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Abstract

The deactivation of 12.5% Mo/AD3 catalysts nitrided at various temperatures during the hydrodesulfurization (HDS) of
dibenzothiophene at a 10.1 MPa total pressure was studied on the basis of a simulation using the kinetic equation and the
behavior of nitrogen release (N/Mo atomic ratio), sulfidation (S/Mo), and carbon deposition (C/Mo) by X-ray photoelectron
spectroscopy (XPS). The nitrided catalysts were deactivated in two regions where the activity significantly decreased up
to 3h and then very slowly in the period of 3-14 h. The catalyst deactivation during dibenzothiophene HDS followed the
equation:® = rpexp(—a1t) + rp exp(—azt), wherer anda are constants, subscripts 1 and 2 denote the rapid and slow
deactivation species, respectively, and the time-on-stream. The rapid initial deactivation)(was mainly attributed to
carbon deposition on the surface, while the slow deactivatiohwas significantly associated with nitrogen release. The

highly nitrided Mo/AbOj3 catalyst (nitriding at 973 K) exhibited the least deactivation and longest catalyst lifetime.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In  molybdenum-containing catalysts, molybde-
num nitrides and carbides effectively eliminate sulfur
from the thiophenic compound4-5]. In a previous
study[1], the nitrided 12.5% Mo/AlO3 catalyst was
1.1-1.2 times more active than the 623 K-sulfided
catalyst during dibenzothiophene HDS. However, the
nitrided catalyst was rapidly deactivated during the
initial stage of the reaction and then slowly deacti-

the surface of the molybdenum nitride particles after
the HDS of thiophene. However, the bulk structure of
molybdenum nitride was maintained after the reaction
[6]. A question arose as to how the decrease in HDS
activity was caused by sulfidation and nitrogen release
during the reaction. Although carbon deposition was
reported to decrease the activity of the sulfided molyb-
denum catalysf7-10], it remains as an unanswered

question whether or not the molybdenum nitride cat-
alyst was deactivated by carbon deposition during the

vated during the steady stage. The nitrogen content of HDS. There is little or no information on the relation-

the MoN/AI>O3 catalysts decreased after the reac-
tion [4]. A thin layer of molybdenum sulfide covered

* Corresponding author. Tel./fax:81-42-388-7060.
E-mail addressmnagai@cc.tuat.ac.jp (M. Nagai).

ship between the deactivation of the nitrided catalysts
during the rapid initial and slow steady stages of the
HDS reaction and the deactivation factors calculated
by the XPS data. In this study, the deactivation of the
nitrided 12.5% Mo/ApOs3 catalyst during the initial
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and steady stages was studied on the basis of the firstalyst was heated from room temperature to 573K at
order deactivation equation established by assuming 10.1 MPa. The reaction products were guantitatively
two types of active species that were easy and difficult analyzed using an FID gas chromatograph with a 2%
to deactivate. The relationship between the catalyst silicon OV-17. The HDS rate was calculated based
deactivation and the behavior of the nitrogen release, on the moles of dibenzothiophene converted at 573 K.
sulfidation, and carbon accumulation measured by The turnover frequency (TOF) of the nitrided cata-
XPS was discussed. The surface properties of the lysts was expressed as the HDS rate at 0 h extrapo-
nitrided catalyst specific to the anti-deactivation and lated from the HDS rate versus time-on-stream curve
long catalyst lifetime were also discussed. divided by the amount of CO irreversibly adsorbed on

the catalysts before the reaction.

