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MICROBUBBLE FLOTATION OF FINE COAL 

Abstract. 

Fine coal flotation has been a,longstanding problem in 
industry. Coal particles below approximately 38 microns in 
diameter are difficult to float, and the process consumes 
large amounts of reagents. Hydrodynamic analyses have 
shown, however, that the use of air bubbles smaller than 
those that are generated in conventional flotation machines 
(0.2-3 mm diameter) can improve the flotation rate and, 
hence, the coal recovery. Theoretically, a tenfold 
reduction in,average bubble size should result in a thou- 
sandfold increase in the flotation rate constant at a given 
gas flow rate. Therefore, work has been done to use. 
microbubbles less than 100 microns in diameter for the , 
flotation of fine coal particles. 

Seven different U.S. coal samples have been tested in 
the present work. The feed size varies from -100 mesh to 
-500 mesh. Flotation kinetics tests have been conducted on 
some of these coal samples as a function of bubble size at a 
constant gas flow rate. The results show a drastic 
improvement in flotation rate with the use of microbubbles, 
which may account for the improved recoveries obtained with 
the microbubble flotation technique. In addition, test 
results obtained with ultrafine coal samples (-20 microns) 
indicate that the microbubble flotation process is more 
selective than conventional flotation. This improved 
selectivity has been explained tentatively by the increased 
bubble loading and the reduced turbulence around the 
microbubbles. Various techniques have been employed to 
further enhance the selectivity of the process by minimizing 
the ash entrapment problem. 

To better understand the mechanisms 0.f microbubble flo- 
tation, basic information regarding surface tension, contact 
angle, viscosity, streaming currents of microbubbles, 
electrophoretic mobilities of coal and mineral matter, and 
stability of microbubble suspensions has been obtained. 



I INTRODUCTION 

,Froth flotation was first discovered and patented in 

1906 as a "remarkable phenomenon" that could be utilized to 

recover fine mineral particles from slimes (Hines, 1962). 

Today this process is widely-used for beneficiating a wide 

variety of ores, coal, oil shale, tar sand, industrial 

wastes, algae and other biological substances. The benefi- 

ciation by froth flotation is accomplished as air bubbles 

laden with hydrophobic particles rise to the surface of a 

pulp, leaving behind particles that are hydrophilic. 

Various chemical reagents are used to enhance or alter the 

surface char,acteristics of particles in the pulp, rendering 

them either hydrophobic or hydrbphilic. 

The complexity of this physico-chemico-mechanical 

process was noted by I. We Wark (1938): "So many variables 

influence flotation that if will be long before every one of 

them can be investigated and its influence on the process 

determined." Some of these variables include pH, pulp 

density, temperature, types and concentrations of reagents, 

air flow rate, bubble size and particle size. 

The recovery of fine particles is one of the more 

important problems facing mineral processing engineers 

today. Fines are produced during the processing of low- 



grade ores which are often fine-grained and complex, 

requiring fine grinding to achieve liberation. In the coal 

industry, fines are generated as a result of the increased 

mechanization in mining techniques. Flotation recovery 

usually drops, however, in 'the fine particle size range. 

Recent reports show, for example, that one-third of the 

phosphate mined in Florida, one-half of the tin mined in 

Bolivia, and one-fifth of the world's tungsten are lost as 

fines (Somasundaran, 1979). Until tecently, coal fines were 

also frequently discarded (Aplan, 1976), producing black 

water problems and a loss in profits to coal companies. 

World coal production is likely to increase at least 

2.5-3.0 times in the coming two decades (Konar, 1982). 

Although coal reserves are large in comparison with other 

fossil fuels and c o a 1 . i ~  expected to play an important role 

as a future energy source, the present world recession and 

surplus of oil on the international market has dampened 

early expectations that coal would be converted into oil and 

gas on a large scale before the end of this century and 

replace diminishing natural supplies. It is now expected 

that coal's major role in the near and medium term will be 

in the industrial and utility markets, both to replace 

oil and to meet increased demand (Dainton, 1980). The 

most exciting development in coal research today is the 

production of super-clean coal and its use as feedstock for 



coal-water or coal-oil mixtures, which are excellent substi- 

tutes for.oil in the utility industry. 

In the U.S., only 15-20% of the mined coal (approxi- 

mately 800 million tons). consumed yearly is cleaned (Baur, 

1981), with approximately 5% of this cleaned by froth ?lots- 

tion (Konar, 1982). However, virtually all new coal prep- 

aration plants now incorporate flotation into their basic 

flowsheet. For example, Marietta Coal Company discarded 

3.5-7.0% of its production in the past. Approximately 70% 

of this is now being recovered by tripling the plant 

flotation capacity and establishing a fine coal circuit. At 

a 600 tph throughput capacity, the additional recovery 

amounts to 16-32 tph (Falas, 1982). 

Developing circumstances demand that coal cleaning be 

more efficient and economical. Some of these include higher 

coal prices and transportation cost, diminishing coal 

quality, utilitiesl.desire to increase generating capacity, 

and increasingly stringent air-quality standards. Some coal 

seams will require fine grinding for sufficient liberation 

of ash particles to meet these standards. However, Zimmer- 

man (1979) shows that difficulties develop in terms of 

flotation rate when trying to recover fine coal below 140 

mesh (0.1 mm). Some of.these difficulties are attributed to 

the low probability of.collision between fine coal particles 

and the relatively large air bubbles produced in 



conventional flotation cells. Investigations have sug- 

gested, however, that the use of smaller air bubbles can 

improve the recovery of fines (Reay and Ratcliff, 1975; 

Collins and Jameson, 1976). 

The main objective of the present work is to generate 

small air bubbles in the range of 50-100 microns in diameter 

and to use them for cleaning fine coal. The basic strategy 

is to finely pulverize a coal to micron sizes for the 

liberation of mineral matter and then subject it to froth 

flotation using these microbubbles. In some experiments, 

attempts have been made to produce super-clean coal 

containing less than 2% ash by this process. 

Improvements in the recovery of fine coal will not only 

allow coal companies to increase their profits, but will 

also help eliminate the black water problem. At present, coal- 

water and coal-oil mixtures 'are being prepared using coals 

containing 4 to 8% ash, but.the use of super-clean coal will 

make them more attractive oil substitutes. Furthermore, the 

general knowledge~gained from this research in the area of 

fine particle flotation will help solve problems in the 

mineral processinq industry in general, 

The flotation work involved in the present investigation 

is divided roughly into two parts. The first part deals 

with the microbubble flotation of fine coal in the -100, 

-200 and -400 mesh size range, and the second part deals 



with the microbubble flotation of ultrafine coal (-10 

micron) prepared by attrition milling. Much of the results 

obtained in the first part have already been reported (Yoon 

and Miller, 1982; Sebba and Yoon, 1982; ~ a i s e ~ ,  Yoon and 

Sebba, 1982; Yoon," 1982'). In this. final report, only those 

that have not been p.ublished are given. 
. . , . 

The bubble-particle interaction can be represented by 

the collision efficiency, Ec, defined as, the fract,ion of 

particles in the path of a rising bubble that actually 

collide with the bubble, and the adhesion efficiency, Ea, 

defined as the fraction of particles colliding with the 

bubble that actually stick to it. These two parameters can 

be combined' to give the collection efficiency, E, 

which is the fraction of particles in the path of a bubble 

that is actually carried to the froth by the bubble. The 



. . 
decrease in flotation recovery in the fine size range is 

. . ,_ . . 
primarily due to a reduced collision probability, Ec ' 

. , . . 

(Fuerstenau, 1980) . 
. , 

If the chemical envirdnment of the system is right 

(e.g., if the particle is sufficiently hydrophobic), Ea can 

be unity (Anfruns and Kitchener, 1976; Reay and  atc cliff, 
. . 

1973). Being hydrophobic may not be enough, however, . 

because if a particle is too small, it will not have enough 

momentum to thin and rupture the aqueous film and no 

flotation will be possible (Klassen and Mokrousov, '1963; 

Collins and ~ e a d ,  1'971) . Because of their' small mass, fines 
. . 

are often recovered as .a result of being entrained in liquid 

that is carried over into the froth or being entrapped 

between mineral-laden bubbles rising to the froth. Other 

factors affecting the 'adhesion efficiency may include 

induction time, defined as the minimum contact time required 

for bubble-particle adhesion, the surface charge of 

particles and bubbles, dynamic surface tension and contact 

angle. Some of these parameters are related to the particle 

size. For example, Klassen and Mokrousov (1963) and Jowett 

(1980) showed that the induction time increases rapidly with 

increasing paiticie size, which explains the poor flotation 

of very large particles. 

r'he collision efficiency, Ec, is affected by the size 

and mass of the particles. whether or not a particle 



collides with a bubble depends on the 'balance of viscous', 
. . 

. . . . . . 

inertial, and gravitional.forces acting on it and the form 
. . 

of the steeamlines around the '-rising. bubble (Flint and 

Howarth, 1971) . .Since gravitional and inertial forces have 
. . 

, . . . " ,. ,. 

little effect on ultrafine particles, the shape of the 
. . 

streamlines around the rising bubble in relation to the 

particle size should control. the probability of a bubble- 

particle collision. Derjaguin and' Dukhin (1960) deduced 

that for a particular bubble size;there is. a critical size 
. . 

of particle.below which no collisions can occur. Hydro- 

dynamic analyses done by many investigators (Sutherland, 

1948; Flint and Howarth, 1971; Reay and Ratcliff, 1973; . 

Anfruns and Kitchener, 1976) have shown unequivocally that 

.. . EC and the ,flotation rate decrease with decreasing particle . .. 

size. The most recent theoretical analyses suggest that for 

a given bubble size and the flotation rate constant (k), 

where d is the particle diameter, and N is a constant between 

1.5 and 2.0. This relationship has been verified experimen- 

tally in bench-scale and microflotation tests (Trahar, 1981; 

Collins and Jameson, 1976; Reay and Ratcliff, 1975). 

In some of these hydrodynamic.analyses,,.the collision 
. . , . . . . .  , 

efficiencies have been calculated.assuming that particles 



and bubbles in streamline flow collide with each other only 

by interception. Levich (1962) suggested, however, that 

large particles can deviate from the streamlines and strike 

the bubble by inertial impact. Fine particles, on the other 

hand, show no inertial effects and the collision efficien- 

cies depend more critically on the bubble gize (Flint and 

Howarth, 1971). Other factors affecting the collision effi- 

ciency, Ec, include diffusiophoretic motion (Derjaguin 

and Dukhin, 1960), Brownian motion (Reay and Ratcliff, 1973) 

and mechanical entrainment (Somasundaran, 1979; Trahar, 

1981). 

Several methods of improving the flotation of fine 

particles have been suggested in recent review articles 

(Trahar and Watten, 1981; Somasundaran, 1979; Fuerstenau, 

1980; Trahar, 1981). These involve: 1) increasing the 

collision efficiency - by increasing the effective size of the 

particles by aggregation, 2) increasing the adhesion 

efficiency by using selective chemisorbing collectors, and 

3) increasing the collision efficiency by using fine 

bubbles. Since the present work is concerned with the 

improvement of flotation using fine bubbles, the third 

method will be discussed in more detail below, 

There is overwhelming evidence, both theoretical and 

experimental, that the use of smaller bubbles should improve 

the recovery of fines. The hydrodynamic model of Reay and 



Ratcliff (1973) suggests that the collision efficiency is 

N proportional to ( 1 / ~ ~ )  r where Db is the bubble diameter 

and the exponent, N, is a function of the specific gravity 

(S.G.) of the particle to be floated: e.g., for glass beads 

of S.G. = 2.5, N = 2.05. 

Since the flotation rate is proportional to the product 

of the.collection efficiency and-the volume swept by each 

bubble, one can derive a relationship between the rate 

constant, k, and the bubble diameter, Db, as follows. The 

number of particles removed by a single bubble will be 
D b 2  N, 

Ec a (-) h(-) , in which h is the height of a flotation 
2 vc 

cell, Nt is the number of particles in the cell at time t 

and Vc is the cell volume. If Q. is the volume flow rate of 

gas, will b e  the number of bubbles produced per : 

second. Therefore, the total number of particles removed 

per second will be: . . ~ 

Since Ec M ( - ) **05 for the case of glass beads, the 
D b  

flotation rate constant, k, can be related to bubble 

diameter, Db, as follows: 



for a given gas flow rate, Q. According to Eq. [ 5 ] ,  one can 

improve the flotation rate a thousand times by reducing the 

bubble size only ten times. 

Flint and Howarth (1971) have presented a model that 

3 
gives essentially the same relationship, i.e., k o( (l/Db) , 
for small particles. - Sutherlandfs derivation (1940) 

suggests that k should vary as ( 1 / ~ ~ ) ~  for larger particles, 

while recent experimental work done by Anfruns and Kitchener 

(1976, 1977; see also Jameson et al., 1977) shows that 

2067. In summary, the eiponent is closer to 3 k a (l/Db) 

with fine particles, suggesting a very striking effect due 

to bubble size, and becomes somewhat less than 3 for the 

flotation of larger particles. 

Very little experimental work has been done to study 

th,e effect of bubble size on flotation, probably because it 

is difficult to control the bubble size during flotation. 

Nevertheless, the results reported in the literature 

generally show that Ego [5] is valid (Reay and Ratcliff, 

1975; Anfruns and Kitchener 1976, 1977). Bennett et a l .  

(1958) measured the bubble size distribution in a flotation 

cell by means of a high-speed camera, and established a 

relationship, k 6 ( l / ~ ~ ) ~ - " ,  in which n has a value between 

0.5 and 1.0 for coal flotation. Brown (1965) also found 



that a reduction of mean bubble size resulted in higher 

flotation rates for coal particles. 

Besides the probabliity of collision, Ec, the proba- 

bility of the particle-bubble aggregate remaining stable 

until it reaches the concentrate, Es, is also an important 

parameter in flotation. Es is dependent on the force of 

adhesion between the particle and bubble, which in turn is 

directly related to the contact,angle and inversely related 

to the particle size (Wark, 1933; Morris, 1952; Gaudin, 

1957). Thus, for the flotation of large particles, the 

bubble-particle aggregate is stabilized by the interfacial 

energies.represented by a finite contact angle. 

Small particles, on the other hand, may be retained on 

the bubble by London dispersion forces without having to 

form the three-phase contact. This "contactlessn flotation 

concept was put forth by Derjaguin and Dukhin (1981), noting 

that the tearing-off farce of a 1-mioron particle is 19 6 

times less than that of a 100-micr.on particle. If contact- 

less flotation is indeed the controlling mechanism for fine 

particle flotation, then one must conduct fine particle 

flotation under quiescent conditions. Roe (1980), in fact, 

has suggested that the flotation of particles of less than 5 

microns in diameter requires quiescent conditions, which may 

support the concept of contactless flotation. The use of 

smaller bubbles will certainly contribute to minimizing the 
. . 



turbulence around a bubble, and thus will help provide 

quiescent conditions. 

Previous flotation work, conducted with microbubbles 

on fine coal has shown that the use of these fine bubbles . . 

improves the separation efficiency by about 20% over that 

obtained with conventional flotation (Yoon and .Miller, 1982; 

Sebba and Yoon, 1982; .Hslsey, Yoon and Sebba, 1982; Yoon, 

1982). The process consisted of injecting a "cloudn of 

microbubbles into the bottom of a flotation column . 
. . 

containing a coal slurry pre-conditioned with kerosene. The 

bubbles were generated with nonionic surfactants such as 

polypropylene glycol homologues and alcohols. Packham and 

Richards (1975) found that the probability. of collision can 

be improved by using a "cloud" of sparsely dispersed micro- 

scopic air bubbles. The microbubbles used previously were 

generated using a glass aspirator, as described by Sebba 

(1971). This technique was inefficient, however, and cannot 
. . 

possibly be scaled up for industrial application. For this 

reason, new techniques of generating microbubbles have been 

developed in the present work. 

The objectives of this research have been 1) to 

investigate the possibility of improving the flotation of 

bituminous coai fines, and 2) to study the mechanisms 



involved in generating small bubbles and floating fine 

particles using these microbubbles. Several different 

bituminous coal samples have been tested in the present 

work. Two nonionic frothers, i.e., methyl isobutyl carbinol 

(MIBC) and a polypropylene glycol (Dowfroth MISO), that are 

most commonly used in the coal industry today, have been 
' 

employed for generating microbubbles. 

The results of the microbubble flotation tests are 

compared with those of conventional flotation tests using 

larger air bubbles. ~ m ~ h a s i s  is placed on the possibility 

of producing super-clean coal using the microbubbl'e flo'ta- 

tion process. The basic strategy of this technique is to 

pulverize the coal 'to micron sizes for liberation of mineral 

matter, and to float the hydrophobic coal particles with 

mic robubbles'. 

In order to better,un'derstand the mechanisms involved, 
. . 

surface chemical"experiments have been carried out to 

determine surface tensions, froth stabilities, 

electrophoretic mobilities of coal particles, streaming 

currents of microbubbles, contact angles, and the 

viscosities of frother solutions. 

Success in this research may lead to a new technology of 

producing super-clean coal using a.physica1 coal cleaning 

technique.. The basic information gathered in the-present 



. .  . 

work w i l l  c o n t r i b u t e  t o  an increased  unders'tanding o f  f i n e  
. . , . . . 

p a r t i c l e  f l o t a t i o n  i n  genera l .  



. , 
I. 

11. EXPERIMENTAL . ,: :,. 

. . 
The coal seams used in the present work are given in 

Table I. Initially, each sample was crushed to -1/4 inch 

size using a laboratory hammer mill and then further 

pulverized using a small bench-scale hammer mill to -100 

' mesh. For batch flotation experiments, the -400 mesh 

fraction of this sample was taken by dry scre+ning, riffled 

into 100-gram lots, and stored in a freezer "ii air-tight 

plastic bags. 

In some flotation tests requiring a finer feed size 

distribution, samples were prepared by grinding the -100 , 

mesh coal in an attrition mill using 1- and 2-mm diameter, 

stainless steel balls. Figure 1 shows a typical size 

distribution of a sample ground in the attrition mill. 

For electrophoretic measurements, a -1/4 inch +10 mesh 

sample from the Jawbone seam was cleaned in a magnetite sus- 

pension with a specific gravity of 1.3.. care'was taken to 

remove the fine magnetite particles (-325 mesh) from the 

coal surface by repeatedly washing the sample with water. 

The clean coal was then ground with an agate mortar and 
. . a .  . 

pestle. The -3 micron fraction of the pulver!z,ed _ _  ... coal, as 
. , 



Table I. Description of Coal Samples Used in the 
Present Work 

Coal Seam Location - .  - --- Ash (%I 

Harlan Kentucky 

Taggaet Vixgii.~ia 

pittiburgh No. 8 . West Virginia 

Pittsburgh No. 8 Pennsylvania 

Jawbone Virginia 

Pond Fork West Virginia 

Eagle Seam Virginia 



I 2 3 5 8 12 20  
PARTICLE SIZE (microns) 

Figure 1. Volume-normalized parficle size distribution of Earlan seam coal 
attrition-ground for 25 minutes. 



obtained by sedimention using an Andreasen,pipette, was used 

for microelectrophoresis. A pure quartz sample, purchased 

from Ward's Natural Science Establishment Inc., was also 

pulverized and sized in the same manner for electrophoretic 

measurements. 

Wn different frothors were u ~ c d  in khc present work: 

Dowfroth M150 (Propylene glycol, MW L 400), supplied by Dow 

Chemical Company, and MIBC (Methyl isobutyl carbinol, MW = 
102), obtained from Union Carbide Company. Kerosene was 

used as a collector throughout this investigation. Hydro- 

chloric acid (HC1) and sodium hydroxide (NaOH) were used for 

pH control. 

Microbubbles were produced using a similar system as 

the one described by Yoon (1'982) . This 'earlier system 
utilized a microbubble generator made from ground glass 

joints (Sebba, 1971), but was considered to be impractical 

for use on the industrial scale. Therefore, a new micro- 

bubble generator was constructed and used in the present 

work. 



The complete system used f o r  t h e  microbubble f l o t a t i o n  

tests is  shown i n  F igu re  2.  I n i t i a l l y ,  a f r o t h e r  s o l u t i o n  

p l aced  i n  t h e  r e s e r v o i r  ( R )  i s  c i r c u l a t e d  through t h e  micro- 

bubble  g e n e r a t o r  ( G )  by means of  a c e n t r i f u g a l  pump ( P ) .  

(For p r o p r i e t a r y  reasons ,  a more d e t a i l e d  d e s c r i p t i o n  of t h e  

.microbubble g e n e r a t o r  (G) is n o t  g iven  i n  t h i s  r e p o r t . )  

The small s i z e  and l a r g e  number of  bubbles  gene ra t ed  g i v e  a 

suspension of microbubbles wi th  t h e  appearance of m i l k .  

Microbubbles have a l s o  been gene ra t ed  us ing  o t h e r  t ech-  

n iques ,  as h a s  been d e s c r i b e d  p r e v i o u s l y  (Halsey,  Yoon and 

Sebba, 1982; Yoon and M i l l e r ,  1982) .  

Once a s t a b l e ,  dense  microbubble suspens ion  is  formed, 

va lve  C and s topcock A a r e  opened t o  a l l ow microbubbles t o  

be  b l ed  from t h e  c i r c u i t  and i n j e c t e d  i n t o  a f l o t a t i o n  ce l l  

o r  o t h e r  appa ra tus .  

2.2.2 f o r  Microbubble S t a b u t v  Meweme-  a .  

