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ABSTRACT

A new phase composed mainly of Mo, S, and C and referred to herein as MoSC occurswidely in
organic-rich, metalliferous Cambrian black shales in south China. MoSC, which has previously
been referred to as jordisite, has been studied by scanning electron microscopy (SEM), electron
microprobe analysis (EMPA), transmission electron microscopy (TEM), powder X-ray diffraction,
(XRD), extended X-ray absorption fine structure (EXAFS), and catalytic activity. TEM data show
MoSC to have a layered structure, with packets resembling molybdenite and graphite-like carbon
that average five layers in thickness. Analytical data are consistent with an idealized formula of
M0,;S;Cybut it commonly contains 1-3 wt% each of Fe, Ni, and As so that its composition may be
better approximated by theformula(Mo,Fe,Ni);(S,As)sC,o. Selected areaelectron diffraction (SAED)
patterns show a small number of broad, inhomogeneous rings corresponding to randomly oriented
layers arranged in subspherical cells. A single broad, weak peak corresponds to a 10-11 A layer
spacing in powder XRD diffraction patterns. Pseudomorphism after fossil bacteriaimpliesan origin
by replacement of sedimentary organic material. In its chemical properties and structure, MoSC
resembles synthetic compounds used as catalystsfor hydrodesulfurization (HDS) in the petrochemi-
cal industry. The large surface-to-volume ratio for MoSC may be an important factor in itsrelatively
strong HDSS catalytic activity.

Cotype samples of jordisite from Germany, previously thought to be amorphous MoS,, were
also studied by SEM and TEM. Jordisite occurs as sequences of afew curved layers that form sub-
spherical units, with an appearance remarkably like that of MoSC. However, the layer spacing is ~6
A, like that of molybdenite. The ratio of Mo:S is ~1:2, and no carbon was detected, although it
coexists with kerogen. Jordisite is thus confirmed to be aform of MoS,, but because powder diffrac-

tion-like SAED patterns were obtained, it is not amorphous.

INTRODUCTION

Black shales are organic-rich rocks that commonly are en-
riched in metallic elementslocalized in specific horizons, asin
the Permian Kupferschiefer of northern Europe. Some black
shales contain economically significant concentrations of met-
als such as Cu, Co, Ni, Pb, Zn, U, and Mo. Numerous studies
have shown that organic matter or sulfide minerals play impor-
tant roles in concentrating metals, including Mo, from aque-
ous solutions. For example, either peat or algal remains can
readily scavenge Mo (Szilagyi 1967; Bertine 1972; Disnar
1981). The association of Mo with organic matter was further
demonstrated through the leaching of significant fractions of
the Mo contained in the organic component of euxinic sedi-
ments by solvents consisting of alkanes (Nissenbaum and
Swaine 1976) or other organic solvents (Volkov and Fomina
1974). The correlation between Mo and sulfide-S has been noted
by Glikson et al. (1985) and Brumsack (1989), suggesting that
sulfideionisalso asignificant agent for fixation of Mo. Bertine
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(1972) reported that the most effective scavenging mechanism
iscoprecipitation with Fe sulfide. Coveney and Glascock (1989)
found that the Mo in the Mecca Quarry Shale of Indiana was
associated with the surface of framboidal pyrite.

Despite the known association between Mo and black shales
that are rich in organic matter and metallic sulfides, little is
known about the structure and composition of the phases that
contain the majority of the Mo. This is caused in part by the
difficulty in characterizing fine-grained sediments. Neverthe-
less, Helz et al. (1996) attempted to characterize the local en-
vironment of Mo occurring in organic matter from avariety of
black shales, including the MeccaQuarry Shale, using EXAFS
spectra. They showed that Mo occursin at least three different
forms characterized by Mo-O, Mo-S-Fe, and Mo-S bhonds. The
M o-S-Fe compound was theorized to have a cubane-type struc-
ture where Mo and S atoms occupy alternate vertices of adis-
torted cube. Helz et al. proposed that the Mo originated as
MoO3 in seawater, maturing through cubane-like forms and,
ultimately, developing into a material resembling molybden-
ite. Nevertheless, the specific mineral in which Mo occurswas
not characterized.
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Although molybdeniteis by far the most common Mo-sul-
fidemineral, theill-defined mineral jordisite has been reported
from numerous locations. The namejordisite was proposed by
Cornu (1909) for a black, powdery, colloidal, Mo sulfide that
he believed to beamorphous and for which the Mo:Sratio is
1:2. Staples (1951) subsequently obtained the first chemical
and X-ray datafor similar material from Oregon, which he re-
ported to be amorphousto X-radiation. Molybdenum occursin
high concentrations in black shale from south China (Chen et
al. 1982; Fan 1983; Coveney and Chen 1991; Coveney et al.
1992). However, previous XRD analysis and ore microscopy
of bulk ore samples containing 4-18% Mo failed to indicate
the presence of any known Mo mineral except for the trace
amounts of molybdenite reported by Fan (1983). Nevertheless,
EMP analyses of ore samples were consistent withaMo:Sra-
tio of approximately 1:2. The Mo was therefore assumed to be
present as jordisite (Fan 1983; Coveney et al. 1992).

