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The activities of the CoMo nitride catalysts, with and without sul-
fidation, were studied based on the rates of thiophene HDS per cata-
lyst weight and turnover frequency (thiophene converted per irre-
versibly adsorbed CO). The surface properties, such as morphology,
composition, and Co and Mo oxidation state numbers of the cata-
lysts without exposure to air after nitriding were characterized by
XRD, TEM, and temperature-programmed reduction. The CoMo
nitride catalysts were used after nitriding during the temperature-
programmed reaction of mixtures of MoOj3 or (NH4)sMo070,4-4H,0
with CoO or Co(NO3); - H,O with Co/(Co + Mo) =0, 0.25, and 0.5
in a stream of ammonia. CozMo3;N was not produced by nitridation
of a mixture of CoO and MoO; but was produced from CoMoQj.
The TEM analysis showed that Co3;Mo3zN particles (20 to 30 nm)
were surrounded by y-Mo;N particles (ca. 4 nm) in the catalyst
nitrided at 1023 K. An XPS study without argon etching showed
that the catalysts nitrided at 773 and 873 K contained Mo?* and
Co?*, while the catalysts nitrided at 973-1073 K mainly consisted
of Mo® and Co?*. The higher activity of the catalyst nitrided at
973 K compared to the other nitrided catalyst is probably due to
the formation of a small amount of Co3Mo;N before the reaction
and the obvious formation after the reaction. The sulfidation of
the oxidic catalysts and the catalyst nitrided at 973 K produces
stronger active sites of CoMo sulfide rather than Co3Mo3;N for
HDS.  © 2002 Elsevier Science (USA)

INTRODUCTION

Transition bimetallic nitrides (1-15) have been recently
studied as alternatives for Co-Mo and Ni-Mo sulfide cata-
lysts in the hydrodesulfurization (HDS) of kerosene and
gas oil. Cobalt molybdenum nitrides were prepared by the
temperature-programmed nitriding of a CoMoOy precur-
sor at a temperature of 973 K (2-9) and of NHs5(CoOH-
MoQ,), via cobalt metal and y-Mo,N intermediates at 880
K (12). Furthermore, FesMo3N (1,2) and Ni;MosN (12, 16)
were reported to be prepared by the nitriding of FeMoO4
and NiMoQy in a stream of N, and H, with NHj3, respec-
tively. Oyama and coworkers (5, 6) reported the formation
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of fcc cobalt molybdenum oxynitride from a mixture of
CoC,HgO4 and MoOs even at 892 K as well as the formation
of vanadium molybdenum nitrides. Although cobalt molyb-
denum nitrides and oxynitrides were prepared using a mix-
ture of various oxides, the relationship between the prepa-
ration of the cobalt molybdenum nitrides and the parent
oxidic precursors was not fully understood. Furthermore,
little or no attention has been paid to the surface properties
and composition of the cobalt molybdenum nitrides by the
temperature-programmed reaction using hydrogen (TPR),
X-ray photoelectron spectroscopy (XPS), and XRD. TPR
offers detailed information about the surface species of the
molybdenum nitrides from the desorption of gases (5, 17—
21). In previous studies (17-20) y-Mo,N was transformed
into 8-Mo;,Nj7s and Mo metal at about 1100 and 1200 K
while desorbing nitrogen and ammonia gases from the un-
supported samples during the TPR. Weakly adsorbed NHy
species were also released as ammonia from the molybde-
num nitrides, and strongly adsorbed NHy species were also
released as nitrogen gas during the TPR (21). Furthermore,
the XPS analysis (4, 18, 22-24) gives information about
the distribution and composition of molybdenum in the
molybdenum nitrides. Choi et al. (22) and Park et al. (7)
studied the Mo oxidation state on unsupported Mo, N and
12% Mo/Al, O3 nitrided at 973 K and subsequently passi-
vated at room temperature in 1% O, in He. They reported
that Mo®"(0 < § <4) species were selectively produced in
the catalysts upon nitridation. Previous papers (18, 20) re-
ported that Mo** was distributed on y-Mo,N particles and
Mo?* was found to be highly dispersed as y-Mo,;N on the
alumina of the Mo/Al,Oj3 catalysts nitrided at 973 K in an
XPS and TPR study of the relationship between the sur-
face molybdenum and adsorbed nitrogen species in nitrided
Mo/Al,Oj catalysts (1.0-18.7 wt% ). Moreover, the surface
composition of the molybdenum nitrides was extensively
analyzed by XPS, but not for the cobalt molybdenum ni-
trides. Thus, the TPR and XPS analyses can shed light on
the surface properties of the cobalt molybdenum nitrides.
Although CoMo nitrides passivated with 1% O, in He were
extensively studied as HDS catalysts (3, 5-7, 9-11), they
will not have the same surface properties and reactivities as
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fresh nitrided catalysts because of the formation of oxyni-
trides on the surface.

In this study, unsupported cobalt molybdenum nitrides
were prepared in situ and then the HDS activity was
measured in order to elucidate the relationships among
composition, bulk structure, surface properties, and the
HDS activities of the fresh nitride catalysts without
exposure to air. This study focuses on (i) the relationship
between the cobalt molybdenum nitrides and the parent
oxidic precursors of the bulk samples during the prepara-
tion procedure as determined by XRD, (ii) the morphology
and composition of the cobalt molybdenum nitrides as
detected by TEM, (iii) the surface composition and the
oxidation state numbers of cobalt and molybdenum in the
cobalt molybdenum nitrides as revealed by TPR and XPS,
and (iv) the activity of the cobalt molybdenum nitrides for
the HDS of thiophene at atmospheric pressure compared
to cobalt molybdenum sulfide.

