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COAL SURFACE CONTROL FOR ADVANCED FINE COAL FLOTATION

O DOE PROJECT NO. DE-AC22-88PC88878

Final Technical Report

(October I, 1988. December 31, 1991)

EXECUTIVE SUMMARY

This final report, submitted to DOE for the project entitled "Coal Surface Control for

Advanced Fine Coal Flotation," contains a comprehensive summary of work completed during the

contract period, October 1, 1988 through December 31, 1991. The project team consisted of

research and engineering groups at the University of California at Berkeley, Columbia University,

the University of Utah, and Praxis Engineers, Inc., with the University of California acting as the

prime contractor with DOE.

The ini,'iialgoal of"the research project was to develop methods of coal surface control in

advanced froth flotation to achieve 90% pyritic sulfur rejection, while operating at Btu recoveries

O above 90% based on run-of-mine quality coal. Moreover, the technology is to concomitantly
reduce the ash content significantly (to six percent or less) to provide a high-quality fuel to the

i

boiler (ash removal also increases Btu content, which in turn decreases a coal's emission potential

in terms of lbs SO2/million Btu).

Upon the award of the contract, the initial effort was focused on the collection 'of samples

from six coal seams, three designated as base coals and three as additional coals, to provide

samples fbr research work, coal weathering studies and washability testing. The three base coals,

which were selected as representative of important high-pyritic.sulfur coals, were Illinois No. 6

from Randolph County, Illinois; Pittsburgh No. 8 from Belmont County, Ohio; and Upper

Freeport PA from Indiana County, Pennsylvania. The additional coal samples, comprised of two

eastern high-sulfur coals and one western low-sulfur sub-bituminous coal, were Kentucky No. 9

from Hopkins County, Kentucky; Upper Freeport WV from Grant County, West Virginia; and

Wyodak from Campbell County, Wyoming. In order to ensure uniformity of samples for the

O duration of this project, as well as for the selective oil agglomeration project being conducted at
the University of Pittsburgh, DOE consolidated the sample procurement task into a _ingle effort
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referred to as Coal Procurement and Weathering (Task 2), This aspex:t of the program was

carried out by the team from PraxL Engineers. About 23 tons of each base coal and five tons

of each additional coal were collected from six operating open-pit mines. Care was taken to

remove the overburden and floor shale material. Each base coal sample was reduc,ed to a topsize

of 4 to 6 inches, homogenized and split into two parts, one for use in the weathenng studies and

the other for research and washability studies. "Dte research and washability sample was split into

400.1b lots using 20-lh increments and packed into 55 gallon drums, inene, d with argon and then

distributed. The additional coal samples were also reduced to a topsize of 4 to 6 inches,

homogenized and packed in 400-lh lots, and inerted with argon prior to shipping. Approximately

9 tons of coal (research and weathering samples) was shipped to the University of California, 6

tons to the University of Pittsburgh, and 6 tons of coal to commercial testing laboratories for

washability testing. Over 42 tons of coal was used to set up the weathering studies of the three

base coals at the three mine sites. Another 21 tons was stored in inerted drums as a reserve

sample for future use on this project or on other projects funded by DOE.

Bulk Characterization of the Coal Samples O

The three base coals were characterized by a variety of different techniques. Bulk

characterization studies included the determination of chemical composition by proximate,

ultimate and sulfur-forms analyses. From the proximate and calorifk value analyses, the three

base coals have the following order for their characteristics:

Coal Characteristic Illinois No, 6 Pittsburgh No. 8 Upper Freeport PA
Moisture 9.5% 2.3% 1.0%
Vola_tileMatter 36.2 35.7 26.2
Ash 17.5 11.8 12.0
Fixexl Carbon 46.3 52.5 61.8
Calorific value, Btu/lb 11,300 12,400 13,400

Sulfur forms analysis showed the following order for the three base coals:

Sulfur Forms Illinois No. 6 Pittsburgh No. 8 Upper Freeport PA
Total sulfur 5.37% 4.71% 2.35%

i

Pyritic sulfur 2.56 2.82 1.62
Organic sulfur 2.53 1.64 0.63
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O The pyritic sulfur as a percentage of the total sulfur is the highest in Upper Freeport PA(69 wt%), followed by Pittsburgh No. 8 (60 wt%) and Illinois No. 6 coal (48 wt%). This implies

that the application of physical separation techniques, such as froth flotation and selective

agglomeration, should potentially be most effective for lowering the sulfur content of Upper

Freeport PA coal, followed by Pittsburgh No. 8 and Illinois No. 6 coals, assumingequal liberation

and rejection of the pyritic sulfur.

Examination of the ultimate (elemental) analysis results shows that the bulk carbon-to-

oxygen ratio (number in the parentheses) follows the order:

Upper Freeport PA (19.9) > Pittsburgh No. 8 (I1.1) > Illinois No. 6 (10.5).

The dry mineral matter free (dmmf) carbon content of the three coals is:

Upper Freeport PA (85.9% dmmf C) > Pittsburgh No. 8 (80.5%) > Illinois No. 6 (77.3%).

This order agrees with the hydrophobicity and the flt.,tability of the three base coals.

O Qualitative analysis of the mineralogical content of the ash minerals contained in the coal
was conducted using diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy. It was

concluded that all three samples contain kaol!inite and quartz. In addition, peaks charac,eristic

of calcite were present in the spectra of the ash of Illinois No. 6 coal but were not present in the

other two base coals. Neutron activation analysis shows that the Illinois No. ,6sample contains

0.7% calcium whereas Pittsburgh No. 8 and Upper Freeport PA samples contain less than 0.1%.

As part of' the bulk characterization studies, photomicrographic studies using SEM/EDXRF

(scanning electron microscopy/energy dispersive x-ray fluorescence) and optical image analyses

were also conducted to determine pyrite and non-pyritic mineral matter association in the coal.

The SEM/EDXRF study consisted of a qualitative analysis of the distribution of pyrite and non-

pyritic mineral matter in narrow particle size ranges, finer than 28 mesh. The results of this study

indicated that there was almost no liberated pyrite in the 28-mesh samples of Illinois No. 6 or

Pittsburgh No. 8 coal, whereas free particles of pyrite did exist in the 200-mesh samples. Optical

O image analysis was carried out to quantitatively analyze the distribution of locked, semi-locked and

ES-3



free pyrite grains in different size fractions within the minus 200.mesh grind (in volume percent).

Q
Coal Locked Semi.Lockml Free

Illinois No. 6 12 % 12 % 76 %
PittsburghNo. 8 38 23 39
Upper FreeportPA 14 15 71

i This analysis showed that the pyrite present in Illinois No. 6 and Upper Freeport PA coal was

primarilyliberated, wher¢a_ that in the Pittsburgh No. 8 coal was not. Petrographic analysis was

also conducted to de,ten'nine the maceral composition of the three base coals. In ali three cases,

vitrinite was the major component. About 11 to 15 percent inertinite was present in ali three

coals and 10% liptinite in Pittsburgh No. 8 and Illinois No. 6 coal. In the case of Upper Freeport

PA coal, only 0.2% lipitinite was present.

Washability Studies

Washability studies were conducted at three different test laboratories on the original

4-inch topsize samples as well as on representative samples that had been comminuted to pass

1-1/2 inch, 1/8-inch, 28 mesh and 200 mesh. The results for the three base coals, which are

presented in this report, show that, with a perfect gravity separation, over 90 percent of the

pyritic sulfur can be rejected at 90 percent Btu recovery at a specific gravity of 1.6 for ali three

coals at a nominal 200-mesh grind size. Considerable difficulty was experienced in the sink-float

testing of Illinois No. 6 coal at fine particle size and at low specific gravity, presumably due to

agglomeration of the fine coal and to the presence of clays. These complications arose even

though the sink-float tests for the 28-mesh and 200-mesh grinds were performed following DOE

PETC's recommended procedure for ali tests, which included the addition of a dispersant to

prevent agglomeration and centrifugation to help effect a sharp gravity split. A comparison of

the liberation-characteristics of each coal can be made from the pyrite rejection at a given Btu

recovery as a function of particle size. At 90% Btu recovery, the pyritic sulfur content of the

float product and the pyritic sulfur rejection have the following dependence on the topsize of

V
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O Top size Illinois No. 6 PlttsburRh No. 8 Upper Freeport PA_. S Rei. _ ._py:,s Rei: _

4 inches 1.4% 60% 2.1% 40% 0.8% 52%
1 I/2in. 1.2 65 1.9 45 0.75 52
I/8in. 0.9 75 1.3 60 0.7 63
28mesh 0.6 83 0.8 75 0.3 84
200 mesh 0.25 94 0.3 93 0.1 94

The results show that when the top size of the crushed material is 28 mesh or coarser,

none of the three base coals exhibits significant pyrite liberation, and the pyritic sulfur rejection

is the least for Pittsburgh No. 8 coal at 90% Btu recovery, indicating a greater degree of pyrite

dissemination throughout the coal in this material. However, ali of the samples show that more

than 90% of the pyritic sulfur can be rejected by sink-float techniques at a specific gravity of 1.6

if they are ground to minus 200 mesh (74 microns). Similar behavior was observed in the

washability tests of the additional coals (Upper Freeport WV, Kentucky No. 9 and Wyodak).

Because liberation occurs at fine sizes and in view of heightened interest in fine coal

beneficiation, a more detailed study of the washability of fine coal was undertaken. Reserve

O samples of the coal, which had been used in the original washability study and had been stored

in sealed "inerted" 55.gallon drums, were comminuted to minus 100, 200, 325, and 400 mesh for

these tests. For ali three coals, there was enough liberation of pyrite at the 100-mesh grind size

to achieve 90% pyritic sulfur reiection with 90% Btu recovery. There were only slight differences

in the washability results between the coals comminuted to 100, 200, 32.5, and 400-mesh grind

sizes, as can be seen from comparison of the pyritic sulfur rejection at 90% Btu recovery for each

coal:

Top size Illinois No. 6 Pittsburgh No. 8 Upper Freeport PA

100 mesh 90% 91% 93%
200 mesh 91 91 96
325 mesh 94 93 96
400 mesh 95 94 96

These results indicate that by grinding the coals to minus 100 mesh (150 microns), it is

O possible to achieve 90% pyritic sulfur rejection at 90% Btu recovery. However, it is important

to note that these separations are based only on the specific gravity of the particles and provide
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a indication of mineral liberation, but not on pyrite separability by process_ based on other

phenomena, such as surface behavior. Because the separation in washability tests is based on the _1_

specific gravity of the entire particle, a locked coal-pyrite particle can also be rejected if the

overall specific gravity of the locked particle is higher than the liquid density used in the

separation.

Wettability and Surface Characterization

• The second part of the general characterization studies was directed at delineating the

nature of surface properties and included analysis of both macroscopic and microscopic

properties. Macroscopic properties evaluated included the wettability behavior (by film flotation,

contact angle and induction time measurements) and surface charge characteristics (as given by

zeta potential measurements). Microscopic characterization of the coal included surface

elemental composition analysis by ESCA (Electron Spectroscopy for Chemical Analysis) and

determination of organic functional groups by DRIFT.

Results of the wettability analyses indicate, among other things, that the hydrophobicity of

the coal follows the order: B

Upper Freeport PA > Pittsburgh No. 8 > Illinois No. 6.

This order was confirmed by film flotation, contact angle measurements and induction time

measurements. Contact angles calculated from film flotation results and measured by the captive

bubble techniques and the induction time for bubble-particle contact for each of the three coals

exhibited the following behavior:

Wettability Parameters Illinois No. 6 Pittsburgh No. 8 Upper Freeport PA

Contact angle, degrees 52 63 63
(film flotation)

Contact angle, degrees 44 60 62
(captive bubble)

Induction time,/z.sec 475 180 75

0
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The very sensitive induction time measurements show that Illinois No. 6 coal is considerably more

O hydrophilic than is Upper Freeport PA coal.

Zeta potential measurements show that the isoelectric point (IEP), that is the condition

(pH) under which the zeta potential is reversed, of the three base coals decreases in the following

order:

Upper Freeport PA (pH 5.5) > Pittsburgh No. 8 (pH 3.5) > Illinois No. 6 (pH 2.5).

The order of both hydrophobicity and the IEP of the three base coals is the same as that of the

bulk carbon-to-oxygen ratio and the dmmf carbon content of the three coals.

The surface area measurements using carbon dioxide as an adsorbate gas show that

Illinois No. 6 coal has the highest specifc surface area (172 m2/g), followed by Pittsburgh No. 8

(150 m2/g) and Upper Freeport PA (147 m2/g). The surface elemental comtx_sition determined

by ESCA and the oxygen functional groups determined by DRIFT of the three base coals were

not very conclusive.

Standard Grinding Tests

For preparing the feed for the flotation experiments, the coal was first crushed to minus

1/4-inch under inert conditions, and then ground in a stainless steel laboratory rod mill to produce

material that was either 95% minus 28 mesh or 95% minus 200 mesh. For each grind, 500 grams

of coal was charged to the mill sc, that four 125-gram samples could be produced to be used in

each series of flotation tests. StaiP!ess steel rods rather than balls were used as the grinding

media because the product size distribution prcxtuced by rod action more closely simulates the

product produced by an industrial ball mill/classifier circuit. For each coal and each grind,

whether wet or dr3', a standard grinding condition was developed, including rod charge and grind

time, to prepare flotation feed with a size distribution of 95% passing either 28 mesh or

200 mesh. Identical mills and rods were located at each research site so that identical test feeds

could be prepared at each site. To increase the time (for better control) required for grinding

the coal to 28 mesh, the rail! was charged with only 24 rods, whereas for grinding to 200 mesh,

O the number of rods was increased to 42. From the standard grinding tests, the relative grindability
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of the three coals can be seen (here relative grindability is expr_ as mass of product produced

per unit of energy relative to dry grinding Illinois No. 6 coal either to minus 28 or 200 mesh).

Grinding Mode Illinois No. 6 Pittsburgh No. 8 Upper Freeport PA

Dry grind to 28 mesh 1,0 1.7 2.8
Wet grind to 28 mesh 2.4 2.7 4.6

Dry grind to 200 mesh 1.0 1.6 2.7
Wet grind to 200 mesh 3.2 2.9 4.2

Clearly, wet grinding is more energy efficient than dry grinding for ali three coals, and Upper

Freeport PA coal requires the least amount of grinding energy, either dry oi' wet. The order of

the grindability of these three coals is:

Dr)': Upper Freeport PA > Pittsburgh No. 8 > Illinois No. 6

Wet: Upper Freeport PA > Pittsburgh No. 8 _ Illinois No. 6

Standard Flotation Tests

A standard flotation test was developed in order to evaluate the effects of the grinding

environraent and the addition of surface modifying reagents on the flotation response of the

coals. For these standard tests, a 2-1iter Denver Laboratory, flotation machine was used and

configured according to the DOE (PETC) design. The standard tests developed for each coal

are essentially identical to each other except for the dosage of collector and frother added to the

flotation cell. Pure dodecane was selected as the collector and MIBC (methylisobutylcarbinol)

as the frother. Extensive preliminary studies showed that the amount of collegtor and frother

required are coal..specific and depend on the inherent hydrophobicity of the coal. The standard

dosages were selected so that the flotation recovery was betweea 60 and gO percent, but no

attempt was made initially to optimize these tests. Further, _parate standard tests were

developed for each coal sample with respect to whether it had been ground dry or wet or to a

nominal topsize ot28 mesh or 2(_{)mesh. This resulted in four standard flotation reagent

additions for each a.}al. Except [or the collector and frother dosage, ali other variables (both

physical and oiro;rating variables) were the same for ali three coals, regardless of the grind size

or grinding c.nvixonment. Hor,. coal hydrophobicity determined the amount of reagents required

ES-8



to achieve the desired yield under standard operating conditions can be seen from a summary of

O the standard reagent additions for the three coals dry ground to 28 mesh and to 200 mesh.

Reagent, grind Illinois No. 6 Pittsburgh No. 8 Upper Freepo_ PA

Collector, 28 m_h 4.80 lb/T 1.90 Ib/T 0.24 Ib/T
Frother 1.17 0.39 0.26

Collector, 200 mesh 5.76 2.16 0,48
Frother 1.17 0.39 0.21

Clearly, the reagent requirements show that the order of hydrophobicity for the three coals is

Upper Freeport PA > Pittsburgh No. 8 > Illinois No. 6

The results from the Standard Flotation Tests for th,e three base coals, including the

efficiency indices, are the following:

Flotation

Grind Yield Illinois No. 6 Pittsburgh No. $ U Freeport PA

28 mesh, Yield, % 75 82 81

O dry grind CMR, % 80 87 86Pyr. S, % 1.76 1.99 0.69
Ash Rej., % 54 55 57
Pyr. S Rej., % 49 42 66
EI H 29 29 52

200 mesh, Yield, % 60 78 59

dr3' grind CMR, % 65 83 63
Pyr.S, % 1.36 1.37 0.67
Ash Rej., % 64 63 70
Pyr. S Rej., % 68 62 76
El H 33 46 39

200 mesh, Yield, % 77 76 68
wet grind CMR, % 83 82 74

Pyr. S, % 1.57 1.20 0.57
Ash Rej., % 58 70 71
Pyr. S Rej., % 53 68 79
EI H 36 50 52

An extensive QA/QC program shows that the results of both the standard flotation tests

and coal analysis obtained in the three different resea,'ch sites (universities) agree quite weil.

Although increased efficiency of separation is always achieved by refloating the concentrate, the

O standard test was designed to be single-stage only for simplicity.
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The so-called Hancock efficiency index was used for assessing the separation efficiency of

the various flotation experiments. This index simplifies down to the sum of the combustible _P

matter recovery plus the pyritic sulfur rejection minus 100. Thus, if the initial project objective

of 90% Btu recovery at 90% pyritic sulfur rejection were achieved, the efficiency index (EIH)

would be 80. For 200-mesh wet.ground coal samples, the separation eRiciency for the flotation

separation of Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals under the standard

test conditions is 36, 50 and 52, respectively.

Optimization of the reagent addition with Illinois No. 6 indicated that the reagent dosages

used in the Standard Flotation Test were almost identical to the optimized dosage, while the

results of optimization tests of flotation machine parameters with Pittsburgh No. 8 showed that

the flotation machine parameters had little effect on the efficiency of separation and that the

standard tests also produced results close to the optimum.

In order to determine the best results achievable with dodecane and MIBC using flotation,

release analysis curves were determined for 200-mesh grinds of each base coal. The maximum

separation efficiency obtained from the release analysis for Illinois No. 6, Pittsburgh No. 8 and _[
lP'

Upper Freeport PA coals is 65, 56 and 64, respectively. These numbers are to be compared with

those obtained from the standard flotation tests, namely 36, 50 and 52, respectively. As expected,

the results of the release analysis (flotation separation) for ali three base coals are not as good

as those of the gravity-based washability tests, which can achieve a pyritic sulfur rejection of 90%

at a Btu recovery of 90% with a separation efficiency of 80 at a 200-mesh grind. This is because

washability tests (if done correctly) make a separation based on particle composition (specific

gravity) whereas flotation makes a separation based on surface composition and relative surface

hydrophobicity. Release analysis curves provide a good base for assessing the flotation

performance of various reagents used in comparing flotation separations.

A procedure was developed for estimating the pyritic sulfur content of coal separation

products from their total sulfur and ash content. By assuming that the organic sulfur content in

the combustible material in a coal is constant, a linear relationship is found among the pyritic

sulfur, total sulfur and the ash content of a coal sample. This linear relationship has been _lh

confirmed from analysis of the products obtained from the various flotation and gashability tests.
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The values of the proportiona!iW constants in the linear equation for a specific coal are first

O determined from the experimental pyritic sulfur, total sulfur and ash contents of several coal

separation products of the same coal using linear regression analysis. After the parameters in the

equation have ,been established for a particularcoal, the pyritic sulfurcontent of other separation

products of the same coal can be calculated based on their total sulfur and ash content using the

equation. The results have shown that the calculated pyritic sulfur contents of various coal

samples agree very well with their experimental values. The main advantage of this proc_.Aure

is that it is reliable and rapid because total sulfur and ash content of coal can be determined

easily using microprocessor-controlled machines.

Effect of Grinding Environment

A study of the grinding envir,mmcnt indicated that wet grinding resulted in a higher

flotation yield and combustible material recovery than dry grindingfor 200-mesh Illinois No. 6 and

_. UpperFreeportPA coalsatthesamestandardreagentdosages,respectively.A furtherstudyon

behaviorof200-meshPittsburghNo.8 coalshowedthattheseparationefficiencyofwet-ground

O samples is significantly higher than that of dry.ground samples. On the other hand, grinding in

an inert atmosphere and floating with either air or argon as the carrier gas had little effect on the

flotation performance for ali three coals, as compared to grinding and floating the coal in an

uncontrolled atmosphere. Therefore, it was concluded that grinding and floating the coal in air

(uncontrolled _tmosphere) should be satisfactory for industrial purposes. Grinding the coal wet

should also be used industrially because of the reduced energy consumption for grinding. With

respect to the points of reagent addition, both the flotation yield and the flotation rate constant

of hydrophilic Illinois No. 6 coal were higher when the collector was added to the mill before

grinding than when the collector was added to the cell after grinding. However, for

Pittsburgh No. 8 and Upper Freeport PA coals (more hydrophobic coals), the flotation yield is

lower when the standard dosage of the collector is added to the mill before grinding. Similarly,

the flotation yield is significantly reduced when the standard dosage of the frother was added to

the mill for ali three coals. Finally, grinding coal in a ceramic mill was not found to improve the

flotation performance of the coal studied.
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Coal Flotation Kinetics

A flotation kinetic study was undertaken to systematically delineate the effect of particle

size on the recovery and rate constants for the flotation of coal and the associated mineralmatter.

For this purl:ose, the three bituminous coals were ground wet to produce, flotation feed at three

different top sizes, namely 28, 100 and 200 mesh. This study showed that in the batch flotation,

the kinetic behavior of coal flotation can most simply be described by a first-order kinetic model

with a sine function (in the range of 0 to _/2) of flotabilities for the floatable particles. The

ultimate recovery and flotation rate constant obtained by fitting experimental results with this

kinetic model represent the u!timate recovery of coal and the rate at which this final state can

be reached, respectively.

The ultimate recovery of the combustible material is significantly higher than that of ash

and pyrite, whereas the flotation rate constant of the combustible material is only slightly higher

than that of ash and pyrite. This may indicate that the floated portion of ash and pyrite is either

locked with coal or carried over by the froth with the coal.

At constant reagent dosages, the flotation r_.e constant decreases significantly as the grind /

size of the flotation feed is decreased, due not only to the low collector coverage on the surface

of the coal particles but also to froth overloading during the first half minute of flotation of the

fine feed.

The effect of particle size. on the flotation recovery and rate constant of coal is not as

pronounced as in mineral flotation due to the low specific gravity and the hydrophobic nature of

coals. The effect of particle size is small for the more hydrophobic coals, higher reagent dosages

and smaller top feed size of coalo For minus 28-mesh coal, the intermediate size fractions (48 x

100 and 1130x 200 mesh) exhibit higher ultimate combustible material recovery than the larger

(plus 48 mesh) and the smaller (minus 200 mesh) size fractions for ali three coals. The flotation

rate constant of Illinois No. 6 coal also exhibits a maximum at intermediate sizes, whereas the rate

constant of Pittsburgh No. 8 and Upper Freeport PA coals increases monotonically with the

increasing particle size. For 100_mesh grinds, the ultimate CMR increases and the flotation rate

constant decreases with decreasing particle size. For 200-mesh grinds, both the ultimate CMR /

and the rate constant increase as the particle size is decreased.
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O An increase in reagent dosage for minus 200.mesh coal increases the flotation recovery and
the rate constant of the plus 4(B.mesh size fraction more than that of the minus 400-mesh size

fraction. At the same time, the increase in pyrite recovery is greater than that of coal, resulting

in an overall decrease in the separation efficiency. In general, low recovery of the relatively

coarse coal particles and high recovery of fine pyrite particles are the major problems in

separating pyrite from fine coal using froth flotation.

Surface Modification

Surface modifiers, which are reagents that interact with or adsorb on the surface of coal

or on pyrite and thereby should make the coal surface more hydrophobic or pyrite more

hydrophilic, were tested to enhance the separation of pyritefrom coal by advanc_..dfroth flotation.

The effect of pH, controlled by the addition of lime, was studied as a first step and the results

showed that the flotation yield of 28-mesh dry-ground Pittsburgh No. 8 coal decreased when the

pH was raised above 10. At the same time, there was a steady increase in the pyritic sulfur

O rejection from minus 28-n,eshcoal, prepared either by dry grinding or wet grinding. The drop
in the yield and the efficiency index above pH 6 was more dramatic for the minus 200-mesh dry-

ground material and above pH 8 for the minus 200-mesh wet.ground coal. Similar results were

obtained for Illinois No. 6 coal. The Upper Freeport PA sample did not exhibit any drop in yield

up to pH 10. Because the flotability of both coal and pyrite decreases at pH's above 8, rejection
i

of' pyrite at high Btu recovery can not be accomplished solely by controlling the pH.

Although the effect of pH on the flotation behavior was easily observed, the physical

changes occurring on the surfaces of the coal and pyrile upon change in pH, were not obvious

and an extensive study was undertaken to try to elucidate the underlying phenomena. The major

finding of this investigation was that the pH at which the grinding step is carried out is extremely

important. When coal is ground at low pH, various soluble metal cations are introduced into the

coal r,lurry and if the pH is subsequently increased, these cations begin to precipitate as

hydroxides, often onto the surface, of coal and pyrite particles, causing the field to decrease. On

O the other hand, if the coal is ground at a higher pH, metal cations are not solubilized and
therefore do not subsequently precipitate during flotation, lt was found that when
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Pittsburgh No. 8 coal was ground and floated at relatively high pH (6-10), the flotation yield is

higher than when the coal was ground at natural pH and subsequently floated at high pH. The

overall effect of grinding and floating at the same pH results in an increase in the separation

efficiency.

One series of modifiers tested involved various anionic surfactants. Coal surface

modification was attempted by adding these surfactants to the flotatior, cell and evaluating their

effect on the flotation product. Of the anionic reagents tested, only Aerosol OT (2-

ethylhexylsulfosuccinate) resulted in a small improvement in the flotation response of

Pittsburgh No. 8 coal, using the standard collector and frother dosages. Other anionic surfactants

tested, 4-t-butylpyridine and 2-(1-butylpentyl)pyridine, do not appear to have prorate as flotation

reagents for aiding coal desulfurization.

A number of nonreactive nonpolymerizable reagents, such as methanol, ethane!,

alkylbenzaldehyde and glyoxal, were also tested to determine their effect on the flotation

performance of the three base coals. The addition of methanol during the wet-grinding of Upper

Freeport PA coal to minus 200 mesh resulted in a combustible material recovery of 86% and a ii
IP'

pyritic sulfur rejection of 81% (Ella = 67), representing a substantial improvement over the

standard flotation test. However, no such improvement was observed for Pittsburgh No. 8 or for

Illinois No. 6 coal. The improvement obtained with methanol suggested that other alcohols may

also have beneficial effects on flotation. While the improvements in performance for Upper

Freeport PA coal u_;ingethanol were comparable to methanol, some improvements were achieved

with Pittsburgh No. 8 coal but none with Illinois No. 6 coal. Tests with bury|benzaldehyde,

another non-polymerizable reagent, did not result in any improvement in performance over the

standard test. In addition to these non-polymefizable reagents, a number of other organic

reagents that have functional groups which might interact with coal surface sites and possibly alter

the flotation behavior were also examined. These included ethylene glycol, polyethylene glycol,

succinic acid, pentyl ether, butylamine and dipentylamine. However, none of these reagen.ts was

found to improve the pyrite separation efficiency over that obtained in the standard tests.

Organic monomers, which can polymerize to form large hydrocarbon macromolecules, were t/
II'

added during grinding to determine if mill conditions were conducive for the polymerization
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reaction to occur between the monomer and newly generated coal surface sites. For a number

of practical considerations vinyl acetate, styrene, diisobutylene and methyl methacrylate were

selected for testing. The coals were dry ground with the monomers in an argon-purged rod mill.

Some increase in yield was observed. After extensive testing, observed increases in flotation yield

were attributed to an increase in the amount of hydrocarbons present during flotation and not

due to graft polymer formation because saturatedanalogs of the monomers such as ethyl benzene,

ethyl acetate and 1,1,4-trimethylpentane affected flotation to the same extent. Commercially

available monomers are generally available o_:ly with an inhibitor added to prevent violent

polymerization from occurring. Since the inhibitor may prevent polymerization with coal surface

sites, vinyl acetate was distilled to remove the inhibitor, thereby obtaining a pure monomer for

testing. The tests using vinyl acetate without inhibitor did not result in any improved flotation

performance over that in which the inhibitor was present. This research indicates that without

the addition of external free-radical initiators, the formation of in-situ graft polymers on the coal

surface does not appear to be a technically feasible approach in advanced coal flotation.

Q The function of dodecane in the flotation of coal is to enhance the hydrophobicity of the
coal particles. However, a detailed study of dodecane addition on coal flotation showed that

dodecane adsorption is non-selective and at high dosages, pyrite and ash are also rendered

hydrophobic. In order to obtain better separation efficiency, lower dodecane dosages and higher

MIBC dosages should be used in the flotation. For a relatively hydrophilic co,ii such as

Illinois No. 6, larger dodecane additions are required to recover the combustible material, which

contributes to increasing the flotation of pyrite and ash in the clean coal. For this rea._n, a series

of nonionic surfactants were tested to determine if they provided better flotation selectivity than

dodecane for hydrophilic coal. These reagents, oxygenated alkyl aromatic compounds, were found

to be powerful collecting reagents for Illinois No. 6 coal at reagent additions as low as 1/10th of

that of dodecane. The oxygen groups tended to decrease the separation efficiency of the

reagents, with nonylbenzeae giving the best separation with the purely alkyl aromatic series.

These reagents have a similar effect on Pittsburgh No. 8 coal. Because the interaction of

oxygenated compounds seems to be dependent on oxygen sites on the coal surface, this
investigation was extended to the flotation of oxidized coals. Laboratory-oxidized
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Pittsburgh No. 8 coal was floated with dodecane and with two different compounds of this series. di&
Dodecane alone was not able to render the surface of the coal sufficiently hydrophobic, resulting

in low combustible matter recovery (CMR values). However, the addition of oxygenated

compound resulted in large CMR's at relatively low dosages as compared to that of dodecane.

The effect of commonly used dispersants, namely sodium silicate and sodium

hexametaphosphate, on the separation efficiency of Pittsburgh No. 8 coal was also studied. The

results show that neither of them has much effect on pyriticsulfur rejection or on ash rejection.

Pyrite Depressants

A number of organic reagents having different functional groups were tested to determine

their pyrite-depressing effect. The results show that glycerol monothioglycolate, mercaptoacetic

acid, 2-mercaptoethanesulfonic acid, aminoacetic acid, aminoethanesulfonic acid and sulfosalicylic

acid improve the separation efficiency when added to the mill in the grinding stage. For instance,

grinding Pittsburgh No. 8 coal with 2-mercaptoethanesulfonic acid (1.0 lb/T) results in an

improvement of pyrite rejection of about l0 percent at similar CMR with single-stage flotation, _,

an improvement of about 20% with two.stage flotation.

However, a number of effective ore pyrite depressants, such as calcium cyanide, xanthated

polyacrylic acid, xanthated sucrose, and xanthated citric acid, were found to be ineffective

depressants for pyrite in coal flotation. In order to reduce the hydrophobicity of pyrite, hydrogen

peroxide (H202) was also tested as a selective oxidant for pyrite in coal flotation. The results

show that the addition of hydrogen peroxide reduces the flotability of pyrite, but it also reduces

the flotability of coal to the same extent. Thus the addition of hydrogen peroxide to coal

flotation has no effect on pyritic sulfur rejection and ash rejection.

Because Illinois No. 6 coal ksrelatively hydrophilic and almost no material floats without

the addition of an oily collector, flotation of pyrite from this coal, known as reverse flotation,

using xanthate and dithiophosphates as collector was tested in order to increase the separation

efficiency. However, the results were not promising because the collector dosages required were

high and substantial amounts of coal were also recovered in the froth.

qP
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Flotation Optimization and Circuits

The effect of frother conditioning time on separation efficiency and flotation kinetics of

the base coals wasstudied. The results show that the separation efficiency does not varywith the

frother conditioning time whereas the flotation rate constant decreases with the increase in the

frother conditioning time (in the range 0.5 to 3 minutes). At optimized reagent dosages of

dodecane and MIBC, the maximum separation efficiency of 100., 200- and 325-mesh Upper

Freeport PA coal is about 65 with a single-stage flotation. This indicates that grinding this coal

finer titan 100 mesh does not result in significant improvement of the separation efficiency, which

is in a:cordance with the results obtained in the washability tests.

The effect of various flotation circuit configurations on the separation efficiency of the

base coals was investigated. These circuits consisted of closed-circuit flotation, cleaner.scavenger

circuits, and circuits with staged-reagent additions. In general, two-stage flotation (recleaning the

concentrates) can improve the separation efficiency significantly over single-stage flotation. The

the best results were obtained by refloating the middlings (the tailings from the cleaning stage)

O with new flotation feed (closed-circuit flotation).
The flotation column is generally considered to be more efficient than conventional

flotation machines for fine coal cleaning. The separation efficiency in a single-stage column

flotation was found to be the same as that obtained in two-stage flotation with the conventional

mechanical flotation cell. By pre-cleaning 28-mesh coal with a shaking table and floating the

table concentrates after they had been reground to minus 200 mesh, the separation efficiency can

be improved significantly over that obtained by the standard flotation of 200-mesh coal. This

separation efficiency was found to be equivalent or better than that obtained by two-stage

grinding along with two-stage flotation.

Under the best flotation conditions, the maximum separation efficiency obtained for

200-mesh Upper Freeport PA coal is 75 (combustible material recovery of 89% and pyritic sulfur

rejection of 86%). This value, reported by the University of Utah, was achieved by floating wet-

ground Upper Freeport PA coal at natural pH in a closed circuit for five cycles with 4.0 Ib,rr

O butanol added to the grinding stage. This efficiency index is significantly higher than that
obtained in the standard flotation test (EIH = 52) and in the release analysis using dodecane and
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MIBC (EIH = 64). For 200-mesh Pittsburgh No. 8 coal, the maximum efficiency index is 71

(CMR = 91% and PSR = 80%), reported by Columbia University. This _oesultwas obtained by

two-stage flotation of 200-mesh Pittsburgh No. 8 coal, which had been ground wet at pH 8 (with

sodium hydroxide added to the grinding stage). The flotation test was conducted using 1.95 lb/T

of MIBC at the same pH as in the grinding stage. The maximum efficiency index for

Pittsburgh No. 8 is also significantly higher than that obtained with the standard flotation

procedure (EI H = 50) and in the release analysis using dodecane and MIBC (EIH = 56). For

200-mesh Illinois No. 6 coal, the maximum efficiency index that was obtained is 56 (CMR = 78%

and PSR = 78%), which was achieved by two-stage flotation of a coal sample that had been wet

ground with 1.0 lb/T of mercaptoacetic acid at natural pH (about 4). The reagents used in these

tests were the standard dosages of dodecane and MIBC. Although this value is low, it is still

significantly higher than that obtained in the standard flotation test (EIH = 36) and in the release

analysis for the sample that had undergone the same storage time (EI H = 42). However, this

value is lower than the value of EIH obtained in release analysis for the coal samples with a

shorter storage time (El H = 65) where less degradation of the coal samples had taken piace _l)
IP'

during the storage. Illinois No. 6 coal is more susceptible to oxidation than Pittsburgh No. 8 and

Upper Freeport PA coals. Because of the lower hydrophobicity, Illinois No. 6 coal is also the

most difficult coal to clear_ among the three base coals.

Coal Weathering

Coal weathering studies were conducted on three size fractions, plus l-inch, 1-inch x 1/4-

inch, and 1/4-inch x 0. Each size fraction was screened in the field and stored in three different

modes: i) inert, in drums under an argon atmosphere; ii) covered, in drums without lids but with

plywood boards on top; and iii) open, in a stockpile completely exposed to the atmosphere. A

total of'thirteen weathering increments was collected, the first six on a biweekly basis starting in

November 1988, the next four on a monthly basis, and the final three increments on a bimonthly

basis. Each increment was inerted with argon before being shipped to Berkeley and to the

University of Pittsburgh for characterization studies.

0
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Physical and chemical changes that might occur during the storage of coal were examined

O by characterizing the weathered ,coal samples using various techniques. This characterizationl

included size distribution, proximate analysis, DRIFT spectroscopy, zeta potential, standard

flotation, film flotation and induction time determinations. The proximate analysis showed that

no appreciable decrease in the volatile matter of the weathered samples occurred over the 13-

month weathering period. The particle size distribution of the minus 28-mesh fraction screened

from the minus I/4-inch sample stored in open mode indicated that for Illinois No. 6 coal,

particles in the intermediate size fractions (such as 28 x 35 mesh) became more friable,

contributing to an increase in the amount of material in the finer size fractions as the weathering

time increased. Particle size analysis of the I/4-inch x 28 mesh material indicated a progressive

increase in the fines as weathering progressed. Interestingly, the size degradation that was

observed for the Illinois No. 6 coal sample did not occur with either Pittsburgh No. 8 or Upper

Freeport PA coal.

A comparison of the DRIFT spectra of the research and weathered samples for each of

O the three base coals showed some differences between them. Spectra for Illinois No. 6 weathered
for short periods of time showed the presence of a peak corresponding to the carbonyl group

(1.655 cre'l), indicating a certain degree of oxidation. No carbonyl peaks were found in the

DRIF"I" spectra of the weathered samples of Pittsburgh No. 8, indicating that this coal is less

susceptible to oxidation by weathering for short periods of time. No peaks associated with

oxidation products were obtained for Upper Freeport PA weathered samples.

Film flotation tests conducted on the weathered samples of the three base coals showed

a slow drop in hydrophobic,ty initially, followed by a rapid decrease after five months of

weathering. Weathering began in the winter, and only after the weather began to warm up in

the spring did the Pittsburgh No. 8 and Upper Freeport coals begin to weather. Furthermore,

both film flotation and induction time measurements clearly indicated that the hydrophobicity of

the weathered samples is a function of the storage environment. Specifically, the hydrophobicity

of coal stored in the inert mode is greater than that for coal stored in the covered and open

O modes for similar periods of weathering. The bubble/particle contact time for Illinois No. 6 stored
in the open mode increased from 60 milliseconds for Increment 1 to 1750 milliseconds for
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Increment 13. The same trend was observed with the other two coals, but, the increase in

induction time was not as dramatic. Wettability tests done with the Hallimond tube (up to Q

Increment 4) indicated that the hydrophobicity of the weathered samples drops only marginally

and that the yields were less than that of the research samples, probably due to the lower ash

content in the research samples.

The standard flotation test procedure developed for this program for the 28-mesh ground

coal was also used to float the minus 28:mesh weathered material screened from minus 1/4-inch

fraction. Tile results showed that there is a decrease in the flotation yield as compared to the

freshly ground research samples. This drop was higher for the open mode as compared to the

covered and inert modes for the same weathering time. The rate of decrease in the yield is also

coal-dependent, with Illinois No. 6 coal yield decreasing very rapidly initially as compared to the

other two coals be[ore levelling off at a yield of 28%. The recovery of Pittsburgh No. 8 and

Upper Freeport PA coals decreased little during the first 5 months of weathering and then

decreased rapidly for coals weathered through the summer months. This behavior seems to

correlate quite well with the temperature in the weathering sites. When the weathering

temperature rises, the oxidation of the coals is more significant. After 9 months of weathering,

the yield for these two coals increased slightly, the reason for which is not clear at this point.

Induction time measurements also show an increase in the apparent hydrophobicity of Upper

Freepolt PA and Pittsburgh No. 8 coals that had been weathered for longer than 9 months.

Flotation pulp pH in the standard flotation of the minus 28-mesh weathered coals waz also

decreased as the weathering time increased.

Grinding of the 1/4-inch x 22g-me.shmaterial to minus 28 mesh before flotation restored the

yield equivalent to that of the research samples, indicating that the effect of weathering is mainly

limited to the external surfaces only. Therefore, coal should be stored as coarse as possible in

order to minimize the detrimental effect of oxidation on the surface hydrophobicity of coal. In

addition, the largest decreases in the hydrophobicity of the coals occurred at the onset of spring

and summer temperatures, suggesting that if coal must be stored, significant changes can be

expected to occur and these will be a function of ambient temperature.

qP
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Degradation of Stored Coal Samples

O Although the research saa.ples were inerted carefully under argcm atmosphere, degradation

of the stored coal samples has been observed during the course of this research. The separation

efficiency under the same flotation conditions decxleases tbr coal samples that had been stored

under the "inert" environment for a long time. This suggests that in any research effort extending

over a period of time, it is necessary to regularly collect newly mined samples tl,,at are a_sclose

to the original location in the region as possible. Without this regener_tion of coal samples, the

results obtained from the latter part of any research project must be vi,.,wed with caution.

O
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COAL SURFACE CONTROL FOR ADVANCED FINE COAL FLOTATION

O DOE PROJECT NO. DE-AC22-88POI8878

Final Technical Report

1.0 INTRODUCTION

Historically, coal surface characterization and control have not been considered critical to

coal cleaning because of the prior emphasis on maintaining particle size as coarse as possible.

However, the current goal of near-total removal of pyritic sulfur necessitates fine grinding of coal

to liberate pyrite. At these fine sizes coal surface behavior plays an increasingly dominant role

and consequently the need for surface characterization and control is growing sharply.

In order to investigate the properties of coal surfaces and their role in coal flotation, DOE

awarded a contract entitled "Coal Surface Control for Advanced Fine Coal Hotation" to the

University of California at Berkeley in October 1988. The main goal of the project was to

characterize the surface and control the behavior of coal during advanced flotation processing in

O order to achieve an overall objective of removing 90% of the pyritic sulfur at 90% Btu recovery.
Also, the investigation of the effects of weathering on the surface characteristics of coal was

another important aspect of this project.

1.1 Project Team

The project team consisted of research and engineering groups at Berkeley, Columbia

University, the University of Utah and Praxis Engineers, Inc., with the University of California

acting as the prime contractor. The organizational chart for conducting the program

encompassed by this project is presented in Figure 1.1, which also identifies key project personnel.

The work distribution on this project took into consideration the equipment and expertise

available at the facilities of the four participating organizations in accordance with the Final Work

Plan submitted at the onset of the contract. The main role of Prax_ Engineers was in selecting

the mine sites, preparing mined coal samples and the weathering sites, collecting weathered

samples, implementing the washability tests at various commercial testing laboratories, and helping

coordinate the research during the early stage,s of the program. At the University of Utah, the
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coal was crushed to minus 1/4 inch to be sent to the other research groups, Utah also conducted

O an extensive liberation study,characterized the petrography, developed the standard grinding and

flotation tests for Upper Freeport PA coal, conducted studies on surface modification with

reactive but non-polymerizable reagents, andtested various flotation circuit designs. At Columbia

University,variousbulkandsurfacecharacterizationstudieswerecompleted,includingsurface

characterizationbyzeta-potentialmeasurement,and bysurfaceelementand functionalgroup

analysisusingESCA andDRIFT. The groupatColumbiaalsodevelopedthestandardgrinding

andflotationtestsforPittsburghNo.8 coal,conductedsurfacemodificationtestsusinganionic

surfactantsand pH modifiers,studiedtheeffectofdispersantsand pyritedepressants,and
i

investigated the effect of various machine paraaleters on flotation performance. Research at

Berkeley consisted of bulk and surface characterization studies including detailed wettability

studies. The Berkeley group worked out the general grinding procedure to be used in this

program, developed the standard grinding and standard flotation tests f0i" Illinois No, 6 coal,

conducted flotation studies with polymerizable monomers, non-ionic surfactants and numerous

O pyrite depressants and conducted a detailed flotation kinetics study on 28-, 100- and 200-mesh
coal. The effect of grinding atmosphere and grinding media was investigated at Berkeley. Iri

addition, the Berkeley group carded out the detailed characterization and flotation study of

weathered coal. Throughout the course of this program, nurnc:ous tests and analyses were

performed by the participating groups or at commercial laboratories for QA/QC,

The University of California, acting as prime contractor, was also responsible for ali

technical and administrative reporting. Technical reports were prepared using input submitted

by the various research and engineering groups.

1.2 Project Goals

The primary objective of this research project was to develop advanced flotation methods

for coal cleaning in order to achieve the highest possible pyritic sulfur removal at high Btu

:ecovery, using coal samples procured from six major U.S. coal seams. Concomitantly, the ash

content of these coals was to be reduced to 6% or le_. Investigation of mechanisms for the

O control of coal and pyrite surfaces prior to fine coal flotation was the central aspect of the project
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objectives. Detailed experimental and procurement plans for the contract were drafted during

the initial months of the contracting period and were submitted to DOE as a Work Plan.

As a part of this contract, large quantities of coal samples were procured from six major

_ams identified by DOE for use in this project for advanced flotation and weathering studies.

Samples of the same coals were also supplied to the University of Pittsburgh for selective

agglomeration research under a separate contract by DOE.

A second majorobjective was to investigate factors involved in the progressive weathering

and oxidation of coal that had been stored in three storage modes, namely, open, covered and

inerted under argon atmosphere, over a period of twelve months. After regular intervah of

weathering, samples of the three base coals (Illinois No. 6, Pittsburgh No. 8 and Upper Freeport

PA) were collected and shipped to both the University of Pittsburgh and the University of

California at Berkeley for characterization studies of the weathered material.

1.3 Scope of this Document

Intensive research efforts were exerted as part of this program, and therefore the amount

of data produced were also extensive. Many man hours of labor went into the analysis and

preparation of this report by members of the various research organization. Extensive effort was

needed to integrate ali the results pertaining to a given topic, and present them in a coherent
,.

manner. To do this, prior technical reports, particularly Annual Reports 1 and 2, have been

incorporated and supplemented with new results where appropriate. This report is broken down

into 14 chapters in order to present the results in a logical and cohesive manner. This chapter

serves as an introduction and the second chapter presents a short description of the procurement

of the coal samples. Chapters 3, 4 and 5 present results of detailed characterization studies,

while 6 and 7 discuss the development of the standard grinding and flotation procedures.

Chapters 8-12 present various aspects of the flotation research including the effect of grinding

environment, surface modifiers, pyrite depressants and flotation circuitry. Chapter 13 gives the

results of the weathering study and Chapter 14shows the effect of storage on laboratory research

coals. Chapter 15 is a summary of the major conclusions and findings for the entire report and

Chapter 16 includes recommendations for future work.
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2.0 COAL PROCUREMENT

2.1 Overviewand Scope

The first major task was to provide a large sample of coal from the designated Rams for

researchandtestingofthetwo leadingsurface-basedadvancedphysicalfinecoalcleaningtech-

nologiesthathadbccnselectedbyEK)E,namelyadvancedfrothflotationandselectiveagglomer-

ation.The flotationcontractwas awardedtotheUniversityofCalifornia-Berkeleyteamand

theselectiveagglomerationresearchcontractwasawardedtotheUniversityofPittsburghteam.

Toprovidethesamestartingmaterialforbothprojectsand toensuretheuniformityof

samplesfortheseresearchcontracts,DOE consolidatedthesamplingrexluircmcnts-.alongwith

theWeatheringprogram--intoasingleeffort.Thiswork,whichwasexecutedbyPraxisEngineers,

Inc.,actingassubcontractorstoUniversityofCalifornia,involvedobtainingsample,s fromsix

differentcoalseams.

Threeoftheseamsarcdesignatedasbasecoalsinthisprogramandthreeasadditional

coals. These seams,whicharceithermajorU.S.bituminousor subbituminouscoalseams

currentlylacingmined,representa broadrangeofashandpyriticsulfurcontents,The seams

O were designated by DOE but mine sites were selected by Praxis Engineers. To expedite the

procurement effort due to the approach of winter, work on coal collection was started by Praxis

Engineers, on November 4, 1988. A list of the coal scaras and mine locations is given in

Table 2.1.

Extensive site preparation was carded out, particularly at the base coal sites, and the

material was collected from fresh mine faces after clearing clay and overburden. The topsize of

thecoalwasrcdu'ce_to4-6inchesinthefieldandcarewastakentoprepareand homogenize

eachsamplepriortopackingitinto55-gallondrums(from400to450poundsofcoalpcrdrum)

and"incrting"forshipmenttovariouslocationsforuseforthefollowingpurposes:

s Research samples

- Advanced froth flotation

- Selective agglomeration (UP)

• Washability and liberation studies

O • Weathering studies
• Reference (save) samples
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Table 2.1 - List of coal seams sampled and corresponding mine locations.
i ii i,i i i ii .sl|l,ll i j i,i A

WS_ C_OUNTy,STA..T_ MINE OPERATOR M_ LOCATION
B_tseCoals ....

Illinois No. 6 Randolph,IL PeatxxlyCoal Co. Martssa,LI.,

Pittsburgh No. 8 Belmont, OH R&F Coal Co. Warnock, OH

Upper Freeport PA Indiana,PA N. CambriaFuel Co. Blacklick,PA

Additional Coals

KentuckyNo. 9 Hopkins, KY P&MCoal MiningCo. Madisonville,ICY

Upper Freeport WV Grant,WV BuffaloCoal Co. _ Stonn,WV

Wyodak Campbell,WY SunedcoCoal Co. Gillette, W'Y

About 23 tons of each base coal (Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA) and

5 tons of each of the additional coals (Kentucky No, 9, Upper Freeport WV and Wyodak) were

collected from the six operating open pit mines.

A second objective of this task was to develop a washability data base for these coals,

using a representative portion of the gross sample from each mine. Details of the washability !_}

studies are discussed in Chapter 4 of this report.

Another objective of this task was to prepare sites for weathering the coal samples on

location under various storage modes for a period of up to one year. The overall purtx:rseof this

task was to study the weathering characteristics of the three base coals and to delineate the

importance of natural surface oxidation on fine coal cleaning. Previous experience with advanced

cleaning technologies had indicated that the storage history of the coal after mining can have a

major impact on the separation efficiency of the process as well as on coal utilization. In

particular, surface oxidation resulting from eXlx_ure to oxygen is considered to be detrimental

to surface-baseA fine coal cleaning processes. Thus samples were regularly eoUected and shipped

to the University of California for detailed study of how weathering affected the coal surface and

bulk characteristics and its flotation response.

The three storage modes, open, covered and inert, represent high, moderate, and low

levels of t._x)sure to oxidation or weathering. A further refinement to the experimental design ii
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was achieved by evaluating weathering behavior as a function of coal size by screening the coal

O into three size fractions, + 1-inch, 1 x 1/4-inch and 1/4-inch x 0, prior to setting up weathering

samples. In total there were nine weathering samples for each base coal, that is, three size

fractions each stored under the three different conditions. Details are given in Chapter 13 of this

report.

2.2 Coal Sample lh'ocurement and Distribution

A gross sample of over 23 tons of each base coal was collected and split into two parts:

40% (about 9 tons) constituting the research sample and 60% (about 14 tons) constituting the

weathering sample. The coal was mined from a fresh seam at each site in such a way that the

sample was free of coarse shale and slate. In effect, the material was equivalent to a coarse-

cleaned sample in each case. The research sample for the three base coals was further split into

the following subsamples:

• Advanced flotation research sample for Berkeley, Columbia and Utah (2 drums

each)

O • Selective agglomeration research sample for the University of Pittsburgh (5 drums)
o Washability sample to a commercial laboratory (5 drums)

• Berkeley save sample (5 drums)

• DOE reserve sample (25 drums)

The additional coals were split into the same sub-samples with the exception of the DOE reserve

sample which was omitted.

The splitting of the gross sample from each mine was done manually by using 5-gallon

buckets that contained about 20 pounds of coal. Each drum was filled with about 20-25

increments that were taken from the parent sample at random. The drums were then "inerted"

by purging with argon gas equivalent to approximately three times the volume of the drum with

a copper tube inserted in the polyethylene bag lining the drum. The plastic bag was then tied

at the top, argon purged between the bag and drum, the lid closed and the drum clamped shut.

Figure 2.1 is a photograph of the drums being filled at the North Cambria Fuel Co. mine (Upper

O Freeport PA coal) in Indiana County, Pennsylvania.
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Figure 2.1 - Drums of Upper Freeport PA coal being filled with 20-1bincrements at the
North Cambria Fuel Co. mine in Indiana County, Pennsylvania.

2.3
Primary and Secondary Crushing I_

In the Project Work Plan, the feed for the two series of flotation tests was set at 95%

passing 28 mesh and 95% passing 200 mesh. In order to achieve the required size distribution,

the feed coal was first crushed in two stages under argon atmosphere by covering the crusher with

a plastic tent. "['he first-stage (primary) size reduction involved crushing the coal sample from a

nominal 4-inch top size to 3/4-inch nominal top size in a laboratory jaw crusher. The secondary

crushing stage consisted of further reducing the coal to 1/4-inch nominal top size in a laboratory

roll crusher. One drum of coal, which is representative of that coal at the 4-6 inch top size, was

crushed before preparing sub-samples to ensure that the sub-samples were also representative.

The primary crushed product was homogenized and split by coning and quartering under an argon

atmosphere and bagged in 30-1b bags. These samples were prepared for the University of

California, Columbia University and University of Utah at the University of Utah laboratories.

,Secondary crushing of the coal was done by Berkeley and Utah. Columbia received already

crushed sample.s l:br flotation feed directly from Utah on a bimonthly basis. /
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3.0 BULK CHARACTERIZATION STUDIES

Characterization of the base. coals broadly falls into two categories, bulk and surface

characterization. Results of bulk characterization on the three base coals are diseuss_ in this

chapter.

Bulk properties reported here include i) the chemical composition as determined from

proximate, ultimate and sulfur.forms analyses, ii) mineralogical content obtained using diffuse

reflectance infrared Fourier transform (DRIFI) spectroscopy, iii) pyritic and non-pyritic mineral

matter determined by SEM/EDXRF (scanning electron microscopy/energy dispersive x-ray

fluorescence), iv) optical image analysis and v) the maceral content of the three coals determined

by petrographic analysis. The SEM/EDXRF study was a qualitative analysis of the distribution

of pyritic and non-pyritic mineral matter present in different size fractions from minus 28 mesh

material. This study also qualitatively assessed the iron/sulfur ratios of the pyritic minerals

contained in the base coals. Optical image analysis was carried out to quantitatively analyze the

distribution of locked, semi-locked and free pyrite in different size fractions contained in coal

ground to minus 200 mesh.

3.1 Chemical (Compositional) Analysis

The proximate analysis was carried out using a LECO MAC 400 Automatic Analyzer. The

moisture, volatile matter, ash and fixed carbon were determined gravimetfically by heating the

samples at different temperatures: 106°C for moisture, 750°C for volatile matter and 950°C for

ash content. A nitrogen atmosphere was maintained in the furnace for tl_e moisture and volatile

modes whereas an oxygen atmosphere was used for the ash mode. Fixed carbon was determined

by difference. Analysis of sulfur-forms was pertbrmed following the procedure described in

AS'FM No. 2492.

Proximate analysis and the sulfur-forms analyses of the three base coal samples are given

in Tables 3.1 and 3.2 respectively, lt carl be seen from Table 3.1 that the volatile matter of

Illinois No. 6 and Pittsburgh No. 8 samples are quite close to each other, while that of the Upper

Freeport PA sample is much lower. In terms of ash and moisture contents, on the other hand,

Pittsburgh No. 8 and Upper Freeport PA coal samples are closer to one another, while the
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Table 3.1 - Proximate analysis of the three base coals.
i ii illll ii ii ii i II i .. I

PROXIMATE ANALYSIS, DRY WT. %
As received
Moisture % _ ]y_xedC_rbon Ash

Illinois No. 6 9.5 36.2 46.3 17.5
Pittsburgh No. 8 2.3 35.7 52.5 11.8
Upper Freeport PA 1.0 26.2 61.8 12.0

moisture and ash contents of the Illinois No. 6 sample are higher than those of the other two coal

samples. Although the moisture content may be a direct function of the hydrophobicity of the

coal, the relationship is much too complex and may vary with the origin of the coal, weather

conditions, or a host of other variables. However, from the results given in Table 3.1, one may

cautiously infer that the Upper Freeport PA coal is the most hydrophobic of the three coals and

Illinois No. 6 the least, with Pittsburgh No. 8 coal falling somewhere between the other two and

closer to the former.

Another important observation is that the pyritic sulfur, as a percentage of the total sulfur,

is the highest in Upper Freeport PA (69 wt%), followed by Pittsburgh No. 8 (60 wt%) and /

Illinois No. 6 coal (48 wt%). This implies that the application of physical separation techniques,

such as froth flotation and selective agglomeration, will be most effective to desulfurize

Upper Freeport PA coal, followed by Pittsburgh No. 8 and Illinois No. 6 coals, assuming equal

liberation of the pyritic sulfur.

The ultimate analysis of the three coals was determined ruing a LECO CHN 600 Analyzer.

The carbon, hydrogen and nitrogen contents of the coals were obtained by burning coal samples

in pure oxygen at 950°C. The instrument measures the amount of CO 2 and HzO in the

Table 3.2 - Analysis of sulfur forms for the three base coal samples.
........ ii I iiii pll _ i i

FORMS OF SULFUR (DRY BASIS)
Moisture Ash Sulfatic Pyritic Organic Total

Illinois No. 6 8.87 15.5 0,28 2`56 2.53 5.37 11,320

Pittsburgh No. 8 2.74 12.6 0.25 2`82 1.64 4.71 12,420
Upper Freeport PA 0.86 12.5 0.10 1.62 0.63 2.35 13,370



O Table 3.3 - Ultimate analysis of the three base coals.
ii i ,i

EL_MF.,NT,PERCENT(DRYBASIS)

Illinois No. 6 9.5 63.8 5.7 1.24 5.73 6.10
PittsburghNo. 8 2,2 71.0 5.1 1.45 4.28 6.40
Upper Freeport PA 1.0 75.6 4.7 1.45 2.38 3.85
i i . iii i i ii i i ii ii ii i ii ii i1 ii 1L II I I I II I II

combustion gases by passing them through carbon and hydrogen infrared cells. NOx must first

be reduced to Nz by hot copper and a catalyst, and the elemental nitrogen concentration is then

determined with a thermal conductivity cell.

Results of the ultimate (elemental) analysis of the three base coals are summarized in

Table 3.3. Examination of these results shows that the bulk carbon-to-oxygen ratio follows the

order: Upper Freeport PA (19.7) > Pittsburgh No. 8 (11.1) > Illinois No. 6 (10.5). This ratio

can be considered a measure of the hydrophobicity since the major oxygen containing

functional groups in coal such as -COOH (carboxylic) and ArOH (phenolic) are hydrophilic.

While hydrophobicity of the coals might be expected to follow the order shown above, it cannot

O be related rigorously to the flotability of the three coals which is a function of surface

hydrophobicity and hence the surface carbon-to-oxygen ratio which may differ significantly from

the bulk ratio. As amply demonstrated by Fuerstenau (1) and by Gutierrez-Rodriguez and Aplan

(2) using contact angle studies, oxygen reacts instantaneously with some coals and therefore the

surface carbon-to-oxygen ratio can be expected to be lower than that of the bulk. The dry

mineral matter free (dmmf) carbon content of coal can be considered as one more measure of

the hyclrophobicity of coal. The contact angle and natural flotability of coals have been reported

to pass through a maximum at about 88% carbon content (dmmf) (3-5). Calculations of the

dmmf carbon content of the three coals show that the flotability of the three coals should vary

in the following order: Upper Freeport (85.9% C dmmf) > Pittsburgh No. 8 (80.5% C dmmf)

> Illinois No, 6 (77.3% C dmmf). It is to be noted that the proximate analysis also indicated the

same trend with respect to the carbon content.
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3.2 Mineralogical Analysis Aral

The ash mineral composition of the coal can have a significant effect on the flotation of Q

coal and pyrite. Therefore, qualitative analysis of the mineralogical content of the three base

coals was carried out using diffuse reflectance infrared Fourier transform(DRIFT) spectro_,opy.

Samples for the DRIFT analysis were prepared by grinding the coals to minus 60 mesh followed

by ashing them at 700°C for 4 hours in a muffle furnace. The air flow rate through the furnace

was maintained at 4 liters/rain. The samples were then cooled inside the furnace, ground in an

agate mortar to minus 400 mesh and then stored in glass vials until needed. Two hundred

milligrams of IR grade potassium bromide was ground to minus 400 mesh and mixed with six

milligrams of the ash and the mixture further ground using an agate mortar in order to intimately

mix them. The ground mixture was then placed in the sample cell of the diffuse reflectance

accessory of the Perkin-Eimer 1800 FTIR spectrometer. The sample was scanned for 100 cycles

in single-ratio mode and the spectra obtained was smoothed and analyzed using a Perkin-Elmer

7500 data processing system.

Diffuse reflectance spectra of three commonly found minerals in coal, namely, illite, quartz

and calcite were also obtained for the purpose of peak calibration. Wave numbers at which

strong IR absorption is found for other minerals such as kaolinite, montmorillonite, attapulgite,

dolomite, siderite, and gypsum were obtained from the literature (6-8). Table 3.4 lists various

minerals commonly found in coal and the corresponding wave numbers. Diffuse reflectance

spectra of ash fractions obtained from the three base coals are presented in Figure 3.1. lt can

be seen from this figure that the ash fractions from ali the three coals show a major broad peak

around 1045 cm"1,peaks of intermediate intensity around 795 cm"1,565 cm"l and 478 cm"1and

a minor peak around 690 cm"1. Matching these peaks with wave numbers in Table 3.4 indicates

that all three samples probably contain kaolinite (1090, I035, 1010, and 490 cmq) and quartz

(1156, 1045, 795 and 695 cmq). lt appears that the 1090 and 1035 cm"1peaks of kaolinite and

1156 and 1045 cm"1 peaks of quartz ali overlap and form a broad peak around 1045 cm"1.

However, the presence of these two minerals can be confirmed from their other characteristic

peaks a.s indicated in Figure 3.1. In addition to kaolinite and quartz, which were identified

in ali three coals, the ash from Illinois No. 6 coal also shows peaks around 1455 and 873 cm "l,
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Figure 3.1 Diffuse reflectancespectraof ashfrom the three basecoals.

characteristic of calcite. The presence of calcite in Illinois No. 6 coal is also supported by results

ft'ore neutron activation analysis (NAA), which yielded a calcium content of 0.7 weight percent

for the Illinois No. 6 sample; the calcium content of the other two coals w_re found to be below

the detectable limit of NAA which is 0.1 wt%. Assuming that the calcium content determined

by NAA in Illinois No. 6 coal is from calcite, its calcite content can be calculated to be 1.75

weight percent.

Thus, a qualitative mineralogical analysts of ash from the base coals using DRIFT showed

O that ali three coals contained kaolinite and while Illinois No. 6 coal also contained calcite.
quartz

No other mineral was present at detectable levels.

3.5



Table 3.4 - Infrared wavenumbers (ern"1)for various minerals present in coal.
ii iiiif --roll. ..... i ii Hl i i lm i

Diion ! 2_. ! 4_. 5 ..6.. B£Le.m

Silicates Quartz . 790 1046 1156 695 - Prey.work

Clays Kaolinite 1035 1010 535 478 1090 910 Painter(8)
Montmorillonite 1050 530 .... Painter(8)
Attapulgite 1030 985 1665 1325 1190 910 Hunt (6)
Illite 1025 ..... Prey.work

Carbonates Calcite 1447 877 712 845 - . Prey.work
Dolomite 882 730 .... Painter(8)
Siderite 872 740 .... Painter (8)

Sulfates Gypsum 669 603 .... Painter(8)

3.3 Photomicrographic Studies of Mineral Matter Association

3.3.! SEM/EDXRF Study

Scanning electron microscopy coupled with energy dispersive x-ray fluorescence

(SEM/EDXRF) was used to analyze the nature of association of mineral matter with coal. This

work was carded out at the Lamont Geological Observatory (aff'diated with Columbia University)

using a Cambridge Model 250 scanning electron microscope and a Cevax Model 8000 energy

dispersive x-ray fluorescence system. The sample preparation proc.e,dure consisted of riffling one

kilogram of a minus 1/4-inch sample several times to reduce the sample size to about 40-50 grams.

Each subsample was ground with an agate mortar, in a glove box maintained under an argon

atmosphere, to minus 28-mesh and the ground material further split into lO-gram samples. Each

sample was then sieved to produce 28 x 50-mesh, 65 x 100-mesh, 100 x 200-mesh and minus 200-

mesh size fractions which were used for the analysis.

Scanning electron micrographs of the 28 x 65-mesh fractions of Pittsburgh No. 8,

Illinois No. 6, and Upper Freeport PA coals are given in Figures 3.2, 3.3 and 3.4, respectively.

Ali SEM micrographs were taken in the back-,w.atter mode in which the mineral matter appears

bright in contrast to dark coal. It can be seen from these photographs that for ali the three coals

investigated no liberated pyrite or non-pyritic mftneralscould be seen in the 28 x 65-mesh fraction.

Photomicrographs of the 65 x 100-mesh size fraction of Pittsburgh No. 8, Illinois No. 6, and

Upper Freeport PA coal samples are shown in Figures 3.5, 3.6 and 3.7, respectively. Only in the
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Figure 3.2 SEM Micrograph of a 28 x 65-mesh sample of Pittsburgh No. 8 coal.

O Figure 3.3 - SEM Micrograph of a 28 x 65-mesh sample of Illinois No. 6 coal.
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Figure 3,4 - SEM Micrograph of a 28 x 65-mesh sample of Upper Freeport PA coal.

O
I

Figure 35 SEM Micrograph of 65 x 100-mesh sample of Pittsburgh No, 8 coal. O
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Figure 3.6 - SEM Micrograph of a 65 x 100.mesh sample of Illinois No. 6 coal.

O Figure 3.7 SEM Micrograph of a 65 x 100-mesh sample of kipper Freeport PA coal.
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case of Upper Freeport PA sample [particles marked 1 (Fe, S) and 2 (Ca) in Figure 3.7] a few

Q' liberated mineral particles can be seen. In the 100 x 201)mesh size range, one liberated mineral

particle each can be seen in the micrographs of Pittsburgh No. 8 sample [Figure 3.8; area marked

1 (Fe, S) and 2 (Al, Si clays) and Illinois No. 6 coal sample [Figure 3.9; particle marked ! (Ca)].

On the other, hand, at. least four liberated particles can be seen in the 100 × 200-mesh fraction

of Upper Freeport PA coal [Figure 3.10; particl_ marked 1 (Fe, Ti), 2 (K, Si, Fe, Ti), 3 (Fe, S),

and 4 (Al, Si)]. Photomicrographs of the minus 200-mesh fractions of the three base coals are

shown in Figures 3.11 to 3.13. It can be seen from Figure 3.12 that almost ali the mineral

particles are liberated in the minus 200-mesh fraction of Illinois No. 6 coal, x-ray fluorescence

analysis showed that most of these particles are pyrite. The minus 200-mesh fraction of

Pittsburgh No. 8 coal (Figure3.11) also exhibited characteristics similar to that of Illinois No. 6

sample. In the case of the Upper Freeport PA sample, although most of the mineral particles

are seen to be liberated in the minus 200-mesh fraction and x-ray fluorescence analysis showed

that the majority of these particles are non-pyritic mineral as indicated in Figure 3.13. Typical

spectra of the iron sulfide particles identified in the minus 200-mesh fractions of the three base

coals are given in Figures 3.14 to 3.16. lt can be seen from these figures that the relative

intensity of the sulfide peak is higher than that of the iron peak of pyrite from the Illinois No. 6

sample (Figure 3.15) and the Upper Freeport PA sample (Figure 3.16) whereas the intensity of

the iron peak is higher for pyrite from the Pittsburgh No. 8 sample. This indicates that

Pittsburgh No. 8 sample contains iron-bearing minerals in addition to pyrite, possibly non-

stoichiometric iron-sulfide minerals.

SEM/EDXRF analysis thus showed that in the 28-mesh x 0 grind, almost no free pyrite

particles exist above 200 mesh in samples of Illinois No. 6 and Pittsburgh No. 8 coals, whereas

free pyrite particles in the Upper Freeport PA sample exist also in coarser sizes.

An interesting feature that can be seen in the photomicrograph of the 1130x 200-mesh

fraction of the Pittsburgh No. 8 sample (Figure 3.9) is a typical pyrite vein (area marked 3)

characteristic of epigenetic growth (9). This growth is thought to occur due to the migration of

solutions containing mineral-forming ions through coal fractures. It can be clearly seen from _L

a magnified image of the pyrite veins, Figure 3.17, that the individual grains of pyrite com[_rising
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Figure 3.8 SEM Micrograph of a 100 x 200 mesh sample of Pittsburgh No. 8 coal,

®

O Figure 3,9 SEM Micrograph of a 100 x 200 mesh sample of Illinois No, 6 coal.
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Figure 3,10 - SEM Micrograph of a 100 x 200-mesh sample of Upper Freeport PA coal,

Figure 3.11., SEM Micrograph of a minus 200-mesh sample of Pittsburgh No, 8 coal. O
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Figure 3.12 - SEM Micrograph of a minus 200-mesh sample of Illinois No. 6 coal.

O °..

Figure 3.13 - SEM Micrograph of a minus 200-mesh sample of Upper Freeport PA coal.
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Figure 3.14 - X-ray fluorescence spectra of iron sulfide panicles i,na minus 200-mesh sample
of Pittsburgh No. 8 sample.
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Figure 3.15 - X-ray fluorescer,cz spectra of iron sulfide partic_e,sin a minus 200.mesh sample
of Illinois No. 6 sample.
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Figure 3.16 - X-ray lluorescence spectra of iron sulfide particles in a minus 200-mesh sample
of Upper Freeport PA sample.

O Figure 3.17 - SEM Micrograph of a Pittsburgh No. 8 coal particle with an epigenetic pha._ of
pyrite in lhe form of veins.

3-15
!



Table 3.5 - Pyrite association and distribution (in volume percent) in the three base

coals comminu__,ted to minus 200-mesh. O

Illinois Pittsburgh Upper
No. 6 No. 8 FreeDon PA

(A) Liberation of _ffite
Locked 11.7 38.4 14.2
Semilocked 11.7 22.4 15.4
Free 76.6 39.2 70.4

(B) Distribution of_
150 x 75 t_m 0.7 5.5 0.5
75 x 45 9.9 9.4 14.3
45 x 15 17.6 31.5 28.5
15 x 0 71.8 53.6 56.7

(C) Distribution of _ocked pyrite
150 x 75/_m 0.0 0.5 0.0
75 x 45 0.0 3.7 0.0
45 x 15 6.1 22.0 4.2
15 x 0 93.9 73.8 95.8

(D) Distribution of sernilocked p_it__e¢
150 x 75 #m 0.0 6.8 0.0
75 x 45 2.0 12.7 3.2
45 x 15 23.9 52.7 1.6

15 x 0 74.1 27.8 95.2

(E) Distribution of free pvri!e
150 x 75 _m 0.9 9.5 0.6
75 x 45 12.7 14.2 17.3
45 x 15 18.4 33.3 32`7
15 x 0 68.0 43.0 49.4

the veir_s are less than 5 microns in size. Some submicron grains can also be seen. In practical

ternxs this means that it will be difficult to separate these pyrite grains by froth flotation because

entrainment of the submicron pyrite particles into the pulp is difficult to prevent,

3.3.2 Optical Image Analysis

A liberation study of the pyritic sulfur, conducted at the University of Utah, involved

counting 2500 points on duplicate pellets made up of coal comminuted to minus 200 mesh. The

pyrite was categorizext in sizes _. plus 75 #m, 75 x 45 #m, 45 x 15 #m and minus 15 #m for each

of the three states defined as pyrite in free, semi-locked, and locked panicles. The results,

summarized in Table 3.5, show that the volume percentage of free pyrite is the highest in the
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O Illinois No. 6 coal sample (77%), closely followed by the Upper Freeport PA sample (70%).
However, when the distribution of free pyrite by size (Table 3.5E) is compared, 68 percent of the

pyrite in the Illinois No. 6 coal is smaller than 15 microns in size whereas only 49 percent of free

pyrite in the Upper Freeport PA sample is less than 15 microns. As the fineness of the free

pyrite poses considerable problems during its separation by flotation or any other physical

separation method, Illinois No. 6 coal would be expected to present the greatest degree of

difficulty for achieving significant reduction of pyritic sulfur. Pittsburgh No. 8 seam (Table 3.5A)

coal has the lowest percentage (39%) of liberated pyrite. However, as over 57% of the liberated

pyrite is in the plus 15 micron range, its separation appears to pose less of a problem compared

to the other two coals. These results can therefore be viewed from two angles: one, the degree

of liberation of pyrite and two, the relative size of the liberated pyrite. In terms of these two

problematic characteristics, the three coals can be ranked as follows:

(a) Percentage of liberated pyrite in the minus 200-mesh sample

Pittsburgh No. 8 < Upper Freeport PA < Illinois No. 6

O Size,of liberated(b) pyrite

Illinois No. 6 < Upper Freeport PA < Pittsburgh No. 8

3.4 Petrographic Characterization

Samples for petrographic analysis were prepared at the University of Utah following the

procedure described in ASTM D2797-72. Samples were comminuted and sized to 28 x 40 mesh

and then made into duplicate one-inch diameter pellets using a hardener (epoxy) and black

pigment under 4,000 to 5,000 psi for 3 to 5 seconds. The pressing process was repeated about

fifteen times. The pellets were polished using #240_ #400 and #600 polishing grits and the final

polishing was doneusing a 30-micron metal-bonded diamond lap (disk) followed by a one-micron

and then a 0.05-micron alumina slurry, The pellets were then cleaned in an ultrasonic bath

containing distilled water for one minute between each step. The finished pellets were placed

in a desiccator overnight before analysis_ The samples were analyzed using a Leitz orthoplan

O microscope following the proceAure described in ASTM 2799.
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Table 3.6 - Maceral analysis of the three base coals.
-- - ii n i illl i i i I I III I III IIII [ Jill[

MACERAL COMPOSITIONS (Volua_ %)
M__aceralGroull IllinoisNo.6 P,,,ittsbur_No.8 U.FreeDollPA

Vitrinite 7.5.8 78.9 88.8

Liptinite 9.2 9.8 0.2
- Sporinite 4.4 8.5 0.2
- Cutinitc 2.9 0.4 0.0
- Alginite 1.9 0.9 0.0
- Resinite 0.0 0.0 0.0

Inertinite 15.0 11.3 11.0
- Fusinite 1.1 1.5 4.0
- Semifusinite 4.4 3.5 1.7
- Macrinite 2.6 2.2 2.1

b

- Micrinite 1.4 0.6 0.5
- lnertodetrinite 4.6 3.1 2.4
- Schlerotinite 0.9 0.4 0.3

The macerals of coal are classified into vitrinite, liptinite (exinite), and inertinite groups.

Normal incident illumination light was used to identify the vitrinite and inertinite macerals, and

blue-light excitation was used for liptinite maceral analysis. The liptinite group is further divided

into cutinite, alginite, resinite, sporinite, exsudatinite, suberinite, phlobaphinite, liptodeterinite, O

fluorinite, and bituminite. Based on size, shape and color, the inertinite group is divided into

fusinite, semifusinite, macrinite, micrinite (<5/zm), sclerotinite, and inertodettinite (<30 _m).

The vitrinite group is gray-white, the inertinite group is bright white, and the liptinite is dark or

black under normal incident light, but under blue-light it has different colors (yellow, pinL green,

brown orange, etc.). The results of the maceral analysis show that the Illinois No. 6, the

Pittsburgh No. 8 and the Upper Freeport PA coals have 76, 79 and 89 volume percent vitrinite

content, respectively (Table 3.6).

3.5 Solubility Behavior of the Base Coals

Leaching cxperirnents with the three base coals were carried out to determine the nature

and concentration of dissolved metal ions. The importance of this study arises from the fact that

precipitation of dissolved metal ions, due to changes in pH, on the coal surface can drastically

modify the surface of coal and affect its flotation characteristics. For example, in a study by Cclik

and Somasundaran (10) on the effect of SnCI2 addition on the electrokinetic and flotation
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properties of coal, the authors noticed that depression of coal flotation with SnCI2 occurred in

O the pH range where precipitation took piace. They also suggested that the poor flotation

response of coal observed above pH 12 could be due to the precipitation of hydroxides of

multivale_t cations s_ch as calcium and iron.
, _ /

Lci_,et_hg experiments were conducted on ten gram samples of coal placed in a 150 ml

beaker and combined with 90 ml of triply distilled water. The slurry was then stirred using a

magnetic stirrer, inside a glove box maintained under argon. After the desired time interval the

stirring was stopped, the beaker was removed from the glove box, and the slurry filtered using a

Whatman 41 filter paper. Initial and final pH's of the slurrywere noted in ali experiments. The

filtrate was then analyzed for metal cations using a Perkin-Elmer model 6500 inductively coupled

plasma (ICP) spectrophotometer. Leaching experiments were carried out with both the minus

28 and the minus 200-mesh grinds of Pittsburgh No. 8 coal. However, no major differences in

either the nature or the concentration of dissolved ions were found between the supernatants

from the two size fractions, and therefore, the tests with Illinois No. 6 and Upper Freeport PA

O coals were conducted using only the minus 28-mesh grind.
Results of the leaching experiments conducted with the three base coals are summarized

in Table 3.7 in terms of the suspension pH and the concentration of dissolved ions in the

supernatant for Pittsburgh No. 8, Illinois No. 6, and Upper Freeport PA coals, respectively, lt

can be seen from these tables that the concentration of calcium ions is the highest in the

supernatant of Illinois No. 6 suspension, followed by Pittsburgh No. 8 and Upper Freeport PA

coal suspensions. Also, calcium ion dissolution reached equilibrium within thirty minutes in the

case of Upper Freeport PA coal whereas with Illinois No. 6 coal equilibrium does not appear

to have been reached even after two hours. In the c.az,eof Pittsburgh No. 8 coal, equilibrium is

reached within thirty minutes with the minus 200-mesh sample, whereas with the minus 2g-mesh

sample there is a steady increase in the calcium ion concentration __ver 90 minutes and then a

decrease during the final 30 minutes. The reason for the decrease in calcium after two hours is

not clear. The high concentration of calcium ions in the supernatant of Illinois No. 6 suspension

O should be mainly due to calcite (CaCO3) since attapulgite clay, the only other calcium-bearing
mineral that is possibly present in this coal (DRIFT analysis did not eliminate the presence of



Table 3.7 - Results of Pittsburgh No. 8, Illinois No. 6, and Upper Freeport PA
leaching tests in distilled water at a solids concentration of 10% at 27°C. i_

i i|, i i , ,,,ul ii i i L ---- __ • i ,,mmmm

Time pH Comcentratlm, ppm
Si_ min_..._, _ _ ____ _ _. L_

Pittsburgh No. 8
-28 M 30 3.6 3.7 48.5 10.1 24.3 - .

60 4.0 53.7 10.4 19.4 - -
90 4.6 61.3 10.4 22.3 - -

120 4.1 56.1 10.4 19.9 - .

-200 M 15 4.5 4.9 61.5 9.5 17.5 - .
30 4.8 63.6 9.8 16.3 - -
60 4.6 62.7 10.3 10.2 - -

li_nois No. 6
-28 M 30 5.8 7.1 50.2 2.9 - - -

60 7.9 63.8 4.3 - - -
90 8.0 73.1 4.7 - . .

120 8.1 81.3 4.5 - - -

Upper Freeport PA
-28 M 30 4.5 4.5 8.3 1.0 --1.0 - 1.6

60 4.7 7.6 0.9 -.-1.0 - 1.5
90 4.4 8.2 1.1 "-1.0 - 1.6

120 4.5 8.3 0.9 --1.0 - 1.5
lm ii

attapulgite), is much less soluble than calcite. The solubility of calcite at pH 6 (initial pH of the

Illinois No. 6 suspension) i_ 400 ppm and at pH 8 (the final suspension pH) is about 40 ppm (11),

whereas that of attapulgite is less than 10 ppm in the above pH range (12). The relatively high

natural pH of Illinois No. 6 coal suspensions (natural pH = 8.0), compared to Pittsburgh No. 8

and Upper Freeport PA coal suspensions, suggests that the suspension pH of Illinois No. 6

sample is controlled by calcite dissolution since the natural pH of a calcite suspension has been

measured in our laboratory to be around ,'_H9.

The source of calcium ions in the supernatant of Pittsburgh No. 8 sample is not apparent

since no calcite was found in this coal at detectable levels by DRIFT. ALso, the estimated calcium

ion concentration at pH 4 (extrapolated from Vasudcvan and Moudgil's data) from attapulgite

is only about 8 ppm. However, the following analysis shows that calcite may be the source of

calcium in the Pittsburgh No. 8 supernatant. An examination of calcite solubility data (11) shows

that the solubility of calcite at pH 4.5 (natural pH of Pittsburgh No. 8 suspension) is about 20 g/l.

Since the concentration of the solids in the slurry is 10 wt% and the ash content of



O Pittsburgh No. 8 sample is 12 wt%, the concentration of mineral matter in the suspension shouldbe 1.2 wt%. This means that at pH 4 ali the calcite that is possibly present in Pittsburgh No. 8

coal would have dissolved into solution. Based on the dissolved calcium ion concentration, the

calcite content of Pittsburgh No. 8 coal should be about 0.06 wt%. This is below the detectable

limit of NAA which is about 0.1 wt%; therefore, NAA results would detect no calcium in the

Pittsburgh No. 8 coal. Also, DRIFT is probably not sensitive enough to detect such low calcite

levels as is apparent from the size of the calcite peak of Illinois No. 6 in which the calcite content

is roughly 30 times that of the Pittsburgh No, 8 sample. The source of calcium in the supernatant

of Upper Freeport PA coal suspensions may be due to dissolution of calcite or attapulgite.

The magnesium content of the supernatant of the three coals exhibits a slightly different

trend from that of calcium. The magnesium ion concentration is higher in the supernatant of

Pittsburgh No. 8 suspension followed by Illinois No. 6 coal and then Upper Freeport PA coal.

The source of magnesium ions is probably from either clays or the magnesium-bearing carbonate

mineral, dolomite. Dolomite was not identified in the DRIFT study of ash from the three base

O coals, but may be present in small quantities. Common clay minerals that contain major amounts
of magnesium arc attapulgite (10 wt% MgO) and montmorillonite (3% MgO) (13). The clay

mineral clearly identified in our DRIFT study, kaolinite, contains less than 0.1 wt% MgO on

average. As discussed earlier, although our DRIFT analysis did not show the presence of

montmorillonite, it did not eliminate the presence of attapulgite. Therefore, it appears that

attapulgite is the possible source of magnesium in the supernatant of the three coals.

The iron content in the supematant of Pittsburgh No. 8 suspension is higher than that

found in the supcrnatant of either Upper Freeport PA coal or Illinois No. 6 coal. The source

of the soluble iron content is most likely oxidized pyrite. Although the sulfate content of both

the Pittsburgh No. 8 and Upper Freeport PA coals are almost equal, there is evidence that the

pyrite in Pittsburgh No. 8 coal oxid_ readily at room temperature, even when stored under

argon. In this case, the source of oxygen may be pores or dissolved oxygen in the leachate.

Because of the pH dependence of calcite solubility, the oxidation of pyrite may also affect the

calcium ion concentrations due to the acid which h a product of pyrite oxidation.
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Le.achingstudiesconductedwiththethreebasecoalsprovidean indicationof the

mineralogicalcomplex/tyof thethreebasecoals.Low dissolvedionconcentrationsinthe Q

supernatantofUpperFreeportPA coalsuggesttheabsenceofhighlysolublesalt.typeminerals

inthiscoal.Furthermore,itappearsthatthenaturalpH oftheIllinoisNo. 6 suspensionis

determinedbycalcite.
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4.0 COALWASHABILrn'STUDIr s

O in order to determine the liberation and the coal/ash/pyritic sulfur separation characteristics

of each of the proj.ect coals, washability tests were conducted on each of the three base coals,

Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA, and also onthe three additional coal

samples, Kentuc',_y No. 9, Upper Freeport WV and the Wyodak seam from Wyoming. This work

was performed at various commercial testing laboratories, under the supervision of

Praxis Engineers, Inc. as a part of Task 2 "Coal Procurement and Weathering". Four different
(

laboratories, located in the general area from which the samples were collected, were selected

for this work with two laboratories each conducting the sink float tests analyses. Laboratory work

for the base coal was carried out at a minimum of two laboratories. Table 4.1 identifies the

commercial laboratories used for sample preparation and basic washability testing as well as

QA/QC work. Ali sink/float products were analyzed for their calorific value and their ash, pyritic

sulfur and total sulfur contents.

The material used for the washability and liberation studi_s was a part of the large sample

O that had been collected in November 1988 for research studies, as discussed in Section 2.0. Each
sample was subjected to washability tests at the sizes and specific gravities given below:

Designated sizes: 4-inch x 0, 1-1/2-inch x 0, 1/8-inch x 0
28-mesh x 0 and 200-mesh x 0

Specific gravity: 1.30, 1.35, 1.40, 1.60 and 1.80

Table 4.1 - Commercial laboratories used for washability testing of various coals.
i i i ii i -- _ -- iii ii i ilil_ __ _[

Laboratory Basic Tes__._........__

Commercial Testing and Illinois No. 6 _
Engineering Upper Freeport PA
Henderson, KY

Geochemical Co., Testing Pittsburgh No. 8
Somerset, PA Kentucky No. 9

Illinois No. 6

Gould Energy - Warner Lab_ Div. Upper Freeport PA
Cresson, PA Upper Freeport WV

Illinois No. 6

O Core Labs Inc. Wyodak WYCasper, WY Pittsburgh No. 8
iiiii i [ ....... _
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_SHABILITY ]SAMPLE

SCREEN ORIGINAL
5 FRACTIONS lT SAVE

i l
, X 6 ANALYSES -1 112 INCH

l

SINK/FLOAT CRUSH 1'0
4 X 6 ANALYSES -lIB iNCH

i

SINK/FLOAT I COMMINUTE TO 1' 3 X 6 ANALYSES , -28 MESH

l
2 FRACTIONS SAVE II

t,, ,, , 1

l l

1
t I X 6 ANALYSES SAVE

-- J

Figure 4.1 - Coal washabilitysample splitting andprocessingmethod.

4.1 Sample Preparation and Sink.float Test Procedure

Five 55-gallon drums of coal, containing a total sample weight of approximately 2000 -

2150 lh, were used to conduct the washability test for each of the project coals, in accordance

with ASTM proc._ures (ASTM I)4371).

The sink-float testing was done on the screened size fractions, namely 4-inch x 1.1/2-inch,

1-1/2.inch x 1/g-inch, 1/8-inch x 28-mesh, 2.8-meshx 200-mesh, and 200-mesh x 0; and the results

are reported in the format requested by DOE, that is 4-inch x 0, 1-1/2-inch x 0, 1/B-inch x 0,

28-mesh x 0, and 200-mesh x 0. Figure 4.1 summarizes the proce.xturefollowed for preparing the

gross sample for washability and liberat ion studies. Table 4.2 gives the crushing topsizes used

and indicates the size fractions generated for the washability analyses. A total of 15 size fractiom

was produced, each of which was subjected to sink-float testing at 5 specific gravity levels, thin

total of 90 size-gravity fractions for each coal.generating a

4-2



: i

e Table 4.2 - Sink-float tests conducted on various size fractions for each coal.L------. II I I li -- I - --- __ I ,] - _ -- _ -- -- I l_mull_li_l I -- .

COAL S!Z.I_RF._DUC_ED..TO.PASS ,
Size Original Total

+1-1/2" 1 ..... 1
1-1/2"x i/8" 1 I . - . 2
1/8"x 28 M 1 1 1 - - 3
28 x 200 M 1 1 1 1 - 4
200M x0 1 1 1 1 1 5

Total 5 4 3 2 1 15
..... -- i _ i _ ._ -- __ -- . i ,i iii __ -- _ i i ii -

.Thesink-float tests for particles 1/8-inch in size and coarser were performed using a static method

of separation in the organic heavy liquids whereas the size fractions 28-mesh and finer were

separated using centrifuging techniques. The organic heavy liquids used for these tests were mix-

tures of certigrav and perchloroethylene for determinations made at specific gravities between 1.3

and 1.6. For specific gravities above 1.6, dibromomethane was used to obtain the desir,_ density.

e The typical procedure followed for washability sample preparation and testing is outlined below.

• The original sample (4-inch x 0) weighing approximately 2000 ib, was air dried overnight,
and split in half by the long piling method (U.S.B.M. TP133). One half of the sample was
used as the original sample for washability testing at the five specific gravities, without any
crushing. This sample was screened at 1-1/2 inch, 1/8-inch, 28-mesh, and 2(D-mesh and the
individual fractions were then subjected to sink-float testing. The 1 1/2-inch and 1 1/2 x
1/8-inch fractions were floated in metal containers with 100-mesh wire basket inserts. The
specific gravity of the medium was checked and balane..edbefore the sample was floated.
The float and sink materials were dried at 105°C after recovery, and weighed.

m The 1/8-inch x 0 portion of the original sample was riffled and one-fourth of the ample
screened at 28-mesh and 200-mesh. The sink-float test for the 1/g-inch x 28-mesh material
was conducted in 40t_ml glass separating funnels. The 28 x 200-mesh and 200-mesh x 0
fractions were sink.floated by a centrifuge sink-float procedure.

• The remaining original sample was screened at 1-1_-inch, and ali the plus l-1/2-inch
material was then crtashed in a jaw crusher and screened. The entire sample was
homogenized and riffled into two parts, one half used to obtain the washability data. The
procedure for the preparing material for the washability tests with the minus 1 1/2-inch
fraction was similar to the one discussed above for the 4-inch x 0 sample.

O m About 400 lb of the sample riffled at 1 1/2-inch was used for washability te_ting for theremaining sizes. The material was screened at 1/8-inch and ali plus 1/8-inch material was
crushed and homogenized and then riffled into fot, r aliquots. One-quarter was mea for
conducting the sink-float tests with the 28-mesh a_d 200-mesh fractions. One of the



1/8-inch sample fractions is screened at 28-mesh and 200-m_h. The 1/8-inch x 28 mesh
fraction was subjected to sink-float separation in a glass funnel and the 28 x 200-mesh and
200-mesh x 0 was appropriately centrifuged. Approximately 100 Ib of the minus I/8-inch
material was saved for future use.

• Approximately 120 lb coal from the minus 1/8-inch sample was riffled and a fourth (about
30-1b)of the sample was then stage-comminuted to pass 28-mesh. This 28-mesh x0 sample
was then riffled four ways,with one quarter being used for the washability tests at 28-mesh
x 0 size. One quarter was used for the next stage of washability testing at 200-mesh x 0
size as described below and another quarter was inerted, packed in plastic bags, and saved
for future use.

s One of the quarters from the minus 28-mesh sample was screened at 200-mesh, followed
by comminuting the plus 200-mesh material to pass 200 mesh, This material was then
riffled into four samples, which were inerted, packed, and stored for use in the centrii _ge
sink-float testing.

s Following the sink-float separation, a portion of coal in each size.gravity fraction was
riffled and its size reduced in stages to prepare samples for analysis. The analyticalwork
consisting of ash, calorific value, total sulfur, and pyritic sulfur analyses was performed
using ASTM standard procedures D3174, D2015, D3177 and D2492 respectively.

One means to check whether the heavy-liquid testing procedure has been carried out

correctly is to plot the weight of float material at a given density for coals as a function of topsize.

As the coal is crushed finer, increased liberation should result in an increase in the amount of W

material floating at a given specific gravity. The initial washability tests on Illinois No. 6 coal

showed a gradual increase in the weight of float material as the particle size was reduced', but

with the 28 mesh and 200 mesh material, the amount of float material dropped sharply. This

abnormal behavior was attributed to effects resulting from a combination of methodology and the

high clay content of Illinois No. 6 coal. Repeat tests gave results more in line with expected

behavior. Figure 4.2 presents such plots for the amount of material floating at various topsizes

on liquid at specific gravity 1.3. The trend is that which would be expected, namely as the coal

is reduced finer in size, the amount of float material increases. Illinois No. 6 coal exhibits

somewhat reduced reading of float material at 200 mesh, probably due to the clay problem.

4.2 Washability Results and Data Analysis

The results from the sink-float tests performed on these coals were analyzed to investigate

the liberation potential of the coal and are presented in several different ways to illustrate /

the effect of the degree of comminution on liberation. The ash, total sulfur, pyritic sulfur, and
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Figure 4.2 - Fraction of float material at 1.3 specific gravity for the three base coals .
comminutedto various designatedsizes.

O percent pyritic sulfur rejection achieved at each topsize have been compared with the percent Btu

recoveries. The data analysis also compared the percent pyritic sulfur rejection with the

corresponding values of Btu recovery to assess how well the initial project objective of achieving

90% pyritic sulfur rejection at 90% Btu recovery might be met. Also comparisons were made

between the pyritic sulfur rejection and corresponding values of the percent Btu recovered.

These comparisons enabled us to evaluate the results with respect to the overall project objective

of achieving 90% pyritic sulfur rejection at 90% Btu recovery, The percent Btu recovery was

computed from the cumulative washability data using the following equation:
• .

Percent Btu recovery = Wi Hi
Ht

where Wi = Cumulative weight percent recovered at specific gravity i

Ht = Heating value (Btu/lb) for entire sample

O Hi = Heating value (Btu/ib) of float material at specific gravity i
,11
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Pyriticsulfurrejectionwascalculatedfromthecumulativedatausingthefollowingrelation:

Pyriticsulfurrejection,% = 100% -W i.__._PSi
PSr

where W, _ Cumulativeweightpercentrecoveredatspecificgravityi.

PS_= Pyriticsulfur(percent)intheentiresample,

PSi--Pyriticsulfur(percent)inthefloatmaterialatspecificgravityi.

The resultsofthesecalculationswereplottedtoenablereadycomparisonwiththeoverall

projectobjectiveofachieving90% pyriticsulfurrejectionat90% Bturecovery.

Inthesubsectionsthatfollow,theresultsofthewashabilitytestsanddiscussionareprovided

foreachofthebasecoalstestedunderthisproject.The rawdataarepresentedintheAppendix.

4.2.1IllinoisNo.6 SamFleWashabilityResults

Figure4.3presentsthecumulativeweightpercentofmaterialfloatedatvariousspecific

gravitylevelsfortheIllinoisNo.6 coalthatshowsthatthereisa gradualincreaseintheweight

of the float material ,,vith increasin_ specific gravity up to 1/8-inch topsize. As already stated, the

weight of float material at 28-mesh and 200-mesh topsize at 1.30 specific gravity decreased

drastically in the original washability tests, so only the results of the repeated tests are presented

here. Though these results are very consistent in ash and total sulfur values, the weight of the

float material at 1.3 specific gravitywas still low (22.1% at 28 mesh and 34.5% at 200 mesh). The

drop in the weight of float material at 1.3 specific gravity cannot be readily explained. This may

be the result of clay contamination of the coal and/or of the separation of this coal at finer sizes.

Interestingly, particularly for this coal, a relatively high recovery of float material at 1.4 specific

gravity (58.7% for 28 mesh and 65.1% for 200 mesh) was obtained, which tends to confirm the

problem of separation at a low specific gravity of 1.3. This will be discugsext in greater detail

under the OA/QC section.

Figure 4.4 presents the percent Btu recovery as a function of the cumulative percent ash

for each size of coal being tested. As can be seen from the plot, the 4-inch x 0 sample exhibits

an ash content of approximately 10% at a 90% Btu recovery level, but after grinding the coal to
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Figure 4.4 - Btu recovery of the cumulative float product as a function of the ash content
for

Illinois No. 6 coal at various top sizes.
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200 mesh, the coal contains only 7.0% ash at the 90% Btu recovery level. Thus, a 30 percent O

reduction in ash content can be achieved by reducing the topsize from 4-inches to 200 mesh at

the corresponding of 90% Btu recovery.

Pyritic sulfur liberation relates to the degree of separation of pyrite that can be achieved

from coal species Sink-float results are a direct indicator of the maximum achievable rejection

of pyritic sulfur. Figure 4.5 shows the relation of the cumulative pyritic sulfur content of the

various size fractions with the Btu recovery. This provides an estimate of the pyrite liberation

l:_otentialof this coal. The pyritic sulfur content is reduced from about 1.25% for the 4-inch x 0

sample, to 0.97% for the 1/8-inch sample, and to 0.36% for the 200 mesh topsize sample, ali at

the 90% Btu recovery level.

Figure 4.6 depicts the percent Btu recovery as a function of the pyritic sulfur rejection for

Illinois No. 6 coal comminuted to the designated topsizes. This figure, which contains the

information most pertinent to this study, shows the percent pyritic sulfur rejected in relation to

the percent Btu recovered. At a 4-inch topsize, only about 60% of the pyritic sulfur was rejected I_1
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Figure 4.6 - Btu recovery of the cumulative float product as a hmction of pyritic sulfur
rejection for Illinois No. 6 coal at vadoussizes.

at 90% Btu recovery. Pyritic sulfur rejection increased to almost 72% by crushing the material

to 1/8-inch topsize, and to about 90% by grinding the foal to mimes 200 mesh. From this figure,

it would appear that Illinois No. 6 seam coal must be comminuted nominally to 200 mesh or finer

in order to achieve 90% pyritic sulfur separation if the Btu recovery is to be maintained at 90

percent. Details of the washability results for this coal can be found in Topical Report No. 3

submitted to DOE (1).

4,2.2 Pittsburgh No. 8 Sample Washability Results

Figure 4.7 shows the cumulative weight percent of material floated versus specific gravity

for Pittsburgh No. 8 coal. There is a gradual increase in the weight of the float material with

increasing specific gravity. The weight of the float material at 1.3 specific gravity increased from

18.3% at 4-inch topsize to 46.4% at 1/8-inch topsize. When the coal is further reduced to minus

200-mesh, the weight of the float material increased to 53.9%. This shows there is a gradual

liberation of mineral matter as the size of the coal i.,_decreased, as expected. Apparently no

separation problems were encountered with this coal as compared to Illinois No. 6 coal.
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Figure 4.7 . Cumulative weight percent float (yield) at various specific gravities for
Pittsburgh No. 8 coal at various topsizes.

Figure 4.8 presents the percent Btu recovery as a function of the cumulative percent ash

for each topsize. The minus 4-inch sample shows an ash content of approximately6.5% at a 90%

Btu recovery level. When the topsize is reduced to 1/8-inch, the ash level drops to approximately

5% and to about 3.5% when the topsize is further reduced to 200 mesh, ali at the 90% Btu

recovery level. Thus, an almost 50% reduction of the ash content is achieved by redur ing the

topsize from 4-inch to 200 mesh.

Figure 4.9 depicts the percent Btu recovery as a function of the cumulative pyritic sulfur

content of the various size fractions, providing an estimate of the pyrite liberation potential of

this coal. The pyritic sulfur content is reduced from about 2.1% at the 4-inch topsize to 1.4%

for the minus 1/8-inch sample, and to approximately 0.2% when coal had been ground to minus

200-mesh, all at 90% Btu recovery.

Figure 4.10 depicts the percent Btu recovery as a function of pyritic sulfur rejection for

Pittsburgh No. 8 coal comminuted to the designated topsizes. At a 4-inch topsize, about 40%

of the pyritic sulfur was rejected at 90% Btu recovery. Pyritic sulfur rejection can be increased
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to almost 60% by crushing the coal below a 1/8-inch in size, and to over 90% by reducing the @

topsize to 200 mesh. It appears that, at least ideally, in a true gravity separation the

Pittsburgh No. 8 _am coal should be reduced to at least 200 mesh in order to achieve 90%

pyritic sulfur rejection while maintaining at least 90% Btu recovery. Details of' the washability

results for this coal can be found in Topical Report No. 1 submitted to DOE (2).

4.2.3 Upper Freeport PA Sample Washability Results

Figure 4.11 presents the cumulative weight percent of Upper Freeport PA coal that floats

as a function of the specific gravity of the liquid. With this coal also there is a gradual increase

in the weight of the material floated as the coal is decreased in size. The weight of the float

product at 1.3 specific gravity increased from 34.3% at 4-inch topsize to 42.3% at 1/8-inch. By

reducing the coal to minus 200 mesh in size, the weight of the float material at 1.3 specific gravity

increased to 54.9%. This shows the gradual liberation of mineral matter as the sample is groTand
.,dmmh.

to progressively finer s_. O
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Figure 4.11 - Cumulative weight percent float (yield) at various specific gravities for Upper
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The overall liberation trend can be seen from the plots given in Figure 4.12, which presents

the Btu recovery as a function of the cumulative percent ash for samples at various topsizes. The

4-inch x 0 float material has an ash content of approximately 8% at a 90% Btu recovery level.

