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ABSTRACT

An investigation has been made of the effect that particle
size has on the flotation recovery of cassiterite. This
investigation arose because insufficient data existed about
the flotation behaviour of cassiterite. This 1is because
flotation of cassiterite on an industrial scale is a fairly
recent innovation, although research along these 1lines has
been pursued for the last forty years or so. Existing
information on the fInstability of fine caJs iter ite particle
sizes, less than about 7 p,m, is limited, while most workers
agree that the floutability of particles coarser than about
50 pm in size 1s very poor. Not much ia known about the
floatability of fine particles because of the technique of
desliming at about 7 pm which 1is carried out at all
cassiterite flotation concentrators. This slime fraction
is discarded.

Cassiterite samples from different localities were
obtained for this investigation. Some of these samples were
subsequently upgraded to a maximum practical degree of
purity, vie. 94 to 90 per cent tin dioxide, while other
samples with lower tin dioxide grades were also obtained.
These samples were all thoroughly screened into size
fractions. This was achieved by using Tyler screens and the
Warman Cycloaizer. Some samples were subsequently centrifuged
to obtain fine particle size fractions.

Samples of 1 gram mass were used for the flotation
tests. The sample was placed 1in the Fuerstenau Cell, a
microflotation cell, and the required amount of collector,
ethyl phenyl phosphonic acid, was added to the sample. The
pH was adjusted to 5 with dilute sulphuric acid, and a
conditioning time of 4 minutes allowed. Nitrogen gas was
then introduced into the flotation cell for 3 minutes.

The floated fraction was collected and weighed, as was the
tailing fraction, and the recoveries calculated. Entrain-

ment bahavicur, that i1is, recovery of sample by non-flotation
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means, was also determined for some samples. Pure flotation
recoveries, as distinct from total flotation recoveries,
were thus; determined.

The effect of ultrasonic vibrations on cassiterite
samples was also investigated. It was observed thjt
cassiterite samples which had been subjected to ultrasonic
treatment gave improved flotation recoveries compared wi-h
samples which had not Dbeen treated. The effect that ultra-
sonics has on cassiterite was studied using a scanning
electron microscope. The results obtained from this
investigation has enabled a mechanism for this effect to be
postulated. Thus, ultrafine material, generally smaller than
0,5 tim in size and comprising predominantly cassiterite, was
found to adhere to the coarser particles. It is considered
that these ultrafine particles are responsible for the
inferior flotation results exhibited by the coarse particles.

It was found that cassiterite which had not been treated
with ultrasonic vibrations, floated pocrly when compared with
the flotation behaviour of galena. Also, cassiterite from
different localities responded to differing extents when
floated under identical conditions.

The recovery MM particle size relationship profile for
the pure flotation recovery of cassiterite was found to
follow the expected pattern, that 1is, ?s the particle size
decreased, the recovery increased to «w maximum wvalue, and then
decreased again. The flotation behiviour of fine particles,
smaller than 7 pm, was characterised 1in some detail.

It was found that the maximum recovery for the total
flotation recovery of cassiterite occurred at about 10 to
20 pm. For pure flotation recovery, the maximum occurred
at about 20 to 30 pm, while the maximum recovery for pure
flotation recovery of cassiterite samples which had been

treated with ultrasonic vibrations was found to be at about
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1. INTRODUCTION

Historically, cassiterite, tin dioy'de, has always been
recovered by gravity techniques, whether it be a crude
process like wind winnowing, as originally carried out at
Brandberg West Tin Mine 1in South West Africa/Namibia at the
turn of the century, or the more recently introduced
Bcrtles-Mozley table (1). In the case of the Rartles-
Mozley table, cassiterite may be upgraded by gravitational
means down to about 7 |im in size , whereas normal shaking
tables can recover cassiterite particles down to about 35 Jjam
in size. Vanners, round frames and buddies can recover
cassiterite down to about ID pim in size (2). However, it
should be noted that although cassiterite 1is recovered at
these fine sizes mentioned, the recovery is very inefficient
and only Dbecomes acceptable for sizes coarser than those
given above.

Research work on the flotation of cassiterite was
published as early ms the 1930s, among this being investi-
gatory work carried out at Renison Tin Mine ({3, 4, 5).
Apparently, research work to investigate the possibility of

floating cassiterite industrially was started 1in the

U.S.5.R. during the late 1930s (6). Extensive experimental
work was done by Gaudin and co-workers (7, 8, 9, 10), as well
as by Oberbill ig and Frink (11). None of these ideas were

put into practice.

The first commercial cassiterite flotation concentrator
was started at Altenberg, Erzgebirge, Saxony, and operated
during the period from 1937 to 1945 A mixed cassiterite-
wolframite ore, also containing other heavy metal minerals,
was treated with oleic acid collector. Recoveries of about
77 per cent were obtained at concentrate grades of 11 to 12
per cent tin. However, no economic method existed during
this period for the upgrading of these low grade concentrates,
and the process could thus be considor*-d only as a war-time

expedient (4, 5).



Altenberg again featured in the ensuing developments
regarding the flotation of cassiterite. The use of para-—
tolyl arsonic acid was implemented at this concentrator
during 1959 and this resulted 1in an overall 1increase 1in
tin recovery of about 10 per cent and a slightly higher
grade of concentrate (14 per cent tin). Despite the
advantages of the new collector reagent, there were two
important disadvantages which, together, wultimately led to
the process Dbeing discontinued, viz. the reagent was very
expensive and was toxic by virtue of the arsenic present
(4, 12).

The presence of ' rge tonnages of orsseminated fine-
grained cassrterite ore at Renison prompted the investigation
of flotation during 1964, as a method of recovering the fine
sizes not recovered by the gravity processes. A petroleum
sulphonate was used as a collector, but results were dis-
appointing. During 1967, a collector b5M119 (an organo-
arsenious compound) was made available from Japan where this
reagent was being used at the Mikohata 'ine for the recovery
of cassiterite. Results wero sufficiently encouraging and
led to the installation of a pilot plant, and subsequently a
full-scale concentrator which was commissioned during 1970.
Desliming was originally planned at a cut point of 2 fim by
using centrifuges, but this proved to be unsuccessful due to
the unmanageable frothing which resulted. Currently,
desliming 1s being carried out at about 3 pm by using cyclones
(3) . At Renison, the gravity plant tailings constitute the
flotation feed to the cassiterite circuit after sulphide
mineral scavenging (13).

At this stage, it should be noted that it has long
been realised that the desliming of flotation feed 1is
imperative to the subsequent flotation of cassiterite.
Although the effect of slimes on flotation 1s discussed 1in
the following section, it should be briefly mentioned that

fine particles adsorb excessive amounts of reagents, gangue



slime coatings prevent surface contact with the collector
reagents and air-bubbles, and that recovery and grade are
reduced because selectivity 1is reduced. Also, certain
minerals have a greater tendency to slime, like chlorite,
limonite and hematite, than other minerals (14) . Because
of these effects, desliming 1is carried out at all the
cassiterite flotation concentrators. The desliming cut
points may, however, vary from concentrator to concentrator.
The investigation into the recovery by flotation of
fine cassiterite from tailings dams at Union Tin Mine
commenced during 1965 and a full-scale concentrator was
commissioned during 1971. The test work e* carried out for
the Union concentrator was adopted at Rooiberg Tin Mine,
and full-scale production commenced at Rooiberg in 19 72.
In both cases, cassiterite 1s currently being floated from
the gravity concentration tailings as w”ll as from old
tailings dams. At both concentrators, desliming 1is carried
out at a particle size of about 7 p.m with respect to
cassiterite. This desliming is ach aved by the use of several
batteries of small high-pressure cy ones. The minus 7 4m

material 1s discarded while the 7 to about 50 4m particle]

constitute the flotation feed. Buncombe (15) described the
desliming process at Union. The process 1s identical at

Rooiberg. Sulphide minerals are removed by flotation prior
to cassiterite flotation. At both Union and Rooiberg, ethyl

phenyl phosphonic acid is used as the collector reagent,
(3, 16, 17)

At the Wheal Jane Tin Mine, the concentrator was
commissioned during 19 71. A variety of cassiterite collectors
were tested for this ore until a sulphosuccinamate was chosen
as giving the best results. The desliming cut point for this
concentrator is 7 “m (3).

In addition to the concentrator, referred to above,
there are also five concentrators in Bolivia employing

flotation for the recovering of cassiterite. However, no



details are available about any of these concentrators
except that they all deslime the flotation plant feed
material at about 10 pm, and that Aerosol 22 1is used as the
collector reagent (IB).

Cassiterite 1is often very finely disseminated in the
ore. This 1is the case at Union where the grain size of the
cassiterite varies between 3 and 45 pm (19). Other tin mines
also have fine-grained cassiterite present 1in the ore, as at
Rooiberg, Renison, Wheal Jane, and also the tin mines of
Bolivia (3, 18). Fine grinding 1s thus necessary to liberate
the cassiterite, and this results 1in the formation of slimes
of both gangue and cassiterite. Cassiterite 1is very Dbrittle
and thus slimes easily.

The introduction of flotation following the gravity
concentration process at Union has resulted in an increase
in the total recovery of tin from about 26 to about 46 per
cent. At Rooiberg, the increase has been from about 74 to
about 80 per cert. However, because o0f the desliming step,
about 30 per cent of the tin in the potential feed to the
flotation stage at the Union concentrator 1is lost (17). It
has been determined that all the cassiterite in the deslime
plant discard is 1less than 10 pm in size, and that the great
majority of the cassiterite particles are liberated (19).

The value of the tin in the discarded slime 1is very substantial;
it has been calculated to be worth more than one million rand
per year at the Union Tin #£'ine alone for a prevailing tin

price of R5 500 per tonne end a revenue of R2 500 per tonne
(March 1974 wvalues). The present revenue figure 1s not
available.

It has been observed in practice that the presence of
very fine particles 1s detrimental to the flotation of
cassiterite particles between about I and 50 pm in size.
However, since the minus f pm cassiterite 1s discarded, it 1is
not known what the flotation behaviour of this size material
will Dbe. Since a particle size and flotation recovery

relationship for cassiterite has only previously beer, reported



by Kelsall et al (20) on material from Renison, it would

be advantageous to study local cassiterite samples and

determine their flotation characteristics, especially for

the particles smalJer than 7 pm. Also, as will be observed

in a following section, there 1is reason to suspect that the

upper particle size 1limit for the flotation of cassiterite,

viz. approximately 50 pm, 1is unexpectedly small. This

dissertation hé&s the objective of estaolishing the relation*

shAp between particle size and flotation recovery for

cassiterite over a wide range of sizes so as to include

the very small (less than 7 pm) and the coarse (between

about 50 and 350 pm) particle sizes. Some practical

implications will then subsequently become apparent.

The approach to characterising the relationship between

Particle size and flotation recovery for cassiterite will be

made employing a microflotation cell and cassiterite samples

of varying grades from various localities each screened into

different size fractions. The scanning electron microscope

will also be used 1 ||order to elucidate certain phenomena

observed or cassiterite samples which had been treated with

ultrasonic vibrations.



2. LITFRATURE REVIFW

Since the following topics each form Jjn integral part of

this investigation, it was decided to review each in turn,
viz.

(1) Cassiterite flotation

(2) The effect of particle size on flotation

(3) The effect of slime coatings on flotation

(4) Ultrasonic vibration treatment

2.1 Cassiterite flotation

2.1.1 Fundamental studies

A brief look will now be made at some fundamental studies
of cassiterite. These studies have been performed Dby many
workers 1in an attempt to determine the conditions wunder
which selective flotation of cassiterite could he achieved.
The point of zero charge (pzc), chat 1is, the pH wvalue
et which the solid surface will show no excess positive or
negative charge, has been measured by various authurs and
appears to vary from 3,4 to 7,0 (23, 22, ">3, 24, 25). Thus
the cassiterite surface has the following configurations
/ inOHj , /SnOH and /SnO at pH values below, et,and above
the pzc respectively (the symbol / represents the lattice
surface schematically) . This wide range cf values for the
pzc has been attributed to varying amounts of impurity
elements present either as an isomorphcus substitution for
tin, or else as 1impurity iors present 1in the cassiterite-
bearing gulps. This view 1s also held by Klessen and
Mokrousov who regard the changes in flotation activity of a
particular mineral 1in the presence of other minerals to be
due to the presence of ions derived from these wvarious other
minerals. A number of workers have shown that the presence

of foreign ions radically alters the flotation behaviour of

cassiterite (4, 11, 26, 2 f, 28). Thus, under varying
conditions, ferric ions could act <is a depressant, or as an
activator for cassiterite. There exists an apparent conflict

in the literature about ferric activation being necessary



or unnecessary in the flotation of cassiterite (29). Other
metallic ions are generally considered to act predominantly
as cassiterite depressants.
2 x1 %2 Reagents used 1in the flotation of cassiterite

In this section a brief 1look will be made at the wvarious
reagents which have been used in the flotation of cassiterite.

QOdgxc acid and sodium oleate. 4 great deal of
the early work on the flotation of cassiterite was carried
out with oleate collectors. However, a major drawback with
the use of oleate was the lack of selectivity of the reagent
resulting 1in acceptable recoveries,but poor concentrate
grades being obtained. The contaminating minerals were mainly
iron oxides and hydroxides (4, 26, 29, 30).

') -IY- 1d derivatives. The succinic acid
derivatives have had a good deal of success in floating
cassiterite. The best known reagent, Aerosol 22 (n—octadecyl
te tiasodium sulphosuccinamat?), was found to be a good collector

for cassi uerite (31, 32). At present, this reagent 1is 1in use
in cassiterite flotation concentrators in Bolivia (IB). A

succinamate collector 1is currently being used at Wheal Jane

Tin Mine (3)

(3) £L,r —ylk.1'f"fie e Reagents of this type have shown
promise as a collector for cassiterite, but. as far as 1is
known, no concentrator uses this typo of reagent. Experi-
mental work (27, 33, 34, 35, 36, 37) appears tc indicate that
the presence of iron markedly improved the flotation behaviour
reported that

of cassiterite. However, Strel'tsyn (35, 38)

cassi ..erite could not be selectively floated from iron oxide
minerals and tourmaline wusing alkyl sulphates.

"g ~ "1 °*g”~"mr sulphn-ites . Petroleum sulphonates were
oriijj.nally developed as a low cost flotation collector for
iron-hearing minerals. Renison tested a reagent of this type
during 1964 but found the collector to be insufficiently
selective (3). These results were verified by Graham (39)

using ore from Rooioerg. Wrobel (40), however, claimed

selective flotation results using a sulphonate derivative.



(5) Arsonic, stibonlc and phosphrm.. ?2ci.d derivatives.
Although paratolyl arsonic acid was the first reagent of this
group to find practical application in the flotation of
cassiMerits, the toxicity nf the reagent severely curtailed
its use. Phosphonic acid derivatives have, and are being,
successfully used at a number of concentrators, but the main
inhibiting factor to its use 1s the excessively high cost of
this reagent. This feature applies to the whole group of
derivatives (3).

Kirchberg and Wot tgen (14, 41, 42, 43) developed the
phosphorus and antimony analogues of arsonic acid as new
reagents for cassiterite flotation. The stibonic acid
collectors were found to be ineffective and showed poor
collecting oroperties, and work ceased on the use of this
reagent, while the phosphonic acid derivatives gave promising
results. In sore cases t~e results of the phosphonic acid
derivatives were superior to those obtained with arsonic acid
collectors. It was subsequently determined that the alkyl
phosphonic acids were stronger and more selective collectors
than the aryl phosphonic acid derivatives (4). Currently,
phosphonic acid collectors ore being used at certain cassiterite
concentrators, viz. Roniberg and Union Tin "tines, where ethyl
phenyl phosphonic acid has replaced the paratolyl arsonic acid
as the collector for cassiterite.

Results of comparisons between arsonic. and phosphonic
acid collectors are conflicting, as 1s also the qgquestion as
to whether iron activation is necessary (4, 30, 41, 44).
Optimum pH range for flotation with phosphonic acid was *
determined by Collins (4) tr Dbe between 5,6 and 7,4, while
Goold and Finkelstein (29) found this to be between about 4
and 6 . Wottnen (45), however, found adsorption of collector
to increase sharply at a pH of about 4 with the maximum being
reached at a pH wvalue of 2. These results by Wottgen are not
easily explained when 1t is considered that the best flotation
rr 'uits in practice are obtained at a pH of 5 as 1is curried out

at both Rooiberg and Union Tin Mines.



(6) Hrdra®amjc acid derivative, . Hydroxamic acid

derivatives have apparently been successfully used as

collectors for casnitorite in the U.5.5.R. Bogdanov et al

(46) and Strel'tsyn (35, 38) reported good results in the

flotation of gravity concentration slime, and also the

upgrading of gravity concentration products. However, iron-

bearing minerals were detrimental to concentrate grade as

these were also floated. Rosenbaum (47) considered the

hydroxamic acid collectors to have the equivalent collecting

power to the arsonic and phuephonic acid collectors, although

these thoughts were not borne out by the results of Graham (39).

(7) LI/'"™; 'r-r.s z. Trahar (46) floated cassiterite

with alpha-sulphostearic acid,and a mi.ture of this acid and

alpha-sulphopalmitic acid. The results showed these reagents

to be superior to arsonic and phosphonic acid, Aerosol 22,
sodium lauryl aulphonate and a hydroxamic acid derivative.

No further work has been reported on this system.

BMarahini (49) studied calicylaldehyde reagents for the

flotation of cassiterite. This reagent contains functional

groups wnich have a specific affinity for the tin(4) ion.

tan epressants and modifying reagents. The most

commonly used depressants 1in cassiterite flotation are sodium

silicate ond sodium fluoride which are added to disperse and

depress gangue minerals respectively. However, sodium silicate

should not be added 1in excessive amounts since it will then

depress cassiterite as well, while sodium fluoride does not

have any noticeable effect on cassiterite (50). Sodium

fluorosilicate can be used to depress 1iron-bearing minerals,

and can also act as a depressant for the silicate minerals

v A sodium *luorosilicate 1is also claimed to depress

fluorite, while other workers have found this reagent tn

depress tourmaline (35). Both these minerals are readily

floated into the cassiterite concentrate when no modifier is

present. Hydrofluoric acid and sodium sulphide are other

reagents which have been used to improve the selectivity of

cassiteiite flotation.



2.1.3 A discussion on ssiterite

In the introductory sec cion, cassi terite flotation practice
has been briefly outlined. A short examination into the
reason** why the flotation of cassiterite differs in many
respects from that of other minerals will now be made.

(1) Cassiterite 1is chemically extremely inactive.
Any attempts tc modify the cassiterite surface usually lead
to the modification of the surfaces of other minerals present,
than reducing selectivity.