The s t a b i l i t y  of microbubble suspens ions  was determined 

us ing  a s p e c i a l l y  designed c e l l ,  a s  shown i n  F igu re  3. Th i s  

c e l l  c o n s i s t s  of a 100-ml gradua ted  c y l i n d e r  wi th  i t s  t o p  

removed a t  t h e  100-ml volume m a r k  and an i n l e t  i n s t a l l e d  a t  

t h e  bottom of t h e  c y l i n d e r .  
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Figure 2. Schematic drawing of the microbubble flotation 

system. 

. . .  

. .  . 
F - Flotat ion Cell 

H -  Catch Pan 
. . . , .  

G -  Microbubble Generator 

P -  Centrifugal Pump p G 
I 1 ,  

1 I 
R -  Microbubble Res'ervoir 

B -  Water Reservoir ,' 

A,E- Stopcocks 
0 

C,D - Valves - * . .  . 

P 



Fi'gure 3. Cell used to determine the stability of micro- 
bubble suspensions. . . . .  . . .  . , . , 



2.2.3 Surface T . u w  

Surface tension studies of frother solutions were con- 

ducted using the maximum bubble pressure technique. The 

apparatus, shown in Figure 4, is similar to that used by 

Brown (1932). This apparatus measures the maximum pressure 

necessary to blow a bubble in a liquid from the tip of a 

capillary. This pressure is measured with an oil manometer 

and used in the following equation in calculating svrface 

tension: 

where y = surface tension (dynes/cm) 
2 g = gravitional acceleration (981.2 cm/sec ) 

dl = density of manometer fluid (1.045 g/ml) 

d, = density of test liquid (g/ml) 

r = radius of capillary bore (0.09 mm) 

h = maximum bubble pressure (cm of butyl phthalate). 

The electrophoretic mobilities of coal partj,cl.,es 

immersed in'surfactant solutions were measured using a Rank 
. .  , 

Brothers Particle Micro-Electrophoresis Apparatus. All 

measurements were made using a flat cell made of fused 



. .  . A 

Figure 4 . :  Surface tension apparatus, 



quartz (Figure 5). A pair of platinized electrodes fit into 

the circular ground glass joints on both ends of the flat 

cell. The flat cell was immersed in a thermostatic bath 

which was controlled at 25 - + 1°c. The details of the 

calibration procedure for the equipment are given in - 

Appendix I. 

* = 

The cell used for determining the charge of. micro- 

bubbles is shown in Figure 6. The technique involves . . .  . .  
. .  , 

sending the bubbles past.a pair:of AgjAgC1 electrodes while 
. ;.. . . J .  

measuring.'--the, potential difference between them:. . v  . /:i:~he 
. "  ' "' 

potential difference is then converted to current.by knowing 
, ,  . 

the resistance between the two electrodes. This streaming 

current technique, originally . ,  developed . . "  by,D'ibbs et al. 

(1974) , suffered' from convectit= .cu'r'rentb '&ie0to the large 
. . . -. . 

. . . . 
," . e.. 

cell dimensions. The cell used'in the present work (Figure 

6) is made of small diameter glass tubing to minimize this 

problem. 

2 2 6 ialbGL&AngA~~arafus 
. . . . , . , . .  . . , .. ..;.. . C . . ', :i . .  . 

Figure 7 shows the contact angle apparatus used in the 

present work. A leveled microscope stage fitted with a 
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, . ,  

Figure 5 . .  Flat ceLi. used for electrophoretic measurements. 



Figure 6. Schematic drawing of the apparatus used to 
determine streaming currents of microbubbles 



Figur'e 7 .  Contact ' .angle apparatus.  



goniometer lens was used to measure the equilibrium contact 

angles. 

2.2.7 Viscometer 

The viscosity of surfactant solutions was measured 

using a Thomas-Stormer Viscometer (9730-F10 series), as 

shown in Figure 8. Viscosities were calculated on the basis 

of the time required for 100 revolutions of a rotor in the 

surfactant solution. 

Conventional flotation tests were conducted in an auto- 

mated Denver'laboratory flotation machine (Model D-12); as 

reported by Luttrell and Yoon (1983). This equipment is 

designed to reduce human error by automatically controlling 

the froth level, air flow. rate, froth removal rate and 

impeller speeds. Figure 9 shows the schematics of the 

apparatus. 

A microbubble suspension was pumped into'the bottom of 

the microbubble stability measuring cell (Figure:3) . . and 

. . 
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Fi'gure: S..':. Schematic drawing of viscometer . 



FLOWMETER \ 
/ TACHOMETER 

A 
IMPELLER ORlVE 

3 - W A Y  VALVE STANOARO AIR I N L E T  

V E L  SENSING P R O B I  

L E V E L  CONTROL 

CONTFLOLLER 

PAOOLE MOTOR 

F R O T H  LAYER 

CATCH T R A Y '  \ P U L P  

Figure 9. Schekatic drawing of the automated laboratory flotation. 
machine used for the conventional. flotation tests (from,, 
Luttrel'l and Yoon, 8983). 



allowed.to overflow .the top.for approximately one-half . . 

minute before the flow wasastopped. This procedure was 

necessary to ensure that at time t = 0, 100 ml of the 

microbubble suspension was contained uniformly in the 

column. The volume of clear solution that formed under the 

rising microbubbles was then measured as a function of time. 

At the end of each measurement, the total volume of the 

clear solution was also recorded and used to determine the 

volume~fraction of air in .the microbubble suspension. All 

tests were conducted at ambient temperature and natural pH. 

2.3.2 

A fired voiume (40.5 ml) of each surfactant solution 

was placed in the bubble chamber for each measurement. .This 

was necessary to position the tip of the capillary withint 

the surface of the liquid, and to eliminate the necessity of 

making a correction for the hydrostatic pressure depending 

on the depth of the capillary below the surface. A positive 

pressure was maintained in the system to prevent a capillary 

rise of solution into the capillary bore. 

Once the solution was in place, the gas flow (nitrogen) 

was increased until a bubble formation frequency of approxi- 

mately one per second was obtained. The maximum pressure 

necessary to blow a bubble through the surface of the liquid 



was then measured with a manometer (in centimeters of butyl 

phthalate) . 
Several readings were made for each solution to ensu.re 

reproducibility. The measurements were carried out at 

ambient temperature. After each test, the apparatus was 

washed with chromic acid and then with double-distilled 

water and allowed to dry. 

The electrophoretic mobilities of the coal particles 

were measured using a Rank Brothers Particle Micro-Electro- 

phoresis Apparatus, Mark If. The size of the coal particles 

used for electrophoresis was -3 microns and was calculated 

using the Stokes equation: 

in which n is the viscosity, psis the density of the solid, 

pf is the density of the fluid, g is the gravitional accer- 

ation, and dt is the diameter of particles settling at 

distance h in time t. 

A quantity of surfactant was added to the suspension 

containing -3 micron coal particles to obtain a desired 

concentration. The pH of the slurry was adjusted using HC1 



and NaOH'.'  he G l p  whs then conditionedfor 30 minutes 

while being agitated prior to the electrophoretic 

measurements. 
. . 

-,After the conditioning; a portion of the slurry "as 
. . 

transferred'to the flat cell (Figure 5 )  and the electrodes 

were placed' in the cell. The cell was then immersed in the 

thermostatic bath at 25 + loco Twelve readings were made at - 
each frother concentration and averaged to calculate each 

. .  . . . . .  . . 
, . , '  . , t . .  ' . . I  i 

mobility.. . .. . . ', 

Frother solutions were prepared by adding a quantity of 

surfactdrit' to double-distilled water 'and adjusting the pH 
. .  . 

using HC1 and NaOH. A steady stream of &otherq soiution, in 

which no microbubbles were dispersed, was first passed 

through the working electrode to.obtain a steady baseline on 
> .  

a strip-chart recorder. Then, a stream of microbubbles was 

passed through the working electrode to obtain another 

constant potential value with the reference electrode 

immersed in the same frother solution but without contact 

with the microbubbles.' The difference between the two base- 

lines was taken as the potential due to the bubbles 

streaming past the electrode. Knowing this potential 

difference and the resistance between the electrodes, the 



streaming current was calculated. 

2.3.5 Contact AnQle Meas- 

Polished sections of lump coal samples (Pittsburg No. 8 

seam) were prepared using 600-grit sand paper, followed by 

polishing with 1.0-, 0.3-, and then 0.05-micron alumina 

powder. Surfactant solutions were prepared with double- 

distilled water and the pH was adjusted using EIC1 and NaOH. 

The temperature was maintained at 25 + 1°c. A specimen was - 
then mounted on the mobile stage, and a 4-microliter drop of 

surfactant solution was placed on its surface, and the 

contact angle was measured. A t  least 3 drops were placed on 

each specimen, and the measured contact angles were 

averaged. 

The movable platform on the viscometer (Figure 8) was 

positioned so that the rotor, when lowered, was centered 

inside the test cup. The test cup was then. filled with a 

solution to 1/4 inch above the rotor. The time required for 

100 revolutions of the rotor in the liquid, as indicated by 

the revolution counter, was then measured with a stopwatch. 

A calibration .curve was first constructed by measuring the' 

time per 100 revolutions of the rotor in solutions of known 



viscosity. The viscosities of the test samples were,read 

from this curve. 

2 -3.7 Flotation T e s u  

crobubble Flotation Tests 

After grinding, a coal sample was split into represen- 

tative portions. Samples that were attrition-ground were 

split in slurry form, while those that were dry-ground were 

riffled. 

The coal samples were agitated for three minutes in a 

Waring blender with approximately 300 ml of tap water at the 

highest rpm (approximately 16,000 rpm). This procedure was 

necessary to ensure that all the coal particles were 

completely wet. A volume of kerosene was then added by 

means of a microliter syringe and the agitation was 

continued for another three minutes. After this condi- 

tioning period, the slurry was transferred to a flotation 

cell. 

A microbubble suspension was prepared by circulating a 

frother solution for at least 50 seconds through the genera- 

tor to ensure the formation of a dense microbubble suspen- 

s i o n .  A known volume of the microbubble suspension was then 

pumped into the bottom of the flotation cell. After this 

injection, the slurry was allowed to stand for four minutes, 

during which time the microbubbles rose to the surface of 



t h e  pulp,  c a r r y i n g  c o a l  p a r t i c l e s  and forming a s t a b l e  

f r o t h .  The f r o t h  was removed by slowly pumping water 

through t h e  s i d e  (stopcock E ,  Figure 2 )  of t h e  column, thus  

f lood ing  t h e  f r o t h  product over i n t o  t h e  catchpan. The s ink  

product  ( r e f u s e )  was dra ined  through t h e  bottom of t h e  

oolumn by opening, stopcock A a f t e r  t h e  f ro th  was removed. 

Usually,  t h e  f r o t h  product from t h e  f i r s t  s t a g e  was repulped 

i n  t h e  b lender  and f l o a t e d  again.  Af ter  each t e s t ,  t h e  

products  were f i l t e r e d ,  d r i e d  and analyzed f o r  ash.  

Each t e s t  was conducted on a 100-gram coal . sample  i n  a 
f .  

2 - l i t e r  f l o t a t i o n  c e l l  using t a p  water.  The pulp  was" 

a g i t a t e d  at '  900 rpm f o r  t h r e e  m i n u t e s . t o  wet t h e  c o a l  

sample, and condi t ioned f o r  another  t h r e e  minutes a f t e r  

adding a measured volume of kerosene. Following t h i s ,  a 

known amount of f r o t h e r  was added and t h e  pulp was f u r t h e r  

condi t ioned for t i s e e  minutes. Plotat . ion commenced upon 
. . 

opening t h e  a i r  va lve  t o  provide 4.5 l/min of a i r .  Both 

t h e  f i r s t -  and second-stage f l o t a t i o n  were conducted f o r  

four  minutes. The f l o t a t i o n  products  were f i l t e r e d ,  d r i e d  

and analyzed f o r  ash.  
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In each test, a 50-gram sample was agitated for five 

minutes in a blender with 500 ml of tap water. A volume of 

kerosene was then added and the slurry was conditioned for 

five minutes at the highest rpm. The resulting agglomerates 

were washed on a screen by spraying with fine streams of 

water. The mesh size of the washing screen was chosen so 

that it corresponded to the top size of the feed coal. The 

products,were filtered, dried and analyzed for.ash. 

d. plo_tationKinetics m t s  U Q ~ D U  D-t B w  
Sizes 

In order to determine the effect of bubble size on 

flotation rate, batch kinetics tests were carried out using 

bubblds of three different size consists at a constant gas 

flowrate. ' f he apparatus used for these experiments was 

esseitially; the same as shown in Figure 2, except for minor 

modifications to change bubble size. After a microbubble 
. . 

flotation test, the stopcock '(A) at the bottom of the 

flotation cell was replaced with glass frits of two 

different porosities, i .e., 4-8 micron and 145-175 micron. 

This was done to generate larger bubbles by a sparging 

mechanism and to use them for flotation. It is also noted 

that microbubbles were generated using a glass aspirator, as 

described by Sebba (1971), instead of the generator ( G  in 

Figure 2 )  developed in the present work for flotation tests. 



Two series of kinetics tests were conducted using -100 

mesh and -500 mesh Eagle seam coal samples. The -500 mesh 

coal was prepared by pulverizing the -100 mesh coal in a 

stirred ball mill for 25 minutes. Each series consists of 

flotation tests 'using i) microbubbles, ii) bubbles 

generated using 4-8 micron frit and iii) bubbles generated 

using 145-175 micron' frit. The gas flow rate during the 

microbubble flotation test was calculated by multiplying the 

volume flow rate of the microbubble suspension with the 

volume fraction of air in the suspension. The froth 

products overflowed continuously into the catch pan and were 
. - .  .. , .  . 

collected in beakers at predetermined time intervals. Each 

timed-cut sample was filtered, dried and analyzed for ash. 



. , 

Halsey, Yoon and Sebba (1982) reported the results of . . 

using two different f rothers in the microbubble flotation of 
, n :  

coal. They showed that MIBC was the more selective of the 
. . 

two, but gave low yields even at high concentrations. More 
, ... . . .  . , - r .  

promising results were obtained using Dowfroth M150. T h i s  
. . , . ,-' 

hother produced much higher yields than MIBC, but the 
. . 

selectivity was relatively poor. In the present work, 

characteristics' of these two f rothers have been studied in 

an effort to better understand the mechanisms involved' in 
. . 

producing microbubbles and using them in the flotation of 

fine c.oal. 

Figure 10 compares the stability of microbubble 

suspensions produced with Dowfroth MI50 to those generated 

using MIBC at reagent concentrations of 250 mg/l. The final 

volume of clear solution remaining after each test is given 

at the end of each curve. 

The bubbles generated using Dowfroth MI50 rose through 

the column at a rate of 0.40 cm/sec, while those generated 

using MIBC rose at a rate of 0.88 'cm/sec. These results 
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Figure 10. Stabi l i ty  of microbubble suspensions produced with Dowfroth 
MI50 and MIBC. 



i n d i c a t e  t h a t  Dowfroth M150 produces microbubble suspens ions  

twice as s t a b l e  as t h o s e  produced wi th  MIBC. 

The microbubbles gene ra t ed  us ing  Dowfroth M1SO a l s o  

con ta ined  a  l a r g e r  percen tage  of a i r  t han  t h o s e  produced 

us ing  MIBC. The volume f r a c t i o n  of a i r  f o r  Dowfroth M150 

was 27% and on ly  1 0 %  f o r  MIBC.,  
.. . 

3.1.2 S u r f a c e  T e d o n  of Dowfroth MI50 and MIBC 

Figure  11 shows t h e  s u r f a c e  tens ' ion of  aqueous s o l u t i o n s  

of Dowfroth M150 a n d ' ~ 1 B C  as a f u n c t i o n  of c o n c e n t r a t i o n .  

Dowfroth MI50 gave a lower s u r f a c e  t e n s i o n  than  MIBC over  

t h e  c o n c e n t r a t i o n  range t e s t e d ,  and t h e  s l o p e  of t h e  curve ,  

dy/d l o g  c,  'was l a r g e r  w i th  Dowfroth M150. I t  has  been 
. .  

shown t h a t  t h e  s t a b i l i t y  of f r o t h  produced by a l c o h o l  
d 

i n c r e a s e s  as Ay/d l og .  c i n c r e a s e s  (Whelan and Mainhood, 

1955; Booth e t  a l . ,  1962) .  Therefore ,  t h e  r e s u l t s  shown i n  
* .  

Figure  11 suqges t  thaf  Dowf r o t h  ~ 1 5 i  i . s  a s t r o n g e r  P U E ~ P C -  

t a n t  t han  MIBC. 

3.1 -3  E- of Coal m d  O u w  
. a .  

t i c l e ~  

F igu re  1 2  shows t h e  e l e c t r o p h o r e t i c  m o b i l i t i e s  of c o a l  

and q u a r t z  p a ' r t i c l e s  a s  a  f u n c t i o n  of  f r o t h e r  c o n c e n t r a t i o n  

a t  pH 7.  Both c o a l  and quartz p a r t i c l e s  become more 
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Figure 11. Surface tension of Dowfroth M150 and MIBC solutions as a 
function of concentration, 
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negative with increasing Dowfroth MI50 concentration. In 

the' presence of MIBC, however, the mobilities do not change 

significantly. These results may suggest that Dowfroth 

M150 adsorbs significantly on both coal and quartz, while 

MIBC does not. However, it.is possible that MIBC adsorption 

these solids may not result in a modifisa,tion of the 

charge characteristics. 

3 .1 .4  U a e  Characterbtics of Microbubbm 

Figure 13 shows the results of streaming current 

measurements conducted on the microbubble suspensions pro- 

duced with Dowfroth M150 and MIBC at pH 7. The bubbles 

generated with Dowfroth MI50 are shown to be negatively 

charged throughout the concentration range tested. Thus, 

the adsorption of Dowfroth MI50 at the air/watef interface 

appears to produce a net negative charge, as is the case at 

the coal/water and quartz/water interfaces.' The increasing 

streaming current in the vicinity of 0.15 ml/l might indi- 

cate the  formation of molecular aggregates such as micelles. 

However, the surface tension results shown in Figure 11 do 

not indicate the formation of micelles for Dowfroth MI50 at 

the concentrations tested'. 

Low concentrations of MIBC appear to give a positive 

charge on the surface of the bubbles. Above 0.17 ml/l, - 

however, the b3ibble charge was negative. At low pH values, 
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Figure 13. '  Streaming current of microbubbles as a function 'of frother (Dowfroth 
MI50 and MIBC) concentration. 



bubbles produced. in ~ o w f r o t h ' ~ 1 5 0  solutions exhibit positive 

charge, as shown in Figure 14. The isoelectric point for 

these bubbles occurs at pH 4.8. 

3.1.5 Contact h a l e e m e n u  

Figure 15 shows the results of contact angle measure- 

ments made on the Pittsburgh No. 8 seam coal.as a function 

of frother concentration. A contact angle of approximately 

70 degrees has been measured in the absence of surfactant, 

and increases with increasing frother concentration up to 

90 degrees. Note that Dowfroth M150 gives lower contact 

angles than MIBC, despite the fact that the electrophoretic 

measurements (Figure 12) suggest a stronger adsorption of 

Dowfroth M150 on coal. However, electrophoresis does not 

nec.s8sarily indiclatc an adsosgl;ion of nllrLCac:,tant~, aB 
. . 

already been. noted. . . 

Figure 16 shows the viscosity of surfactant solutions as 

a function of concentration. Here it can be seen that 

'scjlutions. of 'Dowfroth ~ 1 5 0  are more viscous than MIBC solu- 

tions, especially at high concentrations. These results may 

be related to the froth stability and foam drainage, which 

may significantly affect the flotation recovery and 



F i ~ u r e \ l 4 .  Streaming current  of microbubbles produced 
with Dowfroth M150 as a function of  pH. 
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Figure  15. Contact angles of sessile drops of frother solutions on 
Pittsburgh No. 8 seam coal as a function of concentration.. 
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Figur'e 16, Viscosity of frother (Dowfroth M15O' and MIBC) solutions as a function of 
concentration. 
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s e l e c t i v i t y .  The l a r g e r  v i s c o s i t y  of  Dowfroth M150 s o l u t i o n  

may be due t o  t h e  l a r g e  molecular  weight of t h e  reagent .  

3.2 F l o t a t i o n  of Coal  

3.2.1 Effects of F r o t h e r s  

The r e s u l t s  o f  two series of  f l o t a t i o n  t e s t s  conducted 

on t h e  Har lan  seam c o a l  (-400 mesh) w i t h  37% feed  a sh ,  us ing  

microbubbles  gene ra t ed  wi th  vary ing  amounts of  MIBC and 

Dowfroth M150, a r e  compared i n  F igu re  17.  I n  each s e r i e s ,  3 

l b / t o n  kerosene  was used and t h e  f r o t h e r  c o n c e n t r a t i o n  was 

v a r i e d  from 1 t o  6 lb / ton .  A s  shown, Dowfroth M150 pro- 

duced a maximum y i e l d  of  80%, whereas t h e  y i e l d s  ob ta ined  

w i t h  HiBC were o n l y  30% maximum. MIBC was more s e l e c t i v e ,  

however, t han  Dowfroth MI50 a t  h i g h e r  c o n c e n t r a t i o n s ,  produ- 

c i n g  c l e a n  c o a l s  a s say ing  less than 12% a s h  compared t o  300 

a s h  f o r  t h o s e  produced wi th  Dowfroth M150. These r e s u l t s  

are similar t o  t h o s e  r e p o r t e d  by Halsey,  Yoon and Sebba 

(1982) .  