2. Experimental 2.3. BET surface area and CO chemisorption

2.1. Catalyst preparation The catalyst was packed in the U-shape tubing of the
adsorption port in the analysis apparatus with flowing
argon, pretreated at 473K by evacuation at3lPa

for 1 h, and then evacuated at 473 K below4@a for

The 12.5% MoQ@/Al,03 (Nikki Chemicals Co.)
catalyst was prepared using a mixture of ammonium
paramolybdate withy-alumina xerogel and calcined 1h. The BET surface area of the catalysts was mea-
in air at 823 K for 3 h. After the oxidic catalyst (gran- sured using an Omnisorp 100CX (Beckman Coulter
ular, 0.85-1.70mm) was packed on a porous quartz Co.) at liquid-nitrogen temperature. The quantity of
plate in a quartz microreactor, it was oxidized in dry CO chemisorbed on the surface of the catalysts was
air (41h™1) at 723K for 1h and then cooled from determined using the Omnisorp 100CX by conven-
723 to 573K in dry air. The catalyst was nitrided tional volumetric analysis. Before measuring the CO
from 573K to the final temperature of 773, 873, 973, uptake, the catalysts were pretreated in hydrogen at
1073, or 1173K at a rate of 60 K# with 41h~ of 623K for 2 h, degassed at 19Pa and 653K for 2 h,
ammonia, maintained at the final temperature for 3h, and then cooled to room temperature in a vacuum.
and then cooled to room temperature in a stream of
ammonia. The molybdenum content of the catalysts 2.4. XPS measurement
was analyzed using atomic absorption spectroscopy.

The catalysts were removed from the quartz reactor The behavior of the nitrogen release, sulfida-
in a glovebox filled with argon and subjected to BET tion, and carbon deposition for the nitrided 12.5%
surface area, CO adsorption, XPS observations, andMo/Al,O3 catalysts was studied using the XPS mea-
catalytic activity measurements for dibenzothiophene surement during the reaction. The catalysts after
HDS. nitriding in the microreactor were transferred to the
glovebag attached to the XPS prechamber without
exposure to air as described in a previous pdpgr
The XPS analysis was carried out using a Shimadzu
ESCA 3200 photoelectron spectrometer with Mg K
radiation (1253.6eV, 8kV, 30mA). No argon etch-
ing was done for the analysis. The binding energy
of Al 2p 74.6 + 0.2eV was taken as a reference to

2.2. Activity measurement

The HDS of dibenzothiophene was carried out us-
ing a fixed-bed microreactor in a high-pressure flow
system[4]. A 1.0 g quantity of the catalysts was held
in place in the middle of the reactor without expo-

sure to air after nitriding of the catalyst in the reactor.
The liquid feed consisted of 13.6 mmofidibenzoth-

iophene (ultrapure) dissolved in xylene. The hydro-
gen was dried through a trap of Linde 13X molecular

correct the binding energy of the catalysts. The XPS
spectra were curve-fitted using the Gaussian distri-
bution function with the Shirley baseline method. In
Fig. 1A, the overlapped spectra of N 1s and Ma3p

sieves. The feed was introduced into the reactor at theat 394.4-399.4eV were deconvoluted to the peaks

rate of 0.011h! with a hydrogen flow of 31ht at

of the N 1s spectra and the Mo 3p spectra which

573K and a total pressure of 10.1 MPa after the cat- were correspondingly distributed to those for the Mo
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Fig. 1. (A) The deconvolution of N 1s lines from Mo 8p (Mo®*, Mo**, Mo®*, and M&™) for 12.5wt.% MoQ/Al,O; nitrided at 873 K
before the reaction. (B) The deconvolution of S 2p spectra (termifial I¥idging $2-, and 8) for the 973 K-nitrided catalyst after 14 h.
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3d3/> spectra with an intensity ratio of 2/3 and a 200
splitting of 3.2eV[11-13] The overlapped spectra
were deconvoluted to the peak at 3®# 0.2 eV for

the N 1s spectra and to the peaks at.895 0.5
(Mo?t), 3964 + 0.2 (Mo*t), 3982 + 0.2 (Mo®"),

