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Hydrodenitrogenation (HDN) of indole has been studied over
MozN prepared from MoOs, 12-molybdophosphoric acid (HPA) and
MoOj3 + P,0s5 (a physical mixture of P,0s and MoO3 with stoichiom-
etry of P to Mo equal to that of HPA). It has been observed that
MozN is an active catalyst for HDN of indole. It gave comparable
activity (per unit mass) to that of Mo—Ni/y-Al,O3 but less hydro-
gen consumption. The initial activity of indole HDN was signifi-
cantly increased by adding phosphorus in the catalysts despite its
unfavorable pore and site blocking effects. However, P-containing
MozN lost activity more readily than Mo,N itself. The deactivation
did not result from carbon but probably was caused by nitrogen de-
posits from indole and loss of surface area. The bulk structure and
morphology of the Mo,N catalysts were not changed after HND of
indole. The reaction pathway did not appear to be altered by adding
phosphorus. (© 1998 Academic Press

INTRODUCTION

Hydrodenitrogenation (HDN), which occupies a signifi-
cant position in petroleum refining industry, is a hydrotreat-
ing process aimed at reducing the nitrogen content of crude.
It makes easier the downstream processing to commer-
cially useful products and environmentally acceptable fuels.
Sulfided Ni(Co)-Mo/Al,O3 have been commercially used
for more than half a century as catalysts due to their reli-
able activity and thermal resistance in spite of the fact that
many attempts have been made to substitute alumina with
other supports such as active carbon, metal oxides and ze-
olites. Commercial hydrotreating catalysts usually contain
a small portion of phosphorus as an additive. A number
of patents claimed the promotional effects of phosphorus,
including promoting dispersion of metal, altering surface
acidity, modifying morphology and increasing thermal sta-
bility of catalysts (1-4). Although a few papers reported
negative effects of phosphorus over Mo/carbon catalysts
(5, 6), most publications gave favorable examples of phos-
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phorus for HDN and hydrodesulfurization (HDS) reactions
over Mo-based alumina supported catalysts (7-16). It has
been proposed that phosphate has a strong affinity with
alumina while weakening the interaction between molyb-
denum and support. However, a clear understanding of the
role of phosphorus has not yet been achieved.

Recently, much attention has been paid to molybdenum
carbide or nitride (17-20) which has shown encouraging
activity in noble metal catalyzed reactions as well as HDN
and HDS (21-27). However, to the best of our knowledge,
no report concerns the influence of phosphorus in unsup-
ported molybdenum carbide or nitride for HDN reaction.
The study presented here takes advantage of both systems.
First, high surface area Mo,N, which consists totally of
active material unlike commercial supported catalysts in
which the support itself occupies a large volume, is applied
to HDN of indole. It can improve the catalytic efficiency and
simplify the system. Second, phosphorus coming from dif-
ferent precursors is introduced into Mo;N to gain a better
understanding of the function of phosphorus in the system.
On the basis of previous preparation and characterization
results (32), this work evaluates the activity of indole HDN
over Mo;N prepared from MoQOj3;, 12-molybdophosphoric
acid (a heteropolyacid, HPA) and MoOj3; + P,05 (a physi-
cal mixture of P,Os and MoOg3 with stoichiometry of P to
Mo equal to that of HPA). These systems are expected to
present an opportunity to get further insight into the role
of phosphorus in HDN reaction.

EXPERIMENTAL

Catalyst Preparation

All of the catalysts were prepared by temperature-
programmed reaction of MoO3, M0oO3 + P,Os5 or 12-moly-
bdophosphoric acid (HPA) with ammonia. The detailed
synthesis and characterization results have been described
in the previous paper (32). Typically 0.01 mol precur-
sors were employed and a stream of NH3 at a flow rate
of 150 umols—! was passed through the reaction cell at
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atmospheric pressure. Temperature of the preparation was
increased linearly at a rate of 30 Kh™! between 573 and
973 K.

Mo—Ni/y-Al,O3 containing 13.2 wt% MoOj and 2.7 wt%
NiO was prepared by awet impregnation method according
to the composition of commercial Shell 324 catalyst. Cal-
culated amounts of aqueous solution of ammonium hep-
tamolybdate and nickel nitrate were added to y-Al,O3
(Aldrich, 99.5%, surface area of 150 m?g~*, pore volume
of 0.5 cm®g~1). Water was removed in rotary evaporator
under vacuum at 330 K. Then, the catalyst was dried in an
oven at 400 K for 12 h and then calcined at 773 K in air for
3 h prior to the HDN reaction.

