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Samples of the iron-sulfide mineral pyrrhotite were pre- 
pared using a procedure designed to closely model the 

pyrite- to-pyrrhotite conversion that occurs during coal- 
conversion processing. Pyrite mixed with graphite converts 
to mixtures of mon linic and hexagonal pyrrhotite when 
heated at 500°C for 5 hours, and an iron-rich pyrrhotite 

(Fe, oSl forms at 600' to 700°C. 

In addition to temperature effects, the pyrrhotites formed 
from pyrite in graphite are also dependent on additives or 

impurities in the form of metal salts. e pyrrhotites used in 
this study were prepared in the presence of selected tran- 

sition metal chlorides: PdC12, NiC12, CoC12, ZnC12, MoC15, 
en these metal salts were used, pyrrhotites 

with an increased number of iron vacancies were produced. 
For example, in the presence of ZrC14 at temperatures as high 
as 700°C, a pyrrhotite was produced that exhibited 
bauer magnetic-splitting values characteristic of pyrrhotite 

with a high number of iron vacancies (iron-poor). 

These pyrrhotites were then converted to troilite at 400°C 
in the presence of C and H2 ; and this troilite is an active 

catalyst for the Fischer -Tropsch synthesis, alkene hydrogen- 
ation, the Boudouard reaction, the water-gas shift reaction, 
and the hydrodesdfurization of organic sulfur compounds. 

Support for this research was 
Illinois University Coal xtraction and Utilization Research 

Center, the Illinois State Geological Survey (ISGS), and 
the U.S. Environmental Protection Agency, Fuel Process 

Branch, Research Triangle Park, North Carolina, under 
Contract 68 -02- 21 30 to the University of Illinoi 

terization of Coal and Coal 

are also indebted to two members of the ISGS staff: 
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at exhibit Moessbauer spectra similar 
oal-process residues have 

sized (1). These materials differ from natur 
in that they contain relatively large amounts of iron, and 
therefore, fewer iron vacancies. Troilite (EeS) appears 
to be a significant component of these residues. 

rrhotite is formed from pyrite in coal during heating 
at temperatures above 4 5 0 " ~  (1,2,3). t has been reported 
that mineral matter exhibits a catalytic effect on coal- 
conversion processes (4,5), and Montano (6) showed that 
there is a correlation between coal conversion and the 
number of iron vacancies in the pyrrhotite formed from 
pyrite. The next step would be to determine the effects 
of temperature and metallic impurities upon the stoichio- 
metric nature of the pyrrhotite obtained. Such information 
could be an important aid in developing a better internal 
catalyst. Because increasing the number of iron vacancies 
in the pyrrhotite matrix appears to have a beneficial effect 
upon its catalytic activity, our interest was directed toward 
the relative intensities of the hyperfine multiplets and the 

a1 magnetic-field parameters of the pyrrho- 
bauer spectroscopic parameters are indices 

of the composition of the iron sulfides and give the iron- 
vacancy number. 

Eight metal chlorides were used to  demonstrate the 
effects of metallic impurities upon the stoichiometric 
nature of the pyrrhotite produced: ZnC12, SnC12, PdC12, 
ZrGl, , PbC12, Co@12, NiCl, , and MoC15. The first two 
compounds, ZnC12 and SnCl, , are known to exhibit 
catalytic activity during coal liquefaction (7,8,9,10,11). 
A study of heat- treated natural pyrrhotite (Sudbury, 
Canada), to which no metal chlorides were added, was 
used as a comparative model. 

Spectra were obtained at room temperature and 
analyzed as described in previous studies of coal (3,12,13), 
ash (141, oil shale (1 51, and gas shale (1 6). 