and 3994 + 0.2 eV (Md®t) for the Mo 3,2 spectra.
The spectra of the Mo3p, envelope were deconvo-
luted with the individual Mo 3p, signals based on
the same distribution of the Mo 3d electrons of Mo
3pz/2 as the Mo 34, spectra. For the formation of
molybdenum sulfide, the S 2p spectra of the catalysts
during the reaction were measured at 161-165¢€V, i.e. 0 ! !
the peaks at 161.8eV (terminal disulfide and/or sul- 0 5 10 15

fide () ligand) and at 163.1 eV (bridging disulfide Time on stream / h

(S2%7) ligand) with a shoulder peak at 163.8—-164.0 eV

(sulfur powder) Eig. 1B) [4,13,14] The C 1s spec- Fig. 2. The rate of the HDS of dibenzothiophene over the ni-

. . trided and sulfided 12.5% Mo/ADs; catalysts with time-on-
tra were also measured in the region of 281-294 eV stream at 573K and 10.1MPallj 773K-nitrided catalyst,

[15-17] (O) 873K-nitrided catalyst, £) 973 K-nitrided catalyst, 1)
1073 K-nitrided catalyst, ancK¥) 1173 K-nitrided catalyst.

HDS rate / Omol gglh‘1

3. Results and discussion rates of dibenzothiophene HDS. The 973 K-nitrided
catalyst had a very slow deactivation during the steady
3.1. Activity for dibenzothiophene HDS state. Although the 873-1073 K-nitrided catalysts ex-

hibited high HDS rates only for the 0.25h of a first

The rates of the HDS of dibenzothiophene on the sampling, they were rapidly deactivated up to 3h on
12.5% Mo/AbO3 catalysts nitrided at various temper-  stream and remained constant thereafter. The deacti-
atures are shown iRig. 2andTable 1 The HDS rate vation of the nitrided catalysts during the reaction was

of the 773 K-nitrided catalyst was the highest of all composed of two periods of rapid deactivation during

the catalysts for the entire 14 h. The 12.5% Mo/B¢ the initial stage (0—3h) and very slow deactivation
catalysts nitrided at higher temperatures had lower during the steady stage (3-14 h) of the reaction. The

Table 1
HDS activities and surface properties for 12.5% Moekdd catalysts nitrided at various temperatures

Nitriding temperature

773K 873K 973K 1073K 1173K

HDS raté (umolg~th~1) at Oh (14 h) 141.0 (73.6) 149.7 (65.9) 153.4 (66.7) 144.8 (53.9) 139.4 (42.7)
DS selectivity 79.8 49.1 35.2 56.2 25.4
Surface area (Rg~1)°

Before reaction 141 131 164 128 124

At 3h 173 n.m. 160 n.m. 114

At 14h 166 149 135 n.m. 105
Total CO (wmolg™1) 39.3 57.6 50.7 26.5 24.8
Irreversible CO (umolg1) 15.9 20.7 16.6 9.0 8.2
Irreversible CO (molecules nm) 0.068 0.095 0.061 0.042 0.040
TOF (at 0h) (1) 8.9 7.2 9.2 16 17

aReaction temperature of 573 K.
b Molar ratio of biphenyl to cyclohexylbenzene (DS: direct desulfurization of DBT at 14 h).
¢Before the reaction.
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Fig. 3. The products in the HDS of dibenzothiophene over the
973 K-nitrided 12.5% Mo/AIlOs catalyst with time-on-stream at
573K and 10.1 MPa: (A)@®) Biphenyl, (J) cyclohexylbenzene;
(B) (A) tetrahydrodibenzothiopheness) hexahydrodibenzothio-
phene.

