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Fe, S, Ca, Si and Al analysis of coal particles: A. K. Moza and L. C. Austin

like exinites, resinites, alignites and scleronites might well
disintegrate. Shibaoka*® performed hot stage microscopy
studies on vitrite particles {containing vitrinite >95%)
and found that these expanded rapidly and then shrank
without disintegrating. Fusinite particles, containing fus-
inite macerals >95%, were found in the same study to
expand very slightly and not explode. The petrographic
analysis of the two coals (Table 5) indicates that these coals
have only small proportions of exinite material and hence
most of the particles are not expected to explode.
Shibacka also found that vitrite particles leave behind
very fine ash particles. However this would not be
expected if the coal particle has an ash composition such
that the ash would melt. Such ash particles would be
mobile on the carbon surface in view of the non-wetling
characteristics of slag on a carbonaceous surface®’, with
apglomeration leading to a droplet of ash.

Recently Padia®? has claimed that about five ash
particles per coal particle are formed on combustion of
bituminous coal. His analysis implied that the distri-
bution of mineral matter was uniform in the coal particles,
which the present study indicates is not valid, e.g., Table 10
shows that = 25% of the particles by weight had mineral
matter varying from 5 to 100%, In the absence of definitive
experiments, it is assumed that one coal particle produces
one ash particle or that if more than one ash particle is
formed from one coal particle, the composition of each
satellite ash particle is the same: The major uncer{ainty in
the use of the data was in construing the various types
which might or might not lead to slag deposit. A more
detailed understanding of the mechanism of slag deposit
formation would enable a better choice of the important
types: the data output of the computer can be readily
manipulated to assign particles to types providing the
characteristics of ‘bad-acting’ types were better
understood.
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pressure—temperature microscopy of the
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Structural changes ocourring during the hydrogen-assisted pyrite—pyrrhotite transition are characterized
over the temperature range 400-600°C. Newly developed pressure—temperature microscopy gave in-
situ observations of pyrite decomposition at elevated temperatures and gas pressures. Composition of
pyrrhotites was measured by X-ray diffraction and correlated with krypton surface areas, Surface areas
increased with an increase in pyrite reduction due to a decrease in maolar volume accompanied by the
development of porosity. Increases in specific surface area are inversely proportional to the reduction
temnperature. Heats of adsorption of krypton on pyrite increase linearly with increases in the relative

amount of the (100) crystallographic faces.

{Keywords: pyrite; pyrrhotite; microscopy; physical characterization)

The utilization of pyrite-containing coals in pyrolysis,
gasification, or liguefaction processes at elevated tem-
peratures and pressures results in the formation of
pyrrhotite. Ia-situ coal conversion catalysis by mineral
matter in coal, with special regard to the relatively more
abundant pyrite constituent, has been recognized for
some time! ~*. More recently, hydrogen sulphide has been
considered to be the catalytic species with increased
hydrogen sulphide concentrations being initially supplied
by pyrite reduction®. Study of the pyrite-pyrrhotite
transition, during benzothiophene hydrogenolysis at coal
liquefaction conditions, showed that the surface area of
the resulting pyrrhotite increased with increasing pyrite
particle size; however true areas were occluded by carbon
deposits®, The purpose of this investigation is to charac-
terize the pyrite-pyrrhotite {ransition without the pre-
sence of hydrocarbons that lead to catalytic coking and
carbon deposition. The present study gives the changes in
specific surface areas and porosity upon pyrite reduction
in hydrogen, the composition of the pyrrhotites, the heats
of adsorption of krypton on pyrite, and direct microscopic
observations of the pyrite-pyrrhotite transition at elev-
ated temperatures and pressures.

EXPERIMENTAL

Pyrite {from Sonora, Mexico, was obtained from Ward’s
Natural Science Establishment. The pyrite was ground in
a ceramic ball mill and wet-sigved into 210 x 250 and
44 x 53 um particle-size fractions. The washing was
performed using 2 N HCI to remove surface oxides and
wash away alumino-silicate fines remaining from the ball
mill. The two sized fractions were analysed for impurities
by emission spectroscopy and {found to be identical. Trace

*  Present address: Standard Oil Compuny Rescarch & Development,
9101 E, Pleasant Vulley Road, Independence, OH 44131, USA

0016-2361/83/121474-07%3.00
© 1983 Butterworth & Co. (Publishers) Lid.
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amounts {< 100 ppm) of cobalt and copper were only
detected, X-ray analysis gave sharp, narrow peaks in-
dicative of a crystallite size > 100 nm.

