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Abslract-Molybdenum nitrides were prepared by tempemmre-progparmned reduction of MoO 3 with flowiug NH> 
They were tested for indole HDN and benzothiophene HDS. Too low or high NH3 space velodty was inadequate to 
produce lfigh surface area Mo lfitride. The temper-atme ramping ,-ate (except tile rate higher than 2.5 K/nfin in [31 tem- 
pca-ature range) hardly affected tile surface area of tile prepared samples. Tile XRD analysis suggested that MoO2 was 
the important intermediate for producing the high surface area Mo nitride. The catalytic conversions of Mo nitrides 
for indole HDN and benzothiophene HDS were wall corrdated with thdr surface areas. The reaction pathways of both 
reactions were proposed. Tile Mo nitride could be an effective catalyst without further hydrogenation of aromatics, 
thereby reducing the consumption of hydrogen. 
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INTRODUCTION 

Molyktentml mbide has shown promise as a catalyst in file areas 
of ammonia synthesis, quinoline hydrodenitrogenation (HDN), thi- 
ophene hydrodesulftrization (HDS), CO hydrogenation and ethane 
hy&ogenolysis [Volpe et al., 1983, 1 986; Ranhol~-a et al., 1 987; Sch- 
latter et al., 1988; Markd et al., 1990; Oyama, 1992]. Particularly, 
Mo2N had an activity for quinoline HDN comparable to that of a 
currently available commercial NiMo/AI~O3 catalyst, and showed 
better selectivity toward C-N bond activation [Choi et al., 1992]. 
Also, an almnina-supported M%N catalyst was extremely active 
for the selective C-S bond breakage of dibenzothiophene to pro- 
duce biphenyl [Nagai et al., 1993; Colling et al., 1994]. 

Molybdenum mbicle prepared by file classical tfigh-tempe,-ature 
synthesis route has very low surface area, typically less than 1 m2/g 
[Toffl, 1971]. Tile reaction of MoO3 witi1 alrmlonia, however, can 
produce M%N with a strface area even in excess of 200 mVg [Volpe 
et al., 1983]. The reaction is known as a topotactic transformation 
with conservation of tile two-clilnemional layms of tile oxide pre- 
cursor in the nitride product [Volpe et al., 1983, 1986]. Molybde- 
num trioxide forms two intermediates of Mcs and Mo oxynitride 
in its reactions witi1 ammonia to fonn molybdenum nibicle [Choi 
eta]., 1994; Jaggers eta]., 1990; Wise et al., 1994]. However, itwas 
,lot verified until now wtkat role tile mtennediates play in produc- 
ing high surface area Mo nitride. 

The present investigation was undertaken to gain further insights 
into tile role of tile mtemlediates in producing tfigh surface area Mo 
nitrides. X-my diffraction was used to observe the formation and 
tpansformation of the intermediates during the reaction of Mcs 
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with NH> Tile prepared catalysts were then employed for indole 
HDN and benzothiophene lIDS reaction. The pathways of both 
reactions are proposed. 

EXPERIMENTAL 

1. Preparation of Mo Nitrides 
Mo nitrides were prepared by reacting McK)3 (Aldrich, 99%) with 

flowing ammonia (Solkatronic Chemicals, 99.9:29%). Different arn- 
mona  flow rates and linear heating rates were employed to control 
the degree ofmbJdalioi1 Procedures for the prepal-ation ofMo nibJde 
were adopted from the temperamre-prograramed reduction method 
of Choi et al. [Choi et al., 1994]. A 1.4 gram amount ofMr 3 pow- 
der was placed m a quartz reactor and reduced m flowing ammo- 
nia. The following reduction schedule was generally employed, un- 
less otilerwise specified. Tile reduction temperature was rapidly ill- 
creased fivrn room tempel'an~ to 623 K over 30 mirk then increased 
to 723 K ([31 temperan~re range, 623-723 K) over 150 min, 1-aised 
fi-om 723 K to 973 K ([32 tempe~-ature range, 723-973 K) over 75 
min, and finally held for 60min at 973 K. The prepared Mo nitride 
was cooled to room tempera~are, and then passivated with 1% O2 
m He for 60 mm. 
2. Characterization 

Tile crystalline sb~actures of Mo mtlides were analyzed by using 
X-ray ditS-action (XRD). The ditS-action patterns were collected 
by using Rigaku DMAX-B diffractometer and CMKa radiation. The 
surface areas of tile prepared samples were measured fi-c~n N2 ad- 
sorptiorL 
3. Indole HDN and Benzothiophene HDS 

