
T N 
805 
.18 
17 
no.43 
1977 

ENERGY 
&MINERl1L 

RESOURCES 
RESEARCH 

INSTITUTE 

IS-ICP-43 

COAL MICROSTRUCTURE AND THE SIGNIFICANCE OF 

PYRITE INCLUSIONS 

Raymond T. Greer 

April 1977 

10~ STATE UNIVERSITY Ames, Iowa 50071 





SCANNING ELECTRON MICROSCOPY/1977 Vol. I 
Proceed ings of the Workshop on 
Materials and Component Characterization/Quality 
Control with the SEM/STEM 
IIT Resear ch Institute 
Chicago, Illinois 60616, U.S.A. 
March 1977 

IS-ICP-43 

COAL MICROSTRUCTURE ANV THE SIGNIFICANCE OF PYRITE INCLUSIONS 

Raymond T. Greer 
Department of Engineering Science and Mechanics 

Engineering Research Ins titut e 
and Energy and Mineral Resources Researc h Institute 

Iowa State University 
Ames, Iowa 50011 

Abstract 

Initial new findings show significant 
features of coal microstructure and are related 
to understanding the pr ocess of coal fonnation 
and consolidation . These can be exp loited to 
offe r improvements in sulfur r emoval. As pyrite 
(Fes,) constitute s the major sour ce of sulfur in 
coal , a description of the occurrence of pyrite 
in the coal in terms of size , morphology , and 
distribu t ion is developed utilizing i n formation 
from combined SEM-ED X- ray analysis. The inter­
relation of macerals· (coal consti tuents) and 
inorganic phases is characterized , and on the 
basis of the identification of useful features of 
the ultrafine str uctur e of the various coal 
constituents , these may be related to the devel­
opmen t and application of innovative comminutio~ 
and beneficiation techniques . 

Chemical breakup of the coal is r elated to 
c oal constituent microstructural control. In­
sight into the distribution of microscopic pyrite 
leads to the r ecog nition of the presence of 
colloidal size pyrite as being a primary constit­
uent of various sized pyrite concretions found in 
coal samples. This r elates directly to providing 
significant fundamental information concerning 
the reliability of chemical determinations of 
sulfur which is difficult to obtain through other 
analytica l techniques. 

The porous nature of certain coal constit­
uenls and the specification of inorganic phase 
infillings of pores is examined in detail. Rec­
ommendations are offer ed fo r preparing surfaces 
fo r analysis inc luding ce rtain elect r ochemical 
etching techniques. Featu r es of coal constitu­
tion dPVeloped by these techniques bear on the 
functional behavior of separable consti tuents. 

Key Words: Coal, Pyrite, Sulfur, Coal Micro­
structure, Coal Chemistry, Scanning Electron 
Microscopy 
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Introduction 

Most of the inorganic sulfur in coal is pres ­
ent as pyrite, FeS 2 . Microstructural and micro­
chemical characteristics of coal relate to choices 
and improvements of processing and purification 
procedures to remove sulfur in an attempt to meet 
environmental and air pollution level require ­
ments. This work centers on providing needed 
microstruc tural-microchemical information. By 
means of scanning electron microscopy (SEM) and 
assoc iated chemical analytical techniques, dis­
tribution data for pyrite in coal is being ob­
tained . In addition to general surveys of com ­
plete coal mine channel samples, very detailed 
re s ults have been obtained on a micrometer size 
basis . This is very time consuming; however, the 
findings delineate the presence and distribution 
of pyrite for a significant size range generally 
omitted in applying conventional petrographic 
characterization techniques, as well as suggest 
the application of appropriate techniques to re­
move this material prior to combustion of the 
coal at a power plant. 

Also experiments have been per formed to 
contribute to assessing the confidence in apply­
ing current ASTM sulfur determination techniques 
to identify the organic sulfur component in 
coal analyses. The other primary source of sul­
fur in coal (in addition to pyrite) is attributed 
to organic sulfur. Usually organic sulfur in 
coal is determined simply as a numerical differ­
ence between total sulfur and the sum of pyritic 
and sulfate (gypsum; usually <0 . 5 wt. %) sulfur . 
Large uncertainties may arise. If a significant 
amount of pyrite is undissolved, this would not 
appear in the pyritic sulfur determinations and 
consequently would be characterized as organic 
s ul fur. 

The amount of sulfur in coal is directly 
related to costs of removal . The relative amount 
of sulfur in coal as pyrite or as organic sulfur 
relates to processing and purificationprocedure& 
Therefor e, the microstructural-microchemical in­
formation is of practical interest as the United 
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removal c ;111 be predicted from microscopic analy ­
sis17) ; however, these comments are approp riate 
,.iL11 minor modific,1tion to the findings for most 
l'u;1 ls . \fork i n sections to fallow will detail 
1H·w sp<ec ifi c i nformation conc e rning occ urr e n ce , 
lisL ri h11L i on f,1c Lurs, and inlerrelations with 

,·o,tl mi,·r,,sLn1c-L11re w!tiC'lt art> of inte res L in 
p L.-1nn i ni•. s u If II r rl'mov;i I sc h emes . 

l'.x __ per inwn La I __ I' r<ll'ed11 r e 

~licroscaJe cha r ac terization of sulfide phases 
is perfonned utilizing combined SEM - energy dis­
persive X-ray analysis techniques for obtaining 
th e microstructural and the microchemical infor­
mntion , r espect ively . This provides accurate and 
precise fundamental information, which is obtain­
nble by no other t echnique, concern ing size, 
shape , o ri en tation, and distribution of phases 
,. ithin tlie coal . 

Coillp l e t e channel samples were obtained . 
l'rom Llil'se , subsamples for SEM studies were 
.11oun ted for analysis. The orientation in the 
(ace and vertical position in the bed were main­
La in ed . On fresh fracture surfaces , normal to 
Lite s trat ifi cat ion, a traverse was made across a 
spec im en a nd fo r the sequential specimens . All 
channel s11bsamples received a

0
vacuurn deposited 

coating or approximately 200 A of gold (in some 
\'ases , ,1 pre-coating of: g rqphite was required, as 
•,c•l L) to minimize c harging problems . Surfaces 
wl'r\' ,•x:1111 i nt•d hoLli as rc•c e ived and as LreaLPd by 
;Jll 11llr:1son i c c lennin g process (in di s tilled 
.,;, t l'r ) Lo rt•move fin e dn s t particles. Under the 
l c•,1st f;1vnrahlc· condition s , about 2 l/2mm o( a 
spec i men cou ld be satisfactorily c haracterized by 
Lile SI:'! obse rvations together with the energy 
d ispers iv e X-ray analy,ses per beam hour. 

Subsamples wer e also chosen for comminution 
experiments , e tching studies, etc ., where other 
types of analyses (such as wavelength dispe r sive 
analyses u s ing a n e lectron microprobe for carbon, 
su lfur, iron , calc ium, and so on) were performed. 
Tltis was n ecessa ry as pyrite and other phases 
(such as ca l cite) can occur as intimateinfillings 
of the milceral microstructure or as complex nod-
1lt>s . Ce rLa in expe rime nts, such as HN0 3 penetra­
L ion stud i es , r equ ired high ly polished surfaces 
for anal~'isis . Other expe riments r e quir ed match­
in g spec i~en halves to develo p comparisons. 

