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3.1 ANDALUSITE

COMPOSITION A1, 0[SiO, ], aluminium orthosilicate.

PHYSICAL PROPERTIES Hardness 7.5. Specific gravity 3.1 to 3.3.
V Grey, purplish-red, red-pink, but may exist as
white, yellow or even green orthorhombic
crystals. - z.p.c. 5.2 to 7.5%3.

CHEMISTRY The pure mineral is insoluble in dilute acids,
including hydrofluoric acid, although it has
been shown that the zero point of charge is
reduced by washing in dilute acid®. Some
aluminium in the lattice may be replaced by
iron. It is frequently found in association
with cordierite and may thus give rise to
ferric ions in flotation pulps.

FLOTATION CHARACTERISTICS Andalusite shows moderate fldtation with both
anionic and cationic collectors. The odleate
flotation shows little sensitivity to change in
pH between 3.0 and 10.0, but fluoride has a
very marked depressant action. Cationic
flotation is favoured at alkaline pH values and
is promoted by the addition of the fluoride
ion. The flotation diagram appears as Fig 3.1.

FUNDAMENTAL FLOTATION STUDIES

Choi and Oh''? have made a detailed investigation and comparison of the surface properties
of andalusite and kyanite and correlated these with simple flotation tests. They found good
flotation of andalusite with oleic acid between pH 4.0 and pH 9.0 with rapid decline outside
this range. Linoleic and linolenic acids also act as collectors but with these the fall in flota-
tion occurs at pH 8.0. Lauric acid was found to be a very poor collector for these minerals.

In a comparison of the flotation behaviour and surface characteristics of andalusite, kyanite
and sillimanite, Smolik, Harman and Fuerstenau® have shown that by dissolving surface
aluminium ions with dilute acid it is possible to cause a shift in the z.p.c. of these minerals.
This change in the z.p.c. to a more acid value leads to increased flotation recoveries at lower
pH values with the cationic collector dodecylamine acetate.
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3.2 AXINITE

r

COMPOSITION (Ca, Mn, Fe'!), A1,BO,[Si, O, , 10H, calcium aluminium borosilicate.

PHYSICAL PROPERTIES Hardness 6.5 - 7. Specific gravity 3.28. Blue,
brown or light grey triclinic crystals.

CHEMISTRY Acid insoluble.

FLOTATION CHARACTERISTICS The flotation of this mineral with the anionic
collector (sodium oleate) is very poor indeed.
It shows great sensitivity to pH change having
its small area of flotation between pH 3.0 and
4.5. The effect of fluoride is to shift this small

area of flotation to the alkaline region around
pH 11.0.

The cationic flotation properties are more con-
ventional showing moderate flotation with
dodecylamine and sensitivity to pH change with
an optimum pH for flotation occurring between
8.0 and 9.0. No change could be found in the
flotation area on adding sodium fluoride modi-
fier. The flotation diagram appears as Fig 3.2.

FUNDAMENTAL FLOTATION STUDIES

The floatability of axinite with anionic collectors® has been compared with other borosilicates
and the order found was: garnet > datoline > danburite > axinite. The maximum adsorption
of sodium oleate® was found to occur in neutral solution for datoline, at pH 4.5 to 5.5 for
axinite and garnet, and at pH 2.0 for danburite. It was also shown that the flotation maxi-
mum in this weak acid medium could be related to the leaching of aluminium from the
mineral surface. Aninfra-red study® showed that the oleic acid under these conditions was
adsorbing on axinite in both the ionic and the molecular forms.

The effects of sodjum silicate and potassium silicofluoride modifiers were also studied? .

No effects on the flotation are reported but the silicate was found to decrease the adsorp-
tion, and the silicofluoride to increase the adsorption of oleate.
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3.3 BERYL

COMPOSITION Be,Al, [Si6018] beryllium aluminium silicate.

PHYSICAL PROPERTIES

- CHEMISTRY

FLOTATION CHARACTERISTICS

FUNDAMENTAL FLOTATION STUDIES

Hardness 7.5 to 8.0. Specific gravity 2.6 to
2.9. White or green shades, hexagonal
crystals. z.p.c. 2.5 to 4.1713,

The mineral is insoluble in dilute acids includ-
ing HF. However, surface impurities may well
be leached in acid or alkaline circuits causing
a very marked alteration in the flotation
properties 14,

Beryl floats well with the anionic collector
sodium oleate between pH 3.0 and 10.0.
Unlike many orthosilicates it is quite sensitive
to pH change with an optimum value for
flotation at pH 6.0. Fluoride causes consider-
able depression with this collector but the

~sensitivity to change in pH is considerably

reduced with the optimum changing to pH 7.5.