EXPERIMENTAL

Preparation of Cobalt Molybdenum Nitrides

The oxidic precursors of the cobalt molybdenum nitrides
with the Co/(Co + Mo) ratios of 0, 0.25, and 0.5 were prepa-
red using a mixture of an aqueous solution of cobalt nitrate
(Co(NO3), - H,O, Kishida Chemical Co., 99%) and ammo-
nium heptamolybdate ((NH4)sM070,4-4H,0, Kishida
Chemical Co., 99%) (sample code, A), a physical mixture
of cobalt nitrate and MoO3 (B), a physical mixture of CoO
and ammonium heptamolybdate (C), and a physical mix-
ture of CoO and MoOs (D). The solid products were dried
overnight at 373 K and calcined at 773 K for 7 h in dry air.
A sample (0.2 g) of the precursors was placed on a porous
quartz plate in a 10-mm i.d. quartz microreactor. The sam-
ple was oxidized in dry air (49.6 umol s~!) at 723 K for 1 h,
then cooled from 723 to 573 K in dry air (sample code, AF,
BF, CF, DF). The catalysts were nitrided by a temperature-
programmed reaction from 573 K to the final temperature
of 773, 823, 923, 1023, or 1073 K at the rate of 0.0167 K s~!
with 49.6 umol s~! of ammonia (99.99%), maintained at
the final temperature for 3 h, and then in flowing ammonia
cooled to 623 K and room temperature, respectively, for the
activity measurement and characterization. For the sulfided
catalysts, 25S623; 25 AF723 was sulfided at 623 K in a stream
of 10% H,S/H, (49.6 umol s71) for 3 h. 25AS8623; 25A973
was sulfided at 623 K in a stream of 10% H,S/H, for 3 h.
The preparation conditions and abbreviations of the cobalt
molybdenum nitrides and sulfides are given in Table 1.

Characterization

The catalysts were examined by XRD before and after
nitriding. The diffraction patterns were obtained on a
RAD-II (Rigaku Co.) instrument with Cu K« radiation

TABLE 1

Catalyst Compositions and Nitridation Conditions

Treatment  Treatment

Catalyst Composition Feed mixture® temp. (K)  procedure”
25A773 25% Co 75% Mo A 773 E
25A873 25% Co 75% Mo A 873 E
25A923 25% Co 75% Mo A 923 E
25A973 25% Co 75% Mo A 973 E
25A1023 25% Co 75% Mo A 1023 E
25A1073 25% Co 75% Mo A 1073 E
0A973 100% Mo A 973 E
50A973 50% Co 50% Mo A 973 E
25B973 25% Co 75% Mo B 973 E
25C973  25% Co 75% Mo C 973 E
25D973 25% Co 75% Mo D 973 E
258623 25% Co 75% Mo A 623 S

25A8623 25% Co 75% Mo A 973/623 AS

25AF723 25% Co 75% Mo A 723 F
25BF723 25% Co 75% Mo B 723 F
25CF723 25% Co 75% Mo C 723 F
25DF723 25% Co 75% Mo D 723 F

IA: CO(NO3)2 . Hzo and (NH4)5 . M07024 -4Hzo. B: CO(NO3)2 . Hzo
and MoOs. C: CoO and (NHy)g - M07024 - 4H,0. D: CoO and MoOs.

b E: Nitrided at 773-1073 K in a stream of 49.6 umols~—'. F: Heated in
air at 723 K. S (25S623): Sulfiding 25AF723 at 623 K in a stream of 10%
H,S/H; (49.6 umols~!) for 3h. AS (25AS623): Sulfiding 25A973 at 623 K.

(A=1.542 A). The peaks were identified based on the
JCPDS references: MoO3 (JCPDS: 5-0508; 20 =12.8, 25.7,
and 27.4°; this study, 20 =12.9, 25.8, and 27.4°), MoO,
(32-671, 20 =26.1, 36.9, and 53.2°; this study, 26 =26.0,
36.9, and 53.6°), y-Mo,N (25-1366, 20 =37.4, 43.5, and
63.2°; this study, 20 =37.4, 43.5, and 63.0°), 8-Mo,Ny 78
(25-1368, 20 =37.0 and 42.9°; this study, 20 =37.8 and
42.9°), Mo metal (42-1120, 260 =40.5 and 69.9°; this study,
260 =40.5, and 69.9°), CoO (43-1004, 26 =36.5, 42.4, and
61.6°; this study, 20 =36.7, 42.3, and 61.4°), Co metal
(5-0727, 20 =44.8, 47.6, and 76.0°; this study, 26 =44.8,
47.5, and 76.0°), Co metal (15-806, 20 =44.3, 51.6, and
75.9°), CoMoOy (21-868 and 25-1434, 26 =14.2, 26.7, and
28.5°; this study, 20 = 14.2, 26.5, and 28.5°), and CogSg (19-
364, 20 =29.9 and 52.0°; this study, 26 =29.9 and 52.2°).
CosMosN had the peaks at 26 =35.5, 40.1, 42.6, 46.6, and
72.8°, as reported by Jackson ef al. (2) and Kim et al. (3).
The peaks of cobalt molybdenum oxynitride were identified
by comparison with the broad peaks at 26 =37.0, 43.0, and
63.0° reported by Yu et al. (5). Co,N peaks were reported
to be observed at 20 =45.8, 50.6, and 51.9° (25), and Co4N
at 20 =43.6, 50.6, and 74.6° (26); 43.8, 50.9, and 75.0° (27).