When crushed to minus 1/8-inch, the ash content of the coal can be reduced to approximately

7.2% and to about 3.8% at 200 mesh, both at the 90% Btu recovery level, llaus, almost a 50%

reduction in ash content can be achieved by reducing the coal from 4 inches to 200 mesh in size.

Figure 4.13 shows the relationship between the percent Btu recovery and the pyritic sulfur

content of the float product for the various size fractions. The pyritic sulfur content is reduced

from 1.54% in the feed at 100% Btu content to about 0.85% at a topsize of 4-inch, to _J.o5%at

1/8-inch topsize, and to approximately 0.1% at 200-mesh topsize, ali at 90% Btu recovery.

Figure 4.14 presents the relationship between Btu recovery and pyritic sulfur rejection for

Upper Freeport PA coal comminuted to the designated topsizes. At a topsize of 4-inches, about

52% of the pyritic sulfur was rejected at 90% Btu recovery. At 90% Btu recovery, pyritic sulfur
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rejection can be increased to almost 65% by crushing the coal to minus 1/8-inch, and to over 94%

by reducing the topsize to 200 mesh. The liberation potential of this coal is the highest of the

three base coals. Details of the washability results for this coal can be found in Topical

Report No. 2 submitted to DOE (3).

4.3 Washability QA/QC

The Quality Assurance/Quality Control program for the washability studies, devised in

accordance with the Project Work Plan, was initiated to check the regroducibility and variability

in the analytical results and their significance. Since the base washability tests were conducted

by four different commercial laboratories, implementation of the QA/QC program was even more

relevant to this tasL

Upon completion of the original washability tests, a 1-lh sample of the originally prepared

minus 200-mesh feed material was sent to a different laboratory for washability cross-checking in

a round-robin fashion. The sample was subjected to sink/float analysis using the same
centrifuging technique. Each gravity fraction was then analyzed for ash, total sulfur, and pyritic

4-15

11Iri r'_b"l, ll"' lit '"1f111' " I1_' ,,' I', ..... ,, .... I',



sulfur. These washability QA/QC results were then compared with the original washability test

results on the minus 200-mesh sample for each coal. In cases where there were significant

differences betweer_ the two sets of results, the tests were repeated.

To conduct a QAJ_ analysis on the analytical work, three _mples from different size-

gravity fractions were sent to a different laboratoryfor cross-checking. In addition, 10 pulverized

samples from each base coal from the minus 28-me,sh and minus 200-mesh topsize fractiom were

sent to the University of California at Berkeley to check the ash, total sulfur, and pyritic sulfur

analyses.

,_Lso,the washability data for ali the designated topsizes were analyzed for internal self-

consistency as a part of the QA/QC program. Check analyses were conducted on selected

samples and data analysis carried out in which some discrepancies in the 200 mesh x 0

washabilities were observed with the Illinois No. 6 coal discussed later and the results were

discussed with the laboratory where the sink/float centrifuging work was done. Subsequently, the

28-mesh and 200-mesh centrifuge sink-float tests for which t_.e results appeared erroneous were

repeated and a revised topical report was issued containing the new data. The method of /
evaluation and results are discussed further in this section.

4.3.1 Washability Data Evaluation CrIleria

A careful review of the results was carried out to locate any errors in experimental

techniques, thus identifyingthe tests which need to be repeated. In this study, the following four

evaluation criteria were used.

(a) Weight percent of 200 mesh x 0 material - The weight of the minus 200-mesh material in
the samples that had been crushed to the designated top sizes was compared. Axl erratic
change in the weight percent of the size fraction under consideration is indicative that a
loss in fines may have occurred during sample preparation.

(b) ._nalysis of the samples - A comparison of the analysis of the total ash, total sulfur, pyritic
sulfur and calorific value was conducted, which indicates the accuracy of the sample
splitting done during preparation of the washability sample.

(c) Float products at 1.3 specific ffavity - Based on the assumption that size reduction leads
to higher liberation, the float products at 1.3specific gravity should generally show a steady
increase or levelling off. Therefore, comparisons cf the amount of float material at 1.3
specific gravity were used to evaluate the consistency of the results.
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Table 4.3 - Statistical analysisof composite values oi asia,total and pyritic sulfur and

O ....... calorific values sample.
for Illinois No. 6

_a,- aroma.: ..... . i _.

Composite Ash Tot $ PyrS Btu/ib 200 M fines
_:zc _ _ _ ._=. ____ ......

4 "x 0 16.4 4.94 2.95 11,850 0.3
I I/2"x0 15.9 4.87 2.90 11,800 0.2
I/'8"x0 16.1 4.86 2.97 11,750 4.2
28Mx0 ..........
200M x0 15.7 4.82 3.02 NA 100

200M x0* '.6.1 4.97 2.79 11,610

Mean 16.0 4.87 2.96 11,800
Std. Dev. 0.28 0.04 0.04 50
SD/Mean 0.017 0.009 0.015 0.004

ml_rl,_*_,lmmmmm_ .... _ 1 i .m i . i i I I . ii ii i '

"QA/QC sample testing carriedout by Geochemical Testing wasexcludedfrom the statistical
analysis.

(d) Float products at !.6 sp.__.jfic_avity - Considering the difficulty of separation at 1.3
specific gravity, comparisons were also made for the float material recovered at 1.6specific
gravity.

Based on this evaluation criteria, the problems observed were limited to the fine coal

O washability tests where the centrifuge technique was used, and mainly only with Illinois No. 6 coal.

A discussion for each coal is provided below.

4.3.2 Data Analysis for Illinois No. 6 Coal

The sink-float test work for the Illinois No. 6 coal was done at Commercial Testing and

Engineering Co. at their Henderson, Kentucky laboratory. Preliminary data evaluation indicated

internal inconsistencies in the f'mecoal (minus 28-mesh and 200-mesh) sink.float tests. These

tests were repeated twice, once using the proc_ure normally followed by the laboratoiy and the

second using the DOE-developed procedure. For both sets of results, the weights of float

fractions at 1.3 specific gravitywere unusually low as compared to the test results run on this coal

in other laboratories, as will be discussed later. Consequently, the original washability results on

the fine (28-mesh and 200-mesh) Illinois No. 6 samples were discarded and replaced by the new

results which are discussed here.

O A comparison of the ash and sulfur analyses of the subsamples reduced to the
pass

designated top sizes can be made from the results summar;a.ed in Table 4.3. The ash and total
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Table 4.4 - Comparison of the float products at 1.3 and 1.6 specific gravity for the
Illinois No. 6 sample.

I : I Iii I I Ii Illlll I I I J' [, I I I I Ii I 'qV

_ FLP..ATAT!.3 .. FLOAT
Size Wt Ash Tot S Btu/Ib Wt Ash Tot $ Btu/lb
_____ % ____

4"x0 2o.7 4.4 2.98 13,800 10.7 3.71 12,80
1 1/2"x 0 22.0 4.1 2.92 13,730 87.5 10.4 3.59 12,690
1/8"x O 34.5 3.3 2.75 13,820 81.5 8.6 3.14 13,010
28MxO ............
200 M x 0 34.5 2.8 2.38 - 81.2 6.3 2.41 -

200 M x 0" 23.6 2.2 2.71 13,990 76.4 5.4 2.67 13,490
. .. JJ .In. ___ JJ I I lilIIKLL _. i _ I I III [ Illl

*Results of QA/QC Test done at GeochemicalTesting

sulfur values are within an acceptable limit for ali the subsamples resulting in a low value for the

standard deviation for ash and for the total-sulfur analyses. The values of these parameters for

the QA/QC sample run in a different laboratory are also very close to the mean values obtained

for the base tests.

The weight of the minus 200-mesh fines given in Table 4.3 incre&scs as the top size i/

reduced. It is interesting to note that for the minu_ 4-inch sample, the minus 200-mesh fraction

is only 0.3%, indicating low friability of this coal.

A comparison of the float products at 1.3 specific gravity (Table 4.4 and Figure 4.2)

indicated that there is a steady increase in the 1.3 specific gravity fraction for sub.samples crushed

to 1/8-inch, followed by a drop for the sample that had been comminuted to 28-mesh. However,

for the sample comminuted to minus 200 mesh, the float fraction at 1.3 specific gravity increased

to 34.5%. The weight of the float material at 1.6 specific gravity exh_its a reasonably smooth

trend, that is, observed for the other coals Ctw.causeof the insensitivity due to high percentage

of float material). The results of the QAJQC tests conducted in another laboratory (Ge_hemical

Testing) on the 200..mesh x 0 grind indicated that the weight of the float product at 1.3 specific

gravity was 23.6%, which is lower than expected.

li is believed that this problem may be due to the tendency of this coal to agglomerate at

fine sizes because of the presence of clays. Therefore, a comparison was made at the next level

of spex:ificgravity, ....:mely 1.4. As may be seen in Table 4.5, the weight of float material for the

200-.mesh grind at a specific gravity of 1.4 was 65.1%. Considering that the problem of
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Table 4.5 . Comparison of f_loatproduct a,, 1.4 spex:ific gravity for ntinois No. 6

............ sample,.............. •
Wt Ash Tot S PyrS Btu/ib

size _ _ _ _ ____

4" 75.3 9.10 3.44 1.18 13,052
1-1/77 73.3 8.40 3.21 0..q7 13,023
1/8" 62.6 5.72 2.93 0,65 13,450
28Mx0 ........ NA
200 M x 0 6.5.1 4.71 2.38 0.19 13,910

200 M x O* 31.7 2.80 2.66 0.12
..... •.M.. , i.l ii, , l i,.i .,..i i

•Results of QA/QC test done at GeochemicalTesting

separation of fines is less severe as the specific gravity of separation is increased, a comparison

at 1.4 specific gravity appears to be somewhat more meaningful due to the reduced experimental

error at this gravity for this coal.

4.3.3 Data Analysis for Pittsburgh No. 8 Coal

The washability of the Pittsburgh No. 8 sample was performed by Geochemical Testing,

O Somerset, PA. Our data evaluation indicates that the results obtained for the Pittsburgh No. 8

sample are internally consistent. In making this conclusion, composite values of the ash, total

sulfur, pyritic sulfur and calorific value were compared for samples reduced to designated top

P sizes. A statistical anal)sis of the results given in "Table4.6 indicates that the sub-samples, as

prepared from the main sample, are highly consistent as indicated by the low values of standard

deviation and variance for ali the parameters analyzed. As can be seen, the ash content of all

subsamples lies between 11.5% and 12.0%, which is considered excellent. The amount of minus

200-mesh material given in Table 4.6 show a gradual increase in the weight of float fraction as

the topsize is reduced, which is expected.

The next parameter evaluated was the weight percent of float material at 1.3 specific

gravity for each of the subsamples. The 1.3 float data for Pittsburgh No. 8 sample given in

Table 4.7 indicate a gradual increase in the weight of the float material. The results, plotted in

Fig,_,re4.2 indicate that the weight of 1.3 float products increases somewhat rapidly initially with

reduction of top size, but becomes asymptotic at top sizes finer than about 1/8-inch top size.
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Table4.6 - Statisticalanalysisof thecompositevaluesofash,totaland pyriticsulfur

and calorificvaluesforPittsburghNo. 8 sample. @

, Composite Ash Tot S Pyr S Btu/Ib 200 M fines
size % .% % ___ %

4"x 0 11.5 3.90 2.96 13,000 1.8
1-1/2" x 0 12.0 3.91 2.94 12,950 2.8
1/8" x 0 12.0 3.93 2.78 12,950 5.5
28 M x 0 12.0 3.89 2.77 12,850 24.0
200 M x 0 12.0 3.90 2.78 12,750 100.0

200 M x 0* 12.3 4.34 2.80 12,720 100.0

Mean 11.9 3.91 2.85 12,900
Std. Der. 0.22 0.01 0.08 91
SD/Mean 0.018 0.003 0.029 0.007
95% Cl(Mean) 0.27 0.013 0.102 112

. i i ,.,,, i i _ ................ ii i ii D

*QA/QC analysis carried out by Core Laboratories Inc.: excluded from standard deviation.

The total sulfur and ash content of the 1.3 float products also decreases with decreasing

top size with a corresponding increase in the calorific value. The increase in the calorific value

for the fine 200 mesh size may be primarily due to the liberation of hydrogen-rich macerals which

tend to concentrate in the low gravity fraction.

While the results for the 1.3 float material appear to be very consistent, the weight of the

float material at 1.6 specific gravity showed a minor drop with decreasing size. The same trend

is observed for the floats of coals at ali other specific gravities tested. The ash of the 1.6 floats

decreases with the decreasing top size which in turn results in a corresponding increase in the

calorific value.

Table 4.7 - Comparison of the float products at 1.3 and 1.6 specific gravity for
Pittsburgh No, 8 sample.

.-- - ............ _m.= ,, ,, , r --

FLOAT AT 1.3 FLOAT AT 1.6
Size Wt Ash Tot S Btu/lb Wt Ash Tot S Btu/lb

_____ __%__ _._._ ____

4" x 0 18.3 4.34 2.12 14,200 91.6 7.48 333 13,700
1 1/2"x 0 31.8 4.57 2.28 14,250 90.4 7.18 3.24 13,800
1/8"x 0 46.4 3.34 1.85 14,480 88.8 6.28 2.79 13,900
28 M x 0 51.1 2.66 1.59 14,400 87.3 5.29 2.21 14,000
200 M x 0 53.9 2.08 1.35 14,500 86.8 4.26 1.48 14,100

200 M x 0" 70.4 2.21 1.41 14,420 87.8 ._.81 1.64 14,010

*Results of QA/QC tests carried out by Core laboratories Ina
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O Table 4.8 - Statistical analysis of composite values of ash, total and pyritic sulfur andcalorific values for Upper Freeport pA. ,, _ i n. ,L

, Composite Ash Tot S PyrS Btu/lb 200 M fines
size _o _ _ .__

4"x 0 13.0 2.15 1.54 13,450 1.76
1 1/2"x 0 12.8 2.16 1.44 13,500 1.70
1/8"x 0 12.2 2.25 1.58 13,600 5.12
28 M x 0 12.4 2.19 1.34 13,400 21.36
200 M x 0 11.9 2.35 1.42 13,500 100.00

200 M x 0* 12.6 2.31 1.61 -- 100.00

Mean 12.5 2.22 1.46 13,500
Std.Dev. 0.39 0.08 0.09 71
95%CI (Mean) 0.48 0.093 0.106 89
SD/Mean 0.031 0.034 0.059 0.005

*QA./QC Sample testing carrY'cdout byCommercialTestingLaboratoryCo.: excludedfrom
standarddeviationcomputation.

4.314 Data Analysis for Upper Freeport PA rJaai

Table 4.8 gives the statistical analysis of the composite washability samples comminuted to

various designated top sizes for this coal. As shown in this table, the ash, total sulfur, pyritic

O sulfur, and calorific values fall within a close range indicating the consistency of the sample split

by the laboratory. For example, the ash content is approximately within 0.5% of the mean value

of 12.5% which is indicative of uniformity of splitting the head sample used for conducting the

washability tests at each size.

Also, the results reported in Table 4.8 indicate that the increase in the weight of the minus

200-mesh fraction is consistent with the reduction of top size of the sample. The weight of floats

at 1.3 specific gravity (Table 4.9 and Figure 4.2) increases steadily as the top size is reduced. The

highest value was 54.9%, as obtained for the 200..mesh x 0 sample, with an ash content of 1.87%

and a total sulfur content of 0.79%.

The yield at 1.6 specific gravity indicates a drop in the weight of the float fraction with

reduction in top size, attn'buted possibly to the liberation of mineral matter of high specific

gravity, which would result in an increase in the weight of material in the 1.7 and 1.8 gravity

intervals. These results are nearly identical in trend to those obtained for the Pittsburgh No. 8

O sample. Based on the foregoing analysis, it is our conclusion that the Upper Freeport PA

washability data are internally consistent.
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Table4.9 - Comparison of the floatproductsat1.3and 1.6specificgravityforthe

Upper._Freeport
PA

sample.
Allh

FLOAT AT 1.3 .... FLOAT AT t.6
Size Wt Ash Tot S Btu/lb Wt Ash Tot S Btu/Ib

4"x 0 34.3 3.62 1.23 15,050 91.2 9.16 1.50 14,100
1 I/2"x 0 35.1 3.71 1.20 15,050 91.2 8.98 1.49 14,150
I/8"x 0 42.3 3.29 1.12 15.200 89.9 8.07 1.31 14,350
28 M x 0 44.9 2.32 0.89 15.200 85.4 6.50 1.02 14,500
200M x 0 54.9 1.87 0.79 15,250 81.0 3.75 0.82 14,600

200M x 0* 47.7 2.00 0.81 NA 84.9 5.21 0.82 NA

*Results of QA/QC test done at Commercial Testing Laboratory Co.

4.3.5 QA/QC on the Analytical Work

As a part of QA/QC program of the samples used for washability and flotation research

were analyzed for the proximate and ultimate analyses and compared. The analytical work was

done at UCB on reference (save) samples used for the general research program. Table 4.10

provides comparison of the proximate analysis of a washability sample, and research sample,(

prepared at Berkeley and Utah. The values of volatile matter, carbon ash and total sulfur for the /

three coals are very consistent in ali the samples randomly selected for analysis.

For example, the acceptable reproducibility error for analysis alone, for samples containing

12% ash or higher is 1.0%, and for total sulfur over 2% the acceptable error is 0.2%. This is

excluding the allowable variance due to the sample splitting.

Table 4.11 gives comparative results of the ultimate analysis for the randomly picked

samp!es from three sourc_ and analyzed at Berkeley. The results indicate very good consistency

in ali the cases except for the oxygen contents for the three, coals which is higher than the

variabilir: of other elements.

A number of specific gravity fractions were randomly selected from the fine coal

washability testing for cross checking the analytical wore The results of this work conducted at

Berkeley are reported in Table 4.12. As may be seen, the analytical results from the original

washability data are very close to the analyses performed under QA/QC at Berkeley.

0
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O Table 4.10 - Comparison of proximate and sulfur analyses* of base coals.
ml...,, i, mmllll I I ,mlml I _

PROXIMATE ANALYSIS (DRY BASIS)
Samvle/Sgurce Moisture V. Matter Carbon Ash Tot S

I!!in0is No. 6

Washability 6.34 36.1 46.0 17.9 5.81
Research (UU) 4.23 36.0 47.4 16.6 5.27
Research (UCB) 4.50 36.2 46.3 17.5 5.73

Mean 36.1 46.6 17.3 5.60
Std. I)ev. 0.08 0.60 0.54 0.238

Pittsburgh No. 8

Washability 1.89 35.1 52.6 12.3 4.15
Research (UU) 2.03 36.1 53.0 10.8 4.19
Research (UCB) 2.32 35.7 52.5 11.8 4.28

Mean 35.6 52.7 11.6 4.21
Std. Dev. 0.41 0.22 0.62 0.0c4

Upper Free.port PA

Washability 0.82 25.4 62.1 12.5 2.29

O Research (UU) 0.94 26.2 61.4 12.4 2.23Research (UCB) 1.00 26.2 61.8 k2.0 2.38

Mean 25.93 61.97 12.30 2.30
Std. Dev. 0.38 0.287 0.216 0.062

* The analytical work was done at Berkeley in the University of California

4.4 Fine Coal Washability Studies

The results of the washability tests conducted on the three base coals indicated that by

gravity separation it is possible to obtain over 90% Btu recovery at 90% pyritic sulfur rejection

for samples that had been ground to 200 mesh. The specific gravity of the separation liquid

necessary to achieve this result falls between 1.55 and 1.60 for the three base coals. For the sizes

investigated in the first set of tests, the liberation of pyritic sulfur is markedly less if the samples

were coarser than 28 mesh. Based on those results, an added objective was to investigate the

liberation behavior of pyrite from the three base coals at grinds of 100, 325 and 400 mesh and

to re-evaluate the 200-mesh results. Therefore, an extensive fine washability study was

O undertaken.
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Table4.11 - Comparisonoftheelementalanalyses*of thebasecoals.
i i i i i1[ i i i ii _ . II,IIL : -- _/_

ELEMENTAL ANALYSIS (DRY BASIS)
Sample/Source Moisture Carbon Hydrogen Nitrogen Sulfur Oxygen

I!lino_ No. 6

Washability 6.34 63.9 5.29 1.01 5.81 6.07
Research (UU) 4.23 63.9 5.04 1.39 5.27 7.88
Research (UCB) 4.50 63.8 5.65 1.24 5.73 6.10i

Mean 63.9 5.33 1.21 5.60 6.68
Sid. Dev. 0.047 0.250 0.156 0.238 0.846

Pittsburgh No. 8

Washability 1.89 71.0 5.01 1.23 4.15 6.29
Re,search (UU) 2.03 72.4 5.06 1.47 4.19 6.07
Research (UCB) 2.23 71.0 5.12 1.45 4.28 6.40

Mean 71.5 5.06 1.38 4.21 6.25
Sid. Dev. 0.66 0.045 0.109 0.054 0.137

Upper Freeport PA

Washability 0.82 76.1 4.76 1.34 2.29 3.00 .
Research (UU) 0.94 76.3 4.66 1.45 2.23 3.02
Research (UCB) 1.00 75.6 4.70 1.45 2.38 3.85 ,,aL

Mean 76.00 4.71 1.41 2..30 3.29
Sid. Dev. 0.294 0.041 0.052 0.062 0.396

n i --lIm___ ....

* The analytical work was done at Berkeley

Table 4.12 - Analysis of sink-float fractions preselected for test:ag.
Illl I llll

Composite Size Gravity Ash Ash Pyr S Pyr S Tot S Tot S
Size Fra_ion Fraction O.Q.dg__ Orig, _ O_.0& OA/OC

Illinois No. 6

28 M x 0 28 x 200 M 1.60 x 1.80 35.8 35.8 4.27 5.98 5.78 6.19
28 M x 0 200 M x 0 1.40 x 1.60 11.7 11.7 0.77 0.69 2.54 2.42
28 M x 0 200 M x 0 + 1.80 60.1 62.9 15.66 15.05 16.50 16.97

Pittsburg.h.No.i_8

28 M x 0 28 x 200 M - 1.30 2.8 2.9 0.40 0.33 1.66 1.80
28 M x 0 28 x 200 M 1.40 x 1.60 17.7 17.4 4.66 4.43 5.78 6.60
28 M x 0 200 M x 0 1.35 x 1.40 4.8 4.7 0.36 0.34 1.40 1.66

u__U_p_._r___F'reepo rt Pa

28 M x 0 28 x 200 M - 1.30 2.9 3.1 0.61 0.20 0.92 0.96
28 M x 0 200 M x 0 1.35 x 1.40 4.4 4,5 0.48 0.09 0.79 0.83
200 M x 0 200 M x 0 1.35 x 1.40 5.9 4.3 0.14 0.08 0.90 0.85

m_,m,
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The coalusedforthefinewashabilityandliberationstudywas apartoftheoriginalcoal

Q samplescollectedattheonsetoftheprojectandusedfortheinitialwashabilityte_ts.Theset

sampleshadbeenstoredattheminesitesin55-gallondrumswhichhadbeenpurgedwithargon

when thesampleswereoriginallycollectedinNovember1988.One 55-gallot,drumofeachof

thethreebasecoals,containinga totalsampleweightofapproximately450poundseach,was

homogenizedandthencrushedfrom4-inchtopsizetopass28mesh inthreestages.The minus

28-meshwassplitintosub-samplespriortofinalcomminutingtothefourdesignatedtopsized,

namely,95% passing100 mesh,200 mesh,325 mesh and 400 mesh topsize.The specific

procedureusedforpreparingsamplesforawashabilitytestinvolvedthefollowingsteps:

I. The grosssamplewasairdriedovernightandcrushedtoanominal3/4-inchtopsize.The
samplewasthenriffledintofourequallots.

2. One aliquotfromtheabovewascrushedtopassI/4-inchand riffledintofour25-30Ib
subsamples.

3. One 30-1b bag was stage-comminuted to 100% passing 28 mesh and split into four 6-1b
subsamples. ,.

O 4. One 6-1bbagfromthe28mesh x 0 samplewas thenusedtoprepareone ofthefinalwashabilitysamplesby pulverizingittopass95% ofthedesignatedtopsize.During
pulverization,thesamplewas periodicallyscreenedtoremovefinesand preventthe
productionoftoomuch veryfineundersizematerial.

5. Each pulverized sample was then split into four subsamples and stored under inert
conditions. One sub-sample was used for centrifuge sink-float testing and the remaining
samples were saved as reference samples.

4.4.1 Sink-float Test Procedure and Data Compilation

The sink-float tests on the fine coal samples were performed by Geochemical Testing

Laboratory in Somerset, Pennsylvania, using centrifuging techniques in accordance with DOE's

established procedure. The designated specific gravity levels were 1.3, 1.35, 1.4, 1.6 and 1.8,

identical to those used for the original washability tests.

The procedures used to perform the sink-float testing were standardized. This included

the make-up of the. liquids use.d for the actual testing and the addition of a dispersing agent as

well as the actual separation procedure and product analysis. "II_eprocedures used were the

following:

4.25
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1. The sample was oven-dried at 40°C until constant weight was achieved.

2. The gravity of the organic heavy liquid used for the separation was adjusted by mixing 0
Certigrav (specific gravity 1.20) with methylene bromide (specific gravity 2.5).

3. A dispersing agent, Aerosol OT-100, was added to each of the solutions (10 grams/liter).
The solution was then mixed thoroughly and its gravity checked. The gravity was then
readjusted if necessary.

4. The prepared solution was then placed in a 500-ml glass flask and the coal sample added
such that the solid.liquid ratio did not exceed 1:2.

5. Each glass flask was placed in a sonic cleaner andwas treated ultrasorficallyfor 90 sex_nds.

6. The sample was then centrifuged for at least 20 minutes at 1500 rpm.

7. The sink fraction was then dried at 40°C before proceeding with the next higher gravity,
and the entire procedure from step 4 was repeated until ali gravity separations were
completed. The float products were removed, filtered, dried and weighed.

8. Ali the sink-float gravity fractions corresponding to each gravity were analyzed for ash,
calorific value, total sulfur and pyritic sulfur following procedures specified in ASTM
D3174, D2015, D3177 D2492.

Following the completion of the analytical work, the results were tabulated as elementary

data (Appendix I). Computations were also made to convert data to cumulative form for

increasing specific gravity. The pounds of SO_,in each cumulative float product per million Btu

were calculated. Also computations were made for the percentage of the calorific value (Btu's)

recovered and the percentage pyritic sulfur rejected for the cumulative float material at each

specific gravity. Both the elementary and calculated data for ali three base coals are included in

Appendix I.

The results of these washability tests were also analyzed in several different ways to

illustrate the effect of comminuting coal to the various designated sizes on the degree of

liberation of the contained mineral matter and pyritic sulfur.

4.4.2 Illinois No. 6 Sample Washability Results

Results of the additional washability testing of Illinois No. 6 coal were completed and are

presented here. However, considerable problems were encountered in achieving good separation

Q
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O at low specific gravities for b,th the 325-mesh and 400-mesh sizes. Slight problems were also
encountered at 1.3 specific gravity for the other two coals, but for Illinois No. 6 the problemwas

moresevere, probably due to the higher clay conl,ent of this coal. The heavy-liquid separation

tests with these two sizes were repeated and only the results of the second set of tests are

reported here.

Because prior experience showed difficulty of separation at 325 mesh, for the 400 mesh

sink-float tests, an alternative procedure was followed where separation was first performed at

1.8 specific gravity in order to reject the clay. The float material at 1.8 gravity was then subjected

to sink-float separation at 1.3 specific gravity. However, this method yielded strange results and

it was decided to revert back to the original procedure. The results for the 400-mesh sink-float
!

tests presented here are those from tests conducted with the procedure outlined in Section 4.1.

Figure 4.15 shows the yield-vs-specific gravity results for Illinois No. 6 coal. As expected,

there is a gradual increase in the amount of float material with increasing specific gravity for a

given topsize, with the limiting yield being about 85% at high specific gravity. The coal yield al:

O coal _ 22.6% to 23.6% for the 200-mesh coal.
1.3 sp@ci_c gravity for 100-mesh topsize compared

For the 325-mesh and 400-mesh grinds, however, lower yields of float were obtained at 1.3

specific gravity, presumably due to difficulty of separation at finer sizes. Problems of lower yields

at 1.3 specific gravity may be either due to complications with the separation of clay matter from

the coal particles or due to agglomeration of the clay particles. Also, the yields at various higher

specific gravities are very close for ali size fractions, indicating general liberation of mineral matter

at about 100 mesh.

The separation of the curves at low Btu re,c,overies indicates that some fine ash minerals

are present iri the coal particles. The overall liberation trend is given in Figure 4.16 which

presents the percent Btu recoveryvs. cumulative percent ash for each grind. The nfinus 100-mesh

sample shows an ash content of approximately 5.7% at 90% Btu recovery. When comminuted

to a topsize of 200 mesh, only about 5.5% ash is present at the same Btu re,cove_. At a

400-mesh grind, the ash at 90% Btu recovery level was 5.6%. Figure 4.17 plots the calorific value

O of the cumulative float product of Illinois No. 6 as a function of the ash content for the four

grind sizes. It can be seen from this figure that a roughly linear relationship was found between

I
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for Illinois No. 6 coal.

@
the calodfic value and the ash content of Illinois No. 6 coal for 100, 200 and 325 mesh grinds.

For the 400-mesh grind, however, the relationship is different from that for the other three

grinds. On the other hand, for Upper Freeport PA and Pittsburgh No. 8 coals, the same linear

relationship between the calorific value and ash content for the 100, 200, 325 and 400 mesh

grinds was observed.Thks suggests that sink-float separation and/or the analyses of the ultra-fine

(minus 400 mesh) Illinois No. 6 coal are inaccurate, possibly due to the higher clay content of this

coal.

For the 100-mesh sample, the total sulfur content is approximately 2.69% at 90% Btu

,ecovery. By grinding the coal to minus 200-mesh, the total sulfur content can be reduced to

2.67% at 90% Btu recovery, to 2.54% by grinding to 325 mesh, and to 2.4% at 400 mesh. This

indicates that by grinding the material finer, that is, from 200-mesh topsize down to 400-mesh

topsize, the total sulfur can be reduced only by 0.27%.

Pyritic sulfur liberation refers to the ability to physically separate pyrite from the
carbonaceous coal species. Sink-float results should be a good indicator of the maximum
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achievable rejection by gravity _paration methods of pyritic sulfur at a given grind size. @

Figure 4.18 gives the Btu recovery as a function of the pyritic sulfur rejection for the

different designated topsizes. This figure, which contaim the information most pertinent to the

scope of this study, shows the percent of pyritic sulfur rejected as a function of the percentage

of the Btu's recovered. At a topsize of 100 mesh, approximately 92% of the pyritic sulfur can

be rejected at 90% Btu recovery. The observed pyritic sulfur rejection is about91% for the 200-

mesh sample and 93% for the 325-mesh and the 4(X)-meshsamples.

A comparison of the ash, sulfur and calorific values was made for the samples comminuted

to different sizes as well as the samples used for the Task 2 washability work. The cumulative

composite data for the ash, total and pyritic sulfur, and calorific value for various designated grind

sizes were compared to the average values for the composite data of the original washability

test sample used for the Task 2 work. The latter test work was conducted at a different

laboratory (Commercial Testing & Engineering, Henderson, Kentucky). The results summarized

in "Fable 4.13 show that the subsamples used for the different washability tests are consistent with

,, ' 4-30



Table 4.13 - Comparison of ash, sulfur, and Btu values of the Illinois No. 6 coal

san.pies used in the additional washability samples with those used forcoarse coal washability,
_,i . i iii, J _ . Ii i ii ii , , ,,,.., i u i ,, i Hl ....

Orind Ash Tot S PyrS Btu/Ib

100 mesh 16.03 4.76 2.68 11,620

200 mesh 16. I I 4.97 2.79 11,608

32.';mesh 16,20 4.72 2.70 11,405

400mesh 15.60 4.44 2._ 10,979

Mean 15.99 4.72 2.63 11,403
SD 0.2.30 0.189 0.171 259

...m,..m____ i .- • ., -- ._ ,i i i, ,,., ii i, _ .........

Original Washability 16.00 4.87 2.94 11,751
Sample (mean)

each other and also with the samples used for the washability tests under Task 2. Also the ash,

total sulfur and calorific values of the samples that had been eomminuted to various designated

sizes are consistent, as can be seen by low values of standard deviation.

Samples of the Illinois No. 6 coal used in the additional washability testing were prepared

and characterized following the procedure described for the Upper Freeport PA sample. The

O results, given in Table 4,14, show that the coal used in the additional washability tests was nearly

identical in composition to that used in the original study.

Table 4.15 compares the result,s for the 1.30 and 1.60 gravity float fractions for the I00,

200, 3_ and 400-mesh samples of the additional washability tests conducted under the program.

Also included are the results for the 28 and 200.mesh samples from the original washability study.

Table 4.14 - Proximate, total sulfur and pyritic sulfur analyses for the additional fine
washability test samples for Illinois No. 6 coal..... ii iii ii ....- :: " . .. i11 iiii , ii IL IL I , III LT_ " .:., ,

Grind Moisture Vol Mat Ash Fix C Tot S Pyr S
s__._._._ _ % ..___._ .._%_ _

100 mesh 4_22 36.14 16.89 46.97 4.92 2.78

200 mesh 3.77 36.03 16.g4 47.13 5.09 2.72
400 m_h 4.12 35.77 16.40 47.83 4.85 2.75

Original Washability Sample 16,00 4.87 L94
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Table 4.i5 - Comparison of float products at 13 and 1.6 specific gravity for
.... Illinois No. 6 coal.

IIIH, li Iii I I ....

.... FLOAT AT 1.30 .FLOAT.AT 1.60

Grind Wt Ash Tot S Btu/Ib Wt Ash Tot S Btu/l_,
_ _ _ ___ .._ _ _%_ ___

I00 mesh 22.6 1.97 2.69 14,030 78.1 5.65 2.69 13,348
200 mesh 23.6 2.18 2.71 13,990 76.4 5.45 2.67 13,490
325 mesh 8.9 1.86 2.62 13,950 76.9 5.80 2.53 13,170
400mesh 7.0 2.05 2.81 13,770 76.0 5.54 2.41 12,620
-- IL ii I II Ill

28mesh
6.1 1.64 2.52 14,000 84.9 7.76 3.03 13,050(Task2)

200 mesh
,' (Task2) 1.7 1o59 2.63 14,150 79.5 7.74 2.75 13,050

As canbeseen,alltheanalyzedvaluesareconsistentwithintheacceptableanalytlcalerrorand

theseparationachievedfortheadditionalwashabilitytestingatlowspecificgravitiesismore

satisfactoryascomparedtotheearlierwork.

The particlesizedistributionsof the 100-mesh,200-meshand 400.meshgrindsof,

IllinoisNo.6 coalusedfortheadditionalwashabilitytestworkweredeterminedusinga L&N

Analyzer.Inthecaseoftheminus100-meshgrinds,thesamplewasfirst Q

A_

MicrotracParticleSize

wet-sievedusinga 200-meshscreentoremovetheplus200-meshmaterialbeforeMicrotrac

analysis.The results,presentedinFigure4.19,indicatethattheparticlesizedistributionsofthe

samplesareasexpectedwiththeminus200-and4(D-meshgrindsbeingabout95% minus75_m

and37_rn,respectively,andthe100-meshsample96% minus150_m. Detailsofthewashability

resultsforthiscoalcanbe foundinTopicalReportNo.9 submittedtoDOE (4).

4.4.3 Pittsburgh No. 8 Sample Washability Results

The feed coal (reconstituted by taking the weighted average of the ash and Btu contents

of the various sink-float fractions) had an ash content of 12.1% and a calorific value of 12,600

Btu/lh, both on a dry basis. Total sulfur analyzed at 4.0%, which corresponds to a total sulfur

dioxide (SO2) emission of nearly 6.4 lb SO2/million Btu. The pyritic sulfur content of the feed

analyzed at 2.6%, which represents 65% of the total sulfur in the coal.

Figure 4.20 presents the cumulative weight percent of material floated versus specific

gravity of separation for Pittsburgh No. 8 coal. As expected, there is a gradual increase in the Wr
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weight of the float product with increasing gravity for a given top size. The coal yield at O

1.3 specific gravity for the 100-mesh sample is 60.4% compared to 61.7% for the 200-mesh

•coal. This suggests that no significant additional liberation of coal and mineral matter occurs

between 100 and 200 mesh. For the 325- and 400-mesh grinds, however, a drop in float product

yield was observed at 1.3 specific gravity, possibly due to the difficulty in carrying out the

separation at extremely fine sizes. This drop has an impact on the weight of the float products

at other specific gravities and ultimately on the cumulative results. For example, the weight of

the float product at 1.35 x 1.40 specific gravity for the 325-mesh and 400-mesh samples is

considerably higher than that for the 200-mesh sample. "Haiseffect carried over to higher gravity

intervals as weil. The limiting yield at high specific gravity appears to be about 90%, as expected

if the ash minerals are liberated at the grind size.

Aspects of the liberation of mineral matter from Pittsburgh No. 8 coal can be seen from

the results plotted in Figure 4.21 which shows the Btu recovery as a function of the cumulative

percent ash for each top size. The 100-mesh sample exhibits sn ash content of about 4% at a Q
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O 90% Btu recovery level. When crushed to a top size of 200 mesh, only about 3.9% ash is present

at the same Btu recovery. The difference in the ash levels at 90% Btu recovery is very small

between the two sizes, suggesting that ash mineral liberation at 100 mesh is comparable to that

at 200 mesh. This can also be seen from other results to be discussezl later. The ash at 90% Btu

recovery decreases to around 3.5% for the 325- and 40(0mesh grinds.

For the minus 100-mesh sample, the total-sulfur content of the float product is

approximately 1.7% at 90% Btu recovery, while it is about 1.6% for the 2f.K)-meshgrind, and

approximately 1.5% fbr the next two finer grinds. The pyritic sulfur content of the

Pittsburgh No. 8 sample is reduced from 2.67% to about 0.30% for the 100-mesh sample, 0.27%

for the 200-mesh sample, 0.15% at 37.5mesh and 0.15% for the minus 4(X)-mesh sample at 90%

Btu recovery.

Figure 4.22 presents the Btu recovery as a function of pyritic sulfur rejection for

Pittsburgh No. 8 coal at the designated sizes. At 100-mesh top size, more than 90% of the pyritic

O sulfur can be rejected by heavy-liquid separation at 90% Btu recovery. Pyritic sulfur rejection can
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Table 4.16 - Comparison of ash, sulfur and Btu values of the Pittsburgh No. 8 coal

samPles used in the fine and.coarse coal washability,tests. _ _[_

Grind Ash Tot $ PyrS Btu/Ib

I00 mesh 11.91 4.09 2.67 12,750
200 mesh 12.14 4.08 2.75 12,600
325 mesh 11.57 3.76 2.42 12,750
400 mesh 12.70 4.16 2.40 12,250

Mean 12.07 4.02 2.56 12,600
SD 0.41 0.155 0.153 200

i iii .... i I . I I|11 I

Original Washability 11.90 3.91 2.85 12,900
Sample (Mean) i i i

be increased to almost 93% by reducing the top size to 200 mesh and further reduction of the

grind size to 325 mesh increases the pyriticsulfur rejection to over 95%. The test results indicate

that a 400-mesh grind does not appear to achieve any better results over a 325.mesh grind,

possibly due to the difficulty of obtaining a good separation at these fine sizes.

The cumulative composite data for the samples comminuted to various sizes were

compared to the average values of the composite data from the original washability sample. The /

re,suits, given in Table 4.16, show that the additional washability subsamples are consistent with

each other and also with the samples used for the washability tests conducted as pal_,of Task 2.

As pan of the QA/QC program,samples of the Pittsburgh No. 8 coal used in the additional

washability testing were prepared, and proximate and sulfur fon_s analyses were completed

following the procedure described for the Upper Freeport PA sample. The results, given in

Table 4.17, show that the coal used in the additional washability tests was nearly identical in

composition to that used in the original study Task 2 investigation.

Table 4.18 summarizes the analyses of the float products at 1.30 and 1.60 specific gravity

for the various grind sizes tested. The analytical values generally appear to be consistent within

the allowable analytical error for ash, total sulfur and calorific values except at 1.3 where the

decrease in the float product yield is greater than expected. This again is probably due to the

difficulty of separation of ultrafine coal.

The particle size distributions of the 100-mesh, 200-mesh and 400-mesh grinds of

the Pittsburgh No. 8 coal used for the additional washability test work were determined using a

4-36



Table 4.17 - Proximate, total sulfur and pyritic sulfur analyses for the additional fine

'i ,washabilitytestsamp!csfor PittsburghNo. 8 coal. l I

V

Grind Moisture Vol Mat Ash FixC Tot S _ S
% %

I00 mesh 2.49 35.45 12.21 52.34 4.03 2.65
200 mesh 2.57 34.86 12.52 52.62 4.26 2.72
400mesh 2.35 34.49 12.32 53.19 3.93 2.64

i iHn iii l i i i lull

OriginalWashabilitysample 11.90 3.90 2.84
i i,,i, .|i i i iHi. i i

L&N MicrotracPanicleSizeAnalyzer.Inthecaseoftheminus100-meshgrinds,thesamplewas

f'u'stwet-sievedusinga 200-meshscreenand theminus 200-meshfractionwas then useA for

Microtracanalysis.The results,presentedin Figure4.23,indicatethat the paniclesize

distributionsof thesampleswere asexpectedwiththeminus 200 and 400-mesh grinds,being

about95% minus75 and 37_m, respectively,and the100.meshsamplebeing96% minus150_m.

Detailsof thewashabilityresultsforthiscoalcan be found inTopicalReport No. 7 submitted

toDOE (5).

O 4.4.4 Upper Freeport PA Sample Washability Results
The feed coal (reconstituted by taking the weighted average of the ash and Btu contents

of the various sink-float fractions) had an ash content of 12.5% and a calorific value of 13,500

Btu/lb, both on a dry basis. Total sulfur analwed at 2.2%, which corresponds to a total sulfur

Table 4.18 - Comparison of floats at 1.3 and 1.6 specific gravity for Pittsburgh No. 8
seam samples tested.

i

FLOAT AT 1.3 FLOAT AT 1.6
Size Wt Ash Tot S Btu/Ib Wt Ash Tot S Btu/lh

1130Mesh 60.4 2.73 1.57 14,400 86.2 4.44 1.78 14,100
200 Mesh 61.7 2.45 1.45 14,050 84.7 4.21 1.64 14,050
325 Mesh 50.6 1.86 1.43 14,550 85.5 3.94 1.54 14,100
400 Mesh 39.4 1.73 1.43 14,400 77.3 3.82 1.50 13,900

i, ....

28 mesh
51.1 2.66 1.59 14,400 87.3 5.29 2.21 14,000

(Task2)
200 mesh

53.9 2.08 1.35 14,500 86.8 4.26 1.48 14,050
(Task2)

O -.mmuL._
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dioxide (SO2) emission of near_!y3.3 lb SO2/million Btu. The pyritic sulfur content of the feed O

analyzed at 1.5%, which represents 66% of the total sulfur in the coal.

Figure 4.24 presents a plot of yield _ specific gravity for Upper Freeport PA coal at the

four different grinds. As expex:ted, there is a gradual increase in the amount of float material

with increasing specific gravity for a given top size. The float yield at 1.3 specific gravity for the

100-mesh top size coal is 51.0% compared to 54.7% for the 200-mesh coal. This suggests that

most of the practical liberation of coal and mineral matter has taken place at 100 mesh and there

is no significant additional liberation at 200 mesh. For the 325-me,sh and 40e-mesh grinds,

however, slightly lower float yields were obtained at 1.3 specific gravity, presumably due to the

increasing difficulty of separation at finer sizes. The yields at other specific gravities are very

close for' ali four grinds. The limiting yield at high specific gravity tends towards 92 percent.

The overall liberation trend of the ash minerals can be observedfrom the graphs shown

in Figure 4.25, which presents the percent Btu recovery vs. cumulative percent ash for each

sample. The minus 100-mesh sample has an ash content of approximately 5.5% at a 90% v

4-38



100 _" , " , 'i"_ , I _ , .....

Bo /Q/a i----Q---r-
U
c. BO-

D
cz 0

40 /
111 UPPER FREEPORT PA

>- 0 100 MESH

20 [] 200 MESH
325 MESH

V 400 MESH

0 ' I..... I I I... I . I I
I_,2 1.4 1.6 1.8 2.0

SPECIFIC GRAVITY

Figure 4.24- Cumulative weight percent float at various specific gravities for Upper
Freeport PA coal.

100 , i' ._T71__0-__,,",:, ,,-_-

/IZIC_O--
c _

u_ 80 ,_c_

/
a _

6o 0

U

W UPPER FREEPORT PA

II 0 I00 MESH

20 rl aO0 MESH
_--

Z% 325 MESH

T/ 400 MESH

0 - - _ _ J I i I.

0 2 4 6 B 10 12 14

ASH, percent

Figure 4.25 - Btu recovery of the cumulative float product as a function of theash content forUpper Freeport PA coal.

4-39



16 ' ' ,, , _ "t " _ .... , ,
UPPER FREEPORT PA

15- i

(n 0 4 INCH
"E_ 13 - 0 1,5 INCHE
o I/8 _ N _ H

:3 12 - V 28 MESH
0 Q 200 MESH (A)
J::
F--

'ill

16 ...........

_.J

15-

ED
14

13 - 0 100 MESH

D 200 MESH i
z_ 325 MESH12-
V 400 MESH (B)

11 I.....I I ,._I I , _ -- -
0 2 4 6 8 10 12 14

ASH, percent

Figure 4.26 - Calorific value of the cumulativefloat product as a function of the ash content
for Upper Freeport PA washabilitysamples comminuted to various top sizes.

Btu recovery level. When comminuted to a tOl:rsizeof 200 mesh, only about 4.5% ash is present

at the same Btu recovery. The difference of the ash level at 90% Btu recovery it, small between

the two sizes, indicating that only a small amount of additional liberation has taken place between

100 and 200 mesh. At 400 mesh, the ash decreases only slightly over that of the two coarser siz_

at 90% Btu recovery. Figure 4°26 plots the calorific value of the cumulative float product of

Upper Freeport PA coal as a function of ash content using the results for different grind sizes /

from the original washability and fine washability tests. As expected, this figure shows that a
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linear relationship exists between the calorific value and the ash content of Upper Freeport PA

O samples. This is because the combustible material content in the samples decreases linearly with

increasing ash content, and for the same coal, the calorific value of the carbonaceous material

should be constant. By extrapolating these linear relationships to zero ash content, the calorific

value of the coal macerals in the base, coals were determined to be in the following order:

Upper Freeport PA (15,700 Btu/lb) > Pittsburgh No. 8 (15,600) > Illinois No. 6 (14,300)

This order is the same as that of the dmmf carbon content of the base coals.

The total-sulfur content in the Upper Freeport PA feed sample was 2.2%. At 90% Btu

recovery, the total-sulfur content of this coal was reduced to approximately 0,95% for the

100-mesh sample, at 90% Btu recovery was about 0.92% for the 200-mesh sample 0.85% for the

400-mesh grind. While there is a major drop in the total-sulfur content from the head sample

of 2.2% to 0.95% in the float products at 90% Btu recovery for the 100-mesh grind, grinding the

coal to top sizes of 200, 325, and 400 mesh resulted in only a slight additional drop in total sulfur

O at corresponding Btu recoveries.Pyritic sulfur liberation refers to the. capability of being able to physically separate pyrite

from the carbonaceous coal species. Sink-float results are a good indicator of the maximum

achievable rejection of pyritic sulfur by gravity separation at a given grind size. Starting with a

pyritic sulfur content of 1.46% (average value) in the Upper Freeport PA test sample, the pyritic

sulfur content of the coal sample decreased to about 0.14% for the 100-mesh grind, 0.09% for

the 200-mesh grind, and 0.07% for the 400-mesh grind at 90% Btu recovery.

Figure 4.27 depicts the Btu recovery as a function of the pyritic sulfur rejection for Upper

Freeport PA coal comminuted to four different top sizes. This figure, containing the information

most pertinent to the scope of this study, gives the percent of pyritic sulfur rejected in relation

to the percentage of the Btu's recovered. At 100-mesh top size, approximately 92% of the pyritic

sulfulr can be rejected at .00%Btu recovery. At this same level of Btu recovery in the float

product, the pyritic sulfur rejection increased to almost 95% by further reducing the top she to

0
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200 mesh. Further reduction of the top size to 325 mesh and 400 mesh appears to produce only

marginally higher pyritic sulfur rejection.

A comparison of the ash, sulfur and calorific values was made for the samples comminuted

to different sizes as well as the samples used for the Task 2 washability work. The cumulative

composite data for the ash, total and wr/tic sulfur, and calorific value for various designated

grind sizes were compared to the average values for the composite data of the original washab_ty

sample (mean) sample used for the Task 2 work, (the latter test work was conducted at a

different laboratory, Gould Energy/Warner Laboratories Division, Cresson, Pennsylvania). The

results, summarized in Table 4.19, show that the subsamples used for various designated grinds

in the washability program are consistent with each other and with the mean values of the

samples used for the original washability program under Task 2. Also, the standard deviation in

ash, total sulfur and calorific values of the samples comminuted to various designated sizes is

small. @
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O Table 4.19 - Comparison of ash, ,_.Ulf!_r,and Btu values of the Upper Freeport PA coalsampi_ used in the fine and coarse washability .testing. ........

Grind Ash TotS PyrS Btu/Ib
Si_ _ _% _% ___.

100 mesh 12.54 2.20 1,42 13,4430
2(X)Mesh 12.46 2.32 1.54 13,300
325 Mesh 12.36 2.18 1.4'7 13,400
400 Mesh 12.46 2.18 1.42 13,150

Mean 12.46 2.22 1.,46 13,300
SD 0.064 0.058 0.049 98.6

i ii iii i, .,, ii ,i ,,.

Original Washability 12.46 2.22 1.46 13,470
Sample(Mean)

i illl __ i iii ii _ II II I I Iii, IIllllll II IlII I III _ Iii __

The coal samples used in the fine washability study (minus 100, 200 and 400 mesh) were

further characterized at Berkeley by proximate, total-sulfur and pyritic-sulfuranalyses to ensure

that the coal samples used in the additional washability tests were the same as those used in the

original study and as part of the QA/QC program. These samples were prepared for washability

tests at the Geochemical Laboratory for each of the three base coals and a portion of each

O sample was sent to Berkeley for various characterization tests.

Once the samples were received at Berkeley, they were homogenized and split in a rotating

splitter. Half of each sample was inerted, packed and sent to Columbia University for size

analysis and other QA/QC tests. The remainder of each sample was further homogenized and

split in order to perform characterization studies. Approximately 10 grams of each sample was

used for proximate, total-sulfur, and pyritic-sulfur analyses and the remaining sample was used for

particle-size analysis.

Table 4.20 presents the Berkeley results for the proximate, total-sulfur and pyritic-sulfur

analyses for ali the washability test samples except the minus 325-mesh sample. These results

show that the se.mples used in the washability tests were consistent in composition and

comparable to the samples used in the original washability study. This indicates that the Upper

Freeport PA coal did not degrade while storexi in the drums and that the results can be compared

with the original washability data to yield information on both coarse and fine liberation behavior.

0
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Table 4.20 - Proximate, total sulfur and pyritic sulfur analyses for the additional fine
washability test samples for Upper Freeport PA coal.

,, i iii i

Grind Moisture Vol Mat Ash Fix C Tot S Pyr S

100 mesh 1.54 25.51 12.32 62.22 2.44 1.55
200 mesh 1.22 25.39 12.83 61.78 2.31 1.53
400mesh 0.98 24.95 12.97 62.08 2.25 1.53

, ill i I ,,,,,, ,,,

OriginalWashabilitySample 12.46 2.22 1.46

Table 4.21 compares the results for the float products at 1.30 and 1.60 gravity for the 100-

mesh, 200-mesh, 325-mesh and 400-mesh samples of the additional washability tests conducted

under the program. In the original coarse washability tests (4-inch, 1 1/2-inch, and 1/8-inch) the

float products at 1.3 specific gravity increased gradually with decreasing top size. However, in the

case of the additional washability test results of the fine sizes presented here, the weight of the

float product at 1.3 increases only marginally and then drops off slightly for the very fine

325-mesh and 400-mesh sizes. This may be the result of difficulty in the separation of fine

particles at fine sizes. The weight of the float products at i.6 specific gravity remains nearly

constant for ali four grind sizes.

The particle size distributions of the 100 mesh, 200 mesh and 400 mesh grinds of the

Upper Freeport PA coal useA for the additional washability and test work were determined using

a L&N Microtrac Particle Size Analyzer. Because of the particle size limitation on the

Table 4.21 - Comparison of floats at 1.3 and 1.6 specific gravity for Upper
Freeport PA coal samples tested.

FLOAT AT 1.3 FLOAT AT 1.6
Size Wt Ash Tot S Btu/lb Wt Ash Tot S Btu/lb

.___.._ % _ ...%__ % ___

I00Mesh 51.0 1.88 0.86 15,300 86.9 6.04 0.96 14,600
200 Mesh 54.7 1.81 0.83 15,300 85.7 5.03 0._ 14,700
325 Mesh 46.8 1.81 0.79 15,450 g6.6 5.40 0.86 14,700
400 Mesh 47.1 1.94 0.80 15,200 85.5 4.91 0.86 14,550

28 mesh
44.9 2.32 0.89 15,200 85.4 6.50 1.02 14,500

(Task 2)
200 mesh

(Task 2) 54.9 1.87 0.79 15,250 81,0 3.75 0.82 15,000
lIP
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O
Microtrac, samples of minus 100.mesh grinds were first wet-sieved using a 200-mesh screen and

the minus 200-mesh traction was used for Microtrac analysis. The results, presented in

Figure 4.28, indicate that the particle size distributions are as expected. We were concerned that

the size distributions of each of the fine washability grinds did in fact represent minus 100-, 200-

and 400-mesh grinds. As can be seen from the plotted size distributions, the minus 200 and 400-

mesh grinds are indeed about 95% minus 75 and 37 _m, respectively, while the 100-mesh grinds

appear to be about 96 - 98% minus 150 _m. The deviation of the particle size distn'butions from

a straight line at extremely fine particles sizes is probably due to the measuring device since 5 v,m

is near the lower limit of detection by the measuring method. Details of the washability results

for this coal can be found in Topical Report No. 8 submitted to DOE (6).

4.4.5 Fine Coal Washability Summar)'

The results of the fine washability te_t work show that for ali the base coals, liberation is

sufficient to achieve project objective (90% pyritic sulfur rejection at 90% combustible matter
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Tablc4.22 - Ash,totalsulfur,l_tic sulfurcontentand calorificvalueoftheadditional

coats. O
...........

__XLI II_ IJ J i i i i i iii iillj ill

Coal _ Tot. S % .l_rr.S. %

Upper Freeport WV 14.73 3.01 2.19 13,066
Kentucky No. 9 14.34 4.50 2.98 12,284
Wyodak 7.30 0.49 0.08 I 1,788

- iiii ii i i L . i ii iii iii illl i _ i illll I)HI

recovery) by gravity separation (heavy liquid) when the sample is pulverized to 95% passing 100

mesh. Further size reduction results in only slightly better gravity teparatiom. However, since

the process under consideration in this project is flotation, the effect of particle size on the

surface properties of the particles and on bubble/particle interaction must be considered. Because

the efficiency and frequency of collisions between bubbles and particles decrease with decre&_ing

particle size, and the energy consumption in grinding increases with decreasing particle size, it is

desirable to keep the particle size as large as possible. Further, gravity separations by sink-float

are probably as close to a perfect separation as can be achieved based on the difference in the

specific gravity of individual particles, whereas flotation proce_¢, using conventional flotation

machines, can not achieve a perfect separation based on the difference in hydrophobicity of

particles. Thus, the pyritic sulfur rejections obtained by sink-float separation at fine sizes may not

be achievable by flotation proce, sses.

4.5 Washability Tests on Additional Coal Samples

As part of the program, samples of coal were obtained of Upper Freeport, Grant County,

West Virginia; Kentucky No. 9, Hopkins County, Kentucky; and Wyodak Seam, Campbell

Country, Wyoming. Table 4.22 shows the coal composition and calorific value for each of these

coaLs. Sample collection, handling, washability testing, and data analysis were carried out in the

same manner as described in Se, tiom 4.1 and 4.2 of this report.

4.5.1 Wtshability of Upper Freeport WV Coal

Several figures were constructed from the results of the shak-float tests ,'n Upper

Freeport W%' coal in order to compare the percent ash, total sulfur, and pyritic sulfur reduction

in the float fractions achieved for progre_ively finer sizes of the coal sample with the /

corresponding Btu recovery, values. The percent pyritic sulfur rejection i.,also compared with the

4-46



100 ....

@
8O V

c D
_o 60
o v
U

Q)
CI.

c_
_J
_j 40 v

>- UPPER FREEPORT WV
z_ 4 inch

' 20 - 0 I-I/2 inch
13 t/8 inch
O 2B mesh
_' 200 mesh

0 ....... J L * - - | L ,_ J-
1.2 1.4 1.8 1.8 2.0

SPECIFIC GRAVITY

Figure 4,.29 - Cumulative weight Percent (yield) float at vadousspecific gravities for Upper
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corresponding values of percent Btu recovery in the float fraction. The results for each of these

parameters are discussed below.

Figure 4.29 presents the cumulative weight percent material floated vs. specific gravity of

the test liquid for the Upper Freeport WV coal. As expected, there is a gradual increase in the

weight of the floats with increasing specific gravity for a given top size. In terms o! coal yield at

a given specific gravity as particle size is reduced, the coal yield at 1.3 specific gravity for the

4-inch top size is 33.8% compared to 42.2% Ibr the 28-mesh coal. This suggests that some of the

liberation of mineral matter from the coal takes place when the size is reduced to 28 mesh. For

the 200.mesh grind, however, the yield decrease at ali specific gravities suggests difficulties of

separation at the fine size during the test procedure.

Figure 4.30 presents the Btu recovery as a function of cumulative ash for this coal. The

a-inch and 1-1/2-inch top size products exhibit an ash content of approximately 7.5% at 90% Btu

recovery level. When crushed to a top size of 1/8 inch, about 6.5% ash is present in the float

material at the same Btu recovery, dropping to 5.5% when the coal top size is reduced to
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28 mesh. Since the ash decreases to about 4.5% for samples comminuted to 200 mesh, at 90% O

Btu recovery level, over 40% reduction in the ash content can be achieved by reducing the top

size from 4 inches to 200 mesh.

The total sulfur content of this coal, which is nearly 3.0%, can be reduced to 1.4% at 90%

Btu recovery at a top size of 4-inches. Both of these values are identical to those of the Upper

Freeport PA seam. In addition, plots of the total sulfur and Btu recovered in the float fractions

follow essentially the same trend as the ash. As may be seen from the plots given in Figure 4.31,

a major reduction occurs when the sample top size is reduced to 1/8-inch, where the total sulfur

in the float fraction is nearly 1.0% at 90% Btu recovery. The total sulfur of the 28-mesh product

is about 0.8% at 90% Btu recovery. Surprisingly, no additional reduction in total sulfur at the

90% Btu recovery level occurs by comminuting this coal to 200-mesh top size. This trend is

somewhat different from that ob_rved in the sample of this seam obtained from Indiana County,

Pennsylvania.

0
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O 'Total pyritic sulfur content of this coal averages 2.19% for the five samples. Pyritic-sulfur
M

liberation is directly, related to the top size of the feed. In the sink-float separation, the

pyritic-sulfur content of the float material is nearly 1.0% at 90% Btu recovery for a sample at

4-inch top size (Figure 4.32). Significant liberation takes place when the top size is.reduced to

1/8 inch, when the pyritic sulfur content of the float product is only about 0.35% at about 90%

Btu recovery. In contrast to the ash and total sulfur levels, the pyritic sulfur rejection increases

further at 200 mesh.

Figure 4.33 depicts the percent Btu recovery as a function of pyritic sulfur rejection for this

coal crushed to pass various top sizes. As expected from the results given in Figure 4.33, there

is an increase in the pyritic sulfur rejection value as the coal is ground finer. At the 90% Btu

recovery level, pyritic sulfur rejection is about 92% for the 28-mesh grind and 95% for the

2OO-mesh grind. These results indicate that high levels of pyritic sulfur rejection are potentially

achievable for this coal. These results are almost identical to thorn obtained for the Upper

O Freeport sample collected from Indiana County, Pennsylvania.
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O As a part of the project QA/QC procedures, a statistical analysis was performed on the
cumulative composite data for ali five size fractions, that is, 4-inch x 0, 1-1/2-inch x 0, 1/8-inch x 0,

28 mesh x 0, and 200 mesh x 0.

The mean and standard deviations for ash are 14.73 and 0.31%, respectively. The

corresponding values for total sulfur are 3.01 and 0.10% and those for pyritic sulfur are 2.19 and

0.25%, respectively. The average ash and total suifilr values for the Upper Freeport WV sample

are 1.4.0% and 2.85%, respectively. The ash content of the project sample may appear to be

lower than ts commonly reported in the literature for this seam. The difference in this value

is because the coal sample procured for this project was "clean,"that is, it was sampled from the

mine face to represent a channel sample, and high ash contamination was excluded by carefully

removing the overburden material. Details of the washability results for this coal can be found

in Topical Report No. 5 submitted to DOE (7).

4.5.2 Washability of Kentucky No. 9 coal

As part of this research project, a sample of Kentucky No. 9 coal from Hopkins Countyl

O Kentucky was also collected and submitted for standard washability te_ting at Geochemical

Testing Lab, Somerset, Pennsylvania.

This coal contains 4.50% total sulfur, 2.98% pyritic sulfur and 14.34% ash. Figure 4.34

plots the Btu recovery as a function of cumulative ash in the float product. Figures 4.35 and 4.36

are plots of the Btu recovery as a function of total sulfur and pyritic sulfur, respectively, in the

float products for sink-float separation of material crushed to the various top sizes. Figure 4.37

presents the Btu recovery as a function of the percentage of pyritic sulfur rejected for the various

degrees of comminution. As can be.seen, only by comminuting the coal to minus 200-mesh, does

the washability analysis show the possibility of 90% Btu recovery at 90% pyritic sulfur rejection.

Crushing the coal to minus 28-mesh leaves the coal much coarser than the apparent liberation

size. Details of the washability results for this coal can be found in Topical Report No. 4

submitted to DOE (8).

@
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4.5.3 Washability of Wyodak Coal 0

A sample of Wyodak seam coal was obtained from Campbell County, Wyoming, and the

coal was submitted to standard washability testing at Core Laboratories, Casper, Wyoming. This

coal analyzed 0.49% total sulfur, 0.08% pyritic sulfur and 7.3% ash. Because of the low sulfur

and low ash, the washability curves yield no useful information and will not be presented here.

Figure 4.38, which is a plot of the yield as a function of separation specific gravity, indicates that

essentially everything floats at ali specific gravities except for minus 200-mesh data point at

specific gravity 1.3. This point is probably meaningless. Details of the washability results for this

coal can be found in the Topical Report No. 6 submitted to DOE (9).
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5.0 SURFACE CHARACTERIZATION STUDIF_

O As statedinChapter3,characterizationofcoalcanbe concernedwitheitherbulkor

surface properties. Because flotation is a surface-based separation process, the surface properties

will ultimatelycontrol the behavior of the panicles during flotation. Often, the surface properties

ofa solidareverymuch differentthanbulkproperties.

Surfacecharacterizationstudiesconductedaspartofthisinvestigationincludeanalysisof

boththemacroscopicandmicroscopicproperties.Macroscopicpropertiesevaluatedincluded

analysisofthewettabilitybehaviorbymeansoffilmflotation,contactanglemeasurementsand

inductiontimemeasurements,andsurfacechargecharacteristicsbyzetapotentialmeasurements.

AnalysisofsurfaceelementalcompositionbyESCA (electronspectroscopyforchemicalanalysis)

and determinationof organicfunctionalgroupsby DRIFT constitutedthe microscopic

characterizationofthecoal.

5.1 Surface Area Determination

The specific surface areas of representative samples of the three base coals were det-

O ermined by gas a&_orption using a Micromeritics BET (Brunauer, Emmett, Teller) Surface Area

and Pore Size Analyzer Model 2100. The adsorbate gas was research grade CO 2 (minimum put-

it), of 99.998%). For each coal, two samples of different particle size were used, namely minus

28-mesh and minus 200-mesh. The samples were dried and degassed in a vacuum at room tem-

perature for at least 24 hours before the measurements were performed. The specific surface

area was calculated using the Dubinin-Polanyi equation (1,2) and the results given in Table 5.1.

Table 5.1 - Determination of the specific surface areas of the three base coals by CO 2
adsorption at room temperature.

Grindsize

Upper Freeport PA -28 mesh 157
-200 mesh 136

IllinoisNo.6 -28mesh 180
-200mesh 164

Pittsburgh No. 8 -28 mesh 144

-200mesh 155
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TheseresultsshowthatUpperFreeportPA andPittsburghcoalseachhaveaspecificsurfacearea

ofaround150rn2/g.On theotherhand,IllinoisNo.6coalexh_itsahigherspecificsurfacearea

(172m2/g),althoughslight,consideringtheaccuracyoftheinstrument(about10to20m2/g).In

.... allcases,theparticlesizeofthecoalsamplesdidnotchangethespecificsurfaceareasignificantly,

Thisistypicalofhighsurfaceareamaterialssinceanychangeinexternalsurfacedue tosizeis

smallcomparedwiththelargesurfaceareainthepores.

5.2 Wettability Behavior Studies

5.2.1 Film Flotation

Wetting characteristics of the three base coals (Illinois No. 6, Pittsburgh No. 8 and Upper

Freeport PA) were assessed using the film flotation technique developed by Fuerstenau and

coworkers (3,4). Representative samples were ground and sieved in a glove box f'flledwith argon

gas to prevent oxidation of the coal. The sieved samples were also stored inside a glove box prior

to performing the film flotation tests. S,necifically,a 100 x 150 mesh size fraction of each of the

base coal samples was used for determination of the wetting ter_ion distribution of the coal rill
particles. Briefly, the experimental procedure consisted of carefully placing a monolayer of

particles onto the surface of a liquid of given surface tension. Particles that separate into

hydrophobic (float) and hydrophilic (sink) fractions were then filtered, dried and weighed.

The wettability of the three coals was asses,_ using aqueous methanol solutions of

different concentrations to varythe surface tension. The critical wetting tension distribution

diagrams obtained for the three samples are presented in Figure 5.1. lt can be seen from this

figure that the partition curves of Pittsburgh No. 8 and Upper Freeport PA coals are similar to

each other whereas that of the Illinois No. 6 coal is shifted to the more hydrophilic region (higher

surface tension). This indicates that both the Pittsburgh No. 8 and the Upper Freeport PA coals

have similar wetting behavior and are more hydrophobic than Illinois No. 6 coal. The greater

hydrophilicity of Illinois No, 6 coal, as discussed earlier, is also reflected in its higher ash and

moisture contents (see Table 4.1).

CD
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5.2.2 Contact Angle Measurements

Contact angles of the three base coals were measured using sessile-drop and captive-bubble

methods on polished surfaces of coal specimens. The contact angle is defined as the angle

measured across the liquid at the three-phase line of contact. The measured contact angles were

compared with the values calculated from the critical wetting surface tension measured by film

flotation using a model developed at Berkeley (4).

For contact angle measurement, a hand-pickedcoal lump was cut to produce a flat surface

using a clean sharp chisel. The specimen was dry-polished with polishing papers rangingfrom 240

to 600 grit in an argon-filled glove box. In this manner the oxidation of the coal surface during

polishing was minimized. Argon gas was used to blow the debris from over the polished surface.

The dry polished surface was further polished on a polishing wheel with 0.3 micron alumina

powder suspended in distilled water. The polished specimen was then washed with triple-distilled

water several times to remove traces of the polishing powder. For some of the measurements,

100 x 150 mesh coal particles were pressed into a pellet in a 0.5 inch diameter mold at 10,000 psi
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Table 5.2 - Air/water advancing contact angles (in degrees) measured on the three
bas_ coals by the sessile-drop method on surfaces prepared by different

........... methods' 0i i ii ,,,,,,, ,=,,

Dry.polished Wet.polished
Coal Sa_=p._ in ArRon _

IllinoisNo. 6 70 44 41
PittsburghNo. 8 82 60 6_
Upper FreeportPA 81 62 69

, i _: ....... i iiii i . ii i snr--" m,l __

for 10 minutes and contact angles were measured with the pellets in the same manner as was used

with the polished specimen.

"Equilibrium"contact angles were measured after a drop or a bubble had made perfect

contact with the sample surface. The receding contact angle was determined after adding air to

a small bubble that was already attached to the coal surface and the advancing contact angle was

determined after removing some air from the same bubble that had been used for measuring the

receding contact angle. Each reading is an average of the angles measured on both sides of the

drop or the bubble in order to account for any slight specimen tilt or surface, roughness. The

reported contact angles are the average of at least ten such readings on two spech_ens for each

coal, The contact angles were measured with a Rame-Hart contact angle goniometer.

Initially, dry polished sample,s were used for measuring advancing contact angles by the

sessile drop method. However, the angles were found to be much larger than those obtained, with

either the wet-polished samples or coal pellets, as shown in Table 5.2. This behavior may be due

so "smearing" of hydrophobic material over the dry polished surface, resulting in larger and

somewhat misleading contact angles.

The advancing, rew.e.dingand equilibrium contact angles measured on a wet-polished surface

by the captive-bubble method are given in Table 5.3. The results obtained show that the rew.eding

contact angles are always smaller than the advancing angles aL_dare closer to the equilibrium

contact angles. The difference between the receding and the advancing angles is generally

ob_rve..d when measuring contact angles and is often attributed to surface roughness or other

heterog_neities, which are generally too fine to see v,ithout high.F)wered microscopes. The

difference in advancing and r"ece..dingangles contributes to bubble/panicle attachment/detachment B
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Table 5.3 - Air/watercontact angles(indegrees) measured on the three base coals by

O the captive-bubble method on surfaces wet-polished in air.[III In I I I II II II : li I I I II

Coal Samvle _dva_cinR _ F,,_I[I_

'Illinois No. 6 42 23 25
PittsburghNo. 8 61 45 49
Upper FreeportPA 61 42 50

Ull i i ii ,i]

processes in flotation. In ali cases, Illinois No. 6 is much more hydrophilic than Pittsburgh No. 8

and Upper Freeport PA coals which exh_it essentially equal hydrophobicity.

Because the advancing and receding contact angles measured by the captive-bubble

technique can vary widely, care must be taken to choose the mo_t meaningful one when

comparing these results to those obtained using other techniques or physical processes. Since the

sessile drop method involves the addition of a liquid drop on the surface the resulting value is

that for a liquid-advancing contact angle. Similarly,the physical process involved in film flotation

is also dependent on advance of the liquid on the coal particles. Table 5.4 shows the results of

the contact angles measured from the sessile-drop method and those calculated from film flotatiori

O well with those of the advancing captive-bubble measurements.
data. The results compare quite

Sessile drops sitting on the coal surface may be absorbed into the pores of the coal or may

solubilize components present at the surface. The effect of time on the contact angle of a sessile

drop on the surface of the three base coals is given in Table 5.5. As before, Illinois No. 6

appears to be the most hydrophilic, with the bubble being completely absorbed by the coal within

two minutes. This is indicative of the fact that the pores of Illinois No. 6 are hydrophilic and

are filled rapidlywith the liquid in the droplet. The other two coals again behaved similarly,but

Table 5.4 - Air/water contact angle measurements on the three b&_ coals calculated
from film flotation results and advancing contact angles measured by the
sessile-drop and the captive.bubble methods on surfaces wet-polished
in air.

......... _l,,,,..-,_,-u.--_ -- J_-_-. ..... '

CONTACT ANGLE, DEGREES
Film Sessile. Captive-

_ _ B_ubbl..._e

Illinois No. 6 52 44 42

O Pittsburgh No. 8 63 60 61Upper Fre_pon PA 63 62 ' 61



Table 5.5 - Contact ar,_le measurements of the three base coals as a function of the

time after _,iacinga water drop on a pellet surface (using the f,essile-drop

......... me!hod). Oi il i ._ Ill i II . _ _._

ELAPSED TIME, MINUTES
Coal Samvle .Q 0.5 ! 2 5 10 15 2_.

Illinois No. 6 46 32 24 7 0
PittsburghNo. 8 68 -- 66 65 62 59 49 41 15
Upper Freeport PA 71 69 -. 68 65 55 47 32 10

)iii i _:: ii ,

showing less decrease in contact angle for 40 minutes, after which the contact angles were about

10 degrees indicating that the pores of these two coals have a much lower affinity for water than

do those of Illinois No. 6. It should be noted that as the water absorbs into the coal, the contact

angle becomes a receding angle since the liquid/vapor interface is contracting.

In summary, a detailed contact angle study of the three base coals was observed to

help to characterize the wettability of the coal. Gcxxi agreement was obtained among the

angles obtained using various direct measurement techniques and those calculated from film

flotation results. In ali tests, Illinois No. 6 was consistently more hydrophilic than either

Pittsburgh No. 8 or Upper Freeport PA coals. These results are consistent with ali the other

characterization studies conducted thus far, and with the flotation response.

5.2.3 Induc|ion Time Measurements

Induction time measurements characterize bubble-particle attachment by measuring the

minimum time required for the thinning of the liquid film to a point where the film ruptures and

recedes, leading to a stable bubble.particle interface. This phenomenon is one of the most

important in flotation.based separations as it is a measure of the successful contacts made for a

preset contact time and hence a measure of the hydrophobicity of coal.

The instrument used for measuring the induction time is a Yordan-Yoon electronic

induction timer. This apparatus provides a measure of the induction time by moving a captive

bubble down against a bed of particles for a pre-selected period of time, that can range from 30

microseconds to 2.2 seconds. These times should be considered relative, rather than exact. After

each contact, the bubble is visually examined to determine if any coal panicles have become

attached to the bubble. The power drive for the linear movement of the bubble holder is an
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electromechanicaldevicewhichreceivesa signalfroman electronicpulsegenerator.Some

importantdeviceparametersthatcanaffectthemeasuredinductiontimearethevoltage(which
i

controlsspeedofverticalmovement),bubblesize(fixedatabout2mm indiameter),thedistance

(0.2 to 0.3 mm) travelled by the bubble depending on the voltage selected and the distance

between the bubble and the bed of panicles (fixed at about 0.1 mm).

In performing a test, a bubble is first formed, then contact with the bed is made and

observed through a microscope to determine if a fruitful contact between the bubble and the

particles had occurred. A fruitful contact is defined as a contact resulting in at least one particle

remaining attached to the bubble after it has been withdrawn from the bed of panicles.

The induction time curve is obtained by computing the percentage of fruitful contacts from

a minimum of twenty measurements for each selected contact time, as a function of the contact

time selected. Figure 5.2 shows a typical induction time curve for 100 x 150 mesh (natural fines)

prepared from the Pittsburgh No. 8 research sample. Taking the "induction time" as the contact

time that results in fruitful contacts 50 percent of the time, the induction time obtained from

O these results is 600 microseconds for the Pittsburgh No. 8 coal. Figure 5.3 presents for
comparison, the induction time curves for natural fines of Illinois No. 6, Pittsburgh No. 8 and

Upper Freeport PA research samples. Clearly, the hydrophobicity (induction time decreases as

the hydrophobicity increases) of the coals is in the following order:

Illinois No. 6 < Pittsburgh No. 8 < Upper Freeport PA..

In order to complete the surface characterization studies of the three base coals, induction

time measurements were performed on freshly-ground material from the research samples. The

objective of these tests was to assess the hydrophobicity of the new surface generated after

grinding. Because 100x 150 mesh particles are needed for induction time measurements, samples

of Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coal were prepared by reducing the

stanoard grinding time to 15 minutes in order to obtain a sufficient quantity of material for

carrying out these measurements. Induction times were measured for samples that had been

O deslimed as well as on freshly ground samples.
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O The results of the induction time measurements for freshly ground Illinois No. 6 are
presented in Figure 5.4. As was observed for the weathered and natural coal fines, the deslimed

sample shows a shorter induction time (470 microseconds) than that of the undeslimed sample

(500 microseconds), indicating a slight increase in the ability of deslimed panicles to attach to

bubbles in comparison with the undeslimed sample. Slime-coatings seem to be respons_ie for

the larger induction times of the undeslimed material. However, in the case of freshly-ground

samples this difference is smaller than that observed for the natural fines of the research and

weathered samples, possibly due to largeramount of slime presented in the weathered samples.

Figure 5.5 presents the percentage of fruitful contacts as a function of contact time for

fresh-ground Pittsburgh No. 8 coal, for both the undeslimed and deslimed samples. In the case

of Pittsburgh No. 8 coal, the induction time for the deslimed sample was 180 microseconds and

that of the undeslirned sample was 265 microseconds. The difference between the induction

times of the deslimed and the undeslimed samples is larger than that of Illinois No. 6 coal,

probably due to the nature of the coals and the ash constituents, In the case of Upper Freeport

O PA coal (Figure 5.6), similar behavior to that of Illinois No. 6 and Pittsburgh No. 8 was observed.
However, induction times for the deslimed sample (75 microseconds) and the undeslimed sample

(105 microseconds) are significantly lower than those of Illinois No. 6 and Pittsburgh No. 8

confirming that Upper Freeport PA coal is by far the most hydrophobic of the three coals.

Advancing contact angles on the three base coals exhibited the following order:

Illinois No. 6 (41 deg.) < Pittsburgh No. 8 (61 deg.)< Upper Freeport PA (63 reg.)

and the average induction times for deslimed 100 x 150 mesh panicles of the same coals:

Illinois No. 6 (475/asec_) > Pittsburgh No. 8 (180/zsec.) > Upper Freeport PA (75 _,sec.)

Induction-time measurements of ground coal clearly show that the freshly-ground base

coals are more hydrophobic than the natural fines of the unground research coals and the

weathered samples, probably due to the fr_h surfaces generated during comminution. Again, it

O seems that the slime-coating phenomenon is responsible for a decrease in the hydrophobicity of
the freshly-ground material and the magnitude of this decrease is coal specific. "Ilaeextent of the
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slime coatings has a major role in controlling the time of attachment of particles to bubbles.

In agreement with ali previous results, the hydrophobicity of the three base coals has the

following order for both the undeslimed and deslimed samples tested:

Upper Freeport PA> Pittsburgh No. 8> Illinois No. 6

5.3 SurfaceCha_ Characterization

The surfacechargeof the three base coalswasstudiedin termsof their elcctrokinetic

behavior which is related to zeta potential. Zeta or electrokinetic potential is the potential at the

shear plane where slip occurs when the particle moves relative to the fluid and is related to the

charge density at the shear plane (not the surface charge density). The zeta potential is not only

easily determinable experimentally but also is the one that governs the kinetics of interaction of

charged droplets with the particles and the attachment of bubbles to particles, both of which

govern the flotation performance to a large extent.
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Zeta potential measurements were carried out using a Penkem Model .501 Laser Z.e.c

Meter. A brief description of the instrument and the measurement technique is given to illustrate /

the advantage of using this device over Zeta Meter used in the past tor the measurement of

electrokinetic mobility of the major component in a suspension containing a mixture of

heterogeneous particles such as coal andash components. The Laser Zee meter basically consists

of _ electrode chamber that is filled with the suspension. The chamber is attached to a stage

consisting of a microscope and a control module. The potential is applied between a platinum

plated cathode and a molybdenum anode and the movement of the charged particles, illuminated

by a laser beam, is monitored by a microscope. A prism, the movement of which is controlled

by a knob, is mounted between the objective and the eye piece of the microscope. As the

charged particles move towards either the anode or the cathode (depending on the sign of the

charge) at a particular velocity (which depends on the magnitude of the charge), the movement

of the prism is so adjusted that it moves at the same velocity as the panicles. The panicles

appear stationarywhen the rate of movement of the prism and the particles are the same. The

zeta potential is calculated from the mobility of the particle and their direction of"motion. In a

mixture of heterogeneous panicles, the zeta potential of the major component can be measured !_

by adjusting the rate of prism movement such that majority of the panicles remain stationary

when viewed through the microscope. In the Zeta Meter the mobility of an individual particle

is monitored and the overall mobility is calculated by measuring the mobility of a large number

of particles and computing the average mobility. Thus, in the latter method, the mobility of the

ash particles will also be considered and if the ash content of the coal is high the average zeta

potential will have a substantial contribution from ash components.

The suspension for zeta potential measurements was prepared by stirring 0.075 grams of

minus 200-mesh coal in 75 ml of triply distilled water or 2 x 10":_KNO 3 solution in a glove box

maintained under argon atmosphere. Since it was found that pH of the suspension was constantly

changing with time, the suspensions were initially adjusted to different pH values, varying in the

range 2 to 12, equilibrated for 9 hours (time required to attain a constant pH) and the final pH

noted. The zeta potential of the three base coal samples was measured as a function of pH,

both in distilled water and in 2 x 10.3M KNO 3 solution, and the results obtained are presented O
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Figure 5.7. Zeta Potential versus pH curve for Illinois No. 6 coal.

O in Figures 5.7, 5.8 and 5.9 for the Illinois No, 6, Pittsburgh No. 8, and Upper Freeport PA coals,
respectively. These measurements show that the isoelectric point (1EP), that is the point at which

zeta potential is reversed, of the three base coals decreases in the following order:

Upper Freeport (pH 5.5) > Pittsburgh No. 8 (pH 3.5) > Illinois No. 6 (pH 2.5).

These results also indicate that for the three coals examined, there is no significant deference

between the zeta potentials measured in distilled water and in 2x10"3 M potassium nitrate

solution. The absence of ionic strength effect, due to KNO 3 addition, on the magnitude of the

zeta potential is probably due to the presence of dissolved ions from the mineral matter in coal

that can mask the effect of the added electrolyte. An estimate of ionic strength (KNO 3

equivalent) from measured specific conductances of supernatants from the three coal suspensions,

both in triply distilled water CII)W) and 2 x 10.3 M KNO 3, solution is shown in Table 5.6. The

percentage differences between the zeta potential values in TDW and in potassium nitrate

O solution are also given in the table for the three coals and it can be seqn that these differencesare only about 15 percent. The instrument used, the Laser Zee Meter, is not sensitive enough

5-13



PITTSBURGH NO. 8
i

10
(:_ 200 MESH

> 0 _ o 2xlo "3MKNo3
E "x_o _ THply Distilled Water

_5 -10

F-- -20

k--LDZ 0 A

O -30
n

< -40

N -50 -

-60

-70 , ,__ I i , l I I , tn ,
2 3 4 5 6,' 7 8 9 10 11 12

EQUILIBRIUMpH
Figure 5.8 - Zeta Potential versuspH Curve for PittsburghNo. 8 coal.

ti
A°xx UPPER FREEPORT2O
-- \

\ 200 MESH

10 _ 0 2 x 10 .3 M KNO3 "
> y Distillecll Water
E o
_5 -lO
_- -20
Z
1,1
_- -30
0
D_ -40
<(

--50LD
N

-60

- 70 "_
-80 l l i _ • __ j_.... _ l i....

2 3 4 5 6 7 B 9 10 11 12

EQUILIBRIUM pH

Figure 5.9 . Zeta Potential versus pH Curve for Upper Freeport PA coal. I_1

5-14



L

Table 5.6 - Calculateddifferencebetweenzeta potentialvalues in triplydistilledwater snd2 x 10.3 M KNO3 solution for the three base coals., ii , , , ,, , , ' ,,, ,.. , , ,T, ,, ,,, , .,,,,.==,, ., ,,, ,,

Est, Ionic Strength
x IO_M(KNO3 equiv.) qv Change in •

Coa_._[ _ 2 Xl0 "3 M KNO 3 7,eta _votentia_l

Illinois No. 6 0.65 4,94 16
Pittsburgh No, 8 6.87 17.20 17
U Freeport PA 0.13 3,13 15

to differentiate such small changes, according to the manufacturer. The relationship between the

zeta potential and the ionic strength is well established and canrbe found in standard books on

colloid science.

Surface charge characteristicsof coal in an aqueous cnvironmcnt are determined bysurface

functional groups such as -COOH (carboxylic) and ArOH (phenolic) because these groups

dissociate and become negatively charged (5). The extent of ionization depends on the solution

pH which is determined by hydronium and hydroxyl ions and therefore these are considered to

be the ions. When coal is oxidized, earboxyl and phenolic form andpotential-determining groups

therefore the surface of coal can be expected to become increasingly negative with increase in

the degree of oxidation. Thus, the IEP can be expected to decrease with increasing degree of

oxidation as experimentally observed by Wen (6) and Fuerstenau and co-workers (7). As

discussed later in the chapter, our ESCA study did suggest that the surface of the base coals are

in an oxidized state, This observation along with that from the zeta potential results (the trend

in IEP values in particular)leads to the inference that the Illinois No. 6 sitmple has undergone

the highest degree of oxidation, followed by the Pittsburgh No. 8 and Upper Freeport PA

samples. This inference will in turn lead to the conclusion that the hydrophobicity of Upper

Freeport PA coal will be the highest followed by that of Pittsburgh No. 8 and Illinois No. 6 coals,

which i._supported by induction time measurements, contact angle determination and film

flotation studies. However, it should be noted that zeta potential results by them._lves do not

give conclusive evidence about the relative states of oxidation of the three coals, especially due

to the fact that the dissolved ion concentration in the supernatants of these coals are high. This
is due to the fact that the adsorption of ions and precipitation of charged.,.,complex hydroxides
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of metal ions such as Fe, Al and Mg from solution (which also depend on pH) onto the coal

surface will also contn'bute to the surface charge (8,9). Therefore, interpretation of results in /

termsof the origin of surface charge in a complex system such as the coal-water suspension is not

straight forward. Nevertheless, the information obtained from zeta potential measurements can

be taken as supporting evidence for the fact, established from other studies such as film flotation,

induction time measurement and contact angle determination, that the hydrophobicity of Upper

Freeport PA sample is the highest lo:lowed by that of Pittsburgh No. 8 and Illinois No. 6 coal.

An apparent discrepancy to the inference that the surface of Illinois No. 6 sample is more

oxidized than the Pittsburgh No. 8 sample, which in turn is in a higher state of oxidation than the

Upper Freeport PA sample, is the fact that above pH 8 the zeta potential of Upper Freeport PA

coal is most negative, followed by Pittsburgh No. 8 and Illinois No. 6 coal. Similar observations

can also be seen from the results of Wen and Sun (9) and Fuer_tenau and coworkers (7) who

found that above pH 8 coal that has been heated for longer periods has a relatively lower

negative zeta potential. Wen and Sun attribute this phenomenon to the solubility of humic acid

for which hydronium and hydroxyl ions are not the potential.determining ions (6). They argue

that humic acids are the major constituents of organic oxidation products and are formed on coal qp

surfaces, having various molecular weights depending upon the oxidation conditions. They are

insoluble in acidic solutions but become soluble in alkaline solutions with the solubility varying

as a function of molecular weight. The foregoing discussion suggests the possibility that the

surface of Illinois No. 6 coal contains more humic acids which dissolve in alkaline solutions,

thereby exposing fresh unoxidized surfaces that are relatively less negative.

5.4 Analysis of Surface Elemental Composition by ESCA

Ultimate analysis of the three base coals indicate that in terms of the bulk

carbon-to-oxygen ratio (shown in parentheses) the three base coals follow the order:

Upper Freeport PA (19.8) > Pittsburgh No. 8 (11.5) > Illinois No. 6 (10.5)

Although contact angles, measured using sessile drop and captive bubble techniques as well as

calculated from film flotation results, also follow the same order, in terms of size of the angles, O
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Pittsburgh No. 8 and Upper Freeport PA samples are closer to each other than that of

O IllinoisNo.6 sample.On theotherhand,carbon-W-oxygenratio(whichisalsoa measureof

hydrophobicity)ofPittsburghNo.8 andIllinoisNo.6 samples,asshownabove,areclosertoeach

otherwhilethatoftheUpperFreeportPA sampleismuch higherthanthatoftheothertwo.

One reasonforthisdiscrepancymay bethatthebulkcarbon-to-oxygenratioisdifferentfromthat

oftheirsurfaceratiowhichisamorerelevantparameterforcorrelationwithwettability(contact

angle)andflotability.Theretbre,thesurfacecarbon-to-oxygenratiowasdeterminedusingESCA

(electronspectroscopyforchemicalanalysis).Thistechniquegivesinformationon thefirst50-

100 A thicklayeron thesurface.SamplesforESCA analysiswere preparedby grindinga

10-grambatchofminus28-meshcoal(detailsofthecomminutionoftheminusI/4-inchsample

tominus28-meshcanbeseeninthesectionon SEM/EDXRF analysis).Furtherreductionto

minus400 meshwascarriedoutwithan agatemortar,insidea gloveboxmaintainedunderan

argonatmosphere.About0.1gramofthissamplewasthenmountedonamolybdenummaskand

loadedintothesamplechamberofthephotoelectronspectrophotometer.The samplewasthen

O bombarded with aluminum x-rays and the spectra recorded. A semi-quantitative analysis of the
carbon and the oxygen contents, made using peak areas and the sensitivity factors of the

respective elements obtained from the ESCA handbook, indicated that the surface carbon-to-

oxygen ratio (wt/wt) decreased in the following order:

Upper Freeport PA (5.2) > Illinois No. 6 (3.6) > Pittsburgh No. 8 (2.6)

Although the hydrophobicity of these coals is expected to vary in the same order, film flotation

results and contact angle measurements showed that Pittsburgh No. 8 sample is more hydrophobic

than the Illinois No. 6 sample. This discrepancy is possibly due to the differences in the carbon

and oxygen contents contributed by the surface inorganic species. Further, carbon-to-oxygen

ratios obtained using ESCA are much smaller than those calculated from the results of ultimate

analysis. "l'laismay result from the fact that the surface of these coals are highly oxidize.xi.

The above discussions indicate that the carbon-to-oxygen ratio could not be mea as a

measure of the hydrophobicity of these coals, especially when the ash content in high, since the

O mineral matter/s also a source of oxygen.
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5.5 A_lysls of Suri_e Fu_Joual Groups by DRIFT

Diffuse reflectance infrared Fourier transform (DRIFT) spectroscopic studies were /

conducted to determine possible differences in the concentration of functional groups respom_le

for the observed differences in the wettability of the three base coals. Infrared spectra on coal

are well documented in the literature (I0,11). The diffuse reflectance technique, in particular,

has become very popular for handling solid samples since it does not involve any complicated

sample preparation procedure as in the preparation of KBr pellet. The only restriction is that

the sample must be powdered. Minus 400-mesh samples for the analysis were prepared similarly

to the procedure used for ESCA analysis. Other details are already desen'bed in the section on

mineralogical analysis.

Analysis of surface functional groups of the three base coats by DRIFT spectroscopy

showed (Figure 5.10) the presence of major peaks around 29'20 em"1(aliphatic C-H stretching),

1600 cna"1(aromatic C=C), 1460 cm"_ (aliphatic C-H bending), and 1040 em"1(Si-O stretching

from clays). A semi-quantitative analysis u_ing peak height measurements indicated that the peak

intensities of each of the three organic groups identified are similar in ali three coals (Figures

5.I1 and 5.12). However, t!_e intemity of the clay mineral peak (Si-O stretching; 1040 cm"_)of

Illinois No. 6 coal was -50 percent more than that of the corresponding peaks of

Pittsburgh No. 8 and the Upper Freeport PA samples. Considering that there are no differences

in either the nature or the intensity of the organic functional groups identified by the DRIFT

analysis, the differences in the hydrophobicity of the three base coals is likely to have arisen from

variations in the composition with respect to carbonyl and carboxyl containing functional groups

such as ketones (RC=O), aldehydes (RCHO), carboxylic acids (RCOOH) and ethers (R-O-R).

lt might be mentioned here that no oxygen containing organic functional groups were

identified in any of the three base coals in the DRIFT analysis although ESCA analysis did

indicate considerable surface oxidation of the base coals, lt appears that the concentration of the

oxygen functional groups in the base coals is not high enough to be detected by infrared analysis.

The other possibility is that infrared penetrates deeper than the x-rays used in ESCA so that

signals from surface oxygen functional groups are diluted by signals from the bulk. In fact, in
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Figure 5.]2 - Comparison of intensities of aromatic C=C peak of coal andSi-O peak of clay
in the three base coals.

comparing the sensitivity of different techniques for characterizing the low temperature oxidation I_

of coal, Huffman and coworkers (12) reported that the carbonyl peaks were clearly observed only

after heating the freshly mined Pittsburgh No. 8 coal in air at 50°C and 65 percent relative

humidity for 167 days or longer. In this study, it was found that heating the Pittsburgh No. 8 coal

in air at 200°C for 30 minutes did result in the appearance, of a carbonyl peak (1710 cm "1) of

significant intensity which increased with heating time (Figure 5.13). Also, as a function of time,

the (C=O) shifted gradually towards the region of the ether group (R-O-R or Ar-O-Ar;

1770 cre'l). Another interesting observation was that an increase in the intensity of the carbonyl

peak was accompanied by a decrease in the intensity of the aliphatic CH peak (Figure 5.14).

However, there was no measurable change in the intensity of the aromatic C=C peak, suggesting

that only aliphatic groui_s are oxidized at 200°C. Also, it can be seen from Figure 5.14 that

beyond 24 hours of heating no further reduction in the intensity of aliphatic group occurred

although the intensity of oxygen functional groups continued to increase. This indicates possible

further oxidation of primary oxidation product/s beyond 24 hours. @
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In summary, the current study showed that DRIFT spectroscopy cannot explain the differ-

ences in hydrophobicity among three coals and can detect changes in functional groups only when

the coal is subjected to severe oxidation. A comparison of DRIFT results with ESCA analysis

points to the possibility that the DRIFT technique is not sufficiently surface, selective. However,

surface sensitivity of DRIFT can be studied by comparing the changes in carbonyl peaks subjected

to oxidation, at say 200°C, with the corresponding changes in carbon-to-oxygen ratio as obtained

from ESCA (surface technique) and the ultimate analysis (purely a bulk technique).
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O 6.0 DEVELOPMENT OF STANDARD GRINDING TESTThe evaluation of various surface control techniques requires a standard test that will

enable flotation results to be evaluated and positive effects identified. For advanced coal

flotation, this standard test includes the preparation of the sample, comminution of the test feed,

and flotation. Without a standardized procedure, the results from the test cannot be statistically

evaluated to assess the effectiveness of a given treatment in enhancing flofation behavior.

The advanced flotation of coal is limited by the degree of liberation of pyrite and ash from

the coal matrix. The degree of liberation in turn is a function of the particle size distribution.

The reduction of particle size of a solid (comminution) results in the production of a set of

particles of varying sizes. It is impossible to obtain monosized fine particles by grinding and

instead, one obtains a distribution of particle sizes. During grinding, it is the top size and, to

some extent, the particle size distribution that can be controlled. Both of these parameters can

greatly influence down-stream processing of the coal. The effects of flotation are a result of

changes in hydrodynamics and in the surface area of the material. Additionally, reduction of the

O particle size requires substantial inputs of energy. These factors combined justify an extensive
study on the grinding characteristics of coal.

6.1 Development of Standard Grinding Test

The main objective of this part of the investigation was to develop a comminution

procedure in the laboratory that would reproduce a meaningful ground product to be used for

further characterization and testing. According to the Project Work Plan, the flotation tests were
E

to be conducted using nominal minus 28-mesh and minus 200-mesh material. More specifically, -:

the comminuted material should have a particle size distribution such that 95 percent of the

ground product passes through the stated mesh size. Until recently, grinding of coal to very fine

sizes was considered to be undesirable and efforts were focused on reducing the total amount of

coal fines, minus 28 mesh (600 microns), generated during coal mining and handling. However,

with emphasis on the deep cleaning of coal at fine sizes, it is necessary to study the liberation

characteristics so that the most effective comminution circuit can be designed for downstream

O preparation plant separation processes, k
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Grinding is one of the most important unit operations in mineral processing because size

reduction is necessary to h'berate valuable minerals from the waste material. Without adequate 0

liberation, it is impossible to effectively separate minerals using physical methods. Although many

methods have been tried to improve grinding efficiency and to decrease energy consumption in

the grinding of industrial minerals, little fundamental research historically has been reported on

the grinding of coal as related to its beneficiation. The main reason is that specific gravity

separation processes used for cleaning coarse coals are generally very efficient and economical,

if finely disseminated pyrite need not be removed from the coal. In the past, flotation was used

to recover only fine panicles generated during mining and handling operations, which usually

constitute less tha_l 15 percent of the preparation plant feezLThus, historically there was no need

to study the grinding of coal in relation to coal cleaning. However, the grinding of coad is

currently gaining increased industrial significance due to a number of factors:

i) environmental constraints re.quiringthe partial liberation and removal of inorganic
sulfur from coal prior to combustion,

ii) the use of superior quality coals to replace oil and natural gas in combustion

equipment, and 0iii) the development of coal gasification/l/quefaction processes that require fine clean
coal as feed.

Current research objectives in fine coal grinding include:

i) sel_tively liberating pyrite and other mineral matter from coals,

ii) minimizing oxidation of coal surfaces during grinding, and

iii) increasing the efficiency of grinding.

Apartfromtheprocessvariablesandothereaternalfactors,suchasaddinggrindingaids,

finegrindingofcoalisaLsoaffectedbytheinherentnatureofcoalformationandmetamorphosis.

The grindabilityofcoalisa functionofitsrankandtheamountandtypeofmineralsassociated

withthecoal. In general,thegrindabilityof coalincreaseswithrank up t'low-volatilc

bituminouscoalsandthendecreas_::sasone approachesanthracite(I).

Thissectionsummariz_detailedtestscarriedouttoestablishconditionsforbothwetand

drygrindingof'eachof tilethreebasecoals.Sincecoalisbothchemicallyand physically

grindabilitycanalsobeexpectedtovaryovera range,cvcnforcoatsbelonging O
heterogeneous,
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O tothesamerank.The grindingstudiesdiscussedhereincludedtheselectionofa batchlaboratorygrindingmillandthedeterm/nationofthetimeand proceduresfordryandwetgrindingofthe

threebasecoalsthatwouldensurea reproducibleproductwiththepropersizedistn'bution.

The coalsamplesusedinthegrindingtestworkwerepreparedbycrushingthenew coal

ina laboratoryjawmilltoa topsizeof3/4-inchfollowedbya secondarycrushingtoi/4-inch

nominaltopsizeina laboratoryrollcrusher.The I/4-inchcoalwasthenconedandquartered

into30-1blotsandplacedinplasticbags.The 30-1bbagwasfurthersplitinto500gramlotsand

storedinplasticbagstobeusedasneededforfeedtothegrindingmill.Thisentireprocesswas

conductedinanargonatmospheretopreventoxidationofthefreshly-generatedcoalsurfaces.

6.2 Selection of a Laboratory Grinding Mill

Because of the ability to reproduce the comminuted product, laboratory grinding studies

are often carried out in tumbling mills. The grinding media can either be rods (rod mill) or balls

(ball mill). Both are suitable for wet as well as dry grinding. Because of the difference in tl_.

O grinding action in the rod mill as compared to that of the ball mill, coarser particles in the feed
create a wedging action between the rods and, hence, are preferentially ground. Such select/vity

in grinding yields a product which is relatively narrow in size distribution. That _ with less

production of both oversize and ultra fine material. If a ball mill is used for the same tasL the

size distribution of the product exhibits a long tail at the coarse size. To eliminate this, the

product has to be classified to remove the fines. Such a scheme of grinding, called closed-circuit

grinding, is generally applied in commercial plants using ball mills. For the purpose of selecting

a suitable grinding mill to be used in this project, experiments were carried out using both rod

and ball milLs.

A comparison of the size distribution of products obtained by grinding Illinois No. 6 coal

for four minutes in the mill charged with balls and with rods as grinding media is prese.nted in

Figure 6.1, together with the size distribution of the feed material. From these curves, it can be

seen that the product from the rod mill indeed contains relatively less coarse particles and has

O a narrower size distribution than the product from the ball mill even for grind times as short as
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Figure 6.1 - Comparison of the size distribution of the products obtained by grinding
Illinois No. 6 coal in ball androd millsfor four minutes.

A

4 minutes. Minimizing the production of very fine panicles is advantageous since large amounts g

of energy are consumed by over grinding and the resulting high surface area associated with fines

leads to problems in flotation. For these reasons, and because the size-distribution of the rod mill

product is more like the product from a closed ball mill-classifier circuit, rod milling was deemed

to be the most suitable method for grinding coal for the laboratory-scale batch flotation studies

to be performed for this project.