As part of a comprehensive study of Chinese black shales
rich in metallic elements, R. M. Coveney Jr. and associates
collected samples of the Mo-rich black shales from Guizhou
during 1988 and 1991. The present work involves the use of
TEM and other methods to determine the nature of the princi-
pal Mo phase or phases present in these shales.

GEOLOGICAL SETTING

Unusual bedded Ni- and Mo-rich ore deposits, with cutoff
grades near 4.5% Mo and with reported grades ashigh as 18.3%,
occur as thin lenses in middle Cambrian black shalesin south
China (Chen et al. 1982; Fan 1983; Coveney and Chen 1991;
Coveney et a. 1992). The metalliferous shales and their Ni-
Mo deposits can be traced across a broad region of China,
mainly south of the Yangtze River, in a belt of provinces ex-
tending from Yunnan on the west through portions of Guizhou,
Sichuan, Hunan, and Jiangxi, to Zhgjiang (Fig. 1). The Cam-
brian black shales that host the ore are approximately 60 to
150 m thick and include the Niutitang Formation of Guizhou
and Hunan and stratigraphic equivalents elsewhere. The ore
bed itself variesin thickness from afeatheredge to ~30 cm and
consists largely of pyrite, apatite, vaesite, MoSC, and
gersdorffite (Fan 1983). The ore bed also contains quartz, car-
bonates and clay minerals, principally illite. Other thin beds
with textures similar to those of the ores consist almost en-
tirely of fluorapatite.

The four samples used for the present study were collected
at Tianeshan, Guizhou province near Zunyi. Three samplesare
from the sulfide-rich ore layer (Tess-1A, Tess-1C, and Tess-5)
and contain in excess of 10-30% S and several percent each of
Mo and Ni. The ore minerals occur in the form of oncolites
arranged as an unusual polymictic conglomerate that probably
formed near hydrothermal ventsin the sea floor (Murowchick et
al. 1994; Lott et d. 1999). The fourth sample consists of the host
black shale (Tess-1B) that containslesser amounts of sulfide min-
eralsand only afew tenths of one percent heavy metals.

ANALYTICAL TECHNIQUES

Thin sections backed with sticky-wax (thermosensitive ce-
ment) were prepared for TEM studies. Other epoxy-backed thin
sectionswere utilized for optical microscopy and scanning elec-
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FIGURE 1. Map of Guizhou and Hunan provinces, southern China
(Coveney and Chen 1991), showing the locations of mines that pro-
vided samples of the sulfide-rich layers.

tron microscopy (SEM) using a Hitachi S3200 instrument fit-
ted with backscattered electron (BSE) detectors and a Noran
EDS analytical system. Samples with and without C-coatings
were used in order to permit analysis of C-rich areas of the
samples. The EMPA were carried out with a Cameca
CAMEBAX instrument operated at 20 kV and a beam current
of 9.8 nA. Both natural and synthetic mineral standards were
used, with corrections carried out with the PAP method. Car-
bon analyses with the EMP were carried out using synthetic
metal-C compounds as standards. TEM sampleswere prepared
by attaching Al washersto selected areas of sticky-wax backed
thin sectionsthat were selected on the basis of optical and SEM
study. The selected samples were ion-milled and C-coated for
study with aPhilips CM12 TEM equipped with a Kevex Quan-
tum EDS detector system, and operated at 120 kV. Point-to-
point resolutionis~3.4 A and line-to-lineresolutionis~2.0 A.
AEM quantitative chemical analyses were obtained in scan-
ning mode with an el ectron beam approximately 50 A in diam-
eter and processed using the procedures described by Lorimer
and Cliff (1976). The relative 2s error (from counting statis-
tics) for major elements (oxides >10 wt%) is 2-5% and for
minor elements (oxides 1-10 wt%) is 5-10%. Special proce-
dures were taken in order to separate the overlapping SKa and
MoLa peaks. First, the ratio of MoLo to MoKa. was obtained
from Mo metal. Thisratio and the intensity of the MoKa. peak
were used to compute the intensity of MoLa, which was sub-
tracted from the intensity of the overlapping SKo. and MoLao.
peaks. Application of the method to standards resulted in accu-
rate element ratios.