The morphology of the catalysts was determined using a
JEM-2000F transmission electron microscope (JEOL Co.)
operating at200kV and equipped with an energy-dispersive
X-ray spectrometer (EDS). The catalysts were crushed us-
ing an agate pestle and mortar, dispersed in ethanol with
an ultrasonic apparatus, placed on a copper microgrid,
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and transferred to the analysis chamber in the TEM. The
amount of cobalt and molybdenum atoms was calculated
from the Co/Mo ratio of the catalysts by EDS. Although
the nitrogen signal could be monitored in the EDS anal-
ysis, the atomic ratios of N/Mo and N/Co were not deter-
mined because of errors in the nitrogen determination. The
BET surface areas of the catalysts were measured using an
Omnisorp 100CX (Beckman Coulter Co.) at liquid-
nitrogen temperature after the catalysts were evacuated
at 473 K and 1.3 x 10~ Pa for 2 h. The quantity of CO
chemisorbed on the surface of the catalysts was determined
by conventional volumetric analysis. Before measuring the
CO uptake, the catalysts were pretreated in hydrogen at
623 K for 2 h, degassed at 1072 Pa and 673 K for 2 h, and
cooled to room temperature in a vacuum.

During the temperature-programmed reduction (TPR)
measurements, the catalyst was heated in situ from room
temperature to 1220 K at the rate of 0.167 K s~! with
11.2 umol s~! of hydrogen (99.9999%) after nitriding. Hy-
drogen was purified through an Indicating Oxitrap (G. L.
Science) to remove water and oxygen. The desorbed gases
were monitored using a quadrupole mass spectrometer
(Quadstar 422, Balzers Co.). Ammonia, water, and nitro-
gen, present in the desorbing gases during TPR, were qual-
itatively analyzed at m/z =15, 18, and 28, respectively, using
calibration curves.

X-ray photoelectron spectroscopy (XPS) was carried out
using a Shimadzu ESCA 3200 photoelectron spectrome-
ter with Mg K« radiation (1253.6 eV, 8 kV, 30 mA). After
nitriding, the catalyst was cooled to room temperature in
flowing ammonia and not exposed to air in the procedure
from the catalyst pretreatment to the XPS measurement.
After the stopcocks at each end of the microreactor were
closed, the microreactor was transferred to a glovebox in
which the atmosphere was exchanged five times with argon
(99.9999%) and then filled with argon. The catalyst was
removed from the microreactor in the glovebox, mounted
onto a sample holder with carbon tape, and then placed in
a vial while in the glovebox. The vial was then placed in
the XPS prechamber attached glovebag in which the atmo-
sphere was filled with argon. Furthermore, the catalyst on
the sample holder was taken out of the vial and then set
on a sample rod placed in the prechamber. The XPS anal-
ysis was typically done at a pressure of 5 x 107% Pa and
at a scan speed of 0.33 eV s~!. The spectral region of Mo
(and N) and Co was scanned 50 and 80 times, respectively,
in order to obtain a good signal-to-noise ratio. Each peak
was simulated using a Gaussian function. The baseline cor-
rections determined from the peak fitting of the Co 2p3/,
and Mo 3d lines were carried out using the Shirley method.
Argon etching was done for 1 min before the XPS mea-
surement. The C 1s binding energy (284.6 eV) was taken
as the reference to correct the binding energy of the cata-
lysts. The XPS Mo 3d doublets were deconvoluted using an
intensity ratio of 2/3 and a splitting of 3.2 eV and then com-

pared with the data reported by Hada et al. (18) and Quincy
et al. (28): Mo” (Mo 3ds, binding energy: 227.7 eV, fwhm:
1.2 eV), Mo** (228.4, 1.4), Mo>*+ (229.3, 1.5), Mo** (230.1,
1.6), Mo>* (231.6, 1.7), and Mo®* (233.0, 1.7). In the Co
2p spectra, only the Co 2p3, region of all the catalysts was
fitted, then compared with the cobalt molybdenum sulfide
data by Pawelec et al. (29), CuCo/Al, O3 by Figueiredo et al.
(30), and Co/Al,O3 by Zsoldos et al. (31). The XPS binding
energies of Co 2p3/;, for the catalysts were deconvoluted to
Co? (binding energy: 777.6 eV, fwhm: 1.3 eV), Co?>* (779.9,
4.2), Co** (781.6, 4.7), and the Co** satellite (786.1, 5.0).

HDS of Thiophene

The flow system for the HDS of thiophene consisted of
a single-pass, differential microreactor (4). After nitriding
and sulfiding, the catalysts (0.2 g) were cooled to 623 K in a
stream of ammonia or 10% H,;S/H, without exposure to
air, then hydrogen was passed over the catalyst before in-
troduction of the reaction feed. The HDS of thiophene on
the catalysts was carried out at 623 K and atmospheric pres-
sure. The reaction feed, consisting of 3.8 vol% thiophene
in pure hydrogen (37 umol s~!), was introduced into the
reactor at the rate of 37.2 umol s~!. A quantitative analysis
was performed by injecting a sample from the sampling loop
(1 ml) into the gas chromatograph to analyze the amount of
thiophene (column: 10% Silicon DC-550) at 348 K and the
reaction products (column: VZ-8) at 313 K. The calculation
of the HDS rate was based on the moles of thiophene con-
verted at 623 K. TOFjpegral is the turnover frequency of one
site of various Co and Mo species on the cobalt molybde-
num compounds formed by the nitridation and sulfidation
and was expressed as moles of thiophene converted per
moles of CO irreversibly adsorbed at room temperature.

