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Flotation is used industrially to recover fine
vbassiteritgfﬁhich cannot effectively be treated by gravity
concentration methods. The adsorption of cassiterite
collectors on cassiterite and the accompanying mineral
rutile was invest%gated using a Fourier transform infrared
attenuated total reflection technique. The FTIR-ATR
technique has considerable advantages over previously
used ex situ methods since it allows real time
investigation of adsorption of the flotation reagents in
situ. The collectors investigated were the industrially
used‘collectors styrene phosphonic acid and the
sulphosuccinamates and some novel polycarboxylic acid and
phosphonocarboxylic acid collectofs.

The nature of the species present when the collectors
adsorb on the mineral surface was determined by comparison
of the infrared spectra of the collectors, their tin and
titanium complexes and the adsorbates on cassiterite and
rutile. Thebinfrared band positioﬁs for phosphonic,
sulphonic, and carboxylic acid groups when adsorbed on
cassiterite and rutile were found to be similar to those
in their tin and titanium complexes. This indicates that
these reagents adsorb by a chemisorption mechanism in
which a metal-collector complex is formed at the mineral
surface. Possible structures for the surface complexes

involving bidentate co-ordination of phosphonate groups



and monodentate co-ordination of carboxylate groups are
postulated from the fine structure of the spectra of the
adsorbates.

The nature of the surface species was found to be
strongly dependent on pH. At low pH values ﬁighe;
concentrations of protonated acid groups are preseﬁt at
the mineral surface. With increasing pH the number of
undissociated acid groups decreases. The presence of these
groups may be. due to undissociated groups on the
chemisorbed collector molecules or physisorbed free acid
molecules.

The presence of iron.in the cassiterite lattice or
adsorbed on the cassiterite surface was found not to be
neccessary for collector adsorption and adsorption occured
on pure tin oxide in the same manner as on natural
cassiterite. |

The kinetics of adsorption of the collectors was also

studied by the FTIR-ATR method.
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Since the commercial introduction of the flotation
process for mineral éoncentration early this century its
mode of operation has been the subject of much interest.
Like many other methods used to process raw materials
flotation has developed by the continued application of
empirical methods rather than as the result of intensive
fundamental research. Hence the chemistry of the
flotation proeess is still not completely understocod. 1In
1982 Aberfoyle Ltd., ownérs of the Cleve}and Tin mine in
Western Tasmania and the Ardlethan tin mine in New South
Wales initiated this project in order to develop a better
understanding of the cassiterite flotation process.
Cassiterite flotation, although developed over forty years
ago, remains only as a secondary process in the treatment
of tin ores. The lack of progress in the development of
cassiterite flotation has largely been hampered by a poor
understanding of its chemistry. Although considerable
research-has been carried out on the chemistry of
cassiterite flotation many of the proposed theories of
reagent action are based on indirect evidence or on data
which may be interpreted in other wéys.

| Surface chemistry must play an important part in the
flotation process since different reagents reaét with the
mineral surface in an aqueous medium.. Spectroscopic
techniques provide a direct method of observing such

interactions. Over the last thirty years numerous



spectroscopic methods have been applied to the study of
the surface chemistry of flotation in order to identify
énd characterise the adsorbed species at the
mineral-aqueous interface. However most of these
observations have beeh conducted ex situ ( ie. after
reéction of the reagents with the mineral surface and the
removal of the aqueous phase). In these cases the system
studied is only an approximation to the actual adsorption
system since the removal of the aqueous phase may lead to
changes in the bonding of the adsorbate molecules to the
mineral surface.

Infrared spectroscopy has been the most frequentlyv
used ﬁethod to study the adsorption of flotation
céllectors on mineral surfaces. However most infrared
investigations have been conducted ex situ due to the
high absorbance of water in the infrared region. The
commonly used flotation collectors for cassiterite are
based on arsonic, phosphonic, sulphonic or carboxylic acid
groups, all of which are amenable to investigation by
infrared spectroscopy. Ex situ methods have been used
previously to record.the infrared spectra of these
flotation collectors adsorbed on the cassiterite surface.
The mode of adsorption of flotation collectors on
cassiterite has largely been proposed as the result of the
application of these ex situ infrared spectroscopic
methods. However the results of these investigations havé
remained the subject of considerable debate. Hence this

investigation was conducted in order to develop a method



capable of giving information on the adsorption of
flotation collectors on cassiterite in situ ( ie.to study
the structure of the adsorbate actually at the interfaée
between the mineral and the aqueous phase) .

This was achieved by the use of Fourier transform
infrared attenuated total reflection spectroscopy. This
is a sensitive technique which allows real time
obsefvation bf the spectra of adsorbates on surfaces in
situ . This method was used to study the adsorption
behaviour of ﬁhe most common industrially used cassiterite
collectors, styrene phosphdnic acid and §ulphosuccinamates
; as well as some novel cassiterite collectors based on
carboxylic and phosphonic acid groups synthesised by Mr
Greg Lane. The adsorption of these collectors was studied
on natural cassiterite as well as on pure tin (IV) oxide
which»served as a model compound for cassiterite. The
adsorption behaviour of some of these collectors was also
studied on pure rutile-type titanium (IV) oxide as this
mineral has the same crystal structure as cassiterite and
rutile is also recovered by the industrially used

flotation collectors.
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2. Mineral Flotation

The froth flotation.process was originally used in its
present day form in 1906 at Broken Hill in New South
Wales. It is now the most important and versatile mineral
processing technique available. This is because this |
sensitive technique is capable of facilitating very
specific separations of minerals since it utilises

differences in physico-chemical surface properties between

.specific minerals.

In'practice flotation works by agita;ing a mineral
pulp (5-35 % solids by volume) and blowing air bubbles
through it so that certain minerals attach themselves to
the bubbles and afe floated out in a froth for recovery.
Gangue minerals remain in the pulp. This is shown
diagramatically in Figure 1. Minerals prepared for
flotation must be ground below about 300um with slimes
(<30um) held to a minimum. Depending on density material
coarser than 300um is generally too heavy to be carried
out of the pulp by the air bubbles. Slimes are also
difficult to collect, usually because they fail to attach
to the bubbles. Slimes may also be lost by spontaneous
flocculation to a size too heavy to float.

With flotation it is possible to obtain highly pure
mineral components from low low grade (< 1% useful
component) and complex ore bodies which would otherwise be

regarded as uneconomic.
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Fig.l Diagramatic representation of the flotation process.



The theory of flotation is complex and is not yet
completely understood. The surface chemical aspects of
flotation have been recently reviewed by Leja (1982). For
flotation to occur an air bubble must attach itself to the
mineral particles and lift it to the water surface. The
air bubbles can only attach to mineral particles if they
can displace water from the mineral surface. This can
only happen if the miﬁeral is to some extent hydrophobic.
Most minerals are naturally hydrophilic and their surfaces
must be rende£ed hydrophobic by treatment with suitable
surfactants known as collectors.' Surfacg properties of
ore and gangue minerals vary within too narrow a range to
be useful for effecting separations directly. Such
differences as do exist must be exaggerated by bringing
about selective adsorption of the collector on to the
mineral it is desired to float.

Collectors used in mineral flotation are of three
types - nonionic, énionic, and cationic. They are
generally heteropolar, ie; the molecule contains both a
non-polar group and a polar group. The non—polar group,
generally an alkyl chain, has pronounced hydrophobiq
properties. The polar groub; generally based on
pentavalent nitrogen in the case of cationic collectors or
divalent oxygen or sulphur in the anionic collectors, can
attach itself to an ion of oppésite sign on the mineral
surface. Attachment of the polar group of collectors can
occur by chemical, physical or electrical attraction

between them and the surface sites. The collectors adsorb



on the mineral particles with their hydrophobic ends
oriented towards the bulk solution thereby imparting

hydrophobicity to the particles, viz

mineral J) collector
molecule

particle

Collectors are generally designed so.that the polar
group will adsorb selectively onto specific minerals.
Sulphydryl type collectors; where the polar group.contains
bivalent sulphur,vsuch as xanthates and dithiophosphate,
are generally used in the selective flotation of sulphide
minerals. Oxhydryl type collectors, where the polar group
contains bivalent oxygen, such as carboxylic, sulphonic,
phosphonic and arsonic acids and their salts are generally
used in selective flotation of oxide and semi-soluble salt
type minerals. Cationic collectors generally based on
pentavalent nitrogen, such as amines and quaternary
- ammonium salts are mainly used in the flotation of
silicates and semi—éoluble salt minerals.

Non-anionic surfactants are usually used in flotation
as frothers - reagents which ensure the formation of a
stable froth with sufficient buoyancy to carry the load of
floatable mineral out of the pulp. Frothers adsorb

strongly at the air-water interface rather than at the



mineral-aqueous interface, with the polar groups towards
the water. When two bubbles come together their surface
films meet with the hon—polar groups facing each other and
they tend to repel each other rather than coalesce. This
gives the froth stability. Frother molecules may also
adsorb on the mineral surface when a bubble attaches to a
mineral particle. In this situation frother-collector
interaétion may occur by the adhesion of their hydrophobic

groups by van der Vaal forces viz.

air

bubble '\ frother
molecule
collector
molecule

Additional reagents called regulators, modifiers or
conditioners are also added to the flotation pulp to
modify the action of the collector by intensifying or
reducing its hydrophobic effect on the mineral surface.
They thus make the collector more selective towards

"certain minerals. Regulators are generaliy of three types

- activators, depressants and pH modifiers. Activators



are reagents which alter the chemical naturé of mineral
surfaces so that the collector can attach itself. They
are generally soluble salts which ionise in solution, the
ions then reacting with the mineral surface. Depressants,
increase the selectivity of flotation by rendeking certain
minerals hydrophilic thus preventing their flotation. pH
modifiers are used to maintain the flotétion pulp at thé

correct pH for collector attachment.
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3.1 Introduction

ﬁp till 1938 gravity concentration was the only method
used to concentrate tin ores. Today this is still the
case for secondary ores since their mineralogy and
particle size distribution make them suitable for the use
of gravity copcentration processes (sluices,jigs,shaking
tables, spirals,cones etc.). Over 60% of the world's tin
is recovered from the alluvial deposits of Malaysia,
Indonesia and Thailand by simple gravity methods. However
a significant and increasing amount of tin is removed from
hardrock sources mainly in Bolivia, Australia, South
Africq and Britain.

The exclusive use of gravity processingrfor primary
ores has met with only poor recoveries due to the small
-particle sizes of the cassiterite and complex mineralogy,
Some upgrading of such ores has been accomplished by the
flotation to separate sulphides, cleaning of the
concentration by magnetié separation and leaching of the
'concentrates to remove carbonate minerals. Improvements
'in recoveries have been produced by the refinement of
gravity methods such as vanners and the Bartles-Mozley
concentrator, but cassiterite particles finer than 20-40
um must be regarded as non-recoverable by gravity
. concentration. Since many primary déposits have such fine

intergrowths the tin content of the fines can be quite



11

substantial inkeconomic terms. Hence much research has
been devoted to developing methods for the récovery of
fine cassiterite. The cassiterite flétation process was
first put into industrial use in 1938. Since then it has
remained the only process to supplement gravity
concentration on an industrial scale. At present most
hardrock tin concéntrators use a combined flowsheet with
gravity concentration of cassiterite coarser than 20-40 Um
and flotation of cassiterite in the size range 2-20 Um
after desliming. The advantages of cassiterite flotation
over gravity concentration methods and its limitations are
shown in Fig.2.

' The main problems which have hampered the development
of cassiterite flotation are the narrow size range of
operation, the need for rigid desliming and the high cost
of flotation reagents. With presently used cassiterite
collectors and depressants for silicate gangue the reagent
costs can account for up té 55 % of total flotation costs.
Generally the use of lower cost collectors results in
lower grade concentrates. Hence, much research has been
devoted to the development of low cost collectors which

can produce acceptable recoveries and concentrate grades;
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ADJ ANTAGES

Good reccvery of tin into
mediun grade concentrates

Circuits easier to concrol
than gravity, OSA, ard
auto-control can be used

Higher unit througrput
than most gravity devices,
Takes up less floorspace

Low maintenance and labour
costs

Recovery into rougher
{low grade) concentrates
is usually >30% Sn

Wide range of reagents can
be used

LIMITATIONS

Size cange limited to 2-20m
into final macentrates

Grace of conoentcates razaly
exceed 25% Sn ard upgrading
regretically o by leacning
is often needed

Rigid desliming to -6pm or
ym is requirzed

Slimes consume reagent ard

downgrace concentrate

Prior removal of sulphides
is necessary cefore oxide
flotation stage’

High operating costs
(usually) because of
expensive collectors needed

Recovery reduced in cleaning
stages. Up to 4 stages of

cleaning reguired to produce
acceptable grade concentrates

Soluble ions in pulp such as
Fe}", Ca* and cu’ can
create major problems.

" Fig.2

Advantages of cassiterite flotation over gravity

concentration methods and its limitations.

(From Foo and Enraght-Moony, 1982 )
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3.2 Collectors for Cassiterite Flotation

The first industrial cassiterite flotation plant was
operated at the Altenberg mine in East Germany from 1938

to 1945. The process used oleic acid,
CH3 — (CHp)7 — CH == CH — (CHp)7 — COOH

as the cassiterite collector and sodium-silicate and
hydrofluorosilicic acid as depressants for gangue
minerals. As it was not possible to stabilise this
process it was discontinued after World War II. The
flotation of cassiterite ores with oleic acid or oleates
and carboxylic acids obtained as by-products from the
processing of animal and vegetable materials is still used
in the USSR today. The use of these collectors is
confined to ores of simple mineralogy (mainly those with
quartz gangue) since oleic acid has very poor selectivity
and the only effective control of the flotation process is
achieved by depression of silicate minerals with sodium
silicate or sodium fluorosilicate.

The first investigations to produce cassitérite
collectors with greater selectivity were conducted at the
Reseafch Institute for Mineral Processing at Freiberg,
East Germany. As. early as 1943 the suitability of arsonic
acids as cassiterite collectors was being investigated.
The investigation of arsonic acids arose from their use as

specific complexing agents in the gravimetric analysis of
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tin (a method which was first used in the mid 1920's). On
a laboratory scale these proved to be considerably more
effective than oleic acid as tin collectors. 1In 1958 tin
flotation was resumed at the Altenberg plant using

p tolyl arsonic acid

as the collector. This provided a considerable
improvement in selectivity over oleic acid but has a much
higher toxicity.

Following the success of arsonic acids as flotation
collectors for cassiterite, researchers at the freiberg
Institute investigated phosphonic and stibonic acids as
éassiterite collectors (Kirchberg and Wottgen, 1963).
Phosphonic acids were found to be almost as effective as
arsonic adcids iﬁ laboratory'trials_but stibonic acids
were found to be ineffective as collectofs. Wottéen and
co-workers determined that of the phosphonic acids they
developed n-hexyl, n-heptyl and p-ethyl benzyl phosphonic
acids were the best collectors but their cost of
manufacture precluded their use on an industrial scale.

Professor N. Afbiter of the Henry Krumb School of
Mines, Columbia Univefsity began independent
investigations into tin flotation collectors in 1964. 1In
1965 he proposed the use of the commercial surfactant
Cyanamid Aerosol 22 as a cassiterite collector. The

active constituent of Aerosol 22 is N-octadecyl (1,2,
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dicarboxyethyl) sulphosuccinamate.

OH 0{4
— / o
Oht\cu % N cﬁc "
0:;:0 /EHZ
H 0=C
“oH

A cassiterite flotation plant using sulphosuccinamate as a
collector was commissioned at Catavi in Bolivia in 1968.

IBetween 1970 and 1972 five cassiterite flotation
plants were commissioned by mines of the Consolidated Gold
Fields Group and Cleveland Tin N.L. The plants at Rooiberg
and Union Tin in South Africa and Renison and Cleveland
mines in Tasmania used p-tolyl arsonic acid as the
collector while that at Wheal Jane in Cornwall used a
sulphosuccinamate collector.

Wottgen, with the aid of workers from VEB Fettchemie
Karl-Marx-Stadt, developed a process for producing the

cassiterite collector styrene phosphonic acid

0

i
CH=cH—P "
oH

economically on an industrial scale. This collector
proved to have collector properties similar to p tolyl
arsonic acid without having its toxic properties. In 1971
styrene phosphonic acid was successfully used to replace
p-tolyl arsonic acid at thé Altenberg plant. Conversion
of the South African and Australian planté to styrene

phosphonic acid soon followed.
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Researchers at the Freiberg Institute together with
workers from VEB Fettchemie Karl-Marx-Stadt also
investigated the use of carboxylic acids as collectors.
They developed alkane dicarboxylic acids which proved’to
be very effective cassiterite collectors, although they
displayed some selectivity problems. It is not.known if
these reagents have gone into industrial use.

Since the early 1970's considerable work on
cassiterite flotation reagents has been carried out by
D.N.Collins and co-workers at the Warren Spring
Laboratories, Hertfordshire, U.K. Recently, Collins has
developed a series of N-alkyl imino-N,N- di methylene -
phosphonic acids for use as cassiterite collectors
(Collins, Wright and Watson, 1984) These reagents have
proved to be effective collectors in Cornish tin flotation
vplants. |

At present work is being carried out at the University
of Tasmania by Mr Greg Lane on the development of improved
cassiterite collectors based on phosphonic and carboxylic
acids. The adsorption of some of these collectors, as‘well
as styrene phosphonic acid and sulphosuccinamate, on

cassiterite is examined in this investigation.
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4. The Cassiterite Surface and the Cassiterite - Aqueous

Cassiterite (SnOj) has a tetragonal (+) crystal
lattice (a.4.73, c.3.18, Z=2) with each tin ion being
surrounded by six oxygen anions arranged in an octahedron
and each oxygen having three tin ions surrounding it in an
equilateral triangle. It has the same crystal structure
as rutile (TiOp). Cassiterite typically cdntains
appreciable amount of ferrous or ferric iron with smaller
amounts of titanium, tantalum, niobium and scandium. It
is almost chemically inert and ié highly insbluble. In
agueous solution the surface tin ions complete their
co-ordination shells with hydroxyl groups forming a

amphoteric surface structure as shown below.

71>

As for other insoluble oxide minerals the potential
determining ions are HY and OH™. The surface charge of
the mineral is generally thought to result from the

adsorption - dissociation of H' from the surface hydroxyls

viz. : : .
+ 6"
NP NV N
Sn f— Sn = /Sn\
+ = )
positively charged neutral ' negatively. charged
site.
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However Wottgen (1969) coﬁsidered that in acid media the
hydroxyl ions dissociate to give the structures shown

below.

\§L+ '\SL2+
7 1\ on a

These structures are unlikely due to the chemical
~instability of the four or five co-ordinated tin (IV) ion. .
Six co—ordinéted tin (IV) is the favoured state for tin
(IV) in aqueous solution.

