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METHODS OF INCREASING FLOTATION RATE

In the mining industry, mined ores and coal are upgraded using appropriate separation |
method. They are usually crushed and/or pulverized to detach (or liberate) the valuable
components from waste rocks prior to subjecting them to approeriate solid-solid separation
methods. Although coal is not usually pulverized as finely as ores, a significant portion of a
crushed coal is present as fines. Froth flotation is the most widely used method of 'separating the
valuables from valueless present.in the fines. In this process, the fine particles are dispersed in
water and small air bubbles are introduced to the slurry, so that hydrophobic particles are
selectiveiy collected on the surface of the air bubbles and exit the slurry while hydrophilic
particles are left behind.

A small dose of surfactants, known as collectors are usually added to the aqueous slurry
to render one type (or group) of particles hydrophobic, leaving others unaffected For the case of |
processing high-rank coals, no collectors are necessary as the coal is naturally hydrophobic.
When the coal particles are not sufficiently hydrophobic, however, hydrocarbon oils such as -
diesel oil or kerosene are added to enhance their ilydrophobicity.

T It has been shown recently that air bubbles are hydrophobic (Yoon and Aksoy, J. Colloid B
and Ihterface Science, vol. 211, pp. 1-10, 1999). It is believed, therefore, that air bubbles and
hydrophobic particles are attfacted to each other by hydrophobic interaction.

The floated products, which are usually the valuables, are in the form of aqueous slurry,
typically in the range of 10 to 35% solids. They are dewatered frequently by filtration prior to
further processing or shipping to consumers. The process of dewatering is often déscribed by

means of the Laplace equation:

2y,;cos0

Ap =—
p

[
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in which 7 is the average radius of the capillaries formed in between the particles that make up a
filter cake, Ap the pressure of the water inside the capillaries, 73 the surface tension at the
water(3)-air(2) interface and 0 is the éontact angle of the particles constituting the filter cake.
The capillary water can be removed when the pressure drop applied across the cake during the
process of filtration exceeds Ap. Thus, a decrease in 3 and 0, and an increase in 7 should help
decrease Ap and thereby facilitate the process of dewatering.
The U.S. Patent No. 5,670,056 disclosed a method of using hydrophobizing agents that
-can increase the contact angle (0) above 65° and, thereby, facilitate dewafering processes.
Mono-unsaturated fatty esters, fatty esters whose hydruphile-lipophile balance (HLB) numbers
are less than 10, and water-soluble polymethylhydrosiloxanes: were used as hydrophobizing
égcnts._ More recently, a series of U.S. patents have been applied for to disclose the methods of
using a group of nonionic surfactants with HLB numbers:in the range of 1 to 15 (Serial No.'
09/368,945), naturally occurring lipids (Serial No. 09/326,330), and modified lipids (Serial No.
09/527,1865 to increase 6 beyond the level that can normally be achieved using flotation
collectors and, hence, improve dewatering.
‘ Ever since the flotation technology was introduced to the mining induétry, its
practitioners have been seeking' for appropriate collectors that can increase © as much as possible
- without causing unwanted minerals inadvertently hydrophobic. A theoretical model developed
by Mao ‘and Yoon (Infemational JourﬁalAOf Mineral Processing, vol. 50, pp. 171-181, 1996) :
. showed that an increase in 6 can increase the rate at which air bubbles can collect hydrophobic

particles.
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OBJECTS OF THE INVENTION

From the foregoing, it should be apparent to the reader that one obvious iject of the :
present invention is the provision of novel methods of enhancing the hydrophobicity of the
particles to be floated beyond the level that can be achieved using collectors, so that the rate of
bubble-particle attachment and, hence, the rate of flotation caﬁ be increased.

Anothé‘r important objective of the invention is the provision of increasing the
hydrophobicity differencé between the particles to be floated and those that are not to be floated,
so that the selectivity of the flotation process can be increased.

An additional objective of the present invention is the provision of incréasing the .
hydrophc;bicity of the particles that are usually difficult to be floated such as coarse particles, |
ultrafine particles, oxidized particles, and the particles that are difficult to be floated in solutions
contah;ing high levels of dissolved ions.

Still another object of ‘the present invention is the provision of a novel collector for the -
flotation of phosphate minerals that are more effective than the fatty acids that are most ,

commonly used today.

SUMMARY OF THE INVENTION

The present invention discloses methods of increasihg the rate of flotation, in which air
bubbles are used to separate hydrophobic particles from hydrophilic particles. In this procesé, the ‘ '
hydrophobic particles adﬁere on the surface of the air bubbles and subsequently rise to the
surface of the flotation pulp, while hydrophilic particles not collected by the air bubbles remain
in the pulp. Since air bubbles are hydrophbbic, the driving force for the bubble-particle adhesion

may be the hydrophobic attraction. Therefore, one can improve the rate of bubble-particle
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adhesion and, hence, the rate of flotation by increasing the hydrophobicity of the particles to be
floated. |

In conventional flotation processes, appropriate collectors (mostly surfactant;) are used to
render selected particles hydrophobic. The collector molecules adsorb on the surface of the
particles with their polar groups serving effectively as.‘anchors’, leaving the hydrocarbon tails
(or hydrophobes) exposed to the aqueous phase. Since the hydrocarbon tails are hydrophobic,
the collector-coated surfaces acquire hydrophobicity, which is a prerequisite for flotation. In
general, the higher the packing density of the’ hydrophobes on a surface, the stronger the surface
hydrophobicity.