I 

E ~cc tr,Jcltem i ca 1 etch in g expe rime nt s used a 
mixture' of 47cc perchloric acid , 600cc methanol, 
360cc butyl ce lloso lve , :ind 13cc distilled waler 
(70 volts IJ.C. (or 180 seconds ). 

Th e effect of various so lvent s (cutting 
f luid s , etc . ) must he c losely monitored. New 
phases can eas ily be farmed on surf aces . 

'.l i c rostructura l Features 

In deve l o ping an understanding of the inter­
r e lation of pyrite to the coal, it is useful to 



.letail microstructural features of the coal. 
figure l;i-t-, present s several schernatic drawings of 
commonly observed features, and relat es these to 
the actual material (Star mine , Io1,1a , in this 
case) . The textural features shown in figure 1 c 
and dare for a specimen comminut cd in anhydrous 
liquid ammonia whE're portions of the coal lay('rs 
hav(' sepa rated and arc viewed at high magn i fi c a­
tion<;. These views arc rclate<l dirt•ctly to Fig­
ure '., whi<:h follows in unother st•ction . 

figure 2 is a top view of the coal seam for 
a sample which was the matching untreated half of 
a specimen, the other half of which was subjected 
to the chemical comminution (figures k , ld, and 
5) . Two regions are indicated in figure 2. 
R<>gion 1 is s hown at higher magnification in Fig-
11rt• 3, and rc~ion 2 is shown at higher magnifica­
L ion in Figure 4. 

Taking Figures 1-4 togethc•r, a three dimen­
_;innal strnct11 r a l assembly of the coalificd wood 
c-el ls c an be vis11alizcd. Oetai l s of cellul.ir 
compression , microstructure, and interrelation of 
.n.1cer:1ls .ind const ituents such as pyrite, and 
repeat layers of highly consoliduted coal are 
,1ppurcnt. These enter into sulfur removal schemes 
and expl.inations of the pyrite.distribution vari­
ations seen for co.i l s . 

Aspects of Chemical Comminution 
an<l Beneficiation 

lt is useful Lo develop ,1 bridge between 
some of the pyrite distribution factors and ways 
to remove the pyrite as well as possibly upgrade 
t.he coal. What sulfu r is removable'! There are 
.1 t least t1,10 aspects of this question to consider. 
l. most of the sulfur is pyrite, and 2 . some 
portion of the so-called "organic" sulfur can be 
colloida l pyrite c rystal lites , each generally of 
t!iL• nnlL•r nf a mic:n.)mC'ter in dirnnctcr, or ns 
sm:t l I (10-40 micr,iml'lers in di.imelc•r) frambuids. 
This SL'l'llnd :1spt•,·t 1,1i 11 Ill' d i sn,ss,•d in another 
s,•ct inn . A <:onsid,•rablc• amu1111t nf th l' pyritl' in 
,·nal can o,:cur as units or groupings less than 50 
micromete rs in diameter. The more efficient use 
of coa l relies on co nsiderab l e improvement in 
rational methods of preparation and in prepara­
tion control. Differences in fracturing charac­
teristics can aid in constituent separation. 
Crush ing the coal to 200 mesh (<76um diameter) 
can be very productive . It is apparent from Fig­
ures le, ld, a nd 4 (and others to follow) that 
breakup to a size as small as the size of the 
component coalified plant cells would improve the 
potential for sulfur removal even further. A 
particle size of 6 to 10 um would be excellent, 
and a particle size of the order of 1 or 2 um 
would probably be optimum. Improvements can be 
made by choosing an effective comminuting agent 
to r educe coal particle size further, while in 
addition, a solvent can be chosen to dissolve the 
'>yrite and not affect the organic material (scan­
ning electron microscope work on the "organic" 
sulf ur problem has shown that nitric acid is 
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quite effective in dissolving the pyrite that it 
comes in contact with, but does not appear to 
attack die coal) . Of course, additional consid­
erations must also be taken into account, as for 
example, will the comminuting agent alter combus­
tion characteristics, economic and pollution con­
siderations, or feedstock possibilities for gassi­
flcation ·in a favorable way. 

Chcmic:il Comminul illn 

)'latching halves of coal samples [rum tlte Star 
mine were prepared. One of a set was subjected 
to treatment with anhydrous liquid ammonia (Fig. 
5), and an untreated half of a set was kept for 
comparison (Fig. 2). 

The treated material, such as that shown in 
figure 5, fragmented. These fragments were 
maintained in their original orientations for 
close examination ut!lizing SEM . This material 
received a thin (200A) vacuum deposited gold 
coa ting prior to SEM examination. Figure 5 re­
presen ts a secondary electron photomicrograph of 
th e Star coal sample when viewed edgewise to the 
bedding (i . e., a side view of the coal seam sam­
ple) . Relatively light, closely spaced (0.016mm), 
horizontal lines that can be seen to run across 
the sample are saw blade marks. The material has 
f rngmen ted in to blocks approximately 1mm in width 
and 1/4 to l/2mm in thickness as seen in this 
view perpendicular to the original deposition of 
l:iyt•rs of tl,e plant material. Closer examination 
rvvc:ils fragmc•ntation patters associated wlth 
maceral control as well as other cool constit­
uc·11ts s uclt as pyrite. [n Figure 5, two cracked 
regions are labeled to identify specific areas to 
demonstrate this. 

The crack labeled number 1 in Figure 5 is 
s hown at higher magnification in Figure 6. This 
higher magnification view clearly shows the crack 
proceeding through a roughly linear deposit of 
pyrite crystal lites. Again the common pyrite 
crystallite size o[ approximately a micrometer in 
diameter is observed. This pyrite filling and 
th e subsequent crack which has formed in associa­
tion with the chemical treatment is approximately 
horizontal and parallel to the bedding planes. 

Figures le and ld show the fragmentation due 
to the chemical treatment to be also strongly 
controlled by the macerals and maceral boundaries 
Both figures represent high magnification views 
of one of the well defined f~agments which is at 
the tip of a wedge-shaped fragment which ends 
near the point of ar row 2 in Figure 5. The sample 
has been tilted away from the viewer in compari­
son with the sample orientation in Figure 2, so 
that both side and bottom features of the coali­
fied material can be seen. The fibers are of thr 
order of lOum in diameter. 