The isoelectric point and the point of zero charge of
cassiterite and stannic oxide have been determined by
numerous workers resulting in a wide range of results
(Figs.3(4). The wide variation in results has been
attributed to impurities and lattice substitution in
natural cassiterite and sample pre-treatment. For
example, the presence of iron in cassiterite has been
reported to shift the PZC to higher PH values (O'Connor
and Buchanan, 1953.) with the magnitude of the shift
depending on the iron content. |

In industrial flotation systems the presence of trace
metal ions (such as Fe3+, ca?? and Cu2+) in the flotation
pﬁlp is often detrimental to flotation. The presence of
hydrolysable ions in the flotation pulp may change the
surface éhange on the‘cassiterite. Of particular
iﬁportance is the ferric ion which is often present at

high levels in tin flotation plants and increases the PZC
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SOURCE OF Sn0, IEP ' REFERENCE
FLECTROLYTE MEASUREMENT TECHNIQUE
Stannic Oxide: NO, IEP 4.5 Electrophoresis Houchin & Warren
Aldrich 99.9999% FZC 4.) Potentiometric Titration (19B4)
Stannic Oxide:
Sn + HNO, IEP 4.5,5.4 Electrophoresis Johansen & Buch-
Above, ignited JEP 5.6,6.5 Electrophoresis anan (1957)
Stannic Oxide KNO, PZC 5.5 Huang (1971)
Stannic Oxide NaNO, PZC S.7 Kokarev et al.
(1982)
Cassiterite: - IEP 7.3,7.7 Elactrophoresis Johansen & Buch-
Australis anan (1957)
Cassiterita: :
Rhodesia KC1l IEF 3.4 Streaming Potential Blazy, Degoul &
Congo, D.R. KC1  IEP 3.9 Streaming Potential - Houot (1969)
France - KC1  IEP 4.5 Streaming Potential :
Cassiterite: IEP 5.6 Wottgen (1969)
Germany
Cassiterite:
Potasi (Bolivia) KCl1 IEP 4.0 Potentiometric Titration Gutierrer & Pom-
Catair (Bolivia) KC1 IEP 4.0 Potentiometric Titration mier (1969)
Cassiterite:
British Columbia KNO, PZC 5.4,5.5 Potentiometric Titration Ahmed & Maksimov
(Canada) (1969)
Cassiterite: KC1l PZC 4.0 Potentiometric Titration Bellot (1970)
Potasi (Bolivia)
Cassiterite: PZC 3.0 Electrophoresis de Cuyper & Salas
Altenberg (DDR) (1977)
Cassiterite: - IEP 4.5 Streaming Potential Doren, van Lierde
Bolivia & de Cuyper (1979)
Cassiterite - IEP 4.2 Electrophoresis Gochin & Solari
’ (1983)
Cassiterite: KC1 IEP 4.0 Electrophoresis Senior (1985)

Renison (Aust.)

Fig.3-

Values of the isoelectric point and point of

zero charge for various samples of stannic oxide

and cassiterite. (From Senior and Poling, 1985

and references quoted therein.)
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Fig,4 Zeta potential of SnO, as a function of pH.
(From Houchin and Warren, 1984.)

40t

—

20

20+

A
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-40[ : | o

Fig.5 Zeta potential of cassiterite in the presence of
increasing concentrations of ferric chloride.
(From Senior and Poling, 1985.)



21

of the mineral. Measurements of the PZC of cassiterite in
the presence of ferric chloride (Fig.5) have shown that
the positively charged ferric hydroxy species adsorbs
strongly on the cassiterite surface in the pH range of tin

flotation (pH 3.0 to 7.0).
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5.1 Phosphonic and Arsonic Acids

Extensive research has been carried out by
investigators at the Freiberg Institute, East Germany to
determine the mode of action of the arsonic and
phosphonic acids they developed as cassiterite
collectors. Kirchberg and Wottgen (1963) considered thaﬁ
phosphonic and arsonic acids imparted floatability to
cassiterite by forming a sparingly soluble salt with tin
(II) at the surface. Accordingly they determined the
solubility products of the arsonic, phosphonic and
stibonic acids they had prepared. However they could not
correlate. the solubilities with flotation performance
of the acids and concluded.that the solubility products
of the tin (II) salts were not important in determining
flotation properties.

Wottgen (1969) used n-heptyl phosphonic acid
labelled with 32p to study it's adsorption on
cassiterite and associated minerals using a radiotracer
technique. He examined the effects of time, pH and
collector concentration on adsorption density; In the pH
range 4 to 10 he found that collector adsorption had
reached a plateau after approximately 100 minutes.
(Fig.6) . The adsorption isotherms he measured showed

that at low pH values (1, 2) an adsorption plateau is not
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reached (Fig.7) and this occurs only when the pH is
greater (4, 6.4). From low pH values the amoﬁnt of acid
adsorbed on cassiterite (with an isoelectric point of
5.6) increases with a rise in pH up to a maximum at pH
2, then with a further increase in pH there is a sharp
drop in the amount adsorbed until pH 4 is reached
(Fig.8). Above pH 4 there is a gradual decrease in the
amount adsorbed. Wottgen's studies of the effect of
concentration on adsorption found that for a given pH the
amount adsorbéd on the cassiterite surface increased with
concentéation of collector in the range.of
concentrations he studied (5x10_5— 10_3moll—1)(Fig.9).
Wottgen considered the maximum adsorption at pH 2 as
being due to the maximum amount of surface phosphonate
compound being present at this pH. This view was based
on his measurements of the solubility of tin (IV)
phosphonate at different pH values (which showed minimum
phosphonate solubility at pH 2). The decrease in
adsorptioh below pH 2 he ascribed to a decrease in
ionisation of the phosphonic acid and an increase in the
solubility of the Sn(IV) phosphonate species formed at
the surface.

Wottgén also studied the adsorption of n-heptyl
phosphonic acid on the éangue minerals found with
cassiterite using the radiotracer technique. He found
that n-heptyl phosphonic acid had an adsorption behaviour
on topaz, muscovite, fluorite and iinnwaldité similar to

that on cassiterite with adsorption maxima generally
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occuring around pH 2(fydHematite had an adsorption maximum
around pH 1.5 whereas no adsorption could be determined
on pure quartz. However the radiotracer technique canﬁot
. be used to determine if the surface coverage is due to
chemisorbed acid or undissociated acid physisorbed on the
minerals (possibly by hydrogen bonding or hydrophobic
interaction) . -

Wottgen (13969) and Wottgen and Dietze (1969) studied
the mechanism of adsorption of phosphonic acids on
cassiterite uéing infrared spectroscopy. After the -5 Um
cassiteri£e used in the radiotracer studies had been
treated with phosphonic acid solution the sample was
filtered, dried then washed with acetone to remove any
physically adsorbed phosphonic acid. The infrared
spectrum of the adsorbate was then éxamined using the KBr
disc method. In the free heptyl phosphonic acid there
are infrared bands at 940 - 1052 cm™} due to the

v P-0 vibrations, 1040 - 1095 cm -1 due to v P=0

as, s
vibrations, 2260 - 2320 cm 1 due to & 0-H vibrations and
2750 - 2880 cm ~ldue to v O-H ( Figs.11,12,13). In the
tin (II) and tin (IV) complexes these bands are absent
and a éingle band due to the resonance stabilised
phosphonate group is present at 1025 - 1060 cm ~1
(Figs.12,13.). 1In the spectrum of heptyl phosphonic acid
adsorbed on cassiterite a single band is present similar
to that found in the tin complexes indicating the

formation of a surface phosphonate compound

(Figs.12,13.). Wottgen and Dietze (19?5).also studied
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Fig, 11 Infrared spectral bands and their assignments
for n-heptyl phosphonic acid and n-heptyl

arsonic acid. (From Dietze, 1975.) .

28



29

z
=
2
3
5 —~——— .
3100 2900 2700 2500 50575?0 1300 1100 900 700
. - em ' — |

Fig.12 Infrared spectra of:
1 - n-heptyl phosphonic acid
- tin (II) heptyl phosphonate
- tin (IV) heptyl phosphonate
- heptyl phosphonic acid adsorbed on cassiterite
- cassiterite

From Wottgen and Dietze, 1969.)

~ N b wWw N



30

substance Y0-H 513'03

butyl phosphonic acid 1185 Sh
~2800 m . 1150
~2312 m 1110s
10680 »
1005 ws
Sn(II) butyl phosphonate ~1040vs
Sn(IV) butyl phosphonate ~1055 v§
cassiterite + butyl phosphonic acid ~1080 v

heptyl phosphonic acid . 1180 5
~2800 m 1160 Sh

. ~2300 m 1110 s
1075 m
. ' 1007vs

Sn{II) heptyl phosphonate ~1035vs
Sn(IV) heptyl phosphonate ~1070vs
cassiterite + heptyl phosphonic acid ~1100 m

1150vs
~2800 m 1085vs
~2300 m 1020vs
1005vs

Sn(II) benzyl phosphonate 11456

benzyl phosphonic acid

1125 m
1105 m
1055vs
1035vs
1005
' 880s
Sn(IV) benzyl phosphonate : 1150s
. 1060 vs
1040 vs
1025vs
1000s-
cassiterite + benzyl phosphonic acid 1118w
- 1060w
1020 v

p-ethylbenzyl phosphonic acid 1145+
. ~2900 m 1100 Sh

~2300 m 1060 v
e 1025vs
1145vs
1105 S5h
1065vs
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990 s
1150vs
1105 Sh
10685vs’
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1075w

Sn(II) ethylbenzyl phosphonate
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phenylethylene phosphonic acid 2850 m . :mg;‘
~2260 m 1130vs
- 1015
. . 10053
Sn{II) phenylethylene phosphonate :m:
~1050vs -
1205 m
1180 Sh
~1050ve
1000 Sh

cassiterite + phenylethylene phosphonic acid ~1060 w

Sn(IV) phenylethylene phosphonate

vs-very strong, s-strong, m-medium, w-weak, vw-very weak, Sh-shoulder

»Fig.13 Infrared spectral band assignments for phosphonic
acids, their tin (II) and tin (IV) complexes and
adsorbates on cassiterite.

( From Wottgen and Dietze, 1975 )
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the adsorption of.butyl, benzyl, p-ethyl benzyl and
phenyl ethylene phoéphonic acids on cassiterite using the
KBr disc method to record infrared spectra and reached
similar conclusions (Fig.1l3.)

Goold (1973) criticised Wottgens conclusions that the
infrared studies indicated the formation of an adsorbed
tin phosphonate compound. Goold pointed out that the
spectra of tin (IV) and iron (III) complexes were |
identical and since cassiterite is known to contain small
amounts of ifon, the surface compound may be an iron
. (ITI) phosphonate complex. Goold, howevgr, did not put
forward any supporting evidence for his theory.

vbietze ( 1971, 1974a, 1974b ) undertook detailed
studies of the infrared spectra of arsonic and phosphonic
acids in order to gain a better understanding of the
chemical information which could be deduced from the
spectra. Dietze (1975) gave further infrared spectral
evidence for‘the mechanism of adsorption of phosphonic
and arsonic acids on cassi .terite and associated
minerals. Dietze prepared the arsonic and phosphonic
acid complexes with Sn (II), Sn (IV), Ti (IV), Zr (IV),
Fe (I1II), Fe (II), Al (III), Mn (II) and Ca (II) . He
found that the complexes had different structures
depending on the metal ion. For Sn. (IV), Sn (II), Ti
(IV), 2r (IV), and Fe (III) he found that simple neutral
complexes were formed (Fig.1l4.), whilst for Al (III), Mn
(Ii) and Ca (II) the complexes contained hydrogen bonded

free acid groups. Iron (II) was found to form an acid



complex with one free phosphonic acid group. The
infrared spectral band assignments for the phosphonic and
arsonic acids are shown in Fig.14. Full infrared
spectral band assignments are shown for heptyl phosphonic
and heptyl arsonic acid in Figill.

Dietze used the KBr pressed disc method to record the
infrared spectra of heptyl phosphonic acids adsorbed on
synthetic SnO,, Fe,O3, SiO,, SnO, doped with Fe,03 and
Sn0O, doped with Al,03 as models for cassiterite , |
hematite, corundum and quartz. He also studiéd the
adsorption of the acids on cassiterite, apatite, topaz,
tourmaline, hematite, muscovite and zinnwaldite. Dietze
claims that the infrared spectra of heptyl phosphonic
acid édsorbed on cassiterite, SnO,, Fey03, SnO, doped
with Fe,03 and SnO, doped with Al,03 show bands
characteristic of the Sn (IV), Fe(II) and Al(III)
phosphonate complexes. However from-the published
spectra it is not possible to distinguish differences
between the bands that Dietze purports to be due to the
Sn(IV); Fe(II) and Al (III) complexes.

Dietze only recorded the spectra of the adsorbed
heptyl phosphonic acid on the gangue minerals from 3500
to 2000cm™ ( in the region where the vV O-H band is
present but where there is no information on the v P=0
and vV P-0 vibrations ). In each casé there is a band
present due to v O-H vibrations but the band intensities
vary markedly from mineral to mineral. Dietze views the

presence of the 1V O-H band as evidence that heptyl
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‘structure band band position (cm )
X =P, As assignment -
R = alkyl, aryl P As
1 X=0 1040 - 1195 845 - 944
R\X/O—H )X-Oas,s 940 - 1052 _?70 _.810
09 ‘\O—H &X-Car 1150 1100 - 1134
QX-Cal 767 - 805 -
Y0-H 2750 - 2880 2750 - 2820
2-
/0
R—Xz0| M, 1X0, 1025 - 1060 815 - 855
0 as,s
. m
M=Sn(II), Sn(IV)
Ti(IV), Zr(IV)
Fe(III)
2~ AXO0 1060 - 1080 855
R 0 2
N ¢ as,s
X IM, \X- 920 - 995 745
wo' ol . as,s
. m Y0~H 3150 - 3250 3200
M=Fe(II)
2
R\x/ol N |
0/ %O n 3X0 985 - 1090 805 - 875
! o m as,s
a5 1X=0 1120 - 1185 905
] \ as,s
0\ /0 3X-0 920 - 995 750
X as,s
R/ \0 Y0-H 2800 - 3200 3200
M=Ca(II), Mn(II)
AL(III)

Fig.14 Infrared spectral band assignments for phosphonic
and arsonic acids and their complexes.

(From Dietze, 1975.)
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phosphonic acid chemisorbs on these minerals and puts
forward the following chemisorption mechanisms from his

study of phosphonate complexes and oxide model

compounds.
sal o+ xZ —  sn [03x-R | + 2H O
y \OH\ Ho” R ~ 0~ 2
Adsorption on cassiterite
HO_ 0 - N [o. _oH
Tke-on +ox?Z T [3"1 + Hy0
- ' HO” TR 07 R
Adsbrption on hematite
QoH H 0 .
o 1 + o\xf — —Al s;x:]+2H20
“OH Ho™ R 0% X0
H H
! |
0 0
s
X
07 R

Adsorption on aluminosilicate minerals

However these conclusions do not appear to be’
justified by the interpretation of the pdor published
spectra. The results published for the adsorption of
phosphonic acids on cassiterite support the first
mechanism but there is not sufficient detail in the

spectra to support the other two mechanisms.
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The chemisorption mechanism for adsorption of heptyl
phosphonic acid and phenylethylene phosphonic acid (SPA)
on pure tin oxide ( a model compound for natural
cassiterite ) was verified using the radiotracer
technique to quantitatively measure adsorption. Dietze
showed that the measured adsorption isotherms could be
fitted to the-Langmuir and Freundlich models for
chemisorption.

Dietze (1975) also investigated the adsorption of
heptyl arsonic acid on cassiterite using infrared |
spectroscopy. He found that the bands at 942 and 874cm~ 1

due to VAs=0 vibrations, 778cm~! due to v As-0, ~ 2820

as,s
cm™ 1 due to VO-H and 2345cm™! due to 80-H in the free
.acid are not present in the Sn(IV) complex. Instead
there is a single band at 840cm™ ' due to the resonance
stabilised arsonate ion. This band is also present in
the adsorbate when cassiterite is treated with heptyl
arsonic acid and the free acid bands are absent. From
this Dietze concluded that the arsonic acid adsorbed by a
chemisorption mechanism similar to that of the phosphonic
acids.

Polkin et al.(1973) Used the KBr disc method to record
the infrared spectra of p-tolyl arsonic acid adsorbed on
hydrated tin oxide. They concluded from the increasing
intensity of the arsonate band at 843cm™! that the

quantity of chemisorbed arsonic acid increased with

decreasing pH in the range 8-4 (Fig.15).



Fig.1l5

Fig.16

36

pHb6

Absorption

pH7?7

e

pHS8

843 cm

Infrared spectra of p-tolyl arsonic acid adsorbed
on hydrated tin dioxide at various pH values. .

(From Polkin et al, 1973.)

-60. _
-
% [ PTA present PTA absent
-
-u0f
_ o
-20}
—_— i t‘ L J
o= 3 6 s 6
5 _ . py —
'20" '

Zeta potential of cassiterite in the presence of

1x10 moll™ p tolyl arsonic acid.
(From Raatz and Schubert,1971,)



37

Pietzch, Fritzsch, and Braun (1981) investigated the
chemisorption mechanism for arsonic and phosphonic acids
on casssiterite and attempted to determine if a
correlation exists between the strength of the bond in
the surface complex and the structure of the acid. These
authors used Mossbauer spectroscopy to determine the
binding states of tin (IV) arsonates and tin (IV)
phosphonates. Their studies foundvthat the values of the
ionicity of the Sn-O bonds as well as the effective
charge at the tin atom, for the tin arsonates and
phosphonates, confirmed the acid-base reaction mechanism
proposed for the formation of these complexes at the
cassiterite surface.

Contrary to Dietze's contention that the heavy metal
complexes of arsonic and phosphonic acids are compounds
with mainly co:valent bonds, strongly ionic bonds were
found for all compounds investigated. However, from
their investigations Pietzsch et al could not find any
corrélatipn between the ionicity of the Sn-0O bond and the
structure of the acid ligand. Hence there is little if
any corfelation between the Sn-0 bond ionicity of the

Sn(IV) complex and the flotation properties of the acid.
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5.2 Sulphosuccinamates

The mechanism of acéion of sulpohosuccinamate
cgllectors was investigated by Salas, Ardaya and Navarro
( quoted in Senior and Poling, 1985 ). Salas et al
recorded the infrared spectra of insoluble complexes of
sulphosuccinamic acid. They found that the symmetric and
assymetric stretching vibrations of the carboxylic acid
groups in the Sn(II), Sn(IV), Fe(III) and Al (III)
complexes shoﬁed changes in positibn and intensity,
however no similar changes could be founq in the
sulphonate vibrations. From these observations Salas et
al concluded that sulphosuccinamates adsorb by a
chemisorption process involving the carboxylic acid
groups. -

| Berger, Hoberg and Schneider (1980) investigated the
adsorption of the sulphosuccinamate collector Aerosol 22
on cassiterite, tourmaline, hgmatite and quartz using
infrared spectrbscopy and thermogravimetric analysis.
These authors used>the KBr disc method to record the
infraied spectra of Aerosol 22 adsorbed on cassiterite
and hematite and compared these to the spectra of the tin
and iron complgxes of Aerésol 22.

