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ABSTRACT

D )

Micro~flotation experiments, zeta potential, and
infrared analysis were used to determine the mechanism of
collector adsorption on several ‘varieties of tourmaline,

The experimental xesuwlts indicate that several
mechanisms are invelved, nawely, coulombic attraction of
the collector for the mineral suxface, chemisorpticn in
the region of hydrolysis of aluminum (a constituent of
the crystal lattice), and activation in the regions of
hydrolysis when metal ions are added to the system.

Polyvalent metal ions may change the sign of the zeta
potential of tourmaline in the pH regions in which the
metal ions hydrclyze to their positive hydroxy-complex
jionic species, and activation may be explained in texrms of

this phenomenon.,
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INTRODUCTION

The adsorption of various collectors on silicate surfaces
has been studied extensively (1=20). Of all the silicates,
probably none has been studied more widely than quartz, pri-
marily because it is present in almost all industrial £flota-
tion systems as a gangue mineral, and also becauvse of its
ready availability in & pure well=crystallized form. The
flotation properties of some 0f the cother silicates are less
well known, but it now appears that some of the collector

adsorption mechanisms involved may be common to all of the

i

v

ilicates,

9‘3

Previous Adsorption Studies in Silicate Systenms

Kraeber and Boppel (1) found that pure quartz could not
be floated at any pH with sulfonate as a collector. In the
presence of barium ions, however, quartz is floated above
about pH 10.6 with an optimum barium to oleate molar ratio
"of 1:2 (2). Cooke and Digre (3) Zound that the optimum pH
for calcium activation of quartz was about pH 1l.5.

Schuhmann and Prakash (4) investigated the effects of barium,

ivon, aluminum, and calcium on activation of quartz and
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found that activation occurred when the quantity of metal
ion added was in stochiometric excess cver the amount of
collector anion added. They further noted that the salts
of the alkaline eaxths activate only in basic media.

Measurements with tagged species at the solid=liguid
interface in the barium-lauric acid system have been made
by Gaudin and Chang (5), and in the sodium~quartz system by
Gaudin, Spedden, and Laxen (6).

Gaudin and Fuerstenau (7) have studied the zeta poten=-
tial of quartz in pure water and in the presence of sodium,
barium, and aluminum ions, and noted that while sodium ions
function as surface~inactive counter ions, bariuwn and aluminumn
are counter lons and are alsc attracted to the surface by
chemiceal forces,

Eigeles (8) showed that fatty acids do not adsoxb on
clean quartz and that calcium ion fixes tridecylate on the
gquartz surface before the solubility product of calcium
tridecylate is exceeded in the bulk solution,

Metal ion hydrolysis in sulfonate flotation of quartiz
and beryl was investigated by Fuerstenau, Martin, and
Bhappu (9, 10). It was cbsexrved that flotation occurred in
the pH range in which the metal ion had hydrolyzed when the

solubility producits of the metal sulfonates were exceeded,
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In view of these observations, these authors postulated
that a precipitated metal-hydroxy-collector compound was
probably the collecting species in these systems.

Eigeles and Volova (1l1) further demonstrated that cale
cium activation of guartz occuxrs above pH 10.5 when calcium
ion was added in stechiometric excess over sodium cleate.

Lead activation in sulfonate flotation of quartz was
studied by Fuerstenau and Atak (12) and PhOHT was shown to
be the species probably responsible foxr flotation., Further;
the ratio of collector to metal ion addition was found to be
critical, and thz precipitated metale-collector compound was
found to be negatively charged. They postulated that hydro-
gen bonding of the lead hydroxy collectox precipitate may be
occurring ox that there may be a coulombic attraction of the
precipitate for the surface. As the measured surface charge
of quartz in conductivity water is negative in the regicn in
which flctation occurred, and as their measured potentials
on the colloids were about =50 mv, it is not clear how
electrostatic attraction could occux.

Xanthate was found to function similarly when Fuerstenau,
Millex, Pray, and Perrine examined the flotation behavior of
quartz in the presence of lead, zinc, magnesium, and copper

ions (13). pPboHu" and znou” were found to be species probably
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responsible for activation, and flotation occurred only aftex
precipitation of the metal=collectoxr. The failure of mag-
nesium ion to activate was attributed to the fact that Mg(AX)2
had not precipitated, and copper also did not activate,
since it was reduced to cuprous ion in the presence of
xanthate with the formation of dixanthogen and cuprous
xanthate,

Surface charge and metal ion hydrolysis in beryl flota-
tion were investigated by Fuerstenau, -Rice, Somasundaran,

3 +2 +2 +2

and Fuexstenau (l4). The effect of ret , Cd' %, Mg'“,

2

; Pb
and ca'?¢ were examined, with the use of a high molecular
weight sulfonate as collector. Optimum flotaticn appeared
to occur under conditions where the metal~hydroxy-sulfonate
had precipitated, and they suggested that hydrogen bonding
of the precipitate to the surface may be occurxring,; or that
the activating species is the metal=hydroxy=catiocn that
adsorbs on surface sites., As the zero-point=cf-charge (zpc)
of keryl was determined to be pH 3.3, the auvthors stated:

For flotation under these conditions, the over-

whelming controlling factoxr appears to be condi-

tions in which the activating cation has hydrolyzed

to its first hydroxy complex, rathex than the

chaxge of the mineral suxface.

The effects of iron on the flotation of quartz, feld-

spar, spodumene, and bexyl was studied in the presence of
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amine, sulfonate, and oleate and related to the zero-points-
of=charge of the minerals by Fuerstenau, Rice, Elgillani,
Atak, and Bhappu (15). Three possible adsorption mechanisns
were presented:

1) Adsorption of the basic aqueous complex with the
formation of water,

2) adsorption of the salt of the basic metal collector,
and

3} Adsorption of the fixst hydroxy complex of the metal
followed by collector adsorptiohe

Joy and co-workers (16) have examined the flotation of
silicates in terms of the framework of their cxystal lattices,
with cations of the crystai lattice serving as high ensrgy
sites uvpoen which collectorxs may adsoxb. Thus, surifaces xrich
in cation- or electron=acceptor sites would be expected to
respond to anionic collectors, whereas sites such as Si-0"
wonld be expected to respond to cationic collectors such as
amines.

Fuerstenau and Cummins (17) studied the effect of cal~-
cium ion on quartz, using 9, 10, 11, and 12 carbon saturated
fatty acids and found that a precipitate cf calcium laurate
had to be present for flotation. This was not the case with
the 9, 10, and 11 carbon homologs. These cbsexvations lend

support to the premise that a basic aqueous complex is the
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active species in these systems,

Malati and Estefan (18) studied cleate adsorption on
guartz in the presence of the alkaline earths and postulated
that an electrostatic attraction between adsorbed hydiated
cations and oleate ions wasg occurring.

In their study of calcium activation in sulfonate and
oleate flotation of guartz, Fuexstenau and Elgillani (19)
suggested that the ion products, (CaOH+)(RSO3') and (Caon™) (017)
were of impcrtance in predicting activation and suggested
that an agueous or solid collector complex such as Ca(OH)(RSO3)
was responsible foxr flotation.,

Lately, augite has been investigated with anionic and
cationic collectors (20). The adsorption of sulfonate and
anine was found to be controlied by electrostatic phenomena,
whereas oleate chemisorbed under conditions where hydrolysis
of surface ircon has probably occurred. In addition,
elevated temperature was found to enhance oleate flotation
and to decrease sulfonate flotation recovery.

The flotation behavior of the borosilicates is not as
well established as that of quartz, although several excel-
lent studies have been carried out (21, 22, 23). Gladkikh
and Polkin (21) investigated the effect of additions of
polyvalent metal salts in the flotatiocn of tantalite, tour-

maline, garnet, quartz, and albite, and found that, for
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successful flotation to cccur with sodium alkyl sulfate ox
sodium iso~octylphosphate, a positive surface charge must be
created on the mineral.

Oleate was found to chemisorb on pyrochlore, zixcon,
rutile, ilmenite, tourmaline, and garnet when studied by
using infrared and desorption techniques of Polkin and
Najfonow (22). Flotation of all of the minerals appeared
to be optimum at about neutral pH.

Rakitina and Solozhenkin (23), using flotation, electro-
kinetic, and infrared techniques, found that oleate adsorp-
ticn on borosilicates was ionic in nature in alkaline media,

and essentially molecular in acid media,

Purpose of This Thesis

In view of the fact that many cof the silicates respond
similarly to flotation in the presence of added metal ions,
thexe is reason to believe that metal ion activation is not
primarily a functicn of the silicate crystal structure but
of the metal ion hydrolysis characteristics and the solubil-
ity of the metal salts, Chenmisorpticn, of necessity,
depends upon the composition of the mineral, but may be
related in certain instances to metal icon activation
mechanisns .