(?) 'he surface of wetted cassiterite may be amphoter:;c.
This may lead to inconsistent flotation results under
apparently standard conditions. Thus it was found that
samplas of natural cassiterite differed quantitatively in
their ability to be floated although gqualitatively their
behaviour was similar. Thus, under identical conditions, a
collector reagent will float different natural cassiterite
samples, but the total recoveries obtained will differ from
sample to sample. This effect may result directly from the
presence of other elements substituting for tin within the
crystal lattice (see Dbelow) (33, 51).

(-) Isomorphous substitution by niobium, tantalum,
iron, titanium, scandium, tungsten, mang.irese and zirconium
for tin occurs readilv under different geological environments.
Alternatively, or idditionally, ninute mineral inclusions of
the above elements may be present within a cassiterite grain.
Singh and Bean (52) reported the most prominent mineral
inclusions in cassiterite to be tapiolite, tantalite, rutile,
ilmenite, wolframite and magnetite. Similarly Osipova et al
153) also found a number of minerals occurring as micro-
inclusions within cassiterite grains. Different surface
properties of cassiterite may thus result (54, 55). 1In this
regard, conflicting results were obtained in extensive work
carried out by Pol'kin ,nd his co-workers (6, 56, 57). They
prepared synthetic cassiterite and doped this with a wvariaty
of impurity elements. The changes in the finstabilities that

resulted because of this substitution were ascribed to



variations in the lattice parameters which, in turn, affected
the covalent nature of the sample, hence 1its hydrophobisity
and, therefore, 1its reactivity with collectors. Although

a number of workers have found pure synthetic cassiterite

to respond "“ery well during flotation with a variety of
collectors (26, 30, 33, 5b, 57), Pol'kin et al (6) found the
contrary with their synthetic samples. This appears to
indicate that the nature of the samples of Pol'kin and his co-
workers differed greatly from those of the other above-

mentioned workers.

(4) Cassiterite 1s -sually an accessory mineral in
lode and pegmatite deposits with low grades (generally less
then 1 to perhaps 3 per cent). Many minerals having similar

flotation responses to cassiterite are often associated with
the cassiterite. This leads to low grade cassiterite concen-
trates on flotation uf these ores.

(5) The commercial flotation of ether oxide minerals
relies c¢cn a high feed grade and, since tkeir unit wvalue is
low, the. tailings value 1is not of critical importance.

However, 1n the case cf cassiterite, even very low grade
tailings have 1 significant wvalue.

(6) Some cassiterites contain sulphur on their surfaces
and could thus float naturally with frother alone, or behave
like a sulphide mineral. This results in tin losses during
the sulphide flotation step prior to cassiterite flotation (58).
The problem of cassiterite losses 1in the sulphide flotation
circuit immediately preceding the flotation of cassiterite, is
known to occur at Rooiberg, Reniaon and Union Tin Mine
concentrators (20). At Renison 1t was found that a high
proportion of the cassiterite of plus 30 pm in size was floated
in the sulphide circuit, wheress cussiterit’ coarser than 40 pm
was found not to float in the cassiterite circuit. This result
could be due to the effect discussed above. The losses of
ultrafine cassiterite during the sulphide flotation step,

which precedes the cassiterite flotation step, and hence the



desliming stage, may in fact be due to the sulphide mineral
particles acting as the carrier particles for the ultrafine
cassiterite, that 1is, "piggy-back" flotation (59).

The above 1indicates the inherent difficulty in

upgrading cassiterite by flotation.

2.2 The effect of particle size on flotation

2.2.1 Int roduc tion
It has long been realised that particles of different sizes
have different flotation characteristics. from tne very
comprehensive review on the ' ocatability of very fine particles
published by Trahar and W.rren =x6C), and by Jameson et al (61),
it 1is apparent that this effect has perplexed many workers
and it 1is only in more recent times that the information
available from many observations and theories has been collated,
and workable theses proposed.

2.2.2 Parti le :1i/e - : vnr ¢ rel itinnshjB
Gauom et al (62) mode the first very detailedstudy of the
relationship between partic.e size and 4 Ictrition recovery.
Their work was based on the analysis of the per”or”a e o
operating concentrators treating lead, zinc and Ci~p,Jjrr
sulphide minerals. Their resits showed that the psiticle
size — recovery curves are of asymmetric shape -ind tnet
optimum recoveries are obtained in the size r-mge cetxveen 10
and 50 pm (60). The recovery falls sharply for particles
arove 10C. pm in size, but only gradually for sires be w 1C i/m,
7his observation has been found to be consistent \ t'' ,ia v
subsequent observations made on a variety c- di, t £°r.
minerals, although the size range for maximum !te. ery dnon

vary for different minerals and different cunu.t nnn.

Trahar and W irren (60) compared nine diffrrerit miner jls art A
found the maximum recovery size rrmge for each thise
minerals under different conditions. In ccch 1 isu 1

apparent that the best flotation results are utt lirvd in
the intermediate particle size range which 1s n treral vy

between 10 and 100 pm.



Trahar (63) determined that the batch flotation of
galena was particle size dependent, and that maximum
recoveries were obtained in an intermediate size fraction,
while the coarse md fine size fractions both showed inferior
results. Anthony et al (64) obtained similar results in the
flotation of sphalerite. In both the above cases, it was
found that each size fraction had tast and slow floating
components so that the recovery increased over the time range
chosen. The effect o* increasing the flotation time was to
extend the particle size range for maximum floatability
towards the finer size end of the relationship.

2.2.3 effect of collector concentration
In their work, Suw”nasing md Salman (65) varied the
collector concentration 1in determining the flotation
characteristics of galena and quartz over a particle size
range from about 300 to abc t 30 pm in site. In their study
it was shuwn tha*. the intermediate maximum floating size range
can be extended to cover a wider particle size range by
increasing the collector concentration. In the case of galena
the coarser particle size range was extended as the collector
concentration was increased, while for quartz, both the coarse
and the fi'.e size 1limits of flotation were extended. From
their results, it was apparent that the maximum floatability
of galena took place in the* size range Dbetween 40 and 70 "“m.
This was determined by using barely sufficient amounts for
one monolayer coverage of collector since this condition
yields the greatest amount of information on the kinetics
of the system. The maximum floatabilicy for quartz appail
to be between about 50 and some value less than 3L |[im
which was the lower size 1limit of their investigation, fht;
results of Suwanasing and S.ilman for galena are in good
agreement with those obtained by a number of other worKers
(66, 67, 68).

2.2.4 Tha scale of experimentation
Klassen and Mokrousov (66) found similar particle size -

recovery results to those obtained by Trahar and Warren (60).



However, Klassen and Mokrousov did determine major
differences Dbetween laboratory tests and results from
practice for the minerals galena and fluorite. They found
the maximum floatability range to be substantially higher in
the case of laboratory tests (60, 66).

Good correlation between operating concentrators and
laboratory results were, however, obtained for sphalerite
by Trahar and Warren (60), and the diffarencer mentioned above
had apparently resulted because of different techniques
and conditions.

2.2.5 The effect rbubble size

Klassen and Mok rousov (66) considered fine particles to be
floated mainly by fine air bubbles precipitated from
solution, while large air bubbles, formed by the coalescence
of smaller bubbles. or bubole clusters, responsible for the
flotation of very large particles. This statement implies
that wvacuum flotation conditions would enhance the flotation
of very fine particles.M These authors then present several
results showing the advantage of wvacuum flotation over normal
flotation (69). Panu and Pandelescu (70) also found wvacuum
flotation to give dimproved results over normal flotation
conditions for particle sizes smaller than 10 “im. However,
Meloy (71) 1is of the opinion that vacuum flotation is but a
special case of normal, bubble attachment flotation, and has
based this statement upon theoretical considerations of the
flotation process. However, the explanations may lie 1in the
fact that smaller bubbles are developed during vacuum
flotation and that it 1is thla feature, that 1s, small bubbles,
wt.i' .mproves the flotati n results. Jameson et nl (63)
col *dered that smaller bubble sizes and a greater number of
bubbles would be beneficial to flotation. These authors also
considered that the flotation of very fine particles would
be greatly improved Dby the use of smaller bubble sizes.

2.2.6 fntrainment

Lynch et al (67) considered that there were two mechanisms

for the transfer of particles from the pulp to the concen-



trate, viz. by flotation, that xs, the adhesion of particles

to air bubbles, and by entrainment in the <froth, that 1is,

recovery by non-flotation means. Their studies were made
at a galena and sphalerite concentrator. In the galena
circuit, selective attachment predominates for galena since

natural galena has a hydrophobic surface and a high specific
gravity. Sphalerite has a lower specific gravity than
galena and 1s 1induced to float to a small extent only 1in
this circuit. Thus the recovery of the- coarse sizes of
sphalerite (parcicle size larger than about 20 Jjim) in the

galena circuit 1s indicative of selective attachment, while

the recovery of sizes finer than about 20 is characteristic
of entrainment. In the case of non-sulphide gangue, the
mechanism of transfer to the froth 1is entrainment. Thus,

in the recovery of a particular mineral, the importance of

either mechanism was found to depend on tKP nature of the
mineral, the water recovery rate, the chemical flotation
environment and the availability of air in the pulp.

During the detailing of the relationship between particle
size and recovery, Gaudin et al (62) observed the phenomenon
of gangue entrainment. This was designated as "mechanicax"
carry-over of very fine particles into the froth product.

Although Trahar and Warren (60) recognised this flotation
feature of entrainment and mentioned that flotation recovery
by bubble attachment would be lower than that portrayed in
particle size - recovery curves, no further discussion on
this aspect 1is entered into, save that 1t 1s apparent that
a decrease 1in concentrate grade would occur with decreasing
particle size. Sutherland (72) and Jowett (73) Dboth
described gangue entrainment 1in terms of a simple physical
model. A feature of this mooel 1is that the pulp density
of the flotation feed greatly influences the extent of
entrainment, while the feed rate also plays a role. Klassen
and Tikhonov (74) cons id**md the water recovery 1into the froth
product to be the most 1important factor affecting the

entrainment of gangue 1into the flotation concentrate.



Lynch et al (67) similarly found that ths rate of water
recovery 1is related to the amount of gangue 1in the concentrate

In their flotation study of galena and quartz,

Suwanasing and Salman (65) also performed entrainment tests.
In the case of galena, a graph was obtained with a maximum
entrainment wvalue at about 30 , decreasing towards both
finer and coarser particle sizes. This effect has been
ascribed by these authors to the native floatabiiity that
galena possesses by virtue of the presence of the element
sulphur, which is extremely hydrophobic. Quartz showea
gradual increase 1in recovery with decreasing particle size.
In this case the effect 1s due to mechanical entrainment
since the surface of quartz is hydrophilic. This 1is due to
the crystal structure of quartz which has strong ionic bonds,
and the strong polar surface,which results on cleaving,
attracts water dipoles.

In their recent review, Jameson et al (61) mentioned that
few systematic investigations had been made. According tc
these authors, there appear to be four ways by which entrain-
ment may take place: (1) gangue in mineral grains, that is,
unliberated grains, (2) entrainment of free gangue,

(3) flotation of free gangue,and (4) slime coatings of
minerals and bubbles with gangue. The relative contributions
of each 1is not easy to assess. Work by other workers has
shown that with hydrophilic minerals, the phenomenon cf
entrainment cannot be eliminated in any flotation system.

The drainage times in the froth were found to determine the
extent of entrainment 1in a system to a large degree. Thus
for deeper froths there appears tc be greater selectivity

due to the draining of the entraining gangue from the froth.

In their work, Gaudin et al (75) introduced the co-
efficient. of mineralisation to give an indication of the
extent of flotation of the particular mineral being studied.
The coefficient of mineralisation, M, for a pulp constituent
is defined as the ratio between the con entration of that
constituent 1in the froth product and its concentration in

the pulp body. In their work with particles of very fine



sizes, they considered entra inment not to have taken place

to any noticeable extent, since,by their definition,M would
equal unity for entrainment, and all their results showed
N to be greater than unity. Thus they considered their
results to be due t flotation only. However, it could

conceivably have Dbeen the case that both flotation and
entrainment had occurred simultaneously which could have
given M a value greater than unity. This eventuality

does not seem to have Dbeen considered by these authors.

This oversight appears even stranger when it 1is seen from
their work that they obtained recovery results using no
collector reagent, and found this to he due to entrainment
since M was less than unity. This implies that entrainment
h'd, in fact, taken place 1in their system when collector
reagent was present. from their results i+ 1is seen that the
entrainment rate appears to reach a maximum at a particle
size of about 2 pm, with the rate decreasing for both coarser
and finer particle sizes. This appears to be 1in keeping with
the results of Suwanasing and Salman (65) who also detected

a decrease 1in recovery for the smallest particle size range
investigated, viz. minus 37 pmnm. Conjecture could thus have
it that the results of Gaudir et al (75) 1in the absence of
collector represents native floatability (as postulated by
Suwanasing and lalman) and not entrainment. However, 1t 1is
equally important ta realise that entrainment will take place
for very small particle sizes, and that this entrainment
effect will increase with decreasing particle size. The
difficulty with galena is that no easy distinction can be
made oetween native floatability end entrainment, especially

not under large-scale concentrator conditions.

2.2.7 Theories of the effect of particle size

Although none of the theoretical models which are to be
discussed in this section were applied in the thesis, it is
felt that many of the underlying principles are of great value
in view of the work done and the results obtained. It has
thus been decided to incorporate a brief discussion of these

models in the review.



It is 'ipparent that the flotation process 1s complex,
and that it involves a number of principles vSich have not
been fully characterised to date. Thus it is felt that
theoretical models cannot represent the full process and are
of somewhat limited wvalue. However, these models will assist
in obtaining a greater understanding of flotation.

Thus the flotation process can be sub-divided into sub-
processes which can he studied "ore simply, especially by
studying the effects of changes made 1in any one of these sub-
orocesses, for example, in particle size. The theoretical
"ode Is assume the flotation process to comprise the following
four steos, viz. (1) the introduction of feed material into
tne flotation cell, (?) the attachment of particles to bubbles,
(3) the transportation of particles and bubbles from the oulp
tc the froth, and (4) the removal of the floated particles.

Each of these steps can be further sub-divided to give a total

of ten sub-processes. (see Table 1).
TABLE 1
The processes and sub-processes comprising flotation (60)
(1) Tne introduction of feed materials

(i) Introduct on of pitlp

(11) introduction of air
(2) The attachment of particles to bubbles
(1id) Collisions between particles and bubbles
(iv) Adhesion of particles to bubbles
(v) Detachment of particles from bubbles
(3) The transport processes between pulp and froth
(vi) Transport of mineralised bubbles into froth
(vii) Direct entrainment of particles into froth
(viii) Return of particles from froth to pulp
(4) The removal of flotation products

(ix) Removal of froth

(x) Removal of tailings

It is from an understanding these sub-processes that

basic flotation equations can be formulated. Two approaches



have been proposed. One was put forward by those authors

who have set up differential equations for (1) the rate of
change of the total mass of particles in the pulp, (2)on bubbles
in the pulp, (3) of particles in the froth, (4) on bubbles

in the froth,and (5 of particles 1in the concentrate. The
resulting set of five equations can only be solved by making

a number of assumptions which provides a final flotation rate
equation. However, this equation cannot be used to predict
the effects of changes 1in particle size (60, 76, 77). It has
beer, found that this approach does not provide any elucidation
of the sub-processes which make up the flotation process.

In an alternative approach, as advocated by Sutherland (72)
and Wocdburr' et il (78) , the rate of flotation 1is considered
to be equal to the product of three factors, viz. the rate of
collision betwee'- particles and bubbles, the probability of
adhesion, anc the probability trat no detechment will subse-
quently occur. Analytical expressions for these factors were
obtained and the final equation linked the rate of flotation
to the particle size. However, assumptions made 1in this
approach have limited the usefulness of this method, although
it is easier to evaluate in terms of the sub-processes than the
first approach.

The effect of particle size on each of the three factors
will now be considered.

(1) The rate of collision. A comparison between theoret-
ical results of the collision rtschanism of Sutherland (72) and
practical results as obtained from concentrators,show large
discrepancies. This led to modifications being made by other
authors 1like Reay and Ratcliff (79) and Flint and Howarth (80).
Comparison of these three theories reveals that the collision
rate decreases with particle size (Sutherland, and Flint and
Howarth) while for Reay and Ratcliff the collision rate
decreases to sizes of about 0,6 pm, after which it increases
again since, as the size of the particles decrease, so the
particles, under the influence of Brownian motion, diffuse and
are captured by a bubble more rapidly. Thus wunder conditions

of Brownian diffusion, the collision rate decreases with



increasing particle size until the hydrodynamic forces become
predominant, after which the collision rate increases. A
minimum in the collision rate 1is thus obtained at sizes of
about 0,6 p,m. However, some of the assumptions made by these
authors were over-simplified and this led to errors 1in the
predicted collision rate calculations. Some of these
assumptions were corrected by Collins, and the corrected
collision rates are shown to result in a minimum at about 0,6
pm as before, but the magnitude of the collision rate has been
increased (61).

Derjaguin and Oukhin (61) developed a theory for the
collision of very fine pa:tides which predicted that below a
certain critical size, bubble-particle attachment ceased.

This critical size has not yet been calculated due to the
complexity of the equations involved. Meloy (71) interpreted
the theory of Derjaguin and Dukhin as predicting that >11
particles less than 10 pm in size would be equally floatable.

Levich (82) developed a theory which predicted that
ultrafine particles have a finite and constant collision rate
with bubble 3 as the particle s :ze decreased. Gaudin (83),
in his theory, found that the collision rate decreases with
decreasin- particle size.

It is significant that most of the collision theories
predict a decrease in the collision rate with decreasing
particle size, although experimental verification in the vsry
fine particle size range 1is lacking.

(2) The probability of adhesion. Bubble-particle adhasion
depends on some physical and chemical mechanisms which will
now be briefly considered. The induction time, that is, tie
period required to rupture the thin film separating the parti-

cle and the bubble und to establish contact, was shown by
Sutherland (72) to be independent of particle size, but this
was contradicted by Klassen and Mokrousov (84) who showed that
larger particles required longer periods of time to establish
contact with bubbles than smaller particles. This contra-

diction has rot yet been resolved.



Philippoff (85) calculated that the equilibrium contact
angles decreased and that the dynamic contact angle ircreased
with decreasing particle size. Philippoff concluded that this
effect contributed to the poor flotation characteristics of
ultrafine particles.

The momentum of a particle could play a significant role
in that afiner particle has a lower momentum than a coarser
particle. This could reduce the probability of attachment
of smaller particles to a bubble (55, 18¢6).

Tht -ate of adsorption of reagents onto mineral surfaces
maybe dependent on particle size. Thus smaller particles
may have 1increased rates of reagent adsorption 1if the rate
controlling step 1is diffusion.

It was considered by Gaudin and Malozemorf (87) that
fine particles had different surfaces to coarser particles,
that 1is, the surfa es of the fine particles may have altered
chemically due to the piesenct of soluble species in the pulp.
However, Gaudin (88) subsequently discarded this view.

