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Abstract

In this work, three catalysts namely NiMo/A3;, NiMoB/Al,O3, NiMoP/Al,O3 were prepared and surface structure studied using X-ray
absorption fine structure (EXAFS), X-ray absorption near edge structure (XANES) and X-ray photo electron spectroscopy (XPS). In the boron
and phosphorus containing catalysts, boron and phosphorus concentrations were maintained at 1.7 and 2.7 wt.%, respectively. The surface
structure of the catalysts at different stages of reactions (after 1 and 2 days of sulfidation, after 1 and 5 days of precoking and after 30 days
of run time) was studied. Results from EXAFS analysis indicated the presence of sim@abéhd distance in all phosphorus containing
samples. XPS and S K-edge spectra obtained from XANES showed the presence of two oxidation states of sulfufsarah-&68. Boron and
phosphorus significantly increased the sulfidity of the catalyst, confirmed from XPS analysis. These catalysts showed less carbon deposition
during hydrotreating process. Ni and Mo dispersion also increased significantly with the incorporation of boron in NiMo&lyst, thus
increasing the extent of hydrotreating reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction An important step in the formulation and design of a bet-
ter catalyst is to establish a structure-activity relationship. A
Hydrotreating catalysts have played an important role in better description of Co(Ni)MoS phases presents a huge in-
producing cleaner fuels by removing heteroatoms and sat-terest for improving the preparation, activation and usage of
urating aromatic compoundd]. For many years, nickel  hydrotreating catalysts for industrial refinifig]. The cata-
or cobalt promoted catalysts containing molybdenum and lyst structure is a combination of the physical, chemical and
tungsten have been used in hydrotreating, which may in- morphological properties. The definition of catalyst struc-
clude hydrodesulphurization (HDS), hydrodenitrogenation ture is not trivial[3]. Detailed structural information related
(HDN), hydrodeoxygenation (HDO), and hydrodemetalliza- to hydrotreating catalysts, which consist mostly of alumina-
tion (HDM). However, when these catalysts are applied in supported Co(Ni) promoted MaSis difficult to obtain be-
hydrotreating of heavy gas oils derived from bitumen, the cause of their structural complexii].
effectiveness for removal of heteroatoms such as sulfur, ni-  Literature indicates that morphological and structural ef-
trogen or oxygen, is drastically reduced. fects have significance for the number of active sites in hy-
drotreating catalyst, as suggested by Kasztelan and co work-
* Corresponding author. Tel.: +1 306 966 4771; fax: +1 306 966 4777.  €rS[5—7]. Their work shows that it is possible to establish
E-mail addressajay.dalai@usask.ca (A.K. Dalai). quantitatively relationships between HDS activity and the
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number and type of active sites (MgSAs a consequence, fold sites in the CoMg-Al>O3 whereas Mo was octahedrally
the controlling Mo$ means the controlling the nature of the coordinated in the NiMe/-Al,0O3 and that in-situ EXAFS
exposed active sites and thus, the reactiidly analysis is a better tool to interpret the relationship between
There are number of analytical techniques used to charac-the surface properties of the catalyst with the HDN and HDS
terize the structure including the sulfide phase of the catalyst. activities.
These methods include X-ray photoelectron spectroscopy Although CoMo/AbO3 and NiMo/Al,Os and related cat-
(XPS), Mossbhauer emission spectroscopy (MES), the ex- alysts have been used commercially for more than 70 years,
tended X-ray absorption fine structure (EXAFS) and high the exact chemical nature, structure and shape of the active

resolution transmission electron microscopy (HRTEM). species are still not known. Also, this type of catalyst goes
X-ray photoelectron spectroscopy (XPS) has been usedthrough different structural and morphological changes from
successfully in the past to characterize both Co—MgAl sulfidation to 30 days of run time. Information on structural

and NiMo/AlL,O3 catalysts[8—12]. Alstrup et al.[10] used changes with time is very limited in literature. In the present

this technique to measure the binding energy (BE) of different work, a systematic study has been performed to study the sur-

components on the Co—Mo/#D3 catalyst surface. face structure of boron and phosphorus containing catalyst at
The local structure of Mo and Ni in typical sulfided alu- different stages of the reaction for the hydrotreating of heavy

mina supported NiMo catalysts have been studied by different gas oil derived from Athabasca bitumen.

