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A series of molybdenum carbides was prepared by the tempera-
ture-programmed carburization of MoO; with pure CH, or an
equimolar mixture of CH, and H,. The resulting materials con-
tained only Mo,C in the bulk, but the surface areas and average
pore sizes depended on the heating rate and H,/CH, ratio em-
ployed. In general, the surface area increased with increases in
the heating rate and/or H,/CH, ratio. The Mo carbides were meso-
porous with a small amount of microporosity and the average pore
sizes ranged from 27 to 52 A. Oxygen uptakes corresponded to
~13% of the Mo on the carbide surface being accessible. The Mo
carbides were very active for pyridine hydrodenitrogenation with
catalytic properties that were similar to those of Mo nitrides and
superior to those of commercial sulfided Co-Mo and Ni-Mo/y-
Al O, hydrotreatment catalysts. Pyridine hydroenitrogenation over
the Mo carbides appeared to be structure-sensitive as the activity
and selectivity varied with changes in the surface area. Selectivities
over the carbides were significantly different from those over the
Mo nitride and sulfide catalysts. While the Mo carbides produced
substantial amounts of cyclopentane, the Mo nitrides and the sul-
fided catalysts produced mostly pentane with only trace amounts
of cyclopentane. These differences have been interpreted in terms
of differing bonding geometries for pyridine on the Mo carbides
and nitrides. © 1995 Academic Press, Inc.

1. INTRODUCTION

Hydrodenitrogenation (HDN) and hydrodesulfuriza-
tion (HDS) are among the most important catalytic pro-
cesses in converting crude oil and coal-derived liquids
into clean-burning fuels. Nickel and/or Co promoted Mo
sulfide catalysts are commonly used for these reactions.
While Mo sulfide based catalysts are effective in meeting
current industrial processing objectives, more stringent
environmental pollution limits will require the develop-
ment of new, more active, and selective catalysts. Molyb-
denum nitrides and carbides have shown great promise for
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use as commercial HDN (1, 2) and HDS (3, 4) catalysts.
Recently we reported that the catalytic properties of un-
supported (5) and supported (6) Mo nitrides were strong
functions of their surface areas and loadings, respectively.
These results encouraged our investigation of the effect
of structure on the catalytic properties of Mo carbides.
The purpose of the research described in this paper was to
(i) systematically screen for the influence of the synthesis
parameters including the heating rate, H,/CH, ratio, and
space velocity on the structural properties of Mo carbides
prepared via the temperature-programmed carburization
of MoO,, and (ii) evaluate the pyridine HDN activities
and selectivities of Mo carbides with a range of surface
areas. A standard factorial design was used in this investi-
gation along with the appropriate methods for analysis of
the results.

2. EXPERIMENTAL

2.1. Synthesis

A series of unsupported Mo carbides was synthesized
by the temperature-programmed carburization of MoQO,
(99.95%, Alfa, 0.9 m?/g) with CH, (99.99%, Scott) or H,/
CH, mixtures. The heating rate, H, to CH, ratio, and CH,
molar hourly space velocity were systematically varied in
an effort to vary the carbide structural and compositional
properties. A detailed description of the synthesis reactor
system is given elsewhere (7).

Typically, between 1 and 6 g of MoO; powder was
placed in the high temperature reactor on a quartz wool
plug. The reaction temperature was quickly increased
from room temperature to 823 K in 0.5 h. The temperature
was then increased from 823 to 1093 K at 60 or 120 K/h
and held at 1093 K for an additional hour. The molar
hourly space velocity, defined as the ratio of the molar
flow rate of CH, to the moles of MoQ,, was held constant
at 10 or 30 h™!. These synthesis conditions are similar to
those employed previously to prepare Mo carbides (8, 9).
After synthesis, the furnace was opened and the product
was rapidly cooled to room temperature in the flowing
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reactant gas. Before exposure to air, the solid was purged
with He for 10 min, then passivated for 2 h in a mixture
of 0.996% O, in He (Scott) flowing at 20 cm?/min. After
passivation, the product was removed from the reactor
for subsequent analysis.