The infrared spectra of Aerosol 22 in solution at pH
1,4 and 7‘aie shown in Fig.l1l7. The bands at 2930 em™1
and 286O_cm"1 are due to the C-H vibrations and were used
by Berger et al to quantitatively determine the

'adsorption of the collector from the band area. The
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bands at 1730 cm™} and 1630 cm™! they attributed to the ¥
C=0 and vV C-0 vibrations of the carboxylate grou§ while
those at 1250 and 1040 cm™! they assigned to the
sulphonate group. The infrared spectra of Aerosol 22,
its Fe(III) and Sn(IV) complexes and Aerosol 22 adsorbed
on hematite and cassiterite are shown in Fig 18. From
these spectra Berger et al concluded that the
sulphosuccinamate chemisorbed at the surface of both
hematite and cassiterite with both the carboxylic acid
and sulphonic acid groups taking part in complexation.

The adsorption density of sulphosuccinamate on the
surface of cassiterite, hematite, tourmaline and quartz
as a function of pH was determined from the peak area of
the 8 C-H vibration at 2930 cm ~!. The results of this
investigation show that at pH 4 the collector adsorption
on cassiterite and hematite is considerably greater than
on quartz and tourmaline (Fig.1l9). At lower pH values
the collector coverage on cassiterite and hematite
decreaseé while that on tourmaline and quartz increases.
At pH values greater than 4 the surface coverage of
collector on all minerals decreases.

Gochin and Solari (1983) determined the
electrophoretic mobility of cassiterite in various
concentrations of the sulphosuccinamate collector AP 845
as a function of pH. For pH values at and below the
isoelectric point, the electophoretic mobility of
cassiterite was found to decrease with increasing

collector concentration and eventually reverse (Fig. 20).
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At higher collector concentrations the zeta potential
becomes strongly negative. Gochin and Solari concluded
from their study of electrophoretic mobilities that
adsorption occumed mainly through an electrostatic
attraction although a chemisorption component was thought
to be involved given the chénge in electrophoretic

mobility seen at the isoelectric point.
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5.3 Carboxylic Acids

Following the early use of oleic acid as a cassiterite
flotation collector, workérs from the Freiberg Institute
continued to pursue the use of carboxylic acids as
cassiterite collectors. They concentrated on the use of
alkane polycarbokylic acids. These reagents have been
used to fioat cassiterite on a laboratory scale but have
not been developéd for use on an industrial scale because
of their poorér selectivity compared to commercially
aﬁailable reagents. Recently the use of_alkane

dicarboxylic acids with the general structure,

R—CH— (CHy) ,—COOH

COOH n =0,1,2

in conjunction with organic depressants has been proposed
for the flotation of tin ores on an industrial scale. (
Singh, Baldauf and Schubert 1980, Baldéuf, Schubert and
Singh 1980, Baldauf, Schoenherr and Schubert i985 )} . The

collector 1,1 undecane dicarboxylic acid,

C10H21-?H—-COOH
COOH

compares favourably with SPA as a cassiterite collector,
however it also effectively recovers the gangue mineral

topaz.



The adsorption of alkane polycarboxylic acids on
cassiterite was studied by workers from the freiberg
Institute and the VEB Karl - Marx - Stadt ( Bochnia and
Serrano, 1976 ).- They studied a series of carboxylic

acids of the following types.

—CHy—CHy—CH,—COOH

alkane carboxylic acids

~—CHy—CH;—CH~—COOH
. I
% COOM

1,1 alkane dicarboxylic acids

——CHZ——fH——Cﬂz—-COOH
COOH

1,x alkane dicarboxylic acids

?OOH
COOH

1,x,x alkane tricarboxylic acids

COOH COOH

| I
——CHZ——CH——CH2——?H

'COOH COOH

1,1,x%,x alkane tetracarboxylic acids

44



45

Bochnia and Serrano synthesised 18 of these acids and
three acids in which one of the carboxylic acid groups
was réplaced by bromine. They determined the
solubilities, dissociation constants and critical micellé
concentrations. The effects of dimerisation,
concentration, pH, temperature and metal ions ( Fe, Ca,
Mg ) on the laboratory scale flotation of cassiterite and
corundum (Al,03) wére determined. The results indicated
that 1,1 dicarboxylic acids were considerably better
flotation coliectors than monocarboxylic acids and the
aadition of more carboxylic acid groups ;o the alkyl
chain did not necessaiily improve the recovery. Hence
research efforts were mainly concentrated on dicarboxylic
acids as cassiterite collectors.

In order to determine the adsorption densities of the
acids on cassiterite and corundum a radiotracer method
using cl4 1abelled carboxylic acids were employed.
Adsorption isotherms for the alkane monocarboxylic acids
and 1,1 alkane dicarboxylic acids were determined at pH 6
and 20°C (Fig.21). From the isotherms the area of
attachment of the acids on the cassiterite surface was
determined to be 18;5 A for the alkane monocarboxylic
acids and 32.5 A for the alkane 1,1 dicarbdx?lic acids.
They proposed an adsorétion mechanism where the |
cérboxylic acids first chemisorbed on thevcassiterite

surface then physisorbed to form a bilayer (Fig.22).
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To confirm their chemisorption theory for the
carboxylic acids on cassiterite, Bochnia and Serrano
carried out a study of the infrared spectra of the acids
adsorbed on cassiterite using the KBr disc method. The
free acids all show bands in their infrared spectra at
~1420cm™1 and 1300 - 1200cm™! due to the coupling of the
Vas,sC~0 vibrations andpOH vibrations of the dimer
(Figs.23,24 to 26). There are also bands at ~ 3000 -2500
cm™1 and ~920cm™! due to the VO-H and @ O-H vibrations
respectively. However in the Sn(II) complexes with these
acids the bands due to VO-H and ®O-H are absent aﬁd only
two bands are present at ~ 1610 - 1450cm™! and ~1400cm™1
due to ﬁhe V,5C-0 and v4C-O vibrations of the carboxylate
group. When the acids were adsorbed on cassiterite it
was found that the bands due to the O-H vibrations were
absent and a strong band was present at ~ 1630cm™! due to
the v,,C-0 vibrations of the carboxylate group (Fig.

23). IThis confirmed that when the alkane carboxylic
acids adsorbed on cassiterite a surface tin complex is

formed.



vC =0 -0 vC-0/pOH w OH pCH

c. 10
0
Cpy — A 1710 1400 1200 960 740
B 1570 _ 1425 735
C 1620 1410 740
D 1625 1410
cpy —< A 1730 1420 1270 945 720
B . 1590 1450 1330 720
L,1 dicarboxylic | 1640 1400 1320 720
(malonic) D 1625 1400 715
Cyp T A 1710 1435 1290 1235 940 730
B 1580 1415 1320 ° 730
1,2 dicarboxylic 1610 1400 1330 730
(succinic) D 1615 1400
C,y —  a 1710 1435 1290 1230 950 730
B 1585 1425 1310 730
1,3 dicarboxylic C 1610 - 1400 1320 | 730
(glutaric) D 1615 1400
Ciqy + A 1710 1420 1210 925 725
B 1580 1440 1370 725
1,2,2
- . c 1605 1410 1380 725
tricarboxylic D 1615 1415
Cyg +7 A 1710 1410 1270 920 735
: B 1570 1420 1355 735
1,3,3 c 1610 1400 1370 735
tricarboxylic  p 1620 1400

Fig.23 Infrared spectral band assignments for alkane
carboxylic acids (A), their sodium salts (B),
their tin complexes (C), and adsorbates on
cassiterite(D). In all spectra bands are present
at 1470 cm  (§CH,and §CH, ), 2860 cm (3,CH,)
and 2930 cm (3, CH,).

(From Bochnia and Serrano, 1976).
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6. Spectroscopic Investigations of Collector Adsorption

{0 Oxide FI .

6.1 Introduction

Spectroscopic methods have been used in the study of
adsorption of flotation reagents on minerals since 1952.
The application of spectroscopic techniques to the study
of adsorption in flotation systems has been recently
reviewed by Giesekke (1983), Barbery and Cecile (1979) and
Stechemesser, Dietze and Wottgen (1976) . As well as
reviewing some of the more recent research in the
application of spectroscopic techniques, these authors
have looked at new techniques which, although‘potentially
very useful, have not yet been applied to flotation
systems.

Of the techniques previously used to study adsorption
in flotation systems, infrared spectroscopy has been most
frequently used. Infrared spectroscopic studies of
adsorption behaviour at the solid-liquid interface have
been reviewed by Little (1966) and Rochester (1980) . Both
- absorption and reflection techniques have been used,
however in most sﬁudies the solid and liquid phases have
.beeh sepafated before spectroscopic examination of the
adsorbed species. This is due to the high absorption of
radiation by the solvent. This problem has been partially
overcome by the use of infrared adsorption cells with very

short path lengths. However for aqueous solutions the
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problem of solvent opacity is difficult td resolve hence
infrared spectra of surface groups or adsorbed species on
solids in situ in liquid water have only rarely been
recorded.

Of the ex situ techniques available for studying
adsorbates the siﬁplest and most commonly used is the KBr
disc method (Kirkland, 1955.). 1In the KBr disc method the
solid and liquid phases are separated and the solid with
attachéd adsorbate is dried and miked with KBr and pressed
into a disc which is mounted in the sample beam of the .
spectrometer.

In all forms of ex.situ infrared studies of adsorption
the removal of liquid from the solid surface may lead to
changes in bonding of the adSorbate’molecules to the
surface or in the orientation 6f adsorbed species. For
this reason in situ techniques are preferable in
adsorption studies.

This section reviews the spectroscopic investigations
which have been conducted on collector adébrption on oxide
minerals. Studies of collector adsorption on minerals

other than oxides are reviewed in Appendix 1.
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6.2 Adsorption of Flggggion Collectors on Oxide Minerals

Peck et al. (1966) studied the flotation of hematite
(Fe203) with oleic acid and sodium oleate using infrared
spectroscopy. The KBr disc method was used to examine the
infrared spectra of oleic acid and sodium oleate adsorbed
on synthetic hematite, compact red hematite and specular
hematite. The infrared spectra of oleic acid and sodium
oleate are shown in Fig.27. The spectra of the adsorbates
show a carbonyl band with maximum adsorbance between 1520
and 1530cm™1 indicating chemisorbed oleatg. A

characteristic carbonyl band at 1705cm~1

indicates the
presence of physisorbed oleic acid on the mineral éurface.
The change in adsorption density of the adsorbed oleate
with pH measured from the infrared spectra correlates well
with the observed change in flotation properties with pH.
Paterson and Salman (1970) investigated the adsorptibn
of oleate on cupric and ferric hydroxides using the KBr
disc method. The infrared spectra indicate that. when
sodium oleate adsorbs onto precipitated cupric and ferric
hydrdxidé both a chemisorbed monoiayer and physically
adsorbed, reversely oriented multilayers are present. By
comparison of the spectra of the adsorbed species with the
spectra of bulk cupric oleate and ferric oleate
precipitated from solution they concluded that the surfaée
compound was neither of these, but wasvprobably a
mono-oleate species for copper and a dioleate species for

iron. They proposed several mechanisms for the formation



AY 7

C = C (cis) bending (80%)

CH, rocking’(720)

< +C = C-. stretehing (850 10 1150)

a CH, wegging (e

CH, wagging 1200 to 1350
CH, Msﬂng 1100 to 1350

CH, bending (1378)

a CH, bending (1405)

——-6-: CH, - CH = bending (1422)

\ C O symmetrical stretching (1443)
CH, — bending (1480)

0"
’

——— —C = O ssymmetrical
stretching (1559)

8 feena., ’ OoH
= - e o.o.o.....-...-'a.-.:..‘. C=0 ..Ymm-la[ .vdd‘lng
o
2 1
q.h"
o -
o
(=]
™~
g.
o ——=S CH, symmetrical stretching (2857)
asymmetrical CH, stretching (2921)
f=]
g. T - eeymmatrical siretching (2959)
Lael
H = C = C stretching (3010)

(=]
[=]
S ¥ L ¥ T Y 1

o L=] L= (=] o o

v - L] (] -

Infrared spectral band assignments for oleic

Fig.27

acid and sodium oleate. (From Geisekke, 1983.)

55



56

of the surface compounds which took into account the
effect of pH.
Raghaven and Fuerstenau (1975) investigated the

adsorption of chelating hydroxamate

H R alkyl

collectors on synthetic hematite. The infrared spectra of
‘synthetic hematite exposed to potassium octyl hydroxamate
was recorded using the KBr disc method and compared with

that of the 1:3 iron hydroxamate chelate

The infrared spectrum of octyl hydroxamate has a broad
band at 1650cm™1 corresponding to the amide I band

(v C=0). (Fig.28) Other prominent bands occur at 3000em™1
(v c-H), 3250cm~! (v N-H), 1570cm™l (amide :IT band),

1000cm™1 (@ Cc-H) and 980cm™1 (VU N-0) . The spectrum of the
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Fig.28 Infrared spectra of:

Fig.29
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potassium octYl hydroxamate

ferric octyl hydroxamate

hematite conditioned in water

hematite treated with octyl hydroxamate

(From Raghaven and Fuerstenau, 1975.)

O {RON O OXYGEN

ﬁD'SE‘CF's";

Proposed model of attachment of hydroxamate on
the basal plane of hematite. The shaded dumb-bell
shaped areas represent the polar head of the

hydroxamate molecule.
(From Raghaven and Fuerstenau, 1975.)
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" hydroxamate complex shows two characteristic bands, one at
1600cm™1 (v C=0), the other at 1650cm™l. The increase in
the stretching frequency of the C=0 bond is due to the
covalent bond formed by the carbonyl oxygen with the iron
atom. The spectrum of ferric oxide conditioned with octyl
hydroxamate shows two distinct peaks at 1600cm™! and
1650cm™1. The peak at 1600cm™! indicates the preéence of
the ferric hydroxamate chelate at the surface, whereas the
peak at 1650cm™ ! is most likely due to physically adsorbed
hydroxamate; From their infrared spectral study, Raghaven

and Fuerstenau proposed the following adsorption

meChaniSm‘
1o
g, O=CR 0=C—R
Fe—‘bHE_?_hq — FIe/
| to._) HO—N—H ot
2.
0=C—R  H-N—OH
@) Fe | I
O—N-”Hu...u-0=c_ﬁ
tb) . e,0=C—R........_.R_(|:___0
Hydroxamate chemisorbs onto hematite (1). Further

- hydroxamate molecules physisorb onto the first monolayer

by hydrogen bonding (2a) or by association of the
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hydroxamate (2b). The geometry of the adsorbed
hydroxamate is shown in Fig.29.

Palmer et al. (1975) attempted to investigate the
adsorption of oleic acid on chromite (FeO.Cr,03) using the
KBr disc method but found the chromite too opaque to
obtain spectra.

Guttierrez (1976) studied the adsorption of oleate on
ilmenite (FeTiO3). He investigated the mechanism by which
previous aeration in water ér heating in air improved the
flotation of iimenite with oleic acid. Using the KBr disc
method he found that in the spectrum of sqdium oleate
adsorbed on ilmenite there was a peak at 1560cm™ 1 due to
physisorbed sodium oleate and another at 1538cm™ 1. By
comparison with the work of Peck et al (1966) he concluded
that the peak at 1538cm™1 was due to surface iron oleate (
for which the assymetric carbonyl vibrations occur between
1520 and 1540cm™! when oleate chemisorbs on hematite ).
This differs from bulk ferric oleate for which the
adsorption peak occufs at 1590cm™l. He concluded that the
improvement in flotation after aeration or heating was due
to the surface oxidation of the ilmenite. Oxidation of
the surface iron atoms from the ferrous state to the
ferric state results in an increase in the adsorption of
oleic acid on the mineral due to the lower éolubility of

the Fe(III) surface compound compared with Fe(II) compound

and a consequent increase in floatability.
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Marabini (1978) studied the adsorption of the

complexing collector salicaldehyde

H
{

C§§0
OH

on cassiterite. Salicaldehyde was found to be able to
float cassiterite in the pH range 1.5 - 7.5, but the high
reagent consumption made the ﬁse of salicaldehyde as a
cassiterite collector an uneconomic proposition. Marabini

prepared the Sn(IV) complex with salicaldehyde

C\ /}'
o. 0,0
N

n—
0/6\0
Vs N

and claimed that the collector attaches to the cassiterite
surface by a chelating mechanism. However he did not
actually record the spectgum of the surface complex. He
determined the amount‘of saliéaldehyde removed from
solution by measuring the 2840cm™! band of the
salicaldehyde extracted into carbon tetrachloride. He

concluded from this indirect method that multilayer
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adsorption was required to render the cassiterite surface
sufficiently hydrophobic for recovery by flotation.
Doren and Rouxhet (1982) studied the adsorption of a

non-ionic. surfactant, octyl phenyl polyoxyethylene: glycol

i G
= C=Cugt —@—« 0~CH,—CH,)g ~—OH
C C

H

ether

(OPEG) on_siliéa using infrared spectroscopy. This
reagent hés been successfully used in the‘flotation of
quartz and cassiterite at low pH values. (Doren et al,
1975, Doien et al, 1981) Similar reagents are used as
flotation frothers (eg: Dowfroth 200 = tripropylene glycol
monomethyl ether, Dowfroth 250 = tetrapropylepe glycol
monomethyl ether, Aerofroth 65). It was thought that in
the case of these surfactants in the formation of hydrogen
bonds between the collector and the mineral surface could
play an impo;tant role in flotation.

Affer adsorption of OPEG the porous silica was pressed
into a wafer for infrared examination. The spectré of
OPEG, pure silica and silica after OPEG adsorption are

shown in Fig.30. The spectrum of pure silica has a sharp
band.at 3745cm™! due to free OH groups and broader
components at lower wavenumbers due to bridged hydroxyls.
As a result of adsorption of OPEG the intensity of the
free OH band decreases and a broad band dewvelops aroﬁnd

3430cm™ 1. As the amount of adsorbed OPEG increases the
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Fig.30. Infrared spectra of pure OPEG, silica and silica
having adsorbed increasing amounts of OPEG
corresponding to the numbered dots of Fig.31 .

