁEEZ, indicated little physical adsorption of Cb~
on the sphalerite particles was taking place.

The amount of soqz ion initially added to the system as

CuSOh was 2 X ‘IO_LF mol. However at low Cb additions much less-

sulphate ion than this was found in solution and the value of
2 x ’IO“LP mol SO}+= ion was not reached until about 7 x 10~ mol of
NaCb had been added. The pH increased by almost two units between

2 x 10‘“ and 4 x 1o'LF mol NaCb additions, but then increased slowly
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with further addition., No copper or zinc ions were found in
solution at the end of any test.

The floatability of the sphalerite grains was assessed after
each test by dispersing nitrogen gas into the calorimeter flask.
The sphalerite particles were found to exhibit little flotation
at any NaCb addition.

A blank was run in which an activated sphalerite sample was
left overnight in 85 cm3 water in the calorimeter, under the same
conditions as the previous tests, but no NaCb was added on
attainment of thermal equilibrium,

The sample was filtered and the filtrate analysed for
Zn2+, Cu2+, SO4= and reducing ions. The results are presented in
Table 22 and compared to values taken from Figure 10 and Table 15

showing the ions in solution immediately after activation.

Table 22. Ions in equilibrium with activated sphalerite immediately

after activation and after 16 hours contact in the calorimeter.

(85 cm3 wator)

Species Concentration mol x ’IOLlL in 85 cm%
Initial 16 hours
o 1 x 1077 5 x 1070
7nZt 1,50 0.12
cu?t 0.00 0.00
504= 1.90 0.83

Reducing ions 0.05 0.10
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It can be seen that the majority of the zinc ion and 60% of the
sulphaté ion have been removed from solution after 16 hours,

These icns had been physically adsorbed on the activated sphalerite
surface although some chemical precipitation in the bulk solution

(225) gave the stability

may have taken place. Sillen and Martell
constant of a basic zinc sulphate as 10755'6 The complex salt

was assumed to dissociate thus
[Zn50,,.32n(0H) ] —> & 20°% + 80,7 + 6 04" .evueen. [52]

At the initial pH of the suspensions and at zinc and sulphate ion
concentrations of 2 x ’IO“L+ mol/85 cr® the value of the stability
-55.3

constant for equation [52] was 10. Since the actual composition
of basic zinc sulphates always varies(177) somewhat from that given
in equation [52], some solids precipitation may have tgken place,
overnight, in the calorimeter. There was not enough hydroxyl ion
present, however, for any large scale precipitation of zinc.
The complete absence of zinc ion in the suspensions after 16 hours
may have been due to its adsorption into the sphalerite double
layer whose "pH'' may be quite different from that in bulk solution.
The adsorption of Zn2+ and SOq= into the double layer could have
led to the formation of basic zinc sulphate product retained
near the surface. This may have accounted for the discrepancy
between the heat of formation of ZnEEa found in these tests and
that found in bulk solution.

The experiments reported above have shown that, in the
absence of oxygen, no significant chemisorption of Cb  occurred

on the copper-activated sphalerite particles. After stoichiometric
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precipitation of the zinc ions 1liberated by the activation process,

the consunmption of Cb ceased.

6.2.2 Adsorption of diethyldithiocarbamate ion on activated

sphalerite after washing

3

Sphalerite samples, after washing with 200 cm” water, were

treated with variocus quantities of Cusoq in the glove box and
left to stand for 30 minutes. The activated samples were taken,

>

washed with a further 300 cm” water under deoxygenated conditions

and filtered. The second washing and the filtrate were mixed and
analysed for Cu2+, Zn2+ and 5042 ions. The results, presented in
Table 23, show that it was not possible to remove all the zinc

and copper ions by washing alone. The adsorbed metal ions carried

over in the double layer gave some heat of rcaction when NaCb was added.

Table 23. Analyses of washing of activated sphalerite

Cus0 Ions in washings Metal ions carried
added o4 5y _ over with ZES
(molx10") Cu 7n“ 80, (mol x 10 )
50.00 47,10 L, 20 42,10 2.70
20.00 14,70 3,60 18.66 1.70

k.00 0.00 3,22 3.85 0.78

2.00 0.00 1.45 1.99 0.55
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Increasing the. amount of wash water did not, significantly improve
the removal of metal ions from the surface. For instance in one
experiment the sphalerite sample was treated with 4 x 10-4 mol
CuS0, then washed with 600 cn water, which was twice the normal
amount used. Analyses for zinc gave 3.09 x 10-4 mol in the

>

first 265 cm> washwater, 0.09 x 10~¥ mol in the next 225 cm’ and

only a trace in the final 110 cm3. No copper ion could be detected
in the washings. There was, therefore, 0.82 x ’IO-4 mol of metal
ion unaccounted for, which could have been either Zn2+ or Cu2+ or
a mixture of both, and was carried over with the sphalerite.

It was decided to precipitate this metal ion as a sulphide
and thus remove its interference in adsorption measurements.
Two sphalerite samples were treated with 2.0 x 107" mol CuSO,

and washed with 300 cm3

as before. The washings were analyscd

for copper and zinc and the amount of metal ion remaining with

the mineral was calculated. The filtered sphalerite sample was
then mixed with just enough sodium sulphide solution to precipitate
all the metal ions as sulphides. The sphalerite was then washed
with a further 300 cm3 water and transferred to the calorimeter.

4 and 10.0 x 1o‘L+ mol

No heat of reaction was found when 1.0 x 10~
NaCb were added, although some Cb~ was adsorbed in both cases.
However further samples of activated sphalerite, prepared
as described above, gave heats of reaction with NaCb after being
exposed to air. The samples were treated with CuSOu and Nazs
solutions in the glove box under N2 then washed and filtered in

air. After oxidation the sphalerite samples were transferred to

the calorimetric flask and deoxygenated water was added to give
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a total volume of 85 cmB. Various quantities of NaCb were added
and the heats of reaction measured. The results presented in
Table 24 showed that the heat of reaction per mol 632 decreased
with Cb adsorption. The fine sphalerite particles were stabilised
in suspension at the end of the third and “fourth tests shown in

Table 24 and prolonged centrifuging was required to obtain clear

solutions for analysis.

Table 24, Adsorption of Cb~ on activated sphalerite exposed to air

NaCb Final Ions in soluti&n after  Adsorption ZLHSS
added pH test (mol x 10) Cb by kIfol GB
(molx10 ) — - (mol x 107) /M0 2

Cb Total re- 504*
ducing
ion
0.50 10.0 0.00 0.36 >0.10 0.50 ~77.18
1.00 10.3 0.00 0.49 0.10 1.00 ~76.52
5.00 11.2 2.18 2.78 0.17 2.82 —46.46
L.oco* 8.2 2.44 - 0.53 1.56 -4k .69

* CuS precipitate

The heats of reaction obtained between NaCb and oxidised,
activated sphalerite did not give values corresponding to any
bulk chemical reaction studied. In the first two tests all the
Cb added was consumed and the heat of reaction was approximately
- 77 kJ/mol Cb,. In the last two tests the heat of reaction fell

2

to below - 50 kd/mol Cb_ but since stable suspensions of solid

2
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particles were formed, some physical adsorption of Cb was suggested,
A sample of pure, precipitated CuS was prepared and oxidised

in the same manner as the activated sphalerite samples. When

treated with 4.0 x 10™" mol NaGh the measured heat of reaction

was found to be - 144,69 kd/mol Cb.. This was in close agreement

2

with the heat of formation of Cuagz from its ions as described

in Section 5.2. The final pH in the case of precipitated CuS was
much lower than with the oxidised sphalerite samples and a different
mechanism of collector adsorption was evidently involved.