RESULTS AND DISCUSSION

Cobalt Molybdenum Nitrides and Oxidic Precursors

The XRD patterns of the 25A773-1073 catalysts, pre-
pared from a mixture of cobalt nitrate and ammonium
heptamolybdate with the Co/(Co + Mo) ratio of 0.25, are
shown in Fig. 1. MoO, was clearly formed in 25A773
(Fig. 1A) with peaks at 20 =26.0, 36.9, and 53.2°. A weak
peak was observed at 20 =26.0° for 25A873-973 (Figs. 1B-
1D). The peaks at 37.3 and 43.5° and the small peak
at 63.0° demonstrated that y-Mo,N was formed in the
25A873-1023 (Figs. 1B-1E) catalysts. For 25A873-1023, the
peaks at 20 =37.3, 43.5, and 63.0° are also close to those
at 260 =37.4, 43.5, and 63.2° for y-Mo,N and the broad
peaks at approximately 20 =37, 43, and 63° are proba-
bly due to cobalt molybdenum oxynitride in accordance
with the data reported by Oyama et al. (5, 6). In a pre-
vious paper (4), CosMosN was reported to be formed
in the S0A973 (Co/(Co+ Mo) ratio of 0.5) but a small
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FIG.1. XRD patterns of cobalt molybdenum oxide and nitrides:
(A) 25A773, (B) 25A873, (C) 25A923, (D) 25A973, (E) 25A1023, and
(F) 25A1073. Symbols are (®) CosMosN, (H) y-Mo,N, (A) B-Mo,;Nj s,
() MoOs,, (A) Mo metal, and (V) Co metal.

amount was observed at 43.5° in 25A973. For 25A1023
(Fig. 1E) and 25A1073 (Fig. 1F), the peaks of CosMosN
were clearly observed at40.1,42.6,and 46.6°, in good agree-
ment with those of CosMo3N previously reported (4) and
observed at 20 =40.1, 42.6, and 46.6° from the ammonoly-
sis of CoMoQOy4 by Jackson et al. (2). Bem et al. (1) re-
ported that FesMosN had a cubic structure and Ni;MosN
had an orthorhombic structure. Moreover, Jacobsen (12)
reported that the structures of FesMosN and CosMosN
consisted of corner-shared NMog octahedra with the Fe
or Co atoms occupying the sites between the octahedra.
For two catalysts, Mo metal was formed as shown by the
peaks at 20 =40.5 and 69.9° with a small amount of S-
Mo;Ny7g at 26 =37.8 and 42.9° and a peak at 20 =52.0°.
The characteristic XRD peak was reported to be ascribed
to CoaN at 51.9° (25) and CosN at 50.6° (26) and 50.9°
(27) or ascribed to Co metal (cubic) at 51.6° (3). Milad
et al. (26) described XPS studies in which the Co species
were not completely reduced to Co metal during the nitrid-
ing of Co304 at 973 K but to Co4N. This would explain why
various Co and Mo species, such as CosMo3N, 8-Mo, Ny 7,
Mo metal, and Co nitride, were formed during the nitrid-
ing at 1073 K, while CosMosN was formed together with
y-Mo,N (and Co-Mo oxynitride) at 1023 K. The catalyst ni-
trided at 973 K contained y-Mo,N (and Co-Mo oxynitride)
with a small amount of CosMo3N. y-Mo, N was formed with
MoO; during the nitriding at 873 and 923 K.

The XRD patterns of the catalysts prepared according to
feed mixture A, B, C, or D, which were oxidized at 723 K in
air, are shown in Figs. 2A to 2D. They show the influence of
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FIG.2. XRD patterns of cobalt molybdenum oxide and nitrides:
(A) 25AF723, (B) 25BF723, (C) 25CF723, (D) 25DF723, (E) 25A973,
(F) 25B973, (G) 25C973, and (H) 25D973. Symbols are (@) CosMosN,
(M) y-Mo,N, (A) MoO,, (V) Co metal, (O) CoMoOy, (0) MoOs, and
(V) CoO.

TABLE 2
Surface Area and Crystalline Size of Cobalt Molybdenum Nitrides

Monometallic phase Bimetallic phase

Sample Identification Dc“(nm) Identification Dc“(nm)
25A773 MoO, 12.1° —
25A873 y-Mo,N 9.4¢ —
25A923 y-Mo,N 4.5¢ CosMosN n.d.”
25A973 y-Mo,N 9.1¢ CosMosN n.c.t
25A1023 ﬂ-MOzNojg 159d C03M03N 216h
25A1073 Mo metal 20.1¢ CosMosN 27.4"
50A973 — n.d.f Cos;MosN 30.3"
25B973 y-Mo,N n.d.f CosMosN 24.1
25C973 y-Mo,N 14.5¢ Cos;MosN 14.5
25D973 y-Mo,N 11.0¢
Co metal 18.3

¢ By Scherrer equation, D, =0.94/B cos6. A = 1.542A, B is the full

width at half-maximum corrected for instrumental broadening, and 6 is
the Bragg angle of the diffraction peak.

®MoO, (111) phase.

¢ y-Mo,N (200) phase and Co-Mo oxynitride.

4 B-Mo,Ny 75 (200) phase.

¢ Mo metal (110) phase.

/ Not detected.

¢ Not calculated (very weak peak at 43°).