2.2 Characterization

A Micromeritics ASAP 2000M sorption analyzer was
used to determine the physisorption isotherms and pore
size distributions. Prior to the analyses, the passivated
materials were outgassed at 673 K for 5 h, then cooled
to 77 K. The pore size distribution analysis was carried
out using the software package supplied with the instru-
ment. The BET surface area and O, chemisorption mea-
surements were performed using a Quantasorb QS-17
sorption analyzer. Prior to the surface area measure-
ments, the materials were pretreated isothermally under
H, (20 cm?/min) for 3 h at 673 K, purged for 10 min at
673 K in flowing He (20 cm?*/min), then cooled to room
temperature. Single-point BET surface areas were deter-
mined using a mixture of 28.9% N, in He (Scott). Prior
to measuring the O, uptakes, the carbides were reduced
in flowing H, at 753 K for 3 h, then outgassed in flowing
He at 753 K for ~15 minutes. Calibrated volumes of 5.11%
0O, in He (Scott) were injected into the He carrier gas
passing over the catalyst until the surface was saturated.
The volume of O, that was not adsorbed, was measured
and used to determine the chemisorbed volume.

The bulk structures of the materials were evaluated
using a computer-controlled Rigaku Rotaflex DMAX-B
rotating anode diffractometer with a CuKea radiation
source. The average crystallite sizes were estimated based
on the peak-widths using the Scherrer formula (10). The
peak-widths were corrected for instrumental broadening.

2.3. Reaction Rates and Product Distributions

The reaction rates and product distributions were mea-
sured under differential conditions (conversions less than
10%) using a 6.4 mm o.d. Pyrex glass flow reactor. Ap-
proximately 0.2 g of catalyst was loaded onto a plug of
glass wool, and a thermocouple was inserted directly into
the catalyst bed. The catalyst was heated under H, from
room temperature to 773 K at a rate of 2 K/min, held
at 773 K for at least 12 h, then cooled to the reaction
temperature. The catalytic properties of two commercial
hydrotreating catalysts, Crosfield 477 and 504 (Co-Mo
and Ni-Mo supported on y-Al,O,, respectively) were also
evaluated. These catalysts were sulfided at 673 K in a
mixture of 2% H,S in H, for 4 h then reduced under H,
at 673 K for ~12 h. These conditions are typical of those
used to pretreat commercial hydrotreatment catalysts
(11). The reaction rates were measured at temperatures
between 588 and 638 K using 20 cm?/min of flowing H,

saturated with pyridine (99+%, Aldrich) at 273 K (0.61
kPa). The gaseous reactant mixture (total pressure of
~101 kPa) was passed over the catalyst, and the products
were separated using a Hayesep D packed column and
analyzed using a HP 5890 gas chromatograph equipped
with a flame ionization detector.

3. RESULTS

3.1. Sorption Analysis

A typical N, adsorption and desorption isotherm set
for an outgassed Mo carbide is given in Fig. 1. Isotherms
of this nature are classified as Type IV according to guide-
lines set forth by Brunauer et al. (12) and the IUPAC (13).
Type 1V isotherms are common for materials containing
mesopores (pore sizes between 20 and 500 A). The hyster-
esis loop, which is associated with capillary condensation,
is a Type B loop and indicated that the carbides contained
slit-shaped pores created by aggregates of plate-like parti-
cles (14). Plots of the volume adsorbed versus the ad-
sorbate film thickness (V-t curves) provide additional in-
formation about the nature of the pores. A typical V-t
curve is shown in Fig. 2. The general character indicated
that the carbides contained a small amount of micropores
(pore sizes less than 20 A) in addition to the mesopores.
The behavior at small values of ¢ corresponds to adsorp-
tion within the large pores and condensation in the micro-
pores. There is a decrease in the slope of the line when
the micropores are completely filled. Behavior at large
values of ¢ corresponds only to multilayer adsorption
within the large pores. The sharpness of the transition
between the two linear segments characterizes the size
distribution for the micropores. There was a wide range
of micropore sizes in most of the Mo carbides.

The Kelvin equation is commonly used to correlate the
size to the pressure at which condensation occurs in a
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FIG. 1. Nitrogen adsorption and desorption isotherm set for MoC-
6. These isotherms are typical of those of the other Mo carbides.