Reactions were perfonned ill a quartz microreactor operated at 
atmospheric pressure. Indole (Aldrich, 99%) and benzothiophene 
(AkMdl, 99%) were delivered by a sylmge pump into a flow of 
hydrogml Hy&ogen and liquid flow ,-ate were 120 ccJnlm and 0.1 
cc/h, respectively. Products were passed through a heated transfer 
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Table 1. Catalyst code and surface area of the prepared Mo ni- 
trides 

Catalyst Molar hourly space Surface area ~, 
code velocity (SV) ~ m2/g 

T1 11.6 80 
T2 23.1 84 
T3 46.2 114 
T4 61.7 115 
T5 84.8 113 
T6 123.4 76 

~SV=mol NH,/mol MoQ.h.  
bAll surface areas were obtained after passivafion procedure. 

line into a gas ctn-olnatograph (HP 5890 1I) and analyzed with an 
FID detector. A polydimethylsiloxane capillary column was used 
and the products were ideiNfied by a GC-MS (HP 5971). For in- 
vestiga~lg the reaction pathways of beitzotitiophene HDS and in- 
dole HDN reaction over Mo nilrides, the reaction products were 
mlalyzed (x;~lmluously, while the reaction tempe~-atutv was increased 
from 573 K to 773 K atthe rate of 10 K/min. 

RESULTS A N D  D I S C U S S I O N  

1. Preparation of  Mo Nitrides 

Table 1 shows the surface areas of the Mo nitride catalysts pre- 
pared under different ]qJ-[3 molar hourly space velocities (SV). Sur- 
face area of the Mo ifitdcles was affected significaiNy by NH3 molar 
hourly space velocity. Too low or high NH 3 molar hourly space ve- 
locity was inadequate to produce Mo nitride with high surface area; 
there evidently existed an opdlnarn NH~ space velocity to achieve 
the highest surface area. The lower space velocity produced higher 
concentrations of H20 and may allow the accumulation of H20 in 
the bed. The presence of water can limit NH/solid contact, and the 
resulting poor contact may decrease the conversion into the nitride 
phase. Water can also cause hydrotilennal sinterklg. The presence 
of even small amounts of water is reported to cause hydrothermal 

]~ j~ --.-...~ "-,~ , , ~ S V  = 11.6 h "l 

SV = 23.1 h 4 / 
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Fig. 1. X-ray diffraction patterns of the prepm~l Mo nffride eata- 
lysls at various NH3 molar hourly space velocities (SV). 

sintefing by many at~hors [Schlatter et al., 1988; Marl{el et al., 1990]. 
W21en the space velocity is too high (SV 123.4 hi), the conver- 
sion of the topotactic reaction between MoO3 and flowing NH 3 is 
not expected to be high enough to produce high surface area Mo 
nitride. 

Fig. 1 shows the XRD paltems of the prepared Mo nitride cata- 
lysts at various NH~ space velocities. Most of the catalysts showed 
the typical XRD patterns of MoeN. When Mo nilride was prepared 
with low NH3 space velocity, the intensity of the (200) plane of Mc~N 
was lower than that of the (111) plane. The relative intensity of the 
(200) plane of MoeN increased with NH 3 space velocity. It has been 
reported that the Mo nitride with intense XRD peaks of the (200) 
plane has high surface area [Volpe and Boudart, 1985; Jaggers et 
al., 1990; Markel and van Zee, 1990; Choi et al., 1992]. The increase 
m surface area with NH~ molar hourly space velocity is tilought to 
be closely related to the development of (200) plane. At much higher 
Nt-I3 molar hourly space velocity (SV=123.4 h -1) the development 
of the (200) plane was outstmlditg, but M ~ 2  still remained in large 
quantities. The remaining MoO2 indicates that the topotactic reac- 
tion did not proceed to a flail extent as mentioned above, thereby 
causing the decrease in surface area. 

Fig. 2 shows the changes in surface area ofMo nitride when the 
hea~lg rate m [31 temperature lange (623 K to 723 K) was varied. 
Molar hourly space velocity of NH~ was kept at 61.7 hL The heat- 
ing rate below 2.5 K/min produced high surface area, but more rapid 
hea~lg l-ate (above 2.5 K/IniI1) caus(xt a shmp drop m the surface 
area ofMo nitride. The effect of healing rate inthe D2 region (723 
K to 973 K) on surface area was also investigated (Fig. 3). In tim 
tempem~tre region, the heating rate affected the surface area only 
sliglNy. So the heating rate below 2.5 K/min in [31 temperature range 
can be said to be a prerequisite for producing a high surface area 
Mo nitride. 

