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REVIEW 

ADSORPTION OF IONS AND MOLECULES TO 
SOLID SURFACES IN CONNECTION WITH 

FLOTATION OF SULPHIDE MINERALS 

Valu;rhlc sulphidc minerals arc separated and concentrated from thc crudc ore by means of flotation. 
One fundamental step in this proccss is the selective hydrophobation by a collector of certain sulphidc 
mineral surfaces. The most commonly used collcctors are alkylxanthatc (0-alkyldithiocarhonate) ions, 
K-0-CS, . O,O-dialkylditliiophosphatc ions, (RO)?-PS,. , and N.N-dialkyldithiocarbamate ions, 
R2N-CS, . The adsorption mechanisms of' thcse collectors on the sulphidc minerals sphalerite (ZnS), 
galena (PhS). chalcocitc (Cu2S), acanthite (Ag2S), covellitc (CuS), chalcopyrite (CuFeS,). pyrite 
(FcS,). marcasite (FcS2), pentlanditc ((Fe. Ni)<&), pyrrhotitc (FeS, x). troilite (FeS), millerite (NiS). 
niolybdcnite (MoSJ, realgar (ASS). orpiitlent (As2S,) and arsenopyrite (FcAsS). A strong correlation 
bctwccn thc structure of the sulphidc niincral and the adsorption mechanism is found. The studied 
collectors arc adsorbcd to the mineral surface according to one or two of the following adsorption 
mechanisms: a) the collcctor is oxidized to a very hydrophobic compound physisorhed to the surface. 
h) thc mineral surtkcc is o x i d i d  and the metal ions are dissolvcd from the surface. which in prcscncc 
of' collector precipitates on thc mineral surface as a hydrophobic solid metal collector salt, and c) the 
collector forms surfacc complexes chcmisorbed to specific atoms/ions in the mineral surface through 
covalent interactions. The crystal structure of sulphide minerals and some metal collector salts arc 
presented. Thc most commonly used techniques to study ions and niolcculcs adsorhed on solid 
surfaces are prcscntcd and cvaluatccl. 

KEI'WORDS: adsorption. sulphidc minerals. flotation, alkylxanthate. 0,Odialkyldithiophosphate 
and DRIFT (Diffuse Kctlectancc Infrared Fourier Transformation) 
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1 .  INTRODUCTION 

Flotation is the main techniquc uscd in the mineral processing industry for 
separalion and concentration of valuable minerals from the crude ore. The 
fundamental steps in the flotation process are grinding, conditioning and flotation. 
The crude ore is ground wet in large mills into such a fine powder that each 
individual mineral particle in principle consists of only one compound. This slurry 
of ground ore is poured into a water basin, and the resulting slurry of ca. 25 weigh'% 
ore is called a flotation pulp. The basic idea of the conditioning step is to selectively 
modify the surfaces of the desired mineral particles in such a way that they becomc 
hydrophobic. A wide range of chemicals are added to the flotation pulp in the 
conditioning step to make the flotation step as effcctive as possible. These chemicals 
are divided into the following categories depending on the function: collectors, 
depressants, frothers, activators and modifiers. In the flotation step small gas 
bubbles, normally air, arc blown in at the bottom of the flotation pulp. The 
hydrophobated particles in the flotation pulp are caught by the uprising bubbles. 
Frothers, usually bulky alcohols as mcthyl-isobutyl-carbinol, polypropylene glycol 
ethers or pine oil terpenols are added to thc pulp to chemically and mechanically 
stabilize the bubbles. This results in the formation of a mineralized froth on top of 
the aqueous slurry phase. This froth, containing the desired mineral particles, is 
mechanically separated from the rcst and the desired mineral concentratc is 
obtained. 

This article will summarize and critically evaluate the chemical mechanisms 
proposed for the adsorption of the collector ions/molecules on sulphide mincral 
surfaces, and the methods used to obtain information about adsorption proccsses on 
solid surfaces. The far most used collector for hydrophobation of sulphide minerals 
is the alkylxanthate (0-alkyldithiocarbonate) ion, R-0-CS,- , and the following 
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AI)SORP'I'ION O N  SULPHIDE MINERALS 263 

discussion will mainly be focused on this collector. Other collectors used in flotation 
of sulphide minerals arc O,O-dialkyldithiophosphate ions, (KO),PS2-, which will be 
discussed bricfly in this article, and N.N-dialkyldithiocarbamate ions, R,N-CS,- . 

Several mechanisms have been proposed over the years for thc adsorption of 
these sulphur donating collectorsAigands in particular and of ligands in general to 
sulphidc mineral surfaces. Each mineral will be discussed individually as thc 
sulphidc niincrals have diffcrcnt chemical properties and structures. Thc main 
emphasis will be put on the adsorption of alkylxanthate ions as this collector typc 
is the most widely used in mincral processing. and as the adsorption mcchanisms 
of alkylxanthate ions can also be applicd to the 0,O-dialkyldithiophosphate and 
N,N-dialkyldithiocarbamale ions. The rclationship bctwccn adsorption mechanism 
and structure of the sulphide minerals will be discussed for a more general 
understanding of the possible adsorption rcactions/reaction mechanisms taking 
place on sulphide mineral surfaces in particular and on solid surfaces in general. 

2. CHEMICAL SORPTION PROCESSES 

Thc dcposition of chemical species to a solid surface may be termed a sorption 
process.' Thrcc principal sorption processes can bc distinguished: a) precipitation, 
b) adsorption, which can be divided into the subgroup< chemisorption and 
physisorption, and c) absorption. 

Precipitation is characterized by the formation of a solid phase with a threc- 
dinientional lattice. This solid Precipitation can either be grown directly on the 
underlying lattice as a continuation of that lattice or on some species which is 
adsorbed to the underlying lattice. A prccipitation mechanism can be initiated by 
either homogeneous or heterogeneous nucleation. The latter may involve the 
formation of a solid mixture cithcr by inclusion or by coprecipitation, or may take 
place on the surface of a prccxistent solid phase.'-3 

The adsorption is defined by a concentration of species on the surface of a solid 
particle but without the formation of a three-dinicntional lattice. An absolutc 
adsorplion involves a two-dimentional arrangement of molecules or ions on a solid 
surfacc. including 'two-dimentional solid solutions'. 'Multilayer adsorption' must. 
with the definition given above, mean that each moleculc or ion layer is arranged 
indcpcndently of the arrangement of the underlying layers. Adsorption can bc 
dividcd into two groups, clzcmisorption and physisorption, depending on the kind of 
chemical intcraction the adsorbed species, the adsorbate. forms to thc solid surface, 
the adsorbcnt or the substrate, or underlying adsorbate. 

In physisorption the dominating interaction between the adsorbate and the 
adsorbent is thc van der Waals force of a similar kind as between molecules. The 
van der Wstals force is a weak long-range interaction and the energy released when 
a species is physisorbed is of the same order of magnitude as the heat of 
condensation. Typical values of heat of physisorption are in the range 20-60 kJ 
mol-' adsorbated molecules or ions. This energy is insufficient for breaking of bonds 
in the adsorbate, which means that physisorbed molecules or ions retain their 
identity, although it might be slightly distorted on account of the presence of thc 

In chemisorption the adsorbate species are chemically bound to specific ions, 
molecules or atoms in the surface. This interaction has a covalent cl aracter, and the 

Thc physisorption process is generally reversible. 
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264 1. PEKSSON 

chemisorption process must be exothermic as no entropy loss takes place in this 
process or only a small positive entropy effect is seen if the coordination sites of 
intcrcst arc hydrated (solvated). As the translational freedom of the adsorbate is 
reduced at the chemisorption the entropy of adsorption (translation) term, 

becomes negative. An additional positive entropy of adsorption (des- 
orption) term. ASad,desorp, must be added if the chemisorption process involves a 
substitution of a more weakly chemisorbed species as e.g. water in an aqueous 
solution; solid surfaces are indeed hydrated (solvated in other solvents than 
~ a t e r ) . ~ . ~  The heat of chemisorption is 5-10 times larger than the heat of 
physisorption, which means that this energy is large enough to break bonds in the 
adsorbate. The total heat of adsorption can however sometimes be endothermic 
because if one or several bonds in the adsorbate are broken the translational entropy 
of the products can be larger than the heat of adsorption of the incoming molecule. 
However, the AHad term must be exothermic otherwise the adsorbate will not be 
chemisorbed to the surface. The size of the heat of adsorption can be used to 
distinguish chemisorption from physisorption. Processes with heats of adsorption 
less negative than - 25 kJ mol-' are regarded as physisorption, and values more 
negative than - 40 kJ mol-' as chemi~orption.~.' 

Absorption is characterized of penetration/diffusion of molecules or ions into a 
solid phase.'.3 The absorption process has no importance for the hydrophobation of 
minerals and surface modifications of solids, and will not be further presented here, 

3. OVERVIEW OF METHODS FOR THE STUDY OF SORPTION 
PROCESSES ON SOLID SURFACES 

A wide range of physical and analytical techniques has been applied to study the 
adsorption of ionic and molecular species on solid surfaces. A short presentation of 
the techniques mainly used in the studies of adsorption on solid surfaces is given 
below. 

3, I Kinetic Methods 
The presence of an electric charge on the surface is a source of kinetic stability of 
small or colloidal particles. Ions of opposite charge tend to cluster nearby, and an 
'ionic atmosphere' is formed. Two regions of charge on surfaces arc distinguished, 
an immobile layer of ions and water molecules (in aqueous solution) tightly stuck 
to the surface and the 'free' ions and water molecules in the aqueous bulk. The 
radius of the sphere capturing the inner immobile layer is called the mdizcs qf 'shur.  
This radius is the most important factor determining the mobility of the particles. 
The electric potential at this radius of shear relative to the value in the bulk medium 
is called the 5-potential or the electrokinetic p o t e n t i ~ l . ~ ~ ~  Electrokinetic phenomena 
have often been used to obtain information about the properties of electrical double 
layers at solution-solid interfaces. This requires introduction of a model of the 
double layer, either of Helmholz or Stern type.4 The value of the dielectric constant 
E in the double layer is probably not the same as the value of E in the bulk. The 
{-potential is the result of a rather brutal averaging process applied to a double layer 
in a non-equilibrium state. The 5-potential is approximately equal to the total 
potential fall in the double layer. Measurements of the capacitance of the double 
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ADSOKPTION ON SULPHIDE MINERALS 265 

layer by a-c-bridge techniques are often used to obtain experimental data about the 
double layer including the 5-potential.' 

Specific adsorption of anions will cause that the surface becomes more negative, 
while specific adsorption of cations will cause a more positively charged surfaec. 
Specific adsorption of an ion may result in blocking of the surface and the reaction 
rate will decrease. The blocking of a surface increases with increasing size of e.g. R 
groups, -CH,<-C,H5<-C,H,. It has also been stated that thc 6-potential can be 
correlated to adsorption of ionic or molecular species on mineral surfaces, and 
thereby also thcir flotation beliaviour.h Hunter has written an cxtensive summary of 
theory and determination of the 5-potential in colloidal systcms.6 

3.2 Thcrmodynamic Mcthodr 

3.2.1 Rest potential measurements 
At the re: potential, thc rate of the anodic and cathodic reactions is thc same giving 
a zero current. By comparing this potential with the thermodynamic rcdox 
potentials of possible reactions, it is possible to postulate what kind of electrochem- 
ical reaction that may occur. When the rcst potcntial i s  far from the thcrmodynarnic 
potential of the system, one might expcct that the surface is covered by any 
adsorbed compound. By measuring the rest potential as a function of time, slow 
transformations of a surface can be detected. It has been claimed that thcrc is a good 
correlation betwecn the rcst potential and the flotability of  mineral^.^ 

3.2.2 Cyclic voltammetry 
In a cyclic voltammetry experiment onc or several reactions of the typc oxform + 
n e- e redform are studied with an electrode in solution where semi-infinite linear 
diffusion is assumed. Initially, the electrode is held at a potential E,,  where no 
reaction occurs at the electrode. The potential is then swept linearly at v (V/sec) 
until a prcdetermincd potential l:',,,,, is obtained. From therc the potential is 
immediately swept back at -v (V/sec) to the initial potential E, see Fig. I ,  This cycle 
can then be repeated if wanted. It is assumed that the rate of clectron transfer is so 

i 

I 
I 
I 

I I I 

0 t 

t- 

A+e-- A: 

Figure I (a) Cyclic potcntial sweep and (b) rcsulting cyclic voltammogram. 
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266 I. PERSSON 

rapid at the electrode surface that the concentrations of the oxform and the 
red-form of a spccics are immediately adjusted to the radio dictated by the Nernst 
equation j(f) = Coxform/Credform = exp[(nF/RT).(l: '( t)-~')],  where E n  is the thermo- 
dynamic standard electrode potential. This shows that the ratio Coxfi,rm/Crcdti,rm is 
a function of time, see Fig. 1.  The advantage of cyclic voltammetry is that also 
non-equlibrium processes, such as adsorption, can be studied. An excellent 
description of the theory of cyclic voltammetry is given by Bard and Faulkner.8 

3.2.3. Potentiometric sweep (PDS) 
In potenliometric swccp expcrimcnts thc electrode potential is slowly changed by a 
certain velocity. and the current is measured as a function of the potential. The 
changc in potential must allow the formation of a steady statc or cquilibrium 
condition. It is well-known that a linear relationship between thc logarithmated 
current and the potential is obtaincd, the so called Tafel region for an irreversible 
clcctron transfer process under activation control. The Tafel behaviour is an 
indicator of totally irreversible kinetics8 From the Tafel slope and the dcpcndcnce 
on ions in solution a reaction mechanism may be deduced. 

3.2.4 Solubility mcasurements 
Adsorption phenomena are in some cases studied by measuring thc changc in 
conccntration of a certain species in an aqueous solution beforc and after addition 
of an adsorbing solid material. This gives of course no indication of type of reaction. 
adsorption mechanism or if the spccies studied has undergone any chemical 
reaction. The amount disappearing from the solution phase is expected to be 
adsorbed on any spccific surfacc. Adsorption isotherms can be calculatcd by 
knowledge of the total surface of the solid (powder). This kind of solubility 
measurements has only occasionally been used to study the adsorption of alkylx- 
anthate collcctors on mineral surfaces. Sposito has given a good critical overview of 
solubility methods in the study of adsorption of chemical species on solid surfaccs.' 

Howcvcr, some of the sulphide minerals, especially galena (and chalcopyrite), arc 
casily oxidizcd to species that are substantially more solublc than the sulphide 
mineral itself. I t  is therefore very important to dctermine thc total amount of metal 
species dissolved from sulphide mineral surfaces treated in different ways under 
varying oxidiLing conditions. Thc total amount of a certain metal is preferably 
dctcrmined by using an atomic spectroscopic tcchnique as e.g. atomic absorption 
spcctroscopy (AAS), atomic emission spectroscopy (AES), atomic fluorescence 
spcctroscopy (AFS) or inductivcly coupled plasma spectroscopy (ICP), which allow 
the determination of extrcmcly low concentrations in a solution.' 

3.2.5 Potentiometry 
Potentiometric incasurements are carried out by determining the potential bctwccn 
a reference half cell and a half cell where the concentration of the species under 
study defines thc potential of thc half cell. A glass electrode is normally used for 
determination of H + , and ion selective electrodes are available for a relativcly largc 
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ADSORP'I'ION O N  SULPHIDE MINERALS 26 7 

number of inorganic ions for the determination of thc free concentration of thc 
particular ion. Thc measuring cell can be written: Ref I I M" + (Ionic medium) I 
M(s). Such electrodes must be calibrated over the concentration range under study. 

In polentiometric cxpcrimcnts thc potential betwccn two half-cells is a function 
of the concentration of one species in the measuring half-cell when no current flows 
between the half-cells. Sincc no current flows in thc cxpcriment, no net faradic 
rcaction takes placc. The obtaincd potential is normally showing the thermody- 
namic property of thc system. Many variables in the clectroclicmical experiments 
such as clectrode area and geomctry and mass transfer do not atfect the potential.x 

Potcntionietric measurements must be pcrformed in the solution phase, and a 
major drawback of potentiometric nicthods is that it is extreniely difficult to do 
potentiomctric measurcrnents sufficiently closc to a surfiice. 

3.3.6 Calorimetry 
I n  calorimctrical experimcnts thc hcat cvolvcd or consumed in a chcmical rcaction 
is dctcrmincd. Two calorimetric tcchniqucs can be distinguished in  thc study of 
adsorption of collectors on mineral surfaces, titration and ampoule (or wetting) 
calorinictry. I n  titration calorimctrical cxpcrinients a solution containing thc specics 
to bc adsorbcd is addcd portionwise to a mincral slurry. normally an aqueous one. 
By adding portions containing smaller amounts of adsorbate than corresponding to 
one monolayer on thc solid surfaces adsorption isotherms may be determined. 
Adsorption proccsscs arc not always momentary and a ncw rcgistration technique 
has been devclopcd reccntly whcrc reaction proccsscs as long as 15-20 minutes can 
be studied." An important disadvantage with this technique is that the mineral 
powder has been in contact with water for several hours before thc first addition of 
adsorbate. The mincral surfaces can e.g. be oxidized and thereby modified. 
Furthermore, thL added ligand (adsorbate) may rcact with the metal ions or 
complexes dissolved from the surface aftcr an oxidation, and a diffcrent reaction 
than that under study may occur. 

I n  an ampoule calorimetrical cxperimcnt mineral powder is enclosed i n  a glass 
ampoule. which is smashed in pure watcr or in an aqueous solution containing an 
adsorbing ligand/collcctor. If  an adsorption shall bc studied calorimetrically it is 
very important that thc mineral surfices arc unoxidized, which requires extraordi- 
nary prccautions against oxidation for several sulphide minerals, e.g. galena. and 
that the water and thc aqueous solution are free from oxygcn and other oxidizing 
agents which can oxidize the mineral surfaces. In the ampoule calorimctrical 
experiments thc heat of wetting determined in thc pure solvent must be subtracted 
from the hcat of adsorption in order to gct the hcat of adsorption of the mineral 
surface. 

The titration and ampoule calorimetric techniqucs were originally described by 
Sunner and Wadso" and later improved by Ots cf a/. ' ' , '7 The automation of the 
titration calorimeter has been rcportcd by Pcrsson cl (11. 

3.3 I 'ihrutiori Spccrroscvpic. A4rrhods 
Several vibration spectroscopic techniques for the study of conipounds, ions and 
complexes adsorbed on solid surfaces are available e.g. transniission infrared (IK) 
spectroscopy, dittuse rcflectancc infrared Fourier transform (DRIFT) spectroscopy, 
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268 1. PERSSON 

attenuated total reflection (ATR) spectroscopy and infrared total reflection- 
absorption spectroscopy (IRAS). 

The DRIFT technique requires almost always the sample as a powder. The 
quality of the DRIFT spectra is enhanced with decreasing particle size (the surface 
arealweight increases), decreasing range of the particle size and by dilution with a 
non-absorbing matrix, e.g. potassium bromide. However, the particle size must be 
larger than the wdvelength of the infrared light, otherwise interference pattcrns will 
arise and the signal will not obey the theory of the diffuse reflectance, see below. The 
ATR technique can be applied on both powders and planar polished surfaces. 
However, the DRIFT technique has lower detection limits than the ATR technique 
and is therefore to prefer for powders. IRAS can be applied for studying adsorption 
on planar mctal surfaces. A combination of studics on both powders and planar 
surfaces should give the best information about the adsorption processes on a 
surface. At the study of natural minerals it can be very difficult to obtain sutficiently 
planar surfaces for good IRAS or ATR measurements and the best choice is usually 
DRIFT measurements on powders. 

Transmission IR was thc most widely used technique until the more recently 
dcvclopcd surface sensitive techniques became generally available. At the study 
of a surface using transmission IR spectroscopy, it is very important that the 
sample has a very large arealvolume ratio as an average spectrum of the entire 
sample is obtained with this technique. The compounds on the surface must 
therefore be detectable from the rest if it shall be possible to extract informa- 
tion. 

DRIFT Spectroscopy. When electromagnetic radiation reaches a solid surfacc it 
can be completely or partially absorbed and/or reflected depending on thc optical 
properties of the solid The reflection can either be spccular, where the 
angles of incidcncc and reflection are equal, or diffuse, where electromagnetic 
radiation is reflected, ideally, in all directions. The phenomenon of diffused 
rcflccted electromagnetic radiation has been known since the beginning of this 
century, but a complete theory, which in a correct way relates the absorption of a 
sample to its concentration, does not exist. The most widely used theory for studies 
in the infrared region is the continuum or Kubelka-Munk theory.I6.l7 The 
Kubelka-Munk equation for an ‘infinitely thick’ layer is given by 
.f(R c )  = (1-R,)2/2R, = k/s, where R,  is the absolute diffuse reflcctancc of a layer, 
k is the molar absorption coefficient, which is predicted to be proportional to the 
peak value offTR,) for each band with constant scattering coefficient, s, which is 
dcpendcnt on particle size and range, and the way the sample is loaded in the 
sample cup. The k and J terms must be held as constant as possible in a series of 
experiments. The term absolute diffuse reflectance is not valid in practice since no 
perfect diffuse reflection standard exists. The R ,  term is replaced by R’ ~, where 
R‘ = R’ .fisamp,elR’ trefcrcncc, where R’ rqample is the single beam reflectance 
spectrum of the sample, and R’,,,ete,,,ce is thc single beam spectrum of a 
non-absorbing reference with high diffuse reflcctancc and without absorption bands 
in the frequency region of interest. No significant difference between Kubelka-Munk 
units and log Rrenrencc/Rsample units, i.e. absorbance units, was found at a 
comparison of alkylxanthate species on sulphide mineral surfaces. ’ Excellent 
descriptions of the DRIFT technique are given by Fuller and G r i f f i t h ~ ” ~ ’ ~  and by 
Griffiths and de Haseth.’’ 
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ADSORPTION ON SULPHIDE MINERALS 269 

3.4 ElIip.sometry 
Ellipsometry, a light scattering technique, determines the thickness of an inhomo- 
gcncous region on a surface, and the index of refraction and thc absorption 
cocfficicnt of this region can be determined as a function of the wavclcngth. Plane 
polarized light impinging onto a surface from some angle can be resolved into 
components parallel to and perpendicular to the plane of incidence. The two 
components arc reflected diffcrcntly, and, as a consequence, the reflected beam 
becomes elliptically polarized. Whcn thc anglc of incidence is the Brewsterian angle, 
tan-ln where IZ is the index of refraction of the substrate medium, only the 
perpendicular component will bc reflected, assuming that the surface betwcen the 
medium and air is absolutely sharp (reflected unpolarized light will under these 
conditions be complctcly plane polarized). Ellipsometry is very sensitive and allows 
detection of films of an average thickness of 0.2 A or about 0.05 of a monolaycr. 
More details about apparatus and mcasuring technique uscd in ellipsometric studies 
are given by Smith.” 