(From Doran and Rouxhet, 1982.)
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Fig.3] Adsorption isotherms for OPEG adsorption on
quartz (+«) and porous silica (o,r: two iﬁdependent

sets of measurements). (From Doren and Rouxhet,1982)
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broad band shifts to lower wavenumbers. The small band at
3648cm™1 is attributed to the hydroxyls of silica, it is
already preseht in the untreated silica but appears more
clearly after the removal of the sharp band due to the
free hydroxyl. They concluded that the adsorption of OPEG
involves OPEG involves hydrogen bonds between the surface
hydroxyl groups and the ether groups of the .
polyoxyethylene chain. The frequency.shift resulting from
hydrogen bond formation (3745cm™1 to 3430-3320cm™ 1)
corresponds to-that expécted for an ether group.

Natarajan and Fuersteneau (1983) studied tﬁé
adsorption of hydroxamate on synthetic YnmngéneSe dioxide
(nsutite) using the KBr disc method. They conclﬁded that
the surface species was manganous hydroxamate probably

formed by the mechanism,

. 0=C-R | 0=C-R
‘Mn-OH + -————blhhal/// I + H,0
l HO-N-H I S~O0-N-H

Marabini and Rinelli (1983) studied the adsorption of
the complexing collector N-benzoyl-N-phenylhydroxylamine

(N-BPHA)
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Fig.32 Infrared spectra of:
A - N-BPHA
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C - rutile
D - N-BPHA adsorbed on rutile

(From Marabini and Rinelli, 1983.)
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on rutile using the KBR disc method. The spectfa of
rutile N-BPHA, the N-BPHA-titanium chelate and N-BPHA
adsorbed on rutile are shown in Fig.32. They concluded
from the spectra that adsorption occured by a
chemisorption mechanism similar to that proposed for

hydroxamic acid adsorption.

65
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6.3 Discussion

A review of spectroscopic investigations of adsorption
in oxide flotation systems shows the wide range of
information which can be obtained by the use of such
methods. However most of the techniques used suffer from
the problem that they can only be used to study the system
ex situ. The only method which has been used to obtain in
situ measurements-in flotation systems is the attenuated
total reflectaﬁce technique. For this reason this
technique was chosen to study the a&sorption of flotation
collectors on cassiterite.

The ATR technique has recently been used in
conjunction with Fourier transform infrared spectroscopy
to record the adsorption of blood proteins onto polymers
used to make artifi;ial organs. (Gendreau and Jakobson
1978, Gendreau et al 1981, Gendreau 1982, Winters et al
1982) The combination of these two techniques was found
fo be capable of producing real time in situ spectra of
adsorption from an aqueous solution. Hence these highly

sensitive techniques was used 'in the present study.
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7. uri T f r A n

Refl ion
7.1 Introduction

From a review of the spectroscopic methods which have
been used in the investigation of flotation systems it can
be seen that most previous studies have relied upon ex
situ studies of adsorption behaviour. These methods all
suffer from thé disadvantage that removal of water from
the solid surface may lead to changes in the bonding of
the adsorbate molecules to the surface or in the
orientation of the adsorbed species. Also there is often
a long time lag between adsorption of the collector and
the recording of the spectra of the adsorbate during which
changes may occur on the surface.

The FTIR-ATR technique used in the present study was
chosen because it could carry out real time, in situ
studies of adsorption. The principles of operation of
both the ATR technique ahd.the FTIR technique are outlined
here. These techniques will not be reviewed extensively
but will only be discussed to the extent of their
relevance to the present investigatiﬁn viz. their
operational principles, their advantages over other
techniques used to record the spectra of absorbates on
surfaces and their use in obtaining real time spectral

measurements in situ.
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7.2 FEourier Transform Infrared Spectroscopy

‘Fourier transform infrared (FTIR) spectroscopy was
first commercially developed in the early 1960's. The
operating principles of FTIR spectrometers and their use
in adsorption studies are'discussed extensively elsewﬁere
[eg Ferraro and Basile (1978) and Bell and Hair (1980)].

A Fourier transform infrared spectrometer differs
from a chventional grating infrared spectrometer in that
it uses an interferometer in the optical system and is
interfaced to a dedicated computer. The optical system of
the Digilab FTS 20 FTIR spectrometer used-in this study is
shown in Fig.33. The light from an infrared source is
sént to the beam splitter of a Michelson interferometer.
The beam is split with half being transmitted to a moving
mirror and half being reflected to the .fixed mirror. Each
component is feflected by the two mirrors and returns to
the beam splitter undergoing interference. . The
reconstructed beam is then directed through the sample and
- focused onto the detector. For most mid—infrared work a
triglycine sulphate (TGS) pyroelectric bolometer is used
as the detector. For monochromatic incident radiation the
detector wiil see a cosine signal, the amplitude of which
will vary as a function of the path difference
(retardation) of the two beams in the interferometer.

In the case of polychromatic radiation entering the
interferometer the signal received at the detector is a

summation of all the interferences as each wavelength
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component interacts constructively or destructively with
every other component. The resulting signal is a complex
pattern of light amplitude (energy) as a function of the
retardation of the the two beams in the interferometer and
is known as an interferogram. The interferogram is
digitised by an analogue to digital converter and stored
in the computer memory. The infrared spectrum [intensity
as a function ef frequency, I(V)] can then be generated
from the interferogram [intensity as a function of

retardation I(x)] by a cosine Fourier transform.

*» 00

I(v) = (I (x)cos (2nv x) dx
~
Since all frequencies of light are measured simultaneously
this spectrum gives an indication of the state of the
chemical system being examined in real time.

Figure 34 shows the components of a double beam
grating spectrometer (Perkin-Elmer 577) for comparison
with the FTIR instrument. Light from the infrared source
is divided into two beams. One passes through the sample
while the other serves as a reference. A rotating sector
mirror combines the two beams to form a single beam
‘consisting of alternate pulses ef radiatien from the
sample and reference beams. The combined beam enters the
monochromator through a slit and is dispersed into
different frequencies by a grating. Radiation of
different frequencies corresponding to different orders of

diffraction, emerge from the exit slit. An optical filter
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is used to reject radiation from all but the desired order
of diffraction. After filtering, radiation from the |
monochromator is focussed onto a thermocouple detector.
The alternating signal at the detector is converted to the
observed spectrum by électronic.and mechanical means.
Fourier transform infrared spectroscopy offers
considerable potential advantages over conventional

dispersion infrared spectroscopy, viz

1) higher sigﬁal to noise ratios for spectra obtained
under conditions of equal measurement time (and
consequently the ability to obtain spectra of highly
absorbing samples and samples at very low
concentrations) .

2) higher accuracy in frequenﬁy for spectra taken over a

wide range of frequencies.

The higher signal to noise ratio is a consequence of
the measurement of the detector signél at all frequencies
of the spectrum simultaneously ( multiplex or Felgett's
advantage) and the higher optical through put of the FTIR
spectrometer (which has no slits) as compared to a
dispersion instrument (throughput or Jacquinot's
advantage) .

The improvement in frequency accuracy of the FTIR
spectrometer is a consequence of the use of a laser which
references the measurements of the interferometer (laser

reference or Conne's advantage).



73

Many applications of FTIR spectroscopy take advantage
of the capacity of the inst;ument to produce spectra in
energy limited situations. 'This makes the technique
particularly useful in studies of adsorption at interfaces
since generally very little adsorbant is present at the
interface. The sample pér se being small places very
large demands on the instrumentation required to record
spectra.

The throughput advantage of the FTIR spectrometer
makes this instrument highly superior to a dispersion
instrument in the observation of adsorptién on surfaces in
which the radiation coming from the sample is very low.
This is since the radiation reaching the detector in.the
FTIR spectrometer is limited only by the absorbance of the
sample whereas in the dispersion instrument much of the
radiation is cut out by the slits.

rThe multiplex advantage of the FTIR spectrometer makes
the instrument uéeful in the study of adsorption kinetics
sinée.the data acquisition time is limited. The FTIR
spectrometer can produce a spectrum in a shorter time than
a conventional grating instrument since all frequencies
are scanned simultaneously in the FTIR spectrometer
whereas in the conventional dispersion instrument ﬁhey are
scanned sequentially. |

The laser referénce advantage of the FTIR spectrometer
makes it superior to the conventional dispersion

spectrometer since frequency accuracy is greatly improved.
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Another advantage of the FTIR spéctrometer over
conventional dispersion spectrometers is that manipulation
of the digitised spectra is much easier than manipulation
of analogue spectra. Manipulation of spectra can be
carried out in the computer of the FTIR spectrometer so
that baseline correction, scaling, change of output
parameters, spectral addition, subtraction, intergration
and deconvolution are much easier to perform than in:
conventional dispersion spectroscopy. A great advantage
of the FTIR spectrometer over conventional diséersion
instruments is that referencing of spectra. can be carried
out by the comparing of single beam spectra in the
computer memory rather than by using the instrument in the
douﬁle beam mode. This is particularly useful in the
present study in removing the effects of the highly

absorbing solvent water.



7.3 Attenuated Total Reflection Spectroscopy

Attenuated total reflection (ATR) spectroscopy,’
sometimes known as internal reflection spectroscopy
(IRS) ,was developed independently by Harrick and
Fahrenfort in 1960. The theory and practice of the
technique is described extensively by Harrick (1967) and
its use in studies of adsorption at the solid-liquid
interface has been recently reviewed by Strojek et al
(1983) .

The main diffe}ences between conventional absorption
spectroscopy and ATR spectroscopy are sho%n in Fig.35. In
the absorption method radiation passes through the sample
and the absorption of the radiation causes its intensity
to drop from I,to I . 1In the ATR method the radiation of
intensity Io strikes the interface of two media (ni-njy)
from the side of a solid optically dense medium, nq at an
angle of incidence greater than the critical angle. The
radiation is reflected with intensity I. The beam
stfiking the interface ni-n, penetrates the rarer medium
n, to some depth dp. Hence the layer situated very close
to the interface may be examined spectroscopically. 1If
the rarer medium is an adsorbed layer the reflected beam
will have an absorption spectrum characteristic of the
coating. For this reason this technique is very useful
for investigating the solid-liquid and solid gas

interfaces.
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Fig.35 Comparison of absorption and ATR spectroscopy.
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One major difference between quantification of
meésurements from absorption and ATR spectra is the
dependence of the intensity of the spectral bands on
wavelength in ATR spectra. In adsorption spectra the
intensity of the spectral bands followé the Beer-Lambert

Law.

¢ = concentration
I= IO€SCl €= extinction co-efficient

1l = pathlength

However in ATR spectroscopy it is found tﬁat for
reflection from bulk materials the depth of penetration of
the radiation beam increases with wavelength. There is a
corresponding increase in intensity of bands at these
wavelengths. The same effect also causes distortion on
the longer wavelength side of absorption bands. However
the study of thin films overcomes this problem in the
depth of penetration.

If a thin film has a thickness much less than the
depth of penetration of the beam then a considerable
simplification in the interpretation of the ATR spectrum
is possible. It can be shown that in this case the
intensity is .a function of the film thickness rather than )
the depth of penetration. Consequently the adsorption
bands do not show thé increased intensity at longer

wavelengths found in ATR spectra of bulk materials nor

does the absorption band became broadened on the long



78 -

wavelength side. In this case a Beer-Lambert type
relationship can be applied to the variations of intensity
with the concentration of species present.

At low absorbahqe values a similar relationship
between band intensities can be found for both absorption
spectroscopy and ATR spectroscopy. In absorption
spectroscopy, for thin films a simplified version of the
Beer;Lambert Law appliés.

I

= e

sod o = absorption coefficient
I d

o = film thickness

For low absorbances, ie ad<<1l, this approximates to

—=1- ad

As a result of this simplification the spectra of thin
films closely résembles the analogous absorption spectra,
allowing similar methods of quantitative interpretation.
The simplification of ATR spectra for thin films makes the
technique particularly suited to the study of absorbed
molecules. .

In order to increase the amount of sample scanned by
the ATR method, and hence the intensity of the spectrum,
Harrick developed a multi-reflection technique and

designed many types of multiple internal reflection

elements (MIRE). Typically these MIRE's are trapezoids of
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a material which is transparent to thé radiation being
used and has a high refractive index [ quartz, n =
1.44, saphire n = 1.75 for UV-VIS spectroscopy, thallium
bromoiodide (KRS5) n = 2.35, germanium n = 4.0, silicon n
= 3.42, and zinc selenide n = 2.42 for I.R. spectroscopy].

Using this kind of optical arrangement the thickness
of sample studied is multiplied by the number of
reflections giving an effectively greater sample
thickness and hence greater absorption of the radiation.
For N reflections in a MIRE with a thin film coating

I (1-ad)N

Io

and for low absorbances od<<l

So for thin films and low absorbances, spectra from
'multiple internal reflection measuremehts can be
quantitatively interpreted in a similar manner to
absorption spectra. .

The ATR technique presents a number of benefits over
adsorption spectroscopy

1. It is possible to record the spectra of highly

scattering substances (eg; powders).

2. It can be used to record the spectra of strongly
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absorbing solids which for absorption spectroscopy
would have to be prepared in impractically thin
layers.

3. It can be used to record the spectra of
substances in solution where the solvent strongly
.absorbs radiation (eg; water in thé infrared) .

4. It offers the potential to determine the
.molecular orientation by measuring the spectra as
é functioﬁ'of beam polarisation,

5. It is one of the few spectroscopic techniques 
which make possible measurements of the adsorption

of a substance at an interface in situ.

All of these advantages make the ATR method a very
useful tool in investigations at the solid-liquid
interface.

The possibility of using ATR spectroscopy to study
adsorption phenomena at the liquid-solid interface was
first investigated by Yang et al (1973). They used both
conventional infrared spectroscopy and FTIR spectroscopy
with the ATR method to study the adsorption of steariq
acid dissolved in carbon tetrachloride on germanium ATR
elements. They showed the utility of the method for
obtaining information about kinetics of édsorption and
desorption, adsorption isotherms, adsorbate—adsorbent
perturbations, orientation and structure of the adsorbed
layer and chemisorption. Low and Yang (1973) also

demonstrated the capacity of the ATR method to measure the
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spectra of aqueous solutions. Since then the ATR method
has been frequently used to conduct in situ investigations

of the solid-liquid interface.
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8. Experimental Techniques

8.1 R nts and M rial

Both commercially available cassiterite collectors and
laboratory synthesised collectors were used in the
adsorption experiments. |

Styrene phosphonic acid (Mitsubishi) was purified by
recrystallisation from acetone followed by precipitation
from 4M sodiumlhydroxide solution with hydrochloric acid.
The tin complexes with SPA were prepa?ed by the methods of
Dietze (1975). The tin (II) complex with SPA was prepared
by precipitation from a solution of tin (II) chloride by
the addition of an aqueous solution of SPA. The tin (IV)
complex with SPA was prepared by the addition of aqueous
SPA to an aqueous solution of tin (IV) chloride which has
been complexed with tartaric acid. Precipitation of the
complex was achieved by the addition of 4M agqueous ammonia

Since the commercially available sulphosuccinamate
collectors Cyanamid. AP845E and Allied Colloids CAS540 are
known to contain numerous impurities. This collector was
synthesised and purified using the method of Laptev et al
(1981) . This reagent was recovered in the acid form aé
N-octadecyl (1,2- dicarboxyethyl) sulphosuccinamic acid.
The tin (II) complex with this collector was prepared by a
similar method to that used to prepare the tin (II) SPA

complex.



The novel carboxylic acid and combined carboxylic and
phosphonic acid collectors developed by Greg Lane were

used as supplied. These reagents are :

GL 29 - Dbenzylmalonic acid

GL 24 - phenylsuccinic acid

GL 5,6,7 - p-methylphenylglutaric acid

GL 33 ~ 2-carboxy-3-(4-ethylphenyl) glutaric
acid

“GL 12 - 2-carboxy-3-(4-ethoxyphenyl) glutaric
acid

GL 28 - cinnamic acid

GL 40 - 3-(4-methylphen§l)-3—phosphonopropanoic

acid

The tin (II) complexes with these acids were prepared by
the method of Bochnia and Serrano (1976). Aqueous |
solutions of the acids were added to aqueous solutions of
tin (II) chloride. The complexes were precipitated by the
dropﬁise addition of 4M aqueous ammonia.

As well as natural cassiterite pure samples of tin
(IV) oxide and titanium (IV) oxide were used as model
compounds for cassiterite-and'rutile. Cassiterite
concentrate (~ 72% Sn) was produced by a dry high
intensity magnetic separation of a +38 um gravity
concentrate from the Cleveland mine. The non-magnetic
fraction was then pulvérised. Analysis of the concentrate

by X-ray fluorescence and electron microprobe revealed the

83
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presence of some iron, silicon, sulphur, and traces of
manéanese. Laboratory grade stannic oxide (BDH) was used
without further_purification as a model compound for
cassiterite. Rutile type titanium dioxide was obtained
from Tioxide Ltd., Burnie, Tasmania and used without

further purification.

8.2 Apparatus and Experimental Procedure

A ﬁigilab FfS 20 FTIR spectrometer was used to record
all spectra throughout the investigation. The spectra of
flotation collectors and their tin (II), tin (IV),titanium
(ITI) and titanium (IV) complexes were recorded in KBr
aiscs for comparison with the spectra of adsorbates
recorded by the ATR method.

All ATR measurements were carried out using ATR
elements of monocrystalline germanium with an angle of
incidence of 45° and dimensions 50mm by 5mm by 2mm
(Harrick) . The germanium ATR elements used in this study
are transparent in the fange 4000 cm™! to approximately
850 SM-1 Hence it is possible to record the spectra of
adsorbed phosphonic écids, sulphonic acids and carboxylic
acids using germanium ATR elements.However since arsonic
acids have adsorption bands in the range 750 cm 1 to 950
em™1 (Fig.14) the apparatus used in this investigation:
cannot be used to record the spectra of adsorbed arsonic

acids.
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The germanium elements were coated with a thin film of
tin (IV) oxide, natural cassiterite or titanium (IV) oxide
using a vacuum evaporation method (Fig.36). The coating
material was evaporated from a tungsten coil onto an
unheated germanium optical element at a pressure of
4-5%107° torr in a JEOL JEE 48 vacuum operator. -When
using tin (IV) oxide or natural cassiterite as the coating
material the coating formed at the temperatures used in
the evaporation procedure (1800-1900°C) is tin (II) oxide.
However this ié rapidly oxidised to Sn(IV) oxide on
exposure to air. Coatingsvwitﬁ a thickness of about
0.05um were obtained (as measured from interference
fringes in visible light).

The reflection element with its tin oxide coating was
placed in an ATR flow cell (Fig.37). This flow cell was
constructed from Teflon in the Chemistry Department,
University of Tasmania. The ATR flow cell was in turn
placed in a Harrick 4ZV—§50 ATR attachment (Fig.38) for
the recording of the infrared spectra with the FTIR
spectrometer. The cell was connected to a peristaltic pump
which circulated the collector soiution from a beaker
through the flow cell then back to the beaker. The
collector solution in the beaker could be kept agitated by
means of a magnetic stirrer. The pH of the collector
solution in the>beaker was monitored throughout the
experimental runs with a pH electrode placed in the

beaker.
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Fig.3¢ Germanium ATR elements after coating

with tin (IV) oxide by vacuum evaporation.
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Fig. 37 The flow-through ATR cell.