The activated sphalerite sawples referred to above were
oxidised during washing with distilled water which had a slightly
acid pH. The precducts of this reaction may have been CuSOL+ or
Cu8203 as discussed in Section 1.3, both of which are soluble
and may have bezen partly washed away from the mineral. Any free
Cu2+ ion carried over with the sphalerite would have been re-
adsorbed in exchange for zinc from the lattice, or precipitated
as an insoluble salt such as Cu(OH)Z. Therefore Cb  ions may
have been reacting with either a copper compound on the surface
of the sphalerite or zinc ions in solution. This uncertainty

was avoided in the next series of tests in which the activated

sphalerite was oxidised under alkaline conditions.

6.2.3 Adsorption of diethyldithiocarbamate ion on activated

sphalerite exposed to air in an alkaline medium,

3

Samples of sphalerite, 50 g each, were washed with 200 cm

water under deoxygenated conditions then treated according to the
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following procedure:

A Y

(a) Activated with 2 x ’lO_LF mol CuSO, under deoxygenated
3

conditions and washed with 300 cm” water to remove as much as
possible of the liberated zinc ions.
. 2+ 2+ .
(b) The washings were analysed for Cu  and Zn~ and just

enough Na_S sclution was added to the sphalerite suspension to

2
precipitate any metal ion adhering to the mineral surface.

3

(¢) The sample was washed with a further 200 cm” water,
filtered and removed from the glove box. It was then suspended
in a solution of sodium hydroxide, in air, for 30 minutes. The
pH of the NaOH - sphalerite mixture was maintained at 10.5

(d) The sphalerite suspension was then returned to the glove
box, filtered under a nitrogen atmosphere and washed on the filter
with 200 cm3 of deoxygenated water.

The solid was transferred to the calorimeter flask, after
the procedure outlined above, and the volume of deoxygenated water
made up to 82 cmB. The sphalerite suspensions prepared in this
manner were found +o have a pH of 8.1. Various quantities of

3

NaCb were added, in 3 cm” water in a bulb, and the temperature
changes in the system recorded, The results obtained are presented
in Table 25 and Figure 16. It can be seen from these results that
the differential heat of adsorption was substantially linear up

to a Cb adsorption of about 2475 x 10-4 mol when it rapidly fell

to zero. At approximately this level of Cb adsorption, satdration

of the surface occurred and Cb ions added after this reported

almost entirely in solution.
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Table 25. Heat of adsorption of Cb_ ions on activated

sphalerite oxidised at pH 10.5.

NaCb Final Ions in soluﬁion after Co~ Heat TFlota-
added pH test (mol x 10 ) adsorptiop libe- tion
(molx10 ") — TotaT — - (ol x 107) rated
Cb .80, OH (J)
reducing "k
ion
0.75 10.0 0,00 0.43 0.20 (0.08) 0.75 2.70 Poor
1.00 10.2 0.00 0.49 .35 (0.14) 1.00 3.86 Good
2.00 10.6 0.13 0.51 0,30 (0.32) 1.97 8.02 lxce-
l1lent

2.50 10.8 0.1%  0.73  0.40 (0.53) 2.36 9.94

2.00 11.1 0.12 0.68 0,51 1.07 2.68 11.97 i
3.50 11.2 0.22 1,04 0,55 1.36 2.28 11.70 1"
4,00 11.3 0.43 0.9% 0.55 1.70 3.57 11.89 i
5,00 1.4 1.61 2,00 0.73  2.34 2.39 12.06 3table
suspen-
sion
6.00 11.5 2.74 3,16 0.84% 2,69 3.26 12.05 i
7,00 11.5 3,63 4,08 0,89 2.86 3,37 12.13 1

The quantity of hydroxyl ions in solution was found to increase with
NaCb addition but was never equal to the Cb adsorption. The
concentrations of hydroxyl ion in solutions with pH greater than 11
were found by titration with standard HCl solution to a phencl-

phthalein end-point. Since phenolphthalein has an apparent indicator
(166)

censtant of 9.6, this procedure avoided consumption of acid

(

by Cb_ ion, which is rapid 119) if the solution's pH falls below 8.
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The hydroxyl ion concentrations in test solutions with pH's
below 11 were calculated directly from the pH measurcments.

No copper or zinc ions were found in solution by etomic
absorption and it was considered that the contributicn of any
copper-hydroxyj, complexes, such as Cu(OH)+, to the acid consumption
was negligible. The total concentrations of reducing ions in
solutign, measured by iodine titration, slowly, but rather
erratically ircreased up to a Cb adsorption of 4 x 107" mol,
then increased substantially, The concentrations of Soq; ions
weré generally low, being below 1,0 x ’IO-4 mol /85 e at all OB
adsorptions, but were proportiocnal té,the NaCb addition.

The differential heat of adsorption between 0.75 x ’IO-'4
and 2.75 x 10-4 mol Cb  adsorbed was - 89.0 kJ/mol Cb. which

2

was close to the heat of formation of chEz from Cu(OH)2 and

NaCb . ( - 86.2% kJ/mol EEE), The heats of formation of CuEEz
from some other copper salts are shown on Figure 16 for comparison.
The surface of the activated sphalerite was saturated after an
adsorption of approximately 3.0 x 107 mo1 To- ion, which,
assuming an area of I x 10"19 m2 for each Cb_ ion on the surface
corresponded to a uniform coating of three layers.

The hydrophobicity of the sphalerite particles, examined
after each test, was found to be excellent between NaCb additions

4 to 4,0 x 10_4mol.f At collector additions—of 5 x10-4mol

of 240 % 107
~nd above, stable suspensions of fime particles werc obtained during

the tests and prolonged centrifuging 40-60-mifintes) was required to

produce a c¢larified solution for analysis,

(203)
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6.2.4 Adsorption of diethyldithiocarbamate ion on activated

sphalerite oxidised in bicarbonate solution.