3.5 X-ruy Si)ectrnscopic Methods 
X-ray spectroscopic techniques such as X-ray Photoelectron Spectroscopy (XPS) 
and X-ray Absorption Fine Structure (XAFS) can bc used to study compounds and 
complexes on solid surfaces. However, such studics arc difficult to perform whcn 
alkylxanthates are adsorbcd on sulphide minerals as i t  is very difficult to distinguish 
between sulphide and xanthate sulphurs. Brown et al. have recently written a review 
on the general possibility to usc X-ray spectroscopic techniques in the study of 
adsorption on solid surfaces.” 

3.6 Colnmellts 
The adsorption reactions to be studied take placc at a solid-liquid interface. At this 
phase boundary it is experimentally vcry difficult to do in-situ identification of the 
species adsorbed as well as to distinguish betwccn processes in the liquid phase and 
on the surface. The only spectroscopic tcchnique allowing in-srtu measurements is 
ATR. However, the sensitivity of the ATR technique is lower at in-silu than at 
ex-situ measurements as the solvent hampcr the signal more than the air. Most of 
the in-sitir studies use electrokinctic. electrochemical or calorimetrical techniques to 
determine a thermodynamic property of the system. Evaluation of a thermody- 
namic result requires knowledge of the absolute composition of the system. A severe 
drawback of thermodynamic investigations of phase boundaries is that the 
composition and/or the concentration of neither the ultimate surface layer nor the 
molecular layer of the solution phase close to the surface is known or can be 
determincd with sufficient accuracy to be used for evaluation of thermodynamic 
studies. It is therefore very difficult/impossible to draw conclusions from such 
studies. 

The other way to study adsorption processes is to analyse surfaces and liquid 
phases separately both before and after treatment. The c.x-sifu measurements also 
have drawbacks such as the possibility to side reactions at the separation step 
and at sample preparation of the solid. It must be assumed that no such side 
rcactions take place. A large number of vibration spectroscopic studies has however 
indicated that there is no or a very limited influence of possiblc side reactions. 
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270 I. PERSSON 

With the present knowledge of the chemical and physical composition of surfaces, 
analytical and structural methods, e.g. different kinds of spectroscopic techniques, 
arc to bc prcfcrred. Thermodynamic methods arc less informativc as long as we do 
not know with sufficient accuracy the kind of species and its concentrations 
responsible for the determined thermodynamic effect at the adsorption processes. 
This is obvious whcn clectrochemical techniques such as cyclic voltammetry are 
used. A rcaction which is not prcviously known, e.g. reactions of adsorbatcs at thc 
phase boundary, must be assumcd; the stated reaction is assumed, not proven. Such 
claimed reactions and reaction mechanisms must therefore be proven indepen- 
dently by a non-thermodynamic tcchnique before such a postulation can be 
accepted, 

To sum up, three levels of understanding of adsorption processcs on solid surfaces 
in soldion can be distinguished: a) the analytical chemical composition of the 
surface and the adsorbate, which can be divided in ( I )  precipitation, (2) chemi- 
sorbed surface complexes and (3) physisorbcd species, b) the structure of the 
ultimate surface layer and the structural arrangcmcnt of tlic adsorbatc rclative to the 
underlying surface and c )  the thermodynamics of thc adsorption proccss. It has been 
found that DRIFT is a very informative technique at the study of semiconducting 
materials such as thc sulphide minerals. Methods for detailed structural character- 
ization of surfaces and adsorbatcs arc available, e.g. grazing incident reflEXAFS and 
fluorescence yield EXAFS. However, so far thcsc methods have only been applicd 
on metals, and oxide and clay mineral surfaces.” To be able to understand 
thermodynamic rcsults, the points a and b above must be known. So far, no 
thermodynamic results have been rcportcd on surfaces sufficicntly characterized for 
a complete thermodynamic understanding. 

4. OVERVIEW O F  THE CRYSTAL STRUCTURES OF SULPHIDE 
M IN ERALS 

Knowlcdgc of the crystal structures of the sulphide mineral studied is very 
important in order to undcrsland the mechanism of hydrophobation with sulphur 
donor collectors. If a chemisorption proccss shall be possible there must be metal 
ion coordination sitcs available in the surface. The crystal structure can also imply 
possible oxidation products at  grinding in the presence of oxygen and other 
oxidizing agents, and thcrcby also the casincss to oxidation. The structures can be 
divided into three main groups depending on the type of sulphur in the compound: 
compounds with a )  disulphidc ions, Sz2 - , b) sheets or clusters of sulphur atoms 
with sulphur-sulphur distances in the r a n g  3.1-3.4 A, and c) sulphide ions, S’ - , 
as different products and amounts of these products are formcd upon oxidation of 
sulphur in these compounds. The crystal structures of some of the most important 
sulphide mincrals arc given below. 

Galena, PbS, has a rocksalt typc structure with lead and sulphide ions in place of 
the sodium and chloride ions, respectively.” Each lead ion is surrounded by six 
sulphide ions in an octahedral fashion, and each sulphide is octahedrally sur- 
rounded by six lead ions. The galena structure is given in Fig. 2. Crystallographic 
data: cubic, Fm 3in (No. 22S) ,  a = 5-93 I S  A and 2 = 4. 

Pyrite, F e S ,  has a cubic structure built up of iron(I1) and disulphide, S,’ - , ions. 
Pyrite has a modificd rocksalt structure, whcrc the iron(I1) and disulphide ions arc 
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ADSORPTION ON SIJLPHIDE MINERALS 271 

Pb @ 
Figure 2 Crybial stt-ucturc of gitlctia. 

in  the positions of the sodium and chloride irons, respectively.”-26 The iron(I1) 
ions arc surrounded by six sulphur atoms in an octahedral fashion, and each sulphur 
is surrounded by another sulphur and three iron(I1) ions in a distorted tetrahedral 
configuration. The structure of pyrite i q  given in Fig. 3. Crystallographic data: cubic, 
Pu3 (No. 205). u = 5.4179 A and Z = 4. 

Sphalerite, ZnS, has a structure similar to that of diamond. Onc half of the carbon 
atoms is replaced by zinc ions, and the other half by sulphide ions, in such a way 
that each ion is tetrahedrally surrounded by four counter ion^.^^ The sphalerite 
structure is given i n  Fig. 4. Crystallographic data: cubic, F43m (No. 216), 
N = 5.4033 A and Z = 4. 

Chalcopyrite, CuFeS,, crystallizes in a structure wry  similar to sphalcritc, whcre 
half of the zincs arc replaced by copper. and the other half Chalcopyrite 
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272 I. PERSSON 

Figure 3 Crystal structure of pyrite. 

contains only sulphide ions, and due to thc tetrahedral configuration around the 
metal ions it is expected that metal ion coordination sites are available in  thc 
surface. The structure of chalcopyrite is given in Fig. 5. Crystallographic data: 
tetragonal, I?2d (No. 122), a = 5.289 A, c' = 10.423 A and 2 = 4. 

Chalcocite, Cu,S, undergoes a phase transition at 104°C. Above this transition 
point chalcocite has a small hexagonal unit cell containing two formula units, in 
which the sulphide ions are arrangcd in a nearly perfect hexagonal closest 
packing. It has been shown that the coppers are distributed throughout thc 
interstices, almost as in a fluid state, with only partial concentration at the 
tetrahedral, triangular as well as two-coordinated  site^.^'.^' The electrical 
conductivity and the diffusion coefficient for copper in this phase are unusually 
large. 3 I .  3 2  Crystallographic data: hexagonal, P6,lmmc (No. 194), a = 3.89 A, 
c = 6.88 A and Z = 2. 

An extremcly complicated structure is formed below the transition point, 'low 
chalcocite', where each unit cell contains 48 formula units. The structure consists 
of hexagonal close packed sulphide ions, in which one third of the coppers occupies 
triangular interstices within the closc packed sulphide layers to form triangular 
sheets. The remaining coppers occupy triangular sites between the close packed 
sulphide 1aye1-s."~'~ The coordination chemistry of copper(1) is characterized by 
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Zn 0 
b'igure 4 Crystal structurc of sphalcrite 

Cu @ Fe so . .. . '. . 

Figure 5 Crystal structure of chelocopyritc. 
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274 1. PEKSSON 

two- (linear), three- (trigonal) and four- (tetrahedral) coordination. This means that 
there may only be few free coordination sites available, at one vertex of tetrahe- 
drally coordinated copper, for formation of chemisorbed complexes without 
structural rearrangements on the surface. Crystallographic data: monoclinic, P2 , / c  
(No. 1 4 ) , ~ = 1 5 . 2 4 6 ~ , b = 1 1 . 8 8 4 A , c = 1 3 . 4 9 4 1 ( , ~ = 1 1 6 . 3 5 " a n d % = 4 8 .  

Acantlrite, A g S ,  contains an arrangement of approximately body-centered sul- 
phide ions. The silver ions in the lattice are either linearly coordinated or 
three-coordinated i n  a flattened trigonal pyramid.35 Acanthite undergoes a phase 
transition at I73'C to a cubic form, in which a body-ccntercd sulphidc lattice builds 
up the structurc, and whcrc thc silver ions arc distributed among thrcc different 
types of interstices." Crystallographic data: monoclinic, P2,ln (No. 14). a = 4.231 
A, h = 6.930 A, c = 9.526 A, /I = 125.48" and Z = 4. 

Coveffite, CuS, has a rather complex crystal structure containing two types of 
sulphide anions, sulphide, S 2  , and disulphidc, S2' , and both copper(1) and 
copper(l1) cations."-3y A better formula for covcllitc may bc Cu,S.CuS,. The 
structurc of covellite shows copper(I1) cations in the triangular interstices and 
coppcr(1) ions in thc tctrahcdral interstices. The tetrahedra share corncrs to form a 
continuous layer, and the copper(I1) ions in the trigonal interstices build a planar 
CuS layer. The resulting structure thus consists of a sheet of CuS, triangles sharing 
corners, sandwiched betwcen a double layer of CuS, tetrahedra. Disulphide ions 
link the layers. Thc structure of covellite is given in Fig. 6. Crystallograpliic data: 
trigonal, P6,lmmc (No. 194). a = 3.976 A. c = 16.382 A and Z = 6. 

Figure 6 Crystal stmcturc of covcllitc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ADSORPTION ON SWLPHIDE MINERALS 2 75 

Marcasire, FeS,, is an ortorhombic polymorph of ~ y r i t e . ~ ' - ~ ~  Thc nearest 
neighbour configuration in marcasite is the same as in pyrite. The structure of 
marcasite is given in Fig. 7. Crystallographic data: ortorhombic, Pnn2 (No. 34), 
u = 4.4431 A, h = 5.4245 A, c = 3.3871 A and Z = 2. 

Ausenogyuite, FeAsS, has a structure very similar to that of m a r ~ a s i l e . ~ ~ - ~ ~  Thc 
replacement of one half of the sulphurs by arsenics leads to that the unit cell has thc 
double volume compared to marcasite, see structure of arsenopyrite in Fig. 8. 
Crystallographic data: monoclinic, P2,lc (No. 14), a = 5.744 A, b = 5.675 A, 
(4 = 5.785 A, B = 112.17" and Z = 4. 

Troilite, FeS, has a NiAs type structure, where each iron(I1) ion is surrounded by 
six sulphidc ions in a somewhat irregular octahedron; the Fe-S bond distances vary 
in the rangc 2.36-2.72 A and the S-S distances vary in the rangc 3.348-3.750 
Troilite contains sulphur only as isolated sulphide ions even though some S-S 
distances are significantly shorter than in structures of close-packed sulphide ions. 
Crystallographic data: hexagonal, P62c (No. 190), a = 5.962 A, c = 11.750 8, and 
% =  12. 

Figurc 7 Crystal structure of marcasite. 
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276 1. PERSSON 

Figure 8 Crystal structure of arscnopyritc. 

Pentlandite, (Ni, Fe)&, has a complicated face-centered cubic structurc. Each 
unit cell contains 32 sulphide ions, and totally 36 irons and nickels occupy 4 
octahedral and 32 tetrahedral  interstice^."-'^ The tetrahedrally coordinated irons 
and nickels arc clustcrcd cight and cight in cubic groups. The shortest S-S distancc 
in pentlanditc is 3.36 A and the metal-metal distances in the tetrahedral sites arc 
as short as 2.5 A, which is comparable to the metal-metal distanccs in metallic iron 
and nickel. Crystallographic data: cubic, Fm7m (No. 225), a = 9.977, 10.038, 
10.044 A (depending on sample) and 2 = 4. 

Pyrrhotite, FeS,-,, has a very complicated structure based on the NiAs type 
s t r ~ c t u r e . ~ ' - ~ ~  The shortest S-S distance in pyrrhotite is 3.39 A. Crystallographic 
data: four-dimensional space group WF'7u21, a = 1 I .952 A, b = 6.892 A, c = 5.744 A; 
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ADSORPTION ON SULPHIDE M1NERAI.S 277 

it  can also be expressed as ortorhombic, Ccinin (No. 63), a = 5.976 A, h = 3.446 A, 
c = 5.744 A and Z = 4. 

Millerife, NiS, has a rhombohedra1 structure in which both nickel and sulphur 
have fivefold c o o r d i n a t i ~ n . ” ~ ~ ~  Thc sulphurs are arranged in triangles, which form 
trigonal prismatic columns. The nickels are also aranged in triangles, about the sides 
of thcsc prisms, which gives a distorted square pyramidal configuration around 
nickel. The shortest S-S distance is 3.24 A, and thc Ni-Ni distance in milleritc is also 
short, 2.534 A. which is to be compared with the corresponding distance in metallic 
nickel, 2.492 A. The millerite structure is given in Fig. 9. Crystallographic data: 
trigonal, R3m (No. 160), a = 9.610 A, c = 3.1499 A and Z = 9. 

Molybdeniie, MoS,, has a sheet structure where a sheet of molybdenum is 
sandwiched betwccn two sheets of sulphurs. The S-S distances within the sulphur 
sheets are short, 3.15 The molybdenite structure is given in Fig. 10. 
Crystallographic data: hexagonal, P6,lr7zmc (No. 194), a = 3.166 A, cgonal = 18.4 I 
A and Z = 3.  

Realgar, ASS, is built up of cagelikc As,S4 molecules, wherc cach of the four 
independent arscnics is bonded to another arsenic and two sulphurs, and each 
sulphur coordinates two arsenics.” The shortest S-S distance within the cage is 3.35 
A. The realgar structure is given in Fig. 1 1. Crystallographic data: monoclinic, P2 , /n 
(No. 1 4 ) . u = 9 . 3 2 5 A , b =  13.571 A , c = 6 . 5 8 7 k / ? = l O 6 . 3 8 ” a n d Z = 4 .  

Figure 9 Crystal structure of rnilleritc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



278 1. PERSSON 

~ o @  S Q  

Figure 10 Crystal structure of molybdenitc. 

Orpiment, As,S,, contains trigonal pyramidal ASS units, which share corners to 
form sixmembered rings in a corrugated l a ~ e r . ~ ~ . ~ '  The shortest S-S distancc is 
3.242 A in this structure. The orpiment structure is given in Fig. 12. Crystallo- 
graphic data: monoclinic, P2,ln, a = 11.475 A, b = 9.577 A, c = 4.256 A, 
p = 90.68" and Z = 4. 

Figure I 1  Crystal structure of realgar. 
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ADSORPTION ON SULPHIDE MINERALS 279 

Figure 12 Crystal structure of orpiment. 

5. OVERVIEW OF THE CRYSTAL STRUCTURES OF METAL 

DIALKYL DITHIOCARBAMATES 
ALKYLXANTHATES, 0,O-DIALKYLDITHIOPHOSPHATES AND N,N- 

A short overview of some structures of metal complexes with bidentatc ligands 
coordinating through two sulphur atoms will be given in this section to show the 
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coordination properties in a sulphur surrounding of the metal ions present in the 
minerals discussed above. The structures of metal alkylxanthatc, 0,O- 
diethyldithiophosphate and N,N-dialkyldithiocarbamate complexes in the solid 
state will be presented. These ligandslanions have a monovalent negative charge, 
and the two C-S bonds are equal in bond strength and distance. The electron 
donating properties increase slightly in the order 0,O-diethyldithiophosphate 
< N,N-dialkyldithiocarbamate < alkyl~anthate.~' More detailed review articles of 
the coordination chemistry of metal alkylxanthates" and dialkyldithio- 
carbamates"""' were presented around 1980. 

5. I Zinc 
Zinc ethylxanthate, Zn(S2COC,HJ2. Each ethylxanthate ion is bridging between 
two zinc ions and each zinc coordinates four different ethylxanthate ions forming 
an infinite two-dimentional lattice.h3 The average Zn-S bond distance is 2.36 A, and 
the S-Zn-S angles are in the range 104.9- 1 14.8'. Crystallographic data: monoclinic, 
P2,lc (No. 14), a = 18.278 A, h = 5.700 A, c = 11.381 A, /3 = 101.47' and Z = 4. 

Zinc isopropylxanthute, Zn(S,COCH(CHdJ,. The structure is built up of 
tetramcrs forming 16-membered rings where half of the isopropylxanthate ions 
bridge between two zinc ions and the other half act as bidentate l igand~. '~  The Zn-S 
bond distances are in the range 2.307-2.408 A. Crystallographic data: triclinic. 
Pi (No. 2), u = 10.915 A. h = 13.167 A, c = 10.393 A, a = 100.89', p = 100.42", 
y =  101.33" and Z = 4. 

Zinc diethyldithiophosphate, Zn(S,P(OC,HJd,. One diethyldithiophosphate ion 
is bridging between two zinc ions, and the other diethyldithiophosphate ion is 
bidentately coordinated to one zincch5 The coordination figure around zinc is a 
distorted tetrahedron. The Zn-S bond distances are found in the range 2.337-2.401 
A. Crystallographic data: monoclinic, P2,la (No. 14), a = 12.084 A, b = 19.840 A, 
c = 8.463 A, p = 113.99" and Z = 4. 

Zinc diisopropyldifhiophosphate, Zn(S2P(OCH(CHd33,. The complex is 
dimeric, where each zinc coordinates four sulphurs in a distorted tetrahedron.h6 
One of the dithiophosphate ions are bidentately coordinated to zinc, and the other 
is bridging between the to zinc in the dimer. The Zn-S bond distances are in the 
range 2.302-2.409 A. Crystallographic data: monoclinic, C2/c (No. 15), a = 10.934 
A, b = 17.098 A, c = 25.581 A, p = 99.23" and Z = 8. 

Zinc dimefhyldithiocarbamate, Zn(S,CiV(CHJd,. The structure consists of cen- 
trosymmetric dimers where two dithiocarbamate ions bridge between the two zinc 
ions and the other two are bidentately coordinated to zinc fulfilling a tetrahedral 
configuration around the zinc ions.67 The Zn-S bond distances arc 2.312, 2.333. 
2.373 and 2.429 A. Crystallographic data: monoclinic, C2/c (No. 15), a = 8.455 A, 
h = 15.747 A, c = 18.345 A, /3 = 104.76" and Z = 8. 

Zinc diethyldifhiocurbu~ufe, Zn(S2CN(C2HA3,. This structure is built up in the 
same way as zinc dimethyldithiocarbamate. Crystallographic data: monoclinic, 
P2,lc(No. 1 4 ) , ~ = 1 0 . 0 1 5 ~ , b = 1 0 . 6 6 1 ~ , c =  16.357&/3= 1 1 1 . 6 3 " a n d Z = 4 .  

Zinc diisopropyldifhiocarbumate, Zn(S,CN(CH(CHJJd 2. This structure is isos- 
tructural with zinc diethyldithi~carbamate.~' The four Zn-S bond distances are in 
the range 2.335-2.454 A with a fifth Zn-S distance at 2.815 A. Crystallographic 
data: monoclinic, P2,la (No. 14), a = 16.857 A, h = 11.168 A, c = 11.408 A, 
p =  1 1 1 . 8 " a n d Z = 4 .  
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Tetraethylammonium tris(isopropyldithiocarbamato)zincate, (C,HJ,N[Zn 
(S,COCH(CH.J>J. Zinc coordinates two monodentating and one bidcntating 
ethylxanthate ions in a distorted tetrahedral fashion.'" The Zn-S bond distances to 
the monodentate ethylxanthatc ions are 2.299 and 2.3 I2 A, the Zn-S bond distances 
to the bidentating ligand is 2.422 and 2.457 A. The S-Zn-S angle to the bidentate 
ligand is 73", while the other S-Zn-S angles are close to the tetrahedral angle. 
Crystallographic data: orlorhombic, Pbca (No. 61). a = 14.709 A, b = 18.780 A, 
c = 20.130 and Z = 8. 