Pyrite samples of =2 g were placed in a ceramic boat
which was inserted into a preheated tube furnace for
reduction in flowing hydrogen (300 cm?® min !, 0.1 MPa).
The tube furnace was contained in a nitrogen-purged
glovebox, Reductions of the 210 x 250 um size particies
were performed at 400, 450, 500, and 600°C. The smaller
particle size, due to limited quantities, was reduced at 450
and 600°C. All temperatures were controlled to within
+ 8°C of the desired reaction temperature. Fresh samples
were reduced for various periods of time, then removed
from the furnace and aliowed to coot at room temperature
in the nitrogen atmosphere. The composition and specific
surface area of the products at various extents of con-
version were then measured,

The surface areas of the samples were measured by a
multipoint BET method” employing krypton at -196°C
{Py=2373 Pa) as the adsorbate. Due to the small specific
surface areas encountered (<1 m” g~¥), the use of
nitrogen at 0.1 MPa pressure was not sufficiently ac-
curate. The pressure range of interest {or krypton adsor-
ption lies between 20 and 270 Pa. These pressures could be
measured on a McLeod Gauge, but only at the expense of
greatly increasing the system dead-space and loss of
sensitivity, To circumvent this, a thermistor was placed
into the volumetric adsorption apparatus, as shown in
Figure 1. The thermistor was connected as one leg of 2
Wheatstone bridge through which a fixed current was
passed. This caused the thermistor {o heat to a particular
temperature, and thus assume a fixed resistance. While
under vacuum, the bridge was adjusted such that the nuil
meter, N, read zero. As increasing pressures of krypton
impinged on the thermistor, more heat was removed,
lowering its temperature, and increasing its resistance.
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Figure 1T Krypton adsorption apparatus
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Figure 2 Typical BET plot. Linear region: 0.06 < P/P, <022

The change in voltage-drop, ¥ across the thermistor was
calibrated to pressure with the McLeod gauge. Once a
calibration curve was obtained, the McLeod gauge was
isolated from the system to maintain a small, constant
dead-space. The volume of the dead-space was de-
termined by expanding helium into the gas burette. Prior
to measuring the surface area and system dead-space, all
samples were outgassed overnight at 77°C. Additional
details of the apparatus modifications and design can be
found elsewhere®.

A typical BET plot is shown in Figure 2 for the
adsorption of krypton on pyrrhotite. The reciprocal of the

sum of the intercept and slope of a line drawn through the
linear region of the plot (0.06 < P/P,;<0.22) yields the
volume of the adsorbed monolayer. By assuming each
adsorbed krypton molecule occupies 1.95x 1071° m?
{reference 9), the surface area of the adsorbent can be
calculated. The specific surface area is obtained by
dividing this area by the sample weight.

The compositions of the pyrrhotite products were
determined by the X-ray diffraction technique of Yund
and Hall'® Cu-K,_ radiation and CaF, internal standard
were employed. This technique was chosen for com-
positional analysis because, as previously described’?, it
permitted evaluation of the composition existing in the
outermost layer of the particles. Particularly at low
extents of conversion, a pyrite core may still exist within
each particle; however, it is the degree of reduction of the
pyrrhotite, focated on the outside of the particle, which
brings about the observed changes in surface area.

Microscopic observations on pyrite reduction were
carried out in a newly developed pressure-temperature
cell adapted to a Leitz hot stage. The pressure-
temperature cell has a pressure range up to 14 MPa
(2000 psi) and a temperature range of 0-600°C, while
maintaining a continuous flow of gas over the sample, A
picture of the cell as it is seated on the Leitz heating stage
can be seen in Figure 3. The cell, shown in Figure 4,
consists of a stainless steel body comprised of a lower and
upper portion. The lower portion, which contains the

Figure 3 Pressure~temperature cell seated on Leitz 1350 hot
stage

Top plate

-,

Ll

Heater shieid

Figure 4 Gas flow pressure—temperature cefl
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Table 1 Surface areas of Sonora pyrite

Specific surface area (m? g—1)

Particle size
{um) Maasured Sphere Ry
210-250 0.017 0.0026 6.5
44-53 0.027 0012 2.2
015
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Figure 5 Surface area versus compasition of pyrrhotites
produced from 210-250 um pyrite particles. O, 400°C; A, 450°C;
(3. 500°C; 7, 600°C
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Figure 6 Surface area versus composition of pyrrhotites
produced from 44-53 pm pyrite particles. A, 450°C; ¥7, 600°C