Hydrodenitrogenation of Indole

Indole, representative of nitrogen compounds in crude
oil, was chosen as the model compound to test the hydro-
denitrogenation (HDN) activity of catalysts. 1.03 g Mo;N
was prepared from different precursors and used for each
activity measurement. HDN of indole was carried out in situ
without exposing the catalysts to air after preparation.
The catalysts were pretreated under the flow of hydro-
gen at a rate of 15 umols™! at 673 K for 1 h just prior
to the delivery of indole. Indole (Aldrich, 99+9%) was in-
troduced into the flow of hydrogen (90 umols™) via a
syringe pump (Saga Instruments) at a pumping rate of
0.1 cm® h~! at atmospheric pressure. A vaporization cham-
ber filled with glass beads was positioned upstream of
quartz reactor to ensure a complete mixing of gases. Identi-
fication and analysis of reaction products were carried out
by an on-line HP 5890 gas chromatography (GC) equipped
with an FID detector and by mass spectroscopy. An STB-1
capillary column (60 m x 0.25 mm x 0.25 um) of Supelco
was used to separate products for GC analysis.

The hydrodenitrogenation of indole as a function of reac-
tion temperature was performed following a temperature
ramping program from 573 to 773 K. The temperature was
maintained at the indicated temperature for 2 h prior to
moving to the next temperature level at a ramping rate
of 0.083 Ks™1. The effluent products were analyzed every
20 min via a six-port sampling valve attached on GC. The
average value of the last three samplings was taken as ac-
tivity data of the indicated temperature since deactivation
occurred with time on stream. The value of error for the
average was ca. +5%.

Characterization of Catalysts

Since fresh molybdenum carbide and nitride were burned
violently with flame upon exposure to air, the samples were
passivated prior to the characterization measurements by
letting air diffuse slowly into the reaction cell with one end
of the reactor open to atmosphere for 10 h and causing a
mild surface oxidation.
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The specific surface areas Sy of the samples were deter-
mined on a constant volume adsorption apparatus (Micro-
metrics ASAP 2021C) by the N, BET method. Power X-ray
diffraction (XRD) measurements were conducted using a
Mac Science M18XHF diffractometer with Cu Ka; radi-
ation. Carbon content of the catalysts after HDN reaction
was determined by a CS-444 carbon/sulfur analyzer (Leco).

The morphology of passivated samples before and af-
ter HDN reaction was observed by scanning electron mi-
croscopy (SEM) on a Jeol JSSM-840A. The lateral distribu-
tions of P in Mo,N prepared from MoO3 + P,Os and HPA
were determined by electron probe microanalysis (EPMA)
with wavelength-dispersive spectroscopy (WDS) on Jeol
JXA-8600. For these analyses, samples were mounted on
graphite stubs and gold was sputtered onto them to ensure
an adequate conductivity.

X-ray photoelectron spectroscopy (XPS) measurements
were conducted using Perkin-Elmer PHI 5400 ESCA spec-
trometer with monochromatic Mg Ke radiation (1253.6 eV)
at 15 kV and 20 mA. About 0.2 g catalysts in a passivated
form were pressed into a pellet at 34 MPa for the mea-
surement. The spectrometer energies were calibrated using
Au 4fy, peak at 84.0 eV, Ag 3dsy; at 368.0 eV and Cu 2p3; at
932.6 eV. Vacuum in the measurement chamber during the
collection of spectra was maintained below 5 x 10~ torr.
Spectra were collected with an analyzer pass energy of
89.45 eV for survey scan and 71.55 eV for individual ele-
ment range. In order to obtain reproducible results, a strict
standardization of the order and the time of recording
was used. Charging effect was circumvented by referencing
binding energies to that of Cys peak at 285.0 eV. Overlap-
ping peaks were deconvoluted using a curve fitting pro-
cedure based on non-linear-least-square algorithm (28).
Depth profiles were obtained by bombardment of Art ion
on the samples at a sputtering rate of 2 nm per minute for
12 cycles until 20 nm surface was removed.