It has been claimed that the high surface energy of

slimes 1ie detrimental to flotation because it introduces a

number of harmful effects into the system. These effects are
increased solubility, increased hydration, rapid surface
reactions and non-specific adsorption of reagents (59, 89).

It is also of interest to note that for perfect crystals, the
interfacial free energy per unit area does not wvary with particle
size. However, since most particles are not perfect crystals,
the free energy could change with particle size, especially

on grinding when stresses are 1introduced 1into the crystal
lattice and the solubility may bn increased. Collins and Head
(59) considered slime particles to possess high surface energies
due to having been subjected to longer p .riods of grinding and
milling. However, Trahor and Warren (60) considered that 1large
particles may have more high energy sites than small particles
since large particles have been subjected to impacts which did
not result 1in breakage occurring. It has been determined that
the interfacial energy per unit mass 1increases with decreasing

size to such an extent that particles of about 0,1 pm will



start exhibiting significantly increased solubilities.

Thus for normal flotation pulps containing slow-floating

slime in the size range 0,5 to 10 pm, the solubility will not
differ significantly from the larger and more readily floatable
partides (50)

Regarding the extent of adsorption of reagent by different
particle sizes, it seems that slime particles require a
greater surface coverage of reagent for the same fInstability
than larger particles. This has been interpreted by Trahar
and Warren (60) as indicating that ultrafines do not have more
active surfaces than larger p .vticle®, and that the decrease
in flotation recovery for the finer sizes cannot be attributed
to differences in surface energy.

(3) T"e rate of detech~nnt. The Dbalance of the adhesive
force of a particle attached to a bubble over the disruptive

Borce associated with the weight of the particle dictates the

maximum particle size floatacle (90). It was thus concluded
by Morris (91) that decreasing particle sizes would mean stronger
net adhesion of the cartide to the bubble . Ga din (90) reached

the same conclusion.

2.2.8 The effect of p irticlc size cn the
recover-, of cassiteritr
As has been men tinned in the introductory section, only one
reference coo d t" obtained where the effect of particle size
on the flotation recovery of cassiterite was fully character-
ised, although several references ware found which mentioned
some facts pertinent to this topic.

'""he full partide size - recovery relationship was
determined by Kelsall et ai (20). These authors found that
recoveries 1in excess of 75 per cent were obtained between tne
sizes 1,5 and 20 pm, with the recovery de ceasing sharp!y for
sizes coarser than 20 pm (maximum floated size was about 44 pm),
and the recovery appearing tn decrease for sizes finer tnan
1.5 fzm, although no data was obtained for sizes finer than
1.5 Jim The maximum recovery was obtained at about 9 pm.

Zambnna et el (18) mention that high recoveries are obtained

flotation



at Bolivian cassiterite conrsntrators,using Aerosol 22

as the collector reagent,in the size range 10 to 74 pm,

with recoveries decreasing by about 90 per cent above and
below these limits. It is of interest to note that this re-
agent has been reported as floating cassiterite up to sizes
of 200 pm (32).

A number of authors have found that arsonic and phosphonic
acid collectors do not float coarse cassiterite particles.
Thus Collins et a.l (92) found the wupper size 1limit for
ca Trite to be abou*; 45 pm. Topfer (93) obtained very poor
rect eries with particles coarser thin 40 ui in size.
Kirchberg (41) obtained a vry interesting comparison on the
effect of particle size un the recovery of cassiterite using
oleic acid and ersonic ecid collector reagents. With cleic
acid, the best recoveries were obtained 1in the size range
45 to 100 um, while particles up t 200 pm showed reasonable
recoveries. For dirs”nic tcid, the best recoveries were
obtained between 45 and 65 pm, while the recovery of 200 pm
particles was negl gible. Moncrieff et al (3) mentioned that
cassiterite particles coarser than 43 pm were very difficult
to float. Joy and Kirkup (14) found optimum results 1in the
size range between 15 and 54 pm using phosphonic acid as
collector. Satisfactory results were obtained down to about
5 pm, while particles coarser than 54 pm florted very poorly.

Recently, Gran .w and Frankel (94) found the maximum

recovery to occur at shout 13 pm for the Rooiberg concentrator.

Recovery decreased for coarser and finer particle sizes. The
particle size - recovery relationship st the Union concentrator
was determined by de Ruijter (95). In this case it was found

that the maximum recovery occurred at a particle size of about
8 to 10 pm, with recovery decreasing for coarser and finer
particle sizes.

2 .2.9 Conclusion

In conclusion, it appears that coarse particles of many
minerals, that 1is, particles larger than about 80 pm in size,
are reasonably amenable to flotation recovery with the tenacity

of the bubble-partide adhesion being the factor 1limiting the



upper size.
However, for the very fine particles, less than about
10 in size, a completely different situation exists. The
factors influencing the recovery of these small particles
have been discussed and it 1is considered by most authors
that the flotation recovery decreases with decreasing particle

size

2.3 The effect f slime era*:ops m 'Intat ion

5 limes are generally consioered to be that fraction o' t"e ore
which 1is too ”"ine to be commercially exploited by the process
developed for the coarser size fractions o” that ore. huSif
slimes vary in size according to the partic l!'ar iene relation
process employed, but in the flotation process generally
start their deleterious effects in the size range “rom about
I1G "“"m and smaller (59). The most deleterious effects during
flotation are generally thought to be caused by low particle
momentum, slime coatings anj high reagent consumption resulting
in lower flotation rates, low r recoveries, and lower grade of
concentrate. These effects have been discussed in the previous
section. The deleterious effects on the flotation process,
as mentioned above . have been obsrrv’sd by a large number of
workers, among them Evans et al {? 1), Klassen and Tikhonov
(74) , Neczaj-rtruzewicz and co-workers .
Nedogovorov (99), Fuerstenau et al (100),*refa et al (diuz:),
Hemmings (102)and Iwasaki et al (103).
fine particles originate in two wy s, that is, primary
slimes which result from weathering and decomposition o'
the rock components. and secondary slimes which are formed
during the comminution of the ore. Thera 1is nothing that can
be done about the presence primary slimes since this is
governed by the geological history of the ore deposit. The
quant it' of secondary slimes depends on the 1ibt ration size
and the natural breakage characteristics of The ore.
Secondary slime formation can be minimised by corret usage
of mill and classification circuits. This would imply a

thorough rtudy of the mineralogy, and good process design,



It has been determined that certain minerals slime much
more readily than others during the comminution process.

Among these minerals that slime readily arc chlorite, sericite
(fine-grained mica) and the iron-bearing minerals limonite,
goethite, hematite and aiderite. The presence of these
minerals 1in flotation pulps are often responsible for decreased
fInstabilities of normally floatable minerals (14, 58, 1IO0C,

103, 104). Another two minerals which have been +ound to
prevent the normal flotation of other minerals are ca”ite and
valleriite. Calcite has been observed to frrm slime coatings
on sulphur thereby decreasing its floatability (96). The
mineral valleriite 1is responsible for coating readily floatable
copper sulphide minerals and preventing bubble-particle ad-
hesion. These copper sulohide minerals, viz. chalcopyrite,
chalcocite, bornite and cubanite, are ell readily floated

when valleriite 1is not present (105).

In contrast to the above findings that slime coatings
prevent bubble-particle attachment, is the work of Warren '106)
who showed that the floatability of coarser scheeiite particles
(10 ' pr) wasnr.t idversely affected by a coating o' ultri-
firv,, - 43 than 1 |in) scheeiite particles. His investigations
showed that these coatings resulted from non-electrostatic
forces and occurred when the particles and the ultrafines had
similar charges. The extent of the coatings formed were found
to be dependent on the pulp density and the particle size
distribution, and also the intensity of agitation. It was
also found that slime coatings were easier to form than floes
of ultrafine scheeiite under the same conditions.

The adhesion of fine slime particles to coarser particles
was orignally thought to be due to chemical interaction (66,
107, 108). It was considered that the formation of an insoluble,
chemically formed, slime coating on the now altered surface
of the mineral prevented flotation from occurrir.y. This
chemical theory has been shown to be unacceptable since many
contradictory cases have been found, among them the work of
Dorenfeld (109) who showed the slime coatings to be nan-

stationary in many cases.



Backoff (110) and Sun (111) postulated that the
condilLions controlling flocculation of mineral particles are
the same as those that control slime coatings. An ionic hypo-
thesis was proposed whereby it was considered that slime
coatings were controlled by the sign of the ionic charges of
both particles and slimes. Mutual attraction induced slime
coating formation, whereas repulsion prevented slime coatings
from forming. Essentially this hypothesis 1is supported by the
work of Fuerstenau et al (100) and Arafe et al (101).

Klassen's plan (69) best summarises the various aspects
of the sli'pe problem in flotation, although it should be
appreciated that not ell these effects may be manifested

together in a part: Jjiar flotation system.

2.4 Ultras-ynic tredt nt
As has been mentioned in the introductor. section, the
technique of ultrasonic treatment will be employed in order
to elucidate certain phenomena. A brief discussion of ultra-
sonics will now be given.

Ultrasonic vibration treatment is emerging as a field
of growing 1interest in a number of ore-beneficiation processes
because of the specif.c phenomena accompanying ultrasonic
treatment. The main phenomena associated with ultrasonics
are th> cavitational rieId, and the physical, physico-chemical
and chemical processes which occur within the liquid medium
and, more particul irly, at the jnase boundaries 1in heterogeneous
systems.

Ultrasonic cavitation predominantly determines the
effectiveness of the ultrasonic action occ rring within a
liguid medium. The intensity of the cavitation determines the

dispersal of solids in ultrasonic fields, surface film removal,

ultrasonic etching, destruction of coatings of flotation reagents

on mineral surfaces, as well as other technological processes.
The ultrasonic cavitation process 1s contreliable and this

results in a very wide fi' d of application of ultrasonics for
hydrometallurgical processes. In the cavitational field there

are 1intensive microturbulent pulsations in the thin layers of



liquid which are in direct conti t with the solid particles,
the forward propulsion of gases and liquids within the porous
spaces of the solids in suspension which leads to dispersion,
the exfoliation of the surf ice layer* ot the solid particles,
a localised temperature increase (by “mveral lundred of
degrees Celsius), and an 1increase 1in pressure (by many thousands
of Kilopascals). Additionally, wunder tne action of the
cavitationsl field, new active chemical products appear in

the liquid while the properties of the liquid are altered,
that 1is, the physico-chemical properties of water which 1is
subjected to ultrasonic vibrations are altered slightly with
respect to electrical conductivity, alkalinity and surface
tension for example. The surface properties of the solid
particles are also altered, fol example by the migration of
point and line defects within the crystal lattice towards the
surface of the particle resulting in an increase 1in surface
free e ergy, and a result mt higher reactivity. These effects
result 1in increased interaction between the solid particles
and tie liguid. Generally, the effectiveness of the ultra-
sonic influence 1is prooortional to its strength (112, 113).

The specific uses of ultrasonics 1in mineral processing
are briefly,

(1) Destruction of adsorbed layers of reagents. The
effectiveness of destruction of adsorbed layers of reagents
by ultrasonics varies for different minerals and depends on
the chemical composition of these layers, the density, the
duration of treatment, the particle size, as well as other
factors. The dest .ction of adsorbed layers has been
demonstrated in experimental work in the U.5.5.R. but it 1is
not known whether this has been implemented on an industrial
scale. The. ultrasonic action on flotation concentrates of
sulphide minerals 1in the presence of their respective collector
reagents leads to certain minerals losing their flotation
activity to varying extent'., while certain minerals retain
this activity. This 1is due to the destruction and removul of
the collector from their surfaces. Thus galena lo3es 1its

activity after a short treatment time, while chalccpyrite



retains its activity. Other minerals may
their flotation activities. Ultrasonics

applied to accelerate the breaking up of

froths in the J.5.S.R. (112, 114)

(?) A .l1.1Pr*tio- rf mineral surface
heneficiation. The alteration of surface
particles by ultrasonic tre it”ent has led
ivity in tlotation, and electrostatic and

of minerals. For example, the ultrasonic

of zircon and ilmenite results 1in changes

resistivi :es o' these miner ,'s. the resi

being increased (due to the removal

coatings which are goc) conductors, +rom

while the resistivity of ilmenite 1is redu

removal 3 - a friable, porous,

containing cla. components) The removtil

nature also results 1n a decrease of the

the subsequent treatment circuit, and, al

surface 1is exposed to the action of the c¢

to an improvement

(3) £>u IsiM:ation flotation re

of water insoluble flotation reagents are

this may reduce the amount of reagent,

facilitate the introduction

reagent into the flotation circuit.

in this field aids in obtaining stable

special stabilising reagents

(4) Increasing secondary

:<toev and eitson (115) have enr.ched the

in the flotation of coal-quar tz mixtures.

vibrations applied to the froth have led

of the secondary concentration effect in

It has been claimed by some workers

subjected to ultrasonic vibration before

the recovery of some minerals, for exampl

limonite and jarosite, while reducing the

and qgquartz.

minerals like molybdenite

of ferrous

non-conducting

required,
of difficultly
The use
emulsions
being present

concentretioo

This

partially 1lose

have also been

flotation concentrate

ororerties before

properties of

to increased select-

magnetic separations

treatment of slurries

in the electrical

stivity of zircon

and munganiferous

the zircon surfaces),

ced (due to the

surface film

of layers of this

amount of fines in

so, more mineral

ollector thus 1lending

in flot ation «< idi tions.

agents. Emulsions
often preferred as
and may also
soluble collector

of ultrasonics
without

well

in the system as

A

i the rrnth.

froth product obtained
Ultrasonic

to an intensification
the froth.
that the use of water
flotation enhances

e, chalcopyrite,
recovery of other

is ascribed to



ultrasonic treatment altering the properties of water as
discussed previously (116). The change in the interaction
which results between sonified water and the surface of the
mineral will also effect the mineral particle attachment to

an air bubble. A change in the frothing behaviour in sonified
water was also detected due to the changes which occur during
the ultrasonic treatment.

The effect of ultrasonic vibration on pulps immediately
before flotation is to increase recoveries for some minerals
like cha.copyrite and ryrite for examp]l]e, while decreasing
recoveries %“or other minerals 1like que rtz and molybdenite.
This 1is ascribed to surface oxidation of the mineral particles
occurring during the ultrasonic treatment step, and the
subsequent 1increased 'or decreased) recoveries re then due

to the collector being able to adsorb onto the oxidised surface

more readily (or lass readily) (117) . Other authors claim

that the floatability i1is improved because of enhanced selectivity

because of the 1lai ;er number of active centres which have formed,

that the amount of middlings which have to be recycled 1is
reduced, and that the impu:ity content of the concentrates 1is
reduced (113).

It appears that most -—f the work dealing with ultrasonii
treatment and uses »*<re f h J been m--f e: n 1 R .
Although extremely encouraging results have been presented by
e various authors, tKe process has apparently found only
one 1industrial appli .t;on in the Western World, wviz. 1in Israel
at the Dead Sea brine mineral rec very works where ultrasonics
is employed in the conditioning stage to hasten the adsorption
of collector onto the desired =rineral surface (116).

However, it 1is app -rent that ultrasonic treeiment in
mineral processing has a very encouraging future Dbecause of
the properties of the process which have been briefly dealt

with in this section.



3% EXPERIMENTAL
3¢1 Sample prepmrm+inn
A number of cessit.rite samples of different grades were

N Ir°m Varl®US tln mi"” - Th, c samples ware ,11
e drvidually treated sp a, tc obtain some pure cassiterite

samples, and some samples with varying grades of tin.

ircuit. a galena sample was also obtained in

Or each sample are given 1in Table 2 . (see overleaf).



TABLE 2

Sample deta Is

Sample Sample Uograding and Flotation sample
origin designation treatment grade
methods % Sno?
Rooiberg Tin Rooiberg S, SSS, 62 2
Mine,Transvaal, gravity CS !
1.5.A. concentrate
Rooiberg T, MS, 95,3
S, SSS,
CS
Union Tin Mine, Union T, MS, 94.9 1.3
Transvaal, S, sss,
R.S.A. CS
Zaaiplaats Tin Zaal plaats T, r., 97.9 0,6
Mme tTransvaal, S, SSS
R.S.A.
Ka~~tivi Tin Kamativi T, MS, 95.1 0,4
Mine,Rhodesia S, SSS
Uis Tin Mine, Uis T. 95,4 0,5
S.W.A./ S, SSS
Namibia
heal Jane Wheal Jane S, SSs 43.1 5.4
Tin Mine ,
Cornwall,U.K.
Rgnlson Tin . S. sss, 8B, 0 5,1
Mine, Renison
. CS
Tasmania
G ingue , . s, SSS,
Rooiberg Tin Gangue cs
Mine,Trenevae 1.
R.S.A.
Galena, near
Galena, Kansas. Galena DS, zZZs 66,0
U.S.A.
Explanatory notes
T The sample was screened dry using Tyler screens, and

these size fractions subsequently tabled on a laboratory-size

shaking table in order to upgrade the simple.

/!



MS The samples were subjected to magnetic separation using
a Frantz Isodynamic Magnetic Separator to remove the minerals
hematite, magnetite and siderite, and also any tramp iron
which may have been present. This step also results in a

small degree of upgrading.

5 : The samples were screened dry, and subsequently screened
wet, using Tyler screens. The smallest particle size fraction
obtained this way was a minus 500 mesh fraction (less than

25 pm) .

555 The minus 500 mesh particle size fraction was treated

in a Warman Cyclosizer which provided six sub-sieve size
fractions.

Cs : The cyclosizer undersize was collected and subse-
quently centrifuged to obtain further size fractions.

The very small particle sizes were ootained by repeatedly
milling small samples of cassiterite in a Siebtechnik mill
until adequate amounts of sample were obtained« In the case
of the Rooiberg sample, much more milling was done than for
the other centrifuged samples and thus the very fins particle
size fraction CTR3 (smaller than 0,2 pm) was obtained.

The centrifuging operation was in each case repeated several
times in order to ensure that a clean cut point was obtained.
The calculation to determine the cut point sizes for the
centrifuging operation is given in Appendix 1.

05 ; The samples were screened dry only using Tyler scree's.
ZZs The minus 500 mesh particle size Fraction was sized
dry at 2 pm using an Alpine Multi-Plex Laboratory Z2Zig-Zag

Classifier.

The galena samples were kept dry throughout the sizing
procedure to minimise surface oxidation.

A microscopic examination of the 2 to ?5 pm galenu size
fraction showed that the separation ar 2 pm was not vr.ry
efficient since a not negligible amount of particles smaller
that; 2 pm was also present in this sample.

All the particle size fractions for the various samples
used in the investigation are given in tha Tables ~Al to All

in Appendix 2.