MOLYBDENUM CARBIDE CATALYSTS

6.0

4.0 +

3.0

20+

Volume Adsorbed (cm3/g, STP)

1.0 ! L " L . L
4.0 6.0 8.0 10.0

Film Thickness (A)

12.0

FIG. 2. The V—tcurve for MoC-3. This curve is typical of the curves
for the other Mo carbides.

pore. We employed the Barrett—-Joyner-Halenda (BJH)
method, which is based on the Kelvin equation, for pore
size distribution analysis. While the Kelvin equation may
be regarded as exact for large pores, its accuracy de-
creases as the pore dimensions approach the micropore
regime. Models based on density functional theory (DFT)
are applicable for the entire range of pore sizes accessible
by the adsorptive molecule, and approach those derived
using the Kelvin equation at the large pore limit (15).
Therefore, the Mo carbide pore size distributions were
also evaluated based on density functional theory using
the nitrogen on carbon with slit-like pores model. A typi-
cal pore size distribution is shown in Fig. 3. The Mo
carbides had narrow pore size distrubitions, most of the
pores being in the mesopore range (30-60 A). Average
pore sizes estimated from the DFT and BJH methods are
compared in Table 1. The standard error in the average
pore size was estimated to be *14%. The average pore
sizes calculated from the BJH method were larger than
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FIG. 3. The pore size distribution for MoC-4 determined based on

the density functional theory model. The general character of this pore
size distribution is typical of those of the other Mo carbides.

those determined from the DFT method. It is more com-
mon for pore size distributions derived using Kelvin-type
models to underestimate the pore sizes; however, it is
expected that the DFT method will yield more accurate
meso- and micropore sizes.

The BET surface areas of the reduced Mo carbides
ranged from 7 to 29 m’/g depending on the synthesis
conditions employed (see Table 1). These are similar to
the surface areas reported elsewhere for hexagonal Mo,C
synthesized via the temperature-programmed carburiza-
tion of MoO, (16). In general, the surface areas increased
on increasing the heating rate and/or H,/CH, ratio. The
space velocity only had a small effect on the surface area
over the range studied. Variations in the surface area with
the heating rate and reactant gas composition were not
surprising since these factors are expected to influence
the solid-state reaction product selectivities (7). The pres-
ence of hydrogen in the feed mixture may have also sup-
pressed the deposition of graphitic carbon thereby leaving

TABLE 1

Effect of Synthesis Parameters on Average Pore Sizes and Surface Areas

Average pore size (A)

Catalyst Heating H,/CH, CH, space Surface area
code rate (K/h) ratio velocity (h™!) DFT* BJH? (m’/g)
MoC-1 60 0 10 52 70 12
Mo(C-2 60 0 30 27 71 7
MoC-3 60 1.04 10 34 46 20
MoC-4 60 1.04 30 47 57 14
MoC-5 120 0 10 48 58 15
MoC-6 120 0 30 49 57 18
MoC-7 120 1.04 10 50 51 29
MoC-8 120 1.04 30 34 57 24

¢ Determined based on density functional theory model.
¢ Determined based on Barrett-Joyner-Halenda method.



36 CHOI, BRENNER, AND THOMPSON

TABLE 2
Chemisorptive Properties of the Molybdenum Carbides

Surface Oxygen Surface coverage

Catalyst area uptake’

code (m*/g) (umol/g) (x 10" Oy/em?) (%)
MoC-1 12 12 0.60 11
MoC-2 7 9 0.80 15
MoC-3 20 24 0.72 13
MoC-4 14 11 0.49 9
MoC-5 15 23 0.92 17
MoC-6 18 -t
MoC-7 29 36 0.75 14
MoC-8 24 19 0.48 9

2 Measured at 195 K.
b Insufficient amount of material.

more of the carbide pore structure accessible. Thermody-
namic considerations indicate that graphitic carbon would
be produced at 450 K during the carburization of MoO,
with pure CH, and at 800 K during carburization in an
equimolar mixture of CH, and H, (8). The influence of
the space velocity on surface area was not consistent
with previous investigations in which the surface area
increased with increasing space velocity for Mo carbides
(1, 8) and Mo nitrides (1, 7). Variations in the surface
area with the space velocity are usually attributed to the
effects of gas phase products on the solid state reactions
(7). It is possible that products formed during the carburi-
zation of MoO, were quickly swept away from the reac-
tion interface even at the lowest space velocity employed.