" The peak of Co;MosN phase at 42.6°.
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FIG.3. TEM micrographs of (A) 25A923, (B) 25A1023, and (C) S50A973.

the parent oxide precursors on the formation of the cobalt
molybdenum nitride. The 25AF723,25BF723, and 25CF723
catalysts (Figs. 2A-2C) contained MoO3; and CoMoOQy,
while 25DF723 (Fig. 2D) consisted of MoO3 and CoO in the
precursor mixture. This shows that CoMoO4 was formed
during the oxidation of either cobalt nitrate or ammonium
heptamolybdate as the starting material at 723 K. CosMo3sN
(Figs. 2F and 2G) was clearly formed in 25B973 and 25C973
and a small amount in 25A973 (Fig. 2E) by the nitridation
of cobalt nitrate and/or ammonium heptamolybdate, but
y-Mo,N and cobalt metal without CosMosN were formed
in 25D973 (Fig. 2H) by nitriding CoO and MoOs;. Thus,

CosMo3N was not obtained by the nitridation of the mix-
ture of CoO and MoOj but by the nitridation of CoMoOy4.

Morphology of Cobalt Molybdenum Nitrides

The morphologies of the 25A923,25A1023, and S0A973
catalysts were determined by TEM and EDS measurements
and are shown in Figs. 3 and 4, respectively. Figure 3A
shows that sample 25A923 is composed of large particles
(b) surrounded by a large number of small particles ((a), ca.
4 nm). This particle size was close to the crystallite size, Dc,
of 4.5 nm obtained from XRD (Table 2). The EDS anal-
ysis (Fig. 4A) showed that particles (a) and (b) exhibited
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FIG. 3—Continued

Co/Mo ratios of (a) 0.01 and (b) 0.07, respectively, thus
proving that these particles mainly contained y-Mo,N. Fur-
thermore, Fig. 3B shows that 25A1023 contained large par-
ticles (d) of 20 to 30 nm (Dc of 15.9 nm by XRD) sur-
rounded by a number of small particles (c). The Co/Mo
ratio of the particles (d) was 0.22, which is a long way from
unity, although the XRD patterns indicate the formation
of CozMosN in 25A1023. Therefore, the low Co/Mo ra-
tio (0.22) is probably due to the presence of one slab of
CosMosN together with three slabs of y-Mo,N particles.
Thus, the particles (d) contained CosMo3sN, which appeared
to be relatively large, flat crystallites. In Fig. 3C, the particles

(e) of the 5S0A973 catalyst exhibit the highest Co/Mo ratio
(3.5) and consist of Co nitride with CosMo3N as revealed by
the TEM image. The particles (f) (C/Mo=0.35, ca. 4 nm)
had a particle size similar to that of y-Mo,N. Therefore, the
particles contained y-Mo,N with Co nitride. Furthermore,
based on the TEM image, the size of the particles (g) was
about 20 nm, which was similar to a D¢ of 30.3 nm after
the XRD analysis. The Co/Mo ratio of (g) was 0.9, suggest-
ing that the particles were composed of CosMozN. Highly
crystalline CosMo3N species were observed in 50A973. In
the 25A923 and 25A1023 samples, small molybdenum ni-
tride particles were formed and surrounded the crystallite
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TABLE 3

The Surface Properties and Data for Thiophene HDS on Various Cobalt Molybdenum Nitrides and Sulfides

: - HDS rate” but
rreversible 2 -1 P n-butane
CO uptake Site density Ser (m7g”) (umol min™ g77) TOF¢ distribution
Catalyst (umolg™) (atom nm~2) Before® After? 0.167 h 8h (min~) (%)
25A773 166 3.8 59 21 119 80.2 0.32 64
25A873 265 1.6 101 91 97.8 58.7 0.37 60
25A923 243 1.0 150 75 63.7 325 0.26 53
25A973 166 0.8 124 45 86.6 534 0.52 54
25A1023 101 1.3 47 50 48.4 36.1 0.48 50
25A1073 35 0.5 40 21 29.8 14.8 0.85 46
255623 25 5.1 3 1 47.3 28.1 1.9 39
25A5623 38 0.4 66 40 68.0 32.0 1.8 40
25B973 786 8.2 58 — 71.0 33.8 0.09 52
25C973 277 1.6 107 — 50.3 243 0.18 47
0A9734 372 2.1 112 74 67.3 50.5 0.19 60

9 Before and after the HDS reaction.

b At 623 K and atmospheric pressure.

¢ Mol converted thiophene/mol CO s™.

4 Reference 4.

of y-Mo,N and CosMosN. The presence of cobalt at small
amount probably prevented crystal growth of y-Mo,N and
C03M03N.

BET Surface Area and Pore Distribution

Figure 5 shows the BET surface areas for A773-1073 with
ratios of Co/(Co+ Mo) =0, 0.25, and 0.5. Table 3 lists the
surface areas of the nitrided catalysts. The surface area
of the samples increased from 59 m?g~! for 25A773 to
150 m? g~! for 25A923 and then decreased to 40 m? g~!
for 25A1073. The surface area of the catalysts (25A773-
1073) showed a volcano-type curve with nitriding temper-
ature and a maximum value (150 m? g~!) for 25A923. As
expected, the 25A923 catalyst with the highest surface area
had very small particles (4 nm), while the 25A1023 and
25A1073 catalysts had large particles (less than 20 nm) with
small surface areas. The surface area of 25A975 (124m? g~ 1)
was relatively not as low as that of 25A923. The 25A1023
and 25A1027 catalysts containing Co3sMosN had a larger
surface area than those reported previously of 11 (12) and
66 (3). However, the surface areas of the samples without
CosMo;N were larger than those of the catalysts: 103 m? g1
for the Co—Mo oxynitride nitrided at 892 K (5), 148 for the
catalyst nitrided at 883 K (10), 150 for 25A923, and 194
for the 4.8% Co 95.2% Mo catalyst nitrided at 973 K (8).
In Fig. 6, the distributions of the micropores (Fig. 6A) and
mesopores (Fig. 6B) for (a) 0A923, (b) 25A923, and (c)
25A1023 are shown. The 25A923 catalyst (b) exhibited a
larger micropore volume than 0A923, indicating that the
presence of cobalt increased the pore structure. The mi-
cropores and mesopores of the catalyst nitrided at 923 K
were larger than those of the catalyst nitrided at 1023 K.