3.2 Equipment

Since only gram-quantities of samples were available for
characterising the relationship between particle size and
recovery, the use of a micro-flotation cell became essential.
Initially, the Partridge and Smith (119) micro-

lot stion cell was employed. The reason for having chosen
this cel- was Dbecause no frother was required for any flotation
tests and possible frother-mineral interactions would not be
introduced into the system. However, the use of this cell
was discontinued when it became apparent that unacceptably

large entrainment values were being obtained.

The Fuerstenau micro-flotation cell (120) was then
chosen for the study. The Fuerstenau ceil is shown in
late 1. The cell 1is 96 mm high and 55 mm in diameter.

The depth between the sintered-glass disc and the froth lip

is 56 mm. The froth 1lip on the rim of the cell facilitates
Br th removal. The sintered-glass disc of porosity number
4 acts as a gas diffuser. Nitrogen was used throughout cs
the gas phase. A variable speed mechanical glass stirrer

was used to agitate the suspension.

The ultrasonic treatment of the samples was performed
using a Bandelin Ele tronic KG Sonorex G7120 vibration
generator. The generator prodi ed a frequency of 35 kHz
with an output intensity of 24DW. The ultrasonic cleaning
bath was 250 mm in diameter and 150 mm deep.

The scanning electron microscope employed for studying
certain ultrasonic effects was the instrument at the Council
ror Scientific and Industrial Research (C.S.I.R.) at Pretoria.
The instrument 1is the Jf0l (Japanese Electron Optics Laboratory)
J5M-U3. This instrument has the facility to perform chemical
analyses of samples provided the elements are heavier than
sodium. The analysis 1s performed by electron beam

excitation.



PLATE 1 The Tuerstenau Cell



3.3 Experimental techniqgue

One gram samples were weighed out and placed into the
Fuerstenau cell. Collector at the required initial concen-
tration was then added to the cell. The collector solution
volume used throughout was 70 ml, while the initial concen-
tration of collector reagent was generally 500 mg/1l. The
collector reagent used for cass iterite flotation was ethyl
phenyl phosphonic acid (EPPA). The sample was then conditioned
for a period cf <« minutes during which the pH was adjusted
by the addition Sf dilute sulphuric acid to 5,0. Frother
(Dowf roth 250) was added during the final minute of the
conditioning period. In order to obtain the froth bed depth
of about 15 mm which would be sufficient for the duration of
the experiment, it was found empirically that an addition
rate of 0,35 ml of a 6,7 g/l solution would be required.
After the conditioning period, the gas, nitrogen, wis intro-
duced into the slurr>. An aeration rate of 500 ml/min,
controlled by use of a rotameter, was found to give the
optimum froth depth of about 15 mm.

The floated material was removed from the froth by
scraping with a Perspex paddle onto the 1lip of the cell, and
then into a container. The flotation ; iod was 3 minutes.
At. the end of the flotation period, the tailings were trans-
ferred to another container. The products were then dried
and weighed, and the recovery calci ated simply as the mass
of floated material divided by the total mass and expressed
as a percentage. The temperature was controlled to between
22 and 23°C.

In order to investigate the relationship between oa.rticle
size and flotation recovery of cussiterite, it was considered
necessary to briefly study the following flotation variables.

(1) Conditioning time. Prior experimentation had
shown that a substantial decrease 1in recovery occurred with
increasing conditioning time, the most rapid decrease in

recovery occurring during the initial 2 to 3 minutes of the



conditioning period. However, after & conditioning period
of 4 minutes, the recovery - conditioning time relationship
had stabilised. A conditioning period of 4 minutes was

thus employed for all the ¢ ssiterite flotation test work.

(2) Flotation time. The effect of flotation time
the recovery of cassiterite was studied. Figure 1 shows the
results obtained for two different samples. From this it is

observed that, of the cassiterite which floats, the flotation
response 1s very rapid. This condition was also noticed by
Goold arid Finke Istein (29) who alsn floated cassiterite under
similar conditions. Since flotati h is effectively completed
after three minutes, it was decided that this period would
serve as the flotation time. A1 though Figure 1 (part 2)
gives th. flotation times at 2 end 4 minutes, and not at 3
minutes, it serves to illustrate the effect of flotation time
on recovery.

(1) Ini tiaI concentration collector. In common with

other flotation systems, it was found that the recovery of
cassiterite increased with increasing amounts of collector
addition until a plateau wte reached whereafter great increeses
in collector additions resulted in only small increases in
recovery. This 1s shown in Figure 2 (curve 1). This type of
curve was noticed for the smaller particle size samples,

that 1is, less than about 50 pm 1in size Per coarse particles
(larger than 100pm), it 1is seen that an increase 1in collector
addition had led to a proportional increase 1in recovery (see
curve 2, Figure 2). In this case, the plateau had not vyet
been reached even after a collector addition of 2 o000 mg/1
EPPA. A discussion of the above effect for coarse particles
will be given in a later section.

It was decided to perform all the experimental work at
an 1initial concentration of 500 mg/l EPPA since this represents
an excess amount of collector with respect to coverage of the
particles 1in monolayers for even the smallest particle size
fraction investigated, viz. 0,2 wurn. (See Appendix 3 for the

calculation)

on
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At this stage it must also be pointed out that the
recoveries shown 1in Figures 1 and 2 represent the total
recovery and include some cassiterite recovered by entrain-
ment. Thus the recovery due to entrainment 1s shown in
Figure 2 hy the recovery obtained in the absence of collector
reagent for the particular particle size. Although the
recovery values should be corrected for entrainment (by
deducting the entrainment value to obtain a pure flotation
recovery value), it will be assumed at this stage that the
entrainment wvalues can be neglected since relatively coarse
sizes were used and the entrainment values are therefore low.
However, the whole matter of entrainment will be dealt with
in greater detail 1in a subsequent section.

(4) £ H. The pH of the flotation circuit at both the
Rooiberg and Union concentrators is 5,0. In crder to confirm
that this wvalue is optimum ror the microflotation scale

performed here, th» relationship between pH anj flotation

recovery was established. Figure 3 shows the relationship
obtained. It can be seen that the maximum recovery obtained
occurs at a pH value Dbetween 4 and 5. Goold and Finkelstein

(29) obtained a similar relationship, the only difference being
that their maximum recovery occurs at a pH v»lue of 5,0. The
present results indicate that a pH of 5,0 is in the =region
where maximum recovery occurs. This thus confirmed that a
pH value of 5,0 will result in optimum recoveries Dbeing
obtained. The different origins of the cassiterite samples
used may be responsible for the small difference observed
between the present results and those of Goold and Finkelstein.
(5) Tempe rature. The effect of temperature on the
flotation recovery of cassiterite was Dbriefly studied.Hfhe
results are shown 1in Figure 4 where two sets of results are
denic ted. The results rire unexpected and not well understood.
It is considered by several cassiterite flotation concentrator
metallurgists that higher pulp temperatures are beneficial
to cassiterite recovery, although experimental data is lacking

(16) . However, since these results are not without interest,
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it was decided to briefly describe them in this section.

As can be seen from the graph, the effect on the
recovery for the fine particles is marked over a small
temperature range, while for coarse particles the effect 1is
minimal although apparently the trend 1is reversed. Because
of these variations of recovery with temperature, the
temperature was maintained closely between 22 and 23°C.

(6) Collector reagent FFPA. This reagent was supplied
by Hoochst South Africa (Proprietary) Limited. EPPA 1is an
anionic aliphatic phosphcnic acid derivative with the

following chemical constitution,

/ on
R - P nzzr O where R * ethyl -*,yl
OH rau.cal

The reagent 1in the acid form is sparingly soluble in
water. The sodium salt has a solubility to a concentration
of 25 per cent in water. The procedure adopted to obtain
EPPA in solution was to dissolve sodium h.droxide in distilled
water, and then to add the solid EPPA. Subsequent stirring
ensured dissolution. The solid EPPA, as well as weak solutions
of up to 1 per cen* of EPPA are claimed to be very stable
(121, 122). However, some erratic results were obtained with
EPPA solutions which had been stored for various lengths of
time, and thus fresh EPPA solutions were made up at the start
of every batch of tests. EPPA was used throughout as the
collector reagent for cassiterite.

(7) Galena flotation. The flotation technique for
galena was simii1 ir to that employed for cassiterite, except
for some variations which will now be described. The
conditioning period employed was 3 minutes. The pH of the
pulp was maintained at 9,0 using dilute sodium hydroxide.

The volume of frother used was 0,4 ml per test at the concen-
tration previously given. The collector reagent used for
galena was sodium ethyl xanthate. The other conditions we'-e
all identical to those under which cassiterite was floated.

Initially an excess of collector was wused, that 1s, sufficient



collector for more than one monolayer coverage Dby the
reagent, 1in keeping with the situation for caseiterite.

However, 1t was only when starvation guantities of collector

were used, that 1s, collector for only one .nonolayer coverage,
that the recovery - particle size relationship for galena
was determined. The results are shown in figure 11.

Also shown in Figure 11 1is the entrainment characteristic

for galena. Initially no depressant was used 1in determining
the entrainment for galena. However, the wvalues obtained
were erratic due to the natural floatability of galena whic
prevailed under these conditions. Potassium drchromate

was then used as a depressant and the entrainment effect was
then characterised. The depressant addition was found to
have the optimum effect at 1 0UO0 mg/2 1initial concentre-ion

(or higher).

(8) Ultrasonic treatment. Samples of 5 g each
were placed in six beakers each with a diameter of 40 mm
containing 50 ml distilled water. These beakers were
placed in the cleaning bath and, in ordur to protect the
transducer, watei was added to the bath to a depth of about
25 mm. The samples were t en treated with wultrasonic
vibrations for the desired length of time, fre “ine parti.-.es
which were removed from the surfaces of the coarser particles
were washed away with distilled water. The samples were then
dried and stored.

All the results used in the graphs have been

tabulated in Appendix 5.



4 - RESULTS

4*1 Reproducibility

d r v ; 3 15 thet th. higher values of standard
cell o £ T '""** 11201 ' “h°® WaS$ *rst to “== M notation
cell tM, natu-s. that 1is. the Fuerstenau call, claimed

' "We °btain'd 9°°d reproducibility in the tests he had

performed. However. with the actual results obtained by

Fuerstenau no, being available, no further discussion about

BMthe reproducibility of hie work can be given

TOe reproducibility of this type of cell was found to be

reasonably good at the National Institute for Metallurgy. 1

“r, 0 ThUS "m, On and nnkelstein (123) obtained standard

and 30 per cent. All the other standard deviations lie



between the wvalues 4,2 and 9,0 per cent. It

is apparent

that the reproducibility results obtained during the course

of this investigation are superior to those obtained by

Allison and Finkealstein.

the formulae yed to calculate the statistical data

is given 1in Appendix 4.

TABLE 3

Replicate tests carried out on Rooiberg cassiterite

samples

Mean Standard Coefficient Standard No .of
recovery, deviation of wvariation error tests
g % < B

2.6 1,3 48.1 0,5 6
2,6 0,8 3C,4 0,3 8
11,1 2,5 22,2 1.0 6
23,4 1,4 6,1 0,7 4
29,7 3,0 10,0 1,5 4
31,1 2,0 6,4 0,8 6
43,9 3,2 oo ¥ 1,3 6
55,0 2,9 5,3 1,2 6
69,4 0,9 1,3 0,4 5
79,0 2,8 3,5 1.1 6
69,8 1,1 1.2 0,3 16
89,9 2,8 3,1 0,9 10
91,0 1,5 1.6 0.5 8
90,3 2,1 2,3 0,8 7

establish the confidence 1limits since tre sample

were

95~ con-
fidence
interval

2,6 * 1,3

=+
o
~
~J

2,6

=+
N
o

11,1
23,4 * 2.3
29,7 t 4,7

31,1 + 2,1
43,9 + 3,4
65,0 + 3,1

69,4 1 1,2
79.8

=+
N
e

89,8 1 0,6
89,9

+
N
N

(@)

91, 1

I+
i
~

N

90,3 t 1,9

A0 *B.5 - 1 The Student t-distribution was used to

small (124) .

2. Figure 5 does not represent the

Particle
size
range, pm

351-295
295-246
147-125
125-ind
104- s8s
80- 74
74- 61
61— 53
53- 43
43- 37
37- 25
20,5-14,0
14,0-10,3
10,3- 7,3

distributions

relationship

between particle size and flotation recovery for cassiterite

from Rooiberg, since in a number of cases the

flotation

conditions were not standard. These tests were performed

solely to determine the reproducibility of the

whole

recovery range.

system over

the



between the wvalues 4,2 and 9,8 per cent. It 1is apparent
that the reproducibility results obtained during the course
of this investigation are superior to those obtained by
Allis n and Finkelstein.

The formulae used to calculate the statistical data

is given 1in Appendix 4.

TABLE 3

Replicate tests carried out on Rooiuerg cassiterite

samples
MecnB Standard Coefficient Standard No.of 95% con- Particle
reCSVGrYr deviftion of viriation error tests fidence size
g g ° interval range, *
2,6 1,3 43,1 0,5 6 2,6 £ 1,3 351-295
2,6 0,8 30,4 0,3 8 2,6 £ 0,7 295-24¢6
n.i H 2,5 22,2 1.0 6 11,1 + 2,6 147-125
23,4 1 4 6,1 0,7 4 23,4 * 2,3 125-104
29, 7 3,0 10,0 1.5 4 29,7 + 4,7 104- 88
31,1 2,0 6,4 0,8 6 31,1 = 2,1 99- 74
43,9 3,2 7,4 1,3 6 43,9 = 3,/ 74- 61
55,0 2,9 5,3 1.2 6 55,0 = 3,1 61- 53
69,4 0,9 1.3 0,4 5 69,4 + 1,2 53- 43
79,8 2,8 3,5 1,1 6 79,8 t 2,9 43- 37
89,8 1.1 1,2 0,3 16 89,8 + 0,6 37- 25
89,9 2,8 1.1 0,9 10 89,9 + 2,0 20,5-14,0
91,0 1,5 1.6 0,5 8 91.0 £+ 1,2 14,0-10,3
90, 3 2,1 2,3 0,8 7 90,3 t 1,9 10,3- 7,3

. 1. The Student t-d stribution was used to
establish the confidence 1limits since the sample distributions
were small (124) .

2. Figure 5 does not represent the relationship
between particln size and flotation recovery for cass iterite
from Rooiberg, sinte in , number of cases the flotation
conditions were not standard. These tests were performed
solely to determine the reproducibility of the system over the

whole recovery range.






.2 Entroinment
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er re ,ered 1in the froth*in

reason, the water recovery was

ion tests performed during the

studied entrainment of galena
sizes from about 295 Mm to

entrainment

76 pm. In the case of galena,
obtained at a parti-1'j size
value then decreasing again for
such maximum was found and in

increased with decreasing

sults of Suwanasing and Salman

rainment results obtained in

in that the lacter

maximum occurs between about

izes than those

Also since the gangue sample

for example, quartz , ericite,

yrite, tourmalins, calcite and

formation had



occurred for the very fine particle sizes and that these

much coarser particles.

that

agglomerates would then have behaved as

A further feature of the work uf Suwanasing and Salman 1is

In entrainment of quart, commences at a particle size of about

178 opm. In the present investigation, gangue entrainment

to begin at about 60 pm (see Figure 10). It can thus

of the gquartz sample of

appears

be seen that a direct comparison

Suwanasing and Salman, and the gangue sample of this work,

cannot be made because of the observed differences in behaviour.

The results of Suwanasing and Salman for galena are

similar to those obtained in the present investigation in that

the shape of the graph i1is identical, although the maxima are

at different particle sizes. Thus Suwanasing and Salman

obtained a maximum entrainment wvalue at about 40 pm whereas,

in this investigation, a maximum wav obtained at about 15 pm

(3Re :19idXe 11)' Also, from the galena entrainment results

uwarasing and Sulman, 1t appears that entrainment commences

at about 178 wum whereas,in this investigation, galena entrain-

ment begins between about 40 to 50 pm. The entrainment for

cassiterite also commences between 40 and 50 pm.

Apart from the different flotation conditions which

prevailed when the results were obtained, 1t 1is apparent that

the differences in the results for galena were due to the

fact that use was made of a known galena depressant, potassium

bichromate, during the course of the present work, whereas

t' is was not done by Suwanasing and Salman. Their results,
therefore, suggest the property of native fInstability, which

galena possesses, and that this is responsible fur an apparent

entrainment response being obtained at such coarse particle

sizes, whereas the results from this study show predominantly

true entrainment res jits. It should be noted that erratic

results were obtained for galena when entrainment determin-

ations were attempted in the absence of a depressant.

The entrainment values obtained for cassiterite and

gangue are compatible with their densities. Thus it would be

expected that gangue (specific gravity less than 2,8) would

have higher entrainment wvalues than cassiterite (specific



occurred for the very fine perticle sizes and that these

would then have behaved as much coarser particles.

agglomerates
of the work of Suwanasing snd Salman is that

fur tier feature

the entrapment of quartz commen.es at a particle size of about

In the Present investigation, gangue entrapment

appears to begin at about 61 pm (see Figure 10). It can thus
be seen that 3 direct comparison of the quartz sample of

Suwanasing and Salman, and the gangue sample of this work,

cannot be made because of the observed differences in behaviour
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'he results

similar to those obtained in the present investigation

the shapu of the graph 1is identical, although the maxima are

at different particle sizes. Thus Suwanasing and Salmen

obtained a maximum entrapment value at about 40 pm whereas,

this investigation, a maximum was obtained at about 15 pm

;see Figure 11). Also, from the galena entrainment results

Suwanasing and Sslran, it aooears that entrainment commences

at about 178 ,m whereas,in this investigation, galena entrain-

ment begins between about 40 to 50 4m. The entrainment for

cassiterite also commences between 40 and 50 um.

Apart from the different flotation conditions which

prevailed when the results were obtained, it 1s apparent that

the differences in the results for galena were due to the

fact that use was made of a known galena depressant, potassium

whereas

dichromate, during the course of the present work,

this was not done by Suwanasing and Salman. Their results,

therefore, suggest the property of native floatability, which

galena possesses, and that this 1is responsible for an apparent

entrainment response being obtained at such coarse particle

whereas the resujts from this study show predominantlv

It should be noted that erratic

sizes,

true entrninment results.

results were obtained for galena when entrainment determin-

ations were attempted 1in the absence of a depressant.

The entrainment values obtained for cassiterite and

gangue are compatible with their densities. Thus it would be
expected tha: gungug (specific gravity 1less than 2,8) would
have higher entia - n-nt values than cassiterite (specific
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gravity 7,0) 1r-i- an” oarticle size, and that galena would

have the 1lowest values (specific gravity 7,9). This is, in
'3ct, lie case for the coarser sizes. However, for the very
fine sizes 1t appears that there are other factors which

become important and these will be discussed 1in a subsequent
section. It also appears that although the potassium bichromate
depressed the tendency of galena to float naturally, it did not
do so completely since some residual native fInstability seemed
to remain.

