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ABSTRACT

An experimental investigation was carried out to im-
prove the froth flotation méthod of separating coal pyrite.
The effect of several surface active agents on the float-
ability of an Iowa coal and its associated pyrite was studied
in both the presence and absence of methyl isobutyl carbinol
(MIBC), a commonly used frother. The effeqtiveness of a
special method of chemical pretreatment for depressing pyrite
was also investigated. In another phase of the research, the
zeta potential of the same coal and pyrite was measured
under the same conditions used in the flotation tests (in
the absence of frother).

In the absence of MIBC, the floatability of coal and
pyrite was low, and appeared to depend on pH. The maximuh
recovery of pyrite was obtained at a pH of 4.5 with recovery
being less at higher or lower pH. The addition of small
amounts of sodium cyanide, ferric chloride, NaszEDTA, and
ammonium thiocyanate appeared to reduce the floatability of
pyrite somewhat over a wide range of pH.

The addition of a small amount of MIBC significantly
increased the recovery of coal and pyrite with the increase
in the recovery of coal being much greater than the increase
in the recovery of pyrite. Also in the presence of MIBC,

the floatability of coal and pyrite seemed to be affected more
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by pH than in the absence of MIBC. On the other hand, several
potential pyrite depressants were found to be ineffective in
the presence of MIBC. The special chemicai pretreatment re-
duced the floatability of pyrite markedly while not greatly
affecting the floatability of coal. '
Measurement of the zeta potential of coal and pyrite
suspensions in dilute aqueous solutions of various reagents
provided an indication of adsorption phenomena. However,
there appeared to be no consistent direct correlation between

zeta potential and floatability.



INTRODUCTION

With constantly increasing consumption of fossil fuels
and limited supplies of crude oil, the coal industry recog-
nizes the need to make technological advances. The utilization
of coal, however, poses a difficult problem because the sul-
fur in coal upon combustion produces sulfur dioxide, a major
air pollutant. Most Iowa cdal,which contains a substantial
amount of sulfur, cannot be burned directly without violating
recent air quality reguiations. The necessity for new and
improved coal preparation processes, resulting in lower
benefication costs and the reduction of sulfur in coal, is
becoming more pressing. |

There are basically two approaches to the reduction of
sulfur in coal. One is aimed at removal of sulfur in the
form of sulfur dioxide from the stack gas, while the other
approach involves the removal of sulfur from coal prior to
combustion. The first approach is fraught with ﬁany prob-
lems, such as the low concentration of sulfur dioxide in the
stack gas and usually requires four to five times the
stoichiometric amount of aéceptor to secure the desired
eliminétion. The tremendous gas flow rates also create a
difficult problem for this approach. Hence, physical and
chemical processes to eliminate sulfur frgm coal prior to

combustion appear more economically promising than stack



gas desulfurization.

Sulfur in coal generally occurs in three forms: (1)
pyritic sulfur, (2) organic sulfur, and (3) sulfate sulfur.
The organic sulfur, being molecularly bound to the coal
matrix, cannot be directly removedvbf mechanical preparation
procédures. On the other hand, sulfate sulfur which occurs
primarily as calcium sulfate or iron sulfate can be removed
by most 6f the mechanical preparation techniques. The major
form of sulfur in many coals, pyrite can also be removed by
variou; mechanical benefication methods.

Although there is a large number of potential methods
~which can‘be utilized for removing pyritic sulfur from coal;
Fhe'applicability of vafious.processes is heavily dependent
on_the pgrticle size of the coal,‘and the difference inA
épécific gravity-betwééﬁ coai-and its impurities. They ére
éffécfive only on relatively coarse coal, i.e., greater than
35 ﬁesh (35) .° In much coal, however, the pyrite is finely
disSeminéted,and can be liberated only by very fine grinding.
It follows that two steps can be used for removing pyrite,

v first ;iberation by-fine grinding, and second removal of
inoréanié enfities in which pyrite occurs. Froth flotation
gaﬁlbe used to achieve'the second step. |

lFroth flotatioh ié a surface dependent proéess in which
the éeparation ;s based on the difference in surface charac-

L _ o - ,
teristics of coal and inorganic minerals (27). Thus a better



understanding of surface properties of coal and pyrite would
lay the foundation for further development and improvement
of the froth flotation method of separating coal and pyrite.

One of the most difficult problems in applying froth
flotation for separating pyrite from coal is that pyrite
tends to float with coal. According to Gaudin (23) pyrite
is extremely floatable if its surface is unoxidized or
slightly oxidized. The purpose of the present study was to
improve the separation of pyrite from coal by applying various
surface chemical treatments. which held promise of reducing
the floatability of pyrite without damaging the float- .
ability of coal. One type of treatment involved adsorp-
tion of a chemicai agent on the surface of the pyrite which
would render the surface hydrophilic and thereby depress the
pyrite during the flotation process. Another type of treat-
ment involved oxidizing the surface of the pyrite to make
it hydrophilic.

The floatability of an Iowa coal and of pyrite isolated
from the coal by hand-picking was determined with a modified
Hallimond tube microflotation cell. The floatability of
coai or pyrite was determined in the presence of various
ﬁotential pyrite depressants over a wide range of pH and in
both the presence and absence of methyl isobutyl carbinol

(MIBC), a commonly used frothing agent. The floatability of



coal or pyfite was also determined after applying a special
chemical pretreatment which involved‘tréating the materials
with a hot oxidizing solution of sodium carbonate through
which air was bubbled continuously.

The zeta potential of aqueous suspensions of coal or
pyrite was measured to study the effect on the zeta potential
of the varioué possible pyrite depressants and pH regulating
agents which were employed in the floatability tests. This
was done to gaih further insight into the aé@sorption of the
various chemical agents by the solid particles in question.
Since most of ;he agenﬁs were ionizable compounds, the selec-
tive adéorption of cations or anions by coal or pyrite
resulted in a change in surface charge on the partiéles
which was.reflected_by a change in the zeta potential. 1In
addition the zeta potentiai was investigated to see if there
was any correlation between the zeta potential of particles

in suspension and their floatability.



LITERATURE REVIEW

Theoretical Background of Froth Flotation

Nétive floatability

Froth flotation is a method for separating various types
of solid particles from each other based on differences in
surface properties. One of the products, known as tailings,
contains the worthless substances and is discarded; the other
product is known as concentrates and it containé the valu-
able substances in a more concentrated state (23). Froth
flotation processes can be classified into film, oil- and
froth flotation. The latter is the most widely used process.
It, és well as the other flotation processes, is based on
utilizétion of d;fferences in the physicochemical surface
' propertieé of particles of various minerals (27).

Arbiter ‘et al. (3) stated that the surface of solid
particles usually contains both hydrophobic énd hydrophilic
areas. The former area contains adsorption sites which are
predominantly nonpolar and which hold an adsorbate by means
of van der Waals forces. The latter area, in contrast,
contains adsorption sites which are predominantly ionic, and
can form potential ion-ion or ion-dipole bonds with air
adsorbate. Gaudin (23) noted the influence of crystal
chemistry and stated that crystals which do not have ions

at their surface will have more or less native floatability.



Conversely, crystals which do have ions at their surface
will have no native floatability. Chander ét al. (12)
suggested that floatability is determiﬁed primarily by the
hydrophobic part of the surface. Coal and other minerals
such as graphite, sulfur, and molybdenite show native
floatability or natural hYdrophobicity (11).

| In nature, most coals consist of floatable and non-
floatable chemical constituents which affect the flotation
properties in an opposite way. The floatability of coal is
governed by the balance between the two groups of components
(49) . The floatable constituents are considered water-
repellent and the nqnfloatable constituents water-avid.
The surface of a coal which is composed predominantly of
floatable components is mére floatable than. that of another
coal whose surfaceAis composed predominantly of nonfloatable
components (11).

The extent of particle surface oxidation is of great
importance in coal flotation. The surface of coal particles
oxiaizes quite rapidly, rendering the coal surface fairly
water—-avid (27). »Sun (50) made an extensive study of the
effects of okidation on the flotation properties of coal.

He found the following results:

1. The floatability of coals in the presence of a

neutral oily collector generally decreases with an

increase in the extent of their oxidation.



2. With neutral oil as a collector, thé floatability
of coals, particularly anthracite and lignite, is
little affected and occasionally benefited by
superficial oxidation at low temperature.

3. The low floatability of a mildly oxidized coal is
caused chiefly by the water-insoluble oxidation
products of its oxidized surface.

4. Generally the flotation of unoxidized coals with
0ily collectors is very little affected by the
presence of a small amount of water-soluble oxida-
tion products of the coals.

5. Certain cationic reagents are found to be effective
for the flotation of oxidized coals.

6. The floatability of oxidized coals in the presence
of oily collectors as well as cationic collectors
generally increases with a decrease in pH value.

According to Gaudin (23), pyrite is extremely floatable

if its surface is unoxidized. The floatability of pyrite
also depends upon the temperature at which it was formed.
Weakly oxidized pyrite is readily floated by fatty acid and
soap-type collectors, and by all reagents which can be used
for sulfide ore flotation. When pyrite is oxidized in the
presence of water, a film of ferric hydroxide, Fe(OH)3, forms
on its surface, leading to an extremely high level of

hydration (27).



Flotation reagents

The hydrophobicity of solid particles can be increased
or decreased by addition of surfactants to an agqueous sus-
pension of the particles. To be advantageous the surfactant
should adsorb selectively on the material to be floated or
" depressed (47). Surfactants are classified into several
categories, depending on their functions, as follows:

collectors, frothers, and regulating agents (23).

Collectors Gaudin (23) described collectors as
exerting their action by adhering to the surface of certain
mineral particles, either in their natural state or in some
altered chemical state, forming a nonpolar coating that re-
pels water but atfaches itself readily'to gas bubbles. Based
on structure, collectors are classified as nonpolar and
heteropolar. Collectors which are nonpolar hydrocarbon
liquids without a heteropolar structure and which do not
associate into ions are little used in flotation practice
(27). Typical nonpolar reagents, often termed oils, are
kerosene, qrude petroleum, fuel o0il, and certain éoal—tar
distillatesi(ll).‘ The nonpolar collectors render the
mineral water-repellent by covering its surface with a thin
film. The attachment of nonpolar collectors becomes pro-
gressi&ely easier és‘mineral surfaces become less hydrated

(27) . For this reason, nonpolar collectors can be used only



with minerals which are naturally water-repellent such as
coal, graphite, sulfur, diamond, etc. They are completely
inapplicable to flotation of minerals with anions which
contain oxygen (barite, calcite, etc.) or to flotation of
oxides (quartz, caprite, etc.) (27).

