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A new family of bimetallic oxycarbide compounds M'-M''-0-C
(M'=Mo, W: M''=V, Nb, Cr, Fe, Co, Ni) has been synthesized
by carburizing bimetallic oxide precursors using a temperature-
programmed method. The oxide precursors are prepared by con-
ventional solid-state reaction between two appropriate monometal-
lic oxides. The synthesis involves passing a 20 mol% CHy in Hy
mixture over the oxide precursors while raising the temperature
at a linear rate of 8.3x 1072 K s~* (5 K/min) to a final tempera-
ture (Tmax) Which is held for a period of time (thoig). The synthesis,
chemisorption properties, and reactivation of the materials indicate
that the compounds can be divided into two groups of different re-
ducibility (high and low). Their surface activity and surface area
are evaluated based on CO chemisorption and N, physisorption
measurements. It is found that the CO number density correlates
with the reducibility of the compounds.

The catalysts were evaluated for hydroprocessing 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 (dibenzoth-
iophene), 2000 ppm nitrogen (quinoline), 500 ppm oxygen (benzo-
furan), 20 wt% aromatics (tetralin), and balance aliphatics (tetrade-
cane). The bimetallic oxycarbides had moderate activity for HDN
of quinoline, with Nb—Mo-O-C showing higher HDN than a com-
mercial sulfided Ni-Mo/Al,O3 catalyst tested at the same condi-
tions. X-ray diffraction of the spent catalysts indicated that the
oxycarbides of the early transition metals were tolerant of sulfur,
while those involving the late transition metals showed bulk sulfide
phases. (© 1999 Academic Press

INTRODUCTION

As world reserves of petroleum diminish, the quality of
feedstocks will tend to decrease as available crudes are in-
creasingly contaminated with nitrogen, sulfur, and metals.
Removal of these substances from the hydrocarbon re-
source will grow in importance. Traditional catalysts that
carry out this upgrading are supported sulfides like Ni-Mo-
SIAIL,O3 or Co-Mo-S/Al,O3. We were the first to report
the preparation and reactivity of bimetallic oxynitrides (1,
2, 3). This paper concerns the preparation of a new class

1 To whom correspondence should be addressed.

of hydroprocessing catalysts composed of transition metal
bimetallic oxycarbides. The compounds are formed by al-
loying Mo and W with other transition metals (V, Nb, Cr,
Fe, Co, and Ni). A preliminary report of the Mo-Nb sys-
tem has been published (4). Because nitrogen removal is
more difficult than sulfur removal, the focus of the catalytic
studies will be on hydrodenitrogenation.

In recent years, transition metal carbides have received
considerable attention as catalysts (5-11). Molybdenum
and tungsten carbides are particular attractive because they
resemble the noble group 8-10 metals (Pt, Pd, Rh, etc.) in
catalytic activity and in some cases offer superior selec-
tivity, stability, and resistance to poisoning (12-15). Con-
siderable work has been done on the application of these
compounds to hydroprocessing (16-19). Recently, a num-
ber of studies on bimetallic nitrides have appeared (20—
22).

Most monometallic transition metal carbides are com-
posed of close-packed or near-close-packed metal arrays
with the carbon atoms occupying the interstitial sites be-
tween metal atoms. For this reason, these carbides are some-
times termed interstitial alloys. Each carbon is surrounded
by six metal atoms located at the corners of octahedra or
trigonal prisms. The different atomic packings adopted by
carbides and nitrides is described by Hagg'’s rule (23). Ba-
sically, simple structures are formed if the radius ratio of
nonmetal to metal (r value) is less than 0.59. The effect of
electron count on crystal structure has also been described
(24).

Complete filling of all the octahedral sites in a cubic close-
packed (ABC, ABC, ... sequence) metal array with carbon
results in the B1 (NaCl) structure common for monocar-
bides, e.g., TiC, ZrC, HfC, VC, NbC, TaC, etc. Random
filling of half of the octahedral sites in the hexagonal close-
packed metal array (AB, AB, ... sequence) results in the L
structure common among the subcarbides, e.g., V2C, Nb,C,
Ta,C, Mo,C, W-,C. Orderly filling half of the trigonal-prism
sites (all the B sites) in the simple hexagonal metal array
(A, A, ...sequence) results in the WC structure, e.g., WC.
The structures described above are examples of the sim-
plest forms adopted by most of the binary metal carbides.
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Deviations occur when the r value exceeds 0.59. For exam-
ple, Cr3C,, with an r value of 0.61, is orthorhombic.

In contrast to the monometallic compounds, bimetallic
carbides generally have complex structures, and a number
have been reported in the literature. The 8-Mn type car-
bides have general formula MyMJ/C, (x=3, y=2, z=1)
with M' usually a transition metal and M'' a group 11-13 el-
ement (25). The crystal structure of these compounds is cu-
bic (space group P4,32) (26). The perovskite-type carbides
have general formula M,M}'C, (x=3, y=1, z=0.3-1.2)
with M' usually a transition metal and M"' a group 12-14
element (27). The crystal structure of these compounds is
cubic (space group Fm3m). The H-type carbides have gen-
eral formula M>'(M)','CZ (x=2,y=1,z=1) also with M' a
transition metal and M'" a group 12-14 element. The crys-
tal structure of these compounds is hexagonal (space group
P63s/mmc) (28). The «-type carbides have a general for-
mula M{M,'C;, (x=9, y =3, z=4) with a hexagonal crystal
structure (space group P63/mmc) (29). The n;-type carbides
have general formula M{MJ'Cy (x =0.5-1) (30) and the -
type carbides have general formula MJM}'C. Both of them
have cubic crystal structures (space group Fd3m) (31). The
k- and n-carbides are generally formed between an early
and a late transition metal.