Flotation of beryl with the amine collector is
only moderate with less than normal sensitivity
to pH change. Activation occurs on adding
fluoride. Alkaline conditions are favoured with _
this collector both with and without the fluo-
ride modifier. The flotation diagram appears

as Fig 3.3.1.

The volume of work that has been carried out on fundamental flotation testing of beryl
and associated ores exceeds by several times that on any other silicate mineral with perhaps
the exception of quartz. It would be beyond the scope of this publication to critically ‘
review each and every contribution that has been made towards the understanding of not
only the flotation properties of the pure mineral but also the action of certain depressants
for which this mineral has been chosen as a model. For the reader with special interest
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in a particular aspect of beryl flotation a selected bibliography is given at the end of this
chapter (page 78).

PRACTICAL FLOTATION SYSTEMS \

The mineral beryl commonly occurs in granitic pegmatites in association with micas,
quartz and feldspars. Minor minerals also present in a beryl ore may include, apatite,
spodumene, garnets, amblygonite, actinolite, tourmaline, cassiterite, topaz, etc. As each
of these minor minerals will float to some degree with both anionic and cationic collectors
the successful flotation separation of beryl from its ores is highly dependent on the extent

of their co-occurrence.

Direct flotation with oleic acid or other fatty acids!® at neutral pH has been successful on
certain ores but is usually preceded by a surface treatment, the most common of which is
a conditioning with hydrofluoric acid or sodium fluoride at a pH between 2.0 and 4.0.
After washing and removal of slimes, the beryl is normally floated with the oleic acid

" under neutral conditions. Pine oil as a frother '8 may also be employed as may an
emulsifying agent !°? in some cases. If economically attractive quantities of spodumene
are present in the ore, a preconcentrate of this may be made 23-25:3% by an oleic acid
flotation using lignin sulphonate together with sodium fluoride as depressants for the beryl.
Other techniques employed in conjunction with the fluoride pretreatment/oleic acid con-
centration include: preseparation of magnetic constituents, preseparation of mica by
“screening or by flotation 202! with an amine in acid circuit, and an apatite flotation 2':2¢
with very low quantities of oleic acid. Surface scrubbing with sodium hydroxide has also
been used both before?? as well as in place of !° the fluoride treatment. |

An alternative to the acid fluoride surface treatment was originally proposed by Eigeles
and Leviush?® where the pulp was pretreated with sodium sulphide under alkaline con-
ditions. Subsequently a further conditioning period was carried out with oleic acid at
80-85°C before flotation at pH 9.5 to 11.0. A very similar process is the subject of an
American patent?. '

The other major group of collectors that has been employed for beryl flotation is the
sulphonated petroleum products. Using these under acid conditions it is necessary at
some stage to remove mica- The method that has received the most attention involves

a preliminary removal of mica by flotation with an amine collector (usually dodecylamine)
at pH 1.5 to 2.5. This is followed by the addition of further amine together with a
fluoride modifier (sodium fluoride 3!, silico-fluoride 32, or hydrofluoric acid **) in order

to float a bulk beryl/feldspar concentrate again at an acid pH. This stage leaves a clean
quartz tailing product. The amine is then removed from the surface of the beryl/feldspar
concentrate, by washing with calcium hypochlorite *#35 solution, before the addition of
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a petroleum sulphonate to obtain a beryl concentrate between pH 2.0 and 3.0. If thé
total feldspar content of the ore is sufficiently low then the bulk beryl/feldspar flotation

stage may be omitted3* by proceeding directly with the hypochlorite wash after the mica
removal. ' y

Beryl concentrate grades as low as 10 per cent (1% BeO) up to almost 100 per cent
(~12% BeQ) have been obtained on various ore samples using many of the variations
described above, but until the 6th Mineral Processing Congress at bannes in 1963, the
importance of the minor constituents in beryl ores was not fully appreciated. A paper
at that conference by Moir3¢ and his co-workers showed that the final grade of beryl
product obtainable was entirely dependent on the gquantity of those minor constituents,
which he terms ‘heavy minerals’, present in the head ore. The process outlined there,
that was developed from a fundamental study of the flotation properties of beryl and
its associated minerals, and was operated on a pilot-plant scale, produced, from ores con-
taining as little as one per cent beryl (<.0.2% BeO), concentrates containing more than
80 per cent (10.9% BeQ) at extractions of more than 75 per cent.
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The circuit used is shown in Fig 3.3.2. Briefly, the crushed ore was deslimed and passed
over a wet magnetic separator before the ‘heavy minerals’ were floated with oleic acid at
pH 6.5 whilst depressing the beryl with sodium fiuoride and dextrin. The tailing product
from this stage was washed in a hydrocyclone and then conditioned with hydrofluoric
acid at pH 2.5 to 3.0. This fluoride-cleaned product was subsequently filtered, washed,
and repulped before conditioning with oleic acid together with a further small amount