The laboratory grinding mill, manufactured by Scpor Inc. of Wilmington, California, is

constructed of 316 stainless steel. It is 9 inches in diameter and 10 inches in length, and charged

with 9 1/2-inch long rods made from the same steel. The mill is driven on parallel rolls at fixed

speed. The diameter and number of rods chosen were based on a number of systematic

experimental tests carried out early on in this project and are discussed further in this chapter.
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for differentgrind times.

O 6.3 Effect of Rod Charge on Grinding Time and Particle Size Distribution

, Initial experiments were carried out to determine the size distn'bution of the ground

product as a function of grinding time. Experimental operating conditions included charging the

mill with 24 rods (9 rods of 3/4-inch, 8 rods of 5/8-inch, and 7 rods of 1/2-inch diameter) and

operating it at 60 percent of the critical speed (56 rpm). A representative sample (500 grams)

of the minus 1/4-inch secondary crushed material from the roll crusher was used as feed to the

rod mill. As an example, the grinding characteristics of Illinois No. 6 coal were studied by

grinding for periods ranging from 1 minute to 256 minutes, doubling the grinding time between

each successive experiment. The size distribution of the ground product was determined by

wet-sieving the ground product on either a 400 or a 200-mesh sieve, drying the oversize and then

sieving that material for 15 minutes through a set of Tyler sieves on a Ro-Tap sieve shaker. The

results obtained for Illinois No. 6 coal are presented in Figure 6.2. These tests were done in a

carbon steel mill (referred to as the old mill) that is identical in size to the mill procured for the

O project. To prepare a dry-ground product with 95 percent passing through 28 mesh, a grinding
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Table6.1.Number ofrodstested and rodmixusedforvariousgrindingtests.
' .......... ii llul| li ii _ ,,,,, ,,, ,l,li i " _

i

., ii i ii

WPROD DIAMg_R

_ S/g-inch l/2-inch

24 rods 9 d 7
36rods 14 12 I0
42rods ' 16 14 12
48 rods 18 16 14

I III II I I I I ' I III II I IIII IIII IIIII I I I II I

time of 8 minutes is required, whereas to obtain a dry-ground product with 95 percent passing

through 200 mesh a grinding time of 256 minutes is necessary. Similar experiments were

conducted using Pittsburgh No. 8 and Upper Freeport PA coals and the results are presented in

Figures 6.3 and 6,4, respectively. By comparison, it can be seen that the time required for similar

grinds is the shortest for Upper Freeport PA, followed by Pittsburgh No. 8 and finally

Illinois No. 6 coal. Even though ali three coals belong to the bituminous category, their

grindabilities differ considerably from one another, justifying the extensive experimentation

needed for establishing the grinding conditions for these coals.

The grinding time of 256 minutes required to prepare a 200-mesh product of ali three base O

coals is prohibitively high in respect to the duration of the experiment and more importantly, in

view of coal surface control. Therefore, steps were taken to reduce the grinding times, especially

for the 200-mesh grind. The most obvious option was to increase the number of rods used in the

mill. In order to study the effect of the number of rods on the grinding time, dry grinding

experiments were carded out with Illinois No. 6 coal using 24, 36, 42, and 48 rods. The grinding

time was determined for each of the rod charges such that the end product was 95 percent

passing 28 mesh. The rod composition (number of rods) for each charge is given in Table 6.1 and

the resulting particle size distributions for Illinois No. 6 coal are presented in Figure 6.5 for

nominal 28-mesh grinds. When only 24 rods are used, unusual grinding behavior results, in that

less coarse material is broken but a greater proportion of f'me material is produced. However,

with 36 rods or more, the particle size distribution remains virtually unchanged. Due' to the

extremely short grinding times required with 36 or more rods, and the associated lack of control

0
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Figure 6.5 - Effect of the number of rods on the particle size distribution of the ground
productof Illinois No. 6 coalconformingto 95 percent passingthrough28-mesh.

A
on the production of fine particles, 24 rods were considered to be an appropriate choice for the g

preparation of the 28-mesh feed material.

However, the long grinding time required to produce minus 200-mesh material necessitated

the use of more rods in the mill and tests were also carded out to determine the effect of the rod

charge on the production of minus 200-mesh material, using Illinois No. 6 coal. The grinding

experiments were performed under both wet and dry conditions. Test results for the 8-minute

grinds under dry and wet conditions are presented in Figure 6.6. As can be seen from these plots,

the production of minus 200-mesh material increases as the number of rods is increased and

stabilizes near 42 rods. The calculated struck volume (excluding coal charge)increases from

about 19 to 43 percent as the number of rods is increased from 24 to 48 as shown in Table 6.2.

The levelling off of fines production with rod charges greater than 42 rods is due to the decrease

in the mill torque as the total filled volume of the load approaches and exceeds half of the total

mill volume. Since the particle size distn'butions produced by 42 and 48 rods for both dry and wet

grinding are nearly identical, and because the grind times are roughly equal, a charge of 42 rods /
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was considered suitable for both wet and dry grinding of coal to 95% passing 200-mesh. The

_sult_ presented in Figures 6.7 and 6.8 show how the grind time effects the percent passing 28

o me,sh a_d 200 mesh for two different rod charges. From these graphs the standard grinding times

were chosen.
l

Grinding experiments were conducted with the other two base coals (Pittsburgh No. 8 and

: Upper Freeport PA) which also established similar conclusions. The results for Upper

Freeport PA eo_! are given in Figures 6.9 and 6.10 for the 200-mesh dry and wet grind conditions,

respectively.

Table 6.2 - Measured struck volume for the various rod :,harges used.
=_ l -iiaiii_,t_, . L ........

Rod Charg.g _truck Volume, % ofMill ti

24 19.1
42 3"/.3
48 , 43.3

-- I _x ] 71 " i ii [ ] ....

-
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Table 6.3 - Standard wet and dry grinding conditions for the three base coals.
-__ ,,,. _ , ii i.i.i iH,.i _. llll J ii I,I I I. III I ... __ .m

P,.ARAMETE..R 28-MESH GR!N_.D 200-MESH GRIND
No. of rods 24 42
Rod mix 3/4",5/8",1/2",resp. 9, 8, 7 16, 14, 12
Water charge (wet grinding) 700 ml 700 ml
Coal charge 500 g 500 g

QrindTimes
Illinois No. 6

Dry 8 min. 48 rain.
Wet 3 rain. 20 sea 15 rain.

Pittsburgh No, 8
Dry 4 min.50 sex:. 30 min.
Wet 3 rain. 16 rain. 30 sex:.

Upper Freeport PA
Dry 2 rain. 50 sex:. 21 rain. 30 sec.
Wet 1 rain. 45 sec. I1 rain. 20 sex:.

ii

In conclusion, a charge consisting of 24 rods is sufficient to obtain a ground product having

95 percent passing 28 mesh while 42 rods are needed to produce 200-mesh material. The results i

also show that when using 42 rods there is considerable reduction in the grinding time required

when the coal is ground dry. A 24-rod charge was used to prepared the 28-mesh feed because

the grinding time was too short if 42 rods were used for this purpose. These standard grinding

conditions that were developed were then used to prepare the feed for the flotation experiments.

6.4 Standard Grinding Procedure

The experimental work presented in the previous sections led to the development of

standard grinding procedures to be used to produce and reproduce a coal sample of an indicated

top size and similar particle size distribution to be used as feed material to the flotation cell. The

average grinding times were established for the three base coals using 24 rods for the 28-mesh

grind and 42 rods for the 200-mesh grind. The mill charge consisted of 500 grams of coal for

both wet and dry conditions. For wet grinding, 700 ml of water was also charged to the mill. The

mill was operated at 56 rpm (60% critical speed). The grinding time and rod charges are

summarized in Table 6.3. Repeatability of the grind time was checked periodically at each

location as well as the reproducibility at other locations.
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Table 6.4 - Size distribution and ash analysis of Upper Freeport PA 28-mesh standard

O .... _ g]'0und material.

WET GROUND .....DRY GRQ_
Cure. Wt. % Cure. Wt. %

Ash%

+ 28 M 4.0 100.0 16.5 5.0 100.0 20.3
28x 48M 31.7 96.0 12.4 23.6 95.0 14.7
48 x 65M 16.4 64.3 11.7 14.4 71.4 12.5
65x I00M 11.1 47.9 11.7 15.4 57.0 12.0

100 x 150 M 10.8 36.8 11.1 10.1 41.6 9.6
150 x 200 M 4.3 26.0 13.7 7.3 31.5 12.4

- 200 M 21.7 21.7 14.4 24.2 24.2 12.8
TOTAL 100.0 12.7 100.0

, _ ii Jml i i

Detailed compositional analyses of different ,_parate size fractions of Upper Freeport PA

coal produced by the standard grinding procedure have also been performed. The results, which

are summarized in Tables 6.4 and 6.5 show that the ash content of the coarser material is slightly

higher than that of the finer material, indicating that the high-ash material does not grind as easily

as the carbonaceous material.

O An analysis of the liberation potential must particle
of the coals coD.sid_r the size

distributions of the washability samples with that produced by the standard grinding procedure.

The size distributions of the Illinois No. 6 coal from the washability testing, and the dry- and

wet-ground products are shown in Figure 6.11. The particle size distribution of the minus

200-mesh washability sample is nearly linear with no tail of fines or particles larger than 200 mesh,

indicating that the sample had been pulverized and then sieved repeatedly to reduce the coal to

Table 6.5 , Size distribution and ash analysis of Upper Freeport PA 200-mesh
standard ground material.

WET GROUND DRYGRO.. UND
Cum. Wt. % Cum. Wt. %

Si.__ _ P_ L_sh% W__ee_ _ Ash %

+ 200 M 5.8 100.0 13.8 5.7 100.0 13.9
200 x 270 M 15.1 94.2 11.1 19.8 94.3 130
270 x 3_ M 8.0 79.1 9.9 5.7 74.5 9.8
325 x 400 M 5.3 71.1 14.6 5.1 68.8 15.2

O - 400 M 65.8 65.8 12.9 63.7 63.7 12.0Total 100.0 12.6 100.0 12.3......... _____ i i ...... ___ __ iiI i i
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Figure 6,I1 - Size distributionsof IllinoisNo. 6 coal preparedforwashabilitytestingand200-
meshwet and dry-groundproductspreparedby thestandardgrindingprocedure.

the required top size (close.d-circuit size reduction). Both the standard wet and dry-ground O

samples have particle size distributions that are close to that of the washability sample with the

dry-ground product slightly finer and the wet-ground product slightly coarser. This suggests that

the pyritic sulfur rejection predicted by the washability data is theoretically attainable with a

perfect flotation separation.

6.5 Relativegriudabllitiesof basecoalsamples

Taking as a reference the time required for the dgy grinding of Illinois No. 6 coal to obtain
I'

a product 95% finer than 28 mesh or 200 mesh, the relative grindabilities (in mass/unit energy)

of the three base cx_als were calculated, and are tabulated in Table 6.6. In all cases,

Upper Freeport PA is the easiest to grind. Illinois No. 6 tends to require the most energy to

achieve a given size reduction, either by dry or wet grinding. However, the wet 200-mesh grind

for Pittsburgh No. 8 appears to require more energy than Illinois No. 6 for the same grind size.

e
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O Table6.6 . Relativegdndabilitfes*ofthe threebasecoals.
i . if ii ii111 =__ ___ i!i__ -- ii i _ _ ii i ---- i1111

28 m_h _ _
O

Illinois No. 6 1.0 L0 2.4 3.2
PittsburghNo. 8 1.7 1.6 2.7 2.9
Upper FreeportPA 2.8 2.7 4.6 4.2

*Orindabilityin mass/unitenergyrelativeto drygrindingIllinoisNo. 6 coal to 95 :t:1%minus
28 mesh or minus 200 mesh.

6.6 Cleanablllty of Standard Ground Co_Is

The washability analyse* presented in Chapter 4 of this report were made on samples that

had been stage-ground to the desired top size. A.sa result, the particle size distribution tends to

be.much narrower than that of samples ground to the same top size in either rod or ball mill in

a single stage. Therefore, it was of interest to determine the cleanability of the base coal that

had been prepared by the standard grinding procedure. However, instead of performing the

actual washability analysis of the ground coal samples, a new technique using scanning electron

microscopy with automated image analysis techniques (SEM-AIA) was used to predict the

O washability of the ground coal samples. The SEM.AIA study was completed at Ames Laboratory

by W.E. Straszheim et al. (2) and the results for the three base coals dry ground to 200 mesh,

following the standard grinding procedure, are presented in Figures 6.12 -6.14.

The SEM-AIA results for Illinois No. 6 (Figure 6.12) predict that the pyritic sulfur in the

standard ground coal is not liberated as well as that in the sample, used in the washability study.

However, the SEM-AIA results suggest t _ata gravity separation of close to the 90-90 goal should

be obtainable with the rod.mill ground p:oduct. The difference between these two curves may

be.due to a variety of reasons, the most obvious being the different methods of size reduction and

the different techniques used for assessing the cleanability. In spite of the difference, the results

are surprisingly close. The predicted cleanability of the ash-forming minerals (also shown in

Figure 6.12) by the SEM-AIA is greater than the actual washability results at ali CMR values.

Again, these differences are not surprisingly due to the differences in the sample preparation and

the methods of assessing the cleanability.

O The comparison of washability and SEM-AIA results for Pittsburgh No. 8 and Upper

Freeport PA coals (Figures 6.13 and 6.14) are analog_ to those of Illinois No. 6. The predicted
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Upper Freeport PA coal.

O pyritic sulfur rejection is slightly lower than the actual washability analysis with the SEM-AIA

results falling just short of the 90-90 goal. The predicted ash washability for both coals is greater

than the actual washability results at ali CMR values.

In summary, the SEM-AIA analyses predicts that cleanability of the standard dry-grinding

procedure for 200 mesh coal is only slightly different from that of the washability. In general, for

ali three coals the pyritic sulfur i'ejection is slightly less than the washability results and the ash

rejection is slightly better. The difference may be due to differences in the particle size

dLstribution of the various samples as well as dLfferenees in the two techniques used to assess the

cleanability of the ground coals.

6.7 Q_QC Grinding Tests

Coal feed samples for flotation studies were eomminuted using a rod mill following the

standard grinding test procedures to obtain a fraction 95 _+1% passing 28 mesh or 200 mesh.

O fulfill QA/QC comparison of grinding data obtained at Berkeley, Columbia and
To the plan, a

_ @!7
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Table 6.7 - Results of QA/QC tests of the standard grinding procedure showing the
percent passing the desired grind size for grinding conducted at various

r---- '' ' ' sit_forthe!hreebasecoals. Oil ll.ll i i IIIIHI il. i ___ i,|.__

28MESH 2OOMESH

we...._t IL_ w__
PittsburghNo.8

Berkeley ' 95.8 96.1 96.0 97.5
Columbia 95.0 96.0 94.0 96.0
Utah ......

Illinok5No. 6
Berkeley 95.8 95.0 95.9 95.5
Columbia .......
Utah ........

UpperFreeportPA
Berkeley 97.3 97.7 92.9 95.5
Columbia 96,7 95.4 92.8 92.0
Utah 95.0 95.0 95.0 94.9

---- , L , ,,, " ,:,,,, __,. - -- ,,, ,,., ,, i,, i __ __ ,.. -----

Utahwasmade tocheckthepercentofmaterialpassingagivensizeaftercomminutingthethrea

basecoalsatthethreedifferentsitesforthestandardgrindingtimes.TheseQA/QC Standard

GrindingTestresultsarepresentedinTable6.7andshowthatthethreeresearchsitesproduced

a ground product that contained about 95% passing the desired top size. O

6.8 References

(1) R.R. Klimpel, "Fine Coal Grinding in Fine Coal Processing", S.K. Mishra and R.R. Klimpel
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(2) W.E. Straszheim, R. Markuszawski and G.M. Orem, "Prediction and Evaluation of Coal
Cleanability," Fossil Energy Quarterly Report for January 1, 1990 through March 31, 1990,
DOE Contract W-7405-Eng.82.
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7.0 DEVELOPMENT OF THE STANDARD FLOTATIONTEST

O One of the most important goals at the onset of the research project was to develop a

standard flotation proc_ure that would ensure repeatable and reproduc_le tests. Further, such

a standard test had to enable the evaluation of the effects of vario_ grinding and flotation

reagent schemes, which was part of the overall objective of this research. The same standard

flotation test was also used to evaluate the effect of coal weathering on its flotation response..

7.1 Standard Flotation Test Procedure

Standard flotation test procedures were developed using operating parameters within

reasonable ranges so that the influence of grinding and surface modifying reagents could be

studied. The standard test is not an optimal test with respect to any single param_.er, but rather

a test conducted at conditions generally suitable f,Jr coal flotation and pyrite rejection.

Preliminary tests confirmed that a number of flotation conditions should be made coal-specific

rather than kept constant for ali coals. For example, since the hydrophobicity of the coals differs

significantly, the collector and frother dosages are coal-specific and hence were selected to suit

• ,the flotation of each coal. Also, both collector and frother additions are somewhat dependent

on the flotation feed size of a given coal. Therefore, frother and collector dosages were selected

individually for the two feed sizes (28 mesh and 200 mesh). Tests were also conducted to

establish if different dosages were required for dry grinding and wet grinding for a given grind

size. While a number of operating parameters were set at ranges considered suitable from past

experience, others were determined empirically with the three base coals. These included the

pulping time and the collector and frother conditioning times.

In coal flotation, a combination of collector and frother is generally used. Coal flotation

collectors are usually nonpolar oils obtained from petroleum distillation or coke oven plants and,

therefore, have low solubility in water. Typical nonpolar collectors are kerosene, fuel oil, crude

petroleum, and coal-tar distillates. As the molecular weight of these reagents increases,

considerable agitation is required to disperse the reagent and to ensure its spreading on the solid

surfaces. Kerosene (with a boiling range of 170-270"C), a widely used collector in coal flotation,

O is a mixture of saturated paraffinic hydrocarbons whose exact composition depends on the source

7-1
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of the crude and the distiUationoperation. In order to ensure a consistent quality of the collector

duringthecourseofthisresearch,dodecane,withamolecularweightclosetothatofkerosene, O
(boilingpoint216°C)waschosenasthestandardcollector.

Frothersareheteropolarreagentsthatstronglyabsorbattheair-waterinterfaceand

therebyactasstrongfoamingagent.MIBC (methylisobutylcarbinolor4-methyl-2-pentanol),and

pineoil(aterpineol)arecommon frothersusedincoalflotation.The choiceoftheft'other

dependson theconsistencyofperformance,availabilityandprice.MIBC hasbeenfoundtobe

themostcommonlyusedfrotherinflotatio_practice,notonlyfortheforegoingreasons,butalso

becauseitproducesa fine-texturedfroththatisnotverypersistent.Therefore,MIBC was

selectedasthestandardfrothertorthepurposeofthepresentwork.

The operatingparametersforflotationwereseparatedintotwoparts(a)thosewhichare

common forthethreebasecoalsand(b)thosewhicharecoalspecific.The common orfixedset

ofparametersincludesrotorspeed,frothpaddlespeed,pulpdensity,airrate,pulplevelinthe

ceil,andconditioningandflotationtimesforthestandardtests.Inordertominimizetheeffect

of regionalwaterquality,distilledwaterwas usedatallthreelocations.These operating

conditions were the same for the two grinds (wet and dry) tested under this project, l_

Because the contract required the use of a standard flotation machine for the standard

flotation test, a Denver Laboratory Model flotation machine, which is commonly used and is

available at ali three research locations, was selected. However, the flotation tank or cell used

is of special design which allows for mechanical froth removal and air flow control. 'Each of the

three universities is equipped with identical flotation cells. The flotation cell was made of

plexiglass following the design developed by the DOE PETC (1). Figure 7.1 shows the two-paddle

design of the cell which enables the removal of froth from two sides of the cell. Typically, for

low-grade ores, a 4-1iter cell is used for rougher flotation while a 2-1itercell is used for cleaner

flotation. In coal flotation, the 2-1iter cell was selected for the standard single-stage batch

flotation tests. Figure 7.2 shows the, automatic flotation apparatus which has been used at DOE

PETC as well as at the University of Utah for coal flc:ation. The entire experimental set up for

the Standard Flotation Test is similar to that shown with the exception of pulp level control

which is maintained manually to a predetermined level marked on the piexiglass cell, Our
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Figure 7.1 - Two-paddle flotation cell used in The standard Flotation Test.

F LOWMETER //
TACHOMETER

fIMPELLER DRIVE

3-WAY VALVE STANDARD AIR INLET

AIR PUMP ,,..
LEVEL SENSING PROBE

LEVEL CONTROLLER

WATER PUMP

/

TIMER

SPE ED I/
CONTROLLER

- " WATER
FROTH LAYER fr_ r: :'_ RESERVOIR

CATCH TRAY "_ PULP

O Figure 7.2 - standard flotation apparatus showing the flotation cell and Denver Laboratory
Model Flotation Machine.



conclusions were that it would be simpler to maintain pulp level manually because of the long

flotation times used in the standard tests. I

The mechanical scrapers, attached to a small motor, can be adjusted by a rheostat to a

speed between 0 and 40 rpm. The air flow rate is controlled by a diaphragm pump connected

to a 3.way valve and flow meter assembly, allowing for ea.D, control of the flotation gas

composition. This automated flotation machine is reported to providermore reproducible data

than can be obtained with a standard Denver laboratory flotation machine without automatic

froth removal (I).

The standard flotation test conditions are given in Table 7.1 for all three base coals. As

can be seen from this table, there are numerous variables associated with the flotation that could

affect the final clean coal product. Fortunately, previous investigations have made some of the

choices much less complicated than if the general behavior of coal flotation were not already

known. For instance, the collector (dodecane), frother (MIBC) and flotation pulp density were

ali chosen from previous experimental work (2).

Even though the selection of the collector and frother were based on previous flotation

0work, the dosages are particularly sex_itive to the type of czml and the extent of comminution,

and therefore necessitated empirical testing to determine reasonable dosage levels. Accordingly,

the dosages selected as standard are different for each of the three base coal._ and were

determined by following a statistical design. Levels of flotation reagents were chosen m that a

reasonable yield was obtained, but not necessarily optimized. In general, each coal was floated

first with na reagents and then with increasing amounts of [tother and collector. Flotation tests

were conducted with both 28-mesh and 200-mesh standard grinds to establish the collector and

the frother dosages.

The standard frother and collector dosages were determined for the three base coals

by systematically varying either the frothcr or collator and observing the effect on the flotation

product. The standard dosages were chosen at the start of a plateau region in the dosage/recovery

curves so that when the effects of surface,modifiers andgrinding conditions were being evaluated,

both beneficial and detrimental effects could be observed. The results of some of these tests for

wet-ground Pittsburgh No. 8 coal are shown in Figure 7.3.
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Table 7.1 - Standard flotation test conditions.

II i I i I ii I iiiii _ i iii,i,,i ,,i I iipARAMETER 2S M GRIn 100M GR_

Feed Sample
Grinding sample weight 500 g 500 g
Flotation test feed 125 g ± 5 g 125 g ± 5 g
Method of splitting rtft3e riffle
Max. time before flotation 2 hr 2 hr
Flotation time 5 minutes 5 minutes

_otation Equ.ipment and Operating Conditions
machine type Denver machine with 2 liter DOE eelJ
machine rotor speed 1200 rpm 1200 rpm
froth paddle speed 36 rpm 36 rpm
H20 1000 ml 1000 ml
Levelmake up method manual manual
Cell water level below lip 20 mm 20 mm
Aeration rate 4 lit/min 4 lit/rain

Conditionine Tim__
Pulping time (minimum) 2 min 4 rain
Pulp level adj. and pH meas. time 1 min 1 rain
Collector conditioning time 1 min 1 rain
Frother conditioning time 3 rain 3 rain
Total conditioning time 7 min 7 rain

Colle._,or dosage (100 p-I = 1.20 lbfl")
Illinois No. 6

4.80 Ib/T (400 p-l) 5.76 lb/T (480 p-l)
dry grind
wet grind 4.80 lbfr (4430p-l) 5.76 Ib/T (480 p-l)

Pittsburgh No. 8
dry grind 1.92 lbfr (160 p,l) 2.16 lbfr (180 p-l)
wetgrind 2.02IbfF(168p-l) 1.92 Ib/T(160p-l)

Upper FreeportPA
drygrind 0.24Ib/T(20p-l) 0.48Ib/T(40p-l)
wetgr_nd 0.24 Ib/T(20p-l) 0.48Ib/T(40p-l)

Frotherdosag.q(100p-I= 1.30Ib:l')
IllinoisNo.6

drygrind 1.17IbYr(90p-l) 1,17Ib/'r(90p-l)
wet grind 1.17Ib/T(90ILl) 1.17Ib/T(90p-l)
PittsburghNo.8
drygrind 0.39Ib/T(30p-l) 0.39Ib:r(3Op-l)
wetgrind 0.39Ib/T(30p-l) 0.30Ib/T(23p-l)
Upper FreeportPA
drygrind 0.26Ib/T(20p-l) 0.21Ib/'F(16p-l)
wetgrind 0.26Ib/T(20p-l) 0.21Ibfr(16p-l)

ii i i ill lllm i i i i. iiimi_

FlotationresultswithIllinoisNo. 6 showed thatthiscoalwas themostdifficulttofloatand

requiredlargedosagesof collectordue toitshydrophilicity.Sincethe collectorissome'what

nonselective, the pyrite rejection decreases with increasing collector dosage. The net effect is a
poor flotation separation. The results of the standard flotation results for Illinois No. 6 are given
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ground Pittsburgh No. 8 coal.

A

in Table 7.2 and at'e ch,_racte_ by low flotation efficiencies for the 200-meshgrinds as g

compared to the other two base coals.

Initial experiments with Pittsburgh No. 8 indicated that this coal was fast floating and

yields of 75-80% were achieved easily. Therefore, separate collector and frother dosages for both

size._, ground dry and wet, were selected in order to keep recoveries in this range. The results

of tests using the selected frother and collector dosages are given in Table 7.3.

Table 7.2 - Results of standardflotationtests usingIllinois No. 6 coal.
,mimmmm_w_ i li ,H I i i I -

]_,OTATION PRODUCT ANAL PERCE_
Grind Grinding Yield CMR Ash Pyr S Ash Pyr S El H
si__._._ _ ___ _ ___ %__ ___% %__ __

28 M Dry 74.6 79.8 9.6 1.76 53.8 48.9 28.7
28 M Wet 88,0 92.6 11.0 1.82 37.6 37.5 30.1

200 M Dry 60.4 64.8 9.3 1.36 63.7 68.0 32.8
200 M Wet 77.0 83.3 8.4 1.57 57.6 52`7 36.0

W
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TabM 7.3 - Resultsofthestandardflotationte_tsusingPittsburghNo.8 _3al.

III I IlL. I I I li li I . , li i li I li ........

_OTATIO_ PRODUCT,,A_. AL REJE_
Grind Grinding Yield CMR Ash Pyr S Ash _ S El H
_- _ _ .9_ _ _ -% _ZL_ __

28 M Dry 82,0 87.3 6.9 1.99 55.0 42,1 29,4
28 M Wet 86.0 91.0 7.5 2.09 48.7 36.3 27.3

200M Dry 77.5 83.3 6.0 1.37 63.0 62.3 45.6
200 M Wet 75.7 82.4 4.9 1.20 70.5 67.8 50.2

ii IIIH I Iii II I ii, i II II III III I I II I III I1[ Ii II I II I II ........ i IlII

The results of tests for 200.mesh wet-ground Upper Freeport PA coal indicated that this

coal floated the easiest of the base coals, and that reasonable yields could be obtained with no

collector at all. Three combinations of frother and collector, each giving equivalent efficiencies,

were considered for 200-mesh wet-ground Upper Freeport PA coal, the most readily floatable

of the three base coals.

(a) Frother only (MIBC),

(b) Balanced addition of frother and collector, and

O (c) Higher collector and lower frother dosage.
The first option produced a high quality concentrate, but the flotation yield was very low. On

the other hand, the third option produced a high yield, but the quality of the concentrate was

compromised. Thus, the second option with a balanced collector and frother addition was selected

as the most suitable reagent conditions for the standard flotation test. By a similar, procedure,

the reagent dosages for the other three grinds were determined and are given in Table 7.4.

Table 7.4 - Results of standard flotation tests for Upper Freeport PA coal.
,,,, ,i i , , , t i , iii ,i,ii IlL ,L__::_: _:_ : -- _-:: : -_ - :::_---l/_,_l_J,

_OTATION PRODUCT AN_ RE_ ,C_ ,O._N,
Grind Grinding Yield CMR Ash Pyr S Ash Pyr S El H
size Mod____e_ __%_ _ % _ % __

28 M Dry 81.1 86.5 6.7 0.69 56.6 65.5 52.0
28 M Wet 75.5 80.8 6.4 0.63 61.4 70.6 51.4

200 M Wet 59.1 63.3 6.3 0.67 70.2 75.6 38.9
200 M Dry 68.2 73.8 5.3 0.51 71.1 78.5 52.3

i i illlll i _-- ......... : ...... . _ _ L._IIjtlL .... l_ I IlL I II Illl .lI_'_q_'II_I/b
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Figure7.4 . Flotationyieldsof thethreebasecoalsasa functionof flotationtimeusingthe
standardcollectorandfrotherdosagestabulatedin Table7.I.

Just as the collector and frother dosagesaffect the cleancoal productso too can the O

flotation time, which is controlled by the kineticsof the process. A balancemust be stn=ck

betweenthe qualityof the productandthe recovery.Figure 7.4 showsthe flotationyield-rs-time

relationshipfor the three basecoalswith the standardcollector and frother additions. Yields

closeto eightypercentwere desiredso thata ninetypercent Btu recoverycouldbe achieve.dyet

any improvementsin the selectivity of the flotation processcould be detected. The results

presentedin Figure7.4 showthat at flotation timesof fiveminutesandthe standardcollectorand

frother additionsfor each coal, this criterion ismet. This flotation timewasusedfor ali three

coals,both 2.g-meshand 200-mesh,dry- andwet-groundmaterial.

These test conditions andproc_luresdevelopedhere wore usedconsistentlythroughout

this projectand changedonlyas ne._ed for experimentscarriedout with other reagentsin the

testingof surfacemodifyingreagents.The testconditionssummarizedin Table 7.1 comprisethe

standardflotation test proceduresthat wereusedin thisproject for the three basecoals.

0
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7.2 QA/QC for Standard Flotation Tests and Coal Analyses

e In order to check the reproducibility and repeatability of the standard flotation tests and

coal analyses, an extensive QA/QC program was undertaken. In these studies, _)0-gram samples

(minus 1/4-inch in size) of Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals were

wet-ground to 95% minus 200 mesh using our standard grindingprocedures. The ground samples

were then split into four pans using a stainles.ssteel riffle (8-1/4 inch x 1 inch in s_ze with 32-1/4

inch chutes) and thre_ of the four splits were used as feed for the standard flotation tests. The

fourth split was reserved for analysis.

Subsequently, each sample of flotation feed concentrate, andtailings (from floated samples)

was analyzed for ash, total sulfur, and pyritic sulfur. In order to provide enough material for j_

QA/QC analyses, the three flotation concentrates and tailings for each coal were combined and

honlogenizcd. The feed and the combined concentrate and tailing for each coal were then split

into four parts. One part was sent to Columbia University and one to the University of Utah tO

conduct proximate, total-sulfur, and pyritic-sulfuranalyseswhile the remaining samples were kept
i!

e at Berkeley for further characterization studies.
Tables 7.5 to 7.7 give the flotation yield, ash and total-sulfur contents of the flotation

products of the three base coals. The pyritic-sulfur content of the flotation products of

Illinois No. 6 coal and the efficiency index for each separation are also presented in Table 7.7.

The results given in these tables clearly show that the standard flotation tests are qui_e

reproducible. The yields obtained for each coal differ by no more than 4.4 percentage points at

most (Upper Freeport PA) and only 3.2 percentage points for Illinois No. 6 coal. The differences

in the efficiency index for Illinois No. 6 coal ts less than 2 points. The ash and total sulfur

contents of the flotation products are also quite _nsistent in the different tests. Furthermore,

the average flotation yields obtained in this study, 76.8, 75.9 and 75.3% for Illinois No. 6,

Pittsburgh No. 8, and Upper Frt_port PA coals, respectively, agree very well with the average

values reported in our First Annual Report (77.4% for Illinois No. 6, 76.2% for Pittsburgh No. 8

and 73.0% for Upper Freeport PA coals).

e Table 7.8 compares the weight and compos;tion of the split samples from the 200 mesh wet
grinds of the three base coals. The ash, total-sulfur, and pyritic-sulfur contents of parts A, B and
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Table 7.5 - Reproducibility of the standard flotation tests (dodecane 5.75 lb/T, MIBC

1.16 !bH, pH 6;6)of 200..mesh, wet-ground_ Illinois No. 6. O

Split Sample _ Yield, % _ _ Pvr, S % _I H

Part A Cone.. 78.3 8.4 3.54 1.15 47.7
Tail 21.7 38.2 8.72 7.20

Part B Cone. 77.0 8.1 3.51 1.04 49.7
Tail 23.0 37.0 &50 6.96

Pan C Cone. 75.1 8.0 3.50 1.10 49.4
Tail 24.9 35.7 8.53 7.12

Part D Feed 14.9 4.66 2.37

Table 7.6 - Reproducibility of the standard flotation tests (dodecane 1.92 lb/T, MIBC
0.30 lbH, pH 3.8) of 200-mesh, wet-ground Pittsburgh No. 8 coal.

S._J._I_ Product _ _ TOt S, %

Part A Cone. 73.8 5.2 2.73
Tail 26.2 29.1 8.61

Part B Cone. 76.4 5.5 2.79 dIL
Tail 23.6 31_3 9.13

Part C Cone.. 77.7 5.4 2.72
Tail 22.3 31.9 9.02

Part D Feed 11.6 4.29

Table 7.7 - Reproducibility of standard flotation tests (dodecane 0.48 Ib/T, MIBC
0.21 lbH, pH 3.3) of 200-mesh, wet-ground Upper Freeport PA coal.

S_plit_ product Yield,% _.sh,% Io!S,%

PartA Conc, 73.7 6.3 1.27
Tail 26.3 34.0 4.61

PartB Cone. 74.1 6.4 1.26
Tail 25.9 34.3 4.78

Part C Cone. 78.1 6.8 1.29
Tail 21.9 38.5 5.57

Part D Feed 13.9 2.28
i iii i i i iiiii II iii i i iiiii II lm I .. J 1 _J_ln_
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D Table7.8 - Comparisonofsplitsamplesfromthe200-meshwet grindofthethreebasecoals. ......

Coal Part Weight. Ash Tot S PyrS

IllinoisNo.6 A' 111.4 14.8 4.66 2.46
B 112.3 14.7 4.66 2.40
C 104.2 14.9 4.75 2.60
D 115.6 14.9 4.66 2.37

PittsburghNo. 8 A 121.9 11.5 4.27
B 122.1 11.6 4.29
C 115.1 11.3 4.12
D 1i[7.3 11.6 4.29

* UpperFreeportPA A 120.6 13.6 2.15
B 118.4 13.7 2.17
C 114.4 13.7 2.23
D 123.0 13.9 2.21

"Results of splits _ B and C were calculated from the analyses of the flotation
concentrates and tailings.

and C in this table were calculated from the analyses of the flotation concentrate and tailings.

The results show that the split samples are quite uniform with respect to the ash content, total-

I sulfur, and pyritic-sulfurcontents. The maximum difference in the weight of the split samples was

12 grams, which did not significantly effect the flotation behavior as can be seen from the results

given in Tables 7.5 to 7.7.

Table 7.9 compares the results of ash, total-sulfur and pyritic-sulfur analyses conducted at

the various laboratories on the flotation feed, concentrate and tailings of the three base cogIs.

The results in this table show that the values are consistent and reproducible at each of the three

test locations, especially the ash and total.sulfur contents. The difference in the pyritic-sulfur

contents is also within the range of experimental error.

Table 7.10 shows the combustible material recovery (CMR), ash and pyritic.sulfur rejection,

and the efficiency index resulting from standard flotation as calculated from the analyses obtained

by the different research groups using two different methods. In the first method, the results

were calculated from the analyses of the flotation feed and concentrate. In the second method,

the results were calculated from the analyses of the flotation concentrate and tailing. It can

D be from this table that the results obtained using these two calculation methods using
seen

the experimental results from three different test locations are quite consistent. TL maximum
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Table 7.9 - Comparison of ash,total-sulfur,and pyritic.sulfuranalysesconductedat

= differentuniversities. @
_le Product _ _Yield,% _S_h,% TotS,% ]_

IllinoisNo.6 D Feed Berkeley 14.9 4.61 2.25
Columbia 14.5 2.16
Utah 14.9 4.73 2-48

A, B,C Berkeley 76.8 7.9 3.50 I.I1
Con columbia 8.1 0.96

Utah 8.1 3.57 1.01

A, B, C Berkeley 23.2 36.5 8.39 6.92
Tail columbia 35.8 7.23

Utah 36.7 8.86 7.64

PittsburghNo.8 D Feed Berkeley 11.5 4.27 2.91
columbta 11.3 159
Utah 11.4 4.10 2.82

A, B,C Berkeley 75.9 5.5 2.70 1.38
Con Columbia 5.5 1.18

Utah 5.4 2-68 1.26

A, B, C Berkeley 24.1 30.7 8.97 8.18
Tail Columbia 30.0 7.88

Utah 30.5 9.33 9.01

Upper Freepon PA D Feed Berkeley 13,9 2-30 1.68
Columbm 13.9 1.37 milk
Utah 13.9 2.21 1.56

A, B,C Berkeley 75.3 6.5 1.27 0.59
COn columbia 6.7 0.50

Utah 6.5 1.25 0.51

A, B, C Berkeley 24.7 35.4 4.88 4.85
Tail Columbia 35.2 5.10

Utah 35.3 5.08 4.86
u--- ... fIN i i ii -----1,u,

difference in the efficiency index is only 4.3 points between the two different methods and

6.4 points when the data obtained from different test locations are used. The difference, in the

efficiency index is mainly due to variation in pyritic-sulfur rejections.

7.3 Efficiency Index Comparison

Because the Standard Flotation Test is the basis for judging the eff_t of various coal

preparation and treatment procedures, data handling ben_mes an important issue. The efficiency

index used to rank the grinding environments and coal surface modification treatments is an rill

important tool in identifying positive effects and the index that is most appropriate depends on
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Table 7.10 - Comparison of CMR, ash rejection, pyritic-sulfurrejection, and efficiency

O index of three base coal calculated using different methods based on theresults obtained by the different research groups.
__ 111 i i i ,..,i i i i ii ,,i i|i ii ___ i i ii t ii i _ t'

Coal Sample _ CMR % Ash Rei _: Pw S Rei %
MI M2 MI M2 Ml MP. Ml MY.

IllinoisNo.6 Berkeley 83.182.8 59.258.2 62.165.3 45.248.1
Columbia 82.582.6 57.157.2 65.969.5 48.452.1
Utah 82.9 82.8 58.2 57.8 68.7 69.6 51.6 52.4

PittsburghNo, 8 Berkeley 81.8 81.1 63.8 64.0 64.0 65.3 45.1 46.4
Columbia 80.9 81.0 63.1 63.4 65.4 68.0 46.3 49.0
Utah 81.1 81.1 64.1 64.2 66.1 69.4 47.2 50.5

Upper Freeport PA Berkeley 81.7 81.5 64.6 64.0 73.6 72.9 55.3 54.4
Columbia 81.6 81.4 63.7 63.3 72.5 77.0 54.1 58.4
Utah 81.7 81.5 64.5 64.0 75.4 75.8 57.1 57.3

i i ii i ii i i 11111 iii ii ii ii ii iiii --- __ _ L ii llllllll i -- __

M1 - Results basedon theanalyses of the flotationfeed andconcentrate.
M2 - Results basedon the analysesof the flotationconcentrateand tailings.

the recovery and rejection values. Extensive work has been directed at delineating the most

appropriate index for our' purposes and these findings are discuss_ in this section.

An analysis was carried out to compare two definitions of efficiency, namely the

Department of Energy's efficiency index (EIDo_:

% P_tic Sulfur in tail
EID°E = % Pyritic Sulfur in clean coal x Yield

and the well-known Hancock separation efficiency (EIx)(3):

wt..____nc % mineral in eonc _b_e in cone
EIx = (100% x wt iced ) x ( % mineral in feed" %gangue in feed )

For the pu_ of this illustrative discussion, undesirable or gangue material will be equated

with pyritic sulfur and the rest of the desirable material will be equatec_ _hth the Btu ], in

accordance with the efficiencies being defined for a binary system of valuable and waste products.

The Hancock efficiency varies between -100% and +100% where negative numbers

correspond to unfavorable separation processes and positive numbers to desirable separations.

D ]The Index this is the Hancock efficiency and is based onEfficiency 1"epol'tedthroughout report
the c_3mbustiblematerial recover) _,CMR)instead of Btu Recovery. The relationship between CMR
and Btu recovery will be discussed in the next section.

7.13



Further, El H is linear with respect to both gangue rejection with constant yield and to yield with

constant gangue rejection. A perfect separation, that is, ali valuable mineral being recovered and g

ali gangue being rejected, will give EIH = 100; a sampling operation where no concentration of

mineral or gangue rakes place gives EI H = O;and a truly imperfect separation (where all the

mineral is rejected and ali the gangue is recovered) gives EIH - -100. This method of measuring

efficiency is, perhaps, more easily visualized than the EIDo_ method became EIDo _ is non-linear

with respect to both gangue rejection with constant yield and to yield at constant gangue

rejection; further the EIDoE can vary between zero and infinity. Both these, aspects lead to

difficult visualization of the real effectiveness of a separation corresponding to a number g/yen

by the EIDoE.

The standard flotation test results on Illinois No. 6 coal, for 200-mesh dry grind gave an

average yield of 60.4% and a pyritic sulfur rejection of 68.0%. For purposes of this illustration

of how the efficiency indices varywith recovery and rejection, a standard value of 60% yield and

80% pyritic sulfur rejection will be used. The pyTiticsulfur in feed is taken to be 2.70%. For a

perfect separation ali the pyritic sulfur reports to the tailings, and the denominator of the rill

Department of Energy's EI equation goes to zero, and EIDoE goes to infinity. At the other

extreme, if the separation is perfectly deleterious all the pyritic sulfur reports to the concentrate,

the numerator of the above equation goes to zero, as does the efficiency index EIDo_. Ali values

in between these extremes are possible.

However, for the standard test result as used in this illustration, EIDoE - 360. Figure 7.5

showshow keepingtheCMR comtantat60% and allowingthepyriticsulfurrejectedtovary,

affectstheindices.EIDoE asymptoticallyapproacheseachaxisattheextremities,whichmeans

atlowpyriticsulfurrejectionasmallperturbationhardlyc_aangesEIDoE yetathighpyriticsulfur

rejectionan equallysmallperturbationofthepyriticsulfurrejectiongivesa largechangein

EIDoE. The Hancockefficiencyvarieslinearlywithpyriticsulfurrejection,100% pyriticsulfur

rejectioncoincidingwithElH = 60. No matterhow good thepyriticsulfurrejectionis,the

Hancocke,._ciencycannotgiveavalueof100% andcannotindicatea perfectseparationbecause

therecoveryofthevaluablecomponentislessthan100%. EIDOE on theotherhandtends lib
toinfinityaspyriticsulfurrejectiontendsto100% irrespectiveoftheyieldandirrespectiveofthe

7-14



5000 1O0

80

4000
ID 6O
_= >,

o>- 3000
o 40 t-

.__ ._o

_E 20 w
UJ 2000 " , .._

o
LLI 0
0 o o¢..

03

a 1000 ' DO -20 I

0 i<'/, . , , , ._--=---:-_, , , ,._.__ -40
0 10 20 30 40 50 60 70 80 90 100

Pyritic Sulfur Rejection, percent

Figure7.5 - ComparisonoftheHancockandDOE efficiencyindexesasafunctionofpyritic
sulfur rejectionat a constantCMR of 60 percent.

0
recovery (except for the case when yield = 0%) thus a perfect separation gives EIDo E = infinity.

Both this dichotomy of the asymptote, and the non-linearity of the EIDo E graph may be regarded

as counter intuitive and is difficult to visualize as a method of gra/!ng a separation.

Many of the same comments regarding the Department of Energy efficiency index and the

Hancock efficiency apply equally well when pyritic sulfur is kept constant and the yield is allowed

to vary. EIDo E asymptotically tends to zero and infinity as the yield tends to zero and 100%

respectively, as can be seen from Figure 7.6. Again EIH is seen to vary linearly while EIDo E

undergoes an exponential increase. Again EI n cannot indicate a perfect separation, that is it

cannot take a value of 100 (not ali the pyrite is rejected) whereas EIDOE tends to infinity, even

though the _paration is not perfect.

Finally, the standard flotation test results give EIDo E = 360. Figure 7.7 shows the locus

of points of pyritic sulfur rejected vs. yield that also gives the value EIDo E = 360. lt should be

O noted that for a pyritic sulfur rejection of 100% and a yield of zero, EIDo E hs indeterminateand not 360, there is a discontinuity at that point. However, the main point is that in the region
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of standard test resuLt_the value EIDoE = 360 can mean many different things in regards to how

much pyriticsulfurL_rejectedandhow much ofthecombustHLematterisrecovered.The value

c,fEIDoE haslittleintrinsicmeaning°

A s_.larcriticismoftheHancockefficiencycanbemade,thatis,one valueofEIH does

notcorrespondtooneseparationresult.However,EIH doe,correspondtohow much material

hasgonethroughtheidealseparatorasdefinedbySchulz(4).

Schulz proposed defining the efficiency of a separation with the aid of his ideal separator.

The ideal separator, as the name suggests, is a notional machine that recovers ali desirable

material and rejects ali undesirable materiaL. Any separation process can be regardedas a system

in which some of the material goes through the ideal separator the rest of the material bypasses

the machine and is separated randomly between recovery and rejection. The Hancock efficiency

is such a measure. _or th,_standard teat results, EIDoE = 360 and EIH = 41.1 wh_'h could be

interpreted as 41.1% of the material passing throughthe ideal separator. The rest of the material

may report to either tailings or concentrate, so even for the Hancock separation efficiency, a

O single value can be ambiguous.
In summary, then, it would seem that Hancock has produced a measure of efficiency that

corresponds to some notion commensurate with intuition, whereas the Department of Energy's

efficiency is r,tore difficult to interpret. Both method,, though, have their shortcomings as a

measure of efficiency because one value can correspond to a number of different states.

Each diffei_t separation scenario is not defined hy an efficiency unique to itself, but may share

the same efficiency as any number of different separations. Maybe the main conclusion to be

drawn is that one number alone cannot properly descrilx_he efficien_ of a separation proce_.

At least EIH is positive for favorable separations, negative for unfavorable separations, in each

of the._e regions varies from 0% to 100%, and returns a value of zero ff nothing happens.
s

Therefore, the Hancock efficiency was used throughout this pro_ect to assess the degree of

flotation reparation for alLflotation tests.
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7.4 Release Analysis

The objective of this research project was to control the surface properties of coal and O

pyrite to improve their separation efficiency by flotation. In order to evaluate the best obtainable

separation with the standard flotation test conditions, it was necessary to establish a reference

curve, based on surface properties, analogous to gravity-b_ washability _sts. The h'beration

analysis obtained from the washability data is bas_ on a bulk property, that is, the density of the

particles, whereas froth flotation is controlled by surface properties which may differ from the

bulk properties. The best separation efficiency achievable under the standard flotation conditions

was determined by using the Release Analysis Procedure of Dell (5). Analogom to the use of

washability curves for asse._ing the potential for cleaning coal by gravity methods, the flotability

curve determines the flotation-cleaning potential of a coal. However, the latter results are limit_

to the reagents used to obtain the flotability curve. This procedure, using our standard reagents,

gave a range of products comprised of the cleanest concentrate (naturally hydrophobic material)

to the cleanest tailings (composezl mainly of ash and pyrite) that can be achieved with MIBC as

frother and dodecane as collector.

7.4.1 Illinois No. 6

The experimental procedure used for the release analysis of Illinois No. 6 coal is shown

in Figure 7.8. The flotation time for each flotation step and the number of cleaning stages were

selected in order to minimiz_ mechanical canyover or entrapment of non-desirable mineral matter

in the concentrate, and to minimize coal content in the final tailing. Following the same criteria,

for the first stage (4 runs), the standard reagent dosage for Illinois No. 6 coal was used. For the

release analysis test, dodecane was added to each of the flotation steps, whereas MIBC was added

only to the first, third and fourth. For the second and third cleaning stages, smaller amounts of

both dodecane and MIBC were added only to the last flotation step of each of these successive

cleaning stage.s. No reagents were added to the fourth cleaning stage. S_ilar procedures were

also used in the case of Pittsburgh No. 8 and Upper Freeport PA coals. The results of the

release analysis are plotted in Figure 7.9 and show that there is a large difference between the

washability and release analysis, indicating that surface-based separation pr_ are different qP
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fxom those based on bulk properties, such as gravity(washability test). This is particularlycritical

when locked panicles are present. Figure 7.9 also shows SEM-AtA predicted flotability data for

dry-ground 200 mesh Illinois No. 6 coal. These data, taken from a study by W. Strsszheim ct

al. (6), were obtained by consi,_ering the fractional coverage of particle surface by coal and

minerals. The SEM-AIA flotability curve slightly under predicts the pyritic sulfur rejection at

CMR values greater than 80 percent and over predicts at rallies less than 80 percent. The

hydrophobicity of pyrite, either inherent or induced, is probably the cause of this difference.

The release a_alysis procedure produces a concentrate that has been cleaned numerous

times, whereas the standard flotation test does not re.clean the rejecL This difference makes it

difficult to compare results. To alleviate this problem, one-step flotation kinetic tests were

conducted, using the Time Release Analysis Procedure described by C.avallaroct al. (7). In this

prcw.cdure,a set of concentrates of varying flotation rates is obtained, lt is expected that the

most hydrophobic clean coal will float at the fastest rate but with the lowest yield, and _ the yield

increases, mineral matter reporting to the concentrate will also increase, thus, ali the concentrates

will lic over the same separation line. The froth was collected at 0.5, 1, 3, and 5 minutes.
lm,The results of these kinetic standard tests are shown in Figures 7.10 and 7.11. The pyritic

sulfur and ash rejection for one-step flotation is substantially less than for the release analysis.

Pyritic sulfur rejection decreases by about 20 percent at yields of 80 percent. This indicates that

the efficiency, of the flotation tests reported here will understate the maximum separation

efficiency obtainable if the products had been c_eaned.

7.4.2 Pittsburgh No. S

Figure 7.12 shows the experimental procedure used for Pittsburgh No. 8. Flotation time

and the number of flotation stages were selected in order to evaluate the best poss_le separation

obtainable with the standard flotation reagent dosages. The first stage was run four times and

the concentrates combined in order to obtain enough material in each subsequent stage and to

minimize t;_e effects of pulp dilution during cleaning. The pH was the natural pH of the slurry,

The flotation results are presented for Pittsburgh No. 8 coal in Figure 7.13. Even with

extensive cleaning and recleaning, the flotation separation does not coincide with the washability
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results. This highlights the difference between gravity and surface-based separations where a

O particle primarily of pyrite may be quite hydrophobic, depending on the amount of coal present

on the surface. In order to overcome this phenomenon, a number of methods including the

addition of reagents that will selectively alter the hydmphobicity of these coal/pyrite particles or

regrinding the middlings may be necessary.

Also included in Figure 7.13 are the SEM-AIA predicted flotability data for dry-ground 200

mesh Pittsburgh No. 8 coal. As can be seen from this figure, the SEM-AIA technique predicts

substantially better pyritic sulfur rejection at CMR values below 85%. In fact, the predicted

values are close to those obtained in the washability study. Again, this difference may be due to

the pyrite being partially hydrophobic. At CMR values above 85% the release analysis and the

SEM-AIA predicted curves are almost identical.

Several tests were performed with varying amounts of frother added to the cell at constant

collector addition to directlycompare with the standard flotation results. Since the same frothed:

and collector were used for these tests, the results lie on a single separation curve for one-step

O flotation tests. Figures 7.14 and 7.15 present the pyritic sulfur and ash rejection for
Pittsburgh No. 8 coal as a function of the recovery taken from the washability, Release Analysis

and one-step flotation tests.

These curves show that at yields of 80% and less, the pyriticsulfur rejection associated with

one-step flotation about 10 percent less than that of the release analysis at equivalent CMR

values. This difference is expected to be machine dependent and should decrease if a cleaning

step is added.

7.4.3 Upper Freeport PA

In the case of Upper Freeport PA, the release analysiswasperformedaccordingto the ex-

perimental procedure shown in Figure 7.16 and the results are plotted in Figure 7.17. As in the

case of the other two coals there is a substantial difference between the release analysis results

and the washability results. The SEM-AIA predicted results are like those for Pittsburgh No. 8

coal in that they slightly over predict the pyritic sulfur rejection at CMR values greater than 90

O percentand arealmostidenticaltothereleaseanalysisatCMR's abovethis_,due.,
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Figure 7.14 - Ash rejection as a function of (100-Yield) for Pittsburgh No. 8 coal for the
one-step flotation tests, release analysis and washability studies.

100 0

1

L_
_ 80
e_

ff .
_o
_ 6o
W

n,, 40

_J

D PITTSBURGH No 8U3

0 20 200 MESH GRIND
P"_ 1 Washability

IZ 0 Release Analysis B2-03p.
O. [] 1-step flotation

0( J ...... _:i _ _.t _. ___ !_
o 2o 4o so so loo

(100 - YIELD), percent

Figure 7.15 - Pyritic sulfur rejection as a function of (100-Yield) for Pittsburgh No. 8 coal for _l_
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Figure 7.16 - Release analysis flotation scheme for Upper Freeport PA coal.
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O Figure 7.17 - Release analysis, washability data, and SEM.AIA data showing (or BTU)
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recovery as a function of pyritic sulfur rejection for Upper Freeport PA coal.
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7.4.4Summary

The release analysis curves obtained for the three base coals predict that the best flotation D

separations with only dodecane and MIBC will be substantiallyless than that obtained during the

washability studies. The inferior separation made by the surface-based process, flotation, may be

due to a number of different factors, including the smearing of ash and pyrite particles making

them hydrophobic, liberation problems and some inherent or induced hydrophobicity of pyrite.

The inefficiencies of the one-step flotation process compared to the release analysis is probably

due to mechanical entrainment and entrapment of pyrite and ash particles.

In general, the SEM-AIA predicted flotability curves agree quite well with the release

analysis data at high CMR values (80% - 90%). At low CMR values, the SEM-AIA data fall

almost on top of the data obtained in the gravity based washability studies, which for ali three

coals always gives I_etterpyritic sulfur rejec'ion than the release analysis. The over prediction at

low CMR values may be due to a natural or induced hydrophobic surface on pyrite. This may

be particularlycritical with particles that contain semi.liberated pyrite.

7.5 Correlatior, Between Combustible Material Recovery (CMR) and Btu Recovery O

Throughout this project, the yield andCMR have been used to evaluate process efficiency

in order to limit the need for more elaborate and costly heating-value (Btu) analysis. Therefore,

the correlation between the yield, CMR, and Btu recovery needs to be established empirically.

The calorific value of the feed samples and selected flotation products of the three base

coals were determined, and the data were treated by regression and correlation analysis. The

relationship between CM'R and Btu recovery is shown in Figures 7.18, 7.19 and 7.20 for

Illinois No. 6, Pittsburgh No. 8, and Upper Freeport PA coals, respectively. It can be seen that

a good linear relationship was obtained for each coal. These results concur with Appendix A-2

of our First Annual Report that asserts that CM'Rvalues slightly underestimate Btu recovery, and

therefore, Efficiency Indices based on CM_ values under report the flotatio_ efficiency based on

Btu recovery.

0
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Figure 7.18 - Relation between Combustible Material Recovery and Btu Recovery for
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07.6 Relation Between Total Sulfur and Pyritic Sulfur

Desulfurization _f coal prior to combustion is becoming important for the effective

utilization of this impo.'.ant energy resource without polluting the environment. A significant

portion of the total suli _rpresent in many raw coals is inorganic in nature, occurring mostly as

pyrite and sometimes v,,_h small amounts of sulfate, with the remainder being organic sulfur

intimately bound to the organic coal matrix (8). Because the degree to which sulfur can be

reduced in coal by physic metl;z'cts,such as flotation or gravity separation, is directly related to

the portion of pyritic sulf: r in the coal, determination of the pyritic sulfur and ash content must

be routinely carried out _r large numbers of products in order to evaluate the separation

efficiency of the proce.s.s.

The commonly ac,:e ed method for determining sulfur forms in coal is that designated in

the United States as the A_ FM D2492 Metho0 (9). In this procedure, the sulfate sulfur is first

analyzed by extracting minu:; 60-rt,esh coal with hot dilute HC1 and determining the sulfate sulfur

gravimetrically as RaSO 4. P.Titic sulfur is then obtained by extracting the HCl-treated coal with
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hot 2M HNO3 f_r 30 minutes and determining the iron present in the extract by atomic

O absorption spectrophotometr_. The amount of pyritic sulfurin the coal is calculated from the

iron content, assuming that ali the extracted iron came from Fe,._ in the coal. Organic sulfur is

then calculated as the difference between the total sulfur and the sum of the sulfate and pyritic

sulfur.

Several alternative methods for the determination of pyritic sulfur content of coal have

bean proposed (10-14). Manyof these methods involve the reduction of the inorganicsulfur

forms to hydrogen sulfide, allowing for the direct determination of pyritic sulfur. Hyman and

Rowe (14) proposed a different method that combin_ the techniques of thermogravimetry and

magnetometry to determine the pyriticsulfur in coal and lignite by reducing the pyrite to metallic

iron. However, among these methods, the ASTM procedure is still the most straightforward, and

many tests have confirmed its utility on raw coals. However, because a large number of

conc-:ntrates and tailings can be,produced in coal flotation experimentation or in coal cleaning

operations, determination of the pyritic sulfur content of large numbers of samples by the ASTM

Q procedure is prohibitively time-consuming. In this report, we present a way to estimate the pyritic
sulfur content of the coal samples from their total sulfur and proximate analysis.

In order to evaluate the separation efficiency for the physical proceasing of a given coal,

the pyritic sulfur and ash contents of the desired and waste products must be determined. From

the pyritic sulfur and ash contents c,f the concentrates and tailings (waste) produced by the

separation process, the pyritic sulfur rejection, ash rejection and combustible material recovery

can be calculated. The unique feature of these various products is that they come from the same

coal and, therefore, the organic coal matrix and the mineral matter components present in the

products are the same except that the percentage of each component in these products is

different. Since physical separation methods cannot reduce the organic sulfur inthe coal matrix,

the organic sulfur content contained in the combust_ie material in these process streams can be

c,omidered to be constant, that is

(% Tot. S - % Pyr. S - % $ul. S)/(100 - % Ash) = constant. (1)

Q
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,Therefore, if the sulfate sulfur constant is small, the pyritic sulfur content of the coal

process sample should be a linear function of its total sulfur and ash content and can be Q

represented by the following equation:

%Pyr. S - A(%Tot.S)+B(%Ash)+C (2)
%.

Theoretically, A should be equal to one, B should be related to the organic sulfur content

/ tE

and C should be a function of both the organic and sulfatic sulfur contents. However, empirically i I

the valu_ of A, B a_ndC can be determined by statistical analysis, by measuring the pyritic sulfur [

content using the ASTM procedure and also the total sulfur and ash contents of several flotation

products of the same coal. After the parameters in the equation have been established for a

particular coal, the pyritic sulfur content of other flotation products of the same coal can be

calculated based on their total sulfur and ash content using the equation. Because determination

of pyritic sulfur of coal using the ASTM procedure requires considerable time (at least two hours

for each sample) and determination of total sulfur and ash content of coal using

micropr_r-controlled machines is rapid and reliable, significant time and effort can be sa,_ed

with our proposed procedure. 0

7.6.1 Testing the Proposed Procedure with Flotation Samples

This hypothesis was tested with three bituminous coals, Illinois No. 6, Pittsburgh No. 8 and

Upper Freeport PA. The flotation products were obtained by floating minus 200-mesh coal with

dodecane and MIBC at natural pH. The pyriticsulfur content of these flotation products were

determined using ASTM Procedure D2492. The total sulfur and ash contents were determined

with a LECO SC-132 Sulfur Analyzer and a I.ECO MAC-400 Proximate Analyzer. Both

machines are controlled by a microproces._r. Typically,determination of the total sulfur of one

coal sample required less than five minutes using this sulfur analyzer. Duplicate tests were

conducted for each sample in order to obtain more accurate results and the average value was

used in the regression analysis. Using the proximate analyzer, 19 coal samples can be analyzed

for their ash content at one time.

For Illinois No. 6 coal, 20 flotation products were. analyzed and the corresponding

regression equation is
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O % Pyr.S -'- 0.9751(% Tot. S) + 0.0128(% Ash)-2.6054 (3)
with a correlation factor R squareequal to 0.9934. Fo_"PittsburghNo. 8 coal, 55 flotation

productswere analyzedandthe regressionequationis

% Pyr.S = 0.6213 (% Tot,S) + 0.0935 (% Ash)-0.9203 (4)

withacorrelationfactorR squareof0.9958.ForUpperFreeportPA coal,16flotationproducts

wereanalyzedandtheregressionequationis

% PF, S = 0.9413(% Tot.S) + 0.0108(% Ash).0.7820 (5)

witha correlationfactorR _luareof0.9983.

Figure_7.21,7.22arid7.23areplotsofthedeterminedpyriticsulfurcontentfollowingthe

ASTM procedurevenus thevaluescalculatedfromthetotalsulfurand ashcontentsusing

Equations3,4 and 5 forthethreecoals..Thesefiguresconfirmthata verygood linear

relationshipdoesexistbetweenthethreeparameters.ALsothedifferenceinthepyriticsulfur

rejectionbyflotationcalculatedusingtheestimatedpyriticsulfurandthedeterminedvaluesare

O withinan accuracyofone percentagepoint.
To testtherclati_mhipfurther,anadditionalsixsamplesofIllino_No.6,PittsburghNo.8

andUpperFreeportPA coalswereanalyzedfortheirpyriticsulfur,totalsulfurandashcontents.

Tables7.1I,7.12,and 7.13comparethepyriticsulfurcontentdeterminedexperimentallyusing

Table7.11. Comparisonof thepyriticsulfurcontentdetermined'experimentally
usingtheASTM procedureand calculatedusingEq. 3 forflotation
samplesof 200-meshIllinoisNo.6 coal.

_ L: :__£H_ ..IJ__ . --: . _ ii i i III I i • iii iI ....... i - 7

Sample Ash Tot. S PYRI'nC SUI_'UR,
Sl3e.cifi_ tio_ _ _ _. _

0-0.25 rain. Cone.
+ 400 mesh 6,74 3.46 0.94 0.85 0.09
.400 mesh I0.12 4.10 1.52 1.52 0.00

0.25-0.5rain. Conc.
+ 400mesh 6.26 3.38 0.80 0.7"7 0.03
-400m_h 9.09 3,96 I_38 1.37 0.01

O 0.5.1rain.Cone.
+ 400mesh 6.34 3.34 0.79 0.73 0.06
.400mesh 9.43 4.04 1,4.7 1.45 0.02

.... . ......... . ........ . ....... -_1 i i . II ii i ] J ii ill[i i i iii i IL L III
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Figure 7.21 - Correlation between the pyritic sulfur content determined experimentally using
the ASTM Procedure and the value calculated using Equation 3 for flotation
samples of Illinois No. 6 coal.
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Figure 7.22 - Correlation between the pyritic sulfur content detenllined experimentally using
the ASTM Procedure and the value calculated using Equation 4 for flotation
samples of Pittsburgh No. 8 coal.

7-32



O 1.6 -= -. ./c UPPER FREEPORT PA
_j (FLOTATIONSAMPLE

1.2 i /

k

-(20.8
rv"
>-
12.

w

._ 0.4

° /(..)
_J

L) R square = 0.9983

0.0" , I _ ...... 1
0.0 0.4 0.8 1.2 1.6

DETERMINED PYRITIC SULFUR, percent

Figure 7.23 . Correlation between the pyritic sulfur _ntent delermined experimentally using
the ASTM Procedureand the value calculatedusing Equation 5 for flotation

O samples of Upper Freeport PA coal.

the ASTM proc_ure with the value calculated using Eqs. 3, 4 and 5 for Illinois No. 6

Pittsburgh No. 8 and Upper Freeport PA coals, respectively. These results show clearly that the

calculated pyritic sulfur contents of these coal samples agree well with the determined values and

Table 7.12 - Comparison of the pyritic sulfur content determined experimentally using
the ASTM Proc_ure and calculated using Eq. 4 for Flotation samples of
200-mesh Pittsburgh No. 8 coal.

Sample Ash Tot, S FYRITIC SULFUR, %

..0.?25mi_. Conc.
+ 400 mesh 4.75 2.42 1.04 1.03 0.01
.400 mesh 6.07 Z72 1,29 134 -0.05

0.25-0.5 min. COnc.
+ 400 mesh 4.45 2.28 0.97 0.91 0.06
- 400 mesh 5.48 2.62 1.18 1.22 -0.04

0.5-1 rd.n. Conc.

+ 400 mesh 4.21 2.30 0.93 0.90 0.03. 400 mesh 5.32 2.63 1.16 1.21 0.05
i ii|,l . _. i i i HJ mi i i i i i i i i,i : - _ i
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Table7.13- Comparisonofthepyriticsulfurcontentdeterminedexperimentallyusing
theASTM I_'_ocedureandcalculatedusingF_,q.5 forFlotationsamplesof

200-mesh_Ji:,erFreeportPA coal. O_._mw , iiii i __ i i iiii

Sample Ash TotS FYRITICS_, %
$1:x_ification _. _. _ ._ Differ

0.0,25rain.Conc.
+ 400mesh 5.52 1.14 0.37 0.35 0.02
-400mesh 6.27 1.44 0.64 0.64 0.00

0.25.0.5rain.Conc.
+400mesh 5.20 1.13 0.35 0.34 0.01
- 400 mesh 6.08 1.41 0.62 0.61 0.01

0.5-I cain.Cone.
+ 400mesh 4.9,¢ 1.03 0.31 0.24 0.07
- 400mesh 6.04 1.34 0.58 0.54 0.04

i _. i ii l i l|lllli Hl

further confirms the linear relatiom _,ipbetween the pyritic sulfur, total sulfur and ash contents.

The differencebetweentheexperi_entalpyriticsulfurand thecalculatedvalueiswithinthe

precisionoftheASTM procedure(_' Therefore,themethoddescn'bedherecanbesafelyused

tocalculatethepyriticsulfurconten _fcoalflotationproductsfromtheirtotalsulfurand ash

contentsoncetheconstantsinthelizar relationshiphavebeenevaluated.

7.6.2 Testing the Proposed Procedur,: with Washability Samples

The proposed procedure for estimating the pyriticsulfur content from the total sulfur and

ash content was also tested with washa,ility samples of Pittsburgh No. 8 coal. Both washability

tests and the analysis of the different tensity fractions of the coal repo.rted in this section were

conducted by Geochemical Laboratory i_ Somerset, Pennsylvania. In these tests, the coal samples

were first crushed to different top size namely 4 inch, 1.5 inch, 1/8 inch and 28 mesh. The

sink-float tests were conducted accordin, to ASTM procedure (D4371) using heavy liquids with

the specific gravity,of 1.30, 1.35, 1.40, 1.6 and 1.843,respectively. The different density fractions

of the coal obtained from the sink-float tc '.swere anal_ using the ASTM proceAures for their

calorific value, ash, total sulfur and pyriti, _ulfurcontents.

Q
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Figure 7.24 - Correlation betweenthe pyriticsulfurcontentdetermined ¢xpcrimcnudlyusing
the ASTM Procedureand the value calculatedusingEquation 6 tor washability

O samplesofPittsburghNo.8 coal.

The regressionequationforPittsburghNo. 8 coalobtainedfrom 20 washabilitysamples

is the following:

e% Pyr. S = 1.023 (% Tot. S) + 0.0120 (% Ash)- 1.252 (6)

with a correlation factor R square of 0.9922. Figure 7.24 plots the determined pyritic sulfur

content versus the values calculated from the total sulfur and ash content using Equation 6 for

washability s,._.iples of Pittsburgh No. 8 coal. This figure confirms that a very good linear

relationship does also exist between the three parameters for coal samples obtained from the

washability tests. To test Equation 6 further, the washability results of three size fractions of

Pittsburgh No. 8 coal were used to calculate the pyritic sulfur content of the various density

fractions of the coal. Tables 7.14, 7.15, and 7.16 compare the determined pyritic sulfur content

using ASTM procexlure and the calculated values based on the ash and total sulfur content

using Equation 6 along with the pyritic sulfur rejection calculated using both the determined

O and the calculated pyritic sulfur content. It can be seen from Tables 7.14 through 7.16 that the
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Table 7.14 - Compa_n of the pyriticsulfur content determined experimentally using
the ASTM Procedure and calculated using Eq. 6 for washability samples AIh
of 200x28 mesh size fraction of Pittsburgh No. 8 coal (1.5 inch top size).

i ii ii i iii i i

Density Yield Ash Tot S PYR ,%% PYR S REJ,

1.30 50.2 3.04 1.73 0.51 0.55 92.97 92.50 0.47
1.35 66.1 3.89 1.98 0.78 0.82 85.84 85.38 0.46
1.40 72.3 4.43 2.15 0.97 1.00 80.73 80.49 0.24
1.60 81.9 5.79 2.51 1.38 1.39 68.95 69.41 -0.46
1.80 85.4 6.73 2.69 1.58 1.58 62.93 63.60 .0.67
Total 100.0 15.30 4.67 3.64 3.71

calculated values agree well with the determined value for ali samples in the three size fractions.

The maximumdifference in the pyriticsulfur content and the pyT_tiCsulfur rejection is 0.07% and

1.1% respectively, which is within the precision of the ASTM procedure (11). These results

show that the proposed procedure can be safely used to calculate the pyriticsulfur content of coal

washability products from their total sulfur andash contents. The main advantages of this method

is that it is reliable and rapid bex_use the total sulfur content of a coal sample can be analyzed

within five minutes and multiple analyses for the same sample can be done easily.

However, it is necessary to point out that the values of the regression constants in

Equation 4 for flotation samples differ from their values in Equation 6 for washability sampl¢:,:_

even though both samples are Pittsburgh No. 8 coal. Tables 7.17 and 7.18 c_,mpare the pyritic

sulfur content of Pittsburgh No. 8 coal calculated using the flotation equation and washability

equation for both flotation samples and washability samples. Clearly, the error involved in

Table 7.15 - Comparison of the pyritic sulfur content determined experimentally using
the ASTM Procedure and calculated using Eq. 6 for washability samples
of 28 mesh x 1/8 inch size fraction of Pittsburgh No. 8 coal (1.5 inch top
size).

i i lH i j , iii

Density Yield Ash Tot S PYR S, % PYR S RF.J,%

1.30 47.8 3.66 1.79 0.74 0.73 87.18 87.48 .0.29
1.35 74.9 4.68 2.32 1.20 1.18 67.43 68.15 .0.72
1.40 82.6 5.21 2.54 1.44 1.41 56.90 57.97 -1.07
1.60 89.8 6.21 2.89 1.79 1.78 41_76 42.31 -0.55
1.gO 92.5 6.96 3.05 1.95 1.95 34.6.'; 34.81 -0.16
Total I00.0 I1.28 3.80 2.76 2.77

g



Table 7.16 - Comparison of the pyriticsulfur content determined experimentally using

O the ASTM Procedure and calculated using Eq. 6 for washability samplesof 1.5 x 1/8-inch size fraction of Pittsburgh No. 8 coal (1.5 inch top size).

Density Yield Ash Tot S PYRS, % PYRS RF.J)%

1.30 27.2 5.22 2.54 1.44 1.41 85.86 85.84 0,02
1.35 72.2 5.84 2.86 1.78 1.74 53.60 53.49 0.11
1.40 84.8 6.44 3.13 2.09 2.03 36.02 36.50 43.48
1.60 92.7 7.53 3.41 2.40 2.33 19.68 20.33 43.65
1.80 95.1 8.28 3.46 2.46 2.39 15.54 16.16 43.61
Total 100.0 11.15 3.74 ' 2.77 2.71

calculating the pyritic sulfur content of flotation samples using the washabilityequation is much

larger than that using the flotation equation. Similarly, the error involved in calculating the

pyritic sulfur content of washability samples using the flotation equation is much larger than

that using the washability equation. Furthermore, the pyritic sulfur content calculated using

Eq. 6 (the washability equation) is corLsistently higher than that calculated using Eq. 4 (the

flotation equation). This difference may be due to a number of reasons. For example, pyrite

O in Pittsburgh No. 8 coal begins to oxidize within a short time period. The washability tests
were conducted early in the program and the flotation campaign was begun after eighteen

months had elapsed. Furthermore, preliminary flotation results obtained early in the

investigation were between the two. The parameters in the equations should be obtained for

similar conditions, for example, coal samples of equal age. Also, since the washability samples

were separated in nonaqueous media whereas the flotation samples were tested in aqueous

Table 7.17 - Comparison of the pyritic sulfur content determined experimentally using
the ASTM Procedure and calculated using Eqs. 4 and 6 for washability
samples of 28 x 200 mesh size fraction of Pittsburgh No. 8 coal (1.5 inch
top size).

Ii _ .................... IHI I iiiii li I II_ " --

_c SULFUR,
Density Yield Ash Tot S Ex'p Calc Calc
,.--_. _ _ _ --- __. 4 (_not.) _.6 (wash.)

1.30 50.2 3.04 1.73 0.51 0.44 0.55
1.35 66.1 3.89 1.98 0.78 0.67 0.82
1.40 , 72.3 4.43 2.15 0.97 0.83 1.130
1.60 81.9 5.79 2.51 1.38 1.18 1.39

O 1.80 85.4 6.73 2.69 1.58 1.38 1.58Total 100.0 15.30 4.67 3.64 3.41 3.71
rl j_ _ iii li . _ ".... _ J 7............... I I Illlll[ -
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Table 7.1_8 - Comparisonof the pyritic sulfur content determined experimentally using
the ASTM Procedure and calculated using both Eq. 4 and Eq. 6 for
flotation samples of 100-mesh Pittsburgh No. 8 coal. W

_ample Ash Tot S Exp Catlc Calc

0-0.25 rain. Cone.
+ 2.00mesh 5.40 2.83 1.32 1.34 1.71

20_400 mesh 5.81 3.26 1.70 1.65 2.15
- 400mesh 6.80 3.04 1.58 1.60 1.94

0.25-0.5alin. Cone.
+200 mesh 5.35 2.70 1.33 1.26 1.57

200x_) mesh 5.53 3.12 1.63 1.54 2.01
- 400_mesh 6.22 2.96 1.47 1.50 1.85

• _,. ,,=, ,l i ., i , i,,. l i i Hl i N, ii i,i

environments, due ,_L0the solubility of sulfate sulfur, the constants in the regression equation will

change. Therefore, _inorder to calculate pyritic sulfur content using _,heproposed procedure, it

is important to obtai:rlthe regression constants in Eq, 2 not only for representative coal samples

but also for the same cleaning proceas.

7.6.3 Summary and Conclusions

A procedure w_ developed for estimating the pyritic sulfur content of coal separation

products from their total sulfur and ash content. By assuming that the organic sulfur content in

combustible materials in a coal is constant, a linear relationship is found among the pyriticsulfur,

total sulfur and ash content of a coal sample. This linear relationship has been confirmed by the

experimental results of both flotation samples and washability samples. The values of the

proportionality constants in the linear equation for a specific coal are determined from the

experimental pyritic sulfur, total sulfur and ash contents of severa! coal separation products of

the same coal using linear regression analysis. After the parameters in the equation have been

established for a particular coal, the pyritic sulfur content of other separation products of the

same coal can be calculated based on their total sulfur and ash content using the equation. The

results have shown that the calculated pyritic sulfur contents of various coal samples agree very

well with their experimental values. The main advantage of this procedure is that it is reliable

and rapid bew_use total sulfur and ash content of coal can be determined easily using

microprocessor -controlled machines.
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8.0 EFFECT OF GRINDING ENVIRONMENT

O The overall objective of this task was to determine the effect of fine grinding under various
environments on the flotation behavior of coal and its associated mineral matter, particularly

pyrite. The grinding environment studied included air and inert gases, wet and dry grinding

methods, grinding with a ceramic mill, and grinding with collector and frother. Detailed

discussions of the results are given in the following sections.

8.1 Grinding and Flotation under Air and Inert Gases

In order to study the effect of grinding and flotation under air and inert gas, coal samples

were dry and wet ground to 200 mesh in the rod mill under either air or inert (argon)
i

environments maintaining ali other grinding conditions the same as those specified for the

standard grinding test. For wet grinding in an inert environment, triply-distilledwater, which had

first been deoxygenated by purgingwith argon, was used. The ground samples were then floated

with either air or argon bubbles. The standard dosages of collector (dodecane) and frother

(MIBC) were added directly to the flotation cell. Flotation yields were obtained following the

standard test
flotation conditions.

The combustible material recovery for the three base coals, dry- and wet.ground under air

or inert atmospheres and floated with air or argon bubbles are tabulated in Table 8ol. The results

indicate that for ali the combinations of grinding environment and bubble composition, wet

grinding gives a higher combustible materialrecovery than dry grinding for both Illinois No. 6 and

Upper Freeport PA coals. However, in the case of Pittsburgh No. 8 coal, the CMR of the wet

ground material is slightly less than the dry-ground material. It should be noted that the collector

dosage for wet-ground Pittsburgh No. 8 coal is lower than that for dry-ground material whereas

for the other two coals it is the same.

The absence of any significant effect of oxygen present during grinding may be due to a

number of reasons. Most likely, it is because the grinding mill is a closed container with a

limited volume, and as new coal surfaces are being generated the entrapped oxygen is consumed

O
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Table 8.1 - The effect of grinding atmosphere and flotation gas composition on the
combustible mater_al recovery of 200-mesh feed.

i iii iii i ii i .__ ii ii

CON_U_ITBI._ I_,_IAL RECOVERY, %
Orinding

Coa ^o/w IO/AF

Illinois No. 6 Dry , 59.6 63.6 60.3 60,3
Wet 84.0 88.3 88.2 87.9

PittsburghNo. 8 Dry 92.0 91.0 82.7 85.9
Wet 80.5 80.9 81.8 80.6

Upper Freeport PA Dry 69.4 67.3 71.9 71.5
Wet 80.4 81.0 79.4 77.9

II I III

AG = air grind AF ffiair float IG - inert grind IF = inert float
i

so rapidly that the majority of the new surface generation takes piace in a nitrogen atmosphere.

"Ibis explanation assumes that any oxygen that contacts the coal will indeed react.

Bubble composition (air or argon) does not seem to affect the flotation yields of any of

the three base coals for either dry or wet-ground coal. In the case of Illinois No. 6 coal, wet

grinding under argon marginally improves the flotation yield. However, the flotation yields of /

Pittsburgh No. 8 and Upper Freeport PA coals are not affected by the wet-grinding environments.

Dry-grinding environment shows no discernible trends on flotation yields for the three coals.

In view of the results, the grinding and flotation of coal in an inert atmosphere does not

seem to improve the flotation yield and, therefore, an uncontrolled (air-saturated) grind and float

is appropriate for industrial purlx)scs.

8.2 Wet and Dry Grinding Methods

The mode of grinding, dry or wet, can have different effects on the surface properties of

coal and the gangue minerals and it is important to understand its role in determining the

flotation performance. The majorityof the recent investigations on fine coal flotation has been

conducted with coal ground either dry or wet (1-4). However, the effect of different grinding

methods on the separation of pyrite and other ash.forming minerals from coal is not clear from

these studies. Miller and Guzzo (5) have compared the effect of dry- and wet-grinding methods

for deep cleaning ultrafinc coal by flotation. Their studywas preliminary in nature, however, and _[_
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Figure 8.1 - Effect of the grinding mode on the separation of non-pyritic minerals from
Pittsburgh No. 8 coal and a comparison of washability and flotation selectivity
curves for28 mesh grind.

• '
the effect of the lg'inding method on pyrite rejection, the primary objective of our investigation,

was not reported. In the current study, the effect of wet and dry grinding methods on the

separation of pyrite and non-pyritic ash from coal has been studied with both 28- and 200-mesh

Pittsburgh No. 8 coal.

The results are presented in terms of flotation selectivity curves in which pyritic sulfur

rejection is represented by the y-axis and combustible material recovery by the x-axis. A shift of

the curve towards the upper-right-hand corner signifies improved selectivity in these plots. Iso.

efficiency fines are shown in Figure8.1 to demonstrate their relationship to the selectivity curves.

In ali the tests reported in this section dodecane dosage was maintained at the standard dosage

level of 1.9 lb/'T and the MIBC dosage was varied to obtain different combustible material

recoveries.

The effect of wet and dry grinding on the separation efficiency of non-pyritic mineral

matter for 2_.-mesh_d isshown in Figure 8.1. lt can be seen from this figure that the slope
of the iso-efficiency index lines is higher (more negative) than the selectivity curves in the low
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'Table8.2 - Particle size _stribution of various grinding and washability samples of
Pittsburgh ]% i,_coal.

SIZE, MICRONS
Grinding GrindSize , dgo d75 dso d25 dl0

Mod____¢ Me.s___5 .__ __ __ _._ __

Dry 28 520 340 180 67 20.0
Wet 28 520 340 195 82 34.0
Washability 28 ...... 76 -

Dry 200 62 32 21 9.5 4.1
Wet 200 62 42 23 12.0 5.6
Washability_ 200 60 50 27 10.5 5.5

u,., . ,, , ,,,, , , ,., ii i , i LI lilill

combustible material recovery region, while in the region of high combust_le material recoveries

the slope of the selectivity curves is higher. This suggests that at low recoveries the impurities

are carried over primarily due to entrainment (mechanical carry-over), while at high recoveries,

in addition to entrainment, carry-over of locked particles also occurs.

Figure 8.1 also shows that the selectivity obtained for the wet-ground feed is not

significantly different from that obtained for the dry-ground feed. Further, this figure shows that

for a given coal recovery, the amount of non-pyritic mineral matter rejected is about 15 percent Q

lower than that predicted by the washability data. Since non-pyritic mineral matter is not

naturally hydrophobic, it is reasonable to assL,me that it is unlikely to be rendered hydrophobic

by the addition of a non-specific collector such as n-dodecane. Therefore, carry over of the

mineral matter into the froth product can be attributed to the entrainment of solids due to water

flow since aggregation of fine mineral matter with coal (heterocoagulation), that can also

contribute to the loss in selectivity, is not likely to play a major role with these fee.alsas they

contain |ess than 10 percent of particles smaller than 20 microns (Table 8.2).

The selectivity curves given in Figure 8.2 show that for 200 mesh Pittsburgh No. 8 coal,

a better selectivity is achieved for wet-ground feed than for dry-ground feed. One po_le reason

for this is the difference ha the _article size distribution, which can result in varying degrees of

i) entrainment of fines due to water flow, ii) heterocoagulation between coal and mineral matter,

and iii) liberation of mineral matter from coal. With decree.sing particle size, the first two factors

will affect the separation detrimentally, while the third will have a favorable effect. 0
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Figure 8.2 . Effect of the grinding mode on the separation of non-pyritic minerals from
Pittsburgh No. 8 coal and comparison of washability and flotation selectivity

O curves for 200-mesh grind.

Examination of panicle size distributions of the 200-mesh grinds show that the average

particle size of the dry-ground feed is 21 microns compared to 23 microns obtained for the wet

ground feed (Table 8.2). To determine whether this difference significantly affects the separation

efficiency, selectivity curves obtained for dry-ground 28-mesh and 200-mt=h Pittsburgh Noo 8 coal

are compared in Figure 8.3. lt can be seen from this figure that there is no significant difference

in the separation achieved with the 28-mesh grind (average particle size = 180 microns) than that

with the 200-mesh grind (average panicle size =21 microns). This suggests that, in the size range

studied, entrainment is independcat of particle size. Also, since the particle size distributions of

wet and dry-ground fee.As are similar (Table 8.2), hetcrocoagulation effects can also be considered

as not significant. To examine how the degree of liberation can contribute to the observed

difference between the separation efficicncies achieved with dry and wet-ground 200 mesh grinds,

O the washability curves of 28-mesh grind and 200-mesh grind were compared and are shown in
Figure 8.3. lt can be seen from this figure that the degree of liberation in the 2(X)-mesh grind
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Figure 8.3 - Comparison of flotation selecti_ and washabili_ curves of the 28 mesh and 200
mesh gnnds of Pit=burgh No. 8 coal.

/
is only marginally higher than in the 28-mesh grind. This suggests that differences in the

liberation characteristics also do not contribute significantly to the observed difference in the

separation efficien ;y.

Other possible reasons for the relati,,ely poor separation achieved with the dry-ground feed

are the oxidation of coal surface and dry.state aggregation of the mineral matter with coal during

grinding (6). To determine whether oxidation of coal surfaces can result in a loss of _lectivity,

tests were conducted with chemically oxidized feed. This sample was obtained by conditioning

the ground coal slurry with 78 ml of 30 wt.% of hydrogen peroxide (o_ddizing agent) for 30

minutes in the same grinding mill and at the same grinding speed after removing the grinding

rods. Rotation results obtained with the chemically oxidized feed are compared with the

unoxidized feed in Table 8.3. The results show that, although twice, as much ftother is required

for oxidized coal to achieve a yield equivalent to that of the unoxidized coal, the ash content of

the froth products are the same, indicating that oxidation of the coal surface diminishes only the

floatability of coal and not the selectivity. _}
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Table 8.3 - Effect of hydrogen peroxide addition on flotation performance of

O 200.meshwet-groundPittsburghNo.8 coal.
amummmlwL_'.__ I II II I ii, i li i ii i - -

Coil. FroL Hz0 2 Fief. Yield Ash in
Ib/T float,

0.3O 0.0 5.1
I.r2 0.6o 3.0 72.o s.1

_j, i .in i u i n i i, i

The above discussions suggest that dry-state aggregation of coal with the mineral matter

is the most probable reason for the relativelypoor separation achieved with the dry-ground feed.

Since the degree of aggregation will be more severe for freer material, dry-state aggregation does

not play a significant role in the flotation of 28-mesh coal.

Selectivity curve_ obtained for 28-mesh and 200-mesh grindsarc presented in Figures 8.4

and 8.5 along w_th the washabilitycurves, lt can be seen from the plots given in Figure 8.4 that

the mod_ of grinding does not play a significant role in detennining the selectivity achieved dunng

flotation in the case of the 28-mesh grindwhereas with the 200-mesh grind, higher selectivity was

obtained with the wet-ground feed in comparison to that achieved with the dry-ground feed.

Another important observation is that the shift of the selectivity curves for pyrite for the

O washability tests is greater than the shifts in the curves for non-pyritic ash (compare Figures 8.1

and 8.2, with Figures 8.4 and 8.5, respectively). For a given coal recovery, the difference between

the washability and the selectivity curves in terms of the percentage of non-pyritic ash rejection

is 10-15 percent compared to 15-25 percent for pyrite. The additional loss of selectivity in the

case of pyrite may be due to the higher natural hydrophobicity and higher density of pyrite than

non-pyritic ash-forming minerals.

In summary, at coarser grind sizes (28 mesh) flotation selectivity was not significantly

affected by grinding mode whereas for fine coal (200 m_h), the selectivity achieved with the

wet-ground feed was higher than that obtained with the dry grind. The poor separation achieved

with dry grinding was attributed to dry-state aggregation of the mineral matter with coal.
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8.3 Griadlag with Certmlc Mill

O In order to study the effect of different grinding media on the flotation behavior of coal,

Illinois No. 6 coal was ground using a ceramic and a steel ball mill and the products were floated

following the standardflotation pr_ure. In order to obtain a particle size distribution similar

to that produced with the stainless steel rod mill, a 95% minus 200-mesh flotation feed was

prepared by step-grinding in the ball mills. Preliminary grinding tests were performed to

determine the number of steps and the grinding time for each step. For both the ceramic and

steel ball mills, 500 grams of Illinois No. 6 coal were loaded to the mill along with 700 ml of

distilled water. The ceramic mill was not able to comminute 1/4"x 0 material and itwas necessary

to pre-crush the standard feed to 85% passing 8-mesh before charging the ceramic mill. This

additional size reduction step was not required for the feed to the steel.ball mill. The procedure

for loading the mill was similar to that for the standard wet-grinding tests, that is, 500-grams of

coal and 300 ml of water were first added to the mill, then the grinding media was loaded and

finally the remaining 400 ml of distilled water was poured into the grinding mill.

In order to produce a narrow size distribution, similar to that obtained from a rod mill, a

O special experimental procedure was developed that included sieving the intermediate ground

product at 150 mesh (105 microns) after each grinding step and then recharging the mill while

trying to maintain the same liquid/solids ratio. Table 8.4 summarizes the experimental procedure

used for step grinding the coal.

In addition, the grinding mill was purged with argon and the sample blanketed with argon

during the classification and decantation of the minus 150-mesh size fraction to help prevent

oxidation. Preliminary tests showed that to grind Illinois No. 6 coal in the ceramic mill a total

of four steps were necessary, with 20 minutes of grinding for the first two steps and 30 minutes

for the remaining steps. In the ease of the steel ball mill, four 10-minute steps were adequate.

The panicle size distribution of the ground products (flotation feed) was determined by

wet sieve analysis at 200- to 400-mesh sieves followed by particle size analysis using an L&N

Microtrac for the minus 400-mesh fraction. In order to avoid flocculation of fine particles,

Calgon (sodium hexametaphosphate) was added to the suspension to disperse particles

O when using the Microtrac panicle size analyzer. The particle size distribution, perhaps the most
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Table8.4 - Experimentalprocedureforstepgrindingtestsusingceramicand steel
ballmills.

,lm ],, .., ,.iii i ,,.. i i i ii i i.i i

Step DES_RIPTION
_. _ ce_] _teelbaumin

1 Feed 85 % minus8 mesh 100% minus 1/4inch(standard)

2 Load 500 g III.No. 6 500 g ill No. 6
300 ml 1.D water 300 ml 1-D water
Pebbles Balls
400 ml, I.D water 400 ml, I-D water
Purgewith argon Purgewith argon

3 Grind 20 or 30 minutes 10 minutes

4 Unload Overcoarsescreen to Overcoarsescreen to
remove pebbles, removeballs.

Pulp to a bucket Pulp to a bucket

5 Sieving Sieve at 150 M and Sieve at 150 M and
Decantto Decantto

recoverwater recoverwater
Measurewater recovery Measurewaterrecovery

6 Cleaning Clean pebblesand Cleanballs and
and Recharge returnto the mill returnto the mill.

Recharge+ 150 M to the millRecharge+ 150 M to the mill
Purgewithargon Purgewith argon IF
Return decantateand Returndecantate and

additionalwaterto mill additional water to mill

7 2nd grind 20 or 30 minutes lO minutes.

8 Repeat steps Until 95 % minus 200 M Until 95 % minus200 M.
5 through7.

iii iii i _ I __ iiii i]11

important flotation variable, of the products is plotted in Figure 8.6. As can be seen from the

figure, the slope of the curves changes between the different grinding mills, showing a narrower

size distribution in the case of the standard wet grind (rod mill) than that obtained with the

ceramicandsteel-ballmills.The finestsizedistributionwasproducedbythestandard-dry:grind

procaxlure.Even thoughallthegrindingproductswereapproximately93% minus200mesh,

Figure8.6showsthattheamountoffineparticlesforvariousmethodsofgrindingincreasedin

thefollowh3gorder:

standardwetgrind< steel-ballmillgrind< ceramic-millgrind< standard-drygrind. O
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O The flotation results for the ceramic, steel and rod mill products are shown in Table 8..5.

As can be seen from these results and those presented in Figure 8.6, the flotation yield is

inversely proportional to the amount of fines present. The amount of fines present may have

more impact on the efficiency index than any specific interaction between the grinding mill and

the coal (for instance, galvanic effects). The difference in the efficiency index for coal that had

been ground wet in the rod mill and that ground wet in the ceramic mill is within the statistical

variance of the flotation process. The flotation product of the steel-ball-mill-ground coal

contained the least amount of pyritic sulfur but°the reduction was not considered to be significant.

From these results we concluded that grinding with a ceramic mill does not have a significant

effect on the flotation performance of Illinois No. 6 coal.

8.4 Grinding wi_h Collector and Frother

The rationale of adding flotation reagents to the grinding mill is to ensure the adsorption

of reagent as new surface is being generated during the comminution of the coarse particles.
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A

Since coal is susceptible to oxidation, adding reagents to the grinding mill may also help to

minimize oxidation of the newly-formed surfaces. Either collector (dodecane in this case) or

frother (MIBC) was charged to the grinding mill with the coal feed, and the material was ground

for the pre-deteITnined time to achieve the desired panicle size. The grinding was carded out

under wet conditions so that the reagent would be well dispersed and thereby adsorb more

uniformly on the coal surface.

8.4.1 Effect of Grinding with Collector and Frother on Flotation Yield and Separation
Efficiency

In the first set of experiments performed with Illinois No. 6 coal, the collector dosage

added to the mill was varied from 0.45 lb/T to 4.8 lb/T. The frother dosage corresponding to the

standard condition (1.2 lb/T) was added to the flotation cell. No additional collector was added

to the flotation cell. Ali flotation yields reported in this section were obtained at flotation times

of 5 minutes. In Figure 8.7 the yield, ash and total sulfur content of the flotation product of

Illinois No. 6 coal are plotted as a function of collector addition to the grinding mill for minus q_

8-12



Table8.5 - FlotationresultsofdifferentgrindingproductsforIllinoisNo.6 research
samples.

PROD_UCTANALYSIS REJECTION
Grind Yield CMR Ash Pyr S Ash Pyr S ElH

Grind _ _ _ _ _ .__.%_% .__

Rod mill dry 60.4, 64.8 9.3 1.36 63.7 68.0 32.8
Ceramicmill wet 63.6 69.1 8.0 1.24 67.1 69.2 38.3
Steel ballmill wet 67.6 73.8 7.6 1.07 66.8 71.8 45.6
Rod mill wet 77.0 83.3 8.4 1.57 57.6 52.7 36.0
-" _ i i iii ii i i ii i iii lilt

28-mesh flotation feed. The flotation yield increases as the collector dosage to the mill is

increased. The yield under standard conditions (1.21b/'I'frother, 4.8 lb/T collector) appears to be

roughly equivalent to those obtained when collector is added during grinding.

There is also a similar increasing trend in the ash content of the concentrate, however,

there is very little difference in the reduction of total sulfur in the float product. Figure 8.8

shows the effect of adding part of the collector to the mill and the balance quantity (to make up

the dosage corresponding to that of the Standard Test) directly to the flotation cell. It can be

O seen from this figure that the flotation yield increau_ slightly with an increase in the fraction ofcollector added to the mill. Similar behavior was observed for flotation tests carded out using

minus 200-mesh feed (Figures 8.9 and 8.10). There also appears to be no appreciable advantage

of collector addition in the grinding mill with regard to the selectivity of separation. However,
L

we did observe that flotation was much more rapid when the coal was ground with collector.

The effect of _dding frother to the grinding mill on the flotation behavior of both 28-mesh

and 200-rnesh Illinois No. 6 coal are presented in Figure 8.11 along with results corresponding

to adding the entire frother dosage to the flotation cell. It can be seen that the addition of the

standard amount of frother (1.2 lbYI') to the grinding mill is detrimental to flotation, and unless

more is added to the flotation cell, the yield is greatly reduced. The reduction in flotation yield

probably results from the adsorption of frother by the coal during the grinding process, thereby

removing it from the system so that it is not available to help stabilize the froth. Furthermore,

no improvement in either ash or sulfur rejection was ob.erred when the coal was ground with

frother. The results of the tests performed to evaluate the effect of collector and frother addition

O during the grinding stage for Illinois No. 6 coal are summarized in Tables 8.6 and 8.7,,
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Table 8.6 - The effect of collector and/or frother addition to mill during grinding on
28-mesh Illinois No. 6 coal.

i i ,ml. ,i i iii iii ii li ii m l

Collector Collector Frother Frother PRODUCT ANALYSIS
to Mill to Cell to Mill to Cell Yield Ash Pyr S
lb:r lbl" Ibr

4.8 .... 1.2 90.1 11.4 2.19 17.4

2.4 .... 1.2 85.0 11.4 1.98 23.4
2.4 2.4 - 1.2 86.8 11.8 2.06 20.8

1.9 .... 1.2 82.0 11.2 1.90 25'3
1.9 2.9 -- 1.2 87.9 11.0 2.10 20.5

, 0.95 .... 1.2 72.5 10.3 1.98 20.9
0,95 3.9 -- 1.2 82.4 II.4 2.25 14.0

-- 4.8 1.2 -- 84.8 10,4 2.I0 20.4
-- 4.8 -- 1.2 87.8 10.9 1.83 29.8
-- 4.8 0.4 -- 39.5 7.1 1.20 24.9
-- 4.8 0.4 0.8 85.7 10.8 1.80 30.2

Similar flotation tests were also carried out with Pittsburgh No. 8 coal. Evaluation of the

effect of collector and frother addition to the mill and to the cell at different levels showed

(Tables 8.8 and 8.9) that the highest value of the Efficiency Index (EIH) obtained for the O

200-mesh wet-ground material was 50.4 which was produceM by adding 50% of the collector in

the mill with the remainder being added to the cell along with ali the frother. This corresponded

to a combustible material yield of 82% and a pyrite rejection of 67%. Also, when the collector

was added to the mill, the efficiency index was only marginally lower in cases where the full

amount of frother was added to the mill (EIH=47) or to the cell (EIH=48). In the case of 28-

mesh feed, for a given collector and frother dosage, the highest value of the Efficiency Index

(EIH=36) was obtained by adding the full dosage of collector to the cell and frother to the mill.

The foregoing results indicate that for 200-mesh coal, the optimum grinding conditions with

respect to a combination of combustible material recovery and pyrite rejection for

Pittsburgh No. 8 can be achieved by wet grinding with collector followed by frother addition to

the flotation cell.

The flotation results of tests with collector and frothcr additions during the grinding of

Upper Freeport PA coal arc given in Tables 8.10 and 8.11. The results in these tables show that
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Table 8.7 - The effect of coll,ector and/or frother addition to the mill during wet

O grinding on the flotation of 200-mesh Illinois No. 6 coal.I

Collector Collector Frother Frother pRODU_ ANALYSIS
to Mill to Call to Mill to Call Yield Ash Pyr S

%
• 5,8 -- - 1.2 87.2 9.3 2.20 18.7

" 2.9 -- - 1.2 80.0 8.6 1.81 30.0
i 2.9 2.9 - 1.2 88.0 9.4 1.64 38.0

1.9 3.9 -- 1.2 80.8 8.3 1.78 31.5

-- 5.8 2,0 -- 75.8 g7 1,65 33.0
-- 5.8 1.2 -- 45.8 6.5 1,20 29.2
-- 5.8 0,4 0.8 85.7 10.8 1.80 50.2

. _ _ , L ., i , ,,., .ii , .,, ,

Table 8.8 - The effect of collector and/or frother addition to the mill during wet

grinding on 28-mesh Pittsburgh No. 8 coal.
I __ I ......... Ililnl I I I lip I I IIlil - .

Collector Collector Frother Frother PRODUCT ANALYSIS
to Mill to Call to Mill to Call Yield Ash Pyr S

Ib. ,
4

2.0 .... 0.40 90.0 8.2 2.17 25.3
1,0 1,0 -- 0.40 94.8 7.9 2.16 27.3
-- 2.0 0,40 -- 84.8 7.2 2.02 29.3
-- 2.0 0,,40 -- 90.6 7.4 1.87 35,9

li iiii

Table 8.9 - The effect of collector and/or frother addition to the mill during wet

grinding on 200-mesh Pittsburgh No. 8 coal.