5.2 Cadiniirm 
Cadmium ethylxanthate, Cd(S,COC,H~,. This structure is built up in the same way 
as the zinc ethylxanthate ~tructure .~ '  see above. The average Cd-S bond distancc is 
2.56 A. Crystallographic data: monoclinic, Pu (No. 7), u = 11.289 A, h = 5.872 A, 
c = 9.057 A /3 = 90.28" and Z = 2. 

Cadmium diisopropyldithiophosphate, Cd(S, P(OCH(CH.4 Jd2. This structure is 
isomorphous with the corresponding zinc compound,6h see above. The Cd-S bond 
distances are in the range 2.486-2.590 A. Crystallographic data: monoclinic, CYc 
(No. 1 3 ,  a = 10.964 A, h = 16.906 A, c = 26.490 A, /3 = 99.91" and Z = 8. 

Cadmium n-butylxanthate, Cd(S,COC,Hd,. Cadmium n-butylxanthate has the 
same kind of structure as the zinc and cadmium ethylxanthates," see above. The 
tetrahedral coordination figure is fairly distorted in this structure with S-Cd-S angles 
in the range 95.3-121.5". The average Cd-S bond distance is 2.59 A. Crystallo- 
graphic data: monoclinic, P2,la (No. 14), n = 11.59 A h = 5.84 A, c = 25.7 A, 

= 101.73" and 2 = 4. 
Cadmium diethyldithiocavbamate, Cd(S CN(C,HdJ,. This structure consists of 

dimers with four short, 2.536-2.644 A and one long, 2.800 A, Cd-S bond 
distances.73 The configuration around cadmium is something betwcen a tetragonal 
pyramid and a trigonal bipyrarnid. Crystallographic data: monoclinic, P2,lc (No. 
1 4 ) , a =  lO.166A.h= 10 .746n .c=  16.717&/3= 1 1 1 . 8 8 " a n d Z = 4 .  

5.3  r.Oad 
The reportcd solid state structures of lead(I1) alkylxanthate, diethyldithiophosphate 
and dialkyldithiocarbamate complexes are build in the same way. Lead coordinatcs 
two ligands in a pyramidal fashion, where one of the sulphurs is stronger bondcd 
than the other. The difference in Pb-S bond distance is generally 0.1 A or more, and 
the angle S-Pb-S for the for strongly coordinated sulphurs is about 95". There arc 
two long Pb-S distances. hardly at bond distancc, at about 3.5 8, completing a very 
distorted octahedron. In the following will only details of the structures be given. 

Lead ethylxanthate, Pb(S,COC,H,),. The Pb-S bond distances are 2.74 and 2.95 
A to onc of the ethylxanthate ions, and 2.79 and 2.84 8, to the other.'' 
Crystallographic data: monoclinic. P2,lc (No. 14), a = 13.267 A. b = 4.301 A, 
c = 22.722 A, /3 = 109.27" and Z = 4. 

Lead isopropylxanthate monopyridine, Pb(S,COCH(CH,) ,) ,) . NC5H5. The Pb-S 
bond distances are 2.833 and 2.896 A to one of the isopropylxanthatc ion, and 
2.722 and 3.057 to the other.75 Perpendicular to thc square-pyramid is a pyridine 
coordinated to the lead(I1) ion at 2.55 A. Crystallographic data: monoclinic, P2,lc 
(No. 141, N = 17.80 A, h = 11.18 A, c = 10.61 A, p = 107.8' and Z = 4. 
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282 I. PERSSON 

Lead n-butylxanthate, Pb(S2COC4H9),. The Pb-S bond distances are 2.77 and 
2.83 A to one of n-butylxanthate ions, and 2.76 and 3.03 A to the other.76 
Crystallographic data: monoclinic, C2/c (No. 15), a = 36.87 A, b = 4.58 8,, 
c = 10.71 A, p = 112.0" and Z = 4. 

[Pb(S2COCflJ,]. Five sulphur atoms lie in an approximate plane, the sulphur and 
the lone pair forming the apex of an approximate pentagonal b i~yramid .~ '  Therc is 
a weak sulphur bridge between the Pb(S,COC2H,),- anions indicating a possible 
dimeric association in the solid state. The average Pb-S bond distance is 3.02 8, and 
the average long Pb-S distance is 3.68 A. Crystallographic data: monoclinic, P2,lc 
(No. 1 4 ) , a = 1 1 . 0 7 A , b =  1 9 . 3 & c = 1 5 . 1  i ( , p = 1 1 2 " a n d Z = 4 .  

Lead diethyldithiophosphate, Pb(S,P(OC, HJ 3 2. The Pb-S bond di stanccs arc 
2.754 and 2.990 A for one of the dimethyldithiocarbamate ions, and 2.790 and 
3.022 A for the other.7x The long Pb-S distances arc found at 3.469 and 3.471 A. 
Crystallographic data: triclinic, PT (No. 2 ) ,  u = 10.102 A, b = 10.366 A, c = 9.702 
A, CY = 99.82 A, ,/3= 109.91", y =  86.17" and Z =  2. 

Lead diisopropyldithiophosphate, Pb(S,P(OCH(CHJ.J.J,. The structure is built 
up of polymeric chains." Almost planar Pb(S,P), groups stack one above the other 
in a staggered arrangement joined by intergroup Pb-S bonds. These bonds may be 
considered as 'axial bonds' in the resultat sixfold coordination. The Pb-S bond 
distances are 2.766, 3.01 and 3.20 A. Crystallographic data: monoclinic, P2,/n, 
u = 25.290 A, b = 10.067 A, c = 9.335 A, /3 = 95.97" and Z = 4. 

Lead dimethyldithiocarbamate, Pb(S,CN(CHSJ,. The Pb-S bond distances are 
2.779 and 2.873 A to both dimethyldithiocarbamate ions, and the long Pb-S 
distances arc found at 3.361 and 3.859 A.x0 Crystallo raphic data: ortorhombic, 

Lead diethyldithiocarbamate, Pb(S2CN(C$Z5),),. The Pb-S bond distances are 
2.744 and 2.940 A to one diethyldithiocarbamate ion. and 2.786 and 2.885 8, to the 
other.*' The long Pb-S distances completing the distorted ocathedron are 3.445 and 
3.554 A. Crystallographic data: monoclinic, Cc (no. !I), u = 16.614 A, h = 11.781 A, 
c = 9.351 8,, 

Lead diisoprophyldithiocarbamate, Pb(S,CN(CH(CHJ.J$,. The Pb-S bond dis- 
tances are 2.673 and 2.843 A to one of the diisopropyldithiocarbamate ions, and 
2.68 1 and 2.859 A to the other.82 The long Pb-S distances are found at 3.5 13 and 
3.541 8,. Crystallographic data: monoclinic, P2,la (No. 14), u = 21.055 A, b = 8.502 
A, c = 11.720 A, /I = 96.15" and Z = 4. 

Tetraethyiammoniurn tris(ethylxanthato)pZum bate(ZZ), G H S 4 N I  

Fdd2(No .  43) ,u=21.073 A, h=27 .073&cL4 .214  x a n d Z = 4 .  

= 117.54" and Z = 4. 

5.4 Copper 
Any crystallographic determinations of coppcr(1) alkylxanthate structures have to 
my knowledge not been reported. 

Copper(I) diisopropyldithiophosphate, [CuS,P(OCH(CHJJJ,. Copper(1) diiso- 
propyldithiophosphatc exist as discrete tetramers in the solid state, where each 
tetramer contains a central tetrahedron of coppers.*3 Chelated to this tetrahedron 
through sulphur atoms are diisopropyldithiophosphate ions, where one of the 
sulphur atoms in the ligand bridges two coppers almost symmetrical at Cu-S bond 
distances of 2.256 and 2.272 A. The other sulphur forms a bond with a third copper 
at 2.272 A. Crystallographic data: ortorhombic, P2,2,2, (No. 19), u = 11.283 A, 
b = 12.380 A. c = 33.825 8, and Z = 4. 
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Copper(1) diethyldithiocarbamate, [CuS,CN(CH,S Jp Thc structure is built up 
from discrete tctrameric molccules, [ C U S ~ C N ( C H & ] ~ . ~ ~  It comprises a central 
Cu,-tetrahedron surrounded by four diethyldithiocarbamate ions. The average Cu-S 
bond distance is 2.26 A. and thc average Cu-Cu distancc is 2.66 A. Crystallographic 
data: tetragonal, Pq2,c (No. I14), a = 13.494 A, c = 9.335 A and Z = 2. 

Copper(l1) dimethyldithiocarbamate, Cu(S,CN(CH:ad,. The structure is buiIt up 
of discrete moleculcs, where the CuS, entity is planar.xs The Cu-S bond distances 
in this planar entity are 2.309 and 2.319 A. Two long Cu-S distances in the axial 
positions are found at 3. I59 A. Crystallographic data: monoclinic, C2lc (No. 1 S ) ,  
a = 15.243 A. h = 9.538 A. c = 8.086 A, j? = 101.31" and Z = 4. 

Copper(l1) dieth~ldi~hiocar~amate, C u ( S 2 C N ( C 2 H ~ ~ , .  This structure is built up 
i n  the same way as the copper(I1) dimcthyldithiocarbamate,8" sce abovc. The Cu-S 
bond distanccs are 2.297, 2.301, 2.317 and 2.339 A, and the long distanccs are 
2.85 1 and 2.859 A. Crystallographic data: monoclinic. Ell(* (No. 14). ii = 9.907 A, 
h = 10.627 A. c = 16.591 A, D = 113.87" and Z = 4. 

Copper(II) diisopropyldithiocurbamate, Cu(S,CN(CH(CH.~A~,. This structurc is 
built up in the same way as the coppcr(1I) din~ethyldithiocarbamate,~~ scc abovc. 
The Cu-S bond distances arc 2.271, 2.283, 2.286 and 2.291, and the long distanccs 
arc 3.  I5 A. Crystallographic data: triclinic, P i  (No. 2), CI = 11.573 A, h = 1 1.706 A, 
c = 7.626 A, N = 96.25", jl = 96.30", 7 = 88.73" and Z = 2. 

5.5 SilvcJr 
Tetramethylammonium bis(diethyldithiophosphato)argentate(l), (NHJ,[Ag(S,P 
(0C2HS942 .  The bis(diethyldithiophosphateargentatc(1) ion is dinieric in this 

The silver ion is surrounded by four sulphurs in a distorted tctrahcdral 
fashion. Onc sulphur is bridging between silver atoms, where one Ag-S bond 
distance, 2.679 A, is significantly longcr than thc other one, 2.868 A. The othcr 
sulphur atom of this diethyldithiophosphatc ligand is coordinated to onc silvcr at 
3.728 A. Thc olhcr diethyldithiophosphatc ion is monodentately coordinated to 
silver at 2.517 A. Crystallographic data: monoclinic, P2,lc (No. 14), u = 12.966 A, 
h = 16.159 A, c = 13.898 A, /I = 106.0" and Z = 2. 

Silver(I) dipropyldithiocarbamate, [AgS2CN(CHA&J,. Thc structure is built up of 
from discrete hcxamcric molecules, [AgS2CN(CH3)2],.8" Thc silver atoms are situ- 
ated in the central part ofa  hcxamcr and form a somewhat distorted octahedron with 
six comparatively short and six longer edges. The short edgcs corrcspond to silver- 
silver dislances, somewhat longer than in metallic silver. Thc long edges form two 
ccntrosymmetrically relatcd triangles in the silver octahedron. Outside each of the 
other six phases onc dipropyldithiocarbamatc ligand is situated. One of the sulphurs 
is coordinated to silvcr, and tlic other to two silvers. Thc silver coordination is 
threefold but not planar. The average Ag-S bond distance is 2.49 A, and the average 
Ag-Ag distance is 2.66 A. Crystallographic data: triclinic, Pi (No. 2). a = 1 1.374 A, 
h = 12.375, (4 = 12.997, A. CY = 96.10". / j  = 116.40", y =  83.24' and Z = I .  

5.6 Iron 
Iron(IIZ) ethylxanthate, Fe(S,CN(C,HS, )3. Three ethylxanthate ions arc coordi- 
nated to iron. whcre the six sulphurs form a slightly distorted octahedron around 
iron.'O."' 
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Thc Fe-S bond distances are 2.308 and 2.326 A. Crystallographic data: trigonal, 
R3 (No. 148), a = 14.910 A, c = 13.318 A and Z = 6. 

Iron(II) diethyldithiocurbumute, Fe(S2CN(C2HJd% The structure consists of 
dimers where iron is surrounded by five sulphurs.9- The four short Fe-S bond 
distances are in the range 2.402-2.453 A, and the fifth sulphur, perpendicular to 
four short Fe-S bonds is found at 2.6 13 A. The coordination figure around iron is 
a distorted trigonal bipyramid. Crystallographic data: monoclinic, P2 l /c (No. 14), 
a = 10.0540 A, h = 10.6937 A, c = 16.5824 A, /3 = 112.6" and Z = 4. 

Iron(III) dimethyldithiocurbamate, Fe(S,CN(CHJd,. The structure is built up of 
discrete iron(1II) dimethyldithiocarbamate molecules, where six sulphurs surround 
the iron(II1) ion in form of a slightly distorted o c t a h e d r ~ n . ~ ' ~ ~ ~  The average Fe-S 
bond distance increases with increasing temperature: 2.303 8, (25 K), 2.339 A (1  50 
K), 2.396 8, (295 K) and 2.41 5 A (400 K). Crystallographic data: ortorhombic, Phca 
(No. 61); at 25 K: a = 17.288 A, b = 19.947 A, c = 9.998 8, and 2 = 8, at 150 K: 
a = 17.419 A, b = 20.272 A, c = 10.060 A and Z = 8, at 295 K: a = 17.569 A, 
b = 2 0 . 5 1 8 A , c =  l O . l 1 8 A a n d Z =  8 , a n d a t 4 0 0 K : a =  17.6961 A,b=20.7906A, 
c = 10.1630 8, and 2 = 8,. 

Ivon(1ll) diethyld~thiocar~umate, Fe(S2CN(C2HJd,, The structure is built up of 
iron(II1) diethyldithiocarbamate molecules where iron coordinates three dieth- 
yldithiocarbamate ions with the sulphurs in a slightly distorted ~ctahedron. '~  A 
phase transition takes place on cooling iron(II1) diethyldithiocarbamate, and the 
structure is reported at 297 and 79 K. The average Fe-S bond distance is 2.358 A 
at 297 K and 2.306 A at 79 IS. Crystallographic data: 297 K: monoclinic, P2,lc (No. 
14), a = 14.29 A, h = 10.37 A, c = 17.87 A, /3 = 116.6", 2 = 4, and at 79 K, 
crystallographic data: monoclinic, C2/n (No. 15), a = 13.96 A, b = 10.24 A, 
c = l 7 . 7 1  A,p=  116 .5"andZ=4 .  

Iron(III) dibutyldithiocurbamate, Fe(S2CN(C4H,Jd,, The structure is built up in 
the same way as iron(II1) diethyldithi~carbamate.~~ The average Fe-S bonds 
distance is 2.367 A. Crystallographic data: hexagonal, P3,lc. a = 14.970 A, 
c = 14.390 8, and Z = 2. 

Iron(1V) tridimethyldithiocarbumate pentaiodide, /Fe(S2CN(CHJdJI, The iron 
in tris(dimethyldithiocarbamato)iron(IV) ions coordinates three dimethylcarbamate 
ligands in a slightly distorted ~c tahedron .~ '  The average Fe-S bond distance is 2.299 
A, which significantly shorter than in the iron(II1) dialkyldithiocarbamates, see 
above. Crystallographic data: triclinic, PI (No. 2), u = 17.41 A, b = 10.197 A, 
c =  lO. l84A,cr=74.7 l0 ,p=73.29" ,  y=89.19" a n d Z = 2 .  

5.7 Nickel 
The reported solid state structures of nickel(I1) alkylxanthate, dialkyldithiophos- 
phate and dialkyldithiocarbamate complexes show that they are all monomeric 
molecules, which are built up in the same way. Nickel coordinatcs two ligands 
where the NiS, entity is planar. In the following will only details of the structures 
be given. 

Nickel efhylxuntuthute, Ni(S2COC2Hd,. The Ni-S bond distances are 2.23 and 
2.24 A, and the S-Ni-S angle is 79.5°.98 Crystallographic data: ortorhombic, Pbca 
(No. 61), a = 7.57 A, h = 7.23 A, c = 20.92 and Z = 4. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



ADSORPTION ON SIJLPHIDE MINERALS 285 

Nickel ethylxantathate, Ni(S,COC,HJ,. A triclinic phase of nickel(I1) ethylxan- 
thate has also been reported.99 Crystallographic data: triclinic, Pi (No. 2, a = 8.835 
A, h = 10.299 A, c = 8.143 A, a = 91.81", p = 122.33", y = 70.52" and Z = 2. 

Nickel phenyl-4-isobutylxantathate, Ni(S,COC,H,C(CHJ),. The average Ni-S 
bond distance is 2.21 5 A.1oo Crystallographic data: monoclinic, P2,lc (No. 14), 
a = 16.826 A, h = 6.978 A. c = 28.282 A, p = 131.74" and Z = 4. 

Nickel diethyldithiophosphate, Ni(S2P(OC2HJ3,. The Ni-S bond distances are 
2.230 and 2.236 A, and the S-Ni-S angle is 88.5°.101 Crystallographic data: 
monoclinic, P2,lc (No. 14), u = 10.493 A, b = 10.300 A, c = 8.76 A, p = 102.59" 
and Z = 2. 

Nickel dimethyldithiocarbamate, Ni(S,CN(CHdJ,. The average Ni-S bond dis- 
tance is 2.181 A, and the S-Ni-S angle is 78.9".'"' Crystallographic data: 
monoclinic, P2,la (No. 14), a = 15.62 A, h = 17.83 A, c = 8.16 A, ,!I = 110.5" and 
z = 4. 

Nickel diethyldithiocarbamate, Ni(S2CN(C2HJd2. The Ni-S bond distances are 
2.195 and 2.207 A, and the S-Ni-S angle is 79.18".'03 Crystallographic data: 
monoclinic, P2,lc (No. 14), u = 6.189 A, b = 11.537 A, c =  11.603 A, p = 95.85" 
and Z = 4. 

Nickel diethyldithiocarbamate, Ni(S2CN(C2HJ3, A triclinic phase of nickel(1I) 
diethyldithiocarbamate has also been reported.Io4 Crystallographic data: triclinic, 
PT (No. 2), a = 6.521 A, b =  6.798 A, c = 7.633 A, a = 67.21", p = 67.34", 
1' = 85.79" and Z = 1 .  

Nickel diisopropyldithiocarbamate, Ni(S,CN(CH(CHJ33,. The Ni-S bond dis- 
tances are 2.179, 2.181, 2.182 and 2.183 A, and the S-Ni-S angle is 79.2"."" 
Crystallographic data: monoclinic, P2,la (No. 14), a = 15.62 A, h = 17.83 A. 
c ' =  8.16 A, p = 110.5" and 2 = 4. 

5.8 Mo/ybdenum 
Molybenum(1V) diethyldithiocarbamate, Mo(S,COC,HJ,. Molybdenum coordi-. 
nates four diethyldithiocarbamate ions with the sulphurs forming a square 
antiprismaticltriangular dodecahedron around molybdenum.10h Crystallographic 
data: monoclinic, C2lc (No. 15), a = 17.928 A, h = 10.362 A, c = 17.418 A. 
p =  92.10" and Z = 4. 

Tetrakis(diethyldithiocarbamato)molybenum(Vj chloride, [Mo(S2COC2HJ4]Cl, 
Molybdenum coordinates four diethyldithiocarbamate ions with the sulphurs 
forming a dodecahedron around molybdenum. The average Mo-S bond distances 
is 2.519 A. Crystallographic data: monoclinic, P2,lc (No. 14), a = 18.543 A, 
h = 8.387 A. c = 15.870 A, l3 = 101.05" and Z = 2. 

5.9 Arsenic 
Arsenic(1ZZ) ethylxanthate, As(S,COC,HJ,. This structure consists of molecules 
where the ethylxanthate ions are monodentately coordinated to arsenic at 2.28 A,"' 
The other sulphur in the ethylxanthate ion is found at 2.94 A from arsenic. These 
six sulphurs forms a very distorted octahedron around arsenic. The S-As-S angle is 
129.5", and S-As-S angle with sulphurs from the the same ethylxanthate ion is 92." 
Crystallographic data: trigonal, R3 (No. 148), a = 10.04 A, LY = 102.67" and Z = 2. 
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Arsenic(III) diethyldithiocarbamate, As(SzCN(CzHJ3,. The structure consists of 
arsenic(II1) diethyldithiocarbamate molecules were arsenic coordinates the dieth- 
yldithiocarbamate li ands through one of the sulphurs.'0g The average As-S bond 
distances are 2.349 1 , and the average of the other three As-S distances are 2.845 
A. The configuration around iron is a distorted octahedron. Crystallographic data: 
monoclinic, P2,lc (No. 14), c1 = 18.543 A, h = 8.387 A, c = 15.870 A, p = 101.05" 
and Z = 2. 