Natural pyrrhotite, which was obtained from Sudbury, 
Canada, and contained some pentlandite as a contaminant, 
was heated in evacuated, sealed, quartz ampules at 450°, 
600°, and 800°C for 4.5 hours. It was also heat 
600°, 800°, and 1000°C with Sp-2x Graphite 
for the same period of time. At atmospheric pressure, the 

O"C in a 14 wt% mix- 

this procedure was repeated with it 
char. The coal contained pyrite, an 
tained both pyrite and pyrrhotit 

bearing minerals interfere with interpretation of the Sud- 
bury pyrrhotite Moessbauer spectra, the pyrite and pyrrho- 
tite were then removed from the coal and char by digestion 
with 3N nitric acid for approximately 48 hours. 

Synthetic pyrrhotites were prepared by heating a mix- 
ture of pure pyrite (Colorado Geological Industries) and 
graphite in a quartz combustion tube under a nitrogen 
purge for 6 hours, as described earlier (1). The experiments 
were conducted at 500°, 600°, 650°, and 700°C with 

C12, CoC12, NiC12, and 
MoCl,, each added in an amount that approximated the 
weight of the pyrite. Then the experiments were repeated 
without the addition of these metal chlorides. Following 
each treatment, magnetic forms of pyrrhotite were isolated 
using a Carpco Model M- 127 and a Frantz isodynamic 
magnetic separator. 

monoclinic pyrrho- 
tite (181, and hexagonal pyrrhotite (19) are represented 
in figure 1 as schematic graphs of the intensities of the 
several 6-line hyperfine components versus the internal 
magnetic-field parameters for those components. It is 
characteristic of these spectra to show a regularity of the 
relative intensities of the components, with one of the 
magnetic-field parameters having a relatively low value 
of 225 to 235 k8e. However, this low-magnetic species 
does not occur in Fe9 Sl (20) or Fe S1 (1 9), which 
are iron-rich pyrrhotites. 

anges hotite 
The t 

any pretreatment showed the presence of four iron species 
with 6-line Moessbauer spectra characterized by magnetic 
hyperfme splitting, and one iron species exhibiting a doublet 
with a quadrupole constant and an isomer - shift character- 
istic of iron in pentlandite (21) (table 1). The first four 
species were assigned to iron in four different sites of 
monoclinic pyrrhotite in accordance with the Bertaut 
model (22); however, the relative intensities of the iron 
species in this pyrrhotite, 2.8: 1 .O:3.6: 1.9 (fig. 2a), differed 
from those theoretically predicted for Fey&, 2: 1 :2:2 

e suggest that the pyrrhotite also contained a 
small amount of the hexagonal form. If we assume that this 
pyrrhotite contained 8% of the hexagonal form, and 
introduce f i e d  values for the magnetic splittings and 
relative intensities of 2: 1:2:2 for the monoclinic form, 
then the computer fitting of the Moessbauer spectrum of 
this pyrrhotite would compare to the best fit made by 
the -- - monoclinic itself, but with varying intensities. 

When the relative intensities versus the magnetic-field 
parameters of monoclinic and hexagonal pyrrhotite were 
plotted together, the resulting graph was typical of natural 
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. Wloessbauer parameters for iron species in Sudbury pyrrhotite heated alone and with graphite 

Assignment 

Sudbury pyrrhotite before heating 
Pyrrhotite 0.692(4) 
Pyrrhotite 0.721 (4) 
Py rrhotite 0.688(5) 
Pyrrhotite 0.687(6) 
Pentlandite 0.331 (9) 

Sudbury pyrrhotite heated alone at 450°C 
Pyrrhotite 0.709(6) 
Pyrrhotite 0.665(8) 
Pyrrhotite 0.668(9) 

Sudbury pyrrhotite heated alone at 800°C 
Py rrhotite 0.705(4) 
Pyrrhotite 0.682(5) 
Pyrrhotite 0.687(7) 

Sudbury pyrrhotite heated with graphite at 45 
Pyrrhotite 0.678(3) 
Pyrrhotite 0.670(4) 
Pyrrhotite 0.660(3) 
Unassigned 0.35 (2) 

Sudbury pyrrhotite heated with graphite at 600°C 
Pyrrhotite 0.73 (1) 
Pyrrhotite 0.75 (2) 
Pyrrhotite 0.73 (1) 
Unassigned 0.20 (2) 