The heteropolar collectors dissociate into ions in
agueous solutions. Depending on the type of ion whiqh gives
the water-repelling effect, the ionizing collectors ‘are
divided into anionic and cationic collectors (24). The
water repellent ion structure always includes a hydgbcarbon
radical, the presence of which ensures that the mineral is
ren&ered water-repellent, and a group of atoms forming a link
between the hydrocarbon radical‘and the mineral surface.

The linking group of atoms is referred to as the "solido-
phil" group (27). According to DeBruyn (15), the behavior
of collectors at the mineral-solution interface is usually
referred to asian ionic adsorption process. Through the
distribution of collector ions between the solid surface and
the co-existing solution phase, the mineral is believed to

acqguire a water-repellent surface coating.

|

Anionic collectors Anionic collectors are

classified into two basic forms according to their composi-
tion and structural properties of their solidophil group

(27) . The first form utilizes either sulfonic acid or
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carboxyl groups as the solidophil group.

0 o) o
c” ; —o—d—o- ; —%—o—
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Of these collectors, the most commonly used- are organic
acids or soaps which are salts of alkali metals and organic
acids. A typical example is sodium oleate, the structure

of which is shown below (27).

HHHHHHMHHH HHHHHMHMHMH
l|||||||||'||||u|//0‘
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Polar group

Y J
(]

Nonpolar group

Anion (hydrophobic ion) |Soli- | Cation
i dophil ! ( hydro—

Hydrocarbon radical )
1group, philic ion)

The commonly used collector of this type in coal flota-
tion is sodium dodecylsulfate. The adsorption of this agent.
on the coal Surface was found to be insufficient to make
flotation possible in the absence of a nonpolar oil, but
the feagent did facilitate the spreading of a nonpolar oil
aﬁduimp£o§e flétation recbvery (11).

The second form of anionic collectors is based on a
solidophil group containing bivalent sulfur. The xantho-

genates and dithiophosphates must be mentioned in this
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category (27). The soldiophil groups for these substances
are:
S -0 S
7 Nz
-0—-C P
N s/ AN
S -0 S

solidophil group solidophil group
of of
xanthogenates dithiophosphates

The xanthogenates and dithiophosphates are highly selective

and effective collectors in sulfide mineral flotation (23).

Cationic collectors Cationic collectors are

widely used for flotation of silicates and certain oxides,
for which anionic collectors are not effective enough (27).
Most of the cationic collectors contain a solidophil group
with nitrogen as an amino group constituent. Collectors

of this type are extensively used to float many nonsulfide
and sulfide minerals (l11l). Glembotskii et al. (27) indi-
cated that cationic collectors are weakly attached to the
mineral surface. Sun (49) reported that certain cationic
collectors, laurylamine, rosin amine;D acetate, and iso-amyl

amine are very effective for floating oxidized coals.
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Frothers Frothers are heteropolar surface-active
organic substances whiqh are capable of being concentrated
at an air-water interface. Their presence in the liquid
phase of a flotation pulp increases air bubble strength and
helps to keep air'bubbles dispersed, thus improving the
conditions for mineral particle attachment and increasing
froth sfability (27).

Pure liquids of nonpolar, polar or heteropolar
structure (water, kerosene or alcohol) do not form a stable
froth when agitated in the presence of air (27). However,
in the presence of a smail'amount of a heteropolar surface-
active reagent, water willlfbrm a fairly stable froth. 1In
the.water-frother reaction, the water-dipoles readily react
with the polar groups of a frother and hydrate them, but
'produce no reaction with the nonpolar hydrocarbon group tend;
ing ﬁo force it into the air phase. Thus the molecules
concentnate‘in the surface layer with nonpqlar groups
oriented towards the air phase and the polar groups towards
the water phase (27).

In addition to providing froth stability, the frother,
according to Somasundaran (47), plays another important role
in the flotation mechanism.A The frother molecules can
migrate from the bubble surface to the particle/bubble
interface and co-édsorb on the particle along with the cbl—

lector ions. Such frother adsorption can be favorable for
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flotation, because the adsorption of the. neutral frother
molecules between the collector ions prevents the collector
ions from repelling each other and thereby enhances‘the
overa;l adsorption of the colléctor.

Addition of an electrolyte to water usually increases
its surface tension but the presence of surface-active
agents, such as frothers, lowers the surface tension of water

as shown below (27).

]
2
w electrolytes
) water

O

3}

(3]

%

H [

a surface-active-agents

concentration

Alcohols, terpinol, pine o0il, cresylic acid, and wash
liquids from the recovery of coke by-products have been used

as frothers in coal flotation (11).

Regulators Regulating agents take the form of

.activators and depressants. They are used to intensify or
reduce the water-repellent property of mineral particles.

A great number of chemical compounds are used as regulators
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'including salts, acids,‘alkalis, electrolytes, nondissocia-
ting inorganic and organic compounds (27).

Hydrogeh ions and hydroxyl ions play an important role
in flotation processés. The recovefy of alumina, quartz,
calcite (47),'stilomite, and graphite (3) is found to be
dependent on pﬁ. Coal hés been found to float well over a .
wide range of PH, althouéh in one study optimum conditions

. were obtained near the neutral point (11). Pyrite was also

- . found extremely floatable in acidic solutions but not in an

alkaline mediﬁm (27) . Sun (50)»sh9wed-that flotation of

oxidized coals is not affected by pH, however, recovery of
uhogidized anthracite and bituminous coals is pH dependent.
He found the bptimum pH values for floating these coals in‘

the presence of pine 0il to be 7.0 and 7.5 respectively.

Activators Activators are usually electrolytes,

- readily soluble in water. Their action leads to changes in
the chemical composition of the mineral surface layer which
may reduce éu;face hydration, increase the amount of col-
lectqr attached to the surface, and improve mineral flota-
tion (27). The water-soluble salts of heavy noﬁferrous metals
are used as aétivators for flotation of sphalerite; pyrite,
quartz and certain nonsulfide minerals." Inorganic electro-
lytes are capaﬁle of dehydrating mineral surfaces, buF this

ability is not very great and much smaller than that of
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collectors. 1Inorganic electrolytes do not render floatable

which are not naturally hydrophobic.

Depressants Reagents which prevent the adsorp-

tion of collectors on minerals and thereby retard their
flotaﬁion are known as‘depressants (42). Like activators,
most depressing agents are inorganic electrolytes. They
are used to reduce mineral surface hydration to provide a
more selective flotation process. There is no specific
classification for depressants; however, some of the more
important types of depressants are listed below (27).

'l; Sodium sulfide and other water-soluble sulfides are

used principally for depression of sulfide minerals.

2. Cyanides are extensively used for selective sulfide
or flotation and depressién of copper minerals and
pyrite.

3. Sulfites, hyposulfites and certain sulfates (i.e.,
zinc and ferrous sulfates) are used for depression
of sphalerite.

4. Sodium silicate (water-glass) is normally used for
depression of quartz and gangue minerdls.

5. Lime is a specific.depressant for ion-bearing
sulfides in the flotation of sulfide ores.

This list only includes the most important representatives
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of the various depressants. Some of the listed agents can
be used differently in relation to various minerals. For
example, sodium sulfide is an activator for oxidized minerals

of nonferrous metals but a depressant for sulfide minerals.

The variables of coal flotation

Froth flétation is widely used for the desulfurization
of fine coal. The effectiveness of froth flotation is mainly
dependent upon the coal characteristics, particle size, pulp
density, pH value, and flotation reagents (l1ll). The native
floatability of coal is affected by two basic processes
which‘occur during coalification (27). Firstly, the organic
matter becomes carbonized and its crystalline structure in-
‘creases the natural water-repellent properties of coal.
Secondly, the organic matter is oxidized and carbonyl
( = c=0) and carboxyl (—g-OH) groups are formed. These groups
react with water and render the surface water avid.

The floatability of coal is heavily dependent on the
size and the specific gravity of the particles. Brown (10)
stated the lower the specific gravity of the coal, the greater
the maxiﬁum-size of particle that can be floated. He also
reported that the maximum size of bituminous coal particles

(sp. gr. 1.35) which floated in a bench scale cell was 3x6

mesh tyler (6.7 x 3.3 mm). Under some conditions, maximum
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recovery is obtained with-coal of an intermediate size, as
both coarse and fine coal float poorly (10). The pulp
density also plays an important role in coal flotation. It
ayerageé from 20 to 30% by weight of solids in pulp (27).
However, pulp density varies in practice and depends on the
coal rank, type and ash content (10). Brown (10) reported
that high pulp densiﬁy favors the flotation of fine particles
rather than coarse. |
Coal has been found to float well over a wide range

of pH; in some cases the optimum value occurs near the
neutral point (10). Near pH 7.0 the coal has a negative
charge and as the pulp is.made more acidic, hydrogen ions
will be adsorbed to reduce the charge to near zero and the
hydrophotocity of the surface will be at a maximum.A In a |
more acidic pulp the coal surface will acquire a stitive
charge and in an alkaline solution hydroxyl ions will be
adsorbed to increase the negative charge, with a consequent
reduction in hydrophoticity (10).

| In coal flotation, surface active agents adsorb on the
coal surface and alter the flotation properties of the coal.
Nonpolar reagents with low solubility in water, such as oils,
are widely used in coal flotation as collectors. When oil
is added to the pulp it divides into droplets which adhere to
the coal and make it more hydrophobic (10). Heteropolar

reagents, having both polar and nonpolar groups are commonly
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used in coal flotation as collectors and frothing agents
(10). The effectiveness of a frothing agent depends on the
length of the carbon chain. The effective frothers of
monohydric aliphatic alcohql and monocarboxylic acid types
are found to have between five and ten carbon atoms in the
nonpolar group with an optimum of eight (10). The hetero-
polar.reagents used as frothers not only stabilize the
froth but‘also affect the emulsification and the spreading
of nonpolar reagents (27). Addition of inorganic electro-
lytes also affects the flotability of the coal. In the early
days of coal flotation, sea water was suggested as a substi-
tute for cresol as a frother (11). Coal has a considerable
capacity to adsorb the electrolytes. The adsorption of ions
changes ﬁhe electrostatié charge at the coal surface and
renders the surface more or less hydrophobic. Electrolytes
'are‘also able to compress the electrical double layer around
the coal particles and so may affect the stabilityfof the
hydrated layer at the surface.

| It is notable that the reagent-coal contact time should
be optimized. With a long contact time, much of the reagent
charge is adsorbed by the coal, passing into the particles
thrpugh their pores, and the effect of the reagent on the
coal surfgce is iost (27).