A conventional measure of hydrophobicity is water contact angle (0).
Thermodynamically, the higher the contact angle, the more favorable the flotation becozﬁes.
Therefore, there is a need to increase the hydrophobicity as much as possible. Unfortunately,
collector coatings do not often result in the formation of close-packed monolayers of
‘hydrophobes. The polar groups of collector molecules can adsorb only on certain sites of the .
surface of a particle, while the site density does not usually allow formation of close-packed
monolayers of hydrophobes.

It has been found in the present invention that cert;ain groups of reagents can be used in
addition to collectors to further increase the packing density of hydrophobes and, thereby,
enhance the hydrophobicity of the particles to be floated. Four groups of reagents have been
identified. These include nonionic sﬁrfactants of low HLB numbers, naturally occurring lipids, -
modiﬁed lipids, and hydrophobic polymers. These reagents, having no highly polar groups in
théir molecules, can adsorb in between the hydrocarbon chains of the collector molecules
adsorbed on the surface of particles. Most of the hydrophobicity-enhancing reagents used in the

present invention are insoluble in water, in which case appropriate solvents may be used to carry
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the reagents and spread them on the surface. However, some of the reagents may be used -
directly without solvents.

The solvents for the hydrophobicity-enhancing reagents may include but not limited to-
short-chain aliphatic hydrocarbons, aromatic hydrocarbons, light hydrocarbon oils, glycbls,
glycol ethérs, ketones, short-chain alcohols, ethers, petroleum ethers, 'petroleum distillates,
naphtha, glycerols, chlorinated hydrocarbons, carbon tetrachloride, carbon disulfide, and polar
aprotic solvents such as dhnethyl sulfoxide, dimetyl formamide, and NQmethyl pyrrolidone. The
amounts of solvents recjuired vary depending on the type of hydrophobicity-enhancing reagents
and the type of solvents used.

In the flotation industry, different types of collectors are used for different minerals. For
the flotation of sulfide minerals, thiol-type collectors are used. For the flotation of oxide
minerals, high HLB surfactants are used. For the flotation of natu_rally hydrophobic coal and
minerals, hydrocarbon oils such as ﬁJe.leils -are used. The hydrophobicity-enhancing rgagents
disclosed in the present invention can be used for any type of minerals, because these reagents
interaét primarily with the hydrocarbon chains of the collector molecules adsorbed on the -
surfape. | |

The benefits of using the hydropho;t)icity-enhancing reagents can be seen with all types of
particles present in a flotation cell. However, the most significant improvements can be obtained
with the particles that are either too smé.ll or too large to be floated. For the case of minerals, it is
difficult to float particles smaller than 0.01 mm and larger than 0.1'5 mm. The 'novel
hydrophobicity-enhancing reagents are also useful for the flotation of minerals that have becbme ,
considerably hydrophilic due to oxidation.

In the phosphate minerals industry, fatty “acids are commonly used‘ as collectors.
Hchvef, their efficiency deteriorates when the plant water contains high levels of phosphate

ions. This problem can be readily overcome by using the novel hydrophobicity-enhancing
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reagents disclosed- in the present invention in addition to a small amount of fatty acids. It has ',
been found also that phosphate esters can be used as standalone collectors for phosphate
minerals. These new collectors are effective in solutions containing high levels of dissolved -

phosphate ions.

DETAILED DESCRIPTION OF THE INVENTION

The process of air bubbles collecting hydrophobic particles is the most elementary and
essential step in flotation. The free energy changes associated with this process can be given by

the following relationship:
AG =7, = Y13~ V25 <0 [2]

in which y;, is the surface free energy at the solid—air interface, y13 the sutface free energy at the
solid-water interface, and y,3 has the same meaning as in Eq. '[1].
In flotation research, contact angles, 8, are usually measured using the captive Abubble' .
technique. In this technique, an air bubble is brought to a hydrophobic surface so that the -
solid}liquid interface is displaced by the solid/air interface. In effect, the contact angle (measured -
through fhe aqueous phase) gives the extent .at which the air bubble has displaced the water from *

the surface. According to the Young’s equation, the contact angle is given by

cos0 St [3]

Y23
Substituting this into Eq. [2], one obtains:

AG=723(cose—1_)<0, _ 41 -
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which suggests that air bubbles can collect particles during flotation if 6>0. It shows also that the
higher the value of ©, the free eﬁergy of bubble-particle interaction becomes more negative. .
Therefore, it would be desirable to find appropriate methods of increasing 6 for flotation.