F i g u r e s  1 8 ,  19  and 20 show t h e  r e s u l t s  of two-stage 

microbubble f l e t a k i a n  testa conduotcd on t h r e e  S l L i e r e n t  

c o a l  samples. I n  t h e  f i r s t  stage, vary ing  amounts of 

Dowfroth M150 were used, whi le  t h e  f r o t h e r  a d d i t i o n  was 

f i x e d  i n  t h e  second s t a g e .  The t e s t s  shown i n  F igu re  18-  

were conducted on t h e  Harlan seam c o a l  (-400 mesh) which 



Figure 17. Results of single-stage microbubble flotation tests conducted 
on Harlan seam coal (-400 mesh) as a function of frother (Dow- 
froth M150 and MIBC) addition. 
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Figure 19. , Results of microbubble flotation tests' conducted on the attrition- 
ground Pittsburgh No. 8 seam coal as .a function of frother (Dowfroth 
M150) addition in the first stage. 
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contained approximately 35% feed ash. Three lb/ton kero- 

sene was used to condition the coal prior to the first stage 

of flotation and 0.5 lb/ton Dowfroth M15.0 was .used in the 

second stage. When using 1 lb/ton Dowfroth M150, fhe first- 

s'tage flotation pr0duced.a clean coal product assaying 14.5% 

ash' with 84% recovery. After the second stage flotation, 

" the'ash content 'was reduced to 9.0%. although at the expense 

of h iower recovery (75%). At higher f rother concentra- 

tions, recoveries as high as 97% were obtained, but the 

percent ash of the froth products increased with increasing 

frother additions.  his. may be attributed to the entrain- 
ment and/or entrapment of ash particles, which appeared to 

increase with increasing frother additions and, hence, with 

the increasing number.of bubbles.per unit.volume of flota- 

tion pulp. 
. . 

Figure 19 shows the effect' of f rother, addition in the 

first stage an the flotation of a low-ash (5% feed ash) 

Pittsburgh No. 8 seam coal. The sample was attrition-ground 

for 25 minutes to produce'a flotation feed with a mean 

particle size of 4-5 microns (see Figure 1). The results 

show that when using only l.l'lb/ton kerosene on this ultra- 

fine coal sample, between 3 and 4 lb/ton Dowfroth M150 was 

required to produce recoveries over 80% in the first stage. 

The second-stage flotation cleaned this coal to 2.2% ash- at 

lower frother concentrations, but the recovery was lower. 



Figure  20 shows t h a t  a t  a much h igher  kerosene a d d i t i o n  

(35 l b / t o n ) ,  r ecover ie s  a s  high a s  99% can be obtained with 

l e s s  than  4 lb / ton  Dowfroth M150. A f t e r  t h e  second-stage 

f l o t a t i o n ,  using only 1 .4  lb / ton  ~ o w f  r o t h  M150, a c l ean  

c o a l  product  assaying  a s  low a s  1.8% ash  was produced (3.5% 

feed  a s h ) ,  with 85% c o a l  recovery. 
' .  c .  

. . 

Figures  21, 22 and 23 i l l u s t r a t e  t h e  ' e f f e c t s  of Dowf r o t h  
. . . . 

~ 1 5 0  a d d i t i o n s  i n  t h e  second s tage .  *The r e s u l t s  shown i n  

Figures  21 and 22  were from t e s t s  conducted o n . : ~ a r l a n  seam 
. . 8 

c o a l  (-400 mesh) under i d e n t i c a l  cond i t ions ,  except  t h a t  1 

lb / ton  kerosene was used i n  t h e  second-stage f l o t a t i o n  i n  

t h e  l a t t e r .  The kerosene a d d i t i o n  i n  t h e  second s t a g e  
. * :  

improved both t h e  recovery and t h e  a s h  r e j e c t i o n  a t  lower '  

f r o t h e r  a d d i t i o n s ,  bu t  a t  h igher  f r o t h e r  a d d i t i o n s  'higher 

a sh  f r o t h  products  were produced, most l i k e l y  due t o  

entrainment.  

The e f f e c t  of f r o t h e r  a d d i t i o n s  i n  t h e  second s t a g e  is 

shown i n  Figure  23, which g i v e s  t h e  resu&$s. of t h e  t e s t s  

conducted on t h e  P i t t sburgh  No. 8 seam c o a l  a t t r i t ion -g round  

f o r  25 minutes. Because of t h e  longer  g r ind ing  time, t h e  
., . . . .... , 

f l o t a t i o n  feed  had' a much f i n e r :  s i z e  d i i t r i b u t i ' c g  than  i n  

t h e  previous t e s t s  (F igures  21 and -22)'. . Only 1 lb/ ton  

kerosene was used i n  t h e  f i r s t - s t a g e  f l o t a t i o n ,  bu t  a 

l a r g e  amount (5.5 lb / ton)  of Dowfroth M150 was.used. 

Despi te  t h e  small amount of kerosene used, very high 
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Figure 23. Results of microbubble flotation tests conducted on the attrition- 
ground Pittsburgh No. 8 seam coal as a function of frother (Dowfroth 
M150) addition in the second stage. 

100 

'. 80 
i 
0, . - 
'a, 

60-  s 
w 

40-  
W 
> 
0 
0 

$ 2 0 -  

0 )  
0.1 1.0 10.0 

FRQTHER ADDITION (Ib /tan) 

- 
Pi t tsburgh No. 8 Seam - 
A t t r i t i o n  Ground 

- 5.0 O/, Feed A s h  
- 

- - 
Kerosene DF MI50 
(Ib / ton)  (Ib /ton) Ash - - 

varied A - 5.5 0 A 
-+-- -L*-  - 

- - - 

A - 
- 

I  I  I  I 1 1 1 1 l  I I  I 1 1 1 1 1 1  I I 

0 

I 

- 2  

3 

- 4  



.. . 

coal recoveries were obtained with low ash contents in the 

froth products. In the second-stage flotation, however, as 

much as 6 lb/ton Dowfroth M150 was needed to obtain over 90% 

recovery. The large amounts of ftother mighthave contri- 

buted most significantly to obtaining high recoveries by 

producing smaller air bubbles, while the smaller kerosene 

dosage minimized the ash entrainment. 

Figure 24 shows the results of microbubble flotation 

tests conducted on the Harlan seam coal (-400 mesh). The 

sample was prepared by dry-pulverization using a laboratory 

hammer mill, and the -400 mesh fraction.was taken as the 

flotation feed. In this series, varying amounts of kerosene 

were used in the first staqe and none was added in the 

second stage. The amounts of Dowfroth M150 used were 2 

lb/ton in the first stage and 1 lblton in the second stage. 

With no kerosene, the recoveries of the first- and 

second-stage flotation were 75% and 53%, respectively. Upon 

the addition of kerosene, the recovery.increased up to 97% 

in the first stage and 91% in the second stage, with 3 

lb/ton kerosene. The percent ash of the second-stage froth 

products decreased with the addition of kerosene . . t o  its 

lowest value of 7.7% at.2 lb/ton. Above this dosage., the 
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percen t  a s h  of t h e  f i n a l  product increased ,  poss ib ly  a s  a  

r e s u l t  of  recover ing  composite p a r t i c l e s  of higher  a sh  

c o n t e n t  a t  h igher  kerosene add i t ions .  

F igure  25 shows t h e  r e s u l t s  of f l o t a t i o n  t e s t s  conducted 

on t h e  P i t t s b u r g h  NO. 8 c o a l  (4.4% ash)  by varying t h e  

kerosene a d d i t i o n s  i n  t h e  f i r s t  s t age .  The f l o t a t i o n  feeds  

were prepared by g r ind ing  t h e  -100 mesh c o a l  i n  an a t t r i t i o n  

m i l l  f o r  25 minutes t o  f u r t h e r  l i b e r a t e  t h e  a sh  parti .cl ,es 

from t h e  coa l .  F ro the r  a d d i t i o n s  of 5.7' and 3.0 lb / ton  were 

used i n  t h e  f i r s t  and second s t a g e s ,  r e spec t ive ly .  Under 

t h e s e  c o n d i t i o n s ,  second-stage recover ie s  h igher  than 90% 

were obta ined  wi th  as l i t t l e  a s  0.3 lb / ton  kerosene. A t  

h igher  kerosene a d d i t i o n s ,  t h e  recovery reached a s  high a s  

98%- With t h i s  u l t r a f i n e  .coal,  t h e  percent  a sh  i n  t h e  

second-stage f r o t h  product remained cons tan t  up t o  7 lb]ton 

kerosene and decreased t o  a .  minimum of 2% s t '  approximately 

30 lb/ ton.  ' .  
1 - 

. .  . 
Note he re  t h a t  with t h e  -400 mesh Haxlan seam c o a l  . . 

(Figure  2 4 ) ,  t h e  pe rcen t  ash  increased  with inc reas ing  

kerosene a d d i t i o n s  a t  l a r g e r  dosages, whereas with t h e  

a t t r i t ion -g round  P i t t sbusgh  No. 8 coal, a reverse  t send was 

observed. This  may-be explained by t h e  p o s s i b i l i t y  t h a t  

wi th  t h e  u l t r a f i n e  c o a l  (F igure  2 5 ) ,  l i b e r a t e d  coa l  

p a r t i c l e s  were recovered a t  h igher  kerosene a d d i t i o n s ,  while 

wi th  t h e  c o a r s e r  f l o t a t i o n  feeds  (Figure  2 4 ) ,  ,composite 



Figure 25.  Results of microbubble f lotat ion t e s t s  conducted on the at tr i t ion-  
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p a r t i c l e s  con ta in ing  ash  were recovered. However, had 

l a r g e r  amounts of kerosene been used with t h e  Harlan seam 

c o a l ,  a similar t r e n d  might have been observed. ' -  

, r ' . '  1 

The major problem associ'ated with f i n e  p a r t i c l e  

f l o t a t i o n  is probably t h e  entrainment  and/or entrapment of ' 

unwanted gangue I n  an e f f o r t  t o  minimize t h i s  

problem, t h e  f r o t h  product from a f l o t a t i o n  t e a t  has been 

repulped and f l o a t e d  again  using smal l e r  amounts of 

reagents .  Th i s  two-stage flotatiyon process  has  been found 

t o  improve t h e  ash r e j e c t i o n  s u b s t a n t i a l l y ,  a s . h a s  been 

demonstrated i n  F igures  17-25. Another'method t h a t  has been 

found t o  improve t h e  a sh  r e j e c t i o n  is t o  use more d i l u t e  

mfctobubble suspensions.  By reducing t h e  number of bubbles.; 

i n  a given volume, one can reduce :the entrapment and improve 
, 

t h e  a sh  r e j e c t i o n .  

Figure 26 g i v e s  t h e  r e s u l t s  'of two s e r i e i  o; f l o t a t i o n  

t e s t s ;  i n  one, 300 m l  of microbubble suspension was 

i n j e c t e d  i n t o  t h e  bottom of the . . f lo ta t ion  cel.&~ c o n t ~ i n i n g  25 

grams of c o a l  sample (-100 mesh, Eagle seam) assayinq 36% 

ash,  and i n  t h e  o t h e r ,  500 m l  . o f  m'icr&bubble suspension was 

used. For a given f r o t h e r  a d d i t i o n ,  t h e  l a t t e r  series used 

a more d i l u t e  microbubble suspension and produced f r o t h  
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products containing less than 8% ash without a second-stage 

cleaning. Figure 26 also shows that at higher frother 

additions the ash content of the froth product increased, 

partly due to an excessive number of bubbles. 

Figure 27 gives the results of another series of tests 

conducted on an ultrafine coal, varying the volume of the 

microbubble suspension injected. In these tests, however, 

the concentration of Dowfroth MI50 was kept constant at 0.08 

ml/l, so that the density of bubbles injected was kept 

constant. The results show an increasing ash content in the 

product with an increasing volume of microbubble suspension 

and recovery. This finding may be attributed to the excess 

amount of frother used. 

results Shown in Figure 2 8  illustrate the effects of 

pH on the microbubble flotation of a Pittsburgh No. 8 seam 

coal sample that was attrition-ground for 25 minutes to 

produce ultrafine coal. The pH values of both the coal 

slurry and the frother solution were adjusted to a desired 

value using NaOH and HC1. The best recoveries were obtained 

between pH 6 and 9, while the percent ash in the concentrate 

was the lowest between pH 7 and 8. These results are 

similar to those reported by Zimmerman (1979) and Halsey, 

Yoon and Sebba (1982). It is noted here that most flotation 



Pi t tsburgh No. 8 Seam 4- 
- 5 0 0  mesh 

8.5 % Feed Ash - + 80  Attrition Ground 
IS 

DF MI50 Kerosene / el 11 1 (I~I /+on) R e c  Ash 

VOLUME OF MICROBUBBLES (ml ), 

Figur& 27. Effect of using different volumes of microbubble suspension for 
the flotation of Pittsburgh No. 8 seam coal (-500 mesh) at a 
constant frother concentration, 



Figure 28. 

(Ib/ton) (Ib /ton)! Rec.  Ash 
3020.7 2-8 0.2 0 A 

I 
. . 

Pittsburgh No. 8 Seam 

- 5 0 0  mesh 
V 

' 7.5% Feed A s h .  
- Attrition Ground 

Effect of pH on the flotation of Pittsburgh No. 8 seam coal mesh) . 



experiments in the present work were carried out without pH 

adjustment, but the natural pH usually ranged between 7 and 

8, which corresponds to the optimum flotation pH. 

Another method of minimizing the ash entrapment problem 

would be to conduct flotation tests at a low pulp density. 

Figure 29 shows the results of microbubble flotation tests 

conducted by varying the pulp density. The feed coal 

(Pittsburgh No. 8 seam) was ground for 25 minutes in an 

attrition mill. Recoveries of approximately 90% were 

obtained at pulp densities greater than 3%, below which the 

recoveries dropped.sharply. Note, however, that cleaner 

products were obtained at pulp densities below 3%. 

Current U.S. practice in coal flotation plants shows the 
. . 

percent solids to average 304% (Aplan, 1976). Cleaner 

products are usually 'obtained with lower pulp densitie.8 as a 

consequence of reduced mechanical entrapment of gangue in 

the froth and less c6agulation of liberated particles with 

composite particles containing high percentages of ash. 
. . 

Coal recovery is higher, however, with higher pulp densities 

(Brown, 1962). In this regard, Tomlinson and Fleming (1965) 

characterized two types of flotation, i.e., "inhibited" 

flotation that occurs at high pulp densities when all ai; 
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bubbles- that reach the froth are sat,urated with particles, 

and 'freen flotation that occurs at lower pulp densities 

when the bubbles are sparsely coated with particles. 

Lynch et al. (1974) found a direct correlation between 

the recovery rate of silicious gangue and the water recovery 

rate in the flotation of sulfide minerals. Trahar (1981) 

also found that the recovery of fine quartz was related to 

the water recovery in the concentrate, which amounted to as 

much as 60% in some cases. Two series of single-stage 

microbubble flotation tests were conducted in the present 

work on an attrition-ground coal sample (Pittsburgh No. 8), 

and the results are presented to show the ash recovery in 

relation to the water recovery at different frother dosages. 

The results given in Figure 30a show that the water . .  . 

recovery increased only slightly from 6,9%.:at 1 lb/ton 

Erother to a maximum of 11% at 4 lb/ton frother, while the 

ash recovery increased steadily from 36% at 1 lb/ton frother 

to 60% at 82 lb/ton frother. 

In the second series (Figure 30b), the percentage of' 

water in the froth remained practically constant at 

approximately 82% at all frother .concentrations, but the ash 

recovery increased significantly with increasing f rother 

addition. These results suggest. that in microbubble . - 

. , 
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Figure 30b. ~ebults of flotation tests conducted on the pittiburgh No. 8 
.seam coal (-500 mesh) showing the relationship between coal 
recovery, ash recovery and percent water in the froth. 



flotation,. the ash recovery is not as directly related to 

the water 'recovery as in conventional flotation. It appears 

that in microbubble flotation, ash particles are 

mechanically entrapped in the froth due to the larger number 

of bubbles produced at higher fr.other concentrations. 

3.2.7 Methods to Reduce &.h E n t r m  

Several different techniques were employed to improve 

the selectivity of microbubble flotation. Table I1 shows 

the results of the microbubble flotation tests in which the 

froth was sprayed with water continuously during flotation 

in an effort to wash the ash particles from the bubbles. 

Two sets of flotation tests were conducted: one on the -500 

mesh Harlan seam coal prepared' by wet attrition grinding and 

the other on -100 mesh coal. The amounts of reagents used 

in both are comparable. 

With the -100 mesh'sample, the water spray seemed to be 

effective in reducing the ash entrapped in the froth without 

detriment to the recoveries. The percent ash was reduced 

during the second-stage flotation to 8.8% from 12.2% ash by 

the water spray'without a significant loss of recovery. 

When no, water spray was employed, ,however, the percent ash 

was reduced to only 10.5% from 11.9% .. 



Table 11. R e s u l t s  of Microbubble F l o t a t i o n  T e s t s  Conducted on Harlan Seam Coal Sam- 
p l e s  of D i f f e r e n t  Feed S i z e s  

Without Sprayer With Sprayer 
Recovery Ash Recovery Ash Reagents ( l b /  ton)  

Feed 
S i z e  Products  (%) (%) (%) K e r o s e ~ e  ' Dowfroth M150 

mesh 
Is t s t a g e  81 .8  10 .9  18 .2  1 3 . 9  4.7+0.2 - 

Feed 100.0  30.8  100.0  33 .0  

-100 2nd s t a g e  9 2 . 1  10 .5  94 .2 - .  - 8 . 8  2 .2+0 .1  - 1.81t0.1 - 
mesh 

. 1st s t a g e  94.4  1 1 . 9  96.5 . 1 2 . 2  4 .7+0.2 - 4 .1+0 .1  

' Feed 190 .0 ,  23 .0  100 ..O 21 .1  



The test results obtained with the -500 mesh sample show 

that the froth loaded with ultrafine particles was much less 

stable, The recoveries in both stages of flotation dropped 

by more than 60% when the froth was sprayed with water. 

This possibly resulted from ultrafine particles held to the 

bubbles via van der Waals forces or other weak attractive 

forces, whercao thc coarae~ portieles are held more sLioagly 

to the bubbles by means of a three-phase contact.  The 

possibility that fine particles are held to a bubble by weak 

van der Waals forces has been suggested by Derjaguin and 

Dukhin (1981) in their discussion of contactless flotation. 

Note also that the cleaned, ultrafine coal contained 

only 4.2% ash, which may be attributed to the improved 

liberation of ash particles. The feed ash of the -500 mesh 

coal was higher than that of the -100 mesh coal because of 

the wear of the grinding media during attrition grinding, . , 

Similar; result$ were obtained when applying a mechanical 

stirrer to the froth, as shown in Table 111. With the 

stirrer, a second-stage recovery of 99.4% with 4 -5% ash was 

obtained on the -200 mesh sample from the Pond Fork seam, 

With the -5-00 mesh sample prepared by grinding the -200 mesh 

coal for 18 hours in a ball mill, the second-stage recovery 

was only 24.7%, although the ash content of the froth 

product was; as low as 1.8%. 

Figure 31 shows the results of a series of micrabubbie 



Table 111. Results of Microbubble Flotation Tests Conducted Using a. 
Mechanical Stirrer on Pond Fork Seam Coal 

Reagents ' (lb/ ton) . Recovery Ash 
Feed Size Products . (%) .(%) - Kerosene Dowfroth M150 

-200 mesh 2nd stage 99.4 4.5 1 3 

Is t stage 99.4 4.5 4 5 
Feed . 100.0 4.89. 

-500 mesh 2nd stage 24.7 1.8 1 

1st stage 27.4 2.9 4' 
Feed : 100.0 7.3 

. , 
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Figure 3 1 .  ~ f f e c t  of sodium s i l i c a t e  addition on the f lo tat ion  of Harlan seam 
coal (-400 mesh). 



flotation tests in which the coal samples were conditioned 

with varying amounts of sodium silicate prior to flotation. 
. . 

The additionof 32 lb/ton sodium silicate reduced the ash 

content by about 4% in the first-stage flotation and by 

about 2% in the second stage. Thus, the use of a dispersant 

improved the ash rejection, although at the expense of the 

recovery. . . 

3.2.8 A& Content ~1-e Froth D e ~ t h  

In order to examine the changes in ash content along the 

froth depth, a single-stage microbubble flotation test was 

conducted while taking the froth at dif fekent depths and 

assaying each segment separately.   he coal sample was from 

the Pittsburgh.No. 8 seam and had been attrition-ground for 

25 minutes. One lb/ton kerosene was used t.0 condition the 

coal and 2.1 lb/ton Dowfroth M150 was usedto produce the 

microbubbles. The first segment of the £.goth,' (top 1.5 cm) . .  , 

was not removed until four minutes:after'the mibrobubble 
. . 

injection. During this time, the total-froth height was 

decreased from 5.80 cm to 5.45 cm. 

Figure 32 shows the percent ash profile :along the froth 

depth. The percent ash remainedat approximately 4% in the 

top 3.5 cm of the froth, but increased to.above5% in the 

bottom 2 cm. This may be explained by the drainage of 
, . ,  

liquid lamellae between the bubbles, which ' .k, ikes: the loosely 
. . . ,  . . 
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Figure 32. Ash content along the depth of the froth formed during the microbubble 
flotation conducted on the Pittsburgh No. 3 seam coal. 



held ash particles to the bottom of the froth. 

In order to compare the effects of particle size on both 

conventional and microbubble flotation, the Pittsburgh NO. 8 

seam(-100 mesh) coal was attrition-ground for various 

lengths of time at a pulp density of 40% solids. Each 

flotation test was conducted using 2.8 lb/ton kerosene and 

3.2 lb/ton Dowfroth HI50 in the first stage. In the second 

stage, 2.2 lb/ton Dowfroth M150 was used without additional . . 
kerosene. The results areishown in Figures 33 and 34. 