Thg presence of impurities and pyrite is frequently

troublesome in coal flotation because of their tendency to
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float with coal. Depression of pyrite may be brought about
by adding reagents such as lime, sodium cyanide, ferrié
chloride, ferric sulfate, etc. Sodium carbonate and
sodium silicate are sometimes added to the pulp to disperse
clay and shale (10). In the depression process, the pH
of the suspension appears to be more important than the choice
of reagents. Pyrite was found to be extremely floatable in
an acid medium and completely depressed in alkaline solution
(27) .

Other variables which also affect coal flotation are
temperature, feed rate, rate of removal, type of flotation

machine and the air flow rate.

Theoretical Background of Electrokinetics

.The reaction of water and the ions present in it with
minerals may cause changes in the composition and the
electrical state of the mineral surface (26). An important
feature of this reaction is the formation of a double layer

at the mineral-water interface.

Models of double layer

‘The approach of Helmholtz-Perrin was one of the first
attempts to explain the formation of an electrical double
layer. They suggested a model in which the double layer is

similar to a plate condenser, with its inner layer the
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+

charged surface of a solid particle and its outer layer a single
plane of ion‘s of opposite chérge with the two layers separated
from each other by a thin filmof water molecules (33). Kruyt
.(31) stated that this basic idea was later modified by Gouy.
and'Chapman:who introduced the concept of a diffuse ionic
“aﬁmosphere". According to this concept, the counter ions
(ions which have opposite charge from that of the surface)
are electrostatically attracted by the charged surface. At
the same time; however, these ions have a tendency to diffuse
away froﬁ the surface towards the bulk of the solution where
their concentration is lower. The action of the two competi-
fiVe'tendencies results in an equilibrium concentration of
counter ions such that the concentration gradually decreases
with increasing distance from the solid surface. The counter-
ion "atmosphere" is often referred to as the Gouy layer.
Stern (48); in 1924, introduced a model in which some of

the idealizations of the Gouy model are corrected. The cor-
rections resulted in the concept of a double layer that can
be regarded as a combination of the compact Helmholtz model
and the diffuée layer type model (11). According to Stern
(48), the thickness of the layer of counter-ions closest to
. the charges surface of the solid is limited by the size of
these ions. The layer of counter-ions is usually referred

to as the stern layer and is considered to be separated from

the solid surface by a layer of water having a thickness §,
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in which there is no charge (Figure 1). Beyond the stern
layer, the counter-ions are distributed as in a diffuse'Gouy
"atmosphere”". The total electrical charge of the counter—
ions in this system is divided between the electrical charge
at the Stern laye;, and the electrical charge of the dif-
fuge Gouy “atmosphere". The sum of these two charges is
equal and opposite to the solid surface charge. The po-
teﬁtial of the solid-solution interface drops linearly with
distance from the solid surface to the Stern layer. Beyond
this layer the potential decreases roughly exponentiaily

with distance.

Potential—déterminingﬁions and point-of-zero-charge

Potential-determining ions may be defined as those ions
which'affect the electfical potential at the particle
surface (11). Tﬁese ions include both the ions which at-
tach themselves to the mineral surface and form the double
layer and their counter-ions (27). In general, the ions
which constitute the crystal lattice are potential-determining
ions for ionic solids, ‘and hydrogen and hydroxyl ions are
potential-determining ions for oxides (2).

With certain concentrations of potential-determining
ions, no double layer exists and the surface of the solid in

solution is uncharged. This condition is called the point-

of-zero-charge (1l1).
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The point-of-zero-charge (PZC) of oxides depends on
the crystal structure, the chemical nature of the metal ions,
the presence of impurities, the degree of bulk and surface
hydration, and consequently on the past treatment of the
oxides (2). Campbell and Sun (1ll) suggested that the PZC
of an oxide may be determined by the pH at which the solid
shows a minimum solubility. However, Ahmed.(2) stated that
the PZC values obtained by slow acid-base titration using
" hydrated oxide precipitates can also be misleading in
practical work. The PZC of such oxide precipitates depends
on the impurities present in the precipitates and on the
hydrated nature and solubility of such precipitates. At the
pH of minimum solubility the concentrations of negative
and positive hydroxocomplexes of the cations in solution are
found to be equal (11). Under this condition, oxide
particles do not move in an electric field. This is called
the isoelectric point (IEP). In other words, if hydronium
and hydroxide ions are potential-determining ions, then the
PZC may be given the special name isoelectric point. Es-

sentially, there is no difference between PZC and IEP (11).

Electrokinetic system

The phenomena referred to collectively as electro-
kinetic effects pertain to the liquid flow that occurs along

a solid/liquid interface as a result of an applied potential
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gradient, and conversely to the potential developed when a
liquid is made to flow along an interface (43).

The electrokinetic effects which have been observed are
electrophoresis, electro-osmosis, sedimentation poténtial
" or Dofn potential and streaming potential. These phenomena

are defined by Van Olphen (52) as follows:

Electrophoresis The suspended charged particles move

throughAa liquid when an electric field is applied.

Electro-osmosis When a potential difference is main-

tained across a porous medium or a capillary, a flow of

liquid occurs from one end to the other.

Sedimentation potential A vertical electrical field

is created when charged particles are forced to move through

a liquid in response to gravitation or centrifugation.

Streaming potential An electric field is created when

a liquid is forced to move through a porous medium or a
capillary containing charged particles.

It is evident that all of these electrokinetic phenomena
depend on the nature of the double layer, and the potential
at the surface of shear between the charged surface and the
electrolyte solution (44). This potential is called the

electrokinetic or zeta potential (Figure 1). Shaw (44)
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stated that some difficulty is encountered in both calcula-
tion and interpretation of zeta potentials, the latter diffi-
culty arising from uncertainty associated with the term
surface of shear. The location of this surfacé 1s never
precisely known and, in reality, it is a region of rapidly

changing viscosity rather than a mathematical plane.

Electrophoresis

Electrophoresis has the greatest practical applicability
of the four electrokinetic effects and has received by far
the most attention (44). There are two well-known tyées of
electrophoresis, zone electrophoresis and miéroeiectro-
phoresis (43). Zone electrophoresis involves the migration
of charged particles which are supported on a relatively
inert and homogeneous solid in order to minimize convec-
tional disturbances (5). It is used mainly as an‘analytical
technique for small scale preparative separation (44). The
main applications are biochemical and clinical, particu-
larly for the study of protein mixtures (5). If the material
under investigation is in the form of a reésonably stable,
dilute suspension or emulsion containing microscopically
visible particles or droplets, then electrophoretic mobility
can be observed and measured directly by the microelectro-
vphoresis method (43).

The applications of microelectrophoresis measurements
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fall broadly into three categories (44): . N

Colloid stability . This involves measurement of the

zeta potential, and identification of the zeta potential with

the Stern potential.

Ion adsorption studies This involves measurement

of the zeta potential of solid particles utilizing this
property to obtain conditions for adsorption of ions on solid

surfaces.

Characterization of particle surfaces Studies of the

effects of pH, surface active agen;s, enzyﬁes, etc. on
particle mobilities give valuable information regarding the
nature of particle surfaces. This application is the most
pertinént to the present study.

The operation relating the electrophoretic mobility

and zeta potential is ekpressed as follows (44):

DzE/47n

VE B
where:
Ve = mobility of particles
D = dielectric constant of the medium
E = the applied electric field
n = viscosity of medium

{ = zeta potential
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This equation is called the Smoluchowski equation. For an

aqueous medium at 25°C the equation becomes:

r = 12.85 VE

For the complete derivation of this equation the papers of
Shaw (44) and Sennett and Oliver  (43) may be consulted.

The assumptions made in deriving the equation are (44):

1. The dielectric constant and viscosity of the medium
are assumed to be uniform throughout the mobile
part of the double layer,

2., The thickness of the double layer is uniform and
small compared to the radius of curvature of the
surface,

3. The liquid undergoes laminar flow.

The viscosity n and the dielectric constant D are
assumed constant because experimental and theoretical infor-
mation concerning their variation is lacking at present (43).
Laminar flow is not difficult to obtain in practice, but
more complicated problems arise when particles are non-
spherical resulting in a double layer at nonuniform thick-
ness.

The mobility of suspended particles is observed at
so-called "stationary levels". No matter what the cell
geometry, the suspension moves rapidly in one direction near

the wall, more slowly further from the wall, and in the
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opposite direction at,thg ceénter of the cell. At some point
in the cell there is no neﬁ motion applied to the suspension.
This is called the stationary level. The observed velocity
of the particles in the system at the stationary level is
equal to their electrophpretic velocity. The stationary
level is located at a distance equal to 14.8% of the diameter

N

from the wall of a cylindrical cell (31).
The Significance of Zeta Potential

Althqugh not always taken into account, the nature of the
electriéal.double layer has aﬁ important influence on many
practical systems. A review of the literature shows that
many workers have investigated the relation between zeta
potential and froth flotation. According to Glembotskii
et al. (27) the-electrical double layer has an important
-effect on the mineral surface wetability, since hydration
occurs in the outer layer of the double layer. It is notable
that the zeta potential is determined principally by the
thickness of the diffuse layer. The addition of an electro-
lyte reduces the zeta potehtial and also reduces the diffuse
layer thickness, therefore, the extent of mineral surface
hydration must also be reduced in these circumstances (27).

A decrease in the concentration of the electrolyte_will have
tﬁe 6§posite effect. |

Riddick (41l) made an extensive study of the significance
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of zeta potential on many hydrophobic industrial colloids.

He related the practical stability of a colloid and zeta

-

potential as shown in Table 1.