HDS rate of the 773 K-nitrided catalyst decreased
similar to those of the nitrided catalysts but gradu-
ally increased after 4h. The 773 K-nitrided catalyst
is ruled out from the deactivation tests. The reac-
tion products for the dibenzothiophene HDS on the
973 K-nitrided catalyst are shown Fig. 3. Among

the reaction products, the biphenyl concentration in-

creased up to 2 h due to the highly active decomposi-

127

tion of dibenzothiophene and then decreased after 2 h.
The concentration of cyclohexylbenzene gradually in-
creased after 1 h on stream and reached a steady-state
concentration after 5 h. The concentrations of tetrahy-
drodibenzothiophene and hexahydrodibenzothiophene
started to increase after 2.5 and 5.5h, respectively,
and exhibited constant values which were about 35
and 160 times less than the biphenyl concentration.
This result indicated the preference to the direct C-S
bond breakage of dibenzothiophene rather than hy-
drogenation. Similar results for the reaction products
were observed for the other nitrided catalysts.

As far as the CO adsorption on the nitrides was
concerned, the CO uptakes of the 873 and 973 K-
nitrided catalysts were greater than those of the
other nitrided catalysts. This result showed that the
1173 K-nitrided catalyst had the lowest CO uptake,
that is, a small number of active sites. The TOF of the
1173 K-nitrided catalyst (17.01%) was about twice
those of the catalysts nitrided at 773-973 K. This re-
sult showed that the 1173 K-nitrided catalyst probably
had a small number of strongly active sites. The TOFs
of the 873-1173 K-nitrided catalysts increased with
the increasing nitriding temperature. The 873 and
973 K-nitrided catalysts had a greater CO uptake than
the 1073 and 1173 K-nitrided catalysts and also high
Mo/Al ratios determined by XPS ifiable 2 The 873
and 973 K-nitrided catalysts had greater CO uptakes
than the 1073 and 1173 K-nitrided catalysts and also
the high Mo/Al ratios determined by XPS. This result
indicated that the 873 and 973 K-nitrided catalysts
had more Mo atoms exposed on the surface than the
other nitrided catalysts. Since the TOFs of the 873 and
973 K-nitrided catalysts were lower than those of the
1073 and 1173 K-nitrided catalysts, the two catalysts
probably had more weakly active sites. On the other
hand, since the 1073 and 1173 K-nitrided catalysts
had about half the CO adsorption sites and 1.7-2.4

Table 2
Surface compositions of the nitrided 12.5% Mao/@®k catalyst before reaction (0 h) and after 3 and 14 h on stream

873K 973K 1073K 1173K

Oh 3h 14h Oh 3h 14h Oh 3h 14h Oh 3h 14h
N/Mo  0.121 0.0750 0.0725 0.214 0.137 0.135 0.129 0.100 0.080 0.0802 0.0511 0.0406
S/Mo 0.0 0.333 0.663 0.0 0.340 0.437 0.0 0.300 0.62 0.0 0.128 0.968
C/Mo 0.0 32.6 87.5 0.0 23.0 170 0.0 34.0 117 0.0 25.6 224
Mo/Al  0.080 0.056 0.040 0.075 0.120 0.132 0.059 0.075 0.071  0.050 0.067 0.051
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times higher TOFs than the 873 and 973 K-nitrided
catalysts, and the 1073 and 1173 K-nitrided catalysts
had fewer strongly active sites.

1.0

0.8
3.2. Catalyst deactivation during HDS

The BET surface area of the catalysts changed dur-
ing the reaction ifTable 1 The BET surface areas of
the 973 and 1173 K-nitrided catalysts decreased during
the reaction, but for the 873 and 1073 K-nitrided cata-
lysts, they were still unchanged. However, the surface
area of the 773 K-nitrided catalyst increased from 141
to 166 nf g~ with the increasing reaction time from
0 to 14 h and then gradually decreased, even though »
the HDS activity decreased. The changes in the sur- 0 500 1000 1500 2000 2500 300
face areas of the nitrided catalysts during the reaction
did not correspond to the rapid and slow deactivation
of the nitrided catalysts. Thus, the deactivation was Fig. 4. The simulate in the HDS of dibenzothiophene over the
not caused by the decrease in the pore mouth. nitrided 12.5% Mo/AyO3 catalysts with time-on-stream. Symbols