The second-stage recoveries obtained in the microbubble 

flotation tests varied from 95% with 0 grinding time to 65% 

with.a 25-minute grinding time. These results were superior 

to the ones obtained with conventional flotation, which 

- ranged from 85% to 20%. In both series of tests. the ash 

conten'ts of the clean coal products decreased significantly 

with increased grinding , .: . time. This may be attributed 

primarily to the improved liberation with increased grinding 

time, but it may also be due simply to the drop in recovery. 

The conventional flotation technique gave a final product 

containing only 2% ash after 15 minutes of grinding time. 

The microbubble process, on the other hand, produced a clean 

coal product assaying 3% ash, but with a significantly 
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higher recovery by as much as 45%. 

3.2,lO - 
d Oil Aualomeration Test Re - 

slaux 
.. . 

Table IV compares the results of microbubble flotation 

tests with those of conventional flotation tests.conducted 

on the -400 mesh Harlan seam coal. The sample was prepared 

by dry-pulverization in a hammer, mill and the t=sts were 

conducted using identical reagent dosages.' In the first 

stage, the microbubble flotation produced a froth,product 

assaying 16.3% ash with 96.1% recovery, while the. 

conventional flotation gave a froth product assaying 26.1% 

with 91.7% recovery. In the second-stage flotation, the . 

microbubble flotation gave only 9.9% ash in the froth 

product, while in the conventionai flotation the ash content 

was as high as 21.6%. The separation efficiencies of the 

microbubble flotation process were significantly higher than 

those of the conventional process in both stages,' suggesting 

that the microbubble flotation process' was more selective. 

It is pointed but, however, that the 2 ib/ton o; f rother 
used in the conventional flotation might have been 

excessive, resulting in poor selectivity. 

Table V shows the test results obtained on the same 

Harlan seam coal using three different fine coal cleaning 

techniques, i.e., conventional flotation, microbubble 



, Table IV. Comparison o f  conventional and Microbubble m lot at ion Test Results 
Obtained on a -400 Mesh Harlan Seam Coal UsingIdentical Amounts of 
Reagents 

~onven t ional Microbubble 
Flotation Flotation 

Recovery Ash Recovery Ash Reagents (lb/ ton) 
Products (%) (%) S.E.* (%I ( %  S.E. Kerosene Dowfroth M150 - - - - 

2nd stage. 

Is t stage 91.7 - 26.1 31.05. 96.1 - 16.3 59.79 

Feed 100.0 3'4.5 

*Separation Efficiency 



Table V. Comparison of Flotation Tests Conducted on -500 Mesh R-0-M 
Harlan Seam Coal 

Products 

2nd stage 

1st stage 
7 

Feed 

Conventional .Oil 
Flotation kgglomer a t ion . 

Recovery . Ash Recovery Ash 
(%) (%) - (72.1 - (%I 

~icrobubble Flotation 

Test l* Test 2** - 
Recovery Ash Recovery Ash 

(%I - (%I (%> (%) 

Reagents (lb/ tom: 

Kerosene . . 

Dowfroth M150 

*Ball mill ground, .48 hours, 1.00% -500 .mesh 
**Attrition mill ground, 10 minutes, 1.00% -500 mesh 



flotation and oil agglomeration. The oil agglomeration test 

was included in this series of experiments because it is 

generally recognized as one of the best physical cleaning 

techniques for fine coal, although it requires large amounts 

of oil. Note that the feed size for these tests was much 

smaller than those',shown in Table IV. : The flotation feeds 

were prepared by wetogrinding the R-0-M coal in a laboratory 

ball mill for 48 hours using small grinding media, except 

for Test NO. 2 of the microbubble flotation. In this test, 

the sample was attrition-ground for ten minutes using a 

stirred bali mill. All of the sample passed through a 500- 

mesh screen' .a'fter grinding. 

For the first three tests shown in Table IV, the 

pulverized coal was .filtered for the purpose of sample 

dividing and repulped prior to flotation, while Test No. 2 

of the microbubble tests was performed without filtration. 

The variation in. the feed ash of these.samples i s d u e  mostly 

to differential media wear during grinding. 

With the ultrafine coal, conventional flotation 

using large air bubbles produced very poor results (9.1% 

, recovery with 5.9% ash). The oil agglomeration technique 

gave a much improved recovery (87.1%), but with a relatively 

high ash content (10.6%). The microbubble flotation (Test 

No. 1) produced the best results (91.0% recovery with 8.3% 

aoh) using relatively little kerosene compared to the amount 



used i n  t h e  o i l  agglomeration t e s t .  I n  t h e  o t h e r  
, . 

microbubble f l o t a t i o n  test  (Tes t  No. 2 ) ,  t h e  a sh  con ten t  was 

only  4.6%, while  a  r e spec tab le  recovery (83.5%) was 

maintained. This  improved ash  r e j e c t l o n ' m i g h t  b e - a t t r i b u t e d  

t o  t h e  a t t r i t i o n  grinding,. 'which c o u l d h a v e  produced smal ler  
I ' .  

'. . .  

and, thus ,  more l i b e r a t e d  c o a l  p a r t i c l e s .  However, a  more 
. 

l i k e l y  reason is t h a t  t h e  pulver ized  c o a l  was n o t  f i l t e r e d  

p r i a t  t o  f l o t a t i o n  f o r  t h e  purpose o f . s a m p l e  d iv id ing .  I t  
, , 

, . - . . , 

is p o s s i b l e  t h a t  during f i l t ' r a t i o n  ash  p a r t i c l e s  adhere t o  
' 8  

. . c ; s .  
s .  

c o a l  p a r t i c l e s  by'-some ' c a p i l l a r y  f o r c e s : h d  ' cannot r e a d i l y  
1 _ '  

be d i spe r sed  during t h e  repulping procedure. 
. . 

Table V I  s h o w s t h e  r e s u l t s  .of another  s e r i e s ' , o f  t e s t s  
. .- 

% .. 
similar t o  those  presen . ted : in  Tab1e.V. Note, however, t h a t  

i n  t h i s  microbubble test ,  a  s t i r r e r  -was i n s e r t e d '  i h t o  t h e  

f r o t h  l a y e r  t o  h e l p  reduce t h e  amount of a s h  recovered i n  

t h e  f r o t h .  The c o a l  sample use'd was a  c l e a n  c o a l + p r o d u c t  

from a  dense medium separa to r  t r e a t i n g  .p i t t sburgh  No. 8  seam 

coa l .  The mechanical s t i r r e r  d i d  i n q e e d h e l p  reduce t h e  ash  

con ten t  t o  6.59, but a t  t h e .  expense o f - + t h e  recovery (only  
. 

> .. 
57.5% i n  t h e  second s t a g e ) . . ~ e v e r t h e l e s s ,  t h e  r e s u l t s  of 

t h e  microbubble f l o t a t i o n  t e s t  are much b e t t e r  t h a n  those of 

t h e  conven'tional f l o t a t i o n  test and t h e  a s h  r e j e c t i o n  was 

b e t t e r  than t h a t  obtained with o i l  agglomeration. 

Table .VII shows s i m i l a r ,  r e s u l t s ,  o b t a i n e d , o n  t h e  Taggart 

seam coa l  pulver ized  i n  an a t t r i t i o n  m i l l .  T h i s  c o a l  sample 



Table VI. Comparison of Flotation Tests Conducted on the -500 Mesh 
' Pittsburgh No. 8 Seam Coal 

Conventional Microbubble . . Oil 
, . Flotation. Flotation* . . . .  Agglomeration 

. .  . Products -- F-ecovery (%) Ash (%) ' Recovery (%) Ash . , (%) Recovery . . (%) Ash (%) . . . . 
' ,  

28.5 2nd ' stage 8.1 57.5 6.5 90.4 8.5 : , 

00 
' r g  1st- stage 36.0 

. . . . . -. . . . . , 

. Feed 100.0 11.3 100.0 11.0 100.0 10.2 

Reagents (lb/.ton) - 

Kerosene 4 10 300 

Dowfroth M150 1 5 0 

*a stirrer was used 



T a b l e  VII. Comparison of Fla3tation Tests Conducted 02 the -500 Mesh 
R-0-M Taggart Seam Coal 

Conventionrl Microbubble Oil 
Flotation Flotation* Agglomeration 

Products - Recovery (%) Ash -- (%) Recovery (%) Ash (%) Recovlry (%) Ash (%) 

2nd stage 13.7 5.4 60.2 4: 7 95.1 4.1 

1st stage 17.1 22.3 

Feed 100.0 40.7 100.0 41.4 100.0 39.8 

Reaeents (lb/ ton) 

Kerosene 

Dowfroth MI50 

;?a stirrer was used 



conkained a much higher percentage of ash than those shown 

in Tables V and VI. Again, a stirrer was used with the 

microbubble flotation tests, which helped produce a low ash 

coal (4.7% ash). The recovery was only 60.2%, however, due 

to excessive stirring. The oil agglomeration technique 

produced the best results with this coal, the clean coal 

assaying only 4.1% ash with 95.1% recovery. However, as 

much as 300 lb/ton oil was used in .the oil agglomeration 

process. 

3.2.11 Bubble Size V e r w  Flotation L~&&Ls 

Figure 35 shows the results of the kinetics tests 

conducted on the -100 mesh Eagle seam coal (34% ash). using 

bubbles of three different sizes. Each test was conducted 

at a 42 ml/min gas (nitrogen) flow rate using 20 grams of 

coal conditioned with 3 lb/ton kerosene. This flow rate 

was chosen on the basis of the unique procedure of the 

microbubble flotation technique; that is, instead of 

bubbling inside a flotation cell as in conventional 

flotation, microbubbles are injected as a suspension. A 

330-ml volume of the microbubble suspension, prepared from 

0.082 ml/l of Dowfroth ~ 1 5 0  and containing 7.8% gas volume, 

was injected into the bottom of the flotation cell for 37 

seconds, which corresponded to the gas.flow rate of 42 



TIME (minutes) 

Figufe 35, Results of flotation kinetics experiments conducted on the Eagle seam 
coal (-100 mesh) as a function of bubble size. 



ml/min f o r  a per iod  of 37 seconds. Although t h e  microbubble 

suspension was i n j e c t e d  f o r  only 42  seconds, t h e  f l o t a t i o n  

..time took much longer  a s  t h e  bubbles rose  very slowly due t o  
. . . . . .  - . . . C . .  . . . .  .... + . . . .  . . .  . , .  

t h e i r  small  s i z e .  When using l a r g e r  bubbles generated by 
, . . . . .  

t h e  f r i t s ,  t h e  gas  flow r a t e  of 42  ml/min was maintained 

throughout t h e  e n t i c r e  f l o t a t i o n  per iod .  Thus, t h e  t o t a l  
. . 

volulnes of gas used ' in  t h e s e  experiments were much l a r g e r  
. . 8 .  ..... . . 

. than t h a t '  o'f t h e .  mic,robubble f l o t a t i o n .  
". 

A cornparigon of.,.the t e s t  r e s u l t s  given i n  Figure 35 

c l e a r l y  demonstrates a d r a s t i c  improvement i n  f l o t a t i o n  r a t e  
. . . . 

. 5  . . . . .  

brought about by ,the' u s e  o f  microbubbles. Q u a l i t a t i v e l y ,  

t h i s  f ind ing  is i n  ag reementwi th  Eq. [5] which r e l a t e s  t h e  

' f l o t a t i o n  'irate cons tan t  t o  t h e  bubble diameter.  I t  i s  
, . 

, . , .  .', . . 
unfor tunate  t h a t  t h e  bubble s 'ize measurements have n o t  been 

made,;in t h e  p r e s e n t  work due . t o  . a l ack  of proper f a c i l i t i e s ;  

,however, work is c u r r e n t l y  underway t o  v e r i f y  Eq. (51 i n  a 
. . : . . , 

more q u a n t i t a t i v e  manner. 
. , 

Figure  36 repre$ents  t h e  k i n e t i c s  r e s u l t s  obtained on 

t h e  -500 mesh ~ a ~ l e  seam c o a l '  (37.5% a s h ) .  The experimental  
. . . . 

c o n d i t i o n s  :were e s s e n t i a l l y  t h e  same a s  t h e  o the r  s e r i e s  

. except  t h a t  the- .gas ,  fIow r a t e  was 46 ml/min. with t h i s  
. . . . . . . .  

u l t r a f  i n e  c o a l  ,. ' t h e  - s l o p ~ s  d f  t h e  curves a r e  much reduced 
.: . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  . . . . . . .  L ?  . > . ,, :, . 

compared t o  those  of ,. .Figure . 35, i n d i c a t i n g  slower k i n e t i c s .  
. . ~ " 

It  is no t  c e r t a i n  whether t h e s e  slow k i n e t i c s  were due t o  
;, .. , . .' 3 

t h e  small  p a r t i c l e  s i z e  o r  t o  t h e  high  s u r f a c e  a rea .  It- is  



TIME (minufesl : 

Figure 36. Results of flotation kinetics experiments conducted on the Eagle seam 
coal (-500 mesh) as'a function of bubble size. 



p o ' s s i b l e  t h a t  3  lb / ton  kerosene a n d  3 lb / ton  Dowfroth MI50 
. .  . 

were 'no t  enough f i r '  ii good' f l o t a t i o n  of u l t r a f i n e  coal .  
, . , 4 

 everth he less, ' t h e  microbubble f l o t a t i o n  exh ib i t ed  . 
' 

, s i g n i f i c a n t l y  f a s t e r  f l o t a t i o n  r a t e s  than  t h e  o t h e r s  using 

l a r g e r  bubbles, even with t h i s  u l t r a f i n e  coal .  

The most i n t r i g u i n g  f ind ing  from t h e s e , k i n e . t i c s  

experiments is t h a t  t h e  f r o t h  products  of t h e  microbubble 

f l o t a t i o n  t e s t  contained s i g n i f i c a n t l y  less. ash  than those  

of t h e  o t h e r  t e s t s ,  as shown i n  Figures  3'7 and 38. With 

t h i s . u l t r a f i n e  c o a l ,  t h e  l a r g e r  bubbles generated by t h e  
. . 

f r i t s  d i d  n o t  show much s e l e c t i v i t y .  I n  f a c t ,  t h e  f r o t h  

products  contained only a few percent  less a s h  than  t h e  feed 

c o a l  (37.5% a s h ) ,  which may be a  good example showing t h a t  

when using l a r g e r . b u b b l e s ,  f l o t a t i o n  ockurs  l a r g e l y  due t o  

an entrainment mechanism r a t h e r  than t o  t r u e  f l o t a t i o n .  It 

appears ,  t h e r e f o r e ,  t h a t  microbubble f l o t a t i o n  can n o t  only 

g i v e  higher  recovery, but  a l s o .  improved ash  r e j e c t i o n  i n  

c leaning  u l t r a f i n e  coal .  

For t h e  f l o t a t i o n  of -100 mesh c o a l  ( s e e  Figure  3 5 ) ,  

however, t h e  same cannot be s a i d .  I n  f a c t ,  t h e  f r o t h  

products  0 b t a i n e d . b ~  using l a r g e r  bubbles contained 

s i g n i f i c a n t l y  l e s s  ash  than those  of  t h e  microbubble f l o -  

t a t i o n  ( s e e  Appendix 11). This merely i n d i c a t e s  t h a t  l a r g e r  

b,ubbles can s t i l l  f l o a t  c o a l  p a r t i c l e s  a s  l a r g e  a s  -100 o r  

-200 mesh w i t h  some s e l e c t i v i t y .  Microbubbles, on t h e  o t h e r  
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Figure 37. Ash contents of the timed-cut froth products from the kinetics experiments 
. conducted on the Eagle seam coal (-500 mesh). 



Figure 38.. . Cumulative ash contents of the froth products from the kinetics experiments 
conducted on the Eagle seam coal (-500 mesh). .. 
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hand, can cause entrapment due to their large number, 

resulting'in inferior ash rejection although with much 

improved recovery and kinetics, as shown in Figure 35. 



IV. DISCUSSION 

It has been found in the work that small air 

bubbles in the 50-100 micron size range are effective in 

cleaning ultrafine coal with a mean particle size as fine as 

5 microns. The microbubble flotation process can produce 

clean coal containing less than 2% ash with over 85% 

recovery. Two nonionic frothers, .i.e., MIBC and Dowfroth 

M150, have been used to produce the microbubbles. It would 

be of interest to discuss the surface chemistry of these 

surfactants prior to attempting to discuss the complex 

flo-tation mechanism. 

4.2 Characteristics of Dowfroth MI50 and ,MIBC and T h u  . . 
ect on Flotation 

The following represents the molecular structure of MIBC 

(F.W. = 102) : 

Dowfroth MI50 is a polypropylene glycol which has the 

following molecular configuration: 



I t  has  an ave rage  molecular  weight of 400, n being 

approximate ly  6. Thus, t h e  t o t a l  number of carbon atoms i n  

t h e  molecule  is  about  19.  Reagents employed i n  f l o t a t i o n  

u s u a l l y  p o s s e s s  hydrocarbon c h a i n s  c o n t a i n i n g  6-20 carbon 

atoms. The r edgen t s  t h a t  have less than  6 ca rbons  do n o t  

e x h i b i t  enough s u r f a c e  a c t i v i t y ,  whi le  t h o s e  w i th  more than  

20 a r e  t o o  i n s o l u b l e  f o r  most f l o t a t i o n  purposes .  

I n  view of  t h e  l a r g e  d i f f e r e n c e  i n  molecular  weigh ts  of  

t h e  two f r o t h e r s  used,  one may expec t  t h a t  Dowfroth MI50 

would be  more s u r f a c e  a c t i v e  than  MIBC. The s u r f a c e  t e n s i o n  

d a t a  shown i n  F igu re  11 indeed shows t h i s  t~ be t h e  case: 

t h e  s u r f a c e  t e n s i o n  of  t h e  Dowfroth M150 s o l u t i o n  d e c r e a s e s  

more s h a r p l y  t han  t h a t . o f  t h e '  MIBC s o l u t i o n .  From t h e  

s l o p e s  (dy/d l o g  C )  of t h e  s u r f a c e  t e n s i o n  v e r s u s  

c o n c e n t r a t i o n  cu rves ,  one can de te rmine  t h e  s u r f a c e  excess  

of these r e a g e n t s  a t  t h e . a i r / w a t e r  i n t e r f a c e  u s ing  t h e  

Gibbs a d s o r p t i o n  equa t ion :  

2 where r = s u r f a c e  exces s  (moles/cm ) . . 



y = surface tension 

C = surfactant 'concentration 

R = gas constant 

T = temperature (OK). 

Table VIII summarizes the results.of the surface excess 

calculation made at 50 mg/l. This concentration has- been 

chosen for the .calculation because the microbubbles were 

prepared with frother~solutions usually in the 25-100 mg/l 

range. 

Table VIII . Surface ~xcess Concentrations and Areal 
Molecule for Dowfroth M150 and MIBC 

Slopes at 
50 mg/l Surface Excess, I' Area/Molecule 

Surfactant (dynes. cm-1) (rnoles/cm2) ( A ~ >  + 

Dowfro th 
MISO 

MIBC 

. . 

As shown, Dowfroth Ml5O gives much higher surface excess 

than MIBC. The area occupied per molecule of frother is- 

rather small (64.0 i2) for Dowfroth M150, but this may 



sugges t  t h a t  t h e  f r o t h e r  molecules a r e  adsorbed a t  t h e  

a i r / w a t e r  i n t e r f a c e  forming mult i - layers .  One can see ,  on 

t h e  c o n t r a r y ,  t h a t  MIBC molecules a r e  s p a r s e l y  d i s t r i b u t e d  

a t  t h e  a i r / w a t e r  i n t e r f a c e .  

The l a r g e  d i f f e r e n c e  i n  s u r f a c e  a c t i v i t i e s  of t h e  two 

reagen t s  may account f o r  t h e  fol lowing observat ions:  i )  

DowfrothM150 is  a much b e t t e r  f r o t h i n g  agent  than MIBC f o r  

gtneraliay ~aicrububble  suspensions conta in ing  a higher  

volume f r a c t i o n  ,of a i r  and producing a more s t a b l e  f r o t h  

dur ing  f l o t a t i o n ,  ii) higher  k l o t a t i o n  recovery is  obtained 

using Dowfroth MI50 as a f r o t h e r  a l though a t  t h e  expense of 

t h e  s e l e c t i v i t y ,  and iii) higher  streaming c u r r e n t s  of t h e  

microbubbles a r e  generated using ~ o w f  r o t h  M150. 

The s t a b i l i t y  of t h e  f r o t h  produced during f l o t a t i o n  may 

a l s o  be .related t o  t h e  v i s c o s i t y  of t h e  f r s t h e r  so lu t ions .  

A f r o t h  would be uns tab le  when t h e  l i q u i d  lamel lae  between 

bubbles d r a i n s  t o o  quickly.  A s  shown i n  Figure 16,  Dowfroth - 8 

MI50 s o l u t i o n s  a r e  somewhat more v iscous  than MIBC 

s o l u t i o n s ,  which may expla in  t h e  h igher  s t a b i l i t y  of t h e  

f r o t h  produced by Dowfroth MI50 and, hence, t h e  higher  c o a l  

recovety.  I t  should be noted, however, t h a t  i f  a f r o t h  is  

t o o  s t a b l e ,  a high degree of a sh  entrapment can occur,  

r e s u l t i n g  i n  i n f e r i o r  c o a l  products .  For t h i s  reason, t h e  

f r o t h  products  obtained using Dowfroth MI50 a r e  no t  a s  c l ean  

a s  t h o s e . o b t a i n e d  using MIBC. 



Figure 32 shows the percent ash profi,le of the froth . . . .. . . 

layer. Thg higher ash contents at the bottom of the froth 

may indicate the cleaning mechanism bx drainage. During the 
. . 

process of drainage, both coal and ash particles will move 

downward, but the ash particles are likely to trickle down 
- < '  

more readily . . than the hydrophobic coa.1 particles that may 

cling to the air bubbles more strongly. This will result in 

the removal of entrained ash particles from the upper 

portion of a froth layer. Thus, it may be'advantageous to 

build up a thick froth layer and remove only the top portion 

of the froth. In a continuous operation, it would be of 

interest to determine the residence times for both ash and. 

coal particles as functions of particle size, froth height, 

pulp density, pedal speed, etc. 