Fig. 38

The ATR otical attachment.
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Fig.39 Ancillary apparatus used in the
FTIR-ATR study.
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Initially distilled watér with its pH adjusted to 4.5
(the pH used in cassiterite flotation practice at the
Cleveland and Ardlethan mines) with hydrochloric acid was
introduced into the ATR cell. The spectrum of the water
on the tin oxide surface was taken as the reference
spectrum for the adsorption experiments. After the water
was pumped from the cell the collector solution was pumped
in and acquisition of spectra commenced. Collector
concentrations in the range 50-300 ppm were used in the
experiments, this range being similar to that encountered
in plant practice. Initialiy the pH of the collector
solution was adjusted to 4.5 with hydrochloric acid or
sodium hydroxide solution. Spectra were collected at
intervals of appfoximately 90 seconds with each spectrum
of 100 scans taking approximately 200 seconds. - Collection
of spectra was conducted for approximately two hours so
sufficient spectra (~20) could be gathered to allow
evaluation of the adsorption kinetics (in plant practice
the cassiterite ore is conditioned with collector for
approximately one hour before flotation and has a
residence time of approximately 15 minutes in the
flotation cell).

The infrared beam which has passed through the ATR
element will have an adsorption spectrum characteristic of

the collector adsorbed onto the mineral surface viz.
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There is also a some contribution from gollector in
solution due to the infrared beam penetrating a short
- distance into the bulk solution. However an estimate of

the distance which the beam penetrates the surrounding

“solution ééfvériduéJﬁéégighgﬁﬁé'Eﬂbwéftﬁétzfﬁié '
contribution is negligible. At the concentrations of
collector used in this investigation the greatest
contribution to the spectrum will.come from the water
surrounding the ATR element. The contribution of the water
to the spectrum can largeiy'bé”dvercome'by the use of the
spectrum of distilled water as the reference speptfum.
However any uncompensated water was not corrected for by
tspectral addltlon or subtractlon ; Water vapour |
subtraction and spectral smoothing were carried out on the

acquired spectra where necessary.
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9. A rption of rene Ph honic Aci n siteri

nd Rutil
9.1 Intr ion

Styrene phosphonic acid is probably the most commonly
used cassiterite collector. Although not as selective as
tolyl arsonic acid, styrene phosphonic acid is less
expensive to produce and less toxic. Styrene phosphonic
acid has no pafticular metallurgical advantages over other
aryl phosphonic acids but is the least expensive to
'produce. The alkyl phosphonic acids have not been used
industrially due to their poorer selectivity. Styrene
phosphonic acid has also been used in the flotation of
rutile, ilmenite and wolframite.

The phosphonic acids like the arsonic acids are weak
dibasic acids. Chewvane (1949, qeoted in Senior and
Poling, 1985) gives the first and second ionisation
constants of styrene phosphonic acid as pK = 2.00 and pKj
= 7.10 respectively. Hence in the pH range of cassiterite
flotation (3.0 - 7.0) the singly dissociated species is

.the predominant species in solution.

9.2 Infrared Spectra of Styrene Phosphonic Acid and its
Tin, Titanium and Tron Complexes

The  interpretation of the infrared spectra of styrene

phosphonic acid and its complexes is largeiy based on the
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work of Dietze (1974a,b), Dietze (1975), and Wottgen and
Dietze (1975;.

The FTIR spectrum of styrene phosphonig acid in the
region 1900-850 cm™1 is shown in Fig.40. Bands due to the
phosphorus-oxygen vibrations are prominent in this region
of the spectrum. The band at 1177 cm™! is assigned to the
v P=0 vibration while those at 996 cm~! and 937 cm™! are
assigned to the v, P-0 and V. ,P-O vibrations respectively.
A broad band is present'in the region 3000 cm™! to 2800
em™l  due to tﬁe V O-H vibration and a weaker band is
present at approximately 2360 cem™ 1l due to the d O-H
vibration. of the phosphonic acid group

In the spectra of the tin (II) and tin (IV) complexes
with SPA the bands due to VP=0O, V,sP-0 and v P-0
vibrations are absent and in the region 1900 to 850 em™ 1
only a single intense band is present (Figs.41,42). 1In
the Sn(II) complex this band occurs at 1053 cm™1 (Fig.41)
while in the Sn (IV) cqmplex it occurs a 1050 cm';
(Fig.42). This band is assigned to the vibrations of the
PO3 group in which all three P-O bonds are equivalent. On
complexation it is evident that the bands due to the
V P=0, V.5 P-O and Vg P-O vibrations of the phosphonic
acid group are replaced by a single band due to the
resonance stabilised phosphonate group. The bands due to
the v O-H and & O-H vibrations are absent in the spectra

of the tin complexes since the proton is lost on

complexation.
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The FTIR spectra of the titanium (Ili) and titanium
(IV) complexes with SPA show similar features to the tin
complexes (Figs.44, 45). In the titanium (III) complex the
peak due to the PO3 vibrations occurs at 1028 em™1
(Fig.44) while in the titanium (IV) complex it occurs at
1034 cm™} (Fig.45). Again the bands due to the VO-H and &
O-H vibrations are absent.

In both the free acid and in the tin, tiﬁanium and
iron complexes there are bands in the region 1615-1440cm™ 1
due to the styfl group. The position or these bands is
consistent with the conjugation of the carbon-carbon
double bond with the benzene ring.

The FTIR spectrum of the iron (III) complex with SPA
was also recorded (Fig.43) .since the sample of natural
cassiterite used in the adsorption experiments is known to
contain some iron. In the iron (III) complex the peak due

to the phosphonate group occurs at 1072 cm~l. The bands

due to the VO-H and 8 0-H vibrations are absent.

9.3 Infrared Spectra of Styrene Phosphonic Acid
Ad bed c \ it

The FTIR spectrum of 50 ppm SPA adsorbed on a thin
film of vacuum evaporated cassiterite is shown in Fig.46.
This spectrum was obtaiped approximately an hour and a
quarter éfter first contact of the tin oxide surface with
the SPA solution at pH 4.5. A prominént band occurs at

approximatély 1000 em~! . This band has similar
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characteristics to the bands due to the phosphonate group
in the tin complexes with SPA although it occurs at lower
wavenumbers. The presence of a single peak similar to that
in the tin complexes suggests that the collector adsorbs
by forming a surface phosphonate complex with the tin
sites of the tin (IV) oxide. This is also supported by
the loss of the 8 0-H band although the presence or absence
of the VO-H band could not be ascertained due to the
obscuring of this part of the spectrum by the v O-H
vibrations of ﬁncompensated water.

The FTIR spectrum of 300 ppm SPA adso;bed on a vacuum
evaporated thin film of pure tin (IV) oxide at pH 4.5 is
shown in Fig.47. Again the spectrum shows oiy a single
strong peak at approximately 1022 cm~l. However this peak
shows considerably more fine structure than that of SPA
adsorbed on cassiterite. The pfesence of only a sinéle
peak similar to those seen in the tin éomplexes again
suggests that the styrene phosphohic acid adsorbs on
cassiterite by a chemisorption mechanism. This is
supported by the absence of the & O-H band.

It has been suggested that a valency change may occur
on the tin oxide surface so that the surface complex is
actually a tin (II) phosphonate complex rather than a tin
(IV) phosphonate complex (T.W. Healy, pefs.commf).
However the spectrum of the surface complex shows greater
similarity to that of the tin (IV) phoéphonate complex

than to that of the tin (II) phosphohate complex

suggesting a tin (IV) species is present at the surface.
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9.4 Effect of Iron on Adsorption of Styrene Phosphonic

Acid on_Cassiterit

Some authors have attributed the flotation propérties
of cassiterite to the presence of iron in the cassiterite
crystal lattice or adsorbed on the cassiterite surface
(Goold, 1973). It is also thought that iron in solution
may catalyse the adsorption of SPA on the cassiterite
surface (T.W.Healy, pers.comm.) .

It is unlikely that the SPA is adsorbing on iron
éites in the natural cassiterite as the phosphénate peak
occuré at higher wavenumbers in the iron (III) SPA complex
than in the tin (II) or tin (IV) SPA complexes. The
absence of iron in the pure tin (IV) oxide film shows
~unequivocally that the presence of iron in the cassiterite
lattice or adsorbed on the mineral surface is not ~
neceésary for adsorption of SPA.

Attempts were made to study the effect of iron on the
adsorption of SPA on the pure tin (IV) oxide film by
introducing 50 ppm Fe3* into the collector solution and by
immersing the thin film of tin (IV) oxide in a 100 ppm
solution of iron (III) chloride in two seperate
experiments.

In the experiment with the SPA solution contaminated
with Fe3* it was found that the iron was removed from
solution by the precipitafion of the iron (III) SPA
complex before the solution reached the tin oxide surface,

hence no noticable effect on adsorption could be observed.
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However this is almost certainly what would occur in
industrial practice. Dissolved metal ions in the flotation
pulp would remove the collector from solution by
precipitation of metal-SPA complexes with the effect of
increasing collector consumption.

In the experiment in which an attempt was made to
produce a surface layer of adsorbed iron on the tin oxide
surface the tin oxide coating was removed from the
germanium ATR element and the germanium surface etched by
immersion in a 100 ppm solution of iron (III) chloride.

Hence no results could be obtained from this experiment.

9.5 n rption P honi

The effect of pH on the adsorption of SPA on thin tin
(IV) oxide films was determined quantitatively by
measuring the area under the phosphonate peak at different
pH values. The SPA was initially adsorbed onto the tin
oxide surface at a pH value of ~2 and the pH increased by
adding small amounts of concentrated sodium hydroxide
solution. The effect of pH on the intensity of the
phosphonate peak for 300 ppm SPA adsorbed on a thin tin
oxide film is shown in Fig.48. This shows that maximum
adsorption of SPA occurs at approximatély pH 5.5. This is
somewhét higher than the pH of 4.5 used in industrial
practice. It is also considerably higher than the pH of

approximately 2 found for the maximum adsorption of
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n-heptyl phosphonic acid on cassiterite by Wottgen (1975).
This discrepency may be due to the difference in
techniques used. Wottgen (op. cit.) used a radiotracer
method with 32p labelled phosphonic acids. This method
would be incapable of distinguishing between chemisorbed
phosphonic acid and phosphonic acid physically adhering to

the surface.

9.6 Kinetics of Adsorption of Styvrene Phosphonic Acid on

assiterite

Thé kinetics of the adsorption of SPA on cassiterite
was studied by following the change in intensity of the
phophonate peak of the chemisorbed SPA with time. The
change in intensity of the phosphonate peak with time for
300 ppm SPA adsorbed on a thin tin oxide film is shown in
Fig.49. Information on the early stages of the adsorption
process is unavailable or unreliable due to the poor
quality of the spectra as there is so little SPA adsorbed
on the surface initially: However it can be seen that the
adsorbtion density has increased considerably after one
hour (this is the time normally used for conditioning in
industrial practice). Overnight kinetic runs show that an
adsorption plateau has not been reached even after 24
hours. This is consistent with the findings of Farrow et

al.(1986).
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9.7 Infrared Spectra of Styrene Phosphonic Acid Adsorbed
on Rutile

The infrared spectrum Qf SPA on a vacuum evaporated
film of titanium (IV) oxide is shown in Fig.50. There is a
single prominant band at 1022 em™l similar to that in the
titanium (III) and titanium (IV) complexes with SPA. The
presence of a single band like that in the titanium
complexes suggests that SPA adsorbs on rutile by a
chemisorption ﬁechanism similar to that proposed for the
adsorption of SPA on cassiterite. This is’further
supported by the absence of the d0-H band in the spéctrum

of the adsorbate.

9.8 Discussion

The similarity between the spectra of SPA adsorbed on
thin films of cassiterite, tin (IV) oxide and titanium
(IV) oxide and the spectra of the tin and titanium
complexes with SPA suggests that SPA adsorbs on
cassiterite and rutile by a chemiéorption mechanism in
which a surface phosphonate complex is formed. This
mechanism has been proposed previously by Dietze (1975).
However his proposal was based on poor spectra recorded by
an ex situ method. This study has largely confirmed
Dietze's adsorption theory. However the mode of

attachment of the phosphonate group is still uncertain.
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Farrow et al (1986) proposed that phosphonic acids
adsorb on cassiterite by an exchange chemisorption

reaction viz.

Po“ : 0

R—'P/ + - - — --/f_ —_— - =
“OH HO Sﬂ.\ R P\ 0 Snx + OH

OH
or

,? o N - ﬂO -

R— - + HZO‘—‘SFI -_ R-F’\-D—-Sn + H20
™ OH ~ OH -

These reactions result in a monodentate surface complex

(7).

CH CH CH

| ] -

-CH CH ' ?H

| I 0
OH 0 OH OH O 0 OH 0 0
| Sl I SI \s/ 5I Sl s[
Sn n Sn n n n n n

s
EJ/ \0/ \0/ \O/ \0/ \0/ \0 No” No

(A) (B) (C)
This may then undergo ring closure to produce the

binuclear complex (C) with the release of water.
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Informaﬁion about the.type of compléxation of SPA to.
the cassiterite surface can bé deduced from the fine
structure of the phosphonate peak of the adsorbate.
Atkinson et al (1974) and Parfitt et al (1976) carried out
infrared Spectral studies of phosphate adsorption on
goethité.'They compared the spéctra of monodentate (1),
bidentate (2), and binuclear (bridging)(B) phosphate

complexes in order to deduce the structure of the surface

complex.
R R R
| | I
0 0 -0
_ band HO < p=0 L;o L¢0
- assignment - / N\ VRN
‘ 0 0 o 0
| \ 7/ l |
M M MM
(1) (2) (3)
. |
A 934-975 cm1 915 cm™1 1110 em~!
E B 1035-1095 cm™1 1085 cm™1 1220 en™t | &
. g
By 1050 cm~ 1| O 1050 em~1 E
A’ 755-980 cm™! 900 cm™! 815 cm™ !

* infrared inactive
In the spectrum ofISPA adsorbed on cassiterite there
are bands at 1045, 1018 and 979 cm™l. The absence of |
bands due to P-OH vibrations excludes the possibility that
" the complex is monodentate. The band positions at 1043,
1018, and 979 cm~1 correspond much better with those
reported for bidentate complexes and the strong band at

~1200 cm~! characteristic of binuclear complexes is
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absent. The band positions are somewhat displaced from
those observed in the complexes but this may be due to
hydrogen bonding with physically adsorbed water molecules.
The present spectroscopic study would suggest that the SPA
is present as a bidentate surface complex (B) and

adsorption probably occurs by the following mechanism.

N — CHeCH g’o‘:‘ !
"~ o< Sln,,,_ + 2H’0

SPA CASSITERITE SURFACE '
SURFACE COMPLEX

+ W
HO

P

mn
xI
I
iy
=
IQ -
\
29



110

10. Adsorption of SglphogugginQMa;e Flotation Collectors

n iteri
10.1 Introduction

Apart from SPA the most commonly used cassiterite
collectors are the sulphosuccinamates, Cyanamid AP845E and
Allied Colloids CA 540. CA540 is also used in the
flotation of tantalite ores (Burt et al. 1982). The active
constituent_qfvthese collectors is the tetrasodium salt of
N-octadecyl'(l,Z - dicarboxyethyl) sulphosuqcinamic acid.

Sulphosuccinamate surfactants were first synthesised
by the American Cyanamid Company and patented in 1947.
They were found to be highly surface active with Miller
and Dessert (1949, quoted in Senior and Poling, 1985)
reporting a surface tension of 44 dynes per centimetre for
.a 1 gL"1 solution of sulphosuccinamate. The
sulphosuccinamates have strong foaming characteristics,
particularly at low pH, and are used in flotation without
the addition of frothers.

Although less selective than arsonic and phosphonicv
acids sulphosuccinamates have a major advantage over these
collectors as they are comparatively inexpénsive. This is
mainly due'to their widespread use in applications other
than that of cassiterite flotation? They are also less
toxic than arsonic acids and have the advantage over
phosphonic acids of being biodegradable.

Sulphosuccinamates contain four dissociable groups -
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to éK values of 2.3 and 5.8 respectively (Seﬁior, 1985
quoted in Senior and Poling, 1985). The pK of 2.3
corresponds to the dissociation of the highly acidic
sulphonate group while the pK of 5.8 is typical of that
for carboxylic acid groups; The three carboxylic acid
groups probably dissociate over a very narrow pH range so
. that only one inflection point is observed in the

potentiometric titration.

10.2 Infrare ' tr f Sulph cinamates an heir Tin

Complexes

The FTIR spectrum of AP845E is shown in Fig.51. Strong
bands can be seen at 1597 cm~l and 1387 cm™1 due to V,5C-0
and V,C-O vibrations of the resonance stabilised
carboxylate group. Strong bands are also present at 1210
cm™l and 1040 em™l due to the V,;5S-0 and v S-O vibrations
of the sulphonate group. Strong bands due to v C-H
vibrations of the long alkyl chain are also present in the
regions 2925 - 2915 cm™l and 2855 - 2850 cm™1l.

The FTIR spectruh of the N octadecyl sulphoéuccinamic
acid is shown in Fig.52. Bands due to the UC=O;‘UC—O/p
O-H vibrations of the carboxylic acid group can be seen at
1732cm™! and 1470, 1443, 1402 and 1377cm~ 1. Bands due to
the DaSS—Q and LV S-O vibrations of the sulphonic acid
group can be seen at 1213ém'1'and 1038cm™ 1. The sulphonic
acid bands are displaced from their usual positions (

V,5S-0 at ~1350cm™! and v 5-0 at ~1160cm™! ) due to the
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present at 1603cm™! and 1387cm™! due to the V,sC-0 and
V,C-0 vibrations of the carboxylate group and at 1214cm™1
and 1036cm™ 1 due to the V,55-0 and V4 S-O vibrations of the

sulphonate group.

10.3 Infrare r £f Sulphosuccinam

Cassiterite

The FTIR spectrum of 300 ppm N-octadecyl
sulphosuccinamic acid adsorbed on a thin film of tin (IV)
oxide is shown in Fig.54.

Bands can be seen corresponding to the V;C-0 and V4C-0O
vibrations of surface carboxylate groups. A band can also
be seen at ~1730cm™l due to the v C=0 vibration of free
carboxylic acid groups. Bands due to V;55-0 and v S5-0
vibrations are also present but because of the similarity
of the band positions in the hydrated acid and the tin
(IT) complex it is not possible to assign these bands to
free sulphonic acid groups or surface sulphonate groups.
However there is considerable difference in the fine
structure of the S-0O stretching vibrations of the adsorbed
sulphosuccinamate from that of the tin (II) complex and
the free acid. Especially prominent is the broadening of
the v S5-0 band.