In this paper we report a new class of oxycarbides with a
general formula MyM,'C,0,, (x=1-2,y=1-2,z=1-5and
w = 0-3) with M'=Mo or W and M'' =V, Cr, Mn, Nb, Fe,
Co, and Ni (Groups 5-10). These compounds can be distin-
guished from previously reported compounds from their
composition and crystal structure. Whereas other bimetal-
lic carbides generally have low molar concentrations of car-
bon, these compounds have high proportions of the non-
metallic component (C and O). Also previously reported
compounds have complex structures, whereas the com-
pounds in the present work have mostly simple cubic or
hexagonal structures.

EXPERIMENTAL

A. Materials

Materials used in the current investigation were molyb-
denum (VI) oxide (MoOsj;, 99.95%, Johnson Matthey),
tungsten (V1) oxide (WO3, 99.8%, Johnson Matthey), vana-
dium (V) oxide (V20s, 99.9%, Johnson Matthey), niobium
(V) oxide (Nb,Os, 99.9%, Johnson Matthey), nickel (11)
oxide (NiO, 99%, Johnson Matthey), chromium (111) oxide
(Cr03, 98%, Aldrich), manganese (11, 111) oxide (Mn3Oy,
Mn 71%, Johnson Matthey), iron (111) oxide (Fe;O3, 99.9%,
Johnson Matthey), and cobalt (11, 111) oxide (Co3O,4, Co
72%, Aldrich). The gases employed were 20% CHj/H;
(Airco, UHP Grade), He (Airco, Grade 5.0), and 0.5%
O,/He (Airco, UHP Grade).

OYAMA, YU, AND RAMANATHAN

TABLE 1

Preparation Conditions for Bimetallic Oxides

System Starting Metal ratio  Firing temp.  Time hold
(M -My) materials (My:My) (Tmax) at Tmax
V-Mo-O V205—M003 2:1 948 K 6h
Nb-Mo-O  Nb;Os-M0O3 2:3 1058 K 6h
Cr-Mo-O Cr,03-MoO; 1:1 1058 K 6h
Fe-Mo-O Fe;O3-MoOs3 1:1 1058 K 6h
Ni-Mo-O NiO-MoO3 1:1 1058 K 6h
V-W-O V,05-WO3 1:1 1323 K 6h
Nb-W-O Nb,Os-WO; 2:3 1323 K 6h
Mo-W-O MoO;-WO3 1:1 1058 K 6h
Fe-W-0O Fe,O3-MoO; 2:1 1323 K 10h
Co-W-O C0304~WO; 1:1 1373 K 6h
Ni-W-O NiO-Wj; 1:1 1323 K 10h

B. Synthesis of Catalysts

Bimetallic oxide precursors were prepared by the solid
state fusion of two monometallic oxides. In all cases one of
the oxides was MoOj3 or WO3;. The two monometallic ox-
ides, at a prechosen metal ratio (Table 1), were first ground
together using a mortar and pestle with added ethanol to
achieve better dispersion. They were then partially dried
and pressed at about 55 MPa (8000 psi) in a 1.25 cm
(1/2 inch) diameter hard steel die. Since the remaining
ethanol in the mixture facilitated compacting, no chemical
binder was needed for pressing. The oxide compacts (~1 g,
each) were subsequently fired at high temperature for 6 h
and were finally cooled to room temperature and pulver-
ized to a micrometer-sized powder in preparation for the
carbiding step. The preparation conditions for the bimetal-
lic oxides, including starting materials used, metal ratios
chosen, and final firing temperatures, are summarized in
Table 1.

Bimetallic oxycarbides were prepared by the tempera-
ture programmed synthesis (TPS) of the bimetallic oxides
with a 20% CH,4/H, gas mixture. The bimetallic oxide pow-
ders prepared, as described above, were transferred to a
quartz reactor, which was placed inside a tubular resistance
furnace (Hoskins, 550 W) controlled by a temperature pro-
grammer (Omega Model CN2000). A 20% CH4/H; gas mix-
ture was passed through the oxide powders at a flow rate of
2.73 x 1072 umol s~ (400 cm®min) for a 0.5~ 1 g batch and
10.93 x 1072 xmol s~* (1600 cm®/min) for a 4 g batch. The
temperature was increased at a linear rate of 8.3 x 1072 K
s~1 (5 K/min) to a final temperature (Tmax) Which was held
for a period of time (thog). During the TPS process, the
effluent gas stream was sampled into a mass spectrometer
(Ametek/Dycor Model MA100) chamber through a vari-
able leak valve (Granville Phillips Model 203). A computer
(Thoroughbred, 80386SX-16) recorded the mass signals of
the effluent gas and the sample temperatures through a
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TABLE 2