When it was recognized that MoSC is analogous to syn-
thetic compounds that are models for catalysts in desulfuriza-
tion of organic compounds (Dungey et al. 1998a), we tested
the catalytic hydrodesulfurization (HDS) activity of the new
phase. Attempts to extract the organic component by refluxing
and sonicating in CDCl;, benzene-ds, or toluene-d, failed, so
that the HDS measurements were obtained using powdered
bulk-shale samples. A 0.623 g sample of Tess-5 was loaded
into a fixed-bed microreactor and its catalytic activity toward
the HDS of thiophene was determined in a thiophene/hydro-
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gen stream with aflow rate of 10 mL/min, using aprocedure analo-
gous to that described previously for synthetic catalysts (Dungey
etal. 1998a). Three measurements were taken on the same sample:
untreated Tess-5; reduced at 400 °C in a20 mL/min flow of H, for
4 h (Tess-5R); and reduced for a second time (Tess-5R2). After
the measurements were taken, the reactor was sealed and the re-
maining material recovered inadry box, yielding 0.515 g of black
powder (17% weight l0ss). Portions were later analyzed by X-ray
absorption spectroscopy. Surface area was determined to be 15.4
m?/g by single-point Brunauer-Emmett-Teller (BET) analysis of
samples degassed in H, for 3 h at 400 °C. The HDS activity of
powdered 2H-MoS, (Strem Chemical Co.) was studied under the
same conditions (untreated M oS,, and reduced MoS;R). For com-
parison with a conventional HDS catalyst, an alumina supported,
Co-promoted catalyst (CoMo/A) was prepared from commercially
available pre-loaded material (14.0% MoO;, 3.5% CoO on Al,O;,
Strem Chemical Co.) by diluting to 1% metal with alumina and
pre-sulfided on-line in a 10% stream of H, containing 10% H,S
(10 mL/min, 400 °C, 4 h).

X-ray absorption spectrawere measured at 10K at the Stanford
Synchrotron Radiation Laboratory (SSRL) on beam linell-3, with
synchrotron energies of 3.0 GeV and a stored current of 100 mA.
For each sample, the absorption spectrum of Mo foil was moni-
tored to standardize the energy scale, with thefirst inflection point
of Mo defined as 20000.0 eV. Spectra were recorded from 19700
eV to 21200 eV, with a ky value of 17 A= Other experimental
details were as described for synthetic MoS,; intercalation com-
pounds (Dungey et a. 1998b), and data were analyzed according
to established methods (Teo 1986).

XRD measurements were carried out on an oriented MoSC
thin section with a Scintag X, advanced diffraction system at 35
kV and 20 mA, utilizing CuKa. radiation and a Peltier-cooled solid-
state X-ray detector.

RESULTS

SEM observations

BSE images (Fig. 2) of the sulfide-poor black shale (Tess-1B),
show that it has a texture typical of pelitic sediments in that it
consists of detrital quartz, K-feldspar, abite, muscovite, and chlo-
rite coexisting with authigenic apatite, sphalerite, and pyrite. Or-
ganic material occurs asdomainslessthan 1 mmin size elongated
paralel to bedding. EDS analysesindicate small but uniform con-
tents of S and V. The matrix consists largely of illite, for which
EDS spectra consistently show a small amount of V. Similar V-
richillite has been described from the Mecca Quarry Formation at
Velpen, Indiana (Peacor et al. 2000). The upper part of Figure 3
shows pyrite-rich material with atexture that istypical of the 10
to 30 cm sulfide-rich layer. The MoSC phase occurs with two dif-
ferent textures. As can be seen at the lower part of Figure 3, MoSC
occurs as more-or-less continuous lenses interstitial to angular
grainsof quartz, apatite, and V-rich-illite. In contrast, some MoSC
occurs as rounded grains (Fig. 4) that form discontinuous layers
~1 mm thick. The fractures, which are shown in Figure 4, may be
shrinkage cracks. Both types of MoSC, aswell asassociated grains
of apatite, are fractured and veined with quartz and barite. Quali-
tative EDS analyses of MoSC show that it has Mo:S ~ 1:2, mgjor
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FIGURE 2. Backscattered electron (BSE) image of a MoSC-
free area with pyrite (some of which is framboidal), apatite, V-
rich illite, quartz, and albite. (Py = pyrite; Ap = apatite; Ab =
abite; Qtz = quartz.)
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FIGURE 3. BSE image of an ion-milled sample showing pyrite
nodules and MoSC associated with V-richiillite.

FIGURE 4. BSE image of MoSC nodules. Sulfides and clay
minerals occur within the nodules. (Py = pyrite; Ap = apatite; Brt
= barite; Qtz = quartz.)
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amounts of C, minor amounts of Fe and Ni, and minor As in
some areas.

TEM observations

Figure 5 is a lattice-fringe image that was obtained using
the diffraction pattern shown in the inset. The diffraction pat-
tern consists of continuous and diffuse rings that are uniform
in contrast, implying that it is derived from very fine-grained
material. The rings are extremely broad, probably because of
variationsin d-values. Thelargest d-value, which is provision-
aly labeled d(001), is 10-11 A; other d-values correspond to
002, and 003 of MoSC (Table 1). Thelattice-fringeimage shows
fringes for which most spacings are 1011 A, varying slightly
along layer. The fringes are curved and commonly form hol-
low, ellipsoidal units. Such textures, which were observed only
in two-dimensional views, are inferred to correspond to sub-
spherical cellsin three dimensions. They resemble textures of
smectite found as an alteration product of volcanic glass
(Masudaet al. 1996) and some artificial MoS, catalysts (Payen
et al. 1989; Datye et al. 1996). Packets of layers may contain
as few as two or three layers, but most are about five layers
thick. Although the lattice-fringe images are dominated by
fringes having spacings of average value ~10.3 A, other spac-
ings occur that have values of approximately 3, 6, 12-13, and
15-16 A, in part accounting for the diffuseness of diffraction
patterns (Fig. 6). AEM analyses of the areas showing such lat-
ticefringes giveaMo:Sratio of 1:2, and indicate the presence
of small amounts of Ni and Fe. AEM analyses of MoSC were
regarded as qualitative insofar as the Mo:Sratio is concerned,