Entrainment tests were also performed on a cassiterite
sample from Rooiberg which had been subjected to ultrasonic
treatment. The results are shown in Figure 24 which also
presents the entrainment resu.ts of an identical sample from
Rooiberg which had r t been subjected to ultrasonic treatment.
As can Dbe seen, there 1is a significant difference in the en-
trainment values obtained. The discussion of these results
is to be dealt with in a subsequent section.

t must be stressed, however, Lnat 1in this investigation
all the entrainment values are given on the basis of a three
minute flotation treatment period. It 1is apparent that when
entrainment tests are being performed, periods longer than
three minutes will result in higher entrainment values, and
vice versa. This argument also holds for flotation tests since
the longer the flotation peiiod, the greater the extent of en-
trainment which will result since entrainment 1is e purely
physical phenomenon, md pure flotation may already have ceased.

The distinction will henceforth be made as regards thp
total recovery, that 1is, the value wnich gives some idm as to
what would take plam 1in a real flotation system and will thus
include entrainment, and pure flotation, that 1is, the aspect
gf D Lle-bubble ,cjllxei pnfi, Hence, pure flotation will be
employed to mean the totei flotation recovery minus the en-
trainment value obtained.

It should also be stated at this stage that wherever
particle sizes ore mentioned, it must be remembered thec it 1is
not any specific particle size but rather a median particle

size that 1s being considered.



4 .3 Pertide size

The effect gf particle size on the overall total recovery
of cassi :erite in a flotation test was studied using the
samples discussed in & previous section. A galena, and

a gangue cample, was studied in a similar way. The

galera sample will Dbe discussed in a following section.

The results for the cassiterite samples are shown in
Figures 12, 13 and 14 (employing a logarithmic scale to
accentuate the finer particle sizes) and Figures 15, 16 and
1? (employing a linear scale to accentuate the coarser
particle sizes). Figure 19 gives the results as obtained

from a detailed analysis o* the flotation material of the

Union concentrator (95). These results are all tabulated
in Appendix 5. It can be seen from the results at the
Union concentrator that the -.aximum cassiterite recovery
takes place at about 9 if the recovery 1s calculated

per size fraction, that 1is, the feed to the concentrator
and the flotation concentrate and tailings are all siev-d
into size fractions and the recovery calculated on this
basis. The maximum 1is seen to occur et about 10 |im if
the recovery 1is based on the total feed to the flotation
circuit, that 1is, in this case reporting the recovery as
the cassiterite recovered in the concentrate which 1is
sieved 1into size fractions, ind the recovery from each
fraction calculated as a percentage of the total feed.

The results for the Rooiberg concentrator are about 8
and 12 nm respectively (94). Knlsall et al (20) found
the maximum recovery at the Renison concentrator to occur
at about 0 "“m. It is seen that the median particle sizes
for maximum recoveries do not differ greatly according to
these results obtained from detailed studies of 1ihe material

from the above-mentioned concentrators. In fact, these sizes

can

for practical purposes, be regarded as being virtually identical



since the entrainment effect is noi: being considered at this
stage.

The maximum total recoveries for tne various ceisiterite
and the gangue samples are given in Table 4.

However, there 1s more to these results th*.n that which
is immediatelv aoparent. On accounting for thf entrainment
values obtained (for those samples where ent;ainment tests
were oerformed), the pure flotation recovery values are
obtained. These values are plotted on 1ljugures 6, 7, 6, 9 and
10 for those samples where entrainmenc values were also
determined. As can be seen fro.fi these results, the sizes for
maximum recovery are displaced t wvard® ccmrser sizes,
because, as has been seen, thr entJ .inment increases regularly
with decreasing particle s ze, thia resulting in the total
flotation recovery beinr redu”d'.' mere substantially for the
finer nizes than for the coarser e”zes whm e entrainment 1is
almost negligible. The pur.; flotation recovery results
obtained this way are gi“'an in Tablr *.

An c he seen om the r*'..pe> tive graphs (Figures 12,
13 and "4) the Union. Rooibev”® gravity concentrate and Renison
to+3jl recovery Kur.es aJdl show a minimum in the wvery fine
particle size “;neie. while the curve for Rooiherg apparently
has a minimum. The reason for this phenomenon is not
immediately clear. However, some discussion will be entered
into in d subsequent section.

It is also seen that there 1is some scatter in the wvalues
particularly for the Kamativi and Wheal Jane samples. in the
case of the Wheal Jane samples, the scatter arose in the sizing
procedure. Since 1t 1is a low grade concentrate, the cyclo-
sizing process was responsible for imparting a density-partica.e
size classification to the samples. Thus each mineral in the
cyclosizer size fraction has a different particle size range,
the low specific gravity minerals having much more coarser
particle sizes than the high specific gravity minerals. The
screening procedure does not have this effect on the samples.
It can be seen that the discrepancy occurs where the screening

of samples stopped, and cyciosizing of samples Dbegan, that is,



between 20 and 40pm. In the case of Kama vi, no direct

answer can be found to explain the observed scatter sinra
repeated work presented identical results. The scatter of
these samples must be considered as having arisen from the

experimental procedure.

TARLEf 4

Median particle sizes for maximur total flotation

recover 1ur, and pure flotation recoveries

Sample jfotal flotation Pure flotation
recovery recovery

Sooiberg 9 -1 4 30 - 32
Ror.iberg gravity

concentrete 13 - 15
Union 9-11 19 ' 21
Wheal Jane 6 - 9 - 17
Kemat.'ivi 17 - 23 29 - 31
Uis 16 - 18 -
ZaaipFnota 16 - 18 «
Peni arn 9 - .1 -

Gangue 13 - 15 17 - 19
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necessarily the iron present within, or associated with, a

Cda ,itente. It is thus apparent that no definite
reached about the presence of iron and the

-oncluSlon can be

t it has on the flotation of caesiterite.

Since there exists this difference in the flotation

for the different samples, it wee decided to test

responsa
the degree of crystallinity and thus

each sa,pje tp determine

-etermme whether or not this factor could he responsible.

of each pf the cassiterite sample, 1in Table 2

hus a sample

A particle size! I

was submitted for X-ray diffractometry.

racoon between 2?5 and 37 pm was used for each sample except

used. The diffractipn
sharp, ond no brp.d

il J°"C Where 8 37 to * I* samole was

pattern, obtained for each samole were very

a .os indicative of lesser degrees of crystallinity were pb-

Hence variations in crystallinity

-erve . or .my of the samples.

-i# apparent y npt effect the flotation reappr.ses,

oo 6 cassiterite samples were subsequently
Submitted for spectrpgraphic analysis in an attempt tp determine

there existed any chemical differences in these samples

whether
wmch could explain the different flotation responses observed
during experimentation. The details are given in Table 5.

TABLE: 5

of cssiterite samples fro* wvarious

trogr.-,phi, inal”is
localities

J
Sample Ele <ents
Sn / i i
Ke 57 W/ Al Tilca v cu Ni 2r Crico Mni RiiAn
Rooiberg (ultra
sonic) M m m i
m | " 1 1 1+ 1 1 1 i x imrd nd nrl
RooilLerg M m w
m m 1 1 1* 941 1 1 1 nd 1 11—
Renison M m- m m i
. . m 1 1 _1+f?,v"1 1 1 nd nd 1 nd
amativi m m m m 3
o - " 1 1 1 1 o1i 1 1 1 ] nd nd
ooiberg C M m|lm m m 1 1 1 i- 1 1 nd nj nd nd
Groenfontein M m m m 1 1 nd 1 i- 1 1 nd r.4 1 1-
Ui. M m : . ’
| rm jm J1 1 1 1 i 1 1 nd 131  nd! nd
Zaaiplaats M msm m m 11- nd 1 i nd; 1 nd 1 1 11-

Union i i
M m m m m 1 1 i 11 i nd 1 nd 1 nd 1 -



Explanation : M Major constituent

m Minor constituent
Low miner constituent
1 Trace constituent
1+ Higher trace constituent
1- Lower trace constituent
nd Not detected
Notes : . Two Ro 1iberg samples were submitted. One of

these samples had been treated with ultrasonic vibrations,
while the other had not Dbeen treated. No effective difference
was oObserved between the two samples.

The fact that the Renison sample shows a
significant!~ lower iron analysis than the other samples is
contrary to the chemical analyses performed (see Table 2).

Tiiis X :sui o is o < i, .ictiun and cannot bo explained.
Cassiterite from Rooiberg "C" and

Gr c-'ontein Tin Mines, Transvaal, R5A, were included in this

analysis 1in order to obtain more complete data of the con-

stitution of cassiterite from different localities.

Thus overall, it can be seen tKat the major impurities
in the various caseiterites are iron, silicon, magnesium,
aluminium, and 1in one C”se manganese , while there are a large
number of elements present as trace impurities.

From the spectrographic res ilts in Table 5 it 1is seen that
there appears to be iu link be ween the element impurities and
*hc different fi tation responses observed. Also significant
is the fact that tanVtlum, niobium and tungsten were not detected
in any of the samples. These three elements, together with iron,
have an apparently favourable effect on cassiterite flotation
according to Fol'Hn et al (6), and are commonly found substi-
tuting for tin 1in casrit* rite. Also, according to the work o*
Pol'kin et al,manganese and copper have a deleterious effect on
the floatability f cassiterite. However, in this work, copper
is present 1in all the samples 1in about an equ il amount, and the
flotation responses have Dbeen found to differ. In the case of
manganese, the best flotation results were obtr: .ed with
cassiterite containing this element (Union cassiterite also
has manganese pres.nt), whereas the other samples did not have
manganese. However, according to Pol'kin et al, the presence

of manganese 1is detrimental to the fInstability of a cassiterite



containing th:elerent. It is apparent that ine effect of

impurity elements within the cassiterite lattice cannot be

explained as simply as Pol'kin at al (6) have attempted to do

"in their work.

Pryor and k'robel (54) classified cassiterites from

different ore deposits into three broad groups, viz.

cassiterite from (1) pegmatite deposits, (2) from guartz and

quartz-feldspar veins and (3) from sulphide deposits. Using

this broad classification, it is found that Kamativi, Uis and

laaiplaats are pegmatite deposits. Wheal Jane, Union and

Rooiberg belong to the gquartz and quartz-feldspar groups,

while Renison 1s classified as a sulphide deposit (125, 1:2u,

surmised that the geological history

1lc7) . “ence, it could be
and character of the deposit may have an influence on the
flotation behaviour of the cassiterite. This then is the

only link which can be found to explain why the cassiterite

frcm Uis, Zaaiplaats md Kamativi floats better than the

cassiterite rrom Rooiberg, Renison and Union. The Wheal Jane

sample 1is not considered be-ause o0of the low grade of the

sample investigated.

4.5 Galena flotation

'l was considered that a comparison of the recovery-particle

size relationship, as obtained for cassiterite, should be made

with a sulphide mineral which has this relationship already

elucideted. Galena was chosen for this comparison. The

flotation of sulphide minerals, and in particular galena, has

been characterised mere 11 11} and 1is better understood than

oxide flotation. Gaudin et al (62), Klassen and Mokrousov (66)

and Trahl|r and Warren (60) have, amongst others, presented

results characterising the recovery-particle. size relationships

of sulphide minerals.

Thus galena samples of varying particle sizes ware

floated in the same way as the cassiterite sampled, e<cept for

small differences 1in technique. The results of the effect of

particle size on the flotation recovery are presented in

figure 11 for varying 1initial concentrations of collector. The

entrainment results are also presented 1in Figure 11,



From the entrainment results presented in Figure 11,
it is believed that the property of native floatability of
the galena could not be suppressed entirely even though a
high concentration of galena depressant was added to the
system. This belief 1is based on the results which show that
the entrainment wvalues do not continue to increase with
decreasing particle size , as do the cassiterite samples.

Thus th'>> entrainment curve for galena shows a maximum with

the value decreasing again for the smaller particle size
fraction. Repeated determinations resulted in identical
results. This may be caused by the very fint particles
agglomerating because o0of residual hydrophcbicity during the
flotation procedure , the floes formed this way being coarser -
and the entrainment wvalue thus dec asing.

Figure 11 shows that extremely coarse galena up to about
£50 tin, is readily floated under conditions of relatively high
addition of collector reagent, Dbut that the recovery of these
very coarse particles drops rapidly as the collector addition
decreases. It is seen that the fine particles are readily
floated at the relatively high collector additions, and that
the recovery of these fine particles decreases with decreasing
collector addition (us 1is to be expected). However, the
decrease 1is not as marked as that occurring under the same
conditions for the coars.3 galena particles of about 850 ym.

It is of interest to mention that according to Gaudin

et al ‘ez, 128) , the maximum theoretical size of galena that
is floatable 1is 2100 4m, assuming cubic particles (galena 1is
generally cubic). The coarsest galena particles that have

been recovered 1in practice are about 400 4m in size. According
to Figure 11, galena particles up to about 1100 4m in size
were floated albeit under conditions of high collector addition.
The reasons for the very coarse particles having floated is due
to the unusual flotation conditions existing 1in the Fuei 'nau
cell, wviz. low pulp density, the high collector additior vel
and the gentle agitation conditions.

Suwanasing and Salman (65) floated galena in a modific
Hallimond tube varying the collector reagent additions and

the particle sizes. It was observed that as the collector



addition increased, the maximum recovery range was extended,

particularly towards the coarser particle sizes. In this
respect, the results o”" this investigation are identical to
those of Suwanasing and Salman. Under conditions where there

was sufficient collector for only one monolayer coverage, these
authors obtained a maxirjm recovery at a particle size of about
55 L&m. In this investigation, the maximum recovery was
observed at a particle size of about 40 |imjP ider similar con-
ditions. This small difference can be ascribed to the different
techniques employed in the respective investigations. It
should be noted that the results from the present investigation
are also well in keeping with the results of other authors
as mentioned by frahar and Warren (60).

Comparison of the recovery-particle size relationships
of galena and cessiterite immediately shows that the flotation
behaviour of these minerals differ greatly. However, this
comparison will be ""ore fully discussed in the following

section.

4, 6 Ultrasonic treitnert

During the course of experimentation, it was observed that
cassiterite samples that nad been subjected to ultrasonic

vibration treatment during the course of their preparation,

showed higher flotation recoveries, particularly .n the very
coarse sizes, than did the same material which had not been
treated by ultrasonics. Because of the implications of this

result to the understanding of the fInstability of cassiterite
particles, it was decided to characterise the ef.ect of ultra-
sonic treatment more fully.

A coarse hooiberg cassiterite size fraction <105 to ki1
pm) was subjected to ultrasonic treatment over a period of
time, son- Jf the sample being withdrawn at fixed intervals.
These ..iples were then floated in the normal manner. Figure
19 s dws the results of this test. From this graph it 1is seen
that the longer the sample is subjected to the action of
ultrasonics the greater the subsequent total flotation rei-overy.
It can also be seen that although the longest period tested

was 15 minutes, 1t 1is apparent that the recovery will increase



further still for further extended periods of ultrasonic
treatment.

The Rooibfiry cassi ter;tt. sample was then investigated
by treating a number of dilftrrt-nt particle size fractions with
ultrasonic vibrations, and then floating these samples. A
comparison of the total recoveries of the samples treated with
ultrasonics, and the samples net treated with ultrasonics, 1is
shown in Figure 20. The duration of ultrasonic treatment
for each size fraction was 15 minutes. From Figure 20 it can
be seen that the ultrasonic treatment does not effect the
recovery of the finer particle sizes very much since the total
recoveries of tho untreated samples are already virtually
completed. The coarser particle size fractions larger than
50 n"' thus show the effect of ultrasonics to the greatest
extent and it 1s apparent that the recovery of coarse particles
have Dbeen increase: greatly relative to the fine particles.

Cassiterite samples from Union were also treated with
ultrasonics, and these samples also show an improved total
recovery over the untreated samples 1in every case. Figure 21
shows the difference between Union samples treated, and those
not treated, by ultrasonics. In this case the duration of the
ultrasonic treatment was 7 minutes. The results of Union are
of the same nature as those for Rooiberg, although the
difference between these samples is due to the fact that the
ultrasonic treatment time wes less in the case of the Union
samples. It should be noted that the identical effect was
observed for cassiterite samples from Kamativi and Renison,
although no detailed study was made 1in these cases. Gangue

samples of various particle sizes were also treated with ultra-

sonics, and then floated. ©Untreated and treated total recovery
results ure shown 1in Figure 22. The duration of ultrasonic
treatment 1in this case was 15 minutes. As can be seen from

Figure 22, no great increase 1n recovery was obtained in this
case and the two curves are almost identical. This indicates
that the ultrasonic treatment had no significant effect on the

gangue .
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In order to test the above observations with gangue and
cass iterite , a cassiterite and gangue mixture of equal
proportions was floated, and the total recovery of cassiterite
results compared with the results of the same samples which
had been subjected to ultrasonic treatment for 15 minutes.

The results are shown 1in Figure 23, the cassiterite recoveries
having been obtained by way of microscope grade estimates of
the concentrates. A subsequent chemical analysis of some of
these concentrates verified the curves of Figure 23. Conse-
quently it can be seen that the samples treated with ultra-
sonics presented significantly superior flotation recovery
results when compared with the recoveries of normal samples.

During the ultrasonic treatment of a cassiterite lample,
it was observed that a large number of very fine-grained
particles were appearing 1in suspension in the liquid medium
together with the cassiterite sample. It appeared as 1f these
particles were being knocked off, or dislodged from,the larger
grains. It was assumed that these fine particles were gangue
slimes which had been adhering to the large cassiterite grains.
A sample of tnis material was collected for chemical analysis.
This showed the material to contain 85 per cent tin dioxide.

An X-ray di ffraction analysis was then performed on this
material to determine the mineralogical identity of these very
fine particles. It was found that these very fine particles
were predominantly cassiterite, while minor amounts of chlorite
and mica were also identified. The finding that these fine
particles were predominantly cassiterite made it difficult to
explain the observed difference in flotation recovery between
samples which had been treated with ultrasonics, and those that
had not been treated. It could have been that these small
particles had been broken off from the matrix off the larger
grains during the ultrasonic treatment, or alternately had been
very small particles adhering to the surfaces of the larger
cassiterite grains. It was thus decided that the scanning
electron microscope might be used to investigate some of the

observed phenomena.
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could be detected on these samples as each showed the same

surface features, wviz. smooth, flat and conchoidal faces as

well as mottied: porous and Jjagged surfaces. Also no chemical

differences could be detected between the samples. It was
considered possible that a type of coating could be responsible

for the observed differences 1in flotation behaviour. This

coating could have been removed by the ultrasonic treatment.

However, no evidence of a coating was observed. This obser-

vation could not be considered conclusive since any costings

of hydroxide, carbonate or hydrocarbons would not show up in

th oalyais. Also, 1in view of the low magnifications employed,

JS deCadRd to new samples end to study these at much

higher magnifications.