Oxygen chemisorption provides a measure of the acces-
sibility of the active surface (Table 2). Since atomic oxy-
gen can diffuse into the subsurface layers of Mo carbides
and nitrides (4, 17), the oxygen uptake was measured at
195 K. A straight line adequately represents the relation-
ship between the O, uptake and BET surface area (Fig.
4). The slope of the line corresponds to a site density of
0.66 x 10'* O,/cm?. The density of the metal atoms on a
clean carbide surface is 1.1 x 10" Mo/cm?, assuming that
the surface consists of equal proportions of the low-index
planes. The average oxygen uptake was therefore equiva-
lent to an ~13% surface coverage by atomic oxygen or
about one oxygen atom for every eight surface Mo atoms.
The low uptake values may be due to the presence of
graphitic carbon and/or oxygen residue from the synthesis
at the surface. Oxygen, H,, and CO do not chemisorb on
graphitic carbon at 195 K (1, 18). Nevertheless, the O,
uptake on the Mo carbides was of the same order of
magnitude as that for O, chemisorption on Mo nitrides
(16%) (5).

3.2. Bulk Properties

The only crystalline phase in the Mo carbides was
Mo,C. This observation was anticipated since according

to the Mo-C phase diagram only hexagonal Mo,C is ther-
modynamically stable under the conditions employed in
this study (19). In the process of going from MoO, to
Mo,C, the specific volume decreased by 63%. This sig-
nificant decrease in the specific volume would result in
the generation of cracks, and the exposure of significant
amounts of internal surface area. The Mo carbide crys-
tallites were substantially smaller than those of the MoQO,
precursor and ranged from 50 to 200 A based on the Mo,C
(101) reflection. The average particle sizes, estimated
using

D,=6/Sp, (1]

where S, is the BET surface area and p is the density of
the primary bulk phase, ranged from 200 to 1000 A. The
difference between the crystallite and particle sizes sug-
gested the presence of polycrystalline aggregates. There
was no correlation between the crystallite and particle
sizes.

Texturing is typical for Mo nitrides prepared via the
TPR of MoO; with NH; (20). We used the ratio of the
intensities of the (002) and (101) reflections, 7(002)/1(101),
as a measure of the texturing of the Mo,C crystallites.
The ratio for most of the materials was approximately
0.3, the value expected for randomly distributed Mo,C
crystallites of uniform dimensions (21). The only excep-
tion was MoC-4 for which 7(002)/1(101) was 0.7. This
value indicated that crystallites in MoC-4 were not of
uniform dimensions and/or were preferentially oriented.
Both of these features may have been the consequence
of the anisotropic nature of MoO;. Molybdenum trioxide
crystallites are typically elongated in the [010] direction.

3.3. Pyridine Hydrodenitrogenation

Selected Mo carbides were evaluated as pyridine hydro-
denitrogenation catalysts. These materials were selected
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FIG.4. A comparison of the BET surface areas and O, chemisorptive
uptakes. The O, uptakes were measured at 195 K.
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FIG. 5. Arrhenius plots of the pyridine HDN activities over selected
Mo carbides. The surface areas of MoC-2, MoC-4, MoC-7, and MoC-
8 were 7, 14, 29, and 24 m°/g, respectively.

to span the entire range of surface areas produced. The
activities decreased significantly prior to reaching steady
state after ~100 min on stream; however, the product
distributions were essentially unchanged. Figure 5 illus-
trates that over the temperature range studied, the steady
state activities varied significantly with surface area. Note
that MoC-4, the carbide that possessed crystallographic
texturing, was the most active catalyst. These observa-
tions suggested that pyridine HDN was structure-sensi-
tiveover the Mo carbides. Pyridine HDN (5) and thio-
phene HDS (4) have been reported to be structure-sensi-
tive over Mo nitride catalysts. The HDN activities of the
Mo carbides were compared to those of two unsupported
Mo nitrides and two promoted Mo sulfide catalysts (Table
3). On an oxygen uptake basis, the carbides were in most

cases less active than the nitrides; however, they were
substantially more active than the Co—Mo and Ni-Mo
sulfide catalysts. Apparent activation energies over the
Mo carbides were similar or higher than those of the
nitrides and sulfides. The activation energies for the sul-
fides were low but independent of the reactant flow rate,
suggesting that transport limitations were not the cause.

Cyclopentane and pentane were the most abundant
products for pyridine HDN over the carbides. Significant
amounts of low-molecular weight hydrocarbons including
methane were also produced. The C1-C4 hydrocarbons
accounted for up to 35% of the product. The product
distributions varied with surface area. The lower surface
area carbides produced more cyclopentane than pentane,
while the opposite was observed for the higher surface
area materials. Product distributions for the Mo carbides
were very different from those of the Mo nitride and
sulfide catalysts (Fig. 6). While the Mo carbides produced
significant amounts of cyclopentane, pentane was the
most abundant product over the nitrides and sulfides.
Only trace amounts of cyclopentane were produced over
the Mo nitride and sulfided catalysts. These observations
implied important differences between the catalytic sites
on Mo carbides, nitrides, and sulfides.