Sudbury pyrrhotite heated with graphite at 
Pyrrhotite + troil ite 0.814(5) 
Pyrrhotite 0.760(5) 
Pyrrhotite 0.729(6) 
Py rrhotite 0.750(3) 
Unassigned 0.32 (1) 

Sudbury pyrrhotite heated with graphite at 1000°C 
Pyrrhotite + troilite 0.79 (1) 
Byrrhotite 0.7 70( 4) 
Pyrrhotite 0.763(1) 
Unassigned 0.33 (1) 

Sudbury pyrrhotite heated with coal at 800°C 
Pyrrhotite 0.747(7) 
Py rrhotite 0.77 (1) 
Pyrrhotite 0.740(7) 
Unassigned 0.26 (3) 

Sudbury pyrrhotite heated with char at 500°C 
Pyrrhotite 0.733(6) 
Pyrrhotite 0.76 (1) 
Pyrrhotite 0.735(5) 
Unassigned 0.20 (2) 

'S = Isomer shifts reported versus NBS iron foil. 
E = Quadrupole-coupling constant. 
M = l nternal magnetic field. 
Fe(%): These percentages are relative to the iron species within each sample and are not relative from one sample to another on a quantitative 
basis. 
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FegS9 (hexagonal) 

Fe7Sg (monoclinic) 

FeS (troilite) 

Figure 1. The relative intensities versus the magnetic-field 
parameters of the iron multiplets in the reference 
compounds. 

Sudbury pyrrhotite (fig. 2a). Ovanesyan et al. (19) showed 
that Fee-gooS, which is a mixture of hexagonal and mono- 
clinic pyrrhotite, had a oessbauer spectrum that was not 
a simple superposition of the spectrum of the purely 
hexagonal and monoclinic phases. These results obtained 
for natural pyrrhotite agree with the findings of Vaughan 
et al. (24) who have investigated pyr 
different sections of the Strathcona 
Canada. They have concluded that two pyrrhotite types 
occur: one composed of (FeNi),S8 with 0.35 wt% of Ni, 
and the second composed of (FeNi)9S1 with 0.68 to 
1 .O1 wt% of Ni. The relative amounts of these two types 
depend on the section of the deposit from which they 
originated (25). 

Heating Sudbury pyrrhotite alone for 4.5 hours in a 
sealed ampule at 450' and 8 0 0 ' ~  (fig. 2b), then with 
graphite at 450'6: (fig. 2c), caused the transformation 
of monoclinic pyrrhotite to the hexagonal form with iron 
atoms in three nonequivalent sites with relative populations 
of 1.5: 1.5 : 1 -0 (26). These ratios were close to those reported 
for FegSl (47.3 at. % of iron) by Schwarz and Vaughan 
(20). tites with ordered vacancies have structures 
comp f filed layers and layers containing iron 
vacancies. The Feg S compound has ordered vacancies; 
and a 9: 10 ratio results from the vacancy-filled-vacancy- 
filled-filled layers. The small difference between relative 
populations found in pyrrhotite and those predicted 
theoretically for Fe9Sl (4:3:2, fig. 1) could be explained 
by assuming that the order of the arrangement of the 
vacancies inside the cation layers have been violated com- 
pletely or in part, but the alternation of the layers with 
and without vacancies remained undisturbed. Possibly 
the pyrrhotite was a mixture of Feg S1 with Fel 0S1 1 and 
Fel S1 2 ,  both of which have a different vacancy order. 