Samples of sphalerite were washed with deoxygenated water,

activated with CuSOq, washed again and Na2S solution was added
Iy

as described previously. In this case, however, 4 x 10" " mol
CuSOh was used for activation, instead of Z x ’10_11L mol, to
increase the measured temperature rise and improve the accuracy
of the heat of adsorption calculations. The activated sphalerite
was removed from the glove box and suspended for 80 minutes in

10_2 mol/de solutionNaHCO3 in air. The sphalerite suspension

was returned to the glove box, filtered under a nitrogen atmosphere

3

and washed on the filter with 200 cm” of a deoxygenated solution

of MaHCO_. The solid was then transferred to the calorimetric

3

flask and the volume of deoxygenated.NaHCO3 solution (1.0 x 10”7

mol/de) made up to 82 cms. The washings from the oxidation stage

2

were titrated with iodine and found tc consume 1.3 x ’IO"L+ mol on
average, although the value varied from sample to sample by ¥ 15%.
Barium precipitations revealed the presence of only small quantities
of sulphate ion in the wash solution( averaging 0.35 x ’IO-L+ moll
Various quantities of NaCb were added to the sphalerite
suspensions and the heat of reaction measured. The initial pH
of sphalerite suspensions was 9.2 and they contained traces( less
than 10_6 mol) of both zinc and copper ions. The results obtained

are presented in Table 26 and Figure 17.



150

125

Heat of adsorption ( kJ per mol _,Cb,)

~
19)]

19
@)

25

fcuso,

- 156—

_ ->—0—Cb ion

*—¢ Total reducing ion
-2~ -a~ SO ion

-0-—0-~ pH

-Cu(OH),CuCo,

O
O

~y

‘CU (OH )2

L CcucCl

"1

1
o

3))
- . 4
lons in solution (mol x107)

T
o
102

_ 40 €0
Ch adsorbed (mol x 10%)

Fig.17 Adsorption of Cb onto activated sphalerite in the

presence of NaHCO;



-4 57..

Table 26. Adsorption of Cb on actiyated sphalerite exposed

to oxygen in the presence of carbonate ions

NaCr Final Ions in solution,at end Adsorption Heat li- Floata-
added pH of test (molx 10') Cb berated bility
— - 3\ el
(molx10 '} o Total roo SOQ (molx10 ") (J) with N2
ducing
ion
1.00 9.3 0,00 0,60 1.15 1,00 6.42 Poor
2.00 9.6 0.00 0,58 0.65 2.00 10.63 good
4,00 10.3 0.00 0.83 0.74 k.00 18.34  Excellent
6.00 10.6 0.07 1.00 - 5.93 28.88 Excellent
7.00 10.6 0.10 1.25 0.78 6.90 %2.80 Excellent
8.00 10.7 0410 1.86 0.96 7.90 33.82  Excellent
10.00 10.6 2.04 k.42 0.63 7.96 33,61 Excellent
13.00 10.7 4.9% 8.05 0.85 8.07 34,87  Excellent

The adsorption of Cb was seen to increase linearly with
NaCb additions up to 8.0 x 10_4 mol accompanied by a similar
increase in the heat liberated. The residual concentrations of
Cb  in solution were small until saturation of the adsorbing
surface occurred, i.e. atapp@éximately 8 x ’IO-L+ Cb~ adsorption.
Cb~ ion added after this point reported almost entirely in so-
lution. The conecentrations of all reducing ions, as given by

iodine titration, followed a similar pattern. The concentrations

4 4

of sulphate ions were low, varying from 0.63 x 107" to 1.15 x 10~
mol, but there appeared to be no relationship between Cb adsorption

and so4= ion appearing in solution. The final pH's of the
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suspensions indicated substantial desorption of alkaline ions.
In fact, although the NaHGQBSolution had some buffer capacity,
the final pH's at higher NaCb additions were 1.4 units above
the initial value.
The differential heat of adsorption of Cb_ on the sphalerite
samples was found to be constant at -90.08 kJ/mol Cb,, between

 to 6.5 x 10‘1+ mol Cb . It then fell

adsorptions of 0.8 x 10~
rapidly, reaching zeroc at a Cb adsorption of 8.1 x ’]O"L+ mol.
The constant heat of adsorption obtained was between the heats

of formation of Cqu2

heats of formation are marked on Pigure 17.

from Cu(OH)2 and Cu(OH)ZCuCO The revelant

3Q
The surface of the sphalerite sample was, therefore, saturated
with Cb~ at an adsorption of 8 x ’]O-L+ mol, which corresponded

I

to a stoichiometric reaction between Cb and the 4 x 107 ' mol

Cu2+ consumed during activation. Assuming an area of 4 x 10-19 m2

(203)

for each Cb on the sphalerite surface this amounted to an
adsorption of 8 layers. After each test the floatability of the
sphalerite particles was observed by dispersing nitrogen into
the suspension. The flotation of all sizes of sphalerite particles
was exccllent at NaCb additions above 2.0 x ’IO-br mol.

After the test involving a NaCb addition of 6 x ’]O-L+ mol,
the sphalerite was washed with distilied watcr, filtered and
dried under a stream of nitrogen. The dry sphalerite powder
was then shaken with chloroform which changed from cclourless
to deep green. After centrifuging and filtration the chlorcform

solution was evaporated under a vacuum and yielded well formed,

dark green prismatic crystals. These crystals were dissolved in
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concentrated-HESOQ and beiled to give a colourless solution.
Analysis of the solution by atomic absorption spectroscopy
revealed that copper and zinc ions were present in the ratio

46 : 1, Therefcre the presence of CuESZ on the activated
sphalerite was indicated. The small amount of zinc detected

in solution may have been due to colloidal sphalerite particles

passing through the filter.
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CHAPTER 7

ADSORPTION OF DIETHYLDITHIOCARBAMATE

ON PYRITE
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7«1 Preliminary experiments

A series of preliminary experiments were carried out using
the pyrite sample with a specific surface area of 0.200 mz/g
whose preparation was described in section 4.71. Samples of 50g each
were washed under deoxygenated conditions in the glove box with
300 cm3 water. The average analysis of the wash water was given

in Table 18, section 5.4 . The pyrite was transferrcd tc the

calorimeter flask and the volume of water made up to 82 cm3.

3

Various quantities of NaCb were added in 3cm” water in a bulb

and the heat liberated was measured. The results presented in
Table 27 showed large inconsistencies both in the heats of reactions
obtained and .in the results ¢gf the analyses.

The pH of the solutions at the end of the tests increased
with increasing NaCb addition, as did the concentration of sulphate
ions. However the adsorption of 63, as given by spectrophotometric
determination, fluctuated between 0.50 x ‘|o‘L+ and 2.00 x ‘|o‘L+ mol,
being lowest at high NaCb additions, In the tests involving
additions of NaCb of more than 6.00 x ’10"L+ mol large discrepancies
arose between the amount of Cb in solution, as given by
spectrophotometry, and the total reducing ions as given by iodine
titration. Within experimental error the concentration of reducing
ipns - should always be greater than,or equal to,the concentration

of Cb ions. Clearly some interference was occurring either in

thefiodometric or spectrophotonetric determinations.
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Table 27 Adsorption of Cb on pyrite (B.s.a.O.ZOOmgjg)

NaCb i"inal ions in soiution ai i‘:er test ;Adsorption —AHgs_L
addition | pH (mol x 101 cH-

(mo1x1o§) Co~ ézgzii;g: S0,= (molx10™ kJ/mol.EBZ,_

ions

1.00 8.5 0.1441 0.71 0,1 0.59 18,84
2.00 8.3 0.98 1.42 0.1 |1.02 37.68
3450 8.8 2.5% 2.82 - 0.99 61.18
4.50 8.9 3.48 3.92 0.36 | 1.02 59.31
5.00 8.7 3.02 3.93 0.1 11.98 h7,22
6.00 8.9 L.76 L.ok 0.74 | 1.24 66.53
650 9.0 L.o4 L.97 0.92 | 1.56 54,65
8.00 9.3 6.70 6.57 0.83 |1.30 76,27
10,00 9.5 9,51 8.77 0.90 | 0.49 1684
12,00 9.5 14,50 9.53 0.84 | 0.50 170.5

The filtered solutions from the tests involving 8.0 to.;a.o x 10

NaCb gave the so-called Tyndall effect in a light beam.

mol

The light

scatter was found to persiét, even after centrifuging for 1 hour at

80s”

the colloidal dispersion to any great extent.

