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Bimetallic oxynitrides of the type MIMIIOxNy were used as cat-
alysts in hydrotreating reactions at 3.1 MPa and 643 K. The cata-
lysts were prepared by nitriding bimetallic oxide precursors, where
MoO3 or WO3 was one of the components, as described in the
companion paper. The reactions were studied in a three-phase
trickle-bed reactor operated at 3.1 MPa and 643 K. The feed was
a model liquid mixture containing 3000 ppm sulfur (dibenzothio-
phene), 2000 ppm nitrogen (quinoline), 500 ppm oxygen (benzofu-
ran), 20 wt% aromatics (tetralin), and balance aliphatics (tetrade-
cane). The activities of the bimetallic nitrides were compared to a
commercial sulfided Ni–Mo/Al2O3 catalyst tested at the same con-
ditions. The bimetallic oxynitrides were active for HDN of quino-
line with V–Mo–O–N showing higher HDN activity than the com-
mercial sulfided Ni–Mo–S/Al2O3 catalyst. The HDS activity of the
bimetallic oxynitrides ranged from 9 to 37% with Co–Mo–O–N
showing the highest HDS activity among the oxynitrides tested.
X-ray diffraction analysis of the spent catalysts indicated that the
oxynitrides consisting of early transition metals (Group 4–Group 6)
were tolerant of sulfur, while catalysts involving metals of Group 7
and Group 8 showed bulk sulfide phases. X-ray photoelectron spec-
troscopic analysis of the catalysts before and after the reaction in-
dicated the incorporation of sulfur on the surface of the catalysts
after prolonged exposure to the reactants. c© 1998 Academic Press

INTRODUCTION

Catalytic hydroprocessing to remove heteroatoms like
sulfur, nitrogen, and oxygen from petroleum feedstocks is
a critical step in the refining of hydrocarbon resources. It
is known that hydrodenitrogenation (HDN) is more dif-
ficult than hydrodesulfurization (HDS), since C–N bonds
are stronger then C–S bonds, and nitrogen removal requires
prior ring saturation (1). Conventional hydrotreating cata-
lysts are found to be active for HDN, but the demand for
denitrogenation-selective catalysts will grow with the need
to process heavier resources, and possibly, synthetic feed-
stocks derived from coal (2).

Transition metal carbides and nitrides have been re-
ported to exhibit catalytic activity in a number of hydrogen-

1 To whom correspondence should be addressed.

transfer reactions (3) and considerable attention has been
placed on hydroprocessing applications. Schlatter et al. (4)
and Sajkowski and Oyama (5) carried out the first compre-
hensive comparison of different compounds and showed
that Mo2N and Mo2C had good activity in the HDN of
quinoline. Recent studies have confirmed this initial re-
port, showing that Mo2N was indeed active in the HDN
of quinoline (6) as well as pyridine (7), indole (8), and
carbazole (9) and that the catalyst was stable under pro-
longed exposure to sulfur at higher temperature (10). A
comparative study of simultaneous quinoline HDN and
thiophene HDS in the gas phase showed the activity to
follow the order Mo2N > W2N > VN/SiO2 > TiN (11). A
recent comprehensive study (12) repeats the comparison
of a series of monometallic carbides and nitrides of opti-
mized surface area prepared by temperature programmed
reaction. Activity for quinoline HDN follows the order
Group 6 > Group 5 > Group 4 with Mo2C showing higher
HDN activity than a commercial sulfided Ni–Mo–S/Al2O3

(shell 324). In an attempt to improve the HDN activity and
the stability of monometallic nitrides, we prepared a new
class of catalysts for HDN consisting of bimetallic oxyni-
trides and tested them for activity in hydroprocessing.

EXPERIMENTAL

Materials

Chemicals used in this study were tetradecane (Jansen
Chimica, 99.5%), quinoline (Aldrich, 99.5%), benzofuran
(Aldrich, 99.5%), tetralin (Aldrich, 99.5%), and diben-
zothiophene (Aldrich, 99%). The gases employed were H2

(Airco Grade 5, 99.999%), 10% H2S/H2 (Airco Grade 5,
99.999%), He (Airco Grade 5, 99.999%) and air (Airco
Grade dry, 99.99%).