In order to obtain a better understanding of the intermediates, 
the crystalline s tmc~e was analyzed with XRD during tempera- 
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Fig. 2. Changes in surface at~eas of Mo ni~'ide with the rate of heat- 
ing from 623 K to 723 K ([31 temperature range). 
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Fig. 3. Changes hi surface alias of Mo nilride with the rate of heat- 
ing from 723 K to 973 K ( ~  temperature range). 
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Fig. 4. XRD patterns of T4 catalyst during teniperatm~-p~gram- 
reed reduction with ammonia. 

As the reduction tenTperature increased fi-om 673 K to 723 K, MoO3 
transformed gradually into MoO2 and Mo oxynitride, and at 723 K 
Mc~{-)3 a lmos t  disappeared. The fommtion ofMo oxynilide between 
673 K and 723 K is reported by many authors [Choi et al., 1994; 
Jaggers et al., 1990; Wise et al., 1994]. At 973 K most of the Mo 
oxynitficle converted to MQN, and MoO2 peaks decreased greatly. 
When the sample was treated at973 K for an additional 1 I% MELT)2 
tl-ansfonned into Mo2N, especially into the (200) plane of MoaN. 
Fi~)m the above results, we conclude that MoO3 reduction with flow- 
ing NH3 proceeds via the formation of both the MELT)2 and Mo oxy- 
n i b i d e  intermediates to Mo2N. Ft~ther studies are, however, needed 
to elucidate the role of each intemlediate on the production of high 
surface area Mo2N. To do this separate XRD pa~ems were meas- 
ured at the end of the temperature programming to 973 K and aRer 
holding the sample at 973 K for another hour (Fig. 5). When the 
NH3 space velocity was low, the Mc~{-)2 peak was very weak and 
no detectable change m MQN peak inteilsity was observed even 
after being held for an additional hour. In the case of Mo nitride 
prepared under moderate Ntt3 space velocity, 3/ioO2 phase ~-ails- 
formed into Mc~N phase, especially into the (200) phase. This ham- 
formation into the (200) plane became more evident fiom the Mo 
nitfide prepared under high NH 3 space velocity. These results mean 
that during the reduction of MoO3 with NH3, MoO2 plays an im- 
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hire ramping. As shown in Fig. 4, no change except intensity was 
observed d i ~ g  temperature-programmed reduction up to 673 K. 

Fig. 5. Comparison of XRD patterns of Mo niride measured at 
file end of temperature progl~mming to 973 K and after 
being held at 973 K for another 1 hour. 
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portant role in the development of  the (200) plane ofMozN, uahich 
seems to be essential to produce high surface areaMo~N. 
2. Benzotlliophene I-IDS and Indole H D N  React ion 

Benzothiophene HDS and indole HDN reaction were performed 
on the prepared Mo nitride catalysts to investigate their catalytic 
properties. The catalytic activities ofMo nitrides for benzO.hiophene 
HDS and indole I-IDN were well carel~ted with their surface area 
(Fig. 6). Since indole and benzothiophene have the same chemical 
slrucmre other than the heteroatom (N, S)~ their HDN and HDS ac- 
tivities can give useful hform~tion on their mechmians I f  the reac- 
tions are governed by the step of the C-N and C-S band cleavage, 
the HDS activity will be higher than I-IDN activity, because the C- 
N bond is slronger than the C-S one As expected, the activity of 
benzothiophene HDS was much higher than that of indole HDN 
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Fig. 7, Influmce of reaction tempcraOLre on the product disWibu- 
lion of benzothiophene H D S  over T1 catalyst. 
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Fig. 8. Ilffluenee ~ff reaction tempei'amre on the product disln~u- 
lion of beltzothiophcne H D S  over T4 catalyst. 
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Fig. 9. Irdluence at' reaction temperaiure on the product dislrl~U- 
lion of benzothiophene H D S  over T6 catalyst. 

(Fig. 6). Therefore the step of C-S and C-N bond cleavage is be- 
lieved to be the mte-detemaining step in the benzothiophene HDS 
and indole HDN reactions. 

Figs. 7, 8 and 9 show plots of the variation in selectivity uAth 
temperature for the products associated ~ benzothiophene HDS 
over T1, T4 and T6 catalyst, respectively. At low reaction tempera- 
twe, ethylthiophenol aid ethylbmzene were the main products. On 
T1 and T6 catalysts, ethylthio~enol was then converted gradually 
to ethylbenzene, and on T4 catalyst 0aaving the highest mrface area) 
was observed a shalO drop of ethylthiophenol selectivity together 
with a rapid increase in ethylbenzene selectivity. 