FIGURE 5. HRTEM image of MoSC showing curved layers that
commonly form closed cells. Inset: SAED pattern with the form of a
powder pattern.

TABLE 1. d-values for MoSC SAED powder patterns

d value(A) Intensity*
10.5 80
5.2 40
3.4 20
2.8t 100
1.61 50

* Intensities visually estimated.
T d-value corresponds to pyrite and vaesite.
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FIGURE 6. HRTEM image of MoSC showing lattice fringes with
variable thickness. Inset: SAED pattern with the form of a powder
pattern.

TABLE 2. Relative atomic proportions for selected AEM analyses

of MoSC
1 2 3
S 2 2 2
Fe 0.24 0.37 0.33
Ni 0.10 0.09 0.04
As 0.09 0.08 0.00
Mo 0.93 0.90 0.74

1,2 = area with many visible lattice fringes.
3 = area with few visible fringes.

because of the direct overlap of the SKa and MoLa., peaks, the
latter being the only relatively intense Mo peak (Table 2). A
CKa peak with intensity on the order of 5% of the intensity of
the combined Mo-S peak was observed. In order to determine
the degree to which the sample's carbon coating could contrib-
ute to the CKa peak, analyses were obtained from non-C con-
taining minerals such as quartz. No C was detected. The CKa
peak was therefore assumed to correspond to a significant C
content in MoSC, but a quantitative measure of the concentra-
tion could not be obtained by AEM.

In order to obtain better definition of the diffraction rela-
tions, images were first obtained that showed layers that were
continuous for hundreds of angstroms (Fig. 7). The diffraction
pattern of such material (inset of Fig. 7) shows broad single-
crystal-like reflections with inhomogeneous intensity, with d-
valuesthat areidentical to those of ring patterns, but which are
superimposed on diffuse arcs.

EMPA data

Analyses were obtained only for the MoSC that occurs as
rounded grains in continuous layers, because such material
occurs in relatively homogeneous grains that are much larger
than the region of interaction of the electron beam of EMPA.
Analyses gave aMo:Sratio of 0.75:2 (Table 3). Interestingly,
Fe, Ni, and As contents are similar in both quantitative analy-
ses, implying that the presence of these metals may not be due
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FIGURE 7. HRTEM image showing wavy, subparallel MoSC
fringes. The inset SAED pattern has diffuse, periodic reflections, ly-
ing along a vector normal to the fringes.

TABLE 3. EMPA analyses of MoSC

wit% 1 2

S 26.1 25.48
Mo 29.2 29.14
\% 0.49 0.47
Fe 2.89 2.58
Ni 2.82 2.86
As 1.91 2.16
Se 0.58 0.66
Cc* 36.56 36.40
Total 100.55 99.75

Atomic proportions*

S 2.00 2.00
Mo 0.75 0.76
\% 0.02 0.02
Fe 0.13 0.12
Ni 0.12 0.12
As 0.06 0.07
Se 0.02 0.02
Ct 7.48 7.63

* Obtained by difference.
T Normalized to 2 S atoms.

to contamination by other phases, but that they are essential
constituents of MoSC. (It should be noted, however, that quali-
tative AEM analysis of samples showed considerably less Fe
and Ni in one sample and no As). The EMP analyses are for
relatively large millimeter-scale areas. Although such areas con-
sist largely of MoSC, they also include some component of
amorphous material that was observed by AEM to have less
Mo relative to S than corresponds to the ratio 1:2.
Quantitative analyses for C were obtained using a crystal
of PC-2, and metal-C standardsfor C. All carbon analyseswere
carried out with no C coatings on the samples. EMP analyses
were only semi-quantitative due to uncertainties in the C-con-
tent of the standards, but values were obtained that ranged from
35 to 50% with various standards. Because the values of con-
centrationsfor other elements wereinferred to be accurate, the
value for C (~36 wt%) was obtained by difference (Table 3).
Thelarger values obtained for C from some EMP analyseswere
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inferred to be consistent with the maximum, but smaller, value
as calculated by difference, given the relatively large errorsin
direct analyses of C.