Catalytic Testing

Catalysts were tested in a three-phase trickle-bed reac-
tor described in a previous publication (12). The reactors
were 19 mm/16 mm OD/ID 316 SS tubes with a central ther-
mocouple to measure the temperature of the catalyst bed.
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Hydrogen flow to the reactors was regulated by mass flow
controllers (Brooks, model 5850E) and liquid was metered
from burettes by high-pressure liquid pumps (LDC An-
alytical, model NCI-1105). Liquid samples were collected
downstream in sealed septum vials and analyzed off-line by
gas chromatography.

The bimetallic oxynitrides were tested for their ac-
tivity in hydrogenation (HYD), hydrodenitrogenation
(HDN), hydrodesulfurization (HDS), and hydrodeoxy-
genation (HDO) using model liquid compounds at 643 K
and 3.1 MPa. HYD refers to hydrogenation of aromatic
rings without removal of hetero-atoms, whereas HDN,
HDS, and HDO refer to the total removal of N, S, and O
respectively. Hence, for example, the percent HDN refers
to the percent of quinoline converted to products free of
nitrogen. The liquid feed mixture used in all the experi-
ments consisted of 3000 ppm sulfur (dibenzothiophene),
2000 ppm nitrogen (quinoline), 500 ppm oxygen (benzo-
furan), 20 wt% aromatics (tetralin), and balance aliphatics
(tetradecane). A typical experiment consisted of loading
about 0.2–1 g of catalyst (powder of particle size ca. 1 µm),
equivalent to a total surface area of 30 m2. The powders
were diluted to a constant bed volume of 1 cm3 with quartz
chips (16/20 mesh). A 10% H2S/H2 gas mixture was used
to sulfide the commercial Ni–Mo/Al2O3 catalyst while pure
H2 was used to activate the bimetallic oxynitrides. The pre-
treatment was carried out in situ at 723 K and atmospheric
pressure for 3 h. The reactors were cooled down to the re-
action temperature (643 K) and hydrogen was pressurized
to 3.1 MPa. A liquid feed rate of 5 cm3 h−1 and a hydro-
gen flow rate of 150 cm3(NTP)/min (100 µmol s−1) were
used in all the reactions. Space velocity was calculated us-
ing the apparent catalyst bed volume. Liquid samples were
collected at regular intervals for about 60 h by which time
the catalysts showed steady state activity.

After the reaction the catalysts were extracted with hex-
ane solvent for about 24 h to wash out any residual feed
liquid off the surface and were air dried until the solvent
evaporated. The bulk phase purity of the spent catalysts was
checked by X-ray diffraction (XRD) using a powder diffrac-
tomater (Siemens, model D500 with Cu Kα monochroma-
tized radiation source) operated at 40 kV and 30 mA. The
changes in the surface composition of the catalysts were ob-
tained by X-ray photoelectron spectroscopy (XPS) (Perkin
Elmer, model 5300 with Mg source) operated at 15 kV and
30 mA. C ls (285.0 eV) was used as reference in the analy-
sis and the atomic concentration of the individual elements
was calculated from the peak area and atomic sensitivity
factor (13).

RESULTS AND DISCUSSION

The activities of the oxynitrides and the commercial
Ni–Mo catalyst were compared on an equal reactor loaded

TABLE 1

Summary of Catalyst Performance in Hydroprocessing
at 3.1 MPa and 643 K: LHSV = 5 h−1