Synthesis Conditions for Bimetallic Oxycarbides

System Metal ratio Final temp. Time hold
(M-M-0-C) (Mi:My) (Tmax) at Tmax (thoid)
V-Mo-O-C 2:1 1053 K 70 min
Nb-Mo-O-C 2:3 1063 K 90 min
Cr-Mo-0O-C 1:1 1073 K 60 min
Fe-Mo-O-C 1:1 943 K 35 min
Ni-Mo-O-C 1:1 923 K 40 min
V-W-O-C 1:1 1153 K 25 min
Nb-W-O-C 2:3 1053 K 50 min
Mo-W-0O-C 1:1 1003 K 30 min
Fe-W-O-C 2:1 1033 K 35 min
Co-W-O-C 1:1 1053 K 24 min
Ni-W-0O-C 1:1 973 K 50 min

RS232 interface. At the end of the synthesis the furnace
was removed to quench the samples and the flow of 20%
CH4/H;, mixture gas was switched to helium and maintained
during the cooling process (900 s). After cooling, the pure
He gas was switched to a gas mixture containing 0.5% O in
He. The time of passivation was determined to be sufficient
by monitoring the oxygen signal with a mass spectrome-
ter (Ametek/Dycor Model MA100) until it reached steady
state. The synthesis conditions of bimetallic oxycarbides,
Tmax and thoig, are listed in Table 2.

C. Characterization

X-ray diffraction (XRD) analysis of both bimetallic ox-
ides and bimetallic oxycarbides was carried out using a pow-
der diffractometer (Scintag, Model XDS2000) with a CuK«
monochromatized radiation source), operated at 40 kV and
25 mA. Elemental analysis of the sample was carried out
by atomic absorption spectroscopy. The sample was also
characterized by TPR to 728 K, CO chemisorption, and
N, physisorption. CO up-takes of both in situ and passi-
vated/reduced samples were measured.

TPR of the passivated samples was carried out by passing
a 10% H; in He gas mixture through the samples, placed
in quartz microreactors, at a rate of 20.4 umol s~* (50 cm®
min). The temperature was increased at a linear rate of
0.16 K s~* (10 K/min) to 728 K, where it was held for 2 h.
The temperature of the sample was measured through a
chromel-alumel thermocouple placed in a well, located at
the center of the reactor bed. As with the TPS the effluent
from the reactor was sampled into a mass spectrometer to
monitor species desorbed during the heating. At the end of
the TPR process, the Hy/He gas mixture was switched to
pure He, and the samples were brought to room tempera-
ture for CO chemisorption measurements.

CO chemisorption was used to titrate the surface metal
atoms in the sample. The in situ CO uptake was measured
right after the synthesis without exposing the samples to
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oxygen. Pulses of CO gas were introduced through a sam-
pling valve with the He carrier gas stream passing over the
samples. The total uptake was calculated by referring the
areas under the CO mass signal (28) peaks to the known
guantity of 12.02 umol CO for a single peak. CO uptake of
the reduced sample was measured, in the same way;, after a
2 h reduction (described above) of the passivated sample.

Surface area was determined immediately after the CO
uptake measurement by a similar flow technique using a
30% N3 in He gas mixture passed over the sample main-
tained at liquid nitrogen temperature. The amount of ph-
ysisorbed N, was obtained by comparing the area of the des-
orption peaks to the area of calibrated N pulses containing
37.95 umol Ny/pulse. The surface area was then calculated
from the single point BET equation.

D. Catalytic Testing

Catalysts were tested in a three-phase trickle-bed reactor
(32) operated at 3.1 MPa and 643 K. The testing unit con-
sisted of three parallel reactorsimmersed in a fluidized sand
bath (Techne, Model SBL-2). The temperature of the sand
bath was controlled by a temperature controller (Omega,
Model 6051K). The reactors were 19 mm/16 mm OD/ID
316 SS tubes with a central thermocouple which measured
the temperature of the catalyst bed. The catalysts were in
the form of coarse powders and were supported between
guartz wool plugs in a 13 mm ID 316 stainless steel basket.
Purified hydrogen was compressed to 10.2 MPa and the
flow to the reactors was regulated by mass flow controllers
(Brooks, Model 5850E). A liquid feed mixture was metered
from burettes using high pressure liquid pumps (LDC An-
alytical, Model NCI 11D5). Liquid samples were collected
downstream and analyzed off-line using a gas chromato-
graph equipped with flame ionization detector.