Thus, the nitriding treatment at 1023 K made the crystallines
of CosMosN and 8-Mo, Ny 7g grow and thereby shrink the
pore structure of the molybdenum nitride.

Determination of Cobalt Molybdenum Nitride
and Water by TPR

The formation of CosMosN on the surface of the cata-
lysts nitrided at 973 to 1073 K during the TPR measure-
ment is shown in Fig. 7. Ammonia and nitrogen were des-
orbed during the TPR. For the desorption of ammonia, the
peak shape for 25A1023 (Fig. 7C) was analogous to that of
50A973 (Fig. 7D) (which contains CosMo3N) with a broad
peak above 900 K. However, the 25A973 catalyst (Fig. 7B)
had two peaks at about 600 and 800 K, which were different
from those for 25A1023 and 50A973. Since the desorption
peaks of ammonia at about 600 and 800 K were due to
the adsorbed NHy on the surface of y-Mo,N (17-20), the
25A973 catalyst was comprised of y-Mo,N on the surface.
For 25A1023 and 50A973, the ammonia desorption was
probably due to the NHy species adsorbed on CosMosN
(Figs. 7C and D). Moreover, the nitrogen desorption profile
for 0A973 (Fig. 7A) (y-Mo;N from XRD) exhibited three
peaks at about 900, 1100, and 1200 K (17-20); the release
from adsorbed NHy, the transformations from y-Mo;,N to
B-Mo;Nj 78 and from B-Mo,; Ny 73 to Mo metal. The 25A973
(Fig. 7B) catalyst did not show the significantly characteris-
tic three peaks, but peaks smaller than 0A973. The nitrogen
desorption profile for 25A973 above 1200 K was similar
to that for 25A1023 (Fig. 7C). As a result, the 25A973
catalyst probably contained a small amount of CosMosN
and y-Mo,;N. Furthermore, for the 100A973 catalyst
(Fig. 7E) the broad nitrogen desorption peaks above 1100 K
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FIG. 4. EDS spectra of (A) 25A923, (B) 25A1023, and (C) 50A973. The letters (a)—(g) correspond to the particles indicated in Figs. 3A-3C.

and the peaks of ammonia desorption at about 700 and
1050 K were different from the peaks in Figs. 7A-7D. This
suggests that Co nitride was formed on the surface of
the 100A973 catalyst, as reported by Milad et al. (26).
Therefore, y-Mo,N with a small amount of CosMozN was
mainly present on the surface of 25A973, CosMosN on the
surfaces of 25A1023 and 50A973, and cobalt nitride on
the surface of 100A973. Furthermore, water was slightly
formed in the catalysts (Figs. 7B-7E) compared to 0A973

during TPR, suggesting that the cobalt containing catalysts
nitrided at 973 K was likely to contain a small amount of
Co-Mo oxynitride and cobalt oxide.

Oxidation States of Cobalt Molybdenum Nitride

The distribution of the oxidation states of molybdenum
and cobalt of the 25A773-1023 catalyst as obtained from the
XPS measurements as a function of nitriding temperature
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FIG. 4—Continued

is shown in Figs. 8A and 8B, respectively. Mo?* and Mo"
were predominant in the Mo species and Mo? increased
above 923 K. The Mo**, Mo*t, and Mo>* contents were
below 12%, regardless of the nitriding temperature. For
the Co species, Co’* was predominant with low percent-
ages of Co” and Co®*, which gradually increased with in-
creasing nitriding temperature. Co?* was mainly present at
all nitriding temperatures, even nitriding at 1023 K. This is
probably due to the formation of cobalt oxide and Co—-Mo
oxynitride as well as the coexistence of various Co and Mo
species on the surface. From the XRD analysis, the for-
mation of y-Mo,N (20 =37.4 and 43.5°), 8-Mo,Ny 75 (37.8
and 42.9°), CosMosN (35.5 and 42.6°), and MoO; (36.9°)
probably concealed the presence of CoO (36.7 and 42.3°)

and Co-Mo oxynitride (37 and 43°). The catalysts were not
exposed to air in the procedure from catalyst nitriding to
placement into the XPS prechamber. Cobalt oxide could
not be completely nitrided but remained in the oxide state
under the conditions of this nitriding treatment. Further-
more, since molybdenum nitrides contained Mo’ (§ =0
and 2 (20, 24) and 0 <68 <4 (7, 22, 23)), the Mo atomic
valence of CosMo3N also exhibited Mo®* (§ <2). There-
fore, the 25A773 and 25A873 catalysts, which contain MoO,
and y-Mo,N according to XRD, mainly contained Mo**,
Mo**, and Co?*, while the 25A973 sample contained Mo,
Mo?*, Co’, and Co?* (CosMosN and y-Mo,N by XRD).
Co" was mainly formed with Mo® at 1023 K, suggesting the
formation of Co nitride and CosMosN in the catalyst.
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Activity of Cobalt Molybdenum Nitrides
for Thiophene HDS