RESULTS

Hydrodenitrogenation of Indole over Mo,;N Prepared
from Different Precursors

Figure 1 shows the rates of indole HDN reaction as a
function of temperature for the same weight of catalyst.
It was observed that Mo;N is an active catalyst for HDN
of indole. It gave comparable reaction rates to those of
Mo—Ni/y-Al,O3 on the same weight basis. It was found that
at 773K nearly all of indole was converted to hydrocar-
bons. Over the temperature range lower than 723 K, Mo;N
prepared from P-containing precursors showed higher re-
action rates than that from MoOj;. This trend was espe-
cially evident in the case of HPA-derived Mo,N. However,
these higher rates of P-containing catalyst disappeared at
temperatures higher than 723 K.
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FIG. 1. Catalytic activity as a function of temperature over Mo;N

prepared from different precursors and Mo—Ni/y-Al,Os. (Indole feeding
rate=0.1 cm® h~%, H, flow rate = 90 xmols~}, catalyst loading = 1.03 g.)

The products of indole HDN reaction could be classi-
fied into three groups: hydrogenolysis of C-N in hetero-
cyclic ring results in aniline group compounds of aniline,
methylaniline and ethylaniline still containing N. Further
hydrogenolysis of C-N bonds leads to aromatic hydrocar-
bon products such as benzene, toluene and ethylbenzene.
Hydrogenation and hydrogenolysis of the benzene ring
yields low molecular weight saturated hydrocarbon prod-
ucts. Figures 2 and 3 show distributions of aniline and hy-
drocarbon group products, respectively. It was found that
the weight percentage of aniline group products increased
withincreasing reaction temperature and then declined dra-
matically at temperatures higher than 673 K. Meanwhile
the weight percentage of hydrocarbon group products in-
creased with increasing reaction temperatures except the
amount of ethylbenzene that decreased at higher temper-
atures for Mo,N catalysts. It is worth noting that simi-
lar temperature dependence of product distributions was
obtained regardless of precursors although that of HPA-
derived Mo>N shifted to ca. 50 K lower temperatures than
those of the other two catalysts.

It is worthy to mention that all Mo;N catalysts prefer
hydrodenitrogenation to hydrogenation of aromatic ring
when compared to Mo—Ni/y-Al,O3 catalysts. As shown in
Fig. 3(a), the formation of saturated hydrocarbons over
Mo—-Ni/y-Al,O3 catalysts was substantially higher than
those from Mo;N catalysts, especially at high temperatures.
The lower hydrogen consumption for Mo,N catalysts is of
great economic significance in industrial hydrotreating pro-
Ccesses.

In addition, indole HDN reaction was carried out at
673 K over three samples and the reaction rates were mon-
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itored with time on stream (Fig. 4). P-containing Mo,;N
showed higher activities at the beginning of the reaction,
while they decreased significantly as reaction proceeded,
particularly in the case of HPA-derived Mo;N. In contrast,
Mo:N prepared from MoOj; deactivated only slightly with
time. The product distributions with time on stream over
Mo;N prepared from MoO3; and MoQOj3; + P,Os were simi-
lar while that over HPA-derived Mo,N was somewhat dif-
ferent (Figs. 5, 6). In the latter case, the content of toluene
decreased rapidly whereas methylaniline and ethylaniline
increased with time and then decreased markedly after
10 h on stream.

Characterization of the Catalysts after Indole
HDN Reaction

The surface areas of Mo,N prepared from different pre-
cursorsafter 10 hrunare summarizedin Table 1. The surface
area of all the catalysts decreased after indole HDN reac-
tion. The addition of P,Os to MoOs resulted in a decrease
of Mo;N surface area of ca. 30% while HDN reaction led
to an additional 30% decrease of its surface area. In the
case of HPA, the initial surface area was much smaller than
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FIG. 2. Product distribution of aniline group compounds as a func-
tion of temperature over (a) Mo—Ni/y-Al,0O3 and Mo;N prepared from
(b) MoOg3, (c) MoOs3;+P,0s, and (d) HPA. (Indole feeding rate =
0.1 cm® h™%, H, flow rate =90 umols~}, catalyst loading = 1.03 g.)
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FIG. 3. Product distribution of hydrocarbon group compounds as a
function of temperature over (a) Mo-Ni/y-Al,O3 and Mo;N prepared
from (b) MoOs3, (c) MoOs+ P,0s, and (d) HPA. (Indole feeding rate =
0.1 cm®h™L, H, flow rate = 90 umols™, catalyst loading = 1.03 g.)