Samples with particle sizes between 105 and 125 pm were

prepared. A sample was treated by ultrasonic vibrations for

b0 minutes’ while another sample was retained untreated for

comparison. Both samples were then scanned by the scanning

electron microscope at a magnification of 3000. It was then

noticed that the untreated sample showed a very much greater

number of very ama .1 particles adhering to the surfaces of the

larger grains than did the treated samples. The accompanying

photomicrographs show up this effect (see Plates 2 to 13).

Higher magnifications than 2000 showed the same effect of adhering

Mne Particles, but a magnification of 3000 gave the best clarity

of the photomicrographs. From the photomicrographs it can be

seen that theae adhering particles cover each grain completely

in the case of the untreated particles, and that the coating

density of these very fine particles 1is much greater then in the

case of the cassiterite which had been treated with ultrasonic

vibrations. As can also he seen from the photomicrographs, the

adhering grains have a large spectrum of sizes ranging from less

than 0,1 pm (barely observable) to about 5 pm, and sometimes

larger. These are about the same sizes as were observed for

the very fine particles which were removed from the coarser

grams during the ultrasonic treatment. A large number of these

adhering particles were analysed qualitatively with the micro-



probe facility of the scanning electron microscope. The
analysis showed that about 80 per cent of the adhering particles

are tin-based (cassiterite) while the remainder of the particles

are either calcium-rich (perhaps calcite), or silicon-rich
(perhaps quartz), or a calcium-silicon mineral (perhaps
chlorite or feldspar), or, as was observed 1in one case, a

calcium-silicon-aluminium-magnesium-titanium-iron mineral

(a mixture of mica and rutile perhaps). Finally, the fact
that appxox"..ietely 80 per cent of the adhering particles are
cassiterite confirms the mineralogical analysis of the very
fine particles, while the ether elements detected in the
analyses of other adhering grains verifies the finding thit
chlorite and mica are present.

It can thus be stated that the very fine particles
which had been removed off the surfaces of larger grains, and
those adhering fine particles observed on t"'e surfaces of
larger grains are one and the same, since the data in con-
sistent on every count. Thus, 1t 1is seen that very fine
particles of cassiterite agglomerate with coarser particles,
and it 1is these very fine particles which are removed during
the ultrasonic treatment.

Finally, Rooiberg samples which had been treated with
ultrasonics were floated to determine their entrsinment charac-
teristics. The results are shown in Figure 24. It is seen
that the entrainment values 1in this case are higher than the
entrainment values for untreated samples (see also Figure 6).
Figure 25 shows the entrainment curve, the total flotation
recovery curve and the pure flotation curve for samples treated
with ultrasonics. Note that 1in this case, the pure flotation
curve has been transposed to much coarser particle sizes when
compared with the true flotation curve for untreated samples.
The implications of this finding will he discussed in the next
section.

From the graphs featuring the ultrasonic results, 1t is
seen th t there appears to be some scatter among some of the
recovery results. This could have arisen during the course

of the experimental technique.
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It is thus seen that the ultrasonic treatment of
cassiterite 1is responsible for vastly improved flotation
recoveries, both total and pure flotation recoveries,

particularly in the coarse particle size range.
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~ Intreated sample (3000 X)
I
PLATE 3 Sample treated -th ultrasonic vibrations

(3000 X)
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PLA 11 &6 Untreated sample (3CCu X)

PLAIF 7 Sample treated with ultrasonic vibrations
(3000 X)



"1 *T v} Unti eated sample (3000 X)

PLATE 9 Sample treated with ultrasonic vibration
(3000 X)



Hkili— Ii: Untreated sample (3000 X)

- " -—- “ith ultrasnnic vibrations



'ty Untreated sample (3000 X)

PLATE 13 Sample treated with wultrasonic vibrations
(3000 X)
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5. DISCUSSION

ihe aim of this dissertation was to characterise the relation-
ship between particle size and the flotation recovery for
cassiterite 1in regard to both coarse particle sizes (larger
than 50 (im) and very small particle sizes (less than about

7 pm), since it 1is known that cassiterite Dbetween these limits
is floatable 1in practice. An added objective was to deter-
mine whether or not cassiterite behaves 1like other floatable
minerals under flotation conditions. Vnat has been achieved
will now be assessed.

The flotation cell chosen for this investigation was

the fuerstenau cell for reasons which have been d.scussed.

It was found that the reproducibility of the cell was very
good with the maximum standard deviation obtained being 3,2 per
cent, and the highest standard error being 1,5 per cent. It
should br appreciated that the conditions existing in this
cell cannot be directly compared with either laboratory-scale
or industnal-scale flotation conditions because of differences
in, for example, pulp density, agitation conditions and aeration
rate. However, the Fuerstenau cell does provide an indication
o*' the tendency of particles to collide and adhere to bubbles
which 1is ideal for an investigation of this nature. Regarding
the aspect of entrainment, the problem becomes more tenuous
since the mechanical conditions differ markedly Dbetween the
Fuerstunau cell and large-scale practice. However, trends
were shown up using the Fuerstenau cell. It should also be
depreciated that the maximum particle sizes which float mry differ

for different types of cells and under different conditions.
However, the Fuerstenau cell did allow the parameter(s) under
observation to be characterised. It 1is apparent that the
Fuerstenau cell 1is suitable for situations where only small
amounts of sample are avail ible, as in the case of this
investigation. Finally, it may be stated that the results of
the present study employing the Fuerstenau cell bear a very
good resemblance to those obtained from both laboratory and

industrial applications, as discussed in the previous section.



A great deal of work was done 1in order to characterise
the effects of entrainment on the total flotation recovery of
cassiterite. To this end it was determined that the cassiterite
samples appear to show entrainment in that the values increase
with decreasing particle size. It has been assumed that
cassiterite possesses no native fInstability and that only
entrainment had occurred. Should seme degree of native
floatability have occurred, or perhaps some reaction o fethe
cassiterite with the frother, it would not be possible to dis-
tinguish these effects from entrainment under these conditions.
Both gangue and galena samples show a maximum in the relation-
ship between particle size and entrainment recovery. This may
be due to agglomerates having formed during the flotation
procedure. In the case of the galena samples, pure entrainment
only cannot be stated to have occurred and it 1is considered
that some degree of native floatability was retained by the
samples even though large amounts of galena depressant had been
added to the system.

As has been mentioned, it 1is considered that entrainment
an a flotation system cannot be suppressed, and hence should be
characterised for any investigations of this nature in order to
obt 1in the pure flotation recovery. This has been done for
certain samples and tie results c* the tc I recovery, entrein-
ment and pure flotation are given in figures 6, 7, 8, 9 and 1C,
for Aooiberg, Union, Wheal Jme , Kamativi and guncue respectively
It is to be noted that the pure flotation curves give the shape
which many authors regard as standard, that 1is, as the particle
size decreases from some coarse size, the total recovery in-
creases from a very low value to a maximum value, and then
decreases again. But it is at the stage of about 2 pm that
experimental data from the literature becomes non-existent and
only theoretical considerations remain and can be discussed.
However,before these the ries are to be considered, the above-
mentioned graphs will be discussed to a greater extent.

As can be seen from the above graphs, viz. Figures 6, 7,
6 9 and 10, the maximum pure flotation recoveries ere at

coarser particle sizes than 1is the case for the total flotation



recoveries, the difference being due to the effect of entrain-
ment. Table 4 gives the respective particle sizes. The

Wheal Jane sample has much lower maximum recovery particle
sizes than the other samples and this occurred because the
Wheal Jane sample was of much lower grade. Because of the
cyclosizing technique employed for sizing this sample, a
density-par tide size classification resulted. Thus,

although the particle sizes are given relative to the mineral
cassiterite, other minerals with lower specific gravities

will be much coarser. Thus, quartz particles, for example,
may actually be almost twice the size of the cassiterite
particles in each of the cyclosizer size fractions. This

will result in reduced entrainment effects for each particle
size fraction. This effect will thus alto influence the pure
flotation curve results. It can also be seen from Figures

6, 7, 8 and 9 th*»t at a certain particle size, the entrainment
values become larger than the pure flotation values. For
Rociberg this occurred at a particle oize of about 6 pm,

for Union at about ¢ pm, for Wheal Jane at about 7 pm,

while for Kamati vi at about 6 pm. These results indicate

the particle sizes at which, for decreasing sizes, the recovery
mechanism changes from a predominantly flotation mechanism to
that of entrainment. It is, therefore, apparent that flotation
of particles smaller than about 6 pm should be avoided unless
the effect of entrainment can somehow be reduced, for example,
by washing the froth with a water spray. Also of 1interest is
the fact that 1if the entrainmen t curve be extrapolated
(assuming this to be feasible) , and hence also the pure
flotation curves for both Rooiberg and Union, that the situation
is then reached where flotation ceases altogether tor particlu
sizes of the order of 0,2 to 0,5 pm. This would imply a
recovery purely by entrainment under these physical conditions,
and no oar tide-bubble attachment occuring for particle sizes
smaller than say 0,2 pm. However, this 1is only conjecture as

there are no results to substantiate this idea, although it is



cJT interest to r.ompare these results with those predicted
by mathematical considerations of the particle bubble attach-
ment process. The treatment by Sutherland predicts a zero
flotation rate at a particle size of approximately 0,5 pm,
while he theory of Woodburn et al predicts a zero flotation
rate at a particle size between 15 and 20 pm (60).

it is now of value to consider the theories of the effect
of particle size on the flotation process as discussed in the
literature review. As mentioned previously, the rate of flotation
is considered to be equal to the product of three factors, viz,
the rate cf collision between particles and bubbles, the
Probability of adhesion, and the probability that nc detachment
will subsequently occur. In this investigation, the flotation
recovery was measured. Since this 1is a combination of the
three abovementioned factors, the results will be assessed with
respect to each of these “'actors.

The rate o™ collision. A brie* surgery from Trahar

and Warren (60) and James on et al (61) is given in Table 6,
and *rom this it can be determined which theory fits ti e results
obtained in the beat way i* it can be assumed that tne rate of

collision is the dominating mechanism in the flotation process.

TABLE =+

Theories of the variation of collision rate

with particle size

Effect of decreasing particle size

Authors (r) on the rate of collision with
nubbles (N)
1. Sutherland N-»0 as r-»0
2. Flint and Howarth N-40 is r 0
3. Reay and Ratcliff N->minimum as r-*0, ¢ pm

4. Derjaguin and N-po as r->finite, critical size

Dukhin
5. Meloy (interpre-
tation of theory 1\lcons tent as r->10 pm, and
of Derjaguin and N * constant for r < 10 pm
Dukhin)
6 . Gaudin N->0 as r->0
7. Levich N-fconstant as r->o0

B. Collins minimum as ¥ -»0,6 pm



Considaring the results of pure flotation recovery
for Roodberg, Union, Wheal Jane and Kamativl as given
respectively in Figures 6, 7, 8 and 9, it is apparent
that all the above theories, except that of Mploy, £fit the
data obtained, although it is to be noted that the data holds
for sizes oown to 3 only. It is at this point that the
extrapolated curve discussion held above could be discussed
again. On extrapolation, it can be seen that the rate of
the collision of particles and bubbles would tend to zero
for sone definite particl« size. This conjecture would
then fit the theory of Cerjaguin and Dukh in best with the
reservation that thj* particle size might not be a critical

size wvalid to all systems.

2. The probability of adhesion. The various factors
dictating this, aspect will be briefly considered.

According to the theory of Sutherland, the induction

period is independent of the particle size. However,
according to Klassen and Mokrousov, longer periods are
required for larger particles. These views are still

divergent at this stage because of the 1lack of data.

The factors which tend to reduce the probability of
attachment of fine particles to bubbles are the increased
dynamic contact angle and the low momentum cf fine particles
(less than 10 pm ir size).

The increased rat* of adsorption of flotation reagents
onto fine particles would appear to favour an i- crease in
their recovery in a flotation system. The high surface energy

of very MBine particles may favour the adsorption c* flotation

reagents ; this in turn would improve the flotation recovery
of these very fine particles. However, the extent of ad-
sorption of reagents may vary with particle size. In one of
the few investigations into this aspect, Clement found that

for a particular coverage of collector reagent the recovery

of fine particles was significantly 1less than for the same
coverage of coarser particles. For the system studied, this
suggests that very fine particles required more surface coverage

for the same flotation recovery.



The possible different ages of different particle
sizes present in a flotation feed pulp is not considered to
affect their recovery. Similarly, the thermodynamic
solubility of very fine particles is not expected to differ
from those of coarser particles, unless these fine particles
are less than 0,1 @n in size (60).

It is apparent tnat the fall in flotation recovery of
particles below the maximum pure flotation recoveries
observed for the various cassiterite samples, as given in

Table 4, viz. sizes smaller than 30 *

m, cannot be attributed
to changes in surface energies. In fact, it would appear
that the effects described in this section c.ily influence

the flotation recoveries of very fine particles, say smaller

than about 3 nm.

3. The rate of detachment. It has been determined that
under both quiescent or agitated conditions, the flotation
of very fine particles is not limited their detachment

from bubbles (60).

The mathematical combination of the three factors
influencing the flotation recovery of a particular system
has led to the conclusion that the flotation recovery decreases
with particle size. In the case of Sutherland, the flotation
rate shows no maximum with variation in particle size,
increasing as the particle size increases. Woodburn et al
obtained r maximum flotation rate at a oartide size of about
70 |im, with recoveries decreasing for coarser and finer sizes
(6C) . Although there are practical deviations from the results
obtained by Woodburn et al, it would appear that their overall
mathematical treatment 1is successful except perhaps for very
fine particles where the theory of Sutherland appears to give
more accurate results. It is apparent that the pure flotation
recovery results obtained for the cassiterite samples
investigate ' qualitatively follows the above two theories for
decreasing particle sizes below about 35 xm in size (see
Figures 6, 7, 6 and 9), and the theory of Woodburn et al

for particle sizes coarser than 35 nm in size (60).



Finally, it is apparent that the majority of workers

T lder thut rPLnveries decrease with decreasing particle size.

a this is virtually universal can be deduced from the review

by Trahar and Warren (60). It can be seen that within the

ework of the results obtained in this investigation the

very same conclusion is reached.

It is also of interest to consider the recovery-particle
into account, since,

size results without taking entrapment

tor practical reasons, entrainment is not considered in

industrial applications In this case, only the total flotation

iesu~ s C R°oiberg, Union and Renison will be considered since

these were taken to smaller particle sizes than the other samples

results uf Union and Renison that, as

It can be seen from the
the oarticls size decreases, the recovery maximum is followed

by a minimum. Without considering the influence of entrainment,

‘his ect car be explained by the possibility of the particles
agglomerating during the flotation procedure to coarser aggre-
gates. Tnese agglomerates would then behave as coarser particles.

In the case of the Rooiberg sample, agglomeration could have

occurred with the small particle size fractions, although no

evidence of agglomeration was detected during the flotation
procedure. However, the Rooiberg reuults could also be
interpreted as being very similar to those of Gaudin et al (75)

obtained when they floated galena. In the case of the

results are evenjLre meaningful

pPresent investigation, the

since much finer particle sizes were used than Gaudin et el

user in their work. Also, in this investigation, the

i rainmer.t results were characterised for the cassiterite

system, and deducted from the total flotation results to give
the pure flotation results. Gaudin et al (75) did not take
into account the entrainme it of galena which must have occurred,
together with flotation, since these two effects are both

inherent to the system at the particle s<zes investigated.

why it is considered tha“the results of Gaudin et al

of affairs of flotation recovery-

This is

dc not present the true state

Should these workers

particle size in the system they studied.

and thus obtained the pure

have recounted for entrainment



flotation recovery, their results would have fitted any of
tha above-mentioned theories of the variation of collision
rate with particle size, except that of Meloy (as is the case
with the results from the present investigation), if it is
ossumed that the probability of the rate of collision be the
dominating mechanism of the three factors influencing the
attachment of particles to bubbles. As the results of Gaudin
et al are stated in the reference, it appears that the theory of
Meloy 4is the only one that is compatible with them. The above
argument also holds for the results of de Bruyn and Modi (129)
who obtained results of a similar nature to Gaudin et al.
Pursuing this 1line of reasoning, that is, to consider the
recovery - particle size results without taking the entrainment
into account, it is seen that the recent review by Jameson et al
(6l) contains some interesting new developments. Reay and
Ratcliff, in determining the rate of collision of very small
particles found Brownian diffusion to be the dominant capture
mechanism for par tic.e size« smaller than 1 to 2 pm. They
deduced that under Brownian diffusion, the rate of collision
decreases with increasing size wuntil, when only the hydrodynamic
forces come into being, the rate increat.es again. Thus a
minimum is obtained in the collision rate at a particle size of
about 5,6 pm. However, in determining the above theory, Reay
and Ratcliff oversimplified the assumptions. Collins (61)
corrected for these oversimplificatione and the result was that,
altnough the minimum in the predicted collision rate still
occurred at about 0,6 pm, the magnitude of the collision rate was
higher. With this information it is interesting to note that the
results of Rooiberg, Union (rinure 12) and Renison (Figure 14)
could fit the theory of Collins.

A further consideration is that the total flotation

recovery minimum corresponds to the point beyond which, for
nmaller particle sizes, entrainment becomes the major mechanism
of total recovery, and pure flotation by bubble - particle attach
ment '3 reduced to very low or negligible values. Further

decreases in particle size would then lead to increasing entrain-

ment values

It should also be noted that it appears that smaller



bubble sizes will result in improved bubble-particle

collisions end subsequent attachment z6l) . This wvariable,
bubble size, cannot usually be altered in the current
flotation techniques, and this factor was also uncontrollable
during the course of this investigation. It could have been

that, the recovery of very coarse galena may have resulted from
very coarse bubbles being present in the flotation cell,
-oncomitantly this would have reduced the recoveries of very
fine particle sizes.

It can be briefly mentioned that the samples cf cassiterite

which responded best to (total) flotation were those which
contained the least amounts of iron, wviz. Kamativi, Zaaiplaats
and Uis. Since these cassiterite samples were virtually

pure, it appears that the iron analyses of these samples r 'e

.isgaidEd as substitution iron and not bulk iron present in  iif,
sample. This observation, although not a definite rule,
appears to be at variance with those authors who claim the
presence of iron to be beneficial to cassiterite flotation
(see 29)

Regarding the effect or collector concentration. Figure
2 shows that increasing the collector concentration has 1little
01l no effect on the recovery of small particle sizes above
about 500 mg/l EPPA initial concentration. However, for
coarse sizes larger than about 100%im, it uppears that increases
in the collector concentration result in further increases in
the recovery. This result is in accord with the findings of
Mitrofanov et al (130, 131), viz. that coarse oarticles require
a greater density of collector reagent coating then fine
particles of the same mineral in order to attain reasonable
recoveries. This effect was also very apparent for galena
since an increase in the collector concentration increased tho
flotation response of the coarser particles predominantly
(see Figure 11).