In order to elucidate the deactivation of the ni- are the same as those fiig. 2
trided catalysts during the initial and steady stages,
the depreasing ra}te of the active sites was describedwhererl andr, are constantsy; anda» are deacti-
to be first order with respect to the decreasing number vation constants, ands the time-on-stream. The rate

of active sites by the deactivating and/or releasing | ot yhe gisappearance of dibenzothiophene was pro-
SPecies. IF Is assumed tha.t the diffusion IS not af- portional to the decreasing number of the two types of
fected during the HDS reaction and each active site is active species which were supposed to be present on

independently reacted and deactiva{@8-20] The  yho g rface of the catalysts: the active species rapidly
deactivation of the nitrided catalysts was assumed Fo deactivatedrt, o1) during the initial stage and the oth-

be due to coke deposition, sulfur dep03|t_|on, and ni- ers slowly deactivated , a») during the steady stage.
trogen release. These factors were combined togetherr,, ota constants 1 r2) and deactivation constants

to describe the deactivation behavior by the equations (a1, a2) Were treated by fitting the reaction rate data

without the evaluation of each factor. Therefore, the ¢, e nitride catalysts to the kinetic expression using
easily deactivated species corresponded to the species, ,qn.jinear least-squares fitting. The deactivation

for the large deactivation rate during the initial stage of dibenzothiophene HDS over the 12.5% Mo/Bk

of the reaction while the species deactivated with catalysts nitrided at 873, 973, 1073, and 1173K with
difficulty corresponded to the species for the slow o "o ctraam was simulated and is showig. 4

deactivation during the steady stage: A good fit was observed fdEq. (1)over the HDS reac-

o(t) / -

Time on stream /h

r . - ! o
® = L = 1 exp(—aut) + ro exp—azi) @ tion. The re;ults for the simulation of.th_e deactivation
ro are summarized iMable 3 The 973 K-nitrided catalyst
Table 3
Parameters for simulated deactivation function
Nitriding temperature (K) a7 (h™1) az (1) azlag ry ) X test Catalyst lifetim# (h)
873 1.139 0.00213 0.0187 0.600 0.431 0.00031 672
973 0.694 0.000439 6.38 104 0.654 0.376 0.00035 2950
1073 1.056 0.00105 9.94 10°4 0.630 0.377 0.00023 1250
1173 0.947 0.00396 0.0042 0.700 0.327 0.00029 292

aTime required for reaching 10% conversion.
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had a strong deactivating constami) of 0.694 but a
weak deactivation constant) of 4.39 x 10~%. The

a1 value for the 973 K-nitrided catalyst was 1.6 and
1.5 times smaller than for the 873 and 1073 K-nitrided
catalysts, respectively, but the values were 4.9 and
2.4 times higher. The amount of the easily deactivated
sites for the nitrided catalysts were 150-1600 times
greater than the difficult deactivated sites. Further-
more, the 973 K-nitrided catalyst had the loweshy
value of all of the catalysts and was more slowly de-
activated after 3 h during the steady stage than during
the initial stage. Therefore, the 973 K-nitrided catalyst
is the best anti-deactivating catalyst.

3.3. Deactivation by nitrogen release, sulfidation,
and carbon deposition

The changes in the atomic ratios of N/Mo,
S/Mo, and C/Mo of the 973 K-nitrided catalyst with
time-on-stream are shown iRig. 5 The ratios of
N/Mo, S/Mo, C/Mo, and Mo/Al of the other nitrided
catalysts are also listed Fable 2 The 973 K-nitrided
catalyst had an N/Mo ratio of 0.214 before reaction
and decreased to 0.135 at 14 h, indicating that 36%
of the N/Mo ratio of the fresh catalyst was lost after
a 14 h run. The 973 K-nitrided catalyst had an N/Mo
ratio greater than the other catalysts before the reac-
tion. The nitrogen atoms of the 973 K-nitrided catalyst
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Fig. 5. Change in the atomic ratios dD§ N/Mo, ((J) S/Mo, and
(A) C/Mo of the 973 K-nitrided catalyst with time-on-stream.
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Fig. 6. Change in the XPS S 2p/Mo 3dl| S, (@) $%~, and
(A) S°) of 973 K-nitrided catalyst with time-on-stream.