Collector Collector Frother Frother • pRODUC'._ ANALYSIS
to Mill to Call to Mill to Cell Yield Ash Pyr S

1.9 -- - 0.30 68.4 4.7 1.08 48.4
0.95 0.95 - 0.30 75.3 4.9 1.18 50,4
-- 1.9 0.30 -- 50.6 4.4 0.88 39.6
1.9 -- 0.30 -- 46,6 3.7 0.75 47.3

iiiii i i i pill

®
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Table 8.10 - The effect of collector and/or frother addition to the mill during wet

grinding on 28-mesh Upper Freeport PA coal.m i i i iii ii

Collector Collector Frother Frother , PRODUCT ANALYSIS
to Mill to Cell to Mill to Cell Yield Ash Pyr S

- 0.24 - 0.26 75.5 6,42 0,63 47.8
0.12 0.12 -- 0.26 68.8 5.94 0.55 47.0
0.24 - -° 0.26 82.4 6.77 0.67 49.9
0.24 - 0.26 -- 73.2 6.46 0.55 50.0
0.24 - 0.26 - 75.0 6.60 0.54 51.5

- 0.24 0.26 -- 58.0 5.43 0.53 40.3
i i ii i i ..l, i i .li i ii

the addition of dodecane to the grinding mill has very little effect on the flotation recovery and

the overall efficiency index while the addition of [rother to the mill decreases both the flotation

yield and the efficiency index. The influence of the reagent addition point is not as profound for

Upper Freeport PA coal as for the other two coals, probably owing to it being more hydrophobic

and having a froth that is difficult to break.

8.4.2 Effect of Grinding with Collector on Flotation Kinetics O

The objective of this part of the investigation was to compare the effect of adding the

standard dosage of collector (dodecane) to the rod mill before wet grinding on the flotation

ki:,e.tics of the three base coals. This study was undertaken because the results of grinding with

Table 8.11 - The effect of collector and/or frother addition to the mill during wet

grinding on 200-mesh Upper Freeport PA coal.
i i, HI ii ill l '" ,,llN --

Collector Collector Frother Frothcr .....pRODUCT ANALYSIS __
to Mill to Cell to Mill to Cell Yield Ash Pyr S

-- 0.48 -- 0.21 68.2 5.28 0.51 48.2
0.24 0.24 -- 0.21 66.0 4.82 0.51 46.6
0.24 0.24 - 0.21 71.4 5.13 0.55 48,8
0.48 -- -- 0.21 69.5 5.07 0.58 46.1
0.48 -- 0.21 -- 44.0 4.11 0.33 36.2
0,48 -- 0.21 -- 42.8 4.15 0.32 35.4
-- 0.48 0.21 -- 51.9 4.68 0.52 36.3

i i ii, i rH i vi --m

0
8-18



collector added to mill showed that even though the efficiency was not necessarily improved, the

kinetics of flotation were changed.

In this study, the coal feed for flotation was wet-ground using the standard grinding

procedure to obtain a product 95% finer than 200 mesh. Grinding was carried out under wet

conditions to ensure that the collector would be well dispersed and thereby adsorb more

uniformly on the coal surface. Ali operating conditions in these flotation tests were the same as

the standard flotation test conditions, In the case of the coal samples ground with collector, the

conditioning period with dodecane in the standard flotation test procedure was also carried out

except no dodecane was added to the flotation cell. In both cases, flotation concentrates were

collected at 0.5, 1.0, 2.0, 4.0 and 5.0 minutes, dried, and weighed.

Figures 8.12 through 8.14 present the flotation yield of Illinois No. 6, Pittsburgh No. 8 and

Upper Freeport PA coals as a function of flotation time for conditions corresponding to addition
t

of the standard dosage of collector to the flotation czll after wet grinding and to the mill before

grinding, q he fitting curves for these flotation results for a tint-order kinetic model using a sine
@

distribution of flotabilities and the corresponding fitting parameters are also shown in thesefigures. The results given in these figures indicate that the flotation recovery and rate constant

of Illinois No. 6 is greater when the collector was added to the mill prior to grinding, as compared

with that when the collector" was added to the flotation cell. On the other hand, the flotation

yield of Pittsburgh No, 8 coal decreases while its flotation rate constant was the same as that

when ground with cx,llector. For Upper Freeport PA coal, both the flotation yield and flotation

rate constant decreased when the standard dosage of collector was added to the mill. The

different flotation behavior of the three base coals when they are ground with collector may be

due either to the difference in hydrophobicity of the coals and/or to the difference in collector

dosage used for the three coals.

In order to delineate the reason tbr the different flotation behavior of the three base coals,

additional studies were carried out (about 6 months later) at a relatively low collector dosage and

at equivalent collector dosage for ali three coals. In this series of tests, the frother dosage was

@ .
This model is discussed in detail in Chapter 11 - Notation Kinetics.
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O held at the standard level for each coal and flotation concentrates collected at 2, 4
were O.5, 1,

and 8 minutes. Figures 8.15 through 8.20 plot the flotation yield of the three base coals as a

function of flotation time for various dosages of collector to the flotation cell after wet grinding

and to the mill before grinding along with their fitting curves and fitting parameters. It can be

seen from Figures 8.12 to 8.20 that the simulation curves fit the experimental curves quite weil,

indicating that the flotation kinetics of coal follows the first-order kinetic model with a sine

distribution of flotabilities. The ultimate flotation recovery, R,,, and flotation rate constant, K,

of the three br_ _als obtained with various dosages of collector are summarized in Table 8.12.

The results presented in Figures 8.12 to 8.20 and Table 8.12 show that for ali three coals,

both the flotation yield and flotation rate constant generally increase when the collector dosage

is increased regardless of the point of addition. This is expected because the coal particles will

be more hydrophobic with increased collector dosage, with an attendant increase in the flotation

yield and flotation rate constants. The exception to this general observation is that when adding

O collector to the flotation cell, the flotation rate constant of Illinois No. 6 coal decreases slightly
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Table 8.12 - Summary of the effect of collector addition on the ultimate recovery and
flotation rate constant for the three base coals obtained by fitting the first..

order kinetic model with sine distribution of flotabilitie_. ................ qp
C,_bcsorm CeU _ to MIU

MIBC Dodecane
Coa__] _ !._ _ IL rain"1 _ K, mi_'__

Illinois No. 6 1.2 0.7 64.4 0,75 55.5 0.62
2.9 76.7 1.33 81.7 2.77
5.8* 86.8 1.27 87.5 2.80

PittsburghNo. 8 0.3 0.7 78.2 0.51 42.2 0.68
1.9' 86.5 1.05 62.2 1.10
2.9 84.1 1.27 68.0 1.75

Upper Freeport PA 0.2 0.24 79.6 0.96 73.4 0.73
0.5" 84.8 1.43 82.7 1.08
2.9 85.6 2.81 86.9 1.61

i i illJ,

when the collector dosage was increased from 2.9 to 5.9 lb/T and the ultimate flotation recovery

of Pittsburgh No. 8 coal decreased slightly when the collector dosage was increased from 1.9 to

2.9 lb/T. This may be due to variations in the coal samples and operation errors because these

experiments were conducted by different researchers at different times (about six months apart)

and may also be due to the well-known R® versus K trade-off discussed in the literature (7). _}

However, except for Illinois No. 6 coal at 0.7 lb/T of dodecane, these results show that the

effect of collector addition to the flotation cell after grinding on the flotation rate constant

compared to that when collector was added to the mill is the same as that at the standard level

of collector for each coal. For the less hydrophobic Illinois No. 6 coal, both flotation recovery

and flotation rate constant, obtained with collector dosages of 2.9 and 5.8 lbfI' were higher when

the collector was added to the mill than that when added to the ce.II. At very low collector

dosage (0.7 lb/T) the flotation recovery and flotation rate constant of Illinois No. 6 coal is lower

when adding collector to the mill than to the ceil. On the other hand, for the most hydrophobic

coal (Upper Freeport PA) both flotation recovery and flotation rate constant are lower when

grinding with collector at all dosages studied except at the highest collector dosage of 2.9 lb/T.

For Pittsburgh No. 8 coal the flotation recovery is lower and the flotation rate constant is slightly

higher when grinding with collector for the collector dosages studied. Furthermore, the

difference between the flotation recovery obtained when collector is added to the mill compared lP
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to that when added to the cell decreases with increasing collector dosage for ali three coals.

Therefore, these results indicate that the effect of grindingwith collector on flotation kinetics and @

recovery depends on both the hydrophobicity of coal and the reagent dosage used in the system.

In general, in order to achieve better flotation recovery and kinetics, the collector should be

added to the flotation cell after grinding if the coal is more hydrophobic and/or the collector

dosage is relatively low for that coal.

The variation in the flotation response to the point of addition of the collector can be

explained in terms of the spreading of dodecane on coal surface and penetration of dodecane into

the pores of coal particles. In general, better surface spreading of insoluble oils can improve

flotation recovery and pore penetration of insoluble oils can decrease flotation recovery as shown

by Moxon et al.(8). Grinding coal with dodecane improves spreading of dodecane on coal

surfaces but also increases penetration of dodecane into the pores of the coal. The overall effect

of grinding coal with dodecane depends on which of the two phenomena is more significant for
I

a particularcoal. For a hydrophilic coal, such as Illinois No. 6, the spreading of dodecane on the

wet coal surface is more difficult and penetration of dodecane to the pores is slow, thus the dL

improvement in flotation due to spreading of dodecane on the coal surface is more significant t1_

than penetration into the pores if the collector dosage is not too low. Therefore, flotation

recovery and kinetics of the less hydrophobic Illinois No. 6 coal is improved when grinding with

dodecane. However, if the dodecane dosage is too low, even small amounts of dodecane lost due

to pore penetration during grinding may be significant resulting in flotation recovery and kinetics

when grinding with the collector than when adding the collector to the flotation cell. On the

other hand, for hydrophobie coals such as Pittsburgh No. 8 and Upper Freeport PA coals,

became the spreading of dodecane on the wet coal surface is easy and the penetration of

dodecane into the pores is fast, a decrease in surface coverage of dodecane due to penetration

of dodecane to the pores is more significant than the improvement of spreading of dodecane on

the coal surface during grinding with collector. Therefore, the flotation performance of

Pittsburgh No. 8 and Upper Freeport PA coals ground with dodecane is not st, good as that when

the dodecane is added to the flotation cell. The relatively small effect on flotation with Upper

Freeport PA coal when the dodecane is added to the flotation cell and the grinding mill _l_
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compared to Pittsburgh No. 8 coal may be due to the higher hydrophobicity and shorter grinding

O time (11 minutes for this coal versus 16 minutes for Pittsburgh No. 8).

In order to test this hypothesis further, samples of Illinois No. 6 coal ground with and

without collector and samples of Pittsburgh No. 8 coal ground without collector were aged under

water for 24 hours at room temperature prior to flotation. For coal samples ground without

collector, dodecane was added to the flotation cell after ageing. Figures 8.21 and 8.22 shows the

effect of aging on the flotation behavior of the coal ground with and without dodecane. The

results presented in these figures clearly show that aging of coal samples ground without

dodecane decreases slightly the flotation yield of Illinois No. 6 coal, and both flotation yield and

rate constants of Pittsburgh No. 8 coal. This may be due to some oxidation of the surfaces of

coal particles during the aging process. Because Pittsburgh No. 8 is more hydrophobic than

Illinois No. 6 coal, the decrease in flotation recovery is smaller as compared to Illinois No. 6.

However, when aging Illinois No. 6 sample ground with dodecane, both flotation yield and

flotation rate constant decreased significantly. Some of this decrease may be due to the oxidation

O of coal surface during aging as shown in the case when the coal was aged without dodecane. The
majority of the decrease is due to penetration of dodecane into the pores of coal, thus reducing

the collector coverage on the coal surface. Due to the long aging time (24 i_ours), dodecane

slowly penetrates into the pores of Illinois No. 6 coal even though it is quite hydrophilic. These

results further support the explanation that the decrease in flotation recovery of hydrophobic

coals when ground with collector is due to the absorption of collector to the pores, which results

in a decrease in collector coverage on the external surface of coal particles.

While the addition of collector to the grinding stage could improve the flotation kinetics

of Illinois No. 6 coal, the selectivity is virtually unaltered, as can be seen from Figure 8.23, where

the ash and pyrite rejection was plotted as a function of the combust_l¢ material recovery.

Therefore, hydrophilic coal ground with dodecane can reduce the consumption of collector at

similar separation efficiency and flotation yield.
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9.0 SURFACE MODIFICATION

0 In flotation, the separation of one material from another occurs by selectively altering and

controlling the hydrophobicity of the various interfaces present. In advanced coal flotation, the

control of the relative hydrophobicities of the carbonaceous material to that of pyrite and otheri

ash minerals is central to near total pyrite removal at high Btu recovery. One way to enhance

through separation flotation is to selectively increase the hydrophobicity of the coal while leaving

the mineral surface unchanged. If successful this would lead to increased Btu recoveries with

better ash and pyrite rejection. The results of work with various types of surface modifiers and

their effect on advanced coal flotation are reported in this chapter.

'_ Another sometimes-overlooked aspect of flotation is tile role of frothers. The addition of

a selective collector is to alter the solid/liquid interface, whereas the purpose of adding a frotherJ

is to control the air/liquid interface and, as the name implies, the stability of the froth in order

to carry the hydrophobic particles attached to the air bubbles from flotation cell. The physical

, process occurring within the froth layer is paramount to the success of the flotation process. It

O is within this layer that unwanted (hydrophilic) material must settle out leaving only the desiredmaterial to be recovered. If the froth is unstable, little or no material will be recovered. If it is

too tenacious a large amount of unwanted material may be carried over. In coal flotation, the

process is complicated in that the frother molecules also adsorb on the coal matrix. In view of

the importance of frothers on flotation, a detailed study was completed with a series of alcohols.

Another important aspect of flotation is the state of dispersion of the flotation pulp.

When oily collectors are added to a system containing minus 200-mesh particles, agglomeration

of the particles may take place. If these agglomerates contain only coal particles then no

detrimental effect on flotation will occur and the kinetics of flotation may be enhanced.

However, as is more likely the case, ash and pyrite will be trapped within these agglomerates

reducing the efficiency of the process. Therefore, the effect of dispersants on flotation was also

. investigated and the results reported here.
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9.1 Polymerizable Monomers

Task 6 in the RFP stipulated that an investigation be carded out to determine the /
v

possibility of utilizing free radicals generated by the rupture of carbon-carbon bonds during the

grinding step to form graft polymers at the surface, thereby selectively enhancing the

hydrophobicity of the coal particles. For this puq3o_, organic monomers, which can readily

polymerizc to form large hydrocarbon macromolecules, were added to the grinding m;li to

determine if conditions in the mill might be such that a polymerization reaction could be induced

to take piace between the monomer and the newly generated coal surface. If they could be

produced, such graft polymers might then result in better flotation separations.

The rationale for the coal free.radical initiator was based on the premise that during the

grinding process a carbon-carbon double bond might be broken, forming free radicals:

'aromatic )or aliphatic

' ' 21 •--'C : C-- _ • •
I i

COli piMt¢le broken coli particles
containing free rldtcahi
mtthe surface

These free radicals might act as an initiator for the polymerization at the surface in the following

manner:

_® + _CH-CH2 ""i_ ln!+CH2-CoH(I )

+ ¢CH=CH.,,

J
CH2-CH-CH2-CH,

O
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Ifsuchasurfacepolymerizationprocesswassuccessful,itcouldbuilda hydrophobicpolystyrene

on particleuntila chainterminationsteptookplace:.
chain thesurface of thecoal

Theseexperimentswereconductedwhilegrindingthecoalunderdryconditionswiththe

monomer presentsoasnottohaveanyinhibitingeffectfromthewaterdispersingthemonomer.

An initiatorwas notaddedtothesystembecausewe didnotwanttocausethemonomer to

polymerizebyitself.Inourworkplan,we hadoriginallyidentifiedfourpossiblemonomersthat

couldformgraftpolymerswiththecoalsurface:styrene,vinylbenzaldehyde,isobutyleneand

methacrylonitrile.Of thesefourmonomers,onlystyrenewaspractical_foruseincoalflotation.

Vinylbenzaldehydewasconsideredtobecommerciallyimpracticaldue toitscostandtherefore

vinyl acetate was chosen in its piace. Isobutylene, gaseous at room temperature, would pose

special handling problems, so diisobutylene was used instead. Finally, the high toxicity of

methacrylonitrile led us to choose its methyl ester, methyl methacrylate, which can undergo

polymerization either through a free-radical mechanism or condensation via a 1,4 Michael

addition.

O lt was recognized that any beneficial effect on flotation upon addition of the monomerscould simply be a result of the added hydrocarbon and not of graft polymer formation. In order

to help delineate which process was responsible for ctaanges in the flotation behavior of the coal

with polymerizable reagents, flotation tests were also conducted using the corresponding saturated

equivalent (no reactive double bond) of the four monomers. The reagents used were the

following:

Monomer Saturated Eouivalent

4_C2H3 4_C--.2H5
Styrene Ethyl benzene

CH3COO-CH =CH 2 CH3COOCH2CH 3
vinyl acetate ethyl acetate

(CH 3)3C-CHz-CCH3 =CH 2 (CH3)3C-CH 2-CH(CH3)2
Diisobutylene 2,2,4-Trimethylpentane

CH2=C-CH3-COOCH3
Methyl methacrylate

Q
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Table9.1 - Summary of the effectof variouspolymerizablemonomers and their
saturated equivalents (4.8 Ib/T except where noted) on the flotation
efficiency index of the three base coals. Standard frother and collector W
dosages were used in ali tests.

LL Iu ii I I I I I ii I , _ I I I ii IInnnl IW_,

FLOTATION FA"FICIENCY,FAll

Monomer _!linois No. 6 pittsburgh No, 8 UD_r Frcer_ortPA

Styrene* 41.6 (40.6) 47.3 (45.0) 38.5 (42.5)

Vinyl Acetate ,38.6 (42.8) 47,9 40.1

Methyl Methacrylate 39.7 46.6 46.4

Diisobutylene 45.8 (40.7) 37.3 (30.8) 42.5

Standard Test 38.4 49.2 41.4
(no monomer)

iHi ii,l|,l H H i i

* 6.4 lt'rr styrene (ethyl benzene) used for flotation of Illinois No. 6 coal.
Values in (brackets) arc the results for the saturated equivalents.

These reagents were added to the mill during dry grinding in an inert atmosphere and ali

tests conducted using 200-mesh grinds of the three base coals. Dry grinding was used not only

to enable the monomer to diffuse more readily to the coal surface but primarily to prevent

competition of the monomer molecules with water at the newly formed reactive sites; the inert

atmosphere was used to prevent negative effects from oxygen (that is, reaction with free radicals). _}

The experiments were designed in Such a way that both the collecting and the surface-modifying

properties of the reagents could be brought out. The collecting property of the monomers was

evaluated at the standard MIBC dosage (with no dodecane added), while its surface modifying

characteristics were evaluated using the standard collector and frother additions. The collecting

_' properties of ali of the reagents tested were minimal, with no reagent being able to produce a

y/eld equivalent to that obtained with dodecane.

The results of the flotation tests with both the monomers and the saturated analogues for

the three base coals are shown in Tables 9.1 to 9.4, with Table 9.1 presenting a summary of the

El H values for the three base coals. The flotation yields increased only for the Illinois No. 6 and

Pittsburgh No. 8 coals by the addition of a monomer or its saturated analog; Upper Freeport PA

coal was not affected. The lack of change in the flotation of Upper Freeport PA coal probably

stems from its inherent hydrophobicity and the addition of more hydrocarbon to the system does

not cause the recovery to increase. The results for Illinois No. 6 and Pittsburgh No. 8 coal
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Table9.2 - F_._cctof polymerizablemonomer additionon the flotationof 200-meshdry-groundIllinoisNo. 6 coal(4.8Ib/Tof modifierused exceptwhere
noted).

lilt tit I t I ill Irl

__'_OTATION PRODUCT _AL REJECTION
Yield CMR Ash Tot S PytS* Ash _ S ElH

Modifier _ _ _ _ _ _ _ .--.
Standardtest

60.4 66.0 9.31 3.57 1.46 68.6 72.4 38.4
(no modifier)

Vinyl Acetate 62.9 69.0 8.92 3.66 1.54 68.7 69.6 38.6

Ethyl Acetate 67.6 74.3 8.82 3.60 1.47 66.7 68.5 42.8

Methyl Methacrylate 61.8 67.7 9.05 3.56 1.44 68,8 72.0 39.7

Styrene** 67.3 74.1 8.61 3.66 1.53 67.6 67.5 41.6

Ethylbenz_ne 65.5 71.8 9.07 3.64 1.52 66.8 68.8 40.6

Diisobutylene 71.1 78.2 8.74 3.61 1.49 65.3 67.6 45.8

Trimethylpentane 67.0 73.6 8.78 3.85 1.73 63.8 67.1 40.7
ii iii i llll|l

*Pyritic sulfur calculated from total sulfur and ash.
**6.4 lb/T styrene used.

coal show that the effect of monomer addition on the flotation product was nearly identical to

the effect of the corresponding equivalent, suggests any
saturated This that increase in recovery

with the monomer is not due to graft polymer formation but rather to an increase in the amount

of hydrocarbons in the flotation pulp. Furthermore, the increase in CM'R was generally of_t

Table 9.3 - Effect of polymerizable monomer addition on the flotation of 200-mesh
dry-ground Pittsburgh No. 8 coal (4.8 IbFr of modifier used for ali tests).

FLOTATION PRODUCT ANAL _CTION
Yield CMR Asl_ Tot S Pyr S* Ash Pyr S EI H

Modifier _ _ _ % _% _ _%. ..-
Standard test 77,5 82.1 6.54 2.59 1.78 57,0 67.1 49.2
(no modifier)

Vinyl Acetate 84.9 89.8 6.66 2.78 1.37 52.1 58.3 47.9

Methyl methacrylate 87.1 92.1 6.75 2.86 1.45 50.2 54.5 46.6

Styrene 83.6 88.5 6.63 2.78 1.37 53.0 58.8 47.3

Ethyibenzene 84.5 89.1 6.95 2.85 1.45 50.0 55.9 45.0

Diiosbu tylene 90.2 95.1 7.01 3.17 1.78 46.4 42.2 37.3

Trimethylpentane 89.6 94.0 7.43 3.35 1.96 43.6 36.8 30.8

j li i i |mm.*Pyritic sulfur calculaled from total sulfur and ash.



Table 9.4 - Effect of polymerizable monomer addition on the flotation of 200-mesh dry-

ground Upper FreePort PA coal (4.8 Ib/T modifier used for ali tests). ' /

F1.OTATIONPRODUCT ANAL REJECT],ON
Yield CMR Ash Tot S PyrS* Ash PyrS EIH

Modifier ._%. _ ._.%.. _ _ _ _ __
Standardtest 74.1 78.6 7.18 1.41 0.73 57.5 67.8 41.4
(no modifier)

Vinyl Acetate 74.0 78.5 7.16 1.44 0.76 57.6 61.6 40.1

Methyl methacrylate 72.5 77.0 7.11 1.26 0.62 58.8 69.4 46.4

Styrene 74.7 79.3 7.12 1.49 0.80 57.5 59.2 38.5

Ethylbenzene 74.0 78.5 7.13 1.38 0.71 57.8 64.0 42.5

Diiosbutylene 76.2 80.4 7.67 1.40 0.73 53.3 62.1 42.5

•Pyriticsulfur calculated from total sulfur and ash.

by a decrease in pyritic sulfur rejection, re.suiting in the flotation efficiency index remaining nearly

constant or exhibiting a slight decrease compared to the standard flotation test.

Commercially available monomers are generally sold with an inhibitor to prevent the

possible occurence of a violent polymerization reaction. In addition to pr_wenting self.

polymerization, it was thought that the inhibitor may also be preventing the formation of graft /

polymers with the coal surface. In order to deteraline the inhibitor's effect on this prcn:.e.ss,vinyl

acetate was distilled to remove the inhibitor and the pure monomer was ground with Illinois No. 6

and Pittsburgh No. 8 coals to compare with the previous results of vinyl acetate containing

inhibitor. The results for the two coals, presented in Tables 9.5 and 9.6, show that the absence

of inhibitor did not significantly affect the flotation results of either coal. Therefore, the lack

Table 9.5 - Effect of vinyl acetate (4.8 lb/T) with and without inhibitor on the
flotation response of 200-mesh dry-ground Illinois No. 6 coal.

---- _mU,L--.......... ' I I I I • li I

_OTA'rIONPROOUC'rANAL BF,JEc'rtoN
Yield CMR A_h Tot S PyrS• Ash PyrS EiH

.___ _ "_ _ _ _ __
With Inhibi tor 62.9 69,1 8.92 3.66 1.44 67.9 68.8 37.9

Inhibitor Removed 63.9 70.0 8.99 3.84 1.58 67.2 65.0 35.0

Standard Test 60.4 66.0 9.31 3.5'7 1.36 68.6 72.4 38.4
ii i , li i .l iJ ali

• Pyritic sulfur calculated from total sulfur and ash.
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Table 9.6 - Effect of vinyl acetate (4.8 Ib/T) with and without inhibitor on the

O flotation of 200-mesh dry-ground Pittsburgh No. 8 coal.
. iiii iiiiiiii i i ii i ii iiii,_ i m lllt _:

FLOTATION pRODUCT ANAL B__EC_ON
Yield CMR Ash Tot S Pyr S* Ash Pyr S El H

With Inhibitor 84.9 89.8 6.66 2.78 1.37 52.1 58.1 47.9

Inhibitor Removed 87.3 92.4 6.64 2.98 1.58 50.1 50.3 42.7

Standard Test 77.5 82.1 6.54 2.59 1.18 57.0 67.1 49.2
i

* Pyritic sulfur calculated from total sulfur and ash.

of graft polymer formation can be attributed to chemical properties of the coal and the monomer,

and not to the presence of the inhibitor. It was pointed out by Ingberman of EOS Technologies

that free radicals formed during the grinding process could be dissipated by delocalization by the

, highly aromatic nature of the coal, yielding a stable, low-energy free radical (1).

Finally, the effect of the mode of grinding, dry or wet, and the point of monomer addition,f.

to the mill or to the cell, was investigated and the results presented in Tables 9.7 and 9.8. The

results in Table 9.7 indicate that wet grinding with diisobutylene results in approximately the same

O increase in yield over the Standard Flotation Test as did the dry-grinding tests. The addition of

diisobutylene to the cell (Table 9.8) results in a larger increase in the flotation yield and ash in

the clean coal than did its addition to the mill. This is probably due to the absorption of

diisobutylene by the coal during grinding.

Contact angles were measured on Pittsburgh No. 8 and Upper Freeport PA coals that had

been treated with diisobutylene. The results are presented in Table 9.9 along with the contact

angles of the coals without any modifier present. The increases in the contact angles indicate

Table 9.7 - Effect of diisobutylene (4.8 lb/T) addition to the mill on the flotation

response of 200-mesh 'wet and dry-ground Pittsburgh No. 8 coal.
i i ii

REAGENT DOSAGE PRODUCT ANALYSIS REJECTION
Coll. Frot. Grind Yield CMR Ash Pyr S ,Ash Pyr S ElH

.mo ___ze .i _-
1.90 0.30 wet 79.4 85.2 5.39 1.17 63.7 66.6 52
2.16 0.40 dry 90.2 95.1 7.01 1.78 46,4 42.2 37

®
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Table 9.8 - Compar_n of the effect of diisobutylene addition (4.8 lb/T) to the mill
with that to the cell on the flotation response of 200-mesh wet=ground

...... Pittsburgh No. 8 coal. O

Point of Ash
Diisobutylene Yield CMR Ash Rej

Addition % _ _ .._

to the cell 89.4 93.2 8.05 39.0

to the mill 79.4 85.2 5.39 63.7
" i.ii i i ii

that the diisobutylene makes the surface of the coals more hydrophobic. However, as previous

results suggest, the mechanism responsible for this increase is probablynot the formation of graft

polymers at the surface. In the case of Upper Freeport PA coal, the increases in hydrophobicity

is not associated with a significant increase in the flotation yield (Table 9.4) probably due to the

high degree of hydrophobicity characteristic of this coal. On the other hand, the increase in the

contact angle of the treated Pittsburgh No. 8 sample correlates well with the increase in flotation

yield. The efficiency index of the flotation test with diisobutylene (Table 9.3) indicates that this

reagent is not preferentially rendering the carbonaceous material more hydrophobic but the

sulfur-bearing components as weil.

9.2 Effect of Anionic Reagents

The anionic reagents tested in this study were Aerosol OT, 4-tert-butylpyridine and

4-(1-butylpentyl) pyridine. Aerosol OT is a water-soluble reagent, while the latter two are oily

reagents. Aerosol OT, 2-ethylhexylsulfosuccinate, is a widely used class of surfactants in the

mineral industry° The alkylated pyridines were chosen primarily because they could interact with

the acid groups, -COO'H + and RO'H +, produced on the coal surface by air oxidation that tend

Table 9.9 - Contact angle measurement by the sessile drop method on flotation feed
samples of Pittsburgh No. 8 and Upper Freeport PA co.ai treated with
diisobutylene.

ADVANCINGCONTAL'FANGLE,DEGREES
__.g UpperFreeport PA

Without Diisobutylene 38 47

With Diisobutylene 51 61
i i , ,,, _ ..... i i , i i ii. iii i un
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to make the coal surface hydrophilic and, thus restore the hydrophobicity to its unoxidized levels.

, ,The reaction product was conjectured to be a water insoluble pyridinium salt. The majority of the

studies with these anionic surface-modifying reagents were carded out with minus 200-mesh wet-

ground Pittsburgh No. 8 coal. The results are presented in terms of selectivity curves described
I,

by plots of pyritic sulfur or non-pyritic ash rejection versus combustible material recovery.

9.2.1 Aerosol OT
T'

The effect of Aerosol OT (AOT) was evaluated under different conditions and using three

different reagent schemes: addition of AOT to the cell, addition of AOT to the mill, and addition

of AOT and MIBC to the cell. Selectivity curves obtained for the flotation of wet-ground

Pittsburgh No. 8 coal with AOT are compared with that achieved using the standard collector (n-

dodecane) addition and varying amounts of MIBC in Figures 9.1 and 9.2 for pyrite and non-pyritic

ash rejections respectively. It can be seen from these figures that the point of addition of AOT

(mill or cell) or with or without MIBC did not cause a significant improvement in either the

rejection of pyrite or the non-pyritic minerals over that obtained with dodecane. In fact, there

O appears to be a marginal decrease in selectivity (less pronounced in the case of non-pyritic

minerals) with AOT addition.

The effect of AOT addition to the mill on the rejection of pyrite and non-pyritic minerals

t?romminus 200-mesh wet-ground Illinois No. 6 coal is shown in Figures 9.3 and 9.4 respectively.

lt can be seen from these figures that although the regions spanned by the curves with and

without AOT addition are somewhat different, there is a region where a comparison can be made.

"lqfiscomparison shows that the addition of AOT, may cause a reduction in the selectivity over

that of the standard test. This is in concurrence with the results obtain::d for Pittsburgh No. 8

coal.

In the case of Upper Freeport PA coal, the performance of AOT is similar to those

obtained for Pittsburgh No. 8 and Illinois No. 6. The addition of AOT had no significant effect

on the rejection of pyritic sulfur (Figure 9.5) or non-pyritic minerals (Figure 9.6).

Q
9-9

E



1O0 .... -- ,.......... , . I , .

z" BO0
I--
(,_,)

-"3
b.J 60
n,"

PITTSBURGHNO 8LL
--J 40 200 MESHWETGRIND3D
U') NoOH Addition in cell

pH 4

_ 20 o Dod.(1.g lh/T) + MIBC (0.15 - 0.4.4 Ib/T) in cell
>.. Z_ AOTin mill : 1.5 - 4.2 Ib/T
CL V AOTin cell : 0.26 - 0.78 Ib/l"

r_ AOT(0.2 - 0.3 Ib/T) + MIBG(0.29 lh/T) in cell

0 - " , 1 , I • 1,,, _ I ,,

0 2o 40 60 8o )0

COMBUSTIBLE MATERIAL RECOVERY, %

Figure 9.1 - Effect of Aerosol OT addition on the rejection of pyrite from wet ground minus
200-mesh Pittsburgh No. 8 coal.
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9-10



0 - " ' I " ! '"

O
z"
0 70 o-..__F-

W

w 60

0::

Lt.

.u 50 ILLINOIS N
Ct} 200 MESHWETGRIND

NaOH addition in cell
tn pH 6

40
>-- O Dod. (5.8 Ib/T) + MIBC(0.21 Ib_r)in cell
O. & AerosolOT (0.26 - 0.65 Ib/_T)in mill+

MIBC(1.17 Ib/7")
30 ......... ' .... ' '

70 80 90 100

COMBUSTIBLE MATERIAL RECOVERY, %
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9.2.2 Alkylated pyridines

In the case alkylated pyridines, 4-tert-butylpyfidine 2-(1-butyipentyl)pyridine,
of and the

reagents were added to the mill, while dodecane and MIBC were added to the cell in

ali experiments. Dosage of the reagents were chosen based on preliminary studies. It can be

seen from the selectivity curves for pyritic sulfur shown in Figures 9.7 through 9.10 that the

selectivity obtained in the presence of these reagents is lower than the obtained using the

dodecane-MIBC combination. However, in terms of the rejection of non-pyritic minerals, the

addition of alkylated pyridines has no significant effect on selectivity (Figures 9.8 and 9.10).

Alkylated pyridines do not appear to improve the froth characteristics. However, the addition

of alkylated pyridines seems to have enhanced the hydrophobicity of pyrite, relative to that of

coal, as observed with alkylated thiophene, a non-ionic reagent also tested and reported later in

this chapter.

9.2.3 Summary

The results of bench scale flotation studies conducted to determine the effect of water

O soluble and oily anionic reagents on the rejection of pyrite and non-pyritic minerals from the

three base coals, can be summarized as follows:

• AOT addition was found to cause either no effect or a marginal reduction in the rejection

of pyritic sulfur and non-pyritic minerals from the three base coals. The marginal decrease

in selectivity due to AOT addition is probably due to enhanced water flow that can cause

increased entrainment (mechanical carry-over) of the gangue/impurity minerals.

• Increase in pyrite hydrophobicity, relative to coal, due to oily reagents addition was

attributed to the decrease in selectivity obtained with respect to the rejection of pyritic

sulfur from Pittsburgh No. 8 coal upon addition of 4-tert-butylpyridine and

2-(1-butylpentyl)pyridine.

O
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9.3 notation with Non-ionic Surfactants

Characterization studies of the three base coals have shown repeatedly that Illinois No. 6 /

is the most hydrophilic coal. In order to float this coal at fine sizes, a substantial amount of

collector is needed. However, kerosene (or dodecane) is not highly selective and large additions

of oil to the flotation pulp can result in low ash and pyritic sulfur rejections. For relatively

hydrophilic coal, larger dodecane additions are needed to recover the combustible material and

hence the amount of pyritic sulfur and ash in the clean coal also increases. Therefore,

consideration has been given to reagents that were thought to function as collectors with better

selectivity than dodecane. A variety of non-ionic reagents were tested. The final set of reagents,

referred to as the GH series, contain hydrocarbon groups with various functional groups attached.

Another type of reagent tested was an alkylated thiophenyl that was chosen because it may

,interact with organic sulfur on the coal surface. Finally, the experimental results of a study on

the effect of dodecane, a non-ionic surfactant, on pyritic sulfur rejection is presented.

9.3.1 GH Series of Reagents

The flotation response of 200-mesh wet-ground Illinois No. 6 coal floated with dodecane @

and the GH reagents are shown in Figure 9.11. The upper set of plots shows the yield as a

function of reagent dosage in pounds per ton and the bottom set presents the same data plotted

as moles per ton. This figure clearly shows that the GH series of reagents function as collectors

and produce comparable results at one-tenth the molar dosage required with dodecane. As can

be seen from the summary given in Table 9.10, the flotation products obtained when GH0 is used

in place of dodecane result in efficiency indexes that are equivalent to or better than those

obtained with dodecane. It should be noted that GH0 is commercially available and at this

dosage level would be more economical than dodecane.

The effectiveness of the GH series of reagents was also tested on Pittsburgh No. 8 coal

and the results are shown in Figure 9.12 and Table 9.11. These results were not encouraging and

indicate that the interaction of the reagents is coal specific. The results for Upper Freeport PA

showed the GH reagents have even less of an effect compared to that with Pittsburgh No. 8 coal.

®,
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Table 9.10 - Effect of GH reagents on the flotation of 200-mesh wet-ground

i Illinois No. 6 coal.

REAGENT DOSAQE, PRODUCT ANALYSIS REJECTION
Coli, MIBC Mc_l. Yield CMR Ash Pyr S Ash Pyr S EIH

5.75 1.16 - 78.8 83.1 8,94 1.54 48.5 59.5 43
8.63 1.16 - 80.6 85.4 8.52 1.47 49.8 60.5 46

11,50 1.16 - 84.3 89.3 8.58 1.42 47.1 60.1 49
14.38 1.16 - 83.0 87.7 8.79 1.50 46.6 58.5 46

GH__._Q 1.16 0.52 75.3 79.3 9.03 1,25 50.3 68.6 48
1.16 0.78 82.8 86.9 9.43 1.37 42.9 62.2 49
1.16 1.17 91,8 95,5 10.18 1.51 31.6 53.8 49

GH1.5 1.16 0.58 62.9 66.3 9.04 1.29 58.4 73.0 39
1.16 0.86 77.6 80.9 9.99 1.54 43.3 60.2 41
1.,16 1.30 87.5 90.6 10.64 1,77 31.9 48,4 39

GH....._4 1.16 0.58 66.2 69.5 9.35 1.61 54.7 64.5 34
1.16 0,88 76.8 81.2 8.78 1.26 50.7 67.7 49
1.16 1.17 82.3 86.6 9.21 1.20 44,6 67,1 54
1,16 1,31 86.5 90.3 9.84 1.69 37.7 51.3 42

GH__._6. 1.16 0.59 26.1 27.9 7.84 0.94 85.0 91.8 20
1.16 0.88 37.0 39.5 7.80 1.03 78.9 87.3 27
1.16 1.18 47.3 50.4 7,95 1.09 72.5 82.8 33

O 1.16 1.32 66.6 70.8 8.21 1.21 60.0 73.1 44

Table 9.11 - Effect of GH reagents on the flotation of 200-mesh wet-ground

Pittsburgh No. 8 coal.

REAGENT DOSAGE PRODUCT ANALYSIS REJECTION
Coll. MIBC Mod. Yield CMR Ash Pyr S Ash Pyr S EIH

1.92 0.30 77.0 82.6 5.27 1.17 65.3 67.6 50
2.88 0.30 81.7 87.5 5.44 1.27 62.0 62.7 50
3.84 0.30 - 82.9 89.0 5.20 1.21 63.2 63.9 53
5.76 0.30 - 81.3 86.8 5.68 1.61 60.5 52.9 40

GH._....Q0 0.30 0.78 85.9 91.5 5.94 1.64 56.4 49.3 41
0.30 0.91 85.5 90.8 6.21 1.73 54.6 46.8 38
0.30 1.04 88.9 94.6 6.06 1.58 54.0 49.5 44

G H4 0.30 0.58 52.0 56.1 4.82 0.95 78.8 82.2 38
0.30 0.88 65.7 70.5 5.38 1.03 70.0 75.7 46
0.30 1.17 87.7 93.1 6.38 1.47 52.6 53.6 47

GH_.._fi6 0.30 0.88 47.2 51.0 4.67 1.06 81.2 82.0 33
0.30 1.03 53.6 57.6 5.03 1.16 77.0 77.6 35

0.30 1.18 82.2 87.7 5.78 1.48 59.4 56.2 44

9-17
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Table 9.12 - The effect of GH0 and GHB on the flotation of 200.mesh wet-ground
Illinois No. 6 coal.

REAGENT DOSAGE pRODUCTANALYSIS REJECTION
Dodecane MIBC Mod. Yield CMR Ash PyrS Ash PyrS Elxq

GH0
0.0 1.16 0.52 75.3 79.3 9.03 1.25 53.4 59.9 40
0.0 1.16 0.78 82.8 86.9 9.43 1.37 46.5 51.7 40
0.0 1.16 1.17 91.8 95.5 10.18 1.51 36.0 41.0 38

GH__8
0.0 1.16 0.52 55.1 59.0 7.51 ........
0.0 1.16 0,78 64.2 68.6 7.73 ........
0.0 1.16 1.17 77.8 82.9 8.04 ........

The GH series of surface modifiers contains a phenolic group which may play an important

role in the interaction of the reagents with the surface of coal. This interaction may be enhanced

if the surface of the coal contains numerous oxygen-containing groups as in the case of

Illinois No. 6 coal or a coal that has been weathered. In order to verify this hypothesis GHB,

that has a structure similar to GH0 but lacks the phenolic group in its structure, was added as a

flotation modifier for Illinois No. 6 coal. Indeed, the results (Table 9.12) show that at equal

additions, the yields obtained with GH0 are significantly higher than that obtained with GHB.

The ash in the clean coal is also reduced by about 28% with GHB. lt is postulated that higher

yields obtained with OH0 are due to the interaction of its phenol group with the hydrophilic sites

of the coal. Likewise the phenolic group is probably responsible for the high ash recoveries as

compared to dodecane and to the improved flotation results obtained with Illinois No. 6, which

contains more oxygen function groups than the other two coals.

Because of the large number of hydrophilic oxygen functional groups present on oxidized

coal, the effect of the GH series of reagents on laboratory-oxidized coal was investigated.

Laboratory-oxidized coal was prepared by first grinding Pittsburgh No. 8 coal to minus 200-mesh

following our standard grinding procedures. The ground coal was then stored in sluro' form for

120 hours at 60°C and additional distilled water was added periodically to keep the sample from

drying out. This sample was then used for flotation tests with dodecane, GH0, and GH4 added

0
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" Table 9.13 - The effect of dodecane, GH0 and OH4 reagents on the flotation of

lab-oxidized200-meshwet-ground Pittsburgh No. 8 _al. ..

Dodecane MIBC Modifier Yield Ash CMR Ash Rej

1.92 0.30 0.0 16.9 4.44 18.3 93.6
3.84 0.30 0.0 47.1 4.50 50.9 81.9

GH0 0.0 0.30 0.13 47.0 4.83 50.7 80.6
0.0 0.30 0.78 80.7 6.17 85.8 57.4

GH4 0.0 0.30 1.02 79.4 6.98 83.6 52.6
.......

...... 1 iii i ., ii .i.i m i i i _ i ., ii

to the flotation cell. From the results presented in Table 9.13, it can be seen that the yield is very

low when dodecane is used as collector. When either GH0 or GH4 is used, however, the yield

returned to levels equivalent to those obtained with unoxidized coals. These results indicate that °

both GH0 and GH4 appear to have the ability to restore the flotability of oxidized coal.

However, the ash reporting to the clean coal is higher than that before the sample was oxidized.

There is not enough data to determine if the GH reagents are less selective in terms of ash than

dodecane for oxidized coal.

(ii) .
9.3.2 Alkylated thiophene

The effect of 2,n-butylthiophene addition on the rejection of pyritic sulfur and non-pyritic

minerals is shown in Figures 9.13 and 9.14 respectively. It can be seen from these figures that

this reagent has no effect on the efficiency of pyrite removal, as seen from the orc 'lap of the

*'selectivity curves in Figure 9.13, while the rejection of non-pyritic minerals showed an

improvement as ,seen by the shift of the selectivity curve towards the upper right hand corner

(higher selez.tivity region). Enhanced non-pyritic minerals rejection can be. due to possible

improvement in froth characteristics (less viscous froth) caused }y 2,n-butylthiophene addition

and, as a result, more rapid drainage of impurities from the froth layer. However, since pyrite

rejection did not improve with 2,n-butyithiophene addition, the above hypothesis would imply that

increased pyrite rejection obtained due to improved froth characteristics is probably offset by

enhanced pyrite flotation due to possible increase in pyrite hydrophobicity (relative to that of

coal).
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9.3.3 Dodecane

O Results obtained with alkylated thiophene and alkylated pyridines suggested that the

percentage increase in the hydrophobicity of p)aite was higher than that obtained for coal with

the a d_t_onof these oily reagents. Since pyrite surfaces apparently possess no groups capable

o_ t'_!m_ir_,gwith the functional groups present in either alkylated thiophenes or the alkylated

pyridines, tb.e on!y pogsible mechanigm by which pyrite surface hydrophobicity can be enhanced

by these oily reagents is by physically coating the particle surface by oily drops due to van der

WaaLsforce_ and hydrophobic interactions. In order to test this hypothesis, tests were conducted

to determine the effect of an increase in dodecane dosage on pyrite and non-pyritic minerals

rejection. Since dodecane does not possess any functional group, hydrophobic or van der Waals

attraction is the only mechanism by which this reagent can coat the surface of either the coal or

the pyrite. The effect of ix_creasein dodecane dosage on the rejection of pyrite is plotted in

Figure 9.15. This figure clearly shows that the selectivity is reduced with increasing dodecane

dosage. The detrimental effect of dodecane can be more clearly seen in Figure 9.16 in which the

Q results are shown for a two-stage flotation test. In the case of non.pyritic minerals, an increase
!_ dodecane dosage has no significant effect on selectivity (Figures 9.17 and 9.18) suggesting that

the froth characteristics are not altered by the addition of dodecane and that the effect observed

for pyrite is probably due entirely to changes in surface properties. These results strongly support

the hypothesis that oily reagents (alkylated thiophenes and pyridines) coat the surface of coal and

pyrite through non-specific or low energy interactions and that they increase the pyrite

hydrophobicity relative to that of coal. "I_e reason for the latter phenomenon may be due to the

inherent hydrophobicity of coal surface relative to that of pyrite. This is also manifested in high

coal yields (-9(hot%) with frother only as compa_erd go low pyrite y/eld (-25wt%). Therefore,

the percentage increase in the hydrophobicity of pi_'ite surface is likely to be higher for coal than

pyrite.

In conclusion, the hypothesis that the increase in the hydrophobicity of pyrite due to the

addition of oily reagents is higher than that for coal was further evidenced from the tests

O conducted with dodecane. In these tests, it was found that pyrite rejection deteriorated upon
increasing the dosage of dodecane. Since dodecane dosage had no effect on the non-pyritic
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Table 9.14 - Effect of methanol addition to the grinding mill on the flotation response

of 200-mesh wet-ground Up_._r_Freeport PA coal.II --- .,, _ -- _--- • __ -- ---- ___ _ ___ _

.REAG_ENT DOSAGE _DUC__ _ANALYSIS
IXxle,cane MIBC Mod. Yield CMR Ash Pyr. S Ash Pyr. S El H

_
0.48 0.21 0.0 68,2 73.8 5.3 0.51 71.1 78.5 52.3

0.48 0.00 2.0 32.4 35.5 4,2 0.27 89.6 94.7 30,2
0.48 0.09 2.0 54.1 59.2 4.3 0.31 81,5 89.7 50.0
0.48 0.18 2.0 67.5 73.3 5.0 0.27 73.3 88.8 62.1
0.48 0.27 2.0 82.7 88.3 6.5 0,43 58.2 78.1 66.4

0.48 0.00 6.0 35.5 38.8 4.4 0.28 87,4 93.6 32.3
0.48 0.09 6.0 63.7 69.3 4.9 0.30 75.7 88.2 57.5
0.48 0.18 6.0 74.1 79,8 5.7 0.38 67.0 82.7 62.5
0.48 0.27 6.0 80.3 86.3 6.0 0.38 60.4 81.2 67.5

0.48 0.00 12.0 36.1 39.6 4.0 0.30 88.5 93.1 32.7
0.48 0.09 12.0 51,8 56.6 4.5 0.30 81.8 90.5 47.0
0.48 0.18 12.0 64.4 70.1 4,4 0.32 75.4 87.2 57.3
0.48 0.27 12.0 80.0 85.9 6.0 0,40 62.1 80.3 66.1

, .....

minerals rejection, the possibility that the increase was due to a change in froth properties and

its consequent effect on pyrite rejection was rejected. The relative increase in pyrite

hydrophobicity, thus, appeared to be. the reason for reduced pyrite rejection obtained upon the

addition of oily reagents. In the light of these findings, it is recommende.d that the use of oily

reagents be minimized in coal/pyrite flotation systems. Addition of oily reagents can significantly

improve the coal recovery and, sinc_ they do not have any significant effect on non-pyritic

minerals rejection, oily reagents can be used to achieve improved performance in coal/non-pyritic

minerals (low sulfur coals) flotation system.

9.4 Reactive non-Polymerizable Reagents

9.4.1 Alcohol Homologues

Initial stL_dies with reactive but nontx)lynledzable reagents involved the delineation of the

effect of methanol and ethanol addition to the grinding mill on the flotation separation of 200-

mesh wet-ground coal. Results with methanol on the flotation of Upper Freeport coal. (Table

9.14) indicate that methanol improves the separation efficiency (EIH) by as much as 15 percent,

as compared to the standard flotation test; however, beyond 2 lb/T an increase in methanol does /

not result in improved efficiency. In addition, methanol does not replace the need for a fxother
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Table 9.15 . Effect of methanol addition on the flotation respoi_e of 200-mesh wet-

Q _ground Pit__burgh No. 8 coal.
.,, , -- ..................... -R=. __ ..rm_,,i.

REAGENT _DOSAGE pROpUU_C'_ANALYSIS _CT!_ON
Dodecane MIBC Mod. Yield CMR Ash Pyr. S Ash Pyr. S EIH

1.9 0.30 -- 74.7 80.0 5.1 1.16 66.6 69.3 49.3"

1.9 0.00 6.0 25.6 27.5 4.3 0.80 89.9 92.7 27.5
' 1.9 0.10 6.0 41,4 44.6 4.2 0.82 84.0 8g.0 32.5

1.9 0.20 6.0 67.1 71.8 4.7 0.94 71.0 77.6 49,4
1.9 0.30 6.0 73.8 78.7 4.7 0.93 67.6 75.7 54.4

'Standard test

and tile flotation performance _, very sensitive to the MIBC dosage. With no MIBC the

efficiency index (EIH) was about 30 regardless of the methanol addition (above 2 IbFl') and with

0.09 lb/T MIBC, the EI H increased to around 50 percent.

The results with Pittsburgh No. 8 (Table 9.15) show that methanol has only a slight effect

on the efficiency index with the maximum improvement limited to about a 5% increase in the

performance. The flotation results 'with Illinois No. 6 with and with out methanol were identical

O to each other indicating that this alcohol has no effect on the flotation of this coal.

The effect of alcohol on the flotation performance of fine coal was then investigated for

ethanol, the next alcohol in the homologous series after methanol. The results of this

investigation are given in Table 9.16 for Upper Freeport PA coal. Unlike methanol, the

efficiency index appears to go through a slight maximum at 6 lbfF ethanol addition as the index

is consistently 2-5 % higher than the results obtained with 3 or 9 lbfI' addition. The increase in

efficiency, index brought about by alcohol addition is roughly ten percent over that obtained for

the standard flotation test.

As with nae_hanol, ethanol increases the flotation efficienc'y index of Pittsburgh No. 8

(Table 9.17) by about 10 percent and has no effect on the flotation of' Illinois No. 6. These

improved results with ethanol over those of methanol _uggests that longer chain alcohols may
,I

have an even greater beneficial effect on the flotation of Upper Freeport PA coal. Therefore,

iso-propanol, a branched three..carbon alcohol, and butanol, a straight chained four-carbon alcohol

O were tested with Upper Freeport coal. The results obtained with each of the four alcohols
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Table 9.16 - Effect of ethanol addition on the flotation response of 200-mesh

wet-ground- U p_r Freepo_.PA,coa!.-_ __ _ _........... -_ ,(_

RRE._>OENT DQSAQE ROD AN YSI$ B_CTION
Dodecane MIBC Meal. Yield CMR Ash Pyr. S Ash Pyt. S El H

Ib.EE .._.
0.48 0.21 0.0 68.2 73.8 5.3 0.51 71.1 78.5 52.3

0.00 0.00 1,00 24.2 26.7 3.5 0.24 93.2 96.4 23.1
0.00 0,00 2.00 34.3 37.7 3.8 0.27 89.5 94.3 32.0
0.00 0.00 3.00 34.5 38,0 3.5 0.25 90.4 94.7 32.7
0.00 0.00 6.00 48.5 53.3 3.9 0.27 84.9 91.9 45.2

0.23 0.23 3.00 81.5 86.5 7.1 0.55 55.0 72.4 58.9
0.23 0.27 3.00 73.7 79.0 6.2 0.44 64.1 80.0 59.0
0.23 0.36 3.00 81.8 87.1 6.7 0.48 57.5 75.8 62.9
0.23 0.45 3.00 85.2 90.5 7.1 0.51 51,6 73.2 63.7

0.23 0.23 6.00 82.7 87.5 7.5 0.53 51.9 72.9 60.4
0.23 0.27 6.00 81.1 86.4 6.8 0.46 57.1 77,0 63.4
0.23 0.36 6.00 83.8 89.0 7.1 0.47 52.8 75.7 64.7
0.23 0.45 6,00 85.4 89.0 7.4 0.52 50.3 72.6 61,6

0°23 0.23 9.00 84.4 89,7 7.0 0.56 52.3 70.8 60.5
0.23 0.27 9.00 77.0 82.5 6.2 0.46 61.6 78.2 60.7
0.23 0.36 9.00 78.3 83.9 6.2 0.47 60.0 77.3 61.2
0.23 0.45 9.00 82.3 87.8 6.6 0.52 55.9 73.6 61.4

(6 lb/T) with neither collector nor frother, with collector alone, and with both collector and Q

frother, are given in Table 9.18. This table shows that flotation efficiencies greater than 60

percent are produced by butanol regardless of collector or MIBC addition, by isopropanol and

butanol when dodecane is also added, and by ali four alcohols when both collector and frother

Table 9.17- Effect of ethanol addition on the flotation response of 200-me,sh

wet-ground Pittsburgh No. 8 coal.

R,,F_QENT., DOSAGE= PRODUCT ANAL_YSI_S =R:EJECTION
Dodecane MIBC Meal. Yield CMR Ash Pyr. S Ash Pyt. S El H

1.9 0.30 - 74.7 80.0 5.1 1.16 66.6 69.3 490'

1.9 0.00 6.00 39.4 42.3 4.7 0.89 83.7 87.6 29.9
1.9 0.10 6.00 54.0 58.1 4.5 0.88 78.2 83.2 41.2
1_9 0.20 6.00 69.3 74.3 4.7 0.99 70A 75.6 49.9
1.9 0.30 6.00 82.2 88.4 5.1 1.03 64.3 70.0 58.3

"Standard [est

0
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O Table 9.18 - Flotation results using alcohol homologs in the mill with 200-mesh wet-ground Upper Freeport PA coal. 6 lb/T of alcohol w_ used for each test.

_NT DOS,AGE PRRODUCTANALYSIS
Dodecane MIBC Yield CMR Ash Pyr, S Ash Pyr. S EIH

Modifier _ _ _ _ _ _ _ _ _.-

Methanol 0.0 0.0 25.5 28,7 3.77 0.23 92.3 96.6 25.3
Ethanol 0.0 0.0 48.5 53.2 3,91 0.27 84.9 91.9 45.1

I.propanol 0,0 0.0 47.2 52.1 3,88 0.26 85.8 92.4 44,5
Butanol 0.0 0,0 73,6 80.3 4,99 0.32 71.6 85.5 65.8

Methanol 0.48 0.0 36 1 39,6 3.97 0.30 88.5 93.1 32,7
Ethanol 0.48 0.0 58.6 63,7 4.96 0.29 76.5 89.4 53.1

I,propanol 0.48 0,0 71.4 77.6 4.80 0,38 72.6 83.3 60.9
Butanol 0.48 0,0 87,6 93.5 7.00 0,50 52.3 72.9 66.4

Methanol 0.48 0.27 79.9 85.9 5.95 0.40 62,1 80.3 66,2
Ethanol 0.48 0.27 84,8 90.6 6.52 0.41 54.5 78.6 69.2

I-Propanol 0.48 0.27 88,1 93.9 7.98 0.55 51.2 70.1 64.0
Butanol 0.48 0.27 89.7 95.3 7.33 0,61 48,4 66.2 61.5

are added to the flotation cell. In general, when higher molecular weight alcohols are added as

flotation reagents the amount of collector and frother can be decreased.

O Optimization tests with butanol were performed on Upper Freeport coal to determine the
best separation that could be obtained with this alcohol. Representative results are presented

in Table 9.19 and show that by using butanol in place of MIBC (however, at a higher

concentration) an efficiency index of 70.4 percent can be achieved. This represents a CMR of

close to 90 percent and a pyrite rejection of over 80 percent. This compares with the optimized

separation efficiency of 65.6 with 1.0 Ib/T of MIBC and no collector.

During the development of the standard flotation test and further work on the

optimization of the flotation of Upper Freeport PA coal, it was found that several different

Table 9.19 - Optimized flotation results using butanol added to the mill with 200-mesh

wet-ground Upper Freeport PA coal.

R_._EAQ_G_GGEN"T DOSAGE PRODUCT ANALYSlS_ RF..JECTION
Dodecane MIBC Mod. Yield CMR Ash Pyr. S Ash Pyr. S EI H

-%-- --
0.3 0.0 4 81.5 87.5 5.58 0.34 62.3 82.9 70.4
0.,4 0.1 4 83.6 90.0 6.78 0.45 57.7 76.8 66.8

O 0.3 0.1 6 87.8 93.0 6.08 0.44 57.7 76.2 69.2
0.4 0.0 6 86.9 92.1 5.94 0.44 54.2 76.4 68.5

...,, __ --- _._

_ 9-29
__



combinations of frother and collector produced equivalent efficiency ind_te_. This included a

slightly elevated collector addition with no frother, and vice-versa, a slightly elevated frother /

addition with no collector, lt was obvious from the optimization and grinding studie_ that the

frother, MIBC, was also adsorbed (absorbed) by the coal and not solely at the air/liquidinterface

as an ideal frother should. The alcohols tested in this program also appear to behave in the same

manner as MIBC which is expected since MIBC (methylisobutylcarbinol) is 4-methyl-2-pcmtanol.

Branching of the alcohol probablyhas an effect on the flotation performance and particularlyon

the dosage required since the results presented in Table 9.18 were ali obtained with 6 lbs/T

alcohol addition and similar results with MIBC are achieved with an order of magnitude less.

To verify this observation, a systematic study of the effect of molecular weight and

structure of three different alcohols on the flotation of minus 200-mesh Pittsburgh No. 8 coal was

completed with n-butanol, n-hexanol and MIBC. n-butanol was chosen since its mol_ular weight

is lower than that of MIBC, while n-hexanol was selected because it has the same molecular

weight but is struc.turallydifferent (straight chain; smaller molecular dimension) from MIBC. A

comparison of the performance of these frothers in terms of reagent consumption is shown in

Figure 9.19. This figure shows that, to achieve a given flotation recovery, the amount of

n-butanol required is much higher compared to those of the hexanol and MIBC. Between the

6 carbon alcohols, the performance of MIBC (secondary alcohol) is better than that of n-hexanol

(a straight chain primary alcohol). The.ce observationS imply that the smaller the molecule the

larger its consumption. This may be due to the sorption of frothers by coal, since, depending on

the pore size, smaller molecules can penetrate into more pores, than the larger molecules can.

Therefore, it appears that more butanol is lost by absorption into the pores of the coal panicles

than either n-hexanol or MIBC, which leaves less reagent available for producing froth.

The effect of frother type on the selectivity with respect to pyrite and non-pyritic minerals

is shown in Figures 9.20 through 9.23, respectively. It can be seen from these figures that the

type of frother has no ,_ffect on the selectivity obtained in either single-stage flotation or two-

stage flotation, for either pyrite or non-pyritic mineral rejection for the Pittsburgh No. 8 coal.

@
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e 9.4.2 Butyl benzaldehyde

Flotation experiments with alkyl benzaldehydes were proposed in the work plan to

determine if these compounds had an effect on coal flotation. Therefore, flotation experiments

were performed with butyl benzaldehyde added to the grinding mill with Upper Freeport coal.

The results for coal ground to minus 28 mesh and minus 200 mesh are given in Tables 9.20 and

9.21, respectively. These results show that the addition of butyl benzaldehyde does increase the

flotation yield. However, the results for the minus 28-mesh material did not show any

improvement over that of the standard flotation test and clearly show that an excess amount of

this reagent is detrimental due to low a_;hand pyritic sulfur rejections. Associated with the low

ash and pyritic sulfur rejection are CMR recoveries of over 90 percent. The reason for the low

rejections may be poor selectivity of the reagent or particle hydrodynamics (poor frothing

characteristics, poor drainage of froth, entrapment, entrainment).

Results with butyl benzaldehyde with minus 200-mesh material were slightly better

e than that of the standard test. An improvement in the efficiency index of close to 10 percent was
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Table9.20 . Effectof butylbenzaldehydeadditionon the flotationrespons¢of
28-meshwet-groundUpper FreeportPA coal.

iii ii ii i i ii pi _ __ -...... ,|iiii " _

W8_AGENT DOSAGE P_.__RO_,_DUCTANALYSIS __
Dodecane MIBC Mod. Yield CMR Ash Pyr. S Ash Pyr. S Eli.!

% ..__
0.23 0.00 0.80 25.0 27.2 4.6 0.44 90.8 93.2 20.4
0.23 0.05 0.80 38.5 42.1 4.4 0.45 86.4 89.3 31.4
0.23 0.14 0.80 55.2 59.7 5.3 0.55 76.4 81.3 41.0
0.23 0.23 0.80 88.1 92.9 7.7 0,81 45.6 56.0 48.9

0.23 0.00 1.60 38.4 41.9 4.5 0.44 86.2 89.6 31.5
0.23 0.05 1.60 49.3 53.5 5.1 0.51 79.8 84.5 38.0
0.23 0.14 1,60 73,1 78.0 6.6 0.69 61.8 68.9 46.9
0.23 0.23 1.60 95.2 99.4 8.6 0.81 34,3 52,4 52.8

0.23 0.00 2.40 86.5 91.1 7.4 1.05 45.1 43.9 35.0
0.23 0.05 2.40 90.5 95.1 8.0 0.81 43.9 54.8 50.0
0.23 0.14 2.40 91.3 95.2 8.8 1.02 35,8 42.5 37.7
0.23 0.23 2.40 92.I 95.7 9.1 0.99 33.0 43.7 39.4

,,,,,.,.,.__ i .,,,,, ,,. i.i. ............. ,.l Hlm iii

StandardElH = 52.5

Table 9.21 - Effect of butyl benzaldehyde addition on the flotation response of
200-mesh wet-ground Upper Freeport PA coal.

i H., li

REAGENT DOSAGE PRODUC T ANALYSIS REJECTION i
Dodecane MIBC Mod. Yield CMR Ash Pyr. S Ash Pyr. S EI H lP'

lb/T __
0.48 0.00 0.80 45.8 49.7 5.1 0.38 81.4 89,3 38.9
0.48 0.09 0.80 59,8 64.7 5.3 0.41 74.5 84.9 49.6
0.48 0.18 0.80 73.6 79.4 5.7 0.45 66.5 79.5 58.9
0.48 0.27 0.80 79.3 85.3 5.9 0.47 62.9 77.0 62.3

0.48 0.00 1.60 46.0 49.7 5.5 0.40 79,9 88.6 35.8
0.48 0.09 1.60 56.9 61.2 5.0 0.38 77.4 86,7 45.0
0,48 0.18 1.60 74.5 80.5 5.5 0.42 67.6 80.7 56.9
0,48 0.27 1.60 80.9 86.9 6.2 0,45 60.2 77.5 60.2

0,48 0.00 2.40 33.6 36.5 5.1 0.39 86.4 91.9 28.4
0.48 0.09 2.40 60.0 65.1 5.0 0.41 75.8 84.8 49.9
0.48 0,18 2.40 75.7 81.4 5.9 0.49 64.4 77.1 58.5
0,48 0.27 2.40 88,4 94.6 6.3 052 55.7 71.6 66.3

0.00 0.00 0,80' 32.8 35.5 5.4 0.39 85.9 92.1 27.6
0.00 0.00 1.60' 43.7 47.5 5.0 0.36 82.8 90.3 37.8
0.00 0.00 2.40" 47.5 51.5 5.2 0.36 80.3 89.4 40.9

_1 .... JL t,

"modifier addition made to the cell

Standard EIF] = 49.5

0
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Table9.22- Effectofglyoxaladditionontheflotationrespon_of28-m_h wet.ground

Upper Fr_port PA coal.ii iii ii i iiiiill llllll i i i -- li : ....... llml_

REAGENT DOS._Q]_ PRODUCT8NAI_ySlS
Dodecane MIBC Mod. Yield _ Ash P)'r.$ Ash Pyr.S ElH

.... 0,23 0.00 1.00 18.4 20,7 4,6 0.36 93.5 95.9 16.0
0,23 0.05 1.00 26,9 29,4 4.6 0.44 90.4 92.7 22.0
0.23 O.14 1,00 49.6 54.3 4.3 0.45 83.2 86.2 40.5
0.23 0.23 1.00 75.9 81,3 6,2 0.59 62.2 72.4 53.7

0.23 0.00 2.00 15.9 17,4 4.5 G.-_2 _.3 95.9 13.3
•0.23 0.05 2,00 26,3 28.8 4.2 0.40 91.3 93.5 22.3
0,23 0.14 2.00 41.2 45.0 4.4 0.36 85.7 90.9 35.8
0.23 0.23 2,00 67,0 72.3 5.7 0.43 70.3 82.2 54.5

0.23 0.00 6,00 I1,3 12.3 4.4 0.38 96.1 97.4 9.7
0.23 0.05 6,00 27.8 30.4 4,2 0.44 90.9 92.5 22.9
0,23 0.14 6.00 49,2 53.4 5.0 0.52 80,5 84.2 37.6
0,23 0_23 6,00 70.4 75.6 6,1 0,49 66.3 78.7, 54.3

rcaliz_ with an additionof 0.8 ]b/T of butyl benzaldehydealong with the standardflotation

collector and frother dosages.

Flotationteatsforthe othertwobasecoalsand thisreagentshowedthattheflotation

productswithand withoutbutylbcrtz_Idehydewerenearlyidenticaltothatof thestandard

flotationtestindicatingthataswiththealcohols,butylbenzaldehydeeffectsaremostpronounced

forUpper Freeportcoal.

9.4.3 Glyoxal

"lhc effect of glyoxal addition to the millon the flotation performance we,s evaluated using

28-meshwet-groundUpperFreeportPA coal.Threedosagesofsurfacemodifierwereteatedand

ateachdosageflotationteatswerecarriedoutatfourfrotherlevels.The resultsofthesetestarc

giveninTable9°22.An examinationoftheacreaultsindicatethat,inthepresenceofMIBC,

thcrcislittleeffectofglyoxaldosageon theefficiencyindex.IntheabsenceofMIBC, on the

otherhand,theefficiencyindexvm'ieainverselywiththeglyoxaldosage.The maximumvalueof

efficiencyindexobtainedusingthisreagent(ElH = 54.5)issimilartothatachievedunderthe

standardcondition(ElH = 52.0).The resultsfortheflotationofIllinoisNo.6 coalwithglyoxal,

shown in Table 9.23 further show that this reagent has little beneficial effect on coal flotation.
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Table9.23- Effectof glyoxaladditionon the flotationof 28-meshwet-ground
IllinoisNo. 6 coal.

- milli I-". .............. lull . II mill I lll I IIW
_EAOEN'ZDOSAO_ PRODUC'TANALYS_

Dodecane MIBC Mod. Yield CMR Ash Pyr.S A._h Pyr.S ElH

5.3 - -- 42.3 79.5 6.89 1.ii0 83.5 45.9 29.4
5.3 -- 1.0 37.0 86.7 7.01 0.93 86.6 40.6 27.2
5.3 1.3 - 75.0 57.2 9.06 1.03 69.8 81.0 50.8
5.3 1.3 1.0 77.5 55.6 &91 1.14 65.5 83.5 49.0

iiii_lll i i [| _ i _J i i _11 ii iii li i iiii i i _]11111

9.4.4 Other Reagents

A number of other organic reagents that have functional groups that could react with a

particular property of the coal surface and possibly alter the flotation behavior were also

examined. These included ethylene glycol, polyethylene glycol, succinic acid, pentyl ether,

butylamine and dipentylamine. In general, dodecane and MIBC produced equivalent or better

separations than these reagents. For instance, of the polyethylene glycol series, PEG.200

(molecular weight of 200) produced an efficiency index of 66 for Upper Freeport coal. This was

only slightly better than two other PEG reagents (PEG-400, PEG.1000) but much better than

either PEG-6000 or ethylene glycol which did not promote coal flotation even at high additions Q

(up to 16 !bs/T).

Of the remaining reagents tested, both the alkylamines and the pentylether were able to

produce efficiencies close to 65. However, only the pentylamine was able to produce a separation

efficiency equivalent to that produced by MIBC at dosages comparable to that required for MIBC

(less than 1 ib/T). The butylamine and pentylether both required 2 - 4 ib/T for equivalent

separation efficiencies. Succinic acid, even at very high dosages (4 lh/T), only produced an

efficiency of 56.

9.5 pH Effect

The surface of coal and pyrite are imown to be modified significantly by pH changes (2,3).

In the case of coal, the phenolic and the carboxylic functional groups undergo ionization (-OH -

---> OH'; -COOH" ---> -CO0") or protonation (-O" --> .OH; -CO0" ---> -COOH)

depending on whether the pH is increased or decreased. Such changes can render the surface /

either relatively hydrophilic or hydrophobia In the case of pyrite, surface reactions are more
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Figure 9.24 - Solution. species diagram of aqueous iron sulfide system.

complex and depend, in addition to pH, on the type and concentration of inorganic species,

especially iron, in solution and also whether or not the surface of pyrite is oxidize& A solution

spc.cies diagram of aqueous iron sulfide system given in Figure 9.24 shows the type of species that

will exist depending on the pH and Eh (electrode potential) of the system. Since both the type

of inorganic species and its concentration in solution will depend on the type and the composition

of the mineral matter in coal, the type of species that exist on the pyrite surface at a given pH

can vary for different coals. Therefore, the effect of pH can be different for different coals.

In this work, a major part of the study was conducted using minus 200-mesh, wet-ground

Pittsburgh No. 8 coal. Therefore, these r_ults will be discuss_ first and in more detail. Also,

most of the tests were carried out using caustic soda (sodium hydroxide, NaOH) as the pH

modifier. The performance of caustic soda is compared with that of lime (calcium hydroxide,

Ca(OH)_, since in addition to being a pH modifier, lime is also a known depressant for pyrite

(4). Further, lime is a cheaper reagent compared to caustic soda and, therefore, commercially

e more attractive.
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Figure 9.25 . Comparison of effects of sodium hydroxide addition to lhc mill and to the cell
on coal flotation recovery.

The effect of the pH modifiers was tested by adding them both to the cell and to the mill. O

Flotation tests were carried out both in a single stage and in two stages and in the pH range of

4 to 10. This pH range was selected since the natural pH values of Pittsburgh No. 8 and Upper

Freeport PA samples were around pH 4 and because below this pH value pyrite is highly _luble.

The upper limit of pH 10 was selected since the alkali consumption increases steeply above this

pH and will not be attractive commercially.

9.5.1 Pittsburgh No. 8 coal

The effect of pH on the recovery of coal is shown in Figure 9.25, for the addition of

sodium hydroxide to the cell and to the mill. In t_ e case of sodium hydroxide addition to the mill,

up to pH 8, there is no significant effect of pFI on the coal recovery. Between pH 8 and I0, the

coal recovery falls shaq31y with pH increase, an effect that can be attributed to the ionization of

surface phenolic and carboxylic groups that can render the surface hydrophilic (3). The flotation

behavior can be seen to be drastically different when sodium hydroxide was added to the cell with
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O the recovery decreasing steeply with pH increase even in the region of pH 4 to 8. One of thereasons for these differences in flotation behavior in the pH region of 4 to 8 for the two cases

is the effect of dissolved inorganic species.

The effect of interaction between dissolved inorganic species and pH on the floatability

of coal has been investigated in the past (5). In that study it was s_ that the effect is

especially drastic in the c.a_',of trivalent ions, such as ferric iron and aluminum. However, the

erect of pH was not investigated systematically, as it appears that in the past work the pH was

adjusted randomly (neither in the direction of decreasing pH nor in the direction of increasing

pH) and since depending on whether or not the pH is decreasing or increasing there can either

be precipitation or dissolution of inorganic species which can give rise to markedly different

effects. Therefore, in this study changes in the pH of the system during the course of grinding,

aging, conditioning (with reagents) and flotation were monitored in order to determine the

possible changes in the pH - time curve for the two cases of sodium hydroxide addition, that is,

to the mill or to the flotation cell.

O The variation of pH as a function of time, in the sequence of grinding, aging, conditioning
and flotation, is shown in Figure 9.26 for the two modes of sodium hydroxide addition. It can be

seen from this figure that when sodium hydroxide is added to the mill, the pH decreases during

grinding and remaim constant during aging, conditioning and flotation. On the other hand, when

sodium hydroxide is added to the cell (grinding carried out in distilled water at pH -6 instead

of in alkaline solution), the pH decreases during grinding and stabilizes at the natural pH value,

which was around 4 during course of these experiments_ During conditioning, as the sodium

hydroxide is adored to the cell, the suspension follows the direction of increasing pH. Thus, it is

seen that depending on whether sodium hydroxide is added to the mill or to the cell, the solids

will be subjected to an entirely different pH-time cycle. The effect of such changes in pH on the

precipitation/dissolution characteristics of inorganic species was studied under the same conditions

used in bench scale flotation studies.

The relationship between pH and dissolved inorganic species in the supernatant of wet

O ground Pittsburgh No. 8 coal for sodium hydroxide addition to the mill and to the cell are shown
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Figure 9.26 . Effect of mode of sodium hydroxide addition (mill or cell) on pH- time
relationship.

in Figures 9.27 and 9.28 respectively. These figures show that only calcium, magne.sium,iron and O

aluminum are present at detectable (by inductively coupled plasmaspectrophotometer) levels.

A comparison of Figures 9.26 and 9.27 showsthat when sodium hydroxide is added to the

mill, dissolution of inorganic specieswill occur in the mill since pH decreasesduring grinding.

However, since no pH changes tw.cur during aging, conditioning or flotation, the concentration

of dissolvedions will remain constant, their levelsdepending on the pH. The lower the pH, the

higher will be the concentration of dissolved ions, especially iron. Comparison of Figures 9.26

and 9.28, indicates that for sodium hydroxide addition to the cell, dissolution of inorganic species

will occur in the mill as the pH decreasesduring grinding; the concentration of dissolved=onswill

remain constantduring aging. However, during conditioning, assodium hydroxide isadded to the

cell, precipitation of dissolved inorganic species will occur since the concentration of dissolved

species decreases with increasing pH. Precipitation of iron will occur in the range of 4 to 7,

aluminum in the range of 4 to 5, and calcium and magnesium in the entire pH range of 4 to 10. ,mL

When these precipitates coat the part_.ie surface, due either to direct precipitation onto the
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surface or adhesion of the bulk pre.cipitates,theT can render the surface hydrophilic. Thus,

precipitationof inorganicspecies withincreasedpH andcoatingof the particlesurfacewith these 0

precipitates,appearsto be the reasonfor the decreaseinflotationrecoverywith increaseof pH,

for sodium hydroxideadditionin the cell.

The abovediscussionshowsthatwhensodiumhydroxideis addedto the cell, precipitation

of inorganicspecieswilloccur,whereassuchprecipitationwill not occurwhen sodiumhydroxide

is added in the mill. Thus, the additionof sodium hydroxideto the mill will provide non-

precipitation conditions and the addition of sodium hydroxide to the cell, will provide

precipitationconditions.

In order to verify the detrimentaleffect of precipitationof metal ion species on coal

flotation,experimentswere conductedin whichthe effect of externallyadded ironsalt (ferrous

chloride) was tested. In this case, to eliminate the interferencefrom the dissolvedinorganic

species from the coal sample itself, the samplewas washed severaltimes with distilledwater

befbr_ grindinguntil ali the soluble species were removed. Thiswas checked byanalyzingthe

conductivityandtheconcentrationof the dissolvedinorganicspecies inthe supernatantof washed

coal. Flotation tests were then conductedas a functionof concentrationof the dissolvediron

species/ferrouschloride. The procedurefollowedfor washedcoal was similarto that employed

for the unwashed coal with sodium hydroxideadded to the cell. In the case of washed coal,

however, the grindingwas carried out in ferrouschloridesolutions of varyingconcentrations

instead of distilledwater whichwas used in the case of unwashedcoal. The effect of ferrous

chlorideconcentrationon the flotationre_:_veryof coal at pH 8 (pH 8 was chosenfor thisstudy

since precipitationof iron will be complete at thispH; refer to Figs.9.27 and 9.28) is shown in

Figure9.29. It can be seen that increasein ironconcentrationresults in a decreaseof flotation

recoveryof washed coal indicatingthatprecipitationindeed reducesthe floatabilityof coal.

Studiesconductedwithwashedcoal showedthatprecipitationof inorganicspecies results

in a decrease of flotation recovery. However, this does prove that the precipitatescoat the

surface of the particles and render it hydrophilic. It has i_.en shown, both theoretically and

experimentally,thathydrophilicparticlescanreducethe stabilityof frotl_sto a considerableextent

(6). Thus, the precipitates can reduce the flotation recovery also by altering the froth
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Figure 9.29 - Effect of ferrous chloride addition on washed coal flotation rea:overy.

O characteristics. To test whether the precipitates do coat the surface of the particles, electrokinetic

studies were conducted, using a Penkem 501 Laser Zee meter, under both the precipitation and

the non-precipitation conditions. The coal sample used for the study was prepared under the

same conditions as those used in the bench scale flotation studies.

The electrokinetic behavior (zeta potential vs. pH) of both the coal (including mineral

matter) particles and the precipitates is illustrated by the plots given in Figure 9.30. lt can be

seen from this figure that the particle zeta potential of the sample prepared under the

precipitation condition is less negative than that of the sample prepared under the non-

precipitation condition, lt can also be seen that the precipitates are positively charged in the

entire pH range. Therefore, it is clear that the uptake of precipitates would render the surface

of the coal/mineral matter particles less negative. These electrokinetic results substantiate that

the coal particles are indeed coated with the precipitates, and that this coating of hydrophilic par-

ticles metal hydroxides is the reason for reduction in the flotation recovery under the, conditions.

®
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The effect of pH on selectivity under the precipitation (addition of sodium hydroxide to O

the cell) and non-precipitation (sodium hydroxide addition to the mill) conditions is illustrated

in Figures 9.31 and 9.32 respectively. These figures show that under both the precipitation and

non-precipitation conditions increasing the pH (up to pH 8) results in improved selectivity, but

increasingthe pH above 8, however, causes rio further improvement in selectivity. A comparison

of the sclectivities obtained under the precipitation arid non-precipitation conditions, at pH 8, is

presented in Figure 9.33. lt can be.re.cn that a marginally lower selectivity is obtained under the

precipitation condition cornparcd to that achieved under the non-precipitation condilion. This

shows that the. percentage decrease in the hydrophobicity of coal is marginally higher than the

percentage decrease in the pyz'ite hydrophobici_, due to metal hydroxide precipitation. The

above observation suggests the possibility that the (hydrophilic) precipitates have a marginally

higher affinity for coal surface compared to that for pyrite, a hypothesis which is supported by

the results of the electrokinetic study. The zeta potential-vs..pH curves of coal, pyrite and the

precipitates are plcttcd in Figure 9.34. Ii can b¢ seen in this figure that the coal particles are qp
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@
more negatively charged than pyrite and that the precipitates are positively charged. Therefore,

the degree of electrostatic attraction between the coal and the precipitates is likely to be higher

than that between pyrite and the precipitates. Thus, the higher affinity of the precipitates to coal

surface comparedto that for the pF'ite surface can be at least one of the reasons for the

marginally lower selectivity obtained under precipitation conditions as compared to that achieved

under non-precipitation conditions. As will be shown in the next section, increased mechanical

carry-over (entrainment due to water flow) might also contn'bute to the lower pyrite rejection

obtained under the former condition.

From the aforementioned results, it can be inferred that the favorable effect of increasing

pH on selectivity is due only to the decrease in the hydrophobicity of pyrite since it was shown

that pH has no significant effect on the flotation recovery of coal in the pH range of 4 to 8 (it

is only affected due to precipitation in that range, Figure 9.25). The reason for the reduction in

the hydrophobicity of pyrite can be explained on the basis of the Eh-pH diagram for the iron
sulfide-HzO system.
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Figure 9.35 shows the phase diagramof the aqueous iron sulfide system, lt can be seen

from this diagram that at acidic pH values, in the Eh range of flotation, the surface of the pyrite O

particle will d_solve to ferrous iron to maintain equih_orium. This implies that as long as there

is enough material, the surface will be pyri'te. However, on increasing the pH, the surface will

be transformed into Fe(OH)3 or FcS2. Since pyrite is partially covalently bonded, it is more

hydrophobic than Fe(OH)3 which has no covalent bonds. Therefore, on increasing the pH from

acidic to alkaline values, the surface of pyrite, depending upon the Eh value, can be transformed

from partially hydrophobic FeS2 to hydrophilic Fe(OH)3.

In order to determine the n_ture of the pyrite species that exist under the experimental

conditions used in our study, the Eh of the system was measured under the flotation conditions.

Two types of electrodes, namely Ag/AgCl and Pr/cal., were used in order to ensure that the

results obtained are reliable. The Eh-pH curve obtained under the flotation condition is shown

in Figure 9.3.5. These results suggested that under flotation conditions, the pyrite surface will

exist as partially hydrophobic FeS2 at lower pH values (,: pH 5) and transform to hydrophilic

Fe(OH)3 upon increase of pH. Thus, the observed pH effect on selectivity of pyrite removal can

be explained on the basis of transformation of pyrite surface from partially hydrophobic FeS2 to

hydrophilic Fe(OH)3.

The effect of pH on selectivity for non.pyritic minerals rejection is shown in Figures 9.36

and 9.37 for the tests carried out under precipitation conditions (sodium hydroxide to the ce_l)

and non-precipitation conditions (sodium hydroxide to the mill), respectively. These figures show

that under non-precipitation conditions there is no significant eff_t of pH on selectivity. Since

non-pyritic minerals are inherently hydrophilic (non-floatable), changes in surface properties of

these minerals due to pH change will not affect its flotability.

Under precipitation conditions, an increase of pH up to 8 results in a decrease in flotation

selectivity. This indicates that precipitation causes increased mechanical carryover of non-pyrhic

minerals since these are non-floatable (hydrophilic). Increased mechanical carry-over of non-

pyritic minerals due to precipitation can be explained as follows: Since precipitation depresses

the flotability of coal, to achieve a given coal recovery, a much higher dosage of MIBC had to

0
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be usedunderprecipitationconditionscomparedto thatusedundernon-precipitationconditions

(Figure938). Since increasingthe MIBCdosage increasesthe rate of water flow (Figure9.39), /

mechanicalcarryover willbe enhanced asa consequence. Incr_ mechanicalcarryovercan

also be a reason for the marginallyreducedselectivityobtained for pyriterejection under the

precipitationcondition comparedto that achievedunderthe non-precipitationcondition(Figure

9.33).

The effect of calcium hydroxide (lime) on pyrite and non-pyritic minerals rejection is

compared with that of sodium hydroxide(caustic soda) in Figures 9.40 and 9.41 respectively.

These figures show that the type of pH modifier usedhas no effect on the rejection of either the

pyrite or the non-pyritic minerals. These results also show that the coal-pyrite depressing effect

of lime is only through pH modification.

Although the effect of lime is similar to that of caustic soda in depressing pyrite, it is a

much cheaper reagent. However, it was found in our tests that to achieve a comparable coal

recovery, a higher dosageof frother isrequired when limewas usedas the pH modifier compared

to that consumed when caustic soda was used (Figure 9.42).

The results of an investigationof the effect of pH on the rejectionof pyrite from200-mesh

dry-ground Pittsburgh No. 8 coalsample using calcium hydroxideas the pH modifier are plotted

in Figure 9.43. This figure showsthat although selectivitiesat pH 4, 6 and 10 are not significantly

different, the point at pH 8 (at 65 % CMR) is clearlyabove the selectivity curve generated for

pH 4 and towards the region of higher selectivity (upper fight hand comer).

The effect of pl-l, modified using calcium hydroxide,on the flotation of wet and dry

28-mesh Pittsburgh No. 8 coal was tested only at the standarddosagesof collector and frother.

Due to the limited availabilityof data, selectivity curves (pyritic sulfur rejection, PSR vs.

combustible material recovery,CMR) could not be drawn. Therefore, the selectivity has been

expressed in terms of the Hancock EfficiencyIndex (El H-- CMR + PSR- 100). Recall that an

ElH value of 0 represent.,;no separation, while a value of 100 represents complete separation.

When the results are expressed in terms of the Hancock efficiencyindex, it is better to compare

the selectivity at comparable combustiblematerial recoveries. This is because for a given reagent

combination (collector and frother), the efficiency index does not vary linearly wi_h the
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combustible material recovery (Figures 8.1 and 8.2)o This is because the combustible material

recovery is not a linear function of the pyritic sulfur rejection. /

Figures 9.44 and 9.45 show the effect of pHon combustible material recovery (CMR) and

the efficiency index (EIH) obtained under the precipitation condition (calcium

hydroxide in cell), for the wet and dry ground samples of minus 28 mesh Pittsburgh No. 8 coal.

In the case of 28 mesh, it can be. seen that even under precipitation conditiom, the effect of pH

on combustible material recovery is not very significant ,_like that observed in the case of

200-mesh grind (compare Figure 9.25 with Figures 9.41 and 9.42). This suggests that the

reduction in hydrophobicity values brought about by the precipitation of inorganic species' is not

significant enough to affect the flotation recovery in the ease of coarse particles. The efficiency

index, on the other hand, can be seen clearly to increase with increasing pH, as was also observed

with the 200 mesh grinds. Thus, these results suggest that, in the case of the coarser grind, the

reduction in hydrophobicity due to precipitation of inorganic species does not significantly affect

the flotation recovery, but the reduction in the hydrophobicity of pyrite is significant enough to

improve the selectivity.

O
9.5.2 lllinois No. ti coal

The effect of pH on the flotation of 200-mesh wet-ground Illinois No. 6 coal was tested

using both calcium hydroxqde and hydrochloric acid as pH modifiers since the natural pH of the

suspension was not in the lower part of the tested range (6 to 10) but at about the mid.point

(--8). The tests were carried out using standard dosages of the collector and the frother and

adding pH modifiers to the flotation cell (pH modifier addition to the mill will represent

precipitation conditions only for alkali and not for acid) and the selectivity has been expressed

in terms of the Hancock Efficiency Index (EIH). lt can be seen from the results, plotted in

Figure 9.46, that the effect of pH on combustible material recovery is significant only at pH 10,

" It has been shown in leaching studies that the inorganic species content and composition
of the 28 mesh grind supernatant of Pittsburgh No. 8 coal is similar to that of the

supernatant of 200 mesh grind. Hence, precipitation is likely to occur also in the case of
28 mesh grind.

9-54



_'£ 100 , , , • , ._-- 40

>... o_....._--------------e-...
W
>
0 gO
_ 35
W X
rv' W

_ Z
< 60

>-

wF.. _"---"_""_S 30 r.,..)Z

< w
4o

w lT
-J BURGH NO. 8 h
b_ z_..--- - 25 w
I-- 28 MESH WET GRINDcn 20
D ' 2.0 Ib/T dodecane
133 0 OMR 0.4 Ib/T MIBC

Ca(OH)2 addition in cell0 ,',El

(.3 0 , j , _ , A , l , 20
2 4 6 8 10 12

CONDITIONING pH

Figure 9.44 - Effect of calcium hydroxide addition in cell combustible material recovery and
efficiency index for wet.ground minus 28 mesh Pittsburgh No. 8 coal.
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unlike the case for the 200-mesh grind Pittsburgh No. 8 coal in which the effect of pH, under the O

precipitation condition, could be seen over the entire pH range. This is due to the fact that

precipitation condition is not encountered in the pH range of 6 to 8 in the case of Illinois NOo 6

coal since pH was modified with an acid. T ac effect of precipitation of inorganic species due to

pH increase, however, can be clearly seen for the results obtained between pH 8 and 10. The

efficiency index passes through a maximum around pH 7.5. The sleep decrease in the efficiency

index between pH 8 and pH 10 is due to the sharp decrease in the combustible material

recovery. As discussed in an earlier section (9.5.1), the efficiency index values cannot be

compared at extremely different combustible material recovery values. Therefore, the efticiency

index at pH 10 cannot be compared with that shown for the other pH values. However, the

efficiency index values in the pH range of 6 to 8 can be, compared since the combustible material

recovery values are similar in this range. This comparison shows that the efficiency index (pyrite

rejection efficiency) increases with increase in pH from 6 to 7.5, as also observed for

Pittsburgh No. 8 coal. Q
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Figure 9.47 - Effect of calcium hydroxide addition in cell on combustible material recovery and
efficiency index for wet-ground minus 200 mesh Upper Freeport PA coal.

O 9.5.3 Upper Freeport PA coal

The effect of pH on wet-ground 200-mesh Upper Freeport PA coal, as in the case of

Pittsburgh No. 8 sample, was tested using only alkali (calcium hydroxide) since the natural pH of

the suspension was in the lower limit (-pH 4) of the pH range tested. The tests were conducted

using the standard dosages of collector and frother and the alkali was added in the cell

(precipitation condition).

The results, plotted in Figure 9.47, show that the increase of pH under precipitation

conditions does not result ha any significant decrease in combustible material recovery. In fact,

there is a marginal increase in combustible material recovery between pH 3.5 and 6. This results

from the situation that the supernatant of the Upper Freeport PA coal sample contains no de-

tectable levels of Al, which was found in the supernataat of Pittsburgh No. 8 and Illinois No. 6

samples, and insignificant (for the precipitation effect) levels of Fe (< 1 ppm). The amount of

Ca (-8 ppm) and Mg (-1 ppm) is much below their precipitation values (Ca -40,000 ppm; Mg

O -24,000 ppm). Thus, precipitation is not likely to occur in the case of the Upper Freeport PA
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coal sample. The efficiency index (pyrite rejection efficiency) increases with increar_ in pH up

to pH 8, which was also observed with Pittsburgh No. 8 and Illinois No. 6 _mples. dm

9.5.4 Summary.

a The effecg of pH on coal recovery and selectivity was tested using gxlium hydroxide (caustic

soda) and calcium hydroxide (lime) for Pittsburgh No. 8 sample, using calcium hydroxide

and hydrochloric acid for Illinois No. 6 umple, and using only calcium h_rozide for Upper

Freeport PA sample.

• In the case of wet-ground minus 200-mesh Pittsburgh No. 8 coal, the effect of pH modifier

was tested by adding the reagent both to the mill and to the flotation cell. In ali other

vases the pH modifier effect was tested by adding the reagent only to the cell.

• In the case of Pittsburgh No. 8 and Illir_oisNo. 6 coal samples, precipitation of dissolved

cationic species occurred when alkali was added to the cell.

• Precipitation of d/r_olved cationic species caused depression of coal flotability in the case

of fine grinds (200 mesh), due to coating of the particles by the hydrophilk:precipitates; in

the case of coarse grind (28 mesh), precipitation effect on coal recovery was not significant. /
V

For ali three coals, increasing the pH (in the range of 4 to 8) caused enhanced rejection

of pyrite and this was attributed to the transformation of pyrite surface from partially

hydrophobic FeSz to hydrophilic Fe(OH)y

• In the case of wet-ground minus 200-mesh Pittsburgh No. 8 coal, it was found that pH has

no effect on the separation of non-pyritic minerals when alkali was added to the mill (non-

precipitation conditions), whereas lower selectivity was obtained with pH increase when the

alkali was added to the cell (precipitation conditions); this was attributed to the increased

mechanical carry-over (entrainment due to water flow) at higher pH caused by higher

MIBC addition.

9.5.5 Recommendation

The effect of pH on both the coal flotability and the _paretion of pyrite and non-pyritic

minerals was studied in detail. The investigation showed that if an alkali is u_,d to modify the 0
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O pH, the reagent should be added to the mill, and not directly to the flotation cell, to takeadvantage of its pyrite=depressingeffect without detrimentally affecting the combustible material

recovery and non-pyritic minerals rejection.

9.6 Dispersants

In suspensions of fmc particles, aggregation due to van der Waals attraction is a common

phenomenon. It"aggregation occurs between coal and pyrite, selectivity will be lost during

flotation even if the surface properties (hydrophobicity/hydrophilicity)of the particles are vastly

different. Aggregation can be minimized by increasing the electrostatic repulsion between the

_" particles that can be achieved by increasing the surface charge (provided ali panicles have the

same sign of charge). One of the ways by which the surface charge can be increased is by adding

ionic reagents (dispersants) to the system. In our study, two of the commonly used dispersants,

namely sodium silicate and sodium hexametaphosphate were tested. The effect of sodium silicate

was tested by adding the dispersant either entirely to the mill or by distributing them evenly

O between the mill and the cell. The effect of uitrasonication was also tested in the presence of
sodium silicate. The other dispersant, ,sodiumhexametaphosphate, was added only to the slurry

in the ceil.

The effect of ,sodium silicate on the efficiency of pyrite and non-pyritic minerals rejection

from minus 200-mesh wet-ground Pittsburgh No. 8 coal is shown in Figures 9.48 and 9.49,

respectively. In these figures, flotation time increases (from 0 to 5 minutes) along the curve in

the direction of increasing combustible material recovery. These figures show that neither sodium

silicate nor ultrasonication has a significant effect on either the rejection of pyrite or non-pyritic

minerals. The addition of sodium hexametaphosphate also had no effect on the rejection of

pyrite and non-pyritic minerals (Figures 9.50 and 9.51). These results show that the

heterocoagulation effect is not significant, lt is to be noted here that the same observation was

also made in the comparative study of the effects of dry and wet grinding on flotation

performance of Pittsburgh No. 8 sample (Section 7.4).

@
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10.0 PYRITE DEPRESSANTS

O The flotation of pyrite, iron disulfide, commonly associated with other base metal sulfides,

is often avoided in mineral processing plants by simply controlling the pulp pH. This prevents

the formation of a hydrophobicsurface on the pyritewhen thiol-based collectors are added to the

system. However, in coal flotation a high pH (> 10) also results in low Btu recovery. Therefore,

a reagent that adsorbs specifically on either the coal or pyrite and enhances the difference in

hydrophobicity between the two would be an ideal advanced flotation reagent. This chapter

discusses various attempts at decreasing the pyriticsulfur content of clean coal by the addition

of reagents that would preferentially decrease the pyrite hydrophobicity. Additionally, results of

reverse flotation tests (hydrophilic coal, hydrophobic pyrite) are presented and discussed.

10.1 Organic Pyrite Depressants

A number of organic reagents with different functional groups were tested to determine

their pyrite depressing effect. These reagents were selected b"asedon two important properties.

First, the molecule must have a functional group that has some afi'mityfor pyrite and second, the

O molecule mint have such a structure that it will impart a hydrophilic character to the pyrite

surface once it has adsorbed. The reagents tested were the following:

Glycerol monothioglycolate HSCHzCOOCHzCHOHCH2OH and
HSCH2COOCH(CHzOH) 2

Mercaptoacetic acid HSCH2COOH

2-Mercaptoethanesulfonic acid HSCHeCH2SO3H

Aminoacetic acid H2NCH2COOH

Aminoethanesulfonic acid H2NC2H4SO3H

Sulfosalicylic acid 5-HO3SC6H3-2-(OH)COOH

Hallimond tube flotation tests on pyrite indicated that glycerol monothioglycolate (GMTG) is an

effective pyrite depressant. However, when 1.0 lb/T of GMTG was added to the cell during

flotation of the three coals, there was virtually no improvement in pyrite rejection. The apparent

inability of GMTG to depress pyrite during coal flotation may have been due to the consumption

O of the by soluble iron present in _'_he pulp (due to oxidized pyrite)
depressant
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Figure10.1- Flowsheetof theexperimentto testGMI'G asa pyritedepressant.

that has beenobservedafter wet grindingthe three coalsto 200 mesh. To offset the possible

consumptionof GMTG by dissolvediron, whichwouldrender GMTG non-effective, a set of

experimentsinvolvingtwo-stagegrindingand flotation,with GMTG addedduring the grinding

stage was completed. The experimental flowsheet is shown in Figure 10.1 where the dashed lines

indicate optional steps. Since the natural pH of the coals was around 3.5, it was expected that

a single-stage grind to minus 28 mesh would minimize the amount of dissolved iron in the pulp.

The addition of GMTG to the grinding stage should further facilitate interaction between the

pyrite and GMTG. The concentrate from the flotation of 28-mesh coal was reground to minus

200 m_sh arid floated again. The standard dosage of collector was added to the first stage of

flotation only, while frother was added to both. The flotation time in the first stage was two

minutes. An additional base-line flotation test was carried out with Illinois No. 6 coal ground to

minus 200 mesh in one step with 1.0 lb/T GM'I'G.

The flotation results presented in Tables 10.I to 10.3 show that for both the Illinois No. 6

andPittsburghNo,8 coals,theadditionofGMTG tothegrindingstagegivesabouta five-percentah
it_::ease in pyritic sulfur rejection for the same combustible material rect_ery. In the
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Table 10.1 - Tw<o-stage flotation test results for Pittsburgh No. 8 coal with and without

O ...... grinding. ....
G_ITG addition during

REAGENT ADDITION

Stage Collector Frother GMTG CMR Ash Pyr. S El H

First (28 mesh) 1.92 0.30 -- 95.0 39.4 29.8 24.9
Second (200 mesh), -- 0.30 -- 93.9 35.7 40.8 34.7
Combined 89.2 58.5 61.0 50.2

First (28 mesh) 1.92 0.30 1.0 92.0 48.3 35.6 27.6
Second (200 mesh) - 0.30 - 93.1 37.9 41.4 34.5
Combined 85.7 62.9 67.9 53.6

Table 10.2 - Single _ad two-stage flotation test results for Illinois No. 6 coal, in the
presence _andabsence of GMTG.

_ i _ ii ii iii ii i

, REAGENT ADDITION
Stage Cotllector Frother GMTG CMR Ash Pyr. S El H

lib_LE _ _ _% Rei. % Rei. % ..._

First (28 mesh) $_.76 1.17 -- 80.7 54.7 62.9 43.6
Second (200 mesh) - 1.17 - 95.0 31.6 30.8 25.8
Combined 76.7 69.0 74.4 51.1

O First (28 mesh) 5,'_76 1.17 1,0 81.8 54,8 66.0 47.7
Second (200 mesh) -- 1.17 - 95.3 34.0 34.6 29.9
Combined 77.9 70.2 77.8 55.7

Single (200 mesh) 5.76 1.17 - 83,8 51.6 54.3 35.4
Single (200 mesh) 5.76 1.17 1.0 88.2 50.0 57.8 38.2

• i ii i li llll ,1_11 _ = ii,,

Table 10.3 - Two-stage flotation test results for Upper Freeport PA coal with and
without GMTG addition during grinding.

,, : - : N i --,mamtt_.

REAGENT ADDITION
Stage Collector Frother GMTO CMR Ash PTr. S EIH

First (28 mesh) 0.24 0.26 - 86.0 52.7 60.3 46.3
Se_ncl (200 mesh) -- 0.26 - 88.2 42.4 62.6 50.8
Combined 75.9 72.7 85.2 61.1

First (28 mesh) 0.24 0.26 1.0 81.1 54.4 65.8 46.9
Second (200 mesh) -- 0.26 - 89.6 40.2 62.8 52.4
Combined 72.7 72.7 87.3 60.0

-ii ii i iii iiii i] iiiii ]ii .... iiI , iiiiill__

O
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case of Upper Freeport PA coal, the addition of GMTO apparently results in slightly lower

combust_le material recovery in both stages. Q

Incremental flotation products were obtained during the second stage of flotation and the

product analyzed. These results are plotted as CMR versus pyritic sulfur and ash rejection in

Figure 10.2 for Pittsburgh No. 8. This figure clearly shows that the addition of OMTO to the

grinding stage results in improved pyriticsulfur rejection at equivalent OMR. The ash rejection,

however, remains essentially unchanged. These results indicate that the addition of GMTG to

the mill is beneficial to flotation and results in a rejection of more pyrite than dodecane and

MIBC alone.

The results for Illinois No. 6 and Upper Freeport PA coals are presented in Figures 10.3

and 10.4. Illinois No. 6 behaves analogously to Pittsburgh No. 8, with pyrite rejection increasing

with GMTG addition but with the ash rejection remaining unchanged. The flotation of Upper

Freeport, however, shows little change in either ash or pyritic sulfur rejection when GMTG is

added. T_is may be due to the already high pyritic sulfur rejection obtained by two-stage

flotation of Upper Freeport PA coal.

Figure 10.5 shows the effect of the other depressants on the combustible material and

pyritic sulfur recovery for single-stage and two-stage flotation of Pittsburgh No. 8 coal. lt is

apparent from these results that ali the rcagems result in improved pyrite rejection, in both

single-stage and two-stage flotation. However, at 1.0 lb/T, ali the depressants _m to be equally

effective. This probably/mpl/es that the reagent dosage was too high to differentiate between

the various functional groups on the pyrite rejection characteristics. Further investigation might

allow determination of the optimal reagent dosage for each reagent.