Table 1. Relationship of practical colloids to zeta
‘ potential (42)

Stability characteristics , Average Z.P., mv
Maximum agglomeration and precipitation +3 to zero
Excellent agglomeration and precipitation -1 to -4
Fair agglomeration and precipitation -5 to -10

Threshold of agglomeration (aggregates

of 2 to 10 colloidal particles) -11 to -20
Plateau of slight stability | |
(substantially no aggregates) -21 to -30
Moderate stability (no aggregates) -31 to -40
Good stability . -41 to =50
Very good stability -51 to -60
Excellent stability -61 to -80

Maximum stability -81 to -100

The Surface Adsorption Models

Adsorption involves the adhesion of reagents to the
surface of mineral particles (1). The effect of reagents
on the flotation process is related to their attachment to

the surface of mineral particles. According to Glembotskii
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et al. (27) the adsorption of reagents on mineral surfaces
may involve the following:
1. Physical or chemical interactioh between the
mineral surface and reagdents,
2. Formation of a surface compound in which the
reagents participate,
3. Adsorption of reagents on the mineral surface in the

form of films.

Physical and chemical adsorption

In physical adsorption the reagents are concentrated in
the outer layér of the double layer. Such concentration is
unstable and reversible. A simple reduction in bulk solu-
tion concentration shifts the adsorption equilibrium and
causes the reagent to pass from the mineral double layer into
solution (27). Physical adsorption occurs as a result of
attraction and repulsion between the solid and the adsorbate
due to van dér Waals forces. Chemical adsorption involves
the incorporation of reagents into the inner layer of tﬁe
electrical double layer. Adsorption of this type involves
the chemical inte;action between the adsorbate and the solid
resulting in chemical bond formation (l1). In chemical
adsprption, the adsorbed layer is very stable and cannot be
removed even by repeated washings with water (27). Chemical

adsorption is comparatively selective, results in less even

"
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distribution of reagents on the solid surface, and is much

slower than physical adsorption.

Formation of the surface compound

In the formation of a surface compound the atoms or
ions forming the mineral crystal lattice combine with ions
adsorbed from solution (27). It differs from chemical
adsorption because in the formation of a surface compound,
not only ions having dimensions similar to those of the
mineral lattice ions but also ions which differ greatly in
size and even configuration may become attached to the
crystal lattice. Another important feature of surface
compound formation is that the compound exists only in con-
junction with the surface, not as a homogeneous substance

having a definite composition.

Formation of films on the mineral surface

The interaction of a reagent and a mineral may result
in the formation of a film on the mineral surface. The film
is an independent phaée which can exist apart from the
mineral. The formation of a film on a mineral surface is
important in flotation practice because it changes the flo-
tation behavior of that mineral. The rate of the film forma-
tion process depends on the reagent concentration in the

solution, the concentration of mineral matter, the bulk
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temperature and the uniformity of the minérallsurface.
Cémpbell and Sun (11) stated that the adsbrption of

flotatién reagents on a solid surface depends upon the be-

havior of the electrical double layer. It was shown that

the double layer is dependent upon the surface potential. )

:Impurities strongly influénce the surface potential; there-
fore, it follows that the adsorption of flotatidn reagents
 may be affected by impurities present in the sample. For

| this réaéon,'among many other factors which influence the
flotation process, the past histofy‘of the mineral itself is

‘one of the most important factors.
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EXPERIMENTAL METHODS

Materials and Equipment Used

The coal samples used in this work were obtained from the
Iowa State University Demonstration Mine No. 1 in Mahaska
County, Iowa. 'The coal was crushed and then screened to
provide a -20/-40 mesh product. The coal was cleaned by
floating it in a 1.3 specific gravity solution of tetra-
chloroethylene and hexane. The float fraction was recovered
and dried, then pulverized to obtain a -60 mesh coal samplé;
A fraction of the cleaned coal was ground to a size of 5 to
50 uym. Another fraction was screened to proyide a -60/+100
mesh sample.

The pyrite was carefully hand-picked from the university
preparation plant tailings produced in treating similar coal.
The pYrite was crushed to 1/4 in. The material was then
split into two batches, pyrite I and pyrite II.

Pyrite I was pulverized and then screened to provide
—80/+100 mesh material. A fraction of this material was
ground to 5;50 um size and was used for both electrokinetic
and flotation studies. |

PYrite IT was only used to conduct flotation tests
involving methyl isobutyl carbinol. Pyrite II having a

particle size of about 1/4 in. was stored and was freshly

ground to provide -80/+100 mesh sample prior to the tests.
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The proximate analysis and sulfur distribution of the
coal and pyrite samples aré given in Table 2.

Throughout this investigation, deionized water was used
for all the experiments. Deionized water was obtained by
running Iowa State University tap water through a de-
mineralizing column, Catalog No. D8901, hose nipple cartridge
(Barnstead Corp.) .

For size reduction, drying, weighing and pH measurement
the following equipment was used:

1._‘A Beﬁch-Scale Double Roll Crusher (Smith Engineering
Works, Milwaukee, Wis.). 'Coal was crushed to 1/4
in. top size with this machine.

2. A Mickro-Samplmill (Pulverizing Machinery Division,
American—Marietta Co., Summit, N.J.). Coal was
pulverized fo -60 mesh size with this device.

3. An Analytical Mill (Tekma Company, Cincinnati,
Ohio), Model A-10 was used for reducing particles
to micron size.

4. A Drying Oven (Labline Inc., Chicago, Illinois)
was used for drying samples. |

5. A Méttler H31 analytical balahce (Mettler
Instrument Corp.) was used for weighing samples.

6. A Beckman pH meter (Beckman Instrument Inc.), Model

76 was used for measuring pH.



Table 2.

Chemical analysis of the coal and pyrite

%

Material Proximate analysis, wt. % Sulfur distribution, wt.
er " Volatile Fixed

Moisture Ash matter carbon Pyritic Organic Sulfate Total
Untreated 8.26 14.31 34.52 42.91 3.64 4.00 0.59 8.23
coal
Float 1.72 3.51 44 .92 49.85 0.55 3.96 0.16 4,35
fraction
Pyrite I 45.77 0.89 49.55
Pyrite II 48 .31 0.66 49,39

St
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Chemicals

The chemicals, their source, purity and stock solution
concentration are listed in Table 3. Basically the stock
solutions Qere prepared by weighing out a predetermined
amount of chemical and diluting it with deionized'water.
Fresh'solutions were prepared as needed for those that

change with age.
Zeta Potential Measurement and Apparatus

For zeta potential measurement, aqueous suspensions of
coal or pyrite having pH values from 3 to 10. were prepared
with deionized watér and different chemical reagents. The
suspenéions were prepared by weighing out 0.05g; of coal or
0.10(j;of.pyrite and‘then mixing the solids with 500 ml. of
deionized watef. Mixing‘was carried out in a 1000 ml. beaker
' uSing a magnetic stirrer with a polyethylene coated stirring
bar. An apprbpriate amount of chemical solution taken from
the stock materials was added to the beaker and the pH was
adjusted by adding a small amount of 0.1N'hydrochloric acid
or 0.1N sodium hydroxide solution. Three zeta potential
'determinatiOns were made on each'suspension using a fresh
portion of the suspension for each measurement.

The apparatus used fér measurement of the zeta potential

in this investigation was a Model 400 Laser Zee Meter
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Table 3. Chemicals used for the zeta potential and flotation
tests
Stock
Reagent Purity Source solnf
concen-
tration
HC1 Reagent grade Fisher Scientific Co. 0.1 M
" n
HZSO4 0.1 M
NaOH " " 0.1 M
Ca_(OH)2 " " 0.1 M
NaCl " Baker Chemical Co. 0.1 M
NaCN " Fisher Scientific Co. 0.1 M
n "
Na2C03 0.1 M
1 1] [1]
Na2803 0.1 M
Na28i03 " Matheson Coleman & Bell 0.1 M
Na3PO4 " Baker Chemical Co. 0.1 M
FeCl3 : " Fisher Scientific Co. 0.1 M
Aero 633
Depressant As received American Cyamid Co. 5% wt.
EDTA disodium Reagent grade Eastman Organic Chem. 0.1 M
NH4SCN " Matheson Coleman & Bell 0.1 M
1] .
(NH4)2HC6H507 Baker Chemical Co. 0.1 M
MIBC As received Union Carbide Corp.
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(Pen Kem Company). The Zee Meter measures the zeta potential
of colloidal particles by applying a micro-electrophoresis
technique to determine the rate of movement of these particles.
The colloid to be measured is placed in an electrophoresis
cell consisting of two electrode chambers and a connecting
chamber for viewing the particles. A voltage is applied
between two electrodes, one located in each chamber. The
applied voltage produces a uniform electric field in the
viewing chamber and the charged particles respond by moving
toward one or the other electrode. The positively charged
particles move toward the cathode (negative electrode) and
the negatively charged particles migrage towards the

anode (positive electrode). The speed of the particles is
directly proﬁortional to the magnitude of the particle

charge or zeta poteﬁtial, When the voltage is applied to

the cel}, the particles move with respect to the fluid and
the fluid also moves with respect to the cell. This second
effect is referred to as electroosmosis and is charac-
terized by'a ﬁovement of the fluid in one direction near the
~surface of the viewing chamber walls, accompanied by a return
flow in the opposite direction in the center of the viewing
cﬁambe;, Obviously there must be a plane where there is no
net motion applied to the fluid. This plane is called the

stationary level, which is located at a distance equal to
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14.8% of the diameter from the viewing wall. All the meas-
urements must be made at this stationary level to avoid
errors due to the fluid movement.

In order to obtain accurate results, samples used for
zeta potential measurement should have certain characteristics
which are described in Table 4.

Table 4. Input sample constraints in using the Model 400
Zee Meter .

Parameter Range

Particle size ‘ 0.1 to 50 um

Number of particles/ml. 106 to lO9

Typical conceptfation 3

for 2 ym particles 1 to 10 ppm
Specific conductancé 1l to 105 mhos/cm

pH 3 to 10

Minimum sample size 25ml. using syringe

Froth Flotation Apparatus and Operation

Two series of froth flotation tests were conducted
using two different particle size fractions of coal ana
pyrite. The fractions used in the tests without methyl
isobutyl carbinol (MIBC) were taken from the same stock

materials as those used in the electrokinetic tests (5 to
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50 um). For the series of experiments with MIBC, the size
fractions of material used were -60/+100 and -80/+100

mesh for coal and pyrite respectively.

AEEaratus

A modified Hallimond tube microflotation cell similar to
‘that described by Fuerstenau (21) was used to measure the
recovery of coal and pyrite. The equipment consisted éf a
nitrogen tank fitted with a pressure control valve, a rota-
meter, a 3-way stopcock, and a modified Hallimond tube
micrgflotation cell. A magnetic stirrer with a poly-
ethylene coated stirring bér was used for agitating the sus-
pensions. Copper tubing was used to connect the nitrogen
tank and the'pressure éontrol valve, andAtygon tubing was
used for connecting the.other equipment.