Heating Sudbury pyrrhotite in the presence of graphite 
at ~QO' ,  800°, and 1 0 0 0 ' ~  for 4.5 hours in a sealed ampule 
(fig. 2c) and with coal or char at $ 0 0 ' ~  produced a pyr- 
rhotite with high magnetic-splitting parameter values and 
higher isomer shifts than those of the monoclinic or the 
hexagonal forms. Since an increase of the internal magnetic- 
field parameter accompanied an increase in the iron content 
(27,28), the Moessbauer data suggested that this pyrrhotite 
was rich in iron with a formula of Fep - 
to 0.10. 

oessbauer spectra of the heated samples resolved 
into three or four 6-line multiplets having approximately 
the same line widths and one doublet. The doublet remained 
unassigned, but it wa ly a compound arising from 
pentlandite (table I). cies with magnetic splitting 
have higher internal c fields (310 to 275 kOe) 

r -shift values than monoclinic or hexagonal 
heir relative intensities show no regularity. 
the lowest magnetic splitting (230 kOe) 

was not present, although it was found in both the mono- 
clinic and the hexagonal forms. 
was assigned to troilite and the 



Natural pyrrhotite 

Mixed monoclinic ( -  ) 
and hexagonal (---) pyrrh. 

igure 2. The relative intensities versus magnetic-field parameters of iron multiplets in Sudbury pyrrhotite: (a) untreated 
samples; (b) pyrrhotite heated alone 4.5 hours in a sealed ampule; (c) pyrrhotite heated in the presence of graphite 
4.5 hours in a sealed ampule. 
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Only two species of those assigned to pyrrhotite oc- 
curred in relatively large amounts-those having internal 
magnetic fields around 301 and 276 kOe. These results 
are in agreement with Goncharov et al. (27) who have inves- 
tigated iron-rich pyrrhotites and found that samples of 
FeSl + with x = 0.05 to 0.10 exhibited two 6-line 
patterns indicating the coexistence of two structures, 
NiAs and FeS1 -00 .  However, these two 6-line sets did not 
exhibit the features indicating the presence of two phases. 
Their appearance could be due to the influence of the 
vacancies upon the first neighbor iron atoms in the iron 
sublattice since the higher value of magnetic splitting cor- 
responded to iron atoms having no vacancies nearby and 
the lower value to those that were close to a vacancy. The 
intensities of the 6-line patterns related to the number of 
vacancies in the Fel - .S structure. 

The higher isomer-shift values of these pyrrhotites 
gave further indication that they contained relatively large 
amounts of iron. A decrease in isomer shift with an increase 
in excess sulfur has been observed in the composition 
range of FeSl + from x = 0 to x = 0.15 (27). 

Moessbauer spectra from pyrrhotite heated alone 
at 600°C and higher temperatures were compared with 
spectra of pyrrhotite heated in the presence of graphite 
under the same conditions. In the presence of graphite, 
pyrrhotites with larger amounts of iron formed. The 
same phenomenon was noted when mixtures of pyrrhotite- 
coal and pyrrhotite-char were heated at 800°C. 

These data indicate that graphite, cod, and related 
materials facilitate the removal of sulfur from pyrrhotite, 
and as a result, pyrrhotites with few iron vacancies form. 

The Moessbauer spectrum of pyrite heated for 6 hours 
at 500°C in the presence of graphite consisted of three 
6-line multiplets and one doublet (table 2). Species with 
magnetic splitting were assigned to pyrrhotite and the . 
doublet to unreacted pyrite. The values of the internal 
magnetic - field parameters of the pyrrhotite were the 
same as those of natural hexagonal pyrrhotite; the relative 
intensities were also similar. On the other hand, pyrite 
transformed to pyrrhotite with a high iron content when 
heated at 600" to 7 0 0 " ~  in the presence of graphite. 
This spectrum is similar to that described for the Sudbury 
pyrrhotite-graphite mixture heated at a high temperature. 
The species with internal magnetic fields of 3 10 and 260 kOe 
were assigned to troilite and pyrrhotite, respectively; 
however, the 230 kOe species was not present. The degree 
of this conversion of pyrite to pyrrhotite depended upon 
the temperature of the reaction: 68.7% at 5 0 0 " ~  and 
100% at 700°C. 