6. KEACTION MECHANISMS FOR THE HYDROPHOBATTON OF 
SULPHIDE MINERALS WITH ALKYLXANTHATE ION 

Sphalerite, natural zinc(I1) sulphide. is the most important zinc mineral. Sphalcritc 
always contains some amount of iron (0.5-10%) and it can also contain lead and 
other metals. Sphalerite and galena are often associated in the same ore. This means 
that relatively large amounts of other metals in sphalerite may influence its proper- 
ties, and thereby the possibility to separate it from other minerals in the same ore. 
Sphalerite has several unique properties compared with most of the other sulphidc 
minerals of commercial importance, especially in connection with alkylxanthate 
flotation. Sphalerite and synthetic zinc sulphide surfaces are not readily oxidized. 
and the amount of soluble zinc compounds on the surfaces is low also at oxidizing 
conditions.''* Sphalerite surfaces seem to be morc inert in course of time, most 
probably due to formation of oxide compounds on the surfaces. It has however not 
been possible to detect and analyse these possible oxides by DRIFT technique. Zinc 
alkylxanthates have a much higher solubility in water than most of the other 
transition and heavy metal alkylxanthates," ' . I  (See Tablc 1). This means that the 
possibility to precipitation of zinc alkylxanthate on sphalerite surfaccs does not exist 
when sphalerite powders are treated with dilute solutions of short-chained potassium 
alkylxanthates. 

I t  is impossible to precipitate zinc alkylxanthate on sphalerite surfaces in aqueous 
slurries at the submillimolar concentrations of alkylxanthate used in industrial 
flotation processes when short-chained alkylxanthates are use,d as only small 
amounts of zinc are dissolved from thc sphalerite surfaces. However, zinc(I1) forms 
comparatively stable complexes with sulphur donor ligands,' ' I and it has been 
shown that alkylxanthate complexes can be formed on sphalerite and synthetic zinc 
sulphide surfaces.'".' 2 1  

It has been shown that sphalerite becomcs flotable when it is treated with an 
aqueous solution of potassium dodecylxanthatc. "' This alkylxanthate ion with a 
long carbon chain can be attached to thc sphalerite surfaces as solid zinc 
dodecylxanthate (the solubility of mctal alkylxanthates in water decreases with 
increasing size of the alkyl group). and/or as a surface complex where the xanthate 
group in the dodecylxanthate ion is chemisorbed to thc sphalerite surface. If a 
chemisorbed surface complex is formed, the dodecyl group is most probably large 
(long) enough to make contact with an air bubble in the flotation process. Sphalerite 
can also be made of flotable by activation with e.g. copper(I1) ions before treatment 

It has been claimed both that only solid copper(1) of alkylxanthate ions.'--' 
alkyl~anthate,"~ and that a mixture of dialkyl dixanthogen and copper(1) 
a l k y l ~ a n t h a t e ' ~ ~  is present on copper activated sphalerite after treatment with 

" 7  124 
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'l'able 1. 
coppcr(1) and nickcl(I1) salts in water. 

Solubilitics, s l M ,  and solubility products. K,. of some Iead(I1). zinc. iron(l1). iron(ll1). silver. 

Compound 

alkylxanthatc ions. As sphalcritc always contains other metals, the properties of 
synthetic zinc sulphide free from other nictals and sphalcritc containing only small 
amounts of iron, 4 . 5  'h. will be discusscd tirst. Synthetic zinc sulphide was 
prepared in both an excess and a dcticit of sulphidc ions. Powdcr X-ray diffraction 
mcasuremcnts showed that thc vcry same crystalline phase is obtained independent 
of stoichiometry at the preparation.'20 However, DRIFT spcctra show that the 
surfaces have different composition, scc Fig. 13. This shows that the composition 
of the surfaces is vcry scnsitivc to the conditions at thc preparation."" It  has not 
bcen possible to assign the bands in these spcctra to any expected compounds such 
as zinc oxide, sulphate or carbonate, even though it seems very likely that some kind 
of aqua and/or hydroxo species is present on the surfaces, as a broad intense 0 - H  
band was found around 3500 cm ' . ' 'O  Thc DRIFT spectrum of synthetic zinc 
sulphidc prcparcd in an cxccss of sulphidc ions is dramatically changed after 
washing with water while no such change was observed after washing with acetone. 
The samples of sphalcritc and of synthetic zinc sulphidc prepared in an excess of 
zinc ions wcrc not att'cctcd by thc washing with cithcr watcr or acetone. No or very 
small amounts of cthylxanthate species arc adsorbed on the surfaces of synthetic 
zinc sulphide pretrcatcd with or precipitated in an cxccss of sulphide ions after 
treatment with aqueous and acctone solutions of potassium cthylxanthate. On the 
other hand, on the surfaces of sphalcritc and of zinc sulphide prepared in an cxccss 
of zinc(l1) ions relatively large amounts of ethylxanthate species arc adsorbcd aftcr 
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1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ~  

Figure 13 DRIFT spectra of (a) dryground sphalerite containing 0.5% iron, (b) synthetic zinc(l1) 
sulphide precipitated in an exccss of zinc(I1) ions and (c) synthetic zinc(l1) sulphide precipitated an 
cxccss of' sulphide ions. The ordinate scalc is in log (RrC,4Rsample) units and it is arbitrary. 
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the same treatment.I2' The DRIFT spectra of zinc sulphide and sphalerite with low 
iron content treated with potassium ethylxanthate are almost identical indepen- 
dently of solvent used."' The obtained DRIFT spectra of the ethylxanthate treated 
zinc sulphide and sphalerite surfaces differ markedly from the DRIFT spectrum of 
solid zinc(l1) ethylxanthate, see Fig. 14. This shows very clearly that the ethylxan- 
thate ions are adsorbed to the surfaces as chemisorbed surface complexes. One of 
the features in the DRIFT spectra of these adsorbed cthylxanthate species differing 
from the DRIFT spectrum of solid zinc(I1) ethylxanthate is a band at 1290 cm-' .  
This band is only observed in chemisorbed ethylxanthate complexes and in liquid 
diethyl dixanthogen, thus where the ethyl group has freedom to move and rotate."" 
The chemisorbed ethylxanthate species on sphalerite surfaces shows an upward shift 
of 15 cm-I and a downward shift of 10 cm-' of the bands found at 1 033 and 1 127 
cm- I in solid zinc(I1) ethylxanthate, respectively, and a broadening of the band at 
12 10 cm-I. An ethylxanthate species with these special features is referred to as type 

Figure 14 DRIFT spectra of (a) sphalerite. (b) synthetic zinc(I1) sulphide precipitated in an excess 
of sulphidc ions, (c) synthctic zinc(I1) sulphide prccipitatcd in an excess of zinc(I1) ions pretreated 
with a 10 mM aqueous EDTA solution, (d) synthctic zinc(I1) sulphide prccipitatcd in an excess of 
zinc(I1) ions and (e) synthetic zinc(1I) sulphide precipitated in an excess of sulphidc ions pretreated 
with a 10 mM aqueous solution EDTA solution after subtraction with the spectrum obtained before 
treatment with a potassium ethylxanthate solution. Spectra (a)-(c) are all after treatment with 5.0 mM 
potassium cthylxanthate in aqueous and (') acetone solutions. Solid zinc(I1) ethylxanthate (9 is given 
as reference. The ordinate scale is in log (R,dR,,,,,) units and it is identical for the spectra (a)-(c). 
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1 .I2() Another kind of chemisorbed ethylxanthate surface complex is formed on the 
surfaces of zinc(I1) sulphide prepared in an excess of zinc ions. This ethylxanthate 
species, referred to as type 2, has a different splitting of the band at 1033 cm-I, a 
downward shift of 10 cm-l and an upward shift of 15 cm- '  compared with the 
bands at 1127 and 1210 cm' in solid zinc(I1) ethylxanthate, respectively,"' see 
Fig. 14. The stabilities of ethylxanthate species of types 1 and 2 have been studied 
by washing the zinc sulphide and sphalerite surfaces with these surface complexes 
with water and acetone.'2o The surfke complexes of type I is not affected by 
acetone while it is completely removed from the surfaces of zinc sulphidc prepared 
in excess of sulphide ions and sphalerite with successive washings with water. The 
ethylxanthate species of type 2 is only partially removed from the zinc sulphide 
surfaces by successive washing with water. Thcsc results show that the ethylxanthate 
species of type 2 is more stable than that of type 1 if these ethylxanthate species are 
true chemisorbed surface complexes. Surface complexes of alkylxanthate ions are 
also formed on other surfaces of zinc salts with a similar structure as zinc sulphide. 
It has been shown that ethylxanthate species of type 1 is formed on the zinc(I1) 
oxide surfaces. The conditions for the formation of ethylxanthate species of type 1 
and 2, the shifts of the bands in the DRIFT spectra in comparison with solid 
zinc(I1) ethylxanthate and thc different stabilities in water and acetone in compar- 
ison with the solubilities of solid zinc(I1) ethylxanthate in water and acetone 
strongly indicate that these ethylxanthate species are chemisorbcd complcxcs 
coordinated to the zinc sites in the ultimate surface layer. It is reasonable to believe 
that the surfaces of zinc(I1) sulphide prepared in an excess of sulphide ions arc 
enriched with sulphide ions. The adsorbed sulphide ions hamper or make the zinc 
sulphide surface inert to adsorption of ethylxanthate ions. This shows that sulphide 
ions are chemisorbed to the zinc sulphide surfaces, and that the number of zinc sitcs 
in the surface available for further coordination is very low; sulphide ions arc 
indeed used as a depressing agent in flotation of sulphidc minerals.'" This shows 
that zinc(I1) ions must be present in the ultimate surface layer of the metal sulphide, 
and that the metal ions must be availablc for coordination if ligands shall be 
chemisorbed to a metal sulphide surfacc. 

The donating oxygcn atom in the acetate ion is relatively hard, thus forming 
mainly electrostatic interactions. The acetate ion is therefore expected to form only 
wcak chemisorbcd complexes, if such complexes are formed at all on solid surfaces 
of zinc salts. Zinc sulphide prepared in an excess of zinc(I1) ions was trcatcd with 
a concentrated, I .O M, aqueous sodium acetate solution, and the rccordcd DRIFT 
spectrum of the zinc sulphide surface did not show any sign of acetate specics on 
the surfacc. I *(' 

I t  scems that the chemisorbed surface complexes to sulphide mincrals are only 
formed when the ligand has a soft character, i.e. the formed bond has somc covalcnt 
charactcr. It is well-known that sulphur donor ligands have soft electron donor 
properties.'*' A preliminary study has shown that ethylxanthate ions are strongly 
coordinated to mercury in thc mercury(I1) bromide elhylxanthate complex, 
HgBr,(CzH,OCS,),."o This shows that the ethylxanthate ion has soft donor 
properties corresponding to a high D, value.'26 The acetate ion is on the other hand 
a hard donor ligand. and it has been experimentally shown that acetate ions are 
neither coordinated to zinc sulphide surfaces nor to mercury(I1) halides in aqueous 
solution in spite of the fact that high concentrations of acetate ion have been used. 

Alkylxanthate ions display several types of coordination in the solid state. The 
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alkylxanthate ion acts as a bidentate ligand in cornplcxes of e.g. iron(III), cobalt(ll1) 
and nickcl(II), while it is mono- und bidentatcly coordinated in tin(1V) ethylxan- 
thate and tris(0-ethylxanthato)cadminumate(II) complexes. In many alkylxan- 
thatc complcxes in the solid state one of the sulphur atoms is.strongly coordinatcd 
while thc other atom is more weakly coordinated at a bond distance 0.1-0.2 A 
furthcr out.'" The different kinds of inleractions arc clearly reflected in the 
vibrational spectra of the metal alkylxanthates. By comparison with DRIFT spcctra 
of solid metal ethylxanthatc complexes it is assumed that the ethylxanthate spccies 
of type 1 and 2 are chcmisorbed mono- and bidcntate surface complexes, 
respcctivcly. The kind of surface complex formed depends most probably on tlic 
local structurc around the metal ion in  thc surface. Zinc is tetrahedrally coordinated 
in zinc sulphide, and i t  can be assumcd that zinc maintains this coordination 
geometry also in the surface through solvation or complex formation. Monodentate 
and bidentate ethylxanthatc complexes should therefore be formed when thc metal 
ion is coordinated to tlircc and two sulphur atoms in the sulphide lattice, 
rcspect ively. 

Sphalerite often contains large amounts of iron and lead. DRIFT spectra of three 
sphalerite samples are given in Fig. 15. The two samples with low iron contcnt, less 
than 1 Yo iron, denoted I and 11, show only weak featurcs, while the sample with 7 
'Yo iron and 1 9'0 lead, denotcd 111, has relativcly strong bands in the region 800-1 200 
cm-', see Fig. 15. Thc total concentrations of metals dissolved at slurrying in water 
arc given in Table 2. This Table shows that large amounts of zinc, iron arid lead arc 
dissolved from sample 111, while relatively small amounts of metal ions are 
dissolved from thc samples with low iron contcnt. The DRIFT spectrum of sample 
111 after treatment with a I .O mM aqucous potassium ethylxanthate solution shows 
that the dominating cthylxanthate spccies on the surface is Icad(I1) ethylxanthate,"' 
sce Fig. 16. Sphalerite containing large amounts of lead will act as galena and thc 
hydrophobation mechanism will be the same as for galena, sec section 6.2 below. 
It will therefore be impossible to scparatc galena from lcad containing sphalerite 
with alkylxanthate flotation. 

As i t  is impossible to effectively flotatc sphalerite with alkylxanthate ions with 
short alkyl groups sphaleritc is activated with metal ions such as copper(1I) or 
lead(l1) to be notable. Zinc(I1) ions in the sphalerite surface are replaced by 
copper(I1) ions or copper(I1) ions are adsorbed on thc sphalerite surfacc when 
sphalcrite is trcated with an aqueous solution of copper(I1) ions.'" Copper(I1) ions 
react with alkylxanthate ions through a redox reaction to form dialkyl dixanthogcn 
and solid coppcr(1) alkylxanthate in aqucous solution. Thcrc has becn somc 
controversy whethcr both of these alkylxanthate spccics or only solid copper(1) 
alkylxanthatc is formed on thc copper( 11) activated sphalerite surfaces after 
trcatmcnt with an aqueous potassium alkylxanthatc solution."'.123 DRIFT spcctra 
of coppcr(I1) activated sphaleritc beforc and after treatmcnt with ethylxanthatc and 

Table 2. Total concentration, C, /pM.  o f  zinc. iron and lcad in thc aqueous phasc or splialerite 
slurries. 

Sphalerite I 
Sphalerite I1 
Sphalerite I11 

3.5 
6.9 
32.7 

- 
3. I 
7.2 

- 
- 
I .4 
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Figure 15 DRIFT spectra of dry ground (a) sphalerite I ,  (b) sphalerite 11 and (c) sphalcritc Ill .  The 
ordinate scale is in log (R,,tjRsamdc) units and it is the same for all spectra. 
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I I I I I i I I I I I I I 

a 

C 

1500 1400 1300 1200 1100 1000 900 800 

li cm-l 
Figure 16 DRIFT spectra of (a) sphalerite I,  (b) sphaleritc I1 and (c) sphalerite 111 treated with a 1.0 
m M  potassium ethylxanthate aqueous solution after subtraction with the spectrum obtained beforc 
treatment with a potassium ethylxanthate solution, and of (d) solid zinc(I1) ethylxanthate and (e) solid 
lead(1I) ethylxanthate. The ordinate scale is in log (RreflRsarnplc) units and it is arbitrary. The spectra 
(a)+) have the same ordinate scale for easy comparison. 
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n-decylxanthate ions, as well as DRIFT spectra of solid copper(1) ethyl- and 
n-decylxanthate and diethyl and di-n-decyl dixanthogen are given in Fig. 17. It is 
seen in this figure that both solid copper(1) alkylxanthate and dialkyl dixanthogen 
are present on copper(I1) activated sphalerite surfaces after treatment with an 
aqueous solution of alkylxanthate;' '" this is most clearly seen for n-decylxanthate. 
This shows that the copper present on the copper(T1) activated sphalerite surface has 
thc oxidation state + 2, and that copper(T1) ions are accessible to react with 
alkylxanthate ions. The copper(I1) ions in the surface or in solution after a 
dissolution process react through a redox process to form both solid copper(1) 
alkylxanthate and dialkyl dixanthogen, and both products are adsorbed on thc 
surface in aqueous media. Lead(I1) activated sphalerite behaves most probably as 
lead containing sphalerite, thus as a galena. 

6.2 Galenu, PbS, und Synthetic Leud(II, Stilphide 
The galena-alkali alkylxanthate system in aqueous solution is one of the most 
thoroughly investigated mineral-collector systems. It is well-known from many years 
of practical flotation of galena with alkali alkylxanthate as collector that alkylxan- 
thate ions effectively hydrophobate galena surfaces. A large number of studies using 
a wide range of experimental techniques has been performed in order to get 
chemical information for the understanding of the molecular mechanism of the 
hydrophobation of galena. Furthermore, the sensitivity of the hydrophobation effect 
to cxternal factors such as pH, redox potential and the presence of oxidizing agents 
such as oxygen at the grinding and at the flotation has been studied extensively. 
Several review articles on the reaction between galena and alkali alkylxanthates in 
aqueous solution have been p u b l i ~ h e d . ' ~ ' - ' ~ ~  Th e references given below are a 
selection of some of the most important studies for the recently proposed reaction 
mechanisms of the hydrophobation of galena, and some recent works not previously 
reviewed. 

The most important information needed for the understanding of the hydropho- 
bation mechanism of galena is a qualitative analysis of the compound(s) present on 
the galena before and after treatment with an aqueous alkali alkylxanthate solution. 
Galena is very easily oxidized, and extreme precautions must be taken to avoid 
partial oxidation of galena surfaces. It has been shown that also extremely small 
amounts of oxygen in water are able to oxidize galena surfaces.10*'30-'35 H owever, 
there is always an induction time before the oxidation reaction attains full rate."' 

An early electron diffraction study reported a slow oxidation of galena surfaces in 
air at room temperature, while it was rap:d and extensive during wet 
grinding.'3'"3' The only oxidation products confirmed to be present on the galena 
surfaces were lead(I1) sulphate and basic lead(I1) sulphate. The solubility of these 
oxidation products in water is substantially higher than of galena, and the main part 
of these is dissolved at slurrying in water. When oxidized galena was treated with 
an aqueous solution of alkali alkylxanthate a thin layer of an alkylxanthate species 
was detected on the surface. It was proposed that alkylxanthic acid was adsorbed on 
the galena  surface^.'^'.'^^ An infrared spectroscopic study on synthetic lead(I1) 
sulphide has reported that the amount and the kind of oxidation products on the 
surfaces vary with the sample treatment.'33 After treatment with potassium 
ethylxanthate in aqueous solution solid lead(I1) ethylxanthate was found to be 
present on the lead(I1) sulphide surfaces. Most of the lead(I1) ethylxanthate was 
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Figure 17a DRIFT spectra of (a) copper(I1) activated sphalcritc I, (b) copper(I1) activated sphalerite 
I treated with a 1.0 m M  aqueous potassium ethylxanthate solution after subtraction with the spectrum 
obtained before treatment with a potassium ethylxanthate solution, (c) solid copper(1) ethylxanthatc 
and (d) liquid diethyl dixanthogen. Thc ordinatc scalc is in log (R,r,4H,;,,,,,,) units and it is arbitrary. 
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Figure 17h DRIFT spectra of (a) copper(I1) activated sphalerite I, (b) copper(l1) activated sphaleritc 
I treated with a 1.0 mM aqueous potassium n-deeylxanthate solution after subtraction with the 
spectrum obtained before treatment with potassium tr-decylxanthate solution. (c) solid copper(1) 
n-decylxanthate and (d) liquid di-n-decyl dixanthogen. The ordinate scale is in log (RrefjRsample) units 
and it is arbitrary. 
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readily removed from the surface by washing with acetone. It was suggested that a 
1: 1 lead(I1) ethylxanthate surface complex remained on the surface."' Based on 
these observations it was concluded that alkylxanthate ions form strong covalent 
bonds to the lead(l1) ions in the lead(I1) sulphide surface. 

The adsorption of ethylxanthate on vacuum deposited films of lead(I1) sulphide 
has been studied by means of infrared multiple reflectance spectroscopy. I 34 

Ethylxanthate ions are not adsorbed on non-oxidized lead(I1) sulphide surfaces 
under reducing conditions. On the other hand, diethyl dixanthogen is reported to 
react with non-oxidized lead(1I) sulphide surfaces to form a proposed monomolec- 
ular layer of a lead(I1) ethylxanthate complcx. The infrared spectrum of the formed 
complex closely resembles the spectrum of solid lead(I1) ethylxanthate. It can 
therefore bc concluded that dialkyl dixanthogen is able to oxidize galcna and 
lead( 11) sulphide surfaces and the corresponding lead(I1) alkylxanthate is formed. 
Lead(I1) sulphide was slowly oxidized to lead(T1) thiosulphate when small amounts 
of oxygcn were let into the infrarcd vacuum cell. Treatment of oxidized galena 
surfaces with an oxygen-free aqueous potassium ethylxanthate solution, and of 
unoxidized galena surfaces with an air-saturated aqueous potassium ethylxanthate 
solution yielded bulk precipitation of lead(I1) ethylxanthate on the surfaces. A major 
part of the lead(l1) ethylxanthate could be removed by subjecting it to high vacuum 
for a couple of days or washing it with an organic solvent, e.g. diethyl ether, in 
which the solubility of lead(I1) alkylxanthate is high. The infrared spectrum of the 
remaining cthylxanthate species on thc galena surfaces is slightly different compared 
with the infrared spectrum of solid Iead(l1) ethylxanthate. This rcsult was inter- 
preted as desorption of lead(I1) ethylxanthate from a galena surface leaving a 1:1  
lead(1I) ethylxanthate complex identical with that reported by Grecnler' '' on the 
surface. 

