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Abstract

Bimetallic cobalt—-molybdenum oxide (CoMg@Ohas been prepared and converted into CoyJaBbMoG, and CoMo$ materials by
temperature-programmed reactions with ammonia, ethane or hydrogen sulfide, respectively. These new bimetallic materials have been char-
acterised using X-ray diffraction (XRD) and solid state NMR and tested for pyridine hydrodenitrogenation (HDN) at various temperatures.
The initial HDN activity of the catalysts decreases in order Colyte@oMoN, ~ CoMoQ, > CoMoS.. The stability order of the first three
of catalysts is CoMog> CoMoN, > CoMoQ,, and their activities decrease with the time on stream. In contrast the pyridine conversion over
CoMoS; is more stable and activity increases with the time on stream, from 30 to over 50%, this is accompanied by the formation of CoMoSC
material. The high catalytic activity of the CoMgCatalyst may reflect the ability to hydrocrack pyridine to yield methane. The CgMoS
catalyst system has the highest selectivity to the products cyclopentane (35%) and pentane (27%).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction recent research has sought to develop more effective HDN
catalysts.

Overthe pasttwo decades the average quality of petroleum  Transition metal-carbides and -nitrides have shown
has diminished by approximately two points on the Ameri- excellent HDN activity, with high selectivities for the
can Petroleum Institute (API) gravity scdld, implying the formation of aromatic product$2—10] Schlatter et al[2]
increase of the density of petroleum and rise of heteroatomfound that molybdenum nitride and molybdenum carbide
content. These changes require the use of more robust cateatalysts were more active than a commercial Ni-MaG4l
alysts to remove the heteroatom content to meet the increassulfide catalyst, and they required less hydrogen for the HDN
ingly the stringent regulations. The hydrodenitrogenation of quinoline. Oyama showed that HDN activity for quinoline
(HDN) process to remove nitrogen heteroatom from crude oil activity using early transition metal carbides followed the
is a hydrotreating processes. Typical industrial catalysts usedorder, group 6 > grgu5 > group 46]. Supported and unsup-
contain Co—Mo sulfides or Ni-Mo sulfides supported on alu- ported bimetallic Nb—Mo carbides showed enhanced activity
mina. However, these catalysts are not efficient enough andand stability compared to the corresponding monometallic

carbides[9,10]However, there are no reports of the compar-
ison of bimetallic CoMo carbide, nitride and sulfide catalysts
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HDN [11-13] Hence it was decided to make a systematic serts. The spectra were recorded at room temperature using
study to compare the performance of the bimetallic CoMo adamantined=29.5) as the reference.

nitride, carbide and sulfide catalysts for HDN, as described

below.

3. Result and discussion

2. Experimental 3.1. Activity of bimetallic catalysts for the HDN of
pyridine

The CoMo oxide, carbide, nitride and sulfide samples
were prepared with the same Co/Mo ratio of 0.67. The ox-  The catalytic activity data are shown ifig. 1 The
ide CayMogOy was prepared as reported previodly]. For CosM0gCy had the highest activity for pyridine HDN and the
the preparation of the bimetallic carbide fMosCy the ox- conversion for pyridine HDN was 100% for over 140 h with-
ide CyMogOx, loaded into a4 mmi.d. quartz tube housed in out deactivation. The catalyst gdMogNy also showed good
a furnace, was treated with a mixture of ethane (10% by vol- stability and gave a high conversion of pyridine for about 50 h.
ume) and hydrogen with a total flow rate 100%min. The The catalyst activity then decreased slightly, and after 85h
temperature was increased &tCImin to 630°C and held it decreased rapidly. The oxide catalysts®twsOx showed
until no carbon oxides were detected in the exhausted gasan initial high HDN activity but this declined rapidly. This
(GC-MS). The characterization details of the carbide sample behaviour may reflect an initial cracking of the pyridine over
are described elsewhefEl]. cobalt metal particles formed by the pre-treatment of flowing

The nitride CaMogNx was prepared by passing hydrogen, and also with a low surface area of the sample. The
60 cn®/min of NHg over CaMogOx. The temperature ofthe  HDN of pyridine over CaMogSy increased during the first
furnace was raised at°&/min from room temperature to  hours of the reaction and reached the steady state at around
120°C, and held for 30 min. Then the temperature was in- 50% after 10 h. The order of the catalyst activity for HDN
creased at 1C/min to 680°C, and held at this temperature was CaMogCy > CosMogNy > CosM0gOy > CoyM0gSy.
for 3h.