In the presence of PdC12, ZnCl, , NiCl, , and MoCl, 
at 500°C, pyrrhotite with magnetic - splitting parameters 
typical of monoclinic or hexagonal pyrrhotite formed from 

pyrite. Four iron species typical of monoclinic pyrrhotite 
were present, but their relative intensities did not agree 
with those predicted theoretically (figs. 1 and 3). Again, 
this could be explained by the fact that the pyrrhotite, 
as a mixture of monoclinic and hexagonal forms, was 
similar to the Sudbury pyrrhotite. A relatively large amount 
of the monoclinic form existed in pyrrhotite obtained from 
pyrite with the addition of NiC12. In the presence of PbClz 
at 500ec, only three iron species were found, and their 
relative intensities were in good agreement with those of 
Fe8S9 (19) (figs. 1 and 3). In all cases the low magnetic- 
field species was present. 

Four iron species were also found in pyrrhotite formed 
from pyrite with the addition of MoC1, heated at 600°C 
and the addition of CoC1, heated at 650°C. This pyrrhotite 
was considered to be a mixture of the monoclinic and the 
hexagonal forms. Only three iron species occurred in the 
presence of SnC1, and ZnC1, at 600°C, and their relative 
intensities also corresponded to those of Fe,S9 (figs. 1 
and 3). The low magnetic-field species was still present. 
When PbCl, was present in the reaction mixture at 650°C, 
however, a different pyrrhotite formed. The low magnetic- 
field species was no longer present in the product, and 
magnetic-field parameters determined for the three observed 
multiplets were characteristic of iron-rich pyrrhotites. 
Their relative intensities indicated that the pyrrhotite was a 
mixture of Fe9 Sl and Fe, S1 (figs. 1 and 3). 

Pyrrhotites produced at 700°C in the presence of 
dC12, NiC12, and ZnC12 had internal magnetic -field 

parameters similar to those of pyrrhotite formed with no 
chlorides present. The 230 kOe iron species wasnot present, 
and the relative intensities of the others suggested that this 
pyrrhotite had a formula close to FeS (figs. 1 and 3). 
Remarkably, a pyrrhotite with four nonequivalent iron 
sites and magnetic parameters typical of the monoclinic 
and the hexagonal forms (figs. 1 and 3) was still obtained 
when ZrC14 was present at reaction temperatures as high as 
700°C 

y, at 500°C conversion was more complete 
of ZnC1, and PdC12 than in the presence 
C1, . At 600°C all of the pyrite transformed 

to pyrrhotite when MoCl, was present. Also at this tem- 
perature, more pyrite was converted to pyrrhotite in the 
presence of SnC12 than in the presence of ZnCl,, probably 
owing to the mobility of tin, which was well distributed 
throughout the system (9). At 7 0 0 " ~  the conversion of 
pyrite to a nonstoichiometric pyrrhotite was complete 
when ZrC14 was present; but in the presence of ZnCl, and 
NiCl, , iron-rich pyrrhotites as well as mixed sulfides formed. 
Their isomer shifts and quadrupole-coupling constants are 
listed in table 2; their structures have yet to be elucidated. 
Mixed sulfides were also found in the nonmagnetic fractions 
from the conversion of pyrite to pyrrhotite in the presence 
of BdC12 (500°C) and SnCl, (600°C). Their Moessbauer 
parameters are also listed in table 2. 
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. Moessbauer parameters of iron species in the products from heating pyrite in the presence 
of graphite and some metal chlorides 

Assignment 

Pyrite heated with graphite at 500'C (high magnetic) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.68 (1) 
Pyrrhotite 0.69 (1) 
Pyrite 0.324(5) 

Pyrite heated with graphite and PdC12 at 500°C (high magnetic) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.69 (1) 
Pyrite 0.332(5) 

Pyrite heated with graphite and PdCI2 at 500°C (nonmagnetic) 
Pyrite 0.31 7(5) 
Unassigned 0.99 (2) 
Unassigned 1.22 (1) 

Pyrite heated with graphite and ZnC12 at 500°C (high magnetic) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.72 (1) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.68 (1) 
Pyrite 0.31 (1) 

Pyrite heated with graphite and NiCI2 at 500°C (high magnetic) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.69 (1) 
Pyrrhotite 0.69 (1) 
Pyrite 0.333(5) 