Figure 9 shows the rates of the HDS of thiophene over
various catalysts with Co/(Co+Mo)=0.25 at 623 K as a
function of time on stream. The 25A773 catalyst was the
most active, while the 25A1073 catalyst was the least ac-
tive. The 25A773-973 catalysts exhibited HDS rates higher
than the 255623 catalyst from sulfiding 25AF723 (CoMoOy4
by XRD). The HDS rates for 25A873-923 and 25S623
gradually decreased and reached a steady state after 4 h
on stream, but the rate for 25A973 gradually increased
after 3 h on stream. The 25A973 was more active than
the 25A923. The higher activity of 25A973 than 25A923
is probably due to the presence of a small amount of
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FIG. 6. Pore size distribution of (A) micropore region and (B) meso-
pore region for the (a) 0A923, (b) 25A923, and (c) 25A1023 catalysts.
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FIG.7. TPR spectra of (A) 0A973, (B) 25A973, (C) 25A1023, (D)
50A973, and (E) 100A973. Symbols are (O) NH;, (H) N,, and (@) H,O.

CosMosN before the reaction and its obvious formation af-
ter the HDS reaction (Fig. 10). The reaction products were
n-butane, 1-butene, cis-2-butene, and trans-2-butene. n-
Butane made up 64% of the reaction products for 25A773,
54% for 25A973, and 39% for the 25S623. The product
distribution of the butenes for thiophene HDS over the
catalysts was close to that predicted for the thermody-
namic equilibrium: cis-2-butene/trans-2-butene = 0.73-0.77
and 1-butene/2-butene = 0.33.

The cobalt molybdenum nitrides with Co/(Co + Mo) =
0.25, prepared by different methods, were tested for
thiophene HDS as shown in Table 3: 25A973 (from
CO(NO3)2 . HQO and (NH4)6M07024 ~4H20), 25B973
(from Co(NOs3);H,O and MoOs;), and 25C973 (from
CoO and (NH4)6Mo070,4 - 4H,0). The 25A973 catalyst was
about 1.6 and 2.2 times more active than the other two cata-
lysts after §h on stream, indicating that the mixture of cobalt
nitrate and ammonium molybdate was a good precursor
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for an active HDS CoMo nitride catalyst compared to the
precursors prepared with CoO and/or MoOs. The HDS
rate of 25A973 was 1.3 (at 0.167 h) times more active
than the unsupported y-Mo,N (0A973) and was reported
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FIG. 9. The rate of thiophene HDS over the cobalt-molybdenum ni-
tride catalysts with Co/(Co + Mo)=0.25 as a function of nitriding tem-
perature and 258625 catalyst: (H) 25A773, (@) 25A873, (A) 25A923,
(V) 25A973, (O0) 25A1023, (O) 25A1073, (+) 255623, and (A) 25AS623.

FIG. 10. XRD patterns of (A) 25AS623 and (B) 255623 before the
reaction, (C) 255623 after the reaction, and (D) 25A973 after the reaction.
Symbols are (@) CosMosN, (H) y-Mo,N, () MoO,, and (O) CosSs.

to be the most active of the CoMo catalysts with various
cobalt loadings (4). Thus, the HDS activity (per catalyst
weight) depended on the composition (Co/(Co + Mo)) of
the cobalt molybdenum nitrides. Kim et al. (3) also found
a higher activity for the cobalt molybdenum nitride with
Co/(Co + Mo) =0.25 during thiophene HDS compared to
the other compositions. IThm ez al. (9) reported that unsup-
ported CoMo nitride with Co/(Co + Mo) =0.5 was less ac-
tive than Mo nitride.

A comparison of the CoMo nitrides with the CoMo
sulfides showed that the HDS rates for the 255623 and
25AS623 catalysts were 53 and 60%, respectively, lower
than that of 25A973. Thm et al. (9) also reported that the
sulfidation of the unsupported CosMosN at 673 K signif-
icantly decreased by 22% the activity of CosMosN. As
shown in Table 3, the HDS rate for 25A973 changed from
87 to 53 umol min~! g~! with a surface area change of 124
to 45 m? g~! during the reaction. Furthermore, the surface
areas of the 255623 and 25AS623 catalysts significantly de-
creased from 3 to 1 m? g~! and from 66 to 40 m? g~!, respec-
tively. On a surface area basis, the HDS rate of the 255623
catalyst was significantly higher than that of the other ni-
trided catalysts. Thus, the HDS activities of the unsupported
cobalt molybdenum nitride catalysts (per catalyst weight),
with and without sulfidation, were significantly affected by
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the surface area as well as by the composition of the ni-
tride catalysts. In contrast, Logan et al. (11) prepared sul-
fided and reduced CoMo00O4/Al,O3 and CozsMo3;N/Al, O3
catalysts (Co/(Co + Mo) =0.25), which were passivated in
1% O,/He and subsequently reduced in a stream of hy-
drogen at 750 K. They reported that the sulfidation of the
CoMo0O4/Al, O3 and CosMo3N/Al, O3 catalysts at 623 K re-
markably improved the thiophene HDS activity measured
at 693 K after 24 h. The activity of the unsupported sul-
fided CoMo nitride catalyst (25AS623) was higher than
the activity of the 25A973 catalyst during the initial stage
of the reaction and approached the same activity as the
258623 after 8 h. Moreover, the HDS rate for 25A973 grad-
ually increased after 3 h of the reaction. The higher ac-
tivity of the 25AS623 during the initial stage and that of
25A973 after 3 h was probably related to the improved
activity of the supported CoMo nitride in Logan’s study.
The XRD patterns before and after reaction are shown in
Fig. 10. CosMo3N was prominently formed in 25A973 after
the reaction, although CosMosN was slightly observed be-
fore the reaction. The y-Mo;N phase of 25A973 remained
upon the formation growth of Co3sMosN crystals under the
HDS conditions but no CogSg was formed. 255623 con-
tained MoO, (20 =36.9°) and CogSg before the reaction.
However, 25AS623 did not contain MoQO, but CoySg be-
fore the reaction. As a result, the sulfidation decreased the
activity to a greater extent than that 25A973 due to the
CogSg formation. 255623 was to an extent less active than
25A973 and 25AS623 due to the formation of MoO,. Thus,
the formation of MoO, and CoySg led to a decrease in the
HDS activity of the catalysts.