QNL conv.% HDN HDS HDO Spacetime
Catalyst HYD + HDN % % % 103/cm3 g−1 s−1

Quartz chips 48 0 4 2 0.7
NiMo/Al2O3 85 38 79 63 3.8
V–Mo–O–N 89 44 25 32 1.8
Mo–W–O–N 74 34 18 16 5.6
Cr–Mo–O–N 72 31 15 12 4.1
Nb–Mo–O–N 74 27 9 31 5.6
Co–W–O–N 73 24 35 16 2.0
Co–Mo–O–N 63 22 37 16 5.4
Mn–Mo–O–N 65 21 24 — 1.7
V–W–O–N 49 1 1 6 2.8

surface area of 30 m2. Comparison on this basis may seem
to favor the unsupported oxynitrides over the supported
Ni–Mo catalyst; however, the commercial catalyst is of high
loading (>20 wt%) and is highly optimized, and most of its
surface area should be active. Hence, a comparison based
on equal surface areas should give a good approximation
of the relative activities of the catalysts. The performance
of bimetallic oxynitrides in hydroprocessing at 3.1 MPa
and 643 K with moderate concentrations of N, S, O, and
aromatics is summarized in Table 1. HYD refers to
hydrogenation of quinoline to N-containing compounds.
Bimetallic oxynitrides with Mo as one of the metals
were found to be active for quinoline HDN. The HDN
activity of the oxynitrides ranged from 21–44% with
V–Mo–O–N showing higher HDN activity than the com-
mercial Ni–Mo–S/Al2O3 catalyst. The hydrodesulfurization
activity of the oxynitrides ranged from 9 to 37% and the hy-
drodeoxygenation (HDO) activity ranged from 6 to 32%.
V–W–O–N was found to be inactive for all the reactions
studied, while Co–W–O–N showed considerable HDS and
HDN activities. In fact, both molybdenum and tungsten
when alloyed with cobalt exhibited higher catalytic activity.
The performance of monometallic nitrides under the same

TABLE 2

Activity of Monometallic Nitrides in HDN, HDS,
and HDO at 3.1 MPa and 643 K

% Quinoline
Catalyst conversion %HDN %HDS %HDO

Mo2N 73 23 16 10
WOxNy

a 60 20 5 11
NbOxNy

b 27 13 — —
VN 66 5 3 43
TiN 43 3 3 4

a Reference (24).
b Reference (25).
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FIG. 1. Comparison of HDN activities of Ni–Mo/Al2O3, V–Mo–O–N,
Mo–W–O–N, and Nb–Mo–O–N at 3.1 MPa and 643 K.

conditions is given in Table 2. These compounds showed
HDN conversions in the range 5–23% with the order of
activity being Mo2N > W2N > VN > TiN, i.e., Group 6 >

Group 5 > Group 4. The HDN activity is seen to be lower
than the bimetallic compounds.

Figure 1 shows a comparison of the steady state
HDN activities of the oxynitrides with the commercial
Ni–Mo–S/Al2O3 catalyst, and for clarity only the active
catalysts are presented. The HDN activity of the oxyni-
trides with Mo as one of the components followed the order
V–Mo > Mo–W > Cr–Mo > Nb–Mo > Co–W > Co–Mo >

Mn–Mo > V–W. The relative activities of the catalysts are
probably due to the differences in the ease of reducibility of
the catalysts during the activation process. As shown in the
companion paper (Fig. 3) the compounds could be divided
into three groups according to their reducibility (high,
medium, low) and followed the order V–Mo > Cr–Mo >

Co–Mo>Mo–W>Co–W>Mn–Mo>V–W>Nb–Mo. Ea-
sily reduced compounds, V–Mo, Cr–Mo, and Co–Mo,
showed two features in water formation at around 595 and
738 K. Compounds less easily reduced, Mo–W, Co–W, and
Mn–Mo, showed a single high-temperature broad feature
at 738 K. The compounds least easily reduced, Nb–Mo
and V–W, had narrow reduction features appearing at the
highest temperatures. The order in reducibility, with minor
deviation, follows closely the order in reactivity. The lower
HDN activity of Co–Mo compared to V–Mo and Cr–Mo
is not surprising because of the formation of bulk sulfide,
as will be discussed later. In fact, compounds with the
late transition elements (Co–Mo, Co–W, Mn–Mo) showed
a propensity to form sulfides and to have low activity.
Mo–W and Nb–Mo showed higher HDN activity than
was expected possibly due to the better sulfur tolerance
of these catalysts. Finally V–W had low activity, despite
tolerance to sulfur, because of an inherent low activity

of its component elements. VN and W2N have very poor
reactivity in HDN (11, 14).