1, and the addition of potassium clloride did not seem to affect

The particles were

also unaffected by hydrochloric acid which would have dissolved

colloidal pyrite.

The light absorption spectrum of the solutions

exhibiting the Tyndall effect, closely resembled that given for
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NaCb solution in Figure 9, saection 4.2.1.

These results guggested that the discrepancioes between the
analyses for Cb ion and reducing ion were due to particles
interfering in the light beam of the spectroph~tometer, and
giving a high reading for the optical densities of the
solutions. To check that this interference was not inherent in
the pyrite suspensions used,a blank test was run. A sample of
50 g pyrite was stirred overnight in the calorimeter with 85 cm3
water under deoxygenated conditions then filtered in the normal
manner. The filtrate gave no scattering of light when placed in
a narrow light beam. The chemical analysis of the filtrate is
given in Table 28.

Table 28. Concentrations of ions in equilibrium between 50 g

pyrite and 85 cr water. Deoxygenated conditions.

Species Concentrati%n
mol/dm
ut | 102
0, less than 1077
Feot 1.1% 10™2
504= 5.1x% 1072
s~ none
Reducing ions 1,0x 1072

It was evident that the slightly acid pH of the pyrite

suspensions could have hydrolysed some of the Cb  added to 052
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and diethylamine. These may have then been physically adsorbed

on the pyrite particles, and were displaced into solution at

high Tb~ additions, creating oil-water emulsiong. Alternatively
they may have reacted chemically with the pyrite surface producing
other oils or solids which could have formed dispersions in the
liquid phase.

The large increases obtained in the pH of the pyrite
suspensions during the reaction with NaCb suggested that hydroxyl
ions were involved in the reaction. The pH increased steadily
with Cb  addition from 8.5 to 9,5 indicating that OH  were
being displaced from the surface layers at all NaCb additions.
obtained per mol of Cb., adsorbed varied

5 2
from -20 to-170 kJ but no reliability could he placed on these

The values of lSHg
results because of the interference obtained in the znalysis for
Cb . This effect was eliminated in the next series of tests by

utilising a precipitation method for Cb analysis.

7.2 Heat of adsorption of diethyldithiocarbamate ion on pyrite

The temperatiife rises recorded in the last series of tests
were quite low, giving potential differences of between 1 and 10‘AV
across the thermocouple junctions, Accurate determinations of
the actual temperature rises, therefore, were sometimes difficulft.
It was decided to continue experiments on a pyrite sample having
a surface area of 6.330 m2/g compared to the 0,200 mp/g sample
used previously. Analyses for Cb  ion concentrations after

the tests were made using both spectrophotometry and the lead
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presented in Table 29 and a graph of the differential heat of

Results are

adsorvtion against b adsorption is shown in Figure 18. The Cb_ ion

concentrations used in the construction of this graph were those given

by the lead titrations.

The heat liberated was found to increase with

NaCb addition even though there was a residual Cb concentration at

the end of each test.

adsorption of 5.56 x 10”4

worke.

The surface was not saturated at a Cb

Cb ion on the available pyrite surface.

Table 29. Adsorption of Cb  on pyrite {(s.s.a. 0:330 ma/g)

mol, the highest value tested in the present

This = yptake amounted to over 8 layers of evenly distributed

NaCb Finali Tons in solutjon after test dggr tion Heat
ladded pH (mol x 10) ?m°l 20 )| liberated
(molx10") J— 0% (3)
Cb Total _
Spectr.|Pb. titr. | Reducing SOQ"
Tons
.56 [8.31 0.41 - 0.88 0.89 | 1.1s 2,72
2.10 8.h 0.70 | 0.75 0.87 0,69 1434 2.81
2.65 8.5 0.87 | 0.92 1.13 0.83 1.75 5.32
2.83 8.5 1.95 | 1.80 1.94 0.90 2.03 5.69
4,97 8.7 2.55 | 2.34 2.47 0.85 2.63 7420
6.20 8.8 L,01 | 3.20 3,83 0.95 3.00 7.53
7.12 8.8 L, 69 | 3,87 32,96 1.06 3,25 8.00
8.07 8.9 5.95 | 4.50 4,92 1.25 32.57 8.1
9.08 9.0 6.25 | 5.13 5.20 1.65 3.95 9.21
10.07 9.0 7.74 | 5.87 6.h2 1.89 L, 20 9.33
10.53 3.9 8.06 | 5.82 6,24 2.17 4,71 10.05
11.00 9,0 8.10 | 6,08 6.49 2.10 L,92 10, 30
11.11 9.0 7.56 | 5.62 5.94 2.50 5.49 10,67
13,10 9,1 8.52 | 7.54 7.7 242 5.56 10.72
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The pH of the final solutions increased with NaCb addition as did
the 804: concentration. The concentrations of all reducing ions

as given by iodine titration were close to the concentrations of
Tb given by lead titration, and it was assumed that oxy.sulphur
reducing ions, such as 5203:, were not present to any significant
extent. At higher Cb adsorptions a discrepancy was again evident
between the concentrations of Cb  in solution, as given by
spectrophotometry, and those indicated by iodine titrations.
Titrations with lead anitrate, however, gave consistent results.
The relationship between the values given by the varicus analytical
techniques is shown in Figure 19. It can be seen that below
adsorptions of 2.5 x ’IO"L+ mol Cb " the values given by the
various methods were in fairly good agreement. Above 2.5 x ’IO'_L+
mol Cb adsorption the differcnces between the results increased,
becoming almost 20% at high Chb adsorptions. ILvidence was provided,
therefore, that an interfering substance was desorbed from the
surface layers at high Co adsorptions, in o manner similar to

that reported in Sectioﬁ 7.17. Attempts were made to elimincte

the possibility of hydrolysis of the Cb  ion by altering the initial,
slightly acid condition of the pyrite suspensions. Quantities

of sodium hydroxide were added to the pyrite suspensions in the
calorimeter flask to give initial pH's in the region 9.5 to 11,

It was found, however, that during the period required to reach
thermal equilibrium the pyrite had removed the hydroxyl ion from

solution and the pH of the suspensions had fallen to values

between 5 ond 5.5. In order to obtain a pH of 8.0, before
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NaCb addition, 6 x ‘10"4 mol of sodium hydroxide was required. This
adsorbed hydroxide ion may have reacted in some way with the pyrite
and the probability of a change in the surface characteristics of the
sample was high, Allied to this was the fact that, although the
supernatent liquid from pyrite samples treated with sodium hydroxide
solution did not exhibit Tyndall effects, the addition of NaCb produced
light scattering 'particles'. Hence the interference in the Cb  ion
determinations by spectrophotometry could not have been entirely due
to a hydrolytic decomposition of the diethydithiocarbamate group.
For these reasons experiments employing a pretreatment of the pyrite
suspensions with sodium hydroxide were terminated.