Experimental runs consisted of testing out a series
of transition metal bimetallic carbides for their activity
in hydrogenation (HYD), hydrodenitrogenation (HDN),
hydrodesulfurization (HDS), and hydrodeoxygenation
(HDO) using model compounds at 643 K and 3.1 MPa. A
commercial Ni-Mo-S/Al,O3 sample (Shell 324) was used
as a reference. HYD refers to hydrogenation of aromatic
rings without removal of heteroatoms, whereas HDN, HDS,
and HDO refer to the total removal of N, S, and O, respec-
tively. The liquid feed mixture consisted of 3000 ppm sulfur
(dibenzothiophene, DBT), 2000 ppm nitrogen (quinoline,
QNL), 500 ppm oxygen (benzofuran, BZF), 20 wt% aro-
matics (tetralin, TTL), and balance aliphatics (tetradecane,
TTD). A typical experiment consisted of loading about 0.2—
5.3 g (powder of particle size ca. 1 um) of the catalyst
equivalent to a total surface area of 30 m% The catalysts
were physically mixed with quartz chips (35/45 mesh), if re-
quired, to make up a bed volume of 1 cm®. Prior to catalytic
testing, the bimetallic carbides were activated in flowing hy-
drogen while the Ni-Mo/Al,Oj3 catalyst was sulfided using
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a 10% H,S/H, gas mixture as described by the manufac-
turer. The pretreatment was carried out in situ at 723 K
and atmospheric pressure for 3 h. After the pretreatment,
the reactors were cooled down to the reaction temperature
(643 K) and hydrogen was pressurized to 3.1 MPa. The lig-
uid feed rate was adjusted to 5 cm®/h and the hydrogen flow
rate was set at 150 cm3(NTP)/min (100 xmol s~1). Samples
were collected at regular intervals for a period of 60 h by
which time the catalysts showed steady state activity. Blank
experiments with quartz chips duly indicated negligible ac-
tivity of the empty reactors.

After the reaction, the spent catalysts were cleaned with
hexane solvent for 24 h to wash out any residual liquid on
the catalyst surface and air dried until the solvent evapo-
rated. The bulk composition of the catalysts was identified
by X-ray diffraction.

RESULTS

Figures la-1k show the XRD patterns of oxides after
solid state reaction. For comparison, the XRD patterns of
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FIG. 1. X-ray diffraction patterns of bimetallic oxides.
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FIG. 2. X-ray diffraction patterns of parent monometallic oxides.

the starting monoxides are shown in Figs. 2a—2h. The promi-
nent features of each product’s XRD pattern, i.e., peak po-
sition and intensity, do not match those of the parent ox-
ides, nor their reduced forms. The results suggest that at
least the major phases of the products are true bimetal-
lic oxides, instead of mechanical mixtures of the starting
oxides.

Figures 3a—3k show the synthesis traces of masses (M) 2,
15, 18, 28, and 44, as well as the temperature profile dur-
ing the reaction. The signals at M =2 and 15 represent hy-
drogen and methane, while the signals at M =18, 28, and
44 represent water, carbon monoxide, and carbon dioxide,
respectively. The XRD patterns of the oxycarbides synthe-
sized are shown in Figs. 4a—4k.

Table 3 reports the elemental composition of the bimetal-
lic oxycarbides. Comparison is made to the nominal “the-
oretical” metal mole ratio based on the preparation stoi-
chiometry.

Table 4 lists the calculated CO uptakes, surface areas,
and the active site densities of the in situ and passivated
oxycarbides. The surface area of the samples varies from
low (5 m?g~1) to high (124 m?g1). The CO uptake ranges
from zero to moderate (186 xmol g1) for the reduced sam-
ples, and it ranges from zero to high (520 umol g~?) for the
in situ samples.



TABLE 3

Molar Composition of Bimetallic Oxycarbide M'-M''—O-C (from Elemental Analysis)

MII MI
MII : MI

Sample (Theoretical) \Y Nb Cr Fe Co Ni Mo w C (e}
V-Mo-O-C 2:1 2.0 0.9 1.9 15
Nb-Mo-O-C 2:3 20 24 4.7 2.6
Cr-Mo-O-C 1:1
Fe-Mo-O-C 1:1 1.0 1.0 0.49 0.58
Ni-Mo-O-C 1:1 1.0 0.9 0.46 0.14
V-W-0O-C 1:1 1.0 0.9 21 —
Nb-W-O-C 2:3 1.0 1.0 1.3 —
Mo-W-O-C 1:1 1.0 1.0 1.0 1.9
Ni-W-O-C 1:1 1.0 1.0 1.0 —
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FIG.3. Temperature programmed synthesis of bimetallic compounds. (a) V-Mo-O-C; (b) Nb-Mo-O-C; (c) Cr-Mo-O-C; (d) Fe-Mo-O-C;
(e) Ni-Mo-0O-C; (f) V-W-0-C; (g) Nb-W-O-C; (h) Mo-W-0O-C; (i) Ni-W-O-C; (j) Fe-W-0O-C; (k) Co-W-O-C.



TABLE 4

Characteristics of Bimetallic Oxycarbides

In situ After passivation-reactivation
CO uptake  Surface area Site density CO uptake  Surface area Site density

Sample (uwmol g7%) (Sgm?g™)  (x10¥cm™?)  (umolg?h) (Sgm?g7Y) (x 10%5 cm™?)
V-Mo-O-C 23 41 0.034 — — —
Nb-Mo-O-C 227 124 0.11 54 98 0.033
Cr-Mo-0O-C 0 47 0 0 47 0
Fe-Mo-O-C 152 12 0.76 50 14 0.22
Ni-Mo-O-C 520 31 1.01 186 35 0.32
V-W-0O-C 0 26 0 0 26 0
Nb-W-O-C 195 51 0.23 14 51 0.017
Mo-W-O-C 357 48 0.45 141 48 0.18
Ni-W-O-C 95 5.6 1.02 80 6.3 0.76
Co-W-O-C 0 7.9 0 0 8.7 0
Fe-W-O-C 0 5.2 0 0 54 0
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FIG. 3—Continued
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TABLE 5

Figures 5-7 show the temperature profiles as well as the Summary of Catalyst Performance in Hydroprocessing
TPR traces of samples after CO chemisorption then passi- at 3.1 MPa and 643 K
vation. Masses at 2, 15, 18, 28, gnd 44 represent hyo!rogen, % QNL Conversion HDN HDS
methane, water, carbon monoxide, and carbon dioxide, re- Catalyst HYD + HDN % %
spectively.