Pyrite heated with graphite and PbCI2 at  5 0 0 " ~  (high magnetic) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.71 (2) 
Pyrrhotite 0.70 (2) 
Pyrite 0.332(5) 

Pyrite heated with graphite and MoCIS 2501500°C (high magnetic) 
Pyrrhotite 0.70 (1) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.69 (1) 
Pyrrhotite 0.68 (1) 
Pyrite 0.34 (1) 
Ferrous sulfate 1.26 (1) 

Pyrite heated with graphite and MoCI5 at 600°C (high magnetic) 
Py rrhotite 0.71 (1) 
Pyrrhotite 0.73 (1) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.69 (1) 

Pyrite heated with graphite and SnC12 at 600°C (high magnetic) 
Pyrrhotite 0.69 (1) 
Pyrrhotite 0.67 (1) 
Pyrrhotite 0.66 (1) 
Pyrite 0.3 1 7(6) 
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Fe* 
(%I Assignment 

-- - - - - 

rite heated with graphite an 
( FeSn)S 

Pyrite heated with graphite and ZnC12 at 6 
Pyrrhotite 0.68 (1) 
Py rrhotite 0.67 (1) 
Py rrhotite 0.66 (1) 
Pyrite 0.323(3) 

Pyrite heated with graphite and PbC12 at 
Pyrrhotite 0.73 (1) 
Pyrrhotite 0.75 (1) 
Pyrrhotite 0.75 (1) 
Pyrite 0.32 (1) 

Pyrite heated with graphite and CoC12 at 65 
Pyrrhotite 0.71 (2) 
Py rrhotite 0.71 ( I )  
Pyrrhotite 0.69 (1) 
Pyrrhotite 0.67 (2) 
Pyrite 0.35 (1) 

Pyrite heated with graphite at 700°C (high magnetic) 
Troilite 0.793(4) 
Pyrrhotite 0.786(5) 
Pyrrhotite 0.767(4) 
Pyrrhotite 0.760(4) 

e0.14 ( I )  
0.09 (1) 
0.12 (1) 
0.15 (1) 

Pyrite heated with graphite and +nC12 at 7 
Pyrrhotite 0.75 (3) 
Pyrrhotite 0.75 (4) 
Pyrrhotite 0.91 (3) 
(FeZn)S 0.58 (31 

Pyrrhotite 0.74 (1) 
Pyrrhotite 0.74 ( I )  
Pyrrhotite 0.74 (1) 
Pyrite 0.31 (1) 

rite heated with graphite and MC12 at 7 
Py rrhotite 0.73 (1) 
Pyrrhotite 0.73 (1) 
Pyrrhotite 0.73 (1) 
(FeNiIS 0.3 ( 2 )  

with graphite and at 7 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.73 (1) 
Pyrrhotite 0.71 (1) 
Pyrrhotite 0.90 11) 

* S = Isomer shifts reported versus NBS iron foil. 
E = Quadrupole-coupling constant. 
M = l nternal magnetic field. 
Fe(%): These percentages are relative to the iron species within each sample and are not relative from one sample to another on a quantitative 
basis. 
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no metal 

. The relative intensities versus the magnetic-field parameters of the iron multiplets in pyrrhotite formed from 
-hour heating period in the presence of graphite and metal chlorides. 

To explain the effect of chlorides on the structure of 
pyrrhotite, one can assume that some Fe (11) in the pyrrho- 
tite lattice was replaced by other metal cations. This 
substitution would cause a decrease in the internal magnetic 
field at the iron nucleus because guest cations are diamag- 
netic (29). It has been demonstrated that a number of 
metals could substitute for Fe (HI) in the lattice of pyrrho- 
tite (30,311, including all of the cations investigated as 
impurities in this study. Sulfides behaved as if they were 
bonded partly by ionic and partly by covalent linkages. 
In fact, metallic bonding should also be considered. There- 
fore, it was impossible to predict accurately the extent of 
impurity substitution in the sulfides on the basis of either 
the ionic or covalent radii. The concentrations of minor 
elements in the sulfide minerals depended on the amount 
of the element present and on the temperature during 
formation. 