sample chamber, rests upon a ceramic heater and ther-
mocouple which is from a modified Leitz 1350 micros-
copic heating stage. The lower portion also contains an
inlet and an outlet for flow of pressurized hydrogen gas,
The flow rate can be as high as 4 cm® min™! which is
equivalent to 280 cell volumes/min. The sealing and
viewing of the sample chamber is through a single crystal
of spinel or yttrium-aluminium garnet resting on a
specially designed copper o-ring which allowed for obser-
vations at elevated pressures and temperatures. The top
portion of the cell both seals the sample chamber through
six screws which are located away from the sample
chamber, and sets the position of the cell on the micros-
cope stage. The microscopic system can be programmed
to desired heating or cooling rates. Volatiles and gases are
analysed by a Hewlett Packard 5880 gas chromatograph
after pressure reduction. Observations are made with a
Leitz Orthoplan polarizing microscope and are recorded
either with a 35 mm camera with sutomatic exposure
control or a 16 mm OptiQuip Model 220 cinemicrog-
raphy system incorporating automatically coupled film

1476 FUEL 1983, Vol 62, December

speed and exposure control during operation. A 450 W
xenon lamp allows the highest shutter speeds possible
using cross-polarized light.

RESULTS AND DISCUSSION

The sarface area for the two size fractions of Sonora pyrite
along with the peometric area calculated by assuming
spheres with diameters of 230 and 48.5 ym are given in
Table 1. Calculated roughness factors, Ry, are the ratios of
the measured to calculated areas. The decrease in the
roughness factor, with decreasing particle size, is most
likely due {0 preferred cleavage during grinding. Preferred
{100} cleavage in pyrite has been reported previously'?.
Smooth cleavage at a crystallographic face would yield a
lesser degree of surface roughness than random fracturing
of the particle.

The specific surface areas as a function of pyrrhotite
composition for the 210-250 and the 44--53 ym pyrite are
shown in Figures 5 and 6, respectively. The surface areas
increase with the extent of conversion of pyrite to
pyrrhotite. Pyrrhotite compositions with sulphur con-
tents >Fe8, |; were not obtained in agreement with
accepted phase equilibria'?. The maximum increase in
specific surface area is = 10-fold; this is considerably less
than the area increases previousty reported where simul-
taneous carbon deposition had occurred?,

The increase in specific surface area with extent of
rectuction is shown to be inversely proportional to
temperature, suggestive of sintering. Photomicrographs
were taken by scanning electron microscopy of the four
samples shown in Figure 5 having a composition of
~FeS,; ,,. The photomicrographs (Figure 7} show the
particle size essentiatly unchanged ; the direct microscopic
study, to be discussed later, further supports these obser-
vations. The increase in surface area is attributed to the
development of porosity and additional internal surfaces.
The visible difference in the porosity between Figures 7a
and 7b is minimal, coinciding with the nearly equal
surface areas given in Figure 5. Figures 7¢ and 7d show
decreasing porosity with increasing temperature of re-
duction. The specific surface areas of these samples, as

Figure 7 Photomicrographs (150X) of FeS, 44 reduced in
hydrogen. Sonora pyrite (210-250 um). {a) 400°C; (b) 450°C;
{c) BOO°C; (d) 800°C
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Figure 8 Photamictographs of FeS, 45 reduced in hydrogen at
600°C. Sonora pyrite (44-53 pm}. (a) 580x; (b} 406x

shown in Figure 5, also decrease with increasing reduction
temperature.

Since there appears to be no change in the overall
particle size, one must conclude that the solid undergoes a
reduction in molar volume during the transformation of
pyrite to pyrrhotite to account for the development of
porosity. The molar volumes of pyrite and troilite,
calculated from X-ray data, are 23.93 and 1820 cm’®
mol ™!, respectively!?. Thus, in the absence of sintering
and retention of original particle volume, the transfor-
mation of FeS, to FeS should produce a porosity of 23.9%]
based on the change in molar volume associated with the
pyrite-pyrrhotite transition.

At higher temperatures, the decrease in surface area is
probably due to sintering, which is associated with
increased surface diffusion at the Tammann temperature,
Although the pyrrhotites melt over a range of tempera-
ture, a melting point of 1150°C is assumed which gives a
Tammann temperature of 439°C. From Figure 5, above
450°C, the increase in specific surface area is nearly linear
with extent of reduction. At a temperature of 400°C, below
the Tammann temperature, the increase in specific surface
area is much more rapid with extent of conversion. The
effects of sintering, using the smaller pyrite particles (44—
53 pm) reduced at 600°C, are examined by scanning

electron microscopy (Figure 8). This shows the extent of
inira- and interparticie interaction occurring during the
pyrite-pyrrhotite transition.