4. DISCUSSION

The Mo carbides were as much as two orders of magni-
tude more active for pyridine HDN than sulfided Co-Mo/
Al;0; and Ni-Mo/ Al O, hydrotreatment catalysts but ac-
tivities of the Mo carbides were generally less than those
of the Mo nitrides. Schlatter ef al. (1) and Sajkowski and
Oyama (22) alsoreported that Mo carbides are more active
than promoted Mo sulfides; however, they found that the

TABLE 3

Summary of Pyridine Hydrodenitrogenation Results

Activity
Catalyst Surface area Reaction rate? AE,,
code (m/g) (nmol/g/s) (pmol/m?/s) (umol/mol O./s) (kcal/mol)
MoC-1 12 0.57 47 48 26
MoC-2 7 0.67 96 74 24
MoC-3 20 0.81 40 34 28
MoC-4 14 4.45 318 405 34
MoC-5 15 2.84 189 123 29
MoC-6 18 7.76 431 — 41
MoC-7 29 2.39 82 66 35
MoC-8 24 1.11 46 58 31
MoN-2¢ 116 46.7 403 362 25
MoN-8¢ 4 14.1 3535 2355 22
Co-Mo/AlLO, — 0.17 — .6 14
Ni-Mo/Al,O4 — 0.27 — 1.8 10

4 Reaction rates measured at 633 K and ~101 kPa.

® The highest (MoN-2) and lowest (MoN-8) surface area Mo nitrides from Choi et al. [5].
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FIG. 6. A comparison of the pyridine HDN product distributions
over the Mo carbide, Mo nitride, and sulfided Mo-Ni/Al,O; catalysts.
The selectivity measurements were made at 633 K and ~101 kPa. Cn
represents an n-carbon hydrocarbon, C5== represents pentene and RC5
represents cyclopentane.

carbides were more active than the nitrides. This disparity
is probably a consequence of the structure sensitivity of
HDN over Mo carbides and nitrides.

The activities and product distributions for the Mo car-
bides were functions of their surface areas, suggesting
that pyridine HDN over these materials was structure-
sensitive. For metal catalysts structure sensitivity is asso-
ciated with variations in the reaction rates with the crystal-
lographic faceting of the surface (23). Surface faceting is
a strong function of particle/crystallite size for domains
smaller than 100 A. Because Mo carbides are alloys,
structure sensitivity should also include the influence of
varying surface stoichiometries and structures. Recently
we reported significant variations in the near surface com-
positions and structures for a series of Mo nitride catalysts
with a range of surface areas (24). The bulk phase present
in all of these materials was y-Mo,N (fcc), however, struc-
tures near the surface were body-centered with N/Mo
ratios ranging from 0.48 to 1.3. It is possible that the
surface compositions and structures for the Mo carbides
also varied, resulting in significant variations in the cata-
lytic properties. There is evidence that hydrogenolysis
reactions are structure-sensitive over Mo carbides; how-
ever, except for this work there are no reports of structure
sensitivity for HDN over Mo carbides. Lee er al. (25)
reported that small «-MoC,_, particles had higher butane
hydrogenolysis activities than larger ones. In addition,
the hydrogenolysis activity over Mo,C was greater than
that over a-MoC,_, (fcc).

The Mo carbides produced significant amounts of cyclo-
pentane, while pentane was the predominant product dur-
ing pyridine HDN over the Mo nitrides and sulfides. These
results indicated that reaction pathways available for the

FIG. 7. Schematic illustrating the possible geometries for pyridine
bonding to the active surface: (a) “end-on,” (b) #-bound, and (¢) a-
pyridyllic. The asterisks represent bonding to a single site for * and
multiple sites for *x.