Figs. 10, 11 and 12 showthe influence of reaction tempffattwe 
on the product dg~bution ofindole HDN over T1, T4 and T6 cat- 
alyst, respectively. Similar changes in selectivity were obsweed on 
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Fig. 10. Influence of reaction temperature on the product distri- 
bution of  indole H D N  over T1 catalyst. 
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Fig. 12. Influence of reaction temperatare on the product dis~ri- 
bulion of indole H D N  over T6 catalyst. 
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Fig. 11. Influence of reaction temperature on the product distri- 
bution of  indole H D N  over T4 catalyst. 

all the catalysts. The selectivity of o-ethylmfiline, the major product 
at low temperattme, fell almost to zero by the dine the temperature 
reached 773 K. The selectivity of o-methylaniline rose to a maxi- 
mum at 673 K and then decreased monotonically, approactmg zero 
at about 773 K. The production of ethylbenzene and toluene became 
more outstarldkg in proportion to the decreasing selectivity of o- 
ethylmfiline and o-methylazfiline, and then began to diop at a tean- 
perature between 723-748 K. Above the temperature at which the 
rate of ethylbenzene and toluene reached a maximum, benzene se- 
lectivity increased rapidly, probably due to the dealkylation of ethyl- 
benzene and toluene. 

Based on the above results, the reaction of benzotifiophene HDS 
and indole HDN over Mo nitride catalysts can be proposed to pro- 
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Fig. 13. Proposed reaction pathways of indole HDN and benzo- 
lhiophene HDS over Mo nitride catalyst 

ceed ffnough the paffls shown in Fig. 13. The initial stage is fflought 
to proceed via addition of hydrogen on the benzothiophene and in- 
dole to fonn tetrahydrobenzofffiophe,le and indoline, respectively. 
Tetrahydro-benzoffliophe,le mid indolme undelgo tile cleavage of 
C-S and C-N bond to form ethyltiliophenol, o-ethylmfilme and o- 
methylaniline in part. Further hy&oge~lation of ethyltifiophenol, o- 
ethylaniline and o-methylaniline produces ethylbenzene and tolu- 
ene. In indole HDN reaction, dealkylafon of ethylbenzene mid tol- 
uene occurs to produce benzene. 

Abe et al. [Abe et al., 1993] reported that the reaction mecha- 
nism is sindlar for HDS of benzotiliophene and HDN of indole, and 
rapid hydrogenation of the heterocyclic ring is followed by hydro- 
genolysis of the X-C bond in the saturated ring and release of the 
heteroatom as H2S and NH> 

In both reactions no evidence for the aromatics hydrogenation 
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was found, and therefore Mo nitdde can be an effective hydrotreat- 
ing catalyst with less consumption of  expensive hydrogen. 

C O N C L U S I O N  

Molybdenum nitrides were prepared by tempel-ature-prograramed 
r~JHc~ion of MoQ with flowing NH~, and were used for indole HDN 
and benzothiophene HDS. The space velocity o fNH 3 affected the 
surface area of Mo nilride greatly. Too low or high space velocity 
was inadequate to produce Mo nitfide with high surface area, so 
there existed an optimum space velocity to have the highest sur- 
face area. The linear temperature ramping rate higher than 2.5 K/ 
min in the [31 temperature mine decreased the surface area signifi- 
cantly, while the surface area was hardly affected by the tempera- 
ture ramping rate m tile ~2 temperature range. 

As the reduction t e m p e ~  was increased from 673 K to 723 t~ 
Mcs 3 Iransformed gradually into the intermediates of MoO2 and 
Mo oxymtfide, which were then converted to Mo2N at 973 K. Tile 
M(K) 2 intermediate showed a tendency to be converted specific@ 
to file (200) plane of MoeN. So McO2 seemedto play an important 
role in producing a high surface area Mo nitride. 

The catalytic activities of Mo nitrides for indole HDN and ben- 
zoffliophene HDS were well correlated with their surface areas. Tile 
cleavage of C-N and C-S bond was believed to be the rate-deter- 
mining step, and the reaction pathways were proposed on the basis 
of file selectivity ctkaiges during file telnperamre-prograxanled hy- 
drotreating reactions. In both reactions, aromatics were not f~her  
hy&ogenated, and Mo nibide could be an effective hy&ob-eating 
catalyst with less consumption of  hydrogen. 
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