.05
0O MoOj3

—_ A HPA
- .04 | @ MoO3+P,05
=
A\
K=
o L
g .03
[
®
-
c .02 |
2
7]
3
& 01}

0.00 2 : 1 2 1

Time (h)

FIG. 4. Catalytic activity with time on stream over Mo,;N prepared
from different precursors. (Indole feeding rate=0.1 cm® h™%, H, flow
rate=90 pmols™!, catalyst loading=1.03 g, reaction temperature =
673 K.)
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FIG.5. Product distribution of aniline group compounds with time
on stream over Mo;N prepared from (a) MoOs, (b) MoO; + P,0s, and
(c) HPA.. (Indole feeding rate =0.1 cm® h™%, H; flow rate =90 umols™,
catalyst loading = 1.03 g, reaction temperature =673 K.)

the other two samples and ca. 50% of it was lost during the
reaction. Carbon contents of the catalysts after indole HDN
reaction are also listed in Table 1. There was no appreciable
difference in the carbon content among these samples.

The catalysts were removed from the reactor after
reaction and analyzed by X-ray diffraction (Fig. 7). Peak
location and diffraction intensity show that y-Mo,N with
face-centered-cubic structure was formed regardless of the
precursors and the bulk structure of Mo,;N was maintained
even after 10 h of the reaction at 673 K.

The SEM images of fresh catalysts have been reported in
the previous publication (32). As seen from SEM images

TABLE 1

Characteristics of MoaN Catalysts Prepared
from Different Precursors

Precursors MoO3; MoO3 + P,0Os5 HPA
Specific surface area/m? g~*
Before reaction 123.1 90.6 21.0
After reaction? 94.1 74.2 9.1
Carbon content/wt%
After reaction? 0.78 0.86 0.85

8 Hydrodenitrogenation of indole at 673 K for 10 h.
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FIG. 6. Product distribution of hydrocarbon group compounds with
time on stream over Mo;N prepared from (a) MoO3, (b) MoOj3 + P,0s,
and (c) HPA. (Indole feeding rate = 0.1 cm®h~, H, flow rate = 90 zmols 4,
catalyst loading = 1.03 g, reaction temperature =673 K.)

of used catalysts, the morphology of Mo;N remained
unchanged (Figs. 8a and 9a) after HDN of indole at 673 K
for 10 h. The lateral distribution of P after HDN reaction an-
alyzed by EPMA over Mo,N prepared from MoOg3 + P05
(Fig. 9b) was not homogeneous. There were some discrete
particles of P as indicated by the clusters of especially bright
white spots that had no correlation with morphology of
Mo;N particles seen by SEM. In contrast, P distribution
in HPA-derived Mo;N was quite uniform (Fig. 8b). When
compared to P distribution in fresh Mo,N reported in the
companion paper (32), the distribution of P seemed not
altered after HND of indole.

The change of binding energy and intensity upon XPS
depth profile enables us to trace the change of the chemi-
cal states from the outer surface to the inside of the sam-
ple. The depth profiles of Mo;N prepared from differ-
ent precursors after HDN of indole at 673K for 10 h are
given in Fig. 10. Spectra of Og, Ny, Cis, M03g, and Py,
levels were recorded. O profiles show that the amount
of oxygen gradually decreased as the cycles of Art bom-
bardment increased, indicating the gradual decrease in
its concentration from the outer to the inner surface.
However, it did not disappear even though 20 nm sur-
face was removed, indicating that oxygen can diffuse into
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the lattice interstices of the deeper layers during passiva-
tion. The core level of Njs was overlapped with that of
Mogy,. After deconvolution, the amount of nitrogen was
also found to decrease along the depth of the surface.
Carbon was deposited only on the very surface within
4 nm of depth. The Moy level of the outer surface were
triplet while it turned to doublet in the inner surface for all
the samples. The P,, peak profiles of P-containing catalysts
were similar with a peak at the binding energy of 134.0 eV
whose intensity decreased along the depth of the surface
and another peak at 130.0 eV which emerged in the in-
ner surface. The component with higher binding energy of
about 134.0 eV can be assigned to the surface phosphate
while that with lower binding energy at about 130.0 eV
to a phosphide form (29, 30). It seems unlikely that un-
hydrolyzed phosphorus oxides (P,Os) would exist on our
samples since it would have been associated with the water
formed during the TPR process. Furthermore, all the cata-
lysts have been exposed to air containing moisture in order
to get passivated prior to XPS measurements.