of sodium fluoride. The beryl flotation was conducted between pH 6.5 and 7.3 with two
cleaning stages.
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3.4 o EPIDOTE

»

COMPOSITION Ca,Fe'™AL 0.0H[Si,0,] [SiO, ], basic silicate of calcium, aluminium and iron.

PHYSICAL PROPERTIES Hardness 6 to 7. Specific gravity 3.25 to 3.50.
‘ Shades of green from yellowish green through
to greenish black. Mainly monoclinic but can
be orthorhombic crystals (eg Zoisite).

CHEMISTRY Some members of the epidote series are partially
soluble in hydrochloric acid and thus may give
rise to iron or calcium ions in solution.

FLOTATION CHARACTERISTICS Epidote floats moderately well with sodium
oleate at acid pH values only. The optimum
pH seems to be between 3.0 and 4.0 after which
flotation rapidly ceases. Except for a very small
area sodium fluoride causes depression of the
anionic flotation.

With the cationic collector dodecylamine‘, epidote
floats very well over a range of pH between 3.0
and 12.0 having a very slight preference to
alkaline values. The fluoride modifier has. very
little effect on this diagram except at low con-
centrations where slight depression is caused.

The flotation diagram appears as Fig 3.4. -
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3.5 KYANITE (Cyanite or Disthene)

COMPOSITION Al [SiO , 1 aluminium orthosilicate

PHYSICAL PROPERTIES

CHEMISTRY

FLOTATION CHARACTERISTICS

Hardness: Variable between 4 and 7 dependent
on crystal face. Specific gravity 3.6 to 3.7.
Light-blue, white, grey-green, grey, pink or
black triclinic crystals. z.p.c. 6.2 to 7.91-3:37

The pure mineral is insoluble in dilute acids
including HF, although, like andalusite, it has
been shown that the point of zero charge is
reduced by washing in dilute acid®. Kyanite
is commonly found in gneisses and schists
associated with iron minerals such as staurolite,
limonite and cordierite. Each of these may be
partially soluble in an acid mediuin and thus
give rise to ferric ions. '

With the anionic collector sodium oleate, kyani}te
floats with little sensitivity to pH change between
pH 3.0 and 8.5. Higher collector concentrations
are required for this mineral than for its polymorph
andalusite. Like andalusite, however, it is very
sensitive to the fluoride ion which causes almost -
complete depression of flotation with oleate.
Although the flotation diagram shows that it is
sensitive to pH change favouring alkaline conditions,
kyanite floats extremely well with the cationic
collector dodecylamine over the range from pH 3.0
to 12.0. The fluoride modifier has only a slight
activating effect on this mineral under the above
conditions. The flotation diagram appears as. .

Fig 3.5.
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FUNDAMENTAL FLOTATION STUDIES

Choi and Oh!+? have made a detailed investigation and comparison of the surface proper-
ties of andalusite and kyanite and correlated these with simple flotation tests. They found
that kyanite floated well between pH 2.0 and 10.0 with oleic acid and between pH 2.0
and 9.5 with linoleic and linolenic acids. A satisfactory recovery was also obtained be-
tween pH 4.0 and 7.0 when using lauric acid as a collector, showing that kyanite is far

more amenable to flotation than andalusite.

PRACTICAL FLOTATION SYSTEMS

The flotation of kyanite is the subject of a number of United States patents,3®*° dating
from before the 1939-45 war, in which the ores were pretreated with either caustic soda
or acids such as sulphuric, nitric or hydrochloric, and then subsequently washed with
water before floating with oleic acid. One patent*! uses cationic collectors (C ,- C,,)
with a fluoride modifier to effect simultaneous separation of both kyanite and feldspar

from quartz.