The bands at about 1210 and 1050 cm-' for Icad(I1) alkylxanthates have been 
assigned to a stretching vibration of the C-0-C group and the C-S bond. 
resp~ctively.'~" It has later been shown that these bands and most of the other 
bands of the alkylxanthate ion are highly c o ~ p l e d . ' " ' " ~ ' ~ ~  The band at 1210 cm-I, 
assigned as solid lead(I1) ethylxanthate on the galena surface, has shifted to 1195 
cm-' in the proposed 1: 1 monolayer complex. This downward shift was interpreted 
as a change in the coordination of the alkylxanthate ion from one and a half dentate 
in solid lead(I1) ethylxanthate to monodcntate in the 1: 1 monolayer ~omplex . '~ '  
This interpretation was based on a study of the shifts of this band in a number of 
solid alkylxanthates of mono- and divalent metal ions. 13' 

The surfaces of galena powder unprotected against oxidation have been reported 
to consist of lead(l1) sulphate and carbonate and of small amounts of lead(1I) 
thi~sulphate. '~ '  Solid lead(1I) pentylxanthate was detected on the galena surfaces 
after treatment with an aqueous solution of potassium pentylxanthate. After some 
months of storage, the band at 1220 cm-', considered as solid lead(1I) pentylxan- 
thate, had shifted to 1190 cm-'. This was interpreted as sublimation of lead(I1) 
pentylxanthate in course of time leaving a 1 : 1 monolayer complex of thc same kind 
as proposed previously.' 34 

Another more recent infrared spectroscopic study has strongly indicated that the 
reaction between oxidized galena and an aqueous potassium ethylxanthate solution 
yields only lcad(I1) ethylxanthate on the galena surfaces, and that no traces of 
diethyl dixanthogen were de te~ted . '~"  A thermochemical study has proposed that 
lead(1l) thiosulphate and/or basic thiosulphate arc the major oxidation products on 
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naturally oxidized galena surfaces. ' " I  A comparison of the reactions between an 
aqueous ethylxanthate solution and naturally oxidized galena on one hand, and bulk 
lead(l1) thiosulphate, sulphate and carbonate on the other hand shows a similar heat 
of reaction. It was concluded from these results that the adsorption of alkylxanthate 
ions on oxidized galena surfaces takes place through an ion exchange mechanism 
where the anions of the oxidation product of galena are exchanged for ethylxanthate 
ions.I4' No particular difference in the properties of dry and wet ground galena was 
observed.'"' Another calorimetric study has claimed that alkylxanthate ions were 
adsorbed along two different mechanisms, chemisorption, which is timc- 
independent, and a time-dependent precipitation of Icad(l1) alkylxanthate. I"' The 
chcmisorption mechanism was found to disappear when the pH was increased. 

Cascs ct a/. have in several papers reported studics on the galena-alkylxanthatc 
system. They claim that the alkylxanthate species formed is very much dependent 
on pH. One of the main products is dialkyl dixanthogen, besides lead(I1) alkylx- 
anthate and alkylxanthate monolayer complexes (non-stoichiomctric lead 
alkylxanthate).'3"~'43-'"s H owcver, the formation of dialkyl dixanthogen has only 
been reported in old studies which are reviewed in ref. 60 and not confirmed by any 
other recent study. They used a particle size <5  or 15 pm, which means a risk that 
the particles may be of the same size as the wavelength and interference patterns 
may occur which disturb the spectrum. Furthermore, they did not use a non- 
absorbing matrix, an omission decreasing the sensitivity substantially. The mea- 
surcments have in some cases been performed in pH ranges where the alkylxanthate 
ion decomposes. The rcsults reported by Cascs rt al. do not seem to be rcliablc and 
they will not be further discussed in this article. 

I t  has been shown that non-oxidized surfaces do not react with oxygen-free 
aqueous solutions of potassium cthylxanthate in the pH-rangc 7-1 1 .IJ5 The 
reaction between galena surfaces free from oxidation products and oxygen contain- 
ing aqueous solutions of potassium ethylxanthate initially showed an induction 
period wherc practically no reactions took place, but after this period the 
ethylxanthate ions started to react with the galena surface. On the other hand, 
oxidized galena surfaces reacted immediately with an aqueous potassium ethylx- 
anthate solution independent of the solution was oxygen-containing or oxygen- 
free.'45 It  was proposed that oxidized galena surfaces adsorb alkylxanthate ions by 
an ion exchange mechanism'35 similar to that proposed by Mellgren.'"' 

The oxidation of ethylxanthate ions has been studied on polished gold, platinum 
and galena electrodes.14' Addition of potassium ethylxanthate to aqueous solutions 
containing a neutral salt changes the redox properties of the electrodes. This implies 
that ethylxanthate ions are adsorbed to the electrode surfaces, replacing prcadsorbed 
water molecules and hydroxide ions. Oxidation of galena is inhibited by small 
amounts of cthylxanthate or lead(l1) ions, while addition of sulphide ions was not 
found to influence the oxidation of galena.'"' 

A large number of electrochemical studies of galena electrodes in aqueous alkali 
alkylxanthate solutions has been reported. A controversy in the literature concern- 
ing the possible oxidation of ethylxanthate ions to diethyl dixanthogen at the galena 
surface in diluted oxygenated potassium ethylxanthatc solutions has in detail been 
reviewed by Finkelstein and P01ing.l'~ A majority of the reported studies claims 
that the rest potential of the galena electrode in aqueous potassium ethylxanthate 
solution is lower than the redox potential for the ethylxanthate ion/diethyl 
dixanthogen couple. This means that diethyl dixanthogen cannot be formed at 
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galena surfaces in the presence of ethylxanthate ions and oxygen.'2' It has also been 
shown that galena becomes flotable at significantly lower potentials than the redox 
potcntial of the couple cthylxanthate ion/diethyl dixanthogen,lJ8 which means that 
lead(I1) ethylxanthate must be the hydrophobating 

Several reaction mechanisms of the adsorption of alkylxanthate ions on metal and 
mineral surfaces have been proposed from electrochemical studies. However, the 
proposcd intermediates and products formed on the electrode surfaces have not 
been contirmcd by other analytical techniques, and the results are not in agrcemcnt 
with rcsults obtained in non-electrochemical studies.'29 

These results show a split view of the adsorption of alkylxanthate species on 
galena surfaccs. It can however be concluded that galena surfaces are very easily 
oxidizcd to Iead(l1) sulphate, thiosulphatc and carbonate, and extreme precautions 
must be taken to avoid oxidation. In practical flotation it can bc taken for certain 
that the galena surfaces are oxidized when thc mineral powderlslurry is poured into 
the flotation pulp in spite of grinding in iron mills. The following discussion of 
adsorption of alkylxanthatc ions to galena surfaces must be divided into two parts, 
oxidized and non-oxidized galena surfaces, as they obviously behave vcry differ- 
ently. 

Bulk precipitation of lead(l1) alkylxanthate on galena surfaces is yielded whcn 
oxidizcd galena is treatcd with an aqueous solution of alkaii alkylxanthate. Thc 
formation of  a 1 : 1  monolayer complex has been proposcd by several 

This proposal was based on a downward shift of the band at 12 10 
cm" as described abovc. However, thc othcr bands from the alkylxanthate ion in 
the proposed complex remain unshifted, which is surprising since all bands of the 
-COCS,-unit are expectcd to shift and not only a single band. A vcry rccent study 
using DRIFT spectroscopy has critically examined thc cxistcncc of the 1 : l  
monolayer complex. ' "  Lead(I1) oxosulphur compounds have a strong broad 
absorption band just below 1200 cm I .  It has been shown that a mixture of Icad(I1) 
cthylxanthate and sulphate yields an infrared spectrum very similar to that of tlic 
proposcd 1 : I monolayer complex." Furthermore DRIFT spectra of oxidized galcna 
treated with diluted, 0.1 and 0.2 mM, potassium ethylxanthate solutions are also 
very similar to the proposed 1:l monolayer complex. A difference bctwecn these 
spcctra. 0.2 mM-0. I mM. yields however a spectrum similar to that of solid lead(I1) 
alkylxanthate.'" scc Fig. 18. This shows that the coexistence of lead(1I) alkylxan- 
thate and lead(I1)oxosulphur compounds causes a downward shift of the band found 
at about 1210 cm-' in solid Icad(I1) cthylxanthate. The size of the shift is dependent 
on the distribution of lead(I1) alkylxanthate and oxosulphur compounds: more 
details are given in ref. 10. 

The solubilities and solubility products of Icad(I1) sulphide, carbonate, sulphale 
and thiosulphate and some lead(I1) alkylxanthatc, show that the lead(1I) oxosulphur 
compounds are considerably more soluble than the lead(I1) alkylxanthates, see Table 
1 ;  thc solubility of lead(I1) sulphide and galena is extremely low in neutral and  
alkaline solutions. In order to get bulk precipitation of lead(l1) alkylxanthate on a 
galena surface, conccntrations of lead(I1) ions of 10-100 pM must bc present close 
to the surface if thc concentration of alkylxanthate ion is in the range 0.1-1.0 mM, 
which is the usual concentration in the flotation pulp. The only reasonable origin of 
these lead(l1) ions is oxidation products of galcna with sufficient solubility. Washing 
experiments of oxidized galena surfaces using DRIFT spectroscopy have shown that 
Icad(l1) oxosulphur salts are more readily washed off thc surface than lead(I1) 
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Figure 18 DRIFT spectra of galena powders trcated with (a) 0.2 mM and 0.1 mM potassium 
ethylxanthate solutions. The difference between spectra (a) and (b) yields spectrum (c). The spectrum 
of solid lead(l1) ethylxanthate (d) is given for comparison. The ordinate scale is in log (R,JR,,,p,e) 
units and it is arbitrary. 
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carbonate," which is in accordance with the solubilites, see Table 1. Another 
favourable point for precipitation on the galena surfaces is that the lead(I1) ions have 
their origin from the surface, which means that a concentration gradient is obtained 
around the galena particles during the dissolution process. This means that the 
solubility product of the lead(11) alkylxanthate is first exceeded very close to the 
galena surface, and that the solid surfacc can be used as nuclei of crystallisation. 
Based on these and previous observations'",'"'-' 33,1 35 .141  the following mechanism 
for the hydrophobation of oxidized galena surfaces by alkylxanthate ions was 
proposed:" 1 )  The galena surfaces are easily oxidized in the prcsencc of air or other 
oxidizing agents when galena is ground into a fine powder. These oxidation products 
arc fairly soluble in water, and thcy are partly dissolved when an aqueous slurry is 
prcpared. A concentration gradient of lead(I1) ions will most probably be obtained 
the galcna particles at the initial stages of the dissolution of these compounds from 
the galena surfaces. 2) By the presence of alkylxanthate ions in the aqueous phase 
whcn preparing thc galena slurry, the solubility product of lead(I1) alkylxanthate is 
first cxceeded in close vicinity of thc galena surfaces and small islands of solid lead(I1) 
alkylxanthate are formed on the oxidizcd galcna surface. The degree of coverage of 
lead(I1) alkylxanthate on the oxidized galena surfaces increases with increasing 
concentration of alkylxanthate ions and degrcc of oxidation of the galcna surface. 
Practical flotation shows that there is an initial concentration gradient of lead(I1) ions 
or complexes around the galena particles, otherwise the flotation process should be 
markedly lcss sclcctive. Too high alkylxanthate concentrations in the pulp will most 
probably result in that precipitation of lead(I1) alkylxanthate takes place also in 
solution and on non-galena surfaces. At low alkylxanthate concentrations thc solu- 
bility production will only be exceeded very close to the galena surfaccs, where the 
highest lead(I1) concentration is found. 

Lead(I1) alkylxanthates have pronounced hydrophobic properties, even when the 
carbon chain in the alkylxanthate is ~hor t . ' ~ ' - ' ~ '  The formation of islands of 
lead(l1) ethylxanthatc on oxidized galcna surfaces is most probably enough to make 
the galena particles sufficiently hydrophobic to be attached to an air-bubble, and 
thereby flotable. The formation of small islands of lead(I1) alkylxanthate on 
oxidized galcna surfaces has been beautifully demonstrated in an experiment where 
radioactively labellcd alkylxanthate ions have been used.15* It can be assumcd that 
thc degree of coverage of hydrophobic compounds on the galena surface necessary 
for flotation increases with increasing particle size and weight. 

It is extremely important to distinguish between reactions taking place on 
oxidizcd and non-oxidized galena surfaces. The precipitation of solid lead(I1) 
alkylxanthate will predominate over other possible reactions on the galena surface. 
On the other hand, non-oxidized galena surfaces interact with alkylxanthate ions 
and other ligands with soft donor atom(s) by forming chemisorbcd surface 
complexes. Some of the reported studies on non-oxidized or slightly oxidized galena 
surfaces will be presentcd below. However, it must be borne in mind that in 
practical flotation of galena, the galena surfaces are doubtless heavily oxidized, and 
that studies of non-oxidized galena have no relevance to practical flotation. 

The dissolution of lead(I1) sulphide has been studied as a function of pH, light 
intensity and concentration of oxygen in the aqueous phase.Is3 The results have 
shown that the dissolution reaction is pH dependent, enhanced by dissolved oxygen 
and slightly affected by photoirradiation. The amount of dissolved lead(1I) specks 
dccrcascs when pH increases pH from 2.5 to 9.0. No lead(I1) sulphide was dissolved 
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at all at pH >9.0. The extent of lead(I1) sulphide dissolution was found to increase 
slightly with increasing light intensity under both aerobic and anaerobic conditions. 
The surface protonation was considered as the initial reaction step in the dissolution 
process. Under photoir radiation a considerable amount of sulphate was detected in 
thc solution. This was attributed to the oxidation of sulphide by incipient oxygen 
production from the water oxidation on the lead(I1) sulphide surfaces.'53 It has been 
proposed from electrophoretic measurements. coagulation and solution equilibria 
studies, that surface dissolution can be followcd by readsorption or "interfacial 
precipitation" of lead hydroxy species on the galena surface.'54 

Potentiometric titrations and solubility studies of frcshly precipitatcd lead(I1) 
sulphide have shown that protons are adsorbed on galena surfaces in oxygen-free 
acidic aqueous solutions. The lead concentration in slightly acidic solutions 
thcrcforc becomes quite high due to a proposed ion exchange reaction bctwccn 
protons and Icad(I1) ions in the galena surface under strict anaerobic conditions.' '' 
It has also been shown that the hydrated galena and synthetic lead(I1) sulphide 
surfaces have acid-base behaviour with the acidity constants pKa, = 7.15 and 
pk',, = 10.2 for galena and pK,, = 7.1 1 and pKa, = 10.0 for synthetic lead(l1) 
~ u l p h i d e . ' ~ ~  Thc logarithmated equilibrium constant for the ion exchange reaction 

H + Pb' + has been determined to 10.21 and 9.48 for galena 
I )  sulphide, respectively, in the pH rangc 4.5-7.0; 

solid galena surface. It has also been reported that alkylxanthate ions are chemi- 
sorbcd to galena surfaces with a stability constant of 3.5. lo4 M.'56 It is important 
to stress that also under strict anaerobic and slightly acidic conditions lead(I1) will 
he transferred from the galena surfaces to the solution phasc, which may rcsult in 
a precipitation of lead(I1) alkylxanthatc at the addition or in the presence of 
alkylxanthate ions. 

In order to study chcmisorption of alkylxanthate ions on mineral surfaccs it is 
prcfcrable to use a solvent where the alkylxanthate compounds are solublc, c.g. 
acctonc and acetonitrile.' 57 Two separate ethylxanthate species havc been distin- 
guished on galena and synthetic lead(1I) sulphide surfaces after treatment with 
potassium ethylxanthatc in acetone solution.' 57 These chemisorbed ethylxanthate 
species are charactcrizcd by featurcs in  the DRIFT spectra diflerent from those of 
solid lead(I1) ethylxanthate, see Figs. 19 and 20, and by thcir solution chemistry 
behaviour. The two types of chemisorbed ethylxanthate species are denoted I and 
11. Thc ethylxanthate spccics of type I is only slightly soluble in water and acctonc. 
It is assumed that the bond between lead in the galena and lead(I1) sulphidc surfaces 
and thc cthylxanthate ion in type I complexes has a substantial covalcnt character, 
since the DRIFT spectrum of this chemisorbed surface complex shows spectral 
characteristics similar to the more covalent ethylxanthates of transition and heavy 
metals but none of the spectral fcatures of the ionic alkali e t h y l x a n t h a t e ~ . ' ~ ' ~ ' ~ ~  The 
ethylxanthate surface species of type 11 is only formed in poorly solvating solvents 
such as acetone and acetonitrile.'s7 The ethylxanthate species of type 11 is not 
possible to extract from the surface with acetone, while it is easily extracted with 
water. How the ethylxanthate ion in the surface complexes of type I1 is coordinated 
to the surface is not understood as the spectrum of type I1 species does not show 
any resemblance to any known alkylxanthatc species, and no relevant references are 
therefore available. A possible explanation is an clcctrostatic interaction of the 
alkylxanthate ions to the surface if the mineral particle is charged. Measurements 
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IMW-'I '  spcctra of galcna and galcna plrtrcatcd with a 10 mM EDTA solutioti ('). (a) 
1 a 5.0 m M  aqueous of potassium cthylxantahtc. after subtraction with thc spcctruni 
:fore treatment with a potassium ethylxanthate solution. Solid lead(l1) ethylxanthatc is 
erence. Thc ordinate sealc is in (R,,,/X,,,,,,) units, and it is identical for the spectra of 
iarnples troatcd in aqueous and acetone solutions. 
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Figure 20 DRIFT spectra of (a) galena treated with a 5.0 rnM aqueous solution of potassium 
ethylxanthate. (b) lead(I1) sulphidc prepared in an excess of Icad(I1) ions, pretreated with a 10 rnM 
EDTA solution and treatcd with a 5.0 mM acetone solution of potassium ethylxanthatc and (c) 
Icad(l1) sulphide prepared in an excess of lead(I1) ions treatcd with a 5.0 mM acetone solution of 
potassium ethylxanthate, and after a single washing (‘) with acetone and with water (”) after 
subtracting with the spectrum obtaincd before treatment with a potassium ethylxanthate solution. The 
cthylxanthatc species is washed off the surhccs after successive washings. Thc ordinate scale is in log 
(R,r,4R%.,r,l,,,J units and it  is identical for thc (a). (b) and (c) spectra, rcspcctivcly. The (b) and (c) 
spectra represent type I and I1 complexes. rcspcctively. 
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of the c-potential at varying pH in aqueous solution have shown that galena 
particles are charged, and that this charge is a function of pH and the concentration 
of lead(I1) and alkylxanthate ions in thc aqueous p h a ~ e . ' ~ ~ . ~ ~ '  Acetone and 
acctonitrile, which have low dielectric constants, will only poorly neutralize any 
charge of mineral particles and stable electrostatically coordinatcd surface com- 
plexes of e.g. alkylxanthate ions may therefore be formed. This cannot take place in 
aqueous solution as water has a high dielectric constant and will much more 
effcctivcly neutralize any particle chargc, and the alkylxanthate ion is most probably 
more strongly solvated in water than in acetone and acetonitrile.15' 

6 .3  Chalcocitc, GJJ, and Acanrhite, AgrY 
I t  has been shown that very small amounts of copper are dissolved when chalcocite 
powder is slurried in This means that chalcocite surfaces either are 
resistant to oxidation and/or that the oxidation products of chalcocite have a low 
solubility in water. Yoon et al. have from IRAS (infrared reflectance absorption 
spectroscopy) measurements proposed that a monolayer of alkylxanthate ions is 
chemisorbed on chalcocite surfaces, and that solid copper(1) alkylxanthate is formed 
on top of this monolayer at treatment with an aqueous alkali alkylxanthate 
solution.'",' 64 However, the bands in these works have been assigned as pure 
assigned as pure vibrations, which is known to be i n ~ o r r e c t , ' ~ ~ " ~ ~  and no proofs for 
the proposed reaction mechanism are given. A similar adsorption mechanism has 
been proposcd for thiocarbamate.' 65 Kapylov et a/. have reported that copper(1) 
alkylxanthate is the sole alkylxanthate species on chalcocite surfaces treated with an 
aqueous solution of potassium alkylxanthate. l h 6  

Mielczarski and Suonincn have used XPS in the study of adsorption of 
alkylxanthate ions on chalcocite surfaces.'h7 Their results support a reaction 
mechanism proposed by Clifford et a/.,"* which states that 1 )  Preadsorbed groups 
such as water and hydroxide ions the surface are replaced by alkylxanthate ions 
resulting in a random orientation of the alkylxanthate ions on the surface, 2) Larger 
prcadsorbed aggregates such as hydrocarbons are replaced by alkylxanthate ions 
from the solution leading to a considerably increasing degree of order of alkylxan- 
thatc ions on the surface, 3) This process is terminated by the formation of a 
close-packed wcll-oriented monolayer, 4) Aftcr creation of a complete monolayer of 
alkylxanthate ions, the adsorption continues by addition of essentially randomly 
oriented coppcr(1) ethylxanthate molecules. I t  has also been proposed that dialkyl 
dixanthogen can be formed on chalcocite surfaces through a redox reaction whcre 
oxygen adsorbed on mineral surfaccs oxidizes alkylxanthate ions to dialkyl 
dixanthogen."' However, it has been recently shown that adsorbed oxygen on 
sulphide mincral surfaces cannot oxidize alkylxanthatc ions to dialkylxanthogen. 70 

The DRIFT spcctrum of chalcocite shows that the surfaces are almost frcc from 
oxidation products, although the grinding of chalcocite was performed without 
protection against oxidation, scc Fig. 21. The previous obscrvations that only small 
amounts of copper ions are released from chalcocite in water are therefore most 
probably a result of resistance to surface oxidation. Treatment of chalcocite powder 
with an aqueous solution of potassium alkylxanthate yields only very small amounts 
of ethylxanthate species on the surfaces, scc Fig. 2 I .  Since there is no evidence for 
chemisorption of alkylxanthate ions on chalcocite surfaces, the alkylxanthatc species 
on the chalcocite surfaces is most probably solid copper(1) alkylxanthate. When the 
same alkylxanthate treatment is performed with synthetic copper(1) sulphide rela- 
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Figure 21a DRIFT spectra of (a) chalcocite, (b) coppcr(1) sulphide prepared in an excess of copper(1) 
ions, (c) copper(1) sulphide prepared in an excess of sulphide ions and (d) solid copper(1) oxide. The 
ordinarc scalc is in long (R,dR,,,,,,) units and it is arbitrary. 
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Figure 21b DRIFT spectra of (a) chalcocitc, (b) eopper(1) sulphide prepared in an excess of copper(1) 
ions, (c) copper(1) sulphide prepared in an exccss of sulphide ions treated with 5.0 mM aqueous and 
(') acctone solutions of potassium ethylxanthatc after subtraction with the spectrum obtained before 
treatmcnt with the potassium ethylxanthate solution. Thc spectrum (d) of copper(1) ethylxanthate is 
given as reference. The ordinate scale is in log (R,~RSample) units and it is identical for the spectra 
(a)-@), rcspectively, 
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tively large amounts of copper(1) alklyxanthate precipitate on the surfaces, and there 
are no traces of dialkyl dixanthogen. This shows that no copper(I1) ions are present 
in the outermost surface layers, since the reaction between copper(I1) and alkylx- 
anthate yields copper(1) alkylxanthate and dialkyl dixanthogen. This proves that 
copper remains in its lower oxidation state even though the surfaces of synthetic 
copper(1) sulphide are oxidized. 