Other comminution agents were also investi­
gated . Scanning electron microscope studies of 
pyrite extracted by the Meyers process (hot solu­
tion of ferric sulfate oxidizes pyrite) show that 
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Figure 1. An insight into the relative organiza ­
tion of the microstructural constituents of coal 
as well as the effect of chemical treaonent on 
their separation and fragmentation is derived 
from Figs. la-d. 
(a) A schematic of longitudinal pitted wood 
fibers shown in relation to the radial medullary 
ravs of a stem (or branch, etc.). In this view 
hollow elongated longitudinal wood fibers (with 
spherical openings found along the length of 
these fibers) are shown runnin(\ vertically. The 
radial medullar y rays are shown in this diagram 
running at an angle from lower left to upper 
right of this cross sectional view. 
(b) The plant material comprising coal is com­
pressed and subsequently coalified. Various 
degrees of compression in these three schematics 
arc related to an actual specimen in Fig . c and 
d . In this case , the schema tic is of a group of 
four longitudinal pitted wood fibers which have 
f;illen over (corresponding to bedding features) 
anu shm-1s the direction of compression of the 
four hollow cells which have circular pits 
forming horizontal rows on the cell surfaces . 
The middle schematic indicates an intermediate 
stage in the compression of the above cells . 
The lower schematic shows a final compression 
stage where the cells have been crushed and 
somewhat distorted . This stage is seen for 
features of an actual sample in Fig . c and d. 
(c) Wedge shaped fragment (inertinite) of region 
~ located within Fig . 2 . Notice the fragmenta ­
tion due to the chemical comminu tion treatment 
(anhydrous 1 i(]uid ammonia) is strongly con­
trolled by the macerals and maceral boundaries . 
The Star mine sample has been tilted so that 
both side and bottom features of the coalified 
plants can be seen . The portion of the features 
closest to the a r row corresponds to the bottom 
of a layer of pitted wood fibers , whereas most 
of the field of view of this micrograph corre ­
sponds to ;in end-on view of the longitudinal 
pitted wood fibers (coal bedding features). The 
arrow corresponds to the magnified region seen 
in Fig . d. 
(d) :lagn if iL·d v Lew of the region indicated by the 
arrow in Fig. c. This is a side view of the 
compressed longitudinal pitted coalified wood 
fibers, and this can be seen as the physical 
manifestation of the lower schematic of Fig . b. 
The lower right (]uarter of the micrograph corre­
sponds to the flattened elliptical features , 
viewed at a steep angle, which were originally 
the pits on the wood fibers . Refer to Fig . 2 
for details of the pits . 

the coal reacts. Pyrite alteration products are 
very distinct from untreated pyrite . Studies on 
Star mine coal comminuted with a solution of 
sodium hydroxide in methanol showed similar re ­
sults, and the coal fragments were about 1/SOcm 
in diameter. 

Microstructural studies of Star coal treated 
with acetone showed fragmentation into submilli­
meter particles and clear separation from such 



Figure 2 . Top of fresh fracture surface of un­
treated coal sample (Star mine) corresponding to 
a high -magnification view of the top of the coal 
scam . Two regions are identified on this micro­
graph. Region 1 is a surface which is relative­
ly lower than that for most of the field of 
view . Region 1 corresponds to the longitudinal 
pitted coalified wood fibers (trending from the 
point of the arrow up toward the left) and is 
shown at higher magnification in Fig. 3, whereas 
region 2 ties in features seen in the higher 
magnification micrograph of Fig. 4. Most of 
what is seen in this view (representative region 
2) corresponds to radial medullary rays seen 
trending from lower left to upper right in this 
photograph. An edge corresponding to highly 
compressed fibers between the pitte<l fibers and 
the medullary rays is seen, for example, in the 
region near the "l" on this figure. 

material as gypsum . A ~olution of acetone to 
which s6lid carbon dioxide was added was rela­
tively ineffective in breaking up coal specimens 
until the CO2 in solution had vaporized at which 
point results similar to those for acetone alone 
were obtained . Liquid nitrogen treatment of coal 
showed no major changes. 

Reliability of Chemical Determinations 
of Sulfur, Especially of Organic Sulfur 

It is well - known that sulfur is present in a 
variety of inorganic combinations such as iron 
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Figure 3. This figure provides information on 
maceral constitution. Shown are longitudinal 
pitted fihers (left half of photo) and highly 
compressed material for which microstructural 
detail is absent (right half of photo). Notice 
the correspondence with the schematic of Fig. 
la. Also compare the distinct features of this 
region with those of region 2 of Fig. 2. Rows 
of pits on cell wall surfaces are seen. The 
pits on the walls of the cells are approximately 
6 Wm in diameter. Scale bar is 10 µm. 

Figure 4. This is a higher magnificati~n view 
of region 2 of Fig. 2, and shows detail of the 
radial medullary rays (primarily as a side view 
of the rays). Compare the relative smoothness 
of these cell features with the pitted features 
of Fig. 3. The uppermost left corner is near 
the tip of arrow 2 in Fig . 2. Note the deposit 
of micrometer size pyrite crystals. Scale bar 
is 10 µm. 



pyriLL'S ,rnd gypsum, but Lherc• is LiLtl.c• c•xac-t 
knuwlc•dge of Lhe [ur,ns in which iL exisLs in 
l>rganic comb i nation . Organ i c sulfur is presc•11t 
i n ;:ill coal ; iL is that parl uf L11t· Luta l sulrur 
which is n-, ither chemically ,iL-LPrmi11C'd su I f;itv 
s. uHur (generally attributed to gvpsum) nor cht•111-
ically detennim•d pyritic sulfur. i 3 - 3 i Thc•rt· 
appears to be no clear relationship heLWL'c•n pv­
ritic and organic sul[ur contc•11ts on the basis oi" 
published Literature on thi s topic; IHiwc•ve r, find· 
ings in this report contribulc' somL' insi gh t into 
this problem. 

Sulfu r in coa I exhibits ,711 import ,rn ce out 01 

proportion to its concentration, which is usually 
low . lts importan ce is relat ed principali_v Lo 
co rrosion problC'ms in combustion L'quipment, to 
slagginr, o f combustion or boiler equipment, and 
to pollution . Thus, sulfur data kivc> n high 
prloriLy in the evaluation of c o ;1Ls, ,711d art• used 
;1s g uides Lo s ucc essf ul conllnL•rci.a 1 process i.ng of 
co,11. The total sulfur value i s c<>mn .. only speci­
fit•d in c,ial contracts . Three· <>Lill'r t ypPs of 
sulfu,· v;!l11c•s m.1y be rt>pnrtvd : pyriLi.c sulf 11r, 

"-ill l1 ;1LL' s u _fur , .:i nd 0q•,.:111il' st ill"ur . A gL'tH'r:tl 

n111gh rule of tlu1111b fur ,·0<11 i s thal thl• s ulfur 
in coa l s i,; distributed .1pp 1· 0:, im;it,•ly equ,1lly 
bL• lwPen i nnrg .:1 11 ix .111<l or,\~;1n i c r onns, rL•ga rd I L'ss 

or Lhe lut,iJ sulfur content; hm,1ev,•r, this gc'nl'r­
ali7.atiL,n is of I ittle v. llue for describing I own 
co,ll s ,,here• Lill' pyritic cnn tc' nl is g r eate r Lhan 
the o r gani c sulfur cu ntc>nt. IL wi 1 l bC' shown 
Lhnt ~1 goo(:. po1-c ion of tlit:! "n q.~;1ni c " Slil. fur m.:1y 
be tlw micruml'tL·r s i z,, pvriLc, and sma ll f ramhoicl s 
(l0-40.im). The (]ll<llc•d pyriLic su lfur conLenL of 
coa ls r t'fl' r s m,1i 11ly to the finelv dissemi11atpd 
sma ll c r ys tals nnd fr,1mho icl s . Sul fate sulfur i s 
gL·n.:- r ,d lv very l ow . Organic s ulfur i s compu t ed 

(n ot chem ically J,•terr.1ined) s impl y by subtractinr· 
the sum of the pyrite and sulfate sulfur from th e 
Lot,11 sulfu1· concentration . Uncert,1lntiC's in the 
c hemica L ann lyse s for any o[ the> s ulfur factors 
t ake on gre.7L importance as they re Late to su111d­
ards which :nav ,1ctu.1lly varv thr o ugho ut the U.S. 
dependin g 01 the coa l hunwcJ and the w,1y that the 
sulfur is disLril)IIL L'd in L11,• fuel. 