Tables 5 and 6 summarize the results of the hydroprocess- Eib—_l\lroo—_c?—_cc gg ‘2"3 %
ing activity stud_ies. Tests are carri_ed out on Nb—l\/l_o—O—(_?, MO-W_O-C 65 10 3
Mo-W-0O-C, Ni-Mo-O-C, and Ni-W-O-C. A sulfided Ni-  nj—w—O-C 50 0 20
Mo-S/Al,O; catalyst is used as a reference. Mo,C* 86 58 45

Figure 8 shows the XRD patterns of samples after re- WbC* 81 28 16

; P ; NbC* 57 5 3
action. They indicate that in some cases the catalysts are Ni-Mo-S/ALOs o 28 79

stable in the sulfur-containing stream, while in other cases
they decompose into sulfides.

* Ref (35).



542

V-Mo-0-C M a
Y .

Nb-Mo-0-C M b
AW,

Cr-Mo-0O-C A c
o et

Fe-Mo-O-C \ H d

Ni-Mo-0-C \ o

V-W-0-C A M | /\ f

Nb-W-O-C A g

Mo-W-0-C H h

Fe-W-O-C h i

Co-W-0-C A i

LNi-w-o-c n l k
A a ]

L} I T I T I L] l T I T I L) I L)
10 20 30 40 50 60 70 80 90

Degree/20

Intensity / Arbitrary Unit

FIG. 4. X-ray diffraction patterns of bimetallic oxycarbides.

DISCUSSION

A. Synthesis

The preparation of the bimetallic carbides was carried
out by the controlled carburization of bimetallic oxides.
An important aspect of the synthesis was the use of true
bimetallic precursors, for itis known that a physical mixture
of oxides produces a mixture of carbides (33). For this rea-

TABLE 6

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

Total turnover rate (s™2)

Catalyst (HYD + HDN + HDS) HDN turnover rate (s™%)
Nb-Mo-O-C 23x107° 1.3x1078
Ni-Mo-O-C 9.6 x 1074 20x107*
Mo-W-0-C 12x10°8 1.8x 10
Ni-W-O-C 12x10™* —

Mo,C? 3.0x1072 11x1078
wc? 3.7x1078 1.6 x 1073
NbC? 6.0x107* 49x10™*
Ni-Mo-S/Al,O4 49 %1074 6.5x107*

2 Calculated based on the data reported in Ref. (35).
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son considerable effort was expended on the preparation
of ternary oxide compounds (Fig. 1) containing no traces
of binary oxide components (Fig. 2). The preparation con-
ditions for the mixed oxides (Table 1) were varied for each
oxide compound to ensure complete solid state reaction of
the constituents.

For the carburization, a temperature-programmed syn-
thesis (TPS) method was employed which has been suc-
cessful with single-metal carbides and nitrides (32, 34). The
method consists of passing a carburizing gas mixture over
the oxides while raising the temperature in a progressive
manner to a final temperature, Tnax. Importantly, the re-
actants (CH,4 and H;) and principal products (CO, CO.,
H,0) were followed in real time with a mass spectrometer
to monitor the progress of the reaction. This allowed the
temperature program to be stopped once the carburization
reaction was finished, and thus, to avoid excessive heating
of the samples. After reaching Tmax, the samples were main-
tained at this temperature for a length of time, tho1g, to allow
the reaction to go to completion. Obtaining the exact pro-
cedure for each sample required a number of trials and the
final conditions are summarized in Table 2.

The temperature programmed synthesis traces (Fig. 3)
show general features that are common to all compounds.
The synthesis reaction always proceeds in two stages. First
there is an initial reduction of the precursor oxide and then
further reduction and carburization. Reduction is mani-
fested as a decrease in the hydrogen mass spectrometer sig-
nal (M =2) accompanied by simultaneous water (M =18)
evolution. Carburization is indicated by a decrease in the
methane signal (M = 15) accompanied by peaks in the CO
(M =28), and sometimes CO, (M = 44), signals. Evidently,
the methane also acts as a reducing agent. Because the
CO signal was taken to be indicative of carburization, the
maximum synthesis temperature (Tmax) Was chosen 5-20 K
above the CO signal peak temperature.