It has been proposed that a monolayer of alkylxanthate ions is chemisorbed on 
copper(1) sulphide surfaces, and that copper(1) alkylxanthate is formed on top of this 
layer.163.164 Chemisorbed species should be formed also in solvents where the 
access to soluble copper(1) ions and complexes is low and the copper(1) sulphide 
surface only weakly solvated. The spectra in Fig. 21 clearly show that no 
alkylxanthate species is adsorbed on surfaces of copper(1) sulphide in acetone 
slurries. The fact that alkylxanthate ions do not adsorb on copper(1) sulphide in 
acetone slurries strongly indicates that alkylxanthate species do not form chemi- 
sorbed surface complexes on copper(1) sulphide and chalcocite surfaces. 

The DRIFT spectra of acanthite and synthetic silver(1) sulphide are very different 
in spite of their identical X-ray diffractograms.'62 The stoichiometry at the 
preparation of the synthetic silver(1) sulphide seems to be very important for the 
surface composition and properties of silver(1) sulphide, see Fig. 22. Treatment of 
synthetic silver(1) sulphidc and acanthite with an aqueous or acetone solution of 
potassium ethylxanthate yields solid silver(1) ethylxanthate on the surfaces. 16' This 
shows that silver(1) ions are accessible in the surfaces of oxidized synthetic silver(1) 
sulphide and acanthite, which is in contrast to the observations for chalcocite. The 
obtaincd DRIFT spectra give no indication of chemisorbed ethylxanthate com- 
plexes on the surfaces. However, the amount of silver(1) ethylxanthate is signifi- 
cantiy smaller on acanthite surfaces. This depends probably on different inclinations 
to oxidation and impurities in the surface. The principles for hydrophobation of 
chalcocite and acanthite are very similar, and the amount of solid metal alkylxan- 
thate on the surfaces depends on the accessibility of soluble copper(1) and silver(1) 
ions, rcspectively. Synthetic silver(1) sulphide reveals more silver(1) ions/complexes 
from the surface than acanthite. Synthetic copper(1) sulphide and especially 
chalcocite reveal only very small amounts of copper(1) ions/complexes. Chemi- 
sorbed alkylxanthate complexes do not seem to be formed on either chalcocite, 
synthetic copper(1) sulphide, acanthite or synthetic silver(1) sulphide surfaccs. This 
is somewhat unexpected since both copper(1) and silver(1) are regarded as soft 
electron acceptors and are known to strongly coordinate ligands with soft donor 
atoms in solution."' The reason for the absence of chemisorbed complexes is 
probably that the copper(1) and silver(1) ions in the studied minerals and Synthetic 
sulphides have linear or trigonal coordination in the surfaces, which means that if 
further ligands are to be coordinated a structural rearrangement around the metal 
ions in the surfacc is necessary; such a rearrangement is very energy consuming. The 
energy possible to gain at the formation of a chemisorbed surface complex will not 
exceed the energy necessary for a structural rearrangement in the surface, and no 
chemisorption to chalcocite and acanthite surfaces will therefore occur. 

6.4 Covellite, CuS 
Relatively few studies have been reported on the interaction between covellite and 
alkali alkylxanthates. This is probably due to the fact that covellite is of minor 
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Figure 22a DRIFT spectra of (a) acanthite, (b) silver(1) sulphide prepared in an excess of silver(1) 
ions and (c) silver(1) sulphide prepared in an excess of sulphide ions. The ordinate scale is in log 
(Rr,,4R,,,,,,,,) units and it is arbitrary. 
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Figure 22b DRIFT spectra of (a) acanthite, (h) silver(1) sulphide prepared in an excess of silver(1) 
ions and (c) silver(1) sulphide prepared in an excess of sulphide ions treated with 5.0 mM aqueous 
and (') acetone solutions of potassium ethylxanthate after subtraction with thc spectrum obtained 
before treatment with the potassium ethylxanthate solution. The spectrum of (d) silver(1) ethylxan- 
thate is given as reference. Thc ordinate scale is in log (R,,JR,,,,,,,,) units and it is arbitrary. 
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commercial importance. Covellite has the formula CuS, but it is not copper(I1) 
sulphide. A better formula for describing the complex structure should be 
CuS,.Cu,S, see section 4. The structure contains both sulphide and disulphide ions 
as well as both copper(1) and copper(I1) ions. This makes a large number of 
reactions with alkylxanthate ions possible. 

Gaudin et al. reported early that copper(1) pentylxanthate, dipentyl dixanthogen 
and elemental sulphur had been extracted from covellite treated with potassium 
pentylxanthate, and it was proposed that copper(1I) ions in covellite had reacted 
with pentylxanthate ions.17’ Allison et al. have treated covellite with alkali 
alkylxanthate solutions and the alkylxanthate species formed on the covellite 
surfaces were extracted with carbon disulphide. For alkylxanthates with a relatively 
long (large) alkyl chain both dialkyl dixanthogen and copper(1) alkylxanthate were 
found, while for alkylxanthates with a short alkyl chain only copper(1) alkylxanthate 
was identified on the s u r f a c ~ s . ’ ~ ~  An ESCA study of covellite before and after 
treatment with alkali alkylxanthates and sodium, 0,O-diethyldithiophosphate has 
shown the characteristics of a copper(1) spectrum with peaks in the region 
932.5-934.7 eV.I6’ Ackerman et al. have shown by means of infrared spectroscopy 
that copper(1) isopropylxanthate is present on covellite surfaces and diisopropyl 
dixanthogen is present in the solution after treatment of covellite with potassium 
isopropylxanthate in aqueous s 0 1 u t i o n . l ~ ~ ” ~ ~  They also observed that copper(I1) 
ions were dissoved from the covellite surfaces, and that the copper(I1) ions oxidize 
alkylxanthate ions to dialkyl dixanthogen in a rapid process. The mechanism for the 
hydrophobation of covellite with alkali alkylxanthate has been discussed by 
Fuerstenau et a1.’75 and by Rao and Patel.’76 They have claimed that copper(I1) 
alkylxanthate was formed, but due to its low stability it decomposes instantaneously 
into copper(1) alkylxanthate and dialkyl dixanthogen. The degree of oxidation of the 
covellite surface will not affect this process. Attempts have been made to oxidize 
covellite surfaces by storing a covellite sample in oxygen atmosphere for 24 hours 
at 40°C  and another covellite sample in air at room temperature for nine months. 
No oxidation products were found on the covellite samples after these 
treatments.I7’ An atomic absorption spectrophotometric study of aqueous slurries 
of covellite both in the absence and in the presence of alkylxanthate ions has shown 
that large amounts of copper are dissolved from the covellite surfaces, also at 
relatively high concentrations of alkylxanthate ions,’77 see Table 3. The amounts of 
copper found in the solution after treatment with potassium alkylxanthate are 
surprisingly high in relation to the solubility product of copper(1) ethylxanthate, 5.2. 

Table 3. Concentration of copper in the solution, C,,IpM, 
after treatment of covellit with potassium cthylxanthatc 
solution of varying concentration, CKEX/pM. 

C K E X B  CCU 

0 
1 .0 
3.0 
4.0 
5.0 

58.23 
19.83 
14.00 
8.65 
1.71 

10.0 2.83 
SKEX = Potassium cthylxanthatc. 
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lo-*" M2."s."6 This indicates that the copper(1) species are strongly stabilized in 
some way. As it is known that thiosulphate ions are an oxidation product of 
sulphide minerals and that the thiosulphate complexes of copper(1) are very stable, 
it is reasonable that the increased solubility of copper(1) is caused by the formation 
of dithiosulphatocuprate(1) complexes. 

A DRIFT spectroscopic study of covellite surfaces after treatment with potassium 
ethylxanthate in aqueous solution has shown that solid copper(1) ethylxanthate is 
the only ethylxanthate species present on the surface.'77 No diethyl dixanthogen 
could be detected on the surface. The amount of copper(1) ethylxanthate formed on 
the covellite surfaces seems to be proportional to the concentration of ethylxanthate 
ions at treatments with alkylxanthate concentrations lower than 3.0 mM, while the 
amount seems to be fairly constant at higher alkylxanthate concentrations,' 77 see 
Fig. 23. This shows that only a limited amount of copper is available on the 
covellite surfaces. A DRIFT spectrum of a covellite sample treated with a I .O mM 
potassium ethylxanthate solution in dry acetone did not show any differences from 
a spectrum obtained from a covellite sample washed with water or acetone.'77 This 
shows that neither solid copper(1) ethylxanthate nor chemisorbed surface complexes 
are formed on covellite surfaces in acetone solution. 

A parallel study was performed with potassium decylxanthate. The DRIFT 
spectra of decylxanthate treated covellite show the presence of both copper(1) 
decylxanthate and didecyl dixanthogen on the surfaces.'77 The reason for finding 
didecyl dixanthogcn and not diethyl dixanthogen on covellite surfaces is most 
certainly due to higher solubility and lower detection limit by the DRIFT 
technique of the latter. It can be assumed that small amounts of diethyl 
dixanthogen may be present on ethylxanthate treated covellite surfaces and that 
the remaining diethyl dixanthogen is present in the aqueous phase. The formation 
of copper(1) alkylxanthate and very small amounts dialkyl dixanthogen on the 
covellite surfaces after treatment with alkylxanthate ions in aqueous solution has 
been proven. XPS measurements of pure covellite give a peak typical for 
copper(1) compounds strongly indicating that copper dissolves from covcllitc 
surfaces as copper(1) complexes. The hydrophobation of covellite by copper(1) 
alkylxanthate follows the same mechanism as galena and chalcocite. where 
copper(1) complexes are dissolved from the surfaces and surfaces and a concen- 
tration gradient is obtained around the mineral particles. The formation of 
dialkly dixanthogen on covellite surfaces shows the presence of strong oxidizing 
agents in/on the surfaces of covellite. The oxidizing agents are most probably 
oxidation products of the disulphide ions in covellite, S,08* - and/ or S2072 - 
ions. However, it can not be ruled out that also copper(I1) may act as an 
oxidizing agent in this case. The dialkyl dixanthogen is physisorbed to thc 
covellite surfaces in fairly weak interactions; see section 5.6 below for a more 
detailed description of the hydrophobation mechanism of dialkyl dixanthogens. 

For comparison, malachite, natural Cu CO,(OH),, has also been treated with 
alkylxanthate ions in aqueous solution." In this case, only copper(1I) ions are 
present in the mineral surface. The DRIFT spectrum of malachite treated with an 
aqueous solution of potassium ethylxanthate shows that both copper(1) ethylxan- 
thate and diethyl dixanthogen are formed on the malachite surfaces as expected, see 
Fig. 24. This shows that both copper(1) alkylxanthate and dialkyl dixanthogen are 
formed on the mineral surfaces when copper(I1) is present. 

? 
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Figure 23 DRIFT spectra of (a) covellite, (b) covellitc treated with water, (c) covellile treated with 
aqueous solutions of potassium ethylxanthate. 1.0 mM, (d) 3.0 mM, (e) 5.0 mM and (f) 10.0 mM. 
Thc spectra of (g) solid copper(1) cthylxanthate and (h) liquid diethyl dixanthogen are given for 
comparison. The ordinate scale is in log (R,,fRsamPlc) units and it is arbitrary. The spectra a-t'have 
the samc ordinate scale. 
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Figure 24 The DRIFT spectra of (a) malachite, (b) malachite treated with watcr, (c) malachite 
treated with aqueous solutions of potassium ethylxanthate 1.0 mM and (d) 10.0 mM. The spectra of 
(e) solid copper(1) ethylxanthate and (I) liquid dicthyl dixanthogcn are given for comparison. The 
ordinate scale is in log (R,,,.IR,,,,,,,) units and it is arbitrary. The spectra a-d have the same ordinate 
scale. 
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6.5 Chalcopyrite, CuFeS, 
The structure of chalcopyrite is built up of copper(l), iron(II1) and sulphide ions in 
such a way that each copper(1) and iron(TT1) ion is tetrahedrally surrounded by four 
sulphide ions, and the sulphidc ions are tetrahedrally surrounded by two copper(1) 
and two iron(I1l) ions. This means that the chalocopyrite structure is much more 
closely related to the chalcocite structure than to the pyrite structure, see section 4. 

It has been reported that both copper(1) alkylxanthate and copper(1) thioperoxy- 
dicarbonate are formed as hydrophobic coating on chalcopyrite after treatment with 
potassium alkylxanthatc solutions at oxidizing conditions.'66 An IR spectroscopic 
study has rcportcd that basic copper(1) isopropylxanthate is formcd on chalcopyrite 
surfaces after treatment with an alkaline potassium isopropylxanthate solution, and 
that selective flotation was most eff'ective in the pH range 7.5-9.5.'78 Lcppinen et 
id. have reported from ATR studies that dialkyl dixanthogen is initially formed on 
chalcopyrite surfaces and that copper(1) ethylxanthate is then formed on top of the 
dialkyl dixanthogen at higher  potential^.'"'."^ This seems however very unlikely as 
it should require higher potentials to form copper(1) ethylxanthate than diethyl 
dixanthogen. Roos et a/. have also reported that copper(1) alkylxanthate species and 
dialkyl dixanthogcn are responsible for the hydrophobation of chalcopyrite surfaces 
after treatment with aqucous solutions of potassium alkylxanthate.' xn Ackerman ct 
at. have previously found only dialkyl dixanthogen on the chalcopyrite surface by 
extraction from thc surface by carbon disulphide. I 74 Metal methylxanthates 
have low solubility in carbon disulphide, which might be the reason for the abscnce 
of coppcr(1) alkylxantahtc. 

The only alkylxanthate species adsorbed on the chalcopyrite surfaces after 
treatment with an aqucous potassium alkylxanthate solution is solid copper(1) 
alkylxanthate. shown by its characteristic bands at 1035, 1 120 and 1200 cm I in the 
DRIFT spectrum of ethylxanthate treated chalcopyrite surfaces, 8 1  see Fig. 25. No 
dialkyl dixanthogen or iron(II1) alkylxanthate have been detected on the chalocopy- 
rite surfaces, see Fig. 25. This is in agreemcnt with an XPS study where it has been 
found that the copper in chalcopyrite surfaces is present as copper(1). I b X  This shows 
that thcrc is no sufficiently strong oxidizing agcnt on the chalcopyrite surfaces for 
the oxidation of alkylxanthate ions lo dialkyl dixanthogen. The amounts of copper 
and espccially iron dissolved from the chalcopyrite surfaces are very large, see Table 
4. I t  can also be seen in  this Table that the copper concentration dccrcases markedly 
also at the addition of small amounts of alkali alkylxanthate, which is in accordance 
with the formation of solid copper(1) alkylxanthate on chalcopyrite surfaces and that 
no stabilizing complexing agents are present in the system, as it obviously is in the 
covellite system, see section 6.4 above. The solubility of iron(I11) alkylxanthate 

'l'able 4. Total concentration of copper, C>."/pM. and iron. C,,/pM. in aqueous solution, aftcr 
treatment of chalcopyrite with potassium ethylxanthatc solutions of varying concentration. C,,,mM. 

0 
0.2 
I .o 
3.0 
5.0 
10.0 

36.6 
3.09 
0.20 
0.32 
0.40 
0.69 

767.5 
209.7 
148.4 
31.2 
15.7 
12.7 
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Figure 25 DRIFT spectra of (a) chalcopyrite, (b) chalcopyrite treated with water. (c) chalcopyrite 
treated with aqueous solutions of potassium ethylxanthate, 0.2 mM, (d) I .O mM, (e) 3.0, (0 5.0 mM 
and (g) 10.0 mM. The Spectra of (h) solid copper(1) ethylxanthate, (i) solid iron(II1) ethylxanthate and 
G )  comparison. The ordinate scale is in log (Rrcf/RsampLe) units and it is arbitrary. The spectra a-g have 
the same ordinate scale. 
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species is fairly high in aqueous solution, see Table I ,  and it is not likely that 
iron(II1) alkylxanthate will precipitate on the chalcopyrite surfaces at the alkylxan- 
thate concentrations used in flotation processes. The hydrophobation mechanism is 
thus identical with that of chalcocite and galena. 

6.6 Pyri te  FeS,, und Murcasite, FeS2 
Pyrite, natural iron(I1) disulphide, is one of the most common sulphide ores, and 
it is often present together with smaller amounts of valuable minerals such as 
chalcopyrite. Pyrite is the raw material in the production of sulphuric acid and is 
therefore of large economical importance. Pyrite must therefore be depressed at the 
floation of chalcopyrite and separated from gangue minerals at its flotation. The 
pyrite-alkylxanthate ion system is therefore one of the most thoroughly investigated 
mineral-collector systems. Several mechanisms for the hydrophobation of pyrite 
with alkylxanthate ions have been proposcd during the years, and some of them are 
summarized below. 

Marcasite is a polymorph of pyrite much less common than pyrite. A limited 
number of papers concerning the marcasite-alkylxanthate ion system has been 
reported. I R3 The chemical properties of marcasite are identical with those of 
pyrite. Pyrite and marcasite will therefore be discussed together. Taggart et al. early 
proposed that pyrite is hydrophobated by oxidation of iron in the pyrite surface to 
an iron(II1) compound and a subsequent prccipitation of iron(TT1) alkylxanthate.'@' 
The presence of dialkyl dixanthogen was also observed on pyrite surfaces after 
treatment with aqueous alkali alkylxanthate solutions. Gaudin found also that 
alkylxanthate treatment in aqueous solution of pyrite yiclds dialkyl dixanthogcn 
coated pyritc surfaces.18' Cook has claimed that the active alkylxanthate species in 
the hydrophobation of pyrite is the alkylxanthic acid, and that the flotation response 
is governed by the conditions controlling the presence of alkylxanthic acid.Ix6 
Gaudin later reported that pyrite coordinates alkylxanthate ions up to monolayer 
when oxidation is prevented during the exposure of pyrite to aqueous solutions of 
potassium alkylxanthate.' '' I n  the presence of oxygen, the amount of coordinatcd 
alkylxanthate species adsorbed on the pyrite surface largely exceeds a monolayer. 
This study also reported the presence of oily droplets in the aqueous phase after 
treatment with ethylxanthate ions, but any formation of diethyl dixanthogen was 
not mentioned. Fuerstenau has reported that alkylxanthate ions appear to be 
chemisorbed on pyrite surfaces in oxygen-free systems, while dialkyl dixanthogen is 
formed in the presence of oxygen. ' 

It has been concluded from spectroscopic, electrokinetic and electrochemi- 
cal measurements'"8'" and from practical flotation'x7 that dialkyl dixanthogen is 
the alkylxanthate species responsible for the hydrophobation of pyrite surfaces. 
Dialkyl dixanthogen is proposed to be formed by an anodic oxidation of alkylxan- 
thate ions on the surface of pyrite coupled with a cathodic reduction of adsorbed 
oxygen.1R8-lyl Thc ovcrall reaction is said to occur thermodynamically to about pH 
1 I ,  but above this pH the alkylxanthate ion is the most stable alkylxanthate species. 
It has been suggested that dialkyl dixanthogen formed on pyrite surfaces is strongly 
bound to the surface. but the kind of interaction present between the pyrite surface 
and the dialkyl dixanthogen molecules was not nicnt i~ned."~ This observation is 
in  contradiction to previous observations. where it has bcen shown that dialkyl 
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dixanthogen is physisorbed to mineral surfaces, which means that the interaction is 
weak. 