Figure 2 shows a comparison of the steady state
HDS activities of the catalysts at 643 K and 3.1 MPa.
For clarity, Ni–Mo/Al2O3, V–Mo–O–N, Mo–W–O–N, and
Nb–Mo–O–N are presented in the figure. The HDS ac-
tivity of the oxynitrides followed the order Co–Mo >

Co–W > V–Mo > Mn–Mo > Mo–W > Cr–Mo > Nb–Mo >

V–W, which did not track reducibility. Instead the trend
here appears to follow the position in the periodic ta-
ble of the secondary (non-Mo or W) alloying element
(Group 8 > Group 7 > Group 6 > Group 5). This implies
that HDS and HDN occur on different sites. The higher
HDS activity of the cobalt-containing catalysts was due to
the formation of bulk cobalt sulfide (Co4S3), while all other
samples show high initial activities, but significant deactiva-
tion over the course of the first 30–40 h. The HDS activity of
the Co-containing oxynitrides is concurrent with earlier re-
ports (15, 16) which showed that among the first-row tran-
sition metal sulfides a maximum in the HDS activity was
observed for Group 9 (Co) and Group 10 (Ni). In addition,
the heat of formation of cobalt sulfide is intermediate in na-
ture compared to the higher values of chromium, molybde-
num, and tungsten sulfides (15). The higher HDS activity of
Co–Mo and Co–W catalysts could be due to the optimum
binding energy of the sulfur-containing molecule on the
Co4S3 surface compared to the rest of the catalysts which in-
dicated a partial surface sulfide (XPS data presented later).
The sulfided Ni–Mo–S/Al2O3 catalyst showed a short in-
duction period and a sustained high level of desulfuriza-
tion with better HDS activity than the bimetallic oxyni-
tride catalysts. Biphenyl was the only product detected from
HDS of dibenzothiophene and no further hydrogenation of
biphenyl was observed.

FIG. 2. Comparison of HDS activities of Ni–Mo/Al2O3, V–Mo–O–N,
Mo–W–O–N, and Nb–Mo–O–N at 3.1 MPa and 643 K.
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FIG. 3. Comparison of HDO activities of Ni–Mo/Al2O3 and V–Mo–
O–N at 3.1 MPa and 643 K.

Figure 3 shows a comparison of the HDO activities
of the most active catalysts. The Ni–Mo/Al2O3 catalyst
showed higher HDO activity than the bimetallic oxyni-
trides. The major hydrocarbon products from HDO of ben-
zofuran were ethylcyclohexane and ethylbenzene. Interest-
ingly, among the monometallic compounds of Groups 4–6,
VN showed the highest activity for HDO (12). This may be
associated with an optimal binding energy for oxygen by
the vanadium component.

The total activity (HDN, HDS, HDO, and HYD) and
the HDN activity are reported in the form of turnover
rates in Table 3 and as conversions at constant surface area
loaded (30 m2) in Fig. 4. The turnover rates are based on
CO chemisorption for the nitrides and O2 chemisorption
for the Ni–Mo–S/Al2O3. Measurement of CO uptakes is an
accepted method for titrating surface metal atoms in the
nitrides (12, 17). However as discussed earlier, the uptakes

TABLE 3

Comparison of the Turnover Rates of Bimetallic and
Monometallic Nitrides at 3.1 MPa and 643 K

Total turnover rate (s−1) HDN turnover
Catalyst (HYD + HDN + HDS + HDO) rate (s−1)