Because of its frequent occurrence with quartz, anionic collectors are generally favoured
for kyanite flotation. Workers in both the United States*? and Australia*?® used oleic acid
as the collector together with sodium carbonate, to control the pulp pH to a vaiue of 7.5,
and citric acid to act as a quartz depressant. It was also found necessary to employ con-
ditioning times of ten minutes ** in order to obtain high-grade concentrates. After four.
cleaning stages, grades of 95 per cent with recoveries of 85 per cent were obtained by
Wyman®* on a Canadian kyanite ore. He used up to lkg/t oleic acid modified with
sodium carbonate to a pH of 9.2 using 100g/t sodium silicate to depress quartz

flotation.

Desliming the flotation feed and conditioning at high pulp density with sulphonated
petroleum collectors, followed by flotation at pH 3.0 using an alcohol frother, is reported
by Thom and Gisler*®. Very similar conditions were found to be the most favourable
during pilot-plant studies carried out on behalf of the US Bureau of Mines#®*7, Here

the pulp pH was held between 3.0 and 4.0 with sulphuric acid and 0.6 kg/t petroleum
sulphonate was used. It is of interest to note that the conditioning times found necessary
with this collector were of the order of 15 minutes confirming the previous finding with

oleic acid %3.

Improved sensitivity, together with the avoidance of the use of depressants is claimed in
a Russian patent*® based on high-molecular-weight alkyl benzene sulphonate collectors.
More details of this process are given in a paper by Alekseev*® and his co-workers who
use 4-600 g/t of this collector (molecular weight 400, predominantly n-chains) at pH 4.0
to 4.5.
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The use of hydrocarbon emulsions for kyanite flotation has also been reported 5%51to be
advantageous for certain ores where the more common modifiers (Na, SiO,, Na, S,
fluosilicate, etc) have been found to be ineffective. One such emulsion consisted of

30 parts distilled tall oil, 30 parts synthetic carboxylic acids (C,q- C,¢), 40 parts of a
neutral oil together with 10 per cent alkyl sulphate. Maximum recoveries with this type

of collector were obtained when operating at pH 6.0 to 7.0 with a collector dose of
1.5 kg/t.
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3.6 OLIVINE

»

COMPOSITION The mineral olivine is an intermediate between

forsterite and fayalite (Mg,Fe), [SiO,] —
magnesium iron oirthosilicate. The olivines are
an isomorphous series with the general formula
R, [SiO, ] where R =

Magnesium (Mg) Iron (Fe) Manganese (Mn)
FORSTERITE FAYALITE TEPHROITE
PHYSICAL PROPERTIES
Hardness 7 6.5 6
Specific gravity 3.2 4.3 3.8-4
Colour Yellow to green Yellow-green to Dark green to grey-
orthorhombic light brown red orthorhombic
orthorhombic
Z.p.C. 4.0 - 4.1 (6.7 5.753 6.0%3
after acid
treatment) 5253
CHEMISTRY Partially soluble Acid insoluble Soluble in acid as

in acid to yield for forsterite. .
a gelatinous .
residue.

FLOTATION CHARACTERISTICS Of the olivine minerals considered here, the

forsterite-fayalite series is the more important

as these are common rock-forming minerals.

The magnesium-rich forsterite is more commonly

found in basic rock formations with fayalite

occurring in rocks of volcanic origin. The
flotation diagram appears as Fig 3.6.1. As the
mineral tephroite is comparatively rare, it will

not be considered in detail, but its ﬂotation_ .

diagram is reproduced in Fig 3.6.2 for reference.

Both forsterite and fayalite float moderately well

with sodium oleate, neither showing sensitivity to

pH change between 3.5 and 10.0. Each of these

minerals is hypersensitive to the fluoride ion with
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this collector, the flotation being reduced to

an area around pH 9.0 that is so small as to

have no practical significance.

The flotation of forsterite with dodecylamine is
typical of that found with orthosilicate minerals:
moderate to good flotation favoured by alkaline
conditions and activated by fluoride. That of
fayalite, however, having a small area of flotation
between pH 6.0 and 10.0 and with fluoride having
a slight depressant effect, is anomalous.

FUNDAMENTAL FLOTATION STUDIES

Russian authors®* have investigated the flotation properties of olivine and ludwigite

[(Mg, Fe''"), Fe'BO_ 1 with both anionic and cationic collectors. Sodium oleate, tall oil
and the cationic collector ANP-14 were all found to be highly effective, but sodium alkyl
sulphate was found to be a poor collector for these minerals. Radioisotope and infra-red
investigations®> showed that the oleate was attached both in the ionic form as magnesium
and iron oleates and in the molecular form as oleic acid. Each mineral was found to be
depressed by sodium silicate if this was introduced before the collector, but, if tfeated with
sodium oleate or tall oil before the addition of silicate, then it was found possible to float

the ludwigite in a weakly acid medium®®.
PRACTICAL FLOTATION SYSTEMS

Sodium silicate®” and aluminium silicate®® have been shown both to act as suitable de-

pressants for olivine when floating apatite ores with tall oil.