It  was first suggested that alkylxanthate ions werc oxidized to dialkyl dixanthogen 
by oxygen. 19' I t  was later suggested that ion(II1) irons or iron(II1) hydroxide are the 
oxidizing agents at the formation of dialkyl dixanthogen in an electrochemical 
reaction. Rao and Patel have reported that iron(II1) salts were found to enhance the 
oxidation of butyl- and pentylxanthate ions in thc prcscnce of oxygen,"' and 
Allison has reported that oxidation of alkylxanthate ions by oxygen to dialkyl 
dixanthogen is catalysed by iron(I11) species.'94 Tipman and Leja have claimed in 
contradiction to previous reports that a more powerful oxidizing agent than 
dissolved oxygen was necessary for the formation of dialkyl di~anth0gen.l~'  X-ray 
emission spectroscopic measurements have shown that oxygen containing species 
on pyritc surfaces consist of iron oxides rather than adsorbed oxygen molecules. I Y h  

Sheikh and Leja have rcportcd that below pH 3.5 iron(II1) ethylxanthate is obtained 
regardless of whether iron(I1) or iron(II1) reactants were used in the presence of 
air."' Iron(l1) ethylxanthate was obtained only in highly concentrated solutions at 
neutral pH and under reducing conditi~ns. ' ' '~ Iron(II1) docs not oxidize alkylxan- 
thate ions to dialkyl dixanthogen in aqueous solution as c.g. copper(I1). Dialkyl 
dixanthogen has been detected as a product of the decomposition of iron( 111) 
alkylxanthate at high P H . ' ~ ~  

A calorimetric study has claimed that dipentyl dixanthogen is adsorbed on 
marcasite surfaces in an electrochemical reaction at thc treatment of marcasite with 
potassium pentylxanthate in aqueous solution.IX2 It was proposed that oxygen, 
adsorbed on marcasite and pyrite surfaces, oxidizes alkylxanthatc ions to dialkyl 
dixanthogcn. Mielczarski has proposed from ATR measurements that a monolayer 
of iron(II1) alkylxanthate is formed on marcasite surfaces as an initial stage.Ix3 In 
a second step a multilaycr coverage of dialkyl dixanthogen is formed on the 
marcasite surfaces. Large amounts of iron are dissolved from pyrite surfaces at 
slurrying, and the amount of dissolved iron increases in course of time, and it is 
dcpcndent on the concentration of oxygen in the aqueous phase,I7" see Table 5. 
This shows that pyrite surfaces are oxidized in aqucous solution to water soluble 
iron compounds. 

Diethyl dixanthogen was thc only product found on thc pyrite surfaces as 
identified by DRIFT spectroscopy.' 70.181 when pyritc and marcasite powders, not 
protected against oxidation, were treated with aqueous solutions of potassium 
cthylxanthate of varying concentrations, 0.2-10.0 mM, see Fig. 26. At the treatment 
with low conccntrations of ethylxanthate ions, 0.2-3.0 mM, the amount of diethyl 
dixanthogen on thc pyritc and marcasite surfaces was proportional to the concen- 
tration of potassium ethylxanthate, while the amount of diethyl dixanthogen formed 
Table 5. The total amount of iron. in mg Fe g-' pyrite powder. in the aqueous phase after slurrying 
pyrite in water and in an aqueous solution of potassium ethylxanthate. 10.0 mM, as a function of 
time. 

Time Water KCIHsOCSJaq) 

15 min i 0.3-0.5 
2 . h  10 a 
48 h 10 a 
48 h bh a 

-J 

"Not determined 
bDeairated water 
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Figure 26 DRIFT spectrum of (a) dry-ground pyrite, (h) dry ground pyritc trcdtcd with an aqueous 
solution of potassium ethylxanthdte, (c)-(f) pyrite after treatnicnt with an aqueous solution of 
potassium cthylxanthate of concentration 0.2 mM. 1.0 mM. 3.0 mM and 10.0 mM, rcspectivcly. (6) 
wet-ground pyritc trcatcd with a 1 .O mM solution of potassium ethylxanthate. after subtraction with 
the spectrum of the untreated pyrite. The spectra of (g) diethyl dixanthogen (transmission data) and 
( h )  solid iron(lI1) ethylxanthate (DRIFT data) are given for comparison. The ordinatc scale is in log 
(R, , , /K , , , , , , , )  units and it is arbitrary. The spectra (c)-(f) have the same ordinate scale. 
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seems to bc constant at potassium ethylxanthate concentrations higher than 3.0 
mM, see Fig. 26. 

The role of oxygen as oxidizing agent, whether an oxidized pyrite surface is 
necessary for the sole formation of dicthyl dixanthogen on pyrite and marcasitc 
surfaces and if the oxidation reaction takes place at the surface or in the solution 
in close vicinity of the surface have been studied in a series of e x p e r i m ~ n t s . ' ~ ~ ~ ' ~ ~  
Pyrite, not protected from oxidation, was slurried in water, and potassium 
ethylxanthate was added to the aqueous phase after filtration. As no precipitate and 
no dicthyl dixanthogen were formcd, it was concluded that thc species responsiblc 
for the oxidation of ethylxanthate ions are bound to the pyrite surface in its active 
form."" Pyrite and marcasitc powders were washed for one hour with a 0.10 M 
aqueous solution of ethylenediiminobis(2-hydroxy-4-methyl-phenyl)acetate, which 
is an extraordinarily strong complexing agcnt for ir0n(I11), '~~ i n  order to dissolvc 
and remove all iron containing oxidation products from the pyrite and marcasite 
surfaces. Trcatmcnt of pyrite and marcasite, pretreated with ethylenediiminobis(2- 
hydroxy-4-mcthyl-phenyl)acetate, with a 1 .O mM potassium cthylxanthatc solution 
yeilds diethyl dixanthogcn on the pyrite and marcasite surfaces but in substantially 
smaller amounts than on thc surfaces of ordinarily treated pyrite and marcasite 
powdcrs, see Fig. 27. This shows that another compound than pyrite and marcasite 
on the mineral surfaces plays an important role at the oxidation of ethylxanthate 
ions. 

Ethylc1iediiniinobis(2-hydroxy-4-niethyl-phenyl)acetatc prctrcated pyritc and 
marcasite powders were stored in hydrogen atmosphere at room temperature for 24 
hours in order to reduce possible remaining oxidation products on the pyrite and 
marcasite surfaces. These pretrcatcd and reduced powders were then treated with an 
oxygcn-frcc aqueous solution of potassium ethylxanthate, I .O mM. This experimcnt 
was rcpeatcd with an air-saturated potassium ethylxanthate solution. Neithcr 
diethyl dixanthogcn nor iron(lI1) cthylxanthate were found on the pyrite and 
marcasite surfaces after these treatments, scc Fig. 27. Pyrite and marcasite powders, 
ground dry in air, were treated with the same oxygcn-free potassium ethylxanthate 
solution as used in the experiment described above. Large amounts of diethyl 
dixanthogen were found on the pyrite and marcasitc surfaces after this treatment, 
see Fig. 27. These experiments show that oxygen in thc aqueous solution is not the 
oxidizing agent at the formation of dialkyl dixanthogen on pyrite and marcasite 
surfaces. This means that the only remaining suficiently strong oxidizing agcnts on 
oxidized pyrite and marcasite surfaces are oxidation products of the disulfidc ions 
in the minerals. Possible oxidation products of the disulfide ion with sufficiently 
high oxidation potentials are the S,O.,' - ions, .Y = 3-8. The part of the oxidation 
products which are sufficiently strong oxidation agents to oxidize alkylxanthatc ions 
is most probably small. It has been shown that alkylxanthatc ions are oxidized to 
dialkyl dixanthogcn by SzOs2 - and S20,' - anions,'99 while no oxidation takes 
place with the SzOs2- and S204' -  anion^."^' It has however so far not been 
possible to establish thc oxidizing agent(s) responsible for the oxidation of 
alkylxanthate ions to dialkyl dixanthogen on pyrite and marcasite surfaces. In an 
other experiment pyrite was treated with 1.0 mM aqueous solutions of potassium 
cthylxanthate with varying pH in order to study the pH dependcnce of the 
formation of dialkyl dixanthogen on pyrite surfaces. It was found that only diethyl 
dixanthogen was formed, and the amount seems to bc independent of pH, sce Fig. 
28. This indicates that the mechanism for the formation of dialkyl dixanthogcn on 
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Figure 27 DRIFT spectra of (a) pyrite pretreated with ethylenediimobis(2-hydroxy-4-methyl- 
phenyllacetate and reduced with hydrogen after treatment with an oxygen-free and (b) an air- 
saturated aqucous solution of potassium ethylxanthate, 1.0 mM, (c) pyrite pretreated with 
ethylenediimobis(2-hydroxy-4-mcthlyphenyl)acetate after treatment with an air-saturated aqueous 
solution of potassium ethylxanthate, 1.0 mM, and of (d) oxidized pyrite after treatment with an 
oxygen-free, and (e) an air-saturated aqueous solution of potassium ethylxanthate, 1 .O mM, after 
subtraction with the spectrum obtained before treatment with a potassium ethylxanthate solution. 
The transmission spcctrum of (f) liquid diethyl dixanthogen is given as reference. The ordinate scale 
is in log (R,flRsam,,,c) units and it is arbitrary. The spectra a-c have the same ordinate scale. 
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Figure 27b DRIFT spcctra of (b) marcasite pretreated with ethylenediimobis(2-hydroxy-4-mcthyl- 
pheny1)acctatc and reduced with hydrogen after treatment with an air-saturated aqueous solution of 
potassium ethylxanthate. 1 .O mM. (c) marcasite pretreated with ethylenediiminobis(2-hydroxy-4- 
methyl-phenyl)acetate, 1 .O mM, and (e) an air-saturated aqueous solution of potassium ethylxanthate, 
1.0 mM, after subtraction with the spectrum obtained before treatment with a potassium ethylxan- 
thate solution. The transmission spectrum of (0 liquid diethyl dixanthogen is given as reference. The 
ordinate scale is in long (RrelJR\ao,p,e) units and it is arbitrary. The spectra a-e have the same ordinate 
wale. 
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Figure 28 DRIFT spectra of (a) pyrite treated with aqueous solutions of potassium ethylxanthate. 
1.0 m M  at pH 4.6, (b) pH 7.0 and (c) pH 10.2 after subtraction with the spectrum of the untreated 
marcasitc. The ordinate scale is i n  log (H,rflR,4mp,e) units and all spcctra havc the same arbitraiy 
ordinate scale. 

pyrite surfaces is the same in the pH region 4.6-10.2. This is in accordance with an 
oxidation with S20y” - species, x = 7 or 8, while the stable iron(II1) and alkylxan- 
thate species vary in this pH range. 
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Flotation in a laboratory flotation cell has shown that the highest recovery of 
pyrite, when alkylxanthate ions are used as collectors, is found at pH 4 and 10, and 
with a minimum at pH 7.'16 The physical properties of the surface are of 
importance for the binding of dialkyl dixanthogen to the pyrite surface as dialky 
dixanthogen is physisorbed on the pyrite surface. A measurement of the (-potential 
of pyrite surfaces has shown that the (-potential is zero at pH 7,Is8 which might be 
the reason for weaker physisorption at this pH. 

These experiments have clearly shown that dialkyl dixanthogen is the hydropho- 
bating alkylxanthate species on pyrite and marcasite as reported previously. No 
formation of iron alkylxanthatc spccics has been found on thc pyritc and marcasite 
surfaces independent of pretreatment and conditions at the treatment with 
alkylxanthate ions. In contradiction with most of the previous postulations it has 
now been shown that neither oxygen nor iron(II1) species are oxidizing agents at the 
formation of dialkyl dixanthogen on the pyrite surfaces. Instead it has been shown 
that oxidation products of the disulphide ion, e.g. S20x2 - and/or S,O,' - , are most 
probably the oxidizing agent@). These are known to be strong oxidizing agents, and 
they oxidize alkylxanthate ions fast to dialkyl dixanthogen in aqueous solution. This 
reaction between alkylxanthate and peroxodisulphate ions has indeed been used for 
preparation of pure dialkyl dixanthogen."' The mechanism for the hydrophobation 
of oxidized pyrite and marcasite surfaces can therefore be summarized as follows: 
1)  The disulfide ion in the mineral must partly be oxidized to an oxosulphur anion 
with a high oxidation potential: most probably S208' - and/or S,0,2 ~ ions. This 
oxidation product is probably not dissolved from the surface before the reaction 
with alkylxathate ions. 2) The alkylxanthate ions are oxidized to dialkyl dixantho- 
gen by this oxidition agent in or on the surface. 3) The highly hydrophobic dialkyl 
dixanthogen is physisorbed on the pyrite and marcasite surfaces. 

Pyrite is depressed by fairly large amounts calcium hydroxide at about pH 10.5. 
It is reasonable to believe that gypsum, CaSO,.nH,O, precipitates as a hydrophilic 
agent on the pyrite surfaces; the disulphide ions in pyrite is fairly easily oxidized to 
a varicty of oxosulphur anions with sulphate and thiosulphate as the predominating 
ones. However, it has not been possible to prove the presence of gypsum on pyrite 
surfaces after treatment with calcium ions. On the other hand, precipitation of solid 
barium sulphate has been established at the treatment with barium ions."' This 
shows that sulphate ions are presence in close vicinity of the pyrite surfaces in 
aqueous slurries, and that the formation of gypsum is possible. The lack of evidence 
of gypsum on the pyrite surfaces may lay in that two small amounts are formed to 
bc detected by the DRIFT and FT-Raman spectroscopic techniques used. 

6.7 Pentlandite, (Ft.,Ni)J8, P-vrrhotite, FeSI.,, and Troilitr, FeS 
Pentlandite and pyrrhotite have complicated structures where some of the S-S 
distances arc fairly short, less than 3.4 ,4.47-s3 The troilite structure is built up of 
close-packed sulphidc ions with iron(I1) in the octahedral interstices where the S-S 
distances vary in the range 3.35-3.75 A. These S-S distances are substantially longer 
than those in the disulphide ion, 2.2 A, but significantly shorter than the S-S 
distances in structures with close-packed sulphide ions where the S-S distances 
normally are longer than 3.7 A. It can therefore be expected that hydrophobation 
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mechanisms for these iron containing sulphide minerals are different from those of 
pyrite and galena. respectively. 

Hodgson and Agar have reported from electrochemical studies that dialkyl 
dixanthogen is chemisorbed to the nickel sites in pentlandite, while no chemi- 
sorption of alkylxanthate ions takes place on pyrrhotitc surfaces.200 Instead the 
pyrrhotite surfaces were rendered hydrophobic by dialkyl dixanthogen which was 
formed as part of a mixed potential reaction involving the normal oxidiation 
process."' Rao and Finch havc reported that pyrrhotite is hydrophobated by 
dialkyl dixanthogen."" They propose that the pyrrhotite-alkylxanthate ion 
reaction follows a charge transfer mechanism where an electron is transferred 
from the alkylxanthate ion to oxygcn dissolved in water as proposed by Hodgson 
and Agare2'' In the presence of nitrogen instead of air no dialkyl dixanthogen is 
fornicd, which should imply the importance of oxygcn for the oxidation of 
alkylxanthate ions at pyrrhotite surfaces. No studies on the interaction between 
troilite and alkyxanlhate ions in aqueous solution has to my knowledge been 
reported. 

Pcntlandite and pyrrhotite have been treated with aqueous solutions of 
potassium ethylxanthate and decylxanthate. DRIFT spectra of these alkylxan- 
thate treated minerals show that didecyl dixanthogen is present on both 
pentlandite and pyrrhotite surfaces. while the samples treated with ethylxanthate 
have no detectable amounts of ethylxanthatc species on the surfaces, see Fig. 
29. The amounts of didecyl dixanthogen formed on pentlandite and pyrrhotite 
surfaccs are relatively small in comparison with thosc obtained on pyrite and 
marcasite surfaces.'*' The reason why diethyl dixanthogen is not observed on 
these mineral surfaces, while didccyl dixanthogen is, depends certainly on 
different solubilities in aqueous solution and not on chemical differences; diethyl 
dixanthogen is substantially more soluble in water than didecyl dixanthogen.202 
This shows that small amounts of an oxidizing agent(s). strong enough to oxidize 
alkylxanthate ions to dialkyl dixanthogen, are prcsent on oxidized pentlandite and 
pyrrhotite surfaces. If the amount of dialkyl dixanthogen formed on pentlanditc and 
pyrrhotite surfaces is sufficient to flotate these mineral surfaces is uncertain. 
Pcntlandite and pyrrhotite are hydrophobated according to the samc hydrophoba- 
tion mechanism as pyrite and marcasitc, describe.' above, even though the amount 
of a strong oxidizing agent on the surfaces is markedly less than on pyritc and 
marcasite. This is most probably due to lhat the S-S dislances in pentlandite and 
pyrrhotite are longer than the corresponding distances in pyrite and marcasitc. The 
relative amounts of the oxidation products of sulphur in sulphide minerals, 
non-oxidizing ones as the sulphatc. SO: ~, and thiosuphatc, S @ - ,  ions, and 
oxidizing ones as the peroxodisulphak. S:O; - . and disulphatc, S20: - , ions are 
dependent on the sulphur-sulphur distance, and the relative amount of oxidizing 
species seems to increase with decrcasing S-S distance in the mineral structure. 

No alkylxanthate species has been detected by means of DRIFT spectroscopy on 
troilite surfaces after treatment with an aqueous potassium alkylxanthate 
solution.'*' The reason to this bchaviour can be summarized as follows: a/ only 
sulphide ions are present in the troilite structurc, and neither sulphide ions nor their 
oxidation products react with alkylxanthate ions, b/ both iron(I1) and iron(II1) ions 
are hard electron acceptors, which have no or only a very weak ability to form 
covalent interactions, thereby being unable to form chemisorbed alkylxanthate 
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326 I .  PERSSON 

Figure 29 DRIFT spectra of (a) pentlandite and (b) pyrrhotite treated with a 1.0 m M  aqueous 
solution of potassium ethylxanthatu and (') decylxanthate after siibtraction with the spectrum of the 
untreated mineral. The DRIFT spectrum of diethyl dixanthogen is given as reference (cl. The ordinare 
scale is in log (R,,,4R,,,,,,) units and it is arbitrary. 
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ADSORPTION ON SULPHIDE MINERALS 327 

complexes on a troilite surfacc, and c/ the concentration of dissolved iron is not 
high enough to exceed the solubility product of iron(II1) alkylxanthatc. 

The sulphurs in the millcrite structure arc arranged in triangles where the shortest 
S-S distance is 3.24 ,&s4*55 Molybdenite has a sheet structure where the S-S 
distances within the sulphur sheets arc 3. I5 The S-S distances in millerite and 
molybdenite are roughly thc samc as in pentlandite and pyrrhotite, and one may 
expect that the hydrophobation mcchanism of millerite and molybdenite is the 
same as for pentlanditc and pyrrhotitc. 

DRIFT spectra of millerite and molybdenitc treated with aqueous solutions of 
potassium ethylxanthate and decylxanthate show that dialkyl dixanthogen is the 
sole alkylxanthate species formed on the surfaces.”’ scc Fig. 30. This shows that 
oxidized millerite and molybdenite contain small amounts of a highly oxidizing 
agent(s) in the surfaces. The amounts of dialkyl dixanthogen formed on millerite 
and molybdenite surfaccs arc somewhat larger than on pentrandite and pyrrhotitc 
but substantially smaller than on pyrite and marcasite. This may indicate that thc 
somewhat shorter S-S distances in millerite and molybdenite than in pentlandite 
and pyrrhotitc may be thc cause of the formation of larger amounts of highly 
oxidizing species are formcd on the surfaces. 

6.9 R ea 1g-a~ .4 SS, Orpim cti t . .4 s,S,, at id A r s w  opj >rit e, Fe14 SS 
The shortest S-S distances in realgar. orpiment and arsenopyrite are 3.295, 3.242 
and 3. I97 A, respect These arsenic containing sulphide minerals arc 
thcreforc cxpccted to have the same hydrophobation mechanism with alkylxanthate 
ions in aqueous solution as pentlandite, pyrrhotite, millcrite and molybdcnite. 

I t  has bcen shown that dialkyl dixanthogen is the main alkylxanthate species 
formcd on the arscnopyrite surfaces after treatment with aqueous solutions of 
potassium alkyl~anthate.~”“ It has been proposed that alkylxanthate ions arc 
coordinatcd to iron sites in the arsenopyrite surfaces, whcrc the alkylxanthate ion 
is fast convcrtcd to dialkyl dixanthogen.”’ I t  is however very doubtful if this 
reaction mechanism is correct a$ previous studies have shown that thc implied 
oxidizing agcnt iron(II1) does not oxidize alkylxanthate ions to dialkyl dixanthogcn 
in aqueous solution. 