In cxdex to increase our knowledge of metal ion
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activation and chemisorption in these systems further, tour-
maline, a very complex aluminum borosilicate, was chosen for
study in this thesis, This mineral, is of little value
industrially, but does occur frequently as gangue in .many
flotation systems. In fact, tourmaline occurs so widely and
fioats under so many conditions, that Gaudin has called it
the "Bete Noire" oxr "Black Beast" (bug bear) of nonmetallic
flotation (24). Although it is such a complex silicate{ it
will be seen how strikingly its flotatiocn behavior will
appear to be strikingly similar to that of previously studied
silicates,

Tourmaline, crystallizing in the hexagonal, ditrigonal,
pyramidal class, and is commonly associated with quartz, felid-
spar, bexryl, topaz, fluorite, lepidolite, apatite, muscovite,
rutile, cassiterite, garnet and tantalite. Because of these
associations, knowledge of its flotation properties is of
value. The unit cell, being complex, contains 150 atomic
sites, and is best represented by the form M783£13(A181209)3
(O;OH,F)é, where M represents varying amounts of sodium,;

potassium, iron, magnesium, manganese, and calcium.

fute

Many varieties of tourmaline are known and are classified
according to their cation content. Those that are high in
the alkali metals are texmed elbaite. Dravite is high in

magnesium. Rubellite, the rad variety, is high in lithium
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and is uvsually associated with lepidolite. Schorl, the
black and most common variety, is high in ferxrous iron, and

buergerite, bronze in color, has as its idealized end member

Na¥F_ Al _Si _B.O..F and is the ferric iron=rich end of the

376776 3 30
sexies (25). These latter three varieties have been chosen

for study in this thesis.

Because of the widely varying cation content of the
tourmalines and their complex structure, it was thought
poszible to relate the flotation properties to these chemi-
cal properties, to interpret the data in terms cf work done
in previous silicate systems and to gain a better insight

into the nature of collector adsorption mechanisms.

Experimental Approach

The study has been divided into essentially four prin-
cipal parts. Flotation studies were carrxied out in the
presence of various anionic and cationic collectors and in
the absence and presence of added metal ions. Infrared
analysis was undertaken to establish the nature of fatty
acid adsorption on tourmaline. Electrophoretic measurements

were made of the mineral parxticles in the absernce and

presence of added metal ions. In addition, the effect of

high ionic strength with the use of sulfonate and sodium

alkyl sulfate as collectoxs, was investigated and the

0
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solubility products of several metal-collector compounds

were determined by light-scattering technigues.

10
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MATERTALS AND PROCEDURES

The following experimental materials and mathods were

used in this investigation:

Mineral Samples

The three different varieties of tourmaline chosen for
this investigation are as follows:

(1) Schorl: A well=crystallized black tourmalineg, free

rom visible gangue, was from the Black Rcck Range, Humbolt
County, Nevada.

(2) Rubellite: The red variety of tourmaline, also
free from visible gangue and well crystallized, was fron
Ipe, Governador Valaderes, Minas Gerals, Brazil,

(2) Buexgerite: A bronze-colored tourmaline was
identified by the mineral supply company, which also pro-
vided the above varieties. This tourmaline, consisting of
fine individual crystals about 1/4 inch in size, was froa
Mexquitic, San Luis Potosi, Mexico.

Minexal analysis

X¥=ray powder diffraction analysis was done on each of

the three samples with a copper target x=-ray tube with a

11



nickel filter operated at 50KV and 20MA to establish that
they were indeed tourmaline. The experimental data compare
favorably with data in the A,S.T.M. Powder Data File, except
for slight dimensional changes which are understandable in
view of the wide range of lattice substitutions that are
possible within the tourmaline family. The experimental
data as well as data fxom the A,8.7.M. caxd file are given
in Appendix I in ordexr that a comparison may be given
between the two,

Chemical analysis was done on each of the three mineral
samples to provide an understanding as to what polyvalent
cations of the crystal lattice might influence collectox

adscrpiion, A partial analysis is given in Table 1.

Table 1. Chemical Analysis of Polyvalent Cations Present
in the Tourmalines Used in This Thesis

Cation Schorl Rubellite Buergerite
(%) (%) (%)
Ca 0.086 0,136 0,188
Al 18.5 20,0 12,8
Mn 0.881 0,357 0.070

Fe 18.5 9.28 20,5
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Mineral sample preparation

For use in flotation each of the tourmalines was
reduced te 48 x 100 mesh in an alumina mortar and passed
through a high intensity magnetic separator. Zeta
potential measurements were made on minus l-micron material
obtained by reducing the 48 x 100 mesh tourmaline further
in the alumina mortax and allowing it to settle in conduc~
tivity water in accordance with Stokes' Law. Infrared
analysis was conducted on the minus 0.5-micron mineral

particles also obtained throuch differential settling.

Watex
Conductivity water, made by passing distilled water
through a dual resin ion~exchange column, was used in all

of the experimental work.

Reag@nts

Sodium alkyl aryl sulfonate was supplied through the
courtesy of Shell 0il Company (26). This reagent had the
following physical properties: sulfonate content 95 to 97
percent by weight; mglecular weight 450 to 470; total
carbon~atom content 25 to 27 atoms. The reagent is approxi-
mately 50 percent benzyl and 50 percent naphthyl sulfonate

with side chains.
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High purity fatty acids were cbtained through the
Hormel Institute, and potassium oleate was prepared f£rom
chemically pure oleic acid. The method of preparation of
potassium oleate has been described by Grignard, Dupont,
and Loguin (27).

Pure dodecyl amine was supplied through the courtesy
of Armouyr Chemical Company.

Metal ions used in the activation studies were added

as the chemically pure chloride salts.

g}cxo«flotation Studies

Micro~flotation studies wexe underteken to determine
the flotation behavioxr of the tourmalins in the presence
of various collectors and added metal ions,

Micro~flotation appraratus

A standard Hallimond cell, used in all of the flotation
experiments (28, 29), allowed for a constant volume of
purified air to be passed through the cell at constant
pressure (1.3 psi). The immersion of the cell and condi-
tioning vessel in a constant temperature bath, maintained
the temperature at $+0.59C of the stated values., While
maintaining nminimum temperature variations, this arrange-
ment permits flotation of small (one-gram) charges of pure
minexal in a system free from metallic components and

frother. A schematic diagram of this apparatus is shown in
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Figure 1.

Flotation proccedure

Flotation experiments were conducted at ambient and
elevated temperatures as follows:

1) A predetermined volume of conductivity water was
combined with a given volume of solution containing the
activating metal ion (if any).

2) A given voluma of collector was added so that the
total final volume was 250 cc.

3) The pH was adjusted to a predetermined value with
KOH or HCI1,.

4) The solution was heated to the desired temperature
in a volumetric flask which was suspended in the constant
temperature bath and stirrxed magnetically. Unless stated
otherwise in this thesis, flotation temperatures were
25°C & 0.5.

5) Tco the solution, 1 gram of tourmaline was added,
and the pulp was conditioned for a predetermined length of
time, normally 10 minutés unless otherwise stated.

6) The pi of the pulp was measured, termed flotation

e -

pH.

7) The temperature of the pulp was measured, termed

flotation temperature,

15
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8) The contents of the volumetric f£lask were trans-
ferred to the preheated Hallimond cell.

9) A volume of 30 cc of purxified, preheated air was
passed through the pulp for oane minute, during which time
the pulp was stirred magnetically and the floated material
collected in the upper chamber of the Hallimond cell,

10) The final pH and temperature were recordsd to

check any excessive change.

Electrophoretic Studies

Electrophoretic measurements were made on a unit
supplied by Zeta-Meter, Inc. The overation of this unit
has been described by Elgilliani (30). The following pro=
cedure was used for making electrophoretic measurements:

1) Minus l-micron toursaline was prepared by grinding
48 x 100 mesh material in an alumina mortar and allowing it
to settle in conductivity water in accordance with Stokes'
Law, and decanting the fine material.

2) The activating metal ion, if any, was added to the
suspension, and the pH was adjusted to a predetermined value
with KOH ox HCl.

3) The suspension was conditioned for 10 minutes.

4) The suspension was transferred to the electrophoresis

cell, and mobilities of the particles werxe measured in both



the forward and revexrse directions. On an average, 25
particles were observed in each direction.

5) The pH and temperature of the solution in the cell
was noted to check against excessive change. In all measure-
ments the temperature was 23°C t OQSQCa

6) From the average mobilities, the zeta potentials
of the particles were determined by reference to the

standard charts.

Infrared Analysis

Infrared analysis of the rubellite-collector systens
was done on a Perkin Elmer 521 spectrophotometer, The
following procedures wers used in sample preparation and
instrumentation:

Preparation of metal sulfcnate and metal oleate comvounds

Metal sulfonate and metal oleate compounds were pre-
cipitated from their agqueous . solutions. This step was
accomplished by combining slowly 1 x .’LO"2 mole per liter
solutions of the metal chlorides and the collector in the
stochiometric proportions necessary to precipitate the
compounds. In the case of the mstal sulfonates, the pH
was maintained at pH 3 to minimize metal ion hydrolysis
and then slowly raised to either pH 4 oxr §.5 to allow the
hydroxy complex form. For the metal oleate compounds, the

pH was maintained at 4 to 5 in an effort to minimize
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simultaneously metal ion and collector hydrolysis, and then
adjusted slowly to the desired value using KOH., Afterxr
precipitation the solids were centrifuged, washed with
watexr at the pH of precipitation, dried under vacuum, and
astored in a desiccator,

Preparation of metal hydroxides

During the precipitation of the metal oleate and metal
sulfonate compcunds, the possibility of precipitation of
the metal hydroxides was present, particularly at higher
pH values; accorxdingly it was necessary to provide reference
patterns of these hydroxides to obtain the characteristic
spectra of the oleate and sulfonate compcunds.