A German patent®® dealing with the flotation of chromite ores containing serpentine and
olivine employs a two-stage process using a cationic collector. The primary stage is the
removal of serpentine by flotation above pH 9.0 followed by reduction of the pH below
5.0 to float the chromite, leaving the olivine as a tailings product. The extent to which
this can be interpreted in the light of an interpolation of the forsterite and fayalite flota-
tion diagrams with these collectors is questionable. If the fayalite diagram is considered
then flotation would not be expected below pH 5.0 but it would appear that a considerably
higher pH than 9.0 would have to be reached before olivine would no longer float under

alkaline conditions.
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3.7

TOPAZ

COMPOSITION Al [SiO a ] (OH,F)2 aluminium fluosilicate.

PHYSICAL PROPERTIES

CHEMISTRY

FLOTATION CHARACTERISTICS

FUNDAMENTAL FLOTATION STUDIES

Hardness 8. Specific gravity 3.4 to 3.6.
White, yellow, light grey, light blue or pink
orthorhombic crystals.

This mineral is partially soluble in sulphuric
acid and may give rise to aluminium ions in very
acid flotation circuits.

With the exception of chlorite and talc, topaz
was the most readily floatable silicate tested.
with the anionic collector sodium oleate. It
floated well over the range from pH 3.0 to 12.0
with little sensitivity to pH change between 4.0
and 11.0. The effect of fluoride on this flotation
was the least marked of any of the orthosilicate
group leaving an extensive area of flotation be-
tween pH 4.0 and 12.0 at a slightly higher
reagent concentration than was necessary in the
absence of fluoride. 4

The flotation area obtained with the amine col-
lector is far more typical of previous orthosilicates
showing sensitivity to pH change and an increase
in flotation area on the addition of fluoride.
Again, alkaline conditions favour the flotation

of this mineral with the cationic collector. The
flotation diagram appears as Fig 3.7.

The anionic sodium hexadecyl sulphate was found to be a poor collector for freshly ground
topaz but improved with conditioning time®®. Activation with multivalent cations

(Fe' or Pb*) improved recovery but it was found to be depressed by calcium which pre-
cipitated the collector.

Infra-red studies® have indicated that oleate is adsorbed by reacting with cations in the
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crystal lattice and not as the free acid or as micelles of the sodium salt, although Eigeles

and Sakhorava®? suggest that it is adsorbed in a molecular form by displacing water molecules
from the surface in a strongly acid medium. The latter author has investigated the effects

of acid treatment on topaz, beryl and microcline that have been previously conditioned

with oleate collector. He found that the topaz was readily floated after a mild acid treat-
ment, beryl after vigorous treatment and microcline not at all. Topaz may be separated

from microlite and columbite/tantalite concentrates®3:* by removing surface iron staining
of the minerals with dilute sulphuric or hydrochloric acid before floating with an anionic
collector at pH 9.5 (adjusted with sodium carbonate) and using a pine oil frother.

The separation of beryllium minerals from their associated gangue is the subject of a US
Bureau of Mines report®s in which are reported the effects of various modifiers on both
cationic and anionic flotation of topaz in the Hallimond tube. For example, at 20 mg/l
sodium oleate at pH 8.5, a concentration of 300 mg/l sodium silicate was required to
reduce topaz recovery from 100 per cent down to 15 per cent. Ammonium carbonate,
dextrin and tapioca starch had no depressant effect but 100 mg/l calcium lignin sulphonate
reduced the recovery by one third. When the same modifiers were tested using C,, - amine
collector (at a concentration of 4 mg/1 at pH 11.0) 25 mg/1 of tapioca starch reduced the
recovery to 60 per cent and 300 mg/1 sodium silicate reduced it to 1 per cent. Again the

dextrin and ammonium carbonate had no effect.
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3.8

TOURMALINE

»

COMPOSITION XY, Al (BO,), [Si;O,, 1(OH, F), — a complex borosilicate based on a
six-membered silicate ring.

X = Na, Ca. Y = Mg, Fe, Mn, Li, Al

Tourmalines can be divided into two compositional series, the first with
end members dravite — NaMg, Al (BO,), [Si6 0, 1(OK,F),, and |

schorl — Na(Fe,Mn), Al (BO,), [SiGO1 ¢ J(OHLF), and the second with end
members schorl and elbaite — Na(Li,Al);Al,(BO,),[Si O, ,1(OH,F),.
There is no series between elbaite and dravite.

