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ABSTRACT

' ' To be _ "'t,,.e_ understand the flotation behavior of coal pyrite, studies have

been initiated to characterize the flotability of coal pyrite and mineral

pyrite. The hydrophobicity of coal and mineral pyrite was examined over a

range of pH and oxidation times. The results indicate that surface oxidation

plays an important role in coal and mineral pyrite hydrophobicity. The

hydrophobicity of mineral pyrite decreases with increasing oxidation time (20

rain. to 5 hr,) and increasing pH (pH 4.6 to 9.2), with maximumdepression

occurring at pH 9.2. However, coal pyrite exhibited low flotability, even at

the lowest oxidation time, over the entire pH range. X-ray photoelectron

spectroscopy (XPS) results suggest the growth of an oxidized iron layer as

being responsible for the deterioration in flotability, while a sulfur-

containing species present on the sample surfaces may promote flotability.

Preliminary studies of the effect of frother indicate an enhancement in the

flotability of both coal and mineral pyrite over the entire pH range.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their

employees, makes any warranty, expressor implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness,or usefulnessof any information, apparatus, product, or
processdisclosed, or representsthat its use would not infringe privately owned rights. Refer-
¢nce herein to any specific commercial product, process,or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, rccom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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INTRODUCTION

. The primary objectiveof this researchis to obtain fundamentalknowledge

concerningthe surface propertiesof coal pyrite as they relate to advanced

physical coal cleaning (APCC) processes. This goal may be met by' (I)

investigatingthe mechanismsresponsiblefor the inefficientrejectionof coal

pyrite and (2) developing schemesfor improvingthe rejectionof coal pyrite

based on informationgathered from part (I). The selectivityachieved in APCC

processesrelies greatly on the interfacialproperties of the coal and

associatedmineral matter, in additionto the environmentin which these

ii processes operate.

One area of physical coal cleaningwhere any improvementin the rejection

of coal pyrite would be beneficial is flotationprocessing. In particular,

the microbubblecolumn flotation (MCF) processdevelopedat VirginiaTech is

one process in which control of the surfaceproperties of coal pyritemay

improve selectivity. A better understandingof the flotationbehaviorof coal

pyrite is needed and will be obtainedthrough investigationof the surface

chemical properties. The flotabilityof coal and minerals can be investigated

l using microflotationtests and inductiontime measurements. These two--

i techniques are capable of determining the hydrophobicity of the investigated

system. In order to determine the species responsible for the observed
hydrophobicity and to provide clues as to the mechanism(s) by which the

hydrophobicityis produced, surfacesensitivetechniques such as X-ray

i photoelectronspectroscopy(XPS) and fouriertransform infraredspectroscopy

| (FTIR) can be coupled with the hydrophobicitymeasurements.
_=

; The objectiveof the research conductedduring the first reportingperiod
I

was to characterize the flotability of coal pyrite and mineral pyrite (chosen

| as a model substrate). Studies of mineralpyrite hydrophobicityby other
i

; researchersindicatethat the flotationbehaviorof pyrite may be affectedby

-__m

the surface oxidationof the particles. Other possible reasons for the
!
!
I
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apparent hydrophobi_.tyof coal pyrite are interactl_nswith reagents in the

' flotationpulp and/or the presence of hydrocarbonsat the surface. In this

study, the hydrophQbicityof coal and mineral pyrite was examined over a range

of pH and oxidationti_es. XPS studieswere conductedon the samplesin

conjunctionwith the hydrophobicitymeasurementsto determine the nature of

the species respon_ibl_for the observed changes in hydrophobicity. Studies

of the effect of hydrocarbons(i.e. frothersand collectors)were initiated

and preliminaryresultsare reported.