Since the sulphosuccinamic acid molecule contains
three carboxylic acid groups it is possible that some of
the carboxylic acid groups are chemisorbing at the tin

oxide surface while some remain protonated. Alternatively
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there may bé Sé&é-bhysiéorbed suléhosﬁéélnamiérgcid“
molecules, with the carboxylic acid groups all protonated,
adsorbed at the tin oxide surface. It is not possible to
detefmine if the sulphohic acid group is chemisorbing ét

~ the tin oxide surface from the spectrum.

10.4 Discussion

Although it was not posSible to determine if the
sulphonic acid chemisorbed on the tin oxide surface at
least some of the carboxylic acid groups attach to the
surface by chemisorption. Berger, Hoberg and Schneider
(1980) determiped that the carboxylic acid groups of the
éulphosuccinamate chemisorbed on the cassiterite surface
althouéh some free carboxylic acid groups were present at
the surface. These investigators felt that the sulphonate
group also chemisorbed on the cassiterite surface.

However the shifts they observed in the infrared spectra
of the S-0 stretching vibrations of the sulphosuccinamate
adsorbed on cassiterite could not be found in the tin (IV)
sulphosuccinamate complex. Measurements of the adsorption
béhaviour of sodium dodecyl sulphonate on caésiterite
‘carried out by Yap (1975, quoted in Ball, Cox and Yap,
1979) could not be correlated with electrokinet}c
measurements however these measuréments suggest that the
-adsorption of sulphonates on cassiterite is not solely the

result of electrostatic interactions.
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11. A rption of Pol rboxylic Aci 11 r n

11.1 Introduction

The East German workers, Bochnia and Serrano (1976),
Baldauf, Singh and Schubert (1980), Singh, Baldauf and
Schubert (1980), Baldauf, Shoenherr and Schubert (1985)
have proposed the use of alkyl polycarboxylic acids as
cassiterite collectors. These have proved successful in
laboratory tests but have not been put into industrial use
due to their poor selectivity. Recently numerous new
flotation collectors for cassiterite have been synthesised
by Mr Greg Lane. These collectors are polycarboxylic
acids or compounds containing both carboxylic acid and
phosphonic acid groups. However instead of using a long
chain alkyl group as the hydrophobic group substituted
aroﬁatic groups were used based on their effectiveness in
p tolyl arsonic acid and styrene phosphonic acid. Although
numerous such collectors have been synthesised and tested
for their flotation properties only selected collectors
have been used in adsorption studies due to their
particular structural type, their superior collecting
properties and their analogy with collectors which produce
good flotation responses.

Absdrption measurements were carried out on three
collectors which are dicarboxylic acids with the acid

group in different positions.These aryl substituted
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“malonic, succinic and glutaric acids were chosen for
investigation since Bochnia and Serrand (1976) had carried
out aasorption measurements‘on similar acids which
incorporated long alkyl chains as Ehe hydrdphobic gréup.
These coilectors were designatgd GL29 (behzyimalbnic acid)j
GL24 (phenylsuccinié acid) and GL 5,6,7 (methyl phenyl
glutaric. acid). The structures of these collectors are

shown below.

GL29
cach
CHZ—C‘H )
cooH
benzylmalonic ‘acid
GL24
/CHf-COOH
- Ct{ .
COOH
phenylsuccinic acid
GLS,6,7

;Hz-'COOH"
(H3 ‘Qﬂ
CHy— COOH

_p-methylphenylglutaric acid

GL29, .GL24 and GL5,6,7 are all géod collectors for
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cassiterite flotation.

The adsorption behavior of‘three:pdiyéafboxylié acids
which are 2-carboxy glutaric acids with the hydrophobic
substituent in the 3 position were glso investigated as
this structural type was found to be a highly effective
cassiterite collector. fhese collectors were designated
GL33_[ 2-carboxy-3-(4-ethylphenyl) glutaric acid ] and
GL;Z { 2-carboxy—3—(4-eth§xyphenyl) glutaric acid ].ihe

structure of these collectors is shown below.

GL33

,CHy—COOH
CHy— CHy O {
3 cn—coou

.I:_f_ T uOOH . ;_--__' .I

2-carboxy-3-(4-ethylphenyl) glutaric acid

GL12

CHB— CH'Z_ 0 CH
\—/ ‘?H-COOH

COCH

[

© 2-carboxy-3- (4-ethoxyphenyl) glutaric acid

The relationship between this class of collectors and
those based on glutarlc ac1d can be _seen. by comparlson of

these structures w1th that of GL 5 6 ?
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The flotation collector GL 28 (cinnamic acid) was also
used in adsorption experiments because of its analogous

structure with SPA as can be seen from the strﬁctures

@CH—_-CH..ccou

cinnamic acid

below.

GL28

SPA

' 0
n_OH
CHSCH=P]

styrene phosphonic acid

Flotation tests, however, showed that cinnamic acid is a
very poor collector for cassiterite.

A highly effective cassiterite flotation collector was
found in GL40 which contains both a carboxylic acid group
and a phosphonic écid'groﬁp.' Its structure is shbwﬁ' '
below. o

GL40

- ,CHZ_COQH
O
RrCH
OH

3—(4-methylphenyl)-3-phosbho§opropanoic acid
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t is analogous to GL24 as can be seen by comparison of
their structures. This collector was used in adsorption
studies to investigate the effect of using different acid

groups in the same collector.

11.2 Infrared Spectra of Carboxvlic Acids and their Tin
Complexes .

The intefpretation of the infrared spectra of the
polycarboxylic acidé is based largely on the work of
Bochnia and Serréno, 1976. The;e are five -characteristic
bands in the infrared spectra of carboxylic acids. The
most promiﬁent bands in the spectra'is'due‘tO'thé-UC=o
vibration of the acid dimer-at ~1716.ém‘1.l The éFroég
béﬁds a£ ?14?0;.130b:.;héﬂiéébéﬁii?af;jdﬁé;£d'thé uC—6
vibrations coupled with d0-H vibrations of the acid dimer

viz

The broad band at 3000-2500cm™! is due to vO-H
vibrations. The baﬁaiaf'Qidcﬁ'Istuaﬁéﬂfo-m(}-H
vibrations.

The FTIR spectra of the dicarboxylic acids GL29, GL24
and GL5,6 and 7 from l900cmj1 tqf900cm'} are shown in
Figs. 55,58, and 60. The spectra of the tricarboxylic

acids GL33 and GL12 are shown in Figs.63 and 67 and the
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spectrum of the SPA analogue GL28—cinnaﬁic acid is shown
in Fig.70. The C=0 stretching frequency is prominéent in
each spectrum at ~1710cm™t. Two groups of bands due to
the vC-0/80H vibrations can be seen at 1520-1350cm™! and
1350 to 1080cm™l. These correspond to the v, ,C-0 and
V;C-O vibrations respectively. At 980-900cm™ ! a band can
be seen due to mbH vibrations.

There are only two characteristic bands in the
infrared spectra of the tin complexes due to V,C-0 and
V,5C-0 vibrations. The V,4C-O vibrations occur in the
region ~1610-1450cm™} and the VC-O vibrations at
~1400cm™ 1.

The FTIR spectra of the tin (II) complexes with GL29,
GLS5,6,7, GL33 and GL12 are shown in Figs.56,61,64 and 68
The spectra show two prominent bandé or groups of bands at
1700-1460cm™ 1t peaking. at ~1510-1590cm™ 1 and_1460—118Ocm_1.
These corresbond to the'uasC-O and v C-O vibrations of the
carboxylate group.

The FTIR spectrum of GL40 is shown in Fig.72. This
collector contains both a carboxylic acid group and a
phosphonic acid group. Bands due to the VC-O/pOH -
vibrations of. the carboxylic acid group are preéent at
1660cm™1 and 1520-1240cm™l. The two groupé of bands at
1520-1380 and 1380-1240cm™! correspond to the v,4,C-0 and
VsC_O vibrations of the carboxylic acid group. The bands
at 1200—1060cm"1, 1060-970 and 950-870cm™1 correspond to
the vP=0, v ,P-0 and V P-O vibrations of the phosphonic

acid group.
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In the tin (II) complex with GL40 (Fig.73.) there are
bands at ~ 1620cm™! and 1480-1290cm™! due to the V,5C-0
and DSC;O vibrations of the carboxylate group. There is
also an inténse band at 1016cm™ ! due to the P-0 stretching

vibrations of the resonance stabilised phosphonate group.

11.3 Infrared Spectra of Carboxylic Acids Adsorbed on
Cassiterite and Rutile

The infrared spectra of GL29, GL24, GL5,6,7, GL33,
Gﬁlz, and cinnamic acid (GL28) adsorbed on thin films of
tin (IV) oxide afe shown in Figs. 57,59,62,65,69 and 71.

‘All spectra show bands due to the V,sC-0 and v ,C-0
vibrations of a chemisorbed carboxylate group. The
infrared spectra of the adsorbates of GL29, GLS,6,7 and
GL33 on cassiterite and rutile also have bands due to the
VC=0 vibrations of free carboxylic acid groups. This
suggests that either some of the carboxylic acid groups
- are still protonated’when the collector attaches to the
mineral.éurface or some free acid is physisorbed on the
surface. Which of these processes is occuring cannot be
determined from the speétral evidence.

Expériﬁents were carried out on the effect of pH on
the adsorption of GL33 on the tin oxide surface. At pH
2.2 bands due to both the V C-O bands are considerably
stronger than the v C=0 band indicating that most of the

acid is present as a chemisorbed surface complex, although

some protonated carboxylic acid groups are present. As
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the pH is increased to 4.5 the intensity of the v C=0 band
decreases indicating that further acid groups have
complexed to the surface or possibly physically adsorbed
acid is ionised with increasing pH. At pH 6.6 the v C=0
band is absent indicating that the free carboxylic acid
groups are absent at this pH. With an increase in pH the
intensities of all absorbance bands decrease suggesting
that there is a greater surface coverage at low pH values.

The infrared spectrum of GL33 adsorbed on a thin film
of titanium dioxide is shown in Fig.66. As in the
spectrum of GL33 adsorbed on tin (IV) oxide there are
bands due to both vV C=0 and V C-0O vibrations indicating
the presence of béth chemisorbed carboxylate groups and
ffee carboxylic acid groups. Hence a chemisorption
mechanism similar to that by which GL33 adsorbs on
cassiterite must be responsible for the adsorption of this
collector on rutile.

From the infrared spectra the monocarboxylic acid
cinnamic acid would appear to adsorb by the same
chemisorption mechanism as the dicarboxylic acids GL29,
GL24 and GL5,6,7 and the tricarboxylic acids GL33 and
GL12. However cinnamic acid is a very poér cassiterite
collector while the other collectors are better than the
ihdustrially used collector styrene phosphonic acid.
Cinnamic acid is the carboxyiic acid analogue of SPA. The
failure of cinnamic acid to produce flotation response may
be due to the surface coverage being too low to to induce

sufficient hydrophobicity with the monocarboxylic acid or
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the need for attachment of the collector in such a way
that the hydrophobic group has a specific orientation.
All the other collectors studied can attach to the tin
oxide surface by at least two bonds which would determine
the orientation of the hydrophobic group. However |
cinnamic acid can only attach to the surface by one bond
so that the orientation of the hydrophobic group is not
fixed.

The adsorption of GL40 on both cassiterite and rutile
was studied by the FTIR-ATR technique. GL40 contains both
a carboxylic acid group and a phosphonic acid group and is
analogous with the dicarboxylic acid GL24.

The FTIR spectrum of GL40 adsorbed on a thin film of
tin (IV) oxide is shown in Fig.74. Bands are present at
~1570cm™ Y, 1394cm~land 1050cm™1l. The bands at 1570cm™!
and 1394cm~! correspond to the v, ,C-0 and v C-0 vibrations
of chemisorbed carboxylate groups while the band at
1050cm™1 corresponds to the VPO3 vibrations of a
chemisorbed phosphonate group. This indicates that both
thé'cafboxylic acid group and phosphonic acid group take
part in attachment of the collector to the cassiterite
surface by the formation of a surface complex.

The FTIR spectrum of GL40 adsorbed on a thin film of
titanium dioxide is shown in Fig.75. There bands are
present at 1740cm'1, 1616cm"1, 1394cm“1, 1200cm™! and
1040cm™l: The bands at 1616cm~! and 1394cm™1 correspond
to the v,4,C-0 and vV ,C-O vibrations of a chemisorbed

carboxylate group while the band at 1040cm™1 corresponds
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to the VPO3 vibrations of a chemisorbed phosphonate group.
The band at 1740cm™1 corresponds to the VC=0 vibrations of
free carboxylic acid groups whiie ﬁhat at 1200cm™1 ie due
to VP=0 vibrations of free phosphonic aeid groups. The
presence of both chemisorbed collector and free acid
groups suggests that at the pH of the experiment (2.4) not

all acid groups are attached to the cassiterite surface

or that there is physisorbed acid present at the surface.

11.4- Discussion

‘The infrared spectra of mono, di and tri carboxylic
acid collectors suggest that these collectors adsorb onto
cassiterite by a chemisorption mechanism involving the_
formation of a carboxylate surface complex. This is in
agreement with the findings of Bochnia and Serrano (1976)
who proposed a chemisorption mechanism for the attachment
of alkyl diowxrboxylic acids to cassiterite.

Previous authors have used the separatiohs,AUco, of
the positions of the bands assigned to the assymetric and
‘symmetric stretching vibrations of the surface carboxylate
lgroup to determine the type of carboxylate co-ordination
(Griffiths and Rochester 1977, Buckland et al, 1980, .
Deacon and Phillips, 1980). Carboxylate groups with
" unidentate co-ordination (A) are generally associated’

with values of AUCO fanging from 150cm™! to 300cm™1.
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Carboxylate groups withbchelating bidentate co-ordination
(B) are uéually associated with values in the range 50cm™1
to 150cm™ ! while bridging bidentate carboxylate groups (C)
generally have values of AVry in the range 120-170cm™ 1

For GL28 (cinnamic acid) a AUCO value of 155cm™ 1

was
found for the adsorbate on tin (IV) oxide. . For the
dicarboxylic acids adsorbed on tin oxide values of AvVq
‘are 21lcm™ ! for GL291,-189cm‘1 for GL24 and 166cm™ L for

GL5,6,7. For the trlcarboxyllc ac;ds adsorbed on tln

onlde values of ADCO‘ are 177cm -1 for GL33 and 211cm 1 forw
GL12. The value of Anco_for cinnamic acid is in the range
associated with all of unidentate, chelating bidentate and
bridging bidentate co-ordination. The values for the di -
and tricarboxylic acids are in the range generally
associated with unidentate co-ordination but it is
unreliable to extend the correlationmbetweeh Abco and
co-ordination type to these acids as these cdrrelations
are ééséntiaily ehﬁiriédi” gnahﬁﬁiQJBg;éd on data‘fér ”
moﬁﬁcarboxylic acids.

Both unidentate and bridging bidentate co-ordination
havé,beénlproposed for thg_adsdrptign:of'monqéarboxylic
acids on tin oxide sﬁrfacéé §B;;£is6ﬁ and Mﬁunders, 1954)

viz.
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Information frod infrared bands in adsorbed
carboxylates has been used by previous authors to give
information on their orientation at the solid-liquid
interface (Hasegaxa and Low, 1969 a,b). 1In long alkyl
chain compounds methylene groups interact @ith each other

so that they v1brate Wlth VarlOuS phase dlfferences if

they are arranged 1;_a coplanar trans z;gzag o
configuration. The position of the coupled wagging
vibrations of the methylene groups is dependent on the
arrangement of the chains and the positioning of the polar -
end groups. Band shifts in the methylene wagging

vibrations give an indication of the orientation of alkyl
carboxylic acids at the surface. o

Such information cannot be gained from the acids used
'in this experiment éiﬁéé:theyfihédréorate aromatic rings
as the hydrophoﬁic group. However inforﬁation on
orientation may be_gained from measurement of polarised

infrared spectra'{Yang et al, 1973 )' The.ratio of the
lnten51t1es of a band measured Wlth radlatlon polarlsed

parallel to the 1nc1dent beam whlch forms a 45° angle with



140

the interface to the intensity measured with a
perpendicular polarised beam is dependent on the
orientation of the adsorbate at the'interface. High
values of A./A, indicate that the molecule is close to
normal to the interfacef Low values indicate that the
adsorbate molecules lie flat on the surface. Intermediate
values indicate a more random orientation.

An attempt was made to determine adsorbate molecule
orientations using polarised infrared radiation, however
this was unsuccessful as the polariser, which was designed
for a dispersion instrument, was found to.be'incompatible

with the FTIR spectrometer.
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12. Conclusion

Comparison of the infrared spectra of phosphonic,
sulphonic and carboxylic acids used as cassiterite
flotation collectors, their tin (II) and tin (IV)
complexes, and their adsorbates on cassiterite show that
these reagents adsorb on the mineral surface by forming a
tin - collector complex. A similar mechanism was also
found for the adsorption of these reagents on rutile. The
type of surface complexation was deduced from the fine
structure of the spectra of the adsorbates. Phosphonic
acids probably form a bidentate surface complex while
carboxylic acids probably form a monodentate surface
complex. On both cassiterite and rutile some collector
molecules may also be physically adsorbed at the surface.
The adsorption density and chemical form of the adsorbed
collectors were found to be dependant on pH. The
adsorption kinetics are such that considerable reagent
adsorption occurs within the time used for conditioniné in
industrial practice. The presence of iron in the
cassiterite lattice or adsorbed on the cassiterite surface
was found not to be necessary for collector adsorption to
occur. The presence of dissolved iron in the flotation
pulp also did not effect the adsorption characteristics of
the collector. The ability of the FTIR-ATR technique to
produce direct, real time, in situ information about
interactions at the solid - liquid interface makes this

method a powerful tool for investigations of the



142

adsorption of flotation reagents at the mineral - aqueous

interface.
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13. Suggestions for Further Work

As well as phosphonic acids and the sulphosuccinamates
, arsonic acids have also found wide scale application in
the industrial flotation of cassitertite. The adsorption
of arsonic acids on cassiterite was not covered in this
investigation as the infrared spectral bands due to the
VAs=0, V5 As-0 and Vg As-O vibrations occuring in the
region 600 to 1000 cm™1 (Fig.76) which is partially
outside the region of transparency of the germanium ATR
element. Information on the adsorption of these collectors
on cassiteriﬁe could be obtained by the use of an
alternative material which is transparent in this region
of the spectrum, such as zinc sélenide, for the
construction of the ATR element. An FTIR-ATR study of the
~adsorption of arsonic acids on cassiterite would be a
useful complement to the present investigations.