X-ray absorption spectra

The data described above imply that MoSC hasaMo:Sra-
tio of approximately 1:2, similar to that of molybdenite, and
that it is has alayered structure that provides a further analogy
to that mineral. In order to obtain more definitive data, the co-
ordination environment and oxidation state of Mo in sample
Tess-5 was obtained from MoK edge X -ray absorption spectra.
The EXAFS data can be fit to three shells of scattering atoms
(Fig. 8 and Table 4). The first coordination shell consists of S
atoms at a distance corresponding to aMo-Ssingle bond (2.40
A). The second shell was fit to 3.5 Mo atoms at a distance of

FT Magnitude

R+a(A)

FIGURE 8. Fourier-transformed (FT) Mo EXAFS spectrum of pure
2H-MoS, (M0S,) sample Tess-5 before (Tess-5) and after HDS-pro-
cessing (used Tess-5).

TABLE 4. Fitting parameters for Mo EXAFS of Tess-5

Sample Tess-5 Used Tess-5 2H-MoS,
S1 CN 5 5 6
R 2.40 2.40 2.42
o? 2.5 1.6 2.8
Mol CN 3.5 4 6
R 3.15 3.15 3.16
o? 2.5 2.5 1.6
S2 CN 2
R 3.98
o? 0.4
Mo2 CN 2 2 3
R 6.38 6.38 6.40
o? 3.8 4.9 0.9
F 0.036 0.038 0.051

Note: CN is the number of scatterers, R is the absorber-scatterer
distance in A, 62 is the Debye-Waller factor in A? x 103 for each shell.
F = (Z(XobsX, calc)?}[Npis-Nia])® goodness of fit index. The threshold
energy (E,) for all shells in all fits was 24.0 eV, whereas the scale
factor was set to 1.1.
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3.15 A. The third shell corresponds to longer in-plane Mo-Mo
interactions (6.38 A). These data are consistent with equiva-
lent parameters of molybdenite, although all three shells have
smaller coordination numbers than would be expected for mo-
lybdenite. This could be caused by the small particle size and/
or by disorder that is observed in TEM images.

The X-ray absorption near-edge structure (XANES) of Tess-
5isdlightly shifted to higher energy (2.5 V) than the absorp-
tion edge of 2H-M0S, (Fig. 9). A shift to higher energy usually
indicates an increase in oxidation state, although the coordina-
tion geometry will also affect the XANES (George et al. 1989).
The absence of a pre-edge feature suggests that there are no
Mo = O or Mo = S double bonds present (which giveriseto 1
s— 4dtransitions) (Leliveld et al. 1997). Therefore the sample
does not contain the Mo (1V) species MoO3~ and MoSi. As X-
ray absorption spectraare average signalsfrom the bulk sample,
the differences between Tess-5 and MoS, may be due to the
averaging of MoS, with a minor amount of a Mo phase con-
taining Mo-S single bonds and a higher oxidation state than
Mo (1V). The X-ray absorption dataindicate that the dominant
Mo-containing phase has a local structure resembling that of
molybdenite.

1.2
1
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o2 & Used Tess 5
O " 1 " " L ] 1 1 N 1 1
19980 20000 20020 20040
Energy (eV)

FIGURE 9. XANES spectrum of pure 2H-Mo0S,, and the MoSC
sample Tess-5, before and after HDS processing. Ln (I / 1) = natural
logarithm of relative intensity.

857

HDS catalytic activity

For over 50 years, the petroleum industry has used CoM oS
and NiMoS materials to remove S from crude oils by catalytic
hydrodesulfurization (HDS). The conventional catalyst iside-
ally composed of amonolayer of molybdenite on alumina, with
Co or Ni saltsadded to promote the catalytic activity. Thiscom-
plex, amorphous material has been difficult to characterizeand
there has been much speculation about the structure and role
of the various components (Chianelli et al. 1994; Topsge et al.
1996). One model for the active site in CoMoS catalysts is
pseudo-intercalation, in which Co (l1) ions coordinate to the
edge of themolybdenite-like MoS, layers (Farragher and Cossee
1972). Thismodel was recently tested through the synthesis of
intercal ation compounds of MoS, (Brenner et al. 1998; Dungey
et al. 19984). Because the data on MoSC were consistent with
aMo:Sratio and layered structure that appeared to be closely
related to such compounds, and because the TEM data showed
that MoSC has ahigh surface areastructure asrequired of cata-
lysts, we tested sample Tess-5 for catalytic activity toward the
HDS of thiophene (Table 5).

There are a variety of ways of evaluating the catalytic ac-
tivity for aheterogeneousreaction. Therate of reaction reported
in Table 5 is based upon the amount of product produced per
mass of catalyst per time. In this comparison, untreated MoSC
has a catalytic activity more than twice that of untreated mo-
lybdenite (6.4 vs. 2.1 nmol/gs). Re-activation of used HDS
catalystsis done routinely by reducing or sulfiding. We simu-
lated this on-line by reducing the used Tess-5 sample in a hy-
drogen stream at elevated temperatures. After reduction,
catalytic activity increased (8.5 nmol/gs), outperforming re-
duced molybdenite (5.3 nmol/gs). Further reduction did not
significantly increase the activity of Tess-5. Although the ac-
tivity is greater than that of MoS,, it is less than that of a syn-
thetic intercalated M 0S,-organometal lic compound [ 14.3 nmol/
gsfor [(CsHs),C0]014M0S; (Dungey et al. 1998a)], and is only
about 25% as active as aconventional, alumina supported cata-
lyst (39 nmol/gs for CoMo/A).