The plot of the differential heat of adsorption against [
uptake on log-normal scales shown in Figure 18, was approximately
a straight line. This suggested that the adsorption was predominently
chemical in nature at first, providing high values of’-éxHozs, but
with increasing [ adsorption bonds of a physical kind aguired greater
values per mol of Cb., adsorbed

25 2

decreased. It was also possible that the initial heats of adsorption

significance and the overall ﬁsHo

reflected some oxidation of Cb  to Cb2

mechanism of equation [44], Section 5.1.3. The heat of reaction of

by ferric ion according to the

the system indicated by equation [44] was calculated to be -59.93
kJ/mol Egé, which was in fair agreement with experimental heats of
reaction obtained with low collector adsorptions in the present work.
However it seemed unlikely that any significant amount of ferric iron
could have been present, in the generally reducing environment(27) of
the pyrite surface, after storage in an inert atmosphere. After

each test reported in Table 29 the pyrite was found to have good

floatability with nitrogen bubbles.
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The use of reaction calorimetry to iuvestigate adsorption phenomena
has given results of good accuracy and precision; provided ex-
perimental conditions were well defined. In some cases the reaction
under investigation was complicated by side-reactions and proved
unsuitable for calorimetry. The precipitation of Fea_)-3 was a case
to point, where 4 separate reactions may have been occurring
simultaneously and at varying rates. It was evident, therefore,
that high precision demanded not only accuracy in calorimeter
performance, but an equiwalent accuracy in the analysis of the
reaction(s) taking place in the calorimeter.

In assessing the results obtained it was born in mind that
when chemisorption took place it was impossible, using the calori-
meﬁ&btechnique alone, to determine whether or not some of the
reagent consumed was only physically adsorbed. If physical
adsorption occurred alone, no heat change took place and chemical
analysis revealed the total amount of physically adsorbed reagent.
Whenever heat was liberated upon adsorption of a reagent, this
may have been due to the chemisorption of only part of the measured
uptake; some may have been physically adsorbed and contributed
little or no measurable heat. It is well known that sulphide
minerals have a tendency to adsorb collectors in patches of
multilayers, rather than as continuous films spread evenly over

(118)(172)

the available surface. This effect may have produced
some error in the values of IB.HSB reported above, since only the
total heat liberated and the total reagent consumption could be

correlated. Hence the differential heat of adsorption values
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obtained, whilst being of the same order as those found for bulk
chemical reactions, rarely coincided exactly with known values.
The sorption phenomena studied in this work fall into &4

main categories as discussed below:

(a) The sorption of cupric ion on sphalerite and pyrite.

The sorption of cupric ion on sphalerite was shown, in the
present work, to be an example of sorption by chemical reaction.
The theoretical and measured heats of reaction for the exchange
of copper for zinc were in fairly close agreement. The sorption
was investigated up to a quantity sufficient to form nearly three
completg layers of CuS on the sphaleritej although Gaudin et.al.
have shown that after two layers the rate of sorption should
decrease considerably, becoming dependent on solid-state diffueion
of metal ions through the CuS layer. The data obtained suggested
that the sorption of Cu2+ into the surface layers was not uniform,
and some ‘active" areas may have sorbed Cu2+ ion to a depth of
several atoms, thus increasing the amount of c0ppef involved in
the rapid sorption stage. '"Active!' areas may he produced by
processes such as grinding,where the shearing and fracture of a
mineral leads to dislocations and lattice defects.

Apart from the heterogeneity of a surface,the actual crystal
plane exposed may have B. unique chemical reactivity conpared to other
possible ‘planes:. This could be attributed to differences in atomic
spacing or composition betweeon different crystal planes, affecting

*

the soption of reagents. For instance, the dissolution rate of

(52)

hematite in hydrochloric and hydrofluric
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acids was found to be 10 times higher on the (001) plane than on
any other plane exemined. The possibility of enisotropic chemical
reactivity on syhalerite has not been investigated, but it was
evident from the results presented above that this effect could
have taken place.

A third explanation of the increased sorption of Cu2+ may
be in the intense agitation maintained in the calorimeter flasgk.
Areas of CuS may have been removed by abrasion exposing new regions
of sphalerite surface for attack., There is no evidence to suggest
that the activation of sphalerite is a topotactic process, in
fact Sato(qgo)has shown that the CuS layer formed may be amorphous,
and therefore loosely attached to the underlaying sphalerite.

The presence of iron in the sphalerite lattice was found to
lower the rate of Cu2+ sorption. In the case of 8§ X 10_4 mol of
copper added it was completely sorbed on the low-iron sphalerite
within 5 minutes whilst complete sorption took 60 minutes with
the high-iron variety (see Table 15). The iron in the sphalerite
lattice did not take part in the exchange reaction, although the
replacement of iron by copper is thermodynamically more favourable
than the replacement of zinc. The production of a yrotective
layer of a ferric oxide or hydroxide during grinding, as proposed
by Bushell et.alg§6) was suggested. However, it is difficult to
envisage iron impurities, evenly distributed throughout the
sphalerite lattice, having an inhibiting effect on the activation

process, since this would have involved each isolated iron atom

oxidising to, say, Fe(OH)B. It was more likely that the iron

N
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was present as discrete minute inclusions of pyrrhotite, which
were oxidised preferentially to the sphalerite. Some evidence
to this effect has been offered by Plaksin.(172)

In comparing the results obtained for the variation of copper
sorption on sphalerite with its iron content it should be noted
that only two samples were tested and, therefore the differences
obtained may not be significant. Further work should be under-
taken along these lines to clarify the effects of the presence
of iron impurities on copper sorption.