4.3 W b l e  Size C w  Us- the S- 
N W e d  for Hindered Se- 

. . 

From the measurements of stability o:f microbubble 

suspensions, the volume fraction of air in the microbubble 

suspensions has been determined. . This is shown as a 

function of frother concentration in Figure 39. Alsa shown 

in this figure is the time required for the 'moving 'boundary 

between the cloudy microbubble suspension and the clear 

water to reach the 70-ml mark (12.6 cm height from the 
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bottom) of the, graduated cylinder modified for the stability 

measurements (Figure 3). 

.The microbubbles produced with Dowfroth,M150 contain up 

to 28% air, as compared-to 13% for those bubbles generated 

with MIBC. Also, the moving boundary under the microbubbles 

produced with Dowf roth MI50 requires almost twice as much 

time to reach the 70-ml mark on the graduated cylinder. 

From the rate of the moving boundary rising through the 

column, the diameters of the microbubbles have been 

calculated using the Stokes equation modified for the hin- 

de.red settling of particles (McCabe and Smith, 1976; Yoon, 

where u is the tezminal velocity, g the gravitational 

acceleration, E: the porosity (or the fractional volume of 

the suspension occupied by the liquid), PI the density of 

air, p 2  the density of the medium, 11 theviscosity of the 

liquid, and Db the spherical bubble diameter. The results 

of these calcu.lations are shown in ~a.ble IX. The velocities 

of the moving boundaries used in these calculations are 

those for higher frother concentrations given in Figure 39. 



Table IX. Results.of Bubble Diameter Calculations 
Using the Stokes Equation tor Hindered 
Settling Conditions 

MIBC 

It is surprising to see that despite the large di3fer- 

ence in the velocities of rising bubbles, i.e., 0.0525 

cm/sec for Docviroth MI50 and 0.0955. for MIBC, the calculated 

bubble sizes show little difference. In fact, the bubbles 

generated with MIBC are somewhat smaller than those 

generated with Dowfroth M150. In view of the Stokes 

equation (Eq. [9]), the porosity ( s )  of the microbubble 

suspension significantly affects the velocity of rising 

bubbles. This implies that when there are too many bubbles, 

the bubbles are hindering each other's rising velocities. 

The large volume fraction of air in the microbubble 
I 

suspension prepared using Dowfroth M150 may, therefore, be 

considered. most responsible for the slow rising velocity. 



It should be pointed out, however, that the application of 

Eq. [ 9 ]  for the bubble size calculation is questionable, 

and the results are only approximate at best. Further work 

is in progress for direct measurements of bubble size. 

4.4 Fdvantaaes of MicrcUabUe Flotation 

As has been discussed in Section 1.2, the major 

advantage to using micxobubb1e.s for flotation may be found 

in the flotation rate, According to Eq. [ 5 1 ,  a tenfold 
. . 

reduction in bubble size can bring about a 10 3 w 0 5  times 

larger flotation rate constant. This advantage has been 

manifested in the kinetics experiments'(Figures 35 and 36), 

which show that the use of smaller bubbies greatly increases 

the flotation rate. The increase in flotation rate is more 

dramatic with the -100 mesh coal (Eagle seam) than with the 

micronized coal (-10 micron), but the increase is still 

substantial even with the ultrafine coal. This may account 

for the improved recoveries obtained in most of the micro- 

bubble flotation tests conducted in the present work 

compared to the conventional flotation tests using larger 

bubbles. 

Conceptually, the improved flotation rates with the use 

of small bubbles can be attributed to" the iiiilproved 



streamline conditions around smaller bubbles, resulting in 

improved collision efficiency (Ec) . According to Reay and 

Ratclif f (1973) , 

for the case of glass beads. Furthermore, Flint and Howarth 

(1971) sugge~ted that when a cloud of bubbles is used for 

flotation, the streamlines around the bubbles are 

compressed, resulting in improved collision efficiencies. 

In addition, fine bubbles can provide a larger surface 

area to carry the particles. Recently, G. J. Jameson (1983; 

personal communication) has taken pictures of bubbles 

carrying coal particles in an industrial flotation cell. 

The photographs show that the bubbles are of relatively 

uniform size (3 mm in diameter) and carry maximum.loading, 

even in the last cell of a flotation bank. This finding is 

an -illustration that a lot of coal is lost due to the small 

surface area of bubbles generated in conventional flotation 
. . 

processes. By sJmply reducing the bubble size and, hence, 
, .------- -- .-- increasing the bubble surface area at a given gas flow rate, 

1- / 
"' coal recovery can be improved significantly. 

One of the most intriguing findings of the present work 

is the fact that the microbubble flotation appears to be- 

considerably more selective than the conventional flotation 



,process. For example, with the -400'mesh Harlan seam coal, 

.the conventional flotation process gave 89.4% recovery with 

21.6% ash in the froth product (Table IV).. Using. identical 

amounts of reagents, the microbubble flotation produced a 

froth product assaying only 9.9% ash and 83.4% recovery. 

The separation efficiencies (S.E.) of these two processes 

are 43.3 and 65.7%, in favor of the microbubble flotation. 

The S.E. is defined here as the percent distribution of 

combustible material in the froth product minus the percent 

distribution of noncombustible material in thk same product. 

Other test results given in Tables V, VI and VII also 

show significant improvements in selectivity with the use of 

the microbubble flotation technique. Usually an increase in 

.recovery results in a corresponding decrease in grade in 

conventional flotation processes, but some of the micro- 

bubble flotation tests gave not only an increase in 

recovery, but also a reduction in ash content in the froth 

product. Much of this is due to the techniques employed to 

reduce the ash entrapment, e.g., water spraying and 

mechanical agitation. However, there may be reasons to 

believe that microbubble flotation can be intrinsically more 

selective than the conventional process. 

Two hydrodynamic reasons may be given for the improved 

selectivity exhibited by the microbubble flotation process. 

The first is the fact that a microbubble .carries little'or 



no turbulent wake volume behind it. Figure 40 shows the 

relationship between the dimensionless wake volume and the 

bubble size in relation to the Reynolds number. The curves 

shown in this figure are from Kalra and Uhlherr's (1971) 

measurements of wake volume behind rigid spheres as a 

function of the Reynolds number. From the Reynolds 

number, the bubble diameter has been calculated using the 

following re1,ationahipr 

in which n is the kinematic viscosity, Re the Reynolds 

number, P the density of liquid, 
Pg 

the density of gas in 

the bubble, and g t h e  gravitational aaceleration. 

Theoretically, for Re < 1, no eddy wake is formeA 

because of the viscous, streamlined flow past a sphere. One .- 

can then calculate the theoretical bubble diameter, below 

which no wake is formed, by substituting Re = 1 into EQ. 

(101 . At ZO'C, . _ Eq. . [lo] gives Db = 123 microns., The, bubble , ,  

size used in the present work,is smaller khan this value 

and, therefore, the wake volume may be insignificant. It io 

likely that the prese'nce of a wake may be responsible for 

the entrainment of ash particles during flotation. 

Currently, the concentration gradient of particles across 



t-' 
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Figure 40. Dimensionless wake volume and Reynolds number as a function of 
bubble diameter. 



the wake volume behind a solid sphere is being determined. 

The improved selectivity of the microbubble flotation 

may also be related to bubble loading. Kiefer and Wilson 

(1980) have developed a mathematical model to show that the 

effective bubble loading, which is defined here as the 

surface area (Sc) of a bubble that is covered by particles 

divided by the volume (V) of the bubble, decreases exponen- 

tially with increasing bubble size. This finding can 

s x p l a i i ~  thc impravhd f l o t e t l u n  reoovcpy with dccieasing 

bubble size, but may also be used for improved selectivity 

as discussed below. 

Let us consider a small bubble that is-fully covered by . . 

particles in a monolayer form. Some of the particles on the 

bubble may be ash particles which are entrapped between two 

hydrophobic particles. During flotation, some of the ash 

particles which must be more weakly held to the bubble than 

the hydrophobic coal particles may be readily detached from 

the bubble surface by the drag force. When a mechanical 

force of proper amplitude is applied to the bubble, the 

detachment of ash particles will be facilitated and. the 

flotation process will become more selective. In some of 

the microbubble flotation tests, water spray and mechanical . . 

agitation have been employed to achieve improved 

selectiviky. . . 



When larger bubbles are employed for flotation, the 

effective bubble loading would be small, as predicted by 

Kiefer and Wilson (1980). It is possible, however, that the 

particle attachment to the bubble is not limited to the 

monolayer. The particles colliding with the bubble will be 

quickly swept to the back of the bubble and attach 

themselves to the particles that are already on the surface. 

In other words, the particles may adhere to the bubble in 

multi-layer form. Figure 41 may show such an example. In 

this case, the detachment of the entrained ash particles 

from the bubble during the short flotation time would be 

more difficult than in the case of a smaller bubble covered 

by a monolayer or particles, and as a result, the flotation 

process would be less selective. 

In an effort to minimize the ash entrapment during 

flotation, the froth layer was sprayed with water or 

agitated with a mechanical stirrer. It was observed during 

these experiments that when finer particles were used for 

flotation, the froth was much less stable than when coarser 

particles were used. It is likely that large particles can 

penetrate the thin films around the bubbles and stop the 

drainage of lamellae, while the small particles follow the 

movement of the liquid during drainage. 

As has already been discussed in Section 1.2, Derjaguin 

and Dukhin (1981) have put forth a concept of 'contactless 



Figure 41. Coal particles adhering to a large bubble. 

Figure 42. Photomicrograph of a microbubble floating a 
graphite particle,  



flotation', which suggests that ultrafine'particles can be 

floated without the formation of a contact angle. Only a 

weak van der Waals force is necessary for bubble-particle 

adhesion because small particles are not subjected to large 

tearing-off forces. Large particles having large tearing- 

off forces, on the other hand, require stronger interfacial 

forces that are manifested in the form of the contact angle. 

However, no experimental evidence is given by Derjaguin and 

Dukhin to support their contactless flotation concept. 

Figure 42 shows a photomicrograph of a bubble-particle 

aggregate formed during microbubble flotation. The 

apparatus used for taking this photograph has been described 

by Yoon and Sebba (1981) . ~pparent'ly, thebubble is . , 
I .  . . . . 

attached to a graphite particle without forming a contact 

angle, suggesting that the contactless'flotation may 

actually occur during microbubble flotation. Further 
. . 

investigation' is necessary, however, to verify this concept. 
.' . 

Nevertheless, the contactless flotation theory may provide 

a tentative explanation for the decreasing froth stability 

with decreasing particle size. 

In conventional flotation processes, a froth that is too 
' .. 

stable is not desirable because it hinders the downstream 

processes such as thickening and filtration. However, in 

fine particle flotation, a stable and.tenacious froth may be 

useful in removing entrapped ash particles from the froth 



layer by water spraying. It is understood that the AFT 

(Advanced Fuel Technology) flotation process (1983) is 

exploiting this concept in achieving a maximum coal recovery 

with a maximum ash rejection. Although the froth stability 

is significantly reduced when a coal sample is pulverized to 

ultrafine sizes, as has been discussed in the foregoing 

paragraphs, it appears,that microbubbles produce much more 

stable froth than the larger bubbles used in conventional 

flotation. Frequently, the froth formed during microbubble 

flotation lasted many days without losing significant 

amounts of coal particles. 

Further research is being carried out at present to 

exploit this unique property of microbubbles for improving 

ash rejection. One of the techniques involves the control 

nf froth removal rate. By reducing the froth removal rate 

in a eaneinuous operation, one allows a lvnyer time f u r  Ll~a  

ash particles to drain from the froth layer and fall into 

the pulp. The ash content profile along the depth of a 

froth layer, shown in Figure 32, strongly suggests the 

likelihood of success with this technique. 



V. SUMMARY AND CONCLUSIONS 

1. In the present work, microbubbles have been produced 

by several different techniques and used for the flotation 

of fine coal. The bubble size ranges from 60 to 80 microns 

in diameter, according to calculations based on measurements 

of the rates of bubbles rising through a column. The 

microbubbles suspended in a surfactant solution give the 

suspension the appearance of milk because of their small 

sizes and large numbers. 

I * 

2. The microbubbles were generated using Methyl isobutyl 

carbinol (MIBC) and Dowfroth MI50 (Polypropylene glycol).. 

The latter reagent produced more stable microbubble 

suspensions containing a volume fraction of air up to 30%, 

while MIBC produced a microbubble suspension with a maximum 

volume fraction of 10%. 

3. A streaming current apparatus similar to the one used by 

Dibbs et al. (1974) has been used to obtain information 

regarding the charges of microbubbles generated using 

various surfactants. The microbubbles generated with a 

cationic surfactant, dodecylpyridinium chloride, exhibited 

positive current, the current density increasing sharply 

near its critical micelle concentration, The microbubbles 



generated both with MIBC and Dowfroth M150 exhibited 

negative current at neutral pH and at moderately high 

concentrations. 

4. Flotation tests have been carried out on.coal samples 

from seven different U.S. coal seams. Due to the nature of . . c ,  
' . .  . $ 

the microbubbles, the best results were . . obtained,when . . .  the 
, ', 

. . .  

flotation was conducted under quiescent conditions. 
. . ' ,  .- . , . . .  

Typically, a flotation experiment is carried out by injec- 
.' . . . . . .  > .  _ .  :. . 

ting a volume of microbubble suspension into the bottom of a ' .  . * 

cylindro-conical flotation column which contains a coal 
I . . I  . . 

slurry. Of the two frothers tested, i.e.,,MIBC and Dowfroth 
. . 

M150, the former gives better selectivity . . but,at the expense 

of recovery. Therefore, most of the, flotation . . .  . experiments 
. . 

have been carried out using Dowfroth M150 for the generation 
. . 

of microbubbles. . , -  

5. In general, the microbubble flotation technique gives 

much improved flotation recovery as compared to the . 

conventional flotation technique using larger bubbles under 

turbulent conditions. This improvement can be attributed to 

.the fast flotation rate obtained ,,- by . the small bubbles; the 
_ C . .  . .  , . 

flotation.kinetics experiments carried . .. . <. y out . .. using .. different 
. . .2. I .  . ? 

size bubbles at a constant gas~flow rate . . show a substantial 
, -. . . .  . . . .  

increase in flotation rate with decreasing bubble size. 



6. One of the most' serious problems in fine particle 

flotation is that of entrainment or entrapment, which causes 

a 1os.s of selectivity. It appears that the flotation using 

larger bubbles i s  troubled with an entrainment problem, 

part'icularly when cleaning an ultrafine coal, while the mic- 

robubble flotation suffers from entrapment problems. 

Indeed, the flotation results relating the ash content of 

.the froth products to the water recovery do not suggest that 

entrainment is a serious problem in microbubble flotation. 

Rather, particles trapped between two rising bubbles appear 

'to be the cause of the loss. of selectivity. 

In order to minimize the entrapment problem, several 

different techniques have been employed in the present work. 

One such effort has been to use a two-stage flotation A 

technique in which the first-stage froth product is repulped 

and floated again using minimum amounts of reagents. 

Significant improvements in ash rejection have been achieved 

by this technique but, of course, with some loss of coal 

recovery. 

7.  Another tec4nique that has been found to be useful in 

minimizing :be ash entrapment problem involves application 

of mechanical forces or shocks, such as water spraying and 

mechanical agitation, to the froth layer, This process may 



help loosen the ash particles held to the bubbles in the 

froth layer. It has been found, however, that an agitation 

that is too strong results in a significant loss of coal 

recovery, requiring close cont,rol of the mechanical shock 

depending on the stability of the froth. The microbubble 

flotation technique is particularly suited for this 

technique because the froth layer appears to be 

significantly more stable than the froth formed during 

conve~tional flotation. 

It has been found that the froth stability decreases 

with decreasing particle size, indicating that the liquid 

lamellae drain more quickly with decreasing particle size. 

This may be explained by the possibility that fine particles 

are weakly held to the bubble surface as compared to coarse 

particles. This interpretation is simila'r to the 

'contactless flotation1 concept put forth by Derjaguin and 

~ u k h i n  (1981). A photomicrograph taken during the 

microbubble flotation of graphite shows no apparent contact 

angle between a bubble and a particle, which might support 

this view. 

8 ,  To improve the selectivity ol Lhe ~ ~ ~ i ~ r u b u b b l e  flotation 

process, several other techniques have been employed. These 

include i) injecting a more dilute microbubble suspension, 



ii) controlling the pulp density, and iii) using disper- 

sants to maximize liberation. 

9. An analysis of the froth layer formed during 

microbubble flotation shows that the ash content increases 

significantly along its depth, suggesting that ash particles 

trickle to the bottom of a froth layer by drainage of the 

lamellae. This finding presents another method of 

controlling the ash entrapment problem during microbubble 

flotation. 

10. Microbubble flotation tests have been carried out on 

coal samples of various sizes, i.e., -100, -200, -400 and 

-500 mesh. With a given coal, the ash rejection improves 

with decreasing particle size, although at the expense of 

higher reagent consumption. The improved ash rejection may 

be attributed to the improved liberation of mineral matter 

from coal. Therefore, a series of flotation tests has been 

conducted on coal samples attrition-ground in a stirred ball 

mill, which has been found to be efficient in micronizing 

coals. Even with such ultrafine coal samples, the 

microbubble flotation technique has produced high recoveries 

with respectable ash rejection, depending on the amounts of 

reagents used. In general, the amount of frother (Dowfroth 

M150) required for the flotation of ultrafine coal ranges 



from 2-6 lb/ton. The kerosene dosage varies from one coal 

to another, depending on the hydrophobicity of the coal 

samples tested. Methods of reducing the frother requirement 

are currently being studied. 

11. Perhapa the most encouraging finding of the present 

investigation is that the micrdbubble flotation technique is 

more selective than the conventlonal~flotation prvcess uslrlg 

larger bubbles. The fact that microbubbles have no 

turbulent wake may provide an .explanation for this observa- 

tion. The possibility that the effective bubble loading 

(S,) increases with decreasing bubble size may also be a 

reason. . . 

These advantages of the microbubble flotation technique 

are currently being exploited f6r the production of super- 
. . 

clean coal. 
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APPENDIX I. 

Calibration of Electrophoresis Apparatus 

. . 
3 .  



A stage micrometer was used to determine the distance 

measured by the eyepiece.graticule. The distance was 

determined to be 70 microns. 

DetermUtion of the s t a w y  levelg: 

The positions of the stationary levels were found using 
* 

Komagatals equation : 

where S' $6 W e  ;distance"f.rom the. cell waif, d 1 s  the cell 

width and h is the cell height, Substituting.the 

appropriate values for d and h, s was calculated. Once the 

cell holder had been secured in the bath and the cell walls 

located, the eyepiece was focused a distance s from the cell 

walls and measurements were. made. 

The interelectrode distance, 1, was determined by 

calculating the cross-sectional area of the cell, A, and 

measuring the resistance, R, of the cell using a solution of 

. . 



known s p e c i f i c  conductance, K .  Using the  re la t ion:  

the  in tere l ec trode  d is tance  was ca lcu la ted .  

* operating in i t 'ruct ions  and: manuii for the 'bidi-icle Micro- 
Electrophoresis  Apparatus Mark 11, Rank Brothers, High 
S t r e e t ,  Bottisham, Cambridge C85 9 0 A ,  England. 
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Tables of Experimental Results Presented in Figures 



Figure No. . 10 

Stability of Microbubble Suspensions Produced with 
Dowfroth M150 and MIBC (Frother Concentration 250 mg/l) 

Volume of Clear Solution 
(ml ) 

Time (sec) 
DF M150 MIBC - 

Final Volume {ml) 



Figure No. 11 

Surface Tension of Dowfroth MI50 and MIBC.Solutions a s a  
Function of Concentration , , . . . 

Frother Concentration 
(mg/l) 

Surface Tension 
(dynes/ cm) 

M150 MIBC - 



Figure No .' 12 
. . 

Electrophoretic Mobilities of Coal and Quartz Particles as 
a Function of Frother'concentration at pH 7 

Frother Concentration 
(ml/l) 

Mobility 
(cm2/volt sec x 10-4) 

Quartz Coal Quar t z - Coal - 
Dowfroth MI50 

MIBC -.-- 



Figure No. 13 

Streaming Currents of Microbubbles as a Function of Frother. 
(Dowfroth M150 and MIBC) Concentration 

. . . . . . . . . . . . . . . . . . . . . . . . .  
< ., 

Frother Concentration (ml/l) 
DF MI50 MIBC - 

. I . . . . -  I 

, , .. 
current - (am*(, i lo-') 
DF MI50 MIBC - 

". 2 . .  . . . , .  a 

. f. 

-0.20 . . -  . 1..07 



Figur,e No. 14 . . , . 
. . . . . .  . . 