The sulfide CgMogS was prepared by passing a flow of
H>S (10%) and hydrogen (90%) at a combined flow rate
of 200 cn¥/min over CaMogOy. The sample was heated at
2.5°C/min to 400°C and held for 2 h at this temperature.

3.2. Distribution of products of pyridine HDN over
different catalysts

. . L : ) Figs. 2-5shows the distribution of hydrocarbon prod-
The oxide, carbide, nitride and sulfide materials were then ucts with the time on stream for HDN of pyridine over the

tested as catalysts for pyridine hydrodenitrification. For the CosM060y, CauMogN,, CosMoeCy and CaMogS, cata-
testing of the carbide, nitride and sulfide catalysts they were lysts, respéctively. Duéto the presence of excess of hydrogen

repared in situ continuous flow fixed-bed micro-reactor, as : : :
gese:ribe d above. and then cooled to 38@nd treated with gas in the reactants, hydrogenation and hydrogenolysis occur
! in parallel with thermal cracking. Hence the majority of the

hydrogen which had been saturated with pyridine vapour by products were saturated&Cs linear hydrocarbons and cy-

passing through liquid pyridine in a saturator at 1atm and clopentane. Trace amounts of unsaturated hydrocarbons were

0°C to form' the reaction mixture. The product gases were also detected and were considered together with the corre-
analysed using a Hewlett-Packard 5890 Il gas chromatograph

with FID detector and a 1 m packed column.
For testing of the oxide Cd10gOy, a (0.2 g) sample was

first heated in a flow of K (100 cn®/min), at 2°C/min to 100 P =R e N T A AT Y
450°C and then cooled to 38C for 1 h. Then the hydro- - W
gen flow was changed to a flow of hydrogen saturated with 92
pyridine vapour, as described above. 2 \t»

For characterization purpose, samples of the fresh catalyst § Y
samples were passivated at room temperature in flowing 1%  §
O2/He before they were exposed to air. g

X-ray studies of the pre- and post-reaction catalysts were 5
made using a Philips PW1710 diffractometer with Gata- 5 e CoMaC
diation. The surface areas of the catalysts samples before and & 204 T Somall
after reaction were measured using a Micromeritic ASAP —— CopMo,0
2000. Solid-staté3C MAS NMR measurements were car- 0 ' ' ' ' ' '

ried out on a CMX-200 NMR spectrometer at a frequency
of 50.31 MHz. The strongly metallic samples were diluted
to 40% with sodium chloride and ground finely before pack- Frig. 1. HDN of pyridine over different phases of CoMo bimetallic catalysts,
ing into the 7 mm zirconia rotor, fitted with boron nitride in-  T: 380°C, Hy/pyridine ratio: 154, P:1 bar, Hlow: 20 mi/min.
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catalyst, T: 380C, Hy/pyridine ratio: 154, P:1 bar, #flow: 20 ml/min.
Fig. 2. Changes of product distribution in pyridine HDN over,®ogOy
catalyst, T: 380C, Hy/pyridine ratio: 154, P:1 bar, #Hflow: 20 ml/min.

) L . The HDN of pyridine over CgMogS, (seeFig. 5 shows
sponding saturated derivatives. The nitrogen was removed 3$he lowest activity compared to the other catalyst systems.

NHs. . . o . Selectivity to G and CR is higher which suggests that the
The main reactions occurring in pyridine HDN are hydro- hydrogenation prevails over hydrocracking.

genation, hydrocracking and, in part, hydrogenolysis. Atthe ~ 5 o 5 the high activity and stability of the catalyst

beginning of the reaction the CoMo oxide, nitride and car- CasM0gCx [11] it was tested for pyridine HDN over the
bide catalysts show very high hydrocracking activity, produc- temperature range 160—400 (seeFig. 6). It was found

ing a large amount of methane. With the time on stream the ¢ the conversion of pyridine was lower than 10% between
methane yield decreases, while selectivity iiacreases. 150 5>3¢ hutincreased to 100% at 320. This resultis in