The ratios of XPS peak areas for Mo;N prepared from
different precursors before and after reaction are listed in
Table 2. No evident variation of C;s/Mo3zq was observed
on the surfaces of different samples after HDN reaction.
Along the depth of the surface the amount of phospho-
rus decreases drastically in P-containing catalysts, indica-
tive of the segregation of phosphorus to the surface. In
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FIG.7. X-ray diffraction patterns of Mo;N prepared from different
precursors before (B) and after (A) indole HDN reaction at 673 K for 10 h.
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FIG. 8. Electron probe microanalysis (EPMA) of Mo;N prepared from HPA after HDN of indole at 673 K for 10 h: (a) SEM image of the area

analyzed and (b) phosphorus distribution.

terms of the XRD patterns, the bulk structure is Mo,N for
all the samples and it did not change after reaction. Af-
ter deconvolution of the overlapped Nis and Mo, peaks,
the appreciable decrease of N1s/Moy, ratios from the outer
to the inner surface demonstrates that there was a great

amount of amorphous nitrogen on the surface for all the
samples. The N1/Moy, ratio after heavy sputtering showed
the value closed to the stoichiometry of Mo;N (~0.5). The
excess nitrogen in fresh samples must come from the prepa-
ration step. In the case of Mo,N prepared from MoQOg, the
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FIG.9. Electron probe microanalysis (EPMA) of Mo,N prepared from MoO; + P,Os after HDN of indole at 673 K for 10 h: (a) SEM image of

the area analyzed and (b) phosphorus distribution.

slight decrease of N1s/Moy, after reaction probably resulted
from removal of surface nitrogen by H, at 673 K. It ap-
peared that HDN of indole did not increase the amount
of N on the surface of pure Mo;N. In contrast, the sig-
nificant increase of Ni/Moy, after reaction over MooN

derived from MoOs+ P,Os indicated the heavy deposi-
tion of nitrogen on the catalyst. The deposits of nitrogen
species on HPA-derived Mo;N were less significant than
that of MoO3; + P,Os5 probably because of its smaller sur-
face area.
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TABLE 2

Ratios of XPS Peak Areas for Mo,N Prepared from Different Precursors

Pzp/M03d NlS/MOZp 015/M03d 015/M03d
Precursors a b c a b c a b a b c
HPA 0.015 0.015 0.0019 3.8 3.9 0.64 0.082 0.11 0.41 0.37 0.14
MoO3 — — — 3.9 3.0 0.49 0.12 0.092 0.33 0.27 0.13
MoO; + P,0s 0.027 0.016 0.0077 3.0 5.6 0.65 0.093 0.12 0.37 0.46 0.14

Note. a, before HDN reaction; b, after HDN of indole at 673 K for 10 h; c, after sputtering away 20 nm of b.

Figure 11 shows blowup of Mosy spectra of two pre-
cursors, MoOg3(a) and HPA(b), and Mo;N prepared from
different precursors before (c-e) and after (f-h) HDN of
indole. The Mogq spectra of precursors MoO3; and HPA
typically consist of two envelopes centered at 232.6 and
235.8 eV, which represent the characteristic doublet Moagq
of Mo®*. However, all the Mogq levels of produced Mo;N
catalysts comprised triplet peaks. The complexity of Mosqg
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FIG. 10. Depth profiles of XPS analysis for Mo;N prepared from dif-
ferent precursors after HDN of indole 673 K for 10 h. (a) Mo;N prepared
from HPA, (b) Mo,N prepared from MoOsg, (¢c) Mo;N prepared from
MoOj3 + P,0s.

peaks revealed the extreme heterogeneity of Mo species on
the surface of Mo,N. We did not try to decompose the Mosqy
peaks since they were poorly resolved following the decon-
volution rules (28, 31). The complication of Mozq would
make the curve fitting of more personal preference and of
less physical meaning even though it could be decomposed.
We simply compared the area of Mosy peak with 3ds, cen-
tered at 229.0 0.2 eV to the total area of Mozq since the
intensity of this peak was quite different among these cata-
lysts both on the outmost surface and it remained in the
inner layers after sputtering. The Mosq Spectra with 3ds, at
229.0 eV were deconvoluted (Fig. 12, shaded areas) by the
constraints that Mogq spin-obit doublet peaks have same
full width at half maximum value (FWHM) with intensity
ratio 1(3ds,2)/1(3d32) of 1.50 and splitting of 3.15 eV (28).
The ratios of Mo peak area of 3ds;; at 229.0 eV to the
total area of Mogq are listed in Table 3. The peak intensity
of Moy at 229.0 eV was relatively weak on fresh Mo;N
prepared from MoOj; whereas it increased after HDN of
indole. However, P-containing Mo,N showed an opposite
trend compared to that without P. The peak intensity of
Moaq at 229.0 eV in the fresh catalyst increased with the
addition of P,Os but decreased considerably after HDN
reaction. HPA-derived Mo,N showed similar behavior.