The use of the flotation collectors studied in this
investigation is not confined to the flotation of
cassiterite. Sulphosuccinamates, phosphonic acids and
arsonic écids have been used industrially in the flotation
‘of wolframite, (Fe,Mn)WO, (Maranakis and Kelsall, 1985).
Phosphonic acids have also been used in the laboratory
flotation of ilmenite, FeTiO3 and tantalite, (Fe,Mn)TaZOG,
(Burt et al, 1980) and sulphosuccinamates have been used
industrially to float tantalite (Burt et al. op.cit.).
There is also the possibility that the novel carboxylic

acid collectors developed by Greg Lane may also be
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suitable for use as collectors for ilmemite, wolframite
and the columbite - tantalite series of minerals
[(Fe,Mn)NbyOg - (Fe,Mn)Tay0¢ ]. The adsorption of these
reagents on wolframite, ilmenite and the columbite -
tantalite series could also be investigated by the
FTIR-ATR technique. Such an FTIR-ATR study of the
adsorption of flotation reagents on oxide minerals other
than cassiterite and rutile would produce a greater
understanding of the flotation of these minerals and could
lead to advancés in the development of new reagents for

their flotation.
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Appendix 1. ,Spectroscopic Investigations of Collector
A . {0 Flotati 5 )
1.1 Adsorption of Flotation Collectors on Sulphide
Flotation of sulphide minerals is most commonly

carried out using xanthate collectors.

alkyl

n
pos
I

R—O—C M = Na¥, K", NH,*

The earliest spectroscopic studies of adsorption in
mineral flotation systems were concerned with the
adsorption of xanthate collectors on flotation minerals.
Hagihara (1952) investigated the adsorption of sodium and
potassium alkyl xanthates on galena (lead sulphide) by
electron diffraction spectrometry . He placed cleaved
samples of galena in aqueous xanthate solutions thch were
then removed and their electron diffraction patterns
recorded. His studies indicated that under mildly
oxidising conditions a monolayer of xanthate is‘attached
to the surface by strong bonds between surface lead ibns
and the sulphur of the xanthate group, each surface lead
ion being attached to only one xanthate (Fig.l). On more

highly oxidised samples bulk lead xanthate was formed.
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Fig. 1 Model of proposed xanthic acid collector film
' on galena. (From Hagihara,1952.)
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Fig. 2 Infrared spectra of potassium ethyl xanthate,
lead ethyl xanthate and galena after treatment
in KEX solution. (From Greenler, 1962.)
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Hagihara and Uchikoshi (1954) extended this work to

cover the adsorption of dithiophosphates

R; = alkyl

\E/ |
/ N\
—0 S—M

R, = H, alkyl

Ry M = Nat, k¥, Nm,t
on galena finding a similar adsorption mechanism.

The first attempts to study the adsorption of
xanthates on éulphides by infrared spectroscopy were made
by Greenler (1962). Greenler precipitatgd lead sulphide
from solution under homogenous conditions. He treated the
precipitates with aqueous potassium ethyl xanthate and
recorded the spectrum of the adsorbed xanthate using the
KBr disc method. He compared the spectrum of the adsorbed
xanthate with that of potassium ethyl xanthate and lead
ethyl xanthate (Fig.2). Greenler concluded that the
xanthate adsorbed by forming a surface compouna of lead
%anthate consistent with the earlier findings of Hagihara

(1952) and Hagihara and Uchikoshi (1954) viz.

—

s s s é
V4 7

Et—0—C + _ — Et—O0—C

N \

S—M Pb S—Pb

potassium ethyl xanthate galena surface compound
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Leja, Little and Poling (1963,a,b) and Poling and Leja
(1963) used gnfrared spectroscopy to study =xanthate
adsorption on vacuum deposited films of copper and lead
sulphide. Their work was aimed at defermining the |
mechanism of adsorption of the xanthate collector and the
rolelof oxidation in sulphide flotation. At the time
xanthate was thought to adsorb by either of two methods -
an ion exchange mechanism involving replacement of
previously adsorbed inorganic anions by xanthate anions or
a hydrolytic 6r free acid mechanism involving hydroiysis
of tﬁé xanthate anions to xanthic acid which can then
adsorb as neutral molecuiar species. It had also bén
found that if oxygen is excluded from the flotation system
xanthate collectors were incapable of rendering the
sulphide surface hydrophobic. Hence a preliminary
alteration of the adsorbant surface to an oxidation
product was thought to be necessary for xanthate
adsorption.. It was also thought that xanthate oxida;ion
may play an iﬁportant part in_the adsorption mechanism.

Xanthate ions may be oxidised to the neutral molecule

dixanthogen

which then acts as the adsorbing species.
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Previous work ( Little, Poling and Leja, 1961 ) in
which they made infrared spectral band assignménts for
#anthates énd dixanthogens allowed them to disﬁinguish
between adsorbates of this different species. 1In
xanthates they assigned the 1020 to 1050cm™ ! band to the
C=S stretching mode and the 1100 to 1120cm™ ! and 1150 to
1265cm—1 bands to the C-0-C stretching vibrations (Fig.3).
In dixanthogen a characteristic. C-0O stretching band occurs
at 1240 to 1265cm™ ' whereas in the heavy metal xanthates
it occurs at‘1150 to 1210cm™ L.

The studies of Leja, Little and Poliqg and Poling and
Leja (1963) were conducted by either transmitting the
infrared beams through an evaporated film or by subjecting
it to multiple reflection from the sample.using-the
épparatus shown in Figs.4 and 5. When oxidised or
sulphidised copper films were treated with an aqueous
solution of pure ( dixanthogen free ) potassium ethyl
xanthate the spectra indicated that cuprohs xanthate 1is
the adsorbed species (Fig.6). ﬁowever if treated with
dixanthogen it was found that the dixanthogen dissociated
on adsorption to form a layer of cuprous xanthate which
. physically co-adsorbed any excess of undissociated
dixanthogen. The‘cé—adsorbed dixanthogen imparted a
greatei hydrophobicity to the surface.

In the case pf adsorption of xanthates on thin lead
sulphide films it was found that before the xanthaﬁe was
adsorbed onto the'evaporated lead sulphide film, the

spectrum showed intense adsorption bands in the region
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Yc=s Jc—o0~cC Is—s
potassium ethyl xanthate 1015 1107
1055 1122
' 1145
sodium ethyl xanthate 1010 1115
1040 1153
» 1170
zinc (II) ethyl xanthate 1035 1130
1120
copper {(I) ethyl xanthate 1015 1127
1040 1200

1053

diethyl dixanthogen 1020 1110 650
1153
1245

Fig. 3 Infrared spectral band assignments for xanthates

and dixanthogen. (From Little, Poling, and

Leja, 1961.)




161

Centre line of infrg-red I
sample beam ™

Monochramater Housing ’

Gloss
backing plate

Aluminium

N ! PbS film .
I < {powder or evoporated)
Sourca T H '
Housing
Souren ) !"'45’

Fig. 4 Optical arrangement for multiple reflection
spectral studies of adsorption of xanthates
on PbS films. (From Leja, Little and Poling, 1963)
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Fig, ¢ Infrared spectra of xanthate-species adsorbed on
oxidised and sulphidised copper substrates.
(From Leja, Little and Poling,1963.)
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1200—9OOcm"1. These bands were shown to be due to~
étmospheric oxidation of the sulphide surface. From the
spectra shown in Fig.7 the oxidation product on the
surface can be shown to be lead thiosulphate, PbS,05

The immersion of the lead sulphide in an aqueous solution
of alkali metal xanthate resulted in the replacement of
the lead thiosﬁlphate surface film by a layer of lead
xanthate. Prolonged washing of the lead xanthate layer
with ether resulted in the partial restoration of the lead
thiosulphate. Lead thiosulphate was probably;formed by
the atmospheric oxidation of the lead sulphide when the’
protective lead xanthate layer was removed. Pyridiné
completely removed the lead xaﬁthate from the surface.

The lead xanthate layers were also found fo co-adsorb
dixanthogen rendering the surface moré hydrophobic as was
the case for the copper films.

In the case where freshly deéosited lead sulphide
films were exposed to xanthate solutions in deoxygenated
conditions no reaction took place confirming the
importance of oxidation.

When dixanthogen was adsorbed onto the oxidised lead
sulphide films a layer of lead xanthate was found to be
formed followed by co-adsorbed dixanthogen (Fig.8). If
fresh lead sulphide films were used under anoxic
conditions the same lead xanthate layer was found to be
formed followed by co-adsorbed dixanthogen.

"From their wo?k, Leja, Little and Poling concluded

that the mechanism of adsorption of xanthates depends on
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‘Infraredlspectra'of oxidised PbS films, bulk

oxidation products, and products formed by the
adsorption of ethyl xanthate on oxidised PbS
films. (From Leja, Little and Poling, 1963.)
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Fig, 8 Infrared spectra of products formed by adsorption
of ethyl dixanthogen on oxidised PbS films.
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the fdrmation of dixanthogen and requires the presence of

oxygen. They envisaged that |

1) =xanthate was oxidised to dixanthogen in solution

2) dixanthogen is physically adsorbed on galena

3) adsorbed dixanthogen dissociates ‘and reacts with lead
‘xanthate to form lead xanthate

4) some dixanthogen becomes or remains physically

co-adsorbed with the lead xanthate

They interpreted the shift in the C-0-C band observed
in the spectra of xanthates adsorbed in near monolayer
thicknesses as indicating a 1:1 co-ordination between the
surface divalent\metal (Pb or Cu)'and.the xanthate. 1In
the overlying multilayers of adsorbed xanthate the 1:2
co-ordination ié retained. They also interpreted the
close similarity between the spectra of the first
monolayer and the covalently bonded metal xanthate
complexes as indiéating that the chemisorption bonding is
also éovalent.

Yamasaki and Usui (1965) studied the adsorption of
xanthate on sphalerite (zinc sulphide). Powdered
sphalerite was surface.oxidised by hydrogen peroxide
before being treated with. dodecyl xanthate. The treated
Spﬁalerite was examined using the KBr disc method. The
spectra gave strong evidence for the presence of zinc
xanthate but no trace of dixanthogen on the sphalerite

surface.
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Coleman and Powell (1966) carried out the first
practical attempt to use the attenuated total reflectance
technique to investigate the adsorption of xanthate on
galena. They used a flét—sided polished galena sample
which, after exposure to xanthate and dryihg, was pressed
against an ATR element of thallium bromoiodide. However
they met with little success, possibly because of the poor
contact between the sample and the ATR plate.

Coleman, Powell and Cochran (1966) successfully used
the ATR method to investigate the adsorption of ethyl
xanthate on sphalerite activated copper §ulphate. After
treating the sphalerite with very concentrated solutions
of copper sulphate and xanthate, drying and contacting the
sample with the thallium bromoiodide ATR element they
found peaks due to cuprous ethyl xanthate and ethyl
dixanﬁhogen.

Majima and Takeda (1968) studied the adsorption of
xanthate and dixanthogen on pyrite (iron sulphide). They
found that when using either collector, dixanthogen was
present at the pyrite surface. They proposed an
adsorption'mechanism involving the catalytié oxidation of
xanthate by oxygen at the pyrite surface to form
dixanthogen.

Fuerstenau, Kuhn and Elgillani (1968) also detected
the formation of dixanthogen at the surface of pyrite
treated with xanthate which was examined in nujol mulls.
They proposed a mechanism involving oxidation by surface

ferric hydroxide followed by physical adsorption viz
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2 X~ +2Fe (OH)3 + 6H' —> X, + 2 Fe?t + 6 H,0

Banerji (1968) examined the adsorption of xanthate on
chalcopyrite (CuFeS,). He used a solvent extraction method
to examine the infrared spectra-of adsorption products
formed when a chalcopyrite surface which had been oxidised
with hydrogen peroxide was exposed to a solgtion of sodium
ethyl xanthate. After exposure the adsorption product was
extracted froﬁ the chalcopyrite surface with carbon
disulphide and this solution allowed to evaporate on a
sodium chloride disc. The spectrum of the evaporated
extract showed the presence of both cuprous xanthafe and
dixanthogen. He proposed a three step mechanism to

explain the presence of both xanthate and dixanthogen viz.

1) CuS + 20, —> CuSOQq4
2) CuSQ4 + 2 NaEtX —> Cu(EtX), + NaySO4

3) 2 Cu(EtX), —> Cuy(EtX), + (EtX),

Tipman and Leja (1969) used an ATR method to
investigate the adsorption of potassium ethyl xanthate on
thin copper films. Vacuum evaporated copper films were
exposed to xanthate solutions, dried then pressed against
a thalliuﬁ bromoiodide ATR element. They found that with
their ATR apparatus and grating spectometer they would
need an increase in surface area of 50 to 500 times or an

increase in instrument sensitivity of 20 - 100 times in
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order to measure coverages less than a monolayer ( in the
region of adsorption where the majority of sulphide
flotations were carried out ). Fuerstenau, Clifford and
Kuhn (1974) examined the adsorption of xanthate on
sphalerite. They used the KBr disc method to record the
infrared spectra of sphalerite which had been contacted °
with hexyl xantpate at pH values of 5.5 and 10. At pH 5.5
the adsorbate showed adsorption bands indicating the
formation of zinc xanthate on the surface. At pH 10 the
infrared specfra showed bands indicating the formation of
both zinc xanthate and dixanthogeg.

Mielczarski, Nowak and Strojek (1980,a,b) have
studied the adsorption of potassium ethyl xanthate on
galena, powderéd lead sulphide films by the ATR technique.
Their studies were carried out in both oxidising (1980 a)
and reducing (1980 b) conditions. In the studies
involving galena and powdered lead sulphide the wet
sample, after exposure to xanthate, was pressed against a
germanium ATR element; Thé experiment with the chemically
deposited lead sulphide films was carried out in situ
using the flow cell used in Fig.9. In oxidising
conditions ( exposure to air ) all samples showed surface
~oxidation and on contact with xanthate showed the
formation of adsorbed layers of lead xanthate but no
dixanthogen. In reducing conditions ( sample treated with
sodium sulphite or ammonium acetate ) the lead xanthate
layer formed was less than a monolayer in thickness,

indicating that surface xanthate is necessary for xanthate
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Schematic view of an ATR cell for combined
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reference electrode (saturated calomel electrode)
working electrode (ATR element with a deposited
lead sulphide film)

auxiliary electrode (platinum wire)

solution

infrared beam

(From Mielczarski et al, 1981.)
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adsorption.

Mielczarski, Nowak, Strojek and Pomianowski (1981)
investigated the adsorption of xanthates and dixanthogens
on galena, chalcocite (Cu,S) and sphalerite and synthetic
PbS, CuyS and ZnS dsing the ATR technique. Adsorption of
xanthate on oxidised chalcocite and galena lead to the
formation of copper (I) and lead (II) xanthates on the
surface (Figs.lOB,llA). The adsorption of xanthate on
sphalerite occurs only if the sample has been previously
activated by copper (II) salts. The xanthate adsorption
product, in this case, is copper (I) ethyl xanthate
(Fig.11B). At higher concentrations of‘the activating
solution some dixanthogen was forﬁed. Dixanthogen was also
formed in some cases where xanthate was adsorbed on
‘chalcocite. When dixanthogen was adsorbed on chalcocite
both adsorbed copper (I) xanthate and dixanthogen were
observed. From their studies they concluded surface
oxidation or activation was necessary for xanthate
adsorption but it was not possible to suggest a uniform
mechanism of adsofption for all.sulphide minerals.

Recently Fourier transform infrared diffuse
reflectance spectroscopy has been used to study the
adsorption of potassium n amyl xanthate on galena (Kongolo
et al. 1984). Kongolo et al. (op cit.) found that -15um
galena which had been exposed to air showed reflectance
bands due to surface lead sulphate,. lead thiosulphate and

lead carbonate (Fig.12). After flotation with 10~ 2
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(From Mielczarski et al, 1981.)
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Fig, 11 A. ATR spectra of chalcocite samples:

a - immediately after grinding,

b -~ one month after grinding,

c,d,e,f - after treatment with xanthate solutions

of various concentrations.
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(From Mielczarski et al, 1981.)
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molel™1 potassium n amyl xanthate bands due to adsorbed
xanthate are present. The difference spectrum (Fig.12)
shows bands at 1218 cm™ % and 1024 cm™l which they
attributed to surface -PbAX.

X-ray photoelectron spectroscopy (XPS), also known as
Electron Spectroscopy for Chemical Analyéis (ESCA) has
recently been applied to the study of flotation reagents
adsorbed on minerals

Manocha and Park (1977) used XPS to study galena
surfaces after exposure to air and to aqueous
environments. Their results showed that the major
oxidation process is PbSO4, however small quantities of
elemental sulphur were detected during the early stages of
oxidation.

Predali, Brion, Hayer and Pelletier (1979) used XPS to
investigate the surface alteration of the components of a
pyritic copper-lead-zinc ore during flotation in order to
establish a mechanism for pyrite depression. They
- concluded that pyrite depression occumed through the
formation of an iron oxide-hydroxide or hydroxide on the
pyrite surface when treated with the depressants NacCN,
Cao, CuSO4 and ZnSO4.

Brion (1980) studied the changes on the surfaces of
pyrite, chaléopyrite,'sphalerite and galena on exposure to
air and water. In air the rate of oxidafion decreased in
the order FeS, > CuFeS, > PbS > ZnS, whereas on exposure
to water only CuFeS, showed any sign of surface oxidation

with the formation of iron oxide—hydfoxide or hydroxide



176

within the first few layers.

Ranta et al studied the adsorption of xanthate on
copper sulphide using XPS. The XPS'spectrUm of copper
sulphide before and after treatment with xanthate is shown
in Fig.13. The S(2p), emission from the copper sulphide
shows very little shift after xanthate adsorption. The
C(ls) emission for the KEX treated sample shows, in
addition to a contamination line at 285.0 eV another line
at 1.6 eV higher binding energy. This is due to the
carbon atoms éf the xanthate ion. Theoretically the
binding energies of the three carbon atoms in ethyl
xanthate are all different (ClHzcITmyocIIls,). Ranta et
al contend that the Cl emission coincides with the
contamination line and that the C!I emission occurs at ~
.286.5 eV and the CIII emission at 286.2 eV, too close to
be resolved. The 0O(1ls) emission lines for the copper
sulphide prior to xanthate adsorption consist of two badly
resolved cémponents at 530.4 eV and 531.4 eV assigned to
Cuy,0 and adsorbed oxygen from the atmosphere. Upon
xanthate adsorption a new peak at a binding energy of
532.9 eV is present due to the C-0-C group and the peak
due to atmospheric contamination is absent.