It is of great interest to comoare the recoveries of the
cassiterite samples which had been subjected to ultrasonic
treatment, and those samples which had not been treated. It

is apparent that the effect is beneficial to flotation recovery



ell cases fince thu recoveries for the ultrasonic samples

are in each case higher than the normal sample recoveries.

Thib beneficial effect is particularly evident for the

coarser cassiterite samples (larger than 50pm) which are

sistently a fecxed this way. Also, according to Figure

, tne ultrasonic ef'ect seems to have very 1little influence

cn gangue.

As far as can be ascertained, the ultrasonic effect

described above has not been observed previously for

cassiterite. Agranat et al (116) have reported vastly

increased recoveries for the minerals chalcopyrite, jarosite

and limonite, while the recoveries for molybdenite and gquartz

We reduced with increasing Bonification periods. This has
been discussed in the literature review.
scanning elect"*# microscope photomicrographs,

that the

from the

it appears as t- cugh the most direct explanation is

very fine particles adhering to the large cassiterite grains

somehow interfere with the flotation of these larger grains

which are normally floatable, that is, in the absence of these

very 'ine particles. Figure 2 shows that for coarser particles

the total recovery can also be increased by increasing the

amount Or collector reagent. However, it appears that the

adhering ultrafine particles somehow prevent the flotation

of coarser particles. It could be that the particle -

bubble adhesion is prevented by the presence of these wultra-

fines. However, other explanations may be found for this

phenomenon and it could be that these ultrafine, predominantly

cassiterite, particles , e merely incidental. Thus some

chemical coating, for examp.e, an oxida or organic coating

may be removed during the ultrasonic treatment in addition

to these ultrafine particles, and this might be the reason

for the improved recoveries that were obtained. Not much can

be said about organic coatings should they exist, although

it would be expected that the ultrasonic treatment would have

removed such coatings. Organic coatings thus appear to be

highly wunlikely as being the cause of the initially poor

flotation response shown by the cassiterite. Also,cassiterite

is chemically very stable and it is therefore difficult to



consider any chemical film formation on the mineral,

however, it 1is possible that the surfacs of the cassiterite
miciy hydrolyse to 5n02.xK20, or, in the presence of iron, to
(Sn ,Fe) (0,0H)2, both of which are compLunds known to exist.
On the other hand, the explanation may 1lie in the ftct that
the surface free energy of the cassiterite surfaces have

een increased markedly by the ultrasonic treatment resulting
in a greater reactivity with the collector.

However, irrespective 0* the explanation, there 1is no
doubt that the e”“ect 1is a very definite one and that this
could ave practical benefits. These benefits could arise in
that the coarser particles could be induced to give greatly

improved recoveries over those obtained at present since the

ultrasonic treatmen* does not have a great effect on the gangue.

This would certainly result in economic savings since the coarse

particles are currently lost in the flotation circuit (consider

the results of the Union concentrator in Appendi> 5, Table A23,
Figi.r» 18, where it has been determined that the recoveries
tor the oarse sizes, above about 32 pm, are less than 35 per

cent) . The above statement is further exemplified by the

following results obtained from the Rooiberg cassiterite sample.

Thp total flotation recovery of cassiterite was found to have
a maximum at the particle size* range of about 9 to 14 pm.
When the entrainment values are considered, it is found that
the maximum pure flotation recovery occurs at about 30 to
32 pm. Should the samples be treated with wultrasonic
vibrations, and consideration be given to entrainment, it is
found that the maximum pure flotation recovery has now been
shifted to about 130 to 140 pm (see Figures 6 and 25)
Further evidence of the practice! potential of wultrasonics
are the results obtained for a cassiterite and gangue mixture.
Although the whole samnle had been treated with ultrasonics,
the cassiterite recoveries showed much improved results over
samples which had not been treated with ultrasonics.

The ultrasonic results -imply that the coarse cassiterite
particles (larger than 50 pm in size) are indeed floatable,

contrary to the results obtained by other cuthors as mentioned



conducive to the flotation of coerse ceseiterite.

11 haS' t,,er=forc, Dbeen observed that there are two

.Bible waya of increasing the recoveries of coarse

collector reagent addition,

bV increas”''5 th=
apparent mechanism

or b IT viz"
From the

by ultrasonic treatment.

that is, the removal of ultrafin.

=f ths latter method,

and the subsequent improved flotation

Bring particles
response, comes a further possible method of increasing the
recovers of coarse particles, viz. by the use of a very
= rcrent dispersing agent. This dispersing agent might well
e able to disperse all the particles to such an extent that
the si ma will not ,dhere to th. surfaces of t.,e larger grains

-_rency 3f any dispersing agent can easily be gauged

e e
in the concentrate

appearing

y t a amount of coarse particles

the more efficient the dispersing agent, the greater

hat is,

R *eccvery of the coarse particles.

interest to mention that Akopova et al

-inaliy, it is of
(111) also observed that very fine particles were removed
rro,. th, surfaces of larger grains, although the larger grain

themselves were not investigated as was done in this

removed particles were

surfaces
found to be

study. The sizes of these
hex ween 0,3 and 0,5 pm. The size, of the particle, removed

grains in this investigation

from the large c,,iterate
10 pm although the great ma.ority

varied from 1le, tnan 0,1 to

of particle, were 1lea, than 0,5 pm in size. It is, therefore'’',
apparent that Akopova et al observed the identical effect of
off the larger grain surfaces.

ultrafine particle removal

Also, an analysis of this ultrafine material by Akopova et al

slightly from that of the bulk sample.

was found to dil ,er

to the effect obtained during this investi-

This 1is identical

had an analysis of 85 per cent tin

showed 95,3 per cent tin

gation where the ultrafines

dioxide, whereas the bulk sample

di oxide.

In conclusion, it should be stated that the effect of

samples has not yet been

ultrasonic treatment on mineral



illustrated before by means of photomicrographs as was
done in this text. Although a number of workers have
observed slime coatings on particles, the correlation of

lotaiion response for particles with a large number of adhering

slime particles, and with a greatly reduced number of slime
particles on the surfaces of larger grains, had not been done
before as was performed in the case of this investigation, that

by the observation of the surfaces of particles.

It is apparent that the flotation behaviour of

tassiterite, and that of a mineral 1like galena, differs
greatly. Whereas galena is readily floated by =xanthate
collectors, no specific collector for cassiterite has yet

been manufactured despite a variety of claims made to this
effect. The collectors currently in use for collecting
cassiterite are not entirely specific for cassiterite alone
and may float hematite, rutile, fluorite and tourmaline into
the concentrate as well. Also,whereas very high concentrate
grades of many minerals are generally readily obtained in
practice, it is not common oractice to exceed 45 per cent
cassiterite grade in the flotation concentrate. Further,
considering the collecting ability of EPPA, it has been shown
in this investigation that the reagent is, under normal
flotation conditions in practice and laboratory conditions,
not capable of floating coarse particles 1larger thgn about

50 |dm even at excessive collector additions. It is only
after ultrasonic treatment that the rPPA can float these
coarse particles. This poor flotation capability of EPPA is
in keeping with the results of various workers who found the
above effect during the course of their work (3, 14, 1IB, 20
41, 93). In the case of galena, it was found that ICO per
cent recoveries could be readily attained, especially in the
presence of sufficient collector for several monolayers
coverage at least, where even very coarse particles of up to
600 nm ir. size gave maximum recoveries. In the case of
cassiterite, 100 per cent recoveries were never obtained in
spite of using very high collector additions and using ultra-

sonic treatment to improve the recovery values. Also, it
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should be noted that the collector additions to cassiterite
were in excess of those applied to galena.

The maximum total flotation recoveries of the two
minerals were found to occur at different particle sizer.
In the case of galena, this maximum was found to occur at
about 40 pm, while for cassiterite it was much lower, viz.
about 15 pm. The entrainment characteristics for the two
minerals are also different, as has been discussed. The
entrainment values for galena do nut appear to follow the
logical pattern of increasing with decreasing particle size,
as does cassiterite. It is possible that some degree of
agglomeration of these very fine particles of galena had

occurred which would then result in an apparently anomalous

value being obtained, although some degree of native
floatability may, in fact, be responsible. The effect of
agglomeration can, 1in fact, not be ruled out for any of the

very fine particle sizes as this could nave taken place during
the course of the flotation test, even though no evidence of
this was observed. For the cassiterite samples, the ultra-
sonic action would have broken up any agglomerates if these

had formed, and hence be responsible for the higher entrainment

values obtaine4 when compared with the entrainment values for

normal samples (see Figure 24). However, this could have
occurred for the very fine particle sizes, but not for the
coarser particles, and Figure 24 shows higher entrainment

values for the ultrasonir samples for both the coarse and the
fine particle sizes. It is thus apparent that effects other
than the one just described are responsible for the different
results obtained.

Notwithstanding the above-mentioned differences between
galena and cassiterite, it 1is apparent that the galena and
cassiterite flotation tudies were performed under the

idential physical conditions prevailing using the equipment

already discussed. It is thus seen that a comparison between
the two minerals is, in fact, wvalid. From this comparison it
is immediately evident that the two minerals, galena and

cassiterite, behave totally unlike each other. A cause of
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recoveries not have been improved by the action of ultra-
sonics , the explanation could be that the collector used
for the scheelite, sodium oleate, 1is a stronger one ,<r
scheelite than EPPA is for cassiterite.

It is also interesting to compare the recovery - particle
size curves obtained for the various cassiterite samples. It
is seen that, although generally the behaviour of the different
cassiterite samples is identical, there are sTOH differences.
However, this has been elaborated on in a previous section
where it was postulated that the geological character of the
cassiterite may be responsible since neither the iron content,
the degree of crystallinity, nor chemical differences could
adequately explain the results obtained.

It is thus seen that the major aim of the thesis, that

is, to characterise the relationship between particle size and
flotation recovery for cassiterite, has been achieved in some
detail. It has been observed that for small particles,

the effect of entrainrrent becomes increasingly greater with
decreasing particle size until it appears that pure flotation
virtually ceases and all recovery is by entrainment. There
therefore appears to exist a lower 1limit of particle size
beyond which flotation is not recommended unless the effect
of entrainment can be countered or reduced. Thus, for the
very fine particles of cassiterite, say smaller than 2 pmn,
it is felt that alternative treatment methods may be more
beneficial, for example, selective “Inoculation or agglomerate
flotation. For the coarser particle sizes of cassiterite, it
has been shown that particles between 50 and 200 pm can be
floated contrary to all previous experimentation employing

PPA as the collector reagent. The mechanism whicn apparently
serves to act to counter the above finding is discussed at
length. A secondary aim of the thesis was to determine whether
cassiterite behaves 1like any normally floatable mineral under
flotation conditions. Galena was chosen as the mineral with
which a comparison was to be made since galena represents the
minerals that are readily amenable tn concentration by-
flotation. 1In this regard, it was determined that the flotation

behaviour of cassiterite 1is totally different to that of galena.



6 . CONCLUSIONS

1. The Fuerstnnau microfIctation cell has been
found to give very reproducible results. There exists good
accord with the results obtained in this investigation and
those from practice.

2. The effect of entrainment is found to bucome
non-negligible for particle sizes below about 45

3. The effect of entrainment is to give higher
recovery values than should have occurred had pure flotation
only taken place.

4. Entrainment is round to become the dominating
recovery mechanism for particles smaller than about 6 “m.

5. The particle -size for the maximum pure flotation
recovery is higher than that for the total flotation recovery,
that is, about 20 to 30 Jjam for the former and about 10 to 20
[im for tht? latter. This is due to the effect of entrainment.

The recovery - particle size data for concentrators is
generally given as the total flotation recovery.

6. Coarse particles of cassiterite, 1larger than
50 yum, give poor total flotation recoveries under normal
flotation conditions.

T”e recovery - particle size relationship for pure
flotation recovery follows the normally accepted curve,
that it, as the particle size decreases, the recovery increases
to a maximum value, and then decreases again.

8. Many workers give only the total flotation recoveries
and ivnore the effect of entrainment.

si. Different natural cassiterite samples respond

differently under identical flotation conditions.

10. Ultrasonic treatment increases the floatability
of cassiterite, particularly the sizes larger than 50 jim.

11. The mechanism for improved floatability apparer tly
stems from the removal of ultrafine particles (predominantly

less than 0,5 gm in size) from the surfaces of coarser particles

These ultrafines are considered to adhere to normally floatable



particles and prevent these from floating.

12. The majority (about 80 per cent) of these ultra-
fine particles are cassiterite.

13. The use of the scanning electronmicroscope to
observe the surfaces of particles which have, and which
have not,been treated with ultrasonics, and the correlation
to the subsequent flotation recovery, appears to be unique.

14. The favourable effect of ultrasonic trr ,tment
on cassiterite has not been observed before.

15. The pure flotation recovery - particle size
relationship for ultrasonically treated samples shows a
maximum recovery at about 130 to 140 “im.

1l6. Cassiterite floats very poorly when compared
with the flotation behaviour of galena. Ultrasonically

treatea cassiterite has a much improved flotation response.



particles and prevent these from floating.

12. The majority (about 80 per cent) of these ultra-
fine particles are cassiterite.

13. The use of the scanning electron microscope to
observe the surfaces cf particles which have, and which
have not ,been treated with ultrasonics, and the correlation
to the subsequent flotation recovery, appears to be unique.

14. The favourable effect of ultrasonic treatment
on cassiterite has net been observed before.

15. The pure flotation recovery - particle size
relationship for ultrasonically treated senoles shows a
maxi num recovery at about 130 to 140 p.m.

16. Cassiterite floats very poorly when compared
with the flotation behaviour of galana. Ultrasonically

treated cassiterite has a much improved flotation response.



RECOMMENDATIONS FOR FURTHER WORK

The ultrasonic treatment of cassiterite samples has been
shown to impart a greater degree of fInstability to the
cassiterite, the effect being most prominent in the coarser
particle size range where, under normal flotation conditions
cassiterite has only a poor tu negligible flotation recovery
That the ultrasonic treatment could be employed to reduce
the losses of coarse cassiterite particles in the flotation
circuit seems apparent. Also of interest is the fact that

gangu* c;"pcui3 to be largely unaffected by ultrasonic

treat..lent. It is consequently “alt that ultrasonic treat-
ment si'vuld, therefore, be carried out on concentrator
matet Ie'j, and also be extended to actual plant conditions

where th« greatest amount of information on the system will
be obtained. It is advocated that an ultrasonic transducer
be tested prior to the desliming circuit so that any ultra-
fine oarticles which are knocked o*f the larger particles
may be removed from the flotation circuit in the discarded
slimes. A further point of application for an wultrasonic
transducer is prior to the addition of the dispersing agents
(so that the ultrafinea knocked off may remain dispersed),
and the addition of modifier and collector reagents so as
to obtain the maximum benefits of these reagents on the
cassiterite particles.

Finally, in an investigation of this nature, it would
be advantageous to obtain the flotation recovery values at
various flotation times, as has been done by Trahar (60)
and Anthony et al (64). This method of presenting recovery
results has a number of advantages over the system employed
in the present investigation, not least being that more
information about the kinetics of the system may be obtained

in this manner.
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APPENDIX 1

llie_Lmlculation of cle :ut-point sizes during centrifuging

Stoke's Law is given as,

" Tn in I II

whe re V » settling velocity (cm/sec)
r » radius of particle (cm)
d « density of mineral (g/cm3)

do * density of medium (g/cm %)

9 - gravitational acceleration (cm/sec?”)
A~ = viscosity of medium in poises (gm/cm sec)
Also tor centrifuges,
1
v - ~ o~ - v x 60
wKere v" * settling velocity (cm/min)
L = settling distance (cm)
t = centrifuging period (mins)

~ * csntrifuging constant which depends on
the configuration of the centrifuging arm.

K is given empirically by,

K * FT (8,6) (0,0000284)
where R = revolutions per minute (rpm)
Daia: d = density of cassiterite = 7,0 g/cm3
do = density of distilled water s 31,0 g/cm'
g = 980 cm/sec’

| = 0,00894 poise at 25°C
At 900 rpm and a centrifuging period of 12 mins
we have
K = (900)~(8,6) (0,0000284)
- 197,83
Thus for a settling distance of 13 cm

1 (13)
(12) (197,83)

0,005476 cm/min.

oe
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Thus vi = TI2?) (6) (9e0)r2 ffinl
(9) (0,00894) = ~ %0054 76
2
= 6,244 x 10'1D cm2
r 2,5 x 1072 p

Diameter of ocartide 1is 5,0 x 10*'5 cm

= 0,5 micron.
0 ,b m?;cron ,as the first cut-point obtained on
centrifugmg.

At 1,00 rpm and * centrifuging period of

we have :
K = (1300)2(8,6) (0,0000264)
» 412,766
Thus for a settling distance of 13 cm.
S12L
(35) (412,766)
= 0,00090 cm/min
Thus ,
1 - - 0.=0090
r2 = 1,026 X 10"10 ecm2
* . r = 1,014 x 10""" cm

* o Diameter of particle is 2,028 x 10'5 cm

W 0,2 micron
0,2 micron was the tecono cut-point obtained on

centrifuging.