3
mole

These hydroxides were precipitated from 1 x 10~
per liter sclutions of their chlorides by raising the pH
slowly to the point of nearly complete precipitation,
denoted by a sharp increase in pH with a small KOH addition.
The hydroxides were centrifuged, washed at the pH of pre-

cipitation, dried under vacuum, and stored in a desiccator.

Preparation of mineral samples with and without
collector contact

Minus 0.5-micron tourmaline was obtained by grinding
48 x 100 mesh mineral in an alumina moxtar and sizing by
differential settling in cgnductivity water. The suspen-
sion was then divided into two equal parts for subseqguent

treatment.,
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These suspensions were adjusted to pH 4 and 8.5 with
KCH and HCl, respectively, and conditioned fox one hour.
Paxt of each suspension was then drawn=-off for use as
reference patterns of the pure mineral contacted only with
water at the given pH value. To the remaining suspensions
were added either potassium oleate or sodium sulfonate,
maintaining the criginal pH value, Total addition of col=

lector to each suspension was 1 % lO"3

role per litex,
These suspensions wexe each conditioned for cne houg.
After each treatment the individval suspensiocns
were centrifuged, washed twice at the pH used for condition=

ing, dried undexr vacuum, and stored in a desiccator,

Preparation of sample holders

Infrared~grade potassium bromide was used as the sample
holdex for all solid samples, The oleic acid reference
pattern was obtained by pressing the liquid between two KBr
discs. The solid samples were mixed with KBr powder and
pressed into pellets containing 0.5 mg semple per 400 mg of
KBr, under a pressure of 20,000 psi. This procedure
generally yielded a relatively clear window of 1 mm thick=

ness and 13 mm diameter.

Solubility Product and Optical Cloud Density Determinations

Solubility products of the metal-collector salts and

optical cloud densities at high ionic strength were determined
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with the nephelometer illustrated in Figure 2. With this
nephelometer, a light source fxom a 15C-watt projectox
lamp is collimated thxough a 6~inch tube with a blackened
bore before entering an optical=glass sample chamber that
contains the colloidal suspension whose optical density is
to be determined. A photocell, connected to a Model 502
Photometer manufactured by Photovolt Corporation, is placed
at right angles to the incoming light. As the cloud density
increases, due to the formation ¢f light~reflecting nuclei,
the increacse in reflecited light is reccxrded by the photo-
meter. 2 system of mirrcxs and light-traps provides increased
utilization of reflected light and reduces stray reflection.
The entire coptical system is placed in a blackened enclosure
to prevent extraneous light from entering the photocell,

The light intensities repoxrted in this thesis are in
relative units and are reproducible within a given detexr=
mination, but they may vary between two sets of determina-

tions duc to different settings of light souxce irntensity.
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RESULTS

For clarity, the experimental results have been
recorded under four main headings. The first gxoup of
results involves the flotation of the several varieties
of tourmaline under various conditions. In the second
group are the results from the electrophoretic study of
the tourmalines in the pure state and in the presence of
various metal ions. Data fxom infrared analysis cof the
mineral=collector system comprise the third group, The
fourth includes sclubility product and cloud density

detexrminations.,

Flotaticn Results

The flotation work has been divided into four main
categories: flotation studies involving weak anicnic,
strong anionic,; and cationic agents as collectors, and
flotation in the presence of added magnesium ion. Con=
sidered under these headings are the effects of condition-
ing time and ionic strength upon flotation recoveries,
Because of the scarcity of the new mineral variety buerger-

ite, only sufficient data to establish the flotation trend

23
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for this mineral were collecited.

Effect of weak anionic collectors upon flotation recovery

The weak anionic collecteors used in this study were the
8=, 10=, and l2=carbon saturated fatty acids, i.e., caprylic,
capric, and lauric acid, respectively. The l8~carbon
unsaturated oleic acid, which contains a double bond between
the 9th and 10th carbon of the chain, was added as the salt,
potassium oleate.

Figuxe 3 shows that,; when cach of the tourmalines was
floated with lauric acid at 1 x 10 7% mole per liter and
ZSOCP complete flotation was achieved between pH 5 and 7.
Below pH 5 flctation recovery decreased abruptly, exhibited
a slight inflection or leveling off between pH 2 and 4, and
then decreased to zexro below pH 2. No flotation response
could ke achieved at any value above pH 7.

With 1 = .'!.0"4 mole per liter capric acid, maximal
recovery was 50 percent at pH 5 for both rubellite and
schorl. As the trend of flotation for buergerite had been
established with lauric acid, no further tests were con-
ducted with the lower membexs of the fatty acid series.
Above and below pH 5, recoveries decreased to minimal
values (Figure 4).

When caprylic acid was used at the same collectox

concentration, a recovery of only 15 percent was obtained:
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in the vicinity of pH 4, with recoveries decreasing above
and below this value (Figure 5).

When 1 x lO-4 mole pexr liter potassium oleate was used
as ccllector at ZSOC, three regions of optimum fletation
were noted, as shown in figure 6. 1In acid media the
optimum flotation pH occurred between 3 and 4, whereas in
slightly basic media the optimum occurred at aboul pH 8.
In very basic media (above pH 12}, xeccvery increased
sharply and complete flotation was achieved at pH 132.
Buergerite floated in a more naxxow ph range in modevately
alkaline medie than did the other two tourmalines, i.@.,
from about 7 to 10,

Decreasing the concentration of cleate in the system

> mole per literx

by one order of magnitude to 1 x 10~
eliminated two of the optimum flotation pesaks for rubel-
lite, and left only the peak that occurred in slightly basic
media (FPigure 7). This optimum was displaced slightly
toward the acid side to pH 7.5, and the overall range for
flctation was diminished. Further decrease in collector
concentration to 5 x 1006 mole per liter resulted in only
55 percent maximum recovery at pH 6.8, whereas at 1 x 10-6
mole per litex oleate only 15 perxcent recovexry could be

achieved at pH 6.8,

The effect of conditioning time upon flotation recovexy

27
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for rubellite was also investigated. Figure 8 shows that,
for a collector concentration of 5 x 10“6 mole per liter
potassium oleate, flotation occurred in the pH range 5 to 8,
with a maximum of 55 pexcent at pH 6.8, in the normal con-
ditioning time of 10 minutes. When the conditioning time
was increased to 20 minutes, maximum recovery was only 5
percent higher than with the ten-minute conditioning time,
but the lower pH linits for flotation were shifted slightly
toward acid media.

Under this prolonged conditioning, flotation c¢ccurred
above pd 1l and achlieved a recovery of 35 percent at pH
12.7. A very short conditioning time of 3 minutes
resulted in only 15 percent recovexry in the pH range 6 to 7.

When rubellite was conditioned at predetermined wvalues
of pH in the absence of collector for time pexiods of 7 and
17 minutes; and then conditioned further for 3 minutes in
the presence of 5 x 10”6 mole per liter potassium oleate,
maximum recoveries of 38 percent were obtained in the pH
range 6 to 7 (Figure 9).

Elevated temperature during conditioning and flotation
of rubellite produced several effects that are evident in
Figure 10, When the mineral was conditioned with 5 x 1078
mole pex liter potassium oleate at 60°c, the flotation range

was broadened on the acid side of the .curve by several pH
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units. At both ambient and elevated temperatures, however,
maximum recovery cccurred at pH 6.8. Increased temperature
also produced good flotation above pH 11, with 83 percent
recovery being achieved at pH 12.6.

Effect of strong anionic collectoxs upon flotaticn
recovery

Lauryl sulfate and sodium alkyl aryl sulfonate, both
strong anionic cocllectors,; were used for f{lctation of
tourmaline, The effects of ionic strength wexre also
investigated,

Figure 1l shows the flotation behavior of each variety
of tourmaline in the presence of 1 x l0,4 mole per liter
sulfate (RSOZ) at 257C, Rubellite and schorl exhibit
similay flotation behavior with cocmplete recovery below
pE 6.5 and with depression at all pH values above 7. Buer-
gerite behaves similarly except that recovery falls off one
pH unit lower than with the other two tourmaline varieties.

Figures 12 and 13 show the effect of various additions
of sodium alkyl aryl sulfonate (NaRSOB) upon flotaticn
recoveries of rubellite and schoxl as a function of pH.

For a 1 x 1074

mole per liter addition of RSOE to the
rubellite system, complete flotation occurred up to pH 7,
Above pH 7, recovery decreased and was about 18 percent at

pH 1l.5. Schorl, under the same conditions, flcoated up to

35
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pH 8.5. Depression cccurred above this pH, with recovexry
being 10 percent at pH 1ll.5. A minimal value was obtained
at pH 12. Above pH 12 a slight increase in recovery was
noticed, flotation being 20 percent at pH 13.