DISCUSSION
The Pathway of Indole HDN Reaction over Mo;N
Prepared from Different Precursors
As shown in Figs. 2 and 3, indole HDN over Mo;N pre-
pared from different precursors showed similar product
TABLE 3

Ratios of Peak Area of Mozq with 3dsj, at 229.2 0.2 eV
to the Total Area of Mosg

Precursor a b
HPA 0.34 0.28
MoOs3 0.27 0.39
MoOj3; + P,0s 0.39 0.18

Note. a, before HDN reaction; b, after indole HDN reaction at 673 K
for 10 h.
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FIG. 11. X-ray photoelectron spectra of Mosq profiles of precursor
(a) MoO3 and (b) HPA, and Mo;N prepared from (¢) MoOs, (d) MoO3 +
P,Os, () HPA before reaction, Mo,N prepared from (f) MoOs;,
(g) MoOs3 + P,0s, (h) HPA after indole HDN reaction at 673 K for 10 h.

distribution with a wide range of temperatures, implying
that reaction might follow a similar pathway whether the
catalyst contained phosphorus or not.

Based on the reaction pathway proposed by Oyama for
HDN of quinoline (23) and that of Abe’s (25), and con-
sidering the varying product distribution with temperature,
a possible sequence of indole HDN reaction is shown in
Fig. 13. The first step is the hydrogenation of heteroatom-
containing ring to indoline where rapid equilibrium is
reached. The second step is the cleavage of C—N bond in
the saturated heterocyclic ring, leading to the formation of
ethylaniline. The third step is the simultaneous hydrogenol-
ysis of C—C and C—-N bonds of ethylaniline, resulting in
the formation of methylaniline and aniline, and the loss of
NH, group to ethylbenzene and then to methylbenzene and
benzene. At higher temperatures, hydrocracking is also in-
volved in the reaction leading to the formation of saturated
hydrocarbons.

The product distribution with time on stream in Figs. 5
and 6 could also be understood in terms of the proposed
reaction scheme. At the beginning of the reaction when
many fresh active sites are available, all the hydrogenoly-
sis proceeds completely. Consequently, nearly all the prod-
ucts are hydrocarbons. However, when those highly active
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sites are poisoned during the reaction, the hydrogenolysis
of C—N bonds is much retarded, leading to the increase of
aniline group compounds and decrease of hydrocarbons. In
the case of HPA derived-Mo,N the amount of aniline group
compounds also decreased when the active sites were heav-
ily poisoned at the later stage of the reaction (Fig. 5¢).

Beneficial Effect of Phosphorus for Indole HDN Reaction

Mo,N is an active catalyst for indole HDN reaction
showing comparable reaction rates to that of Mo—Ni/
y-Al,O3 for the same catalyst weight. Mo,N prepared from
MoOQOj; + P,05 and HPA showed higher reaction rates than
that from MoOgs, implying P played an important role in this
reaction. The measurements of BET surface areas showed
that P-containing Mo;N possessed lower surface areas and
that the surface areas decreased after HDN reaction over all
the catalysts especially in the case of HPA (Table 1). The de-
creases in surface area after reaction are in agreement with
the observations made for P-containing Mo-based alumina
catalysts (14). As mentioned in the previous paper (32), the
loss of surface area for fresh P-containing catalysts seemed
to result from pore and site blocking due to the addition of
phosphorus. Thus, a negative effect of phosphorus on cata-
lytic performance might be expected. However, the results
turned out to be the opposite. Addition of phosphorus pro-
moted HDN of indole, particularly at the beginning of the
reaction and at lower temperatures. Apparently, the neg-
ative influence on the surface has been overshadowed by
its positive effect. Moreover, the intrinsic promotional ef-
fect of P must be much greater than observed because of
substantially lower surface areas of P-containing catalysts.