On the other hand, there is a noticeable differen_ in the effect of the_e reagents on

flotation kinetics. Figure 10.6 shows the flotation kinetics of combustible material and pyrite

sulfur for single-stage flotation under standard conditions, with mercaptoethane_ulfonic acid and

sulfosalycylic acid as depressams. While mercaptoethanesulfonic acid slows down the kinetics and

ultimate recovery of pyritic sulfur without affecting the flotation of combustible material,

sulfosalycylic acid affects the flotation behavior of both combustible material and pyritic sulfur.

0
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O Using the influence on flotation kinetics as the measure, it could be concluded that

mercaptoethanesulfonic acid is potentially the best among the pyrite depressants studied so far.

10.2 Calcium cyanide

Pyrite, the most common sulfide mineral, is often associated with other base sulfide
i

minerals. During flotation of these ores, two common methods used to prevent pyrite from

floating in the presence of collectors are to raise the pH (> 10) or to add calcium cyanide. The

effect of pH was discussed extensively in Chapter 8. In order to determine the effect of cyanide

on the flotation behavior of coal pyrite, an extensive experimental program was undertaken.

Pittsburgh No. 8 coal, wet-ground to minus 200 mesh, was used for most of this study. Flotation

tests were performed following the standard procedure except when it was necessary to

compensate for any effect of the cyanide or lime addition.

The results of the first set ofrpreliminary flotation tests with calcium cyanide and lime

O showed that the froth was weak and the flotation responseof the coal was slowed down
considerably.This effect seemedto be due to the increasedpH. Therefore, a higher than
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Figure 10.5 - Effect of grinding with depressants on combustible material recovery and pyritic
sulfur rejection in the flotation of Pittsburgh No. 8 coal,
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standard frother dosage was used in further tests. The first set of flotation results v,ith and

calcium cyanide are given in Table 10.4. The slurries were conditioned for two additional 0
without

minutesafterthecalciumcyanidewasadded.Thisincreaseinconditioningtimewasdonesothat

inthosetestainwhichcalciumcyanidewas used,thecoalwouldhavethnetointeractwiththe

reagent.The ow:rallconditioningtimewasalsoincreasedfortestswhe.nno cyanidewasadded.

As canbe seenfromtheresultspresentedinthesetests,thereislittledifferencebetweenthe

resultswithandwithoutcalciumcyanide.

Inordertocompletetheinvestigationoftheeffectofconditioningtime,anadditionalset

ofexperimentswasrunatconstantpH. SincetheefficiencyindexseemstoleveloffataboutpH

8.5,experimentstoevaluatetheeffectofconditioningtimewithandwithoutcalciumcyanideon

pyritedepr-e._ionwerecarriedoutatpH 8.5± 0.3andtheresultsaresummarizedinTable10.5.

ltcanbe.seenthatwithnocalciumcyanideadded,the_ remainsalmostconstant,whereas

thepyritic-sulfurrejectionincreasesfrom52.8%withone additionalminuteofconditioning,

reachinga maximum of61.9%withtwoadditionalminutesofconditioning.A furtherincrease

intheconditioningtimetofourminutesresultedina lowerpyritic-sulfurrejection(57.7%).

BecausetheCM'R valuesarenearlyidentical,theElH valuesfollowthesametrendasthepyritic

sulfurrejectionvalues.Initially,itincreasesfrom43.6atone extraminuteofconditioningtime

to 51.8attwo extraminutesof conditioning,decreeingto4"/.7atfourextraminutesof

conditioning.However,thedifferenc_inpyritic-sulfurcontentofthecoalproductsareminor

andthesedifferencesinthepyritic-sulfurrejectionsshouldbeconsideredaccordingly.

CalciumcyanidehadnosignificanteffectontheflotationofPittsburghNo.8.Variations

intheresultsshowninTable10.5areallwithinthestatisticalvariabilityforthecomparabletests.

The final series of tests was run to evaluate the effect of calcium cyanide concent_lation on

the t'lotation response of Pittsburgh No. 8 at pH 8.5 ± 0.5 and to study the effect of the point

of addition. The results summarized in Table 10.6 show that the CMR varied from 86.5% to

94.2% over a range of calcium cyanide dosage from 0.03 Ib/T to 0.52 lb/T while the pyritic sulfur

rejection varied from 47.5% to 57.2%. However, neither the CMR nor the pyritic sulfur varied

systematically with _anide addition and suggests that the observed differences are due to

experimentalvariabilityratherthandue tocyanide. _[_
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Table 10.4 - Effect of pH and calcium cyanide on pyrite depression of Pittsburgh No. 8

coal with 2 minutes additional conditioning time.
. pRODUCT ANALY$_$ ._ RFJEC_ON

pH Lime Ca(CN)2 Yield CMR ,Mh Tot. S Pyr. S ASh Pyr. S El H
__ lbl" L_ _ ...%.. _ _ __ _ _ _

7.8 9.9 - 87.9 92.9 6.5 2.7 1.4 50.6 56.8 49.7
8.4 9.7 - 85.1 90,3 6.1 2.8 1.4 45.4 59.9 50.2
8.7 12.2 -- 84.7 89.9 6.1 2.7 1.3 55.3 61o9 51.8
9.3 11.4 -- 79.8 84,9 5.8 2.6 1.2 59.6 66.0 50.9

6.7 &9 0.14 86.9 91.8 6.5 2.8 1,5 51.0 56.4 48.2
&2 10.7 0.14 86.8 92,0 6.2 2.7 1.3 53.4 61.2 53.4
8.8 9.8 0.14 85.1 90.2 6.2 2.7 1.4 54.1 59.6 49.8
9.5 1!.5 0.14 79.8 g4.8 6,0 2.5 1.2 58.6 66.5 51.3

i i i m i i i ..... q

Table 10.5 - Effect of conditioning time on pyrite depression for Pittsburgh No. 8 coal
in the absence of calcium cyanide.

,,. PRODUCT _L_NAL.YSIS,, __ REJECTION

Time, Lime Ca(CN)2 Yield CMR Ash Tot. S Pyr. S Ash Pyr. S EIH
minutes _ Ib_ _ _ _ _ _ _ _ ___

8.5 1 I0.0 -- 85.8 90.8 6.4 2.7 1.4 52.7 52.8 43.6
8.7 2 12.2 -- 84.7 89.9 6.1 2.7 1.3 55.3 61.9 51.8

8.8 4 11.9 - 84.6 90.0 6.6 2.7 1.4 54.2 57.7 47.7
8.7 1 10.2 0.14 86.6 91.7 6.4 2.8 1.4 50.1 53.5 45.2
8.2 2 10.7 0.14 86.8 92.0 6.2 2,7 1,3 53.4 61.2 53,2
8.6 4 11.5 0.14 86.9 92.4 6,3 2.7 1.3 54.0 56.6 49.0

i ii i iiii _. -'" • ii i iiiiiill ii i i r-- i ii

Table 10.6 - Flotation results for Pittsburgh No. 8 coal as a function of calcium cyanide
addition at pH 8.5 ± 0.5 (reagents added to the cell).*

i i i i . i i i

,,,._PRODUCTANALYSIS , , REIECTION
Lime Ca(CN)2 Yield CMR Ash Pyr S Ash Pyr S EIH

/EE _.9_ _.9_ % _.9_ ._.
8.2 10.5 0.03 88.4 93.6 7.0 1.62 49.2 47.5 41.1
8.2 10.7 0.06 88.7 94.2 6.8 1.54 51.0 50.0 44.2
8.1 12,0 0.13 84.5 89.2 6.6 1.38 51.4 57.2 46.4
8.1 11.2 0.26 83.7 90.5 6,6 1.42 51,2 55.4 45.9
8.4 12.8 0,39 81.7 86.5 6.1 1.34 56.0 58,5 45.0
8.2 11.2 0.52 85.4 90.2 6,3 1,40 52.5 54.9 45.1

.... • ±_ m, l i: _i, mwai.L-- ........... _IL _ . _ _

" 0.65 lbfI"frother, 1.92 lb/T collector and two additional minutes of conditioning time.

@
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Table 10.7 - Flotation results for Illinois No. 6 in the presence and absence of calcium
cyanide at pH 7.8 ± 0.1. Conditioning time was the standard time plus an
additional2 minuteswitha collectordosageof5.76Ib/I"and frother
dosageof1.17Ib/T.

..... PBODUCT ANALYSIS REIECTION
pH Lime Ca(CN)2 Yield CMR Ash TotS PyrS Ash Pyr.S ElH
____ !._ _ .._ -_ _ .-_ -% .._ -_. -.
6.0* .... 77.0 83.3 8.4 -- 1.57 57.6 52.7 36.0
7.8 4.76 -. 9.3 74.3 8.4 3.73 1.32 60.0 $9.4 33.7
7.7 5.30 -. 66.4 71.3 7.8 3.71 1.32 63.4 59.3 30.6
7.8 5.40 0.13 71.I 76.1 &5 3.69 1.29 58.3 58.6 34.7
7.7 5.30 0.13 73.2 78.3 8,3 3.76 1.38 57.3 55.4 33.7

*Standardflotationconditions.

PreviousresultswithPittsburghNo. 8 coalshowedthatflotationimprovedby adding

caustictothemillbe/hregrinding,asopposedtoadditionofcausticdirectlytotheflotationcell.

Therefore,a finalseriesoftestswas runwithPittsburghNo.8 coaltodetermineifadditionof

thesereagentstothemillhasanyeffecton theflotationseparation.The preliminaryflotation

testresultsshowedthatregardlessofthepointofaddition,cyanidehad nobeneficialeffecton

pyriterejectionduringPittsburghNo.8 coalflotation.

Becausethe flotationbehaviorof PittsburghNo. 8 coalisdifferentfrom thatof

IllinoisNo.6 andUpper FreeportPA coals,fourtest,_wereperformedwiththeothertwobase

coalsusinglimeandcalciumcyanidetodetermineifthesereagentshadanybeneficialeffecton

pyriterejection.Fortheseteststhestandardflotationconditionswereused,exceptthatthe

conditioningtimewasincreasedbytwominutesafterrepulpingand measuringthepH toallow

enoughtimeforthecalciumcyanidetointeractwiththepyritesurface.Bothreagents,limeand

calciumcyanide,wereaddedtotheflotationcell,givinga pH fortheflotationtestsof7.8for

IllinoisNo.6 and8.2-8.7forUpper FreeportPA coal,withacalciumcyanideadditionof

0.13Ib/T.The flotationresultsofthesetestsarepresentedinTables10.7and 10.8.As with

PittsburghNo.8 coal,therewasno significantdifferenceupon theadditionofcalciumcyanide

on theefficiencyindexforthetwocoals,showingthatcalciumcyanideisnotaneffectivepyritic

sulfurdepressantincoalflotation.

:10.3 Polymericxanthates

Polymeric xanthates are designed so as to take advantage of their dual function, namely, _}
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Table 10.8 - Flotation results for Upper Freeport PA in the presence and absence of

O calcium cyanide at pH 8.5 __0.3. Conditioning time was the standard timeplusan additional2 minuteswitha collectordosageof0.48Ib/Tand
botherdosageof0.21IbfI'.

ii i i i i|ll l i .__ ii mu_

, ,PROD,U_CTFfl_IAL.ySIS R_CTION
pH Lime Ca(CN)2 Yield nMR Ash Tot S PyrS Ash Pyr.S ElH
=_ _ _ __.% _ _ _ .Y_ _ ._
3.7* .... 68.5 73.8 5.3 -- 0.51 71.1 78.5 52.3
8.2 9.81 -- 84.9 90.0 7.0 1.27 0.50 51.9 66.3 56.3
8.7 9.97 0.13 85.5 90.5 7.1 1.28 0.50 50.3 64.7 55.2
8.7 9.31 0.13 84.7 89.8 6.6 1.26 0.47 53.4 67.3 57.1

iiii ii 11113 i illl i i i iii iii iii iiii i I

* Standard notation conditions.

specific adsorption of the xanthate group on the surface of pyrite and the hydrophilic nature of

polymeric molecules. Due to this dual nature, polymeric xanthates can adsorb specifically on the

surface of pyrite and imparthydrophilicityto it. In the past, polymeric xanthates based on various

monomers have been used for the depression of pyrite by different investigators but with little

success (1,2). The past results showed that the polymeric reagents adsorbed not only on the

pyrite surface but also on the surface of coal. The interaction of polymer with the coal surface

is likely to be hydrophobic although it is not explicitly stated so in the literature. The monomer

O selected for our study, citric acid, was chosen so as to minimize the hydrophobic interaction of

the polymer with the coal surface. Two other monomers used in the past studies, acrylic acid and

sucrose, were also chosen for our study in order to compare the performance of citric acid based

xanthate with those based on the latter reagents. Ali three xanthated reagents were synthesized

using the following procedure (1):

I) 4.5gramsofacrylicacid(or4.8gramsofcitricacidor4.3gramsofsucrose)was
addedto25 mlofdistilledwaterina 150mlcylindricalglassvesselprovidedwith
ajacket.Coldwaterwascirculatedthroughthejacketinordertomaintainthe
contentsat8+_1°C.

2) Sixgramsofsodiumhydroxidepelletswereaddedslowlyintothevesseland the
contentswerestirredtillthesolutionbecameclear.

3) 11.4gramsofcarbondisulfide(CSz)werethenaddedtothesolutioninseveral
increments,andcontinuouslystirredbetweenadditions.The incrementaldosage
was chosensuchthatthe temperatureof the solutioncouldbe maintained
within- I°C.

O 4) After completion of carbon disulfide addition, the solution was further stirred for5 hours at 8+_.1°C.
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5) The contents of the vessel were then transferred to a 250 ml Erlenmeyer flask and

stored in the refrigerator.
lP'

6) Unreacted CS2 was removed at the end of the reaction period by extracting with n-
heptane and removing the organic layer using a separating funnel.

Since two of the monomers used in our study, namely citric acid andsucrose, were different

from that used by Attia et al. (1) (acrylicacid), it is possible that the reaction did not proceed to

completion. Therefore, the dosage of xanthated polymers has been reported in terms of the

monomer content. Also, in the flotation tests the xanthated polymers were added to the cell

prior to the addition of dodecane and the conditioning time with the polymer was set at five

minutes. Ali other flotation conditions were identical to those used in the standard flotation test.

The effect of xanthated polyacrylicacid (polyacrylate-acryldithiocarbonate) and xanthated

sucrose on the rejection of pyrite and non-pyritic minerals from Pittsburgh No. 8 coal (200 mesh

wet ground) is shown in Figures 10.7 and 10.8, respectively, lt is to be noted that, although the

collector and frother dosages used in the tests conducted with the various xanthated reagents

were different, the variation in the collector and frother dosages, within the range used, moves

the points along the selectivity curve and not across it. In other words, the selectivity will not be

affected by changes in collector and frother dosages and, therefore, comparisons made will still

be valid irrespective of the collector and frother dosages, lt can be seen from Figures 10.7

and 10.8 that the effect of xanthated reagents, positive or negative, on rejection of either pyrite

or non-pyritic minerals is unclear. Similar observation can also be made in the case of 325.mesh

wet-ground Pittsburgh No. 8 coal in which the effects of xanthated sucrose and xanthated citric

acid are shown in terms of the selectivity curves for pyrite (Figure 10.9) and non-pyritic minerals

(Figure 10.10).

10.4 Effect of hydrogen peroxide

In this study, hydrogen peroxide (H2Oz) was added to the mill as an aqueous solution and

its concentration was varied in the range of 0 to 3.0 weight percent'. The results, plotted in

'After the completion of grinding, the rods were taken out of the mill and a desired amount
of hydrogen peroxide solution was added to the mill. The mill (without the rods) was then rolled qP
for 30 minutes at 56 rpm (same speed used during grinding).
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Figure 10.? - Effect of xanthatedpolyacrylicacid and xanthatexlsucroseadditionson pyrite
rejection from wet groundminus200mesh PittsburghNo. 8 coal.
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O Figure 10.8 - Effect of xanthatcdpolyacrylicacid and xanthatcdsucroseadditionson non-pyritic mineralsrejection from wet ground minus 200 mesh Pittsburgh No, 8
coal.
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Figure 10.9 - Effectof xanthat¢4sucroseandxanthatedcitricacidadditionson pjcite rejection
from wet ground minus 325 mesh PitLsburghNo. 8 coal.
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Figure 10.10 - Effect of xanthale_dsucrose and xanthated citric acid additions on non-pyritic /
minerals rejection fl'o_n wet ground minus 325 mesh Pittsburgh No. 8 coal.
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Figures 10.11 and 10.12, show that the addition of hydrogen peroxide has no effect on the

rejection of either the pyrite or the non-pyritic minerals. It was found that although hydrogen

peroxide addition reduced the floatability of pyrite, the floatability of coal was also reduced to a

corresponding extent. Thus, hydrogen peroxide was found not to be a selective oxidant.

10.5 Reverse Flotation

The flotation of pyrite fromcoal, known as reverse flotation, is usually attempted by adding

a suitable depressant to keep the coal from floating. Additionally, a suitable pySte collector to

enhance the flotation of the pyrite must be added. However, Illinois No. 6 coal is relatively

hydrophilic and almost no material floats without the addition of an oily collector. Therefore, the

reverse flotation of Illinois No. 6 was attempted by adding pyrite-specific reagents with the aim

of producing a hydrophobic coating on the pyrite surface.

Initial flotation studies with various pyrite collectors and promoters were performed on ore

pyrite samples. The objective of the._ studies was to determine the optimal conditions (pH,

reagent addition) for pyrite flotation. Using the optimal condition for pyrite flotation, preliminary

O flotation tests with Illinois No. 6 were then performed using the Denver 2-1itercell with 0.57 lbPr

potassium amyl xanthate (KAX). These results showed that the xanthate, a common sulfide

mineral collector, also recovered substantial amounts of coal. Selective flotation of pyrite at high

recovery from coal requires that the collector preferentially absorb on pyrite rather than on the

coal. However, the hydrophoL:c chain of the collector may adsorb on the coal due to

hydrophobic interaction. To reduce collector adsorption on the coal during pyrite flotation, a

xanthate with a shorter hydrocarbon chain, such as potassium ethyl xanthate (KEX), was used

instead of the 5.¢.arbon amyl xanthate.

To further improve the selectivity of the flotation of pyrite from Illinois No. 6 coal,

flotation tests were performed at pH 8. At this pH, the coal is expected to be slightly depressed,

whereas the flotation of pyrite with xanthate shows a maxima. The results of these tests, which

are presented in Table 10.9, show that at pH 8 pyrite flotation was poor; furthermore, the

recovery of coal increases with increasing MIBC addition. A possible explanation for the increase

in coal recovery with added frother may be that the frother was adsorbed by the coal during
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O Table 10.9 - Flotation of pyrite from Illinois No. 6 coal 200 mesh grind as a functionof MIBC addition in the presence of 0.:57IbfI'on potassium ethyl xanthate
(KEX) at pH 8 ± 0.5.

-- ._ , ,,, , , i i, i H i ii i i i

, PRODUC?ANALYSIS RECOVE_
MIBC Yield I-Y CMR Ash Pyr.S Ash Pyr.S ElH O

___ _ ___ _ ___ _ _ _ _

0.0 11.3 88.7 11.5 12.7 1.51 10.28 9.61 1.9 1.2
0.39 9.9 90.1 10.0 12,7 1.53 8.69 7,83 2.2 1,3
0.78 14.0 86.0 14.6 10,2 0.96 10.33 8.00 6.6 1,8
1.17 29.9 70.1 31.1 10,4 0.89 22.83 17.83 13.3 1.8

conditioning. In the case of pyrite, the poor flotation recovery (shown as pyritic sulfur'recovery)

could be related to the degree of oxidation of the pyrite surface in Illinois No. 6 coal, resulting

in soluble iron species that precipitate the xanthate in solution and to the adsorption of xanthate

by the coal. Consequently, a higher collector dosage was required to float the pyrite from

Illinois No. 6 coal. As can be seen from the flotation results given in Table 10.9 the efficiency

index is positive (for reverse flotation an El H of -80 represents 90.90) and Q, the ratio of the

CMR to the pyritic sulfur recovery is only greater than one.

O Flotation tests of pyrite from Illinois No. 6 coal were also performed at pH 4, the second

pyrite flotation maximum, using the standard flotation conditions but with the addition of frother

15 seconds before flotation. The flotation results are presented in Table 10.10. As can be seen

by comparing Tables 10.9 and 10.10 a reduction in pH from 8 to 4 increases both the pyritic

sulfur and combustible material recovery. In general, at equal MIBC additions, the efficiency

index of the flotation of pyrite from coal at pH 4 was higher indicating that the separation at

Table 10.10 - Flotation of pyrite from Illinois No. 6 coal 200 mesh grind as s function
of MIBC addition in the presence of 0.57 lb/T potassium ethyl xanthate
(KEX) at pH 4 ± 0.1. Frother conditioning time: 15 seconds.

PRODU_ ANALYSIS RECOVERY
MIBC Yield 1-Y CMR Ash Pyr, S Ash Pyr, S EIH Q

_ _ _ _ _ _ _ _ _

0.0 12.1 87,9 12.3 13.2 1.93 11.0 10.1 2.2 1.2
0.39 16.7 83.3 17.2 12.5 1.60 14.0 12.4 4.8 1.4
0.78 31.0 69.0 32.6 10.1 1.50 21,4 21.1 11.5 1,5
1.17 58.2 41.8 60.8 10.5 1.55 41.1 39.3 21.5 1,5

mm ,,r--" = __ i ,i t ,a ,,i i _ ....._, ,,, 7 .... 7 I _ = .
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Table 10.11 - Step flotationof pyritefrom Illinois No' 6 coal 200 mesh grind in the presence_

of P0tassiumethyl xanthate(_X) and MIBCat pH 4 .,- 0.I. ,.
FLOTATIO.NPRO,DUCT ANALYSIS RECOVERY - "

MXSc Yield 1.V CMR S Ash S El. "?
_ .._ .._ _ .._ % .._ .._ _ _

0.24 1.42 16.I 83.9 16.3 12.9 2.26 14.4 13.4 ?,.9 1.2
0.24 2.85 17.4 82.6 17.7 12,7 1.85 15.9 18.2 -0.3 1.0
0.48 2.85 22.7 77.3 23.1 12.4 2.26 19.9 28.1 -5.0 0.8
0.79 5.70 67.1 32.9 69.6 10.5 3.18 51.2 83.2 -13.60.8
1.04 5.70 87.8 12.2 91.8 10.3 2.82 63.6 94.9 -3.9 1.0 _i

pH 8 is better. Although more pyrite floated at pH 4 than pH 8, the combustible material

floating with the pyrite increased almost two-fold.

Based on these results, a step flotation procedure was applied for the study of the effect

of KEX dosage on pyrite recovery from Illinois No. 6 coal in an effort to reduce the effects of

MIBC adsorption on the coal and to help avoid the adsorption of KEX on the coal at higher

concentrations. In addition, a longer conditioning time was used to ensure the adsorption ofthe

collector on pyrite. The procedure consisted of a 2-minute repulping and conditioning time, one

minute for pH adjustment and twelve minutes of conditioning with xanthate. MIBC was added

15 seconds before the two-minute flotation stage. Xanthate was added three more t_meswith a

conditioning (5 minutes each) and flotation step between each addition. The second anti,third

flotation stages were for 2 minutes, and the final stage was for 5 minutes. The addition 0fthe

frother was distributed among the three first flotation steps.

Table 10.11 presents the composite results of the step flotation test for the removal of

pyrite from minus 200-mesh Illinois No. 6 coal as a function of KEX and MIBC additions at

pH 4. As was expected, the pyritic sulfur r_covery increases with increasing KEX addition at

constant MIBC addition. Furthermore, as the KEX addition increases from 1.42 lb/ton to

2.85 Ib/ton KEX, the ratio CMRNSR (Q) decreases, suggesting that the collector preferentially

adsorbs on pyrite. Regardless, the CMR increases with increasing KEX addition, showj"_ngthat

Illinois No. 6 coal also adsorbs xanthate. The efficiency index of-13.6 shows that the recovery

of pyrite was somewhat larger than the CMR.

Even though it was demonstrated that pyrite can be floated from coal with xanthate, the

CMR also increased and selectivity was poor. As a consequence, work Was pefform_i'to study
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O Table 10.12 - Step flotation results for pyrite flOtation from Illinois No. 6 coal at 200mesh grind in the presence of potassium ethyl _nthate (KEX), hydrogen
peroxide (H2Oz), and 0.78 lb/T of MIBC.

• ,,,,, _ ,,,,, ,, ii ii i L lllill ii, i i i I i ii li,m

FLOTA3"!ONPRODUCT ANALYSIS RECO _VERY
KEX H202 Yield I-Y OMR Ash Pyr.S Ash Pyr,S El H O

•._ _____ _ _ ,_____ __ __ __

0.57 -- 31.0 69.0 32.6 9.3 1.29 21.4 21.1 11.5 1.5
0.57* .. 24.3 75.7 25,4 10.0 1.33 17.1 15,1 10.3 1.7
5.70 -. 67.1 32.9 69,6 10.5 3.18 51.2 83,2 -13.6 0.8
5.70* 0,05 42.3 57.7 44.1 10.8 2.91 31.9 57,0 -12.9 0.8
5_70 0.10 31.3 68.7 32.0 12.2 3.52 27.3 43.3 -11,3 0.7

H, i i ....... i --- : i ,,-- -- iiiii ii i i i iiii

•sample was filteredafter3 minutesof conditioning(beforexanthateaddition).

thedepressionofcoalwithH20 2.Also,becausethestabilityofxanthateisreducedatpH 4 (3),

othersulfhydrylcollectorssuchasdithiophosphatereagentswerealsotested.

Flotationtestswereperformedusingpotassiumethylxanthate(KEX) andAerofloat25

Promoter(dicresyldithiophosphoricacidandcresylicacid)ascollectorsandhydrogenperoxide

O (H202) as coal depressant. For some tests, the step flotation procedure described in the
preceding paragraphs was slightly modified with an additional step that incorporated filtration of

the pulp to remove ferrous (or ferric) ions before the addition of the collector after an initial

conditioning time of 3 minutes. Since hydrogen peroxide is a powerful oxidant, this reagent was

added to oxidize the surface of the coal and, hence, to depress it. At the same time, the addition

of hydrogen peroxide may also enhance the flotability of pyrite by slightly oxidizing its surface

and/or by forming dixanthogen. Therefore, the modified flotation procedure was used to establish

the effect of the hydroxy complexes formed in the bulk after the addition of the hydrogen

peroxide on the flotation behavior of pyrite contained in Illinois No. 6 coal.

The results of the step flotation of pyrite from Illinois No. 6 coal using KEX or Aerofloat

25 with hydrogen peroxide, and MIBC, are reported in Tables 10.12 and 10.13. These tables

show that under the conditions tested, potassium ethyl xanthate is a better collector for the

reverse flotation of pyrite from Illinois No. 6 coal. These tables also show that hydrogen peroxide

O not only suppresses the flotation of coal but pyrite as weil. Therefore, hydrogen peroxide is notbeneficial to the reverse flotation of coal nor doe_ Aerofloat 25 present any advantage over KEX
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Table 10.13 - Step flotation results for pyrite flotation from Illinois No. 6 coal at 200
mesh grind in the presence of Aerofloat 25 Promoter, hydrogen peroxide ,_

..... t_l,H2,.,2yandIuqrTn_,,.:_.,,_,. . ..... __ _

FLOTA ONPRODUC'r j p.C..O Ry
MIBC A25P H202 Yield I-Y CMR Ash Pyr.S Ash Pyr.S ElH Q
lb____ ..___ _p.. __ ..___ ._ __ __ ....

0.39 2.85 - 18.5 81.5 19.1 10.8 1.36 14.2 12.2 6.9 1.6
0.39 5.70 -- 95.8 4.2 98.0 12.1 2.13 82.5 94.9 3.1 1.0
1.04 5.70 -- 96.8 3.2 99.2 12.3 2.74 82.5 99.2 0.0 1.0
0.39 5.70 0.20 17.3 82.7 17.6 13.7 1.59 15.6 15.1 2.5 1.2

0.39 5.70 0.10 17.2 82.8 17.6 13.1 1.61 14.6 14.9 2.7 1.2
i 1111111 ii ii

as collector for the flotation of pyrite from Illinois No. 6 coal. This study indicates that the

reverse flotation of pyrite from Illinois No. 6 produces a separation that is inferior to that

produced by the standard flotation test. This is probably due to poor selectivity of the pyrite

collectors used.
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11.0 KINETICS OF COAL FLOTATION

e Understanding the flotation kinetic behavior of coal, ash and pyrite is important in order

to simulate and optimize flotation processes. The objective of this investigation was to study the

effect of particle size on the separation efficiency and the flotation kinetics of coal as well as the

associated mineral matter. For this purpose, the three base coals, namely Illinois No. 6,

Pittsburgh No. 8 and Upper Freeport PA, were wet ground to 95% passing 28, 100 and 200 mesh

and flotation tests were carried out in a 2-1iterDenver cell at 6.25% solids. Ali other operating

conditions in these flotation tests were the same as those for the standard flotation tests given

in Chapter 7 and the pH of the pulp was the natural pH (pH 4.5 ± 0.5 for Illinois No. 6 and pH

3.5 _ 0.3 for the Upper Freeport PA and Pittsburgh No. 8 coals) of each coal. Unless

specifically stated otherwise, the collector (dodecane) and frother (MIBC) dosages used in the

flotation tests were those in Table 11.1.

In order to obtain reliable results and collect enough concentrates ['orthe various analyses,

['ourflotation tests were conducted on each ground sample by splitting the 500-gram sample into

O four parts after grinding to the desired top size. The flotation concentrate was collected at
different time intervals, namely, 0.25, 0.5 and 1 minute for the 28-mesh grind, and 0.25, 0.5, 1,2

and 5 minutes for the 100. and 200-mesh grinds. The corresponding flotation concentrates and

tailings obtained from the four tests were then combined and wet sieved into different size

fractions. In order to break agglomerates, the samples were washed with methanol before sieving.

The flotation products of the 28-mesh grind were separated into four sizes: plus 48, 48 x 100,

100 x 200 and minus 200 mesh. The flotation products of the 100-mesh grind were sieved into

three size fractions: plus 200, 200 x 400 and minus 400 mesh; and the products of the 200-mesh

grind were sieved into the plus 400- and the minus 400-mesh fractions. Each size fraction was

then dried, weighed and analyzed for its ash and total sulfur content using a LECO MAC-400

Table 11.1 - Reagent dosages used in the flotation kinetics tests.

Dodecane MIBC
Coal _

Illinois No. 6 4.92 0.98
PittsburghNo. 8 1.92 0.30

O Upper Freeport PA 0.24 0.26
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Proxknate Analyzer and a LECO SCd32 Sulfur Analyzer. The pyriticsulfur content of each size

fraction was then calculated from its ash and total sulfur contents using the appropriate formula

given in Chapter 6. The total sulfur content of each sample was analyzed at least twice and the

average value was used in the calculation.

11.1 Flotation Kinetics Model Sek_ction

In order to calculate the flotation kinetic parameters for coal flotation, a suitable model

must be chosen before the kinetic results can be evaluated. Flotation kinetic models have been

widely used to predict flotation time-recovery profiles that fit well with the experimental results.

Numerous flotation kinetic models have be,cn described in the literature (I) and the selection of

an appropriate model depends not only on the overall fit of the model to the observed data but

also on the statistical significance region of each model parameter. Klimpel et al.(2) have pointed

out that when using mathematical models to describe flotation data, models having more than two"

curve-fitting parameters are simplynot statistically warranted and the use of flotation models with

three or more parameters can be misleading bemuse the parameters of these models have ve,ry

broad confidence regions.

In this investigation, eight flotation kinetic models with two fitting parameters were each

tested. The first model is the classical first-order flotation kinetic model (3):

R. R.(I- (11.1)

"1"hesex:ond model tested is a first-order flotation kinetic model with rectangular distribution of

flotabilities (4-6):

R. R,. I - x' t )

where R = reoavery of component at time t

1_ = ultimate recovery of component

K._and K 2 = tint-order rate constants (mi,_q).

g
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The third model is the first-order flotation kinetic model with a sine function (in the range

of 0 to _/2) distribution of flotabilities. The reason for proposing this distribution is that in coal

flotation, most of the material in the cell is the floatable component. Because the mineral matter

content in a typical coal is significantly lower than the combustible material content, the

population of floatable particles that are locked with a large portion of mineral matter is expected

to be lower than that of those particles that are locked with small portion of mineral matter.

Therefore, the distribution of rate constants (or flotabilities) of the fioatable particles may be

approximated more realistically by a sine function (in the range of 0 to _/'2) than by a single rate

constant or a rectangular distribution of flotabilities. To start, we assume that flotation follows

first-order kinetics and that the initial distributionof rate constants (K) in the floatable particles

in the cell is a sine distribution with a K having a minimum value of zero and a maximum value

of K3, or

_(K) ,, mn sin(__-__.)K (ll.3a)
2K3 2X3

Flotation as function of flotation time t can be derived starting with the generalrecovery a

equation:

R ,- R.. - (I0e "tc' (11.3b)
0

By substituting Equation 11.3a into Equation 11.3b, we get

R ,, R. - o 2K3

Integration of Equation 11.3c yields

"KY 1

R ,,R, 1 - 1 - (2/_.3t/n) e

1 + (293t/_12 (11._t)
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Table 11.2 - Comparisonof the ultimate recovery, flotation rate constant and the
standard error (SE) of estimation of combustible materials of 100-mesh
Upper Freeport PA coal obtained by fitting different kinetic mcxlels
(dodecane 0.24 lb/T, MIBC 0.26 Ib/"l"and pH 3.3).

.................. .r i i i im.i . - |l

Model 1fea-1!,!) Model 2 (Eo._!1.2) Model 3_

Size, Re, K1, SE R,,, K2 SF.. g. K3 SE

+200 84.6 1.51 2.09 93.1 3.08 2.54 87.2 2.44 1.97

200x400 91.0 1.46 2.49 100.4 2.97 3.23 93.9 2.36 2.5'7

-400 91.3 1.19 1.65 101.6 2.36 2.47 94.5 1.90 1.80

Overall 88.7 1.36 2.01 98.0 2.74 2.58 91.6 2.19 1,97

Other two-parameter flotation kinetics models tested include a first-order kinetic model

with triangular distribution of flotabilities (5), fully mixed reactor model (7), gas/solid adsorption

kinetic model (8), second-order kinetic model (9) and second-order kinetic model with rectangular

distribution of flotabilities (6).

In order to evaluate the suitability of the various models on the flotation time/recovery

profiles of the three coals, the results for the flotation of the 100- and 200-mesh wet-ground coals ,til
lP'were used. In particular, the various kinetic parameters were determined for the combustible

material recovery in the plus 200, 200 x 400, and minus 400.mesh size fractions and the overall

combustible material recovery in the flotation of both the 100-mesh and 200.mesh coal. This

comparison of the models showed that the first three were able to predict flotation behavior quite

weil. The fourth did as well except that the equation used to describe the a_odel are not valid

at times equal to zero. The remaining four models ali resulted in standard errors that were much

higher than for the first three. Therefore, only the first three models were compared in detail.

Typical fitting results for the first three models are shown in Table 11.2, which gives the

ultimate recovery, the flotation rate constant and the standard error (SE) of estimation for the

combustible material of the 100-mesh Upper Freeport PA coal. It can be seen from this table

that the prediction of the effect of particle size on the ultimate recovery and flotation ra;e

constant is the same using ali three equations, that is, the ultinmte combustible material recovery

of the plus 200-mesh fraction is lower than that for both the 200 x 400 mesh and the minus

400-mesh fractions while the flotation rate constant of the minus 400 mesh is lower than plus
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Table 11.3 - Ranking of the standard error (SE) of estimation of the ultimate

combustible material of the three base coals obtained byfittingrecovery
different flotation kinetic models.

i iii _ i i t : : .... ' i II11i i

Flotation System M_ode!l_(Eq_:1L!_t Model 2 (F.o, 11.21 Model 3 (Eq. 11,3d}

Illinois No. 6
200 mesh Overall 3 1 2
100 mesh Overall 1" 3 2

+200 mesh 1 3 2
200 x 400 mesh 1" 3 2

-400 mesh 2" 3 1

Pittsburgh No. 8
200 mesh Overall 1 3 2
100 mesh Overall 2* 3 1

+ 200 mesh 1" 3 2
200 x 400 mesh 2* 3 1

.400 mesh 2* 3 1

Upper Freeport PA 3
200 mesh Overall 1 3 2
100 mesh Overall 2* 3 1

+200 mesh 2* 3 1 _
200 x 400 mesh 1' 3** 2

-400 mesh 1 3** 2

., lll,i ii i i i ii i ..... i_,, i

O *The ultimate CMR is smaller than the CMR after 5 minutes of flotation.**The ultimate CMR is greater than 100 percent.

200 mesh and 200 x 400 mesh fractions. However, the standard errors of estimation using model

2 (Eq. 11.2) are higher than those for model 1 and model 3, which have comparable values.

Table 11.3 further compares the three, flotation models based on the standard error of

estimation for the three base coals. A smaller standard error of estimation indicates a better fit

of the model to the flotation results, lt can be seen from this table that model 2, first-order

kinetics with a rectangular distribution of fiotabilities is not as good as either model 1 or 3

because it gives higher standard error and the ultimate recovery sometimes is over 100 percent.

Although model 1 has a similar standard error of estimation as model 3, it slightly under estimates
i

the recovery at long flotation time because in most of these systems the ultimate combustible

material recovery is lower than the combustible material recovery at five minutes. These results

indicate that the flotation of coal particles follows first-order kinetics with more particles having

high flotabilities than low. The assumption that the flotability distribution is approximated

by a sine function (model 3) seems to provide a better fit than that obtained by ascribing a single
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Table 11.4 - Combustible materialrecovery (CMR), ash and pyriticsulfur rejection, and

separationefficiencyofIllinoisNo.6 coalfor28-meshgrind(pH 5.5). i

ParticleSize Flotation Time, CMR Ash Pyr.S ElH
mesh minutes _ Rei.. % ]_.. % --_

+48 0.25 57.0 64.2 65.2 22.2
0.5 81.2 46.9 45.5 26,7
1.0 88.2 42.1 41.5 29.7

48x100 0.25 68.4 50.4 53.2 21.6
0.5 90.6 31.4 34.6 25.2
1.0 97.3 26.2 30.6 27.9

100x200 0.25 66.8 50.3 59.8 26.6
0.5 90.4 29.9 44.4 34.7
1.0 97.6 23.5 39.2 36.9

-200 0.25 52.7 81.1 r77.7 30.4
0.5 78.3 71.8 65.2 43.5
1.0 90.2 65.3 57.4 47.6

Overall 0.25 60.2 66.6 65.0 25.2
0.5 84.1 51.7 48.1 32.2
1.0 92.1 46.1 43.0 35.1 -

i i i ii iii i

flotability (model 1) or particles having a rectangular distribution of flotabilities (model 2).

Therefore, the tint-order flotation kinetic model using a sine function (in the range of 0 to n/2) /

to predict the distribution of flotabilities (model 3, Eq.11.3d) was chosen to calculate the flotation

rate constants and the ultimate recovery. The "best fit"values of these two parameters were

determined by minimizing the standard error of estimation using a computer program.

11.2 Effect of Particle Size on the Flotation of 28-Mesh Ground Coal

Tables 11.4, 11.5, and 11.6 present the combustible material recovery (CMR), ash and

pyritic sulfur rejection, and the separation efficiency of various size fractions as well as their

combined values for Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals, lt can be seen

from these tables that for ali three coals the intermediate-size fractions (48 x 100 and 100 x 200

mesh) exhibit a maximum in combustible material recovery whereas ash and pyritic sulfur

rejection of the intermediate..size fractions is lower than that of both the larger and the smaller

size fractions. However, the efficiency index for material in the smaller size fraction (minus ;'qq

mesh) is higher than that of other size fractions for ali three coals. This may result from

increased liberation of pyrite in the finer size fraction as compared to the coarse,r-size fractions, t1_
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Table l 1.5 - Combust_le material recovery (CMR), ash and pyritic sulfur rejection, and

O , ...... sep.arati0n effi_ency of Pittsburgh No. 8coa! for 28-m_h grind (pH 3.3).

Particle Size Flotation Time, CMR Ash Pyt. S EIH
mesh _ .._ _ _ ____

+48 0.25 72.9 51.0 43.4 16.3i
0.5 85.3 41.5 ! 33.2 18.5
1.0 93.3 36.6 27.4 20.8

48x100 0.25 75.2 40.7 35.9 11.1
0.5 88.1 29.0 23.9 12.0
1.0 96.3 23.2 17.9 14.1

100x200 0.25 74.3 41.8 .'?,8.3 12.6
0.5 87.5 28.6 25.1 12.6
1.0 96.5 22.3 18'5 15.0

-200 0.25 65,7 73.7 62.8 28.5
0.5 81.5 66.9 53.5 35.0
1,0 92.4 61.3 46.1 38.5

Overall 0.25 72.1 56.3 47.8 19.8
0.5 85.4 47.0 37.4 22.6
1.0 94.2 41.5 30.7 24.9 -

O
Table 11.6 .. Combustible material recovery (CMR), ash and pyritic sulfur reiection, and

separation efficiency of Upper Freeport PA coal for 28-mesh grind.
i i HII I I I| ...... IJ .I I|_

Panicle Size., Flotation Time CMR Ash Pyr. S EIH
mesh . minut_ % _ Rei., % .._..

+48 0.25 60.5 70.0 69.8 30.3
0.5 69.8 64.8 65.1 34.9
1.0 78.7 60.3 61.0 39.7

48x100 0.25 66.5 57.4 61,8 28.3
0.5 77.7 48.8 54.7 32.4
1.0 90.5 39.7 47.6 38.1

-

lOOx200 0.25 63.0 60.7 66.3 29.3
0.5 76.8 50.2 57.3 34.1
1.0 91.7 38.5 4%2 38.9

-200 0.25 43.9 80.0 80.9 24.8
0.5 59.0 72.9 74°4 33.4
1o0 81.3 61.0 63.9 47.2

Overall 0.25 58.6 68.7 70.9 29.5

O 0.5 70.2 61.8 64.5 34.7
1.0 83.9 53.8 56.8 40.7

..... _ ......... r_,a_, ,i,_ _
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Table 11.7- Compositional analysis of the 28-mesh samples of Illinois No. 6,

Pittsburgh No. 8 and Upper Freeport PA coals.

Coa.__l Size, m_h. Weighh % Ash, % Tot, S. % Prr. S. %

Illinois No. 6 +48 40.5 12.54 4.04 1.50
48x100 22.9 12.37 4.28 1.72
l(gh200 13.8 12.10 4.27 1.71

.200 22.8 25.52 4.32 1.93
Overall 15.40 4.19 1.68

Pittsburgh No. 8 +48 43.0 10.30 3.20 2.03
4&100 21.1 9.76 3.50 2.17
1009200 13.0 9.98 3.99 2.49

-200 22.9 18.66 4.47 3.61
Overall 12.06 3.66 2.48

Upper Freeport PA +48 40.5 14.37 1.66 0.94
48x100 23.1 11.28 1.88 1.11
100x200 1.3.9 10.77 2.09 1.30

-200 22.5 13.37 2.45 1.67
Overall 12.93 1.95 1.19

.lH H ill

Similarly, the overall efficiency indexes of the three coals are in the order Upper Freeport PA

> Illinois No. 6 > Pittsburgh No. 8, and the liberation of pyrite in the 28-mesh ground sample._

is expected to be in the same order. This is in agreement with washability results, which show
the same order of liberation.

Table 11.7 gives the weight fraction, ash, total sulfur and pyritic sulfur content of the

different size fractions of the three minus 28-mesh coals. These results show that the size

distribution of the three coals is similar and that the pyritic sulfur content increases with

c_ecreasing particle size. For Illinois No. 6 and Pittsburgh No. 8 coals, the ash content of the

minus 200-mesh material is significantly higher than that of the other size fractions, whereas the

variation of ash content between the various size fractions is insignificant for Upper Freeport PA

coal.

Figures 11.1, 11.2 and 11.3 show the flotation rate constant and ultimate recovery of the

combustible material as a function of particle size for the three base coals. The results presented

in these figures show that for ali three coals the intermediate size fractions (48 x 100 and

100 x 200 mesh) have higher ultimate combustible material recovery than the larger (plus 48

mesh) and the smaller (minus 200 mesh) size fractions. For Illinois No. 6 coal the flotation rate i_
lP'

constant also exhibits a small maximum at the intermediate size, whereas for Pittsburgh No. 8 and
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Figure 11.1 - Effect of panicle size on the flotation rate constant and the ultimate recoveryof
combustible materials of 28-mesh Illinois No. 6 coal.
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O Figure 11.2 - Effect of particle size on the flotation rate constant and the ultimate recovery oi'
combustible materiaLs of 2&.mesh Pittsburgh No. 8 coal.
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Figure 11.3 - Effectof particlesizeon theflotationrate constantand the ultimate recoveryof
combustiblematerialsof 28.meshUpper Freeport PA coal.

Upper Freeport PA coals, the flotation rate constant increasesmonotonically with the incrcashtg O

panicle size. The results also show that the effect of particle size on the ultimate recovery and

the flotation rate constant is dependent on the coal and reagent dosage. For the relatively

hydrophobic Pittsburgh No. 8 coal with a large amount of dodecane added, the effect of panicle

size on the kinetic parameters issmaller than that for the more hydrophobic Upper Freeport PA

coal with a small amount of dodecane added and also for the lesshydrophobic Illinois No. 6 coal

with larger amount of dodecane added. However, compared with mineral flotation systems,the

effect of panicle sizeon the flotation kinetics of coal appears to be insignificantdue to the lower

density and natural hydrophobicity of coal where oil is added as collector.

In order to compare the flotation kinetics of coal, ashand pyrite, the ultimate recovery and

the flotation rate constantsof the ash, pyritic sulfur and the maximum separation efficiency of the

different panicle size fractions were alsocalculated using Eq. 11.3d. These results are presented

in Tables 11.8, 11.9 and 11.10 along with the combustible material recovery, lt can be seen
mm=

from the_e results, that for ali three coals, the ultimate recovery of the combustible material is
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Table 11.8 - Ultimate recoveries and flotation rate constants of combustible material,

/ ..... ash and pyritic sulfur of 28-mesh Illinois No, .6 coa I (pH 5.5). i

Ultlmaee Recovery, % Maximum Flotation Rate Constant, mind
Size,
mesh 'C_.M.M _ _ .._ CM , _ ]_

+48 94.7 62.9 64.4 30.2 6.57 6.06 5.74

48x100 100.0 78.5 74,0 26.0 8.39 7_11 7.21

10(k200 100.0 81.9 64.7 35,4 8.I1 6,63 6.87

.200 98.9 38.9 48.7 50.3 5.30 4.47 4.19

Overall 98.3 58.3 62.0 36.3 6,71 5.99 5.96
m ii ii ,iii i mI m

Table 11.9- Ultimate recoveries and flotation rate constant of combustible material,

ash and pyritic sulfur of 28-mesh Pittsburgh No. 8 coal (pH 3.3).
i iii i

Ultimate Recov,ery,% Maximum Flotation Rate Constant, rain"t -
Size,
mes___h.h C_.M.M As_..h.h,P2L_ E....L C....MM As._.h

+48 94.5 64.7 73.7 20.8 10.40 10.02 10.34

O 48xi00 97.5 78.4 83.6 , 13.9 10.38 10.00 10.34
100x200 97.9 79.8 83.5 14.4 9.94 9.19 9.45

-200 95.2 40.2 55.8 39.4 ' 7.97 7.05 7.35

Overall 95,7 59,8 70.7 25.0 9.75 9.11 9.32

Table 11.10 - Ultimate recoveries and flotation rate constant of combustible material,

ash and pyritic sulfur of 28-mesh Upper Freeport PA coal.

Ultimate Recovery, % Maximum Flotation Rate Constant, min d
Size,
mest_...A C__M_M As_..b.h _ E_.L _ As.__h.h l_r.._S

+48 79.2 40.1 39.3 39.9 9.92 9.45 10.13

48x100 91,4 61.5 53.2 38.2 8.67 7.77 8.48

100x200 94.3 64.6 55.5 38.8 7,18 5.96 5.94

-200 92.4 46.2 41.5 50.9 3.88 3.35 3.67

O Overall 85,7 47.6 44.6 41.2 7.48 6.91 6.78
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Table 11.11 - Combustible material recovery (CMR), ash and pyritic sulfur rejection, and

separation effic!ency of 100-mesh Illinois No. 6 coal. O
Panicle Size, Flotation Time, CMR Ash Pyr. S El H

mesh minutes % Rei.. % Ret,. % -...

+200 0,25 40,3 70.4 76.4 16.7
0.5 67.5 49,9 61.0 28.5
1.0 78.0 42.2 55.6 33.6
2.0 80.6 40.2 54_5 35.1
5.0 81.7 39.2 54.0 35.7

200x400 0.25 33.4 76.3 79.1 12.5
0.5 59.5 58.4 64.8 24.3
1.0 77.2 46.5 57.6 34.8
2.0 83.8 41,4 54.8 38.6
5.0 87,4 38.2 53.2 40.6

-400 0.25 29.1 87.7 83.7 12.8
0.5 53.0 78.3 70.5 23.5
1.0 72.5 69.9 59.6 32.1
2.0 83.8 61.8 54.9 38.7
5.0 90.0 54.2 48.2 38.2

Overall 0.25 35.1 81.2 80.1 15.2 "
0.5 60.9 67.5 65.9 26.8
1.0 76.0 58.8 57.7 33.7
2.0 82.3 52.9 54.6 36.9
5.0 85.8 4%7 51.2 36.9

0
significantly higher than that of the ash and pyritic sulfur, whereas the flotation rate constants of

the combustible material are only slightly higher than that of ash and pyrite. The maximum

separation efficiency is higher for the finest size fraction (minus 200 mesh) than the coarser size
i

fractions. The closeness of the rate constants suggests that the flotation of the pyrite and ash are

ultimately tied to that of the combustible material, either due to lack of liberation or entrainment

and entrapment of free particles.

11.3 Effect of Particle Size tn lO0-mesh Ground Coal

Tables 11.11 through 11.13 present the CMR, ash and pyritic sulfur rejection, and the

separation efficiency of various size fractions within the 100-mesh samples as well as their

combined values at different flotation times for the three base coals. It can be seen from these

tables that the combustible material recovery of ali three coals increases with decreasing particle

size at longer flotation times (2 and 5 minutes). However, the separation efficiency index of Ii_

both Illinois No. 6 and Upper Freeport PA coals have a maximum ['or the 200 x 400 mesh
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O Table 11.12- Combustible material recovery (CM_), ash and pyritic sulfur rejection, and...............reparation efficiency of 100-mesh PRtsburgh No. 8 coal. ........... ,

Particle Size Flotation Time, CMR Ash Pyr. S EIH
, minutes ....%__ Ret,, % Re i,. o_ -._

+200 0.25 33.4 78.0 76.5 9.9
0.5 56.8 62.8 61.2 18.0
1.0 69.5 55.0 53.2 22.7
2.0 73.6 52.3 50.5 24.1
5.0 76.1 49.8 48.5 24.6

200X400 0.25 29.3 81.1 81.6 11.9
0.5 53.6 66.2 67.5 21.1
1.0 71.5 55.8 58.2 29.7
2,0 80.0 50.3 53.6 33.7
5.0 86.2 44.8 49.2 35.4

..400 0.25 26.1 89.0 87.6 13.7
0.5 48.6 80,4 77.6 26,2
1.0 68.8 72.8 68.9 37.8
2.0 81.0 67.0 62,9 43.9
5.0 89.7 59.8 55.5 45.2

Overall 0.25 29.9 84.1 82.8 12.7
0.5 53.2 72.3 70.2 23.4
1.0 69.7 64.2 61.6 31.3
2.0 77.6 59,4 56.9 34.6

O 5.0 83.1 54.0 51.9 35.0
i,

size fraction. The lower value of EI for the plus 200-mesh size fraction is a result of lower

CS IR's in the samples. On the other hand, the lower EI value for the minus ,gr&mesh size

fraction of the Illinois No. 6 and Upper Freeport PA coals results from lower pyritic sulfur

rejections. This may indicate that fine pyrite particles are more easily floated or carried over than

are c_oarser pyrite particles. For Pittsburgh No. 8 coal, the value of El increases significantly with

decreasing particle size. This may indicate that the liberation of pyrite in the finer size fractions

is higher than that in the coarser size fractions for Pittsburgh No. 8 coal and the pyrite is

liberated at finer sizes compared to Illinois No. 6 and Upper Freeport PA coals. Since the

overall efficiency indexes of the three coals are again in the order of Upper Freeport PA >

Illinois No. 6 > Pittsburgh No. 8, the percentage of liberated pyrite in 100-mesh ground samples

are expected to be in the same order.

Table 11.I4 gives the weight, ash, total sulfur and pyritic sulfur content of each size

fraction for the lO0-mesh flotation feeds. These results show that the size distributions of these
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Table 11.13- Combustible materialrecovery (CMR), ashand pyritic sulfur rejection, and

....... separat!on efficiency of lO0-mesh Upper Freeport pA coal. _.... @
Particle Size, Flotation Time, CMR Ash Pyr.S EIH

mesh_ minutes _ _ _ Re!.. % .__

+200 0.25 24.6 89.5 91.9 16.5
0.5 46.8 79.8 83.8 30.6
1.0 66.1 70.2 77.8 43.9
2.0 7&5 62.0 72.0 50.6
5.0 85.8 54.2 66.3 52.1

200X400 0.25 , 25.0 88.5 92.2 17.3
0.5 49.4 77.0 85.1 34.4
1.0 70,9 65.7 78,7 49.5
2.0 84.1 56.1 72.9 57.1
5.0 92.0 45.5 64.3 56.3

-400 0.25 21,.4 90.4 92.0 13.4
0.5 42.1 81.4 84,6 26.7
1.0 64.3 71.7 77.3 41.6
2.0 81.5 62.7 70.0 51.5
5.0 91.5 52.8 60.4 51.9

Overall 0.25 23.4 89.7 92.0 15.4 -
0.5 45.5 79.9 8415 30.0
1,0 66.5 69.9 77.7 44.2
2.0 81.0 61.1 71.2 52.2
5.0 89.5 51.8 62.9 52.4

ii i _ IHI i i|. --- _ /

three coals samples are similar and that the pyritic sulfur content increases with decreasing

particle size. For Illinois No. 6 and Pittsburgh No. 8 coals, the ash content of each size fraction

is relatively constant except for the minus 400-mesh fraction that contains significantly more ash.

Again, for Upper Freeport PA coal, the variation of ash content in the various size fractions is

insignificant.

Figures 11.4, 11.5 and 11.6 show the overall flotation recoveries of combustible material,

ash and pyritic sulfur of the three base coals as a function of flotation time along with the fitting
".

curves for Eq. 11,3d for the three base coals. Figures 11.7, 11.8 and 11.9 present the combustible

material recovery of the plus 200, 200 x 400 and minus 400-mesh size fractions for the three base

coals as a function of flotation time along with the fitting curves, lt can be seen from these

figures that the simulation curves fit the experimental data quite well for ali three coals.

" c maximum separation efficiency, the ultimate recovery and flotation rate constant of the

@
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Table 11.14- Compositional analysis of the 100-mesh samples of Illinois No. 6,

O Pittsburgh No. 8 and Upper Freeport PA coals...... ,,l .... i i lllnll : II II

Coa_....J S'tze,mesh _ _Lh._%_ T,gt,8,%

IllinoisNo.6 +200 42.4 10.82 4.58 2.00
200x400 19.6 11.61 5.27 2,68
-400 38.0 24.76 ,5,24 2.82

Overall 16.27 4.97 2,44

Pittsburgh No, 8 +200 41.3 7.98 3.27 1.86
200x400 22.1 8.72 4.27 2.55

-400 36.6 14.76 4.21 3.08
Overall 10.63 3,84 2,46

Upper Freeport PA +200 36.4 12,40 1.96 1.20
200x400 23,1 11.92 2.67 1.86

.400 40.5 14.16 2,71 1.92
Overall 13.00 2,43 1.64

combustible material, ash and pyritic sulfur for the different size fractions of the three coals are

summarized in Tables 11.15 through 11.17.

lt can be seen from these data that for ali three coals, the ultimate combustible material

recovery is significantly higher than that of ash and pyritic sulfur, whereas the flotation rate

_ constants of the three different components are similar. Again, as was observed with the 28-mesh

material, ash and pyrite may be either locked with coal or carded over by coal particles during

flotation. The data also show that separation efficiency is not improved by reducing the flotation

time. Another important observation from these results is that the recoveries of ash and pyrite

are almost equal at ali flotation times for Illinois No. 6 and Pittsburgh No. 8 coals, whereas the

pyritic sulfur recovery of Upper Freeport PA coal is significantly lower than its ash recovery. This

Table 11.15 - Ultimate recovery, flotation rate constant and the maximum separation
efficiency of 100-mesh Illinois No. 6 coal.

i imlli i i i i

Ultimate Recovery, % Maximum Flotation Rate Constant, mind
Size,
mest.l C....M.M As.._hh _ E._L C...MM As_._h

+200 83.5 62.1 47.1 36.4 5.09 5.04 5,39

200x400 88.9 62.4 4703 41.6 3.54 3.51 4.33'

-400 91.2 45.9 51.2 40.0 2.78 1.93 2.71

O 86.7 51.6 48.6 38.1 3.85 3.10 3.83
Overall
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Figure 11.4 - Flotation recovery of combustible material, ash and pyritic sulfur from lO0-mesh
Illinois No. 6 coal asa function of flotation time along with the fitting curves of
the first-order kinetic model with sine distribution of fiotabilities.
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Upper Freeport PA coal as a function of flotation time along with the fitting
curves of the first.order kinetic with sine distribution of flotabilities.

_ 100E
L)

-----4-_ -..-..-_- _ , _ _.

>2 80

>

° 1_1 60

_J

<

w
-J _, ILLINOIS No. 6m r_ K - 1

20 Ii; rain 100 MESHGRIND
U3 0 +200 MESH 83.5 5.09 DODECANE4.92 Ib,/'T
m n 200X400 88.9 3.54 MIBC0.98 Ib/T

& -400 91.2 2.78 pH 4.5
O

0
0 1 2 3 4 5 6

FLOTATION TIME, minutes

t igure 11.7 - Combuslible material recovery of plus 200, 2(X)x4(X) and minus 400 mesh

O fractions of I(X) mesh Illinois No. 6 coal as a function of flotation time alongwith the fitting curves of the first-order kinetic model with sine distribution of
ftotabilities.

ii-17

-



"*" 100¢..

° 0u

(::1. ' ,, O

_2 Bo

0

_J 60

_J

4o

w PITrSBURGH No. 8m R K
zl -1

_J3 20 min 100 MESH GRIND
::) 0 +200 MESH 77.1 4.25 DODECANE 1.92 Ib/T
cn O 200X400 B6.8 3.05 MIBC 0.30 Ib/'T
'_ z_ -400 90.7 2,44 pH 3.4
0

0 1 2 3 4 5 6

FLOTATION TIME, minutes

Figure 11.8- Combustible material recovery of various size fractions of 100.mesh
Pittsburgh No. 8 coal as a function of flotation time along with the fitting curves
of the first-order kinetic model with sine distribution of riotabilities.

"' 100 ,"_

L)
L

ta

W
>
0

bJ 60 R. K -I
Ev" Z rain
..J
< 0 +200 MESH 87.2 2.44

Cl 200X400 93.9 2.36
L_ _. --400 94.5 1.90

40

W
_1
cn UPPER FREEPORT PA
___. 20 100 MESH GRIND
U1
::) DODECANE 0.24 Ib/T
cn MIBC 0,26 tb/_"

pH 3.4Cb
L.) O

0 1 2 3 4 5 6

FLOTATION TIME, minutes
Figure 11.9 - Combustible material recovery of various size fractions of 100 mesh Upper

Freeport PA coal as a function of flotation time along with the fitting curves of
the first.order kinetic model with sine distribution of flotabilities.

11-18
-



O Table 11.16- Ultimate recovery, flotation rate constant and the maximum separationefficiency Of 100-mesh Pittsburgh No. 8 coal.II I II I ] . ] I ii I ii i i IIi i ...........

UltimateRecovery,% Maximum Flotation Rate Constant, rain"t

.size,m_h C_.M.M Ash _ .Fd_ CM _
+200 77.1 50.3 51.8 25.3 4.25 4.26 4.43

200x400 86.8 54.7 50.5 36.4 3.05 3,01 3.24

90.7 39.8 44.0 46.7 144 105 117

Overall 83.6 45,2 47,4 36.2 3.23 2,95 3.13
........ i ii ii ii IlL ......... ii __ _.__Wlimmlmllq_liB

,'

suggests that a higher percentage of liberated pyrite exists in Upper Freeport PA coal and that

the hydrophobicity of these pyrite particles is lower than that of the coal. Because of the lower

collector and frother dosages used in the flotation of Upper Freeport PA coal, the adsorption of

dodecane on the pyrite particles is expected to be low although sulphide minerals have been

found to be oleophilic (10). Therefore, the recovery of pyrite in this coal may be lower than that

in Illinois No. 6 and Pittsburgh No. 8 coals because of a decrease_ adsorption of dodecane.

Comparing the fitting parameters of the different size fractions, it was found that for ali

O three coals the ultimate CMR of the coarser (plus 200 mesh) size fraction is lower than that of

the finer size fractions. However, the flotation rate constant is higher for the coarser (plus 200

mesh) size fraction and it decreases with decreasing panicle size. This phenomenon can be

explained in terms of the probability of collision, attachment and detachnAent between panicles

and bubbles. In general, coarser particles have a higher probability of collision with bubbles and

a higher probability of detachment once attachment is made. Hydrophobic particles have a

lower probability of detachment from the bubble than hydrophilic particles. Because hydrophobic

Table 11.17, The ultimate recovery, flotation rate constant and the maximum separation
efficiency of 100-mesh Upper Freeport PA coal.

...... , .... . ,,,,, H ,,.H : _ ..................

UltimateRecovery,% Maximum FtotationRate Coastant, rain"t

s_iize___m_hC_M_M As_._hh!_ _L CM _ !_
+200 87.2 46.6 33.8 53.4 144 1.73 1.90

200x400 93.9 55.6 36,1 57.9 2.36 1.60 1.51

•400 94.5 48.6 40.8 53.7 1.90 L45 1.36

O Overall 91.6 49.4 37.7 53.9 2.19 1.58 1.52
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Table 11.18- Combustible material recovery (CMR), ash and pyritic sulfur rejection, and

= ...... j_parationefficiencyof 200.meshIllinois.No. 6 coal. O

Panicle Size, Flotation Time, CMR Ash Pyr. S El H
minute_ _ Rei. % _ ___

+400 0.25 11.5 92.0 94.8 6.3
0.5 22.1 85.2 90.3 12.4
1.0 34.9 77.1 85.0 19.9
2.0 45.1 70.5 81.3 26.4
5.0 59.2 60.8 75.2 34.4

0.25 15.6 91.9 92.6 8.2
0.5 32.6 83.7 84.9 17.5
1.0 53.4 73.6 75.6 29.0
2.0 69.1 65.6 68.2 37.3
5.0 84.7 55.0 57.1 41.7

Overall 0.25 14.1 91.9 93.2 7.3
0.5 28.8 84.1 86.2 15.1
1.0 46.6 74.4 73.0 24.6
2.0 60.4 66.6 71.4 31.8
5.0 75.4 56.3 61.6 37.0

particles in the coarser size fraction have a higher probability of collision with the bubbles and

a lower probability of detachment, the coarser size ft'action should exhibit a high flotation rate.

Similarly, the coarser size fraction has lower ultimate CMR because the less hydrophobic particlea

in this size fraction have a higher probability of detachment. On the other hand, because f'me

particles have low probability of collision 'and low probability of detachment, the finer size

fractions have low flotation rate and high ultimate CMR.

11.4 Effect of Particle Size ha 200-mesh Ground Coal

Tables 11.18 through 11.20 present the CMR, ash and pyritic sulfur rejection, and the

separation efficiency of the plus and minus 400-mesh size fractions as well as the cumulative

values at different flotation times for the three base coals. It can be seen from these tables that

the combustible material recovery of the minus 400.mesh fraction for ali three coals is higher than

that of the plus 400-mesh fraction at ali flotation time.s, while the pyritic sulfur rejection of the

minus 400-mesh fraction for ali three coals _. lower than that of plus 400-mesh. The

corresponding separation efficiency index of minL._ 400-mesh fraction for both Illinois No. 6 and

Pittsburgh No. 8 coals is higher than that of the plus 400-mesh fraction.
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Table 11.19- Combust_le material recovery (CMR), ash and pyritic sulfur rejectio_m,and

O separation efficiency of 200-mesh Pittsburgh No. 8 coal,
Panicle Size, Flotation Time, CMR Ash Pyr. S EIH

mesh-- _ _ Rei., % Re!.. '_ ___

+400 0.25 5.6 96.2 96.6 2.2
0.5 13.0 91.4 92.7 5.6
1.0 27.1 82.8 85.2 12.3
2.0 48.5 70.0 73.5 21.9
5.0 68.0 57.8 61.8 29_7

•400 0.25 11.0 94.8 95.1 16.1
0.5 25.1 ag7 89.3  4,5
1.0 46.6 79.8 80.7 27.3
2.0 70.3 70.4 70.6 40.9
5.0 86.5 60.9 60.6 47.1

Overall 0.25 9.2 95.1 95.4 4.6
0.5 21.0 89.3 90.1 11.1
1.0 40.0 80.4 81,7 21.7
2.0 62.9 70.3 71.3 34,2
5.0 80.2 60.2 60.9 41.1

®
Table 11.20 - Combustible material recovery (CMR), ash and pyritic sulfur rejection, and

separation e_ciency of 200-mesh Upper Freeport PA coal.
, .... ' Hi , ,,,

Particle Size, Flotation Time, CMR Ash Pyr. S EIH
_..mesh _ _ _% Rei.. % _.__.

+400 0.25 7.9 96.4 97.6 5.5
0.5 17.7 92.1 94,8 12.5
1.0 34.3 85.3 91.3 25.7
2.0 56.9 75.5 86.6 43.5
5.0 78.0 61.5 78.7 56.8

-400 0.25 13.0 94.1 95.6 13.4
0.5 27.7 87.7 90.8 26.7

-.

1.0 49,0 78.4 84.7 41.6
7.0 71.7 67.8 77.8 51.5
5.0 88.1 56.3 69.4 51.9

Overall 0.25 11.7 94.6 95.9 7.6
0.5 25.1 88.7 91.5 16.6
1.0 45.1 80.1 85.9 31.0
2.0 67.8 69.6 79.4 47.2
5.0 85.5 57.5 71.1 56°6

laiii_li_ii_ jii_Nm_ _ i_ IllllI II l I lIiiIll llllmII_l .roll
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Table 11.21 - Compositional analysis of the 200-mesh samples of ILlinois No. 6 coal,
Pittsburgh No_8 and Upper Freeport PA coals.i i illll i i i i i1,1 ii i " ; i

WCoal _ Weil.ht.%_ Ash. ,% Tot. S. %

Illinois No. 6 +400 34.4 9.06 4.07 1.48
•400 65.6 16.53 4.83 2.32

Overall 13.96 4.57 2.03

PittsburghNo, 8 +400 32.7 6.74 3.14 1.66
-400 67.3 11.93 4.19 2.80

Overall 10.23 3.85 2.43

Upper Freeport PA +400 26.0 11.26 1.86 1.09
.400 74.0 12.88 2.54 1.75

Overall 12.46 2.36 1.58

However, for Upper Freeport PA coal, the minus 4(_mesh fraction has a lower EI than the plus

400-mesh material.

Table 11.21 gives the fractional weight, ash, total sulfur and pyritic sulfur content of the

minus 200 mesh flotation feed for the three coals. These results show that the size distributions

of the three coals are similar and that the pyritic sulfur content of minus 400 me._hfraction is

higher than that of the plus 400 mesh. As with the 28- and 100-mesh grinds, the ash content of

the minus 400-mesh fraction is significantly higher than that of plus 4(D-mesh size fraction.

However, for Upper Freeport PA coal, the ash content of the two fractions is almost the same.

The overall flotation recoveries of combustible materials, ash and pyriticsalfur of the three

base coals are plotted in Figures 11.10 through 11.12 as a function of flotation time along with

the fitting curves. It can be seen from these figures that the behavior of the three components

in the flotation of 200-mesh ground coals is similar to that of the 100.mesh ground coals. The

ultimate combustible material recovery is significantly higher than that of ash and pyritic sulfur,

whereas the flotation rate constants of the three different components are almost the same.

Again the samec0nclusion may be drawn regarding the float portion of ash and pyrite. The

recoveries of ash and pyrite for Illinois No. 6 and Pittsburgh No. 8 coals are very close at

ali flotation times, whereas the pyritic sulfur recovery of Upper Freeport PA coal is significantly

lower than its ash recovery. This may be indicative of a better pyrite liberation in Upper

Freeport PA coal and/or the lower hydrophobicity of pyrite particles.

0
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curves of the first.order kinetic model with sine distribution of flotabilities.

0
The effect of particle size on the separationefficiencyindexof the 200.meshcoals can be

explained in terms of the composition of the two size fractionsand carry over bythe froth during

flotation. In general, for a given coal, high ash and pyritic sulfurcontents, and better liberation

in the fine size feeds can lead to increases in both the CMR and pyritic sulfur rejection and

subsequently the separation efficiencyindex. On the other hand, fine ash and pyrite particles are

easily carried over by the froth and results in a decrease in the pyritic sulfur rejection and El.

Therefore, the change in the EI indicates the relative magnitude of the two effects. For

Illinois No. 6 and Pittsburgh No. 8 coals, the effect of the higher ash and pyriticsulfur, and better

liberation in the finer size fraction is greater and therefore the value of El for minus 400-mesh

size fraction is higher than that of the coarser size fraction. On the other hand, for Upper

Freeport PA coal, the ash content of the two size fractions is similar and the ash and pyrite in

this coal appear to be liberated at coarser sizes. Therefore, the effect of carry over of fine ash

and pyrite particles is larger and therefore, the El value for the minus 400-mesh size fraction

is lower than that of plus 400-meshfraction. The overall separation efficiencyfor the three coals
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given in Tables !1.18 through 11.20 shows that Upper Freeport PA is easier to clean (higher EI

value) than Illinois No. 6 and Pittsburgh No. 8 coals.

Figures ] 1.]3 through 11.15 present the combustible material recovery of the plus and

minus 400-mesh size fractions for the three base coals as a function of flotation time along with

the fitting curves and the two fitting parameters. It was found that for ali three coals the ultimate

CMR of the minus 40q-mesh fraction is higher than that of the plus 400-me,sh fraction. The

flotation rate constant of the finer particles is also slightly higher than that of the coarser.

Further, it can be seen from these figures that the ultimate CMR's of the minus 400-mesh size

fraction of ali three coals are nearly equal. Therefore, the magnitude of the ultimate CMR of

the minus 40q-mesh fraction does not correlate with the hydrophobicity of the coals.

Figure ]1.16 shows the difference between the CMR values of the plus and minus

400-mesh size fractions as a function of flotation time for the three coals. This figure clearly

O shows that at flotation time longer than two minutes, the difference between the CMR
of the

minus and plus 400-mesh size fractions is much larger for Illinois No. 6 coal followed by
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mesh size fractions as a function of flotation time for the three base coals.

0
Pittsburgh No. 8 and Upper Freeport PA coals. This trend follows the hydrophilicity of the

untreated surfaces of the three base coals. This observation, taken with the flotation behavior

of the minus 400-mesh material, indicates these flotation experiments were made under collector

starvation conditions in which the collector had very little chance to adsorb on the surfaces of the

plus 400-mesh size fraction due to the large surface area associated with the smaller particles.

Since larger particles normally need to be more hydrophobic than smaller particles in order to

float, in collector starvation conditions, the plus 400-mesh size fraction (larger particles) will have

a lower recovery than the minus 400-mesh material (smaller particles).

In addition, the rate constant of the fine particles will be enhanceA because most of the

collector will adsorb on the minus 400-mesh particles. This phenomenon is not observed in the

flotation of the 100-mesh grind because the minus 400-mesh particles only represent 40 percent

of the total sample weight whereas they comprise about 70 weight percent of the 200-mesh grind

i and these oil-coated particles tend to form agglomerates. This phenomenon is shown clearly in
flotation of minus 200-mesh Pittsburgh No. 8 and Upper Freeport PA coal. Because of its higher
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0
hydrophilicity, the tendency for Illinois No. 6 coal to form agglomerates will be reduced and

therefore the flotation rate constants are about the same for both the minus and plus 400-mesh

size fractions.

In order to test this hypothesis, similar flotation experiments with minus 200-mesh coal with

double the amount of collector or frother. Figures 11.17 through 11.19 show the difference

between the CMR of the plus and minus 400-mesh size fractions as a function of flotation time

for the double collector, double frother and standard reagent additions. The ultimate recovery

and flotation raie constant of the combustible material, ash and pyritic sulfur, and the maximum

efficiency index of the three base coals are summarized in Tables 11.22 through 11.30. The

results in these figures and tables show clearly that the difference between the CMR of plus and

minus 400-mesh fractions decreases as the reagent dosage increases confirming that the low

flotation yield of the plus 400-mesh size ft'action is a result of collector starvation. Another

important observation from Tables 11.22 through 11.30 is that for ali three coals the maximum

EI decreases when double the collector or frother dosages are used due to high pyritic sulfur
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Table I1.22- The ultimaterecovery,flotationrateconstantand themaximum separation
c_ciency of 200-mesh IllinoisNo. 6 coal(Dodecane 4.92Ibfr,MIBC

Ibm...................
UltlmateRecovc_y, % Maximum Flomt/ou Ram Cots;mst, rain"t

+4430 61.2 40.4 25.3 35.9 1.36 1.36 1.45

-400 88.2 47.0 45.0 43.1 1.47 1.30 1,22

Overall 78.3 45.5 40.1 38.2 1.44 1.32 1.26
_- _ iii iiiiiii iii ii i ] i iii

recoveries. It is expected that at higher reagent dosages pyrite will adsorb the collector, thus

becoming hydrophob;c.

11.5 Effect of Parlicle Topsize on Flotation Kinetics

lr )rder to determine the effect of particle top size on the flotation performance of the

three coals. Tables 11.31 through 11.33 were compiled in order to summarize the CMR, ash and

pyritic sulfur rejection and separation efficiency at 28-, 100- and 200-mesh grinds. These results

shov :-tatfor ali three coals the CN_R decreases and the ash and pyritic sulfur rejections increase

as the teed becomes finer. Because the same amount of dodecane and MIBC was used for each

: grind size, the collectorcoverage on the coal surface decreases with decreasing grind size and,

therefore, the CMR decreases accordingly. On the other hand, the increase in ash and pyritic

sulfur rejection with decreasing grind size. is duc to both a decrease in entrainment (l_ss meter|al

Table 11.23 - 'lhc ultimate recovery, flotation rate constant and the maximum separation
efficiency of 200-mesh Illinois No. 6 coal (I)odecane 9.84 Ibfr, E_IBC
0.98Ibm).

i i i i . IIH i ,, , ................ ,)i_n_--I :' ,,,,.mmdi_mw_mmm_mm.

. Ultimate Recovery, % Maximum Flotation Rate Constant, rain"t

Sizc,.mesh C.._M _ _ _ .Q_, _

+400 72.2 51.0 35.6 36.6 1.72 1.71 2.00

-400 93.0 48.6 53.6 39.4 1.72 1.51 1.51

Overall 85.0 49.1 49.2 35.2 1.72 1.55 1.59
llllll_., t .. . I 11 I + +" --= T I lll,IelllllI_.... U__ __JLIJJlt+l'l_411



Table 11.24 - The ultimate recovery, flotation rate comtant and the maximum separation

O efficiency of 200-mesh Illinois No. 6 coal 4.92 Ib/T, MIBC
(Dodecane

 .95lb/T).
fill i l_Jljllll iiii i i illllll i ii ii iii i iii i __ i __ -7 _ --

Ultimate Recovery, % Maximum Flotations.Rate C.mmint, rain"t
, ':'

Siu, mesh C._.M _ _ -._i¢- _ _

+400 83.7 61.8 40.9 42.8 1.57 1.65 1.84

-400 97.3 63.2 64.8 33.3 2.01 1.50 1.48

Overall 97..0 62.8 58.4 33.6 1.92 I..54 1.55
I_ pl I Illl I I II III IIH _ I............ II II IIII lira

Table 11.25 - The ultimate recovery, flotation rate constant and the maximum separation
efficiency of 200-mesh Pittsburgh No. 8 coal (Dodecane 1.92 lh/T, MIBC
0.30 lb/T and pH 3.71).

......... _ ,, ,,,,,,,, ,,, i t,i i, I _ p _ i

Ultimate Recovery, % Maximum Flotation Rate Constant, rain"t

Size, mesh C_...J As_.._h _ ..-_H- C_.M.M Ash _S

+400 83.2 51.0 47.3 35.8 0.66 0.68 0.63

•4,00 95.2 43.0 44.1 51.1 1.08 1.01 0.92

Overall 90.0 45.4 44.0 46.0 0.95 0.93 0.89

O Table 11.26 - The ultimate recovery, flotation rate constant and the maximum separation

efficiency of 200-mesh Pittsburgh No. 8 coal (Dodecane 3.84 ib/T, MIBC
0.30lh:r).

, J i lp i i . i ilnlq II . - : 7_7? ; . --

Ultimate Recovery, % Maximum Flotation Rate Constant, min d

Size, mesh C__.M As.._h_.h _ E_../IH_ _ As__hh

+400 86.4 57.0 57.4 29.0 1.15 1.02 1.05

-400 94.1 45.2 46.2 47.9 1.56 1.24 1.21

Overall 91.7 47.4 48.1 43.6 1.44 1.19 1.17
--: : li I I I _ I : _'ill I I I I 11 li I 7--

Table 11.27. The ultimate recovery, flotation rate constant and the maximum separation
efficiency of 200-m_h Pittsburgh No. 8 coal (Dodecane 1.92 Ib/T, MIBC
0.6olh:r).

Ultimate Recovery, % Maximum Flotation Rate Constant, min d

Size, mes._b.h CM Ash_ _ _H- C.....MM _

+400 100.00 85.2 77.6 24.7 1.23 0,90 0.93

O -400 100.00 57.5 61.6 40.3 1.78 1.29 1.16Overall 100.00 62.8 64.4 36.9 1.58 1,18 1.11
i li inl _ . ...... i HH
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Table 11.28- The ultimate recovery, flotation rate co,rant and the maximum separation
efficiency of 200-mesh Upper Freeport PA coal (Dodecane 0.24 lb/']', MIBC

...... 0.26ib,,.,1",............. ............IIW
Ultimate Recovery, % Maximum Flotation Rate Constant, rain"t

Size. mesh _ _" _ .-_H- C_..M. _

+400 91.2 48.6 25.6 65.6 0.77 0.58 0.65

•400 95.5 48.5 33.5 62.0 1.16 0.94 0.98

Overall 93.8 48.0 31.9 61.9 1.06 0.86 0.94
- i ,1.1 i --- _ i i i i

Table 11.29 - The ultimate recovery, flotation rate constant and the maximum separation
efficiency of 200-mesh Upper Freeport PA coal (Dodecane 0.48 ib/T,
MIBC 0.26 lb/T).

,li li , , _ ...... ii ii HH, I J _._umi_l_m_._

Ultimate Ret'overy, % Maximum Flotation Rate Constant, rain"t

+400 88.4 48.2 27.8 60.6 0.94 0.71 0.73

-4430 94,7 50.7 37.5 57.1 1.29 1.02 0,97

Overall 92.6 49.8 35.5 57.1 1.19 0.94 0.93
_.#r_,l,_t : :: -- .............. .- [[ [ [[[' ..... -- . _ " [[[[ [[[[[ [ '[[ [[I

Table 11.30 - The ultimate recovery, flotation rate constant and the maximum separation /
efficiency of 200-mesh Upper Freeport PA coal (Dodecane 0.24 lh/T,
MIBC 0.52 lb_').

li, li . li.,, ,,..,. i . , i1,1, : ::--. i,, ._ i . .m.

Ultimate Recovery, % Maximum Flotation Rate Constant, rain"t

Size mesh C...MM As__h _ --_H-- C._M _

+400 100.0 87.0 67.4 42.6 2.13 1.20 1.00

-400 100.0 70.5 65.3 41.4 2.24 1.41 1.18

Overall 100.0 74.5 65.6 41.6 2.21 1.35 1.15
_ i i .... Illl , _ .iii i ,i It,III - ----

0
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Table 11.31 - Combustible material recovery (CMR), ash and pyritic sulfur rejection, and

/ ........... separation efficiency of Illinois No. 6 coal for different grind sizes.

Grind Size, Flotation Time, CMR Ash Pyr. S EI H
.minutes __

28 0.25 60.2 66.6 65.0 25.2
0.5 84.1 51.7 48.1 32.3
1.0 92.1 46.1 43.0 35.1

100 0.25 35.1 81.2 80.1 15.2
0.5 60.9 67.5 65.9 26.8
1.0 76.0 58.8 57.7 33.7
2.0 82.3 52,9 54.6 37.0
5.0 85.8 47.7 51.2 37.0

200 0.25 14.1 91,9 93.2 7.3
0.5 28.8 84.1 86.2 15.1
1.0 46.6 74.4 78.0 24.6
2.0 60.4 66.6 71.4 31.8
5.0 75.4 56.3 61.6 37.0

,,, -- . _ , ,, , ,,, _ -- _

floating), lower CMR and better liberation at finer sizes. For Pittsburgh No. 8 and Upper

Freeport PA coals, the decrease in CMR is smaller than the increase in pyritic sulfur rejection,

which results in an increase in EI with decreasing grind size. However, for Illinois No. 6 coal, the

decrease in CMR almost match the increase in pyritic sulfur rejection and therefore the change

in EI is insignificant.

Table 11.32- Combustible material recovery (CMR), ash and pyritic sulfur rejection, and

separation efficiency of Pittsburgh No. 8 coal for different grind sizes.
_ , , •, _ ,, , ...... i,, ,,,, ,, ,, ,,, --

Grind Size, Flotation Time, CMR Ash Pyr. S El H
mesh minutes _ _ _ _.._

28 0.25 72.1 56.3 47.8 19.8
0.5 85.4 47.0 37.1 22.6
1.0 94.2 41.5 30.7 24.9

100 0.25 30.0 84.1 82.8 12.7
0.5 53.2 72.3 70.2 23.4
1.0 69.7 64.2 61.6 31.3
2,0 77.6 59.4 56.9 34.6
5,0 83.1 54.0 51.9 35.0

200 0.25 9.2 95.1 95.4 4.6
0.5 21.0 89.3 90.1 11.1
1.0 40.0 80.4 81.7 21.7
2.0 62.9 70.3 71.3 34.2

5.0 80.2 60.2 60.9 41.1•,,, .... - .. .... . .......
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Table 11.33 - Combustible material recovery (CMR), ash and pyritic sulfur rejection, and
separation efficiency of Upper Freeport PA coal for different grind sizes.

aimmamam--_ i i i i H i .i i el.i _._ i

Grind Size, Flotation Time, CMR Ash Pyr. S El H
mesh minutes _ _ _ ___

28 0.25 58.6 68.7 70.9 29.5
0.5 70.2 61.8 64.5 34.7
1.0 83.9 53.8 56.8 40.7

100 0.25 23.4 89.7 92.0 15.4
0.5 45.5 79.9 84.5 30.0
1.0 66.5 69.9 77.7 44.2
2.0 81.0 61.1 71.2 52.3
5.0 89.5 51.8 62.9 52.4

200 0.25 11.7 94.6 95.9 7.6
0.5 25.1 88.7 91.5 16.6
1.0 45.1 80.1 85.9 31.0
2.0 67.8 69.6 79.4 47.2
5.0 85.5 57.5 71.1 56.6

i ,, i i i ,,i,,, au., i

Figures 11.20 through 11.22 present the combustible material recovery of 28-, 100- and

200-mesh grinds for the three coals as a function of flotation time along with the fitting curves.

The flotation rate constant and the ultimate recovery of combustible material, ash and pyritic

sulfur, and the separation efficien_ of the three coaL,; at 28-, 100- and 200-mesh grinds are

summarized in Tables 11.34 through 11.36. The results presented in these figures and tables

clearly show that flotation rate constant tbr ali three coals decreases significantly as the top size

of the coal feed decreases. This agrees with the results reported in the literature (11). The lower

collector coverage on the coal surface for the smaller top size (and hence decreased hydrophob-

icity) is considered to be the main reason for the decrease in the flotation rate constant because

the effect of particle size is not as significant as it is in mineral flotation system (due to the low

Table 11.34- Effect of grind size on the efficiencyindex, ultimate recovery and flotation
rate constants of the combustible material, ash and pyritic sulfur of
Illinois No. 6 coal.

---- _ -- _ Illl ....... D

Ultimate Recovery, % Maximum Flotation Rate C_amstanhrain"t
Grind size,

mes_..__.L.h C_MM _ _ E_IH_ C_M _ __

28 98.3 58.3 62.0 36.3 6.71 5.99 5.96

100 86.7 51.6 48.6 38.1 3.85 3.10 3.83

200 78.3 45.5 40.1 38.2 1.44 1.32 1.26 _1_ .
ll_ _ -- Ill l _1 I l 11_I [ Iii[ _ _ IIII i1_ i Ul ....
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O Table 11.35 - Effect of grindsize on the efficiency index, ultimate recovery andflotationrate constants of the combustible material, ash and pyritic sulfur of
Pittsburgh No. 8 coal.

Uitlumte Recovery,qt, Maximum Flotation Rate Constant, lain"1r

m_ii_ , '/. _ -.F,JH-.. nMR _

...._ ' 95.7 59.8 70.7 25.0 9.75 9.11 9.32
100 83.6 45.2 4"7.4 36.2 3.23 2.95 3.13

200 90.0 45.4 44.0 46.0 0.95 0.93 0.89

specific gravity of coal) as was shown for the flotation of the 2g-mesh coals. Furthermore, the

flotation rate constant of the combustible materials is only slightly higher than that of ash and

pyrite for ali three coals, which may indicate that the floated mineral matter is either locked with

coal particles and carried over by the froth during flotation.

These results also show that the ultimate recovery of pyritic sulfur decreases as the feed

is ground to finer sizes, which may be a result of better liberation and less entrainment of pyrite

at finer sizes. The ultimate CMR of the coats behave differently with the change in the feed size

O depending on the hydrophobicity of the coal and the reagent dosage. As discussed before, for

the mo_t hydrophobic coal, Upper Freeport PA, the hydrodynamics of flotation (bubble/particle

interaction) are such that the flotation rate constant of small panicles will be smaller but the

ultimate CMR higher than that for larger particles. The flotation behavior of Upper Freeport PA

exhibits this behavior in that the flotation rate constants decrease with particle size while the

ultimate recovery of the CMR increases. The ultimate recovery of the ash does not change

significantly while that of pyritic sulfur decreases from 47.6% at 28 mesh to 31.9% at 200 mesh.

Table 11.36- Effect of grind size on the efficienc_rinde_, _lltimate recovery and flotation
rate constants of the combustible material, _,shand pyritic sulfur of Upper
Freeport PA coal.

i _ illl i i i lM -- _ _HL__ II _ Iii li I [ .......

Ultimate Recovery, % Maximum Flotation, LateConstant,rain"t
Grind size,

mesla CM__..BR As....hh _ S E_._IH- C_.____ As.__hh

28 85.7 47.6 44.5 41.2 7.48 6.91 6.78

100 91.6 49.4 37.7 53.9 2.19 1.58 1.52

O 200 93.8 48.0 31.9 61.9 1.06 0.86 0.94
....................... - - --- -- - • ,1 , -, - L , ,_
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Figure 11.20 - Combustible material recovery of 28, 100 and 200-mesh Illinois No. 6 coal as a

function of flotation time along with the fitting curve,_ of the first.order kinetic
model with sine distribution of flotabilities.
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O kineticmodelwithsinedistributionof fiotabilities.

The decreasein particle sizehasa large influenceon the CMR, dueto a decreaseon collector

coverage. For a hydrophiliccoal,the collectorcoverageis importantto ensurebubble/particle

attachment.This clearlydoesnotoccurundercollectorstarvationconditionsto the sameextent

as the morehydrophobiccoals.

11.6 Rotation Kinetics of Coal at Long Rotation Times

Understanding kinetic behavior of coal flotation is important in order to simulate and

optimize flotation prcw,ess_ Flotation rates are determined by collecting flotation concentrates

at different flotation times, and the flotation recovery - time profile is then fitted to a flotation

kinetic model. For some systems, the kinetic relation obtained from short flotation times may not
I

provide the whole picture of the flotation kinetic behavior over extended flotation times. For

that reason, we conducted a kinetic study of coal flotation at long flotation times.

0
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Table 11.37 - Collector and frother dosages used in the flotation tests.
n n innln ,u ilil ipnp i - ._ n I lunnnl__ _ anl, __ ---

Illinois No.6 5.76 1.17

Pittsburgh No. 8 1.92 0.30
Upper Freeport PA 0.48 0.21

iiw i i : -- i nlll ii hill _ -- _

In this study, samples of Illinois No. 6, Pittsburgh No. 8and Upper Freeport PA coal were

wet ground in a rod mill to 95% passing 200 me,,h. Flotation tests were carried out in a 2-1iter

Denver cell. All operating conditions in th_se flotation tests were ident_c,al to those of the

standard flotation tests. The solids concentration in the pulp was 6.25% and flotation was carded

out at the natural pH of each coal. The collector (dodecane) and frother (MIBC) dosages used

in the flotation tests are given in Table 11.37. Flotation concentrates were collected at the

following time intervals: 0.5, 1, 2, 4, 8, 16, 32 and 64 minutes. The concentrates and tailings were

then filtered, dried and weighed. The flotation yield was calculated based on the reconstituted

weight of the feed.

Table 11.38 gives the flotation yield of minus 200-mesh Illinois No. 6, Pittsburgh No. 8 and

Upper Freeport PA coals after various flotation times. In order to determine the ultimate

recovery and the flotation rate constant, these results were fitted with the proportionality law of

flotation kinetics proposed by Dr. Ralph Lai of DOE Pittsburgh Energy Technology Center (12).

Table 11.38 - Flotation yield of minus 200.mesh Illinois No. 6, Pittsburgh No. 8 and
Upper Freeport PA coals at different flotation times.

Flotation Time Illinois No. 6 Pittsburgh No. 8 Upper Freeport PA
_-%_Yield _ % Yield

0.5 24.6 33.7 27.9
1 44.5 58.5 47.6
2 64.7 73.6 66.5
4 73.1 79.0 76.8
8 78.3 82.5 82.6
16 81.4 86.9 85.7
32 83.7 89.8 87.3
64 85.7 91.9 88.9

,,,. ,, i, , - --'m,,.--. i,.., ,,, - _ -.
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Table 11.39 - The fitting parameters of equation 11.4c for the flotation data of the three

O base coals., __ - ,,,, i,, ,, _ " -- --- i iii __ __ __

Illinois N'o.6 88,2 0.671 47.6 1.79
PittsburghNo. 8 95.5 0.630 56.7 1.65
Upper Freeport PA 90,0 0.718 51.3 1.71

_:-- - nui i __ nnm,__ mm-- -- t _ __ ml __ -- ---- -'umm¢_ _-- ..... -- m_ -- --

The mathematical form of this flotation kinetic law is

dR/dt= K(R..R)/t (11.4a)

which states that the rate of recovery R of floatable material is proportional to the amount of

floatable rnatcrialremaining to be recovered (R,, - R), and is inversely proportional to flotation

time t. 1_ is the ultimate recovery at infinite time and K ksthe flotation rate constant. In the

integration form, the equation becomes:

O In[I/(R.-R)]= g In(t)+ In(c) (11.4b)

or R - [R.-rt(1)]/tg (11.4c)

where c is equal to 1/lR,, - R(1)] and R(1) is cumulative recovery aftex'one minute of flotation.

If the flotation process follows the proportionality law, a log-log plot of 1/(R,- R)versus t

should be a straight line with a slope of K.

Figures 11.23a, 11.24a and 11.25a show the yield as a function of flotation time on a

linear-linear scale for Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals, along with

the fitting curves of Equation 11.4c. Figures 11.23b, 11.24b and 11.25b plot 1/(R,, - R) versus

t on a log-log scale for the three base coals. Table 11.39 summarizes the valt_es of ali fitting

parameters in Equation 11.4c and the standard error of the fitting equation for th_e coals.

These parameters were determined using a non-linear fitting computer program, lt can be

O from Figures 11.23b, 11.24b and 11.25b that a log-log plot of 1/(R, - R) versus t yields
seen
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a nearly straight line for ali three coals at the tested conditions. The standard errors of fitting

in Figures 11.23a, 11.24a and 11.25a are each within two percentage points. O
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12.0 FLOTATION OPTIMIZATION AND CIRCUITRY

12.1 Optimization of Dodecane and MIBC

The standard flotation test used to evaluate the effect of various grinding ew,ironments

and surface modifiers on coal flotation was not an optimiz_ test. The standard collector and

frother addition were selected such that any effect of conditioning or the reagent being

investigated might have had on the flotation separation ef_ciency could be identified. It was felt

that if the dodecane and MIBC additiOnswere optimized then any effect, either beneficial or

detrimental, could be obscured. However, since oily collectors and MIBC are the mos.tcommon

coal flotation reagents, the best flotation separation obtainable with only dodecane and MIBC

was determined for the most hydrophilic and hydrophobic of the base coals, IllinoL_No. 6 and

Upper Freeport PA, respectively.

12.1.1 Illinois No. 6

In order to determine the maximum pyrite rejection obtainable with only dodecane and

MIBC as flotation reagents, optimization of the collector and frother dosages was undertaken as

part of the research under Task 7. A two-level two-factor factorial design was used for the

experiments with Illinois No. 6 coal. In this series of flotation tests, operating conditions were

the same as those of the standard flotation test. In order to validate experimental results, ali tests

were duplicated, and the proximate analysis and total sulfur content of the flotation products from

each t_t were determined separately. The CMR, ash rejection, pyritic _mlt'ur rejection and

Hancock efficiency index (EIH) of each test were calculated based on the analyses of the feed and

the concentrate or of the concentrate and the tailing. The final results reported here are the

average of the two tests. In order to calculate flotation rate constants, the flotation concentrate

was collected at regular inter,,als, namely, after 1, 3 and 5 minutes of flotation.

12.1.1.1 Effect of reagent dosage on the separation efficiency index

A two-level factorial design was used to determine the optimal flotation reagent dosages.

Based on the reagent dosages used in the standard flotation test, 3.60 lbfl" and 0.72 Ib/T were

cnosen as the low-level dosages for dodecane and MIBC, respectively, and 9.36 lb/T and 1..89ib[l"
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Table 12.1 - Combustible material recovery (CMR),ash and pyritic sulfur rejection,and
separation efficiency obtained in the. first step flotation optimization tests
with 200-mesh wet-ground Illinois No. 6 coal.

ii i. m

Dodecane MIBC Flotation CMR Ash Rej. Pyr. S EIH
IbP!" _ t,irne.rain. _ _ Rei., % __

3.60 0.72 I 23.9 89.3 91.1 15.0
3 49.5 77.4 80.8 30.3
5 56.2 73.9 77.5 33.8

9.36 0.72 1 51.3 76.4 78.6 29.8
3 73.2 65.1 67.9 41.1
5 76.7 62.9 65.8 42.5

5.76 1.17 1 53.0 73.5 75.2 28.2
3 79.1 59.3 61.7 40.8
5 83.6 56.1 58.4 42.0

3.60 1.89 1 52.8 72.4 75.8 28.6
3 82.0 55.9 60.5 42.5
5 87.3 51.7 56.5 43.8

9.36 1.89 1 68.0 64.8 66.9 35.0
3 88.6 51.8 54.8 43.4
5 91.5 49.1 52.0 43.5

,aSthe high-level dosages. Table 12.1 shows the combustible material recovery, ash rejection,

pyritic sulfur rejection and the El H, ali of which were obtained from the first stage of these O

optimization tests. For comparison, the results obtained with the standard flotation dosage are

also given in this table. As expected, the results in this table show that the CMR increases with

an increase in either the dodecane or MIBC dosage, whereas ash rejection and pyritic sulfur

rejection both decrease. The efficiency index, which is _ as the optimization criterion,

however, does not change significantly when either reagent is added at the high level. Based on

the efficiency index, three minutes of flotation results in a product with an efficiency index nearly

equivalent to that after five minutes of flotation.

Table 12.2 summarizes the effect of dodecane and MIBC dosages on EIi.i in the first step

optimization tests. These values were calculated following standard statistical analysis proc_ures.

It can be seen from this table that an increase in both dodecane and MIBC dosages increases the

efficiency index for ali three flotation times. However, the amount by which it increases is found

to decrease with flotation time. The negative values or' the combined effect of MIBC and

that the effect of the dosage of the two reagents on EI H is not additive in the idodecane indicate
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Table12.2- F._ectof collector(dodecane)and frother dmage (MIBC) on the

O efficiencyindexofIllinoisNo. 6 inthefirst optimization
separation st,cp
tests,

____FLOTATION TIME
.__ F c,o ,,_

Average EIx 27.1 39.3 40.9
Dodecane (3.6 to 9.36 lb/T) 10.6 5.9 4.2
MIBC (0.72 to 1.88Ib/T) 9.4 7.2 5.5
Dodecanex MIBC -4.2 -4.9 -4.4

I I I II I I I ± . I iii .... ii

range studied. Since results of QA/(_ tests have shown that a two-point increase in EI x is

significant, the results in this table confirm the improvement in the separation efficiency obtained

with the high-level dosages.

Since the results in Table 12.1 show that El H decreases when both dodecane and MIBC

were added at low dosage, and it does not change much when one reagent (dodecane or MIBC)

is added at the high level, the optimal dosages of dodecane and MIBC should be between the low

and high dosages. Therefore, in the second series of optimization tc_ts, an optimization factor

O 0.618 was chosen to determine the reagent dosage level, that is, 4.92 lb/T and 0.98 lb/'r as thelow-level dosages of dodecane and MIBC, respectively; and 7.20 lb:l" and 1.43 lb/T as the

high-level dosages. Table 12.3 presents the CMR, ash rejection, pyritic sulfur rejection, and EIH

which were obtained from the second set of optimization tests. As in the first set of optimization

tests, the CMR increases while the ash and pyritic sulfur rejection both decrease with increasing

reagent dosage and fotation time.

Table 12.4 summarizes the statistical analysis of the effect of dodecane and MIBC on the

EIH .n this series of tests. Although the results show that the reagent dosage increases the

separation efficiency obtained for ali three flotatio_ times, the improvement is not significant (the

increase in EIH is less than two points) when the flotation time is longer than three minutes. By

considering both the reagent consumption and the magnitude of the increase/n EI8, we chose

4.92 lb/T of dodecane and 0.98 lb/T of MIBC as the optimal flotation reagent dosage_, lt can be

seen from Table 12.4 that the values of EIx obtained with these optimal dosages at the three

different flotation times are the same as that obtained with the standard flotation dosages.

12-3



Table 12.3 - Combustible material recovery (CMR), ash and pyritic sulfur rejection, and
separation efficiency obtained in the second step flotation optimization

tests with 2GO-mesh wet-ground Illinois. No. 6 coal. -'-"_-_'------- O
Dodecane MIBC notation CMR Ash Rej. Pyr. S El H

Ibfl" time. miD. _ _ _ .--.--.

4.92 0.98 1 52.1 74.1 76,7 2&8
3 80.5 58.1 61.3 41.9
5 85°7 53.9 57.1 42.7

7.20 0.98 1 59.4 69.7 71.6 31.1
3 82.7 56.6 5&9 41.6
5 86.9 53.3 55.6 42.5

4.92 1.43 1 54.8 71.0 74.6 29.4
3 84.7 53.2 57.8 42.4
5 89.7 48.4 53.3 43.1

7.20 1.43 1 62.9 68.8 71.7 34.5
3 87.3 54.1 57.1 44.4
5 90.8 50.5 53.5 44.3

............. , , ii ,i i i ii,, , i i ,i i __ umm,

12.1.1.2 Effect of Reagent Dosage on Flotation Kinetics

In order to determine the effect of dodecane and M1BC on flotation kinetics, the flotation

recovery as a function of time was fitted with a tint-order flotation kinetic model with a sine

function (in the range of 0 to _/2) distribution of flotabilities (Equation 11.3). Table 12.5 gives
II, 2

the flotation rate constants and ultimate recoveries of combustible materials, ash and pyritic sulfur

of Illinois No. 6 obtained from the second step optimization tests. As can be seen from the

Table 12.4 - Effect of collector (dodecane) and frother dosage (MIBC) on the
separation efficiency index obtained in the second step optimization tests
with Illinois No. 6 coal.