Two additional pyrite samples were investigated. One
sample from Colorado {Rico) was ground to —200 mesh
{< 74 pum). The other sample was obtained from North
Carolina {courtesy of Professor H. Barnes, Pennsylvania
State University, labelled NC), and was ground to 210~
250 um. The specific surface areas of these pyrites,
measured by krypton adsorption, were 0.098 and
0.0095 m* g~ !, respectively. From the BET plots one can
obtain an intercept and the volume of krypton adsorbed
in a monolayer. The reciprocal of the product of these two
valuesis equal to a constant, C, which is related to the heat
of adsorption of krypton on the adsorbent according to

the following equation®®:

C=exp(E—E)/RT (n

where: E=heat of adsorption

E, =heat of Hquefaction of krypton (2020 cal
mol ™)

R =gas constant

T=temperature (K}

The heats of adsorption of krypton on the various
pyrites were significantly different. The values do not
correlate with the specific surface areas; however, it is well
known that different crystallographic faces may give
different heats of adsorption. An investigation was con-
ducted to determine whether an increased area of a
particular face existed for different pyrite samples and il
these differences counld be correlated with the measured
heats of adsorption. The pyrite preferentially cleaves
along (100) planes'®. The exient of this preferential
cleavage was determined by measuring the amount of
preferred orientation using X-ray analysis of pyrite sa-
mples allowed to settle in a viscous solution {collodion in
amyl acetate) while undergoing vibration in a sonic
cleaner. The intensity ratio, I;40/f51,, Is @ measure of the
relative amount of (100) faces present since the (311)
reflection is the major peak obtained with random
particle orientation. These data, as well as the values of C
and the calculated heats of adsorption, are given in Table
2. These data show the expected increase in the J,50/13,4
ratio for the Sonora pyrite upon grinding to a smaller
particle size. This determination of preferential cleavage is
further supported by the previously determined decrease
in R;upon grinding. The excellent correlation between the
heats of adsorption and the relative increase in the (100)
faces is given in Figure 9.

In-situ observations of the pyrite to pyrrhotite transfor-
mations have been made under three different experimen-
tal conditions: (1) under constant hydrogen pressure with
increasing temperature; (2) under nitrogen pressure with
increasing temperature, then changing to a hydrogen
pressure at constant temperature; and (3) under vacuum

Table 2 Surface analyses of various pyrites

Particle size E
Pyrite (#m) c (cal moi—h) Tagaflarg
Sonora 210 x 250 11 2380 1.26
Sanosa 44 x 53 20 2480 2.60
Rica <74 42 2590 3.68
NC 210 x 250 11170 3450 141

FUEL, 1983, Vol 82, December 1477
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Figure 8 Heat of adsorption of Kr on pyrites as a function of
increasing {100} faces

Table 3 In-situ observations af pyrite decomposition

Pyrite sample:  (NC} 210-250 um pyrite crystals

Conditions: 1.48 MPa (200 psig) hydrogen, flow rate
2 em? min—1, heating rate 15°C min=1, magnifi-
catian 240x.
Temperature

Figure 10 {°C} Observations

la} 18 Pyrite grain with a highly reflective
surface that contains some striations
{b} 445 Granular textured surface replacing

highly reflective surface with the
striations nearly eliminated

Conditions: 0.687 MPa {85 psigl nitrogen, flow rate 1 em3 min—1,
heating rate 15°C min—! to a constant temperature
418°C for 30 min in nitrogen, replaced with 4.24 MPa
{600 psig) hydrogen, flow rate 2 cm3 min—!, at &
constant temperature 418°C

Temperature

Figure 71 [°C) Observations

(a) 130 tndividual pyrite grain, highly
reflective with numerous striations

{h} 418 Pyrite grain, after 30 min at tempera-
ture in nitrogen, exhibiting some
thermal decomposition

{c} 418 Pyrite grain, after 2 min at tempera-

ture in 4.24 MPa hydrogen, exhibiting
very rapid decomposition

1478 FUEL, 1983, Vol 62, December

[ta}} 418 Pyrite grain, after 7 min at tempera-
ture in 4,24 MPa hydrogen, exhibiting
essentiatly complete surface

decomposition

Pyrite sample:
Conditions:

{Sonora) 210—250 um pyrite crystals
4.8 IcPa {—14.0 psig) after nitrogen purge at room
temperature, heating rate 10°C min—!,

Temperature

Figure 12 1°C) Observations

{a) 18 Pyrite grain with fair surface

reflectivity

(b} 500 Pyrite grain exhibiting slight amount
of thermal decomposition near grain

centre

{c) 536 Pyrite grain exhibiting increased
thermal decomposition product near

grain centre

{c) 540 Pyrite grain exhibiting an essentially
completely thermally decomposed

surface

{e} 850 A different pyrite grain exhibiting
fissures developed in final stages of

decomposition

conditions with increasing temperature. Typical obser-
vations under the three types of experimental conditions
are given in Tuble 3.