. . .  . . 
. . . . ..,. , 

Streaming Currents of Microbubbles Produced with Dowfroth 
MI50 as .a Function -of pH ... . . ... , .  : .  

pH' Curr-ent (amps x lo-') 



Figure No. 15' 

Contact Angles of Sessile Drops of Frother Solutions on 
Pittsburgh No. 8 Seam Coal as a Function of Concentration 

Surfactant Concentration 
(mg/l) 

Contact Angle 
(degrees) 

DF MI30 MIBC - 



Figure No. 16 

Viscosity of Dowfroth MI50 and MIBC solutions as a 
Function oi Concentration. . . , 

Surfac tant concentration' , . . . Viscosity 

MIBC - MIBC - 



F i g u r e  No. 17 Test  No. DT-PS-1 1  l b / t o n  MIBC 

~arno'l  e  Recovery 
we igh t  Y i e l d  

- 
Ash Coa 1 ( X  w t )  

Ash Coal ( g )  ( X  w t )  ( %  w t )  ( %  w t )  - - 

1 s t  s tage  
concen t ra te  2.3 ' 9.5 15.5 84.5 3.5 13.8 

1 s t  s tage  
re fuse  22.0 90.5 44.7 55 .'3 96.5 86.2 

Feed 24.3 100.0 41.9 58.1 100.0 100.0 

F igu re  No. 17 Test  No. DT-PS-2 2 I b / t o n  MIBC 

Sarnol e  Recovery 
weight  Y i e l d  

- 
Ash Coa 1 ( 7 :  wt )  

( 9 )  ( %  w t )  (76  w t )  ( %  w t )  -- Ash Coal 

1 s t  s tage  
concen t ra te  3.2 13.0 10.4 89.6 3.3 20.0 

. . 
1 s t  s tage 
r e f u s e  21.4 . 87.0 46.4 53'. 6 96.8 80.0 

Feed 24.6 ' lO0;O 41.7 58.3 100.0 100.0 

- - - - -  -- 

F i g u r e  No. 17 Test  No. DT-PS-3 3 I b / t o n  MIBC 

Samp 1 e  Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  
0 (5; w t )  Ash Coal ( X  w t )  . 1% w t )  

1 s t  s tage  
concen t ra te  .6.6 ,26.8 12.5 87.5 8.1 40.1 

1 s t  s tage  
re fuse 18.0 73.2 52.1 47.9 91.9 59.9 

Feed 24.6 100.0 41.5 58.5 100.0 lQO.O 



Figure  No. 17 Test  No. DT-PS-4 4 I b / t o n  M I B C  

Sam~ 1  e  Recovery 
we igh t  Y i e l d  Ash Coa 1 ( %  w t )  

Ash Coal ( ( 9 )  ( %  w t )  (% w t )  ( %  w t )  

1 s t  stage 
concent ra te  5.9 24.1 10.2 89.8 6.3 35.5 

1 s t  staae a 

re Fuse 10.6 75.9 48.2 - .  51.8 93.7 64.5 

Feed 24.5 100.0 39.0 61,O 100.0 100.0 

Figure  No. 17 Test No. DT-PS-5 5 I b / t o n  MIBC 

Sampl e  Recovery 
weight  Y i e l d  Ash Coa 1  ( %  w t )  
(9 I% w t )  ( %  w t )  ( %  "wt)  -- Ash Coal 

1 s t  s tage 
concentrate 5.2 71 - 7  12.0 88.0 6.4 31.2 

1 s t  stage 
re fuse  19.2 78.7 47.4 52.6 93.6 68.8 

Feed 24.4 . 1UO.O .39 -8 60 ‘ 2  10010 100.0 

Figure  No. 1 7  Test No. DT-PS-6 6 I b / t o n  MIBC 

Sarnp 1 e  Recovery 
Weight Y i e l d  Ash . Coal ( %  w t )  
L E~.L)  (_% w t )  ( %  w t )  --  AS^ Coal 

1 s t  s taqe 
concentrate 6.8 27.5 i1.4 00.6 8.0 60.1 

1st stage 
refuse 17.9 72.5 49.6 50.4 92.0 59.9 

Feed 24.7 100.0 39.1 60.9 100.0 100.0 



F igu re  No. 17 Test  No. DT-PJ-~ 6 I b l t o n  DF MI50 

 amp i e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

Ash Coal ( q )  ( %  w t )  : 1% t ( %  w t )  

1 s t  stage 
concentrate 17.9 80.3 19.9 80.2 47.2 97.1 

1 s t  stage 
re fuse  4.4 19.7 90.3 9.7 52.8 2.9 

Feed 2.2.3 100.0 33.7 66.3 100.0 100.0 

F igu reNo .  17 Test NO. DT-PS-8 5 I b/ ton  DF MI50 

Sarn~ 1 e Recovery 
weight Y i e l d  

" 
Ash Coa 1 ( %  w t )  

I ( %  w t )  (9)  ( %  w t )  ( X  w t )  --  AS^ Coal 

1 s t  stage 
concentrate . 18.6 76.9 ' 19.3 80.7 41.9 96.0 

1 s t  stage 
re fuse  5.6 23.1 88.7 11'. 3 58.1 4.0 

Feed 24.2 100.0 35.3 64.7 100.0 100.0 

F igu re  No. 17 Test  No. DT-PS-9 4 1 b / ton  DF MI50 

Sarnpl e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

Ash Coal (g )  ( % w t )  ( % w t )  (%wt) --_ - 
1 s t  stage 
concentrate 18.5, 79.1 20.2 79.8 46.1 96.6 

1 s t  stage 
refuse 5 .O 20.9 89.3 10.7 53.9 .3.4 

Feed 23.9 100 .O 34.7 65.3 100.0 100.0 



F igu re  No. 17 Test  No. DT-PS-10 

Sarnp 1 e Recovery 
weight  Y i e l d  Ash Coa 1 ( %  w t )  

Ash Coal (g )  ( X  w t )  ( %  w t l  ( %  w t )  

1 s t  stage 
concent ra te  18.2 77.8 19.3 80.7 42.7 96.8 

r e f u s e  5.2 22.2 90.7 9.3 57.3 3.2 

Feed 23.4 100.0 35.2 64.8 100.0 100.0 

Figure  No. 17 Test No. DT-Ps-11 2 1 bdton DF M150. 

Sarnpl e Recovery 
we igh t  Y i e l d  Ash Coa 1 ( %  w t )  

( 9 )  ( %  w t )  ( %  w t )  (% w t )  -- Ash Coal 

1 s t  s tage 
concent ra te  17.5 75.8 16.3 83.7 36.3 96.1 

1 s t  stage 
r e f  use 5 . 6  24 .2  89.5 . l.O..l 63 7 --..,.,..-.- 3.9 

Feed 23.1 100.0 34.1 65.9. 100.0 100.0 

F i g u r e  No. 17 Test No. DT-PS-12 , 1 Ib / ton  DF MI50 

Sarnp 1 e Recovery 
Weight ~ i e i d  Ash Coa 1 Ash- 

(g )  ( %  w t )  ( %  w t )  ( %  w t )  coa I -- 
1 s t  stage 
concent ra te  14.8 62.7 14.4 85.6 25.1 83.9 

1 s t  stage 
r e f u s e  8.8 37.3 72.3 27.7 74.9 16.1 

Feed 23.6 100.0 36.0 64 .O 100.0 100.0 



Figure  No. 18 Test No. DT-PS-7 6 l b / t on  DF MI50 

Samp 1 e  Recovery 
Weight Y i e l d  Ash Coal ( X  wt )  

( g )  ( %  wt )  ( %  w t )  ( %  w t )  Ash Coa 1 -- 
2nd stage 
concentrate 15.5 69.5 12.6 87.4 26.0 91.7 

2nd stage 
refuse . 2.4 10.8 66.5 33.5 21.2 5.5 -- 
1 s t  stage 
concentrate 17.9 80.3 19.9 80.2 47.2 97.1 

1 s t  stage 
r e f  use 4.4 19.7 90.3 . 9.7 52.8 2.9. 

Feed 22.3 100.0 33.7 66.3 . 100.0 100.0 
- - 

F igu reNo .  18 Test No. DT-PS-8 5 l b / t on  DF MI50 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coa 1, ( %  wt )  

(g )  ( X  wt )  ( %  wt )  ( Z w t )  .---- Ash - Coal 

2nd stage 
concentrate 15.7 64.9 10.7 89.3 19.6 89.6 

2nd stage 
refuse 2.9 12.0 65.7 .34.3 22.3 6.4 -- 
1 s t  stage 
concentrate 18.6 76.9 19.3 80.7 41.9 96.0 

1 s t  stage 
refuse 5.6 23.1 88.7 11.3 58.1 4.0 

Feed 



F igureNo.  18 Test No. DT-PS-9 4 1b/ton DF MI50 

Sample Recovery 
Weight Y i e l d  Ash Coa 1 (% wt )  

( 9 )  1% wt )  (% wt )  j% w t l  Ash Coa 1 -- 
2nd stage 
concentrate 15.4 

2nd stage 
re fuse 3.5 14.6 57.3 42.7 -- 24.2 9.6 

1 s t  stage 
concentrate 18.9 

1 s t  stage 
re f  use 5 .O 20.9 89.3 10.7 53.9 '3.4 

Feed 23.9 100.0 34.7 65.3 100.0 100.0 

Figure No. 18 Test No. DT-PS-10 

samp 1 c 
Weight Y ie l d  Ash Coa 1 

( g )  1% wt) (% wt )  1% w t l  

Recovery - 
( %  wt)  

Ash Coal -- 
2nd stage 
concentrate 

2nd stage 
refuse 4.0 17.1 49.4. 50.6 -- 24.0 13.3 

1 s t  stage 
concentrate 

1 s t  stage 
refuse 5.2 22.2 90.7 9.3 57.3 3.2 

Feed 23.4 100.0 35.2 64.8 100.0 100.0 



F i g u r e  No. ' 18 Tes t  No. DT-PS-11 2 l b / t o n  DF MI50 
: " .  ' .. i 2 ,;. 2. .. .. , . 

Sample Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

s  oa 1 ' ( q )  ( %  w t )  ( f i t )  1% w t )  A h  C 

2nd s tage  
concen t ra te  14.1 61 .O 

2nd s tage  . .  

r e f u s e  3.4 14:7 : 43.1 56 ..9 18.6 12.7 -- 
1 s t  s tage  
concent ra te  17.5 75.8 16.3 

1 s t  s tage  . 
re fuse 5.6 24.2 89.6 10.5 63.7 3.9 

Feed 23.1 100.0 ' 34.1 65.9 100.0 100.0 

F i g u r e  No. 18 Tes t  NO. DT-PS-1 2 1 I b / t o n  DF MI50 

Samp 1  e  Recovery 
Ash Weight Y i e l d  Coa 1 ( %  w t )  

( g )  ' ( %  w t )  ( %  w t )  1% wt )  Ash Coal -- 

2nd s tage  
concent ra te  12.4 52.5 9.0 

2nd s tage 
r e f u s e  2.4 10.2 42.3 57.7 12.0 9.2 -- 
1 s t  stage 
concent ra te  14.8.'. 62.7 14.4 

1 s t  s tage 
r e f u s e  . 8.8 37.3 72.3 27.7 74.9 16.1 

Feed 23.6 100.0 36.0 64.0 100.0 3 0 0 . 0  



F i g u r e  No. 19 Test  No. DT-PS-141 

S a m ~  1 e Recovery 
we igh t  Y i e l d  Ash Coa 1 ( X  wt) -  

s o a ( q )  ( %  w t )  j% w t )  ( %  w t )  A h C 1 

2nd stage 
concent ra te  16.1 87.7 

2nd stage 
r e f u s e  1.8 9.9 9.0 91 .O 22.2 9.4 -- 
1 s t  stage 
concent ra te  18.0 97.6 

1 s t  s tage 
0.4 2.4 54.8 45 :2 32.6 , 1.1 r e f  use 

Feed 18.4 ' 100.0 4.0 96.0 100.0 100.0 

F i g u r e  No. 1q Test  No. DT-PS-142 

S a m ~ l e  Recovery 
we igh t  Y i e l d  Ash Coa 1 ( X  w t )  

( g )  ( X  w t )  (% w t l  1% wt )  Ash Coal -- 

2nd stage 
concent ra te  14.9 . 95.9 

2nd stage 
r e f  use 0.4 2.3 24.7 75.3 16.9 1.8 -- 
1st. s t a g e  
concent ra te  15'13 98.3 

1 s t  stage 
0.3 1.7 b3.2 36.8 32.4 0.7 re fuse  

Feed 15.6 100.0 3 . 4 "  96.6 100.0 190.0 



Figure  No. 19 Test No. DT-PS-143 

Samp 1 e  Recovery 
weight  Y i e l d  Ash Coa 1 ( %  wt ) -  

(9 )  ( %  wt ) '  ( X  w t ) _  ( %  w t )  Ash Coa 1 -- 
2nd stage 
concentrate 15.6 87.9 1.9 98.1 45.9 89.5 

2nd stage - 
r e f  use 1.7 9,8 8.4 91.6 22.6 9.3 
1 s t  stage 
concentrate 17.3 

1 s t  stage 
refuse 0.4 2.3 49.4 50.6 31.5 1.2 

Feed 17.8 100.0 3.6 96.4 100.0 100.0 

F igure  No. 19 Test No. DT-PS-144 8.9 1 b/ ton DF MI50 

Samp 1  e  Recovery 
weight  Y i e l d  Ash Coa 1 ( %  w t )  

( g )  (% wt )  ( %  w t )  ( %  wt, Ash Coal -- 

2nd stage 
concentrate 13.8 79.3 1.9 98.1 49.0 80.2 

.2nd stage 

1 s t  stage 
concentrate 17.2 

1 s t  stage 
refuse 0.2. 1.2 44; 0 56 .O 17.4 0.7 

Feed 17.4 100.0 3.1 96.9 100.0. -100.0 



F i g u r e  No. 20 Tes t  No. 164 I ' .  

Samp 1 e 
Weight , Y i e l d  Ash 

(g )  ( %  w t )  ( X  w t )  

2nd stage 
concentra t . ~  2.6 ' 13.5 

Recovery 
Coa 1 ( %  w t )  
1% w t )  -- Ash Coal 

2nd stage . . 

r e f  use 0.6 2 10.8 89.2 -- 7.0 3.2 

1 s t  s taye  
concent ra te  3.2 ' 16.9 4.0 96.1 12 .7  1 7 . i  

1 s t  stage 
r e f u s e  15.7 83.1 5 . 5  94.5 8 7 : 3 .  82.8 

Feed 18.8 100.0 5.3 94.7 100.0 100.0 

F igu re  No. 20 Tes t  No. DT-PS-165 0.9 lb/L;ur~ DF MI50 

Sampl e Recovery 
Weight Y i e l d  ' Ash Coa 1 (% wt )  
0 ( %  w t )  ( X  wt)  (% w t )  Ash Coal -- 

2nd stage 
concent ra te  7.3 

21rJ stage . . 

r e f  use 1.5 8.0 10.1 90.0 -- 15.7 7.6 

1 s t  stage . . 
9G.4 

-. coneefltra t e  8 .8  47.8 3 - 7 34.1 45#6 

1 s t  stage 
re fuse  . Y.b . 5 2 . 2  6 . 5  ' 93.5 34.1 48.G 

Feed 18.4 100.0 5.1 94.9 100.0 100.0 



..$ 
' I  - 
I '  

. .' 

Figure No. 20 Test No. DT-PS-166 1.9 1 b/ton DF M1.50. 
. . . 

, \ 

b ' 
Sampl e Recovery ;-,,. 
Weight Y ie ld  Ash Coa 1 ( X  wt)  
(9) (% wt)  ( %  wt )  . (% wt)  Ash Coa 1 ' - - ... 

. . ,  

2nd stage 
contentra t e  6.6 . 32.0 2.3 . . 97.7. 14.6 32:9. ; ,  

2nd stage 
refuse 5.5 27.1 5.1 94.9 27.2. 27 .,l -- 
1 s t  stage 
concentrate . 12.1 59.1 3.6 96.4 41.8 60.0,. 

1 s t  stage . . .: . 
refuse 8.4 . . ' 40.9 7.2 92.8 58.2 40.0 :? 

Feed 
20.5 100.0 5.0 95.0 100.0 100.0 

Figure No. 20 Test No. DT-PS-167 

Sam~ 1 e Recoverv . . 
weight Y ie ld  

- 
Ash Coa 1 ( %  wt)  

(g )  ( %  wt) ( %  wt )  Ash Coal. -- 

2nd stage 
concentrate 9.9 52.3 2.7 97.3 28.2 53.5 ;. 

2nd stage 
re f  use 4.3 22.5 6.3 93.8 28.1 22.2 -- -- 
1 s t  stage 
concentrate 14.2 74.8 3.8 96.2 56.3 75.8' ' 

1 s t  stage 
refuse 4.8 25.2 8.7 91.3 43.7 . 24.2' \ 
Feed 19.0 100.0 5.0 95.0 , 100.0 100.0 



Figure  No. 20 ' Test No. DT-PS-168 5.9 1 b / ton  DF MI50 

Sarnp 1 e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  wt). 
(9) , (% w t )  ( X  w t l  ( I  w t )  Ash Coal -- 

2nd stage 
concentrate 11.6 56,8 2.7 97.3 32.5 58.0 

2nd stage 
re fuse 7.7 -37.. 6 5.3 94.7 41.8 37.3 -- 
1 s t  stage 
curicentrdtc 19:3. 94 ,4  3 .8  YG.2 74.3  95.4 

1 s t  s tage 
re fuse ' 1.2 5.6 21.9 78.2 25.7 4.6 

Feed 20.5 100.0 4.8 95.2 100.0 100.0 

F igure  No. 20 . Test No. DT-PS-169 11.5 l b / t o n  DF MI50 

Samp.1 e Recovery 
Weight Y i e l d  Ash Coa 1 (% w t )  

( g )  ( %  w t )  ( %  wt )  (% wt )_  Ash Coal -- 

2nd stage 
concentrate 7.4 42.9 2 . 5  97.5 23.1 43.9 

2nd stage 
re fuse 9.0 51.. 9 4: 0 96.0 44.5 52.3 -- 

' l s t s t a g e  , .;- . - 
concentrate 16.4.  94.9 3.3 96.7 67.6 96.2 

1 s t  stage 
refuse 0.9 " 5 . l  29,5 70.5 32.4 3.8 

Feed 17.3 100.0 4.7 95.3 100.0 100.0 
. . 



F igu re  No. 21 Test  No. DT-PS-37 1 l b / t o n  DF .MI50 

Sampl e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  wt). 

s oa (9) ( %  w t )  (% wt )  1% w t )  A L L  

2nd stage 
c o n c c ~ t r a t e  12.2 49.3 13.1 86.9 .18.3 66.0 
2nd s tage 
refuse 6.5 26.2 36.3 63.7 27.1 25.7 -- 
1 s t  stage 
concent ra te  18.6 75.4 21.1 78.9, 45.4 91.7 

1 s t  s tage 
r e f u s e  6.1 24.6 78.1 21.9 54.6 8.3 . 

Feed 24.7 100.0 35.1 64.9 100 .0 ,  100.0 

F igu re  No. 21 Test  No. DT-PS-38 2 1 b / ton  DF MI50 . . 

S a m ~ l  e Recovery . 

weight  Y i e l d  
- 

Ash Co'al ( %  w t )  
( g )  ( X  wt)  ( X w t )  l % , w t )  Ash Coal -- 

2nd stage 
concent ra te  15.6 63.2 13.7 86.3 24.9 83.4 
2nd stage 
refuse 3.1 12.6 59.5 40.5 21.5 7.8 -- 
1 s t  stage 
concent ra te  18.7 75.7 21.3 78.7 46 i5  91.2 

1 s t  stage 
re fuse  6 .O 24.3 76.4 23.6 53.6 8.7 

Feed 24.7 100.0 34.7 . ' 65.3 ' 100.0 - 100.0 



; Figure  No. 21 Test  No. DT-PS-39 3 1 b/ton DF MI50 

8 .  . - .  . ,. 
Samp 1 e Recovery 
Weight Y i e l d  Ash .Coa 1 ( %  w t )  

s  oa (9) (% wt )  ( %  w t )  ( %  w t )  A h C 1' 

: . 2nd stage 
. .concentrate 15.9 

:: . 2nd stage 
:'." . r e fuse  2.1 8.7 67.6 32.4 -- 16.9 4.3 

. . . 1 s t  stage - concentrate 18.0 

1 s t  s tage 
re fuse 6.3 26.0 72.7 27.3 54.3 10.9 

Feed '24.4 100.0 34.8 ' .  65.2 100.0 100.0 

. . 

' F igure  No. 21 Test No. .DT-PS-40 

weight  Y i e l d  . Ash Coa 1 
. .. ( g )  ( %  w t )  1% w t l  (% w t )  

2nd stage 
concentrate 15.7 

Recovery 
(% w t )  

Ash Coal -- 

% 2nd stage 
r e f  use 2.3 9.3 62.2 37.8 , -- 16.6 5.4 

1 s t  stage 
concentrate 18.0 

1 s t  stage 
, re fuse 6.7 :27.1 , .  73.2 26.8 56.3 11.1 

. .. . 
Feed 24.7 100.0 34.. 9 65.2 100.0 100.0 



F igu re  No. 21 Test  No. DT-PS-41 5 1 b / t on  DF MI50 

Sampl e  
'Ash Weight Y i e l d  

(g )  ( %  w t )  ( X  w t )  

2nd stage 
concentrate 14.9 

Recovery 
Coa 1  ( %  w t )  

S 0 a  (0/0 l L ! L u  

2nd stage 
re fuse  1.8 7 ;4 64.2 35.8 -- 13.7 4.1 

1 s t  stage 
concentrate 16.7 

1 s t  s tage 
r e f  use 7.9 32.1 68.6 31.5 . 63.4 15.5 

Feed . . 
3 ,  . . 

. .. 