With lower additicns cof sulfonate to these systens,

depression cccurred at lowex values of pH, When 1l x 1077

mole per liter Rsog was used to float xrubellite, recovery
was complete up to pH 6 and then declined to 20 pexcent at

6
nole

P 842, A still lower addition of sulfonate, 1 x 10~
per liter, resulted in cnly & narrow flotation range in the
vicinity of pH 2. Recoveries decreased shaxrply above and
below this pH,

Potassium chleride was used to vary the ionic strength
of the scolution used in the flotation of rubellite at a
constant pH of 11,5 and 1 x 10m4 mole per liter addition of
sulfonate, Figure 14 shows that a 1 x lQ“l mole pex literx
KCl addition did not appreciably affect flotation resulis,
whereas a 5-fold increase to 5 x ,’LO“l mole per litexr KCl pro-

duced complete recovery, other conditions being the same.

Effect of dodecylamine upon flotation recovery

Dodacylamine was used as collector for cationic flota-

4 mole

tion of rubellite and schorl. An addition of 1 x 107
per liter amine produced similar flotation behavior fox

both mineral varieties (Figure 15). Complete flotation was
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achieved between pH 7 to 10, while depression occurred above

and below these pH values,

Effect of added magnesium ions upon flotation recoveries

Magnesium chloxide was added to the rubellite~lauryl

sulfate and the rubellite-sulfonate system, and in both

cases flotation recoveries increased markedly above pil 10.5;

5

for a 1 x 10 mole perx liter magnesium ion addition in the

-4 . . x
presence of 1 x 10 mole per litexr collector ion (Figure 16).

o

Figuxre 17 shows that, for a constant pH of 11.5 in the
prresence of 1l x 10°4 mola per litexr sulfonate, fiotation
recoveries of rubellite decrszase below an addition of
1 x 107° mole per liter magnesium ion. Similarly, 1 x= 10
and 5 x lOas mole per liter additions of magnesium ion are
regquired for complete recovery with 1 x 107 ° mole per litex
additions of lauryl sulfate and oleic acid, respectively.

Lavric acid; shown in the same figure, is incapable of
3
. . . . e -8
floating rubellite with any magnesium addition up to 1 x 10

mele per litexr (Figuxe 18).

Electrophoxesis Results

The zeta potentials of rubellite, schorl, and buergarite

were measured by electrophorxssis, both in the absence and

4

presence ¢f various metal ilong added to the systens.
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Zeta potentials without addition of metal ions to the
system '

At pH 4 the zeta potentials for each of the tourmalines
were essentially zero, as shown in Figure 19, Below this
pH; the potentials became increasingly positive. Above
pH 4 the behavior of schorl and rubellite differed from
that of buergerite. Schoxl and rubellite were both
positively charged between pH 4 and 6.6, with a maximum
zeta potential of +25 nmv being obtained at pH 5.5. Above
pi 6,6 both minerals became increasingly negative, Buer-
gerite remained negatively charged akove pH 4,5, althoggh
an inflection in the zeta potential curve towaxd positive

values occurred in the range 4 to 6.

zeta potentials with additiocn of metal ions to the
systens

s,

L

The results noted above suggested that perhaps caticns
from the»grystal lattice were responsible foxr the marked
difference in behavior between buergerite and the other two
ﬁgurmaline varieties. Various cations were therefore
added to the system to observe their effects upon recoveries.

++ +++
n

Figures 20 to 24 show the effects of Mg+?, M , Fe ¢

4 . - e 4 .
+ ; and Al+3, respectively, For a 1l x 10 mole per liter

Pb
magnesium ion addition, the positively charged portion of
the zeta curve remained unchanged, Above pH 6.8, the effect

.- 3
cf Mg+" was noticeable as zeta potentials assumed more
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positive values than when no Mg++ had been added to the
system. The most striking difference occurred in the pH
range 10.5 to 11,5, where the zeta potential of rubellite
increased from =15 mv to +38 mv over only one pH unit,

> mole per liter manganous ion

An addition of 1 x 10~
to the systems produced a similar effect, but in a different
pH xegion. Figure 21 shows that manganous ion had a pro-
nounced effect in the pH region 7 to 10, At pH 9, the zeta
potential was +15 mv, as compared with =45 mv without
manganous ion addition to the system.

Similarly, additions of 1 x 1074 mole per liter ferrxic
ion prxoduced marked changes in the zeta potentials of
rubellite and buergerite in the pH range 2 to 5; wherxe the
surfaces assumed a charxge up to 40 nv higher than when no
ferric ion was added to the system,

An addition of 1 x .].,Om4 mole per liter lead ion to the
rubellite system resulted in only a 5-mv increase in zeta
potential in the pH range 5 to 7, but in this range the
mineral surfaces already had a charged surface of +25 nv,
even without the metal ion addition. Above pH 8 basic
lead carbonate began to precipitate, and no measurements
ware made above this pH. Precipitation of the other metal
ions was not obsexved under the electrophoresis microscope.

The same lead~ion addition did produce a highly charged
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buergerite surface in the pH range 5 to 7.5, with a maximal
potenitial of 20 mv at pH 6,3, as shown in Figure 22, With-
out the addition of lead ion, the potential at this pH was
about =20 mv,

Of great interest in this portion of the study was the
effect of aluminum ion upon the zeta potential of buergerite

(Figure 24). When 1 x 1077

mole per liter aluminum ion was
added to the system, buergerite assumed a high positive
chargzs in the range of pH 4 to 7, with a maxXimal value of

+40 mv at pH 5.5. In the absence cof aluminum ion at this

rH a change of =8 nv was observed.

Infrared Analysis Results

After the flotation and electrophoresis experiments,
an infrared spectroscopy analysis was made to deterxrmine the
nature of the adsorbed collector species on the tourmaline
surface,

The results of the infrared study have been divided
into two main parxts. First considered arxe the infrared
spectra for the possible chemical complexes which might
occur when the mineral is contacted with the collector at
various pH values. The second set of data show the mineral
spectra before and after contact with collector at differ-
ent pH values, Since the flotation behaviors of the tour-

mzalines were similax, only rubellite was used for this
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study. Further, although both sodium alkyl aryl sulfonate
and potassium coleate were examined, only the adsorpticn data
on cleate are presented, since adsorbed sulfonate could not
be detected on the rubellite with this technique,

Possible species present in the oleate-xubellite system

The relevant infrared spectra for oleic acid, potassium
oleate, aluminum cleaie, calcium cleate, ferrxic oleate, and
manganese olzate are presented in Figures 25 through 30,
respectively. The pextinent chearacteristic frequencies for
each of these compounds, precipitated at pH 4 and 8.5, are
listed in Table 2.

Hydroxides cof the ions of aluminum, iron manganese,
and calcium were also precipitated by raising the pH of the
solutions of their chloxides until the precipitate was
formed. There were no major characteristic frequencies for

1

these hydroxides in the infrared range 1800 to 1200 cm .

Infrared spectra of rubellite before and after contact
with KOl

The spectra of rubellite contacted with water at pH 4
and 8.5 are presented in Figures 31 and 32, respectively.
Also presented are the characteristic spectra of the nineral

after contact with 1 x 1073

mele per liter potassium oleate
solutions at the same pH values, The important vibrational

frequencies are listed in Tabkle 3.
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Table 2. Important Charxacteristic Infrared Vibrational
Frequencies for Possible Species in the
Oleate~Rubellite System.

Specie Vibratio?zi“{requency
pH_4.0 . pH 8.5
Oleic Acid 1708
Potassium Oleate 1559
Aluminum Oleate 1585 1585
Calcium Oleate 1568 1568
Ferxic Oleate 1583 1535
Manganese Oleate 1578 1556

Table 3. Important Infrared Vibrational Frequencies for
Rubellite~Oleate System.

Conditioning Oleate Important
pH Concentration Frequencies
During Conditioning

4.0 none 1620

4.0 1 x 2073 1708 1620 1580 1460
8.5 none 1620

8.3 1 x 1073 1587
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Reflected Light Measurements

A nephelomater was used to measurxe the relative amounts
of light reflected from various colloidal suspensions. This
technique was of value in determining solubility products
for aluminum and magnesium sulfonate as well as in the study
of the effect of ionic strength in the sulfonate flotaticn
of rubellite,

Solubility product determinations

Reflected light intensity was mesasured as a function of
aluminum addition to a solution containing a8 knowa guantity

of sulfonate (1 x 10‘6 mole per liter), at. a constant pH of
3}{RSO§}3, was charted

against this light intensity. By extrapolation, as shown

3.0, A "K" value, defined as {a1'

in Figure 33, the initiation of cloud formaticn was found to

; -23 .
correspond to a "K" of 3 x 10 and this value represents

the actual K , for aluminum sulfonate. A light intensity

p
check was made in a system containing only aluminum ion at

pH 3, in the highest amount used in the solubility product
determination; and no aluminum hydroxide precipitate was
detected which might have interferred with the measurements.