The effect of metal chlorides on the structure of 
pyrrhotite could involve the conversion of pyrite to pyrrho- 
tite according the the chemical reaction: 

According to this process, more sulfur in the -1 formal 
oxidation state would reduce to S2- than oxidize to So. 
Fel - .S is a covalent material; however, formally it could 

be considered ( ~ e ~ + ~ e ~ + ) ~  - .S. In this formula, the 
relative amount of Fe3+ to ~ e ~ '  would be determined by 
the value of x in such a way as to ensure overall electrical 
neutrality of the crystal. If x were increased, the number 
of iron vacancies would also increase; and in order to 
preserve electrical neutrality, the amount of I7e3+ must 
increase as well. 

Fe2+ could be oxidized to Fe3' by sulfur as illustrated 
in the following reaction: 

It is possible that the chlorides of some metals catalyze 
this reaction. 

Both proposed mechanisms could occur together and 
their relative importance depend upon the specific reaction 
conditions as well as the reactants involved. On the basis 
of Moessbauer data, it is impossible to predict which 
mechanism occurred. Substitution of diamagnetic divalent 
cations for some Fe2' and an increasing number of iron 
vacancies were both expected to have the same effect on 
the Moessbauer spectrum of pyrrhotite. Although chemical 
analysis of pyrrhotites obtained in the presence of metal 
chlorides indicated that some of the metals substituted 
in the pyrrhotite lattice, it did not explain how these 
cations were placed in the pyrrhotite structure. 

EFFECT OF METAL CHLORIDES ON PYRITE TO PYRRHOTITE TRANSFORMATION 



nearest neighbors, a 
one or mare other 

M e  that Co (11) has smb- 

p b g  constant (37,381. 
raphite, and MoC15 was 

O'C, several materials were 
essbauer spectrum of these 

to unseacted pyrite, 

, indicated that pyrite 



number of iron vacancies were produced. 
pared in the presence of CoC12 at 650°C and MoC1, at 
600°C exhibited a magnetic-splitting value in the range of 
225 to 250 kOe, which indicates ahigh-vacancy (iron-poor) 
pyrrhotite. In the presence of ZrC14 at temperatures as 
high as 7 0 0 ' ~  (the upper temperature limit was not reached), 
a high-vacancy pyrrhotite was also produced. 

This high-vacancy pyrrhotite structure may be due to 
diamagnetic cations from the added metals substituting 
for some Fe2+ ions in the lattice of the pyrrhotite. Any 
diamagnetic ions introduced into the lattice will alter 
its magnetic properties. Furthermore, if the added metals 
are in the form of trivalent and tetravalent cations, they 
may affect the charge balance in the crystal and introduce 
additional vacancies. 

Pyrite undergoes transformation to pyrrhotite according 
to the chemical reaction: 

In this process, more sulfur in the -1 formal oxidation 
state is reduced to s2 - than is oxidized to So.  Fe(1 - 
is a covalent material; however, formally it can be con- 
sidered Fe2 '(1 . ,]Fe: $. When x is increased, the num- 
ber of iron vacancies is increased; and in order to preserve 
electrical neutrality, the amount of ~e~ ' must increase. 
Fe2' can be oxidized to Fe3+ by sulfur as shown in the 
following reaction : 

It is possible that the metal chlorides used in this study 
catalyze this reaction. 

We have found that these pyrrhotites, as well as pyrite, 
are converted at 4 0 0 ' ~  to troilite (FeS) in the presence of 
Co and H,. The troilite so formed is an active catalyst 
for Fischer-Tropsch synthesis, alkene hydrogenation, the 
Boudouard reaction, and the hydrodesulfurization of 
organic sulfur compounds. The catalytic property of this 
troilite, which may account for the removal of organic 
sulfur from coal, should be further investigated. 
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