F igure  No. 22 Test  No. DT-PS-31 1 1 b / t o n  DF MI50 

Sample I 

Weight Y i e l d  As t i  Coa 1 
( g )  (%  w t )  ( %  w t )  (% wt )  

. 2nd stage 
concentrate 15.2 61.6 1 i . 9  

Recovery , 

(% w t )  
Ash Coal -- 

2nd stage 
r e f  use ' 2.3 9.1 61.2 -38.8 -- 16.1 5.4 

1 s t  stage 
concentrate 17.5 70.7 18.3 

1 s t  stage 
r e f  use . . 7.3 29.3 74.6.. 25.4 . . 62..9 11.4 

Feed 



Figure No. 77 Test No. D T - P S - ~ ~  

.Samp 1 e . Recovery 
Weight Y.ield Ash Coa 1 ( %  wt )  

s o a (9) (% wt)  ( X  wt)  ( %  wt )  A h C 1 

2nd stage 
concentrate 15.1 

2nd stage 
re fuse 

1 s t  stage 
concentrate 16.7 67.3 18.7 

1 s t  stage 
re fuse 8.1 32.7 67.6 32.4 63.7 16.3 

Feed 24.8 100.0 34.7 65.3 100.0 100.0 

F lgure  No. 77 Test No. ~T -PS-33  
. .  . .. .- 

Samp 1 e Recovery 
Y ie ld  Ash Coa 1 (%: w t )  

Iw$yht cx ~ t ,  cr W L )  ( *  w t )  Aoti  ~ o a i  -- 

2nd stage 
concentrate 15.7 62.8 13.8 

2nd stage 
re fuse A L i A L 7 7 . 8  22-2- 12.5> 
1 s t  stage 
concentrate 17.0 68.3 19.0 

Is t ,s Laye 
re fuse 

Feed 24.9 100.0 34.6 65.4 100.0 100.0 



F igu re  No. 22 Tes t  No. DT-PS-34 4 1 b / t on  DF M I  50 

Sarnp 1 e , . Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

(g )  1% w t )  ( X  w t )  1% wt )  Ash Coal -- 

2nd stage ' 

concent ra te  16.2 66.1 14.9 

2nd s tage 
r e f  use 1.4 5.7 75.9 24.1 12.38 2.1 -- 
1 s t  stage 
concent ra te  17.6 71.8 19.7 80.2 40.8 88.3 

1 s t  s tage 
r e f  use 6.9 28.2 72.9 27.1 59.2 11.7 

Feed 24.5 100.0 34.8 65.2 100.0 100.0 

F igu re  No. 22 Test  No. DT-PS-35 5 1 b / ton  DF MI50 

Sarnpl e Recovery 
we igh t  Y i e l d  

" 

Ash Coa 1 ( %  w t )  
( g )  ( %  w t )  (% w t )  (% w t )  -- Ash Coal 

2nd stage 
concentra ee 16.6 67.5 15.2 84.8 30.1 86.9 
2nd stage 
refuse 1.2 4.8 79.5 20.5 11.3 1.5 -- 
1 s t  stage 
concent ra te  17.8 72.3 19.5 80.5 41.4 88.4 

1 s t  s tage 
re fuse  

Feed 24.6 100.0 34.1 65.9 100.0 100.0 



Figure  No. 23 Test No. DT-PS-170 . ' 0 . 5  l b / t o n  .DF ~ 1 5 0  

Sampl e  Recovery 
Weight Y i e l d  Ash Coal' ( X  wt)- 

( 9 )  ( %  w t )  - ( %  w t )  ( X  w t )  Ash . .Coal -- 
2nd stage 
concentrate 5.0 30.7 2.3 

2nd stage 
re fuse  10.1 62.9 3.5 

1 b L  bLdLJbl 
concent ra te  15.1 93.7 3.1 

1 s t  s tage 
' re fuse 1.0 6.3 35.2 

7 .  . . 
Feed 16.1 100.0 5.2 

Figure  No. 23 Test ~ ~ 1 -  DT-PS-171 I b . O  l b y t o n  DF MI50 

Sampl e  Recovery 
.Weight y i e l d '  Ash Coa 1  (% wt )  

(g )  ( X  w t )  ( %  w t )  (% w t l _  Ash Coal -- 

2nd stage 
concent ra te  10.3 . 52.3 2.5 97.5 

2nd stage 
r e f  use 8.2 41.6 4.3 95.7 36.5 41.9 - -- 
1 s t  stage 
concent ra te  18.5 93.9 3.3 96.7 63.4, 95.4 

. .  .. . . 
1 s t  stage 
r e f  use 1.2 6.1 29.4 70.6 36.6 4.6 

Feed 19.7 ' 100.0 4.9 95.1 1~0.0 1uo.U 



FigureNo.  23 T ~ s ~ N o . ~ T - P s - ~ ~ ~  1.2 l b / t o n  DF MI50 

..= Samp 1 e . . . Recovery 
Weight Y i e l d  Ash Coa 1 (% w t )  

s Coa (9) (X w t )  1% wt )  (X w t )  A h 1 

2nd 'stage . . . . 
concentrate 13.3 60.5 2.8 97; 2 34..6 61.8 
2nd stage 
refuse 6.3 28.8 5.2 94.8 30.728.7 
1 s t  stage 
conc'entrate .. 19.6 . -89.3 3.6 96.4 . 65.3 90.5 
1 s t  stage 
re fuse 

. . 

2 .'4 10.7 15 .8  84.2 34.7 9.5 
Feed +22 .O 100 .O - 4.9 95.1 100.0 100.0 

Figure  No. 23 Test No. DT-PS-173 2.8 l b / t o n  DF MI50 

. 

, . 
. ." 

, . .  . . Samp.le . .-. . a - . .  Recovery 
Weight Y i e l d  Ash Coa 1 (% wt)  

(g) ( %  wt )  ( %  wt )  (% wt)  Ash Coal -- 
. . 

. 2nd stage , . 

concentrate 16.6 82.2 2.3 97.7 39.6 84.3 
2nd stage 
refuse 2.6 12.7 i . 5  90.5 -- 24.8 12 .0  

1 s t  stage 
concentrate 19;2 94 .8 ,  3 .3  96.7 64.5 96.4 
1 s t  stage 
re fuse 1.1 5.2  33.1 66.9 35.6 3.7 

Feed 20.2 100.0 4.8 95.2 100.0 100.0 



Figure  No. . ' Test  No. DT-PS-174 

S a m ~ l  e Recoverv 
 eight Y i e l d  Ash Coa 1 ( %  wt)- 

s oa (g )  (% w t )  1% w t  ' (% wt)  A h C 1 

t . . .  I . (  . - 2nd stage 
concentrate 16.7 90.3 2.2 97..8 42.0 92.7 

2nd stage 
r e f  use 0.9 4.8 18.5 81.5 -- 18.5 4.1 

. . 1 s t  stage ' 

concentrate 17.6 95.1 3.1 97 .O 60.5 96.8 

1 s t  stage 
re tuse  0.9 4 . 9  38. ti 61.4 39.5 3 . 2  

Feed 18.5 100.0' 4.8 95.2 100.0 100.0 

Figure  No. 23 Test  No. DT-PS-175 

Samp 1 e Recovery 
Yield Ash Coa 1 (%  it) W$jht (* ~ t )  ( X  wt)  ( X  wt)  --  AS^ Coal 

2nd stage 
concentrate 18.5 91.5 2.4 97.7 43,7 94.0 

2nd stage 
r e f u s e  0.6 3.1 33.6 66.4 20.9 2.1 

. . -- 
~ s t  stage 
concentrate 19.1 94.6 3.4 96.6 . . 64.6 96.1 

1 s t  stage 
r e f  use 1.1 5 .4  32.0 68.0 3 3 . 4  3.9 

~ e c d  211.3. 1.00. o 4.9 95.1 100.0 100.0 



e .  

. . - . . 
, A ,  . . ..-: . . 

F igure  No. 24 ~ e s t  NO. DT-PS-13" 6. .. ; 0 .l b/ ton  Kerosene 

Sam~ 1 e Recovery 
weight  Y i e l d  Ash ' Coa 1 (% wt ) -  

S oa (9)  (% w t )  ( X  w t )  (% w t )  A h C l- 

. . 

2nd stage . 
concentrate 8.6 39.5 10.5 89.. 5 12.3 53.3 

2nd stage 
r e f  use 5. . 0 22.9 35.8 64.2 -- 2'4.4 22.2 

'. I 

1 s t  stage 
conc,entrate . . 13.6 62.4 19.8 80.2 36.6 75.5 

1 s t  stage 
re fuse 8.2 37.6 5'6.8 43.2 63.4 24.5 

. .  . ,  .. . 
Feed 21 .".8 IQO . 0 33.7 ' 66.3 100.0 100.0 

.. * .  

F igure  No. 24 ' Test 'NO. DT-PS-15. ' ' 2 Ib/ . ton Kerosene 

Samp 1 e 

- 

Recovery 
weight  Y i e l d  Ash Coa 1 ( X  w t )  

(9 )  ( X  w t )  (% w t )  1% w t )  Ash Coal -- 
2nd stage 
concen t r a  t e  .lo. 6 52.0 7.7 92.3 .13.9 67.3 

. . 
2nd stage 
re fuse . - 5.0 24.5 . , 32.3 67.7 -- 27.5 23.3 

1 s t  stage 
concentrate 15.6 76.5 15.6 84.4 41.5 90.6 

. . . . 
; : 1 s t  stage . . 

. .  re fuse 4.8 23.5 71.6 . . 28.4 58.5 9.4 

Feed 



Figure No. 24 Test No. DT-PS 16 . 8 .. 3 i b / t on  Kerosene -.. , .  

. # -. ,% . .  L . . . . . . . . . . . . . . . . .  

Samp 1 e - I  .-. Recovery 
weight Y ie l d  Ash . - .Coa.l. ( %  wt). 
(9) ( %  w t J  (! w t ) '  - (% wt )  Ash Coa 1 

. *.. 
-- 

2nd stage 
concentrate .14.6 

2nd stags  
refuse 1.8 9.4 58..9 41.2 21.7 5.2 

- .  . . . .  -- 
. . ." 

1 s t  stage 
concentrate 16.4 85.4 15.7 84.. 3 ., 

< .  

.52.7 96.6 

19e, s f n g t  
refuse 2.8 . J4.6 82..,7 17.3 4714. ,3.4 

. - - . . -  ....a . . * . - .  -.. 
. Feed 19 . -.. a ?  loo. d 25 , ,  .;5 . 74.5'. 100.0 100.0 

, . . . .  . . .  F igure No. 24 Test NO. .DT-PS-17 , 4 I b/ ton Kerosene 
.., , . b  

. 

Sample .... 
Weight Y ie ld  As11 ! ;doa 1 '.' 

(g )  .. ( %  wt )  . (%. wt )  ((i. wt )  
. . . ..- . - .  

Recovery 
( X  wt) 

Ash Coal 
-7 

2nd stage 
concentrate . 15.2 

2nd staae " 
refuse .2.1 10.8 -- 6.0.5 .. 39.5 . , .  

26'.2 5.7 
. . .  ... .+ , ,-. . . -  .- 

1 s t  stage 
concentrate 17..3 89.2 , 18.2 . 81.8 . . 64.9, '97.3 . . .  , . 

1 s t  stage 
refuse , 2.1 10.8 01.1 , 18.9 35.1 2.7 

. . . . . . . . . . . .  
Feed 19.4 100.0 '23.0 . . " . :  : . . .  75.6. , --  100.0'- j 0 0 .  0 .. 



Figure  No. 24 Test  No. DT-PS-18 5 l b / t o n  Kerosene 

.. Samp1.e. . . Recovery 
Weight y i e l d  Ash Coa 1 ( X  w t )  

. . s  Coa (q)  ( X  ~ t )  ( X  ~ t )  ( %  ~ t )  A h r 

2nd stage 
concentrate 15.3 68.9 12.9 , 87:. 1 27.6 88.6 

2nd stage . . 
re fuse 2.3 10.4 58.0 42.0 18.7 6.4 -- -- 
1 s t  stage 
concentrate .. 17.6 . 79.3 18.8 81.2 46.2 95.0 

1 s t  s tage 
refuse 4.6 . 20.7 . 83.5 16.5 53.8 5.0 

Feed . 22.2' i00,.'0 32 .2 67,8 100.0 100.0 
. . . .. 

F igure  No; 25- , Test ~ b .  ' . D T - P s - ~ ~ ~  0.3 1 b / ton  Kerosene 

Samp 1 e Recovery 
weight  Y i e l d  AS h Coa 1.. ( %  w t )  

- 

( g )  % w t )  ( %  w t )  (%.wt)  Ash Coal -- 

2nd stage 
concentrate 16.5 89 .O 2.6 97.4 49.9 90,9 

2nd stage 
re fuse  1.3 6.8 15.7 84.3 23.1 6.0 -- 
1 s t  stage 
concentrate 17.. 8 95.8 3.5 96.5 73.0 96.9 

. 1 s t  s tage 
refuse .. '0.8" " 4.2. .. .:29.6 70.4 27.0 3.1 

. .. . . 
Feed 18.6. 100.0 4.6 95.4 100.0 100;O 



Figure  No. 25 Test No. DT-PS-159 1.1 1 b/ t on  Kerosene 

Samp 1 e ~ e c o v e r y  
weight  Y i e l d  Ash Coa 1 (% w t ) -  

s  o a ( g )  ( X  w t )  ( X  w t )  ( %  w t )  A h C I; 

2nd stage 
concent ra te  16.0 91.4 2.4 97.. 7 49.3 93.3 

2nd stage 
r e f ~ j s p  0.6 3.5 1.9-6 80.4 -- 15.7 2.9 

1 s t  s tage 
concen t r a  t c  26.6 9 4 . 9  3 0 37.0 65.0 96.3 

1 s t  s tage 
r e f  use 0.9 5.1 29.9 70.1 35.0 3.7 

Feed 17.5 100.0 4.4 95.7 100.0 100.0 

Figure  No. 25 Test No. DT-PS-160 3.2 1 b / ton  Kerosene 
P 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coal (.% wt )  

(g )  ( %  w t )  ( %  w t )  (% w t l  Ash Coal -- 

2nd stage 
concent ra te  16.6 87.8 2.3 97.7 47.1 89.7 

2nd stage 
r e f  use 1.3 , 6.7 12.8 87.2 -- 19.9 6.1 

1 s t  stage 
concentrate 17.9 94.5 3.1 96.9 67.0 95.8 

1 s t  s tage 
re fuse 1.0 5.5 26.3 73.7 33.1 4.2 

-- - -- ----- -  ~ - -- - 

Feed 18.9 100.0 4.4 95.7 100.0 100.0 



Figure  No. 25 Test  NO. DT-PS-161 11.6 l b / t o n  Kerosene 

Samp 1  e  Recovery 
Weight Y i e l d  Ash Coa 1  (% w t )  

s  Coa (g )  ( %  w t )  ( %  w t )  ' ( 9 )  wt )  A h 1 

2nd stage 
concentrate 15.7 90.8 2.2 91.8 49.3 92.5 

2nd stage 
re fuse 0.9 5.1 12.7 87.3 16.0 4.6 -- 
1 s t  stage 
concentrate 16.5 95.9 2.8 97.2 65.3 97.2 

1 s t  stage 
re fuse 0.7 4.1 34.1 65.9 34.7 2.8, 

Feed 17.2 100.0 4.1 96.0 100.0 100.0 

Figure  No. 25 Test NO. DT-PS-162 37.1 I b/ ton  Kerosene 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  
_O (% wt>--~t.l. ( %  w t )  -  AS^ Coal 

2nd stage 
concentrate 15.7 96.8 2.1 97.9 82.4 97.2 

2nd stage 
r e f  use 0.3 1.6 27.3 72.7 17.6 1.2 -- 
1 s t  stage 
concentrate 15.9 98.4 2.5 97.5 100.0 98.4 

1 s t  stage 

Feed 16.2 100.0 2.5 97.5 100.0 100.0 

* Sample was too small to be analyzed for ash 

163 



F igu re  No. 25 Test  No. DT-PS-163 109.1 1  b/ t o n  Kerosene 

Samp 1  e  Recovery 
Weight Y i e l d  Ash Coal ( %  w t )  

s  oa (9) 1% w t )  (% wt )  w t  A h C1' 

2nd stage 
concentrate 18.0 9 8 . 2  

2nd stage 
re fuse  0.2 1.0 * * - rk * - -.".-" 
1 s t  stage 
concent ra te  18.2 

1 s t  stage 
re fuse  0.2 0,9 * * * * 
Feed 18.3... 100.0 2.1 97.9 100.0 100.0 

* Sample t oo  small t o  be analyzed for ash 
. . 

Test  No. .. F igu re  No. . . 

Sarnpl e 
Weight Y i e l d  Ash Coa 1 

% t 1%. wtr 1% w.t) 

2nd stage 
concentrate 

2nd stage 
re fuse  

1 s t  stage 
concentrate 

Recovery 
' ( %  wt )  

Ash Coal  -- 

1 s t  stage 
re fuse  

Feed , . 
. . - .  . . 

, . 



Microbubble Volume 
F igure  No. 26 Test No. DT-PS-248 

. . .  ....... ; J : .  . ,,; A 

Sampl e . . . . . .  . .  i ." Recovery 
..... ............ ........ .................. .--.-..:, .,Wed..gh;t. Y.i.el d .As,h, , ....,.,,. Coal % w t  

Ash Coal 
< .  

1 s t  stage . .  , . , ., . + , .  .. , . , .  

concentr'dte , - 5.0, '23>.5.. . . .  , . .  5.4 . ,  94.7 14.4. 24.3 .. - 
1 s t  s tage'  
re fuse 16.3 76.5 9.8 90 .'2 85.6 75.7 

Feed 

< . .  . . 'i- . Microbubble -Vol ume 
Figure No. 26 ~ e s t  No. DT-PS-249 200 rn l  

-~ -- ~ 

. . .  . ... . . . .  ... ..". . . .  . . . . 
. . Samp 1 e .... - . Recovery 

.,< .. . , ..~ -., ......... Weight y i e l d  Ash Coa 1 ( %  w t )  
. )  ..:.. . . (.% Ash Coal . , . ( % w t )  

.< .. : . . . . . . . . . . .  
1 s t  stage 
concentrate 12.2 63.5 5.4 94.6' 39.9 69.3 

1 s t  stage 
. . .  .... re fuse 7'. 0 36.5 14.1..'. 85.9 60.2 34.3 Feed . "$- .: . . . .  . ,19 ;'* . :. +,d .I?O ,.a ... 

='  '-8.'6 " '  1 100.0 100.0, 

1: . 
. ~ . . ' .  ., . . . . . 1.i . . . 

' I '  . . . . . . .  . .  ., . . . . . .  
Microbubble Vuluil~e 

F igure  No. 26 Test No. DT-PS-250 360 m l  

Sample Recovery 
Ash Coa 1 ( %  w t )  Weight Y i e l d  

.... Ash Coal ( %  wt.) ' ( %  w t )  

1 s t  stage 
concentrate 15.8 83.8 5.6 94.4 55,9 86.3 

. . . . . . . . .  l s t s t a g e  - .........-.. . . . . . . . . . . . . .  . . 
refuse 3.1 16.2 22.8 77.2 44.2 13.7 

. .......... ........ ........ . . . . .  Feed ..--. 18..8 100.. 0. 8.4 91.6 ,. 100.0 ,100.0 



Microbubble Volume 
F i g u r e  No. 26 Tes t  No. DT-PS-251 500 ml 

Samp 1 e  . . Recovery - 
Weight Y i e l d  Ash Coa 1 (% w t )  

Ash Coal ( 9 ) .  (% w t )  (% w t )  (% w t )  . 

1 s t  s tage . . 

concent ra te  18.8 89.6 5.9 94.1 63.2 92.1 . 
. , 1 s t  s tage - 

r e f u s e  2.2 10.4 29.7 70;3 36.8 8.0 

Feed 20.9 100.0 8.4 -, 91..6 100.0 100.0 
, - ,~ 

F igu re  No. 27 Tes t  No. DT-PS-234 PH 4 

~. 
Sam~l 'e  Recovery 
weight  Y i e l d  Ash Coa 1  ( %  w t )  

( 9 )  ( %  w t )  ( %  w t )  ( %  w t )  ~ s h  Coal 

1 s t  s tage 
concent ra te  3.3 16.5 6.2 93.8 13.5 16.7 

1 s t  s tage 
r e f u s e  16.8 83.5 7.8 92.2 86.5 83.3 

Feed 20.2 100.0 7.5 92.5 100.0 100.0 

F i g u r e N o .  27 Test  No. DT-PS-235 PH 6 

S ~ I I I D  1 e Recovery 
weight  Y i e l d  Ash Coa 1  ( %  w t ) -  

( 9 )  . ( %  w t )  (% w t )  (% w t )  . Ash Coal 

1 s t  s tage 
concent ra te  9.8 46.1 5.2 94.8 31.3 47.3 

d 

r e f  use 11.5 53.9 9.7 90.3 68.7 52.7 

Feed 21.3 100.0 . 7.6 92.4 ,100.0 ,100.0 



Figure No.' 27 Test  NO. DT-PS-236 PH 7 

Sample. , ' , . ' Recovery 
Weight " Yi'eld ' Ash' Coa 1 (%" wt). 

Ash Coal (g)  (% w t )  (% w t )  1% wt )  

1 s t  stage 
concentrate 16.2 

1 s t  stage 
re fuse 4.8 22.7 14.1 85;9 43.3 21.2 

Feed - -,... b 20.9 100.0 7.4 92.6 100.0 100.0 

Figure No. 27 Test No. DT-PS-237 PH 8 
e. 

S a m ~ l  e 'Recovery 
weight Y i e l d  

- 
Ash Coa 1 (% wt )  

Ash Coal (9 )  j% wt)  (% wt)  (% w t )  - 
1 s t  stage 
concentrate 15.7 

1 s t  stage,. 
re fuse 4.5 22.5 16.3 83.7 49.8 20.3 

I 
I . ,  

Feed 20.2. 100 , 0 7.4 92.6 100.0 100.O,r. 