It is well known that flotation is difficult when the particle size to be floated becomes too
small or too large. For the case of floating minerals, the pafticles tha‘; are outside the 0.01 to 0.15
mm range areA difficult to float. For the case of floating coal, somewhat larger particles (up to
0.25 mm) can be readily floated because their specific gravities are smaller than thosé of the
minereﬁs. The difficulty in floating fine particles was attributed to the low probability of collision
between air bubbles and particles, while the difficulty in floating coarse particles is caused by the
high probability of the particles being detached during ﬂotation.. According to Eq. [4], it would
be more difficult to detach a particle if © can be increased by appropriate means. Thus, increase
in contact angle should decrease the probability of detachment and, 'heﬁce, promote the
ﬂoatability of coarse particles. It is also well known that fine barticles coagulate with each other
in }aqueous media when they are hydrophobic (U.S. Patent No. 5,161,694) and fqrm larggl -
coagula. Therefore, increase in hydro.phobicity should help ﬁainimize the difficulty in floating.
fine ioarticles. | |

In the present invention, novel reagents aré used to enhance the hydrophobicity of the

particles that are naturally hydrophobic or have been hydrophobized using a collector,

combinations of collectors, or combinations of collectors and frothers. The novel hyd;'Ophobicity'
enhancing reagents include nonionic surfactants of low HLB numbers, naturally occurring lipids,'
modified lipids, and hydrophobic polymers. The use of these reagents will result in an increése
in the contact angles () of the pérticles to be floated so that their flotation rate is increased. The

beneficial effects of using these reagents are particularly pronounced with the minerals and coal
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that are difficult to float, i.e., fine particles, coarse particles, oxidized particles, and middlings
' particles containing both hydrophobic and hydrophilic grains.

The collectors that are used to hydrophobize minerafs are usually surfactants. They
adsorb on the surface of a mineral with their polar head groups in contact with the surfa'ce and
their hydrocarbon tails point.ing toward the aqueous phase. As a result, the collector adsorption
produces a coating of hydrocarbon tails (or hydrophobes) and thereby renders the surface
hydrophobic. The more closely packed the hydrocarbon tails are, the more hydrophobic the
surface of the mineral would become. However, the population of the surface sites on which the
collectdr.molecules can adsorb is usually well below what is needed to form a close-paqked
"m'onolayer of the hydrophobes. The hydrophobicit};-enhancmg reagents used in the present

invention are designed to adsorb in between the spaces created between the hydrocarbon tails of
the collector molecules adsorbed or adsorbing on the surface. This will allow the mineral surface
to be more fully covered by hydrophobes. It has been shown that the magnitudes of the attractive
“hydrophobic forces increase sharply when close-packed layers of hydrocarbon tails are formedv_
on a mineral surface (Yoon and Ravishankar, J. Colloid and Interface Science, vol. 179, p. 391, N
1996).

- The first group of the hydrophobicity enhancing surfactants are the nonionic surfactants
whose HLB numbers are below approximately 15.. These include fatty acids, fatty estérs,
phosphate esters, hydrophobic polymers, ethers, glycol derivatives, sarcosine derivatives, silicon-
based surfacﬁnts and polymers, sorbitan derivatives, sucrose and glucose esters and derivatives,
lanolin-based derivatives, glycerol esters, ethoxylated fatty esters, ethoxylated amines and '
amides, ethoxylated linear alcohols, ethoxylated tryglycerides, ethoylated vegetable oils,
ethoxylated fatty acids, etc.

| The second group of hydrophobicity enhancing reagents are the naturally occurring lipids.

These are naturally occurring organic molecules that can be isolated from plant and animal cells
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(and tissues) by extraction with nonpolar organic solvents; Large parts of the molecules are
hydrocafbons (or hydrophobes)_; therefore, they are insoluble in water but soluble in organic .

solvents such as ether, chloroform, benzene, or an alkane. Thus, the definition of lipids is based
on the physical property (i.e., hydrophobicity and solubility) rather than by structure or chemical
cbmposition. Lipids include a wide variety of molecules of different structures, i.e.,
triacylglycerols, steroids, waxes, phospholipids, sphingdlipids, terpenes, and carboxylic acids.
They can be found in various vegetal.nle oils (e.g.; soybean oil, peanut ‘oi'l, olive oil, linseed oil,
sesame oil), fish oils, butter, and animal oils (e.g., lard and tallow). Although fats and oils appear
different, that is, the former are,soli&s and the latter are liquids at room temperature, their
structure;q are closely related. Chemically, both are triacylglycerols; that is, triesters of glycerol‘., .
V with fhree long-chain carboxylic acids. They can be readily hydrolyzed to fatty acids. Corn oil, L
. for example, can be hydrolyzed to obtain mixtures of fatty acids, which consists of 35% oleic
acid, 45% linoleic acid and 10% palmitic acid. The hydrolysis products of olive oil, on the other
hand, consist of 80% oleic acid. Waxes can also be hydrolyzed, while steroids cannot.
Vegetable fats and oils are usually préduced by expresgion and solvent extraqtion or a
combination of the two. Pentane is widely used for solvent, and is capable of extracting 98% of :
' soybean oil. Some of the impurities present in crude oil, such as free fatty acids anﬁ "
phospholipids, are removed from crude vegetable oils by alkali refining and precipitation.

Animal oils are produced usually by rendering fats.