The product distributions over Q_IMO‘SCX and CQM%NX agreement with reports by Satterfield and CoccHé#tpand
suggest that strong hydrogenation and hydrocracking reac-cp, e a|[15]. The overall HDN reaction over the catalyst
tion occurred at the beginning of the reaction, leading 10 4, \00c, is an essentially irreversible reaction controlled
the production of smaller hydrocarbons. The high selectivity by kinetics rather than by thermodynamics, in agreement with

to CHy over CaMogOx may arise from either the hydro- o jier resuitg16], although the hydrogenolysis of hydrocar-
cracking of pyridine over the initially formed cobalt metal o is more favoured at higher temperatiids-19]

particle or from the reaction of pyridine with molybdenum The product selectivity studies for pyridine HDN at dif-
oxide material. The decrease in methane selectivity clearly ¢, ant reaction temperatures show that at AByridine
corresponds to the increase of yields of the higher satu- o ersion is very low and the main products are methane
rated hydrocarbons £and CR. TheFig. 3shows the ac- 54 ¢ with the selectivities of 60 and 40%, respectively.
tivity of CosMogNy catalyst decreases after 50h. The higher The yields for other hydrocarbons were almost negligible,

HDN activity of the CaMosCx catalyst gives a pyridine suggesting that the main reaction routes atX®@s hydro-
conversion of 100% and a lower hydrocarbons in the order

C1>Cy>C3>Cy>Cs5>CRs products (se€ig. 4).
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Fig. 3. Changes of product distribution in pyridine HDN over,®ogNy
catalyst, T: 380C, Hy/pyridine ratio: 154, P:1 bar, Hflow: 20 ml/min.

Fig. 5. Changes of products distribution in pyridine HDN overKoeSk
catalyst, T: 380C, Hy/pyridine ratio: 154, P:1 bar, Hflow: 20 ml/min.
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100 manner from the end-on mode and this could give rise to a

different reaction pathway, one that favors the production of
cyclopentane. It is thought that the alternative mode is via a
side-on bond using the-electrons of the aromatic pyridine
ring [7,21,22] The side-on mode adsorption is thought to be
dominant in the temperature range of 220-300leading
to a dramatic increase in the conversion of pyridine. Ledoux
et al. [23] has also proposed two forms of adsorption for
the heterocyclic nitrogen compounds, one vertical through
- . 10 the protonation of the nitrogen atom on a Brgnsted acid site
O T o0 2600 240 280 330 380 400 400 avo 520 (end-on mode) and the other mode throughstfimnd of the
Temperature °C aromatic ring on a reduced site (side-on mode). Our results
suggested that, atlower reaction temperatures, the ring hydro-
Fig. 6. Pyridine conversionand product distribution ove;k0sCy catalyst genation (side-on mode) is slow and theNChond scission
at diﬁer_ent reaction temperaturepidyridine ratio: 154, P:1 bar, Hflow: (end-on mode) is faster leading to the conversion of a small
20 mi/min. amount of hydrogenated pyridine to pentane and methane. At
genation together with some hydrogenolysis. Increasing the higher reaction temperatures, the pyridine conversion is high
reaction temperature results in a dramatic decrease in thedue to a fast ring hydrogenation rate (side-on mode), and the
methane selectivity by-20%, and cyclopentane selectivity rate-determining step being the-8 bond scission.
rises to~35% at 260°C. Further increase of temperature
causes adecrease in cyclopentane selectivity and significantly3.3. Characterization of catalysts
increases methane selectivity. Generally, the selectivities to
Cy—C4 are only slightly affected by changes in the reaction ~ The elemental chemical compositions and surface areas
temperature. of the bimetllic oxide, carbide, sulfide, and nitride materials
The datairFig. 6also shows that there is more than one re- are given infables 1 and 2All the CoMo carbide, nitride and
action pathway for the HDN of pyridine reaction. In the tem- sulfide catalysts show a higher surface area than the precursor
perature range of 160-22Q, the main products are pentane CosMo0gOx.
and methane and there is only very small amount of cyclopen-  TheFig. 7 shows the X-ray diffraction (XRD) patterns of
tane. The pyridine conversion was low (<10%) but stable. The the catalyst samples prepared from the same oxide precursor.
higher yield of pentane without the production of cyclopen- After the HDN activity test, the XRD patterns of these cat-
tane at 160C is probably due to pyridine adsorption on the alysts inFig. 8 show that most of the peaks due to residual
catalyst metal sites via the nitrogen lone-pair electrons (the oxide have disappeared or are significantly reduced, espe-
so-called “end-on” bonding mode). The end-on mode would cially for the oxide, nitride and sulfide catalysts. It appears
give a high yield of pentane via-@ bond cleavage. It has that that the carbide catalyst is more stable.
been proposed that pyridine hydrogenation occurs through It is possible the K and pyridine interact with Cgvios
a side-on mode of pyridine adsorptif0]. The increase of = materials to form new phases on the catalyst surface even
temperature above 16C leads to adecrease in pentaneyield at low reaction temperaturf@3]. As shown inFig. 8, the
and a marked increase in cyclopentane yield. The change inintensity of X-ray diffraction peaks of the oxide, sulfide
the product distribution suggests that at the higher tempera-and nitride after reaction is severely reduced, and there
ture the pyridine is attached to the metal site in a different is some carbon and trace of nitrogen present in all used
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Table 1