Th l'r,• is littl,• dirl'ct ,· v id,•nce (most of it 
qul'SI iP11,1h l l • , l !HI deriVL'd f1· u111 ('l't·t~1in lii g li sulfur 
l·1,. 11~~) (l, t'sl.1hli :~h lunv tliv ,lrg;inic sul flJ r is 
\ .\,mhith.'d. l'l1t.•r1..' .ll"t' i1u·1..l11si s t ,·1ll· i.L•s in having tc 
. h'l·,,u11l f,,r tlh.· ~list1·ihuti1H1 di lhL• s11 ] f ur in 

,,,. 11 lh'lh'1..'l.'t1 thL' ilh,r~1.,111i.c ~ind org~111i.c types . 27 

~u l I il·il'lll l'lllllr,1diL·titn1s and large un cc rtaintic :-; 
,'X isl i11 p1 1l,l l sh..- d organic s ulfur vnlues to s ug ­
.-..:L1Sl i mp lL1 ffil' llt:1tion of new ana]ytic~1l techniques, 
,i,; '.vL•ll .1s t,i" qt1c'stion just 1vh,1L most o[ the 
or~•,a ni c sulfur i s . 

The rl•l iabi Litv and confiden ce levels ob-
t.1 ined in m ic r ose op ic analyses have heen we LL 
docume11Led . 12 , 3:>-35 ,\c c uracy o[ microscopic 
milceral analysis of coal depends on the regular­
[ t y of the occu rring organic compon e nt (e . g., ,1 
~oeff i c ient of variation of the mean of several 
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i ·rcent) ; for pyrite - of the order of the pyrite 
,·,,ntt•nt 3 3 , 15 % aver.1ge C'rror for pyrite. 12 

,\("(·ura<'y wi 11 ill' Low. Scanning c• l ecLron micro­
SC' (lpy ofr(•r s ;in i mprovcmc•nt i n discr i 111 i 11;1L ion , 
size evr1 luat ion , ;incl .1 ssess111c•nt of the• t•xll'nt of 
r r.1mho ids. 

Cons idl'r L11e following inf01·mat ion oblnined 
I or ;1 channel sample from the Lovi l ia min e ("deep" 
minC') ,111d for a c hann el sample f rom the Star mine 
("surface" mine). fi rst, compare the distribu ­
tion of pyrite between three forms in the mines 
( co lloidal size 3in g le crystals, framboids . . . 
various size agglomerations of single crystals , 
and larger pyrite masses ) given in the following 
tab le : 

Table 1 . Distribution of Pyri t e Between Fo r ms 

Single crystal 
Pramboids 
Other larger, 

massive forms 

Lovilia mine , 
Iowa 

7.5% 
6 . 1% 

86 . 4% 
100.0% 

Star nine , 
Iowa 
2 1. 1% 
10. 9% 

68 . 0% 
100.0% 

This, coupl ed with how the va rious forms are 
distributed with depth in a particular mine , pro­
vicles an int e r esti ng bnsis for some general 

com:nents . On the basis of c hemica l analyses and 
SH! an,7lyses, most of the sulfur seems to be 
nccountecl for by the various forms of pyrite. 
For Lhe Lovilia· mi ne, the pyrite is highly con­
centrated at th e top of the seam and this rapid ­
ly tapers off with depth in a seam (the bottom 
507 exhibiLs almost 110 pyrite) . In strong con­
trast, the Star mine pyrite is more widely dis­
tributed. A signif i ca nt fraction of the pyrite 
is prese nt as colloidal crystals and as f r am­
hoids (gene rally <40 micrometers in diameter) . 

Second , the proportion of pyrite in various 
si z e ranges offers a n insi~ht into difficult i es 
in pyrite removal by conventional techniques as 
well as cons ide rations for establishing the de­
r,ree of confid e nce in precision and accuracy of 
sulfur determinations in coal by conventional 
chem~ca l analytical techniques . Some of this 
information is presented in Table 2 . 

Tnble 2. Proportion of Pyrite in Certain Size 
Ranges 

Lovilia mine 

50~( <300 µm 
30!'. < 76 µm (i.e . ' 200 r,1esh) 

Star mine ----- -

50~~ <45 \Jl'l 

5 7o/, <76 µm (i.e . ' 200 mesh) 



Figure 5 . Star mine coal sample comminuted with anhydrous liquid ammonia. Scanning electron micro­
scope image (25kV) . Region 1 is seen at higher magnification in Fig . 6 . Region 2 is shown 
at higher magnifications in Figs. le and ld. The coal fragments in association with con­
stituent macerals and pyrite deposits. Separation can occur on a very fine scale, down to 
the cellular lev e l. 

Figure 6. Fracture pattern through a deposit 
of pyrite crystallites in chemically comminuted 
coal of . region 1 in Figure 5 . Pyrite crystals 
are indicated by the arrow. 

In Tahle 2, two items are of primary inter­
est: 1) the size (particle diameter) below 
which 50% of the pyrite is present in the seam, 
and 2) the amount of pyrite present that could 
pass through a 200 mesh sieve. From these data, 
it is not surprising that the Star mine coal 
would be difficult to clean with so much pyrite 
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heing present in a very small size range. The 
amount of pyrite present of a size of 76 micro­
meters or less in diameter is of direct practi­
cal interest . Most utilities in the U.S. crush 
coal to <200 mesh just prior to combustion. 
Thus, the significance of this information re­
lates to the potential for additional sulfur re­
moval at a power plant after final coal crush­
ing . There may be a very important potential 
present to decre·ase the coal sulfur content by 
removal of the very fine sulfur bearing phases 
(predominantly pyrite) at this stage . 

To show variations observed in scanning 
electron microscope secondary electron images, 
Figure 7 is included. This figure is recorded 
as a photographic strip and represents micro­
structural detail for the Mich mine (Iowa; 
lower seam). The strip is seen as a function of 
depth in the seam . This pictoral presentation 
is useful for showing the variation of maceral 
detail as well as the distribution of pyrite 
crystallites and framboids (and occasionally, 
gypsum) with depth. Pyrite framboids are easily 
recognized . Most of the individual crystallites 
seen are pyrite . 