The triacylglycerols present in the naturally occurring lipids may be considered to be- o

large surfactant molecules with three hydrocarbon tails, which may be too large to be adsorbed in ‘
between the hydrocarbon tails of the collector molecules adsorbed or adsorbing on the surface of -
a mineral. . Therefore, the third grdup of hydrophobicity-enhancing reagents is the naturally
occﬁrring lipid molecules that have been broken by using one of severél different molecular

restructuring processes. In one method, the triacylglycerols are subjected to transesterification -
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reactions to produce monoesters. Typically, an animal fat' or oil is mixed with an alcohol and"
agitated in the presence of a catalyst usually H' or OH ions. If methanol is used, for example, in
stoichiometric excess, the reaction products will include methyl fatty esters of different chain
lengths and structures and glycerol. The reactions can be carried out at room temperature;
however, the reéctions may be carried out at elevated temperature in the range of 40 to 80°C to
expedite the reaction rate.

In another method of molecular modification, triacylglycerols are hydrolyzed to form
fatty‘acids. They can be hydrolyzed in the presence of H' or OH" ions. In the case of using the
OH' ions as catalyst, the fatty acid soaps formed by the saponification reactions are converted to
fatty acids by adding an ‘appropriate acid. The fatty acid soaps are high HLB surfactants and,
therefore, are not suitable as hydrophobicity enhancing agents.

-In still another method, triacylglycerols are reacted with glycerol to produce a mixture of |
esters containing one or two acyl groups; This reaction is referred to as interesterification.

Other methods of molecular modification would be to convert triacylglycerols to amides
by- reacting them with primary and secondary amines, or to thio-esters by reacting them-with"'
thiol§ in the presence of acid or bése catalysts. |

The process of breaking and modifying the lipid molecules are simple and, hence, do nét
incur high costs. Fur_thermore, the reaction products may be used without further purification,
which contributes further to reducing the reagent costs.

The acyl groups of the naturally occurring lipids contain even number of hydrocarbons
~ between 12 and 20, and may be either saturated or unsaturated.  The unsaturated acyl groups
usually have cis geometry, ';Nhich is not conducive to forming close-packed monolayers of
hydrocarbons. Some of the lipids have higher degrees of unsaturation than others. Therefore, it
is »désirable to either use the lipids cﬁntaining lower degree of unsaturation as they occur in

nature, or use the lipids containing higher degree of unsaturation after hydrogenation. The
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hydrogenation can décrease the degree of unsaturation of the acyl groups. This technique can be - -
applied to naturally occurring lipids, or after breaking the triacylglycerols present in the naturaH}.i
occurring lipids to smaller molecules using the methods described above.

The fourth group of hydrophobicity enhancing reagents are the hydrophobic polymers
such as polymethylhydrosiloxanes, polysilanes, polyethylene derivatives, and hydrocarbon
polymers generated by both ring-opening metathesis and methalocene catalyzedﬂpolymerization.

Many of the hydrophobicity-enhancing reagents disclosed in the bresent invention are not
readily soluble in water. Therefore, they may be used in conjunction.with appropriate solvents,
which iﬁclude but not limited to l'ight hydrocarbon oils, petroleum ethers, short-chain alcohols
short-chain alcohols whose carbon afom numbers ére less than eight, and any other reagents, that
can readily dissolve or dispersg the reagents in aqueous media. The light hydrocarbon oils
include -diesel oil, kerosene, gasoline, petroleum distillate, turpentine, naphtanic oils, etc.
Typically, one part by volume of a lipid, which may be termed as active ingredient(s), is
dissolved in Q.l to two parts of a soivent before use. The amount of the solvents required
depends on the solvation power of the solvents used. In some cases, more than one type of
solvents may be used to be more effective or more economical. Some of the hydrophdbicity-A H
enhancing reagents may be used without solvents. |

The third group of hydroph(l)bicity-enhancing reagents used in the present invention are
smaller in molecular size than the naturally occurring lipids. Therefore, they are more conducive -
to creating close-packed monolayers of hydrophobes and, hence, to increasing contact angles
Also, any of the reagents disclosed in the present invention becomes more effective when the-

hydrocarbon tails are mostly saturated either naturally or via hydrogenation.
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TEST PROCEDURE

The novel hydrophobicity-enhancing reagents disclosed in the present invention were
tested in both laboratory énd full-scale flotation tests. In a given laboratory test, an ore pulp was
conditioned -with a conventional collector to render the surface of the particles to be floated
. moderately hydrophobic. The ore pulp was conditioned again with a hydrophobicity-enhancing
reagent to increase the hydrophobicity. After adding a frother, air was introduced to the ore pulp,
so that air bubbles collect the strongly hydrophobic particies, rose to the surface of the pulp, and
form a froth phase. The frotﬁ was removed into a pail, filtered, dried, weighed, and analyzed. In
some cases, the fréth product was repulped and subjected to another stage of flotation test. The
first flotation step is referred tc; as rougher, and the second flotation step as cleaner. For the case
of in-plant test, a hydrophobicity-enhancing reagent Qas added to a conditioning 4tank. The ‘v
conditioned slurry was then p@ped to a bank of flotation cell. Representgtive amounts of the ‘Z

froth product and the tail were taken and analyzed.