PHYSICAL PROPERTIES

CHEMISTRY

FLOTATION CHARACTERISTICS

Hardness 7 to 7.5. Specific gravity 3 to 3.25.
Colour: variable, schorl is normally black,
dravite brown to black, elbaite dark red, blues
and greens. Trigonal crystals. z.p.c. 6.2%6.

Slightly attacked by HF

Three species of tourmaline were investigated ;
the first was a sample of black schorl and the
other two were members of the elbaite/schorl
series. Of these one was the red-pink variety
rubellite, which was low in iron and high in
lithium content and the other blue variety
containing approximately equimolar amounts -
of iron and lithium. Differences between
flotation diagrams as determined on each miﬁ-
eral were so small that an average diagram

Fig 3.8 is reproduced for the sodium oleate
float and the schorl diagram is given for the
flotation with dodecylamine collector.

With the exceptions of talc, chlorite, and topaz,
the three tourmalines tested here gave larger
flotation areas with the fatty acid collector than
any other silicate investigated. Excellent flota-
tion between pH 4.0 and pH 12.0 was observed
with little sensitivity to changes except at high
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reagent concentrations. Here the range of
flotation shifted towards the acid side, floating
now between pH 2.0 and 8.0. The only mineral
to show similar characteristics that has been ‘
investigated at Warren Spring Laboratory is
topaz. As with the other ortho- and ring-
silicates the fluoride ion modifier had a de-
pressant effect, although in this case not to

the same marked extent in that flotation was
restricted to pH values above 6.0.

Smaller areas of flotation were found with dodecyl-
amine and, in common with the flotation areas

of many other silicates with this cationic collector,
these were found to be sensitive to pH change.
Flotation was favoured under acidic conditions
at the higher collector concentrations and under
alkaline conditions at lower concentrations.

The only significant difference in the flotation -
diagrams of the three tourmalines was noted
here in that the lower edge of the schorl dia-
gram was found to be slightly more sensitive

to changes in pH than that of the other two
tourmalines tested.

PRACTICAL FLOTATION SYSTEMS

Published work on the flotation properties of tourmalines may be classified according to
the economic mineral from which it is desired to make a separation. For convenience only,
these will be discussed in three sections which should be regarded as complementary rather
than independent, as all information available on any one mineral should be considered

when flotation problems are encountered.
Separation of cassiterite from tourmaline

Both sodjum oleate and sodium alkyl sulphate have been tested®” for cassiterite flotation
from martite and tourmaline using silicate, fluoride, silicofluoride, sulphide and oxalate
modifiers. With a very high iron concentration in the pulp no satisfactory separation was’
obtained with any collector-modifier combination. Tests using hydroxamic-acid-based
collector IM50 produced a 6 to 7 per cent tin concentrate at 80 per cent recovery whilst
depressing the iron minerals with a mixture of hydrochloric and oxalic acids. Further
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A comparison®

details of this separation of cassiterite from tourmaline were published in the proceed- i
ings of the Leningrad mineral processing congress®®.

made between the action of oxalic acid and of sodium silicoﬂ;mn'de on
the flotation of tourmaline with oleic acid showed the former to be the more effective
depressant. The same author’® later describes an industrial development based on tourma-
line depression with oxalic acid. When attempting to recover fine tin from the tailing of

a gravity plant it was found to be possible’! to replace oleic acid with tail oil. A 70 per
cent recovery with a grade of 2.2 per cent tin was obtained while depressing the tourma-
line with silicofluoride rather than oxalic acid.

9

A comprehensive study of flotation modifiers has been made by Evans and his co-workers’?
when employing sodium hexadecyl sulphate as a collector to separate cassiterite from
tourmaline. The modifiers were placed into one of the following groups according to

their effects:

(a) No effect on tourmaline: magnesium
sulphate, copper sulphate, lead acetate,
thorium nitrate, sodium borate, gallic
acid, a number of proprietary surface-
active agents.

(b) Activated tourmaline: gelatin, methyl
cellulose, casein.

(c) Depressed both tourmaline and cassiterite
equally: gum arabic, tragacanth, mimosa,
tannin, pectin, dextrin, agar, cobalt
sulphate, sodium alginate, sodium silicate,
carboxymethyl cellulose, sodium
polyphosphate.