The adsorption of Cu2+ on pyrite was found to follow the
Freundlich isotherm and liberate no measurable quantity of heat.
Therefore the chemical mechanism proposed by Bushell and Krauss(86)
for cupric ion adsorption om pyrite, although thermodynzomically
feasible, was not applicable in the present work. The uptake of
Cu2+ did nct involve a tarnishing of the pyrite surface and very
little iron was expelled into solution; although Bushell and Krauss
predicted the stoichiometric exchange of copper for iron. The
adsorption of Cu2+ on pyrite is, therefore, physical in character
involving little or no permanant copper-pyrite interaction. The
zeta-potential of the pyrite used was close to zero at the pH of
the experiments. This may have accounted for the rather small
uptake of copper icn observed. The results obtained were similar
to those reported by Gaudin and Charlessaoa) for the adsorption
of calcium and sodium ions on pyrite. They found that at pHb

the uptake of calcium ions follows the Freundlich isotherm,but

at the highest concentration of calcium tested, 1.8 X 10—3 mol/de,
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the surface coverage was only 18% of a complete monolayer.
Plaksin(63) hés shown that different pyrites adsorb varying amounts
of radic-active calcium from solution, suggesting that sample
origin and preparation are important to the adsorption mechenism,
Such considerations would apply.if the adsorption of cupric ion
was by physical bonds alone. The products'and extent of oxidation
(110)(209)

may have some affect on the zeta-potential of pyrite,

and thereby on the physical adsorption of reagents.

(b) The adsorption of diethyldithiocarbamate on

unactivated sphalerite

It has been demonstrated that the flotation of unactivated
sPhalerite,vafter a few hours exposure to air, will depend mainly
_on the physical adsorption of the collector. After many hours in
contact with oxygen, the production of oxidised sites on the
sphalerite surface will have reached a point where chemisorption
of collector ion becomes significant., The greater stability
provided between the mineral particle and the air bubble by a
chemisorbed species, will lead to improved flotation recovery.

The adsorption of Cb_ ion onto unactivated sphalerite was
not accompanied by a measurable temperature change in the system,
although quantities sufficient to form several close-packed
layers were taken up. The adsorption, therefore, was a physical
process and the collector-sphalerite attachment was of limited
tenacity, as evidenced by the ease of washing adsorbed Cb  ion

away from the minerals' surface with water. These results are in
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agreement with previous work and confirm that the poor flogtability
of unactivated sphalerite is due to the lack of strong collector-
mineral bonding, (Section 2.2).

Considering the products found in solution after grinding
the sphalerite sample, and the reported work on the oxidation of
sphalerite (see Section 1.2); it was concluded that an insoluble
zinc salt, probably Zn(OH)z, and oxy-thio anions were the likely

b

oxidation products on the surface of the sphalerite.-

The solubility products of Zn(OH)2 and Zan2

10-17'08 (168) -17.3 (221) respectively, and at the # ana

were given as
and 10
Cb  ion concentratrations used in the tests, the chemisorption

of Cb~ ion to form Zan2 by metathesis was favoured. However
the oxidation of sphalerite has been shown(qes) to take place at
a much slower rate than other sulphides,and the production of
oxidised sites on the surface may have been limited. In fact
the water used during the grinding of the sphalerite samples was
found to contain 1 X 10-4 mol/dm zinc ion. If a similar amount
of oxidised zinc was assumed to be adsorbed on, or to be part of,
the spalerite surface, this was equivalent to 3 X 10-6 mol zinc
ion per 50g sample. The formation of Zﬁﬁga from this amount of
zinc would have liberated 0.06J of heat, which was below the
lowest level of detection of the apparatus.

The exposure of a sphalerite sample to air for 16 hours led
to a great increase in the oxidation of the mineral partieles and

hence to a measurable heat of reaction with NAEE solution. The

contact time between sphalerite and aerated water is rarely more



~177=

than one hour in a flotation plant, and 1little oxidation probably
takes place. As @ result of this the floatability of unactivated
sphalerite is usually meagre in practice. This point has been

(22h)

confirmed by Kmet who re€ently reported that the flotation

recovery of sphal-rite ‘ncreased to nearly 100% after contact with

air for 200 days. Plaksin et. al.(EO)

found similar effects after
treating sphalerite with strong oxidising agents for shorter
periods.

The data presented in this work on the adsorption of
Cb~ ion ¢nto unactivated sphalerite is supported by the findings
of Steininger,(Sq) who found little or no flotation recovery with
NaCb at any pH. He related this to the small pKa value of
diethyldithiocarbamic acid, which ensured that, in the pH regions
where the Cb radical was stable, it existed predominantly in the
ionised form. Steininger found good flotation only with those
collectors that exist primarily as undissociated acid molecules,
i.e. those with high pKa values. OSteininger’s samples of sphalerite
had not been exposed to air for any great length of time and, on
the basis of the results of the present work, this lack of chemi-
sorption was not unexpected.

(&)

In this respect it is pertinent to review the data of Gaudin

(76) who reported, for a given type of

and of Sutherland and VYark
surfactant, increasing flotaion recovery of srhalerite, with
increasing collector hydrocarbon chain length. It is well known

that the pK_ values of an homologous series of an ionic surfactant

change very little with hydrocarbon chain length, and therefore
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Steininger!g hypothesis cannot explain this phenomena. “"However
the interaction between hydrocarbon chains due to Van der Waals
forces does increase with chain length, eventually leading to

the formation of micelles.(206) The role of the critical micelle
concentration to flotation recovery has been demonstrated for

(204) (205) It would be expected, therefore,

oxides and carbonates.
that higher homologues of dithiocarbamic acid would give improved
flotation recovery since stronger association may take place
between individual hydrocarbon chains, leading to a greater tenacity
of adsorption.

The zeta-potential of sphalerite was reported to be negative

(186)(187) although

in solutions with pH values greater than 3,
objections have been raised to the validity of such measurements
on sulphide minerals; especially when semiconductor effects may

(207)

be involved, Therefore the strong adsorption of negative

Cb_ ions would not be expected and the increase in pH during the
tests reported above assumes significance. The pH of an unactivated
sphalerite suspension left overnight in deoxygenated water was

6.7, but the physical adsorption of Cb~ increased it to values of

10 and over. This indicated that the hydroxyl ion adsorbed in

the double layer was quite strongly bound to the solid; as was

some of the adsorbed Cb  ion, which could not be washed off with
dilute sodium hydroxide solution. Clearly anions were capable of

adhering quite strongly to sphalerite by physical forces alone,

even though its zeta-potential is supposed negative.
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(¢) Adsorption of dicthyldithiocarbamate ion on

activated sphalerite

The chemisorption of Cb_ ion on sphalerite samples activzted
with copper was found not to toke place unless the mineral had been
exposed to oxygen. This was illustrated in the series of tests
involving the stoichiometric reaction of Cb  with the Zn°" ion
liberated from the sphalerite surface during the activation process.

After the precipitation of Zan2 the heat liberation ceased, indi-
cating that the reaction did not.continue with the unoxidised CuS
surface on the partieles. In fact it was found that if all the

zinc ion liberated during activation was removed from the sphalerite
suspensions, no temperature change was detectable in the system

on addition of NaCb. A mass of evidence has built up over the

past decade supporting the view that permanent sulphydryl collector
attachment on sulphide minerals was impossible without the inter-

(65(9)

action of oxygen. It has been the exact role of oxygen in
the adsorption process that has remained obscure., Clearly in the
present work the Junction of oxygen was to oxidise the surface of
activated sphalerite to more soluble copper compounds, which then
reacted with NaCb.