The observations of pyrite decomposition upon heating
to >400°C, under .48 MPa (200 psig) hydrogen, are
shown in Figures 10a and 10b, At room temperature, the
pyrite grain has a highly reflective surface. Upon heating
to 445°C, a granular surface texture is developed which is
associated with the hydrogen-assisted thermal reduction
of the pyrite to pyrrhotite. The pyrrhotite appears as a
polyerystalline product on the surface while retaining the
original boundaries of the pyrite particle.

A comparative study of the surface alteration, due to
the differenice in the rate of the pyrite-pyrrhotite transfor-
mation, under nitrogen and hydrogen are shown in
Figures 1la—11d. The pyrite particle, under nitrogen at
low temperatures, exhibit highly reflective surfaces. After
30 min in nitrogen at 418°C, the pyrite surface exhibits
some thermal decomposition as shown by alteration
products forming on the surface, especially within the
striations on the surface. In comparison, continued trans-
formation of pyrite to pyrrhotite by the introduction of
4.24 MPa (600 psig) hydrogen pressure in place of the
nitrogen shows the same pyrite particle to transform more
rapidly in a hydrogen environment. The pyrite decom-
position (shown in Figwre Ilc) after only 2 min in
hydrogen {4.24 MPa) is much more rapid at the same
temperature (418°C) as shown by the increased con-
centration of the alteration product on the surface,
presumably pyrrhotite. Further reduction of the pyrite
(Figure 11d), after 7 min at the same temperature and
pressure shows complete alteration of the surface to a
polycrystalline pyrrhotite. These observations are in
agreement with the relatively faster reaction rate of pyrite
decomposing, under hydrogen, to pyrrhotite and hy-
drogen sulphide in comparison to the thermal reduction
of pyrite, in nitrogen, to pyrrhotite and a polymeric
sulphur species’®.

Observations of the alteration of pyrite at near vacuum
conditions of 4.8 kPa after initial purging with nitrogen,
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Figure 10 Pyrite decomposition to pyrrhotite (240X). NC pyrite
{210-250 pm}. (a} 18°C, 1.48 MPa hydrogen; (b) 445°C,
1.48 MPa hydrogen

show very little thermal alteration of the pyrite at
temperatures <400°C. Although some pyrite particles
showed some alteration between 400 and 500°C, the
pyrite particle selected for observation (Figures 12a~12¢)
exhibited a slight amount of thermal decomposition near
its centre portion at 500°C. The same pyrite particle, after
reaching a temperature of 540°C exhibited a completely
thermally altered surface. A different pyrite grain (Figure
12¢) developed fissures in the final stages of decom-
position, These observations are in agreement with the
slower rate of reduction of pyrite in vacuo in comparison
to pyrite reduction rates at comparable temperatures
under high pressures of hydrogen'®.

CONCLUSIONS

Yydrogen-assisted pyrite reduction, without the presence
I hydrocarbons, results in the development of porosity
and increased surface arca. The specific surface area of
Sonora pyrite, between 400 and 600°C, increases with

C

Figure 11 In-situ reduction of pyrite to pyrrhotite (240x). NC
pyrite (210-250 um). {a) 130°C, 0.687 MPa nitrogen; (b} 418°C,
0.687 MPa nitrogen for 30 min; (¢} 418°C, 4.24 MPa hydrogen
for 2 min; {d) 418°C, 4.24 MPa hydragen for 7 min

Figure 12 Pyrite—pyrrhotite transformation in vacuum. Sonora
pyrite (210-250 ;m). (a) 18°C, 4.8 kPa; (b) 500°C, 4.8 kPa;
{c) 535°C, 4.8 kPa; (d) 540°C, 4.8 kPa; {e) B80°C, 4.8 kPa (240x}

pyrite conversion. This increase was found to be as much
as 10-fold at lower temperatures. Specific suiface areas are
found to be inversely proportional to reduction tempera-
ture with sintering occurring above the Tammann tem-
perature. Explain heats of adsorption on pyrite are found
ta correlate with the relative increase of {100) faces
generated upon grinding.
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Direct in-situ observations of the pyrite to pyrrhotite
transformations have been made at elevated tempera-
tures, under nitrogen and hydrogen pressures, and near
vacuum conditions, using newly developed pressure-
temperature microscopy. These observations show that
the rate of surface decomposition due to the
pyrite-pyrrhotite transition is much faster under
hydrogen-assisted conditions than under nitrogen or
evacuated conditions.
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