Mo carbides were different from those available for the
nitrides and sulfides. It has been reported that Mo carbides
show different selectivities than Mo nitrides during other
hydrodenitrogenation and hydrodesulfurization reactions
(1, 22). Differences observed in this work might be a
consequence of differing pyridine bonding geometries.
Armstrong et al. (26) reported that pyridine adsorbs onto
Mo nitrides primarily through the nitrogen atom. This
“end-on” bonding geometry would be amenable to the
production of pentane via cleavage of the C-N bonds.
While the end-on geometry could be used to rationalize
pyridine product distributions for the Mo carbides, it is
likely that a different bonding geometry is responsible.
Plausible geometries include 7-bound pyridine and a-pyri-
dyl (Fig. 7). In both cases pyridine forms multiple bonds
with the active surface. Multiply bonded intermediates
have been proposed to explain product distributions dur-
ing hydrodesulfurization over Mo sulfides (27). Multiple
bonding might constrain pyridine in such a way as to keep
the 2- and 6-position carbon atoms in close proximity.
Given a sufficient residence time on the surface, it is
possible that ring closure occurs producing cyclopentane.
We propose a catalytic cycle of the form illustrated in Fig.
8 to account for the production of cyclopentane during
pyridine HDN over the Mo carbides. The cyclopentane
to pentane ratio varied with the surface area suggesting
that the importance of this reaction pathway depended on
the structure and/or composition of the carbide surface.

N>

Q"
Nb‘\i ﬁ/

*

N>

FIG. 8. Schematic illustrating a plausible catalytic cycle for the
production of cyclopentane during pyridine HDN.
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Differences in the bonding geometries of pyridine on
the Mo carbides and nitrides might be understood in terms
of the acid-base properties of the surfaces. Carbon and
nitrogen are expected to have different effects on their
associated Mo atoms. Electronegative elements like car-
bon have been reported to modify metal surface adsorp-
tion properties in a manner predicted by simple Lewis
acid-base theory (28). Increasing the modifier electroneg-
ativity produces acid sites with acceptor orbitals that are
lower in energy and geometrically more localized (29).
Since nitrogen is more electronegative than carbon (30),
Mo nitrides should be more acidic than Mo carbides.
Ammonia temperature-programmed desorption results
that will be reported in a future paper indicate that Mo
nitride surfaces are more acidic than Mo carbide surfaces.
One would expect the adsorption of pyridine, a Lewis
base, to be stronger and more directional on Mo nitrides
than on Mo carbides. This line of reasoning is consistent
with the end-on adsorption of pyridine on Mo nitrides, and
the more delocalized, perhaps multiple-site adsorption on
Mo carbides.

5. CONCLUSIONS

Unsupported Mo carbides with a range of surface areas
were prepared by the temperature-programmed carburi-
zation of MoQ; with pure CH, or an equimolar mixture
of CH, and H,. In general, the materials contained Mo,C
in the bulk with no significant preferential orientation. The
other structural properties of the materials were strong
functions of the synthesis conditions employed. The most
influential synthesis parameters were the heating rate and
reactant gas composition. The highest heating rate and
H,/CH, ratio produced the highest surface area materials.
The presence of H, in the feed mixture may have reduced
the amount of carbon deposited on or in the materials
thereby increasing the accessible surface area. The Mo
carbides were mesoporous with average pore sizes rang-
ing from 27 to 52 A. These mesopores were slit-like, ap-
-parently as a consequence of the aggregation of plate-like
particles. Most of the materials also contained a small
amount of micropores.

The O, chemisorptive uptake varied linearly with the
surface area suggesting that similar relative amounts of
the Mo carbide surface were exposed in each of the mate-
rials. The results suggested that ~13% of the surface Mo
atoms chemisorbed oxygen (assuming a Mo : O ratio of
unity). This value is slightly less than that observed for
O, chemisorption on Mo nitrides (16%).

The Mo carbides were active and selective for the hy-
drodenitrogenation of pyridine. Their activities were less
than those of the Mo nitrides; however, the carbides were
as much as two orders of magnitude more active than
the Co- and Ni-promoted Mo sulfide catalysts. Pyridine

hydrodenitrogenation over the Mo carbides appeared to
be structure-sensitive since their activities and selectivit-
ies varied with changes in the surface area. This observa-
tion is consistent with our findings for the Mo nitrides.
Product distributions for the Mo carbides were signifi-
cantly different from those for the Mo nitride and sulfide
catalysts. The carbides produced significant amounts of
cyclopentane while the Mo nitrides and sulfides produced
mostly pentane. We believe that these differences were
due to differing pyridine bonding geometries with the ac-
tive surface which gave rise to differing reaction path-
ways. The different bonding geometries may be a conse-
quence of the different acid—base characteristics for Mo
carbides and nitrides.
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