Ni–Mo/Al2O3 2.0 × 10−3 4.5 × 10−4

V–Mo–O–N 2.9 × 10−3 1.0 × 10−3

Mo–W–O–N 1.1 × 10−2 3.6 × 10−3

Cr–Mo–O–N 2.8 × 10−3 9.1 × 10−4

Nb–Mo–O–N 5.8 × 10−2 1.6 × 10−2

Co–W–O–N 2.2 × 10−2 4.7 × 10−3

Co–Mo–O–N 3.0 × 10−3 6.5 × 10−4

Mn–Mo–O–N 1.6 × 10−2 3.7 × 10−3

V–W–O–N 1.9 × 10−2 3.1 × 10−4

Mo2N 2.0 × 10−3 4.8 × 10−4

VN 4.5 × 10−3 2.6 × 10−4

TiN 1.2 × 10−3 7.6 × 10−5

FIG. 4. Comparison of the %HDN conversion based on equal sur-
face area loaded (30 m2) with bimetallic and monometallic oxynitrides at
3.1 MPa and 643 K.

on some of the materials may be low because of site block-
age by surface N and O atoms. Chemisorption of O2 for
characterizing sulfides (18) is a more controversial method,
but in the case of the Ni–Mo–S/Al2O3 used here, it gives a
value that corresponds to about a monolayer of absorbed
oxygen (5) consistent with the picture of a well dispersed
catalyst. Overall, the results (Table 3, Fig. 4) indicate that
the best bimetallic compounds are considerably more ac-
tive than the monometallic catalysts and the commercial
Ni–Mo/Al2O3 catalyst.

The catalytic reactivity reported in this paper is entirely
due to the intrinsic activity of the catalysts and is not lim-
ited by internal or external mass transfer. A Thiele modulus
calculation for the catalyst with the highest HDN conver-
sion, V–Mo–O–N, was used to determine the lack of in-
fluence of internal diffusion. The observed reaction rate
(1.1 × 10−8 mol (N removed) g−1 s−1 for V–Mo–O–N) and
the effective diffusivity of quinoline in tetradecane (cor-
rected for viscosity and density at 643 K (19)) were used to
calculate the Thiele modulus using the equation (20)

φ2 = rAρp R2

DABCA
,

where rA is the observed reaction rate (mol g−1 s−1), ρp is
the catalyst packing density (g cm−3), R is the catalyst par-
ticle size (cm), CA is the concentration of the reactant (mol
cm−3), and DAB is the effective diffusivity of the reactant
(cm2 s−1). The effective diffusivity of quinoline in tetrade-
cane was calculated using the equation applicable for dilute
solutions (21),

DAB = (117.3 × 10−18)(ϕMB)0.5T

µV0.6
A

,

where DAB is the diffusivity of A in very dilute solution
in solvent B, MB is the molecular weight of the solvent,
T is the temperature, µ is the solution viscosity, VA is the
solute molal volume at normal boiling point, and ϕ is the
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association factor for the solvent (1.0 for unassociated sol-
vents). Based on the above equation, the effective diffusiv-
ity of quinoline in tetradecane at 643 K was calculated to be
1.5 × 10−9 cm2 s−1. The catalysts used in all the reactions
were of 1 µm particle size, and the packing density was as-
sumed to be 2 g cm−3. The calculated value of φ was found
to be 0.04, indicating negligible influence of internal diffu-
sion on the observed rate. The influence of external mass
transfer was calculated using the equation (22)

rA = Pb

(1/kA) + (1/k)
,

where rA is the observed reaction rate, Pb is the bulk partial
pressure, kA is the mass transfer rate constant, and k is the
reaction rate constant. In the above equation, if k is much
greater than kA, then external mass transfer would be the
rate controlling step. kA was calculated using the equation

kA =
(

0.57av8

ρb

)(
G

Pb Mm

)
(NRe)

−0.41(NSc)
−2/3,

where av is the interfacial area for mass transfer per unit vol-
ume of the empty reactor bed (6 × 104 cm); ρb is the bulk
density of the catalyst bed (2 g cm−3), 8 is the shape factor
(1 for spheres), G is the mass flow rate per unit of cross-
sectional area (6.15 g cm−2 s−1), Mm is the molecular weight
of the mixture (198.9 g mol−1), NRe is the Reynolds num-
ber (G/av8µ); and NSc is the Schmidt number (µ/ρDAB),
where µ is the solution viscosity.