(d) Depressed cassiterite but not tourmaline:
potassium ferrocyanide, potassium
ferricyanide.

(e) Selective depressants for tourmaline:
potash alum, sodium fluoride, sodium
silicofluoride.

Each of the above modifers was tested at concentrations of 5 and 50 mg/l when floating
with a constant quantity of the collector at pH 3.5. The best results were obtained using
the silicofluoride modifier at an elevated temperature (35°C).
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The cationic collector ANP 14 (C, ,- amine) was found to selectively float cassiterite from
tourmaline and limonite”® when employing a synthetic mixture of the three pure minerals.
However further tests with this collector on the tailings from a gravity concentration plant

for cassiterite had very limited success.

Other authors’* have shown the flotation properties of tourmaline and cassiterite to be
identical with oleic acid and disodium monoalkylsulphosuccinate collectors. The latter,
however, was found to be advantageous due to both its lower cost and its higher activity
resulting in lower consumption. With this collector, tannin-based regulators were’ found
to be selective depressants for tourmaline over the pH range from 2.0 to 10.0 and flota-
tion of cassiterite was found to be successful with these reagents at an optimum pH value
between 5.0 and 6.0.

Isoheptyl phosphonic acid and ‘Aerosol 22’ (American Cyanamid Co,) have been invest-
igated as differential collectors for cassiterite from tourmaline on Bolivian tin ores. When
used alone neither collector was sufficiently selective but both silicofluoride and citric
acid modifiers had a pronounced depressant effect on the tournaline.

Separation of columbite-tantalite from tourmaline

The separation of tantalite from a gravity concentrate’® containing tourmaline, feldspar,:
quartz and garnet has been successfully carried out using anionic collectors at pH 6.0 to
7.5 to produce a mixed concentrate of tourmaline, tantalite and garnet. A reverse ﬂota-‘
tion of this product under acid conditions, using sodium silicate modifier, enabled the
tourmaline and garnet to be removed leaving the tantalite as a tailings product.

Sodium oleate, alkyl phosphate, and isooctyl phosphate, as well as ANP 14 have been
investigated’” as possible collectors for columbite-tantalite, tourmaline and garnet, from
quartz and albite. With the anionic collectors, low concentrations were necessary to
achieve sélectivity. Pretreatment of the minerals, with sulphuric and hydrofluoric acids
activated the heavy minerals whilst depressing muscovite, quartz and albite.

In investigating the fundamental properties of tantalite, tourmaline and garnet with respect
to the adsorption of C,, and C,, amines, Naifanov’® showed that two modes of attach-
ment could be defined. The first was where amine ions were adsorbed on the mineral
surface and the second where amine molecules were adsorbed in the double layer. On the
basis of these observations a separation of tantalite was made by first carrying out a bulk
separation of the three minerals with the C,, amine, and following this by a thorough
water wash and then selectively floating the tantalite with an anionic collector.

Naifonov and Polkin?® claim that the same three minerals are floated with oleic acid by
virtue of multivalent metal soaps being formed on the mineral surfaces. A preliminary
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treatment of these minerals with sulphuric acid at 200 g/t dissolves iron and manganese
ions from the lattice and improves the floatability of both tantalite and garnet. Although
this work may appear to have little immediate practical application, it does emphasize the
effects that surface treatment can have on the anionic flotation properties of many of the
silicate minerals particularly those in the ortho- and ring-silicate group. This is demon-
strated in a separate publication8® where the adsorption of iron and calcium ions and
their effects are determined. Here a three-to-five-fold increase in collector adsorption was
obtained for tridecylic and oleic acids on tantalite-columbite, tourmaline and garnet after
pretreating with iron or calcium salts. The sequence of addition of such salts was shown
to be of vital importance as an excess of ions present in the pulp when the collector is

added will lead to insoluble soap precipitation causing poor flotation or even complete
depression.

Separation of other minerals from tourmaline

Although the use of oleic acid as a collector for tourmaline was recommended®! as long
ago as 1935, no details are given in an abstract of the Russian paper. It is, however, used
in the separation methods for beryl, tourmaline and garnet described by Chipanin®?.
Three methods for their concentration were developed. The first was a direct flotation
of tourmaline and garnet with no activator under alkaline conditions. A pretreatment

of the pulp for one hour at 80 to 90°C with sodium carbonate before floating the
tourmaline and garnet with oleic acid at room temperature was the basis of the second
method. In the third a cationic collector was used at pH 2.0 following pretreatment of
the pulp with the anionic collector. The selectivity of this method was inferior to the

other two in that it extracted tourmaline together with mica whilst leaving the beryl and
garnet in the tailings.