EXAMPLES

Example 1

A porphyry-type copper ore from Chuquicamata mine, Chile, (assaying about 1%‘Cu),
was subjected to a set of three flotation tests. In each test, approximately 1 kg of the ore sample .
was wet-ground in a laboratory ball mill at 66% solids. Lime and diesel oil (5 g/t) was added to
the mill. In the control test, the mill discharge was transferred to a Denver laboratory flotation
cell, and conditioned with 5 g/ton of a convéntional thiol-type collector (Shellfloat 758) for 1
minutes at pH 10.5. Flotation test was conducted for 5 minutes with 20 g/t methylisobutyl
carﬁinol (MIBC) as a frother. Froth products were collected for the first 1, 2, and 5. minutes of

flotation time, and analyzed separately to obtain kinetic information.
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The next two tests were conducted using polymethyl hydrosiloxane (PMHS) in addition
to the thiol-type collector. This reagent is a water-soluble hydrophobic polymer, whosé role was.
to enhance the ﬁydrophobicity of the mineral to be floated (chalcopyrite) beyond the level that
could be attained with Shelifloat 758 alone. The hydrophobicity-enhancing reagent was added
after the 1 minute conditioning time with the Shellfloat, and conditioned for another 2 minutes.
In one test, 10 g/t PMHS was used, while in ‘énother 20 g/t PMHS was used.

The results of the flotation kinetics tests are given in Figure 1, in which the solid lines
represent the changes in récovery with time and the dotted lines show the changes in grade. Note
that the use of PMHS substantially increased the initial slopes of the recovery vs. time curves,
which indicated that the use of the noyél hydrophobicity-enhancing reagent increased the kinetics

_of flotation, | The improved kinetics was responsible for the substantial increase in copper
recovery obtained using PMHS. The increase in recovery caused a decreése in grade. Hov;lever, ‘
the decrease in grade was far outweighed by the substantial increase in recovery, which can Be

seen more clearly in the grade vs. recovery curves shown in Figure 2.

Example 2

Another porphyry-type copper ore was tested using PMHS as a hydrophobicity-enhancing
agent. The ore sample was from El Teniente Mine, Chile, and assayed 1.1%' Cu. In eéch test,
approximately 1 kg of the ore éample was wet-ground for 9 minutes with lime and diesel oil (15
g/t). Thé mill discharge waé conditioned in a Denver laboratory flotation cell for 1 minute with
Shellfloat 758 at pH 11. Flotation tests were conducted for 5 minutes using 20 g/t of MIBC as
frother. The froth products were collected for the first i, 2, and 5 minutes of flotation time, and
analyzed separately to obtain kinetic information.

Two sets of tests were conducted with the El Teniente ore samples. In the first set, three

flotation tests were conducted using 21 g/t Shellfloat 758. One test was conducted without using
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any hydrophobicity-enhancing reagent. In another, 15 g/t of 'sbdium isopropyl xanthate ([PX)‘
was used in addition to the Shellfloat (SF). In stillianother, 7.5 g/t of PMHS was used as a
hydrophobicity-enhancing reagent. The results are plotted in Figure 3, which show that the IPX
addition actually caused a decrease in recovery, while the PMHS addition caused a substantial
increase. In this figure, the numbers in the legend refer to reagent additions in grams per tonne
@. -
In the second set, three flotation tests were conducted with 10.5 g/t Shellfloat 758 and 7.5

g/t of diesel-oil. The latter was added to the mill. The tests were conducted using 0, 15 and 60
g/t'PMHS to enhance the hydrophobicity of chalcopyrite. The recovery vs. time curves (solid
lines), given‘ in Figure 4, show that the flotation rate increased in the presence of the novel
hydrophobicity-enhancing reagent. It is interesting that both the recovery (solid lines) and grade
(dotted lines) lwere increased. As a result, the recovery vs. grade curves shifted substantially as

shown in Figure 3.

Example 3

Laboratory flotation tests were conducted on a copper ’ore sémple from Aitik
Concentrator, Boliden AB, Sweden. Representative sampies were taken from a classifier
overflow, and floated in a Denver laboratory flotation cell. In each test, app;'oximatély 1 kg
sample was conditioned for 2 minutes with 3 g/t potassium amyl xanthate (KAX), and floated for
3 minutes. The tails from the rougher flotation was reconditioned for 3 minutes with 3.5 g/t of
KAX, and floated for another 4 minufes. A total of 30 g/t MIBC was used during the rougher
and scavenger flotation. The rougher énd scavenger concentrates were combined and analyzed.
During conditioning, the pH was adjusted to 10.8 by lime addition.

In anbther test, flotation test was conducted using an esterified lard oil as a ‘

hydrophobicity-enhancing agent. It was used in-addition to all of the reagents used in the control
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tests. The novel hydrophobicity-enhancing reagent was added in the amount of 7.5 g/t to the
slurry after the 2 minutes of conditioning time with KAX, and conditioned for another 2 minutes.