The practical implications of Figure 7 are 
basically two: 1) size, shape, orientation, and 
distribution features for macerals and coal con­
stituents such as pyrite are very variable with­
in a coal seam, and 2) ASTM test procedures for 
sulfur determinations26 stipulate that the 
material be ground to pass a 60 mesh screen . 
This corresponds to particle sizes 5250 micro­
meters. Taking into account the scale bar of 



Figure' 7, it is clea r that in a pa rL iclC' s i 7.c' of 
250 1,m m(lsL of the pyrite is encapsui.,u,d lw 
relativelv acid r es i s t an t o r ganic maL0r ial . 
:-leitlwr di lut0 l!Cl nor dilut0 l!~OJ, the acids 
used as ] each:ints in these tL1 sts, has a 11oc j c1.:­

abJ,, c•ffect o n th C' organic ma Leri a l <Jf Lite• coa 1 
as co nfirmed hv scannin g e lec Lr on mi c r oscope oh­
scrv{ttinns ns h'ell as c.lt•te n ,1in,1tin 11 s by olltt•r 

r('f ,,rrn•I l tl -·,,, LI,,• 11· ll'r :tLllrl' , 03 , 3r. , 17 
t(•('!1ni(jllC'S '- ._.._ 

In Figu re• 8 , the co ncep L al encapsula Linn 
is shown o n an individu:11 micromeLer s i ze pyr i Ll' 
crvstal basis . !'lot i ce tlw sing le• pyr ill' c rys­
L:i -ls within individual r Pmnant plant cells . 

:!e Ll ,nds for detl·rminat i on , difficulties and 
prl'C;1ut i.c•n~:, 1 iinit:1t i ons , <1th\ usPs for sulfu r 
:111,,lvs,•s ;in• ,:is<' ussed hv Fieldner and Sp lvi g 15 

.,nu :,ct's . 2 r, The ,,ffecl of Linw of digestion of 
pv 1·iLt• ll\' niu·ic ill'id li;1 s lwen C'XilminL•<l bv 
lkll'ltc'r and Sp0one r 29 , and Lill' elft't'L of p;irti­
cll' sizl' (-(,0_, -200, and -400 m0slt) on pvrilt' 
remov.11 h.:,s hl'C:ll comp.1 r Lld by Kuhn , Kt)hlQnberge r, 
and Sltimp . 10 Li mits of rl'pe:1l:1bilitv fo ,· lhe 
,\ST'1 m<• Lhnds arf' for Lot;il s1ilf11 r, •0 .1 0!' , fnr 
pvritic st1lft1r , •0 . 05 ?' , ,111d for st1 l f,1LL' sulf11r, 
1 0 . 02 ''' . llowcvt•r, a quest ion nf nc,·urilcy L'xists 
co n ct·r nirn; LIJC• cnmplctt• rt•mov;il of I inclv-dis­
pe r svd pyrile hy l'Xlrcll·Linn \.Jith nilric acid . 
ln,·<>mplt•Lt• 1·cmnv;i ] ls'<lllld v i,,ld low pvrilic 
sulfur v.:ilues ;ind t>rroncous]~, h i gh org.:inic 

s u] fur v.:1lL1Ps . 

From FigurL'S 4-8 lt <'iln lw st'L'n thal the 
nvr i LL' is finl'h·- displ'nwd for these samplC's . 
·If Lill' /\S'l')1 p r n~·L'dur0s 1·o r sulfur deLermincition 
wt'T<' in.,d<''lu,n,, f,H· coa l s of Lhis lvpp hecnuse 
nf Lltl• inahi Ii Lv to ci,·n1unt fnr ;iJ I of Lh e pv­
r·i tic su l • ur , i -l i s c l ee1r Llt:rl sta ndards could 
v:1rv lhro11ghc"'t tl,e c,,unlrv ,it'lll'nding on Lill' 
cn.-11 Lvpl's bt1rnetl. Coals of Lh i s t,·1w 1,•cn1ld 
h;ivc .-i l ,11-~;l' un n· rt a inl v :1ssocL1L,•d with s 11 lfur 
v;il11t•s ,,h,•n <'ll1apilred <vitlt co;ils in which Lhe 
:1vt.-'Ltg l 1 pyr itc.• p.:1 1·t i c I P si ZL' w.1s m11ch lar;.!,Cr 
( · ·. '5() ,,r.1) and Lherc>fnrc> mnl't' I ikt·l_v to b0 re­
move.I lw t he 11 iLri c a<'id . 

Tn Lt•st for Lhe complc• L,•11 0ss of rermval of 
nv rill' in ;i stand;ircl pvriLic s ulf11r dc•L('nnin:1-
·l ·i,111 , Lit<' so li d r es idu 0 n•me1i11ing ;ifLt't· Lr cilt ­
lll t.' lll h'illl !IN0 _1 \.J<lS exam inc.•d by sc:11111 i11 g t.•lcc Lron 
mi,-r,)s,·op\ .i nd L'IH'rf,Y d i spt>rs i v,• :111 :t lv sl'S fo r 
:-- , •v,•r.1 1 s.-1mplL•:--. TIH.' org~111i, · su lru ,~ valul's werl• 
lti):lt (r. 111 )• i11 i•. I n1111 ·_1 t t1 'j ) ,111d ,·<11·r,'sp,111d Lo 
[lil' ~:11 l l l1r rv111.1i11i11 g in tli, ... Sl 1 lid rL•sidue. 
l.tll' r >·,,· d i ~,pl• r s iVl' ~-r; 1, :111,1 l , · sL'S WL' rl' pt>rfo r mcc.l 

P11 L',ll'li s. 1mp ll · . l1v 1·ill.' \Y<ls lnund i11 t•..ivh resi­
d11l.' s: 1mplL• sl HH.J in g l11t·n 111p ll'll ' d i sscdu ti on of the 
pvr it,• bv LIil' IIN0 1 lrc•:itmt•nt f<1 r l ite> AST'! 
sL:111d;inl d,•tc·rmi11:1tin11 nf pyrili<' su l fur . Thus 
t IH· nrg:1 11 i l" su lfur va lu l'S wC'rL' Ji i~•.h and unc0r-

l:1 i 11. Figur C' 9 shows a sc- .inning <'lectron 
mic:rog r:1p li l)f a region in which the a nalysis was 
11,•rfllrm,'d 011 one of Lhc samp l es . It is c l ea r 
Llt :JL Lhe p yriti c framhoids were incompletely 
d issnlved in the IINO i . 
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Several research a r eas a r e suggested for 
f urther study : 

J . PvriLe: dist ributi on , occurre n ce , nuclea­
L-io11, gri11,th , nature a nd o rig in of morphol­
ogy ; hul m_o_s_L important, how to get it out 
of Lhe coal C>ithe r prior to or during com­
bustion 

2. 11,•vt•l opment of a more complete and compr e ­
he nsive "peLrographic" classification sc he me 
(cor r p ];iLion of microstructural featu r es 
wiLh properLies : combusion, electron s pin 
resonance, and so on) by SEM, scanning 
transmission electron microscopy, and 
e nergy dispe r sive X-ray mi croanalyses . 