authors. A coordination of six sulfur atoms around molybde-

num on the sulfide catalyst was reported from EXAFS anal-

ysis using well chosen reference materials (NiO, NiMpO 2. Experimental

MoO3, M0S,) extracting parameters for phase shift and scat-

tering amplitudg13]. 2.1. Catalyst preparation
Burch and Colling14] from the @ and CO uptakes esti-
mated the average size of the Mg&articles corresponding In this work, three catalysts namely NiMo/ADs,

to about 33 Mo atoms (i.e. 1.5-2.0 nm in basal plan direc- NiMoB/Al 03 and NiMoP/AbO3 were prepared using in-
tion) on a sulfided Mo/AlO3 catalyst. This value is some- cipient wetness coimpregnation method. In this method,
what larger than the typical values estimated from EXAFS. an ammoniacal solution (28wt.% concentrated i\NMas
Rodriguez et al[15] studied the oxidation states of sulfur prepared using required amount of ammonium hep-
present in sulfided cobalt and nickel molybdates using S K- tamolybdate [(NH)sM07024-4H,0O] and nickel nitrate
edge XANES. They concluded thatthere are atleast two types[Ni(NO3)2-6H20]. NiMoB/Al O3 catalysts were prepared
of sulfur species present on this type of catalyst. One asso-by impregnating appropriate solutions of boric acid®®3)
ciated with a formal oxidation state ef2 (M0oS,, CoS or on to a NiMo/ALOs catalyst. NiMoP/AyO3 catalyst was
NiSyx) and the other associated with a formal oxidation state of prepared using incipient wetness coimpregnation method. In
+6 (SQy2). this case, a solution containing required amount of ammo-
Cattaneo et al[16] investigated the sulfidation of Mo  nium heptamolybdate [(NiJsM07024-4H20], nickel nitrate
and Ni in SiGQ-supported NiMo hydrotreating catalyst us- [Ni(NO3)2-6H20] and phosphoric acid (##P0,) in water was
ing quick EXAFS. They concluded that the sulfidation of Mo impregnated onto an AD3 support. The detail preparation
takes place in four regions. The first region is the temper- procedures are given elsewh¢§t8].
ature range in which molybdenum is present in the oxidic
form. The two intermediate regions were observed during 2.2. Surface structure studies
the sulfidation of molybdenum, the first consisting of molyb-
denum oxysulfides and the second of a pure Mo(IV)-S prod-  Catalyst samples listed ifable 1were collected at dif-
uct. Their results showed that sulfidation of nickel occur in a ferent stages of the reaction in order to study the surface
smaller temperature range in comparison with the sulfidation structure. All the experiments were performed at typical hy-
of Mo. drotreating process conditions in a micro scale trickle bed
Cattaneo et a[17] used in situ EXAFS technique in or- reactor using 5mL of catalyst in each case using heavy
der to study the influence of chelating ligands on the HDN gas oil derived from Athabasca bitumen. The temperature,
and HDS activities ofy-Al,O3z-supported NiMo catalyst.  total pressure, liquid hourly space velocity (LHSV), and
From K-edge quick EXAFS and normal EXAFS data they Hp/Feed ratio were maintained at 385, 1275 psig, 1h!
concluded that the highest HDN activity was obtained at and 600 mL/mL, respectively. The detail procedures are given
the lowest temperature and with the highest structural or- elsewherg20].
der of Mo$ crystallites. The QEXAFS data indicated that All catalysts were cleaned before performing surface
a MoS-like phase preceded MeSluring the sulfidation  structure studies. For cleaning, catalysts were soaked in
process. toluene (Aldrich, 99.5%) for 3h and cleaned again with
Pettiti et al.[18] also used in situ EXAFS technique to toluene four or five times. Cleaned catalysts were then dried
characterize the Mo, Co and Ni sulfided phase supportgd on  inan oven overnightat 15@. The surface structure and mor-
Al,03. They concluded that Co and Mo metals occupied six- phology of the catalyst were studied using extended X-ray ab-



Table 1

List of catalyst used for surface structure studies

Catalyst type

Stages of reaction

(1) Catalyst-B—Ni (3 wt.%) Mo
(14 wt.%)/AL 03 calcined at
500°C

(2) Catalyst-M—Ni (3wt.%) Mo

(14Wt.%) B (1.7 Wt.%)/A$O3

(3) Catalyst-N—-Ni (3wt.%) Mo

(14Wt.%) P (2.7 Wt.%)/A103

(1) After 1 day of sulfidation
(2) After 2 days of sulfidation
(3) After 1 day on stream

(4) After 5 days on stream
(5) After 30 days run

(1) After 1 day of sulfidation
(2) After 2 days of sulfidation
(3) After 1 day on stream

(4) After 5 days on stream
(5) After 30 days run

(1)After 1 day of sulfidation
(2) After 2 days of sulfidation
(3) After 1 day on stream

(4) After 5 days on stream
(5) After 30 days run
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Ultra XPS equipment using monochromated Ak K-ray
radiation. The pressure of the analysis chamber was main-
tained at 4< 108 Torr. For each sample, two particles were
analyzed and the average data for the peak area and bind-
ing energy (BE) was taken. During XPS analysis, there was
no indication of charging. The carbon 1S binding energy of
285 eV was used as a reference for determining the binding
energies.