The esteriﬁed lard oil was pref)ared by heating a mixture of ethanol and lard oil at
approximately 60 °C while being agitated slowly. A small amount of acetic acid was used as a ‘
catalyst. The reaction product was used without purification, which should help reduce the costs
of the reagents. |

As shown in Table 1, the use of the hydrophobicity-enhancing agent increased the éopper
recovery by 2.9%, which is significant. It should be notgd here that in the presence of the
esterified lard oil, most of the chalcopyrite floated during the roughér flotation, and very little
floated during the scavenger flotation. This observation indicated that the use of the novel
hydrophobicity-enhancing reagent substantially increased the kinetics of flotation. In principle,
an increase in flotation rate should result in either increased recovery or increased throughput.

Table1  Results of the Flotation Tests Conducted on the Aitik Copper Ore with and
without Using Esterified Lard Oil

Product Control 15 g/t Esterified Lard Qil
Y%owt | %Cu %Recovery | %owt %Cu | %Recovery
Rougher & '
1 Scavenger 43 | 6.5 90.3 52 55 93.2
Tails - 95.7 0.031 9.7 94.8 | 0.022 6.8
Feed 100.0 0.31 100.00 100.0 | 0.31 100.0
Example 4

An oxidized coal sample (3 mm x 0) from West Virginia was subjected to flotation tests -
using kerosene, polymethyl hydrosiloxane, and esterified lard oil. Since coal is inﬁerently
hydrophobic, all of these reagents should adsorb on the surface and enhance its hydrophobicity. . *

The results of the flotation tests given in Table 2 show that both PMHS and esterified lard oil
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gave substantially higher recoveries than kerosene. At 0.6 kg/t, the latter gave 54% combustible

recovery, while the former oil gave 78.2 and 93.1% recoveries, respectively.

Table 2 Effects of Using PMHS and Esterified Lard Oil for the Flotation of an
Oxidized Coal E
Reagent Kerosene PMHS Esterified Lard Oil
Dosage | Ash | Comb. Rec. |. Ash | Com.Rec. | Ash | Com.Rec.
(kg/t) | (Yowt) %) | (Yewt) (%) (owt) | -~ (%)
0.2 8.6 7.5 8.7 44.1 9.01 60.2
0.4 9.1 40.0 9.6 70.0 10.3 88.3
0.6 9.4 54.3 - 10.6 78.2 11.5 93.1
Example 5

An ultrafine bituminous (325 mesh x 0) coal is being proces,séd at a coal preparation plant
.in West Virginia. The recbvery was low because of the fine particle size. Sorbitan monooleate
(Span- 80) was tested as a hydrophobicity-enhanciné reagent in full-scale operation, and the
results were compared with those obtained using kerosene as collector. As shown in Table 3,
kerosene gave 35% recovery, while Span 80 gave 66.8% recovery. The ash content in clean coal A
increased considerably, most probably because the novel hydrophobivcity-enhancing reagent '
increased the rate of flotation for both free coal and middlings particles. In this example, Spén
80 was used as a 1:2 mixture with diesel oil. 'fhe reagent dosage given in the table includes both.
In order to see the effect of the diesel oil used in conjunction with the novel hydrophobizing
agent, another test was conducted using 0.33 kg/t of diesel oil alone.

The results were

substantially inferior to those obtained using Span 80.
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Table 3 Comparison of the Full-scale Flotation Tests Conducted on a -325 Mesh Coal
Using Kerosene, Diesel and Span 80

Reagent Ash (%wt) Combustible

Dosage Clean Recovery
Type (ke/) Feed Coal Refuse %)
Kerosene 0.5 415 ] 8.0 51.2 35.3
Reagent U 0.5 40.5 | 12.6 | 63.7 66.8
Diesel Oil 033 |40.7| 8.8 | 551 | 442

Example 6

Fatty acids are commonly used as collectors fqr the beneficiation of phosphate ores.
However, companies face problems when phosphate ions build up in plant water. Apparently,
" the phosphate ions compete with the oleate ions for the adsorption sites on the mineral surface,
causing a decrease in hydrophobicity. A solution to this problem wéuld be to treat the plant
water to remove the phogphate ions, which may be a costly exercise. A better solution may be to
use hydrophobicity-enhancing reagents to compensate the low hydrophobicity created by fatty .
acids. “

In this example, a 1;hosphate ore sample from eastern U.S. was floated using two different =
hydrophobicity-enhancing reagents, i.le.,' trideéyl—dihydrogen phosphate (TDP) and soybean oil.
The samples were condupted with 0.125 kg/t Tall oil fatty acid and varying amounts of TDP and
soybean oil. The flotation tests were conducted for 2 minutes in mill water containing a high
level of phosphate‘ions. The novel hydrophobicity-enhancing reagents were used as 1:2 mixtures - -
with fuel oil. The test results are given in Table 4, where the reagent dosages include the
amounts of the diesel oil. Also shown in this tat;le are the results obtained using the fatty acid -
alone as a 0.6:1 mixture with the fatty acid. As shown, both TDC and soybean oil increased the
recovery by approximately 10%. The low recovery obtained with the fatty acid may be attributed