With this same technique, the solubility product for

i

magnesium sulfonate (K__ = {Mg RSCZ}Z) was determined to

P
be less than 1 x 10715,
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Optical cloud densities at high ionic strength

During flotation at high ionic strength, the result of
both high KOH and KCl additions, cloud formation was noticed
in the pulp under those conditions where good flotation
occurred, As a result of this observation, the following
several experiments were performed.

The first experiment (Figure 34) gives the reflected
light intansity as a function of pH at a constant sulfonate
addition of 1 x 10m4 mole par liter. Below pH 9, light
intensity remains constent, showing no change in the optical
properties of the solution. From pH 8.5 to 9.5 reflected
light intensity decreased by about 10 units, and then above
PH 11.5 rose sharply. At pH 12.5, intensity had increased
by over 70 units from its minimal value, and at this point
the cloud was intense when viewed with the eye.

Next, the same sulfonate concentration of 1 x 1,0"’4 mole
per liter and a constant pH of 11.5 were used, and potassium
chloride was added to the system for ionic strength adjust-
ment. Figure 35 shows a plot of intensity es a function of
KCl addition. Below 2 x 10°3 mele per liter KCl, the light
intensity remained constant., As the KCl addition was
increased; the light intensity steadily increased from a

4

base level of about 68 relative units at 1 x 10 mole pexr

liter KCL to 121 units at an addition of 4 x 10"+ mole per

67
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liter. A very intense cloud was observed at the higherx
ionic strengths.

On the same chaxrt are shown the results of a similax
experiment, conducted at the same sulfonate concentration,
but at a constant pH of 5.5. In this case, light intensity
remained constant up to a KCl addition of 1 x l0m4 mole per
liter and then gradually began to increase., At about
5 % 1072 mole per liter KCl, the light intensity reached

60 unite above its base line level.
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DISCUSSION

The discussion of the experimental results consists of
five main parts; namely, the nature of adsorption of addad
metal ions in the absence of collector, the nature of
adsoxption of dodecylamine, the nature of adsorption of
the fatty acids, the nature of adscrpticn of lauryl sulfate
and sodium sulfonate;, and the nature of metal ion activa-

tion in flotation.

Adsoxption of Added Metal Ions in the Absence of Collectorx
Metal ions, when added tc xubellite and buergexite in
systems free from collectors, produced an increase in zeta
potentials in certain pH ranges (Figures 20-24)., When
1l x l0~4 nole per liter Mg++ ion was added to the rubellite
system, an immediate change in zeta potential frxom negative
to highly positive occurred as the pH was increased from
0.5 to 11.5. The same effect was produced when 1 x 1074
mole per liter vn** ion was added, but in the pil range 8 to
10. ron also produced an increased zeta potential in the
pi range 3 to 5. Aluminum ion increased the zeta potential

of buergerite from negative to positive in the pH range

4.5 to 7.
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++ ++
If the unhydrolyzed cations, that is, Mn , Mg ,

Fe+++, and Al+++ are responsible for the increase in zeta
potentials, then one would expect these increases to occur
wherever the metal ion is predominant. This, however, is
nect the case, Figures 36, 37, 38, and 39 show the pertinent
aqeous metal ion species present as a function of pH for
various nominal additions of their chlorides to pure water.
Concentrations were used rather than activities since the

solutions were relatively dilute, The following equilibria

were used in the construction of these plets (31, 32):

Fa'tt & H20=F60H++ + 1" K = 8,92 x 10~% (1)
FeOH'T + HZO = Fe(OH)Z + H K=5.5 x 1072 (2)
27"+ 91,0 = e, (0H)}% + 2 H' K=1.23 x 100%  (3)
+ e+ ) -
Fe(OH)y( y + 3H' = Fe' ' + 31,0 K= 9,13 x 10° (4)
INRALE H,0 = aroatt 4+ gt K =9,5x 10°° (5)
IR 2H,0 = Al(OH)Z + oHT K = 2,75 x 10™° (5)
Ai(OH) + H.0 = AL(OH)™ + H' K= 1,95 x 10"13 (7)
3(s) 2 4 .

AL(OH)B(S) = Attt + 30m” K= 5,00 x 10733 (8)

N
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n*™™ + od” = Mnou" K = 2,51 x 10° (9)

WA (OR) , (= vnt* 4+ 208" K = 1,58 x 10”13 (10)
S

o Et + + -12 .

Mg = + H,0 = Mg(CH) + H K = 3,88 x 10 (11)

Mg (Om) , = mg™t + 200 K = 1,82 x 10" 1% (12)

From Figures 36=39, it is immediately obvious that the
pH regions in which the added metal ions effect the radical
changes in zeta potentials axre theose pH ranges in which the
concentrations of the positively-charged hydroxy complexes
are maximal, That is, the metal-hydroxy species are most

Likely responsible for the observed changes in zeta poten-

i

tials of the tourmaliness

Further evidence is presented in Appendix II, which
carvies the data on the additions of aluminum; magnegium,
Aahd lead made to quartz in pure water (Figurxes AII-1l, AIIL-2)
(33} In each case, the zeta potential of quartz is changed
from negative to highly positive by these metal ions, but
only in the regions in which the metal ions hydrolyze.

Gaudin and D, W. Fuerstenau alsc studied the effect of
aluminum and barium ion on the zeta potential of quartz (7)
and postulated that the unhydrolyzed cation was specifically

adsoxbed at the quartz-solution interxface, They attributead
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the failure of barium ion to specifically adsoxrb at pH 4 to
the competition between hydrogen and barium ion. They also
found that as little as 2 x 107° equivalents of aluminum
nitrate was sufficient to change the sign of the zeta
potential cf quartz, and that 1 x ZLO"4 equivalents per
liter gave a very high potential of about + 80 mv at pH 4.

These facts suggest that the mechanisms by which metal
ions adsorb and change the sign of the zeta potential of
tourrmaline and quartz are the same and that this phenomena
may be common to most silicates.

The following mechanism by which the hydroxy complexes
of the metals adsorb on tourmaline, guartz, and possibly
other silicates is proposed:

If Figure 40 represents the fracturxe of a silicate,
after the model proposed by Gaudin and D, W, Fuexrstenau (7):

Hydrogen ion can adsorb on Site A,
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0H+
0 o 0 Yol
e // °H+
7 e
7
Si) + 4T = Si_ (12)
AN
N
/ \\\ / \\ .H+
o ‘0™ 0 o
0H+
and hydroxyl ion on Site B,
«OH
sit si
pd PralRYe:
e . L7
0 + 40H J—— 0] (13)
N > -
< M. sOH
Nsi Nsio
« OH

The broken lines of these equations represent unsatisfied
valense bonds due to fracture of the mineral.

After the adsorption ¢f hydrogen and hydroxyl ion on
the freshly fractured silicate surfaces, the hydroxy
complexes such as aloptt may react with Site A ox with Site

B as postulated by M. C. Fuerstenau (13):

¢cQH™ «OH™

s Lsis0enrttt

7
V4 - +'{’ a® 7 .
0\\ 4+ 2 HOAL ~— 0o + 20,0 (14)

\

N « OH N

N L

Si Ngi.0.a1ttt

«OH" cOH™
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+ +
H H
o, _o-nl*
,/ ‘H 7
rd
// /,
Si + 2r0Altt == si + 2H,0 (15)
\\ \
S ‘\\ -
oent o.a1™t
u}-
0} .H+

By these mechanisms, the hydroxy complexes would react
with the surface-active sites to form a chemical bond with
the surface and water as a reaction product. The end result
of reaction with either site is, of course, a net positive
charge on the surface, which will be reflected in the

reasured zeta potential.

Nature of the Adsorpticon of Dodecyiamine

Dodecylamine has been shown to adsorb on many oxides and
silicates by simple physical, or electrostatic, attraction of
the aminiwn ion, CleZbVH3’ for the negative mineral surface.
This phenomenon is also observed in the tourmaline system.
Figure 19 shows that the zexOEpointSmofwchaxge (zpe) for
rubellite and schorl are about pH 6.7. The amine flotation
data show that, at this pH, flotation recovery is 50 pex=
cent (Figure 15). Above pH 7 the surface becomes progres-
sively more negatively charged, and complete flotation results
up to pH 12. Above pH 12, the aminium ion xeacts with water
according to the following equation (34):

+ oo
HyO + Cy H, NHT = C, H NH, + H. o

K = 2.5 % 20~1L (16)
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Exanination of Bquation 16 shows that at pH 13 the concen-
tration of the neutral molecule is 240 times as great as
that of the aminium ion; hence, the aminium icn is no
longer free in sufficient quantity to effect flotation.
Below pH 6, depression occurs as the surface acquires a

net positive charxge.

Nature of the Adsorption of the Fatty Acids

Flotation studies were made with the 8, 10, and 1l2-
carbon saturated fatty acids, called caprylic, capric, and
lauric acid, respectively. The 1l8=-carbon unsaturated oleic
acid, which contains a double kond between the 2th and 1l0th
carbhon of the chain, was also used, Flotation was carxied
out in the absence and presence of added magnesium ion, and
at ambient and elevated temperatures. The experimental
flotation results can be corralated well with the zeta
potential and infrared data.