5
8
2
7]
c
]
£
1 1 1 1 1 1
238 236 234 232 230 228
Binding Energy (eV)
FIG. 12. Curve fitting of Mosq for Mo,;N prepared from HPA after

HDN of indole at 673 K for 10 h.
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Deactivation of Catalysts

As shown in Table 1, the surface area decreased after
HDN of indole for all the catalysts. This appears to be a
main cause of deactivation over Mo,N. In the case of P-
containing MoN, the deactivation was more evident due
to the relatively greater loss of surface area.

Coking is believed to be one of the primary mechanisms
for the deactivation of hydrotreating catalysts. It is well
known that coke is formed via a carbenium ion and surface
acidity is responsible for coking. In the case of Mo(P)/Al,O3
catalysts, it has been understood that surface acidity of alu-
mina is reduced by multiple bonds formed between phos-
phorus and alumina and thus coking is considerably re-
duced (13).

In Mo;N catalysts there was no significant difference of
carbon content in these samples. It seems untenable to
ascribe the deactivation of P-containing catalysts to their
slightly higher carbon levels. A quantitative analysis of XPS
results (Table 2) provided some clue to the problem. The
only slight difference of C1s/Mo03q among these samples sug-
gests that carbon deposition on the surface was not the fac-
tor responsible for different stability of these catalysts in
HDN of indole. Almost all of carbon was removed after
sputtering away 2 nm surface, indicating that accumulation
of carbon was limited only to the outer surface (Fig. 10).

When considering the correlation between the amount
of nitrogen with the catalytic performance, it appears that
nitrogen deposits are responsible for the deactivation of in-

Reaction pathway of HDN of indole over Mo;N.

dole HDN over P-containing Mo;N. For Mo,N prepared
from MoOQOg, activity decreased only slightly with time on
stream. This may have come from the slight decrease of
surface area. When P,Os was added, the initial activity was
markedly increased by the promotional effect of phospho-
rus although the surface area was reduced by pore blocking.
However, it was easier to deactivate because of facilitated
nitrogen deposition. When phosphorus lost its function by
the nitrogen deposit, Mo,;N prepared from MoOg3 + P,0s
showed similar behavior to that of pure Mo;N. In the case
of HPA-derived Mo:N, the loss of surface area during the
reaction was greater, therefore, the activity decreased to the
greater extent when the promotional effect of phosphorus
was lost.

Role of Phosphorus

As given in Fig. 10, the well-separated components of
P, levels of P-containing catalysts suggest that at least two
distinct oxidation states of phosphorus are involved in the
inner surface with a different binding energy of about 4 eV.
However, the similar XPS profiles of P-containing Mo,N
catalysts implied that the environment of P may be the same
regardless of precursors.

In investigation of Co—Mo-S, a proposed active phase
in HDN and HDS over the commercial sulfided Ni(Co)—
Mo/Al,Os, lower oxidation states other than single Mo®*
have been suggested to be the active species. In our cases,
most probably Mosq with 3ds, at 229.0 eV coming from
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molybdenum bonded with nitrogen serves as a signature of
active species. The binding energy of phosphorus implies
that it exists as a phosphate form combined with Mo. Phos-
phorus addition appears to contribute to the increased in-
tensity of the Mo peak at 229.0 eV and thus to the increased
initial HDN activity. However, it also seems to promote the
deposition of nitrogen during HDN of indole and loses its
favorable function as an activity promoter by being heav-
ily adsorbed with nitrogen deposits. In the case of Mo;N
prepared from MoOs, the increased intensity of the peak
at 229.0 eV after reaction may result from the partial re-
moval of adsorbed nitrogen species under hydrogen during
the reaction.

CONCLUSION

Mo:N is an active catalyst for indole HDN reaction. It
gave comparable activity on the same weight basis to that
of Mo—Ni/y-Al,O3 but less hydrogen consumption. The ini-
tial activity of the indole HDN reaction was significantly
increased by adding phosphorus in the catalysts despite its
pore and site blocking effects. The beneficial effort was
quite obvious at the beginning of reaction. However, P-
containing Mo;N catalysts lost activity more readily than
MosN itself. The deactivation did not result from carbon
but probably caused by nitrogen deposits from indole and
loss of surface area. The bulk structure and morphology
of the Mo,N catalysts were not changed after indole HDN
reaction. The reaction pathway appeared not altered by
adding phosphorus.
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