The above results do not establish the number or quality of
active sites present on the surface of the catalyst. For example,
the alumina-supported catalyst, CoMo/A, has a small amount
of metal, which is spread out as amonolayer over the alumina
(Stockmann et al. 1995). Although determining the exact num-
ber of active sites can be difficult, the number of active sitesis
generally proportional to the surface area of the active mate-

TABLE 5. HDS of thiophene by Tess-5 catalysts in 1 atm of H, (10 mL/min*)

Catalyst T (K) Rxn ratet propene i-butane i-butene  butane 1-butene c-butene t-b utene butadiene
TESS5 543 6.4 231 0 523 148 393 529 891 45
mol% 8 0 19 5 14 19 32 2
MoS, 543 2.1 179 0 0 47 123 112 105 36
mol% 30 0 0 8 20 18 17 6
TESS5R 573 8.5 472 39 1250 243 488 470 722 0
mol% 13 1 34 7 13 13 20 0
TESS5R2 573 9.2 518 47 1334 245 550 521 770 0
mol% 13 1 33 6 14 13 19 0
MoS,R 573 5.3 156 3 89 122 677 355 406 109
mol% 8 0 5 6 35 19 21 6
CoMo/A 573 39 249 0 149 313 1780 2609 4174 85
Mol% 3 0 2 3 19 27 44 1

* All reaction products are reported in pmol.
T The rate of reaction is expressed as nmol products/g cat. s.
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rial. The measured surface area of the ore sample was 15.4 m?g
whereas that of the 2H-molybdenite sample was 6 m?g. The
respective activities per area, therefore, were substantially the
same at 0.60 and 0.88 nmol/m?s. The cause of the enhanced
activity of MoSC is therefore attributed to the greater surface
area per mass, which is consistent with the structures observed
by TEM.

The Tess-5 catalyst samples gave 19-34% i-butene and 8—
13% propene in the product slots. These rearrangement and
hydrogeneolysis products are always formed to some extent in
HDS of thiophene and are usually attributed to the presence of
acidic sites on the catalyst surface (Topsge et al. 1996).

Catalytic materials often change during use. For example, a
dramatic de-intercal ation is observed for synthetic mixed-layer
MoS, materials after use as HDS catalysts (Dungey et al.
1998a). Therefore we collected X-ray absorption data for the
used Tess-5 sample in order to obtain structural information.
XANES spectra (Fig. 9) and EXAFS spectra (Fig. 8, Table 4)
are very similar to that of the fresh Tess-5 sample. Unlike the
changes observed in synthetic intercal ation catalysts, the MoSC
isstable under the HDS reaction conditions. Unfortunately, the
Mo K edge XA S does not give any information about the pres-
ence or absence of intercalant, and so the fate of the C-contain-
ing interlayer in MoSC (see below) is unknown.

X-ray diffraction

XRD data were obtained for athin section for which SEM
data had indicated arelatively large proportion of MoSC and
only traces of illite. The thin section was oriented normal to
sedimentary layering, so that theillite, which has d(001) close
to that of MoSC, could not contribute significantly to the dif-
fraction pattern. There is aweak, diffuse peak at 8.75 °26, for
which the d-value is 10.11 A (Fig. 10), which corresponds to
that obtained by electron diffraction for MoSC. Because of the
extreme breadth of the reflection, as consistent with SAED
patterns of MoSC but not with illite, the reflection is inferred
to be due to MoSC.
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FIGURE 10. Part of the XRD pattern of a thin section of MoSC-
containing sample, sectioned perpendicular to the bedding plane.
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Datafor jordisite

Because the data for MoSC implied a close relationship to
jordisite, we obtained a cotype specimen of jordisite. Samples
were observed by SEM and TEM. As shown by Figure 11, the
jordisiteoccursin our sampleasirregular veins bordering quartz
and apatite. The lattice-fringe images (Fig. 12) are strikingly
similar to those of MoSC in that they consist of thin packets
with curved fringes that commonly form hollow units with el-
lipsoidal shapes. Contrary to reportsthat it is X-ray amorphous,
a powder-diffraction-like SAED pattern was obtained (inset,
Fig. 12). The d-value of the principal line is 6.1 A, and the
corresponding interplanar spacing of lattice fringesis~6 A, a
value that corresponds to the spacing of the layers of molyb-
denite. Somejordisiteisbordered by organic material (Fig. 13),
suggesting afurther analogy with MoSC. Although AEM analy-
ses of the organic material gave rise to relatively intense C
peaks, but without peaks due to S or Mo, no carbon was de-
tected in analyses of jordisite, seeming to confirm that it is
MaoS,; in composition.