were removed to a lesser extent than those of the
other nitrided catalysts during the HDS reaction. The
S/Mo ratio of the 973 K-nitrided catalyst remarkably
increased to 0.34 (78% of the final sulfur level) up to
3h, then slowly increased, and attained 0.437. This
trend was observed for the 873 and 1073 K-nitrided
catalysts. This result showed that molybdenum ni-
trides on the catalyst were readily sulfided to form
molybdenum sulfide on the surfadéig. 6 shows the
distribution of the sulfur species?S, $2-, and $
against the Mo species on the 973 K-nitrided catalyst
plotted versus time-on-stream? Srapidly increased
and $%- decreased with the reaction time, whil@ S
was unchanged. This result showed that the deposited
sulfur species sulfided molybdenum during the first
3 h. Concerning the carbon deposition, the C/Mo ratio
of the 973 K-nitrided catalyst slightly increased up
to 5h, then sharply increased from 5 to 10h. Diez
et al.[7] studied the deactivation of the NiMo/AD3

by XPS and reported that coke accumulated on alu
mina more rapidly than on the molybdenum sulfide
and that this coke blocks the active Me&ystallite
edges. Also, Dadyburjor and Rdf reported that the
initial deactivation brought about both active site sup-
pression and pore plugging by coke for NiMo@lz
during the thiophene HDS. The latter had a more
significant contribution than the former for the higher
aged catalyst. Panarello and Guanziféli suggested
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Table 4

Relative coefficients of relationship between atomic ratios of N/Mo,
S/Mo, and C/Mo and the values ofy and a» for the nitrided
12.5% Mo/AbO3 catalysts

Relative coefficient

N/Mo S/Mo C/Mo
ay (h1h) 0.663 0.209 0.869
az (1) 0.906 0.651 0.489

carbon deposits mainly on the active species for the
less stable catalysts (i.e. initial stage) and on alumina
for the more stable catalysts (i.e. steady stage). Car-
bon was deposited on the active molybdenum nitride

species and the deposited carbon very quickly deacti-
vated the 973 K-nitrided catalyst before 5h, and after

5h, carbon was deposited on the less active sites or
alumina support.

The deactivation constantss( and «) obtained
from the deactivation simulation versus nitrogen re-
lease, sulfidation, and carbon deposition were sub-
jected to the relative coefficients givenTable 4 «;
is plotted versus the C/Mo ratio Fig. 7. Thea value
during the initial stage was closely related with carbon
deposition (relative coefficient, 0.869). A roughly lin-
ear relation (0.663) of the; value versus the N/Mo
ratios was observed. This result indicated that the ini-
tial deactivation is primarily due to carbon formation
on the active sites together with the secondary factor
of nitrogen release from Mo nitride during the diben-
zothiophene HDS. This result was in agreement with
the data obtained by Elst et #2]. They reported the
deactivation of Mo&/Al,O3 during thiophene HDS
and found that a highly aromatic and graphitic type
of coke was preferentially deposited and blocked the
active sites of MogAl,03. Although the peaks of
the micropore volumes for the 973 K-nitrided catalysts
were not changed (0.12—0.16 mi'gnm~1) before and
after the reaction, those of the 1173 K-nitrided catalyst
decreased from 0.12—0.15 to 0.08-0.14 miigm1.

The deposited carbon slightly plugged the pore mouth
of the micropores of the catalysts but it mainly cov-
ered the active sites.