As seen from the TPS traces each particular compound
had its own response. For example, the initial water for-
mation peak could appear alone or accompanied by higher
temperature features. Similarly, the high temperature CO
signal could be a single peak or a combination of peaks.
An important generalization can be made, however. The
samples can be divided into two groups: Group | includes
Nb-Mo (Fig. 3b), Fe-Mo (Fig. 3d), Ni-Mo (Fig. 3e), Nb-W
(Fig. 3g), Mo-W (Fig. 3h), Ni-W (Fig. 3i), while Group Il
includes VV-Mo (Fig. 3a), Cr—Mo (Fig. 3c), V-W (Fig. 3f),
Co-W (Fig. 3k), Fe-W (Fig. 3j). As will be seen, the com-
pounds in Group | are easily reducible and have high
CO chemisorption uptakes, while compounds in Group Il
are less reducible and have low uptakes. In terms of the
TPS behavior, the compounds in Group | have a single
high temperature CO peak, while those in Group Il have
two or more peaks. For Group I, the single CO peak is
accompanied by a CO, feature of the same shape. However,
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FIG.5. Temperature programmed reduction of group I bimetallic oxycarbides. (a) Nb-Mo-O-C; (b) Fe-Mo-O-C; (c) Ni-Mo-O-C.

for Group I, generally only the low temperature CO peak
has an associated CO; signal. Also, examination of Table 2
shows that the compounds of Group Il generally require a
higher synthesis temperature than those of Group I.

The reason for the presence of single versus multiple CO
peaks is unclear. A single peak may be associated with the
facile transformation of oxides to carbides with no inter-
vening intermediate compounds as occurs in the topotactic
transformation of MoO3 to Mo;N (35) or V205 to VN (36).
The ease of replacement of oxygen by nitrogen or carbon
in such reactions is due to high atomic mobility and may
explain the relative reducibility of these compounds.

There are other connections between composition and
synthesis temperature. The molybdenum compounds in
general have lower transformation temperatures than the
tungsten compounds, but there are exceptions (e.g., Nb—
Mo > Nb-W). Also, compounds with the late transition
metals (Fe, Co, Ni) tend to have lower reaction temper-
atures than those with the early transition metals (V, Nb,
Cn).

There was a considerable amount of water formation dur-
ing the initial reduction. The leak valve suffered a decrease
in gas conduction because of condensation. Thisisseenina
shift in the base line for the hydrogen (M = 2) and methane
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FIG. 6. Temperature programmed reduction of group I bimetallic oxycarbides. (a) Nb-W-O-C; (b) Mo-W-0O-C; (¢) Ni-W-O-C.

(M = 15), and carbon dioxide (M = 44) signals. In two cases,
actual clogging caused discontinuities in the reaction traces
(Fe-Mo-0O-C and Ni-Mo-0O-C, Figs. 3d and 3e). Since this
occurred in the exit lines, there was no effect on the actual
synthesis of the compounds.

B. Characterization

The elemental composition of a number of the com-
pounds is reported in Table 3. For the metals, there is
good agreement between the measured compositions and
the theoretically expected compositions from the synthesis
conditions. The slight deviations are consistent with evap-

oration of the more volatile oxide during the calcination
step for the preparation of the mixed oxide. A notable fea-
ture of the present compounds is the high proportion of the
nonmetal atoms, C and O. This is due to two factors. The
first is that nonstoichiometry is very common in carbides
and nitrides, with deviations occurring both in metal and in
nonmetal (37, 38). In this case, there is formation of metal
vacancies, a reasonable result since the starting materials
were oxides not metals. The second factor is the relatively
high surface area of the materials which results in a sub-
stantial contribution of the passivation layer on the oxygen
content. This has been estimated to be up to 25 mol% of
the oxygen in the sample (1).
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The crystal structure of the materials was determined by
powder X-ray diffraction. Unlike the analogous bimetallic
transition metal oxynitrides (1), which have a simple B1 cu-
bic (NaCl type) structure (space group Fm3m), the bimetal-
lic oxycarbides adopt various kinds of structure. Nb-Mo-
O-C has a simple B1 cubic (Fm3m) structure, Mo-W-O-C
has a hexagonal closed pack (P63/mmc) structure. Both
Fe-W-0O-C and Co-W-O-C have a cubic n-carbide phase
with FesW;C type structure (Fd3m). The XRD results in-
dicate that both Cr—Mo-O-C and Nb-W-O-C have low
crystallinity; however, their XRD patterns still suggest the
materials have cubic (Fm3m) structure.

In some cases, phase separation occurs during the tem-
perature programmed reaction, and the final products con-

72000 4000 6000 8000 10000

72000 4000 6000 8000 10000
Time (s)

Temperature progrmmed reduction of group 11 bimetallic oxycarbides. (a) C—Mo-0O-C; (b) V-W-0-C; (¢) Co-W-0-C; (d) Fe-W-O-C.

sist of mixed phases. V-Mo-O-C isa two-phase mixture, the
major phase has a B1 cubic (Fm3m) structure, and the mi-
nor phase has a hexagonal structure (P63/mmc). Fe—-Mo-
O-C also contains mixed phases: the major phase has a
hexagonal structure (P63mc), one of the minor phases has
a hexagonal closed packed structure (P63/mmc), and the
other minor phase has a cubic (Fd3m) symmetry. The two
phases in V-W-0O-C can be indexed to a WC-type simple
hexagonal structure and a B1 cubic structure (Fm3m). The
major phase in Ni-W-O-C has a WC-type simple hexago-
nal structure, the two minor phases have cubic symmetry
(Fd3m and Fm3m). The Ni-Mo-O-C has an unusual pat-
tern that could be due to a mixture of hexagonal (P63mc)
and cubic (Fm3m) structures.
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There is no strong connection between composition and
phase purity. The early transition metals tend to form single-
phase compounds of cubic or hexagonal structure (Nb-Mo,
Nb-W, Mo-W, Cr-Mo). The exception is V which forms a
mixture of cubic and hexagonal phases, possibly because
of the similarity in stability of these two phases. The late
transition metals tend to form pure n-carbide phases with
W (Co-W, Fe-W), but with Mo (Fe—Mo, Ni-Mo) mixtures
of cubic and hegagonal phases are formed.