After expssure to oxygen in alkaline media, activated sphalerite
was found to chamisorb Cb  ion in large guantities. The heat of
adsorption associated with this uptake was close to the heat of
reaction of Cu(OH)zhwith NaCb. The sphalerite particles became

hydrophobic and rejeccted anions awey from their surfaces

into the surrounding double layers. Increasing the concentration
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of Cb_ in solution caused & rearrangenent of the distribution of
anions between the double layer and the bulk solution. Consequently
hydroxyl ions, reducing ilons and sulpvhate ions appecred in solution
in quantity. The exchange between Cb~ ions and the cnions on the
activated sphalerite surface was never stoichiometric, and in some
cases the quantity of ions eppenring in solution exceeded the
collector uptake., Similar effects were observed by Mellgren and
Rao with galena(10) and by Dewey with chalcocite.(q) The reason
for the 'extra' desorption of anions from the surfaces of minerals
after reaction with collectors may lie with the cation of the
collector mclecule., Sodium lon has been reported to show quite

considerable physical adsorption on pyrite(ZOZ) and may well do

S0 on sphalerite.(76) this would require a further adjustment of
the double layer and could account for some of the anion appearing
in the solution.

The response of activated sphalerite oxidised in NaHCO3
solution to NaCb was similar to that obtained when the oxidation
was carried out in NaOH. The measured heat of adsorption of
Cb~ ion was close to that for the reaction between Cu(OH)2 and NaCb,
even though the pretreatment of the samples with KHCO3 should
have led to a sustantial formation of either copper carbonate or
basic carbonate on the surface. However the heat of formation of
cupric hydroxide from its ions is about 12 kJ/mol higher than the
heat of formation of malachite (CuCOB. Cu(OH)Z)’ and therefore its

production ou the sphalerite surface is favoured. The appearance

of relatively large concentrations of reducing ions in solution
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after adsorption of Cb ion, indicated that these had not all
been displaced during the washing stage of sample preparation.
Since a ’10_1mol/dm3 solution of NaHCO3 had been used as washwater,
the reducing anions must have been quite strongly bonded to the
activated sphalerite surface.

In the series of tests involving the oxidation of copper-
activated sphalerite in alkaline media, the subsequent chemisorption
of Cb~ ion continued well past an uptake corresponding to a close-
packed monolayer. The NaCb added appeared to react with 2ll, or
nearly all, the copper used for activation, giving in one case,
an apparent chemisorption of 8 layers of Cb. Clearly chemisorption,
defined theoretically as involving electron sharing between the
surface and a single adsorbed layer, does not apply in these cases.
The possibility existed that the surface arens of the samples
chenged during activation. VHowever it is doubtful whether a layer
of CuS on sphalerite only a few atoms thick could have a surface
area significantly different from the original zinc sulphide.

Also, although some errors would be introduced by extrapolating
surface areas found by gas adsorption, at liquid nitrogen temperatures,
to those availatle to solutes at room temperature,(zqu) the
measurement of the original sphalerite surface area was unlikely
to be incorrect by a factor of 8.

A probable explanation lies in the extent of oxidation of
the copper sulphide layer on activated sphalerite. During the
activation process the formation of Frenkel defects and lattice

dislocations was very probable. The energy involved in producing
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such defects wculd be bound up in the solid as potential energy,
available for release during a subsequent rcaction. Therefore the
oxidation of the activated sphalerite surface may have been -
particularly energetic and rapid, involving the transformation of
all, or nearly all, the CuS to copper hydroxide and soluble oxy-
sulphur anions. In this respect the electrochcmical properties

of covellite may be an important factor. Defects in its structure,
or differences between copper atoms bonded to other copper atoms
and those bonded to the zinc atoms in the substrate, may lecd to
anodic and cathodic areas in the Cuf layer.(46) Aided by the
high electrical conductivity of covellite the anodic areas would

(217)

rapidly oxidise to Cu(OH)2 and sulphate ion. The mineral
tenorite, Cu0, is a2 well known oxidation product of primary copper
ore deposits.

The Cu(OH)2 produced on the CuS sites on activated sphalerite
may have had a porous structure, and hence a larger surface area
than the original copper sulphide. Alternatively the intense
abrasive action taking place in the calorimeter flask, during the
relatively long time required to attain thermal equilibriuwm, may
have removed some of the copper hydroxide film from the sphalerite
surface. The addition of NaCb therefore, mey have led to a reaction
toking place between particles of Cu(OH)2 and Cb_ ion in solution,
as well as to a chemisorption of Cb  ion onto the Cu(OH)2 surfaces
remaining on thc sphalerite. In this way the apparent adsorption

of 8 layers of Cb~ ion on activated sphalerite oxidised in bicarbonate

solution can be seen as mainly a reaction with copper hydroxide
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particles in suspension. In the case of activoted sphalerite
oxidised in sodium hydroxide solution the Cob~ upteke was approxi-
mately equivalent to 3 layers, or 75% of the copper added during
activation had reacted to give Cuaga, Presumably the oxidation
had not been so rapid in this case and all the CuS arcas were not
transformed into copper hydroxide. The sphalerite particles showed
good fleoatability in both cases and clearly some strong Cb~ adsorption
had occurred on the mineral. Hagihara et. al.(125) have shown
by X-ray diffraction that NaCb reacted with copper-activated
sphalerite to give an adsorbed layer resembling a bulk chenical
precipitate. However the floatability of heavily oxidised minerals
with sulphydryl collectors is known to be difficult because of
the formation of thick, disordered films of heavy metal collector
sclts, which have a low tenacity on the surface. Also the present
author tested the floatability of precipitated CuﬁS2 and Znﬁa,
which were both found to have a poor flotation response to air
bubbles, compared with activated sphalerite treated with NaCb.
It was likely, therefore, that the Cb_ ion had not been adsorbed
on the sphalerite as a chemical reaction product of many layers
thickness, but as 2 single chemisorbed layer leading to good
hydrophobicity. The rest of the Cb~ consumed during the experiments
was reacting with Cu(OH)2 removed from the sphalerite surface by
the agitation present in the calorimeter flask.

Conditions of oxidation and attrition occur in plant practice
and a similar process to that described above could lead toc excess

reagent consumption during the flotation of activated sphalerite.
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However it has becn reported that sphalerite will float very well

with much less than a monolayer coverage(q) of Cu2+,and probably

the formation of areas of easily abraded Cu(OH)2 is less marked

in practice. The effects of electrochemical dissolution on flotation

has not been studied, but certainly the possible reactions in a

flotation pulp conZaining several minerals will be many and varied.
Finally no evidence was found for the formation of Egé and

cuprous diethyldithiocarbamate by the reaction

20a”* 4 HOLT — 20006 + Tb, ee..n...[53]

(&) (6)

A similar reaction has been confirmed to take place on activated

sphalerite when a potassium xanthate was added. Mellgren and

(10)

Rao found that the oxidation of Cb by iodine solution according

to equation [47 ] had a heat reaction of -54.42 kJ/mol I; . It

was calculated that the reaction between copper ion and iodine by

the equation [54] had a heat of reaction of +131.02 KJ/mol I;.
oou®t 4 31T —> 200t 4 IS eeeenensl54]

The addition of equations [54] and [h&] gave a heat of reaction

for equation [53] of +76.6 iJ/mol Egé. Assuming large entropy

changes do not cccur, the value of & G° for equation [53] will
be positive, and the recaction is unlikely to take place. Therefore.

the thermodygemic data is in agreement with the results of the

(190)

present work, and also with the work of Sato who found only
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cﬁEEé on the surface of activated sphalerite treated with NaCb.