The microflotation cell (Figure 2) consisted of a
lower pért, which was a specially designed vessel (Figure 3),
and’an upper part. The two parts were connected by a 28/42

ground glass joint.

Ogeration

Compressed nitrogen in the tank was passed through the
pressure control valve, the rotameter, and the 3-way
stopcock. ' The gas was first vented to the atmosphere

establish a constant flowrate. To conduct a flotation test,
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Figure 2. Modified Hallimond tube microflotation cell
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100 ml. of deionized water or of a reagent solution of pre-
determined concentration was prepared in a 250 ml. beaker:

and 25 ml. of the liquid was then placed in the lower part

of the microflotation cell. The magnetic stirrer was turned

on and operated at é predetermined speed. Nitrogen was al-
lowed to pass through the lower part of the cell. One gram
of coal or pyrite was then added to the c¢ell. The pH of the
suspension was adjusted next by adding a small amount of 0.1 N
hydrochloric acid or 0.1 N sodium hydroxide solutions. For
the runs with methyl isobutyl carbinol,. 0.01 ml. of this
reagent was added after pH adjustment. The suspension was
then conditioned for 10 min. with agitation and nitrogen
flowing. After the conditioning period the upper part of
the Hallimond cell was connected to the lower part and 75 ml.
of the remaining liquid was added. The floatability test
was ca;ried out in a 4 min. at a nitrogen flowrate of 27
ml./min. The float fraction was collected in a 140 ml.
beaker by carefully removing the rubber stopper from the
concentrate collecting stem. Deionized water was used to
wash off the solid particles sticking to the wall of the
concentrate collecting stem, The remaining suspension was
collected in a 250 ml. beaker and thé pH ol the Lailings

was measured. This pH value was recorded as the flotation

pH. The lower part of the cell was then carefully washed to
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collect all the particles remaining therein. The concentrate
and the tailings were then filtered using a 30 ml. medium
porosity Buchner funnel, dried in the oven for 3 hr. at
100°C, and.weighed. The felative recovery percentage of

solids was calculated as follows:

Relative Recdvery== wt. of concentrate
Percentage wt. of concentrate + wt. of tailing

x 100

The Hallimond tube microflotation cell was used for
the floatability test of coal and_pyrite because it offers
several advantages (21). First thé results can be reproduced
with small samples (1-3 g.). Second, operating conditions
can be controlled accurately. Third, the aﬁount of liquid

in the cell and the reagent concentration remain constant

during the test.
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RESULTS AND DISCUSSION

Zeta Potential of Coal and Pyrite.

The zeta potential versus pH of coal and pyrite was
determined and the results are shown in Figure 4. 1In general,
the electrokinetic properties of Iowa coal were found to be
similar to those found for bituminous coal during previous
investigation by Campbell and Sun (11), and Baker and Miller
(4); The curves strongly suggest that hydronium and hydroxyl
ions behave as potential determining ions for coal. As the
pH of the solution is decreased hydronium ions are adsorbed,
causing the surface of the coal to become positively charged.
As the pH is increaséd, hydronium ions are replaced by
hydroxyl ions and the surface of the coal becomes negatively
charged.

The zeta potential of pyrite is ratherverratic, Ap-
parently, it behaves similarly to the zeta potential of coal
at high pH, when sodium hydroxide is used to regulate the
pH, but at pH less than 4.5 the pyrite surface becomes more
negatively charged, which is hard to explain. Campbell and
Sun (l11) also reported thaﬁ'hydronium ions and hydroxyl ions
are potential determining ions for coal but not for gangue.

In an attempt to study the effect of different pH
regulators on the solid surface charge, hydrochloric acid,

sulfuric acid, sodium hydroxide and calcium hydroxide were
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used to adjust the pH of the suspensions. The results shown
in Figure 4 indicate that the presence of multivalent ions
causes a slight change in the zeta potential of coal but

the effect is more pronounced for pyrite. When calcium
hydroxide is used to regulate the pH, the zeta potential of
pyrite reverses from negative to positive. The results
suggest the adsorption of positively charged calcium ions

on the pyrite surface. Glembotskii et al. (27) noted that
calcium ions strongly attach themselves to the pyrite surface.
They also suggested that calcium ions form insoluble com-
pounds with the products of sulfide oxidatiqn and a film of
calcium sulfate may be formed on the pyrite surface.

A series of measurements was conducted to investigate
the effects of various electrolytes on the zeta potential
of coal and pyrite. For these measurements, the pH of the
suspensions was regulated by'eitherlo.l N hydrochloric acid
or 0,1 N sodium hydroxide.

The addition of sodium chloride had little effect on
the zeta potential'of coal or pyrite. The results shown in
Figure 5.indicate that the zeta potential of coal and pyrite
at various pH is nearly independent of sodium chloride con-
centration. Campbell and Sun (ll) reported that the zeta
potential of bituminous coal a£ its natural pH is inde-

pendent of sodium chloride concentration.
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Cyanides, which contain the flotation-active anioﬁ CN,
are widely used as pyrite depressants in the selective flota-
tion of sulfide minerals where anionic collectors such as
xanthates are used to recover other sulfide minerals (19).
The.addition of small amounts of sodium cyanide shows a
significant effect on the zeta potential of pyrite (Figure
6). At a concentration of 10_5 mole/l. of sodium cyanide,
and pH below 7.5, the zeta potential of pyrite shows a
charge reversal from negative to positive indicating the
possible adsorption ef positively charged species. According
to Glembotskii et al. (27) cyanide reacts with metal cations
in two stages. Precipitates of relatively insoluble cyanide
salts are formed first, then these salts dissolve due to the

action of excess cyanide, and complex cyanide compounds are

formed.
1st stage - Fettt . 3CN' 2 Fe(CN)
2nd stage - Fe(cn) 4 + 3¢N 2 Fe(CN)G__—
At a cohcentration of 10_5 mole/1., the solution prob—

ably does not have enough excess cyanide to proceed to the
second stage, therefore, the major preduct at this concen-
tration is Fe(CN)3. Thus the positive charge of the pyrite
may be due to the adsorption of the positively charged

species Fe(CN)é. As the concentration of sodium cyanide is



49

SO rT—TT1T 71T T T 71T T T T T T T T 1.7

lowa Coal lowa Pyrite T

0 10°5M NaCN
-1 A 107%M NaCN
0 2xI0%M NaCN_]
v O M NoCN

—

zeta potential, mv.
o

Figure 6. Effect of sodium cyanide on zeta potential of coal
and pyrite at various pH



50

increased, excess cyanide'anions are available to cause the
second stage reaction to proceed further which provides the
negatively charged species Fe(CN);3. Thus the negative
charge of the pyrite surface at higher concentrations of
sodium cyanide may bé due to the adsorption of the negatively
charged species Fe(CN);3.and CN . Similar results were
obtained for coal, which suggests the adsorption of similar
species in both cases. Since both pyrite and coal contain
some acid soluble iron compounds (19), it seems possible
that enough iron was leached out of coal and pyrite to react
with cyanide to produée charged species which are absorbed
by the coél_or pyrite surface. The similar effect which
sodium cyanide displays on coal and pyrite does not offer
much promise for SOdium cyanide as a selective depressant
for pyrite in coal flotation.

The addition of sodium carbonate produces a major
change in the zeta potential of pyrite (Figure 7). At a
concentrafion of 10-4 mole/l., the zeta potential of pyrite
undergoes‘a charge reversal from negative to positive for
a pH smaller than 8. The results may be attribﬁted to the
adsorption of positively charged species. Since sodium
chloride has little effect on the zeta potential of pyrite,
it seems doubtful that sodium ions play an important role.

Another possibility is the adsorption of a positively charged
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film of ifon carbonate. The reduction in the zeta pdtential
of'pyrite at a concentration of 2.x 10_4'mole/l. indicates
the possible adsorption of the negatively charged species

3 3 The effect of sodium carbonate on the zeta
potential of coal seemslto be different. It appears that the

CO.  or HCO,

zeta potential of coal decreases as the concentration of
sodium carbonate is increased. However, when the concen-
tration of sodium carbonate was increased from 10-4 mole/1l.
to 2 x 10-4 mole/l. the zeta potential of coal also increased.
It suggests that at this concentration, the coal surface
absorbs some kinds of positively charged species causing the
increase in the zeta potential._ Since sodium carbonafe af-
fects the zeta potential of coal and pyrite differently,

it might serve as a selective depressant, especially at a
concentration of 10'-4 mole/l. where coal and pyrite show
opposite surface charges for a pH between 5.0 and 8.0.
Glembotskii et al. (27) reported that sodium carbonate can
serve as a pyrite depressant if the pyrite surface is un-
oxidized or oxidized very little. However, if the pyrite
surface is highly oxidized then soda ash will serve as an
activator fof pyrite. The depressive action of sodiqm
carbonate on pyrite is due to the presence of hydroxyl ions
resulting from the hydrolysis of sodium carbpnate. However,

the hydroxide ions may become carbonate ions due to the
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reverse reaction

+ 3H,0 2 3NaOH + NaHCO3 + H,CO3

2 Né 2»C 03

Under éuch conditions, carbonate ions dominate the ions
present in the suspension making them more available to
react with ferrous ions leached from pyrite to form posi-
tively charged iron carbonate. Thus the increase in the
zeta potential of pyrite at sodium carbonate concentra-

5

tions of 10 ° and lO-4 mole/l. may be attributed to the ad-

sorption of iron carbonate. However, the decrease in the
zeta potential of pyrite as the concentration of sodium

4

carbonate was increased from 10 = to 2 x lO—4 mole/1. may be

due to the adsorption of excess negatively charged ions CO3

and HCO3T. | |
Fer;ic chloride shows a pronounced effect on the zeta
potential of pyrite, Figure 8. The results indicate that
the zeta potential of pyrite increases as the concentration
of ferric chloride is increased. The results obtained
generally agree with those reported by Baker and Miller (4).
The positive values of the zeta potential of pyrite in
acidic solutions suggest the adsorption of positively
charged species. According to Mackenzie (32), for a pH
lower than 5.0, the positive ferric ions Fez(CH);4, Fe+3,

+ + . .
Fe (OH) 2 and Fe(OH)2 are present in the solution. Thus the

positive zeta potential of pyrite in ferric chloride solutions
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for pH smaller than 5.0 may be attributed to the adsorption
of these positively charged complex ions. The existence of
a positive zeta potential for pyrite in the pH range of 6.0
to 8.0 cannot be explained by the adsorption of the posi-
tively charged ferric ions mentioned above; since in this
range of pH, the concentration of these ions is negligible
(32). However, in this pH range the presence of positively
charged Fe(OH)3 colloids may account for the results obtained.
The presence'of ferric chloride does not appear to have the
same effect on the zeta potential of coal. The results
shown in Figure 8 indicate that the zeta potential of coal
at three different concéntrations of ferric chlor;de is just
slightly different than the zeta potential without any
ferric chloride. Apparently, ferric chloride provides a
very different effect on the zeta potential of pyrite and of
coal; thus it may serve as a selective depressant for
pyrite. In the pH ranges éf 4.5 to 7.0, 6.0 to 7.0 and 6.5
to 8.0 for 10—55 10—4.and 10‘-3 mole/1l. respectively, coal
and pyrite show opposite surface charges. The negaﬁive charge
of the coal surface in these ranges of pH may produce a
selective adsorption of cationic collectors due'to better
electrostatic attraction between the coal surface and the
cationic collecﬁors.