The surface areas and CO uptakes of the samples are re-
ported in Table 4. The surface areas range from low values
(~5 m?g~1) for the Fe-W, Co-W, and Ni-W compounds
to a high value (120 m?g™') for the Nb-Mo compound.
The chemisorption of CO can be used to titrate accessible
surface metal atoms in these materials (39, 40). The mea-

X-ray diffraction patterns of bimetallic oxycarbides after reaction.

surements in this study were carried out at two conditions:
on the freshly prepared samples not exposed to the atmo-
sphere (refered to as in situ samples) and on passivated and
rereduced samples.

The compounds can be divided according to the quantity
of CO uptake into the two groups mentioned in the prepara-
tion section. For the Group | samples (Nb-Mo, Fe-Mo, Ni—
Mo, Nb-W, Mo-W, Ni-W) the uptakes of CO range from
moderate to high, while for the Group 11 compounds (V-
Mo, Cr—-Mo, V-W, Co-W, and Fe-W) the uptakes are low.
It is not clear why chemisorption was low for the Group 11
compounds. As was noted earlier these materials required
among the highest synthesis temperatures, and it may be
that at these high temperatures excessive pyrolytic carbon
was deposited on their surfaces.
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The ratio of the CO uptake to the surface area gives the
metal site density, which for a clean surface for these ma-
terials is on the order of 1 x 10'® cm~2 For the Group |
samples the values ranged from 0.11 x 10 to 1.0 x 10%.
The two Ni compounds (Ni-Mo, Ni-W) showed the highest
values, indicating that their surfaces were essentially clean.
This could be a result of the reducing properties of Ni.

Although the surface area of samples after the
passivation—reactivation basically remains unchanged, the
CO uptakes decrease dramatically (Table 4). Compared
with the freshly prepared in situ value, the CO uptakes of
most reactivated samples show more than a 150% decrease.
The only exception is Ni-W-O-C, which has a minor 18%
decrease. The reduction inthe CO uptake is likely due to the
retention of strongly chemisorbed oxygen on the passivated
samples. In order to better understand the situation, TPR
studies in hydrogen were carried out on the samples. Impor-
tantly, the final temperature was set at 723 K (450°C), the
temperature of activation of the compounds prior to both
chemisorption and catalytic testing. XRD indicated that
the samples were stable to reduction at these conditions.

The evolving gases during the temperature-programmed
reduction to 723 K in 10% H,/He include CO, CO,, H,0,
and CH,. The appearance of CO; indicates strong inter-
action between surface carbon and oxygen. In many cases
the CO and CO, traces show quite complicated multipeak
patterns, which suggests the presence of different types of
bonding in the oxycarbides.

According to the TPR traces, the oxycarbides can be
again categorized into the same two groups as before.
Group | has relatively high chemisorption uptakes and
strong TPR desorption signals (Figs. 5 and 6). This first
group includes Ni-Mo-O-C (Fig. 5¢) and Ni-W-O-C
(Fig. 6¢), the two compounds with the highest site density.
The TPR traces show relatively simple but high intensity
CO and CO, patterns, as well as substantial methane for-
mation. Thus, some decarburization occurred during the
pretreatment. Group | also includes Mo-W-O-C, Fe-Mo-
O-C, Nb-Mo-0O-C, and Nb-W-O-C with medium site den-
sity. In terms of TPR traces, the intensity of CO, CO,, and
CHg, signals are moderate, and the peak shape of CO and
CO;, traces are quite complex. Group Il includes Cr—-Mo-
O-C, V-W-0-C, Co-W-0O-C, Fe-W-0O-C, and Nb-W-O-
C (Fig. 7). Their TPR traces show few desorption traces, ex-
cept for some CO, formation, suggesting very low surface
activity. In fact, these compounds do not have significant
CO uptake.

C. Reactivity

The activities of the bimetallic carbides and the commer-
cial Ni-Mo-S catalyst were compared on an equal reactor
loaded surface area of 30 m2. Only four bimetallic carbides
of Group | were studied, because they had high values of
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CO uptake and moderate surface areas: Nb—-Mo, Ni-Mo,
Mo-W, and Ni-W. Table 5 presents the steady state HYD,
HDN, and HDS activities of the catalysts. The products
identified from quinoline HDN were hydrogenated quino-
line compounds and denitrogenated hydrocarbons. The
major hydrogenated (HYD) quinoline compounds identi-
fied were 1,2,3,4 tetrahydroquinoline (1-THQ) and 5,6,7,8
tetrahydroquinoline (5-THQ), while decahydroquinoline
(DHQ) was detected in small amounts. The major hydro-
denitrogenated (HDN) hydrocarbons were propylcyclo-
hexane (PCH) and propylbenzene (PBZ). Small amounts
of benzene and cyclohexane were also detected. The steady
state HDN conversions of the catalysts ranged from 0-
44%, with Nb-Mo-O-C showing the highest HDN activity
(44%) followed by Ni-Mo (20%), Mo-W (10%), and Ni-
W (0%). The exclusive product of dibenzothiophene HDS
was biphenyl.