- to the phosphate ions present in the mill water. The results given in Table 4 demonstrate that this . )
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Table 4 Effects of Using TDP and Soybean Oil for the Flotation of a Phosphate Ore
in Mill Water Containing a High Level of Phosphate Tons

Dosage Fatty Acid TDP’ Soybean Oil*
(ke/ton) P>0Os -Recovery P,Os - | Recovery P,0s Recovery
(Wt%) (%) (Yowt) (%) (Yowt) (%)
0.125 27.2 6.0 27.1 74.5 27.5 73.2
0.25 26.8 714 26.8 932 27.3 80.0
0.5 26.6 86.6 26.3 96.5 27.2 95.3
Feed 16.4 100.0 16.4 .| 100.0 16.4 100.0

"0.125 kgt fatty acid was used.

Example 7
In Examples 6, tridecyl-dihydrogen phosphate was used in conjuncﬁon with fatty acid,

where the latter renders the mineral moderately hydrophobic and the former enhances the

hydrophobicity. It was found, howevef, that TDP could be used as a standalone collector. Table :

4 compares the flotation results obtained with the same phosphate ore used in Example 6 usihg‘ o

tap water and plant water, It shows that the phosphate ester is an excellent phosphate mineral

collector, which works well independently of water chemistry.

Table4 Results of the Flotation Tests Conducted Using TDP as a Phosphate Mineral '

Collector ‘
Tap Water Plant Water
D(lo{;tg)e P,0s Recovery P,0s Recovery

‘ (Yowt) (%) (Yowt) (%)
0.25 27.1 73.2 27.0 87.1
0.50 23.6 - 96.7 26.3 95.9
1.00 23.4 97.1 26.2 96.7
Feed 154 100.0 - 16.4 100.0
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. Example 8

In many coal preparation plants, coarse coal larger than 2 mm in size is cleaned by
dense-medium separators, the medium size coal in the range of 0.15 to 2 mm or 0.5 to 2 mm is
cleaned by spirals, and fine coal smaller than 0.15 mm or 0.5 mm is cleaned by flotation. The
spirals are used because the conventional flotation methods have- difficulty in'recovering
particles larger than 6.5 mm. | | |

In this example, an esterified lard oil was used as a collector for the flotation of a 2 mm
x 0 coal (anthracite) sample from Korea. The results, given in Table 5, show that the use of
this novel flotation reagent greatly improved the coarse coal flotation. This improvement may
be attributed to the likelihood that the hydrophobicity-enhancing reagent increased the
strength of the bubble-particle adhesion, and thereby decreased the probability that coarse

particles are detached during flotation.

Table 5 Effects of Using Esterified Lard Qil for the Flotation of 2 mm x 0 Coal

Reagent . Kerosene - Esterified Lard Oil
Dosage Combustible Ash (Yowt) Combustible Ash (Y%owt)
(kg/t) Recovery (%) Recovery (%)
0.2 44.7 9.2 56.2 9.5
0.4 68.4 ‘ 9.9 - 78.7 11.2
1.0 83.4 11.0 91.2 11.8
Example 9

A2mmzx0 Pittsburgh4 coal sample was subjectéd a flotation test, in which 0.5 kg/t |
PMHS was used as a hydrophobicity-enhancing feagent. The reagent was used in butanol
solutions; however, it also works without the solvent. A Denver laboratory flotation machine
was used at 1,400 r.p.m. with 150 g/t MIBC. The pulp density was 12.5%, and 3 minutes of - |

conditioning time and 2 minutes of flotation time were employed. The results are given in Table - "
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6, which also gives the results obtained with 0.5 kg/t kerosene. All other conditions were the '
~ same as with PMHS excepf that only 2 minutes of flotation time was employed. As shown,
PMHS gave a substantially higher recovery, demonstrating that the ﬁse of a hydrophobicity-

enhancing reagent disclosed in the present invention is useful for floating coarse particles.

Table 6 Comparison of the Flotation Results Obtained with PMHS and Kerosene on
a 2.0 mm x 0 Pittsburgh Coal Sample

Kerosene ‘ PMHS
Product | Ash Content g?cl::/ii; Ash Content g:g::i;
Q, 3 0
SN Y Y I )
Clean Coal 6.8 88.2 8.2 98.0
Reject 47.0 11.8 ' 80.8 2.0
Feed 14.5 100.0 14.5 100.0

Example 10

The coarse kaolin clay mined in middle Georgia contains colored impurities anatase
(TiOy) and iron oxide. The former is removed by flotation, and the latter is chemically leached in
sulfuric acid in the presence of sodium hydrosulfite. However, the removal of anatase from the o
east Gebrgia clay is a challenge, as 90% of the particles are ﬁner than 2 ym. In the presént
example, an east Georgia ciay containing 3% TiO, was blunged ‘with 4 kg/t sodium silicate and -

1.5 kg/t ammonium hydroxide in a kitchen blender. The clay slip was then conditioned with-

different amounts of Aero 6793 (alkyl hydroxamate) and floated at 25% solids. The results are :

given in Table 7. The best results were obtained with 1 kg/t Aero 6973 and 0.5 kg/t PMHS,
which show that the use of a hydrophobicity-enhancing reagent is useful for increasing the

kinetics of flotation of ultrafine particles. A small amount of butanol was used as solvent for