3. Results and discussion

Our previous studies indicated that the addition of boron
and phosphorus to NiMo/AD3 caused a significant increase
in HDN of heavy gas oil derived from Athabasca bitumen.
For example, the total nitrogen conversion increased from

62.0 to 78.0 wt.% with the incorporation of 1.7 wt.% boron
to NiMo/Al,O3 when the experiment was performed at the
sorption fine structure (EXAFS), X-ray absorption near edge temperature, pressure, LHSV and/féed ratio of 385C,
structure (XANES) and X-ray photo electron spectroscopy g 7 MPa, 1 ! and 600 mL/mL, respectively (s&&g. 1). On
(XPS) analyses. The detail descriptions of these analyses arghe other hand, total nitrogen conversion also increased from
given below. 62.0 to 78.4wt.% with the incorporation of 2.7 wt.% phos-
phorus to NiMo/AbOs3 at the same operating conditions. So,
2.2.1. Extended X-ray absorption fine structure and it is important to study the effect of boron and phosphorus
X-ray absorption near edge structure on the structure of the catalysts to understand the mecha-
Extended X-ray absorption fine structure (EXAFS) and nism of HDN and HDS reactions and deactivation process
X-ray absorption near edge structure (XANES) of all cat- ysing this catalyst. In this work, the surface structure of cat-
alysts listed inTable 1were performed at the Synchrotron alyst containing boron and phosphorus was studied at dif-
Radiation Centre (CRC), Madison, W1 in order to study the ferent stages of reactions using extended X-ray absorption
oxidation structure of S, B and P. Also, different phases fine structure (EXAFS), X-ray absorption near edge struc-
present in the catalyst containing phosphorus at different e (XANES) and X-ray photo electron spectroscopy (XPS).
stages of reaction were examined. The measurements wergor these studies, it was assumed that exposure to air during
carried out in fluorescence yield mode on the Canadian Dou-sample cleaning and sample preparation has very negligible
ble Crystal Monochromator (DCM) and Canadian Grasshop- effect on the surface structure and morphology of these cat-

per Monochromator (GM) beam lines. Forboth kinds of mea- alysts[21]. The detail discussion on these analyses is given
surement, catalyst samples were pressed into self supporteghe|ow.

wafers and then put into soft X-ray beam. P K-edge EXAFS
was performed using Canadian DCM beam line. S and P K-
edge XANES analysis of all catalysts were performed for the
energy range of 2460-2520 eV and 2140-2200 eV, respec-
tively using Canadian DCM beam line. B K-edge XANES 80 -
analysis of all catalysts containing boron was performed for
the energy range of 180-225 eV using Canadian GM. In all
cases the spectra around the edge jump, were fitted by alinea
function of standard compounds. Standard procedures were
used to extract the EXAFS data from the absorption spec-
tra using WINXAS software. The peaks obtained from S, P
and B K-edge XANES were identified using standard sam-
ples such as Mo§ NagPOy and borax (NgB40O7-10H,0),
respectively.

The collected P K-edge EXAFS data were averaged and 0
k1 weighted EXAFS functions were Fourier Transformed. Ctalyst-B

100
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Fig. 1. Nitrogen and sulfur conversions of heavy gas oil derived from

2.2.2. X-ray photo electron spectroscopy . Athabasca bitumen using catalysts- B, M and N at the temperature, pres-
X-ray photo electron spectroscopy analysis of all catalyst gyre, LHSV and Hifeed ration of 385C, 8.7 MPa, 1 h* and 600 mL/mL,

samples listed iMable 1was performed using Kratos AXis respectively.
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3.1. P K-edge extended X-ray absorption fine structure tronic properties of catalytic material23]. An S K-edge
XANES analysis of different NiMo/AlO3 catalysts contain-