(¢) The adsorption of dicthyldithiocarbamate on pyrite.

An increasing quantity of heat was evolved with increasing
NaCb addition to pyrite suspensions at their natural pH of 5.
At the end of each test there was an equilibrium concentration of
Cb~ in solution indicating that a definate concentration of collector
was required before chemisorption took place. This was similar
to the requirements found for a reaction betwecn Fe(OH)2 and
NaEE, as discussed in Section 5.1. The final pH obtained
after the various Cb adsorptions on pyrite ranged from 8.0 to
9.0, compared to the natural P of a NaCb solution in deoxygenated
water which was 7.4. Hydroxyl ion was therefore involved in the
adsorption mechanism i agreement with the dats reported by other
workers.(qqo)(226)

The uptake of Cb~ ion on pyrite amounted to over 8 layers,
and was still increasing when experimentation was terminated.
In the past, evidence has been presented that the adsorption of
collectors onto pyrite depends on the extent of oxidation during
sample preparation.(106)(110)(111) The long grinding time required
in the present work to obtain sufficient surface area for heat of
adsorption measurements may have led to extensive oxidation and
alteration of the pyrite surface.

The increase in pH and sulphate ion concentration during the

adsorption of Cb_ ion would tend to confirm that hydrated iron

oxides and sulphate were the main oxidation products on the pyrite
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used.(see Sectioﬁ 1.2). It was possible that some of the solid
iron oxide had been removed from the pyrite surface by abrasion,
contributing to the large uptake of Cb observed. However the
pyrite particles were easily floated a2t the end of every test
indicating that the adsorption of surfactant had taken place on
their surfaces. The formation of oxides and hydrated oxides of
iron on a pyrite surface does not require a disintegraticn of the

(45)

original FeS_ structure, and the oxidation products may be

2
guite tightly bound to the underlying mineral,

The differential heat of adsorption of Cb~ on pyrité fell
rapidly with Co~ adsorption indicating that increasingly significant
physica; adsorption of the collector may have been taking place.

The physical adsorption of Cb~ onto pyrite would be greatly e@ffected
by its surface potential., The geta-potential of pyrite, unlike
other common sulphides is negative only at neutral or alkaline

(110)

pH values, and published curves resemble those reported for

(213)

hematite. Increasing oxidation of the surface may shift the
iso-electric point of pyrite to more alkaline regions, thus
facilitating the physical adsorption of Cb~ ion in regions of

low 2lkalinity, pH 7 to 10. Parks(aog)

reported the iso-electric
points of several iron oxides and hydroxides, and the values
suggested that the surface potentials of iron hydroxides may be
positive up to pH values of 10 or over., Nevertheless the
physical adsorption of Cb_ on pyrite would still be subject to

some control by other anions in solution, and may well be very

small at high hydroxyl ion concentrations.
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It was possible that the initial heats of adsorption obtained
reflected some oxidation of Cb  to 632 by ferric ion according to
equation [44]. The theoretical heat of this reaction was calculated
to be =59.93 kJ/mol Egé, which was in fair agreement with the
experimental heats of adsorptio at low collector uptakes. The.
existance of free ferric ion at the pH and deoxygenated state of
the pyrite suspensions was not expected, Overall’no definite
corrclation could be made between the heats of adsorption obtained
and reaction between iron salts and NaCb in bulk solutior. The
interpretation was further confused by the inabtility of the
calorimetric technique to distinguish between the chemical and
physical adsorption of reagents when occurring simultaneously.

The mechonism of adsorption of Cb~ ion on pyrite suggested
by the present work was:-

The Cb~ ion reacted chemically with iron oxides, hydroxides
or basic salts on the pyrite surface to give iron diethyldithio-
carbamates. The cxtent of this reaction depends on the relative
concentrations of Cb and OH  in sclution. Physical adsorption
of Cb~ ion also takes place ot the same time,in amounts depending
upon the residual Cb~ concentration after the chemical reaction

stage.
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Cenclusions

The sorption mechanisms of both sodium diethyldithiocarbamate
and copper sulphate on sphalerite, activated sphalerite and pyrite
have been inveatignted by reaction calorimetry. The differentinl
heats of sorption of tﬁese reagents on the nminerzls studied have
been reported, and compared to values obtained for heats of formation
of relevant salts in bulk sclution. The following information was
obtained as a result of these determinations:
(1) The sorption of cupric ion onto sphalerite follows the equation

ot —=> CuS + Zn2+

ZnS + Cu
and the‘theoretical and experimentzl heats of this reaction were
in close agreement.
(2) VWhen sphalerite contains iron as an impurity in its lattice,
this does not exchange for Cu2+, although thermodynomically possible,
The iron impedes the exchange of copper for zinc by providing some
protective layer over parts of the sphalerite surface.
(3) The sorption of copper on sphalerite appears to be uneven,
with some "active! areas sorbing to a depth of.several atons.
(4) Tne adsorption of cupric ion on pyrite is by physical bonds
only at slightly acid pH, and no temperature change is rccorded
in the system with 12-junction copper-constantan thermocouples.
(5) The adsorption of diethyldithiocarbamate ion (EEH) on sphalerite
is predominently physical in character unless the sphalerite has

previously been exposed to oxygen for long periods.
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(6) The chemisorption of Cb_ ion om copper-activated sphalerite
occurs only after the mineral has been exposed to air, which
oxidises the CuS areas on the partiales surfaces.

(7) The oxidation of the CuS arecs on activated sphalerite is
vigorous and con transform all or nearly all the copper to more
soluble salts in about 1 hour.

(8) The adsorption of Cb~ ion on activated sphalerite oxidised

in alkaline medin is by chemical recction involving an exchange

of Cb~ ions for hydroxyl ions., The differential heat of adsorption
is close to the heat of reaction between Cu(OH)2 and NaCb in bulk
solution.

(9) The adsorption continues until all the available oxidised
copper has been transformed to Cdagé. This will include any
copper hydroxide removed from the particles surfaces by abrasion,
The sphalerite particles become hydrophobic upon adsorption of

Cb~ and show good floatability with nitrogen bubbles.

(10) The adsorption of Cb_ ion on pyrite takes place partly by
chemisorption. Hydroxyl ions arce expelled into solution along -
with sulphate ions. The chemisorpticn depends on the concentration
of Cb. in solution, and may be connected with the high solubility
of FeCb compared to Zron hydroxides. Significant physical adsortion

2

of Cb~ may occur as well as the chemisorption.
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