EXPERIMENTAL

Sample Preparation

A mineral pyrite sample from Huanzala,Peru was obtained from Ward's

Natural Science Establishment. The samplewas stored in bulk crystalline

form. Flotation, inductiontime, and XPS sampleswere prepared by dry

grinding in an agate mortar and pestle and screeningto obtain the 100 x 150

mesh fraction. To minimize oxidationeffects, sampleswere ground just prior

to every test. The IC}Ox 150 mesh fractionwas wet screened and rinsed over a

vacuum filter to remove any finer particlesadheringto the surface. Initial

flotationand inductientime tests were performedwithoutwet screeningand it

was found that the fletabilitywas severelyhindered by these fine slime

particles.

Coal pyrite samplesfrom the PocahontasNo. 3 seam were from a bulk

sample of Diester table refuse. The samplewas frozen in slurry form when

received from the pla_t. For each test series,approximately300 grams of

frozenmateri_! was removed from the bulk sample,thawed and dried under a

vacuum and then returned to the freezer. As needed,the dried sampleswere

screened to obtain a 10 x 28 mesh fraction. From this sample, pyrite

particleswere hand-pickedand ground and wet screenedto 100 x 150 mesh for

use in the test series.



Induction Time and croflotation Measurements

o Induction time was measured using an electronic induction timer developed

at Virginia Tech. The instrument is capable of measuring induction times

ranging from I to 4000 milliseconds. Flotation tests were performed in a

microflotation cell in which bubbles were produced by introducin_ nitrogen gas

through a glass frit in the bottom of the cell. For each set of induction

time and flotation measurements, one-half gram of pyrite was used for each

technique. For those test series that included induction time, microflotation

and XPS tests, approximately 3 grams of i00 x 150 mesh coal or mineral pyrite

particles was selected as the test sample. The sample was split into three

0.8 gram flotation/XPS samples and one 0.5 gram induction time sample. Before

each test, approximately 0.3 grams of sample was removed for XPS analysis and

the remaining 0.5 gram sample was floated in the microflotation cell. The 0.5

gram sample for the corresponding induction time measurements was oxidized in

the induction time cell far the duration of the test period.

Buffered solutions (pH 4.6 acetic acid/sodium acetate buffer; pH 6.8

sodium/potassium phosphate buffer; pH 9.2 sodium borate buffer) were used

in all flotation and induction time tests. Tests were also conducted using

HCL and NaOHfor pH control to ensure that the buffers were not interfering

with the test results. No differences were observed.

Spectroscopic Analysis

The XPS samples were obtained by drying the flotation samples on a vacuum

frit. The samples were first rinsed several times in 18 megaohmdeionized

water to insure that all buffer solution was removed from the surface.

Samples were mounted and inserted into the spectrometer vacuum as quickly as

possible to minimize carbon contamination. The sulfur 2p lines were fitted

using a curve fitting program with a Gaussian-peak shape. Ali binding

energies were charge corrected to the carbon Is line which has a value of

284.9 eV.
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RESULTSAND DISCUSSION

InductionTime and MicroflotationMeasurements

General

Inductiontime measurementsand flotationrecoverieswere found to

correlatewell in tests with mineralpyrite. As should be expected,induction

time increasesas flotationrecoverydecreases. In cases where flotation

recovery drops to zero, little or no attachmentis observedeven at the

longest (4000 msec.) inductiontime setting, lt was found that bubble size,

distance of travel of the bubble, and the force with which the bubble contacts

the particle bed are critical factorsin inductiontime measurements. These

factorsmust be kept constant in order to avoid falsely low inductiontimes

caused by impactingthe particlebed with too much force.

The correlationbetween inductiontime and microflotationrecovery is

particularlyuseful in studieswhere flotabilityis to be monitoredover time.

Unlike flotationtests in which the sample is good for only one test because

it is altered (i.e. exposed to the flotationgas and dried to obtain recovery

data), induction time measurements offer continuous in situ analysis. Thus,

kinetic data can be obtained from the same sample.

Effect of pH and oxidation

The effectof pH and oxidationtime on the flotabilityand inductiontime

of mineral and coal pyrite are shown in Figures I and 2, respectively. For

each test series,the sampleswere conditionedin buffer solutionsfor the

specifiedamount of time (20 rain.,1.5 hr., and 5 hr.) prior to

microflotation. Inductiontimes were measured at 30-minuteintervalsover the

entire Five-hourperiod. The inductiontime and microflotationrecovery

resultscorrelatewell for both the mineral and coal pyrite tests.