3. Mic r ostructural con trol of c hemical com­
minution as related to in situ mining 
appl i cations 

4 . :lie ros true tural control as rela ted to chem­
ical comminution a nd beneficiation to up­
grade various types of coal; evaluate 
macera l breakup a n d separation capabili­
ties; develop economi ca l processes to break 
up coa l to approx ima t e ly a micrometer aver­
age s i ?.e to faci litate pyrite removal 

5 . The "organic" sulfur problem : pulverize 
specimens to less than 37 µm (less than 400 
mesh) 

6. Develop treatment schemes fo r the crystal­
lite pvrite r efuse e ither during pyrite r e ­
mova l or subsequent to pyrite separation. 

'ii.( ;:lA . ; 
>; 9 • ' . ..-~'te,.._ 4'•~: 

~ 

. 
, 

--

Figu r e 7. The ASTM tests for 
sulfur require that coal pass 
a 60 mesh sieve ($250 µm). 
As can be seen in these 
photos, pyrite is distributed 
on a finer scale, and thus in 
man y cases , might not leach 
out. This contributes to an 
erroneous organic sulfur de­
termination resulting in very 
large uncertainties . At 18 
mm below the top of the lower 
coal seam, pyrite concentra­
tions of framboids and single 
crystals are seen. Scale bar 

is 40 µm . The photograph is 
oriented as the coal seam 
would be viewed in cross 
sec tion at this location. 
(:1ich mine) 
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Figure 8. Fresh fracture surface showing pyrite 
crystals within cellular network. Notice, for 
example, in the lower central region of the 
photograph that the individual pyrite crystals 
were encapsulated by cell walls as indicated by 
fractured cell walls around crystals and by 
crystals visible below cell wall coverings . 
('.'1ich mine) 

Summary 

Several practical implications of the re ­
search findings can he summarized as : 
1. useful insight has b~en gained in under­

standing the difficulty of sulfur removal 
using conventional techniques 

2. Microstructu r al- chemical info r mation sug­
gests an important basis of coal cleaning 
variations to be expected from mine to mine. 

3 . Large uncertainties ar~ to be expected for 
standard sulfu r chemical determinations 
(much of the pyrite may never get into 
solution and this can contribute to large 
inaccuracy in total sulfur, pyritic sulfur 
and organic sulfur values) 

4. Coal is gener ally crushed to <200 mesh at 
most utilities , but is then burned directly 
without attempts to clean it at this stage . 
For this size (<76 micrometer diamete r 
particles) , due to t he presence of large 
amounts of pyrite at this stage, innovative 
cleaning techniques may offer an important 
potential to upgrade the coal through addi­
tio nal sulfur removal . 

This work is supported at Iowa State Uni­
versity by the Enginee r ing Research Institute 
and the Ames Laboratory under contract to the 
U. S . Energy Research and Development Admi nis­
tration under contract number W-7405- ENG-82. 
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Figure 9 . Scanning electron micrograph of 
residue from a sample which had been leached 
with HN0 3 (ASTM method). The .15 µm diameter 
spherical form in the lower left portion of the 
micrograph is an incompletely leached pyritic 
framboid. Features ·of this type show that 
significant uncertainties are associated ~th 
organic sulfur values. Scale bar is .3 µm. 
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DISCUSSION WITH REVIEWERS 

Reviewers I and II: Can you comment on the 
feasibility of determining complete pyrite size 
distributions within representative coal volumes 
(which would include the framboids as well), and 
do you think a determination of such distribu­
tions for various coal deposits might be useful? 
Author : Results of pyrite type and size distri­
butions are shown in Figures A and B. Details of 
the proportionation of pyrite for these two mines 
(Lovilia and Star) for various size ranges are 
shown in Figure A. From these figures, the per­
centage of pyrite (less than a particular size of 
pyrite) present can be obtained. Also in this 
figure (d) for example, for the Star mine,the 
single crystal form of pyrite predominates below 
1 µm particle diameters; framboids are an impor­
tant form of pyrite over a size range of a few 
micrometers to 30 µm diameter, and slightly more 
than 50% of the pyrite present of a diameter of 
5 to 10 µm , is of the framboidal form. This com­
plements the information presented in Tables 1 
and 2. The proportion of pyrite in various size 
ranges offers an insight into difficulties in 



pyrite removal by conventional techniques as 
well as considerations for establishing the de­
gree of confidence in precision and accuracy of 
sulfur determinations in coal by conventional 
chemical analytical techniques. 

This, coupled with how the various forms are 
distributed with depth in a particular mine (re­
fer Figure B) , provides an interesting basis for 
some general comments . Most of the sulfur seems 
to be accounted for by the various forms of 
pyrite. For the Lovilia mine (shaft mine ; top of 
coal seam is approximately 260 feet below the 
surface)~ the pyrite is highly concentrated at 
the top ·of the seam and this rapidly tapers off 
with depth in a seam (the bottom 50% exhibits 
almost no pyrite) . In strong contrast, the Star 
mine (strip mine with coal approximately 42 feet 
below the surface) pyrite is more widely distrib­
uted. A significant fraction of the pyrite is 
present as colloidal crystals and framboids 
(generally <40 micrometers in diameter) . Distri­
bution information for the three forms of pyrite 
(single crystals , framboids, and other larger, 
massive forms) and the total of all pyrite forms 
is shown as a function of depth in the Lovilia 
mine (Figures a - d) and in the Star mine (Figures 
e-h). This represents the first complete energy 
dispersive X-ray analyses on a micrometer size 
scale for continuous seam series of face-channel 
coal specimens. These results indicate a clear 
difference in the way the three forms are 
distributed. 

Reviewers II and III: How were the figures in 
Tables 1 and 2 obtained? Were individual grains 
in each mic r ograph counted? 
Author: Considerable characterization work has 
been performed on these samples (several reports 
and papers are available from the author). Phase 
identification was established by X-ray diffrac­
tion (broad survey; useful fo r identifying major 
phases down to a few% detection level), by 
optical microscopy (e . g., hirefringcnce: reflec­
tance), by energy dispersive (ED) X-ray analysis 
(e.g . , Fe in FeS2 compared with Zn in ZnS 2) and 
by electron microprobe wavelength dispersive (WD) 
X-ray analysis (especially the distribution of C, 
Ca, Sand Fe to distinguish between calcite and 
pyrite infillings within the C-cell walls, or 
massive vitrinite). For the ED and the WD analy­
ses, a thin carbon coating is recommended. This 
prevents some of the difficulties in discriminat­
ing Au from Sin ED analysis, for example, and 
still permits an evaluation of the primary carbon 
distribution by WD analysis. 