..... _ ., ,,,,, ..... ,i i l,,,i ,I, = i L .... D

_ ,,FLOTATION _ _
----- Fa_.'tor _ 3 rain.

Average EIx 30.9 42.6 43.1
Dodecane (4.92 to 7.2 lb/T') 3.7 0.9 0.5
MIBC (0.98 to 1.43 lb/T) 2.0 1.7 1.1
Dodecane x IvlIBC 1.4 1.2 0.8
Standard Flotation El H 28.2 40.8 42.0

(dodecane 5.76 lh/T,
MIBC 1.17 lbfr')

Optimal flotation EI H 28.8 41.8 42.7
(dodecane 4.92 lb/T,
MIBC 0.98 Ib/T)

mm.mm,__ t ,1_ .... l l l l ml • --, "_

O
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Table 12,5 - Flotation rate constant and ultimate recoveries of combust_le materials,

O ash and pyritic sulfur of 200-mesh wet.ground Illinois No. 6 coal obtainedfrom the second set of optimization tests.
• .m__ ii i nii i nn, ..... i __

Rate C,onstant, min"t Ultimate Recovery,%
Dodecane MIBC CMR Ash Pyr.S CMR Ash Pyr. S

4.92 0.96 1.47 1.26 1.18 89.9 48.9 45.9
7.20 0.98 1.89 1,69 1.64 89.2 48.0 45,7
4.92 1,43 1.48 1,26 1,18 94.2 54.7 50.0
7.20 1.43 1.94 1,59 1.48 93,4 51,2 48.4_.

results given in Table 12.5 the flotation rate constant and ultimate recovery of combustible

materials are always higher than those of either the ash or pyritic sulfur (which are almost the

same inall the tests). Table 12.6 shows the effect of dodecane and MIBC dosage on the flotation

rate constant and the ultimate recoverycalculated from the statistical analysis of the results from

the second step of the optimization tests, along with the flotation rate constants and ultimate

flotation recovery obtained from the standard flotation and optimal flotation reagent dosages.

These results indicate that the dodecane dosage affects the flotation rate constants much more

O than does MIBC; whereas the MIBC dosage affects the ultimate recovery more significantly than
does dodecane, The same conclusion can be drawn from the results of the f'_t set of optimization

tests.

Table 12.6 - Statistical analysisof the effect of collector (dodecane) and frother dosage
(MIBC) on the flotation rate constant and ultimate recovery of
combustible materials, ash and pyritic sulfur of Illinois No. 6 coal in the
second set of optimization tests.
ni I _ I III nim II ____ in nuul .

Rate Constant,,in "1 Ultimate recovery,%
Factor _ _ _ _ _

Averagevalue 1.70 1.45 1.37 91.7 50.7 47.5
Dodecane (4._ to 7.2 lb/T) 0.44 0.38 0.38 ,,0.3 -2.2 -0.9
MIBC (0.98 to 1.43lb/'r) 0.03 -0.05 -0,08 4,3 4.5 3.4
IXxlecane x MIBC 0.02 -0,05 -0.08 -0.1 -1,3 -0.7
Standard flotation value 1.60 1.45 1.41 87.0 45.9 43.5

(dodecane 5.76, MIBC 1.17lb/T)
Optimal flotation value 1.47 1.26 1.18 89.9 48.9 45.9

(dodecane 4.92, MIBC 0.98 lbfr)
[iiURlili [ [ I [ I ii --- --_ .........

O
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Table 12.7 - Flotation reagent optimization results for 2(D-mesh wet-ground Upper
........ Fr_,l_n pA coal.

i i ,iii i i ii

UDOSAGE PRODUCT ANALYSIS __ON
Dodecane MIBC Yield CMR Ash Pyr. S .Mh Pyr. S EIH

First.Sta_e Optimizatio_
0.33 0.14 34.7 37.6 4.93 0.35 86.0 92.2 29.8
0.86 0.14 56.0 60.4 5.32 0.42 75.7 86.9 45.3
0.33 0.37 78.0 83.9 5.62 0,40 64.0 80.0 63.9
0.86 0.37 85.6 91.0 6.65 0.50 53.5 72.6 63.6

_nd-StaRe Ovtimizatio.qn
1.39 0.2.3 76.7 82.5 6.37 0.48 62.2 76.4 58.9
1.39 0.60 88.5 93.8 7.16 0.52 49.1 70.5 64.3
0.53 0.60 91.4 96.1 7.19 0.59 41.7 65.4 61.5
0.20 0.60 89.6 94.7 7.42 0.52 46.5 70.1 64.8

i ii i ilrlll iii li i i illll i ii

12.1.2 Upper Freeport PA

The optimization of reagent dosage for Upper Freeport PA coal was also accomplished

using a two-factor, two-level factorial design. The results of the first step are given in Table 12.7.

These results indicate that with sufficient frother addition, an increase in collector does not

increase the separation efficieney. Results from the second step ful ther confirm that the addition i

of more collector has detrimental effects on the flotation separation. These results show that the

separation efficiency is most sensitive to the frother dosage. Therefore, the final optimization

step was run with no collector and a high dosage of frother (1.0 lb/T MIBC). These results are

reported iri Table 12.8 and represent the optimized reagent conditions for 200-mesh Upper

Freeport PA coal.

Optimization tests were also conducted forwet-ground 100. and 32.5-meshUpper Freeport

PA coal. The test results are shown in Tables 12.9 and 12.10. lt can be seen from Table 12.9

Table 12.8 - Optimization of standard flotation test results for 200.,mesh wet-ground
Upper Freeport PA coal.

,,,,w_ ........ ,a. i i ........

REAGENT _DOSAGE . PRODUCT ANALYSIS
Coll. Frot. Mod. Yield CMR Ash Pyr.S Ash Pyr. S ElH

0 1.0 - 87.0 92.4 6.91 0.48 51.3 73.2 65.6
0 1.0 - 90_2 95.2 7.42 0.54 45.5 68.8 64.0

- - O
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e Table 12.9 - Optimization flotation test results for 100.mesh wet.ground UpperFreeport PA coal.

..... I I _ Iii I II II I II Iii [I I Ii - I

REAOENTDOSAGE PRODUCT_/o_YS_S RF_LG_.9_
Coll. FroL Mod. Yield CMR Ash Pyr.S Ash Pyr.S ElH

0.26 0.70 - 88.7 93.7 7.15 0.50 47.7 71.6 65.3
0.52 0.70 - 91.0 96.3 7.71 0.57 40.9 66.8 62.1
0.84 0.70 -. 91.6 96.0 8.21 0.66 39.5 61.2 57.2
0.84 0.43 - 87.6 92.4 7.28 0,56 47.4 68.6 61.0

-- ___- , _ .... I t II u I| I i ........... I i IIIII I

that an optimized separation efficiency of 65.3 was obtained for 100-mesh feed when the collector

(dodecane) dosage was 0.26 lb/T and the frother (MIBC) was 0.70 lb/T. The optimized

separation efficiency for the 325-mesh coal was 66.4 when the collector added was 0.30 lb/T and

frother added was 1.30 lb/T.

Flotation kinetic tests were also carried out for wet-ground minus 100-,200- and 325-mesh

Upper Freeport PA coal at the optimized reagent dosages. The test results are given in Tables

12.11 through 12.13 and Figures 12.1 and 12.2. These results show that for ali three grinding

I sizes thecombustible material continues to increase withflotation time, but theirrecovery

separationefficiencydecreaseswhen flotationtimeincreasesbeyond5 minutes.The m_um

separationefficiencyofUpper FreeportPA coalobtainedattheoptimaldodecaneandMIBC

dosages for the three grinding sizes does not vary significantly.

Table 12.10- Optimization flotation test results for 325-mesh wet-ground Upper
Freeport PA coal.

REAGENT.I;)OSAG.__ _. _PRQDUCT ,a_qALYSIS REACTION
Coll. Frot. Mod. Yield CMR Ash Pyr.S Ash Pyr.S ElH

0.30 130 -- 90.5 95.4 7.35 0.50 45.1 71.0 66.4
0.60 1.30 -- 93.1 97.2 7.88 0.55 37.8 67.2 64.4
1.00 1.30 - 92.4 96.9 7.68 0.57 40.8 66.2 63.1
1.00 0.80 - 91.1 95.7 7.76 0.50 42.1 71.0 66.7

.... ----_-_ i i I ii i III ] illl I Illl
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O Table 12.11 - The test results of flotation kinetics using dodecane 0.25 Ib/T and MIBC_ 0.70 Ib/'l"for 100_-mesh wet-ground Upper Freeport PA coal
._ iii i i i II I ..... _ iiii , ........ I •

_PSODUCT ANALYSIS
Fiot. time Prod. Yield CMI_ Ash Pyr. $ ,_h Pyr. S ElH

0.5 Cone. 1 39.8 42.7 6.02 0.47 80.6 88,0 30.7
1.0 Cone. 2 20.5 21.7 7.41 0.53 68.3 81.0 45.4
2.0 Cone. 3 12.9 13.4 &66 0.57 59.3 76.3 54.1
3.0 Cone.. 4 8.7 9.0 8.89 0.60 53.0 73.0 59.8
5.0 Cone. 5 83 8.3 12.61 0.97 44.5 67.8 62.3

10.0 Cone. 6 3.0 2.3 32.1 3.34 36.7 61.4 5&8
20.0 Cone. 7 1.0 0.6 47.73 5.55 32.8 57.8 55.8
_-- -- II. III I lH|li -- III ..... I li I IIII _ I [ -- I

Table 12.12 - The results of flotation kinetics using MIBC 1.0 ib/T for wet-ground minus
200-mesh Upper Freeport PA coal.

l'lot, time Prod. Yield CMR Ash Pyr. S- Ash Pyr, S EIH
Nam.....ee _ _ _ _ _ _._%_.

0.5 Cone. 1 22.3 24.2 4.58 0.31 91.5 95.6 19.8
1.0 Cone. 2 21.6 23.2 4.97 0.31 82.5 91.3 38.7
2,0 Cone. 3 23.2 24.8 5.93 0.50 71.1 83.4 56.0
3.0 Cone. 4 8.3 8.7 7.53 0.65 65.9 80.4 61.3

O 5.0 Cone. 5 9.8 9.7 13.09 0.98 55.2 74.2 64.810.0 Cone. 6 6.5 5.6 23.39 1.64 42.5 67.4 63.6
20.0 Cone. 7 2.5 1.7 39.34 2.59 34.3 63.2 61.1

i *, ,, ,,m ,,,i -- t,l _ _ iir ii iii ii ,i,us

TabLe 12.13 - The test results of flotation kinetics using dodecane 0.30 ib/T and MIBC
1.30 Ib/T for 325-mesh wet-ground Upper Freeport PA coal.

-- -- i i i __ _ ii i i iiii _ IIII i -- i i ---

.__ PRODUCT ANALYSIS YREJECTION
Plot. time Prod. Yield CMR Ash Pyr. S Ash Pyr. S EIx

Name _ _ _ _ _ _

0.5 Conc. 1 22.5 24.1 6.37 0.47 88.7 93.2 17.3
lu0 Cone. 2 29.6 31.6 6.73 0.47 730 84.3 40.0
2.0 Conc. 3 23.4 24.6 8.05 0.56 58.2 75.9 56.2
3.0 Cone, 4 9.0 9.2 10.89 0.78 50.5 71.4 ,_0.9
5.0 Cone. 5 5.7 5.7 12.62 0.93 44.8 68.0 _J.2

10.0 Cone. 6 3.6 2.8 31,99 3.63 35.7 59.6 57.6
20.0 Cone. 7 1.6 0.8 57.84 7.77 28.4 51.6 50.4
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12.2 Eft'ectof Frother Conditioning Time ou Separation Eflkjency and Flotation Kinetics

In a continued effort to optimize the flotation procedure, we studied the effect of frother

conditioning time on the flotation separation efficiency and flotation kinetics of the three base

coals. In this series of flotation tests, ali operating Conditions were the game as the standard

flotation prcmedures except the frother conditioning time. For ali three coals, 200-mesh grind

samples were used in the tests end the pH of the pulp was the natural pH of each coal sample

tested. The frother conditioning times were changed by adjusting the time interval between the

addition of collector (dodecane) and frother (MIBC), so that the total conditioning time (sum of

pulp, collector and frother conditioning time) was constant (7 minutes). In order to achieve

reliable results, duplicates were run for every test, and the proximate and total sulfur of flotation

products of each test were analyzed separately. The combustible material recovery, ash rejection,

pyritic sulfur rejection and Hancock efficiency index of each test were calculated based on the

analyses of the concentrates and the tailings. The final results reported hero are the average of

the two tests. In order to calculate flotation rate constants, the flotation concentrate was

collected at regular intervals, 0.5, 1, 3 and 5 mir,utes.

Tables 12.14, 12.15, and 12.16 give the combustible material recovery, ash rejection, pyritic

sulfur rejection and efficiency inde× of IlliDois No. 6, Pittsburgh No. 8 and Upper Freeport PA

coals esa function of frother conditioning time (0.5, 1, 2 and 3 minutes) at various flotation times.

"I_e reagent dosage and flotation pH for each coal are also given in these tables. These results

show that for ali three coals the frother conditioning time does not affect the efficiency index at

long flotation time (3 and 5 minutes). However, at short flotation time (0.5 and 1 minute),

increasing frother conditioning time decreases the efficiency index.

Figures 12.3, 12.4 end 12.5 show the effect of frother conditioning time on the flotation

rate constant and ultimate recovery of combustibic materials for the three coals. These values

were calculated by fitting the classical first-order kinetic model with a sine function distribution
b

of flotabiiity (Equation 11.3). lt can be seen from the plots that for ali three coals the ultimate

CMR decreases only slightly (1 to 2 percent) with increasing ffother conditioning thne between

0.5 to 3 minv'_. However, for the same frother conditioning tim_ period, the flotation rate

0
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constant decreases quite significantly. This may be due to adsorption of MIBC on coal surfaces Q

which results in a decrease in its frothing power during the flotation operation (1,2).

12.3 Flotation Circuitry

Industrial application of flotation to the separation of solids is rarely limited to a single-

stage process. Generally, flotation products are reofloated one or more times to yield a cleaner

product. The material that floats in the first step but not in the second step, called middlings, can

be subjected to a number of different treatment methods. Among these are regrinding step

followed by recharging back to the first flotation stage. In any case, the treatment of the

middlings can have a profound effect on the final product. Part of the research associated with

this experimental study was designed to determine the effect of various flotation circuits on the

finai product. These results are reported in this section.
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Table 12.14- Eff_t of f_ather conditioning time on flotation of Illino_ No. 6 coal(200-racah grind) at collector (dodec, ane)'_osage 4.92 Ib/T, frother (MTBC)
dosage 0.98 Ib/T and pH 7.2.

............... mm ......... , i i l m

FretherCond, Flotation CMR Ash PyrS ElH
T_me, min_ Time. mi& ,_ KeL % _ .._

0.5 0.5 37.5 81.2 83.1 20.6
1.0 61.2 69.5 72.2 33.5
3.0 85.4 54,6 57.9 43.3
5.0 89,2 51.0 54.3 43.5

1.0 0.5 37.5 81.3 83.1 20.6
1.0 61.5 69.7 71.3 32.8
3.0 85,8 55.0 56.3 42.1
5.0 89.9 51.1 52.3 42.2

2.0 0.5 33.0 83.9 84.9 17.9
1.0 55.2 73.2 75.4 .30.7
3.0 82.4 57,2 59.9 42.3
551 86.9 53.4 56.3 43.2

3.0 0.5 26,6 87,2 88.4 15.0
1.0 47.5 77.5 79.5 27,0
3.0 79.5 60.6 63.0 42.5
5.0 84.5 56.9 59.3 43,8

Table I2.1.5 - Effect of frother conditioning time on flotation of Pittsburgh No. 8 coal

(200-mesh grind at collator (dodecane) dosage 1,92 lbff, frother (MIBC)
dosage 0.39 lbff and pH 3,9.

• , , ,,.,,, , .,, ,, , ,, : - L_ , , ,I, ........ ' iIiemauI1.1.,.

Frother Cond. Flotation CMR Ash Pyr S EI H
Time, rain. Time, rain. _ e_ Rei, % _._,

0.5 0.5 27.7 87.2 87.4 15.1
1.0 51.3 76,1 76.3 27,6
3.0 79.4 61,2 61.1 40.4
5.0 84.9 56.6 56.4 41.2

1.0 0.5 25.9 87.8 87.8 13_7
1.0 49,5 76.9 77.5 27.0
3,0 78,5 62,0 62.2 40.7
5.0 83.6 58,2 58.6 42.1

2.0 0,5 22,2 89.8 90.2 12,4
1.0 44.1 79,9 80,4 24.4
3.0 75,8 64.2 64.5 40.3
5.0 82,7 59,I 59.2 41.9

3.0 0,5 2,3.7 89.2 89.3 13.0

1,0 46.4 78.8 78.8 25.1
3.0 76,6 63,0 63.0 39.6
5.0 82,9 5&1 58.2 4I. 1

[_ -- I I ...... .................... • II I I i iiii " I ii fill flIlllIIN_
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Table 12.16- Effect of frother conditioning time on flotation of Uppe__ Freeport PA
coal(200-meshgrind)atcollector(dodecane)dosage0.48Ib/T,f:rother aL

........... (MIBC) dosage 0.21 ib/T and pH 3.4. Wi iiii, .rll i i i i i ,.,,.., miner*miniata

Frother CoraL Flotation CMR Ash Pyr S Elx
Time. mln. Time, rain, _ R_.._. Rei, % __.

0.5 0.5 31.1 85.1 87.1 18.2
1.0 52.4 75.0 79.6 32,0
3.0 80.0 60.0 68.3 48.2
5.0 86.5 54.8 64.5 51.0

1.0 0.5 29.9 86.3 88.2 18.2
1.0 51.5 76.2 80.4 31.9
3.0 79.4 61.0 69.6 49,0
5.0 85.8 55.5 65,5 51.3

2.0 0.5 26.2 87.9 90.2 16.4
1.0 46.1 78.5 82.7 28.8
3.0 76.6 62.5 71.2 47.8
5.0 83.9 56.7 66.9 50.8

3.0 0.5 23,8 88.8 92,4 16.2
1.0 43.0 79,8 86,3 29.3
3.0 74,0 63,9 75.5 49.5
5.0 82.1 58.2 71.6 53.8

__, ii i i iii ii i __. i

12.3.1 Closed-Circuit Flotation Q

The beneficial effects of butanol on the flotation of Upper Freeport PA coal were

investigated in more detail through closed-circuit flotation. In continuous plant operation, the

middlings are often fed back to the feed-conditioning tank or roughing cell to mix with the new

feed. In laboratory tests, the simulation of this flowsheet is called "closed-circuit" or "cyclic

circuit', as shown in Figure 12.6. The middlings of the first batch are combined with the feed for

the second batch, the middlings of the second batch are combined with the feed for the third

batch, and so on. The results of a five.cycle flotation circuit, using 1.0 Ib/T MIBC, given in

Table 12.17, show that after three cycles the CMR attained was 85.8% with a 90.6% pyritic sulfur

rejection, resulting in a separation efficiency of 71.0. This set of tests represe.nts the base-line,

to which further tests with butanol or other modifiers can be evaluated.

Results for five-cycle closed circuit flotation of Upper Freeport PA coal ground with 4 ibfI"

butanol (no other reagents added) are given in Table 12.18. These results show that after three

cycles equilibrium has been reached resulting in a CMR of close to 90% with a pyritic sulfur B

12-14
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Figure 12.6-Close,d circuitflotation

rejection of about 85% was obtained. The efficien_ index associated with this separation

is about 75. This represents an increase of 5 points in the efficiency index over that when MIBC

is used. These results are very close to the initial goal of .90% Btu recovery with 90% pyritic

sulfur rejection. From experimental observation, it appears that if the cell volume was changed

for the fourth and fifth cycles to accommodate the increased froth volume and the reagent dosage

optimized the results may be improved even more.

®
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Table 12.17 -Flotation results of five cycles using MIBC 1.0 Ib/T for wet-ground
....... 200-mesh Upper Freeport PA coal. . , . -,_ _ ....

PRODUCT ANALYSIS ]_==_=._..0_N.
Product Yield CMR Ash Pyr. 8 Ash Pyr. S ElH

name _% _ _ %_ _ _% i_

Concentrate # 1 53.3 58.7 3.51 0.21 8,4.9 92.8 51.5
Tail #1 18.2 38.62
Feed #1 12.42 1.56

Concentrate #2 66.3 72.5 4.25 0.25 77.3 89.4 61.9
Tail #2 15.9 42.57
Feed #2 12.42 1.56

Concentrate #3 79.5 85.8 4.56 0.29 68.7 85.2 71.0
Tail #3 20.5 38.86
Feed #3 11.59 1.56

Concentrate #4 83.7 89.7 5. I 0.34 63.9 81.8 71.5
Tail #4 16.6 43.4:
Feed #4 100.3 11.50 1.56

Concentrate _._5 80.4 86.9 4.79 0.31 67.'7 84.0 70.9
Tail #5 19.6 41.15
Feed #5 I00.0 11.92 1.56

Middling 46.1 45.4 13.79 1.20 51.9 35.9 /
lm- Jl i _i i ,__ . II I I I II.l_l: : - -.......
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Table 17.18 - Flotation results of 200-mesh wet-ground Upper Freeport PA coal for fivecycles with 4.0 lb:l" butanol added to the mill.
' • ' i lH i ii i.. ,,, i i , i i l,.| l lll , i

..........FLOTATION PRO.DUCT A_,._YSIS _F.J_C'FION
Yield Ash Pyr, S CMR HVR Ash Pyr. S El H EIH*

Con. 1 54.6 3.40 0.20 60.2 61.6 84.1 93.0 53.2 54.6
Con. 2 79.8 4.44 0.25 87.1 88.6 71.5 ,_7.2 74.3 75.8
Con. 3 83.9 4.87 0.28 89.9 91.5 63.6 _,._."__ 74.8 76.4
Con. 4 82,6 5.10 0.28 89.5 91.1 65.9 85.2 74.7 76.3
Con. 5 82.0 4.95 0.26 88.9 91.5 67.1 86.3 75.2 76.5
Middling 34.8 16.39 1.48

' El x based on Btu recovery (HVR)

12.3.2 Cleaning and Scavenging

In order to increase the pyritic-sulfur rejection and maintain the high recovery of

combustible materials (or the recovery of heating value), tests with circuits that include cleaning

and scavenging operations were also performed in addition to the closed-circuit studies.

The test flowsheet with a cleaning and scavenging circuit is shown in Figure 12.7 and the

results for Upper Freepon PA coal ground with 6.0 lb/I" ethanol are summarized in Table 12.19.

It can be seen that the cleaning operation is beneficial with an overall pyritic-sulfur rejection of

close to 80%. In the first cleaning stage, half of the material recovered in the roughing stage is

rejected and sent to the scavenging stage to help increase the recovery. After two stages of

scavenging, the CMR increased to 88.8% and pyritic-sulfur rejection decreased to 79.8% giving

a separation efficiency of 68.6. Without the cleaning circuit, the CMR was 92.2% and the p3nitic

sulfur rejection was 73.7%, giving a separation efficiency of 65.9.

Table 12.19- Flotation results with cleaning and scavenging for 200-mesh wet-ground

• Upper Freeport PA coal ground with 6.0 lb/T ethanol.i I )au _ H, , _ i

PRODUCT ANALYSIS _CTION
Coll. Froth. Yield CMR Ash Pyr. S Ash Pyr. S EIH

Product _ _ _% _ ...%__ _ ___.__ % __.

Rougher 0.5 0.3 86.6 92.2 .... 55.8 73.7 65.9
Conc. 1 - -- 50.2 55.0 3.3 0.22 85.9 93.2 48.2
Conc. 2 0.1 0.1 24.7 81.3 6.0 0.57 73.3 84.5 65.8
Conc. 3 -- 0.2 7.4 88.8 I0.5 1.03 66.7 79.8 68.6

Middling; ...... 4.3 92.2 29.5 2.30 55.8 73.7 65.9

,.,.. ,,i, i, ,. i , . , H .i i i iii i i..
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Table 12.20 - Flotation results with cleaning and scavenging for 2_mesh wet-ground

Upper Freeport PA coal ground with 4.0 Ib/T butanoL
.... PRODUCT ANALYSIS RF_JECTION

Coll. Froth. Yield CMR Ash Pyr.S Ash Pyr.S ElH
Product _ _ _ _ _ _ _ _ ---

Rougher 0.3 - 84.6 90.4 - - 59.2 77.8 68.2
Conc. 1 - - 54.5 59.8 3.2 0.19 85.3 93.6 53.4
Conc. 2 0.1 - 13.2 73.9 5.2 0.39 78.8 90.4 64.3
Middling 16.9 90.4 13.7 1.21 59.2 77.8 68.2
II I III II I J I II II I I

The flowsheet used for the tests with butanol with cleaning and scavenging stages is

identical to that shown in Figure 12.7 except that the last two scavenger opcratiom were

combined into one (total flotation time of 2 minutes). The test results summarized in Table 12.20

indicate that a cleaning operation is very effective for pyritic sulfur rejection (93.6%) but, as

with ethanol, the yield is reduced. However, the scavenging cell helps to minimize the decrease

in yield and a separation efficiency of 64.3 is achieved. This is 4 points less th_,n the efficiency

index of 68.2 obtained without cleaning.

12.3.3 Staged Reagent Addition
lP'

Results of flotaticn reagent tests on Upper Freeport PA coal showed the addition of either

ethanol or butanol to the grinding mill to have a beneficial effect on the flotation separation.

High-levels of collector (n-dodecane) and frother (MTBC) increase the combustible material

recovery (>90%) but decreases the pyritic-sulfur rejection (<77%); the reverse trend occurs

when low levels are used. Therefore, in an attempt to increase the pyritic sulfur rejection and

maintain a high combustible material recovery, the effect of incremental addition (staged addition)

of collector and frother on the separation efficiency was investigated.

For these tests, the optimum collector and frother dosage was use.d in three stages while

the ethanol (6 lb/T) was added to the grinding mill. The flowsheet ts shown in Figure 12.8 and

the results obtained are summarized in Table 12.21. It can be seen that in the first stage, the

high pyritic sulfur rejection (91.6%) was o_t by a corresponding low combustible material

recovery (49.6%). The cumulative results of all three stages resulted in a CMR of 93% and an

overall pyritic-sulfur rejection of 69.4% yielding an efficiency of 62.4. @
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Since the previous optimization tests using butanol added to the mill, collector to the cell,

O and no frother showed promising results, tests with butanol added to the mill and staged collector
addition (at a reduced level) were also performed. The flowsheet used is identical to that shown

in Figure 12.8 except that the flotation time for the last two steps was halved.

Flotation results with coal ground with 3 lb/I" butanol and 0.2 Ib/T collector (Table 12.22)

show that neither the recovery nor pyritic sulfur rejection is better than results obtained with

ethanol.

However, by increasing the butanol to 4 Ib/I' and the collector to 0.3 lb/T (Table 12.23)

the recovery increased slightly to 94.9% while the pyritic sulfur rejection dropped to 72.1%. This
.

Table 12.21 - Flotation results of 200-mesh wet-ground Upper Freeport PA coal with
6 lb/T ethanol added to the mill with staged collector and frother addition.

PRODUCT _ALYSIS B._.JECTION
Coll. Froth. Yield CMR Ash Pyr. S Ash Pyr. S El H

Product _ _ _ % _ _ _ _ ._-.

Conc. 1 0.3 0.I 45.6 49.6 4.07 0.30 84.4 91.6 41.2
Conc. 2 0.1 0.1 31.0 82.4 6.88 0.77 82,4 66.1 76.8

Conc. 3 0.1 0.1 10.9 93.0 14,11 1.10 93.0 53.1 69.4

12-19



Table 12.22- Flotation results using 3 lb/T butanol in the mill and staged collector
addition in the cell for 200-mesh wetoground Upper Freeport PA coal.

. i ,ii,,, i , ,,,i . t ',araL _iL

WPRODUCT ANALYSIS _RF.JE_ON
Yield CMR Ash Pyr. S Ash Pyr. S Elx

Product _ _ _ % _ _

Concentrate 1 53.0 58.7 4.19 0.29 83.6 90.5 49.2
C._ncentrate 2 13.3 82.2 9.29 0.92 68.1 77.8 60.0
Conc/:ntrate 3 6.0 88.2 15.21 1,20 61.4 73.3 61.5

i li i i ,.=Jl i iii i i ii i

_'smarginally better than the previous tests with ethanol and butanol or the closed cycle tests

showing that staged frother and collector addition do not produce better flotation separation.

12.4 Co,_umn flotation

Flotation tests were carried out using a column to compare its performance with that of

the mechanically agitated cell. Wet-ground 200-mesh Pittsburgh No. 8 coal was used as the

flotation feed and the tests were conducted at pH 8, adjusted by adding sodium hydroxide in the

mill. The column was assembled by joining together seven 3.5 cmx 3.5 cm x 15 cm sections made

of plexiglar_s. In this design, the height of the column can be varied by attaching or detaching the

desired number of sections.

Experiments were conducted in a batch mode using 31 grams of coal at 6.25 wt% solids

concentration, the same as that used in the mechanically agitated cell. Air flow rate was

maintained in the range of 0.65 to 1.55 liters per minute since preliminary experimental results

showed that selectivity is not significantly affected by air flow rate in this range. The froth was

allowed to accumulate for 4 minutes following which the samples were drawn from a range of

different fixed depths of the froth column using a 0.4 cm lD glass tube.

Table 12.23- Flotation results using 4 lb/T butanol in the mill and staged collector
addition in the cell for 200-mesh wet-ground Upper Freeport PA coal.

PRODUCT ANALYSIS REJE_ON

Coll. Froth. Yield CMR Ash Pyr. S Ash Pyr. S El H
Product _ _ _ _ _ _ _ % .__

Conc. 1 .... 70.6 76.6 4.38 0.33 73.9 85.6 62.2
Conc. 2 0.1 -- 13.3 89.9 11.83 0.97 60.6 77.7 67.6
Conc. 3 0.2 -- 5.6 94.9 20.75 1.62 50.8 72.1 67.0

-- IHIi I ilH I ..... liJl

0
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12,4.1 Compurimm of Performanc_ of Mecbunlcu]ly Agitated Cell und Fkbtution Column

Results of the l]otatk)n teats conducted using the column arc plotted in terms of selectivity

curves for non-pyritic minerah and pyrite rejections in Flgurea 12.9 anti 12.10 I_IX_ctively.

Re.,_ults obtained ruing the mechanically agitated cell are atu_ shtvwn in these, figures for

compar_)n. In the ca tc of the column, different l_)ints along the telectivtty curve _prcntent

cumulative values of combtultlble material re_wery versus pyrite or non-pyritic minerab I©jection.

These valu_ were calculated uming the analysis of froth prtxlucla lampled at different d©ptha of

the froth column. In the curvei generated Ibr the mechanically agttatexl cell, different points

along the curve were obtained by raD,ing tt)e ['rother dtx_ag¢. Thus, in the case of the column,

selectivity curve wits generated using data obtained from a single experiment whcre_ the curve

for the cell was generated using data obtained from several exleriments.

Since the second stage of the cell i5 used for cleaning the firJt stage concentrate, the

results dig:ussed above are in acxx_rdwith the view that the froth ph4tse of the flotation _flumn

functions as a cleaning stage.

O 12.4.2 Efft_rt of bubble size, and wash water
The effect of bubble size on the i_rformance of the tx)lumn was tested by using frits of

different lx)rosities. Figure 12.11 td)ows thai the pyrite rejection obtained using the cxmrse frit

(4(),-¢g) microns; coaru_r bubbles) is higher than that obtained with the medium frit (10-15

microns). This ob_./vatit,_n can be explained in the following manner: Finer bubbles offer larger

resistance tr) Ilow of liquid p_tst its surface due to greater specific uurface area and, therefore,

smaller equivalent hydraulic radius. Due to this increz_ resistance, drairmge velocity of the

liquid past the finer bubbles will txe knwer. As a corua_quence, the reaidenc¢ time of the trapped

solids (impurity) in the froth will increase and this will result in decreased selectivity. In the cast'.

t)f non..pyritic minerals, bubble size. has no effect on the _lectivity (Figure 12.12). This can b<."

explahled by the fact that the _lectivity curve obtained using the medium 1lit (finer bubble,,0 hlu;

aheady reached the limit of physical _paration as it overlaps the washability curve.

Figures 12.13 and IZI4 show the effect of wash water (_n pyrite rejecticm in the tests

O carried (.)ut using the coanse frj| and the medium frit respectively, lt can t_ seen from the.,_c
figures that, in the range tested, there t'_no effect tfr wash water on selectivity.
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Figure 12.10 - Comparison of performances of mechanically agitated c¢11and flotation column Ofor the rejection of pyrite from Pittsburgh No. 8 coal.
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Table 12.24 - Results of combined tabling and flotation for pyritic sulfur removal from

O the base coals.] ., _ i ,ii, i ,i,., , ,., ii i i ii i i

CMR Ash Pyr. S EIH
Coa._..J Test Type* _ cB._.,_ _ .__

Illinois No. 6 T (28 M) 93.2 33.5 62.2 55.3
T (28 M) + F (200 M) 74.6 68.8 76.4 51.0

F (28 M) 80.7 :54.7 62.9 43.6
F (28M) + F (200M) 76.7 69.0 74.4 51.1

F (200M) standard 81.6 54.7 58.9 40.5

Pittsburgh No. 8 T (28 M) 93.4 38.0 49.4 42.8
T (28 M) + F (200 M) 79.9 71.0 76.3 56.2

F (28M) 95.0 39.4 29.8 24.9
F (28M) + F (200M) 89.2 58.5 61.0 50.2

F (200M) standard 76.6 65.7 66.0 42.6

Upper FreeportPA T (28M) 89.5 45.3 63.1 52.6
T (28 M) + F (200 M) 77.6 70.1 86.6 64.2

F (28M) 86.0 52.7 60.3 46.3
F (28 M) + F (200 M) 75.9 72.7 85.2 61,1

F (200 M) standard 73.8 71.1 78.5 52.3
i , li i _ _ li i i ,i i i,i ,iii iii

* T = Tabling, F = Standard Flotation, M = Mesh

O In summary, the selectivity obtained using two stages in a mechanically agitated contactor

can be matched by a single stage of the column; this indicates that the deep froth bed usually

achieved in a column acts as a cleaning stage. Also, the selectivity obtained using the coarse frit

(larger bubbles) is higher than that achieved with the medium frit (smaller bubbles); this is due

to the higher resistance offered by the finer bubbles to the drainage of liquid and a consequent

increase in the residence time of the solids in the froth.

12.5 Combination of Tabling and Flotation

In order to try to take advantage of alternative methods for the removal of free pyrite

particles, a combination of gravity separation and flotation (shaking tabling and flotation), tests

were conducted. Tabling experiments were performed using a laboratory Wilfley shaking table

(1.5 x 3.25 feet deck). In carrying out a tabling test, 500 grams of a given coal was wet ground

to minus 28 mesh and the pulp was fed to the shaking table at a feed rate of 200 g/minute. After

O tabling, the cleaned coal was reground to 200 mesh and then floated using the standard flotation
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test proc_urc. In order to compare the results, similar tests were conducted with two-stage

flotation. Stage 1 involved floating the material at 28 mesh and stage 2 involved floating the O

concentrate from stage 1 after it had been reground to minus 200 mesh. Table 12.24 presents

the results of these tests along with the values obtained in the standard flotation tests for

200-mesh coal. Clearly, for 28-mesh coal, the efficiency index for coarse pyrite rc_cction by

tabling is significantly higher than that obtained in the first-stage flotation. By pre.cleaning

28-mesh coal with a shaking table and floating the tabling concentrates after regrinding them to

200 mesh, the separation efficiency can be improved significantly over single-stage flotation of

200-mesh coal, Furthermore, the separation efficiency is equivalent or better than that obtained

by two-stage grinding together with two-stage flotation.
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O 13.0 WEATHERING STUDIES OF THE BASE COALS
The overallobjectiveoftheweatheringstudywastodetermineandunderstandtheeffect

ofstorageenvironmenton thesurfacepropeniesofcoaland,hence,on i_flotationbehavior.

Weatheringphenomenaareimportantincoalhandlingandp_ing. The impactofweathering

on thebehaviorofcoalrangesfromthespontaneouscombustionofcoalinstoragetoalteration

ofthephysical,chemicalandsurfacecharacte_tic_.Fort_,_mple,weatheringhasbeenreported

todecreasethesurfaceareaofcoal(I),increasethemoistureadsorptioncapacity(2,3),decrease

thecalorificvalue(4),increasetheheatofwetting(5),decreasetheflotability(6),andreduce

thecokingpower(7),

When exposedtoatmosphericair,coalsabsorbanddesorbmoisturedependingontheheat

andhumidityoftheenvironmentandcanreactchemicallywithoxygen.Whileabsorptionof

rncistureleadstoswelling,desorptionleadstoshrinkage.Repeatedwettinganddryingcanreault

inf'_uringand spalling.To whatextenta givencoaldecrepitatesdependson itsrankand

compositionandthevagariesoftheclimaticconditions.

O Chemisorptionof on coalresultsintheformationofsurfaceoxygenfunctional
oxygen

groups such as carboxyl, hydroxyl and carbonyl radicals. These oxygen functional groups reduce

the hydrophobicity of the coal surface and thereby have a deleterious effect on surface-based

separation processes, such as flotation and oil agglomeration. In some in.stanc.esweathering or

oxidation may have beneficial effects. For e_ample, when coal particles are to I_ heated on

grates or under fluidizad conditions (as in gasification pr_), agglomeration of the panicle_

is undesirable. Since oxidation decreases the agglomerability, a pre.oxidation step is often

included in the prcc.e_ scheme to prevent panicles from adhering to each other. Most of the

literature pertaining to the weathering aspects of coal r_arch is limited to coal samples oxidized

under controlled laboratory conditions, and little is known about the changes in the behavior of

coal exposed to natural weathering, which has be.en the impetus for this _rch effort.

For each of the three base. coals, three size fractions, namely, +I inch, I x l:/4.inch,

I/4.inch :_O, were weathered under "inert" (argon), covered and open conditions and samples

O were collected at schedu_e.,dintervals, In all, a total of thirteen increments of weathered samples
were collectext during the period starting from November 1988 and extending into December
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1989.Thescheduleprovidedforthecollectionofsixbiweeklysamplesforthefirstthreemonths,

followedbymonthlysamplingforthenextfourmonthsandbimonthlysamplecollectionforthe O

finalsixmonths.Aftercollectionofthesample,theminusI/4-inchmaterialwasdry.screenedat

28 mesh,and bothsizefractions(thatis,theI/4-inchx 28 mesh andminus28-meshmaterial)

werere-inertedpriortoshipping.

Experimental work involved with the testing of these weathered samples was substantial

during the first year of this research program. The test work consisted of surface and bulk

characterization of the weathered samples, including proximate and sieve analyses. The surface

hydrophobicity of some of these samples was _ using film flotation, induction time
:_

measurements, microflotation studies andstandardflotation testing. Zeta potential measurements

and DRIFT spectra were also obtained for some selected samples. Since the weathering effect

is more pronounced on smaller panicles, the majority of the laboratory-scale standard flotation

tests, as well as surface characterization, was carried out on the finest size fraction, namely the

minus 28-mesh material (natural fines obtained by screening). Flotation testing w_ also

performed on ground samples of the next size interval (1/4 inch x 28 mesh). The results are

discussed in paragraphs that follow in this section, l_

13.1 Weathering Site Peelmratton and Sampling

Each weathering sample consisted of about 14 tons of minus 4-inch coal. The material

to be used for the weathering study was screened on site to three size fractions:

+ Coarse(+1inch)
• Medium (Iinchx I/4inch)
• Fmc (1/4 inch x 0)

Each of these fractions was weathered separately by storingthem under three different modes:

• Inert (in drums stored under argon atmo6phere)
• Covered (in drums without Lidsbut with plywood boards on top)
,, Open (in a stockpile completely exposed to the atmosphere)

The splming scheme used in preparing the material for this purpo_ is given in Figure 13.1.

The la-ton sample set aside for weathering was screened using two Sweco 30-inch diameter

screens, one having one-inch openings and the other 1/4-inchopenings. The screening was done

atthemine siteusinga portabledieselgeneratortosupplypowertothe screensand forflood
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Figure 13.1-Splittingschemefor the weatheredcoal samples.

lamps. The screened fractions (+ 1-inch and 1 x l/4-inch) were collected in 5-gallon buckets and

manually dumped randomly into drums that had been lined with polyethylene. The open

stock-pileswere alsoformed in a similarmanner usingthe 5-gallonbuckets,each containing

20 pounds of material,to spreadthecoaloverthe lengthof the stockpile."lhcfinesfraction

(I/4-inchx 0) was alsohandledina similarfashionexceptthatthe coveredand inertsample.s

wcrc storedin5-gallonbuckeLs."lhcextramaterialwas layeredonto theopen stockpilesformed

for the three sizes.

Once filled, the 55-gailon drums containing the two coarse fractions and the 5-gallon

buckets containing the fine sizes were separated into two categories. Half of the drums and half

of the buckets were "inerted" by purging argon into the bags, which were then tied with a special

tape,The drums and bucketswere then inertedaroundthe bagsand the lidswere cl_ and

clamps replaced.The otl_crhalf,designatedas coveredsamples,was coveredwithplywood

I boards allowing a gap between the top of the containers and the ply boards. Thc thrcc open

stockpiles were dressed on the top Io prevent rain water accumulation. The site was fenced in
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Figure 13.2 - Coal weatheringstockpiles of Upper Freeport PA coal at the IndianaCounty,
Pennsylvaniamine site.

with wooden posts and ropes with relevant information of the project and emergency telephone /

numbers posted at the entry posts. Figure 13,,2 is a photograph of the Upper Freeport PA

weathering piles located in Indiana County, Pennsylvania.

13.2 Periodic Collection of Weathering Samples

According to the Project Work Plan, coal weathering was to be conducted over a period

of 12 months, taking a maximum of 15 increments. The sample collection schedule was revised

andthe new one shown in Table 13.1, indicating the six biweekly increments taken during the first

three months, followed by monthly increments for the next four months. Subsequently, three

more samples were collected on a bi-month!y basis, thus coveting a total of thirteen months

instead of twelve.

Periodic sample collection at each site was carried out by trained laboratory technicians

from the same coal testing laboratories who assisted during the bulk coal sample collection and

preparation effort. At every scheduled collection of a weathering sample, one drum from the

0
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Table 13.1 - Coal weathering sampling schedule for the three base coals.
_ _,, , , , i, ,,,, i , ---- = - , ,= I ii,,i i,, i

Pittsbur_ No. 8 Upper Freeport PA Illinois No. 6
Weathering Belmont Co. Indiana Co. Randolph Co.

T/me. months Warnock. OH Blac__

I OJ 11/22/88 11/30/88 12/07/88

2 1.0 12/07/88 12/15/88 IZ/20/88

3 1.5 12/22/88 1/04/89 1/04/89

4 2.0 1/05/89 1/16/89 1/17/89

5 2.5 1/23/89 1/27/89 1/31/89

6 3.0 2/10/89 2/10/89 2/14/89

7 4.0 3/07/89 3/08/89 3/13/89

8 5.0 4,07/89 4/06/89 4/10/89

9 6.0 5/09/89 5/08/89 5/11/89

10 %0 6/07/89 6/06/89 6/09/89

11 9.0 8/08/89 8/07/89 8/10/89

12 II,0 10/06/89 10/05/89 10/09/89

13 13.0 12/06/89 12/05/89 12/08/89
lionel I I Ii III |1 II IIIlll lull I Illli

®
+ 1 inch and 1-inch x l/4-inch fractions stored in the covered and inert modes, as an individual

discrete increment, was collected. Also, one 5-gallon bucket each from the 1/4-inch x 0 covered

and inert modes was collected.

The sampling procedure for the samples stored in the open stockpiles first involved

carefully scraping the top surface (about 1/4-inch) prior to actual sampling. This was necessary

because the stockpiles became contaminated with dirt, leaves, and other wind-borne debris, in the

case of the fine and medium size fractions. The stockpiles were then carefully sampled, taking

small increments from different positions along the pile; and the samples were placed in

polyethylene bags and then sealed. Following sampling, the stockpiles were smoothed over on

all sides. The approximate amount of material collected from the stockpiles was the following:

t Coarse, + 1-inch (about 120 Ib)
• Medium, 1-inch x 1/4-inch (about I00 lb)
• Fine, 1/4-inch x 0 (about 80 lb)

The collected samples were then taken to the designated laboratory (Crcochemical Testing,
Somerset, PA for Pittsburgh No. 8 coal; Gould Energy-Warner Division Labs, Cresson, PA for
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Upper Freeport PA coal; and Commercial Testing and Engineering, Henderson, KY for

Illinois No. 6 coal) where they were inerted individuallyand packed in drums such that one drum

held all the sizes belonging to each of the three weathering modes. The minus I/4-inch material

from each of the three storage modes was dry-screened at 28 mesh to form two fractions each:

1/4-inch x 28 mesh and 28 mesh x 0. The samples were then plac_l in separate plastic bags (one

corresponding to each of the three storage modes), inerted and packed in three drums

(corresponding to the three storage modes), each of which contained four size fraction,sof the

coal: + l-inch, 1-inch x I/4-inch, I/4-inch x 28 mesh, and 28 mesh x 0. Each drum was then

inerted with argon gas and scaled tightly to maintain the inert atmosphere and labelled for

shipping.

13.2.1 QMQC Analysis of Czal W_thering Samples

The thirteen increments of the weathered coal samples received by the University of

California and the University of Pittsburgh as a pan of the weathering program can be _ as

a QA/QC index for the uniformityof the material in this particularprogram. As will be discussed

in sections that follow, the minus 1/&.inchsamples of ali three weathering modes were _reened l_

at 28 mesh at the laboratories, the samples reinerted in plastic bags, and shipped aloag with the

other samples. The minus 28-mesh material was then used to conduct experiments to delineate

the effect of weathering on the flotation behavior of the coal.

The reconstituted feed ash and sulfur values from these flotation tests were calculated as

a part of the QA/QC program, analyzed statistically, and are repoI_ed in Table 13.2 for

Pittsburgh No. 8 coal. The consistency of ash andsulfurvalues among ali inert, covered and open

weathering increments show that we are able to reproduce the sampling and splitting proc_ures.

Similar results for the Illinois No. 6 and Upper Freeport PA coal are reported in Tables 13.3 and

13.4, respectively. The scr_.._enedminus 28-mesh fines from the Illinois No. 6 coal weathered

samples have considerably higher ash contents as compared to the total ash of the parent sample.

This is probably due to the concentration of liberated minex,: _atter, particularlyclays, into the

natural fines. It is also for this reason that the variabilityof a_, between increments is higher for

this coal as compared to the other two coals.
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O Table 13.2- Ash and total sulfur of the minus 28-mesh screened fraction ofPittsburgh No. 8 weathering samples reconstituted from flotation product

analysis.
i i i ,|ll .... ii, ii i, , .._

_L ..COVEt_,ED _ OPEN
Increment Weathering Ash Tot. S Ash ToL S Ash Tot. S

Time. mt_s. .._ _ _% % _

1 0.5 17.19 6.42 17.14 6.37 17.13 6.21
2 1.0 16.92 6.04 - - 17.91 5.92
4 2.0 17,12 6.65 17,18 6.81 18.06 6.63
6 3.0 17.63 6.53 16.99 5.96 17.70 6.30
8 5.0 17.42 5.86 17.10 6.55 17.31 6.43

Mean 17.26 6.30 17.09 6.42 17.62 6.30
Standard Deviation 0._ 0.30 0.07 0.31 0.35 0.24

i i

Table 13,3- Ash and total sulfur of the minus 28-mesh screened fraction of

Illinois No. 6 weathering samples reconstituted from flotation product
analysis.

--. . ii, iii, -_ i i 1 i mm,,,

,INERT_ _.OPEN
Increment Weathering ASh Tot. S Ash Tot. s

No_..: Time,mt_, _ _ _

O 1 0.5 26.93 4.98 26.72 4.842 1.0 28.II 4.48 30.48 4.90
3 1.5 27.67 4.95 30.02 4.62
4 2.0 27.65 5.02 26.87 5.14
5 2.5 28.05 4.56 28.07 4.74
6 3.0 28.48 4.94 - --
7 4.0 24.17 4.97 29.36 4.79 ,

Mean 27.3 4.84 28.6 4.84
Standard Deviation 1.35 0.21 1.46 0.16

lH i --_i i _am,mL._ ......

Table 13.4- Ash and total sulfur of the minus 28-mesh screened fraction of

Upper Freeport PA weathering samples re,constituted from flotation
product analysis.

.............. H -mm

|_RT _ CO,RED OPEN
Increment Weathering Ash TOt. S Ash Tot. S Ash Tot. S

No.

I 0.5 9.10 3.25 9.82 3.45 9.46 3.44
4 2.0 9.36 2.83 9.48 2.90 9.85 2.82
8 5.0 9.43 2.88 9.36 3.1! 9.68 2.85

Mean 9.29 2.94 9.54 3,15 9.67 3.04

O Standard Deviation 0.14 0.23 0.21 0.2.3 0.17 0.29
,,mamwlma, m,mm_ i i i I , i I .... I I I ,' . ............ i I i ,uI m-_. i
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13.3 Collectionof'_¥eatherData

In order to comlplete the weathering study of the coal samples stored under three different O

storage modes, information on the prevailingweather conditions at the three base coal sites was

collected and compiled for use hl interpreting the effects of weathering.

Weather data, o_tained from the National Climatic Data Center in Asheville, North

Carolina, a division of the U.S. Department of Commerce, were available for three locations in

close proximity to the three base coal storage sites:

• St. Louis, Mi_ouri, about 30 miles west of Marissa, Illinois where the Illinois No. 6
coal was stOr_e_,

• Wheeling, We_t Virginia, about 10 miles east of Warnock, Ohio where the
Pittsburgh No. 8 coal was stored, and

• Indiana, Pennsylvania, about 15 miles northeast of Blacidick, Pennsylvania, where
the Upper Freell_ortPA coal was stored.

The "local climatological data" includes temperature, number of degree days (base 65oF),

precipitation (rain, snow, ice)l, wind and duration of sunshine. For th_ general part of the

the main variable was _consideredto be the seasonal temperature, and t|_ was used to Ocountry,
v

help interpret the results. The weathering study took piace over the course of a year, beginning

in late Fall. Figures 13.3, 13.4 and 13.5 plot the maximum and minimum temperatures over this

period for the weathering site of the Pittsburgh No. 8, Illinois No. 6, and Upper Freeport PA

coals, respectively. In each figure, the time for the start of the weathering study is marked. As

can be seen from these plots, the weather near the Pittsburgh No. 8 and Upper Freeport PA

weathering sites remained cold until about April (the first four month.,;of the study). Near St.

Louis, the site of the Illinois No. 6 weathering study, the temperature began to warm up in March

and was about 10 degrees warmer during the summer months in comparison to the other two

sites. How this seasonal temperature variationaffected the weathering rate of the three coals will

become apparent in the sections that follow.

®
13-8



C,.t."jrt r.,t Weo_hef,n.3 _tudv

OHIO Cl:ll tIT(, WV

50 ! -

,o -
LI

_ 2o
| MA×IMUM

10 e MINIMUM

0 .... 1 I , , , d _ ,, , , 1 , ,, , ,
0 90 180 270 360 45C

Oct 88 Jon 89 Apt July Oct Jon 9',:.'

ELAPSED TIME, doys

Figure 13.3- The maximum and minimum temperatures from October 1988 through
November 1989 in Ohio County, West Virginia, located 15 miles from the
Pittsburgh No. 8 coal weathering site in Belmont County, Ohio.
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O Figure 13.4 . The maximum and minimum temperatures of St. Louis,
Missouri from October

1988 through November 1989.
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Figure 13.5 - The maximumand minimum temperatures at the Upper Freeport PA coal
weatheringsite in Indiana County, Pennsylvaniafrom October 1988 through
November 1989.

O
13.4 Proximate analysis of weathered samples '

As a first step in characterizing the weathered samples, the proximate analysis (volatile

matter, fixed carbon and ash) of the 28-mesh x 0 and l/4-ineh x 28-mesh fractions of the samples

stored under the inert (argon), covered and open modes was carried out using a LECO MAC 400

analyzer. The samples analyzed are those which were tested for flotation response. The results

are tabulated in Table 13.5 for Illinois No. 6 coal, Table 13.6 for Pittsburgh No. 8 coal, and

Table 13.7 for Upper Freeport PA coal.
..

The data given in Table 13.5 show that the weathered samples of Illinois No. 6 coal (minus

28 mesh) from Increments 1 to 13 analyze between 28% and 32% ash. The ash content of the

natural minus 2g-mesh material is considerably higher than the ash content of the repr_entative

research sample (about 17 percent ash). The higher ash in this weathered screened fraction is

probably' due to the concentration of clays and mineral matter in the natural fines. The next

higher size interval, 1/4 inch x 28 mesh (that is, 3 x 28 mesh), screened from weathering O
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Table 13.5 - Proximateanalysisofweatheredsamplesof IllinoisNo. 6 coal.
mm _ _ -- i ,, L, . I ,, I.II I ' - ........ ,.-- I i i i j ii,J _

(ON DRY BASIS, %)
Weathering Storage Moist. Vol. Firm

LB._ Zime.(mtas_ _ _ _ _Carbon

1 0.5 28 M x 0 Inert 2.83 34.0 37.2 28.8
28 M x 0 Covered 3.10 33.7 37.6 28.7
28 M x 0 Open 3.11 33.8 38.0 28.2

1/4"x 28 M Inert 5.73 35.2 45.0 19.8
1/4"x 28 M Open 5.90 35.1 44.5 20.4

2 1.0 28 M x 0 Inert 3.11 33.1 37.1 29.8
28 M x 0 Covered 3.26 33.1 37.4 29.5
28 M x 0 Open 3,16 32.1 36.0 31.9

3 1.5 28 M x 0 Inert 3.16 33.6 37.6 28.8
28 M x 0 Covered 3.32 33.5 37.3 29.2
28 M x 0 Open 2.97 32.0 35.0 33.0

4 2.0 28 M x 0 Inert 3.06 33.8 37.3 28.9
28 M x 0 Covered 3,14 34.0 37.6 28.4
28 M x 0 Open 3.04 33.7 36.7 29.6

5 2.5 28 M x 0 Inert 3.34 33.5 37.3 29.2
28 M x 0 Covered 3.86 33.9 37.3 28.8
28 M x 0 Open 3.40 33.4 37.5 29.1

6 3.0 28 M x 0 Inch 5.58 33.2 36.9 29.9

28 M x 0 Covered 5.68 33.7
37.9 28.4

28 M x 0 Open 5.33 32.3 36.5 31.2

7 4.0 28 M x 0 Inert 4.54 33.9 38.2 27.9
28 M x 0 Covered 4.63 33.6 37.8 28.6
28M x 0 Open 4.24 32.7 36.9 30.4
I/4'x 28 M Open 6.61 353 45.7 18.9

9 6.0 28 M x 0 Inert 2.80 34.3 37.5 28.2
28 M x 0 Covered 3.30 34.8 37.1 28.1
28 M x 0 Open 3.00 33.9 38.3 27.8

11 9.0 28 M x 0 Inert 7.65 33.2 39.3 27.6
28 M x 0 Covered 7.55 32.9 34.9 32.2
28 M x 0 Open 7.68 31.6 37.9 30.5

12 I 1.0 28 M x 0 Inert 3.83 33.9 35.1 31.0
28 M x 0 Covered 4.13 34.2 35.3 30.5
28 M x 0 Open 5.57 33.7 33.6 33.8

13 13.0 28 M x 0 Inert 5.39 33.9 34.2 31.9
28 M x 0 Covered 6,37 34.0 35.4 30.6
28 M x 0 Open 7.50 33.7 32.9 33.4

H.I i __ ,......

Increments 1 and 7 contained about 19 to 20 percent ash, which is closer to the ash content of

the researchsample.
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Table 13.6 - Proximate analyses of weathered samples of Pittsburgh No. 8 coal.
i i , ...,.., , i i i i ii

fON DRY B_SIS,, %)
Weathering Storage MoisL VoL FLxod

' Incr. _ _ Mode ...2L Mauer _

1 0.5 28Mx0 Inert 1.Sl 30.2 52.1 17.7
Mx0 Covered 30.0 52.0 l&O
M x 0 Open 1.86 30.2 51.9 17.9

1/4" x 28 M Inert 1.98 36.1 52.4 113
1/4' x 28 M Open 2.00 36.13 52.7 11,2

2 1.0 28 M x 0 Inert 1.82 30°3 53.0 16.7
28 M x 0 Covered 1.90 30.4 51.9 17.7
28 M x 0 Open 1.95 30.4 51.9 18.6

4 2.0 28 M x 0 Inert 1.82 30.9 51.1 18.0
28 M x 0 Covered 1.98 30.6 51.4 18.0
28 M x 0 Open 2.0 31.2 50.0 18.8

6 3.0 28 M x 0 Inert 2,00 30.6 51.5 17.9
28 M x0 Covered 2.16 30.7 51'3 18.0

28 M x0 Open 2.35 30.6 50.5 18.9

8 5.0 28 M x 0 Inert 1.96 30.5 51.4 18,1
28 M x 0 Covered 2.26 30.5 51.7 17.7
28M x0 Open 2.15 30.3 51.8 17.9

1/4"x 28 M Inert 2.4 35.5 53.5 11.0
I/4"x 28 M Open 2.4 36.2 53.0 10,8

9 6,0 28 M x0 Inert 2.15 30.1 51.9 18,0 i
28 M x 0 Covered 2.67 30.4 51:, 17.7

28 M x 0 Open 2.62 30.4 51.9 17.7

10 7.0 28 M x 0 Inert 2.26 ' 30.9 50.9 18.2
28 M x 0 Covered 2.79 31.6 51.1 17.3

28 M x 0 Open 2.57 31.9 51.7 16.3

11 9.0 28 M x 0 Inert 3.24 31.9 49.8 18.3
28 M x 0 Covered 4.87 32.9 49.4 17.7

28 M x 0 Open 5.06 34.4 51.1 14.5
I/4'x 28 M Open 2.58 37.7 52.1 10.2

12 11.0 28 M x 0 Inert 2.08 30.9 50.2 18.9
28 M x 0 Covered 3.23 31.6 50.1 18.3

28 M x 0 Open 4.08 33.2 51.2 15.7

13 13.0 28 M x 0 Inert 2.06 31.2 50,1 18.7
28 M x 0 Covered 3.78 32.5 49.9 17.6

28 M x 0 Open 3.25 33.0 52.7 14.3
ml i/ .

Table 13.6 gives the proximate analysis of the Pittsburgh No. 8 weathered samples for the

28 mesh x 0 size fraction from Increments 1 to 13 (inert, covered and open modes) and for the

1/4-inch x 28-mesh size fraction for Increments 1, 8 and 11 for the inert and open modes of
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of _,,_+v_heredsamples of Upper Freeport PA coal.Table 13.7 - Proximate analyses t

O ' i

iiii i i _ _ + i i i iiii ........

(ONDRY BASIS. %)
Weathering Storage Moist. Vol. Fixed

Incr.___,Time,,fmths) _ Mode _ __ Ash

1 0.5 28 M x 0 Inert 0.88 +25.7 64.4 9.9
28 M x 0 Covered 0.86 25.6 64.6 9.8
28 M x 0 Open 0.91 25.9 64.5 9.6

1/4"x 28 M Inert 0.91 26.5 64.6 8.9
I/4"x28 M Open 0.86 26.6 64.7 8.7

4 2.0 28 M x 0 Inert 0.94 25.3 65.I 9.6
28 M x 0 Covered 1.06 25.2 64.8 I0.0

28 M x 0 Open 1.17 25.4 64.8 9.8

8 5.0 28 M x 0 Inert 1.00 25.8 64.5 9.7
28 M x 0 Covered 0.99 25.8 64.5 9.7
28 M x 0 Open 0.97 26.0 64.6 9.4

1/4"x 28 M Inert 0.94 27,3 63.7 9.1
1/4"x 28 M Open 0.82 26.7 63.4 9.9

10 7.0 28 M x 0 Inert 1.02 25.3 64.9 9.8
28 M x 0 Covered 1.06 25.5 64.7 9.8

28 M x 0 Open 1.20 26.0 65.3 8.7

O 11 9.0 28 M x 0 Inca 1.39 26.4 62.7 10.928 M x 0 Covered 1.44 26.5 64.5 9.4
28 M x 0 Open 1.42 27.5 65.0 7.5

1/4"x 28 M Inert 0.98 25.2 64.6 10.3
I14"x 28 M Open 0.93 25.9 66.0 8.1

12 I1.0 28 M x 0 Inert 1.27 26,9 62.6 10.5
28 M x 0 Covered 1.31 26.3 62.4 11.3

28 M x 0 Open 1.11 26.0 65.4 8.5

13 13.0 28 M x 0 Inert 1.34 26.1 64.1 9.8
28 M x 0 Covered 1.30 26.1 62.8 11.2

28 M x 0 Open 1.05 26.2 65.1 8.7

storage. The ash contents of coal stored under each of the three storage modes of storage are

very cl_e to each other. The higher ash content, 17 to 18%, of the 28-mesh x 0 size fraction as

compared to 11% ash in the parent sample is again due to the concentration of mineral matter

(clays) in the natural fines, although this effect is not as pronounced as that observed for

O Illinois No. 6 coal. The ash content of the 1/4-inch x 28-mesh fraction of Pittsburgh coal analyzed
11%, which is close to that of the research sample.
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In the case of Upper Freeport PA coal (Table 13.7), the ash content of the weathered

samples (about 10 percent) is slightly lower than that of the research sample (about 12 percent). O

No difference between the ash contents of the 28-mesh x 0 and the 1/4-1nchx 28-mesh size

fractions of the weathered samples was observed.

Even though weathering or ox/dation ls expected to release some of the volatile

components from coal (4), no appreciable decrease in the volatile matter of the weathered

samples was observed for any of the three coals _espective of the weathering mode or the

weathering time.

13.5 Size Consistency of the Weathered Samples

Weathering can occur either by mechanical (due to swelling and shrinking means) or by

chemical (due to oxidation) action. While chemical weathering alters the composition of the

material, mechanical weathering can contribute to size degradation. Since natural weathering is

a combination of chemical and mechanical processes, the susceptibility of coal to weathering may

be monitored by observing the size distribution of the weathered samples, provided that the effect

of weathering exceeds typicalexperimental or samplingvariabilityor the alteration of the material O

which occurs during handling. Sieve analyses of the 28-mesh x 0 and 1/4-inch x 28-mesh fractions

of the samples weathered under inert (argon), covered and open modes were obtained for each

of the increments of the three base coals.

Figure 13.6 is representative of the size distributions of the weathered samples of

Illinois No. 6 coal, for Increment 7 (after 4 months of weathering). In the same plot, the size

distribution of the standard grind of the research sample of Illinois No. 6 coal is also pr_ented

for comparison. One of the notable characteristi_ of the weathered samples is that the fines

resulting from natural breakage and/or degradation are much coarser than those of the research

sample ground in a rod mill even though the top sizes are nearly identical. The effect of the

difference in the size distributions must be considered when comparing the flotation results of

the weathered samples with the research samples.

The effect of the size degradation due to weathering can be elucidated from plots of the

size distribution of the minus 28-mesh samples (Increments 1 through 7)stored under open O
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Figure 13.6 - Comparisonof the panicle size distributionof the rod milled researchsample
(95 percent passing28 mesh) and Increment7 of the weathered_mples (inert,

coveredandopen) for IllinoisNo. 6 coal.

conditions.As shownbytheplotspre_e.ntedintheIsrAnnualReport(8),eventhoughthere

appears tobe no consistent size degradation, there may be a tendency for the breakdown of

coarserparticles,whichwouldcontributetoan increaseintheamount oflinepanicles,In

addition, samples stored under the open environment may lose some very fine material due to

rainandwind.Inordertominimizetheerrorintroducedbysuchlosseson theinterpretationof

the size distributions of the weathered samples, the data were recalculated to e_clude the minus

150-mesh material These results are plotted in Figure 13.7 as the weight percent of material in

a givensizeinterval(28x 35 mesh,48 x 65 mesh,65 x I00mesh and I00x 150mesh)asa

functionofweatheringtime.ltappearsthatthereisadecreaseintheamountof28x 35-mesh

material as weathering progresses but an increase i_-_the amount of finer material. This may be

ascribedtoanincreaseinthefriabilityoftheweatheredsamplesduetothepropagationofcracks

andcleatsinthecoalwhen thecoalswells,resultingina reductionofthemechanicalstrength

ofthecoalandhenceinthegenerationoffine material.The probabilityofthistypeofbehavior

shouldbe morepronounced in thecaseoflargeparticles.
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Figure 13.7 - Effect of weatheringtime on the weight percent of materialin differentsize
intervalsobtained by sievingthe minus 28.mesh materialof Illinois No. 6 coal
weatheredunderopen mode.

®
As a second step in understanding the effect of weathering on size degradation, sieve

analyses of representative samples of the next larger size interval, that is IN-inch x 28-mesh

material, were carried out. In Figure 13.8 the cumulative size distributions of the samples taken

from Increments 1 (inert and open), 7 (open) and 9 (open) are presented. It is interesting to

observe that in comparison to the inerted sample of the f_rst increment (15 day,sof weathering),

there is a progre_ive increase in the amount of fine particles &_the weathering time progre,_es.

Because the minus 28.mesh material in this sample had been sieved out by the sampling

laboratory, this effect probably results from the incre_,ed friability of the coal, which manifests

itself in the spalling off of material during sieving.

The size distributions of the Pittsburgh No. 8 and Upper Freeport PA coals weathered

under similar conditions, but at different locations, were ago determined. As an example, the size

distributions of Pittsburgh No. 8 coal samples from Increments I and 8 weathered under the inert

(argon), covered and, ._en modes are presented in Figures 13.9. Unlike Illinois No. 6 coal, the /

size distributions of the weathered samples of Pittsburgh No. 8 coal are not appreciably different
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Figure 13.9 - Comparisonof the particlesize distributionof rodmill ground researchsample(95 percentpassing28 mesh)andIncrement8 of the weathere,d samples(inert,
coveredandopen) for PittsburghNo. 8 coal,
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Figure 13.10. Effect of weathering on the size distribution of the I/4-Jnch x 28.mesh weathered

samples (inert and open sampl_ of Increment 1, and open samples of

Increments 8 and 9) for Pittsburgh No. 8 coal.

@
from that of the corresponding standard grind sample, with the weathered samples being only

slightly finer. Even in the case of the next size interval (1/4 inch x 28 mesh), no size degradation

due to increased friability of the coal is observed with weathering time (Figure 13.10). The

weight percent of the material in various size intervals (recalculated after excluding the minus

150-mesh material) was plotted as a function of the weathering time and since the plots were

essentially horizontal, they are not shown here. Thus, it appears that Pittsburgh No. 8 coal does

not physically degrade became of weathering during the period studied.

Similar particle size analyses were also carried out with the weathered samples of Upper

Freeport PA coal. A comparison of the size distributions shows that the weathered samples are

coarser than those of the corresponding re.search samples ground in the rod mill, as exemplified

by the results for Increment 8 given in Figure 13.11. With respect to weathering degradation of

Upper Freeport PA coal, there was no observable particle size change for material that had been

weathered under open environment.
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Figure 13.11 - Comparison of the particle size distribution of rod mill ground research sample
(95 percent passing 28 mesh) and Increment 8 of the weathered samples (ineta,

O covered and open) for Upper Freeport PA coal.

In summary, size degradation due to weathering affects Illinois No. 6 more than either

Pittsburgh No. 8 or Upper Freeport PA coal. This effect, even in the extreme, is slight and is

probably not as significant as the associated surface chemical effects due to weathering, as

reflected in the flotation behavior of these coals.

13.6 Assessing the Hydroph0bicity of Weathered Samples

The nature of the surface of different kinds of particles is of utmost importance in surface-

based separation processes. This part of the report presents the results of assessing the effect

of weathering on the hydrophobicity of coal particles by film flotation response, induction time

measurements, Hallimond tube flotation and standard flotation behavior.

Because film flotation, induction time measurement and Hallimond tube flotation testing

are ali performed on small samples, the minus 28-mesh material was sieved in an inert atmosphere

O in a glove box to obtain a 100 x 150.mesh fraction of coal particles for these tests. The

100 x 150-mesh size fraction of each sample studied was first dried under vacuum at room
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Figure 13.12 - Film flotation partition curves of as-received samples of Increment 3 for

Illinois No. 6 weathered under inert, covered and open conditions.

temperature to reduce any effect of moisture on film flotation and then stored in glass bottles in @

an argon-filled glove box.

13.6.1 Film notation

Figure 13.12 shows the film flotation partition curves of Increment 3 for Illinois No. 6 coal

stored under the inert, covered and open modes, lt appears that both the inerted and covered

samples have similar hydrophobic character, as compared with the sample weathered under open

conditions. We were concerned with the effect of fine particles adhering to larger particles, the

so-called slime coating phenomenon. Since in flotation processes, particulates are conditioned

under turbulent conditions, slime coatings on particles may be removed from the solid surface

during processing. However, there ts no turbulence in f'_a flotation, and hence, any small

particles attached to the 100 x 150-mesh particles will probably remain attached. Therefore, in

order to correlate the film flotation results more closely with actual laboratory flotation, the coal

samples used for film flotation were deslimed by washing with running distilled water and then ii
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Figure 13.13 - Film flotation partition curves of dcslimcd samples of Increment 3 for
Illinois No. 6 coal samples weathered under inch, covered and open conditions.

dried under inert conditions to prevent further oxidation. The film flotation partition curves of

the deslimed sample (Increment 3) of Illinois No. 6 coal given in Figure 13.13 indicate that the

inert sample is more hydrophobic than either the covered or the open samples. A comparison

of the proximate analysis of the 101)x 150 mesh sieved and deslimed samples indicate that the ash

content of the sieved samples is higher than that of the deslimed sample. The higher ash content

of the as-received sample is indicative of the potential for slime coating by the ash-forming

minerals, with its effect on the apparent hydrophobicity of the coal panicles as shown in

Figure 13.12. Therefore, sub_uent testing by the film flotation technique was carried out using

deslimed samples.

Further delineation of the effects of the time of weathering on the hydrophobicity of the

coal was ubtained by performing additional film flotation tests with Illinois No. 6 weathered under

open conditions. Figure 13.14 presents the film flotation partition curves of the samples

weathered for 0.5, 1.5 and 4 months under open conditions. The shift in the partition curve is

O not as significant between Increment _ (15 days of weathering) and Increment 3 (1.5 months of
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Figure 13.14 . Film flotation partition curves of deslimed Illinois No. 6 coal samples weathered

under open mode for 0.5, 1.5 and 4 months.

A
weathering) as between Increment 3 and Increment 7 (4 months of weathering). The coal surface

became appreciably more hydrophilic, as reflected by the shift in the partition curve towards

higher surface tensions of wetting.

Similar experiments were completed with Pittsburgh No. 8 and Upper Freeport PA coals

weathered under open conditions for 0.5, 2 and 5 months, respectively. For both coals, the film

flotation partition curves (Figures 13.15 and 13.16, respectively) show that the longer the coal

samples were weathered, the more hydrophilic they became. The hydrophobicity of the coals did

not change with only 2 months of weathering, but when the same coals were weathered for five

months, there was a significant decrease in their hydrophobicities. This reduction in

hydrophobicity is attributed to surface oxidation of these coals.

Table 13.8 summarizes the proximate analyses of the open-storage mode coals for various

periods of weathering. Perhaps the best indication of the coal becoming more hydrophilic is the

increase in contained moisture as the coals weathered, that is, became more oxidized. Film

@
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Table 13.8 - Proximate analysis of deslimed 100 x 150 mesh weathered samples stored

in the open mode, their film flotation response, induction time for the ,dh
three weathering modes, and the standard flotation of minus 28-mesh
weathered coal.

i i r ii i i i j .H lllll iii

Dry Basis % (O_n_ ][sduction Time. ms
Weathering (Open) Film Sid. Flot,

time, Moisture Fixed Volatile Flot. Yield* Yield
Incr_ months _.% _ Matter _ _ _ _¢r_ _

Illinois No. 6
1 0.5 1.61 37.12 36.31 26.57 56.3 28 60 60 56.7
3 1.5 0.75 34.42 34.64 30.94 51.2 50 175 200 56.3
7 4 1.72 37.54 35.37 27.09 45.1 .... 250 36.4
9 6 0.72 37.69 36.51 25.80 ..... 250 29.1
11 9 5,17 34.05 35.83 30,12 22.3 - -- 1000 30.0

12 11 6.25 36.32 36.36 27.32 12.0 .... 1520 23.6
13 13 5.33 34.94 36.14 28.94 17.5 825 -. 1750 25,4

Pittsburgh No. 8
1 0.5 0.51 50.91 33.09 16.00 85.6 80 -- 40 55.3
4 2 0.55 49,03 32.22 18,75 83.7 .... 40 55.5
8 5 0.68 50.60 32.57 16.83 70.9 - -- 40 51.8
10 7 0.68 53.55 33,85 12.60 -.... 100 12.8
11 9 2,55 56.55 34.17 9_28 89.5 .... 375 I0.0
12 I1 2,47 56.31 34.75 8,94 92.8 .... 500 19.0
13 13 2.51 55.55 34.51 9.94 91.6 .... 200 29,7

Upper Freeport PA _F
1 0.5 0.58 65.47 25.43 9.10 98.6 6.0 -- 7.5 84.7
4 2 0.40 64.57 25.18 10.25 97.8 .... 7.5 83.3
8 5 0.45 64.54 25.31 10.15 90.0 .... 7.8 70.2
10 7 0.31 65.85 26.58 7.57 ...... 8.0 39.8
11 9 0.96 66.57 26.91 6.52 94.5 -- -- 13.5 10.5
12 11 0.80 65.76 27.81 6.43 95.6 .... 14.1 19.3
13 13 0.89 66.08 27.29 6.63 93.3 -- 2.8 10.0 25.8

li

* Film flotation in 3-D water (72.7 mN/m)

flotation in water shows that Illinois No, 6 coal is more susceptible to oxidation than the other

coals. Similar experiments indicated that significant surface oxidation of the 100 x 150-mesh

particles of Pittsburgh No. 8 coal and Upper Freeport PA coals did not occur during the course

the weathering tests. These measurements follow the general order of hydrophobicity of the

three coals.
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13.6.2InductionTime MeasurementsofWeatheredSamples

O Becauseofthesensitivityofinductiontimes(thetimerequiredforbubble-particlecontact)

tochangesinhydrophobicity,thistechniqueisideallysuitedforcharacterizingsmallchangesin

hydrophobicity,suchasthosedue toweathering.Detailedinductiontimemeasurementswere

conductedforallthreebasecoalsstoredinthe threxmode, inert,coveredandopen,thathad

beenweatheredforvariouslengthsoftime.The experimentaldataareplotte_lsuchthatthe

percentageof fruitfulcontactsisgivenasa functionof thebubble-particlecontacttime.

Figure13.17issuchaplotfortwodifferentsamplepreparationprtx:eAuresforIllinoisNo.6coal

whichhadbeenweatheredfor1.5monthsundertheopenmode.As canbeseenfromthesetwo

plots,theinductiontimedecreaseswhenthesampleisdeslimed,ltappearsthattheslimecoating

on thecoalparticlesrenderstheparticlesurfacemore hydrophilic,therebyincreasingthetime

fora bubbletomake contactwiththeparticle.Analogousbehaviorwas foundinthefilm

flotationstudies.

The proximateanalysisresultsofthe100x 150-meshfractionoftheselectedincrements

O of deslimed weathered samples used in both induction time measurements and film flotation
studies are given in Table 13.8. From this table, it can be seen that the ash content of the

100 x 150-mesh deslimed fraction is lower than that of the entire minus 28-mesh fraction of the

weathering samples. This supports the concept that slime coatings (fine ash particles adhering

to the large coal particles) could be responsible for the difference in the induction times observed

for the deslimed and undeslhned samples. Consequently, to correlate induction times with the

results of laboratory flotation testing where a turbulent environment removes the slime coating

fromparticles,thecoalsamplesusedforinductiontimemeasurementswerethenalwaysdeslimed.

The inductiontimedistributioncurvesforIllinoisNo.6,after0.5month ofweathering

(IncrementI),storedunderinert,coveredandopen modes,isshown inFigure13.18.Coal

storedintheinertmode e"xh_itsashorterinductiontimethancoalstoredineitherthecovered

or openmodes. However,itappearsthatthedifferencebetweentheinductiontimesofcoal

storedinthecoveredandopen modesisnotaslargeasthatbetweencoalstoredintheinert

mode and thatstoredintheothertwo modes, The inductiontimeresultsobtainedfor

O Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA weathered samples up to Increment 13
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(13 months of weathering) are presented in Table 13.8. The induction time measurements clearly

show that the hydrophobicity of the weathered samples is a function of the storage environment.

Specifically, the hydrophobicity of the coals stored in inert mode is higher than that for coals

stored in the covered and open modes, increasing in the following order: open<covered< <inert.

At long contact times, a leveling off of the induction time curve occurs, as is evident ft'ore

the plot (Figure 13.19) for the Illinois No. 6 sample (Increment 13) that had been weathered for

13 months in the open mode. This behavior may be related not only to the hydrophilic nature

of the coal surface but also to deformation of the bubble as it is pushed onto the particle bed.

This behavior is only observed for Illinois No. 6 coal for which the induction time,is approaching

the upper limit that the apparatus is capable of measuring.

13.7 Flotation Behavior of the Weathered Samples

The main emphasis in studying the surface characteristics of the weathered samples was

to delineate their behavior in surface-based separation processes, and particularly in flotation.
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The flotation response of coal is a function of its rank, particle size distribution, mineral matter

content and the state of oxidation. To determine how weathering affects flotation under r_he /

more usual conditions, resulting from either the weathering mode or the weathering time, an

extensive series of tests was carried out on ali increments using the standard flotation test

procedure. The collector and fxother dosages used correspond to those used for the respective

standard dry-ground (95 percent passing 28 mesh) research samples of the three base coals. For

this study, the minus 28-mesh screened fraction from the weathered samples was used as the feed

so as to have coal particles with their original weathered surface and not a fresh surface that have

resulted from grinding. Flotation of coal samples weathered in the covered mode was conducted

but the results were not considered to be meaningful because the integrity of the samples is

questionable. During the extended weathering period, _me of the plywood covers blew off and

the drum filled with rain water. Thus, the chemistry of those systems was completely altered and

the flotation results of those samples may have also been altered drastically.

Figure 13.20 presents the flotation test results for Illinois No. 6 coal that had been

weathered for 13 months (Increment 13). The results clearly show that the samples stored under

an inert environment gave higher uieids than those that had been stored under either the

open or covered conditions. The flotation yield of the "inerted" sample was found to decrease

from 68.5 percent after 15 days of weathering (Increment 1) to about 48 percent after 9 months

of weathering. This decrease is probably due to inefficiencies of purging and to oxygen trapped

in the pores of the coal, which could not have been eliminated by purging the sample in a drum

with inert gas. The corresponding yields for the samples that had been stored under open con-_

ditions decrease from about 56 percent to about 30 percent after thirteen months of weathering.

The tendency for Illinois No. 6 to oxidize is rather great, as shown by the decrease in

flotability of coal under both the inert and open modes of storage. The daily temperatures of St.

Louis, Missouri, located about 60 miles from the Illinois No. 6 weathering site, are shown in

Figure 13.3. During the month of April, the maximum temperature began to climb above 60°F

and continued climbing for the next month up into the 80's. Oxidation processes that led to the

decrease in the hydrophobicity of Illinois No. 6 coal started to take place even at winter

temperatures. O
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Figure 13.20 - Effect of weathering time on the flotation yield for Illinois No. 6 coal stored
under inert and open modes.

O The samples stored in the "inert" environment also showed sigm of oxidation. The inerting

process used for these samples was to purge the coal dnam with three volumes (empty volume)

of argon. Obviously, because of the decrease in flotation yield, some oxidation had taken place

in the incrted sample, indicating that either this type of inerting process is not v,ompletely

effective or air managed to diffuse into the closed drums. Moreover, because of the porous

nature of coal, it may well be that entrapped air is responsible for the oxidation of the samples

that had previously been purged with argon.

In comparison to the standard flotation yield obtained for the research sample (about 75

percent yield for the minus 28-mesh sample), the yields for the inerted weathered samples are less

for the first increment (68.5 percent). This difference may be attributed to the higher ash content

in the weathered sample,'-(about 30 percent) in comparison to that of the research sample (17.3

percent) and the difference between the particle size.distribution of the standard ground sample

O and the weathered samples. "]['heeffect of differences i,_the ash content on the flotation behavior
can be minimized by comparing the combustible recoveries of the research sample (about 80
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percent) with that of the first increment of the inerted weathered sample (about 83 percent).

However, since the ash contents of the weathered samples collected at different times are

reasonably consistent, the effect of weathering can be delineated by comparing the flotation

response of the weathered samples to the inert sample of Increment I. Such a comparison shows

that weathering is; as expected, more obvious with the open sample than with the inert samples.

The decrease in flotation yields can be attributed to an increase in hydrophilic oxygen functional

groups present on the weathered coal surface as seen in the shifts of the film flotation partition

cuD,es (Figure 13.12) and the induction time measurements (Figure 13.17).

To determine the effect of the size at which the coal particles were weathered on their

flotation response, samples of the 1/4-inch x 28-mesh weathered coal from Increments 1 and 7

(open and inert) and Increment 11 (open) of Illinois No. 6 were dry-ground under the same

conditions as those oi" the standard grinding procedure to produce the usual minus 28-mesh

flotation feed. The results of these experiments are ak,o given in Figure 13.20. The flotation

yield decreased from about 82 percent for the first increment (15 day_ of weathering) to about

72 percent for coal that had been weathered for 11 months. While the coarser material had

undergone the same intensity of weathering, grinding produced sufficient new surface to nullify

the increase in hydrophilicity of the original surface such that its flotation response was better

than that of the finer weathered fractions. Prolonged weathering does appear to have had some

influence on the flotation behavior of ground coarser material, though this effect is much less

pronounced than for un-ground weathered minus 28-mesh coal.

Flotation yie)ds of the weathered samples for Pittsburgh No. 8 coal are presented in

Figure 13.21. As in the case of Illinois No. 6 coal, the inerted samples exhibit uniformly higher

yields than the samples from the open modes. The effect of weathering time is more pronounced

with the open samples than for the inerted samples. The yields of the inerted material decrease

slightly from 62 percent fbr Increment 1 (0.5 month of weathering) to 55 percent after 13 months

of weathering (Increment 13), whereas for the samples stored in the open, the yield decreases

from 55 to 10.7 percent over a nine month period. Unlike Illinois No. 6 coal, Pittsburgh No. 8

did not oxidize during the initial months of weathering, corresponding to winter and early spring,

but required the onset of warmer temperatures (see Figure 13.4) before the flotation yield began
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Figure 13.21 - Effect of weathering time on the flotation yield for Pittsburgh No. 8 coal stored
under inert and open modes.

0
to drop off significantly. With this coal, the oxidationof the hydrophobic material is activated

by higher temperatures. The induction time measurementspresentedearlier highlightthis effect

as weil. lt is interesting to note that the oxidationof pyrite and o_'the coal matrixseem to be

activated at different temperatures with that of pyrite being much lower than that of the coal.

As shownin Figure13.21,the flotationyieldsof theweathered l/4-inchx 28-meshcoal that

had been ground to minus 28 mesh are alwaysmuch higher than the unground28-mesh x 0

fraction,even afterthirteenmonthsof weathering.The observeddecrease in the flotationyield

of the ground1/4-inchx 28-mesh materialcan againbe explainedin termsof internaloxidation

as in the case of IllinoisNo. 6 coal. The increasein the recoveryof the coal stored in the open

mode, Increment 13is not fullyunderstood. The flotation recovery, aftergrindingthe sample of

1/4-inchx 28-mesh coal that had been stored under the inert mode, didnot decregseat ali with

time.

O Similar experiments were completed WithUpper Freeport PA weathered samples. The
flotation results of minus28-mesh samples of Increments 1,4, 8, 10, 11, 12 and13 (inert and
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Figure 13.22 - Effect of weathering time on the flotation yields for Upper Freeport PA coal
stored underinch andopen modes.

open) and ground 1/4-inch x 28-mesh samples of Increments 1, 8,10 and 12 (inert and open) are O

presented in Figure 13.22. The effect of weathering on the flotability of the open samples is

greater than that on the inched samples. There is also a large decrease in the flotation yield of

the open sample after April or May, again probably due to the onset of warmer temperatures

(Figure 13.5). The flotation behavior of weathered Upper Freeport PA coal readily correlates

with the temperature of the storage site.

A better comparison of the flotation behavior of the three coals weathered under similar

conditions but at different locations might be obtained from plots of combustible matter

recovere_ as a function of weathering time (Figure 13.23). For Illinois No. 6 coal, the

combustible matter recovery decreases during the first five months of weathering and then

stabilizes at about 30 percent during the later months. This leveling off may indicated the

presence of some material that is somewhat inert and does not readily oxidize. In the case of

both Pittsburgh No. 8 and Upper Freeport coals, the coal surface does not oxidize appreciably

during the initial months (up to about 5 months) of weathering. Instead, a sudden decrease in Q

i
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Figure 13.23 - Comparison of the effect of weathering on the combustible matter recovery for
Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals weathered under

open condition,

O
the recovery of combustible matter was observed only after about five months of weathering,

corresponding to the onset of warm weather. Apparently the kinetics of oxidation are coal

specific.

In summary, weathering has a definite effect on the [lotabilities of ali three coals tested.

The susceptibility of each coal to oxidation seems to be strongly influenced by the mode and

duration of storage, and the thermal conditions of the storage environment. As was expected,

the weathering effect is more pronounced on the flotabilities of the minus 28.mesh fractions that

had not been reground than on the coarser 1N-inch x 28-mesh material. Grinding of the

1/4-inch × 28.mesh material apparently generates enough fresh unoxidized surfaces that better

flotation results after grinding. However, since coal is porous, oxidation may progress into the

internal surface of the coal after long exposure to the environment. This was reflected in slight

decreases in the flotation yields when the 1/4-inch x 28-mesh material was ground and floated.

O
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Figure 13.24 - Induction time, standard flotation and film flotation yields for Illinois No. 6
weathered samples stored under open mode as a function of weathering time.

A
13.8 Correlation of Wettability Criteria WithWeathering ....

For correlating wettability criteria with the weathering behavior of the base coals, plots

have been prepared to present induction time, film flotation response and standard flotation yield

for each of the base coals weathered in the open mode. Figure 13.24 gives such plots for

Illinois No. 6. Both the film flotation response and the standard flotation yield decrease, right

from the beginning of the weathering process. Also, the hydrophobicity of the coal, a._measured

by the increase in induction time, decreases with weathering time, following the same general

trend as that for the standard flotation tests and the film flotation studies. However, it is

important to recognize that for the induction time and film flotation studies, only 100 x 150-mesh

samples of coal particles were used, with neither collector nor frother present. In the standard

flotation tests, not only was the entire minus 28-mesh fraction used, but also the hydrophobicity

of the weathered samples was enhanced by the addition of both frother and collector. Even

though the trend indicated by the three techniques is the same, the magnitude of the changes in

flotation yield do not nexe_arily correspond to similar charges in the induction O
the standard
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O times due to the differences in the test procedures. For example, the rather sharp increase in
induction time for Illinois No. 6 coal after 6 months of weathering (Figure 13.24) indicates a

sharp decrease in the hydrophobicity of the coal surface, although the flotation yield of the

standard flotation tests levels off at about this point. Since the natural oxidation of coal depends

on particle size, it appears that for very hydrophilic coal samples the standard flotation test is not

able to show small differences in hydrophobicity of the different coal particles due to the broad

particle size range used (minus 28.mesh fraction) and the presence of the collector. Bubble-

particle induction time measurements are, however, sensitive enough to show small changes in

hydrophobicity.

Induction times, standard flotation and film flotation yields for Pittsburgh No. 8 weathered

samples stored under the open mode as a function of weathering time are presented in

Figure 13.25. As can be seen, the induction time and film flotation exhibit the same general

trend as that of the standard flotation tests. However, these plots suggest that induction times

are more sensitive to changes in the hydrophobicity of the coal surface than the film flotation

response, Inthecase the tests,a sharp
of standardflotation decrease in hydrophobicity of the

coal surface was observed after 5 or 6 months of weathering, resulting in a minimum of a 10%

yield at 9 months of weathering. Beyond nine months of weathering, the coal surface appears

to become slightly more hydrophobic (remember that collector and frother are present in these

experiments). Even though induction times follow the same trend, the sharp decrease in the

hydrophobicity appears at 7 months of weathering, instead of 5, with a maximum in the induction

time at 11 months of weathering followed by a slight increase in the hydrophobicity of the final

coal increment (13 months of weathering). Although the trends are the same, the induction time

and standard flotation test results are displaced by about two months. Again, these differences

are probably due to differences in the experimental techniques of the two experimental

procedures. The increase in hydrophobicity of the coal surface after 13 months of weathering,

detected by both induction measurements and the standard flotation tests, seems to be real and

must be related to the nature of the coal itself and the weathering conditions ha the storage site.

Q The induction times, standard flotation and film flotation yields for weather" a Upper

Freepon PA coal samples stored under the open mode are plotted as a function of weathering
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Figure 13.25 - Induction time, standard flotation and film flotation yields for Pittsburgh No. 8
weathered samples stored under open mode as a function of weathering time.

time in Figure 13.26. The same general trend as that found for Pittsburgh No. 8 weathered coal O

samples was also observed for Upper Freeport PA weathered samples, including the increase in

hydrophobicity of the final weathered coal increment. The induction time measurements and

standard flotation yields correlate quite weil. The film flotation measurements, however, do not

mirror the hydrophobicity of the samples very weil.

Illinois No. 6 coal is susceptible to weathering right from the start, but both

Pittsburgh No. 8 and Upper Freeport PA coals do not begin to weather (oxidize) until the

temperature warms up in the spring. From the results given in Table 13.8 and Figures 13.24,

13.25 and 13.26, it can be seen that the hydrophobicity of weathered samples, even after open

weathering, follows the following order:

Illinois No. 6 < Pittsburgh No. 8 < Upper Freeport PA.

13.9 pH of Weathered Coal Samples

The pH of the coal pulp during flotation provides a good deal of information on the state i_t

of oxidation of the coal and pyrite. The pH of the pulp is influenced by a number of oxidation-
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Figure 13.26 . Induction time, standard flotation and film flotation yields for Upper Freeport
PA weathered samples stored under open mode as a function of weathering time.

e related phenomena. Generation of oxygen functional groups on the carbonaceous materialoccurs

when coal is oxidized, while sulfuric acid is produced when pyrite degrades. Because of the

relative strengths of the organic acid functional groups present duc to coal oxidation and that of

sulfuric acid, the pH of the pulp will bc influenced more by the oxidation state of the pyrite

than by that of the coal. However, the presence of basic cations in the mineral matter can

partially offset the influence of oxidation on the pH by neutralizing some of the acid produced.

The pH oftheminus28-meshweatheredsamples(openmode)isshowninFigure13.27forthe

threebasecoals.ThisfigureshowsthatthepH oftheIllinoisNo.6 coalwasthehighestofthe

threeanddidnotstarttodropuntilthefourthorfifthmonthofweatheringwhichcorresponds

to theonsetofspring(andwarmer temperatures).The highpH associatedwiththiscoal

probablyisa resultofthepresenceofcalcite.The lackofchangeinthepH afterf'wemonths

ofweatheringdoesnotsignifythatoxidationhasnottakenpiace,butjustthatanyacidproduced

e by oxidation was compensated for by the calcite present in th_ coals. Indeed, the decrease in
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Figure 13.27 - Flotation pulp pI-I of the 28 mesh x 0 weathered samples as a function of
weatheringtime.

flotation yield of Illinois No. 6 weathered coal (Figure 13.20) after short weathering times O

suggests that oxidation had taken place.

The pH of the other two coals both started at about 5 with the Upper Freeport dropping

rapidly with time initially and then levelling off at long times, whereas the Pittsburgh No. 8 sample

began to decrease less rapidly but dropped steadily for a long period of time. Both of these coals

contain essentially no calcite so that any acid produced by oxidation immediately influenced the

pulp pH. Additionally, pulp pH measurements and flotation evaluations show that the oxidation

of pyrite alone is not sufficient to decrease the flotation yield since that is much more dependent

on the oxidation of the coal itself. Both oxidation reactions are temperature controlled and the

activation energy for the reaction is coal-dependent. In conclusion, the pH of the pulp is

influenced most dramatically by the oxidation of pyrite and therefore the pH decreases of the coal

slurries is related to the rate at which the pyrite oxidized. The rate of the oxidation reaction is

a function of temperature and moisture, which is site-dependent, and the activation energy of the

reaction, which is sample-dependent.
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14.0 DEGRADATION OF STORED COAL SAMPLES

O Duringthelatterhalfofthesecondyearofthisresearcheffort,astudyofanexperimental

proc.a_uretoassesstheflotationofcoal,thetreeanalysisofPratten,Benslc-yandNicol(I),was

undertakeninordertocomparetheresultswiththoseobtainedfromthemorecommon Release

Analysisprocedure(2).At the onsetof thiswork itwas feltthatthetwo experimental

proceduresshouldgivethesame results.However,afterthefirsttreeanalysiswascompleted,

theme_ured flotabilitywasconsiderablylessthanthatshownbythereleaseanalysisthathad

been completedsixmonthsearlier.The reasonsforthisinconsistencywere thoroughly

investigatedandisthegenesisofthisdiscussionon thedegradationofstoredcoalsamples.

Justpriortothestartofthisstudy,theoriginaldrumsofcoalwithwhichthemajorityof

thepriorexperimentalworkhadbeenconducted,weredepletedandnew drumsofthesamples

wereused.The new drumshadbeenfilledatthesametime,withthesamecoal,andincrtedjust

astheoriginaldrumsofcoalhadbeen.The resultspresentedheroputintoquestiontheintegrity

of coal samples that have been stored, albeit in "inerted drums", for long periods of time.

O 14.1 Tree Analysis of Base Coals

The flotability curves of the three base coals, Illinois No. 6, Pittsburgh No. 8 and Upper

Freeport PA, were obtained using the tree analysis procedure as outlined by Pratten et al. (1).

Figure 14.1 illustrates the flotation scheme for the tree analysis proc_ure used to determine the

fiotability curves of the three base coals. The aims of these test_ were two-fold: i) to compare

the flotability r_uits obtained with those from the release analysis procedure and ii) to establish

the effect of two years of storage under argon on the flotability of the three base coals. The tree

analysis test methodology was applied to a set of samples taken from different drums

(Illinois No. 6 Bl-04, Pittsburgh No. 8 B2-04 and Upper Freeport PA B3-04) than had been used

for the release analysis procedure tests (Bl-03, B2-03 and B3-03). Because both prcw.a,dures

attempt to fractionate the coal based on the relative hydrophobicity of the coal, it was thought

at the onset of this work that the results from the two techniques would be nearly identical. The

flotation schemes for the release analysis procedure were presented in Chapter 7 of this report.

0
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Figure 14.1 - Tree analysis flotation scheme for Illinois No. 6, Pittsburgh No, 8 and Upper
Freeport PA coals.

The benefit of using the tree analysis procedure is that it is a simpler experimental procedure O

than the release analysis procedure,

The results of the tree analysis procedure for Illinois No. 6 are summarized in Tables 14.1

and 14,2 for two different collector and frother dosages. An additional release analysis test was

also performed on the new samples of Illinois No. 6 (Bl-04) to enable a reasonable comparison

of the two procedures.

These results are presented in Table 14.3. The ash and pyritic sulfur rejection as a

function of (100-Yield) for the tree analysis and the release analysis for Illinois No. 6 coal are

presented in Figures 14.2 and 14.3. In addition to the results for the release analysis and the tree

analysis, these figures also present the washability results for comparison. As can be seen from

these plots, the release analysis and the tree analysis produce similar flotability curves for the

same set of samples (Bl-04) and the same reagent dosages. However, a comparison of the

flotation results with the previous release analysis tests obtained earlier in the project shows a

clear difference in the flotation behavior of Illinois No. 6 coal. Another indication that oxidation
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Table 14.1 - Flotation results for Illinois No. 6 coal using the Tree Analysis Procedure.
Standard flotation conditions, 8.21 lb/T dodecane and 2.63 IbFl"were used. iii
The flotation pH was 3.7. lP'

PRODUCT ANALYS|S REJECTION.
Yield Cum. 1-Yield CMR Ash Pyr.S Ash Pyr.S EIx

5.4 5.4 94.6 6.0 4.3 0.59 98.3 98.4 4.4
21.1 26.5 73.5 29.4 4.7 0.79 91.3 90.1 13.5
3.5 30.0 70.0 33.2 6.5 0.93 89.6 88.4 21.6

12.9 42.9 57.1 47.0 8.1 1.15 82.1 81.0 28.0
0.9 48.8 51.2 47.9 8.1 1.19 81.6 80.5 28.4
9.4 53.2 46.8 57.9 8.5 1.24 75.8 74.7 32.6

27.4 80.6 19.4 86.8 9.1 1.39 57.9 55.7 42.5
0.4 81.0 19,0 87.2 10.9 1.57 57.6 55.4 42.6
0.7 81,7 18,3 87.9 19.1 2.33 56.7 54.6 42.4
0.4 82.1 17.9 88.2 21.0 2.73 56.0 54.0 42.2
0.1 82.2 17.8 88.4 28.0 3.61 55.8 53.8 42.1
6.6 88.8 11.2 94.0 26.0 3.80 43,4 41.2 35.2
1.8 90.6 9.4 95.4 34.5 4.02 39.0 37.6 33.0
3.2 93.8 6.2 97.9 31.2 4.07 31.9 31.2 29.1
0.4 94.2 5,8 9_.1 58.4 6.42 30,1 29.8 27.9
5.8 100.0 0.0 100.0 72.3 10.28 ......

FEED 13.9 2.00
Im.,mmmm_l li I J Ilia,.,., I I I l lq I I I I I .

had taken piace was the flotation pH of the two samples, pH 7 for Bl-03 coal (release analysis) mL
and pH 3.7 for B1-04 coal (tree analysis). This pH change is indicative of pyrite _xidation and

does not preclude the oxidation of the carbonaceous material. The decrease in the flotability of

the coal may be due to decreased hydrophobicity of oxidized coal and/or interaction of soluble

iron complexes with the coal and mineral matter.

Even though an increase in the dosage of collector and [Tother slightly moves the flotability

curves for the B14)4 sample upward, the curves obtained with this sample are significantly lower

than those obtained in the original release analysis procedure.

For identical samples ann the same collector and frother dosage, the tree analysis

procedure gives slightly better results at high yield (low 100. Yield) than those obtained in the

release analysis. This difference in this part of the flotability curves is again probably related to

the number of flotation stages in each of the methods.

For Pittsburgh No. 8 coal, the results obtained by using the two tree analysis procedures

are presented in Table 14.4. The ash and pyritic sulfur rejex,tion as a function of (100 - Yield)

are presented in Figures 14.4 and 14.5, respectively. As can be seen from the.se curves, the
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Table 14.2 - Flotation results for Illinois No. 6 coal using Trce Analysis Procedure.

Standard flotation conditions, 7.44 ib/T dodecane and 1.76 IbfF MIBC
were used. The flotation pH was 3.5. gPi , I : " I i I iiii i ii

PRODUCT ANALYSIS RF_CTION
Yield Cum. l.Yi¢ld CMR Ash Pyr. S Ash Pyr. S El H

0.7 0.7 99.3 0.7 3.5 0.46 99.8 99.8 0.6
0,8 1.5 98.5 1.6 4.8 0.62 99.6 99.5 1.2
2.0 3.5 96.5 3.9 4.7 0.63 98.9 98.8 2.7
7.2 10.7 89.3 11.9 4.3 0,69 96.6 95.9 7.7
0.7 11.4 88.6 12.6 7.6 0.70 96.3 95.6 8.2

14.1 25.5 74.5 28,0 6.3 0.81 89.9 88.9 16.9
14.9 40.5 59.5 44.1 7.4 0.84 82.0 81.5 25.6
14.4 54.9 45.1 59.8 6.4 0.86 75.4 74.2 34.0
5.1 60.0 40.0 65.4 6.5 0.93 73.0 71.5 36.9
1.4 61.4 38.6 66.8 8.4 0,96 72.2 70.7 37.5
0,4 61.8 38.2 67.2 13.3 1.46 71.8 70.3 37.6

10.0 71.8 28.2 77.2 13.8 1.65 61.8 60.6 37.9
8.2 80.0 20.0 85.3 15.1 1.83 53.0 51.9 37.2
8.6 88.6 11.4 93.6 16.3 1.97 42.9 42.0 35.6
2.5 91.1 8.9 95.9 22.4 2.32 38.9 38.6 34.5
8.9 100.0 0.0 100,0 60.3 7.35 .....