At pH 4.6, mineral pyrite (FigureI) exhibitsmaximum flotability(98%

recovery)with a correspondingminimuminductiontime (10 msec). The

flotabilityand inductiontime appearto be insensitiveto oxidationas the

5
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MINERAL PYRITE - PERU

FLOTATION TIME = 2 mim.
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Figure I. Microflotation recovery and induction time for mineral pyrite in
buffered pH solutions (pH = 4.6, 6.8, 9.2) over a range of
oxidation times (o,e = 20 min.; a,m= 1.5 hr.; A,A = 5 hr.).
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COAL PYRITE - POCAHONTAS NO. 3
10 x 28 mesh

FLOTATION TIME = 2 rain.
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Figure 2. Microflotationrecovery and inductiontime for PocahontasNo. 3
coal pyrite in buffered pH solutions(pH = 4.6, 6.8, 9.2) over a
range of oxidationtimes (o,I = 20 min.; =,m = 1.5 hr.;
A,A = 5 hr.).

7

m



oxidation time was increased from 20 min. to 5 hr. At a near neutral pH
0

(pH 6.8), the initial flotability {68% recovery) was somewhat lower than that

at pH 4.6 and the initial induction time was slightly higher (20 msec). The

flotability decreased and the induction time increased as the oxidation time

was increased. The most dramatic changes occurred at pH 9.2. The initial

flotability and induction time were very close to those observed at pH 6.8;

however, as the oxidation time was increased, the flotability decreased to a

minimum value (20% recovery) and the induction time reflected this behavior by

increasing to a maximum value (I000 msec) after 5 hr. These results show that

the microflotation recovery and induction time of mineral pyrite are dependent

on pH and oxidation time.

The results obtained for coal pyrite from the Pocahontas No. 3 seam are

seen in Figure 2. Several differences between coal pyrite and mineral pyrite

were observed not only for various pH treatments but also for the oxidation

time. The most striking differences are the overall lowering of the initial

flotability of the coal pyrite and the sensitivity of the measured induction

time, at pH 4.6 and 6.8, to oxidation time. The maximumflotability occurs at

pH 4.6 with a minimum in flotability at pH 6.8. Changes in the flotability

with increasing oxidation time are small (;ipproximately 10%); hGwever, the

induction time increased dramatically as the oxidation time was increased for

each pH examined. From these measurements alone, it is difficult to define a

mechanism(s) responsible for the dependence of mineral pyrite hydrophobicity

on pH and oxidation time. The same is true for the overall decrease in coal

pyrite flotability and the increased sensitivity of its induction time to

oxidation. Thus, examinetion of the mineral and coal pyrite surfaces

immediately following microflotation by a surface sensitive technique (e.g.,

XPS) would be useful in characterizing changes of these surfaces as a result

of the various pH and oxidation treatments.



XPS Analysis

' The results of XFS measurementsperformedin conjunctionwith the

microflotationand 'inductiontime tests presentedin the previous sectionare

shown in Figures 3 arld4 and Tables I through4. XPS spectrawere collected

for the oxygen Is, c:ilrbon2s, sulfur 2p, iron 2p, and iron 3p peaks. When

additional peaks wer.=observed in the wide scan spectra,those peaks were also
i

J

collected. Silicon, phosphorous,and calciumpeaks were those most commonly
[

observed For eachitest,the sulfur 2p peak was deconvolutedusing a data• I

analysis programprovided with the XPS instrument. Good fits were obtained

when multiple peaks were employed,as shown in.Figure7. That is, the peak

could not be fitted with a single componentwith position and size

correspondingto publishedsulfur 2p spectra. Rather, multiple peaks of

lesser intensityand shiftedto a higher bindingenergy also had to be

included to obtain a proper fit. This indicatesthat the surfacesof the

particlescontain some altered sulfur species. There is much debate

concerning the identityof these sulfur speciesand at this time the generic

label "sulfoxy species" is the only name given to them.