In the specific samples discussed, the major 
phases present in the coal are pyrite (FeSz, 
cubic) and calcite (CaC0 3 , trigonal) with minor 
amounts of gypsum (CaS0 4 •2H20 , monoclinic), 
quartz (Si02) and marcasite (FeS2, ortho r hombic), 
and trace amounts of sphalerite (ZnS, cubic) and 
galena (PbS2, cubic). The reflectivity of pyrite 
is well documented, and can be used as a standard 
for reflectivity measurements on other minerals . 
Using an optical microscope, polished surfaces of 
pyrite and marcasite are examined in polarized 
light (pyrite appears to be isotropic or weakly 
birefringent). The other minerals have charac -
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teristic responses which will not be detailed as 
we are primarily concerned with pyrite . Sulfides 
such as pyrrhotite (Fe1S 8 -FeS, monoclinic 
(pseudo-hexagonal), occurring mainly in basic 
igneous rocks) or troilite (FeS, found in meteor ­
ites) are not found in these materials as related 
to the pressure-temperature conditions required 
for their occurrence, for example. 

In the SEM analyses both the particular 
crystal form and the ED X-ray information quickly 
narrow the possibilities for crystal identifica­
tion on fracture surfaces. Fe alone is a good 
indicator of the pyrite, and Fe and Sare moni­
tored along with Zn and Pb for the trace sulfides 
occasionally found . Since cell fillings are 
generally calcite or pyrite, ED analyses for Ca, 
Fe and Sare of value (especially on fairly 
smooth surfaces where the crystal shapes are not 
obvious). 

From a particular channel sample, complete 
polished specimens were prepared for optical 
microscopy to note all pyrite 50 µm or greater in 
diameter along a single line from top to bottom 
of a seam . The detailed occurrence and distribu­
tion of maceral types were also recorded. To 
check the representativeness, three line measure­
ments were made across each block (D . Biggs). 
WD analysis and SE~ were used to study certain 
polished samples especially in cases to establish 
the presence and distribution of pyrite crystals 
which were found to fill cell features. 

From the same channel sample, a complete 
set of fresh fracture specimens was prepared from 
material in close proximity to the surfaces which 
were polished for optical microscope analysis . 
Thus, SEM analyses were performed along a con­
tinuous line from top to bottom of a seam on 
fracture surfaces. In this way complete data for 
each form of pyrite (crystal, framboid, re ­
crystallized mass) were recorded on a micrometer 
scale basis to provide very detailed volume frac­
tion data for each form and for the total amount 
of pyrite in the coal . This was recorded with 
depth and nlllTierous complementary ED analyses. 
The data were then grouped to provide the distribu­
tion information of Tables 1 and 2 and Figures A 
and B. Also this permitted the evaluation of the 
fractional contribution of each form to the total 
pyrite present. This technique is very time con­
suming; however, it is necessary to be able to 
see the trends with depth as well as the signifi ­
cant presence of very fine pyrite (single crys­
tals and framboids). This approach is slower 
than point count analyses or automated analyses 
techniques, but offers a superior reliable 
approach to give insight into phase type and 
distribution. This is particularly important in 
studying such a complex material. 

Reviewer I: In your concluding section entitled 
Future Work, you indicate that getting the 
sulfur out of the coal is most important. What 
additional SEM analysis and characterization do 
you see as contributing directly to the sulfur 
removal problem in addition to those features 
already illustrated and discussed in the results 
presented? 
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Figure A. Distribution of pyrite in the Lovilia and in the Star mines. 
(a) Proportionation of pyrite for the various size ranges observed for the Lovilia mine (percentage of 
pyrite less than a particular size). For example, 30% of the pyrite i s less than 76 µmin diamete r 
(i.e., 200 mesh). 
(b) Proportionation of pyrite for the various size ranges observed for the Star mi ne (percentage of 
pyrite less than a particular size). For example, 57 % of the pyrite is less than 76 µmin diameter 
(i.e., 200 mesh). 
(c) Distribution of pyrite in the Lovilia shaft mine seam among three f orms: single crystals, fram­
boids, and other larger, massive forms. The distribution is shown with respect to size (in micrometer 
intervals) for the range of sizes observed. 
(d) Distribution of pyrite in the Star strip mine seam among three forms: single crystals, framboids, 
and other larger, massive forms. The distribution is shown with respec t to size (in micrometer inter­
vals) for the range of sizes observed. 
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Figure B. The distribution of pyrite in the Lovilia mine (a-d) and in the Star mine (e-h) with depth 
in a seam. Data are shown for each mine in four ways: single crystals; framboidal formations; other 
larger, massive forms; and total contribution of the three forms for that mine. For example in graph 
b, for the 1% interval at a depth of 39 to 40% of the thickness of the seam, almost 16% of the mater­
ial in this portion of the seam is framboidal pyrite. The Lovilia seam thickness is 183.0 cm, and 
the Star seam thickness is 105.1 cm. 
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~: Extensive SEM examinations of strip and 
deep mined bituminous steam and metallurgical 
coals as well as lignites should provide a work­
ing approach to correlating important property­
behavior parameters of interest in the following 
areas: phyteral a nd maceral-mineral structural 
characteristics; nature and distribution of 
pyrite; aspects of mechanical and chemical com­
minution (break-up), beneficiation, and conver-­
sion and associated desulfurization improve­
ments; and precision and accuracy of chemical 
determination of sulfur. 

Auger analyses will be of use in charac­
terizing surface films (e . g., in Figure 9 the 
pyrite particles are partially dissolved; factors 
affecting dissolution may be better understood). 

In wor.k describing the chemically induced 
break-up of coal (chemical comminution) where 
almost forceless break-up may be induced, 
various environments such as liquid ammonia, 
liquid methanol, trichloroethylene, methylene 
chloride, etc. can be investigated in detail. 
The basic mechanism of chemica l comminution is 
not fully tnderstood . The cleavage occurs 
preferentia lly along coal-mineral interfaces, and 
it seems mineral matter may be separated without 
as small a particle size reduction as required by 
mechanical break-up. 

Agglorreration of particulates and of rela­
tive types of particulates can be studied by SEM­
ED analysis and related to solution treatments to 
change the su rface character of pyrite, for 
example. 

Desulfurization schemes in liquefaction of 
coal are under study by SEM-ED analyses. 