FEED 13.9 1.71
i iii ........... _--i I _ _ : ......... ,I i i ii iPl_

flotationresultsusingtrceanalysisindicatea slightshiftdownward intheflotabilitycurveswith A

respecttothoseobtainedfrom releaseanalysis.SincetheresultsobtainedforIllinoisNo. 6 (and

Upper FreeportPA coal)showed thatthe flotabilitycurvesshouldbe nearlyidentical,this

differenceisprobablya resultof degradationof thecoalsurface.

Table 14.3 - Flotation results for Illinois No. 6 coal using Release Analysis Procedure.
Standard flotation conditions, 7.83 IbYr dodecane and 1.54 ib/T MIBC

were used. The flotation pH was 3.8.
IIId. . i ,,lll iii ii iii i ii I iii I l_Ll_ ....... I II II

PlBODUCT ANALYSIS ....... BEJECTION
Yield Cure. 1-Yh_id CMR ASh Pyr, S Ash Pyr. S EIH

4.9 4.9 95.1 5,4 4.6 0.64 98.4 98.2 3.6
17.6 22.5 77.5 24.7 5.9 0.74 90.9 90.9 15.6
19.6 42.1 57.9 46.2 5.7 0.76 82,9 82.5 28.7
1.1 43.2 56.8 47.3 5.5 0,77 82.5 82.1 29.4
5.7 48.9 51.1 53.5 5.7 0.79 81.1 79.5 33.1

16.6 65.5 34.5 71.2 8.5 1.04 69.9 69.8 41.0
10.2 75.7 24.3 81.4 14.4 1.63 59.3 60.4 41.8
5,0 80.7 19.3 85.4 30.1 3.27 48.5 51.3 36.7

19.3 100.0 - 100.0 34.8 4.72 ......
FEED 13.9 1.78

1111111J_ l I II li II Ill II 1 I ..... _. : i

W
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O Table 14.4 - Flotationresultsfor PittsburghNo. 8 coal using the Tree AnalysisProcedure.Standardflotationconditions,2.52Ib/Tdodecane and 0.6Ib/T

MIBC were used.The flotationpH was 3.7.
. .-.,,, i ii i iml ii i i

..PROpU. CT ANALYSIS RF.JECFION
Yield Cure. l-Yie|d CMR Ash Pyr. S Ash Pyr. S ElH

0.8 0.8 99.2 0.9 1.9 0.35 99.9 99.9 0.8
5.7 6.5 93°5 7.2 2.0 0.41 98.8 98.8 6.0
1.8 8.4 91.6 9.2 2-5 0.46 98.4 98.5 7.6
1.6 I0.0 90.0 10.9 2-8 0.51 97.9 98.1 9.0
8.6 18.5 81.5 20.2 3.0 0.54 95.5 96.0 16.2
13.3 31.8 68.2 34.5 3.8 0.75 90.8 91.6 26.1
8.I 39.9 60.1 43.1 4.0 0.81 87.7 88.7 31.8
13.9 53.8 46.2 58.1 4.1 0.83 82.3 83.5 41.6

1.1 54.9 45.1 59,2 8,2 1.53 81.5 82.8 42.0
1.5 56.3 43,7 60.7 8,6 1,77 80.3 81.7 42,3
1.9 58.2 41.8 62.5 9,2 1.99 78.7 80.0 42.6
8.9 67.1 32.9 71,5 10.4 2.18 69.9 71.4 42.9

14.1 81.2 18.8 85.6 10.8 2.37 55.5 56.5 42,1
6.5 87.8 12.2 92.0 I1.6 2.47 48.4 49.3 41.3
11.8 99.5 0.5 99.8 40.9 8.96 2.8 2.4 2-2
0.5 100.0 0.0 100.0 60.6 11.21 .....

FEED 10.6 2.25
.i i.i i| i i L ell Hl i i .............

O As was the case with Illinois No. 6, the pH of the second drum of coal, B2-O4, from which
the tree analyses samples were taken, was lower (pH 3.7) than that of the primary drum, B2-03,

from which the release analysis sample was taken (pH 4.2). "_',is drop again suggests that

oxidation of the coal sample has taken place.

The flotation results using the tree analysis prtxaMure for Upper Freeport PA are

presented in Table 14.5.._gurcs 14.6 and 14.7 show the ash and pyritic sulfur rejection as a

function of' unfloated material (100 - Yield), respectively. The washability and release analysis

results are also shown for comparison. As was expected, because this coal has the lowest pyritic

sulfur content and the highest hydrophobicity of the three base coals, there is little difference

between the locus of points comprising the trce analysis curve with that of the release analysis

curve. Moreover, the natural pH of the flotation pulp (pH 3.5) was identical for the two samples.

Therefore, it seems the Upper Freeport PA sample has not oxidized appreciably during storage.

The results from the trce analysis procedure for Upper Freeport PA coal are slightly better

O at lower yields than those obtained from the release, analysis procedure. This may be related to
the fact that the release analysis procaMure was performed using only three flotation stages,
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Table 14.5 - Flotation results for Upper Freeport PA coal using the Tree Ana_ls P_acedure.

O Standardflotation conditions, 0.57 ib/T dodecane and 0.36 lb/T'MIBC were used.
The flotation pH was 3.5.

i iii ii i

PRODUCT ANALYSIS ...... RE_CTION
Yield Cum, 1.Yield CMR Ash Pyr. S Ash Pyr. S EIH

% % __
13.4 13.4 86.6 15.0 2.0 0.06 97.9 99.3 14.3
9.7 23.1 76.9 25,7 3.0 0.10 95.5 98.5 24.2
9,6 32.7 67.3 36.4 2.6 0.11 93.5 97.6 33.9
4.9 37.6 62.4 41,8 3.0 0.14 92.2 96.9 38.7
2.7 40.3 59.7 44.8 3.3 0.20 91.4 96.5 i: 41.3
8.3 48.6 51.4 53.7 5.9 0.32 87.4 94.1 47.8
6.6 55.2 44,8 60.7 6.2 0.33 84.1 92.3 53.0
3.9 59.1 40.9 64,8 6.3 0.37 82.1 91,0 55.8
2.8 61.9 38.1 67.8 7.5 0.42 80.4 90.0 57.8
2.2 64.1 35.9 70.1 7.9 0.51 79.0 89.0 59.1
1.3 65.4 34.6 71.4 10.9 0.81 77.8 88.1 59.5
8.0 73.4 26.6 79.1 15.9 1.34 67.4 78.7 57.8

10.9 84.3 15.7 89.5 16.7 1.39 52.6 65.5 55.0
3.0 87.3 12.7 92.3 17.1 1.90 48.4 60.6 52.9
1.8 89.1 10.9 93.8 26.9 2.48 44.5 56.7 50.5

10.9 100.0 0.0 100.0 50.1 5.97 .....
FEED 12.3 1.15

O whereas the tree analysis proceMure comprised four flotation stages. Thus, the products from the
tree analysis were submitted to more cleaning steps than those of the release analysis tests.

14.2 Effect of Storage Time on the Behavior of Illinois No. 6 Coal

As shown before, the maximum separation efficiencies of lllinois No. 6 coal stored in

Drum 3 (Bl-03) and in Drum 4 (Bl-04) obtained from the release and tree analyses was 65 for

sample Bl-03 and 42 for sample Bl-04 when using dodecane and MIBC. The difference between

these samples is larger than the experimental error and therefore must be attributed to changes

in coal properties. In order to investigate this further, the data in Tables 14.6 arid 14.7 were

compiled in order to compare the results of standard flotation tests and the natural pH of

Illinois No. 6 coal stored in Drum 3 (Bl-03) with that stored in Drum 4 (Bl-04). The letters A,

B and C in the sample identification indicate different subplots of the samples contained within

Drum 4. The results presented in Tables 14.6 and 14.7 clearly show that both the initial pH and

the final separation efficiency of coal stored in Drum 4 are lower than that stored in Drum 3.

O This may indicate that oxidation of both coal and pyrite takes piace even though "inert" conditions
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Table 14.6 - Comparison of flotation behavior of Illinois No. 6 coal (200 mesh wet
grind) in drum 3 (Bl-03) and drum 4 (BI-04) using standard flotation ,aL
conditions (4.92 lb/T dodecane and 0.98 lb/T MIBC.)

liE IIII III I IIIrllllI IIII I I I IIIIri I [ II1[[ I

REJECTION

Sample ID/ Initial pH/ Flot.time, CMR Ash Pyr. S El
Flotation Date Final p_ minutes _ _ _ .._.

43&.B1.03-W200D/ 6.50/7.20 0.5 27.1 87.1 88.6 15.7
June 29, 1990 1.0 47.3 7&1 80.7 28.1

3.0 79.5 61.3 64.7 44.2
5.0 84.7 57.3 60.8 45.5

439-B 1-03-W200D/ 6.70/7.40 0.5 26.1 87.3 88.2 14.3
June 29, 1990 1.0 47.7 76.9 78.2 26.0

3.0 79.5 59.9 61.2 40.7
5.0 84.3 56.5 57.8 42.1

460-B 1-04-W200B/ 4.40/4.63 ° 0.5 36.2 80.4 80.4 16.7
August 31, 1990 1.0 55.9 70.1 69.5 25.4

3.0 80.2 55.0 53.7 33.9
5.0 86.7 48.9 47.4 34.0

471.B1-04-W200/ 4_01/4.07 0.25 14.1 91.9 93.2 7.3
October 25, 1990 0.5 28.8 84.1 86,2 15.1

1.0 46.6 74.4 78.0 24.6
2.0 60.4 66.6 71.4 31.8
5.0 75.4 56.3 61.6 37.0

* Frother conditioning time is one minute. I

were maintained for both coal samples. The reason for this significant chang_ in pH and the

flotation behavior of sample B1-04 is not clear at present. However, one explanation may be that

the oxygen in the pores of coal is not completely displaced by argon when purging the samples.

Over time, the remaining oxygen will oxidize the coal and pyrite surfaces, resulting in a decrease

in both the flotation separation efficiency and the pH of the coal slurry. This effect was seen for

Pittsburgh No. 8 coal in the initial months of the project.

In summary, differences in oxidation behavior of the coals are coal.specific and dictate how

fast the samples will degrade even when stored in an "inert" environment. These results strongly

suggest that in any research effort extending over a period of time, it is absolutely necessary to

regularly collect newly mined samples from a source that is as close to the original mine location

as possible. Without this regeneration of coal samples, the data obtained from the latter part of

the research project must be viewed with caution. 0
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O Table 14.7 - Compar_n of the average initial flotation pH of Illinois No. 6 coal. samples,s.!ored in Drum 3 (B1-03) and Drum 4 (B1.04).

_1 Sample ID _ WorktneP©ri_
B1.03 6.2 3/89.7/90
BI.O4A 3.8 8/90- 1/91
BI-O4B 3.9 1/91 - 3/91
BI-04C 3.5 3/91 - present

i i ii ii ii i i i i ............ i
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e 15.0 SUMMARY AND CONCLUSIONS

15.1 Project Team and Objective

This final report for the DOE project entitled "Coal Surface Control for Advanced Fine

Coal Flotation"contains a comprehensive summaryof work completed duringthe contract period,

October 1, 1988 through December 31, 1991. The project team consisted of research and

engineering groups at the University of California at Berkeley, Columbia University, the

University of Utah, and Praxis Engineers, Inc., with the University of California acting as the

prime contractor with DOE.

The initial goal of the research project was to develop methods of coal surface control in

advanced froth flotation to achieve 90% pyritic sulfur rejection, while operating at Btu recoveries

above 90% based on run-of-mine quality coal. Moreover, such technology is to concomitantly

reduce the ash content significantly (to six percent or less) to provide a high-quality fuel to the

boiler. The sections that follow summarize the findings reported in each chapter of this report.

15.2 Coal Procurement

Upon the award of the contract, the initial effort was focused on the collection of samples

from six coal seams, three designated as base coals and three as additional coals, to provide

samples for research work, coal weathering studies and washability testing. The three base coals,

which were selected as representative of important high-pyritic-sulfur bituminous coals, were

Illinois No. 6 from Randolph County, Illinois;Pittsburgh No. 8 from Belmont County, Ohio; and

Upper Freeport PA from Indiana County, Pennsylvania. The additional coal samples consisted

of two eastern high-sulfur bituminous, Kentucky No. 9 from Hopkins County, Kentucky, and

Upper Freeport W'v' from Grant County, West Virginia; and one western low-sulfur sub-

bituminous coal, Wyodak from Campbell County, Wyoming. In order to ensure uniformity of

samples for the duration of this project, as well as for the selective oil agglomeration project

being conducted at the University of Pittsburgh, DOE consolidated the sample procurement task

e into a single effort referred to as Coal Procurement and Weathering (Task 2). This aspect of the



program was carded out +bythe team from PraxisEngineers. About 23 tons of each base coal and

five tons of each additional coal were collected from six operating open-pit mines, taking care to /
g

remove overburden and floor shale material. Thus, the coal samples were equivalent to a washed

raw coal. Each base coal sample was reduced toa topsize of 4 to 6 inches, homogenized and split

into two parts, one for use in the weathering studies and the other for research and washability

studies. The research/washability sample was split into 400-1b lots and packed into 55 gallon

drums, inerted with argon and then distributed. Approximately 9 tons of coal (research and

weathering samples) were shipped to the University of California, 6 tons to the University of
t

Pittsburgh, and 6 tons of coal to commercial testing laboratories for washability testing. Over 42

tons of coal were used to set up the weathering studies of the three base coals at the three mine

sites. Another 21 tons were stored in inerted drums as a reserve sample for future use on this

project or on other projects funded by DOE.

15.3 Bulk Characterization of the Coal Samples

The three base coals were characterized by a variety of different techniques. Bulk

characterization studies included the determination of chemical composition by proximate, 1_

ultimate and sulfur-forms analyses. The ash content of Illinois No. 6, Pittsburgh No. 8 and Upper

Freeport PA coals is 17.5%, 11.8% and 12.0%, respectively, and their pyritic sulfur content is

2.50%, 2.82%, and 1.62%, respectively. The pyritic sulfur as a percentage of the total sulfur is

the highest in Upper Freeport PA (69 wt%), followed by Pittsburgh No. 8 (60 wt%) and

Illinois No. 6 coal (48 wt%). This implies that the application of physical separation techniques,

such as froth flotation and selective agglomeration, should potentially be most effective for

lowering the sulfur content of Upper Freeport PA coal, followed by Pittsburgh No. 8 and

Illinois No. 6 coals, assuming equal liberation and rejection of the pyritic sulfur.

Examination of the ultimate (elemental) analysis results shows that the bulk carbon-to-

oxygen ratio (number in the parentheses) follows the order:

Upper Freeport PA (19.9) > Pittsburgh No. 8 (11.1) > Illinois No. 6 (10.5).

The dry mineral matter free (dmmf) carbon content of the three coals is:

15-2



O Upper Freeport PA (85.9% dmmf C) > Pittsburgh No. 8 (80.5%) > Illinois No. 6 (77.3%).

This order agrees with the hydrophobicity and the flotability of the three base coah.

Qualitative analysisof the mineralogical content of the ash minerals contained in the coal

was conducted usingdiffuse reflectance infrared Fourier transform(DRIFT) spectroscopy. It was

concluded that ali three samples contain kaolinite and quartz. In addition, peaks characteristic

of calcite were present in the spectra of the ash of Illinois No. 6 coal but were not present in the

other two base coals. Neutron activation analysis shows that the Illinois No. 6 sample contains

0.7% calcium whereas Pittsburgh No. 8 and Upper Freeport PA samples contain less than 0.1%.

As part of the bulk characterization studies, photomicrographic studies using SEM/EDXRF

(scanning electron microscopy/energy dispersive x-ray fluorescence) and optical image analyses

were also conducted to determine pyrite and non-pyritic mineral association in the coal. The

SEMfEDXRF studyconsisted of a qualitative analysisof the distributionof pyrite and non.pyritic

mineral matter in narrow particle size ranges, finer than 28 mesh. The results of this study

indicated that there was almost no liberated pyrite in the 28-mesh samples of Illinois No. 6 or

O Pittsburgh No. 8 coal, whereas free particles of pyrite did exist in the 200-mesh samples. Optical

image analysis was carried out to quantitatively analyze the distribution of locked, semi-locked and

free pyrite grains in different size fractions within the minus 200-mesh grind. This analysis

showed that the majority of the pyrite present in Illinois No. 6 and Upper Freeport PA coal was

liberated, whereas that in the Pittsburgh No. 8 coal was not. Petrographic analysis was also

conducted to determine the maceral composition of the three base coals. In ali three cases,

vitrinite was the major component. About 11 to 15 percent inertinite was present in ali three

coals and 10% liptinite in Pittsburgh No. 8 and Illinois No. 6 coal. In the ease of Upper Freeport

PA coal, only 0.2% lipitinite was present.

15.4 Washability Studies

Washability studies were conducted on the original 4-inch topsize samples as well as on

representative samples that had been cornminuted to pass 1-1/2 inches, 1/8 inch, 28 mesh and 200

O mesh. The results show that when the top the
size of Cl'ushed material is 28 mesh and above,

none of the three base coals exhibits significant pyrite liberation, and the pyritic sulfur rejection
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istheleastforPittsburghNo.8 coalat90% Bturecovery,indicatinga greaterdegreeofpyrite

dissemination throughout the coal in this material. Howcv.er, all of the samples show that more

than 90% of the pyritic sulfur can Dc rejected by sink-float techniques at specific gravity of 1.6

if they arc ground to minus 200 mesh (74 microns), Similar behavior was observed in the

washability tests of the additional coals (Upper Freeport WV, Kentucky No. 9 and Wyodak).

Because liberation occurs at fine sizes and in view of heightened interest in fine coal

bcncficiationl more detailed washability,studies of the three base coals ground to finer sizea were

undertaken. Reserve samples of the coals, which had bean used in the original washability studies

and had been stored in sealed "incrtcd" 55-gallon drums, were comminuted to minus I00, 200,325

and 400 mesh for these tests. For all three base coals, there was enough liberation of pyrite at

the 100-mesh grind size to achieve 90% pyritic sulfur rejection with 90% Btu recovery by sink-

float methods. There were only slight differences in the washability results Dctwccn the coals

comminuted to I00, 200, 325 and 400-mesh grind sizes. These results indicate that by grinding

the coals to minus I00 mesh (150 microns) it is po_iblc to achieve 90% pyritic sulfur rejection

at 90% Btu recovery. However, it is important to note that these separations are based only on

the specific gravity of the particles and provide an indication of mineral liberation, but not on

pyrite separability by processes that utilize other phenomena, such as surface behavior.

15.5 Wettability and Surface Characterization

The second part of the general characterization studies was directed at delineating the

nature of surface properties and included analysis of both macroscopic and microscopic

properties. Macroscopic properties evaluated included the wettability behavior (by film flotation,

contact angle and induction time measurements) and surface charge characteristics (as given by

zeta potential measurements). Microscopic characterization of the coal included surface

elemental composition analysis by ESCA (Electron Spectroscopy for Chemical Analysis) and

determination of organic functional groups by DRIFT.

Results of the wettability analyses using film flotation, ntact angle measurements and

induction time measurements indicate that the hydrophobicity of the coal follows the order:

Upper Freeport PA > Pittsburgh No. 8 > Illinois No. 6.
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Zeta potential measurements show that the isoelectric point (lEP), that is the condition (pH) at

O which the zeta potential is reversed, of the three base coals decreases in the following order:

Upper FreeportPA (pH 5.5)> PittsburghNo.8 (pH 3.5)> IllinoisNo.6(pH 2.5).

The orderofbothhydrophobicityandtheIEP ofthethreebasecoalsisthesameasthatofthe

bulkcarbon-to-oxygenratioandthedmmf carboncontentofthethreecoals.

The surfaceareameasurementsusingcarbondioxideas an adsorbategasshow that

IllinoisNo.6 coalhasthehighestspecificsurfacearea(172m2/g),followedbyPittsburghNo.8

150m2/g)andUpperFreeportPA (147m2/g).The surfaceelementalcompositiondetermined

byESCA and theoxygenfunctionalgroupsdeterminedbyDRIFT ofthethreebasecoalswere
i

not very conclusive.

15.6 Standard Grinding Tests

For preparing the feed for the flotation experiments, the coal was first crushed to minus

1/4-inch under inert conditions, and then ground in a stainless steel laboratory rod mill to produce

O material that was either 95% minus 28-mesh or 95% minus 200-mesh. For each grind, 500 grams

of coal was charged to the mill so that four 125-gram samples could be produced to be tL_...din

each series of flotation tests. Stainless steel rods rather than balls were used as the grinding

media because the product size distribution produced by rod action more closely simulates the

product produced by ata industrial ball mill/classifier circuit. For each coal and each grind,

whether wet or dry, a standard grinding condition was developed, including rod charge and grind

time, to prepare flotation feed with a size distribution of 95% passing either 28 mesh or

200 mesh. Identical mills and rods were located at each research site so that identical test feeds

could be prepared at each site. To increase the time (for better control) required for grinding

the coal to 28 mesh, the mill was charged with only 24 rods, whereas for grinding to 200 mesh,

the number of rods was increased to 42. From the standard grinding tests, the relative grindability

of the three base coals is in the following order:

Dry: Upper Freeport PA > Pittsburgh No. 8 > Illinois No. 6

O Wet: Upper Freeport > Pittsburgh No. 8 _ Illinois No. 6
PA
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The results also show clearly that wet grinding is more energy efficient (by nearly a factor two)

than dry grinding for ali three coals. 0

15.7 Standard Flotation Tests

A standard flotation test was developed in order to evaluate the effects of the grinding

environment and the addition of surface modifying reagents on the flotation response of the

coals. Pure dodecane was selected as the collector and MIBC (methylisobutylcarbinol) as the

frother. For these standard tests, a 2-1iter Denver laboratory flotation machine was used, with

the cell configured according to the DOE (PETC) design. The standard test procedures, that is,

the physical and operating variables developed for each coal are identical to each other except

for the dosage of collector and frother added to the flotation cell. Extensive preliminary studies

showed that the amount of collector and frother required are coal-specific and depend on the

inherent hydrophobicity of the coal. The standard dosages were selected SOthat the flotation

recovery was between 60 and 80 percent, but no attempt was made initially to optimize these

tests. Further, separate standard tests were developed for each coal sample with respect to

whether it had been ground dry or wet or to a nominal topsize of 28 mesh or 200 mesh. This Q

resulted in four standard flotation reagent additions for each coal. The collector and frother

requirements in the standard flotation of the three base coals is in the following order, in

accordance with the relative hydrophobicity of each coal:

Upper Freeport PA < Pittsburgh No. 8 < Illinois No. 6

An extensive QA/QC program shows that the results of both the standard flotation tests and coal

analysis obtained in the three different research sites (universities) agree quite weil.

Although increased efficiency of separation is always achieved by refloating the

concentrate, the standard test was designed to be single-stage only for simplicity.

The so-called Hancock efficiency index was used for assessing the separation efficiency of

the various flotation experiments. This index simplifies down to the sum of the combustible

matter recovery plus the pyritic sulfur rejection minus 100. Thus, if the initial project objective

of 90% Btu recovery at 90% pyritic sulfur rejection were achieved, the efficiency index (EIH) O
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would be 80. For 200.mesh wet-ground coal samples, the separation efficiency for the flotation

O separation of Illinois No. 6, Pittsburgh No. 8 and Upper Freeport PA coals under the standard

test conditions is 36, 50 and 52, respectively.

Optimization of the reagent addition with Illinois No. 6 indicated that the reagent dosages

used in the Standard Flotation Test were almost identical to the optimized dosage, while the

results of optimization tests of flotation machine parameters with Pittsburgh No. 8 showed that

the flotation machine parameters had little effect on the efficiency of separation and that the

standard tests also produced results close, to the optimum.

In order to _etermine the best results achievable with dodecane and MIBC using flotation,

release analysis curves were determined for 200.mesh grinds of each base coal. The maximum

separation efficiency obtained from the release analysis for Illinois No. 6, Pittsburgh No. 8 and

Upper Freer, grt PA coals is 65, 56 and 64, respextively. These numbers are to be compared with

those obtained from the standard flotation tests, namely 36, 50 a_d 52, respectively. As expected,

the results of the release analysis (flotation separation) for ali three base coals are not as good

" ,til as those of the gravity-based washability tests, which can achieve a pyritic sulfur rejection of 90%

_ at a Btu recovery of 90% with a separation efficiency of 80 at a 200-me.sh grind. This is because

washability tests (if done correctly) make a separation based on panicle composition (specific

gravity) whereas flotation makes a separation based on surface c_amposition and relative surface

hydrophobicity. Release analysis curves provide a good base for assessing the flotation

performance of various reagent_ used in comparing flotation separations.

- A procedure was developed for estimating the pyritic sulfur content of coal separation

products from their total sulfur and ash content. By assuming that the organic sulfur content in

the combustible material in a coal ks constant, a linear relationship is found among the pyritic

sulfur, total sulfur and the ash content of a coal sample. This linear relationship has been

confirmed from analysis of the products obtained from the various !_:3tation and washability tests.
ml

The values of the proportio_aiity constants in tae linear equation, for a specific coal are first

i determined from the experimental pyritic sulfur, total sulfur and ash contents of several coal

O separation products of the same coal using linear regression analysis. After the parameters in the
equation have been established for a particular' coal, the pyritic sulfur content of other separation
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productsof the samecoalcanbecalculatedbasedon their totalsulfurandashcontentusingthe

The resultshave shownthat the calculatedpyritic sulfur contentsof variouscoal 0equation.

samples agree very well with their experimental values. The main advantage of this procedure

is that it is reliable aztd rapid because total sulfur and ash coi_ter_,_of coai can be determined

easily using microprocessor-controlled machines.

15.8 Effect of Grinding Environment

A study of the grinding environment indicated that wet grindivg resulted in a higher

flotation yield and combustible material recovery than drygrinding for 200-mesh Illinois No. 6 and

Upper Freeport PA coals at the same standard reagent dosages, respectively. A further study on

behavior of 200-mesh Pittsburgh No. 8 coal showed that the separation efficiency of wet-ground

samples is significantly higher than that of dry.ground samples. On the other hand, grinding in

an inert atmosphere and floating with either air or argon as the carrier gas had little effect on the

flotation performance for ali three coals, as compared to grinding and floating the coal in an

uncont.olled atmosphere. Therefore, it was concluded that grinding and floating the coal in air

(uncontrolled atmosphere) should be satisfactory for industrial pu_. Grinding the coal wet Q

should also be used industrially because of the reduced energy consumption for grinding. With

respect to the points of reagent addition, both the flotation yield and the flotation rate constani

of hydrophilic Illinois No. 6 coal were higher when the collector was added to the mill betbre

grinding than when the collector was added to the cell after grinding. However, for

Pittsburgh No. 8 and Upper Freeport PA coals (more hydrophobic coals), the flotation yield is

lower when the standard dosage of the collector is added to the mill before grinding. Similarly,

the flotation yield is significantly reduced when the standard dosage of the frother was added to

the mill for ali three coals. Finally, grinding coal in a ceramic mill was not found to improve the

flotation performance of the coal studied.

15.9 Surface Modification

Surface modifiers, which are reagents that interact with or adsorb on the surface of coal

or on pyrite and thereby should make the coal surface more hydrophobic or pyrite more O
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hydrophilic, were tested to enhance the separation of pyrite from coal by advanced froth flotation.

O The effect of pH, controlled by the addition of lime, was studied as a step
first and the results

showed that the flotation yield of 28-mesh dry-groundPittsburgh No. 8 coal decreased when the

pH was raised above 10. At the same time, there was a steady increase in the pyritic sulfur

rejection from minus 28-mesh coal, prepared either by dry grinding or wet grinding. The drop

in the yield and the efficiency index above pH 6 was more dramatic for the minus 200-mesh dry.

ground material and above pH 8 for the minus 200-mesh wet-ground coal. Similar results were

obtained for Illinois No. 6 coal. The Upper Freeport PA sample did not exhibit any drop in yield

up to pH 10. Because the flotability of both coal and pyrite decreases at pH's above 8, rejection

of pyrite at high Btu recovery can not be accomplished solely by controlling the pH.

Although the effect of pH on the flotation behavior was easily observed, the physical

changes occurring on the surfaces of the coal and pyrite upon change in pH, were not obvious

and an extensive studywas undertaken to try to elucidate the underlying phenomena. The major

5nding of this investigation was that the pH at which the grinding step is carried out is extremely

O important. When coal is grou_adat low pH, various soluble metal cations are introduced into thecoal slurry and if the pH is subsequently increased, these cations begin to precipitate as

hydroxides, often onto the surface of coal and pyrite particles, causing the yield to decrease. On

the other hand, if the coal is ground at a higher pH, metal cations are not solubilized and

therefore do not subsequently precipitate during flotation, lt was found that when

Pittsburgh No. 8 coal was ground and floated at relatively high pH (6-10), the flotation yield is

higher than when the coal was ground at natural pH and subsequently floated at high pH, The

overall effect of grinding and floating at the same pH results in an increase in the separation

efficiency.

One series of modifiers tested involved various anionic surfactants. Coal surface

modification was attempted by adding these surfactants to the flotation cell and evaluating their

effect on the flotation product. Of the anionic reagents tested, only Aerosol OT (2-

ethylhexylsulfosuccinate) resulted in a small improvement in the flotation response of

O Pittsburgh No. 8 coal, using the standard collector and frother dosages. Other anio_'_csurfactants
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tested, 4-t-butylpyridine and 2-(1.butylpentyi)pyridine, do not appear to have promise as flotation

reagents for aiding coal desulfurization. O

A number of nonreactive nonpolymerizable reagents, such as methanol, ethanol,

alkylbenzaldehyde and glyoxal, were also tested to determine their effect on the flotation

performance of the three base coals. The addition of methanol during the wet-grinding of Upper

Freeport PA coal to minus 200 mesh resulted in a combustible material recovery of 86% and a

pyritic sulfur rejection of 81% (EIH = 67), representing a substantial improvement over the

standard flotation test. However, no such improvement was observed for Pittsburgh No. 8 or forL

Illinois No. 6 coal. The improvement obtained with methanol suggested that other alcohols may

also have beneficial effects on flotation. While the improvements in performance for Upper

Freeport PA coal using ethanol were comparable to methanol, some improvements were achieved

with Pittsburgh iNo. 8 coal but none with Illinois No. 6 coal. Tests with butylbenzaldehyde,

another non-polymerizable reagent, did not result in any improvement in performance over the

standard test. In addition to these non-polymerizable reagents, a number of other organic

reagents that have functional groups which might interact with coal surface sites and possibly alter

the flotation behavior were also examined. These included ethylene glycol, polyethylene glycol,

succinic acid, pentyl ether, butylamine and dipentylamine. However, none of these reagents was

tbund to improve the pyrite separation efficiency over that obtained in the standard tests.

Organic monomers, which can polymerize to form large hydrocarbon macromolecules, were

added during grinding to determine if mill conditions were conducive for the polymerization

reaction to occur between the monomer and newly generated coal surface sites. For a number

of practical consideratiom vinyl acetate, styrene, diisobutylene and methyl methacrylate were

selected for testing. The coals were dry ground with the monomers in an argon-purged rod mill.

Some increase in yield was observed. After extensive testing, observed increases in flotation yield

were attributed to an increase in the amount of hydrocarbons present during flotation and not

due to graft polymer formation because saturated analogs of the monomers such as ethyl benzene,

ethyl acetate and 1,1,4-trimethylpentane affected flotation to the same extent. Commercially

available monomers are generally available only with an inhibitor added to prevent violent

polymerization from occurring. Since the inhibitor may prevent polymerization with coal surface W
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sites, vinyl acetate was distilled to remove the inhibitor, thereby obtaining a pure monomer for

O testing. The tests using vinyl acetate without inhibitor did not result in any improved flotation

performance over that in which the inhibitor was present. This research indicate, that without

the addition of external free-radical initiators, the formation of in.situ graft polymers on the coal

surface doe, not appear to be a technically feasible approach in advanc,ed coal flotation.

The function of dodecane in the flotation of coal is to enhance the hydrophobicity of the

coal particles. However, a detailed study of dodecane addition on coal flotation showed that

dodecane adsorption is non.selective and at high dosages, pyrite and ash are also rendered

hydrophobic. In order to obtain better separation efficiency, lower dodecane dosages and higher

MIBC dosages should be used in the flotation. For a relatively hydrophilic coal such as

Illinois No. 6, larger dodecane additions are required to recover the combustible material, which

contributes to increasing the flotation of pyrite and ash in the clean coal. For this reason, a series

of nonionic surfactants were testez! to determine if they provided better flotation selectivity than

dodecane for hydrophilic coal. These reagents, oxygenated alkyl aromatic compounds, were found

O to be powerful collecting reagents for Illinois No. 6 coal at reagent additions as low as 1/10th of
that of dodecane. The oxygen groups tended to decrease the separation efficiency of the

reagents, with nonylbenzene giving the best separation with the purely alkyl aromatic series.

These reagents have a similar effect on Pittsburgh No. 8 coal. Because the interaction of

oxygenated compounds seems to be dependent on oxygen sites on the coal surface, this

investigation was extended to the flotation of oxidized coals. Laboratory-oxidized

Pittsburgh No. 8 coal was floated with dodecane and with two different compounds of this series.

Dodecane alone was not able to render the surface of the coal sufficiently hydrophobic, resulting

in low combustible matter recovery. (CMR values). However, the addition of oxygenated

compound resulted in large CMR's at relatively low dosages as compared to that of dodecane.

The effect of commonly used dispersants, namely sodium silicate and sodium

hexametaphosphate, on the separation efficiency of Pittsburgh No. 8 coal was also studied. The

results show that neither of them has much effect on pyritic sulfur rejection or on ash rejection.

0
: 15-11

,)



15.10 Pyrite Depressants

A number of organic reagents having different functional groups were tested to determine O

their pyrite-depressing effect. The results show that glycerol monothioglycolate, mereaptoacetic

acid, 2-mercaptoet:hane.,_ulfonicacid, aminoacetic acid, aminoethanesulfonic acid and sulfosalicylic

acid imps'rwei"y.hCseparattonefficiency when added to the mill in the grinding stage. For instance,
, , ,, f ' ,

grinding Pittsb_i-gh _:No.8 coal with 2-mereaptoethanesuifonic acid (1.0 ib/T) results in an

improvement of pyrite rejection of about 10 percent at similar CMR with single-stage flotation,

an improvement of about 20% with two-stage flotation.

However, a number of effective ore pyrite depressants, such as calcium cyanide, xanthated

polyacrylic acid, xanthated sucrose, and xanthated citric acid, were found to be ineffective

depressants for pyrite in coal flotation. In order to reduce the hydrophobicity of pyrite, hydrogen

peroxide (H202) was also tested as a selective oxidant for pyrite in coal flotation. The results

show that the addition of hydrogen peroxide reduces the flotability of pyrite, but it also reduces

the flotability of coal to the same extent. Thus the addition of hydrogen peroxide to coal

flotation has no effect on pyritic sulfur rejection and ash rejection.

Because Illinois No. 6 coal is relatively hydrophilic and almost no material floats without

the addition of an oily collector, flotation of pyrite from this coal, known as reverse flotation,

using xanthate and dithiophosphates as collector was tested in order to increase the separation

efficiency. However, the results were not promising because the collector dosages required were

high and substantial amounts of coal were also recovered in the froth.

15.11 Coal Flotation Kinetics

A flotation kinetic study was undertaken to systematic_._llydelineate the effect of particlei

size on the recovery and rate constants for the flotation of cos! and the associated mineral matter.

For this purpose, the three bituminous coals were ground wet to produa flotation feed at three

different top sizes, namely 28, 100 and 200 mesh, This study showed that in the batch flotation,

the kinetic behavior of coal flotation can most simply be described by a first-order kinetic model

with a sine function (in the range of 0 to _/2) of flotabilities for the floatable panicles. The

ultimate recovery and flotation rate constant obtained by fitting experimental results with this

i5-i2
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kinetic model represent the ultimate recovery of coal and the rate at which this final state can

be reached, respectively.

The ultimate recovery of the combustible material is significantly higher than that of ash

and pyrite, whereas the flotation rate constant of the combustible material is only slightly higher

than that of ash and pyrite. This may indicate that the floated portion of ash and pyrite is either

locked with coal or carried over by the froth with the coal.

At constant reagent dosages, the flotation rate constant decreases significantly as the grind

size of the flotation feed is decreased, due not only to the low collector coverage on the surface

of the coal particles but also to froth overloading during the first half minute of flotation of the

fine feed.

The effect of particle size on the flotation recovery and rate constant of coal is not as

pronounced as in mineral flotation due to the low specific gravityand the hydrophobic nature of

coals. The effect of particle size is small for the more hydrophobic coals, higher reagent dosages

and smaller top feed size of coal. For minus 28-mesh coal, the intermediate size fractions (48 x

O 100 and 100 x 200 mesh) exhibit higher ultimate combustible material recovery than the larger
(plus 48 mesh) and the smaller (minus 200 mesh) size fractions for ali three coals. The flotation

rate constant of Illinois No. 6 coal also exhibits a maximum at intermediate sizes, whereas the rate

constant of Pittsburgh No. I:l and Upper Freeport PA coals increases monotonically with the

increasing particle size. For 10li-mesh grinds, the ultimate CMR increases and the flotation rate

constant decreases with decreasing particle _ize. For 200_mesh grinds, both the ultimate CMR

and the rate constant increase as the partick_ size is decreased.

An increase in reagent dosage for minus 200-mesh coal increases the flotation recovery and

the rate constant of the plus 400.mesh size fraction more than that of the minus 400.mesh size

fraction. At the same time, the increase in pyrite recovery is greater than that of coal, resulting

in an overall decrease in the separation efficiency. In general, low recovery of the relatively

coarse coal particles and high recovery of fine pyrite particles are the major problems in

separating pyrite from fine coal using froth flotation.

0
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15.12 Flotation Optimization and CircuiLs

The effect of frother conditioning time on separation efficiency and flotation kinetics of /
V

the base coals was studied. The results show that the separation efficiency does not vary with the

frother conditioning time whereas the flotation rate constant decreases with the increase in the

frother conditioning time (in the range 0.5 to 3 minutes). At optimized reagent dosages of

dodecane and MIBC, the maximum separation efficiency of 100-, 200- and 32S-mesh Upper

Freeport PA coal is about 65 with a single.stage flotation. This indicates that grinding this coal

finer than 100 mesh does not result in significant improvement of the separation efficiency, which

is in accordance with the results obtained in the washability tests.

The effect of various flotation circuit configurations on the separation efficiency of the

base coals was investigated. These circuitsconsisted of closed-circuit flotation, cleaner-scavenger

circuits, and circuits with staged-reagent additions. In general, two-stage flotation (recleaning the

concentrates) can improve the separation efficiency significantly over single-stage flotation. The

the best results were obtained by refloating the middlings (the tailings from the cleaning stage)

with new flotation feed (closed-circuit flotation).

The flotation column is generally considered to be more efficient than conventional

flotation machines for fine coal cleaning. The separation efficiency in a single-stage column

flotation was found to be the same as that obtained in two-stage flotation with the conventional

mechanical flotation cell. By pre-cleaning 28-mesh coal with a shaking table and floating the

table concentrates after they had been reground to minus 200 mesh, the separation efficiency can

be improved significantly over that obtained by the standard flotation of 200-mesh coal. This

separation efficiency was found to be equivalent or better than that obtained by two-stage

grinding along with two-stage flotation.

Under the best flotation conditions, the maximum separation efficiency obtained for

200.mesh Upper Freeport PA coal is 75 (combustible material recovery of 89% and pyriticsulfur

rejection of 86%). This value, reported by the University of Utah, was achieved by floating wet-

ground Upper Freeport PA coal at natural pH in a closed circuit for five cycles with 4.0 lb/T

butanol added to the grinding stage. This efficiency index is significantly higher than that

obtained in the standard flotation test (El H -- 52) and in the release analysis using dodecane and
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MIBC (El H = 64). For 200-mesh Pittsburgh No. 8 coal, the maximum efficiency index is 71

O (CMR = 91% and PSR = 80%), reported by University.
Columbia This result Was obtained by

two-stage flotation of 2fJ0-meshPittsburgh No. 8 coal, which had been ground wet at pH 8 (with

sodium hydroxide added to the grinding stage). The flotation test was conducte..dusing 1.95 lb/'r

of MIBC at the same pH as in the grinding stage. The maximum efficiency index for

Pittsburgh No. 8 is also significantly higher than that obtained with the standard flotation

procedure (EIH = 50) and in the release analysis asing dodecane and MIBC (EI H = 56). For

200-mesh Illinois No. 6 coal, the maximum efficiency index that was obtained is 56 (CMR = 78%

and PSR = 78%), which was achieved by two-stage flotation of a coal sample that had been wet

ground with 1.0 lb/T of mercaptoacetic acid at natural pH (about 4). The reagents used in these

tests were the standard dosages of dodecane and MIBC. Although this value is low, it is still

significantly higher than that obtained in the standard flotation test (EIH = 36) and in the release

analysis for the sample that had undergone the same storage time (EIH = 42). However, this

value is lower than the value of EIH obtained in release analysis for the coal samples with a

shorter storage time (EI H = 65) where less degradation of the coal samples had taken place

O during the storage. Illinois No. 6 coal is more susceptible to oxidation than Pittsburgh No. 8 and

Upper Freeport PA coals. Because of the lower hydrophobicity, Illinois No. 6 coal is also the

most difficult coal to clean among the three base coals.

15.13 Coal Weathering

Coal weathering studies were conducted on three size fractions, plus 1-inch, 1-inch x 1/4.

inch, and 1/4-inch x 0. Each size fraction was screened in the field and stored in three different

modes: i) inert, in drums under an argon atmosphere; ii) covered, in drums without lids but with

plywood boards on top; and iii) open, in a stockpile completely expo, ed to the atmosphere. A

total of thirteen weathering increments was collected, the first six on a biweekly basis starting in

November 19_:_8,the next four on a monthly basis, and the final three increments on a bimonthly

basis. Each increment was inerted with argon before being shipped to Berkeley and to the

University of Pittsburgh for characterization studies.
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Physicalandchemicalchangesthatmightoccurduringthestorageofcoalwereexamined

bycharacterizingtheweatheredcoalsamplesusingvariouste.chniques.Thischaracterization_t

include.dsizedistribution,proximateanalysis,DRIFT spectrOScopy,zetapotential,standard

flotation,filmflotationandinductiontimedeterminations.The proximateanalysisshowedthat

no appreciabledecreaseinthevolatilematteroftheweatheredsamplesoccurredoverthe13-

monthweatheringperiod.The particlesizedistributionoftheminus28-meshfractionscreened

fromtheminus I/4-inchsamplestoredinopen mode indicatedthatforIllinoisNo. 6 coal,

particlesin the intermediatesizefractions(suchas 28 x 35 mesh) became more friable,

contributingtoanincreaseintheamountofmaterialinthefinersizefractionsastheweathering

tirncincrcascd.ParticlesizeanalysisoftheI/4-inchx 28meshmaterialindicateda progressive

increaseinthefinesasweatheringprogressed.Interestingly,thesizedegradationthatwas

observedfortheIllinoisNo.6 coalsampledidnotoccurwitheitherPittsburghNo.8 orUpper

Freeport PA coal.

A comparison of the DRIFT spectra of the research and weathered samples for each of

the three base coals showed some differences between them. Spectra for Illinois No. 6 weathered

for short periods of time showed 'the presence of a peak corresponding to the carbonyl group

(1655 cre'l), indicating a certain degree of oxidation. No carbonyl peaks were found in the

DRIFT spectra of the weathered samples of Pittsburgh No. 8, indicating that this coal is less

susceptible to oxidation by weathering for short periods of time. No peaks assoc.iated with
,.

oxidation products were obtained for Upper Freeport PA weathered samples.

Film flotation tests conducted on the weathered sample.,.'_of the three base coals showed

a slow drop in hydrophobieity initially, followed by a rapid decrease after five months of

weathering. Weathering began in the winter, and only after the weather began to warm up in

the spring did the Pittsburgh No. 8 and Upper Freeport coals begin to weather. Furthermore,

both film flotation and induction time measurements clearly indicated that the hydrophobicity of

the weathered samples is a function of the storage environment. Specifically, the hydrophobicity

of coal stored in the inert mode is greater than that for coal stored in the covered and open

modes for similar periods of weathering. The bubble/particle contact time for Illinois No. 6 stored

in the open mode increased from 60 milliseconds for Increment 1 to 1750 milliseconds for

!5-!6



Increment 13. The same trend was observed with the other two coals, but, the increase in

O induction time was not as dramatic. Wettability tests done with the Hallimond tube (up to

Increment 4) indicated that the hydrophobicity of the weathered samPles drops only marginally

and that the yields were less than that of the research samples, probablydue to the lower ash

content in the research samples.

The standard flotation test procedure developed for this program for the 28-mesh ground

coal was also used to float the minus 28-mesh weathered material g:reened from minus 1/4-inch

fraction. The results showed that there is a decrease in the flotation yield as compared to the

freshly ground research samples. This drop was higher for the open mode as compared to the

covered and inert modes for the same weathering time. The rate of decrease in the yield is also

coal-dependent, with Illinois No. 6 coal yield decreasing veryrapidly initially as compared to the

other two coals before levelling off at a yield of 28%. The recovery of Pittsburgh No. 8 and

Upper Freeport PA coals decreased little during the first 5 months of weathering and then

decreased rapidly for coals weathered through the summer months. This behavior seems to

O correlate quite well with the temperature in the weathering sites. When the weathering
_:_mperature rises, the oxidation of the coals is more significant. After 9 months of weathering,

the yield for these two coals increased slightly, the reason for which is not clear at this point.

Induction time measurements also show an increase in the apparent hydrophobicity of Upper

Freeport PA and Pittsburgh No. 8 coals that had been weathered for longer than 9 months.

Flotation pulp pH in the standard flotation of the minus 28-mesh weathered coals was also

decreased as the weathering time increased.

Grinding of the 1/4-inch x 28-mesh material to mintLs28 mesh before flotation restored the

yield equivalent to that of the research samples, indicating that the effect of weathering is mainly

limited to the external surfaces only. Therefore, coal should be stored as coarse as possible in

order to minimize the detrimental effect of oxidation on the surface hydrophobicity of coal. In

addition, the largest decreases in the hydrophobicity of the coals oc_'urred at the onset of spring

and summer temperatures, suggesting that if coal must be stored, significant changes can be

O expected to occur and these will be a function of ambient temperature.



15.14 Degradation of Stored Coal Samples

Although the research samples were inerted carefully under argon atmosphere, degradation O

of the stored coal samples has been observed during the course of this research. The separation

efficiency under the same flotation conditions decreases for coal samples that had been stored

under the "inert"environment for a long time. This suggests that in any research effort extending

over a period of time, it is necessary to regularly collect newly mined samples that are as close

to the original location in the region as possible. Without this regeneration of coal samples, the

results obtained from the latter part of any research project must be viewed with caution.
!



16.0 RECOMMENDATIONS FOR FUTURE WORK

O This extensive investigation on surface control for pyritic sulfur removal from coal by

employing advanced flotation concepts has shown the necessity for in.depth fundamental research

in a number of areas which impinge on this problem. Recommendations are outlined briefly in

the paragraphs that follow:

1) Because locked coal.pyrite particles account for some of the pyritic sulfur in the cleaned

product, research should be directed at finding innovative routes for enhanced liberation

at coarser sizes, using new energy-efficient, industrially-provengrinding machines, such as

the high-pressure roll mill, possibly in combination with conventional milling, and stirred

ball milling.

2) More detailed study of the kinetics of coal flotation should be carried out to delineate

more fully the distribution in flotation rate constants, for quantifying the effects of

- particle size (coal, ash, pyrite)

- reagent type and dosage

O - aeration rate and other operating variables

- flotation machine design

This should be of value for realistic simulation and design of advanced flotation systems.

3) Delineate the mechanism of pyrite flotation in coal, including factors that contribute to the

hydrophobicity of pyrite, entrainment of pyrite in the froth and the flotation of locked

particles. Such an investigation should cover the effect of froth stability and other

characteristics of the froth in order to understand the physical phenomena responsible for

entrainment of pyrite in the froth.

4) Study of pyrite surface modifiers and their selective adsorption on pyrite. Continued

search for new functional groups on reagents to act as surface modifier/pyrite depressants

in coal flotation should be carried out and tested. Interesting leads should be followed in

order to come up with the most promising compounds with regard to cost and

O effectiveness. New compounds and functional groups should be explored as depressants

1_ 1
11_r" ,L



for ash.Fullcharacterizationofthesystemsshouldbe carriedoutinordertoprovide

fundamental knowledge of surface modification processes.

5) Study of the modification of oxidized coal surfaces in order to restore hydrophobMty.

Some coals oxidize more readily than others and this results in a lower combustible matter

recovery. The highly effective oxygenated alkyl reagents should be studied farther to find

a more selective surface modifier, which could lead to a more selective, yet efficient, way

of enhancing the flotation of oxidized c0al.

6) More detailed investigation of the modification of coal and pyrite that occurs during

grinding should be carried out. The reaction of reagents with the new surface that is

formed during the grinding step could result in lower reagent dosages and shorter

conditioning times. Savings in reagent cost as well as equipment cost per ton of coal might

result.

7) Investigate the development of laboratory..scale procedures to simulate flotation circuits

with optimum combination of experimental inputs and circuit modeling. Studies should be O

carried out to clearly show whether release analysis or tree, flotation is indeed machine-

independent, This should be highly useful for more realistic evaluation of new reagents

and also for advanced flotation circuit simulation.

8) Consider more complex circuits, for example the use of classified feeds or combined

gravity/flotation circuits. Each process has its own advantages as well as limitations, and

a combinatioa process might result in the best of each approach. Hybrid processes, such

as combination of agglomeration/flotation processes, might prove beneficial.

®
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Fisure 4,19 Particle size distribution for Illinois No, 6 coal w88,habili57
t.est samples around t,o I00, 200 and 400 mesh top size friction,

. , u, ,.m -- j

g100 _¢¢SaX 0 _,00N¢_ X o ,00 _ X 0
Cure,Z _a_,_. _ .Cmm_Z..pes,+.,. .S...t_. ,._..m,Z ;)es.,+

2,6 4.1 2.8 6,1 2.8 17,3
3,9 6,6 ' 3,9 10,2 3,9 23,4
5,5 10,4 5,5 12.8 5.5 33.5

7.8 15.4 7.6 17,4 7.8 4,.I
II.0 21,8 11,0 25,6 11,0 55,9

16,0 29,9 16 0 35.0 16,0 69.1
22.0 37,6 22 0 44,7 22.0 80.8
31.0 47,3 31 0 58.1 31,0 92,2
44,0 5(i,9 44 0 75,4 44.0 I00,0
62.0 65,0 62 0 90,0
88,0 78,6 88 0 100,0

Fisurs 4.23 PartlcLs size dlstribu_ion for Pittsbursh No, 8 coal washability
test samples around to I00, 200 and 400 mesh c,op size fraction,

100 _ Y 0 200 _ X 0 400 _ X 0

Siz____eCum. Z vsss_. Siz..___e_ Siz+__._eCum. I pass,

2,8 2,1 2,8 4 5 2 8 9.9
3,9 4,3 3.9 7 1 3 9 14,6
5,5 8,3 5.5 11 7 5 5 21.8

7.8 13,1 7,8 18 3 7 8 31.0
11 0 18,8 11.0 26 8 II O 43,5

16 0 25,5 16,0 35 5 16 0 56.8
22 0 37,_ 22.0 47 9 22 0 71,6
31 0 41.3 31,0 63.0 31.0 89.0
44 0 51.3 44,0 78,6 44,0 100,0
62 0 60 +9 62.0 92.2
88 0 72,2 88.0 99.8 _l_
105 0 84,4 125+0 100.0
150 0 87,4

Fisuro 4,28 Particle siza distribut.ion for Upper Froeport PA cos1 washability
teat_ smunplas 8round _o 100, 200 and 400 mesh top size fraction.

mL__ ,,,, __ ' _ '' --

100 MESH X 0 200 MESH X 0 400 _ X 0

c_,_ _:_ass. _ _ _ C_, z pass.

2.8 4,7 2,8 10,7 2,8 13,8
3.9 7,3 3,9 14.5 3,9 19,1

5.5 11,8 5,5 21.9 5.5 28.0
7.8 17.2 7 8 30.5 7,8 39.2
II.0 24,1 11 0 40.8 II,0 51.2
16,0 31,7 16 0 53.2 16.0 64.4
22,0 *0,0 22 0 66.1 22.0 77.7
31.0 49.6 31 0 80,5 31.0 90,7

44.0 58,6 k4 0 93.7 44,0 100,0
62.0 66,2 62 0 100.0
150.0 95,9

, ...,, , . . ,.....mmmm.

+.,

@
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FLsure 5.1 PAIs flotation partition curves for _he _h=_e base coals.

e tz]g.o.
33.0 0.0 0 0 0,0
36.5 0.0 2 4 1,0
40.5 2.8 14 3 4,6
45.0 14.4 44 4 41.0
48.0 48.7 6_2 9 64.8
51.0 54._ 81 7 66,0
.%.5 67.7 92 6 97.1
58.8 87.0 96 9 99.0
64.5 84.3 97 9 100.0
72.7 96.6 99 1 100.0

FLsu=e 5.2 ZnductLon time curves _ndica_in$ 't`ho percentass of fzuitfuL contacts
al a funct`ion of cent`act` t_mo in microseconds for a 100 x 150 mesh eomplo
of Ptt`t`sbursh No. 8 coaL.

, J Hi ii m ii mm

Contact. t_me _'=uit`ful cent`act`s,
.m_crosec_s 2¢Lf.E_.

1100 90
i000 100

gO0 80
800 80
700 70
600 50
550 45
500 30
_50 30
300 15
250 20
200 10

e P¢&ure 5.3 Induct.iont`imecurves indica_in8 the percentage of fruitful con_act`sas a function of cent`act time _n microsecond= for 100 x 150 mesh samples
of three base coal.s,

XM,IN3IS 10. 6 PI_ liD, 8
Contact time, Fruit`fuLcont`acts, Contact tlme, FruAt`fu].contacts,

m_crsAecond p._ m_cr_second_ lp_rcen_

_400 90 1100 90
l_00 75 ),000 1.00
1ZOO 70 900 80
:2_0 60 800 60
1000 55 700 70
800 50 600 50
500 40 550 45
_0o 15 500 30
_,oo 20 400 30

300 15
_T PA 250 20

Contact t_me F=us_ful contact`a 200 I0

350 i00
300 90
250 80
200 80
170 70
150 65
120 40
i00 55
e0 45
70 40

50 30
,.0 20

i ..: : .....m_,m_u_lmt_im......... . : .... •....... • ,i, _ i m J 1 iv,m
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Flsure 5.4 Induction time curves _ndlcat_nl the percent•Be of fruitful
contacts as • function of contact time for I_lnoie No. 6
for both undesllmad and desllmed fresh Iround esmp_as,

Contact Fruitfut Contact Fruitful

200 14 100 6
250 22 150 14
300 18 200 14
350 28 250 20
400 24 300 22
420 32 350 34
450 46 400 41
470 _6 450 44
500 50 470 51
520 56 500 52
550 51 550 60
570 54 600 66
600 6Z 650 50

, 620 60 700 64
670 65 750 82
700 78 800 74
800 74 850 70
go0 8_ go0 80

Filure 5.5 -'nduct_on tzme curves inducer, ins _he percent•so of fruitful
contacts as • ,funcLion of contact time for Ptttsbuz'eh No. 8 coal
for und•slimed and de•limed fresh sr•und laJllplas.

UilDE_,_IED DE_.ZIqED
Cont,act Fruitful Contact, Fruitful

t.lLme, ms c_9._t,lc_., Z time. ms _xll;.ac_. _[

I00 22 50 18

150 36 70 18 mL
200 42 I00 32
250 45 120 38
260 50 150 46

270 50 170 46
290 56 180 50
300 53 200 52
320 55 210 58

350 59 220 62
_00 62 250 72
50O 74 280 84
600 76 300 90

330 90
350 94

Fzsur= 5,6 Induct, ion timo curves indicatins _,he percentsse of (rultful

contact_• as • functJ.on of contact _=ae foc Upper Freeport PA
undo•limed and doel/mad fresh •round esmplo•.

URDE_.,DPI[D DZ:SI,I!'!_
Cont, sct. Fruitful Cont,•ct, Fcultful

_._._._ ms con_•ct, z _-t,-_. SP--n-tJ/.L. --z

50 26 50 25
70 3_ 60 35
80 38 70 44
90 42 80 52
i00 _6 90 52
110 55 100 61
130 64 150 78
150 73 200 go
200 86 250 94

250 90 300 9B
300 96

^-2,7



FA6ure 5.7 Zeta PotentAal versus pE Curve for ZlIAnols No. 8 Coal,

O 2. oer _ N Kiteb 21IPL! DXST_ t4AI_Z
2.75 -1.G0 2 83 5.10
4,03 -1G 00 3 42 -4.40
5.89 -22 30 6 78 -31,10
5.95 -24 20 7 65 -38,70
7.28 -39 60 9 27 -39.50
7.94 -al 40 10 89 -58,90
8.63 -44 60
9,02 -47 20

10.31 -52 50
10,98 -55 80

Fisure 5.8 Zeta Potential versus pH Curve for Pittsbursh No. 8 Coal.
--_mmm_ml

2.00IF 3 M KRO3 Y2.IEt_Y DISTILLED bIATi_

2,70 10,00 2,83 9,30
4 .44 -5,57 4,50 '-1,50
4 ,84 -2.50 7,15 -31.60
5.53 -21.80 7,55 -46.70
5.61 -2_., 90 9,99 -56,00
6.56 -23,i0 i0,68 -61.20
8.26 -50,15
I0,18 -61.I0
i0,44 -69,00
11,48 -58.20

F_sure 5.9 Zeta PotentAal versus pH Curve for Upper Freeport PA Coal.

O 2.OOE "J M _ TR/PL? DISTILLED blATER
Z,___p._o!._..m_v p__ Zeta_ot,. mv

2,82 24.07 2.80 18 70
4.57 3,90 5.40 -5 90
6.02 -17.20 7.20 -31 90
5,45 -_5,40 7.40 -49 50
7,51 -3_,60 8,I0 -47 60
10.37 -75,40 11.30 -65 80
11,50 -71,60

Fisure 6.1 Comparison of the size distribution of the products obtaAned by BrindAns
IiIAnois No, 6 coal in ball and rod mills for four minutes,

_l_Z t_I_XGETPi_ PASSIIIG

Size. msah _ _
200 0.5 17.0 34 7
150 0 6 20.5 40 I
100 1 1 25,9 48 5
65 2 2 32.5 57 4
48 4 0 40.3 63 2
35 6 0 51.5 66 4
28 8 7 64.2 68.0
20 12 5 80.5 69.2
1_ 16 8 91.6 70.1
10 24 0 96.6 71.5
8 33 0 98.0 73.1
7 ......

6 49,4 ....
._ ......

4 ......

O 3.5 87.5 ....

A-28



Fiaure 6.2 Particle size distribution of Illinois No, 6 coal 8round In the rod mill
for different 8rlnd ttme|.

Size, CgHIILaTIVE t_EIGHT _ PASSING _ _ TD4KB (IN MIIIUt'ES)

400 5 27 8.56 12.53 17,95 29,81 57.3 75.8 90 4% 96,9
270 6 1 9,1 14.26 19 53 33.81 65.96 85.93 97 95 98.78
200 7 14 10.13 17,03 22 26 40.45 60.46 97.72 99 69 90.21
150 8 78 12,17 20.53 27 85 50.13 95.U5 00.40 99 82 99,4
100 0 95 15,61 25.95 36 12 61.35 99.16 99.82 g9 69

65 13 75 20.95 32,54 47 19 75.84 99.69 99.02 99 93
48 17 43 27.61 40.3 61 3 92.29 99,97 99.97 100 0
35 24 5 36,26 51.57 81 38 98.95 100.0 100.0
28 30 18 45.61 64.16 94 91 99.44
20 38 14 58.57 80.55 98 05 99,5*
14 46 38 71.53 91,6 96 52 99.61 '
10 58.85 85.46 96.59 98 92 99,65

8 69.89 91.98 97.96 99 09 99.67

Fiauro 6.3 Particle size distribution of Pittsbursh No, 8 coal 8round in the
rod mill for different 8rlnd times,

Size CUIIULhTITE WEIGET PERCERT PASSII_ F_R GRIRD TIMBS (IN HIInJTES)

_00 5.99 9,26 ..........
270 7,08 10.72 ..........
200 8,65 13.11 18.57 31.73 44.08 60,67 98,82
150 10,81 16.55 22,89 37.67 51,89 68.32 99.78
i00 13,51 21,17 28.85 46 00 63.42 81,66 99.87

65 16.95 26.89 37,19 56 56 77.47 96.3 --
48 21,25 34.08 46,58 69 85 92.09 99.7 --

35 26.94 42.71 58,87 85 *3 99,23 99.94 --
28 33.58 53.18 72.9 96 51 09,93 99.97 -"
20 42.00 66.75 88,58 99 7* 99.98 99.98 -"
14 50,81 79.55 95.6'7 99.9_ ......

qP10 62.98 91.94 97,42 ........
8 74.9 95.95 97.76 ........

Fiaure 6.4 Particle mize distribution of Upper Freeport PA coal 8round
in the rod mill for difZerent $rind _imes,

j, ...... , ,, ,i __, ..... ,,, --

comlJ_l_ NZIG_rf _ PASSI]WI
Size /CE GRI]ID TINES (11_)

Z ! .,17,

_00 8.65 33 48 95,49
270 10.26 43 13 99.39
200 13.25 54 03 99.57
150 17.74 68 55 09.8
I00 23,12 85 68 99.6*

65 30.49 98 45 99.9
48 39.55 99 87 99.95
35 51.54 99 94 --
28 65.46 99 97 --
20 82.06 ....
1. 69.81 ....
1o 95.5* ....

8 96.89 ....

®
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Fl6uro 6.5 Effect of number of rods on the particle size distribution of 6round product
of Illinois No. 6 coal confon_ins to 95 percent pasetn6 throush 28 mesh.

0 C't_UI_TI'VE t_IGET lqmCzlrT pAssIIIO

Size (110. ai _ _ & _ T]],_S)

200 36,4 .......
150 42°66 27,84 -- 28.19
100 52.76 36,86 37.87 38.47

65 66.69 49,8 50.2 51.66
48 80.77 65,86 65,3 67.22
35 89.41 84,47 82.61 83.91
28 92.83 95.22 94,47 93.78
20 94,47 98,43 98,1 97,18
16 95.31 99,22 98.58 98.26
10 95°93 99,69 98,81 98,92

8 96.13 99,84 98.87 98.92

Figure 6.6 Effect of number of rods on the production of minus 200 mesh for
Illinois No. 6 coal for a &rind time of 8 minutes.

No. of CUI4/LATIVZ _ PASSIilG 200 14ZSH

Rod____s Dr_ Grind_n_

24 36.4 29,07
36 47.1 51.56
42 51.4 60.56
48 53.6 64.92

Fisure 6.7 Effect of the number of rods on 28-mesh material produced durin_

dry srlndins of Illinois No. 6 coal as a function of srindins time.
L uu,_OLAT_V_wcx_cr

Time, PAS_IJlG26

2 62.58 81.57
2 -- 80,09
3 -- 94.47
4 -- 98,58
8 92.83 99,64

32 99.08 --

Figure 6.8 Effect of the number of rods o_ 200-meah material produced durin&
dry Brindins of Illinois No. 6 coal as a function of grindin$ tame,

Grind time, _IVE'dEIG_ _ PASSIIIG 200

2 16.84 Z6.3
2 -- 18.43
4 -_ 30.87
8 36.4 51.37

16 -- 73.87
32 63.79 92,64
_8 -- 95.92
64 73.00 --
128 86.00 --
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FI6u:e 6.9 Effect of the number of rods on 200-mesh material produced durin$ the dry
8rindin8 of Upper Freeport PA ¢oal as a function of &rindin$ time,

=4 Kl_ 42 ]¢86
1lrGrind time _ Grind time

30,00 84 2 31
48.84 95 15 90

20 94
21.85 95
23 96

Figure 6.10 Effec_ of the number of rods on 200-mesh matelral produced durin&

the wet 8rlndln8 of Upper Freeport PA coal as a function of 8rlndln8 time.

24 _ 42

Grind time C_m. Z Grind time Cum. Z
min.

a 29 8 87
i0 49 I0 90
30 88 ii 94
40 95 12 96

Fisure 6,11 Size distribution of Illinois No, 6 coal prepared for washabillty testins and
200-mesh wet and d_-Bround products prepared by standard srindins procedure,

Particle Wash. DrY Wet

size, m_c_0n r_ _

3.9 g.o 15.64 6.25

5 5 13.2 23,74 9,82 AJk
7 8 17,2 30,78 13.77

11 0 24.2 39.48 19.21
16 0 36.0 47.86 25.54
22 0 49.8 57.33 34.43
31 0 66.3 67.57 45.18
40 0 -- 76.09 58.11
44 0 88.0 ....
48 0 -'- 64.3 69.99
62 0 99.7 89.17 78.75
88 0 96.75 93.15 --

Fi8ure 6.12 - Heasured =undSEM-iii predicted washability reeul_e for 200-mesh IllAnole No, 6 coal.

S]_-AIA PREDICTED _ILIT_
CHR PSR CHR AR Ct_ PSR AR

99,6 31.0 99 6 25.0 27.5 99.07 96.8
98,8 44 5 99 2 36.5 28.7 99,03 96.6
98.5 51 0 98 5 43.5 36.7 98.65 94.5
97.3 62 0 97 3 53.5 86.1 92.57 74.2
95.3 71 0 96 1 63.0 92.7 88.85 62,0
93,5 78 5 90 0 79,0
89.6 87 0 82 3 88.0
82.3 93 0 52 7 100.0
52,7 100 0
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Figure 6.13 - Measured and SEM-AIA p:edic_ed ..h-hility remultm for 200-msh Pi_tsbursh No, 8 ¢oel.

• -S_BI_'&I.AlqlUIDI_ W_b_ILITI
P°oR CMR AR _ PSR AR

! t ! ! ! _ t

99.6 31 0 99.6 33 0 68.51' 96.19 87,56
99,2 39 0 98,8 40 0 79.27 94.59 83.0
96.8 49 0 96,1 48 0 82.02 93.48 00.31
90.1 55 0 96,9 53 5 92,36 89.19 ?0.65
96.9 63 0 93.8 64 0 95.44 86.48 64.14
93,8 72 0 89,2 75 0
89.2 66 0 80.8 86 0
80,8 93,0 53,1 100 0
53.1 i00.0

Figure 6.14 - Heasu_,d and SEH-AIA predicted washability results for 200-mesh Upper Freepor_ PA coal

S]_F'AIA PREDICTED WA..'.'.'.'.'.'.'.'m_ILITI
CMR PSR CMR AR CMR PSR AR

! ! ! ! ! !

99.6 39.5 99.2 33.0 61.35 98.93 92.05
99.2 48.5 98 1 45,0 72.6 98.19 87.62
98,1 57,0 96 9 53.5 80,31 96.79 82.37
96.9 66.0 95 4 63.5 92.97 94.21 65.4
95.4 76.0 92 3 73.0 96,02 92.26 55.49
92.3 85.0 89 2 81.5
89.2 91.0 80 8 91.5
80.8 97.0 63 8 100,0
63,8 100,0

, - m , , ,

e Figure 7.3 Effect of collector and £rothar dosages on the £lotatlon yield of
200-mesh wet-ground Pittsburgh No. 8 coal.

Collector, FreSher, Flotation yield,

1,66 O, 29 66.2
1.92 0.29 75.7
2.16 0.29 73.2
2.4 0.29 74,6
1.92 0.2 59.2
1.92 0.26 68,9
1.92 0.29 75.7
1.92 0.32 73.6
I. 92 0,39 83.7

F_.gure 7.4 Flotation yield of t,het, hree base coals as • function of riot, at, ion time
using s_andard collector and frother dosages es tabulated in Table 7. I.

-,,,_

Flotation tlme FLOT_TIOIITIELD, Iq_K:EIrT

min. Illinois Ng_ 6 _i_sburAh No. _ UDDer Free_r_ P_

O. 5 32.3* 22.6 29.6
i 51.75 41.5 49.1
2 66.00 65.8 67.2
4 75,8 76. i 77.2
6 81.21 81.3 84.3
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FLSure 7,9 RelY,ease analysis, waahsbLILty data, and SEH..AIA data shcmLn&
CHE_,(or Btu) recover,/ al a fumct2on of _rltic sulfur rejection
for ILILno_s No, 8 coal,

tlw
FLOTJ_ILITT ,KCNg.) HASIIABIL_"rlr (FRO) 8]_l-aZa
PSR Ct_ PSR _ PSR

! ! t ! t t

0.0 100,0 99,1 27.5 8,0 100,0
58.3 94.7 99.0 28.7 18.5 99,2
87.8 93.5 98,7 38,7 28.0 98.5
73.9 90.3 92,8 88.1 65.0 95,4
78.2 87 I 88,9 92.7 72.0 86.5
81.4 79 1 95.0 80.0
89.2 58 3
93,5 38 8
98.7, 11 2

100.0 0 0

Fisure 7,10 Aih reject.ion as a function of (100-Yield) for ILlinois No. 8 coal

for the k_netlc flotation tests, release analysis and washabILlty studies,
_ ,,,

FLOTA3IL ITT WASBABILITT

0.0 0,0_ 0.0 0.0
12,3 49,0 15.0 81.45
14.8 58, i 18.8 87.82
18,5 54.8 34.9 80,47
22.0 69,3 42.0 85.7
29,4 73.6 85,5 93.7
50.2 84. i i00.0 100,0
67.8 90,3
90.2 97,4
I00.0 I00.0

1-STEP FLOTATI(]I @lO0-Yiel_..,d. Ash _e,l.%

0.0 0.0
25,0 57.7
30.7 81.8
52,1 74.2
68.0 82.6
I00.0 i00,0

mm..

Figure 7.11 Pyritic sulfur rejection as a function Of (100-YieLd) for IlLinois NO. 15
for the kinetic flotation temta, release analyai= and waahabiILty =tudla=.

2-FLOTABXLIT'/' 1-t4&S_UBILZTT

0.0 0.0 0,0 0.0
12.33 58,3 15.0 91.0
14,88 87.6 18.8 92.49
18.55 73.9 34,9 95.9
22.01 78.2 62,0 98°73
50,22 89.2 85.5 98.28
67 ,57 93.5 100.0 100,0
90,21 98.7

lO0-YAeld j_ S..._=_%

0 0 0.0
25 0 57.7
30 7 61.8
52 1 74.4

68 0 82.8 mL
I00 0 Ic:O,O
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Figure 7.13 Release analyale, washability data, and SEM-AIA data ehowlnS CMR

(o.c Etu recovery) as a fuJnction of pyrit, ic sulfur rejection

for Pittsbursh No. 8 coal,

......

FLOT_ILITT _SaABILITf SEH-AIA
PSR _ PSR CHR PSR C_R

41,4 97.5 96.2 68,5 25,0 99,6
57,7 93.1 94.6 79.3 34.0 99.2
88. i 88.0 93.5 82,0 42.0 96,2
83.4 65.fi 89.2 92.4 76.5 82.3
88.8 49.6 86,5 95,4 96.5 57.7
93.3 32.6 96,5 57.7
97.0 17,3
99.6 3,3

Fisura 7,17 Release analysis, washability data and SEM-AIA ,data =howlns _ as
(or Btu recovery) as a function of pyritic sulfur rejection
for Upper Freeport PA coal,

FLOTABILITT _ILITT SEM-AIA
PSR _ PSR CMR PSR CHR
Z Z Z Z Z Z

41 8 97,5 98.9 61,4 15.0 i00,0
59 6 93,3 98,2 72.6 32,0 99.0
70 1 93,4 96,8 80,3 35.0 98,5
82 2 81,7 94,2 93.0 55,0 95,4
89 6 63,5 92.3 96,0 78.5 88,5
94 7 41.0 96,5 68,5

Fi&uro 7.1_ Relationship between combustible material recovery and Btu recovery,
for Illinois No. 6 coal.

Sample Yield Ash Btu/ CHR Btu rec,oL. Z Z _b _

I 25.0 7.34 12888 27,6 28,2
2 48.0 7,84 12888 52.4 53,5
3 60,7 6,85 12951 66,6 68.0
4 70,2 4,85 12712 76.4 77.2
5 78.7 9.18 12665 8..7 86.3

Feed 11554
i

Fisure 7.19 Relatlonship between co_bustlble ma_erlal recover7 and Btu recovery
for PitLsbursh No, 8 coal.

Sample Yield Ash ' Btu/ C_ Btu Rec,

i 25.6 4,31 13960 27,3 28.1
2 54,0 4.53 13965 58.1 59,3
3 73.8 4,74 13894 78,7 80.6
4 82,2 5.08 13809 88,4 89.2
5 91,7 7,42 13509 96.1 97,7

Feed 12726

@
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FiSuze 7,20 ReLationlhip between coe_uatible material recovery and Btu recovaz'y
for Upper Fzeeport PA coa_.

Sample Yield Ash Btu/ CI_ Btu Rec,

1 24.2 3 54 15087 26,6 29.7
2 51,7 5 25 14943 54,7 57,2
3 6a,8 50 30 14896 70,3 71,5
4 79.9 6 34 14706 85,7 87,0
5 81.3 4 45 14053 87,7 89,4
6 81,6 4 77 14060 87.9 8g,6
7 92.6 8 16 14327 96.8 98,2

Feed 13507

Fi8ure 7,21 Correlstlon between l_rritic sulfur content of Illlnola No, 6 coal detezmlned
ualn8 _he ASTH procedure with the value calculated usln8 Equatlon 3
for flotaLion samples o£ Illinois No. 6 coal,

,i

Ca_,cU,_a_ed,PYr, S Dete_i_e_d P___

1.13 1,15
i I I o4
108 i I
2 39 2 37
1 08 1 11
0 95 0 92
i 02 I 05
15 146
18 187
I 05 I 05
1 18 IiB

1,6 I 56
2,07 2 09
O.93 0 98
l, 16 1 12

1.87 I 82
i.11 1 17
1.3& 1,34
_',,11 2.12
2.05 2,09
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F£&uro 7,22 Correlation between pyritic sulfur content of Pittabur|_h No, 8 coal detormlnod

usin_ the ASTM procodur, with the valu, calculated from Equation 4 for

O flotation samples of Pittsbur&h No, 8 coal,
Calc, PTr, S Der, Pyr, S CaLc, Pyr, S Der, Pyr, S

_ _L_ ../._

2,76 2,73 1,31 1,26
2.5 2,51 I.23 I.19

1.35 1.38 1.27 1.22
2.55 2.59 I.17 i.15

I.36 I,43 i.19 1,19
1,32 1.31 2_.42 2.42
1,22 I,24 1,18 1,24
1.42 1,46 1,24 1,27
1,31 1,3 1,2 1,22
i,35 1.38 I,13 i.12
1,21 1,22 2,4 2,38
2.78 2.76 1,46 1.46
1,38 1.38 i,02 1.03
1,48 1,47 1.02 1,02
1,34 1,29 1,02 1,02
2,95 2,93 2.26 2.21
I,24 1.28 i,19 I,16
1,3 1,35 1,13 1 13
1,31 1.36 1,16 i 14
1,32 1,4 1,38 1 39
1.56 1,54 1.4 1 36
1,59 1.63 0,39 0 32
1,56 1,62 0,57 0 51
2,35 2.38 0,62 0 6

1,3 1.31 0,8 0 8
1,51 1,52 0,92 0 94
1,37 1,42 1.73 1 82

2.6 2 56

O FIKure 7,23 Corre].atlon between pyritic sulfur cont_entof Upper Freeport PA coal determined ualn6
the ASTM procedure wlth _ha value calculated from Equation 5 for flo_atlon
samples of Upper Freeport PA coal,

Calculated l_r, S Determined Pyr, S

z__ x__

0.39 0.37
0,4 0,4
0,53 0.53
1,14 1.14
0,44 0.45
0,48 0.48
0.52 0.53

0.91 0,91
0._4 0,43
0.46 0.48
O, 56 O,53
O,13 O.14
0,25 0,25
0.35 0.35
0.59 0.61
1,41 1.41
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Fi|uze 7,24 Correlstion between t:,he i_'ritia sulfur content, doterm:Lnad experiment.ally
uJ:Lnl; the ASTH procedure and the value aa].cuLetad usin6 Equation 6
for washability samples o£,Plttsbursh No, 8 coal,

_xp, Prr S,. *

0,93 0.07
2.06 1,93
3 96 3,82.
5 42 5,12
5 3.'5 5,35
i 15 I.14
I 99 1.93
3 73 3,56
5 23 5,11

5 4.92
0.6 0,68

1,82 1,83
3.14 3,18

.57 5.14
6.74 6,77
0.33 0,41
1,31 1,33
1.84 ' 1.86
3,47 3,54
6.15 6,21

Fisure 8.1 Effect of _he srlndlns mode on the separation of non-pTrltlc minerals
from coal and comparison of washability and f_o_at,lon select_ivity
curves for 28 mash srind. +

I_Y GR.TIeD _ _ WA.51L_ILITY
C_dR NPAR CHR NPAR CP_ NPAR

! ! ! l ! !

88,4 52.6 91.7 51.1 56.9 87.4 i
B6. i 53,7 91,5 k9.6 76,9 78,3
84,0 57.4 89,4 53,7 85.7 72,7
72.7 63.9 86.4 55.9 94.6 61.8
71.5 66,5 75.0 64.5 96.7 55.0
55.3 75,3 59,5 73.3

FiKure 8.2 Effect of the srlndln& mode on the separation of non-pTrltlc mlnsrals
from coal and comparison of washsb£11t7 and flo1_atlon se_ectIvlt7
curves for 200 mesh srlnd.

may GR/lID WK'T_ KCSH_ILI'rY
NPAR _ NPAR _ NPAR

! ! ! _z ! :-

87 9 53.9 90.6 58 4 60,4 68.3
80 9 60,5 85,6 64 0 67,7 85.4
80 5 61,9 78.7 69 5 77.1 81,2
75 7 64.2 77.7 68 9 95,1 63,0
70 9 67,0 74.9 71 3 96,4 59.4
50 2 77.1 53,7 80 9

0
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Fi|ure 8,3 Comparison of flotation selectiv_y end washability curves for the 28 mesh
and 200 mesh grinds of Pitbsburgh No, 8 coal.

0
i

200 _ iVI.OT_IOi 28 _ YLOTATICm 200 _ Wt.qll_ILITY 28 _ t,i_a_ILIT'/
Ct_ NPAR CHR NPAR CHR NPAR Ci_ NPAR

! ! ! t _; ! t t

67,9 53.9 86,4 52,6 60.4 86.3 56,9 67.4
80,9 60.5 66,1 53,7 67.7 85.4 76,9 78,3
80,5 61,9 84,0 57,4 77.1 81.2 85,7 72,7
75,7 64.2 72,7 63.9 95,1 63.0 94,6 61,8
70,9 67.0 71,5 66,5 96,4 59,4 , 96,7 55,0
50,2 77, I 55,3 75,3

Figure 8.4 Effect of grinding mode on separation of pTrite for Pittsburgh No, 8 coal and s
c_npsrison of the washability end flotation selectivity curves for the 28 mesh grind.

_T GRIRD WET (liE) _4SRAnILITY
C_ PSR _ PSR _ , PSR

! ! ! ! ! !

88.4 44,4 91,7 41,7 56,9 93.8
86,1 48.6 91.5 40,6 76.9 84.9
84,0 50.6 8g,4 44.8, 55,7 79.0
72,7 61,4 86,4 49.8 94,6 67,3
71,5 61,1 75,0 60.0 96,7 til,3
55,3 72.9 59.5 '71,3

Fisurs 8,5 Ef£ect o£ grinding mode on the separation of pyrite from Pittsburgh No. 8
coal and a comparison of, washablllty and flotation selectivity
curves for the 200 mesh grind,

e I1¥ G&.Ila) WET G&IMD WASHABILITY
CHR PSR CHR PSR CMR PSR

! Z_ _Z Z. ! t

87.9 57,2 90.6 63.8 60,4 98.2
80,9 62,2 85,6 69.1 67.7 97.3
80.5 63.8 78,7 73.6 77.1 96.2
75.7 68,1 77,7 74.5 95,1 90.1
70.9 70,6 74,9 76.2 96.4 87.7
50.2 80,8 53_7 84.8

Figure 8.6 Psrtlcle slzs distribution for llllnols No, 6 research sample grind under
standard dry and wet conditions and in a ceramic and steel ball mill,

cgml._l-VZ taZG_ _ PaSSIIlG

75 92_I 92.3 96.8 93.2
53 81,i 79,7 89,2 78.7
45 74.2 73 7 84.3 70,0
38 67.0 62 9 76.1 58,1
26 57.5 52 6 67.6 45.2
19 47,4 41 7 57.3 34.4
13 38.0 32 4 47,9 25.5

9 29.9 2,_ 9 39,5 19,2
6.8 22.8 18.2 30.8 13,8
4,4 17.4 13,5 23.7 9.8
3,4 11.1 8.6 15.6 6.3
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Fisurs 8.7 Effect of addin8 collector to the srindins mill on the yi,ld, ash and totJl
sulfur content of the concentrate for minus 28-melh wet-Eround I_].inois Ns. 8 coal,

FI_lall _ aJ_LI_IS l

0.48 45,4 9.4 3.81
0,96 72.5 10.3 4,28
1.92 82,0 11,2 4,19
4.8 90.2 11.2 4,51

Fisurs 8.8 Effect of addins part of the collector to the 8rlndin8 mill and the balance
to the flotation cell, on the yleld, nh and total sulfur content
of the concentrate of minus 28-mesh wet-6round Illinois Ns, 6 coal,

,, , ,,,,,,,

FUYIATIOII FilDDOCT_L_L_I5

_ossae.Ib/T _ _

0,48 82,9 I0.5 4.21

0.95 82.4 11,4 4,58
1,92 87,9 i0.9 4.39
4,82 90.7 11.2 4,51

Figure 8,9 Effect. of addle8 part of the collector to the srlndin& mill on the yield, ash and
tot.alsulfur con_.snt of the concentrate of minus 200-mesh wet-Sround
Illinois Ns, 6 coal.

FLOTATIQB MKIW3CT AIALTSIS

Collector Conc.
,Y_eld X Ash Z Tot, SX

1.93 66.1 7.8 3.62
4.36 83.3 9.6 4.4
_,, 82 83,6 9.3 4.18 @5.78 87.2 9.3 4.25

FfSure 8.10 Effect of adding part of the collector to the srindinB mill and
the balance to the flotation cell on the yield, ash and total sulfur content
of the concentrate of minus 200-mesh wet-sround Illinois No. 6 coal......

, , ,,, _ ----_ __ , ,,

FLOIATI_ _ _U..LT_IS
Collector Cone,

1,93 80,8 8.3 4,00
4.36 81.5 9.2 4.32
4.82 85,8 9.3 4,33
5,78 87.2 9.3 4.25

FiGure 8.11 Effect of addins fresher (MIBC) to the srlndlns mill and in
the flotation cell on the yield of the concent_mte obtained

ualn8 lllinoi: Ns, 6 coal.

FIX}TATIQIIC_IC. _. I

Fcothec 28 H Wet Griud 200 H wet ixi_l

0.35 89.9 39.7 36.1 0.0
1.0_ 91.0 82.8 78.3 45.8
1.75 92.4 -- 83.2 75.8

,, ,,
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Figure 8.12 Flotation yield of 200-meoh ZlLlnoi. No. 6 coal obtained by adding
5.8 Lb/T o_ dodecane to the 8=lnding mill o= flota_ion cell.

i i ii ii . i i .... i i ............... m

T_.m, 1t"Da_, Z

UJ_U.t _ UDJ,

O. 5 28.9 48.5
1,0 _,_,O 70.2
2.0 66,5 81.2
4.0 79.3 85.5
5.0 81.6 88._

.-- ..... liiii iii i illl ii , ,,,, i i i .__ . ....... !!

FL&uto 8.13 FZotatlon yield o_ 200-melh Pittsburgh No. 8 ©oa]. obtained by ¢ddlns
1.9 Lb/T o£ dodecane t,o t,ha Srlndlns mill or £Lo_at, lon cell.

I I . Iii . I ..... :!_:l I , iii

T_ma, Y:[I[IJ:), Z
M_nuto. ;.L_

O0 0.0 O0
0 5 2Z,8 17 5
1 0 39,7 30 7
2 0 64.6 44 1
4 0 7.5.6 .5.52
5 0 78,8 57 8

FiBu=e 8.14 F1o_atlon y_el,d of 200-meoh Upper Freeport PA coal obl;aln®d by adding
0.5 }.bit of dodec_o to t,ho srlt_dins m_lL or _Lo_atlon call.

FLat,, Time YT]D.,D, I

0.0 0.0 0,0
0..5 29.0 22.7

1.0 49._, 39.9
2,0 67.8 59.3
4.0 77.9 72.6
5.0 81.J, 76.7

Fzsuro 8.15 F1o_stlon yield o_ 200-_ih lL11nols Ha. 6 coal ob_ilned by adding
0.7 Lb/T of dodecane to t,he g=indin_ mi_], or £Lotation cell.

FLat. T;Lmo YX][LD, Z

0.0 0 0 0.0
O. 5 14 25 9.83
1.0 25 02 18.81
2.0 37 4_ 29.2_,
4.0 50 32 40.83
8.0 61 37 ,_1.17

Figure 8.18 FLotation yieZd of 200-meih ILZlnois No. 8 coal obtalned by addln&
2.9 Lb/T ,_ dod,ce.na to the &_zndinB mz_ or £1otation ceLL.

FLat. T_ma YZ_Z,D, Z

0.0 0.0 0 0
0.5 25.3_ _4 87
_.0 &3,4g 66 _7
2.0 58.68 73 _5
_,0 68.91 78 72

8.0 76.55 83 24
__ ,, , , ... ............ , ,,,,,,,
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F_sure 8.17 F_otat_on yield of 200-mesh Pittsbursh go. 8 coal obtained by sddlr4
0,7 Ib/T of dodecane to the srlndlns =111 or flotation cat1,

F_ot, Time _. Z I

0,0 0.0 0 0
0.5 8.11 6 73
1.0 1g.42 14 74
2.0 37.28 24 29
4.0 55.68 32 22
8.0 67.29 39 13

Fisure 8.18 FLotat£on yield of 200-mesh PLttebur|;h No. 8 coal ob_slned by sddin_
2.9 Lb/T of dodecane to the sr_ndlns m_L1 or flotation cell.

a , ,, , H , ,, ,,., H.,, , ,,,. ...... :'- . ......

FLot. Time YXI_, Z

0,0 0.0 0.0
O. 5 24.58 26.3
1,0 44.4 44.97
2.0 66. g8 57.78
4.0 76.51 83, g6
8.0 81.19 67.29

Fisu_'e 8,18 Flotation yield o£ 200-mesh Upper Freeport PA coal obtained by addln_
0,24 Lb/T cf dodecane to the sr_ndins mill or £].otat_on cell.

F1ot,. Time YIELD, Z

0.0 0,0 0.0
0.5 ],8.17 13.35

1.0 34.72 27.08

qFZ.O 55.35 43.13
_.0 68.58 57.g8
8.0 75.81 66.58

Fisure 8.Z0 Flo_ation yield of 200-mesh Upper Fc,eeport PA coal obtal,ned by addlns
2,g Lb/T of dodecane to the |rindtns mill or flotation cell,

F_ot. Time Y,TJ[IJ),

0.0 0.0 0.0
0.5 47,35 30.55
I.0 6g. 33 55.2g
2.0 78,50 72.g
4 •0 82.77 80.82
8.0 86.33 85,86

F_.sure 8.21 The effect of aslns eftmr Srlndinl; on the f_otetion yield of 200-mesh
Ill_noSs No, 6 coal obtained by edd_n6 2.9 Lb/T of dodecane _o t,he
srlndin8 mill or flotation cell.

Flot. T_me TIXLD, Z, _0 AGXJG YI]_D, Z, AGTIIG

0,0 0 0 0.0 0.0 0,0
0.5 25 34 _4,67 26.15 24.g5
1.0 ,3 48 88,57 *0._, 38.63
2.0 58 68 73._5 52,76 49,35

,o 68 91 78.72 6Z.67 5g,52
8.0 76 55 83.24 71.96 68.58 mm
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Fisurs 8.22 The effect of a|lns af_or |rindlns on the flotation yield of 200-mesh
Pittsburlh No. 8 col]. obtained by addln8 2.9 IJ01T of dodscano

O to flotation cell.,
L i

Flot. Time YD_D. Z

0.0 0.0 0.0
0..5 24.58 24,09
1,0 44.4 42.44
2.0 66.98 62.46
4.0 76.51 73.1
8.0 81.19 80.71

Fisuro 9.1 Effect of Aerosol OT addition on refection of pyrite from wet-Sround
minus 200 mesh Pittsbursh No. 8 coa_,

OOO,+I¢_CrlCILL 143T. DI I_LL AeT DI CI_ _OT.+KrIClIICTJ_
PSR _ PSR _ PSR _ PSR

! ! ! ! ! t ! !
90.6 63 8 5.3 97 8 28.7 91.9 75,4 72.4
85.6 69 i 51.5 84 2 52.0 84.3 93,7 54.2
78,7 73 6 72.5 72 2 84.6 64,4 95,6 50,8
77.7 74 5 88.2 61 7 89.8 64.2
74.9 76 2 96,0 49 1
53.7 84 8 99.8 28 3

99.1 43.3

Flsurs 9.2 EffecL of Aerosol OT addltlon on rejection of non-pyr£tic minerals from wet-sround
minus 200 mesh Pittsbursh Hs. 8 coa_,

DOD. + HZIK: II C_L _. II HZ1.L &DI'. ][II(:Z_ &DI'. +l_[IR: 111_
CHP. NPAR C_ NPAR C_ NPAR C_ NPAR

! ! ! ! ! ! ! !gs.6 58.4 5.3 97,1 28.7 88.9 75,4 70,1
85,6 64.0 51.5 80.6 52.0 79.1 93.7 54,0
78,7 69.5 72.5 70.9 84,6 60.9 95,6 57.2
77.7 58.9 88.2 59.7 99.8 45.5 89.8 81.6
74.9 71.3 96.0 53.4 99.1 _6.9

53.7 80.9

Fisure 9.3 Effect o£ Aeroso]. 0T addition on re_sct, ion of Wz:it, e f_om wo_--Sround
minua 200 mesh l].]._nols No. 6 cos].,

B30. . 141_C DI CEI_ AOT. DI NDJ. + NIBC DI Cla.L

87.1 64.7 93.6 48.1
74.3 69.3 93.6 48.0
84.8 64.9 85.7 58. I
82.1 66,9 88.2 54.3

Fzsure 9,_ Effect of AorosoZ OT addLtlon on rejection of non-pyr_tlc m_ne_aLs
from wet Sround minus 200 mesh I].].tnois Ns. 6 coa]..

DGO. + _ II CiaJ. Acrr. DI HILL + HIBC IB CELL

87.1 59,7 93,6 _1.0
74.3 60.6 93.6 38.7
84.8 _9.6 8_.7 46.7

88.2 54._

0
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F_gure 0.5 Effect of Aerosol OT addLtion on refection o_ pyrite from wet-ground
minus 200 mesh Upper Freeport, PA coal,

i ,, ,11 ,, , ,, ,,, i ,,, _

gDOD. + MIlE DI CELL &OT. III 14ILL
_ _ PSRZ

31.5 90.7 83.8 71 9
66.2 80.0 87.8 69 0
89.7 64.2 88,4 68 0
97,3 56.8 89.0 65 2

74,0 80 1
82.4 73 9
84.1 70.8
85.4 71.8

FLgure 9.6 Effect, of Aerosol OT addit,ion on reject,ion of non-pTrLt,tc minerals
from wet, I_round m_,nus 200 mesh Uppe_: Freeport, PA coa£.

DOD. + M_BC IN CELL AeT. ZR MILL

31.5 88,5 83,8 57,9
66,2 75.3 87 6 53.0
89.7 55.0 88 4 50.7
97.3 65.0 89 0 68.8

74 0 67.3
62 4 61.3
84 1 57.9
85 4 56,2

, .......... , ,, ,, , . ,, i -

FLgure 9,7 ECfect. of k-t.ert,, butylFyri.dLnm eddtt,ion on reject.ion of write from

we_ ground m_nus 200 Mesh PL_sburgh No. 8 coal.

4-TI_[T. IIIMILL AID 4-TIWi. 11 I(][]J,

DOD. + MIBC II CZLL 9(10. + MIBC 1] CB_ _JID NI_ 11C3_.L

_0.6 s3.8 _7.5 44.8 _4._ 4o.z

7s.7 73.6 9Bo _z.1 sz.,, 69.
77.7 74,5 92 1 52.9
74.9 76.2 89 6 56.2
53 7 84.8 89 z _,,.4

87 9 59.8
69 6 68.9

Figure 9.8 E£gec_ o_' 4-_ert,.but.y].l:TrtdLne add.*t,_on on re3ect,ton of non-_r*t,_c
m_ne=sls _rom wet. ground minus 200 Mesh Ptt,t,sbursh No, 8 coil.

DOD. +MILK: 1] C_L _-11_. 1]1NI_L 4-.11_. ]]1 NlI_
/_) DOD. + MI]C _1C3g.L M_) I¢_BC la (2¢_

gO 6 58.4 97.5 5_.2 94.9 55.6
85 6 64.0 96.5 56 1 65,0 64.7
78 7 69.5 96.0 53 7 61._ 76.2
77 7 68.9 92.1 58 7
74 g 71,3 89.4 59 I
53 7 80.9 89.2 60 0

87.9 63 5
69.6 71 6

,,,,,, , ,, --

@
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Flsuta 9.g £fttcL of 4-(1-butylpentyL)pTtidlne ,ddition on rejection o5 pTrlta
£rom w,t Sround minus 200 m©sh Pittsbur|h No, 8 coal.

2.1 ],bit Iii HILL MID iX:lD. 4.2 ].bit 131HIlL AllD IX]O.
DOD. + MIBC Iii CELL . MilK: XWC:3LL . MI]C IB (:ELL

90.6 63 8 87.0 57 . 7 99.6 28.7
85.6 69 1 88.9 55.0 97.9 30.0
76.7 73 6 82.5 63.3 98.0 38.9
77.7 74 5 47.7 82.2
74,9 76 2
53,7 84 8

FiSure _,I0 Effect of 4-(1-butylpantyl)wridlna addition on rajactlon o¢ non-pyrltlc
minerals from war around minus 200 Hash Pittsbursh No. 8 coal.

2.1 lb/T IllMILL AEIDIXJI). 4.2 UBIT IllMILL AND DOI),
DO0. + HIBC IR CELL + _ IN CELL + _ IIIC_J-

90.6 58 4 87,0 62.0 99,6 38,7
85.6 64 0 88.9 61,9 _7.g ,1.9
78,7 6_ 5 82.s 6z.s 98.0 43.g
77,7 68 9 _,7,7 8o.z
74.9 71 3
53.7 80 g

FiBura g,11 Comparison of the collac_ins ability o£ the GB sarla| of raasont with
that of dodecane in the flotation of 200-mesh wet_6round II_Inois No. 6 coal.

POURDS PEt TOl MI._ M_ Tail

standard
5,75 1.16 0.0 15.44 5,16 0.0 78.8
8.63 1.16 0.0 23.14 5,16 0.0 80.6
ii.5 1.16 0.0 30.63 5.16 0.0 84.3

14,38 1,16 0.0 38.55 5.16 0.0 83.0

GHO
0,0 1.16 0.52 0,0 5.16 1.07 75.3
0,0 1,16 0.78 0.0 5.16 1,61 82.8
0,0 1.16 1.17 0.0 5,16 2,41 91,8

GHI.

0.0 i.16 0.58 0.0 5.16 0.92 62.9
O. 0 1,16 O. 86 0.0 5.16 1,36 77.8
0.0 1.16 1.3 0.0 5.16 2.06 87.5

GH_

0,0 I.16 0.58 0.0 5.16 0.86 66.2
0,0 1,16 0,88 0.0 5,15 1.01 76,8
0,0 1.16 1.17 0.0 5.16 1.3,_ 82,3
0,0 1.16 1.31 0.0 5,16 1,5 86.5

OH6

0,0 I.16 0,59 0,0 5,16 0.55 26.1
0,0 1.16 0.88 0.0 5.15 0.82 37.0
0,0 1.18 1.18 0.0 5.15 1.11 47.3
0,0 1.16 1,32 0.0 5.16 1.24 66,6

@
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FlSure 2.12 Cmnperison of t,he ¢o].lectins abi].it, y of C,B seri:., with thst of
dodecane in the £1otation of 200-mesh wet-Sround PittsburBh No. 8 cos1,

lq_Ml_ Pli TeN I_LES Pn _
V

stsundacd
1.92 0.3 0.0 5.15 1.33 0.0 78.8
2.88 0.3 0.0 7.72 1.33 0.0 80.6
3.84 0,3 0.0 i0.29 1.33 0.0 84,3
5.78 0.3 0,0 15.44 1.33 0,0 83,0

GHO
0.0 0.3 O, 78 0.0 1,33 1.81 75,3
0.0 0,3 0.91 0,0 1.33 1,88 82.6
0.O 0.3 I..04 0.0 1.33 2.14 81.8

OH4
0,0 0.3 0.58 0.0 1.33 0,66 86,2
0.0 0,3 0,88 0.0 1.33 1.01 76,8
0.0 0,3 i, 17 0.0 1.33 1.34 82.3

GH8
0.0 0.3 0.88 ..0 1.33 0,82 Z8.I
0.0 0,3 1.03 0.0 1.33 0,96 37,0
0,0 0,3 I, 18 0,0 1,33 1,11 47,3

Flsure 9,13 E£fect. of 2,n-butoy].thiophene addition on |:e3ection of l_:it, e from
wet-Sround m_nus 200 mesh Pi_sbursh No. 8 coel.

2,N-NffYL. III HZLL _ 2,11-N0"r11.. + DOD.
[XI}. + KI]_C II L'ELL IX]). + HI_C 131CELL + t[1]CIii(:ZlJ.

44,3 88.8 77._ 78.7 63.2 843
78.0 75,6 80.0 72.7 78,0 76 3

qP8g.0 69.3 79,6 72.6 80,0 75 7
89.9 68,0 6.5.7 81 4
69,1 79.7 68.8 81 2

74.2 77 9
78,4 75 3

Fzsure 9.14 E££ect o£ 2,n-bu_y_thlophene addition on rejection of non-pyrlt, l¢
mira,orals from wet Sround minus 200 mesh PiLtsbursh No. 8 co=1.

2,N-NOY_. TS KH.L AIW 2,N-BOYYL. + IX]0. +
DOD. + PilDC IM CZt.L I_ID. + HI_ ]1]1(:2U,L I(I]1C ]]1 (2U_

44.3 84.2 77.9 74.5 63.2 82,8
78.0 67 • 4 80.0 72.6 78.0 75.3
89,0 56.2 79.6 72,8 80.0 73.9
89,9 57. i 65.7 80.1
69, I 74 , 3 68.8 80,2

74.2 7.5.9
78.4 73,6

®
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Flsure 9,15 Effect of dodecane addition on rejection of pyrite from wet-S=ound
minus 200 Mesh Plttsbur6h He+ 8 coal - sinSle erase flotation results,

- ,lO _ 0+2 LBIT _ 2.0 l-rill' DOOIEAH 20.0 LIIIT IXlDIEAIZ

+

54 1 86.5 62.3 64 1 85.3 67.9 92.7 56.3
92 0 65 5 89.0 67 4 95,4 .57.9 87,9 59,5
62 4 73 2 92.9 65 2 90.6 63.8 96.7 50,3
72 0 79 I 95.2 61 0 85.6 69.1 74,5 72,3
88 9 68 3 47.1 87 4 78.7 73.6 64.4 76.9
26 7 93 3 78,9 75 7 77.7 74.5
43 5 89 2 74.9 75.2

r

89 5 68 9 53.7 84.8
76 8 78 2

, _ i urn. , ,
,

Fisure 9,16 Ef£ect of dodecane addition on =ejection o5 pyrite from wet-6round
minus 200 Mash Pittsbursh No, 8 coal - _wo-s_aSe flota_ion results.