The effect of treating microcline, beryl, wolframite, tourmaline, topaz and fluorite with
sulphuric acid before floating with sodium alkyl sulphate or fatty acid has also been
determined®®. Enhanced flotation of topaz and beryl is reported but, again, no details
are given in the available abstract of the effects on tourmaline.
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3.9 ZJRCON

COMPOSITION Zr[SiO4] - zirconium orthosilicate

PHYSICAL PROPERTIES Hardness 7.5. Specific gravity 4.7.

Pale yellow, green or red brown tetragonal

crystals. z.p.c. 5 to 6.05848% (2.5 in one

case)®®

CHEMISTRY Acid insoluble, normally associated with trace
amounts of hafnium. Zirconium in the lattice
may be replaced by iron and/or calcium.

FLOTATION CHARACTERISTICS This mineral floats moderately well with both
anionic and cationic collectors. Anionic flota-
tion shows very little sensitivity to pH change
between 3.0 and 9.5. Cationic flotation of
zircon shows some sensitivity to pH change
with alkaline conditions being favoured.
Although sodium fluoride depresses flotation
with oleic acid, the extent of this is very much
less than that found with other orthosilicates.
Again the effect of fluoride on the amine flota-
tion is less marked than with other members of
this class in showing only very slight activation
at high collector concentrations in acid media.
The flotation diagram appears as Fig 3.9.

FUNDAMENTAL FLOTATION STUDIES

A very thorough investigation of the surface properties and fioatability of zircon has been
made by Choi and Whang®* who determined the electrophoretic mobility, the adsorption
and the flotation recovery of an anionic and a cationic collector over a wide range of pH

values. The collector adsorption density as a function of pH showed that the adsorption

of sodium dodecyl sulphate at pH 2.5 and the adsorption of dodecylamine chloride at -

pH 10.0 was ten times that occurring at the cross-over point of pH 5.8. These authors
also determined the flotation recovery of zircon with C,  ~ fatty acids and found that the
range of flotation could be extended from pH 4.0 to 9.0 with oleic acid and from 4.0 to

7.5 with linoleic acid. Other authors®® have shown that the hydroxyl ion acts as a

depressant for zircon and Preiningerova®® found the optimum flotation of this mineral
with sodium oleate to occur at pH &.0.
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It has also been shown®! that this mineral is activated by sulphate, phosphate, and oxalate
anions in the acidic pH range with amine collectors, and by ferric iron when floating with

sodium oleate®? in the alkaline range.

PRACTICAL FLOTATION SYSTEMS

At Byron Bay in Australia, Zircon Rutile Ltd use a froth flotation process to separate
zircon from the non-magnetic product in a beach-sand separation. This process is based
upon that of Dunkin and Blaskett®?® and involves a preliminary treatment of the mineral
mixture at 30 per cent solids for 20 minutes at 95°C with a mixture of equal quantities
of oleic and stearic acids at a controlled alkaline pH. This is followed by three water
washes and an acid wash at room temperature with the final flotation being carried out
at pH 1.9 with a eucalyptus oil frother. With this method zircon recoveries of over 95
per cent, with grades in the same order, have been obtained. Subramanya®? has obtained
80 per cent recoveries of zircon at 95 per cent grade by using the above method of pre-
treatment but with a final flotation at pH 11.5 to avoid the use of a highly acid circuit.

The use of sodium silicate as a modifier for zircon flotation is reported by many
workers?2:96:97_ When used at low concentrations (eg 0.1 kg/t) with anionic collectors it is
a useful gangue depressant, and also may have a mild activating effect on the zircon. At
higher concentrations (1.0 kg/t) it depresses the flotation of zircon as well®5.

One system®? uses pretreatment with sodium sulphide followed by washing and then acti-
vation with sodium silicate. Simple treatment with sulphide but omitting the washing

stage caused complete depression.

Sodium silicofluoride has also been used®® as an effective modifier at acid pH values when
employing a mixed (anionic plus cationic) collector. Using this system zircon has been
successfully floated from pyrochlore at the pilot-plant scale. The separation of rutile-
zircon concentrates is the subject of a Russian patent®® which uses oleic acid together
with a neutral oil as the promoter, with sodium silicofluoride as a depressant for the
zircon. These two systems would appear to be contradictory but it will be appreciated
that in the first example the pyrochlore is more sensitive to the modifier than the zircon,
whereas in the patent the zircon is the more sensitive mineral.
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