Elemental compositions and surface areas of bimetallic CoMo oxide, sulfide, nitride and carbide catalysts before pyridine HDN reaction

Catalyst Surface areadg ! Mo wt.% Co wt.% S wt.% C wt.% N wt.%
C04M0eOx 1.96 44.8 23.8 - - -
CosM0gSk 24.23 4455 24.87 8.05 - -
Co4M0eCy 26.80 44.63 26.14 - 6.15 -
CosMogNy 3260 40.91 24.44 - - 7.83
Table 2

Elemental compositions and surface areas of bimetallic CoMo oxide, sulfide, nitride and carbide catalysts after pyridine HDN reaction

Catalyst Surface area?g?! Mo wt.% Co wt.% Swt.% C wt.% N wt.%
CosM0gOx 75.92 46.69 24.56 - 3.33 1.30
CosMoeSX 87.96 47.76 24.27 6.59 2.20 1.14
CosM0pCx 62.97 46.62 25.65 - 4.19 0.73

CosMogNx 45.13 47.43 24.28 - 3.10 4.78
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Fig. 7. XRD patterns of the bimetallic CoMo oxide, sulfide, nitride and l
carbide catalysts before HDN reaction. b
catalysts. The surface areas of all the used catalysts were
increased. a .
The13C NMR spectra of the used catalysts are shown in
Fig. 9. All samples show a main peak at 113 ppm; this band is 390 280 240 200 180 120 80 20 o

due to the carbon in molybdenum carbide with a fcc structure

or in eta-molybdenum carbide Me{y) [11,12] We note
that the main band dfC NMR in the molybdenum carbide
occurs at 275 ppm. ThEC NMR peak at 275 ppm is very
weak and noisy, implying that almost no hcp-molybdenum
carbide is formed in the bimetallic oxide, nitride and sulfide
catalysts, which is in agreement with the XRD results. A
small*3C NMR peak at 208 ppm s seen in the spent ColoC
CoMoNy, and CoMo%.

3.4. Activation energy of different catalysts

The apparent activation energies (Eap) of each catalystActivation energy of

Chemical Shift (ppm)

Fig. 9. 13C NMR of CoMo bimetallic catalysts after HDN reaction, (a)
CoMoQ, (b) CoMog, (c) CoMoN;, and (d) CoMoG.

Table 3
Apparent activation energy of CoMo bimetallic oxide, sulfide, nitride and
carbide catalysts for pyridine HDN reaction

Catalyst Oxide Sulfide Carbide Nitride
(kJ/mo) (kJ/mo) (kJ/mo) (kJ/mo)
Activation energy of 235 298 215 256
the fresh catalyst
282 273 191 285

were calculated from Arrhenius plots, and the results are e spent catalyst

given inTable 3

The apparent activation energies for HDN are
19-30kJ/mol and are similar to those for NiMoS$at-
alysts[24]. It is clear that the least active catalyst CoMoS

800
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Fig. 8. XRD patterns of the bimetallic CoMo oxide, sulfide, nitride and
carbide catalysts after HDN reaction.

has the highest apparent activation energy, 29.8 kJ/mol. The
CoMoNy has an apparent activation energy of 25.6 kJ/mol,
lower than the sulfide catalysts, and equivalent to the
un-promoted MegN catalyst, whose activation energy is
7.16 kcal/mol[25]. This suggests that the activation site
of the CoMol is similar to that of the MeN catalyst.
The apparent activation energy of the carbide catalyst is
21.5kJ/mol, which is lower than the sulfide and nitride
catalysts, while its activity is also higher than those two
catalysts. The apparent activation energy of the catalyst
derived from CoMo@may be in fact arise from cobalt metal
energy for a cobalt metal formed in the initial hydrogen
pre-treatment step.

4. Conclusion
The CqMog carbide catalyst shows the highest ac-

tivity for pyridine HDN. It is believed that the car-
bide phase is more structure stable than other phases.
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