DRIFT spectra of realgar, orpiment and arscnopyrite powders treated with an 
aqueous solution of potassium decylxanthate show that both didecyl dixanthogen 
and arscnic(lI1) decylxanthate are present on the surfaccs, while no ethylxanthate 
spccics arc observed after treatment with an aqueous potassium ethylxanthale 

scc Fig. 31. The reason for the absence of ethylxanthate species is 
certainly duc to that the solubilities of diethyl dixanthogen and arsenic(II1) 
ethylxanthatc in water are substantially higher than the corrcsponding deeylxan- 
thatc compounds. Fairly small and almost equal amounts of didecyl dixanthogen 
and arscnic(II1) decylxanthate are formed on the surfaces of realgar and arsenopy- 
rite: the amounts of dialkyl dixanthogen formed is about the same as on 
pentlanditc, pyrrhotite, millcrite and molybdenite. On the other hand, largc 
amounts of arsenic(II1) decylxanthatc are formed on the orpiment surfaces, while 
the amounts of didecyl dixanthogen formed on the orpiment surfaces are about the 
samc as on the other arsenic containing sulphide minerals, see Fig. 3 1. These results 
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Figure 30 DRIFT spectra of (a) millcritc and (b) rnolybdenite treated with 1.0 mM aqucous 
solutions of potassium ethylxanthate and (') decylxanthate after subtraction with the spectrum of the 
untreated mineral. The DRIFT spcctrum of diethyl dixdnthogen is given as reference (c). The ordinate 
scale is in log (RrefjRsamgle) units and it is arbitrary. 
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Figure 31 DRIFT spectra of (a) realgar. (b) orpiment and (c) arsenopyrite treated with 1.0 mM 
aqueous solutions of potassium cthylxanthate and (') decylxanthate aftcr subtraction with the 
spectrum of the untreated mineral. The DRIFT spectra of d) arsenic(ll1) dccylxanthate and ( e )  didecyl 
dixanthogcn are given as refercnces. Thc ordinate scale in log (RreflRsalnplr) units and it is arbitrary. 
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3 30 I. PERSSON 

show that small amounts of a highly oxidizing compound is formed on the surfaces of 
arsenic containing sulphide minerals as expected as the shortest sulphur-: dphur  dis- 
tancc in these minerals is in the range 3.2-3.3 A. Furthcrrnore, arsenic is ,,ansferred 
to a fairly water soluble arsenic(II1) compound. Large amounts of this compound are 
formed on orpiment surfaces, while the amounts are substantially smaller on the 
realgar and arsenopyrite surfaces. This shows that the surfaces of these arsenic con- 
taining sulphide minerals are hydrophobated by dialkyl dixanthogen in the same way 
and to the same extent as pentlandite and pyrrhotite. In addition, a water soluble 
arsenic(II1) compound is formed at oxidation of the mineral, which leads to that 
arsenic(II1) dissolves from the mineral surface at the slurrying and a concentration 
gradient of arsenic(II1) is formed around the mineral particles. At the presence or 
addition of decylxanthate ion, the solubility product of arsenic(II1) decylxanthate is 
exceeded in close vicinity of the particle and arsenic(II1) alkylxanthate precipitates on 
the mineral surface in a dissolution-precipitation mechanism similar to that described 
for galena above; the solubilities of arscnic(II1) alkylxanthates indicate that the carbon 
chain in the alkylxanthate ion cannot be too short if precipitation of arsenic(ll1) 
alkylxanthatc shall occur, see Table 1. 

7. REACTION MECHANISMS FOR THE HYDROPHOBATION OF 
SULPHIDE MINERALS WITH 0,O-DIETHYLDITHIOPHOSPHATE IONS 

The chemistry of 0,O-dialkyldithiophosphate ions is in many respects very similar to 
that of the alkylxanthate ions. They follow in principal the samc mechanisms as thc 
alkylxanthate ions in the hydrophobation of mineral surfaces, a) formation of solid 
metal 0,O-dialkyldithiophosphates on the mineral surfaces, and b) formation of oxi- 
dation products such as bis(0,O-dialkyldithiophosphoryl) disulphide through a redox 
reaction with highly oxidizing ions in the mineral surface such as copper(l1) and 
S2OS2 - ions. However, no formation of chemisorbed O,O-dialkyldithiophosphate 
complexes has so far been found; the alkylxanthate ions have on the other hand shown 
that they can form chemisorbed surface complexes to sphalerite surfaces, see section 
5.1. This is due to that sulphur atoms in the O,O-diethyldithiophosphate ion are 
weaker electron donors than the sulphurs in the alkylxanthate ions.".' 20 

Solid copper(1) 0,O-diethyldithiophosphate is formed on the surfaces of the 
copper containing minerals covellite, calcocite and chalcopyrite at the trcatment 
with an aqueous solution of sodium 0.0-diethyldithiophosphate as determined by 
DRIFT spcctrosocopy,206 sce Fig. 32, which is in accordance with previous 
results.169~173*207-209 XPS measurements have shown that the copper in these 
minerals is present as copper(I),'6g and that the copper dissolved from the mineral 
surfaces reacts with 0,O-diethyldithiophosphate ions to form only copper(1) 
0.0-diethyldithiophosphate. The hydrophobation mechanism of chalcocite, covel- 
lite and chalcopyrite with 0,O-diethyldithiophosphate ions is the same 
dissolution-precipitation mechanism as described above for the galena and cop- 
per sulphide mineral-alkylxanthate systems. Small amounts of bis(0,O- 
dialkyldithiophosphorye) disulphide are formed as well on covellite surfaces. 
Bis(0,O-dialkyldithiophosphoryl) disulphide is in this casc most probably a 
product of thc rcaction bctwccn oxidized disulphide ions and 0,O- 
diethyldithiophosphate ions. 
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Figure 32 DRIFT spectra of (a) covellite. (b) chalcocitc and (c) chalcopyrite trcatcd with a 1.0 mM 
aqucous solution of sodium 0,Gdiethyldithiophosphatc after subtraction with the spcctrum of the 
untreated mineral. The DRIFT spectrum of (d) solid copper(1) 0,O-diethyldithiophosphate is given 
as rcfercncc. The ordinate scale is in log (Rr,,4R,,,,,,) units and it  is  arbitrary. 
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The reactions of the iron containing sulphide minerals with 0,O- 
diethyldithiophosphate ions are not as uniform as for the copper containing 
minerals, and each mineral will therefore be looked upon individually. The reaction 
between oxidized pyrite or marcasite and sodium 0,O-diirtlijlIdithio- phosphate 
yields as expected bis(0.O-diethyldithiophosphoryl) disulphide.’ 17.169,1 7 3 3 2 0 7  This 
has been confirmed by a recent DRIFT spectroscopic study which clearly shows that 
bis(0.0-diethyldithiophosphoryl) disulphide is the sole hydrophobation agent on 
pyrite and marcasite surfaces after treatment with an aqueous solution of sodium 
O,O-diethyldithiophosphate,’oh see Fig. 33. A single study has reported that pyrite 
is hydrophobated with iron(II1) 0.0-diethyldithiophosphate.208 However. the sol- 
ubility of iron(II1) 0,O-diethyldithiophosphate is estimated to be fairly highz1’ and 
it docs not seem likely that iron(II1) 0.0-diethyldithiophosphate can be precipitated 
at the 0,O-diethyldithiophosphate concentrations used in flotation processes. The 
hydrophobation mechanism of pyrite and marcasitc with 0.0-dialkyldithio- 
phosphate ions is thc same as that described for the hydrophobation of these 
minerals with alkylxanthate ions, see section 6.6. 

DRIFT spectra of pentlandite and pyrrhotite treated with an aqueous solution of 
sodium 0,O-diethyldithiophosphate show that small amounts of bis(0,O- 
diethyldithiophosphoryl) disulphide are formed on pyrrhotite surfaces while no 
0,O-diethyldithiophosphate species was detected on the pentlandite surfaces,’06 see 
Fig. 3 3 .  This shows that 0.0-diethyldithiophosphate ions hydrophobate pyrrhotite 
in the same way as alkylxanthate ions, see section 6.7.  

Thc DRIFT spectrum of troilite treated with an aqueous solution of sodium 
diethyldithiophosphate shows no 0,O-diethyldithiophosphate species on the 
surfaces,’06 see Fig. 33.  Too small amounts of iron are dissolved from the troilite 
surface to allow the formation of any solid iron 0,O-diethyldithiophosphate 
compound, which all are fairly soluble in water,21” and it seems that no highly 
oxidizing agents are formed on the troilite surfaces, see section 6.7. Troilite is 
therefore not likely to be hydrophobated by 0.0-diethyldithiophosphate ions.”‘ 

DRIFT spectra of millerite and molybdenite treated with an aqueous solution of 
sodium O,O-diethyldithiophosphate show that small amounts of bis(O,0- 
diethyldithiophosphoryl) disulphide are formed on the surfaces,20h see Fig. 34. This 
shows that 0,O-diethyldithiophosphate ions hydrophobate millerite and molybden- 
ite in the same way as alkylxanthate ions and this result confirms that the amount 
of highly oxidizing agents on the millerite and molybdenite surfaccs is largcr than 
on the pentlandite an pyrrhotite surfaces, see also section 6.7. 

Solid lead(I1) 0,O-diethyldithiophosphate is formed on galena surfaces after 
treatment with an aqueous solution of sodium 0,0-diethyldithiophosphate.’”6 see 
Fig. 35.  The 0.0-diethyldithiophosphate ions are most certainly a less effective 
collector of galena than the alkylxanthate ions, as the solubility of lead(I1) 
0,O-diethyldithiophosphate is higher than of lead(I1) ethyl~anthate,”~ see Table 
1. Galena treated with sodium 0.0-diethyldithiophosphate in acetone did not 
show any reaction products in the galena surface,’89 see Fig. 35, which implies 
that no chemisorbed surface complexes are formed. This implies that 0,O- 
dialkyldithiophosphate ions form weaker covalent interactions than the alkylxan- 
thate ions, which is in accordance with a previous study on the donor properties 
of alkylxanthate and 0.0-diethyldithiophosphatc ions toward mercury(I1) 
bromide.”,’ 
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Figure 33 DRIFT spectra of (a) pyrite, (b) marcasite. (c)  pentlandite, (d) pyrrhotite and (e) troilite 
treated with a I .O rnM aqucous solution of solution 0,O-dicthyldithiophosphate after subtraction with 
the spectrum of the untrcated mineral. The DRIFl  spectrum of (e) bis(O.0-diethyldithiophosphoryl) 
disulphide is given as reference. The ordinate scale is in log (RrulJRsamplc) units and it is arbitrary. 
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b'igure 34 DIUF'I spectra of  (a) millerite and (h) molybdenite treated with a 1.0 mM aqueous 
solution of sodium O.U-diethyldithiophosphate after subtraction with spectrum of the untreated 
mineral. The DRIFT spcctrurn of bis(O.0-diethyldithiophosphoryl) disulphide is given as a refcrcncc. 
1.11~ ordinate scale is in log (Krrf/Ksam,,,c) units and it is arbitrary. 

Neither solid zinc O,O-diethyldithiophosphate nor chemisorbed surface com- 
plexes are formed on sphaleritc surfaces after treatment with a 10 mM aqueous 
solution of sodium 0,O-diethyldithiophosphate,'"' see Fig. 35. 

The hydrophobation mechanisms are the same independent of the use of alkylxan- 
thatc or 0,U-dielhyldithiophosphate ions and most probably also N,N- 
dialkyldithiocarbamate ions. Highly oxidizing species are formed under oxidizing 
conditions in the surfaces of sulphide minerals which contain disulphide ions, e.g. 
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Figure 35 DRIFT spectra of (a) galena and (b) sphalerite treated with 1 .0 rnM and 10.0 rnM aqueous 
solutions of sodium 0,O-diethyldithiophosphatc. respectively. aftcr subtraction with thc spcctrum of 
thc untreated mincral. The DRIFT spectra of (c) solid lead(I1) 0,O-diethyldithiophosphate and (d) 
solid zinc 0.0-diethyldithiophosphate are given as references. Thc ordinate scalc is in log 
(Rrcp’R43n,,,lr) units and it  is arbitrary. 

pyrite, marcasite and covellite, and bis(O,O-diethyldithiophosphoryl) disulphide 
will be formed at addition of O,O-diethyldithiophosphate ions. Small amounts of 
bis(O.0-diethyldithiophosphoryl) disulphide are formed on millerite, niolybdenite 
and pyrrhotite as small amounts of a strongly oxidizing agent is formed in the 
surfaces of these minerals where the shortest S-S distance is in the rangc 3.1-3.4 A. 
If only sulphide ions are present in  the mineral structure, the corresponding metal 
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0,O-diethyldithiophosphate will be formed on the mineral surface if the solubility 
is sufficicntly low. The 0,O-diethyldithiophosphate ion has so far not been found to 
form chemisorbed surface complexes to any of the minerals studied implying that 
the 0,O-diethyldithiophosphate ion is a wcakcr electron-pair donor than the 
alkylxanthate ion. 

8. RELATIONSHIP BETWEEN ADSORPTION MECHANISM OF 
ALKYLXANTHATE AND 0.O-DIETHYLDITHIOPHOSPHATE IONS TO 
AND CRYSTAL STRUCTURE OF SULPHIDE MINERALS 

The structures of sulphide minerals can be divided into three classes, minerals with 
(a) disulphide ions, S,? - , (b) clusters or sheets of sulphur atoms with S-S distances 
shorter than 3.4 A, and (c) close-packed sulphide ions with S-S distances longer than 
3.7 A. When class (a) and (b) sulphide minerals are oxidized at e.g. the grinding. a 
powerful oxidizing agent is formed on the surfaces of the minerals. This oxidizing 
agent(s) has not yet been characterized, but most probably it is S,08' and/or 
S20,' - . These ions are both possible oxidation products of the disulphide ion and 
known to be able to oxidize alkylxanthate ions to dialkyl dixanthogen, and 0,O- 
diethyldithiophosphate ions to bis(0,O-diethyldithiophosphoryl) disulphide. Only 
the SzOA,z - ions with X Z  7 have sufficiently high oxidation potential (in aqueous 
solution) to oxidize alkylxanthate and 0,Odiethyldithiophosphate ions. This reac- 
tion overrules all other possiblc reactions between alkylxanthate or 0.0- 
diethyldithiophosphate ions with spccies on or in the surface. Of the minerals in this 
study pyrite, marcasite and covellite belong to class (a), and millerite, molybdenite, 
pyrrhotite, pcntlandite, realgar, orpiment and arsenopyrite belong to class (b). 

Sulphide minerals with isolated sulphide ions, class (c) sulphide minerals, may 
undergo two kinds of reactions during the mineral processing, a) the sulphide mineral 
may be oxidized to relatively soluble metal sulphate and/or thiosulphate at e.g. 
grinding, and a subsequent precipitation of a metal collector salt can take place if this 
compound has a sufficiently low solubility and b) chemisorbed alkylxanthate surface 
complexes may be formed at the treatment of an aqueous alkali alkylxanthate 
solution, where the mctal ions in the mineral surface form a specific covalent bond 
to the ligand. The oxidation products of a mineral are substantially more solublc than 
the mineral itself, and a solid mctal alkylxanthate or 0,O-diethyldithiophosphate is 
formed on the surface of the mineral at the treatment with a collector if the solubility 
of this compound is sufficiently low. The minerals galena, chalcocite, acanthite and 
chalcopyrite are hydrophobated by the corresponding metal collector salt. Formation 
of chcmisorbed surface complex has been shown for the sphalerite-alkylxanthatc 
system under conditions similar to those in practical flotation, while chemisorption 
of the 0,O-diethyldithiophosphate ion to sulphidc mineral surfaces has so far not 
been proven. The precipitation reaction overrules in most of the cases the formation 
of a chemisorbcd surface complex. 

9. CONCLUSIONS 

The length of the shortest S-S distance in the sulphide mineral determines whether 
the formation of dialkyl dixanthogen and bis(0,O-diethyldithiophosphoryl) disul- 
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phide at the treatment of alkylxanthate and O,O-dialkyldithiophosphate ions, 
respectively, is possible or not. A powerful oxidizing agent is formed on the mineral 
surfaces at grinding under oxidizing conditions if the S-S distances are shorter than 
3.4 A. (See Table 6.) 

Substantially larger amounts of this highly oxidizing agent are formed on the 
surfaces of minerals containing disulphide ions compared with the minerals with 
clusters or sheets of sulphur atoms where the S-S distancc is in the range 3.1-3.4 
A. This powerful oxidizing agent is most probably S , 0 w 2  ~ and/or S20, '  - ions. 
These ions oxidize alkylxanthate and O,O-dialkyldithiophosphate ions to dialkyl 
dixanthogen and bis(O.0-dialkyldithiophosphoryl) disulphide, respectively, in aquc- 
ous solution. 

The coppcr(I1) ion is also a sufficiently strong oxidizing agent for the oxidation of 
alkylxanthatc or O,O-dialkyldithiophosphate ions. Dialkyl dixanthogen and 
bis(O,O-dialkyldithiophosphoryl) disulphide hydrophobate mineral surfaces effec- 
tively. These compounds are physisorbed to the mineral surfaces in relatively weak 
interactions. Pyrite and marcasite are hydrophobated, and surfaces of covellite, 
pcntlandite, pyrrhotite, millerite, molybdenite, rcalgar, orpiment and copper(I1) 
activated sphalerite can be modified by the formation of dialkyl dixanthogen or 
bis(O,O-dialkyldithiophosphoryl) disulphidc at the treatment with aqueous solu- 
tions of alkali alkylxanthatc and O,O-dialkyldithiophosphate, respectively. 

Sulphide minerals with solely isolated sulphide ions can only be oxidized to the 
corresponding metal sulphate and thiosulphate, and no powerful oxidizing agents 
can be formed. When the mctal sulphide is oxidized to the corresponding sulphate 
and/or thiosulphate, the solubility of metal species at the mineral surface 
increases tnarkcdly. The majority of the metal alkylxanthates and 0,O- 

Table 6. S-S distances in some sulphide minerals, and the product expected and obtained at the 
trcatment of oxidkcd sulphide minerals with aqueous solutions of potassium alkylxanthate and 
sodium O,C)-dictliylditliiopliosphate. X dcnotcs alkylxanthate and O,Qdictliyldithiophosph;lte ions, 
respectively. and X, dcnotcs dialkyldixantliogcii and bis(O.O-dialkylditliiophosphoryl) disulphidc. 

Mineral Formula Shortest Product ROC'S2- Product (R0)2PS2- 

Acanthitc Ag2S 4. I35 fw AgX AgX AgX 
Arsenopyritc FcAsS 3.197 x, AsX,,X, x2 h.c 
Cholcocitc CU,S 3.710 c u x  CUX CUX CUX 
C'halcopyritc CuFeS, 3.685 CUX CUX CUX CUX 

Cialcna PbS 4.194 PbX,  PbXz PbX-, PhXz 
Marcasite FCS, 3.223 x, x, xi? X, 
Millerite NiS 3.244 X? X i  x, x, 
Molybdeiii t c MoS, 3.154 X? X, x, x, 

I'yrrhotite FcS, 3,390 x2 x2 XZ x, 
l'yritc FeS, 2.177 X2 x2 x, x2 
RCdlgdr ASS 3.295 x, AsX,, X, X, b,c 
Sphalcri te zns 3.821 a.b a x2 b,c 
Troili t c FeS 3.348 X? b,c x2 b,c 
"C'hemisorbcd complex 
hSee tcxt for comment 
'No product observed 

S-S Distance Expected Observed Expected Observed 

Covcllitc CUS 2.084. 3.757 CUX, X? CUX, X2 CUX, X ?  CUX. X2 

Or pi iii cii t A s ~ S  4 3.242 x, AsX,. X, X, b,c 
I'cntlanditc (Fe.Ni),S, 3.362 X? x2 X i  b.c 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
2
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



338 I. P E R S O N  

dialkyldithiophosphates has very low solubility in aqueous solution, see Table 1. At 
the slurrying of oxidized sulphide minerals in aqueous solutions containing 
alkylxant hate or 0,O-dialkyldithiophosphate ions. the soluble metal compounds in 
thc surface will dissolve. a concentration gradient of metal ions will be formed 
around lhc mineral particle, and the solubility product will therefore first be 
cxceetletl in close vicinity of the mineral particle and the corresponding metal 
alkylxanthate or 0.0-dialkyldithiophosphate will precipitate at the mineral surfaces. 
As the metal alkylxanthates or 0,O-dialkyldithiophosphates are very hydrophobic, 
thc mineral particles will be hydrophobated also at partial coverage of the mineral 
siirtace. Galena, acanthite, chalcocitc, chalcopyrite, covellite and orpiment are 
h! drophobated according to this mechanism, and sphalerite, realgar and arsenopy- 
rit c may also be hydrophobated according to this mechanism if long-chained 
alkylxanthates arc used. 

l h e  last hydropliobation mechanism is chemisorption of alkylxanthate ions to a 
mineral surface. I t  has been shown that alkylxanthate ions can be chemisorbcd to 
sphalerite and synthetic zinc and cadmium sulphide12” surfaces in aqueous solution 
also under oxidizing conditions. Sufficient hydrophobation through chcmisorption 
of mineral surfaces is obtained only with long-chained alkylxanthates. Practical 
flotation experiments havc shown that the alkyl group must contain at least five 
carbons. otherwise the mineral particles cannot make contact with uprising 
air-bubblcs. It has so far not been proven that 0.0-dialkyldithiophosphate ions can 
be cheniisorbed to sulphidc mineral surfaces. 

The same chemical species are formed on the mineral surfaces independent of dry 
or wet grinding of the mineral. The only difference is that smaller amounts of 
collector species are present on the surfaces after wet grinding as some reacting 
spccics on the mineral surface is washed off the surface at the grinding. 
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