The value of kA was calculated to be 1.8 × 10−9 mol
cm−3 Pa−1 s−1, while the value of k was calculated to be
7.1 × 10−15 mol cm−3 Pa−1 s−1 (based on the observed re-
action rate of 2.2 × 10−8 mol of N removed/cm3 s) for the
V–Mo–O–N catalyst at 643 K and 3.1 MPa. Comparison of

FIG. 5. Proposed quinoline HDN reaction network. QNL denotes quinoline; 1-THQ, 1,2,3,4 tetrahydroquinoline; 5-THQ, 5,6,7,8 tetrahydro-
quinoline; DHQ, decahydroquinoline; OPA, o-propylaniline; PCHA, propylcyclohexylamine; PCHE, propylcyclohexene; PCH, propylcyclohexane;
and PBZ, propylbenzene.

the mass transfer and the reaction rate constants indicates
that the activity values reported earlier were not influenced
by external mass transfer. The reactions were carried out
under bubble bed conditions which are standard for indus-
trial conditions (5). The above calculations indicate that the
observed reaction rates were limited neither by the diffu-
sion of the reactant from the liquid phase to the catalyst
surface nor by intraparticle diffusion.

Quinoline Hydrodenitrogenation Network

Figure 5 presents the proposed reaction network for
quinoline HDN based on the products identified us-
ing a gas chromatograph. Products detected from quino-
line HDN were partially hydrogenated quinoline com-
pounds of 1,2,3,4 tetrahydroquinoline and 5,6,7,8 tetrahy-
droquinoline and hydrodenitrogenated hydrocarbons like
propylcyclohexane and propylbenzene. o-Propylaniline
(OPA) was also detected in small amounts. Decahydro-
quinoline (DHQ) was not not detected in the products
from any of the reactions, indicating that this compound was
highly reactive at the reaction conditions, but the possibility
of fast hydrogenation to propylcyclohexylamine (PCHA)
and further deamination to hydrocarbons cannot be ruled
out. To get a better understanding of the reaction network,
0.2 wt% of OPA (steady state concentration = 5.4 mol%)
and 0.2 wt% of DHQ were added to the regular feed mix-
ture and the reaction was carried out using the V–Mo–O–N
catalyst. The results of this reaction indicated that OPA was
unreactive under the raction conditions, while DHQ was
completely converted to hydrocarbons. In fact, DHQ re-
acted completely to hydrocarbons even at 523 K. Similarly,
results from the addition of 0.2 wt% of 1-THQ (steady state
concentration = 20 mol%) and 0.2 wt% of 5-THQ (steady
state concentration = 18 mol%) to the regular feed mixture



     

NEW CATALYSTS FOR HYDROPROCESSING 15

indicated that the rate of hydrogenation of 1-THQ to DHQ
was comparable to that of 5-THQ to DHQ. Clearly, quino-
line HDN over V–Mo–O–N seems to proceed through a re-
action pathway involving saturation of both aromatic rings
in quinoline and a rapid hydrogenolysis of DHQ to yield
hydrocarbons. The rate limiting step appears to be the hy-
drogenation of OPA to propylcyclohexylamine. Satterfield
and Yang (23) proposed a reaction network for gas-phase
quinoline HDN over sulfided Ni–Mo/Al2O3 catalyst involv-
ing the hydrogenation of both aromatic rings of quinoline
and a subsequent hydrogenolysis of DHQ to hydrocarbons.
However, they suggested that most of the denitrogenation
occured via 5-THQ as intermediate.

The presence of oxygen in the metal lattice should have
improved the acidity of the catalysts and in turn the isomer-
ization activity. However, there were no isomerized prod-
ucts detected and this could be the due to the replacement
of oxygen by sulfur on the surface of the catalysts which
suppressed the isomerization activity.

Catalyst Characterization

Figure 6 presents the X-ray diffraction patterns of the
spent catalysts. Extraneous sulfide or oxide peaks were
not observed in the XRD patterns of the compounds in-
volving Groups 4–6 metals, indicating that these catalysts

FIG. 6. X-ray diffraction patterns of the spent catalysts.