Jor
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FIGURE 11. BSE image of athin section showing jordisite coating
the surface of quartz. The dark material on the lower left is epoxy.
(As-py: arsenic-bearing pyrite.)

FIGURE 12. HRTEM image and SAED pattern of jordisite. Curved
|attice fringes resemble those of MoSC, but have a spacing of ~6 A,
which corresponds to the spacing of molybdenite layers.
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FIGURE 13. BF image of jordisite associated with kerogen. The
inset SAED pattern shows only a diffuse ring pattern. Curved lattice
fringesin the inset HRTEM image resemble those of MoSC, but have
aspacing of ~12 A, twice that of the spacing of molybdenite layers.

DiscussIiON

Composition and structure

The EMP analytical data indicate that MoSC from
Tianmenshan, China has an idealized composition of M0S,Cs.
The Mo-edge XANES and EXAFS data support a molybden-
ite-likelocal structure and oxidation state for MoSC. The SAED
patterns and lattice-fringe images imply that the structure is
layered. This conclusion is supported by analogy with the
plethora of synthetic compounds that are used as catalysts in
the desulfurization of petroleum. HRTEM studies of conven-
tional, alumina-supported HDS catalysts (Chianelli et al. 1995)
and synthetic intercalation compounds of MoS, (Brenner et al.
1998) demonstrate the distorted morphology of the MoS, lay-
ers, similar to the curved structures observed in the MoSC.
MoSC is a remarkable catalytic natural material with proper-
ties rivaling those of synthetic mixed-layered catalysts. Al-
though its normalized HDS activity is only about half that of a
Co-intercal ated synthetic material (0.60 vs. 1.27 nmol/m? sfor
[(CsHs)2C0]614M0S,), it must be noted that Co is aknown pro-
moter of HDS activity and that no Co has been added to MoSC
either naturally or for our experiments. Up to 4% Ni, which
can a'so be apromoter (Datye et al. 1996), is naturally present
in the Chinese ores although much of it is present in vaesite
(NiS,) and gerdsorffite (NiAsS). Theamount of Ni inthe MoSC
is comparable with, but smaller than, the amount of Co in
[(CsHs).C0]01:M0S,; (4.35 wt% Co).

A recent discussion has focused on the role of carbon in
HDS catalysts, which may be incorporated into the catalyst
from the petroleum feedstock (Chianelli and Berhault 1999).
Molybdenum sulfide catal ysts supported on carbon exhibit sub-
stantially increased HDS catalytic activity in comparison with
material where alumina is used as the support (Vissers et al.
1987). An EXAFS study of the carbon-supported material in-
dicated the presence of C in the coordination shell of Mo and it
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has been proposed that C is a promoter of catalysis (Bouwens
et al. 1990). MoSC from Chinais a naturally occurring inter-
calation compound of carbon in MoS, (see below), presenting
a unique opportunity to further explore the role of carbon in
promoting HDS catalysis.

Although lattice-fringe images of MoSC show curved
fringes with spacings that are variable in the range 10-11 A,
fringes of other spacings were occasionally observed interca-
lated with those of normal spacing. Those fringes have spac-
ings of ~3, 6, 12-13, and 15-16 A. The structures of graphite
and molybdenite are layered, with fundamental |ayers having
thickness of ~3.36 and 6.15 A, respectively (e.g., Gaineset al.
1997). The analogy with the observed fringe spacings suggests
that graphite and molybdenite layers may constitute the basic
building blocks of the MoSC structure with larger fringes cor-
responding to different proportions of the unit layers. Thus,
the common fringes with spacings of 10-11 A would corre-
spond to a combination of one graphite-like and one molyb-
denite-like layer. This structural analogy is further supported
by the lattice spacings observed in synthetic polyaromatic hy-
drocarbon (PAH) intercalation compounds of MoS,. A 1,10-
phenanthroline material has a c-value of 9.7 A (Golub et al.
1996), a series of naphthalene compounds that exhibit an in-
crease in interlayer spacing of 2.4-4.3 A (Kosidowski and
Powell 1998). In both of these materials, it was proposed that
the plane of the aromatic molecule was parallel to the MoS,
layers. Thus MoSC, with ac-lattice parameter of 10-12 A, prob-
ably consists of intercalated planar aromatic species or graph-
ite layers oriented parallel to M oS, sheets. The other spacings
observed by TEM may indicate the occurrence of stacking of
different relative proportions of the same layers.

Variations in the combinations of MoS, and graphitic layers
would correspond to unique bulk compositionsthat should permit
one to predict d-values (Table 6). For example, the combination
of two graphite and one MoS, layers gives a C content of 33.1
wit%, in good agreement with the observed EMP value of 36.5
wt% for samples of MoS,C; from China. The predicted spacing of
suchalayered structure (~13 A) exceedsthat of the averagefringe
spacing (10-11 A), however. The lack of agreement between ob-
served spacing, predicted structure, and observed C content is
mitigated in part, however, by the known errorsin EMP anaysis
that must be caused by the presence of the amorphous organic
component associated with concentrations of MoSC layers.