The effect of the disodium salt of ethylenediamine-

tetracetic acid (Na2H2EDTA) on the zeta potential of coal and
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of pyrite was also studied. The results shown in Figure 9
indicate that the zeta potential of pyrite ih the presence
of NaZH2 EDTA is independent of pH and decreases as the con-
' ceﬁtration of this salt is increased. The disodium salt of
EDTA is known to form stable complexes with iron. Thus,
the increasing negative charge of the pyrite surface may be
due to the adsorption of negatively charged iron complexes.

'The zeta potential of coal, on the other hand, was not
affected in the same manner. Apparently, it is dependent
of PH and decreases as the concentration of Nész EDTA is
increased. The effect of'the salt on the 2eta potential of
coal is more pronounced at high pH.

The results shdwn invFigﬁre‘Q indicate that for a pH
smaller than 5.0, the zetabpotential of coal and of pyrite
are of opposiﬁe'sign. Under these conditions the positively
chargeé coal surface should selectively adsorb an anionic
collector making it possible to separate coal from pyrite.

Three different chemicals, sodium silicafe, sodium
sulfite and sodiﬁm phosphate, were tested separately to
determine the effect of each agent on the zeta potential
of coal and pyrite. The ;esults are shown in Figure 10.
According to Glembotskii et al. (27) aqueous solutions of

water—-glass produce an alkaline reaction, due to the hydro-

lytic decomposition of sodium silicates which are salts of a
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strong base and a weak acid

Na25103 + 2H20 e H28103 + 2NaOH

Wark (53) suggested that silicic acid molecules tend
to polymerize with silicate ions to give large ionic
micelles of variable composition. These are surrounded by
an ionic atmosphere of sodium or hydrogen ions which are
attracted by the negative charges of the micelles. Thus the
increasingly negative charge of the coal surface in the
presence of sodium silicate may be due to the adsorption pf
negatively charged ions or micelles of silicic acid. Gelm-
botskii et al. (27) nofed that the absorption of sodium
silicate by the double layer next to a mineral surface is
not stable because it is easily removed by washing. The
positive charge of the pyrite surface in acidified solutions
of sodium silicate may be due to the adsorption of posi-
tively charged species. It seems possible that ferric ions
leached from the pyrite react with hydroxyl ions, the
product of hydrolytic decompositién of sodium silicate, to
form positively charged iron complexes or ferric hydroxide
colloids. Sodium silicate displays a different effect on
the zeta poteﬁtial of coal and pyrite. 1In the pH range of
4.0 to 7.0 the coal surface has a negative chérge while the
pyrite surface is positively charged. The results suggest

that cationic collectors may be used for coal flotation because
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they should be selectively absorbed.by the coal surface.

The zeta potential of both coal and pyrite appears to be
reduced by sodium sulfite (Figure 10). Taggart (51) stated
that in sulfide minerals flotatiqn, sodium sulfite can be
used to depress. pyrite. 1In depressing pyrite, the mineral
surface is covered by a coating of ferric sulfate in the pH
rage 6.4 to 8.2 and by basic ferric sulfite at higher'pH.
These ions, &ithin their respective pH ranges, prevent
bubble attachment to a pyrite surfacg originally xanthate
" coated (51). Glembotskii et al. (27) noted that sodium
Acyanide, sodium silicate and sodium sulfite are similarly
depressing on gangue minerals. The results shown in Figure
10 suggest that sodium sulfite depresses both coal and pyrite.
The coal and pyrite with similar negative surface charges
are unlikely to selectively adsorb either anionic or
cationic collectors.

Sodium phosphate similarly affects the zeta potential
of both coal and pyrite (Figure 10). As in thé case of
sodium sulfite, sodium phosphate does not appear to have a
selectively depressive action on pyrite.

Two organic agents which might serve as pyr;te depres-
sants were tested for their effects on the zeta potential
of coal and of pyrite, Figufe 11. In the presence of

ammonium thiocyanate, the negative charge of the coal surface



61

‘increases while the pyrite surface undergoes a charge
reversal from negative to positive at pH below 6. Ammonium

thiocyanate hydrolyzes in aqueous solution as follows:

+ -
NH4CNS 2 NH4 + CNS

- In the presence of ferric ions, complex ferric ions can be

formed (17).

cns” + e’ Tt 5 Fecns™t

The presence of positively charged complexes may account for
the positive charge of the pyrite surface. The different
effects which ammonium thioqyanate produces on coal and
pyrite surfaces may provide a selective depressive action on
pyrite. |

Diammonium citrate appears to have the same effect on
the zeta potential of both coal and pyrite. Both coal and
pyrite surfaces show an increase in negative charge, Figure
1l1. The results indicate that this agent is unlikely to

serve as a selective depressant for pyrite.
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Flotation of Coal and Pyrite

Flotation without frothers

An attempt was made to discover some of the basic
mechanisms involved in froth flotation by correlating the
zeta potential and the floatability of cbal and pyrite. A
modified Hallimond tube microflotation cell was used for
conducting the flotation tests.

In the following series of experiments only the float-
ability of pyrite I was tested. The pyrite was taken from
the same stock of materials prepared for zeta potential meas-
urements (5 to 50 pum). In this series of floatability tests
no frothing agent was used, only several potential pyrite
depressants were tested.

.The floatability of pyrite was tested at different pH
without any flotation reagents other than pH regulators.
Figure 12 shows relative per cent recovery of pyrite
versus pH along with the previously measured zeta potential.
The results indicate that the maximum recovery is obtained
at a pH of 5.0 with the relative recovery of pyrite de-
creasing as the pH of the suspensions is increased or de-
creased. The depression of pyrite in an alkaline medium is
in agreement with the behavior reported by Glembotskii
ét al. (27). The behavior of pyrité is closely connected

with its tendency to oxidize rapidly. According to
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Glembotskii et al. (27) the water-avidity of pyrite increases
sharply after 20 min. in water or 30 min. in air. Since
sodium cations are indifferent ions, their adsorption on the
pyrite surface, a reversible process, has no significant
effect on the wéter hydration of pyrite. Thus'the depressive
action of sodium hydroxide on pyrite is due to the effect

of hydroxyl ions, the presence of which forms ferric
hydroxide with ferric ions. Taggart (51) reported that the
existence of hydroxyl ions in a pyrite suspension results

in the formation of ferric hydroxide which plays a primary
role in the depression of pyrite. Because of its low
solubility, ferric hydroxide has a strong tendency to form
colloidal sols in which both water molecular'and hydroxyl
_ions are associated. A coating of these colloidal sols on
pyfite particles forms a water-avid surface.

- The water-repellent properties of a mineral surface,
which determine its floatability, are partially due to the
hydrating effect of ions present in the suspension. Thus
the absorption of hydrogen ions by the double electrical
1ayer may éhange the electrical state of the mineral surface,
and affect the attachment of particles to air bubbles (27).
This may account for the reduction in pyrife recovery at low
pH The similar trend between pyrite recovery and zeta
potential at various pH as shown in Figure 12 seems to indi-

cate a correlation between floatability and zeta potential.
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The results of the pyrite floatability tests in the
presence of sodium cyanide are shown in Figure 13. These
indicate that sodium cyanide has a tendency to depress
pyrite over a wide raﬁge of pH. Also the degree of pyrite
depfession increases as the concentration of sodium cyanide
is increased. Since the zeta potential also is reduced
(made more negativei by increases in sodium cyanide concen-
tration (Figure 6) it appears that the zeta potential and
floatability of pyrite in dilute sodium cyanide solutions
are correlated. Riddick (42) reported that mineral particles
with a’more negative charge are more stable and less float-
able. Glembotskii et al. (27) stated that cyanide is a
powerfui @yrite depreésant. Its depressive effect is stronger
than that of caustic soda, and is due to the action on pyrite
of (1) hydroxyl ions formed by hydrolysis of sodium cyanide
and (2) cYanide ions CN  which forms éompléx compounds with
ferric ions. The hydrolysis of sodium cyanide can be

represented as follows:

Na® + CN” + H,0 z Na® + OH™ + HON

Since the presence of hydrogen cyanide is highly dangerous,
cyanides must be used in an alkaline medium. The presence
of free alkali in solution shifts the reaction to the left.

Thus the effect of cyanide on pyrite in an alkaline solution
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is primarily due to the action of cyanide ions. Taggart

(51) stated that the mechanism of cyanide action with the

iron minerals has to be inferred from a variety of facts
dealing with the chemistry of cyanide and hydroxyl ions and
their interrelations, the amount of ferric and ferrous ions
present, and the relative solubilities of the reaction
products of the iron ions with the above anions and with
collector‘ions. He found that the depressive effect of
cyanide on pyrite in sodium oleate solutions is unstable but
that cyanide strongly depresses pyrite in ethyl xanthate
solutions. Glembotskii et al. (27) reported that the
depressive effect of cyanide depends on its concentration, the
composition of the minerals to be separated, the ionic :compo-
sition of the minerals to be separated, the ionic composition
of the pulp and the length of the carbon chain of the col-
lector.