Reviewer fll: One of the most difficult problems 
associated with TEM and SEM work is the question 
of sample r epresentation. Considering the total 
volume of sample you examined and the total 
volume of t e coal seams you seek to characterize, 
do you feel you have seen enough under the SEM 
to general ize the occurrence of microcrystallites 
of pyrite to other coal deposits? To low sulfur 
deposits? 
Author: A broad range of coals of various rank 
are being studied. Large differences in local 
and regiona l variability in coal seams exist. 
However, it is useful to detail microstruc tural 
features of coal to develop an understanding of 
the presence and distribution of pyrite in the 
coal. Suggestions can he offered to improve coal 
treatment schemes for removing sulfur and poten­
tial ash components. This paper may serve to 
further outline advantages now foreseen which are 
dependent on knowledge of coal constitution and 
functional behavior of separable constituents. 
The importance of micrometer size pyrite in 
certain coals is clearly established. Data of 
the type presented offer the potential to 
establish new lines of approach to solving 
current technical problems in the utilization 
of coal. 
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Reviewer II: How would the author propose to 
apply the textural data that he has collected in 
this study and data on the distribution of 
pyrite in coal to the Ilok fine grinding process 
in which liberation of the pyrite from the coal 
is a definite problem though the order of magni­
tude of the crystals would seem to suggest this 
as a real possibility. I would also be inter­
ested in hearing of any practical examples that 
the author might be able to think of in which 
fine grinding of coal or coal-related products to 
the level described, that is to minus two 
microns, has been accomplished on a large scale. 
There has been some work on fine grinding which 
indicates that a significant explosion hazard 
may exist in fine grinding coal and coal-related 
products down to such fine levels. 
Author: In 1910 Rudolf Diesel developed the 
idea of burning finely ground coal directly in 
engines. The difficulty was to prepare fine 
enough coal. By 1940 Hans Rohrbach patented a 
pulverizing process to obtain 4 micrometer diam­
eter coal for this application. In the late 
1950's another modification was developed, the 
Rohrbach-Ilok Attrition Mill . The 4 micrometer 
coal is still a paper idea. Briefly, the 
Stephen Krajcovic-Ilok process is to break coal 
down to this size by fracturing and heating coal 
in a multichambered mill. The very general pro­
posal is that both inorganic and organic sulfur 
could be removed, leaving the carbon; however, no 
details of the proposal have been released and no 
process has been demonstrated on a small- scale 
basis. 

Commercial devices exist to pulverize coal 
to a micrometer diameter size (e.g., Retsch, 
Dusseldorf, West Germany); techniques of interest 
for potential large scale application in the 
utility industry such as pneumatic fragmentation 
have been demonstrated in bench scale operations 
and offer a possibility for practical scale-up 
(e.g., L. Buechler and R. Eccles, Systems Re­
search Laboratories, Dayton, Ohio). 

The work presented in this paper shows the 
significant potential for removing almost all of 
the pyrite in certain coals. Coals vary in the 
relative proportion of inorganic (primarily 
pyrite) and organic sulfur. For example, numer­
ous analyses indicate that the general character­
istics of both Iowa and Illinois 28 coal are that 
the pyritic sulfur exceeds the organic sulfur 
(roughly, a 3 to 2 ratio). Thus, important 
amounts of sulfur could potentially be removed 
prior to combustion (and to scrubbing of off 
gases when and if appropriate). Even the high 
sulfur coals of Iowa might then meet the State's 
environmental standards for currently operating 
utility plants. Also, the situation exists in 
certain coals, that not all the pyrite may 
appear in the chemical analyses . This would be 
manifested as erroneously high organic sulfur 
values. This would be the result of the pyrite 
distribution factors discussed in this paper. 
The pyrite larger than a micrometer in diameter 
would then be in a form appropriate for separa­
tion from the coal macerals. 



It is important to note that not only 
pyrite and potential ash components might be 
separable, but also that maceral types might be 
separable as well. If the vitrinite (high BTU 
material) could be separated from the inertinite 
and exinite, the coal would be upgraded sig­
nificantly . 

The explosion hazard of fine particulate 
coal can be controlled by using appropriate gas 
concentrations or by subsequent agglomeration, 
for example. 

Reviewer II: How would you propose to separate 
the sulfur-bearing components in coals after the 
fine grinding of the type you propose, and what 
practical means would you suggest and how could 
they be implemented? Have such techniques been 
tested in previous pilot plant or laboratory 
types of evaluations and what were the results 
of those evaluations? 
Author: Potential techniques are under intensive 
study at this laboratory and at many other 
facilities. These include the use of cyclone 
separators, centrifuge modifications (e.g., 
Sharples; Zonal), precipitation-floatation, oil 
agglomeration and mechanical flow modifications. 
A primary consideration is economics. Data are 
needed for comparative energy consumption among 
processes, or for the% recovery of coal which is 
required for a particular level of pyrite re­
moval, for example. The components can be 
separated, and current studies are providing a 
practical framework for potential large-scale 
implementation . 

Reviewer I: Have you made any observations of 
pyrite crystals and pyrite aggregates in com­
minuted coal? Certainly it would be of interest, 
and a very simple problem using SEM to investi­
gate the pyrite particulates in relation to coal 
aggregate size. 
Author: Yes. This is a complex problem to 
establish mechanisms, and a variety of systems 
are being studied. 
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Reviewer I: In the comminuted form, some frac­
tion of the ash in coal might also be separated 
along with the sulfur. If SEM studies of com­
minuted coal have been performed, there might be 
some observations of ash or other noncombustible 
inclusions. Have you made any observations of 
such inclusions and their size distributions? 
Author: This work is far from being complete. 
Such studies will require the contributions of 
many investigators. My work has concentrated on 
pyrite. Potential ash components such as clays 
will vary with the coal being studied, and intro­
duce another level of complexity to SEM-ED 
analyses. 

Reviewer III: In Figures 5 and 6, you show a 
pyrite vein and indicate that the crack has 
formed in association with the pyrite treatment. 
How can one be certain this crack was subsequent 
to the formation of the pyrite? It seems to me 
that the micrograph strongly suggests the 
opposite and that the pyrite may have possibly 
been deposited along the walls of the crack 
after it opened. 
Author: The original surface was studied in de­
tail prior to treatment by using an optical 
microscope, and the matching untreated surface 
was also viewed by SEM for a variety of magni­
fications. The natural boundaries, especially 
where inorganic phases occur, tend to separate 
usually without significant dissolution of the 
coal matrix or the inorganic phases (observed 
on a micrometer scale for liquid ammonia, for 
example). The size distribution of the frag­
ments is influenced by bedding features, the 
comminuting solution, and the exposure time. 



Additional discussion of "Applications of Scanning .... " by J . W. Neasharn continued fran p . 108. 

Reviewers IV and V: Will the vacuum in the speci­
men chamber and the potential heating effect of 
the electron beam tend to damage the oil shale 
kerogen, resulting in erroneous morphological 
characteristics, and could the contorted kerogen 
in Figure 20 be the result of s uch damage? Was 
the cold stage of value in observing kerogen? 
Author: Examination of kerogen for extended 
periods of time under the electron beam has never 
detected morphological changes which might result 
from heating. The rate of kerogen thermal decom­
position at temperatures below approximately 600°F 
is very low, and localized sample surface heating 
effects from the electron beam (raster pattern) 
are thought to be far below this temperature level. 

We have not used a cold sample stage to exam­
ine kerogen on the SEM. 

Reviewer IV: Were Figures 13 and 14 obtained with 
an SEM vol t age of 10 kev? 
Author : The particular photomicrographs illus­
trated in Figures 13 and 14 were obtained with an 
SEM beam voltage of 25 kev. Our SEM work with un­
coated rock samples , however, has shown that 
photomicrographs of comparable quality to those in 
this repor t can be obtaihed with a 10 kev beam 
voltage. 

Reviewer V: Do you have any procedure that you 
can recommend for examining oriented thin sections 
or chips in the SEM/ED; particularly those con­
taining elongated grains and oriented micropores? 
Author: We can maintain a particular sample 
orientation in the sample chamber by scratching a 
reference mark on the rock sample or thin section 
surface and continually monitoring this reference 
point at lower magnifications. 
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