Therole of Fe and Ni in the composition and structure are
ill-defined. This uncertainty suggests that they may be essen-
tial components of the mineral. The sum of Mo, Fe, and Ni, as
shown by the EMP data, is almost exactly equal to 1, relative
to 2 S, suggesting the unlikely possibility of solid solution of
Fe and Ni for Mo. All qualitative EDS analyses are consi stent
with the EMP data of Table 3 in showing the presence of Fe
and Ni insmall, subequal amounts, homogeneously distributed.

TABLE 6. Data for MoS,-carbon mixed-layer structures

Carbon wt% No. of No. of molybdenite  Thickness (A)
graphite layers layers
19.8 1 1 10-11
33.1 2 1 12-13
42.6 3 1 15-16
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In summary, the collective dataimply that MoSC has alay-
ered structure. MoSC contains major amounts of C (~3-4 C
per 2 S), but additional elements such asH could be associated
withthe C. TheMo:Sratiois 1:2 or nearly so, and the structure
has a component that resembles molybdenite. The data there-
fore imply that the structure is based on mixed-layering of C-
based and molybdenite-like basic layers with an overall ideal
composition of M03;S;Cy and an actual composition of
(Mo,Fe,Ni)s(S,As)sCi. MOSC therefore appears to be a new
mineral and worthy of a mineral name. No attempt has been
made to apply for mineral statusto the |.M.A. Commission on
New Minerals and Mineral Names, however, as the precise
composition and structure remain to be defined.

Origin of MoSC

Abundant fossils of microorganismsincluding bacteriahave
long been known to be associated with the Chinese ores (Fan
1983; Murowchick et al. 1994; Lott et al. 1999). As shown in
Figure 14, TEM images of MoSC in some cases showed rather
remarkable circular features. These features have contrast de-
fined by variable density of MoSC. There is a closely spaced
pair of circles defining the outer boundary, having diameters
of approximately 0.3 mm. These features have a striking re-
semblance to bacterial structures, the two bounding circles
possibly corresponding to the inner and outer cell walls. Pale-
ontologists familiar with such features have observed these
images and concluded that they have the appropriate size and
form and do indeed correspond to cross-sections of bacteria
(e.g., Fisher, pers. comm., 1999). Such data imply that MoSC
originated through replacement of solid organic matter as in-
ferred by Murowchick et al. (1994).

Detailed analysis of the clay minerals associated with the
Chinese ores (Kao, in preparation) has shown that, although
the Mo and other metallic elements owe their origins to inter-
action of marine fluids and sediments at or near the water-sedi-
ment interface (Murowchick et al. 1994), the present mineral
assemblage owesitsorigin to afluid-rock event that post-dates
low-grade metamorphism. Such low-grade metamorphism
within slightly buried sediments on the sea floor would be en-
tirely consistent with the models of deposition of Murowchick
et a. (1994) and Lott et al. (1999). Field data and fluid inclu-
sion results indicate that the ores formed at temperatures up to
260 °C within a Cambrian hydrothermal submarine vent sys-
tem (Lott et al. 1999). Sulfur isotope studies have demonstrated
that the sulfur present in the ores was derived through bacterial
reduction (Murowchick et al. 1994). Thus, these remarkable
ores formed in a complex environment through processes that
include biologic activity.

Jordisite

Since Cornu (1909) first used the term jordisite for pow-
dery, colloidal Mo sulfide from a hydrothermal ore deposit at
the Himmelsfurst mine, near Freiberg, Saxony, Germany, the
mineral has been ill-defined. Jordisite was described as a pre-
cursor for ilsemannite (M 0;04-H,0) at the Himmel sfurst mine.
The composition and structure were defined by Staples (1951)
for material from the Kiggins mine in Oregon, USA. Staples
(1951) separated jordisite from coexisting minerals with bro-
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FIGURE 14. HRTEM image of a cross-section of a fossil bacte-
rium that has been replaced by MoSC.

moform. Analysis of the separate gave 59.8 wt% Mo and 40.2
wt% S on arelative basis. The powder XRD pattern showed
only quartz peaks, athough Staples (1951) noted that Donnay
observed some broad bandson all diffraction patternsthat might
have resulted from colloidal matter.

The data described above show that jordisite has a layered
structure with layer spacing approximately equal to that of
molybdenite (~6 A), and a composition with Mo:S = 1:2 with
no detectable carbon. Rather than being amorphous, however,
it is crystalline in that SAED patterns have broad, powder-
like diffraction rings, consistent with the observations of
Donnay. These dataindicatethat jordisiteisindeed poorly crys-
talline MoS,, but with TEM images showing an unusual tex-
turethat is strikingly similar to that of MoSC. The coexistence
of kerogen with jordisite also suggests arelation to MoSC, es-
pecialy insofar as such kerogen isrelatively unusual in hydro-
thermal veins. Nevertheless, the collective data show that
jordisite and MoSC are distinctly different materials.
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