In Tables I and 3, the fourth column (% Sulfide) representsthe portion

of the sulfur,2p peak that is in the sulfideposition, lt was calculatedbj

subtractingthe area of the "sulfoxy"peaks from the total peak area. The

"sulfoxy" specieswere observed in both the mineral and coal pyrite samples

and occurred over the examined pH range. The general trend observedfor these

data indicatesthat as the flotabilityincreases(FiguresI and 2), the
=

percentageof "sulfoxy"also increased;however, it is difficultto use these

values quantitatively• Also, the percent"sulfoxy"exhibiteda slight

decrease with increasingoxidationtime. This could be due to the loss of

sulfur as solublesulfate.

In Tables 2 and 4, dat,_which representthe percentageoxide are tabulated

and were calculatedusing the Fe 2p peak. The Fe 2p peak for iron in an

9
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- Table 1. XPS peak _s'itions for mineralpyrite as _ functionof pH and
uxidatiol ime (time in solution= 20 rain 1.5 hr., 5 hr.).

• S 2P3/2 (sulfide) S 2P3/2 (:_ulfoxy)
s__a_mg_1__ (ev) ...... (.ev) % sulfide

Peru 4.6 (20 min.) 162.2 164.0 86

Peru 4.6 (1.5 hrs.) 162.5 164.4 88

Peru 4.6 (5 hrs.) 162,5 164.6 89

Peru 6.8 (20 min.) 162.5 164.1 86

Peru 6.8 (1.5 hrs.) 162.5 164.1 86

Peru 6.8 (5 hrs.') 162.6 164.3 85

Peru 9.2 (20 min.) 162.3 163.9 91
'i

Peru 9.2 (5 hrs.) 162.3 !63.9 91

Peru 9.2 (I month) N/D N/D N/D

Peru Dry Grind 162.1 163.4 80

Table 2. XPS relative intensitiesfor mineral pyrite as a functionof pH and
oxidationtime (time in solution= 20 rain.,1.5 hr., 5 hr.).

Fe 2p 3/2
sample ratio Fe3p/S2p (ev) % oxide ratio 01s/S2p

Peru 4.6 (20 min.) 0.33 707.5 7 0.34

i Peru 4.6 (1.5 hrs.) 0.33 707.7 9 0.23
Peru 4.6 (5 hrs.) 0.31 707.7 6 0.23

| Peru 6.8 (20 rain.) 0.37 707.7 18 0.73

Peru 6.8 (1.5 hrs.) 0.35 707.6 25 0.87

Peru 6.8 (5 hrs.) 0.33 707.6 29 0.95

• Peru 9 2 (20 rain) 0 36 707 5 17 0 48
m

Peru 9.2 (5 hrs.) 0.55 707.6 53 1.29
q

-- Peru 9.2 (I month) 13.2 -- i00 55.1
=

Peru Dry Grind 0.36 707.5 0 0.36

TheoreticalFeS2 0.53

- Brion 707.4
I

=

12
4
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ladle 3. XP_ peak posltlonstor FocanontasNo..i coal pyrlte as a runc_o_1oT
" oxidatior ime (time in solution= 20 min 1.5 hr., 5 hr.).

S-2P3/2 (sulfide) S 2P3/2 (su_foxy)
(ev) _ _ (ev) - % sulfide

Coal 4.6 (20 min.) 161.9 i63.5 84

C_,al 4.6 (1.5 hr.) 161.9 163.6 84

Coal 4.6 (5 hr.) 161.9 163.9 90

C,_al6.8 (20 min.) 162.2 163.8 90

Coal 6.8 (1.5 hr.) 162.2 164.0 89

I Coal 6.8 (5 hr.) 162.3 163.9 89

- Coal 9.2 (20 min.) 162.0 163.6 86

Coal 9.2 (1.5 hr.) 162.2 162.9 95

Coal 9.2 (5 hr.) 162.1 163.8 96

Coal Dry Grind 162.3 164.2 87

Coal Air Oxidized 162.5 164.8/IEI'7.9 82

I

Table 4. XPS relative intensitiesfor PocahontasNo. 3 coal pyrite as a

functionof pH and oxidationtime (time in solutiDn - 20 rain.,
1.5 hr., 5 hr.).