Exawmination of the data from the flotaticn of the three
varieties of tourmaline with potassium oleate shows three
major pH regions of flotation (Figure 6). The first region
is in acid media, between pH 2 to 5; the second is in
slightly basic media, pH 6 to 10; while the third region
occuxrs in very basic media, above pH 12, As the zpc's for

all of the tourmalines are below pH 7, simple physical

81

adsorption of collector anion can be ruled out as a collectoxr
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mechanism in basic madia,.

Adsorption related to infrared analysis

Complete flotation resulted when rubellite was floated
at pH 4 with 1 x 10“4 mole per liter potassium oleaﬁe, The
infrared data show both physically held oleic acid and a
chemisorbed species; most probebly ferric or aluminum oleate,
to be present at this pH (Figure 31).

Figures 31 and 32 show the infrared spectra fox rubel~
lite, conditioned at pH 4 end pH 8.5, in the absence and

3 nole per litexr potassium oleate., With=

presence of 1 x 107
out oleate addition to the system, the infrarxed spectra for
rubellite are nearly the same at botﬁ pHd values. The dovwn~
ward trend of the patterns, due tov a deep absorbance band
below 1400 cmfl, is most preobably the same band that Peck
and Wadsworth have attributed to Si=-0 vibrational overtones
for bexyl, beryllium aluminum silicate (35). The vi%ra«

tional band at 1620 cm %t

may also be due to the Si-0 bond

(35) oxr to HOH deformation of physically held water (36).
After contact with 1 x 10"3 mole per liter potassium

cleate at pH 4, three new vibrational bands occurredhin

the spectra between 1800 and 1400_¢m“l° The first band, at

1708 em”l, is due to physically adsorbed oleic acid, as

may be seen by reference to the spectra of pure oleic acid

in Figure 25, This indicates that, as the mineral was
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conditioned below pH 6.7 (the zpc), oleate ion, 017, is
attracted to the suxrface and then reverts to the neutral
molecule upon drying of the sample., Oleic acid disscociates

as follows (37):

5

HO1 = 1Y + 01 K, = 5 x 10~ (17)

(aqg)

and thus, being a weak acid, the neutral molecule predomin=-
ates belcocw about pH &,

A second adsorption band, occurring at about 1460 cmﬁl,
is characteristic of the symmetrical C = 0 bhand which occurs

between 1400 and 1500 cm™* (36) (Figures 25-30) . This band

A

does not indicate the nature of bonding of the collechtor to

a.

the surface.

The thirxd band, cccurring at 1580 c.:mml (cuxrve B, Figure
31), cannot be attributed to either oleic acid or to
potassium oleate, whose characteristic stretching modes for
the carbonyl -COOH and COOK groups are at 17038 and 1560 cm"l,
respectively (Figures 25 and 26). Neither can it be due to
hydroxide formation, since no characteristic frequencies
were found in this region. Metal oleate compounds were
precipitated from solution at pH 4 and 8.5; since the
mineral was known to contain varicus cations, the analysis
of which are given in Table l. Infrared analysis of these

precipitates showed that aluminum oleate, orx more probably
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aluminum hydroxy oleate, and ferric oleate,; possessed
adsoxrption bands closest to this region, with bands at 1585
and 1583 cm’l, respectively. The exact locations of these
bands, which are characteristic of the antisymmetric C = 0
group cf the metal complexes, are a function of the con-
ditions under which the precipitates wexe formed; the
reported values vary (35, 38). Peck and Wadsworth report
the ferric oleate characteristic band to have maxinum
absorbance at 1590 cm * (35), and Dallairs (38) reports

1 and ferrous oleate

aluminum oleate to occur at 1615 cm
at 1595 cmml. Examination of Figure 31, Curve B, however,
shows no evidence of adsorption at 1560 cmul, where one
would expect to find potassium cleate, but absorption was
found at 1580 cm”l, strongly indicating the formation of
either an aluminum or an iron oleate compound, This deduc-
tion is further supported by the chemical analysis of
rubellite in Table l; which shows the tourmaline to contain
20 percent aluminum and 9 perxcent ixron,

Conplete recovery of rubellite also resulted when it
was floated with 1l x ZLO“é mole per liter potassium oleate
at pH 8.5 (Figure 6). The infrared data show the presence
of a chemisorbed oleate species at this pH and no physically

adsorbed oleic acid. Figure 32 shows the spectra of pure

rubellite, conditioned at pH 8 in the absence and the
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presence of 1 x 10B3 mole per liter potassium oleate at

pH 8.5, No trace of the carbonyl-stretching mode for oleic
acid, which occurs at 1708 cmﬁl, could be dstected on the
mineral. The appearance of the characteristic band cf the
symmetrical C = 0 group, and of the methyl group at higherx
fregquencies, indicated the presence of some oleate specie
on the minerxal, but the lack of the stretching mode for
~CCOK at 1560 ci”t indicated the absence Of potassium
nleate, Further, absoxpticn at 1587 cm'ﬂ:L again indicates
the presence of a metal oleate compound of iron or aluainum,
as was discussed above.

Adsorption related to electrophoresis measurxemsnts

Zerxo-points-of«charxge of 6.7 for both rubellite and
schogl and pH 4.5 for buergerite were measured by electro-
phoxesis, Flotation data for 1 x Z!.O'Mzr mole per liter
additions of potassium oleate (Figure 6) and the saturated
fatty acids (Figures 3, 4, 5, 7, 8, 9, and 10) indicate
that both the physical attraction of the collector and
chemical adsorption may be involved as collector mechanisms,

(J.) Physical adsoxption mechanismss

Flotation response was obtained with all tourmalines
when they were floated with potassium oleate and lauric acid
in the pH range 2 to 4.5 (Figures 6, 3). Capric and

caprylic acids were not such effective collectors (Figures
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4, 5), as would be expected from their shorter chain lengths,
but they also effected maximal response around pE 4., Below
pH 4.5 all of the tourmalines are positively charged and can
respond to coulombic attraction of the anionic collector

for the surface. At lower pH values,; flotation is decreased
due to the formation of the neutral molecule, since all of
these ccllectors are weak acids and hydrolyze in acid media.
According te Eguation (17), for example, the concentration of
the oleic acid neutral molecule is 200 times as great as
that of the free oleate ion at pH 2; bescause the ion cannot
effectively compete with othexr anicns for the surface under
these conditions,; depression occurs.

Fxom pH 5 to 7 the tcurmalines respond well to cleate
flotation (Figure 6)., This may be due either to electro-
static attraction of the collectoxr for the surface ox to
chemisoxption. An understanding of the nature of the
electrostatic attraction is obtained from the mineral
analysis contained in Table l. Rubellite and schoxl con=
tain 20.0 and 18.5 percent aluminum, respectively, whereas
buergexite contains only 12,8 percent. From Figure 39 it
is cleaxr that, above pH 5, alou™" is predeminant with
respect to Al+3. If a mechanism $imilar to that discussed
previously, where metal ions were added in the absence of

collector (Figures 20-24), is occurring, the surface would
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become positive in the region of hydrolysis, i.e., pH 5 to
7, with aluminum being derived from the dissolution of the
mineral. Figure 7 shows that, for KOl additions less than

1l x lO¢4 nole per liter, the pH range over which flotation
occurs is diminished and that maximal recovery is shifted
toward acid media, i.e., towarxd the region of maximal
alon™ concentration., That flotation is dependent upon

this hydroxy complex is even more evident in Figure 3,

wheve lauric acid produces fleotation only in the pH range

5 to 7. If the mineral has a positive surface in this pH
range, then an anionic collector could be atiracted electre-
statically to the surface, Rubellite and schoxl have higher
aluminum contents than has buergerite, a higher zeta
potential in the pH range 4 tc 8, and also have better
flotability with anionic collectors.

In the case of bhuergerite, however, the zeta potential
is negative in this pH range (Figure J.9f° Adsorption of
laurate (Figure 3) must be chemical in nature under these
conditions.

(2) Chemical adsorption mechanisms:

Chenical adsorption of an anionic collector results in
the formation of a metal collector compound at the surface.
Since flotation with each fatty acid collector occurs in

the pH range in whichthe first hydroxy complex of aluminum
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is present; the mechanisms suggested with Equations 18 and

19 may be occurrings

0H+ GH+
.0 C -
,, °H+ // OAl’f‘u"
/7
/
++ 4 <
+ AlOH - . + HOH (ig)
N
AN \
\\ °H+ \\ °H+
c o]
eyt 'H+
HY ot
o] o)
//, "Al,H“’f //' °Al++'Ol
s - — 7/
+ o1 —_— (19)
\\ N
\\ 0H+ \\ H+
0] o°
CH+ OH.}“

In Equation 18, hydroxy complexes may adsorb on a
positively charged site with the formation and splitting-
out of water. In the presence of collector, aluminum
oleate will form at the surface due to the insoluble nature
of this compcund,

The zero-points-of=charge of most silicates are
approximately pH 3 and that of augite (a complex irxon
aluminum silicate) is pH 5.2 (20).. The zero zeta poten-
tial obsexved at around pH 4 is in good accoxrd with these
values. The positive potentials observed with rubellite

and schorl above this pH (Figure 19) are most probably

38
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related to the higher aluminum contents of these minerals.
That is, higher aluminum concentrations are probably
present in solution from dissolution of these minerals,

Upon hydrolysis, AlOH++ will adsorb on the surface,
pr@bably by the reaction given in Eqguation 18, A net
increase of two positive charges will result undex these
conditions. The sign reversal observed at pH 7 is then
probably due to lack of ALoH™™ and to the stability of
aluninate ion, Al(OH)zo This may be seen in Figure 39,

It should be noted that similar phenomena were observed
when AlClB was added to buergerite (Figure 24).