The CO chemisorption capacities of the CoMo nitride
and sulfide catalysts were used to normalize the activities
of the cobalt molybdenum species for the thiophene HDS
(TOFiptegrar); these results are shown in Table 3. Although
the CoMo nitride and sulfide catalysts contained a variety
of Co and Mo species, as indicated by the XRD and XPS re-
sults, the TOFjyegral probably provides a better understand-
ing of the surface active species for thiophene HDS over the
CoMo catalysts than the activities per catalyst weight. The
CO adsorption of the CoMo catalysts decreased with in-
creasing nitriding temperature. This is in agreement with
the results obtained from the irreversible CO measure-
ments for the passivated/reduced 12.5 wt% Mo/Al,O3 ni-
trided at 973 K (cooled in NHj after nitriding) (20) and
97.3 wt% MoO3/Al, O3 (purged and cooled in He after ni-
triding) (19) catalysts. The 25A773 and 25A873 catalysts
exhibited high HDS rates and high site densities for the
CO adsorption, but the TOFSsjycgral Wwere only 40% lower
than those of the 25A1073 catalyst. Therefore, the 25A773
and 25A873 catalysts contained a number of weak active
sites (TOFipegrar 0.32 and 0.37 min~'). The 25A773 cata-
lyst consisted of MoO, (and CoO) (mainly Mo?* and Co**
with Mo®* and Mo**), while the 25A873 catalyst contained
y-Mo,N and MoO, (and CoO) (mainly Mo?*, Mo’, and

Co?* with Mo** and Mo**). The 25A923 catalyst did not ex-
hibit a very high rate of HDS, even though it had a high sur-
face area and showed a high CO uptake. As a consequence,
it had a low TOFjyegral. This catalyst contained y-Mo,N
(Co-Mo oxynitride) with MoO,, which formed less active
sites on the surface. The 25A973 catalyst had a 2.7- and 2.0-
fold higher TOFjyegral than 0A973 (y-Mo,N) and 25A923,
respectively, showing that CozMos;N was more active than
y-Mo,N. In contrast, the 25A1023 and 25A1073 catalysts
had low HDS rates but high TOFjyegral values. These cata-
lysts contained CosMosN and a small number of highly
active sites. The 25B973 catalyst also had larger (10- and
15-fold) site densities than the 25A973 and 25C973 cata-
lysts, and a TOFjpegral substantially lower than those of
25A973 and 25C973. This result suggested that the 25B973
catalyst had a number of weak active sites (y-Mo,N) be-
cause CosMosN with a high TOFiyeerat Was formed in
a small amount. Thus, the oxidic precursors influenced
the formation of the active sites on the cobalt molyb-
denum nitride catalysts. Furthermore, the TOFSsjyegral Of
the 258623 and 25AS623 catalyst were 3.7 and 3.4 times
higher than that of 25A973, respectively, during thiophene
HDS after 0.167 h on stream. Consequently, the sulfida-
tion probably produces stronger active sites on the CoMo
sulfide (or sulfnitride (11)) compared to CosMosN for the
HDS reaction. The CoMo sulfide and sulfided CosMoszN
exhibited the highest TOFiyegral, followed by CozMosN
based on CO adsorption. Furthermore, for the alumina-
supported CoMo nitride/sulfide catalyst, the high density
of more active sites may increase in a layer of highly dis-
persed CoMo sulfnitride on the surface of alumina under
the reaction conditions compared to the bulk CoMo cata-
lysts (11).

CONCLUSIONS

y-Mo,;N (oxynitride) formed together with a small am-
ount of CosMosN at 973 K, while y-Mo,N (oxynitride)
formed with MoO, at 873 K. CosMosN formed together
with y-Mo,N during nitridation at 1023 K. CosMosN,
y-Mo;N, B-Mo,Nj7s, Mo metal, and Co nitride, formed
during the nitriding at 1073 K. The rate of thiophene HDS
per catalyst weight depended on the composition (Co/Mo)
and surface area. The 25A973 had a higher HDS rate and
TOFjptegral than 25A923, showing that Co3sMo3N was more
active than y-Mo,N. The 25A1023 and 25A1073 catalysts
had low HDS rates but high TOF;pegra1 values. The 25A873
catalyst exhibited only a 40% lower activity than that of
the 25A1073 catalyst, thus 25A873 contained a number of
weak active sites. In these catalysts, CosMo3N formed with
a small number of highly active sites in the catalysts. The
sulfidation of 25A973 and 25AF723 produced stronger ac-
tive sites for the CoMo sulfide (or sulfnitride) rather than
CO3MO3N.
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