XPS has been recentiy used to study the oxidation of
sulphide minerals which occur. in flotation systems
( Buckley and Woods 1983, 1984a,b,1985 ). These studies
were initiated to determine the source of the natural
hydrophobicity of most sulphides which allows the minerals

to adhere to rising gas bubbles in the flotation process
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Fig.13 XPS spectrum of copper sulphide before (.--)
and after (—) treatment with potassium ethyl

xanthate. (From Ranta et al, 1981.)
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Fig.14 Fe2p, XPS spectra of pyrite samples before (--)

and after (—) treatment with potassium ethyl

xanthate:
A - with 02 bubbling
B - with N, bubbling
(From Pillai et al, 1985.)
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without the addition of surfactants ("collectorless
flotation"). It is generally agreed that oxidising
eonditions are necessary for sulphide minerals to be
naturally flotable but the nature of the surface species
imparting hydrophobicity remains a topic of debate
(although it is most commonly thought to elemental
sulphur) .

Buckley and Woods (1983,1984 a,b,1985) examined the
fracture surfaces. of galena,chalcopyrite, bornite
(Cug FeSy) and pyrrhotite (Feq_,S) by XPS and found no
evidence of the formation of elemental sglphur other than
at very high oxidation potentials. Initial oxidation of
the sulphides involves migration of metal atoms from the
surface layers leaving a sulphide lattice essentially
unaltered from that in the original material. The metal
atoms which have migrated form a hydroxyoxide covering the
~metal-deficient sulphide. While a metal-deficient
sulphide would be expected to be hydrophobic,
.collectorless flotation does not occur in basic solutions
when metal oxides are also formed at the surface. If
these metal oxides remained as an overlayer the surface
would be expected to be hydrophilic, however‘if is
‘possible that the oxides are removed from the surface in
the turbulent environment of the flotation cell.

Pillai, Young and Boekris (1985) have recently
investigated the adsorption'of xanthate on pyrite using
XPS.(Fig.14) They found that in oxygenated solution the

pyrite surface was extensively oxidised to hydrated FeOOH
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, and adsorbed SO, and SO3 were found on the surface. XPS
shows that adsorbed xanthate and Fe(III)-xanthate
complexes are only minor forms of xanthate on the surface.
Dixanthogeh could not be observed by this'technique since
the mélting point of ethyl dixanthogen is so low (28-32°C)
that it is pumped away by the_vacuum-system of the
spectrometer.

Pillai, Young and Bockris have also used XPS to study

the adsdrption of xanthate on galena but their results

have not yet been published.
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1.2 Adsorption of Flotation Collectors on Silicate

Minerals

Peck and Wadsworth (1967 a) studied the adsorption of
oleic acid on phenacite .(Be;SiO4). Examinations of the
phenacite after contact with oleic acid by the KBr disc
method shows the presence of chemisorbed oleate by the
band at 1623cm™! due to the assymetric C=0 stretch.
Physisorbed oleic acid was found to be present from the v
C=0 band ét 1768cm'1. Again change in flotation behaviour
with pH directly correlated‘with change ip quantity of
adsorbed oleate.

Peck and Wadsworth (1967 b) also investigated the
adsorption of oleic acid on beryl (Be3Al,Sig0q4) which had
been activated with hydrofluoric acid. In this case they
found that only free oleic acid was found on the surface
of ﬁhe beryl and not chemisorbed oleate. Physisorbed
oleic acid was detected from the v C=0 peak at 1708cm;1.
They concluded that hydrofluoric acid activates the beryl
surface for oleic acid attachment via hydrogen bonds.

Dixit and Biswas (1973) used infrared spectroscopy to
investigate the flotation of zircon (2rSi0,) with sodium
oleate. The adsorption of oleate on the zircon surface
was examined using the KBr disc method. They found a peak
at 1700cm™% in the spectra of the adsorbate corresponding
to physically adsorbed oleic acid dimers but no evidence
of chemisorbed oleate. They concluded that adsorption was

due to van der Waal's interactions between the collector
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and mineral surface.

Palmer et al (1975) studied the adsorption of
hydroxamate collectors on chrysocolla (CuSiOy4) and
rhodonite (MnSiO4). They used the KBr disc method to
record the infrared spectra of hydroxamate species
adsorbed on powdéred mineral samples which had been in
contact with solutions of potassium octyl hydroxamate.
The spectra of rhodbniﬁe and chrysocolla after contact
with the hydroxamate solution are shown in Fig§.15 and 16
along with the spectra of manganous octyl hydroxamate and
cupric octyl hydroxamate. They concluded that the
collectbr attached to the mineral surface by a
chemisorption process. However flotation was'only
possible in the pH range where the metalé could hydrolyse
from Mn?* to MnOH' and Cu?* to CuOH'. Hence mineral
dissolution and metal ion hydrolysis are intimately

involved in the adsorption process (Fig.17).
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Fig.15 Infrared spectra of chrysocolla, cupric octyl
hydroxamate and chrysocolla contacted with
octyl hydroxamate. (From Paterson et al, 1975)
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Fig 16 Infrared spectra of manganous octyi hydroxamate
and rhodonite contacted with octyl hydroxamate.

(From Paterson et al, 1975)



: Plane of Fracture
Hydrogen ion can adsorb on oxide sites:
N AN !

0 Y o) OH
\ /
24 = \Si<

Si
/ \
-2 9 /0/ o-H
" ‘and hydroxyl ion on silicon sites:

si* .

Si-OH
/ — /

. 0
AN " +2OH'

Si \s. -OH

' Hydrogen bonding could occur between adsorbed hy-
drogen ion and the complex:

\ <
0-H-=+-0—Mn
\ / H
S Neow
/
or adsdrption of MnOH* could occur by splitting out
waler:
~ TEL e N
° SE/O,_H_I;lgl\-h: O\ /OM“ + H,0
o7 o | o/ No 2
7 Ve
No_ o -
\s,/ (Surfactant) /O Mn- @
o '\o-u A e / \
7 /

Precipitated metal-surfactant could adsorb via hydro-
carbon chain association:

\ /om o
_ / \
/
where
@0  Hydroxomate
&I  Mangonese Hydroxamate

Fig.1l7 Mechanism of hydroxamate adsorption on
rhodonite. (From Palmer et al, 1975.)

183



184

1.3 Adsorption of Flotation Collectors on Semi-soluble
Salt Minerals

The first application of infrared spectroscopy to the
study of adsorption of flotation minerals was carried out
in'l954 when French, Wadsworth, Cook and Cutler (1954)
investigated the adsorption of sodium oleate solution on
fluorite. After washing and drying the fluorite was
-examined by the KBr disc method. Carboxylate groups were
present in the'spectrum of the treated fluorite and were
presumed to be adsorbed mainly as calcium‘dieate. In
addition some undissociated oleic acid was detected. This
could be removed by washing with acetone,so was believed
to be physically adsorbed; After the acetone washing the
adsorbed layer due to calcium oleate remained.

Peck (1963, quoted in Giesekke, 1983) studied the
adsorption of oleic acid and sodium oleate on fluorite,
calcite and barite. He found in all cases that both
chemisorbed and physisorbed oleate were present at the
mineral surfaces.

Shergold (1972) studied the adsorption of sodium
dodecyl sulphate on fluorite using a KBr disc technique to
record the spectra of surface products. He compared the
spectrum of the dodecyl sulphate species adsorbed on
precipiﬁated calcium fluoride and natural fluorite with
that of of sodium dodecyl suiphate,calcium dodecyl
sulphate, and dodecyl sulphuric acid and mixtures of SDS

and CDS. His studies showed that the surface compound was
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not the~same asbany of the reference samples. His
findings suggested that the adsorption of dodecyl sulphate
is predominantly a chemisorption process, resulting in the
formation of calcium dodecyl sulphate on the surface
although the exact nature of this surface compound could
not be determined.

Lovell, Goold and Finkelstein (1974) investigated the
adsorption of sodium oleate and oleic acid on fluorite.
Again the KBr disct method was used. Figure.18 shows the
infrared spectfa of sodium oleate and calcium oleate,
while Figure.1l9 shows the ;pectra of sodium oleate
adsorbed on fluorite.  The spectra of sodium oleate
adsorbed bn fluorite.shows peaks at 1613cm™! and 1562cm™ L.
The peak at 1613cm™t corresponds to a chemisorbed surface
calcium-oleate and the peak at 1562cm™ L to both surface
calcium oleate and physically adsorbed sodium oleate.

They concluded that there was strong evidence for both
physically and Chemically adsorbed oleate on the fluorite
surface.

Plitt and Kim (1974) studied.the adsorption of oleate
on barite by the KBr disc method. They used the bands at
1710cm™! and 1560cm™! for the quantitative determination
of free oleic acid apd sodium oleate respectively.

The assymetrical peak at 2920cm™!

corresponding to the CH,
stretching frequency was used to determine the total
oleate adsorbed. At pH values higher than 10 only sodium

oleate was observed at the surface. Both sodium oleate

and oleic acid are present in the pH range 6-10. The
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Fig 18 Infrared spectra of sodium oleate and calcium oleate.
(From Lovell et al, 1974)
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Fig.19 Infrared spectral of calcium fluoride after treatment
with oleate. (From Lovell et al, 1974)
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bands of barium oleate were not observed throughout the
experiment.

A major problem with the study of oleate adsorption is
the relatively small differences in positions of the
carboxylate adsorption bands for sodium (physisorbed and
chemisorbed), calcium, barium and other oleates. This
makes definitive recognition of the surface compound
difficult.

Iskra and Kielkowska (1980) studied the adsorption of
oleate on fluorite in the presence of depressant quebracho
(a polyphenol extracted from the tannin of a South
American tree). The adsorption of oleate and quebracho on
fluorite was followed using ae in situ ATR technique in
which a thin film of fluorite was vacuum evaporated onto a
germanium ATR element. The infrared spectra of the
adsorbate confirmed their contention that the di- and
trihydric phenol groups of the quebracho interact with the
mineral surface. Their studies euggest that the mechanism
for the depression of fluorite by quebracho is by
‘competitive adsorption of the depressant and the collector
at the mineral surface.

Mielczarski, Nowak and Strojek (1983) used an in situ
ATR method to study the adsorption of sodium dodecyl
sulphate on fluorite. Again the fluorite was deposited as
a vacuum evaporated film on a germanium ATR element. On
exposure to sodium dodecyl sulphate they found that the
spectra of the adsorbed product differed from the spectra

of both sodium dodecyl sulphate and calcium dodecyl
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sulphate (Figs.20A and B). They concluded that the
adsorption product consisted of two layers - a cﬁemisorbed
layer of dodecyl sulphate and a physisorbed layer of
calcium dodecyl sulphate. They suggest that the

concentration of Ca?t

ions from the fluorite in solution
and the presence of other ions which form>sparingly
precipitates with dodecyl sulphate ions (eg Ba2+) play an

important role in the fluorite - sodium dodecyl sulphate

system.
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Fig,20 A. ATR spectra of:
a - calcium dodecyl sulphate
b - sodium dodecyl sulphate
¢ - barium dodecyl sulphate
B. ATR spectra of the products of sodium dodecyl

sulphate adsorption on the surface of thin films

of calcium fluoride:

a - after 30 minutes of adsorption in 5x10"moll”
sodium dodecyl sulphate solution

b - after 30 minutes of adsorption in 8x10"moll’
sodium dodecyl sulphate solution

c - sample treated in b after washing in water

(From Mielczarski et al, 1983.)
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Cecile et al (1981) investigated the adsorption of the

complexing collector salicylaldoxime

MN—~X

OH
'%N/

OH

on malachite ( Cu(OH).CuCO3 ) .

Salicylaldoxime is used as a collector for the selective

flotation of oxidised copper ores. They used the KBr disc

method to-record the spectrum of malachite treated with

salicylaldoxine which is shown in Fig.21 along with the

':ébectra-éf tﬁe two éopper complexes

bis-salicylaldoximato copper (II)
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Fig 21 A. Infrared spectra of:
a - malachite _
b,c,d - malachite with differént amounts of
‘adsorbed salicylaldoxime
b - 5.5 mMg™
c - 14.1 mMg™
d - 29.0 mMg"

B. Infrared spectra of:
a - bis-salicylaldoximato copper (II)
b - mono- salicylaldoximato copper (II)
c-f - malachite with‘different amounts of
adsorbed salicylaldoxime
c - 29.0 mMg™”
d - 15.5 mMg™
e - 10.4 mMg™”
f - 5.5 mMg™"
(From Cecile et al, 1975.)
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The iﬁfrared bapd assignments for the éopper (Ii)
complexes are shown in Fig.22. The strong N-O stretching
frequency occurs at 1200cm™! for ;he mono complex and at
'1]>.90cm"1 for fhe bis complex. From the infraréd sbectra
of the adsorbate it was concluded that at high collector
concentrations the bis complex is present at the surface

whereas”thé mono complex is'favoured at lower o
concentrations.
The authors proposed the following mechanism for the

adsorption of salicylaldoxine on malachite.

uCOsH .
‘ + EATI::j —
Ho/f%

uC-Of)H h

Initially at low concentrations, an exchange of a
CO3H group by the oximate gréup produces a mono-salicyl
‘aldoximato copper (II) surface complex (A) (spectra e and
f). Further addition of oxime transforms the compound
into the bis—salicylaldoxiﬁato copper (II) complex (B)

(spectra ¢ and d).
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Absorption Frequencies Observed in KBr Pellets®

Monusalicyl-
Bus-salicyl- aldouimalo=
Salicyl- aldoumato- copper Il
Malachite aldonime copper 11 thasic salt) Possible assignments
BI0V.W, 1 3600m
3400 M20m | 3s00v.w. ! 3400
3320 3180 V.S, ) 3300 L3160
3200 L3050 | 3130 m OH siretch. vibr,
3010 J 3090 m
3015 V.5
2960
2930 CH stretch. vibr.
2830
1630 V.S. 1600 V.5. 1645 S OH dcform. vibr.
1620 S } 1600 V.S, ] 1600 V.S. } C==N stretch. coupled with C==C streich.
35S 1545 V.S, | HATRUES -
1500 .
1400j C-0 deform. vibr.
1495 V.S. 1475 V.S, 1510 5 . . . .
1475 m ]‘ 1440 V.S, ] 1470 V.S, Ortho disubstituted benzene ring vibr.
14158 | 1445 V.S.
1400 S L1385 | 1405
1310 > | 1335 V.S, CH vibr. in plane
1300 io1B2sSs | 13108 '
1290 T1295V.S. 1295 S.W,
1255 v.s. ! 1255 m ' .
1235 1370 OH deform. vibr.
1210 J C-C deform. vibr. in disub. benzene nir
1196 S 1200 S 1190 V.S. "N~QO siretch. vibr.
1155 8 1155 m 1150 8 C-C deform. vibr. in disub. benzene ring
1115 n2sm 1125 m
1095 C-0 deform. vibr,
1040 1040 S 1055 m Benzene ring breathing
990 V.S. 1030 V.S. 1025 S C-0O stretch. vibr.
5
lg;;} OH deform. vibr. out of plane
980 940 m 965 5 Benzene ring Ortho disub. vibr.
960 S 920 V.S. 915 S N-O stretch. vibr,
940
905
860 N 860 m
790 l 845 m -80S S
765 | 820 m 750 V-S. CH out of plane
740 } 745 S 740.V.S. |
820 . C~0 deform. vibr.
725 7308
706 665 V.S. 665 S.W.
620 m 645 S
615 S
600 S 600 S
;?g C-0 deform. vibr,

® S, strong; V.S., very strong. m, medium; W, broad.

Fig 22 Infrared spectral bands and
for salicylaldoxime and its

(From Cecile et al,

1975.)

their assignments
copper complexes.
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Depth of Penetration calculated from equation in N.J, Harrick p,.30

"Internal Reflection Spectroscopy” (lnterscience 1967)
and optical constants for Hp0 in Optika Spe ktroskopija 27 430 2 (1969),

VoM ZUIUTHFEV BT ar

Aum) - mHp0 dp (ym)
2.5 1.240 0.15/
3.0 1.400 0.193
3.5 1.400 0.227
4.0 "1.347 0.256
4,5 1.331 0.287
5.0 1.329 0.319
5.5 1.300 0.349°
6.0 . 1.276 0.378
6.5 1.330 0.415
7.0 1.313 0.445
7.5 1.302 V.476
8.0 1,288 0.5uU6
8.5 1.272 0.532
9.0- 1.252 0.565
9.5 1.229 0.594
10.0 1.208 0.622
10.5 - -
11.0 1.149 0.678
11.5 - -
12.0 1.114° 0.735
Sympols
dp- = depth of penetration of rad1at1on in water
n21 = n2/ny
ny = NHoo = refractive index of water
A(lambda) = wavelength of radiation
n = refractive index of Ge (= 4 at all wavelengths)
8 = angle of incidence =  45°
| Equation:- , |
A ,
d = —2 21/
p n1(2n(51n 8 - nxl)

Experimental test of equation using Ge ATR and benzene
' Y

1959 cm-1 band of benzene i.e. 5.2 um

Theoreticall.ys.2 : Zf&

d = / . 2 1.48
P 4 2n(sin"45 - &T—q
= 0.34 m

Experimentally. dp = 0,32 yn  (4/5/84)

N.K. Roberts

Physikalisch Chemisches Institut
der Universitat Munchen

West Germany
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Comparison of the Concentration of

the Adsorbate on the Surface and
in the Adjacent Solution

Consider a gefmanium orism of the following dimensions

an A;zﬁf/'o.s cm

-
-

5.0 cm
In Solution
According to Harrick's equation

dp (at » =6 ym) = 0.38 ym of H,0

From interference measurements the prism is coated with Sno2
with a thickness of ~ 0.07 um.

Hence dp 2 0.30 um of H,0

— — 0.30 um K,0
SIS 0,07 um 0,

Hence the volume of water penetrated
3

= 5x0.05x 0.3 x 104 cm

= 0.75 x 1074 o3

For both sides of the prism,,volume
3

3

= 2x0.75x10 % emd =15 x 1074 em

Now for a solution of 50 ppm styrene phosphohic acid

12

0.25 x 1073 mg~!
3

e

0.25 x 10°% # em”

Hence the number of moles of SPA in 1.5 x 10_4 cm3

1.5 x 10”7 x 0.25 x 10”8 moTes
4.0 x 10”11

Moles

je  for 50 ppm there is approximately 4.0 x 10" moles of SPA in
the solution adjacent to the Ge prism. '

dn the Surface

‘Now if the area of the SPA molecule on the surface is assumed
to be 50A? ' :

50 x 10716 ol
5 x 10715 cm?



And the area of both sides

2

=2 x5.0x0.5a = 5cmd

Hence the number of molecules on the surface if a monolayer is
formed - - -

15 15

= 5/5 x 10~ 107" molecules

Hence the number of moles on the surface

1015/Avagadro's number

1035/6 x 1023

moles

1.7 x 10" moles

ie if a monolayer is formed there is a 1.7 x 10'9 moles of SPA
present on the surface.

Hence the contribution fraom the species in solution
at monolaver coverage is negligible.