Infrared analysis, as discussed previously, showed
that the compound is probably aluminum oleate. The fact
that infrared analysis showed the compound to be present
at both pd 4 and 8.6 is not surprising, since therxe is a
considerable amount of aluminum hydroxy complex present at
both pH valuwes, The tourmaline also contained large per-
centages of iron, as shown in Table 1, and the possibility
that chemisorption is due to this element cannot be ruled
out, Iron hydrolyzes significantly above pH 2 (see Figure
38) . Manganese, also contained in the minerals . in the
amounts of 0,357, 0.881, and 0,070 percent for rubellite,
schoxrl, and buergerite respectively, might be responsible

for chemigorption in the same mannexr, since its hydrolysis
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range is around pH 9 (Figure 37). The manganese content,
howevex, is more than 10 orxrders of magnitude less than
either the aluminum or iron contents, and it is thexefore
unlikely that manganese is responsible for flotation..

Figure 9 shows that long conditioning times, in the
absence of collector, followed by conditioning in the
presence of collector, enhance fictation xrecovery., Appar-
ently the mineral must have sufficient time to dissolve,
ox at least partly to establish a dynamic equilibrium with
the.sclution, and to form the hydroxy complex before
collector attachment can occur. This deduction is supported
by Figure 8, in which flotation recovery increases with
increased conditioning time in the presence of collectox,
andﬁflotaticn occurs even above pH 11 where, previously,
at this collector concentration, no flotation was effected,
Similarly, Figure 10 shows that elevated temperature
enhances recovery not only in the pH region 4 to 8 but alsco
above pH 11, Elevated temperatures, of course, would favor
dissolution of the mineral,

Flotation at high pH values, i.e., above pH 11, occurs
with 1 x 10"4‘mole per liter KOl additions and with lowerx
additions if the pulp temperature is increased (Figures 6,
8, 10). This flotation nay be attributed to either physical

or chemical adsorption., That is, since tourmalines may
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contain magnesium and calcium, which hydrolyze significantly
at pH 11 and 12.7, respectively, the surface could become
positive due to the formation of the metal hydroxy complexes
which are apparently necessarxy for the formation of a
positive surface. Flotation could then occur by either
electrostatic attraction of the oleate ion or by chemisogpm
tion. In any case, flotation occurs only in the range of
hydrolysis of these metal ions. Recovexies at vexy high

pPH may be due to the high ionic strength of the flotation
pulp;, as will be discussed later,

Activation, that is, dissolution of the mineral to
form the metal ion in solution, which in turn reacts with
the collector in the same manner as when metal ions are
added to the flotation system, is also unlikely, since it
has been shown that activation requires the precipitation
of the metal collector compound in solution with high
molecular weight collectors (13). The flotation data fox
guartz (Figure AII-3) show that an aluminum addition of
8 x lOcS mole per liter was necessary to effect even 20
perxcent recovery with an addition of 1 x Z!.,O"4 mole per
liter potassium oleate. Furthex, undexr these conditions,
the Ksp was so greatly exceeded that a very dense cloud
was visible in the flotation pulp. In contrast, when

tourmaline was floated completely at pHd 8.5 with the same
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collector addition, this dense cloud did not appearx. The
subject of activation will be discussed further in the

section "Nature of Metal Ion Activation in Flotation.®

Nature of Adsorption of Laurxyl Sulfate and Sodium Sulfonate

Lauryl sulfate and sodium alkyl aryl sulfonate, both
strong anionic collecteors, were used in the flotation of
tourmaline. The effects of zeta potential, ionic strength,
and magnesium ion activation were investigated. The latter
is discussed in the section devoted to metal ion activation.

Adscrption of collectoxs in the absence of high ionic
s trenath

Figure 1l shows the flotation recoveries of the three
varieties of tourmaline as a function of pH for a 1 x 10a4
moele per liter addition of lauvryl sulfate as collector.

As the zerxo-point-of=chaxrge of both rubellite and schori

is 6.7, and that of buergerxrite is pH 4.5, the collector
mechanism appears to be coulombic in nature, since flotation
recovery decreases above pH 6.7 for the fixst two and above
about pH 5 foxr the latter,

Examination of the flotation data of rubellite with
1l x 10"“l mole per liter sodium sulfonate (Figure 12} shows
that recovery decreases above the zpc. Schorl, however,

floats well above the zpeg, up to pH 8.6 for the same col-

lector addition (Figure 13).
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At lower sulfonate additions of 1 x 10m6 mole per
liter;, complete recovery is achieved at pH 3 and decreases
to only 20 percent at pH 4.5. If coulombic attraction is
the only mechanism involved; then it is not clear why
complete flotation should be obtained at pH 3, where the
zeta potential is +10 mv, and not at pH 5.5, whexe the
zeta potential is +25 mv (Figure 19) and coulombic attrac—
tion does not explain the flotation of schorl above the
zpc., Chemisoxption, as discussed in the case of fatty
acids, is possible., That is, adsoxption of sulionate
occurs in the pH range where alontt predominates with
respect to Al+3, and collectoxr adsorption may occur accord-
ing to Eguation 19.

The fact that 1 x LO-G mole perx liter sulfonate cannot
effect flotation above pH 4 indicates that there is
insuwfficient collector to precipitate the metal-collector
compound at the surface. With higher collector additions
this compound can apparently form, as complete flotation
is obtainad from pH 4 to 7. Schorl, which contains even
less aluminum than does xubellite¢ does not respond well
until a lowex pH value is reached (Figure 13), indicating
less chemical interaction of the collector with the surface.
Coulembic attraction of the collector in the aluminum

hydrolysis range does not occurx because there is insuf-
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ficient collector and because the zeta potential (425
millivolts) is probably not great enough. Flotation below
pH 2 decreases due to chloride ion competition with the
sulfonate for the positively charged surface,

Adsorption of collectors in the presence of high
ionic strength

When schorl was floated with 1 x 10"4 mole per liter
sulfonate (Figure 13), only 8 pexcent recovery was obtained
at pH 12, Above this pH, flotation recovery increased
slightly and was 20 pexcent at pH 13. At pH 12 no pre-
cipitate was noted in the solution prior to addition of
the mineral for conditioning, but at pH 13 a cloud was
clearly visible. Since the mineral had not been introduced
into the system, the cloud could have resulted only from
interaction of sulfonate and the KOH used for pH adjustment,

Light intensity and flotation experiments were con-
ducted at a constant pH of 11.5 to determine the nature of
this cloud. At this pH only 10 pexcent recovery was
cbtained with 1 x 1034 mole per liter sulfonate, and there
was no cloud., As the ionic strength cf the pulp was
increased with KCl (Figure 1l4), no increase in recovery
was noticed until the KCl addition exceeded 1 x lOnl mole
per litex. Above this addition flotation recovery increased
markedly and, with 5 x 10" nole per liter KCl in the

system, complete recovexry was effected.
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Colloid content, measured by reflected light, was noted
to increase continuously with KCl addition in this experi-
ment (Figure 35). A series of measurements of colloid
content were also conducted at pH 5.5, as shown in the sane
figure. Here the change in light intensity was not con-
tinuvous but remained fairly constant up to about 2 x 103
mole per litexr KCl addition, where a slight drop in intensity
occurred due to nucleation effect, before a vexy rapid rise
in intensity at an addition of 1 x 10“2 mele per litex KC1,

The important thing to note from these two curves is
that the one run at pH 11.5 initially had a high ienic
strength due to KOH addition, whereas that run at pH 5.5 had
a very low initial ionic strength prior to KCl addition and
thus, one would have expected a small KCl addition in the
first case to have had an immediate effect.