35 mins
*

6 "W
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Particle

Tyler mesh

size

Sample
Tyler Mesh

42
48
60
65
80
100
115
150
170
200
250

-2 70

325
400

+ 48
+ 60
+ 65
» 80
+100
<115
+150
+170
+200
+250
+270
+325
+400
+500

fractions

size fractions
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APPENDIX 2

TABLE Al

Particle

range

351 -
295 -
246 -
208 -
175 -
147 -
125 -
104 -
88 —
74 -
61 -
53 -
43 -
37 -

TABLE

Rooiberg gravity concentrate

df?s ignat ion

Sample

Cy1l
CY2
CY3
Cy4
CY5
R1

used

295
246
208
175
147
125
104
88
74
61
53
43
37
25

A2

in

size
(micron)

employed for the wvarious

samples

the investigation

sub-sieve

Particle size
(micron)
25,0 21,8
22,7 - 14,7
16,1 - 11,5
11,0 - 7,8
7,8 - 6,1
6,1 - 0,5

range

Median

Size

(micron)

323,0

2 70,5

227,

0

151,5

161,0

136,

0

114,5

96,0

81,0

67,5

57,0

48,

0

40,0

31,0

sample

sizes

Median
(micron1
23,4
16,7
13,8
9,4
7,0
3,3
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TABLE A3

Rooiberg sub-sieve sample sizes

Sample Particle size range Median

designation (micron) (micron)
CYl 25,0 - 20,5 22,8
CY2 20,5 - 14,0 17,3
& 14,0 - 10,3 12,2
cy4 10,3 - 7,3 8,8
cYs 7,3 - 5,7 6,5
CTR1 5,7 - 0,5 3,1

CTRz” 0,5 - 0,2 0,35
CTR3 Minus 0,2 0,1

TABLE A4

Union sub-sieve sample sizes

Sample Particle size range Median
designation (micron) (micron)

cyYl 25,0 - 22,2 23,6

CY2 22,2 - 15,1 16,7

cyY3 15,1 - 11,2 13,2

cy4 11.2 - 7,9 9,6

CYS5 7,9 - 6,2 7,1
CTR1 6,2 - 0,5 3,35
CTR2 0,5 - 0,2 0,35

TABLE AD

7Taaiplaa ts sub—sieve sample sizes

Sample Particle size range Median
designation (micron) I (micron)
CcYl 25,0 - 22,B 1 23,9
ryz 22,6 - 17,3 20, A
17,3 - 12,2 14,8
Ccy4 12,2 - 6,0 10,5
CY5 8,8 - 6,5 7,7

CYs Minus 6,5 3,25
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Kimativi sub-sieve sample sizes

Sample Particle size range Median
designat ion (micron) (micron)
CyYyl 25,0 - 22,38 23,9
CY2 22,8 - 17,3 20,1
CY3 17,3 - 12.2 14,8
cyY4 12,2 - 8,8 10,5
CY5 8,8 - 6,5 7,7
CY¥s Minus 6,5 3,25
TABLE A7

Uis sub-sieve sample sizes

Sample Particle size range Median
designation (micron) (micron)
cyY1 25,0 - 20,5 22,8
CY2 20,5 - 14,0 17,3
CY3 14,0 - 10,3 12,2
Cy4 10,3 - 7,3 8,8
CY5 7,3 = 5,7 6,5
CYs Minus 5,7 2,85
TABLE As

Wheal Jene sub-sieve sample sizes

Sample Particle size range Median
designation (micron) (micron)
CyYl 37,0 - 26,6 31,8
CY2 26,6 — 18.1 22,4
CyY3 18,1 - 13,4 15,8
Ccy4 13,4 - 9,5 11,5
CY- 9,5 - 7,4 8,5

CYs Minus 7,4 3,7
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TABLE Ao

Renj son sub-sieve sample sizes

Sample Particle size range Median
designation (micron) (micron)

cyl 25,0 - 22,3 23,7

CY2 22,3 - 15,2 l6,B

cY3 15,2 - 11,2 13,2

cyd y j 11,2 - Vi?9 9,6

CY5 7,9 - 6,2 7,1
CTR1 6,2 - 0,5 3,35
CTR2 1,5 - 0,2 0,35

TABLE AID

Gangue sub-sieve sample sizes

Sample Particle size range Median
dcsignat ior (micron) (micron)
CYl-2 37,0 - 26,0
CY3 28,0 - 20,7
CY4 20,7 - 14,6
CcYs 14,6 - 11,5
CTR1 11,5 - 6,0
CTR2 6,0 - 0,5
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TAPi r All

Galena particle size fractions

Sample Particle size range Median size
Tyler Mesh (micron) (micron)
-14+16 1190 - 1000 1095,0
— 16 + 24 1000 - 707 853,5
-24+28 707 - 595 651,0
- 28 + 32 595 - 500 547,5
-32+35 500 - 420 460,0
-25+42 420 - 351 385,5
- 42 4 48 351 - 295 323 ,0
— 48 + 60 295 - 246 270,5
-60+65 246 - 208 227,0
-65+60 208 - 175 191,5
- 80 +100 175 - 147 161,0
—-100 +115 147 - 125 136,0
-115 +150 125 - 104 114,5
-150 +170 104 - 88 96,0
-170 +200 88 - 74 61,0
-200 +250 74 - 61 67,5
-250 +2 70 61 - 53 57,0
-2 70 +325 53 - 43 46,0
-325 +400 43 - 37 40,0
-400 +500 37 - 25 31,0

AS! 25 - 2 11,5

AS? Minus 2 1,0

at::



Calculation to determine the monomolecular coverage cf a

rollector reagent on a mineral

A3.1 Xanthate on galena

Consider the cross-sectional area of a xanthate molecule
to be 30 82 = 30 x 1U~8 |im2,

Assume the galena particles to have cubic form.

Assume a particle size of 12

Area of cube = 6 x 12 x 12 = 864

For TO ml solution containing 100 mg/1 initial concen-
tration of xanthate, have

70

7 mg xanthate
1000X|J20

The molecular weight of sodium ethyl xanthate is 144,19
(molecular formula CgHgOCSaNa)

Thus have J- - millimoles xan-hate
144,19

The total surface area cf xanthate available 1is,

6,02 x 10"" x 30 x 10*8
144,19
8,77 x IDm2 molecule pm2
Assume homogeneous packing for galena. A

Then the mass of one galena particle » 7,5 x 123 x 10

vy # # = 1,296 x 10 6 g
A ./ p .S
Thus the total area of one gram of galena,
064

- 666,67 x 108 pm2/g
1,296 X 10"

g - nominal coverage 1in monomolecular layers of

9,77 x 1012
xanthate per gram of galena = - -— = g

666,6 1 x 10
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A3.2 E pA on c5ss1terite
Consider the cross-sectional area of a phosphonic acid
molecule to be 30 R2 = 30 x 10's8 "m2.
Assume the cassiterite particles to have cubic form.
(1) Assume a particle size of 12 gm.
Area of cube = 6 x 12 x 12 = 864 Um2
For 70 ml solution containing 500 mg/1 initial

concentration of EPPA, have x 500 = 35 mg t'PPA

The molecular weight of EPPA is 162,13 (molecular
formula C2Hs5C«H4PO(CH)2Z2).

Thus have — millimoles phosphoni acid.
162,13
The total surf ace area of EPPA available 1is,
35 12
162,13 X 6,02 x 1020 X 30 x 10"8 38,99 x 10

molecule “m'
Assume homogeneous packing for cassiterite.
Then the mass of one cassite:ite particle
= 7,0 x 123 x 10-1<- = 1,21 x 10"8 g
Thijg the total area of one gram of cassiterite

864

1,21 x 10-8 714,05 x 10L pm2/g

8 nominal coverage 1n monomolecular layers of EPPA

per gram of cassiterite
1i1705*x'"10B " 546.04 = 546
(2) Assume a particle size of 2 |im.

Then employing the same technique as above,

have s = 90.
(3) Assume a particle size of 0,2 “m.

Then employing the same technique as above,



APPENDIX 4

The statistical data were calculated using the following

formulae,

n
Mean x 1
n
Variance 5
Standard deviation 5 W £ u, -~ 1/2
=1
Coefficient of wvariation, * - x 100
Standard error of mean = A



APPENDIX 5
suit? or the invest.igation

TABLE A1l2

Results of Figure 1

Flotation time Cumulative recovery,
(minutes) (per cent)

Part 1. 0,25 65,1

0,50 84,2

0, 75 90,2

1,25 91,2

2,0 92.n

92,2

5,0 92,5
Particle size ;7 37 = 25 um
Sample Roc iberg gravity concentrate
Conditioning time ' 1 minute
Frother addition 0,4 ml
Other flotation

conditions ¢ Standard

Part 2. 0,5 55,4

1,0 69,4

2,0 78,2

4,0 82,2

5,0 83,4
Perticle size 53 - 43 um
Sample $ Pooiberg (treated with

ultrasonic vibrations)
Other flotation
conditions ; Standard
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TABLE Al3

Results of Figure 2

Initial collector
Recovery

concentration,
(per cent)
(mg/1 EPFA)

Curve 1 . 0 £
—, 1
]
.00 61,2
250 62,8
400 65,3
500 70,1
700 70.6
1000 71.7
“article size 37 - 25 nm
Sample Rooiberg
Flotation time > minutes
Other flotation
conditions Standard
Curve 2. 0 1,0
4
250 5.0
500 6.0
1000 9 9
2000 20,5
Particle si, :e 125 - 104 um
Sample Rooiberg
flotation time 2 minutes

Other flotation
cnnditions Standard



TABLE A1l4

Results of Figure 3

Recovery

pH (per cent)
2,0 53,3
3,0 55,6
4,0 65,3
4,5 67,3
5,0 66,1
5,5 62, 7
6,0 58,3
7,0 58,8
8,0 46,0
10.0 8,5
Particle size : 37 - 25 L&m
Sample : Rooiberg gravity

concentrate
Fiototion
conditions : Standard



TABLE AlS5

Results of Figure 4

Temperature Recovery
( (per cent)
Curve 1 . 5 59,2

10 56, 7
15 47,0
20 33,6
23 27,5
26 22,5
30 19,2
34 34,3

Particle size 37 - 25 um

Sample weight 0,6

Sample Rooiberg

Otfier J.otation

conditions : Standard
Curve 2. S 4,0

15 4,1
22 4,4
26 5,6
31 6,8
38 10, 7

Particle size i 125 - 104 unm

Sample : Rooiberg

Flotation time t 2 minutes

Initial collector

concen -ration $ 250 mg/1 FPPA

Other flotation
conditions : Standard



TABLE A16

rotal and pure flotation recoveries and entrainment
values for cassiteri te samples from Rooiberg (see

Figures 6, 12, 15, 20, 24, 25)

Ultrasonic samoles

Mesh Total Entrain- Pure
flotatiori ment flotat ion Total Entrain- Pure
recover / 5 recovery flotation ment flotation
© % recovery % recovery
-42+48 0,5 - - 19,9
-48+60 1,0 - - 54,2 —
-60+65 5,5 - 60,0
~65+80 9,4 - - 83,7
-80+100 10,4 - - 75,4
-10G+.115 11,1 2,0 9,1 85,1 9,0 76,1
-115+150 1 23,5 - - 85,9
-150+170 27,1 - - 80,4
-170+200 31,3 2,5 28,8 89,0 15,1 73,9
-2004250 43.3 - - 86,9
-250+270 49,5 2,5 47,0 86,5 17.2 69,3
-2 70+325 68,2 - - 83,9 22,9 61,0
-325+400 78,9 2,0 76,9 87,0 28,0 59,0
-400+500 86,4 4,1 82,3 90, 4 36,9 51,5
CY1l 87,3 - - 97,0 -
CY2 89,2 14,1 75,1 96,5 m
CY3 90, 3 22,2 68,1 95,9 54,5 41,4
cy4 90,2 35,4 54,8 92,3 69,9 22,4
CY5 82, 7 - - - -
CTR1 75,4 48,6 26,9 78,2 77,7 0,5
CTR2 76,0 - - o
CTR3 78,2 - - ™ -

Flotation conditions ; Standard



Total and pure flotation recoveries, and entrainment values

Tor cassiterite samples from Union, and the total flotation

recoveries for cassiterite samples from Uie and Zaaiplaats,.

(See Figures 7, 12, 14, 15, 17, 21)

Union ' Uis Zaaiplaats
Mesh Total . I Pure Ultrasonic Total Total
flotaticr Entrain- flotationi total flotation flotation
recovery men t recovery flotation recovery recovery
g g recovery % g
-42+48 - - 1,0 10,1
-46+60 - -
-60+65 I - - - - 13,5
-65+80 2,5 - - 15,4
-80+100 4,0 - - 18,4 36,0 37,0
-100+115 10,0 - — 72,6
-115 »150 13,1 - . 63,4 57,0 60, 4
-150+170 22,6 - - _
1704200 %8 o - - 64,5 61,0 62,3
-200+250 32.7 - - 69,7 53,0 70,7
-250+270 35,4 - - 63,4 62,7 72,5
-2 70+325 44,7 1,0 43,7 93.0 63.7 75,3
-325+400 46,0 - - - 65,3 75,7
-400+500 68,0 9,5 58,5 97,0 70,9 90,3
CY1l 69,2 - - - 83,4 -
CY2 7.1,0 9,3 62,5 33,9 86,1 94,0
CY3 77,3 20,4 56,9 - - 94, 8
Ccy4 78,9 26,0 52,9 - 82,9 9J , 8
CY5 75,0 31,0 44,0 - 83,3 86,1
CTR1/CY6 71,4 40,4 23,0 76,3 68,7 75,1
CTR2 64,1 - -

Flotation conditions ; Standard



TA3LE A.IB

Total and pure flotation, and entrainment values for
cassiterite samples from Wheal Jane and Kamativi.

(See Figures 8, 9, 13, 16)

Wheal Jane Karrativi
Total Entrain- Pure Total Entrain- Pure
Mesh flotation ment flotation flotation ment fjotat ion
recovery % recovery recovery % recovery
* s <

-42+48 u . -
-48+60 - - - 58,0 - -
-60+65 - - - - » -
-65+80 9,1 - - 73,2 -
-80%100 12,3 - - - - -
-100+115 14,9 . - 46,2 - -
-115+150 15,8 - - 60,8 - .
-150+170 16,5 - 58,7 - -1
-1704200 22,0 - - 50,8 - -
-200+250 26,7 W - 68,2 - -
-250+270 30,5 1,0 29,5 60,9 - -
-270*325 33,5 - - 61,5 2,0 59,5
-325+400 41,8 3,0 38,8 00,3 - -
-400+500 . - - 92,1 11,6 BO, 5

CcY1l - - - 94,6 » -

cy?2 43,7 5,0 38, 7 96,9 20,9 | 76,0

CY3 50,5 - . 94,8 - -

CY4 63,9 21,3 42,6 93,8 30,7 63,1

CY5 70,3 31,2 39,1 85,5 33,5 52,0

CYse 63,3 41,1 22,2 72,0 48,2 23,8

flotation conditions s Standard



TABLE Al9

Total flotation recoveries for cassiterite samples
from Renison and Rooiberg gravity concentrate.

(Oee Figures 13, 14, 16, 17)

Mesh Renison Rooiberg gravity
concentrate
Total flotation Total flotation
recovery, % recovery, %

-42+48 0,5
—48+60 - -
-60+65 - 2,0
-65+60 -

~80+10U 4,2 6,0
-100+115 7,3 -
-115+150 11,0 18,8
-150+170 14,7 _
-170+200 24,3 32,7
-200+250 29,8 36,1
-250+270 37,1 46,4
-270+325 40,4 59,9
-325+400 46,6 71,1
-400+500 70,5 69,4

CY1l 72,1 77,2

CY2 80,1 63,1

CY3 85,4 88,3

CY4 88, 6 80,4

cY5 e?,9 80,6

CTR1 76,8 88,1

CTR2 93,1 -

Flotation conditions : Standa-rf
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TABLE AZ20

Total cassiterite recovery for flotation from a

gangue/cassiterite mixture. (See figure 23)
Mesh Untreated Ultrasonic
sample.o treated sample,
recovery o recovery 9
-44 +43 6,1 75.3
-60+65 8,9 89,2
-80+100 24,4 77,5
-115+150 32,1 75,5
-170+200 42,3 72,1
-200+250 44,1 70,3
-250+2 70 43,4 72,1
-2 70+325 38,4 82,4
-325+400 40,6 81,2
rY2 (g)+CY¥1l(cas) 48,2 04,8
CY4 (g)+CY2 (cas) 80,2 92,5
CY5(g)+CY¥3 (cas) 83,7 93,2
CTR1 (g)+CY¥4 (cas) 69,5
CTR2 (g) +CTR1 (cas) 53,5 74,1
Cassiterite sample ! Rooiberg

Flotation conditions: Standard



TABLE A2l

Total and pure flotation, and entrainment wvalues

for gangue (See Figures .10, 22)

Total Entrain- Pure Ultrasonic
Mesh flotation ment flotation total flotation
recgvery £ reipvery rec%yery
-100+115 9,8 6,5 2,3
-115+150 11,1 - - 13,0
-150+170 - - - -
-170+200 21,1 2,5 18,6 20.0
-200+250 22,6 - as 21,8
-250+2 70 25,3 5,1 20,2 28,9
-270+325 30,3 5,0 25.3 34,4
-325+400 30 ,5 8,0 30,5 35,2
Cy2 40,1 11,9 28,2 46,5
CY j 51,3 18,5 32,6 58,0
cY4 67,2 33,4 33,8 -
CY5 69,4 - - 80,0
CTR1 46, 7 35,4 11,5 53,3
CTR2 40,4 23,0 17,4 48,5

Flotation conditions : Standard
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TABLE A?2

Total flotation recoveries for galena

(See Figure 11)

Mesh Initial reagent addition (mg zi xanthate)

100 25 10 5 1 C plus
decressant*

-14+16 20,9

-16+24 84,4 35,0 25,0 3,0 0 -
-24+28 99,0 - - - -
-28+32 100,0 - - - - —
-32+35 99,9 - - - - -
-35+42 99,5 83,0 79,0 71,5 5,5 -
-42+48 99,5 - - - - -
—49+60 - « - - - -
-60+65g 99.9 - - - - -
-65+80 - - - - - -
-80+100 - - - - - -
-100+115 99,9 - - - - 2,0
-115+4150 99,9 94,0 85,0 74,5 34,0 3,1
-150+170 99,9 - - - - 2,0
-170+200 - - - - -
-200+250 - - - - - -
-250+270 99,9 - - - - 2,5
-2 704+325 99, 8 » - - - 2,6
-325+400 99,9 100,0 97,5 94,5 92,0 3,1
-400+500 99, 8 - - - - 10,2
A51 99,9 _ - - - 30,2
Ac' 99,0 79,5 | 77,0 73,5 67,0 27,5

Flotation conditions : Standard

* 1000 mg/I potassium dichrornate



Typical flotation data at the Union

concentrator

Cyclosizer

fract ions cYl
Median particle
size (micron) 31 ,6
Flotation cone.
Weight, % 1,9
% Sn 48, 75
FI 'ation tails.
Weight, % 10,¢
$ Sn 0 .41
Sn recovery, %
per size 35, 7
frac tion
Total distrb.
% Sn 7. 30
Sn recovery,
expressed as % of
total head 2,61

CY2

17, o

5,9
43, 84

16,8

o, 40

49, 8

14, 61

7,28

Flotation conditions

Flotation feed
Final tailings
Concentrate grade

Conditioning time

Tin Mine

(See Figure 18)
Minus
Y4 Y
CY3 C CY5 cYs
12,0 8,7 6,5 2,8
18, 3 27,9 18, S 27.2
35, 46 23,00 14, 85 5,99
22,6 22,7 10,8 16,6
0,39 0,35 0,35 0,38
65, 5 67,6 65, 6 40,0
27, 99 26,74 11,99 11,47
18, 27 18,07 7, 86 4,59
:~ 0, 95" Sn (— 98a rdnus 43 pm)
~ 0 ,40Yr in
~?26% Sn (1 rougher and 3
cleaner flotation stages)
:~ 10 minutes

EPPA consumption
Other reagents wused

pH
Pulp density

:r-10 & solids

0,2 to 0,3 kg/t

Sulphuric acid

Sodium flouride

Sodium silicate

5

(cleaner flotation
circui t)

(rougher flotation
rircui t)

25% solids



=

Effect of ultrasonic treatment time on flotation

recovery (See Figure

Treatment time
(seconds)

30
60
120
300

600

900 -

Particle size
Sample
Flotation conditions

19)

Total recovery
(per cent)

10,3
20,0
19,0
36,3
53,0
59,9
69,5

105 - 125 jim
Rooiberg
Standard

1

1
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