3.4. Long catalyst lifetime and surface properties

ay is plotted versus the N/Mo ratio at 14 hiig. 8.
The ay value was related to the N/Mo ratio (rela-

s Today 87 (2003) 123-132
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Fig. 7. Relationship between; up to 3h and the (A) C/Mo
and (B) N/Mo atomic ratio of the nitrided 12.5% Mo/AD3
catalysts at 3 h after the HDS reactio®) 873 K-nitrided catalyst,
(A) 973 K-nitrided catalyst,¥) 1073 K-nitrided catalyst, anc)
1173 K-nitrided catalyst.

tive coefficient, 0.906), indicating that the nitrogen
release was responsible for the deactivation of the ni-
trided catalysts during the steady stage. &bevalue
varied in the S/Mo ratio range of 0.4-0.7 and was
roughly related to the S/Mo ratio (0.651). Sulfidation
was slightly related to the deactivation during the
steady stage because sulfur replaced nitrogen in the
nitrided catalysts during the steady stage. Li and Lee
[21] reported that sulfur compounds were deposited
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compared to those for the other catalyst3able 2 it

was less deactivated by sulfidation and coke deposits
during the steady stage. The 973 K-nitrided catalyst
was more resistant to sulfidation and carbon deposi-
tion during the steady stage. Furthermore, the catalyst
lifetime of the 973 K-nitrided catalyst was the longest
of the nitrided catalysts. The 973 K-nitrided catalysts
were rapidly deactivated during the initial stage, but
were deactivated very slowly after 3h in the steady
state. The N/Mo atomic ratio of the 973 K-nitrided
catalyst was higher than those of the other nitrided
catalysts before and during the reaction. The nitrogen
atoms of the 973 K-nitrided catalyst were removed to
a lesser extent than those of the other nitrided cata-
lysts. Therefore, the greater formation of molybdenum
nitride (high N/Mo ratio) on the surface, the higher
HDS activity and longer catalyst lifetime. Although
sulfur and carbon are deposited on the 973 K-nitrided
catalyst more than the other catalysts as shown in
Table 2 the activity of the 973 K-nitrided catalyst is
protected by sulfidation and carbon deposition, i.e.
active Mo atoms are likely to be protected by nitrogen
atoms on the top surface of the Mo nitride which leads
to less sulfiding and coking of the active Mo atoms.
Furthermore, hydrogen activated by a Mo atom of
Mo nitride attacks sulfur adsorbed on a neighboring
Mo atom.

4. Conclusion

The changes in the nitrogen release, sulfidation,
and carbon deposition from the XPS analysis for the
773-1073 K-nitrided 12.5% Mo/ADs catalysts dur-
ing dibenzothiophene HDS in a fixed-bed microreac-

catalysts at 14 h after the reaction. Symbols are the same as thosetor at 573 K and 10.1 MPa total pressure were studied.

in Fig. 7.

on the surface of the unsupported phbduring the

The deactivation of the catalysts was described by an
equation based on the assumption that two types of
deactivated species, i.e. easily deactivated and deacti-
vated with difficulty, were present on the catalyst sur-

benzothiophene HDS and blocked the micropores, face. The former species of the nitrided catalysts were
thus deactivating the catalyst. The nitrided catalysts deactivated by a factor of 150-1600 times compared
were then very slowly deactivated by nitrogen loss to the latter species. The 973 K-nitrided catalyst is a
together with sulfidation during the steady stage by long-lifetime catalyst for dibenzothiophene HDS. The
a factor of 150-1600 compared to the initial deacti- rapid deactivation of the nitrided catalysts was mainly

vation. There is no relationship betweep and the
C/Mo ratio. Although the 973 K-nitrided catalyst had
relatively lower S/Mo and higher C/Mo ratios at 14 h

due to carbon deposition and the slow deactivation due
to nitrogen loss as well as due to nitrogen release and
sulfidation, respectively.
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