Ferric chloride has a significant effect on the float-
'ability of pyrite. ' The results shown in Figure 14 indicate
that the floatability of pyrite was reduced over a pH range
of 4.2 to 10.0. A suspension containing ferric chloride is
naturally acidic due to the presence of hydrochloric acid,

a p;oduct of ferric chloride hydrolysis. The presence of
hydrogen ions may activate the pyrite surface making it more

floatable. This may account for the increase in recovery
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of pyrite at lower pH (below 4.0) for the suspehsions con-
taining 10-5 mole/l. of ferric chloride. As the pH is in-
creased, ferric ions form complexes with hydroxyl ions. The
adsorption of these complexes increases the surface hydra-
tion of pyrite, and thus reduces the floatability of pyrite.
The nature and composition of these complexes vary with the
suspension pH. For the suspensions with a pH of 6.0 or
smaller, all the ferric complexes present have a positive
charge. Between pH 6.0 and 8.0 the primary complexes are
various ferric hydroxides and above 8.0 the major complex
present is Fe(OH)Z (32) . Therefore, in coal flotation the
type of collector used in combination with ferric¢ chloride
should be chosen according to the range of pH.

The previous measurements of the zeta potential of py-
rite indicate that ferric complexes are adsorbed on the
byrite surface. However, an agreement between the zeta po-
tential and floatability of pyrite was not obtained. The
zeta potential of pyrite in solutions containing 10-'5 and
10—3 mole/1l. of ferric chloride approaches zero at a pH of
7.0 and 8.6 respectively. Riddick (42) indicated that the
maximum floatability of minerals (without collector) occurs
at a zeta potential near zero. The results shown in Figure
14 do not offer such agreement.

The addition of the disodium salt of ethylenediamine-

tetraacetic acid (Na2H2EDTA) did tend to depress pyrite over
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the pH range of 3.0 to 7.0 (Figure 15). Apparently, the
depressive action of NazHZEDTA on pyrite varies with its
concentration. For a pH smaller than 4.3, the recovery of
pyrite is higher for the lower concentration. The opposite
result was obtained for a pH greater than 4.3. These
results are different from those obtained for the zeta
potential of pyrite which is independent of pH (Figure 9).

Ahmed (2) stated that the adsorption of . surfactants with

chelating functional groups on oxide surfaces is favored in

the neutral region where the surface hydroxyl groups are

not fully dissociated énd the specific adsorption of

cations and anions is at a minimum. Such sutfactants can
form soluble complexes with metal ions, hydrophilic precipi-
tates or hydrophobic precipitates depending on the charac-
ter of the functional group.

The addition of ammonium thiocyanate also shows a
depressive effect on the floatability of pyrite (Figure
16) . The depressive action of ammonium thiocyanate may be
due to thg adsorption of ferric thiocyanate complexes.
According to Durrant (17), ammonium thiocyanate can serve

as a pyrite depressant, It forms a ferric thiocyanate complex

with ferric ions as follows:

- ++ +
cns” + Fe 't 5 Fe(ens) Tt

s

Since the pyrite surface is naturally negative
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in deionized water, it strongly adsorbs the positively
charged ferric thiocyanate complex due to electrostatic at-
traction. This action increases the surface hydration of
pyrite. An attempt was made to correlate the zeta potential
and floatability of pyrite in the presence of ammonium
thiocyanate.. It was found that the correlation between

the two properties is very poor. At a pH of 6.0, the zeta
potential approaches zero where the floatability would be
expected to be a maximum in the absence of a collector.
Howéver, the recovery of pyrite (Figure 16) simply increases
as the pH decrease with no apparent maximum in the recovery

curve.

The effect of MIBC

In the following flotation tests, a constant amount of
methyl isobutyl carbinol (MICB), a frother which is widely
used in coal flotation practice, was added to_deterﬁine its
effect on the floatabiliﬁy of coal and pyrite at various pH
and in the presence of different potential depressants.
Scott coal (-60/+100 mesh) and two.batches of -80/+100
pyrite (I and II) were used in this series of flotation
tests. The coal and pyrite I were prepared at the same time
and were used in the previous zeta potential and flotation
studies. Pyrite II was freshly ground, just prior to the

. flotation tests with MIBC. A Hallimond tube microflotation
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Figure 14. Effect of ferric chloride on floatability of
pyrite at various pH

Figure 15. Effect of the disodium salt of EDTA on
floatability of pyrite at various pH

Figure 16. Effect of ammonium thiocyanate on floatability
of pyrite at various pH
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dell'was used to conduct the tests. The procedure used was
similar Lo the one previously used. However, in this series
of tests, 2.0 g. of coal or pyrite was used for each run
instead of 1.0 g., and 0.01 ml. of MIBC was added to the
suspension right after the pH adjustment. The nitrogen

flow rate was inc;eased to 35 ml./min. because of the larger
size of the solid particles.

The results shown in Figure 17 indicate that the float-
ability of both coal and pyrite was significantly increased
by the addition of MIBC with the effect on the floatability
of the coal being much greater than.the effect on the float-
ability of the pyrite. The results also show that MIBC is
more effective for both coal and pyrite in an acidic medium.
A decrease in the floatability of pyrite as the pH increases
was expected because previous studies of the zeta potential
and flotation of pyrite in the absence of MIBC indicated
that the flotation of pyrite was suppressed by an alkaline
medium. Min (35) obtained similar results for untreated
Scott coal. He conducted flotation tests of untreated
Scott coal using 100 g. of coal (-35 mesh) with 0.4 ml. of
kerosene and 0.05 ml. of MIBC,Aand found that the coal
floated better in an acidic medium, with the4lowerlthe pH,
the higher the recovery. He also reported that the total

sulfur reduction was lower at the higher recovery which

indicated that the pyrite also floated better in an acidic
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medium.

In the presence of MIBC, the floatability of coal and
pyrite I depends on the types of acids or bases used for pH
regulation. The results obtained when sulfuric acid or
calcium hydroxide was used to adjust the pH are shown in
Figure 18 along with those obtained using hydrochloric acid
or sodium hydroxide. Apparently, the floatability of coal
and pyrite I did not depend on the type of acid but did
depend on the type of base. The results did not agree with
those reported by Glembotskii et al. (27) which indicated
that calcium hydroxide is a stronger pyrite depressant than
sodium hydroxide.

The use of MIBC for the flotation of coal and pyrite
appears to alter the effect of several potential depressing
agents for pyrite. The results obtained when ferric
chloride was tested as a pyrite depressant are shown in
Figure 19. These indicate that ferric chloride tended to
depress the flotation of coal but not the flotation of
pyrite. In fact it seemed to activate the pyrite and im-
prove its floatability. The results were not expected be-
cause the earlier experiments deéling with the flotation of
pyrite in the absence of MIBC indicated that ferric chloride
tended to depress pyrite in the pH range of 4 to 9.

Other surface active agents such as sodium carbonate,
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Na2H2EDTA, sodium silicate, and ammonium thiocyanate ap-
peared to increase the floatability of coal and pyrite I
(Figure 20-23). Apparently, these agents served as coal and
pyrite activators because they enhanced the recovery. The
results were unexpected because previous studies (27, 52)
dealing with the flotation of sulfide minerals indicated that
these agents are pyrite depressants. Fisher and Wheelock
(19) reported that the addition of aluminum nitrate, a re-
puted pyrite depressant, had the effect of increasing the
recovery of Scott coal over a wide range of MIBC concen-
tration. The use of aluminum nitrate also resulted in a
slight reduction in ash and sulfur contents of the float
product which indicated that aluminum nitrate served as a
pyrite depressant. The results were most pronounced at low
concentrations of MIBC. Thus the increase in recovery of
pyrite I when NaZHZEDTA, sodium silicate, and ammonium thio-
cyanate were added may have been due to the use of excessive
amount of MIBc; In general, the use of excess frother
reduces the selectivity of froth flotation (19).

A series of similar experiments was conducted using
pyrite II to compare the floatability of pyrite I and IT.
The results shown in Figure 24 indicate that in the absence
of MIBC, the recovery of pyrite I and II was similar in am

alkaline medium. In acidic solutions, the recovery of pyrite



79

8O rT—T T T T T T 1
COAL
A107%M Na,COy

ONO SALT

76 -

72 — 0.0iml. of MIBC

64 -

60 | —

PYRITE I
28 | -

+
+

24 | =

Relative Recovery, %
4

, [ N N
2 3 4 5 6 7 8 9 10U
pH

Figﬁre 20. Effect of MIBC on the floatﬁbility of coal and
pyrite in the sodium carbonate solution



80

80
76 |- -
72 - -1
68 - .
0\04 64 |- —
>
]
[o]
(3] . " -
Q —+ 4 +
[+
28 - -
Q
2
S
[ 29 —
o -
PYRITE I
20 L & 107%M NopH,EDTA _|
O NO SALT
16 k- 0.0im!l. of MIBC
12 —
8 1 1 1 )| )| 1 1 1
2 3 4 5 6 7 8 9 i0 1

pH

Figure 21. Effect of MIBC on the floatability of coal and
pyrite in the disodium salt of EDTA solution



80 T T
* COAL
76 —
72 |- . '
68 - -
: 64 |- -
3 ‘ .
>
o _
(o)
g N N
o PYRITE I
4 o NO SALT
5 | ' |
® 24 | 0.0Im!l. of MIBC__‘
m .
20 -~
16 —
e - —
8 [ R T |

) N |
2 34 56 7 8 9 101l
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II did not change with pH while the recovery of pyrite I
reached a peak at a pH of 4.2.

The addition of MIBC significantly increased the re-
covery of both pyrite I and II over ﬁhe whole range of pH
(Figure 24). MIBC had the most pronounced effect on pyrite
II at low pH while it had little effect on pyrite I at pH
below 3. The recovery of pyrite II simply decreased as the
pH was increased; on the other hand, the recovery of pyrite
I reached a maximum at a pH of 4.6.

An attempt was made to compare the effects of different
pH regulators on the floatability of the fwo pyrites in the
presence of MIBC. The results shown in Figure 25 indicate
that the use of sulfuric acid slightly increased the re-
covery of pyrite II but had little effect on the recovery
of pyrite'I. On the other hand, the use of calcium hydroxide
increaséd the floatability of pyrite I but not the float-
ability of pyrite II. a

As mentioned previously, in the presence of MIBC, the
reputed pyrite depressing agents such as ferric chloride,
sodium carbonate, NaZHZEDTA and sodium silicate served as
activators for pyrite I. However, under the same conditions,
these agents did not activate the surface of pyrite II but
tended in some cases to depress it for pH smaller than 8.