The product distribution is consistent with a denitro-
genation network (32) proceeding through the hydrogena-
tion of both aromatic rings of quinoline and then a rapid
hydrogenolysis of DHQ to yield propylcyclohexane or a
reactive intermediate, propylcyclohexene (PCHE). Since
PCHE is a very reactive compound, it is expected to un-
dergo ready hydrogenation to PCH or dehydrogenation to
PBZ. This also explains the formation of PBZ in the ab-
sence of o-propylaniline (OPA) in the products.

The steady state HDS activity of the bimetallic carbides
ranged from 0-57%, with the Nb—-Mo—-O-C catalyst exhibit-
ing the highest HDS conversion (57%), followed by Ni-
Mo (40%) and Ni-W (20%). The moderate HDS activity
of Ni-containing bimetallic catalysts could be due to the
propensity of Ni to form a sulfide phase, which is known to
exhibit HDS activity. On the other hand, the sulfur toler-
ant bimetallic carbides seem to exhibit lower HDS activity,
which was also observed for the monometallic carbide cata-
lysts (Mo,C, WC).

The Nb—-Mo-O-C had better HDN activity than the sul-
fided Ni-Mo-S/Al,O3 catalyst on an equal surface area ba-
sis. Comparison of activity between unsupported and sup-
ported samples needs to be done carefully. In this case,
though, the sulfide is a high loading (>20 wt%) commer-
cial sample and should be highly optimized so that most
of its surface should be active. This was confirmed by mea-
surements of O, chemisorption at low temperatures (dry-
ice/acetone) which indicated high dispersion of the sulfide
phase. On a volume basis the supported catalyst is superior;
however, what is important from a fundamental standpoint
is an areal comparison which is a better measure of the
intrinsic activity. The bimetallic compounds could be de-
posited on a support to improve their volumetric activity.

The Nb-Mo-O-C sample was studied in depth because of
its high activity (4). Near edge X-ray absorption fine struc-
ture (NEXAFS) measurements taken in the electron yield
mode (surface sensitive) indicated the formation of a true
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bimetallic compound. X-ray photoelectron spectroscopy
(XPS) analysis before reaction confirmed the presence of
an oxycarbide surface. After reaction, the surface remained
an oxycarbide with only 2 mol% sulfur in the near-surface
region. For molybdenum nitride used for hydrotreating a
vacuum gas oil (41), it was found that a surface sulfide was
formed. However, in that study the sulfur content of the
feed was 30,000 ppm (3%), in contrast to the 3000 ppm used
in the present work. This does not rule out the formation
of a special sulfur-containing phase, perhaps a carbosulfide,
on the surface of these materials (42). On bimetallic ni-
trides enhanced HDS activity over monometallic nitrides
in hydroprocessing has been reported, and this has been
attributed to the formation of increased sites (20) or the
exposure of (111) planes (21, 22).

Figure 8 presents the XRD patterns of the spent catalysts.
Extraneous oxide or sulfide phases were not observed in the
catalysts involving Mo, W, and Nb indicating that these cata-
lysts were tolerant of sulfur at the reaction conditions. How-
ever, sulfide peaks were observed in the XRD patterns of
the catalysts involving Ni. The spent Ni-Mo-O-C catalyst
does not show any features of the fresh catalyst indicating a
complete change in the bulk composition after exposure to
the reaction conditions. The peaks in the XRD pattern can
all be assigned to Ni3S; (PDF file 30-863) and MoS, (PDF
file 37-1492). The spent Ni-W-O-C retains the essential fea-
tures of the original structure, but additional XRD peaks
can be assigned to Ni3S; and WS, (PDF file 35-651).

The total activity (HYD, HDN, and HDS) and the HDN
activity are reported in the form of turnover rates based on
CO chemisorption for the bimetallic carbides in Table 6.
The general trends in conversion (Table 5) are paralled in
these rates. For the most part the bimetallic compounds
have activity close to that of the monometallic compounds.
In particular, the bimetallic carbide, Nb-Mo-O-C, has a
total rate comparable to that of Mo,C, the most active of
the monometallic carbides (32). This result is reproducible
and can be improved with variation of the composition (4).
Thus, bimetallic systems offer the possibility of further en-
hancementsin carbide performance. This could be achieved
by optimization of the composition, the use of supports, or
the addition of promotors.

CONCLUSIONS

1. A series of materials consisting of bimetallic oxycar-
bides of Mo and W in combination with transition metals
of groups 5-10 were prepared.

2. The structure of the compounds ranges from cubic to
hexagonal structures for the early transition metals and «-
or n-structures for the late transition metals.

3. The compounds can be divided into two groups, with
different synthesis, chemisorption, and reduction proper-
ties.

OYAMA, YU, AND RAMANATHAN

4. The compounds have moderate activity in hydropro-
cessing with most resembling the monometallic carbides.
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