The iocnic strength is defined as:

2
T % z c; 2 where cy is the molality of each

ionic specie,
and z; is the valence of the specie.
If all of the ions in the system are univalent, the

ionic strength is simply:
w=1/2 Zoy

Cn the basis of this definition, the ionic strengths

were calculated for several KC1l additions at pH 11.5 and
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5.5, with KOH for pH adjustment, and related to the inten=-
sities shown in Figure 35. These results are tabulated in

Table 4,

Table 4. Relationship of Ionic Strength to Sulfonate Cloud
Intensity using KC1l and KOH for Adjustment of
Ionic Strength and pH.

pH KC1l in system Jonic Strength Intensity
(mole/liter) (mele/liter)
11.5 none 3.16 x 10“3 67
11.5 4.0 x 1072 4.3 x 1072 121
5.5 none negligible 85
5.5 4.5 x 1072 4.5 x 10”% 129

With reference to Figure 35 and Table 4, it is cbvious
that the cloud is due simply to ionic strength. That is,
a change in reflected light intensity of 54 units is observed

2 mole per liter

when the ionic strength is about 4.4 x 107
whether at pH 5.5 or 11.5. Further, it is apparent that
nucleaticn of the colloid begins when the ionic strength is

about 1 x 10”2 mole per liter, and at 1 x 1072

mole per
liter the colleid cloud is very intense.
This colloid cloud may be caused by precipitation of

potassium sulfonate, but it is believed that this compouad
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is guite soluble and should not be precipitated from a
1 x 10™% molar KCl solution in the presence of 1 x 10”4
mole per liter sulfonate.

As the addition of salts is known to lowexr the critical
micelle concentration (cmc) cof organic electrolytes, the
possibility is verxy real, in view of sulfonate's 25 to 30~
carbon—atom content, that the cloud'is actually micelle
formation, Just why micelle formation should promote £lo-
tation is unknown and should be explored further.

The high ionic strength does, of course, reduce the
zeta potential to practically zero, and hence the repulsive
forces may be so lowered that the collector molecule is

o

allowed to approach within gbout 5 A of the interface by

Van der Waals attractive forces.

Nature of Metal Ion Activation in Flotation

Experience has shown that guartz may be floated with
fatty acids, sulfonateé, and xanthates when metal ions are
added to the system (2, 3, 4, 7, 8, 10, 11, 12, 13, 15, 17,
12). Beryl, beryllium aluvminum silicate, has also been
floated with sulfonate in the presence of added metal ions
(2). These efforts have shown that, in general, the
following two criteria must be satisfied in oxder to acti-
vate the minerals with metal ions, in the presence of

anionic collectors higher in molecular weight than undecylic
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acids

(1) The range for optimum flotation must be that pH
range in which the metal ion undergoes hydrolysis to form
a positively charged complex ionic species,

(2) The solubility product of the metal=collector
commpound must be exceeded; generally with the formation of
a clearly visible precipitate in the pulp.

Fuerstenau and co-workers (9, 1l0) suggested that per-
haps solid ferric sulfonate may be functioning as the
collector agent in beryl and quartz flotation, and exzplained
the mechanism in terms o0f ferxic hydroxy sulfonate,

Fe(RSO,)ZOH They suggested that bonding to the surface
(%2

(s)°®
occurred through the hydrogen of the hydroxyl ion. In
view of the work done in this tourmaline system and in the
guartz system (Appendix II), another mechanism of adsorp~
tion may be coulombic attraction between the precipitate
and the mineral surface.

Magnesium and aluminum ions were studied in this
thesis as activating agents, but the feollowing discussion
applies also to other silicate systems and metal ions
where activation occurs under similar circumstances,

Figure 16 shows that magnesium activation of rubellite,

with the use of 1 x J...Ow4 mole per liter lauryl sulfate and

sodium alkyl aryl sulfonate, occurs in the pH range 10.5 to
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11.5 when 1 x 1!.0”-5 mole per liter magnesium ion is added
as an activator., This is the same pH range in which mag-
nesium ion undergoes hydrolysis to MgOH+ (Figure 36) and
is also the range in which the ion is capable of producing
a highly positively chaxged minerxal surface on tourmaline
and quartz (Figures 20, AII-1).,

Quartz was also activated with aluminum ion and was
used in preference to tourmaline, since both rubellite gnd
schorl already possess a positive surface charge in the
region of aluminum hydrolysis, i.e., pH 4 to 7; and since
an insufficient gquantity of buergerite was obtainable.
Aluminum ion has been previously shown to activate quartz
in the pH region 4 to 7 with sulfonate as collector {10).
Figures AII-1l and 24 show that aluminum ion is capable of
producing a highly positively charged surface on quartz
and buergerite in this pH range. This is also the p!
range in which aluminum ion hydrolyzes to alout* (Figure
39).

For optimal flotation recoveries of rubellite and
guartz with 1 x 10"4 mole per liter collector, the metal
ion additions shown in Table 5 were required at the listed
pH values., These data were taken from Figures 16, 17, 18,

AII.""’E;! and AII""AJo



T 1213 1

Table 5. Metal Lon Additions Necessary for Optimal F%otam
tion of Tourmaline and Quaxtz Using 1 x 107
Molar Collectox Additions,

Mineral Collectox Flotation pH4 Metal Ion Addition
Required for
Optimal Flotaticn

rubellite oleic acid 11.5 5 x 107° M ugtt
xubellite lauric acid 11.5 no recovery at any

concentration

. P c ~-5 +
rubellite lauryl sulfate 11,5 1 = 10 M Mg

rubellite  sulfonate 11.5 1 x 107° M Mgt

quartz oleic acid 4.8 8 x 107> M arttt

- 4-

quartz sulfonate 4.8 2 x 1074 At

The following solubility products were either detor-

mined experimentally or derived from the literature:

Teble 6. Solubility Products of Metal=-collector Conplexes

Metal=Collector Complex Ksp Source
Magnesium laurate 8 x 10712 Linke (39)
Magnesium oleate 1.6 x lOmll Du Rietz (40)
Magnesium lauvryl sulfate - o undetermined
Magnesium sulfonate less than 10"16 determined
Aluminum oleate 3,2 x 10n26 Du Rietz (40)

-23

Aluminum sulfonate 3 x 10 determined

]
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In all cases where flotation occurred, a cloudy pre-=
cipitate was present in the pulp. No precipitate was
cbserved when 1 x 10“4 mole per liter lauric acid was used

4

as collector in the presence of 1 x 10  ° mole per liter

+4

Mg ion, and flotaticn did not occux. The Kgp for mag-

p
nesium lauvrate is about 8 x 10“12; hence, one would not
expect precipitation to cccur under these conditions,

The reported solubility of magnesium oleate is some-
what higher than noted in this investigation, since a pre-
cipitate was visible with 1 x loné mole per liter oleate
in the presence cof 5 x loms mole per liter magnesium ion at
pH 11l.5. The conditions for precipitation, however, depend
upon hydrolysis both of the collector and of the metal ion;
thug the reported values may vary considerably. This is
most important in the determination of the solubility
product of aluminum oleate, since oleate forms the neutral
molecule below pH 5, and aluminum precipitates as the
hydroxide above pH 5. In addition, aluminum tends to form
many hydrolysis species, many of which are probably unknown.
The Ksp for aluminum sulfonate was determined at pH 3.0 to
minimize the effect of aluminum hydrolysis. Sulfonate being
a strong acid, should be completely dissociated at this pH.

The pocr flotation response noted in the casc of
aluminum activation of quartz (Figures AII-4) is pxobably

due to the formation of aluminum hydroxide, as the sysgitam
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was highly-flocculated above 1 x lO"'4 mole per liter
additions of aluminum ion. Calculations presented in
Figure 39 show that aluminum hydroxide precipitates at
pH 4.7 with this aluminum addition to water, and the gel-
like nature of the hydroxide makes reproducible flctation
data difficult to obtain. Fuerstenau (10), in his study
of sulfonate flotation of quartz, also obtained much
scatter in data when using aluminum ion as an activatorx,

The above flotation and zeta potential work suggest
that the precipitate might be responsible for flotation by
simple physical attraction of the colloidal precipitate
for the surface, That the addition of a metal ion in its
region of hydrolysis may create a positive mineral surface
has been previously discussed. When the metal ion is
added o systems containing the collector ion, it is reason-
able to assume that the metal-collector compound is also
charged. Further, since hydroxylation of the metal ion is
possible, hydroxyl ion should be potential-determining for
the precipitate.

Let us represent the hydrozylated and unhydroxylated
magnesium collector complexes as shown in Figurxe 41, parts

(A} and (B), respectively.
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0
(A) HO == Mg == 0°S == R
0
o) 0
[ L[]
(B) R == S¢0Q == Mg == 0°S == R
0 0

Figure 41. Schematic illustration of hydroxylated magnesium
sulfonate (A) and unhydroxylated magnesiuvm sule-
fonate (B). R represents the hydrocarbon chain
of 25 to 30 carxbons.

From the two figures, it is obvious that not cnly is
hydroxyl potential-~determining, but that it also determines
the polax nature of the compound. That is, the unhydroxye
lated magnesium oleate is much less polar than the
unsymmetrical magnesium hydroxy oleate compound. Polar
bonding, that is Van dexr Waals bonding, is very weak and
can cccur only if the distance is less than 5 Angstroms,
but slime coatings have been shown to be influenced by
these forces., Further, as hydroxyl ion may actually cause
the complex to be negatively charged, the twe effects may
be occurring simultaneously. First, the metal ion promctes
a positive surface in its region of hydrolysis and, second,
the hydroxyl ion may cause a polar, negatively charged

colloid to be physically attracted to the suxface as a


































