Fe 2p 3/2

i,, sample _ratioFe3p/S2_ _ (ev)_ % oxide ratio 01s/$2_

i
I Coal 4.6 (20 min.) 0.36 707.1 14 1.0

Coal 4.6 (1.5 hr.) 0.36 707.2 9 0.82
g 0 95

Coal 4.6 (5 hr.) 0.38 707.1 II •

Coal 6.8 (20 min.) 0.34 707 3 24 1 29

= Coal 6.B (1.5 hr.) 0.34 707.6 25 1.31

_ Coal 6.8 (5 hr.) 0.43 707.7 39 1.68

Coal 9.2 (20 min.) 0.37 707.3 32 1.20

Coal 9.2 (1.5 hr.) 0.47 707.3 44 1.42

Coal 9.2 (5 hr.) 0.43 707.3 57 1.86

_ o
Coal Dry Grind 0.33 707 5 14 0.83

_-_ Coal Air Oxidized 0.46 707 7 54 1.81

13
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. oxidized state exhibits a definite shift in bindingenergy compared to iron

associatedwith the unoxidizedsulfide. This is clearlyseen for mineral and

coal pyrite at pH 9.2 in Figures3 and 4, respectively. The peak which

appears at 707.2 eV is the sulfide iron. As the oxidationtime increases,the

growth of the oxide peak at approximately711 eV is observed. In the Fe 2p

region, it is difficultto positively identifythis peak; however, several

differentoxides/hydroxidesof iron appear in this region (i.e., FeO(OH),

Fe203, FeO, Fe304). The percentoxide was calculatedby subtractingthe area

a for iron sulfide from the total peak. This area was obtained from the

spectrumof dry ground mineralpyrite which had a negligibleoxide component.

The area remainingafter subtractingth_ sulfidewas considered the oxide

area.

• L_al pyrite samples appear to have a larger percentageof oxide as

compared to the mineral pyrite. For both types of pyrite,the percentageof
.,

oxide was observed to increasewith increasesin pH and oxidation time. The

most pronounced increasesoccurred at pH 9.2 where both coal and mineral

pyrite yielded oxide values greaterthan 50% within 5 hours. For mineral

pyrite, the growth of the oxide layer correlateswell with flotationdata. At

, pH 4.6, the flotationrecoveryand inductiontime of mineral pyrite do not

change appreciablywith increasingoxidationtime, nor was there growth of

I the oxide peak. The coal pyrite samplesdisplay the growth of the oxide

peak; however, all of the samplesappear to have been in a more oxidized
I

state initiallyas compared to the mineral pyrite samples. This initiallyI
I

i oxidized conditionmay be the reason why coal pyrite displays a lower initial

i flotabilityas compared with mineral pyrite.

; Another interestingtrend can be seen in the 01s/S2p ratio shown in
I

7

Tables 2 and 4. At pH 6.8 and 9.2, the ratio increaseswith oxidationtime
!

for both mineral and coal pyrite, indicatingthat more oxygen is present at
I
|
l

i

i 14
i
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the surface. This oxygen is most likely associatedwith the growing iron
t

oxide layer, lt should also be noted that the 01s/S2p ratio is higher for all

of the coal pyrite samples as comparedto the mineral pyrite samples, again

indicatingthat these samples were initiallyin an oxidized state. At pH 4.6,

the 01s/S2pratio is reversed. The ratio decreaseswith oxidationtime which

indicateseither a decrease in the oxygen at the surfaceor an increase in the

sulfur. The trend in the 01s/S2p ratio correlateswell with flotation

behavior. When the 01s/S2p ratio is low, good flotabilityis observed.