The results shown in Figures 24 to 30 clearly indicate

that the effect of a frother on the floatability of a mineral
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is complicated and dependent on many factors. In general,
the primary function of a frother is to extend the froth
stability. However, the specific functions and the
selectivity of a frdther depend on its concentration, im-
purities, particle size, solid lattice structure, the pH
etc., and vary from material to material and even from
sample to sample of the same material.

Booth and Freyberger (7) found that the presence of a
frother tends to maintain sphericity and smoothness in the
shape of air bubbles. A frother also slows the rise of
bubbles in a flotation cell, and usually generates small
bubbles and closely knit froths which are capable of sup-
porting heavy mineral loads without fallout of mineral
grains. The use of a frother provides high recovery but
sometimes does not yield high grade concentrates.

The influence of a frother in froth flotation depends
on many variables which affect the flotation process. The
efficiency of a frother is primarily judged by the grade of
concentrate obtained. The effect of a frother on a flotation
process not only depends on its chemical and physical prop-
ertieé but also on the type of collector used, the flotation
machine, the air flowrate, the type of coal,.the presence
of impurities, and the previous preparation and pretreat-

ment steps. Booth and Freyberger (7) stated that it is
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difficult to create a froth in the treatment of coarsely
ground ores which essentially have no slimes. However,
excessive quantities of slimes make it difficult to break
down the ffoth in the concentrates. The effect of a frother
is also influenced by the presence of inorganic salts and
'organic matter, and the pH of the éulp. Thus, selection

of a frother for any particular flotation process depends
upon many factors which influence its efficiency. Methyl
isobutyl carbinol (MIBC) is widely used'in'the selective

~ flotation of complex ores, and is of major importance in coal
flotation (11). Min (35) found that MIBC did not yield as
high a recovery as certain Dowfroth agents but it provided

a much better ash reduction.

Flotation after chemical treatment

Chemical pretreatment with é hot sodium carbonate
solution containing dissolved oxygen appears to be one of the
most effective ways to reduce the floatability of pyrite
(19). An experiment.was carried out to defermine the effect
of chemical pretreatment on the floatability of coal and
pyrite. The.experimental procedure used is as follows:

50 g. of Scott coal (-60/+100) or pyrite II (-80/+100) taken
from the same stock of materials used for pfevious zeta
potential and flotation studies was mixed with 500 ml. of a

10% by weight solution of sodium carbonate in a stirred
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Figure 24. Effect of MIBC on the floatability of
pyrite I and II
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Figure 25. Effect of MIBC on the floatability of
pyrite I and II with different pH regulators
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Figure 26. Effect of MIBC on the floatability of
pyrite I and II in ferric chloride solution
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Figure 27. Effect of MIBC on the floatability of
pyrite I and II in sodium carbonate solution
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Figure 29. Effect of MIBC on the floatability of
pyrite I and II in sodium silicate solution
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laﬁoratory flask. During the mixing period, the flask was
heated and the stirrer was set at a predetermined speed.
When the temperature of the mixture reached 80°C, air was
introduced continuously into the suspension through ‘a dif-
fuser. The treatment was carried out undér atmosphere
pressure for 30 mih. The air supply was disconnected; the
flask was removed from the heater, and cooled to room
temperature. The suspension was then filtered, and the
solids were collected and dried in the oven at 100°C for

3 hr. During filtration, no water was used to wash the filter
cake except a very small amount of deionized water was used
to remove the solid particles sticking on the wall of the
flask. The flotation tests were conducted using pretreated
coal or pyrite with deionized water at various pH. The
Hallimond tube microflotation cell was used to conduct the
flotation tests. The procedure used was similar to thé one
previously used with 0.01 ml. of MIBC. The results are sum-
marized in Table 5 for coal and pyrite respectively.

The results shown in Table 5 compared to those Shown in
Figure 17 indicate that chemical treatment prior to flotation
reduced the floatability of pyrite greatly while only re-
ducing the floatability of coal slightly.

Min (35) reported that chemically pretreated Scott

coal experienced greater total sulfur and ash reduction during
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Table 5. Floatability of chemically pretreated coal and

pyrite
Coal Pyrite
pH Relative recovery, % PH Relative recovery, %
3.2 60.02 3.3 2.65.
4.4 60.25 4.8 3.17
6.5 64.67 6.4 3.54
7.5 58.02 7.8 3.32
9.7 63.70 9.0 4.39

froth flotation than Scott coal which had not been treated.
Thus when untreated Scott coal was floated in a 0.05 weight
percent solution of sodium carbonate it experienced a re-
duction of 27.2% in ash content and 28.1% in total sulfur
content. On the other hand, when Scott coal was pretreated
with a 0.05 weight percent solution of sodium carbonate con-
taining dissolved air at 80°C for 30 min. after which the
reaction mixture was diluted with deionized water and
floated, the coal experienced a reduction of 33.1% in both
ash and total sulfur. However, the yield was 92.3% for the
untreated coal and 83.0% for the chemically pretreated coal.
The process seems to promise a betteriseparation of coal

and pyrite by froth flotation. The overall process may be
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optimized by investigating the parameters which affect both
the pretreatments and flotation steps. The pretreatment
conditions which should be investigated are time, tempera-
ture, type of alkali and its concentration. The flotation
conditions which should be investigated are slurry concen-
tration, flotation time, pH, type of frother and its

concentration.
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CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Floatability without MIBC

An investigation of the floatability of an Iowa coal and

pyrite in the absence of MIBC led to the following con-

clusions:

1.

In the absence of MIBC, the relative recovery of
either coal or pYrite was low and about the same
order of magnitude for both components under
most conditions tested.

The relative recovery of coal or pyrite was some-
what dependent on pH. in the case of pyrite I,
the maximum relative recovery was obtained at a pH
of 4-5 with the recovery being less a£ higher or
lower pH. In the case of pyrite II, the relative
recovery was almost independent of pH.

The addition of small amounts of sodiuﬁ cyanide,
ferric chloride, Na,H,EDTA, and ammonium thio-

cyanate exerted a slight depressing action on pyrite

I over a rather wide range of pH.
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Floatabiiity with MIBC

An investigation of the floatability of an Iowa coal
and pyrite in the presence of MIBC led to the fdllowing
conclusions.

1. The relative recovery of coal or pyrite was
increased significantly by the presence of MIBC
with the increase in the recovery of coal being

- much greater than the increase in the recovery
of pyrite.

2. The relative recovery of coal or pyrite appeared
to be affected more by pH in the presence of MIBC
than it was without MIBC. For both materials,
.acidic pulps resulted in higher recoveries than
basic pulps. Also higher recoveries were obtained
when calcium hydroxide was used to increase pH
rather than sodium hydroxide. This was an unexpec-
ted result since calcium hydroxide is reputed to be
a better pyrite depressant than sodium hydroxide.

3. Chemical pretreatment of coal and pyrite with a
10% sodium carbonate solution containing dissolved
air at 80°C and atmospheric pressure reduced the
floatability of pyrite I remarkably while only

slightly reducing the floatability of coal.
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The floatability of pyrite II which had been
ground and then stored for some time before being
utilized was somewhat different than the float-
ébility of pyrite II which was utilized after
being freshly ground. This difference may have
been due to a difference in the surface oxidation
of the pyrite.

The addition of small amounts of ferric chloride,

sodium carbonate, Na_H_.EDTA, sodium silicate, and

272
ammonium thiocyanate appeared to increase the
recovery of pyrite I and hence, seemed to serve as
activators rather than depressants. On the other
hand, these reagents except for ammonium thib—
cyanaté had little effect on the floatability of

pyrite II. Ammonium thiocyanate did seem to

depress pyrite II somewhat.

Zeta potential of coal and pyrite

1.

In coal flotation research, the measurement of the
zeta potential appears to be useful mainly asAa
means for studying the adsorption of various re-
agents by coal or pyrite rather than as a means
for predicting the floatability of either

component.
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No consistent relationship between the zeta po-

tential and the floatability of coal or pyrite

. was found. The lack of correlation between these

two factors may have been due to-the anisotropic
nature of the solid surface.

The zeta potential of Iowa coal was found to be

-similar to results found for Pittsburgh coal during

previous studies by Campbell and Sun (11), and Baker
and Miller (4).

Hydronium and hydroxyl ions are potential-determining
ions for coal. The results agree with those found
previously (4, 11). The zeta potential of pyrite
behaves similarly to that of coal at high pH sug-
gesting hydroxyl ions are also potential-determining
ions for pyrite.

Measurements of the.zeta potential indicate that

the electrical charge on pyrite particles in an
ayueous suspension is changed from negative to
positive in neutral or basic solution when approp-
riate concentrations of the following substances

are used: calcium hydroxide, ferric chloride,
sodium cyanide, and sodium carbonate. Among these
substances, only sodium cyanide appears to produce
the same sort of charge reversal in the case‘of

coal.
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The zeta‘potentials of coal and pyrite are of
opposite sign when these materials are suspended
in solutions of the following reagents at the
indicated pH:

Zeta potential

Reagent pH Coal Pyrite
Ca (OH) , 6-10 - +
FeCl3 7-8 - +
Na2CO3 7-8 - +
NH4SCN 5-6 - +
Na2H2EDTA 3-5 + -

These results show that cationic collectors might
be used advantageously for the selective flota-
tion of coal under the conditions indicated above
where the coal particles bear a'negative charge
or anionic collectors where the coal particles

bear a positive charge.
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RECOMMENDATIONS

The use of cationic and anionic collectors in
conjunction with other'reagents which cause coal
and pyrite particles to become oppositely charged
in aqueous suspension should be investigated

as a means for improving the selectively of

coal flotation.

A better understanding of the basic structure of coal
and pyrite and the physical and chemical changes
which these substances undergo due to size re-
duction is of major importance to the development
of the flotation process.

Since the addition of MIBC strongly influences the
floatability of coal and pyrite, it would be of
interest to investigate the interaction among
collectors, frothers, depressing agents and the
solid surfaces, particularly the adsorption of
éollectors and frothers Ey the solid surfaces in
various chémical solutions and at different pH.

A comprehensive understanding of the chemical
pretreatment step would also be helpful in sepa-

ratingAcoal and pyrite.
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