PMHS.
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Table 7 Effects of Using PMHS for the Removal of Anataée from an East Georgia
Kaolin by Flotation :

Weight Recovery (%

% TiO, 2 ry (%)

0 1 ket 1.5 ke/t 1 kg/t Aerp 6973 |
Product - Aero 6973 Aero 6973 &
rToduc 0.56 kg/t PMHS

2.0 83.5 89.1 , 93.4

1.5 - 72.0 83.2 88.1

1.0 - 70.2 : 78.5

Iclaim:

1. A process of separating hydrophobic and hydrophilic pérticles dispersed in an aqueous
slurry by collecting the hydrophobic particles on the surface of air bubbles, which
.comprises the steps of |

i) adding a hydrophobicity-enhancing reagent or mixtures of the said
hydrophobicity-enhancing reagents to the said aqueous slurry,

ii) agitating the said aqueous slurry to allow for the said hydrophobicity-
enhancing reagent(s) to adsorb on the surface of the said hydrophobic
particles so that their hydrophobicity is substantially enhanced,

iii) introducing air bubbles to the said aqueous slurry‘ so that the said
hydrophobic particles, whose hydrophobicity has now been greatly enhanced, -

- can be more readily collected by the said air bubbles,

iv) allowing the bubble-particle aggregates to rise to the surface of the said

aqueous slurry to be separated ﬁom the said hydrophilic particles in the

aqueous slurry, and
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thereby increasing the flotation rate at which the said hydrophilic and hydrophobic
particles are separated from each other.

2. “The process of Claim 1 wherein the said hydrophobicity-enhéncing reagents include
nonionic surfactants whose hydrophilé-lypbphile balance (HLB) numbers are less than
15, naturally occqr;ing lipids, modified lipids, and hydrophobic polym;ars.

3. 'fhe process of Claim 1 wherein the said hydrophbbicity-enhancing reagents are used
in conjunction with appropriate solvents, which include short-chain aliphatic
hydro,carb;)ns, aromatic hydrocarbons, light hydrocarbon oils, glycols, glycol etﬁers,
ketones, short-chain alcohols whose carbon numbers are fewer than - eight, etﬁers,
petroleum ethers, peﬂoleum distillates, naphtha, glycerols, chlorinated hydrocarbbns,

_carbon tefrachloride, carbon disulfide, and polar aprotic solvents such as dimethyl
sulfoxide, dimetyl formamide, N-methyl pyrrolidone, and other réagents that can help
dissolve or disperse the reagents in aqueous media.

4. The process of Claim 1 wherein the said hydrophobic particles are naturally
hydrophobic such as coal, graphite, talc, molybdenite; etc. |

5. The process of Claim 1 \;vherein_ the said hydrophobic particles have been rendered
moderately hydrophobic by adsorbing appropriate sul;factants and collectors, including
those that are normally used for flotation.

6. The process of Claim 1 wherein the said increase in flotation rate becomes pronounced
particularly with coarse particles, fine particles, middlings, and oxidizéd particles that
are difficult to ﬂoaf without using the said hydrophobicity-enhancing reagents.

7. The process of Claim 1 wherein the.said increase in flotation rate becomes prbnounced
particﬁlarly wheﬁ flotation is adversely.affected in the presence of high levels of

dissolved ions.
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The process of Claim 2 wherein the said nonionic surfactants are selected from fa@
acids, fatty esters, phosphate esters, hydrophobic polymers, ethers, g1y001 derivatives,
sarcosine derivatives, silicon-base& surfactants and polymers, -sorbitan. derivatives,
sucrose and glucose esters and derivatives, lanolin-based derivatives, glycerol esters,
ethoxylated fatty esters, ethoxylated amines and- amides, ethoxylatéd linear alcohols;
ethoxylated Vtryglycerides', ethoxyfated vegetable oils, ethoxylated fatty acids, and other
neutral surfactants whose HLB numbers are less than 15. |

The process of Claim 2 wherein the said naturally-occurring lipids are selected from
vegetable oils, fish oils; and animal oils, the majo; components of which béing
triacylglycerols. -

The process of Claim 2 wherein the said modified lipids include the molecules that are

-smaller in size than the triacylglycerols present in the naturally-occurring lipids, and

those that have been produced by reactions including but not limited to .
transesterification, ':mter-esteriﬁcafion, amide formation, thio-esterification, and
hydrolysis. |
The process of Claim 2 wherein the said modified lipids include those that have been
hydrogenated to minimize the number of unsaturated hydrocarbons in the acyl groups.
The process of Claim 2 wherein the said hydrophobic polymers include but not limited
to pélymethylhydrosiloxanes, polysilanes, polyethylené derivatives, and hydrocarbon
polymers generated by both ring-opening metathesis and metallocene—catal&zed--
polymerization.

A process of rendering phosphate minerals hydrophobic with tridecyl-dihydrogen

phosphate and other phosphate esters.
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