FIG. 7. X-ray photoelectron spectroscopic analysis of the sulfur com-
position of the spent catalysts.

were stable toward sulfur and oxygen at the reaction con-
ditions. However, compounds involving Mn and Co as one
of the elements showed sulfide phases in the bulk. Spent
Mn–Mo–O–N showed sharp peaks of MnS as seen in Fig. 6.
The broad peaks of the fresh sample can still be identified
apart from the MnS features, indicating that the initial struc-
ture was still preserved, except that some of the manganese
in the bulk was converted into MnS. In the case of Co-
containing compounds, the spent catalysts showed sharp
features of Co4S3. Co–W–O–N had some features of the
initial pattern apart from Co4S3 peaks, while Co–Mo–O–N
did not retain any features of the fresh sample. This is prob-
ably due to the better sulfur tolerance over molybdenum
which resulted in only Co being converted to Co4S3 in
Co–W–O–N.

XPS analysis was carried out to look for changes in
the surface composition of the catalysts after the reaction.
Figure 7 presents the XPS spectra obtained for the sulfur
tolerant catalysts after the reaction. The results presented
in Table 4 show the presence of excess graphitic carbon
(285.0 eV) and oxygen (531.4 eV) as metal oxides on the
surface of the fresh catalysts. These were due to exposure
of the materials to the atmosphere, as in situ reduction was
not carried out prior to the XPS analysis. The unusually
low N/Metal ratio in fresh V–Mo–O–N and Co–Mo–O–N
could be due to the deposition of more than one atomic
layer of oxide on the surface during passivation. The XPS
spectra (Fig. 7) and the S/Metal ratio Table 4) indicate that
there was moderate sulfur incorporation on the surface of
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TABLE 4

Atomic Concentration Ratios of Nonmetal
to Metal Analyzed by XPS

Fresh catalyst C/Metala O/Metala N/Metala S/Metala

V–Mo–O–N 2.22 2.33 0.09 0.00
Nb–Mo–O–N 1.62 1.42 0.86 0.00
Cr–Mo–O–N 2.71 2.42 1.00 0.00
Mo–W–O–N 2.62 1.72 0.83 0.00

Spent catalyst C/Metala O/Metala N/Metala S/Metala

V–Mo–O–N 2.93 1.19 0.14 0.25
Nb–Mo–O–N 2.96 1.71 0.75 0.19
Cr–Mo–O–N 4.60 3.00 1.10 0.30
Mo–W–O–N 8.59 6.05 0.63 0.15

a Metal = combined concentration of MI and MII.

the spent catalysts. Interestingly, a sulfide phase (161.9 eV)
was identified in all the catalysts, except V–Mo–O–N,
which showed predominantly a sulfate phase (169.1 eV)
(13). The maximum sulfur concentration was detected for
Co–Mo and Co–W consistent with the XRD analysis, while
bimetallic compounds consisting of metals from Groups 4–6
with W as one of the metals seemed to be more resistant to
sulfur incorporation. In all cases higher sulfur levels were
observed with a lower initial nitrogen level, indicating that
nitrogen played a role in stabilizing the surface composi-
tion. It is likely that in cases where nitrogen levels were
low, sulfur exchanged with oxygen. The sulfate phase ob-
served with the V–Mo–O–N could be the result of oxida-
tion of a chemisorbed sulfur layer at the surface. In con-
trast to the other samples in which a sulfide phase was
detected, the lack of a sulfide layer in this case could be
associated with the high catalytic activity of the material
for HDN.

CONCLUSIONS

The bimetallic oxynitrides were found to possess ex-
cellent HDN activity and, in particular, V–Mo–O–N
showed better HDN activity than the commercial sul-
fided Ni–Mo/Al2O3 catalyst. Bimetallic oxynitrides with
molybdenum as one of the metals showed higher activity
than the corresponding monometallic nitrides. Molybde-
num or tungsten alloyed with early transition metals (V,
Nb, Cr) were sulfur tolerant, while Mn and Co alloys were

sulfur sensitive and showed bulk sulfidation. The activity
results are promising and further work needs to be carried
out to optimize the ratio of the concentration of metals in
the bimetallic compounds.
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