Mineral pyrite at pH 4.6 has an 01s/S2p ratio of 0.32 and flotaL_ilityof

greater than 90%. For all of the coal pyrite samples,the 01s/S2p ratio is

greater than I, and none of these samplesexhibitgood flotability.

Trends in the Fe3p/S2p ratio, shown in Tables 2 and 4, also correlate

well with flotationand inductiontime results. The theoreticalratio

calculatedby taking into account sensitivityfactors for these two elements

is 0.53. Values obtained in this study were lower, even for samples that were

freshlyground and quickly put into the spectrometer. This indicatesthat

there is immediatealteration in the surfacelayer and the decrease in the

ratio suggestsa sulfur enrichment. The ratio is again lowest for the mineral

pyrite sample at pH 4.6 where the best flotabilityis observed. For mineral

pyrite at pH 4.6 and 6.8, the ratio deceaseswith oxidationtime. This

indicatesthat sulfur is appearingat the surfaceat the expenseof the iron.

At pH 9.2, however, the ratio increases,indicatingan increase in iron at the

surface. For extended oxidation (i month) at pH 9.2, the sulfur peak is

extremelyattenuated,indicatingthat a complete iron oxide overlayerhas

formed. The Fe3p/S2p ratio for the coal pyrite samplesfollows the same

trends for each pH examined. 'Theinitial ratio is somewhat lower than the

theoreticalvalue of 0.53, then increaseswith increasingoxidation time.

These resultsare again evidence for the growth of an iron oxide overlayer

and they correlatewell with the lower flotabilityobserved for the coal

-I

:! Is
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. pyrite samples.

Effect of Frother

Upon characterizingthe role of surfaceoxidationin the flotabilityof

coal and mineral pyrite, the next atep is to examine the interactions between

the pyrite and the typical coal flotationreagents,such as frothers and

collectors. Preliminary microflotation and induction time results have been

obtained for both coal and mineral pyrite in the presence of the frother

methylisobutylcarbinol (MIBC).

The results of microflotation and induction time measurements of freshly

! ground mineral and coal pyrite in the absenceand presence of MIBC as a

m function of pH are shown in Figures 5 and 6, respectively. For both coal and
=nS

mineral pyrite the microflotationrecoveryand the correspondinginduction
| time were enhanced by the presence of I0 -4 M MIBC over the examined range of

i pH. The enhancement of the flotation recovery may be due to surface tension

effects in which smaller, more numerous bubbles were produced in the

microflotationcell, thus improvingthe probabilityof bubble-particle

collision. However, the induction time data do not support this conclusion.

Since flotation hydrodynamics are considered insignificant it, induction time

measurements, the lowering of the induction time in the presence of MIBC

suggests that there is an interactionbetweenthe frother and the pyrite

I surface. This interactionmay occur either by way of the air bubbleor by

! physical adsorptionon the pyrite itself. Further studieswill prove
i

• beneficial in resolvingthe mechanismof this phenomenon.
:l
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COAL PYRITE - POC_ONTAS No. 3
MaC (I X lO- M) .
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Figure6. Microflotationrecoveryand inductiontimefor PocahontasNo. 3
coal pyritein bufferedpH solutions.
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CONCLUSIONSAND FUTUREWOR_

The resultspresented in this report indicatethat inductiontime,

microflotation,and XPS analysis can be combinedand used successfullyin the
p

characterizationof the hydrophobicityof coal and mineral pyrite. Surface

oxidation plays an importantrole in the hydrophobicityof coal and mineral

pyrite and may be used as a controlvariable in improvingthe selectivityof

coal and pyrite separations. From preliminary tests, the effect of fro_her on

the hydrophobicity of coal and mineral pyrite appears to be substantial and

further studies will determine the impact of hydrocarbons on the selectivity

of coal pyrite rejection.

Future work plans aimed at understanding the mechanisms responsible for

the inefficient rejection of coal pyrite include the following studies' (I)

the effect of sample source on hydrophobicity, (2) the effect of traditional

flotation surfactants on hydrophobicity, (3) the effect of particle size on

hydrophobicity, and (4) fundamental oxidation kinetics.
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