NO IX_IY.A_ 0.2 L1_11'iX]DlrAH 2.0 LB/I' IX_EAIlZ Z0+0 L1B/I' IX_ICal[E
PsJ_..tz _, _ _ .EdL_: ct_Rz P._B_3.

85,9 75.8 73.5 81.4 92.2 64.2 77.5 72.7
71.4 83,1 90,6 70.8 94.7 65.2 85.5 66,0
91.6 72,0 88.3 75.2 74,7 79,0 62.4 80.6
51.1 89,8 55 8 87.7 45.6 88.0 95.7 52,0
79.7 80.0 80.3 75.2
46.7 90.4

Figure 9.17 Effect of dodecane addition on rejectlon of non-pyritlc minerals £rom
-at-around minus 200 Mesh Pittsbursh Ho. 8 coal - sinlla staSa flotation re.ults.

,, , ,,,.,

54 1 80 1 62.3 76.6 85.3 67,4 92.7 60.0
92 0 58 6 89.0 62.8 95.4 56.7 87,9 64.5
62 4 66 8 92.9 59.5 90.6 58.4 96.7 56.7
72 0 71 6 95.2 57.7 85.6 64.0 74.5 72.9
88 9 62 1 47,1 83.6 78.7 69.5 64.4 76.6
26 7 90 6 78.9 66.6 77.7 68,9
43 5 84 4 74.9 71.7
89 5 60 9 53.7 60.9
76 8 68 7

Fisur+ 9.18 Effect of dodecane addition on rejection of non-pyritic minerals from
wet-around minus 200 mesh Pit.tsburgh No. 8 coal - two-st;aSe flotation r_sults.

•o ,oo_..,_ o.z ,Jilt DOD_..a_ 2.0 UBIT_Br,UB Z0.0 U_IT_X)_UB
cm_.___.!.PAR......._._Z _a__._z__ c:_= _ c_.__!

8.5,9 7++.0 73,5 80.0 92.2 71.0 77.5 76,3
7_.4 8o.1 90.6 72.2 94,7 66.6 8s,s 73.s
91,6 60.3 88,3 71.5 74.7 77.4 62,,4 83,2
51._ 87,7 55.8 65.3 4s.6 88.3 95.7 66,2
79.7 75.0 80.3 74.9
++6.7 88,4
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FiSuze 9.19 Comparison o_ performances of but.ameS, hez_nol and HIBC _n te_ o£
reasent, consumption.

_eamm,_

M]]C BIr]rAJlOL _

46 g 1.2 89 1 17,6 90.0 2,7
72 5 1,4 83 7 1B 9 59.8 1,8
74 2 1.8 75 1 15 8 81.5 2.3
74 2 1.8 75 5 15 6 80.0 2,2
86 8 1.8 74 3 15 9 92.8 2.9
90 9 2.0 88 2 15 2 83.5 2,5

54 5 14 3
, , __

Fisure 8.20 Effect, of frother type on write rejection from wet-sround minus 200
mesh Pi_tsburEh No. 8 coal - sinsLo a_aSe flo_atlon,

_BC BUTAIIOL

91.1 74.0 63,6 85.9 63,5 86.2
87,5 76.3 72.1 82 5 86.2 79.3

75.5 81.9 78.6 80 4 94,_, 71,2
25,5 96.2 93,8 69 0 63,1 92,5

56.2 89.3 88.8 75 3 56.1 89,3
92,5 71 6
92.8 70 9
91.4 73 g
90.1 75 2

Fisure 8.21 Effect of fret.her type on pyrite reject.lon from wet.-sround minus 200
mesh Pi_sbursh No, 8 coal - t.wo-st.i_eflot.aLio_.

_

HII¢ BIrCAROL BEXAJK¢

qP
66.9 93.6 89.2 0.7 80.8 90.0
72.5 87.2 83,7 83.2 59.8 91,5
76,2 86,6 75.1 86.5 81,5 83,i
76,2 88.I 75,5 86.2 80.0 85.I

86,9 82.0 74.3 86.6 92.8 78.8
90.9 79.9 68,2 88.2 83,5 83,0

54,5 91,7

Fisure 9,22 Effect. ot_ fret.her type on non-pyrltlc mlners].s reject.lon fracn wet-_round
minus 200 mesh Pit.tiburlh No. 8 coal - slns_e s_ale flotatlon,

NI_C BOTAJK_L

91.i 58.g 63,6 77.8 83,5 78.5
87,.5 B2.9 72.1 74.0 84.2 67.1
78.5 71._ 78.6 70.2 94,4 $8._
25.5 92.0 93.8 56,4 43. i 86.0
5_,2 80.7 88.8 62.s _8,_ 80.8

92.6 58.1
92,8 57.2
91.4 58,8
90.i 61.0
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Fi6ure 9,23 Effect of fro_her tTpe on non-pTri_ic minerals rejection from wet-Bround
minus 200 mesh Pit_sbursh No, 8 coal - two-a_a_e flo_ation,

e 1413C BUTAIKL

46 9 88.5 89.1 68.9 90 0 69.5
72 5 78,9 ' 63,7 72,9 59 8 84,2
74 2 77,7 75.1 78.2 81 5 75,5
74 2 78,6 75.5 79,2 80 0 76,2
86 9 72.1 74,3 79,2 92 8 69.0
90 9 69,4 68.2 82,1 63 5 73,9

54.5 88.4

Flsure _ 9.25 Coe_parison of effects of sodium hydroxids addition in the mill and in
the cell on coal flotation recovery,

maoa_ux)m)zlHzu. =,,-,, Ju_]mm czx_

4 77,7 4 78,7
8 79,9 6 69.1
4,8 79.5 8 44.7
5.2 80.3 I0 23.7
7.5 79.1
9.2 66.2
10.0 56,5

Fisure 9,26 Effect of mode of sodium hydroxide addition (mill or cell) on
pH - time relationship.

IlaOB ADDED lR CELL Ila_lB AI_I_ 11
Time, mln pH Time, min pH

e 0.0 6,4 0.0 12 6
2.0 5.1 2.0 10 3
5,0 4.2 5 0 8 7
I0,0 4.1 10 0 8 3
17.0 4.0 17 0 8 1
81.0 3.9 81 0 8 1
81,5 6.0 81 5 8 0
82,0 8,0 82 0 8.1
92.0 8.0 92 0 8,0
97.0 7.9 97 0 8.0

Figure 8.27 Effect. o£ pH (adjusted by addln8 aodi_ hydroxide in mill) on
dlaeo_ved species concen_ratlon in the supe_atant of
28 mesh wet-sro_d Pittsbursh No. 8 coal,

DISStI.VED SI"BCIES C_K:EN'_RATI_

3 9 5.0 0,41 0 8 2.5
4 i 4.8 0.41 0 8 2,*
48 4.3 0.07 08 2.3
52 2.7 0.0 08 2,3
61 0.8 0.0 07 2.2
67 0.3 0.0 07 2.1
75 0,0 0,0 07 1,9

92 0.0 0.0 04 1.5
I0 0 0,0 0,0 0 1 1.4
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F_lura 9,28 Effect of pB (adjusted by addin8 sodium hydroxlde in ce1_) on
disso].ved species concant_rat_ion in the supernatant of 200 mesh
wet-around Pit_ebursh Ns. 8 coa_,

DISSOLVED SFECXlm _TI(M

3,9 4.98 0,4 0,75 2.4
4,0 5.0 0,4 0,79 2 .5
4,8 4,77 0,0 0.7.5 2 4
5,0 3.76 0.0 0,79 2 4
S.9 0.84 0,0 0,71 2 3
6,0 0,9 0,0 0.71 2, 3
6,7 0.25 0,0 0.67 2 1
7.0 O, 16 0.0 0,67 2.0
8,0 O.OZ 0,0 0,63 1.8
9,0 0.0 0.0 0.6 1.5

10.0 0.0 0,0 0.0 1.33

Fisure 9.29 Effect of ferrous chloride addition on washed coal flotation recover,/,

0 8a.4
0 80,3

140 71.1

280 41.9
420 33.2
560 29.0
280 43.6

Fisure 9.30 Zeta potential behaviors of coal samples prepared by $rindins the coal in
mill. and in ce11, and me_al-hydroxidee precipitated £rom coal supernstant,

ADOED IN MILL RP,OR ADDED PRECIPITATES FIEMODAL SL_ I

_ p_H Zeta _, =V VB _eta ao_. _y

3.08 11.54 3.08 ii 54 5.10 5.82
3.86 5.01 3.86 5 19 5;10 3.88
4.52 -2.62 4.7 -0 37 5.80 4.15

4,52 -1,72 5.1 -2 59 6,10 a,9
5.92 -ii.01 5,9 -Z 19 8.10 3.15
7.38 -19.89 5.9 -0 17 10.70 1.1 ,
7,4_ -18.3_ 6,96 -5 33 9.2 3.45
9,24 -34.18 8.I0 -II 82
11,20 -52,80 9.30 -20 38

8,31 -18.41
11.02 -31.13

Figure 9.31 Effec_ of sodium hydroxide addition in cell on write rejection _ro_
wet Sround minus 200 mesh PitLeburgh Ns. 8 coal.

, ps 6 ps a _ Io

9o6 638 443 888 66, 823 237 96o
866 691 78.0 786 44,7 89,3 7_.6 8o._
78 7 73.6 89.0 69.3 83.5 74.5 75.0 78,7
77 7 74.5 89.9 68.0 87.6 73,8 85,3 73,8
74 9 76,2 69.1 79.7 90.9 69.5 51.5 87,3
s37 84.8 91,2 69o
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FiSura 9.32 Effect of sodlm, hydroxide addition in mi1_ on ;n/ri_* raje©_ion fr_

we_-Sro_nd minus 200 mesh Pi_sbursh No. 8 coal,4.0 pa 4.8 pa 5.2 pa 7.5

g0,6 83,8 5.5.7 84,5 63,8 81..5 61,2 84.8
85,6 89.1 79.5 73,6 80.3 73,8 79, 1 77.8
78,7 73,6 81.1 66.2 94,3 63.5 90,9 70.3
77.7 74,5 93,5 63.5 94,5 63.1 92,4 70,7
74.9 76.2
53,7 84 ; 8

pa s.o pao.z

94.0 67.8 30,4 g3,9
89,8 74,4 46,9 89,8
79.9 78.1 91,7 72,5
68,4 83.5 86.2 84,2
43.-5 gO. 7 84,3 78,9

88,3 74,1

Fisurs 9,33 Comparlson of effects of sodium hydroxide additions in m_.ll and cell on
pyrlt.e reject.ion from wet-sround minus 200 Hash Pi_abur&h No, 8 coal,

6(5,4 82,3 94.0 87.8
44,7 89,3 89,8 74.4
83,.5 74.5 79,9 78,1
87,6 73,6 88,4 83.5

go.g 6g.5 43.5 gO,'7
FiSure 9.34 _et.e potentlal behavlors of coal and pyrite samples prepared by srlndlns

t.he feeds in ml].l, end met, al-hydroxldes preclplt, at,ed from coal suparnat, snt_.

II_-I'RECIPII'ATICll COAL I_-I'RECIPZTATICm PN3.ITE RBL_XFXTATES _ COAL SBRCBRAI_IT

_ _ Zo_,po_,, =v _ Ze_ Do_,. ®v

3 08 11..54 2,93 4.44 .5.10 5,82
3 88 5 Ol 3,01 1,28 5 I0 3 88
4 -52 -2 82,, 4,20 -2 95 5 80 4 15
4 52 -1 72 5.40 -6 46 6 10 4 90
5 82 -11 Ol 6.20 -9 13 8 10 3 1-5
7 38 -19 89 8,20 -9 95 10 70 1 I0
7 44 -18 34 10,30 -11 08 g 20 3 45
9 24 -34 18 11,20 -12 82
I] 20 --52 90

Fi&ure 9.36 E£fect of sodium hydroxide addition in cell on non-Writic mineralu
reject.lon from wet-$round minus 200 mesh Pittsburgh No, 8 coal,

pea pas pas palo

90,6 58,4 44,3 84.2 66,4 74.6 23,7 gl. 7
8-5.6 64,0 78,0 67.4 44.7 83,8 74.8 69.8
78.7 69..5 89.0 56.2 83,.5 63,1 7-5,0 68,6
77 . 7 68,9 89,9 57 . 1 87.6 55,4 85,3 _0,4
74 . 9 71.7 69,1 74,3 90.9 54.9 51,5 81,0
53 • 7 80,9 91.2 -52,9

@
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Fi|ur, 9,37 E£fect of Sodium Bydroxlde Addlt_on in Hill on Non-Wr_I¢ Hinorals
Rejection from Wet Ground Hinus 200 Hash Pi_tsbursh N,O, 8 Coal.

,.o pa ,.8 ps 5.z pa 7.5

90,6 58.4 55.7 82,5 63,8 78,2 61.2 79 4
85,6 64,0 79.5 69.1 80,3 67.7 79. I 69.3
78,7 69,5 91.1 80, I 94.3 54,1 90.9 58.9
77.7 68,9 93,.5 55,6 94,5 53.1 92.4 57,5
74,9 71,3
53,7 80,9

94,0 52,8 30 4 90.8
88,8 61,5 46 9 85.1
79.9 68,5 91 7 58,2
68,4 77,5 66 2 _ 78,!
43,5 86,8 84 3 66,2

88 3 62,9

Fisure 9,38 Effect. of frol;her donase on coal £1otation rQcovery under precipitation
(NaOH added in cell) and non-preciplta_ion (NaOH added in mill) conditions.

HIE,C. LbIT _ _

o 88 953 o.44 66.4
0 59 940 0.29 44.7
0 _,4 898 0.59 83,5
0 29 79 9 0,88 87,6
0 22 68 3 0,88 90.9

o 15 _,3 5 I

F_sure 9.39 Effect of fro_her dosase on _otal wa_er flow ou_ of the call.

HZBc.ib/!

1.56 1108,5
0.39 318.5
O.935 9121_

Fisur, 9.40 Comparison of effects o£ aodiu_n amd calc¢_ hydroxidQm in mill on
Wri_e rejectlon from wet-ground minus 200 Hash Pit_sbursh No. 8 coal.

ilaCl] C-.a(OB) z
Ps_,.,g,R.,ez _

95.3 66,0 76,0 81,8
94.0 67,8 92,7 71,.6
89.8 74,4 53.2 89.3
79.9 78.1 65.0 85,2
68,3 83,5 87,5 75.6
43,5 90,7

@
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Ftlure 9,41 Comparison of e£fect,4 of sodium and calcium hydcoxide= tn mill on
non-pyritic mlnerels re_ectlon from wet-8=ound minus 200 mesh

Pit_ebu_:sh No, 8 coil,
1_8 ' c.(cu)_

95,3 51,4 76,0 70.9
94,0 52.6 92.7 58,0
89,8 61.5 ,53.2 81,7
79,9 68,8 65.0 77.6
68,3 76.8 87.5 62.2
43,5 86.I

, , ,lH,

Ftsure 9.42 Effect of frother dosase on coal flotation recovery: comparison of
frother consumptions in the presence of sodium hydroxide and
calcium hydroxide.

WaOa C-(OH)2

s

O. 88 95.3 0.29 76,0
O, 59 94,0 O. 59 92,7
0.44 89,8 , 0.15 53.2
0,2.9 79,9 0,22 65,0
0,22 68.3 0,44 87,5
O. 15 43,5

Fisure 9.43 Effect of ca£cil_nhydrox de addition in cell on pyrite rejection from
dry-sround minus 200 Mesl_Pittsbursh No, 8 coal.

_,.3 pus pas pato

87,9 $7,_. 6Q.s 72.o 66.4 78.s 43.2 62.380.9 62,2
80,5 63,8
75.7 68. :1.
70,9 70,6
50.2 80.8

Figure 9.44 Effect of calcium hydroxide addition in cell on combustible
material recovery and efficiency index fro_ web-&round

minus 28 mesh Pit._sbur_h No. 8 colt.

3.7 92.4 3.7 25.4
6.0 89.9 6.0 27.1
8.0 94.0 8.0 30,4
10.0 88.I 10.0 30. I

Fisure 9,45 Effect of calcium hydroxide additJ.on in cell on co_abustlble
material recovery and of£1ciincy index from dry-&round

minus 28 mesh Pittsburgh He. 8 coat.

3,4 86,9 3,7 26,9
6,0 88.6 8,0 32,3
8,2 87.0 8,0 37.0

10,0 78.0 I0,0 40.5

0
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Fisur® 9,46 E._£ect or. calcium hydroxide addition in cell on combustibl,
mat.erie1 recovery and efficienc.y index £r_n wet-|round

minus 200 mesh Illinois He. 6 coal, ,

6,0 85.2 6,0 51,6
7.1 , 86.3 7.1 53.9
7,8 83.2 7,8 53,2
10,0 40,4 10.0 30,1

Figure 9,47 Effect of calcium hydroxide addition in cell an combustible
materlal recovery end efflclenc7 index from wet-ground

minus 200 mesh Upper Freeport PA coal.
, ,,,, ,,,

3.5 69,5 3,5 42.9
6,0 77.7 6.0 53.1
8,0 76,5 8.0 56,8
I0,0 76.5 I0.0 55.5

Figure 9,48 Effect o£ sodium silicate addition on pyrite rejection from
wet-ground minus 200 mesh Pittsbursh No, 8 coal,

x. i "smlT ;_JU. ;s_,. _a _t,L, +
NO DISPZILSANT 2.2 LB/T SOD. SIL. IN HILL 1.1 LB/T SOD. SIL. IN C3[LL

30,2 90,6 35,6 90.1 40,6 87.8
56,1 82.5 67,0 79.3 67.7 79,3
74.5 76,6 84.5 72,7 81.8 74.3
84,8 73.2 86.3 71.1 84,0 73,4
90.9 71.0 90.3 70.2 87,6 72,3

1.1 LB/T SOD. SIL. 1.1 LB/T 800. SI1,.
1] HILL + 1.1 LB/T Di MILL + 1.1 UB/T
1] CELL + 15 t4Di. U.S DI _ + 30 14DI. U.5. qw

38,7 88,5 41.8 86.2
60.6 82.2 87,1 78,7
82.2 74.2 83.5 72.9
87.4 71.9 89.0 7D.4
91.4 69.7 92.0 68.8

Figure 9,49 Effect of sodium silicate addition on non-pyrltlc minerals re_ectlon
from wet-ground minus 200 mesh Pittsburgh Ns, 8 coal.

1.1 LBIT _D. SIL. Di MILL +
I) DISPER.qANT 2.2 LB/_ SOD. SIL. Di HILL 1.1 LBIT BOD. 5IL. Di CELL

30.2 87,7 35,6 83.i 40.6 83.3
55.1 76.9 67.0 69.1 67,7 71.3
74.5 67.8 84.5 59,7 81,8 64,0
84,8 61.1 88.3 57.0 84.6 62.4
90.9 56.6 90.3 55.4 87.6 60.7

1.1 LB/T soD. SIL. 1.1 LB/T _0. SIL.
1] HILL + 1.1 IJS/T Di HILL + 1.1 L.B/T
IN CELL + 15 MI]. U.S 1] CZLL + 30 MIN. U.S.

38.7 8,4.0 41.8 82.8
60.6 74.8 67.1 71.2
82.2 64,5 83.5 62. I

87.4 61.5 89.0 59.0
91.4 58.5 92.0 56.5
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Figure O, 50 Effect oF sodium hez_etspho#phate addition on l:_':ito fejection fr_
wet-6round minus 200 mesh Pittsbu=&h fie. 8 coal.

e ......

DaD. .MDmC DICE_ SOD. lB_14_TJtffi_l_a_ . DaD. +NIBC

66.4 82.3 91.9 68.0
83. :_ 74.5 9I., 0 68.7
87.6 73.6 88.5 58.5
90.9 69.5 88.6 69.0

81.0 75.3
84.0 74.6
88.0 69,4
86.4 74.8
89.0 67.0
90.0 62.0

.-- _ liH

Fisure 9,51 Effect of sodium hexametaphonphate addition on non-pT=ltic minerals
:ejection fr_ wet-_round minus 200 mesh PIttmbursh No. 8 coal.

D¢_. + NIBC IN CELL :SOD. _TAI=B_ + DCI). • NZ_

66.4 74.5 91 9 57 9
83..5 63.1 91 C 59 2
87.t_ 5.5._ 88 5 50 6
g_,9 51,.g 88 6 62 4

81 0 65 9
84 0 64 5
88 0 61 5
86 _ 62 3
89 0 62 g
90 0 63 4

Fisur* I0.2 Effect of Erindln& with GHTG on _'ombustlble matter recov_z7 and ash

O and _yritic sulfur rejection in _he flotation of Plttibur&h No. 8 coal.

. H, ,,.m,, H , , .H Hl'_ ± ,, H . , H , " "J "'

0.0 :J_lT _ 1.0 I_IY
_ PSR _ AR PSR

! ! ! ! ! !
0 0 i00.0 I00 0 0.0 i00.0 i00,0
23 3 89.2 91 7 18o7 93.5 94.2
43 7 80 4 8_ 2 40.0 85.2 87.9
66 3 70,6 75 4 6k._ 75.3 79.6
81 7 63.7 68 7 78.1 68.5 74.7
91 8 57.0 62 3 88.2 61.9 69.4

Fi&ure 10.3 Effect, of gr¢ndin& wt_,h GI4TG on combustible _tter recovery and
,lh and pTrt_.¢c sulfur rejection in the flotation of IlLlnot_ No. 6 coaL.

1-ST_ G_,IIID WIO _ 1-Sl_J_Z GBJEi) I_/ _ 2-STAGE OEllgD WIO _ 2-_ _ W/ G_JTG
CHR AR PSR _ AR PSR CH_ AR PSR _ AR PSR

0 0 i00.0 100.0 0 0 I00.0 100 0 0.0 i00 0 i00.0 0.0 I00.0 I00.0
3_ 7 81.6 82.9 2! 5 89.0 90 2. 18.9 93 4 9,.7 34.2 88.6 91.1
5_ I 7_.5 74.0 _9 3 7_._ 78 5 _2,5 85 0 87,5 55.8 80.7 85.1
78 2 56.7 59.3 71 0 62.6 68 3 63.3 76 8 80.7 71o2 74.4 80.7
83 8 51._ 5_.3 80 8 55.7 63 6 72.8 72 1 76.9 75.1 72._ 79.5
8_ g 53._ 60.8 88 2 50.0 57 8 76. 7 59 0 74.3 77.9 70.2 77.8

®
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Flsure 10.4 Effect of StindLn$ with GHT on combustible matter recovery
and ash and W=itic aul£ut rejection in the fLot,tton ot
Uppor Freeport PA cOeL.

ii --o iiii i i i

0.0 LBIT I. 0 LDIT Gtq_
CHR PSR _ PSR
J_ ! t !

0.0 100.0 0.0 100.0
38.6 90.7 32.5 93.0
59.8 80.8 53.0 94.9
72,7 73.1 84.7 74.9
80.2 6:5.9 72.7 68.8

mml_

FiGure 10,5 Effect of Srtndin8 with depressants on combusttbLo material recovor7
and p?ritic sulfur rejection in the f_otation of Pit, tsburlh No. 8 coaL.

_._.._ _.81_e f10_io n
STMmaIID HCaa

C'HR PSR _ PSR C_t PSR

! t t ! ! t

22,7 91.1 25.1 91.8 28.8 91.2
42.5 83.2 48. l 84,6 49.3 84.9
84,_ 74,2 73.5 75,4 65.6 79.3
79.4 67._ 90.9 85.2 74.2 74.9
89,2 61.b

acsa ssAa
PSR C_ PSR _ PSR

! l I ! I l

34.5 89.1 31.6 6g.7 25.3 92_0
58.6 81.0 58.4 79.9 44.1 85.9
77.3 73.7 77.8 71.4 63.6 79.0

89.6 86,4 86.,_ 66 81.5 70.3

"8 •

STAImA_D _ Nma
PSR _ PSR CHR P.I'R

! ! 1 ! t !

26.0 87,2 32. I 86.1 27,3 88,5
_9.7 76.5 56.4 75.7 19.8 79.1
74.5 64.2 81.1 83.3 75.6 67.1
88,1 55.1 _1.8 55.5 91.1 57.4

a¢sa 8ssa
CHR PSR C_ PSR C24R

! _z t t t t

22.5 89.7 23.3 89.7 20.7 90,9
44.8 00.3 45.6 79.7 39.2 e2.e
7_.6 65.9 73.1 66.4 62.9 72.3
89.6 56,2 86,8 _8.2 85. l 60. l

Fz_uro 10.6 Effect of GrindinS with pyrite dopressantm on the kinetics
of cc_buitibLe material and pyritic sulfur recovery in the
f_otation of Pitt•burgh No. 8 coaL,

ffram_D _ SSaa
FLotation _ PSR _ PSR _ PSR

_l=., m_... ! ! t ! ! t

0,5 26.8 12.8 27.3 11,5 20.7 9,2
1 49.7 23.5 40.8 20.9 39.2 17.2
2 7_.5 35.e 75,6 32.9 62,9 27,7 d_
5 89.1 44.9 9l,l 42.6 85.1 29.9 qP
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Filure 10,7 Effect of x_that,ed polyac_/llc acid and xantheted sucrose addlt,lon on
pyrite rejection from wet &round minus 200 mesh Pit,t,sbursh No. 8 coaL.

68.4 82.3 79.2 78.3 "'" 88.0 75.1
83.5 74.5 85.1 74.9 86.7 77.3
87.6 73.6 89.7 71.0
90.9 69.5 92.0 6S. 1

91.0 67.7
88.8 89.7
88.5 66,8
87,3 70,3
89.8 71.6
88. I 70,0
88.2 87.9

Fisure 10.8 Effect of xant, hat,ed polyecrylic acid and xanthated sucrose additions on
non-pyrit£c minerals re3sction from wet, 8round minus 200 mesh
Plt,t,sbursh No. 8 Coal.

DOE). + ldZBC Iii _ EOLT. XAWI*EAI"E+ DOa)+ HZBC _ xMrrl_YJ[ + DOD + Id111C

88._ 74.8 79.2 88 2 88.0 59,3
83.5 63.1 85,1 64 7 86.7 80.1
87,6 55.4 89,7 60 9
90.9 5_,.9 92.o 57 o

91.0 57 6
88 8 59 1
88 5 61 3
87 3 60.7
89 8 59.7
88 1 62.2

88 2 61.1

Fisure 10.9 Effect of xanthated sucrose and xanthatsd cit,_'lc sctd addit,ions on
pyrite reJect,Ion from wet 8round minus 325 mesh Pittsburgh No. 8 coal.

DOD. + MIBC 111CELL _ XM1'1"_1'£ • DOD. + _ CITRIC ]r_iII3ATZ + DOD. + NTBC

c_z r33.3 _ _ _

79,7 85.3 84,6 78,1 88,2 79,_
86,8 79,7 82.8 80.0 70.4 81.0
87.3 76.8 79,4 81,7 83,9 79,1
89,0 76.9 78.7 81.2 88,8 81.1
89.2 77,2 77.6 81.6
51.4 86,3 75,4 82,1

Fisure 10.10 Effect of xanthated sucrose and xanthated citric acid additions on
non-pyrltic minerals rejection from wet Sround minus
325 mesh Pittsburgh No. 8 coal.

DOD + MZ])C Dm CELL $IIL.'20_ XAW'/_,IZ CI'IRIC X,.L,RTI_T]I[ + DOi) +

79.7 70.3 84.6 80.1 88,2 66,0
86.8 62.0 82,8 59,5 70.4 72,4
B7,3 57.2 79.4 6S.}. 83.9 68.2
8_.0 57.0 78.7 64,2 88.e 64.1
89.2 57.8 77.6 65,3

._1.,, 7_,.2 75.4 86.2
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Fl&ure 10.11 Effect of hydrosen peroxLdv addition on Write rejection from wet
|round minus 200 mesh Fitt_burBh He. 8 coe_.

..... i i i,,i,, i , u ii, i i i -_

o.sz n_o2 + _ o.4z _02 + mc 3,o z sso2 + mac i
qiV

95 3 66 0 54.3 8_.5 34.5 93.4 86.9 74,9
94 0 67 8 77.3 61.1 62,7 85,8 40.5 91.7
89 8 74 4 89.3 75.4 81.6 79.7 87.0 71.2
79 9 78 1 90.2 73.2 87.1 75.5 67.2 84.4
68 3 83 5
43 5 90 7

Fi&ure 10.12 Effect of hydrosen peroxide addition on non-p_ritic mlnoroLs rejection
£rom wet sroLmd minus 200 mesh Plttsbursh He. 8 coaL.

1418(: 0.2Z 620_ + HIE 0.4Z Be0z + _ 3.O Z 820z + I(IaC

95 3 51 4 54.3 82,6 34.5 88.3 86.9 62.1
9_ 0 52 6 77.3 70.5 62.7 77.6 40,5 66.1
89 8 61 5 89.3 65.1 81,6 66.3 87,0 60.3
79 9 58 8 90.2 62.6 87.1 60,4 57,2 74.6
88 3 76 8
43 5 86 1

i1 . , i i i i , i L i i .m i, i, . i i ,_ ........

_Ot_o: The det_a _or _he _iAures _n CI_a_oT _1 w_s coer_iLed _o ,8_veral tabLen, ra_h_. _han havi_ one _able
_O_Te_h _r_divtdue_, _._aur • _

TabLe ll.l F1o_otion kinetics of 28-mosh ILLinois He. 6 coaL.

S_le ID 441-DI-04_428
Dodocmse 4.92 lblT IqZ_C 0.975 Lb/T

pB l_Itlml 5._ Final 5.5 A

Sizo Product Wei$h_ YieLd Ash To_.S Pyr.$ C_ Ash Pyr. S El Aeh Pyr, $

+48 Conc 0-0.25 mln 51.64 5_.31 8.26 3.55 0.96 _6.96 64.23 65.21 22.17 35.77 34.79
Cone 0.25-0.5 min 22.21 23.36 9.32 3.65 1.27 81.18 46.87 45.48 26.66 53.13 54.52
Cone 0.5-1 min 6.40 6.73 8.82 3.46 0.88 68.20 42.14 41.53 29.72 57,86 58.47
_aiLs 14.84 15.61 33.84 6.31 3.98
Feed ,48 95.09 40.51 12.54 4.04 1.50

48x100 Conc 0-0.25 min 35.50 66.06 9.28 3,80 1.22 68.30 50.44 53.23 21.61 49.56 46.77
Conc 0.25-0.5 min 11.70 21.77 10.80 4.04 1.47 90.55 31.43 34.60 25.15 68.57 65.40
Conc 0.5-1 mln 3.5_ 6,59 9.91 3,61 1.04 97,32 26.16 30.62 27,94 73.84 69.38
TaiLs 3.00 5.58 57.93 11.63 9.48
Food 48x100 53.74 22.89 12.37 4.28 1.72

100x200 Conc 0-0.25 mln 20,91 64.76 9_28 3.64 1.06 66.83 50.34 59.79 26.62 49.66 _0.21
Conc 0,25-0.5 n_Ln 7,48 23,17 10.70 3.70 1.14 90.37 29.85 44.37 34.73 70,15 55.63
Conc 0.5-1 min 2.31 7.15 10.68 3.79 1.23 97.64 23.54 39.24 36.87 76.46 60.76
TaiLs 1.59 4_92 57.85 15.90 13.54
Food 100x200 32.29 13.76 12.10 4.27 1.71

-200 Conc 0-0,25 min 23.84 44.09 10.94 3,53 0.98 52.72 81.10 77.71 30.43 1,8.90 22.29
Conc 0.25-0.5 mtn 11.48 21.41 11.11 3.58 1.12 78.27 71.78 65.24 43.51 28,22 34.76
Conc 0.5-1 min 5.65 10._4 15.62 3.95 1.45 90.21 65.33 57.35 47._5 3_,67 42.65
T_iLs 12.85 23.96 69.55 6.50 4.62
Feed -200 53.62 22.84 25.52 4.32 1.93

Overall Conc 0-0.25 min 131.69 56.10 9.18 3.63 1.05 60.24 66.61 6*,97 25.21 33.39 35.03
Conc 0.25-0.5 min 52.87 22.50 10,22 3.83 1.26 64.12 51,70 48.10 32,22 48.30 51.90
Conc 0.5-1 min 17.90 7.60 11.42 3.69 1.14 92.08 46.07 42.97 35,05 53.93 57,03
TaiL| 32,28 13,80 51.47 7.35 5.22
Total Food 234.74 100.00 15.42 4.19 1.68 _h

,, ,,,=,,.m.j__ ,,, • _ ,_,__ ,,,,,, ,. ...m=..
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TabLe 11.2 Flotation kinetics o£ 28-mesh Pittebur|h No. 6 coaL.

O :5_lPlO I1) 442-B2-04-"_8
DodeceBo 1.02 IJb/T IQ]9C 0.39 1.b/T
pE InJ, tl,,1 3.2 Final 3.25

Size Product Wsisht Yield Ash Tot.S Pyr.S CHR Ash Pyc, S ZI Ash rtr. S

+48 Conc 0-0,25 min 110.98 70,48 7.16 3.03 1.63 72.93 51.02 t3.36 18.29 48,98 56,64
Conc 0.25-0.5 min 19.08 12,11 8,08 3.01 1.71 85,34 41.51 33,19 18.53 58,49 88,81
Conc 0,5-1 min 12,06 7.66 6.61 2,94 1.52 93,32 36,60 27.44 20,75 63.40 72.56
Tails 15,38 9,77 38.63 4,83 5.69
Feed +48 157.50 43.00 10.30 3.20 2.03

48x100 Conc 0-0,25 min 56,98 73.83 7.85 3,34 1.89 75.18 40,71 35,88 11.06 59.20 64,12
Conc 0,25-0.5 mln 9,90 12.79 8.97 3,41 2.04 88,08 28.95 23.87 11.95 71,05 75,13
Conc 0,5-1 rain 6,14 7,93 7.06 3,06 1.64 96,25 23.21 17.87 14.13 76,79 82,13
Tails 4.37 5.65 40.17 6,41 6.82
Feed 48x100 77.39 21.13 9.76 3.50 2.17

lOOx200 Conc 0-0.25 min 34,51 72,67 8.00 3,68 2,11 74,27 41.75 36.30 12.57 58.25 51,70
Conc 0,25-0.5 miu 6.30 13.27 9.90 3,98 2,48 87.54 28.59 25,10 12.64 71,41 74.90
Cnnc 0.5-1 min 4,11 8,65 7.27 3,44 1.90 96.46 22,29 18,51 14.97 77,71 81,49
Tails 2.57 5,41 41.16 9,06 8.56
Feed 100x200 47.49 12.96 9.98 3.99 2.49

-200 Conc 0-0.25 mln 48.98 58.35 8,40 3.92 2,30 65.71 73.73 62,81 28.53 26.27 37,19
Conc 0,25-0.5 min 11.86 14,13 9.00 3,97 2.39 81,52 66.92 53.47 34.99 33,08 46,53
Conc 0.5-1 min 8,31 9,90 10.58 4,22 2.69 92,40 61.30 46.09 38.49 38,70 53,91
Tails 14,79 17,62 64,95 6,86 9,41
Feed -200 83.94 22,91 18.66 4.47 3,61

Overall Cone 0-0,25 min 251.45 68.64 7.68 3,36 1.89 72.06 56.31 47.78 19,84 43,69 52.22
Conc 0.25-0.5 min 47,14 12,87 8.74 3.47 2.05 85.42 46.99 37.14 22.56 53,01 62.86
Conc 0,5-1 miu 30,62 8.36 7.87 3.38 1,91 94,18 41.53 30.69 24.87 58.47 69,31
Tai_s 37,11 10,13 49,48 6,12 7,51
Total Feed 366,32 I00,00 12.07 3,66 2.48

Table 11.3 FLotation kinstlcs Upper Freeport
of 28-mesh PA coa_.

_mmple ID 445:B3-O3-t428
Dodecm2e 0.24 ].bit _ 0.26 ].bit
PH Initial 3.25 FJmal 3.3

Size Product Wei&ht Yield Ash Tot,S PTr.S CMR Ash PTr. S El Ash PTr, S

+46 Conc 0-0,25 min 84,62 56.11 7,69 1.28 0.51 60.49 69.97 69.80 30.20 30.03 30.20
Conc 0.25-0.5 min 13.12 8,70 8,58 1.27 0.51 69.78 64.78 65.12 34,89 35,22 34,88
Cone 0.5-1 min 12.48 8,28 7.75 1.24 0.47 78.69 60.32 60.09 39.68 39,68 39.01
Tails 40.59 26.91 32.20 2.71
Feed +48 150.81 40.46 14.37 1,66 0.94

48x100 Conc 0-0.25 mi_ 54,97 63,83 7.53 1,45 0.66 66.53 57.39 61.81 28.33 42.61 38,19
Cone 0.25-0.5 mln 9.35 10.86 8.90 1.50 0.73 77.68 48.82 54.70 32.38 51.18 4_.30
Conc 0.5-1 min 10.67 12.39 8,28 1.41 0.63 90.48 39.73 47,62 38.10 60.27 52.38
Tails 11.13 12,92 34.70 4.81
Feed 48x100 86.12 23.10 11.28 1.88 1.11

100x200 Conc 0-0.25 min 31,39 60,42 7.00 1.52 0.72 62,98 60.73 66,33 29.31 39.27 33.67
Conc 0.25-0.5 min 7,00 13,47 8.39 1.66 0.87 76,81 50.23 57.30 34.11 49.77 42.70
Conc 0.5-I mln 7.57 14.57 8.67 1.69 0.90 91,72 38.50 47,19 38,91 61.50 52.81
Tails 5.99 11.53 36.00 6.10
Feed lOOx200 51.95 13.94 10.77 2.09 1.30

-200 Conc 0-0.25 min 34.16 40.72 6.56 1.59 0,79 43.92 80,02 60,85 24.76 19.98 19.15
Conc 0.25-0,5 min 11,73 13.98 6.85 1,57 0.77 58,85 72.86 74.40 33.35 27.14 25.60
Conc 0.5-1 mln 17,58 20,95 7.58 1.63 0.83 81.30 60.96 63.94 45.24 39,02 36,06
Ts_Ls 20.43 24.35 33.50 5.11
Feed -200 83,80 22.51 13.37 2.45 1.67

Overall Cone 0-0,25 min 205.14 55.03 7.35 1,41 0.63 58.55 68.70 70.94 29.49 31.30 29,06
Conc 0.25-0,5 min 41.20 11.05 8.13 1,47 0.69 70,22 61.76 64.51 34,73 38,24 35,48
Cone 0.5-1 mtn 48.30 12.96 7.95 1.49 0.71 83,91 53.79 56.82 40.73 46.21 43.18

Toils 78.14 20.96 33.19 3.90 3.24To_al Feed 372.78 i00,00 12,93 1,95 1.19
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Table 11.4 Flotation kinetics of fOe-mesh lllinolm No, 6 coal.
, , -- L : .. , ,.

54mp2o II) 467-D1-O_-WlO0
Dodocamo 4.92 £b/T MIBC 0,975 1biT lPInitial 4.21 Final 4.49

Size Product Weight Yield Aeh Tot.S PTr,S C_ Ash PYr. S El Ash PYr. S

+200 Conc 0-0.25 mtn 74,09 39,17 0.19 3.60 :1.20 40.33 70,35 76.42 16.75 2g.65 23.50
Conc 0,25-0.5 mln 50,04 26.46 6,37 3,76 $,17 67,51 49,89 60,98 26,49 30.11 39,02
Conc 0.5-1 min 19,33 10,22 6,12 3,64 1,05 78,04 42,22 55,63 33,67 57,78 44,37
Cone 1-2 min 4,72 2.50 8,87 3,52 0.94 80,59 40,17 54,*6 35.05 59.83 45,54
Conc 2-5 min 2.10 1.11 9,82 3,37 0,81 61,71 39,16 54.01 35,72 60,64 43,99
Tails 38.87 20,55 20,63 7,78 5,24
Feed +200 189,15 42,39 10,82 4.38 2,00

200x400 Conc 0-0.25 min 28,22 32_28 8,52 4,34 1,73 33.41 76,31 79,11 12,51 23.69 20.89
Conc 0,25-0,5 min 21.98 25,14 8,28 4,13 1,53 59.50 58.,36 64.78 24,26 41.62 35.22
Cone 0,5-1 min 14.91 17.06 0,07 3,73 1,13 77.24 46,52 57,56 34,80 53.46 42.44
Conc 1-2 min 5,58 6.38 9,25 3,74 1,16 83,79 41.44 54,80 38.59 58,56 45.20
Conc 2-5 min 3.15 3,60 10.55 3.74 1.18 87.44 38.16 53.22 40.66 61.84 46.78
Teils 13.50 15,53 26,54 11,71 9.18
Feed 200x400 87,42 19.59 11,61 5.27 2.68

-400 Conc 0-0.25 min 42.27 24,92 12.23 4,41 1.85 29.07 87.69 83,65 12,72 12.31 16.35
Conc 0,25-0.5 min 34.51 20.35 11.47 4.39 1.82 53,01 78,27 70,51 23.52 21,73 29,49

Conc 0.5-I min 28,45 16,77 12.41 4,40 1,84 72.5* 69.86 59.55 32.08 30.1' 40,45
Conc 1-2 mln 17,76 10,47 19,08 3.72 1,27 83.80 61,79 54.85 36,64 38.21 45.15
Conc 2"5 min 11.14 6.57 28.79 5,22 2,85 90,01 54.15 48.20 38,22 45.85 51,80
Tails 35.49 20.92 64.07 8.51 6.51
Feed -400 169,62 38.02 24,76 5._4 2.62

Overall Conc 0-0,25 mln 144.56 32.40 9,43 4.08 1,50 35,05 61,22 80,13 15.18 18.78 19.87
Cone 0,25-0,5 men 105.53 23.90 9.36 4,04 1,45 60.93 67,49 65,90 26,83 32.51 34,10
Conc 0.5-i min 62,59 14,00 10.06 4.01 1,43 75,97 58,84 57,70 33.67 41.16 42.30
Conc i-2 mln 28,06 5,30 15,41 3.69 1,19 82.34 52,88 54.63 36,97 47,12 *5,37
Conc 2-5 mln 16.39 3,70 22,86 4.70 2.27 65.75 47.68 51 19 36.94 52.32 48.81

Tails 87.94 19.70 39.40 8,68 6,36
Total Feed 446.19 I00,0016,28 4,_7 2.,_ _ .
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TabLe 11.5 FLotation kinetics of lO0-meeh Pi_tsbursh Ho, 6 coal.

O s_m_le lD 4ss-e_-o4-,wlooDodeome 1.02 1bit HIBC 0.39 1bit
pie Initia,i. 3.24 FtJoml 3.30

Size Product Weish_ Yield Ash Tot.S Pyr. S (24R Ash P)'r. S EZ Ash Pyr. S

+200 Conc 0-0.25 min 63.90 32.52 5.40 2.83 1.34 33,44 77.99 76.52 9,95 22.01 23,48
Co_c 0.25-0.5 min 44.67 22.74 5.35 2.70 1.26 56.82 62.75 61.15 17.97 37,25 38.85
Conc 0.5-1 min 24.12 12.28 5.01 2.66 1.20 69,49 55.04 53.22 22.72 44.96 46.78
Conc 1-2 min 7.82 4.03 5,47 2.65 1.24 73,64 52.28 50.54 24.18 47.72 49.46
Conc 2-5 min 4.78 2.43 8.12 2,76 1.55 76.07 49.80 48.51 24.57 50.20 51.49
Tails 51.08 26.00 15.29 4,77 3.47
Feed +200 195.47 41.31 7.98 3.27 1.86

200x400 Conc 0-0,25 min 29.81 28,41 5.81 3.26 1.65 29.32 81.07 81.63 10.95 18.93 18.37
Conc 0.25-0.5 min 24.65 23,49 5.53 3.12 1.54 53,63 66.17 67.49 21,12 33.83 32,51
Conc 0.5-1 min 18.08 17.23 5.23 2.91 1.38 71,52 55.83 58,19 29,71 44.17 41.81
Conc 1-2 msu 8.55 8.24 5.88 2,86 1.41 80.02 50.28 53.64 33.66 49,72 46.38
Conc 2-5 min 6.40 6.10 7.80 3,32 1,67 86.19 44.82 49.16 35.35 55.18 50.84
Tails 17.33 16,52 23.67 10.12 7,58

Feed 200x400 104.92 22,06 8.72 4.27 2.55

-400 Conc 0-0425 mln 41.56 23,86 6.80 3,04 1.60 26,09 89,01 87.57 13.68 10.99 12.43
Conc 0,25-0.5 mln 35.67 20.48 6,22 2.96 1.50 48.62 80.38 77.59 26,22 19.62 22.41
Cone 0.5-i min 31.96 18.35 5.10 2.90 1.45 68,84 72.79 68,94 37.78 27.21 31.06
Conc 1-2 mi_ 19.46 11,17 " 62 3.01 1.66 80.95 67.02 62,91 43.86 32,98 37.09
Conc 2-5 m/n 14.85 8.53 12.51 3.90 2,67 89.70 59.80 55,52 45.22 40.20 44,48
TaiLs 30,66 17,60 50.13 9.53 9.69

Food -400 174.16 36,62 14.76 4.21 3.08

OveraLl Conc 0-0.25 t.in 135,27 28,44 5.92 2,99 1.49 29,94 84,14 82.77 12.71 15,86 17.23
Cone 0,25-0,5 mln 104.99 22,08 5.69 2,89 1,41 53.24 72,32 70.15 23.39 27.68 29,85
Conc 0.5-I mln 74,16 15.59 5.53 2.82 1.35 69,72 64.19 61.58 31.30 35.81 38,42
Conc I-2 mln 36.03 7.58 6.73 2,89 1.50 77,82 59.39 56.94 34,56 &O.81 43.06
Conc 2-5 mln 26,03 5,47 10,54 3,55 2,27 83,10 53.96 51.89 34.99 46.04 48.11

_ Tails 99.07 20,83 27.52 7.18 6.11
ToLol Feed 475.55 I00,00 10.62 3,84 2.46
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Table 11.6 Flotation kinetics of 100-mesh Upper Freepor_ PA coal.

S_qplo lD 469-83-04-.44100
Dode_,,e,e 0.24 ].bit MIBC 0.2,8 1bit WpH I_Ltlsl 3.25 FLnal 3.39

Size Pcoduct Weisht Yield Ash To_,S PT:.S CMR Ash Fyr, S EZ Aah Py:, S

+200 Cone 0-0,25 mln 40.02 22.85 5,68 1.22 0.43 24,61 69,53 91,85 16,45 10,47 8,15
Cone 0.25'0.5 min 36.14 20.64 5.84 1.26 0.47 46.79 79.81 83.82 30.61 20.1g 16.18
Conc 0.5-1 min 31,69 18,10 6.57 1.18 0.40 66.09 70.22 77,79 *3,89 29,76 22.21
Conc 1-2 min 20.83 11,90 8,53 1,35 0.58 78.51 62.04 72.03 50,55 37,96 27.97
Conc 2-5 min 12.83 7,33 13.26 1,67 0,93 85.77 54.20 66,34 52.11 45,80 33,56
Tails 33.60 19.19 35,04 4,84 4.15
Feed +200 175,11 36,44 12+.*0 1.96 1.20

200x400 Conc 0-0,25 mln 25.98 23,42 5.85 1,42 0,62 25,03 88.51 92,22 17,25 11,49 7.78
Conc 0.25-0,5 mln 25.27 22,79 6,03 I,38 0,58 49,35 76.98 85,09 34,44 23,02 14,91
Conc 0.5-i min 22,49 20,29 6.65 1,38 0.59 70,85 65,66 78,67 49,52 34.34 21,33
Conc 1-2 sin 14.23 12,84 8.92 1.61 0.83 84.12 56,05 72.94 57.06 43,95 27,06
Conc 2-5 sin 9,08 8.19 15.31 2,74 1.96 92.00 45,53 64.30 56.30 54,47 35.70
Tails 13.83 12,48 43.51 10,50 9.57
Feed 200x400 110.86 23.07 11,92 2.67 1,86

+400 Conc 0-0,25 men 38.41 19,74 6.90 1,58 0.78 21.41 90+38 91,98 13.39 9.62 8.02

Conc 0,25-0.5 mln 37,06 19,04 6,71 1,55 0.75 42.10 81,36 84,55 26,65 18,64 15,45
Cone 0,5-I mln 39.67 20,38 5.70 1.48 0,68 66.26 71,71 77,29 41,55 28,29 22,71
Conc 1-2 mln 31,36 16.10 7.89 1,67 0.88 81,54 62.74 69,95 51,49 37,26 30,05
Conc 2-5 men 19.64 9.99 14,05 2.63 1.85 91,54 52.83 60,35 51,89 ,7.17 39,65
Tails 28.69 14,74 50,71 8.60 7,86
Feed •,00 194.61 40,%9 14,16 2.71 1.92

Overall Cone _+0,25 mln 104,39 21.72 6.17 1.40 0.60 23.*3 89.69 91,99 15,42 10,31 8.01

Conc 0.25-0,5 min 98,47 20.49 5.22 1.40 0.60 45,51 79.89 84,46 29,97 20,11 15,54
Conc 0.5-I men 93.85 19.53 6.64 1,35 0.56 66,47 69.91 77.73 44,20 30,09 22,27
Cone i-2 min 66,40 13,82 8.31 1,56 0,78 81.03 61.06 71,22 52,25 38,92 28.78
Conc 2-5 men 41.35 8.60 14.08 2,36 1.59 89.53 51.75 62.89 52.42 48,24 37+11
Tails 76.12 15,84 42.48 7.29 6.54

Total Feed &80.58 I00.00 13.00 2,43 1,6,

Table 11.7 Flotation kinetics of 200-mesh Illinois No. 6 coal with the |tanderd dos=8es.

Sample 11) 471-Bl-O4-M2.00
Dodecane 4.92 1.bit HIBC 0.98 1biT
pH _t,t_1. 4.01 Pl.n,,1 4.07

S_za Product Wee&ht Yield Ash To_.S Pyr.S C_ AJh Pyr, S El Ash Pyr. S

+400 Conc 0-0,25 mln 16.52 11.16 6,50 3.29 0.68 11,47 91,99 94,83 6+31 8,01 5.17
Conc 0,25-0.5 m_n 15.24 10,30 5.99 3.27 0.66 22.12 85.19 90.25 12,37 14,81 9.75
Conc 0.5-I mln 18,22 12.31 5.96 3.24 0,63 34.85 77,09 85.02 19.86 22,91 14.98
Cone 1-2 men 14.69 9,92 6.06 3,17 0,56 45.10 70,45 81,25 26.35 29.55 18.75
Conc 2-5 men 20.25 13.68 6.40 3.26 0.65 50.18 60.79 75.20 34,38 39,21 24.80
Tails 63.10 42,63 12.91 5,17 2,60
Feed +400 148.02 34.38 9.06 4.07 1.48

-400 Conc 0-0.25 men 40,52 14.35 9.35 3,77 1.19 15,58 91.89 92,64 8,22 8.11 7.36

Cone 0+25-0.5 mln 44.00 _5.58 8+66 3.74 1.15 32,63 83.72 84,91 17,54 16.28 15.09
Conc 0.5-1 sin 53,63 18,99 8.78 3.72 1.13 53,38 73,64 75.64 29,01 26.36 24.36
Conc 1-2 min 40.86 14.47 9,,24 3.78 1.20 69,11 65.55 68.17 37,27 34.45 31,83
Conc 2-5 mln 41.65 14.75 11,89 4.31 1.75 84.67 5_.95 57,05 41,73 45,05 42.95
Tails 61.80 21.88 41.49 8.33 6.05
Feed -400 282.46 65,62 16.53 4.83 2.32

Overall Conc 0-0.25 mln 57.04 13,25 8.52 3.63 1.04 14.09 91.91 93,19 7.28 8,09 6.81
Conc 0,25-0.5 men 59.24 13,76 7.97 3.62 1,03 28.81 8,,05 86,24 15.05 15,95 13.76
Conc 0.5-i men 71.85 16.89 8.06 3.60 1.01 46.6* 74.41 77,98 24,62 25.59 22.02
Conc 1-2 mln 55.55 12.90 8.40 3.62 1.03 60,38 66.64 71,43 31.81 33,36 28,57
Conc 2-5 mln 61.90 14.38 10.09 3.97 1.39 75.40 56_25 61,58 36,98 43.75 38.42

Tails 12*.90 29.01 27.05 6,73 *.30

ITotal Feed 430.48 i00.00 13.95 4.57 2,03
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Tab].. 11,8 F_otation kinetics oF 200-mesh Illinoim No, 6 coal with dou_l, doses, of collector,
_-.

SempLe XD 474-61-04-W200Dode_,.,,, g. 82 1])/I' _ 0.98 lb/T
pB I_itisl 3.87 ¥_ml 3.97

Slze Product Weliht Yield Ash Tot.S Pyr,S CMR Ash PTr. S [I Ash PTr, S

+400 Conc 0-0,25 :in 24.57 15.64 6,74 3.46 0.85 16.03 88.26 90.73 8,75 11.74 9,27
Cone 0,25-0,5 min 21,58 13,74 6,26 3,38 0.77 30.17 78,88 83.38 13.56 21,32 18,62
Conc 0.5-1 sin 25,02 15,93 6,34 3,34 0.73 46.56 67,44 75.29 21.85 32.56 24.71
Conc 1-2 sin 19,4g 12.41 6,40 3.20 0,60 59.32 58,60 70.16 29.48 41.40 29,84
Conc 2-5 sin 17,06 10,86 7,09 3.33 0,73 70.41 50,02 64,66 35,05 49,98 35,38
Tails 49,37 31,43 14,29 5,52 2,96
Feed +400 157,09 35.67 8,98 4.03 1.64

-400 Conc 0-0.25 min 49.57 17.51 10,12 4,10 1,52 19,21 90,18 89.21 8.42 9,82 10,79
Cone 0.25-0,5 min 48,56 17,18 9,09 3,96 1,37 38.24 81,53 79,69 17,92 18,47 20.31
Cone 0,5-1 sin 58,13 20,54 9,43 4,04 1,45 60,93 70,79 67.60 28,53 29,21 32,40
Conc 1-2 man ,3,03 15.20 10,47 4,14 1,56 77.54 61.97 57,97 35,51 38,03 *2.03
Conc 2-5 man 33,16 11,72 13,86 4,63 2,09 89,85 52,97 48,07 37,93 47,03 51,93
Tails 50,85 17,97 53,19 8,75 6,61
Feed -400 283,30 64.33 18,04 4.97 2.47

OveraZl Conc 0-0,25 mid 74.14 16,84 g.00 3.89 1,30 17.98 89,76 89.58 7,56 10.24 10.42
Conc 0.25-0.Smin 70.14 15,93 8,22 3.78 1,18 35,14 80,92 80.58 15,72 19,08 19,42
Cone 0.5-I.sin 83,15 18.88 8,50 3;83 1,24 55,42 70.07 69.46 24.88 29.93 30.54
Cone 1-2 min 62.52 14,20 9,20 3,85 1,27 70.54 61.25 60.93 31,47 38,75 39,07
Conc 2-5 sin 50,22 11.40 11.56 4.19 1,63 82,38 52,3* 52.10 34,48 47.66 47,90
Tails 100.22 22.7'6 34,03 7.16 4.81
To_al Feed ,40,39 100,00 14.80 4,63 2,10

Table 11.9 Flo_ation kine_ic= o£ 200-=esh Illinois No, 6 coal with double dosase oF frother.

Sample I1) 477-61-04-t_200Dodecane 4.82 fMIT 1416C 1.95 Ib/T

pa In.tti.I 3.84 Ft_l. 3. Sm

Size Product Weight Yield Ash Tot.S Pyr.S C_ Ash PYr. S El Ash Pyr. S

+400 Cone 0-0,25 min 21.40 18.26 7,79 3.72 1.12 18.76 86,14 89.40 8.16 13.86 10.80
Cone 0.25-0,5 min 18.23 15.55 7.25 3,49 0,89 34.84 75,15 82.23 17.07 24.85 17,77
Conc 0.5-1 min 23.22 19,81 7,47 3.51 0.91 55.26 80,72 72.87 28.13 39,28 27.13
Conc i-2 mln 15.82 13,50 7,80 3.54 0,95 59.13 50,46 56,26 35.39 49,54 33,7*

Conc 2-5 min 14.40 12.29 9,08 3.83 1,05 81.58 39.59 59.58 ,1,15 60.41 40,,2
Tails 24.14 20,60 lg,73 8,15 5.59
Feed +_00 I17,2_ 36.08 10.26 *.52 1.93

-400 Cone 0-0.25 mln 44.43 21,40 11,61 4.52 1.95 23.23 86.52 85.96 9.21 13,48 14,02
Conc 0,25-0,5 man 39.66 19,10 10,34 4.18 1.60 44.30 75.99 75.71 20.02 2,.01 24,29
Conc 0.5-1 m_n 47.35 22,80 11,*0 4,42 1.85 69.17 62.12 61.56 30.73 37.88 38.4*
Conc I-2 man 30.57 1,.72 14,16 4,89 2,34 84,73 51,00 49.98 34,71 ,9.00 50,02

Cone 2-5 min 21,15 10.19 22,99 6.27 3.80 94,38 38.51 35.98 31.37 61.49 63.02
TaLks 24.47 11,79 61.30 11,46 9.35
Feed -400 207.63 63,92 16,75 5.48 2.98

Overall Cone 0-0,25 min 65.83 20,27 10.50 4.26 1,68 21,51 66.,3 86.89 8.40 13.57 13.11
Conc 0.25-0.5 mln 57.89 17.82 9.37 3.96 1,38 40.67 75.79 77.45 18,12 24.21 22.55
Conc 0.5-i mln 70,57 21.72 I0,ii 4,12 I._* 63.83 61,80 6_.57 28,40 38.20 35.43

Conc 1-2 man 46.39 14,26 11.99 4,43 1,87 78.74 50,89 54.32 33,06 49,11 45.68
Conc 2-5 mln 35,55 10,94 17.36 5,20 2.69 89,,7 38.78 43.01 32.48 61.22 56.99
TaiLs 46.61 14,96 40.66 9,82 7.49
Total Feed 324.84 100,00 15.69 5,13 2.60
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Table 11.10 Flotation kinetics o_ 200-ma|h Pittsbursh He. 8 aoal wlth t_la standard domqei,

S4_lple ID 473-K2-04-1d1200 _k
Dodecane 1.92 1bit _ 0.30 l.b/T
pB In:LtLa_L 3.6_ FLnml 3.71

Size Product Wei&ht Yield Ash To_.S Pyr.S CHit Ash Pyr. S EI Ash Pyr. S

+600 Conc 0-0,25 min 8,34 5,46 4,75 2.42 1.03 5,57 98,15 96,62 2,20 3,65 3,38
Conc 0,25-0,5 min 11,03 7.22 4,45 2.28 0.91 12,97 91,39 92,65 5,63 8,61 7,35
Conc 0,5-1 min 20,99 13,74 4,21 2.30 0,90 27.08 82.81 85.19 12,27 17.19 14,81
Conc 1-2 min 31,77 20,79 4,15 2.36 0,93 48.45 70,00 73,49 21.94 30,00 26.51
Conc 2-5 min 29,04 19,01 4,33 2,48 1.03 67.95 57.79 61.75 29.70 42.21 38.25
Tails 51,62 33,78 11.53 4.63 3,03
Feed +400 152.79 32,68 6,74 3.14 1,66

-400 Conc 0-0,25 min 32,48 10,32 6,07 2.72 1,34 11,01 94,75 95,07 6,08 5,25 4.93
Conc 0,25-0,5 min 41,38 13.15 5,48 2.62 1.22 25,12 86.71 69,34 14,46 11,29 10,66
Conc 0,5-1 min 62,97 20.01 5,32 2,63 1,21 46.63 79,78 80.69 27,32 20.22 19,31
Conc 1-2 min _ 69,10 21.9_ 5.12 2,78 1,29 70,29 70,36 70,60 40,89 29,64 29,40
Cone 2-5 min 48,46 '15._ 7.36 3.31 1.82 86.49 60,86 60.57 47.06 39.14 39.43
Tails 50,29 19.,18 37.89 10.03 8,85
Feed -400 314,68 67,32 11,93 4.19 2.80

Overall Conc 0-0,25 min 40,82 8,73 5.80 2.66 1,27 9,16 95,05 95.42 4,58 4,95 4,58
Conc 0,25-0,5 min 52,4i 11.21 5.26 2,55 1,16 20,99 89,28 90.09 11,08 10.72 9.91
Conc 0,5-1 min 83,96 17.96 5,04 2,55 1,14 39,99 80,43 81.71 21.70 19.57 18.29
Conc 1-2 min 100,87 21,58 6,81 2.65 1.18 62,87 70.27 71.28 34,15 29,73 28.72
Conc 2-5 min 77.50 16,58 6,22 3.00 1,53 80.19 60,19 60.87 41,06 39,81 39,13
Tails 111.91 23.94 25,73 7.54 6.17
Total Fe_d 467,47 100.00 10.23 3,85 2,43

Table 11,11 Flotation kinetics of 200-mqeh Pittsbursh He, 8 coal with double douqe of collector,

Smile lD 475-B2-O4-t4200
Dodecane 3.84 ]JblT K[BC 0.30 Lb/T
i_B InitLal 3.64 F_sal 3.76

Size Product WoLShL Yield Ash ToL.S Pyr.S (2_ Ash Pyr. S El Ash Pyr, $

+400 Conc 0-0,25 min 8,66 10.34 4,68 2.35 0.98 10.62 93.27 93,08 3,70 6.73 6,92
Conc 0,25-0.5 min 10.96 13.09 4.40 2.29 0.91 24.10 85.26 84.89 8.99 14,74 15.11
Conc 0,5-1 min 16,52 19,72 4,40 2.30 0.92 44,41 73.19 72.46 16,87 26.81 27,54
Conc 1-2 min 16,93 20,21 4,77 2,36 0.99 _5.15 59.78 58.73 23,88' 40.22 41,27
Conc 2-5 min 11,60 13,85 5,95 2.44 1.15 79.19 48.32 47.80 26.99 51.88 52.20
Tails 19,09 22,79 15.23 4.13 3.07
Feed +400 83.76 27.86 7,19 2,75 1.46

-400 Cone 0-0.25 min 34,02 15,68 5.63 2.62 1,23 18.90 92.80 93.06 9.96 7,12 6,94
Conc 0,25-0,5 min 36.13 16.66 5.39 2,60 1.20 34,88 85,64 85.91 20.79 14.36 14,09
Conc 0,5-1 min 47,49 21,89 5,62 2.78 1.33 58,47 75.72 75,45 33.92 24,28 24,55
Cone 1-2 min 39.38 18,15 6.54 2,94 1,52 77.84 66.14 65,57 43.41 33,86 34.43
Cone 2-5 min 24,12 11.12 9.62 3,37 2.20 89.31 57.52 56.82 46.13 42,48 43,18
Tails 35.78 16.49 43,21 10.41 9.59
Feed -400 216.92 72.14 12.40 4.10 2,79

Overall Conc 0-0.25 min 42,68 14,19 5,44 2°57 1.19 15.07 92.95 93.07 6.14 7,05 6.93
Conc 0,25-0,5 mln 47.09 15,66 5.16 2.53 1.13 31.75 85.58 85.74 17.49 14,44 14,26
Cone 0.5-I min 64,01 21,29 5,31 2.66 1,23 54,38 75,24 74.95 29,33 24,76 25,05
Conc 1-2 mln 56.31 18,73 6.01 2.77 1,36 74.15 64.95 64,43 38,58 35,05 35.57
Conc 2-5 min 35.72 11.88 8.43 3.20 1.86 86.36 55,80 55,31 41.67 44.20 44.69
Tails 54.87 18.25 33,48 8,23 7,32
Total Feed 300,68 100,00 10.95 3.73 2.42

•m._____:--- :__: ..... :-L_ ,,,, ,,,,, "' '
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Tab].o 11,12 F].otation kinetioa o_ 200-meeh Pi_tsbu=sh He, 8 ©eel witch double doease o_ _rother,
i H iii ii ul i

Smmp).o ]3) 476-K2-O4-.W200
Dodea,m, 1.82 ].bit H]]BC o, 6o 1bit
pH ;JcttLLL 3.55 Final 3.70

Size Product Weisht YieLd Ash Tot,S Py_,S CHR Ash Pyr, S EZ /Lsh Pjrr, S

+400 Cone 0-0.25 rain 13,77 12,62 5,12 2.38 1,04 12,86 00.60 90,07 3,83 9,40 9,03
Cone 0,25-0,5 min 15.62 14,31 4,77 2,24 0,92 27,49 80,66 d1,92 9,41 19,34 18,08
Conc 0,5-1 ,,,in 26,24 24,04 4,66 2,28 0,93 52,11 64,35 66,46 1.8,57 35,65 33,54
Cone 1-2 min 30,61 28.05 5+32 2,30 1,01 80,62 42.83 47,00 27,62 57,37 53.00
Cone 2-5 min 16,48 15,10 8.17 2,74 1,55 95,51 ?,4,67 30,90 26.41 75,33 69,10
TaiLs 6,41 5.87 28,78 9,30 7,55
Food +400 109.13 30,32 6,87 2,77 1,45

-400 Conc 0-0.25 min 4i, 16 18,80 6,40 2,84 1,44 20.02 90,03 90.14 10,15 9,97 9,86
Cone 0.25-0.5 min 46,76 18,64 5.83 2,72 1,31 39,98 81.02 81.22 21,21 18,98 18,78
Cone 0,5-1 rain 62,17 24,79 5.97 2,82 1,39 66,49 68,76 68,69 35.18 31,24 31,31
Conc 1-2 min 51,81 20,86 7,28 3,28 1,80 88.27 56,31 55,19 43,46 43,69 44,81

Conc 2-5 rain 22.53 8,98 ],4.21 5.59 3,88 97,04 45.73 42.51 39,54 54,27 57,49
TaiLs 20.38 8.13 67.87 14,51 14,44
Food -400 250,81 69,68 12007 4,10 2,75

OveraLL Conc 0-0,25 min 60,93 16,93 6.11 2.74 1,35 17.76 90,14 90.31 8,07 9.86 9,69
Conc 0,25-0,5 rain 62.38 17+33 5.56 2,60 1,21 36.04 80,95 81.39 17,43 19.05 18,61
Conc 0.5-1 min 88,41 24.58 5.58 2.86 1.25 61.95 67,88 68,33 30,28 32.12 31,67
Conc 1-2 min 82.42 22,90 6,55 2,92 1,51 85.86 + 53.58 53,74 39,60 46,42 46,26
Conc 2-5 min 39,01 10.64 11.6_ 4.39 2,90 98.55 41,53 40.45 37,00 58,47 59,55
TaiLs 28,79 7,44 58.52 13,26 12,79
Tercel Feed 359,94 100,00 10,49 3,70 2,36

TabLe 11,13 Fief.at.ion k£net, ics o£ 200-mesh Upper Freeport. PA

COB]. wit, h t,he S t;,_rlderd dosages,

S,mple I9 470-B3-O4-H200
Dodecm3o 0.24 ]LblT HXBC 0.26 ].bit
iii Initial 3.40 Final. 3.52

Size Product Weight Yield ash Tot,S Pyr,S C_ Ash F_rr, S E1 Ash L_rr, S

+400 Conc 0-0.25 rain 9.22 7.40 5.52 1.14 0,35 7,88 96.37 97.62 5.50 3,63 2,38
Conc 0.25-0.5 mtn 11.47 9.21 5.20 1,13 0.34 17,71 92.12 94.77 12.48 7.88 5.23
Cone 0,5-1 m£n 19,34 15,52 4,95 1.03 0,24 34.34 85.30 91.33 25,67 14,70 8,67
Conc 1-2 rain 26.28 21.09 5.24 1,03 0.24 56,86 75,48 86,61 43.47 24,52 13,39
Conc 2-5 win 25.37 20.36 7,76 1.19 0,42 78,03 61,45 78.73 56.76 38.55 21,27
Ta:Lls 32.91 26.41 26.21 3,98 3,25
Feed +400 124.59 26.02 11.26 1.88 1.09

-_00 Conc 0-0.25 min 42.89 12,11 6.27 1.44 0,64 13,03 94,10 95,56 8,59 5.90 4,44
Camc 0,25-0.5 ..in 48.31 13.64 6,08 1,41 0,61 27.74 87,67 90.80 18.54 12.33 9,20
Conc 0.5-1 min 60,70 19,66 6,04 1.34 0,54 48.96 78,44 84.68 33.64 21.56 15.32
Conc 1-2 min 74.94 21,16 6.45 1.36 0,57 71.68 67,84 77.81 40,49 32.16 22.19

Cone 2-5 min 56.02 15.82 9,44 1.71 0,93 88.13 56.25 6_,41 57.53 43,75 30.59
TaLts 62.29 17,59 41,17 7,68 6,89
Feed -400 354.15 73,98 12.88 2.54 1.75

Overa].L Conc 0-0,25 min 52.11 10.88 6,14 1,39 0.59 11,67 94,64 95.94 7,61 5,36 4,06
Conc 0.25-0.5 min 59,78 12,49 5,91 1,36 0,56 25,09 88.71 91,52 16,61 11.29 8,48
Conc 0,5-1 min 89.04 18,60 5,80 1.27 0,48 45.11 80,05 85.89 31,00 19.95 14,11
Conc 1-2 min 101,22 21,14 6.14 1,27 0.48 67,76 69,64 79,41 47.19 30,36 20.59
Conc 2-5 min 81,39 17.00 8.92 1.55 0,77 85,46 57,47 71.12 56,58 42,53 28.88
Tails 95.20 19,89 36.00 6.40 5,63
Tot.al Feed 478,7_ 100,00 12.46 2,36 1.58

li ,t i
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Table 11,14 Flotation kineti0i of 200-mesh Upper Freeport PA coal wLch double doiase of collector,
III FI Iii II I L _ ,ni I IllIlII I LL -- I I

8_lple ]]) , 476-'1L3-04-44200
Dodecane O. 46 lblT MI_ O, 26 ).lb/T
pB Ini_Lai 3.30 Fin_l. 3,44 qD'

SLze Produc_ r WeLsh_ Yield Ash To_,S Pyr S , C34R Ash Pyr, S E: Ash Pyr. S

+400 Cone 0-0,25 min 9.19 9,17 5,24 1,11 0.32 9,71 95,46 97.18 8.90 4,54 2.62
Cone 0,25-0.5 mLn 11,04 11,01 _ 4,97 1,09 0,30 21,42 90,28 94.03 15.45 9,72 5,97
Conc 0,5-1 min 16,76 16.72 4.88 1,07 0,28 39,20 82.56 80.56 28.77 17,44 10,44
Conc 1-2 min 19,27 19,22 5,50 1.07 0,28 59,52 72,55 84,30 43,62 27,45 15,70
Conc 2-5 min 19,06 19,01 7,46 1,22 0,45 79,19 59,10 76,13 55.31 *0,90 23.87

TiLLn 24,92 24,86 25,14 3,93 3,19
Food .400 100.24 28,24 10,57 1,82 1.04

-kO0 Cone 0-0,25 min 35,74 14.03 6,00 1.40 0,80 15,01 93,07 94.89 9,90 6,93 5,11
Conc 0,25-0,5 min 36,81 14,45 5,94 1,37 0.57 30,48 86,00 89,89 20,37 14,00 10,1i
Conc 0.5-1 min 50,49 19,82 5,92 1.38 0.58 51,70 76,33 82,91 34,61 23,67 17,09
Cone 1-2 man 51,14 20,07 5,62 1,42 0,63 73,04 65,36 75,29 48.33 34,62 24,71
Conc 2,5 min 38.77 15.22 9.44 1.82 1.03 86.72 53.55 65.76 54.49 46.45 3*.24
Tails h1,80 16,41 39,65 7.42 6,63
Feed -400 254.75 71,76 12,14 2,45 1,65

Overall Conc 0-0,25 mln 4,,93 12,66 5,84 1,34 0.54 13,50 93,68 95,36 8,86 8,32 *,84
Conc 0.25-0,5 man 47,85 13,68 5,72 1,31 0,51 27,89 87.09 g0,72 18.61 12,91 9,28
Conc 0,5-1 min 87,25 18,94 5,88 1.30 0,50 46,13 77,93 64,25 32,36 22.07 15,75
Conc 1-2 mLn 70,41 19.83 8,31 1,32 0,53 69,17 67,22 77.12 46,29 32,78 22.88
Conc 2-5 min 57,83 16,29 8,79 1,62 0,84 86,00 54.98 67.87 53,87 45,02 32.13
Toila 66,72 18,79 3,.23 6,12 5.35
Total Feed 354.99 100,00 11,70 2,27 1,48

Table 11,15 Flotation klne_ias of 200-mesh Upper Freeport PA coal wi_h double dolase of frother,

S_mp_e ID 480-83-04-14200 i
Dodecane 0.26 lb/T MIlE 0.52 Xb/T
pi] Initial 3.41 YiJui 3.51

Size Product Weisht Yield Azh Tot.S Pyr,S C_ A|h _r. S II Ash Pyr. S
_ S Z Z _ Z ! _L.,--Z ]l,Z,.t.,..Z _ ]_.,_.,--Z ]IS.._..,--Z

+400 Conc 0-0.25 mln 19,57 20.62 C.22 1.24 0,45 21.40 67.90 91.20 12.60 12.10 8,80
Conc 0,25-0,5 man 20.13 21.01 6,0* 1,20 0.41 43.45 75.82 82,94 26.39 24,18 17.06
Conc 0,5-1 min 30.68 32.02 7.46 1,26 0.48 76,55 53.07 68,17 44.72 46,93 31,83
Conc 1-2 min 16.38 17,09 11,80 1.64 0,89 93,40 33.86 53,69 47,09 86,14 46,31
Conc 2-5 man 5.80 6,05 24,60 3.32 2.61 98.50 19.68 38,68 37.15 80,32 61.34
Toils 3,27 3,41 60.55 12.71 11.84
Feed +400 95,83 27,22 10,50 1,82 1,05

-400 Conc 0-0,25 man 57.95 22.62 6.81 1,58 0.76 24,08 87.80 89,79 13,86 12,20 10.21
Conc 0,25-0.5 man 52,74 20,59 6,65 1,53 0,73 45,98 76.64 81.05 27.03 23,36 18.95
Conc 0.5-I man 75.70 29,55 7.65 1,70 0.90 77,08 58,20 65,57 42,65 41,80 34,43
Conc 1-2 min 40.87 15,95 11.19 2,30 1,50 93,23 43,64 51.63 4,,85 58.36 48.37
Cone 2-5 min 13.42 5,2* 23.76 4,90 *,09 97,78 33.49 39.18 36.96 86,51 ( ,62
TaiLs 15.51 6,05 67.78 11,86 11,11
Feed -400 256.19 72.78 12,28 2,52 1,72

Overall Conc 0-0,25 man 77,52 22,02 6,51 1.49 0.69 23,34 87,83 90.06 13.40 12,17 9,94
Conc 0.25-0,5 min 72,87 20.70 6,48 1,44 0,64 45,28 76,44 81.43 26.71 23,56 :_ 57
Conc 0,5-1 min 106.38 30,22 7,60 1.57 0.78 76.93 56.95 66,11 43.04 43,05 36.89
Conc 1-2 _in 57,25 16,26 11.36 2,11 1,33 93.27 41.26 52,08 45,35 58,74 47,92
Conc 2-5 mln 19,22 5,46 24,01 4,,2 3,84 97.98 30.13 39,18 37.16 69.87 60,82
Tails 18,78 5,33 66,50 12,01 11,24
Total Feed 352,02 I00.00 11,77 2,33 1,53
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Figure 12.1 Combustible material re©ove_ am a function of tim® for Upper Freeport PA

O coal 8round to minus lO0-mesh, minus 200-mesh and minus 325-m®mh,100 NRa 200 ME! 325

0,5 42,7 24.2 22,5
1 21.7 23,2 29,6
2 13,4 24.8 23,4
3 9,0 8.7 9.0
5 8,3 9.7 5,7

10 2,3 5,6 3.6
20 0,6 1.7 1.5

t t

Figure 1.2.2 Separation efficiency as a function of time for Upper Freeport PA
coal ground to minus 100-mesh, minus 200-mesh and minus 325-mesh,

100 _SH zea _ 325 _Sn

o, s 30,7 19.8 17.3
i 45.4 38,7 ,o,o
2 _4.1 56.0 56.2
3 59.8 61,3 60.9

Figure 12.3 E££mct of frother conditioning time on the flotation rate constant
and ultimate recover7 of combustible material of Illinois No. 6 coal.

Cond, time Kinetic conatant ULtimate recove_

' 0,5 1,128 89.I
1 1,119 89.7
2 0.976 87.4
3 0,775 87.0

Figure 12.4 Effect of frother conditlonlns time on the flotation rate constant
and ultimate recovery of combustible materlal of Pittsburgh No. 8 coal,

Cond. time Kinetic Constant Ultimata Recovery

_ i

0,5 0.854 86.2
1 0.813 85,5
2 0.081 86.2
3 0.737 85.5

Figure k2,5 Effect of frother condltloninB time on the flotation rate constnat
and ultimate recovery of combustible material o£ Upper Freeport PA coal.

Cond, time Kinetic Constant Ultimate Recovery

0,5 0,9 86.7
1 O,88 86.4

2 0,75 85.8
3 0.69 8* .8
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Fiture 12.6 Comparison of performance Of mechanically aSit, mt,ed ¢el_. and
:lots1:_on colum't,for t_he rejection of non-pyrlt._c minerals
fro= Pitt,burllh Ha, 8 coal.

g1 BTJ_Z CELL 2 _ _ 0.65 La/T NI]lC 0.21 LI_/T MIlE

46.5 82.1 54.3 84.9 16.4 96.7 14 i 97.3
49.4 80.4 ' 76.0 73.8 34.2 91.7 18 0 96.1
69.1 70.9 83.6 70.0 45.0 eo.9 18 9 95.7
66.2 58.8 92.0 60.4 94.8 59.2 33 1 91.9
88,3 55.7, 97.8 58.0 52 3 84.7
94.3 48.3 67 6 81.2

64 0 80,7
93 0 63.5

Figure 12,10 Comparison o_ performances o£ mechanically aSiLat.ed cell and
flo_atlon col_ for the rejection of pyrite from Pi_t;|bursh No, 8 coal.

1 STAIZ _ 2 STAGE CELL 0.65 L_IT MX]M: O,gl I,,B/T MXBC

46,5 90.3 54,3 91,3 18,4 98,8 14,1 98 8
49,4 89,8 76,0 84.7 34,2 96,3 18,0 gg 3
69,1 82,7 83,6 79,5 45,0 95,7 18,9 98 6
86,2 7_,1 92.0 76,6 94,8 75,6 33.1 95 3
88.3 74.0 97.8 72.2 52,3 95 5

67.6 91 3
6_,. 0 91 0
93.0 '73 9

F_su=e 12.11 Effect. of bubble slze on the rejection of pyrlte fro¢_Pittmburlh No, 8 coal.
, ,,

_ILITT COARSE FILIT IgG)ION FILTT

96.& 87,7 go 3 66.9 99.8 59 I i
95,1 90,1 85 3 81.7 98,5 61 k
77,1 96,2 82 7 84.5 96,5 55 1
67,7 97.3 74 8 88.6 91,4 61 1
68,4 98.2 71 0 88.1 83.4 80 4

64 6 89,5 69.3 84 5
57 I 92,0 58.2 88 6
53 I 8g,9 57.6 87 7
51.4 91,8 54,7 90 4
51.2 96,0

Fisure 12,12 Effect of bubble size on _he rejection o¢ non-pyri_ic minerals
from Pi_sbur_;h Mo, 8 coal,

, ,,,

N_._IABILITT _ _ I_DI_H FLKT

95._, 59.4 99.3 55,9 99 8 55,6
95.1 63,0 85.3 71.0 98 5 58.3
77.1 81,2 82.7 72,7 96 5 58,3
67.7 85._ 76.6 74,9 91 4 63.8
68.4 88.3 71.0 77.8 83 4 73.0

6_,.6 82.8 69 3 78.6
57.1 84.3 58.2 83,3
53.1 83.7 57.6 8_,. 5
51,4 85.2 54.7 85,7
51,2 86,5



Flsura 12.13 Effect of: wash water mt the rejection of l_/rl&o frms Plttabuzsh No. 6
coal - tests with coarse £rit,

li ,= .ii, ,

mO_t_L-'_ 50C HRI_I. t_t_

99.3 66.9 97.8 72.2
85.3 81.7 9F.7 66.g
82,7 64.5 S{.1 74,4
74.8 66,6 84 0 63.4
71.0 88.1 82 6 83.4
64.6 _9.5 71 3 89.1
87.1 92.0 64 0 91.3
83.1 89.9 56 3 60.3
51.4 91.6 53 8 92.6
51.2 94.0

F_Su=e 12.14 Effect of wash water on the =ejection o_ pT:i_o from Pittebureh ilo. 8
coal - tests with medium £rit.

NO IdA/;H NATIER 10 CC FIL I(111. _ _ 14 CC Pm Hill. t4kSH NAT1R

99.3 59.1 95.4 73.2 99.3 65.9
98.5 61.4 9_,, 4 54.5 76.3 83.6
96.5 55.1 90.4 77,9 76,6 85,2
91.4 61 i 67.5 87.8 71.6 86.2
83.4 80 4 67.3 88.1 89.3 75.2
69.3 84 5 63.7 62.3
38,2 88 6 53.4 78,8
57.6 87 7 51.6 64,0
54,7 g0 4

Fisu=e 13.6 Comparison of the pa=tic_a size dist=ibution of the rod milled research
sample (95 percent paall_ 26 Imdlsh) and Incrment 1 of the

O weathered samples (lna|:t, covered and open) for IlLinois He. 6 coaL.CUIqOI,ATlWE tfr. lqix:arf Ps/milD

270
200 36.4

150 42.7 24.3 21 7 24.7
100 52.7 33.2 30 9 33.6

65 66.9 46.I 44 3 46.3
48 60.8 63.1 6_ 6 63
35 89.4 86.5 25 8 27.2
26 92.8 99,8 99 6 99_9
20 94.5 99.8 99.9 100.0
1_ 95.3 100.0 100.0
10 95.9
8 96.1

FIgUCS 13.7 E_aCt, O_ the wastha_n_ time on the 91_J.ght percallt o_ atmtal,_aZ

in d_fezsn_ site intarvaZs obtained b7 siavinS t,he
minus 28 mesh material o£ I1Zinoim He. 6 coal weathered under open _odl.

,,, mm,,mm_mJ......

Wea_herln6 Ir.Z(iT _ 111 5XZZ I]r]L_I_

0.5 35.4 17 3 12.2 7.7
'J,.O 31.3 16 8 11.7 7.5
1.5 27.5 18 5 16.1 11.2
2.0 30.9 18 7 13.6 9.4
;,.._ 31.9 17 7 13.6 9,2
3.0 29.4 18 4 15.4 10.7
_.0 17.8 21.5 16.1 10.9

O 5.0 16.9 22.1 16.9 11.99 0 24.9 20.3 16.5 11._•
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Fisuzs 13.8 E£fect of weatherLn| on the 8£ze distribution of the I/a-Lnch x 28 mash
lltllnote No. 6 weathered coal SamlpLes (Inert and open emmpLes

Increment _, and open amples Incrmxnt 7 and 9). __

cII4n_I_ _lG_f _ P&S31]G
Incr. 1 Incr. 1 Incr. 7 Incr.9

150 0.18 0.62 1 24 1.58
100 0.22 0.73 1 46 1.83

65 O.28 O. 87 1 72 2.23
68 0.36 1.05 2 02 2.6
35 0,48 1.35 2 41 3.6
28 1o29 2.8 5 39 7.7
20 9.00 11 0 13 5 17.1
14 18,4 20 6 22 8 26 9
10 33.3 35 6 37 3 42 1

8 48.5 50 8 52 0 56 4
7 59 7 61 4 54 1
6 78.6 69 8 70 6 73 2
5 81 6 82 3 82 7
4 92.5 91 7
3.5 88.8 91.5 97 8

Fisure 13.9 Comparison o£ the particle size distribution o£ rod mill
8round research smnples (95 percent pessinS 28 mash) and
Increment 8 of the weathered smpLes (Insr_,, covered and open)
for PIttsbursh No, fl coal,

_TI'VE kel'. Ivg_CENT PA,,.qSI]_

Z70 30.9 33.8 31.9 34.8
200 9.6 41.0 39.5 42,2

"50 50.2 51.2 50.3 52.2

qP100 64.5 63.2 63.1 64.3
65 82 2 79.6 79.7 79.8
48 95 4 99.7 99.8 99.8
35 99 5 100.0 100.0 100.0
28 99 9
20 99 9
14 100 0
10

8

F._surQ 13.10 ££fect of weatherLn6 on the size d£s1_z£bu_,£on of 1/_-lnch x _-8 m,nsh
weathered 8empL_e (Lnert and open sa=plaa o£ Incrumnt 1, and open
s_pLes of Incrmenta 8 and 9) for PLtteburBh No. 8 coal.

CU_131 tfr. _ P_I_
_ncr. 1 Incr. 1 Incr.8 Incr.9

150
100

65

48
35 0.2 0 12
28 0.05 0 57 0.04 1,07
ZO 8,2 6 7 6.6 7.7
14 16.,_ 14 5 14.6 15.6
10 31.2 27 7 28.3 28.5

8 45.0 _I 9 42.4 41.3
7 53 . 3 50.2 50.6 49.2
6 63.2 60,7 61,1 59.8
5 74 . 4 73.0 73.4 72.1
4 85.2 84 , 7 85.3 84.6 mm
3.5 95.2 96.0
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FIsure 13,11 Comparison of the particle size distribution of rod _2L Iround
research sample (95 percent passins 28 mesh) and Inc_|emnt 8

of the weathered 8_].oe (inert,, covered and open) for
Uppe= Freepoct PA coaL.

, ,

_I_ kT. _ P_4_SlIIG

270
200
150 32.5 23 5 21.5 20.4
100 ,4.3 31 0 20.1 27.1

65 57.8 kl 7 _0.4 36.7
46 71.7 55 3 54.1 49.5
45 87.0 7'7 9 73.9 68.9
28 97.3 _ 09 3 98,5 98.0
20 9g.6 100 0 100.0 i00.0
14 99,9
10 100.0

8

F_sure 13.12 F_:Lm fLat, at, ion part,._tion curves of as-received sm_p].es of
Zncz:emen_ 3 for ILlinois He. 6 weathered under inert, and open
condit, J.ons.

LV

3t5.5 0 0 0
40.5 1.8 1,3 0

45 4.9 _5.Z 1.5
48 9.8 g 4.1
Sl 18.9 16.3 8.5

54.5 20.2 20.1 13.3
58.8 28.3 26.3 18.1
64.5 55.4 36 26.4

72.7 .59.2 58.9 46.7

Fisure 13,13 FILm f_Lot_at_on partition curves of decLiNed samples of Increment 3
for IL/.Inois He. 6 coal ssmpLes wea1_hered _mder Inert and open conditions,

LV

33.0 0 0 0.0, 0 0
36.5 2 9 1.1 0 7
40..5 13 5 3.7 4 4
4_5.0 22 4 12,,0 11 2
48.0 30 ! 17..5 19 9
51.0 36 6 24.3 24 k
.'.'54.5 47 8 30.6 30 0
58,8 59,, 1 37.9 36.5
6_,5 65.1 51.6 45,0
72..7 71.8 61.2 51,2
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Fi6ure 13,14 Film f_otation partition curves of dem£imed 111inoim No. 6 coal

coa_ m_p_es weatherd under open mode for 0,5, 1,5 and 5 months.

OP_ TIMZ, _ I

0.0 0.0 0.0
1.3 0,7 1.5
4 3 4.4 3.6

12 9 11.2 9.1
14 6 19,9 10.7
19 7 24,4 14.0
25 0 30.0 18.0
34 8 36,5 27.6
48 0 45.9 34.5
56.3 51.2 45.1

Flsure 13.15 Film flotation partition curves of deslimed Pttt.aburl_h No. 8 coal
weathered under open for 0,5, 2 and 5 months,

OPEN TIME, MDRTE5

33 0 3.2 2 4 0.I
36 5 8.2 9 0 2.1
40 5 14.2 12 9 7.6
45 0 21.9 20 7 16.1
48 0 29.6 32 3 14.9

• 51 0 37.7 38 9 21.3
54 5 56.2 55 0 30.8
58 8 65.5 65 5 4_.0

64 5 80,0 75 4 59.2
72 7 85,6 83 7 70.9

Fisure 13.16 FiI_ £1otation partit,lon curves o£ desllmed Upper Freeport PA I
coal weathered under open mode for 0.5, 2.0 and 5 months.

---_--_.H, J ,, H,

OPEJ TIME,

330 0.0 18 02

365 1.4 54 4 7
40 7 12.3 15 7 15 1
45 0 31.8 36 2 24 4,.

48 0 56,7 51 4 38 3
51 0 68.7 69 7 51 2
54 5 84.6 80 5 66 7
58 8 89,8 91 Z 75 1
64 5 96.3 94 6 85 7

72 7 98,6 97 8 90 0

F_sur_ 13.17 Induction time curve8 indicating the percentase of fruiteu_ contacts as a function
of contact time in mil_Iseconds for I00 x 150M l_llnols No. 6 weathered slmpLn stored under
open mode, Two different sample preparation procedures were used,

Contact time I_UIT_ C_glTAC'TS,

m_lt_second,_ Not doetJ,m._._
100 15 36
150 -- 42
175 -- 40
200 40 56
250 45 56
275 50 54
300• 55 80
300 50 70

375 60 70

375 50 --

IIF_50 56 76
460 70 86
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Fl|ure 13,18 Induction time curves indicettns the pezconta6e of fruitful contacts es a
function of contact time in milliseconds for 100 x 150M Illinole No, 6 weathered samples

Increment 1 stored under Inert, covered and open modes.
__ ,, ,,,, ,,

Contact time _Tltv_[L CcIIrJ_"'T_,
m,_,lliseconds _ ,v,_.,y.q,Lt _ Ovsn L

4.4 40 ....
5.0 20 ....
10 40 15 --
20 50 40 30
25 50 ....
40 55 45 35
50 55 ....
60 55 50 50
70 ..... 55
75 70 .....
80 60 80 50

100 60 70 60
125 60 ....
150 70 -- 60
160 .... 65
200 75 ....
250 70 -- 70

Flsure 13,19 Induction time curve _ndicatin$ the percentase of frult£ul contacts
as a funct£on of contact time in milliseconds for 100 X 150H ILLinois No. 6

weathered supple of Increment 13 stored under open mode.

Contact time Fruitful contacts

500 20
700 17

900 24

i000 25
1100 30
1200 25
1300 33
1_00 33
1500 35
1600 40
1700 40
1750 48
1800 45
1800 41

Fieure 13.20 Effect of weatherip4 time on the flotation yield for Illinois No. 6 coal
stored under inert, covered Qnd open modes,

......... , i , i i, ,, i, ,li, --

Weatherlnl_ _ICa YIELD 114 IIEH X 28 M
T_.,,,. month, _ 2mm _ 2_u

O. 5 68.6 56.7 82.8 83.3
1,0 66.3 53.2 ....
1.5 63,8 53.6 ....
2.0 -- 50.1 ....
2,5 53.5 42,9 ....
3.0 -- 42.8 .....

. 0 63,5 36.4 83.0 --
5.0 ........
G.O 48.3 29,1 -- 81.4

9.0 _5.7 30,0 81.5 70,4
11.0 36,3 23.6 ?6.7 71.7
13,0 46,8 25.4 ....

0
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Filure 13.21 Effec_ of weetherins time on _he flo_at, ion yield for Pi_sbuzeh He, 1_
coal stored under inert end open modes, ' : '

lq,C_JLTIaB TI_, E_ /
Wee_herin8 28 H X 0 1/4 Inch x 28 H

Time. men 2ma._ _ _

0,5 62,1 55.3 83.6 84+ 1
1.0 53.1 47+0 ....
1,.5 ........
2.0 68.5 55.5 ....
2.5 ........
3.0 64.6 49,1 ....

4.0 .........
5.0 58.6 51.8 83,8 83.7 ,,

j,

6,0 59,5 26.9 ....
7.0 kl.g 12,8 93,5 81,0 r
g.o 45, 3 10,0 82.2 68, 4

11.0 56.8 19,0 93.2 83.7
13,0 53,1 21,7 ....

Fisure 13,22 Ef£ect of weetherin8 time on the Flotation yield For
Upper Freeport PA coal stored under inert and open modes,

FLOt_rlOa ¥ZELD, PERCEIIT
Weather_n& 28 M x 0 1/_ inch x 28 H

0,5 89.1 84 '7 g2.5 91.7
2.0 87.0 83 3 ....
5,0 88.2 70 2 81,4 87.0
7.0 78.3 3g 8 ....
9,0 76.8 i0 5 88.g 8_.6

11.0 69.2 18 5 88.8 86.2
13,0 67,7 25 8 ....

@
Fieure 13.23 Comparison of the effect of west.herln8 on the combustible met.ter recovery

for Illinois No. 6, Pltt,bureh No. 8 and Upper Freepor_ PA coals weathered
under open condition,

Weatherinl; C_I_ I_ III¢:O9]_0
Time. month+ _ Pit, t;mbutah No. 8 _,_Der Pree¢_om't, PA

0.5 70.4 63+0 87.7
I 0 65.4 52.* --
1 5 69.7 ....

2 0 62,0 61,4 83,5
2 5 53.6 ....
3 0 52.2 54.5 --
4 0 45.7 57.4 --
5 0 -- 55.9 74.5
6 0 35.0 26.8 --
7 0 -- 12.4 41.6
8 0 ......
9 0 33.8 g.5 10.7
11 0 28.1 20.7 20.5

13.0 31.2 23.5 27.1
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Fisuro 13,24 Induction time, standard £_otation and film flotation yields for Illinois No, 6
weathered samp_ea stored under open mode as a function of weatherin4 - Lime.

O i i t ii t
Woetharins time Induction time Std. flat, yield Film flat, yield

m,_l,!i sstands percent r _nt

0 5 60 56.7 56.3
1 5 200 53.8 51.2
4 0 250 36.4 45.1
6 0 250 29.1 "-
9 0 1000 -- 22.3

11 0 1520 23.6 12.0
13 0 1750 25,4 17.5

, , i ,, ,,,,Hr

Fisu=e 13.25 Induction time, standard flotation and film flotation yields for
Pittsbursh No. 8 weathered samples stored under open mode es a
function o£ weatherin8 time.

WsaLherln8 time Induction time Sid. flot, yield FILm f_o_. yield
month._..__% mlll, lsecond _ perc%nl Derce_

0.5 40 55 3 85.6
2.0 40 55 5 83.7
5.0 40 51 8 70.9
7.0 I00 12 8 --
9.0 375 10 0 89.5

11.0 500 19 0 92.8
13,0 200 21.7 91.5

Figure 13.26 Znduction rims, standard flotation and film flotation yields for

Upper Freeport PA weathered samples s_ored under open mode
es a function of weathering _ime.

e Weetherln8 time Induction time Std. flot. yield Film flot. yieldm_L_Secoqd_ eE_.cant nsrcent

0.5 7.5 84.7 98,6
2.0 7,5 83,3 97.8
5.0 7.8 70.2 90.0
7.0 8.0 39,8 --
9.0 13,5 10.5 94.5
II.0 14.1 19,5 95.6
13.0 10.0 25.8 93.3

, ,.m.mM.mmm_
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Fisures 14.2 & 14.3 Roloaeo analysis end _ree ana].yni= rosul_m ehowin| ash _o_ection
end _ritic sulfur rejection ae a function o£ CHR for I_lnoi= Ho. 6 coal

_ZCITT SI_JUIi)_ID e

O0 .... 0.0 ....
15 0 91,0 61,4 25.0 57,7 57,7
18 8 92.5 67,8 30.7 61.8 61.8
34 9 95.9 80.5 52,1 74,k 74.2
42 0 96.7 85,7 68.0 82.8 82.8

85 5 98,3 93.7 100.0 100,0 100,0

AllAL_IS B1-03 _ AIIALI_JIS BI-03
l-YieLd _ Ash l-Yie}_d PSR

0,0 .... O0 ....
12.3 58.3 49 0 5 8 29.8 30,1
14.9 67.8 58 1 6 2 31.2 31,9
18.6 73.9 64 8 9 4 37.6 39,0
22.0 78.2 89 3 11 2 41.2 43.4
29,4 81.4 73 6 17 8 53.8 55,8
50.2 89.2 84 1 17 9 54,0 56 0

67,6 93.5 90 3 18 3 54.6 56 7
go.2 98.7 97 4 19 0 55.4 57 8
100.0 i00.0 I00 0 19 4 55.7 57 9

46 8 74.7 75 8
TREE ARALTSIS BI-02 51 2 80.5 81 6
l-YieLd PSR Ash 57 i 81,0 82 1

O. 0 .... 70.0 88.4 89,6
8.9 38.6 38 9 73.5 90.1 91.3
11.4 42,0 42 9 94.8 98.4 98.3
20,0 51.9 53 0 I00,0 i00.0 I00.0
28.2 60.6 61 8
38.2 70.3 71 8
38,6 70.7 72 2
40,0 71.5 '73 0
_5, i 7_. 2 75 4
59.5 81.5 82 0

lr7_,. 5 88.9 89.4
88.6 85.6 98.3
89.3 95.9 96.6
96.5 98.8 98.9
98,5 99.5 99,6
99.3 99.8 99.8
100.0 100,0 100.0
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Fi6ure. 14,4 & 14,5 Release analysis and tree ana].yelsreauLts shcMin_ ash =ejectAon and pyri_Ac suLfu_
rejection as a func_Aon of 100-yleLd £or PAttebursh No, 8 coal,

O W_XLXTY I-STKP I_BkT
!-Y_)td _ _ _ esa

o.o o o,o o.o o.o 45.3
lz,s 88 6s.7 8.4 43,8 s9.z
13.0 90 69.3 20.0 58,6 73.1
31.0 96 84.1 38.0 73.4 96.4
39.0 97 87.7 93.0 95.5 I00.0
48.0 98 90, I00.0 00.0

1-yie£d PSR &sh 1-yieLd PSR Ash

7.5 41 4 48.2 0.5 2.4 2.8
12.9 57 7 61,0 12/2 49.3 48.4
18.4 68 1 69.4 18,8 56.5 55.5
39,8 83 4 82.6 32,9 71.4 69.9
54.6 88 8 88.0 41,8 80,0 78,7
70.2 93 7 92.9 43.7 81.7 80.3
84.2 97 0 96,5 45.1 82,8 81.5
97,0 99.6 99,5 46,2 83.5 82.3

80.1 88.7 87,7
68.2 91.8 90..8
81,5 96.0 95.5
90,0 98. I 97,9
91,6 98,5 98,4
93,5 98.8 98,8
99,2 99.9 99.9

FAsures 14,6 and 14,7 Release analys£s and tree analysis results showlns ash reJectAon

and pyrAt_c sul£ur rejection am a function of lO0-yield £or Upper Freeport PA.

k_lLlTY Ml_ _UI&LYSIS B3-03

0.0 .... O0 ....
12,0 91,9 60,7 6 7 41,8 34 8
19.0 94,3 74.6 10 3 59.6 48 2
28.8 97.0 84,8 13 0 70.1 56 3
29,:5 97.0 85,2 25 1 82.2 71 0
45.1 98,1 91,4 42 4 89,6 82 0

100,0 100.0 100.0 63.1 94,7 90 4
83.3 98.3 96 4
100,0 I00.0 100 0

_UI&L_XS B3-04

!:.Y.i®l_._ddes.._._._ ^s...hh

0.0 ....
10.9 56,7 44.5
12,7 60.6 48.4
15.7 65,5 52,6
?.6 6 78,7 67 4
34 6 88.1 77 8
3.5 9 89,0 79 0
38 1 90.0 80 4
40 0 91.0 82 1
44 8 92.3 84 1
51 4 9_,.1 87 4
59 7 96.5 91 4
62 4 96.9 92 2
67 3 97.6 93 5
76 g 98,5 95 5
86 6 99.3 97 9
100 0 100,0 100 0

11)
A-76

......