Figure No. 27 Test No. DT-PS-238 pH 10 

S a m ~ l e  Recovery 
weight Y i e l d  Ash Coa 1 -,(X wt )  

Ash . Coal (g )  ( X  w t )  ( I  wt )  1% w t )  

1 s t  stage 
concentrate 13.6 68.7 

1 s t  stage 
re fuse 6.2 31.3 11.9 88.1 48.8 29.8 

Feed . 19.8 100.0 ' 7.6 92.1 100.0 100.0 



Figure No. 28 Test No. DT-PS-239 Pulp Density - 7.6 
i I 

. . . ... 
Samp 1 e Recovery 

' Weight Y ie ld  , Ash Coal ' (% wt)  
(9 )  (% wt )  (% w t )  ( %  wt )  ' Ash Coal 

1 s t  stage 
concentrate 

1 s t  stage 
refuse 2.0 9.7 26.2 73.. 8 33.1 ' 7.7 

Feed 21.0 100.0 7.7 92.4 100.0 100.0 

,- . 

Figure No. 28 Test NO. DT-PS-240 Pulp Density - 5.4 

. " 

Samp 1 e Recovery 
Weight Y ie ld  Ash Coa 1 ( %  w t )  

Ash Coal (9)  ( %  wt )  ( %  wt)  j% wt)  

1 s t  stage 
concentrate 19.9 92.9 5.7 94.3 71.4 94.6 

1 s t  stage 
refuse 1.5 7.2 29.5 70.6 28.6 5.4 

Feed 

Figure No. 28 . - Test No. DT-PS-241 Pulp Density - 3.7 

Sdnlp 1 e 
Weight Y ie ld  

1 s t  stage 
concentrate 19.3 88.1 

1 s t  stage 
refuse 2.6 11.9 

Feed 22.0 100.0 

Recovery 
Ash Coal ' Ash ( %  wt)  Coal 

( %  wt)  ' . (% wt )  



- .  . 
Fi,gure No. 28 Tes,t No. DT-PS-242 Pulp Dens i ty  - 2.4 

, . $  

.L 

Sample . Recovery 
Weight ' Y i e l d  .. Ash Co'al' (% w t )  

Ash Coal (q )  ( %  wt) ( %  w t )  ( %  w t )  

1 s t  stage 
concentrate 15.9 82.1 5.4 94.6 57.0 84.3 

1 s t  staqe - 
re fuse  . . -3.5 17.9 . 18.7 81;3 43.1 15.8 

Feed 
. . 

F igure  No. 28 Test No. DT-PS-243 Pulp Densi ty  - 2.0 

Samp 1  e  Recovery 
Weight Y i e l d  Ash Coa 1  ( %  wt )  

(9 )  ( %  w t )  ( %  w t )  (X -- Ash Coal 

1 s t  stage 
concentrate 14.1 61.5 5.0 95.0 40.7 63.2 

1 s t  stage 
8.8 38.5 11.7 88.3 re fuse  59.3 36.8 ' 

Feed 22.9 100.0 , 7.6 92.4 100.0 100.0 , 

F igu re  No. 29 Test No. DT-PS-216 1.2 I b / t o n  DF MI50 

Sam~ 1  e  Recoverv 
weight  Y i e l d  

., 
Ash Coa '1 ( X  w t )  

Ash Coal (g )  ( %  w t )  ( %  w t )  (% w t )  

1 s t  stage 
concentrate 8.1 43.9 5.. 5 94.5 30.4 45.1 

1 s t  staqe - 
re fuse  . 10.4 56.1 ' 9.9 '90.1 69.6 54.9 

Feed 
, 18.5. 100.0 8.0 , 92.1 100.0 100.0 



F i g u r e  No. 29 Test  No. DT-PS-217 2.5 ' l b / t o n  DF MI50 

Sampl e  Recovery 
Weight Y i e l d  Ash Coa 1 (% wt )  

Ash Coal (9 )  (% w t )  ( %  w t l  ( %  w t )  

1 s t  stage 
concent ra te  11.5 65.4 4.8 95.2 39.9 67.6 

1 s t  stage 
r e f u s e  6.1 34.6 13.8 86 .'2 60.2 32.4 

Feed 17.7 100.0 7.3 92.1 100.0 100.0 

F igu reNo .  29 Pest  No. DT-PS-211 

Samp 1  e Recovery 
weight  Y i e l d  

- 
Ash Coa 1  ( %  wt )  

( 9 )  (% w t )  ( %  w t )  ( %  w t )  -- Ash Coal 

1 s t  stage 
concent ra te  15.5 85.4 5.1 94.9 56.8 87.7 

1 s t  s tage 
t-ef use 2.7 14.6 22.7 77.3 43.2 12.3 

Feed 
1.8 . I. 100.0 7.7 92.3 1OOsO 100.0 

F i g u r e  No. 29 Tes t  No. DT-PS-212 

S a m ~ l e  Recoverv 
weig l t t  Y i e l d  Ash Coa 1 ( X  wt) -  

Ash Coal ( g )  . ( %  w t )  ( %  w t )  ( %  w t )  

1 s t  stage 
concent ra te  17.8 94.8 4.2 95.9 57.2 97.6 

1 s t  stage 
re fuse  1.0 5.2 56.3 43.7 42.8 2.5 

Feed 18.8 100.0 6.9 93.1 100.0 100.0 



' F igure  No. 29 Test  No. DT-PS-213 26.0 I b / t o n  DF MI50 

Sam~ 1  e  Recovery 
weight  Y i e l d  ' Ash Coa 1  ( %  w t )  

Ash Coal ( g )  1% w t )  1% w t )  ( %  w t )  

1 s t  stage 
concentrate 16.6 96.1 4.5 95.5 66.9 98.1 

1 s t  stage . . 

r e fuse  0.7 3.9 54.4 45; 6 37.1 1.9 

Feed 17.3 100.0 6.5 93.6 100.0 100.0 

Figure  No: 79 Test No. D T - P S - - ~ ~ ~  53.1 l b / t o n  DF MI50 

Sam01 e  Recovery 
w i i $ h t  Y i e l d   AS^ Coa 1  ( X  wt )  

Ash Coal ( g )  ( %  w t )  ( %  w t )  (% w t )  - 
1 s t  stage 
concentrate 18.6 91.7 4.9 95.1 66.0 93.6 

1 s t  stage 
re fuse  1 - 7  8-1 7 8 . 0  77 -n  u - n  fi 

Feed 20.3 100.0 6.9 93.2 100.0 100.0 

Figure  NO. 79  Test NO. DT-PS-218 1.2 i b / t o n  DF MI50 

Samp 1  e  Recovery 
Weight Y i e l d  Ash ~ o a  1 ( %  w t )  

Ash Coal (g )  ( X  w t )  ( %  w t )  ( %  w t )  

1 s t  stage 
concentrate 10.1. 56.7 4.6 95.4 35.7 58.3 

1 s t  stage 
re fuse 7.8 43.3 10.8 89.2 64.3 41.7 

Feed 17.9 . 100.0 7.3 92.7 100.0 100.0 



F igu re  No. 30 Test  No. DT-PS-219 . 2.5 l b / t o n  DF MI50 
. . 

Sampl e  Recovery 
weight  y i e l d  Ash Coa 1  ( %  w t )  

Ash Coal (9) ( %  w t )  (% w t )  1% w t )  

1 s t  stage 
concent ra te  9.6 66.0 3.6 . 96.5 33'. 0 68<6' 

1 s t  stage 
re fuse  4.9 34.0 

....-. 1 4 0 .  67- n. 
Feed 14.5 100.0 7 .1  ' 92.9 . 100.0 100.0 

Figure  No. 30 Test No. ~ - p s ~ 2 2 0  3.4 l b / t o n  DF MI50 

Samp 1  e  Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

(9 ( %  w t )  ( %  w t )  ( %  w t )  -- Ash Coal 

1 s t  stage 
concent ra te  14.6 79.5 4.2 95.8 4 6 . 9  82.0 

1 s t  stage 
re fuse  3.8  70.5 1 8 . ~  8 1 , ~  . . s ?  1. 18.0- 
Fccd 1-8.4 100.0 7 .1  92.9 100.0 100.0 

f i g u r e  No. 30 Test No. D T - P S - ~ ~ ~  10.7 l b / t o n  DF MI50 

Sarn~l  e  
. . Recovery 

we igh t  Y i e l d  Ash Coal ' . ( %  wt ) -  
( 9 )  ( % w t )  (% ..(%tJ. . _ _ _  Ash Coal 

1 s t  stage 
concentrate 14.5 93.9 3.4 96.6 48.8 97.0 

1 s t  stage 
r e f  us.e 1.0 6 . 3  5 9 .'6 ~ 5 -  I 7 3~ . . 

Feed 15.4  100.0 6.6 93.4 100.0 1oo;o 



Figure  No.. : 30 ' . Test No. DT-PS-222 

Samp 1 e - .  Recovery 

- .  
Weight y i e l d  Ash. Coal , (% w t )  

Ash Coal ( g )  . . a  1% wt)  ( %  w t )  ( %  w t )  

1 s t  s tage 
concentrate 16.0 90.3 4..2 . 95.9 54.8 . 92.9 
1 s t  s tage 
re fuse  1.7 9.7 31.8 68; 2 45.2 7.1 

. . . . .. 
Feed . 17.7 . :  100.0, 

, . 6.8 - ,  , 93.2' . 100.0 100.0 

30 Figure No. Test No. DT-PS-223 81.5 l b l t o n  DF MI50 

Samp 1 e Recovery 
weight  Y i e l d  Ash Coa 1 ( %  w t )  

( 9 ) .  ( %  w t )  . (%. w t ) .  . ( %  w t )  . Ash Coal 

1 s t  s tage 
concentrate 14.1 94.8 4.4 95.6 . 59.4. 97.5 

1 s t  s tage 
re fuse  

. . 
0.8. 5.2 54.6 - 45.5* 40.6 . 2.5 

. .  . 

Feed 
, . .  14.8 100.0 7.0 : . .  93.0 : 100.0 100,.0 

Figure  No. - , Test No. 

Sam~ 1 e 4 LA Recovery 
weight  Y i e l d  Ash Coa 1 ' ( %  wt ) -  

(g )  , ( %  w t )  + , ( %  w t ) . -  . 1% w t )  Ash Coal -- 
1 s t  stage 
concentrate , 

1 s t  stage 
refuse 

. .  . 

Feed 



Figure No. 31 Test,NO.-Uk&L 0 . 0 l b / t o n S o d i L m S i l i c a t e  

Samp 1 e Recovery 
weight Y ie ld  Ash Coal . ( X  wt)-  

s o a , (g)  (% w t ) .  1% wt)  (% wt)  A h C 1 

2nd stage 
concentrate 9.0 36.7 11.8 88.2 12.5 49.6 

2nd stage , 

r e f  use 9.0 36.8 31,6 68.4 U 3 8 L 6  
i s t  staqe 
concenrra t e  18.0 73.6 21.7 78.3 46.0 . 88.2 

1 s t  stage 
refuse 6.5 26.5 70.9 54.0 11 ,S 

Feed 24.5 100.0 34.7 6 5 . 3  100.0 100.0 

.. . 

F igure NO. 31 Test NO. DT-62 16 lb / ton  Sodium S i l i c a t e  

Sample Recovery 
~ e i - g h t  Y ie ld  

- 
Ash Coa 1 ( X  wt)  

( 9 )  j% w t )  ( %  w t l  (% wt)  -- Ash Coal 
, Y .  

2nd stage ,1  

concentrate , ' .10.2 . 40.0 9.7 90.3 11..0 55.7 

2nd stage ' 
r e f  use 6.1 23.8 L l . 3 A  hh.h 22.624A 

1 s t  stage 
concentrate -16.3 6 3 . 8  18.6 81.5 33 .6  80.2 

1st. s t a g e  
r e f  use 9.3 76.3 66.6 35.4 66. 6 19 a 
Feed .25.6 100.0 35.2 64.8 100.0 100.0 



Figure  No. 31.:. . .% .Test No. D r - ~ ?  3 2 . i b / t o n  Sodium s i l i c a t e  

Sam~ 1 e Recovery 
weight Y i e l d  Ash Coal ( %  wt ) -  

s  oa (q )  ( X  wt)  ( Z s w t )  ( %  w t )  A h C 1 

2nd stage 
concentrate 9.7. . 

2nd stage 
re fuse  5.2 21.3 30.3 69..8 . . 18.6 22.6 -- 
1 s t  stage 
concentrate. 14-9 . 60.8 17.0 83.0 29.9 77.1 

1 s t  stage 
re fuse 9.6 39.2 61.8 38 .-3 70.1 22.9 

Feed 
. 24.5 100.0 . 34.5 ' 65.5 100.0 100.0 

.Figure No. 31 Test No. '64 I b / t o n  Sodium S i l i c a t e  

Sample . . . Recovery 
Weight. Y i e l d  . ' Ash Coa 1 ( X  w t )  

( g )  . ( %  w t )  ( %  w t )  1% w t )  '. Ash Coal -- 
2nd stage 
concentrate 9.6 39.1 10.0- 90.0 11.4 53.6 
2nd stage 
r e f  use 5 . 6 .  22.7 31.0 69.0 - 20.4 23.9 -- 
1 s t  stage 
concqntra t e  15.1 61.8. , 17.7. 82.3 31.8 77.5 

1 s t  stage 
re fuse  9.4 38.2 61.4 ' 38.6 68.2 22.5 

Feed 24.5 100.0 34.4 65.6 100.0 100.0 



F igu re  No. 31 Test No. m-65 96 1 b / ton  Sodium S i  1  i c a t e  

Sam~ 1 e . Recovery 
we igh t  Y i e l d  Ash : ' .Coal . ( %  w t ) -  
(4) U d L  ' (g w t )  ( %  w t )  -- ~ s h  Coa 1 

2nd stage 
concent ra te  ,9.8 4 0 . 1 .  

2nd stage 
re fuse  5 . 0  20 .4  32.8  --... 67.2  - 19.5  20.9 

-. - --.-- - 
1st. s t a g e  
concent ra te  14.8 60.5 1 7 . 8  , . 82 .3  31.2  75.8  

1 s t  s tage 
re fuse  4 - 7 v.2-5  5 4 - 8  ~ 1 0 . 7  6 8 - 8  7~ . 7 

Feed 24.5  100 .0  34.4 65 .6  100 .0  100.0  

F igu re  No. 31 Test  No. n~ - 6 6  160 I b / t o n  Sodium S i l i c a t e  
1 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coa 1 (% w t )  

( g )  ( %  w t )  ( %  w t )  ( %  w t )  Ash Coal -- 

2nd stage 
concent ra te  8 . 6  35 .2  

2nd s tage  
re fuse  5 . 0  20.7 32.7 6 7 . 3  1 9 . 4  -- 21 .3  

1 s t  stage 
concentrate 1 3 . 6  5 5 . 8  1 8 . 0  82 .0  28.8 70.2 

1 s t  stagc 
r e f  use , 1 0 . 8 ,  44.2  5 6 . 1  43.9  71.2  29.8 

Feed 24.4 100.0  34.8  65.2  100 .0  100 .0  



Ash Profile Along the Depth of the Froth Formed During 
the Microbubble Flotation Tests Conducted on the 
Pittsburgh No. 8 Seam Coal 

Distance from Top of Froth 
(cm> % Ash 



Figure  No. 33 Test No. DT-PS-261 0 min. Gr ind ing  Time 

Sample - Recovery 
Weight Y i e l d  Ash Coa 1  ( %  w t )  

s  Coa (q)  (% w t )  ( X  w t )  ( %  w t )  A h 1  

2nd stage 
concent ra te  12.9 , 94.0 4.8. 95.2 89.8 94.2 

2nd stage 
re fuse  0.5 3.6 7.4 92.6 5.3. 3.5 -- 
1 s t  stage 
concentrate 13.3 97.6 4 9 95.1 9 5 , l  87.7 

1 s t  stage  
re fuse  0.3 2.4 10 .1  89 .'9 4.9 2 .3  

Feed 13.7 100.0 5.0 95.0 100.0 100.0 

F igu re  No. 33 Test No. DT-PS-262 5 m i n ,  Grinding Time 

Weight Y i e l d  Ash Coa 1 ( %  w t )  
(g )  ( %  w t )  ( X  w t )  1% w t )  Ash Coal -- 

2nd stage 
concentrate 12.63 92.8 4 .1  95.9 67.2 94.4 

2nd stage 
r e f  use 0 .1  1 . 0  19.0 81.0 3 .2  0 .8  -- 
1 s t  stage 
concentrate 12.8 93.8 ' 4.3  95.7 70.3 95.2 

1 s t  s tage  
re fuse  0.9 6.3 27.1 .  72.9 29.7 4.8 

Feed 1 3  ..6 100.0 5.7 94.3 100.0 100.0 



Figure  No. 33 Test No. DT-PS-263 15 min. Gr ind ing  Time 

Sam~ 1  e  Recovery 
weight  Y i e l d  Ash Coa 1  ( X  wt ) -  

s  Coa ( q )  ( %  w t )  (?: wt )  ( %  w t )  A h 1' 

2nd stage 
concentrate 9.7 66.2 2.8 97.2 31.0 68.4 

2nd stage 
re fuse  2lAL 8.0 11.3 88.7 -- 15.2 7.5 

1 s t  stage 
concentrate 10.9 74.2 3.7 96.3 46.2 76.0 

1 s t  stage 
re fuse 1.8 75.8 87.6 53.8 24.0 

Feed 
l h . 7  1nn.n 9 4 . n  1oo.o i n m  

F igure  No. 33 Test No. DT -PS-264 1 

25 min. Gr ind ing  Time 
'A' . .', 

Samp 1  e  Recovery 
weight Y i e l d  Ash Coa 1 ( %  w t )  

( g )  ( %  w t )  ( %  w t )  ( %  w t )  Ash Coal -- 

2nd stage 
concentrate 9.4 61.5 3.0 97 .O 25.9 64.2 

. , -  " - 
2nd stage 
re fuse 0.9 5.5 2.84.7 LI.dL5.1 
1 s t  stage 
caneent ra te  10.3 

1  s t  ,stage 
re fuse 5.1 33.0 13.6 86.4 . 62.3 30.7 

Feed 15.4 100.0 7.2 92.8 100.0 100.0 



F igu re  No. 34 Test No. m - c - 7 s  0 min. Gr ind ing  Time 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coa 1 ( %  w t )  

s oa (g )  ( %  w t )  ( w t )  ( X  w t )  A h C r 

2nd stage 
corlceri 1r.d t e  81 5 83.7 5.4 94 ..6 78.1 84.1 

2nd stage 
re fuse  5.3 5.5 6.9 93.1 -- 6.5 5.4 

! s t  stage 
concentraze 86.8 89.2 5.5 94.5 84.6 89.4 

1 s t  stage 
r e f  use 1 0 - 6  10-8 8 - 7  41 - 7  1 5 . ~  i n~ 

Feed 97.3 100.0 5.8 94.2 100.0 100.0 

F igu re  No. 34 Test No. nr-p-76 5 min. Gr ind ing  Time 

Samp 1 e Recovery 
Weight Y i e l d  Ash Coa 1 ( X  w t )  

( 9 )  ( %  w t )  1% w t  ( %  w t )  Ash Coal -- 

2nd stage 
concentrate 45.8 42.5 2.8 97.2 18.7 44.1 

2nd stage 
re fuse  17.7 2, 91r.T ~~ 
1 s t  stage 
concentrate 64-9 60.2 

1st.  stage 
re fuse  42.9 39.8 10.4 89.6 65.8 38.1 

Feed 
107.8 100.0 



Figure  No. 34 Test No. DT-C-27 15 min. Gr ind ing  Time 

" 'Sample" ' ' 
- .  Recovery 

weight  Y i e l d  Ash Coa 1 (X wt ) -  
s  Coal ( 9 )  ( %  w t )  ( X  w t )  ' ( %  w t )  A h 

2nd stage . . 

concentrate 26.4 25.0 2.2 97.8  8.6 26 .1  

2nd stage - 
refuse 20.8 19.7  5 . 3  94.8  15 .8  20.0 

1 s t  stage 
concentrate 47.2 44.7 3 .6  96.4 24.4 46 .1  

1 s t  stage 
refuse 58.5 55.3  8 .9  91 .1  75.6 53.9 

Feed 105  .:6 

' F igure  No. . 34 Test No. D T - c - ~ ~  25 min. Gr ind ing  Time 

. .. . . 
Sample - ' Recovery 
weight  Y i e l d  Ash Coa 1 ( %  w t )  

. (g)  ( %  w t )  ( I  w t )  (%, w t )  Ash Coal -- 

2nd stage . ,  

concentrate 16 .0  15.6 2.0 98.0 4.2 16.G 

2nd stage 
re fuse 11.4  11.1 6 . 3  93.7 9 . 1  1 1 . 3  

1 s t  stage 
c'oncentrate 27.4 26.7 3.8 96.2 1 3 . 3  27.8 

1 s t  stage 
re fuse 75.2 73.3 9.0 91.0 86.7 72.2 

Feed 
-.. -102.6  100.0 7.6 92.4 100.0  100.0 



FigureNo. 35 

Results of Flotation Kinetics Experiments Conducted on the 
Eagle Seam Coal (-100 Mesh) as a Function ot Bubble Size 

Time 
(min . ) 

Microbubble 4-8 pm 
Recovery Ash Recovery Ach 

(%I - GY.) i%j  - (Yo) 

145-175 pm 
Rccovery Ash 

(%) - ( X  > 

4.0 92.4 36.5 70.5 20.6 34.6 23.5 

5.0 - - - - 77.0 24.5 42.1 26.1 

6.0 92.6 36.5 
~ - 82.4 

.,;,A- 
29.5 - 27.9 % 49.0 

Tail 100.0 77.9 100.0 66.0 100.0 43.3 
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