P K-edge X-ray absorption fine structure (EXAFS) analy- ing boron and phosphorus was performed using synchrotron
sis was performed in order to study the local environment of radiation.
P (P-O bond length and+O coordination) in catalyst-N at The S K-edge spectra of NiMo/ADs (catalyst-B) at dif-
different stages of hydrotreating reaction such as after 1 andferent stages of reactions, as well as model Ma®e given
2 days of sulfidation, after 1 and 5 days on stream and afterin Fig. 2a. The S K-edge spectra of Mg8an be character-
30 days of runtime. P K-edge EXAFS for the reference com- ized by a sharp edge peak at 2476 eV followed by two addi-
pound (NaPQOy) was also performed. The absorption spec- tional peaks at 2483 and 2493 eV. On the other hand, the S
tra were obtained by averaging 5-15 experimental spectra.K-edge spectra of sulfided NiMo/AD3 catalyst can be char-
From the Fourier transform (FT) plot of NRO,, a major acterized by two peaks at 2476 and 2484 eV. This indicates
peak in the range of 0.3-1/6was observed. This peak cor- the presence of two oxidation states of sulfur for sulfided
responds to the four O atoms constituting the R&rahedron NiMo/Al ,O3 catalyst. The sulfur appearing at the photon en-
[22]. The presence of PQwvas confirmed from the P K-edge ergy of 2476 eV (oxidation state—2) is associated with the
XANES analysis. The interpretations of the peaks in the range presence of metal-sulfur bonds (Mo&d Ni&), whereas the
of 1.6-6A were not attempted. A peakin the range of 0.3  sulfur at 2484 eV (oxidation state +6) is associated with the
is due to the background noise. Similar trends were also ob-presence of sulphate species 430, formed because of the
served for all catalyst samples. The distribution region and oxidation of sulfur in the presence of oxygen of the molyb-
amplitude for the peakinthe range of0.3-Awere the same dates[15]. SO;2~ can also be formed because of the minor
for all catalyst samples indicating that the atoms in this coor- oxidation of $~ in presence of air during sample preparation
dination shell may have similar distance relative to the central [21]. Similar results were also observed by Rodriguez et al.
absorbing phosphorus. Furthermore, the coordination num-[15] and Chaturvedi et a[24] for the sulfidedx-NiMoO4
ber may also be similar because of the similar peak ampli- and sulfided3-NiMoO,4 catalyst.
tude. These facts show that the phosphorus-coordination en- FromFig. 2a it is also observed that the intensity of these
vironment may be similar among these samples. Samples alsdawo peaks increased with the increase in the extent of sulfi-
carry some fine structures, which are attributed to the noise ofdation. It is also evident from this figure that the intensity of
the collected data. From Fourier transform, it was observed the peak at 2476 eV remained constant for catalyst-B during
that, the peak intensity for the reference sample obtained inthe rest of the reaction. But the intensity of peak at 2484 eV
therange of 0.3-1Awas significantly lowerthanthose from  slightly increased with the increase in TOS. Itis observed that
catalyst samples, probably due to differences in the phospho-sulfidation of this catalyst not only forms MgSconsidered
rus concentrations, which caused self absorption in fluores-as the active phase of this catalyst but also formg, 3@ich
cence detection and left lower apparent XAFS amplitude. can be considered as an undesired species for hydrotreating

From kx(K) (k weighted fine structure), spectra was an- reactions.
alyzed for the reference as well as for the catalyst samples. The effect of boron on the oxidation states of S is given in
Thekweighting of 1 makes the spectral oscillations relatively Fig. 2o. This figure also shows similar two peaks as in case of
uniform amplitude in the low and higkregion. The oscil- catalyst without boron. From this figure it is observed that the
lation frequency and amplitude of the(k) spectra for all peak intensity increased with the increase in the extent of sul-
catalyst samples were the same but were somewhat differenfidation, whereas the stabilization of the catalyst decreased
for the reference sample. From the comparison of oscillation the peak intensity at 2484 eV. After 5 days on stream the peak
frequency and amplitude of the(k) spectra and FT magni-  intensity was diminished. This is probably due to the reduc-
tude, it can be concluded that the chemistry and phosphorugtion of sulfate in the presence of hydrogen. This indicates
coordination environment in the reference compound are dif- that the presence of boron hinders the oxidation of elemental

ferent from those for the catalyst samples. sulfur which forms during the sulfidation reaction and most
of the sulfur takes part in the reaction to form$ From the
3.2. X-ray absorption near edge structure comparison ofig. 2a and b, it is observed that catalyst-B af-

ter sulfidation had a higher concentration of 430than that
X-ray absorption near edge structure (XANES) was used for catalyst-M. It can also be concluded from these two fig-
to study the bulk oxidation states of S, B and P present in ures that the —S£3~ formed during the sulfidation of catalyst
catalysts-B, M, N at different stages of reactions. It should without boron (catalyst-B) are less reducible and different in
be mentioned that XANES data was not normalized. The nature from those formed during the sulfidation of catalyst
results obtained from S, B and P K-edge XANES analysis with boron (catalyst-M). It is also evident from tikég. 2a

are described below. and b that the formation of MeSand SQ?2~ for the catalyst
containing boron are lower than those obtained from catalyst
3.2.1. S K-edge X-ray absorption near edge structure without boron after 1 day of sulfidation.

XANES performed with synchrotron radiation has The effect of phosphorus on the oxidation state of sulfur
emerged as a very powerful tool for characterizing the elec- is given inFig. 2c. This figure also shows a similar trend
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Fig. 2. S K-edge XANES spectra of different catalysts at different stages of reactions (a) catalyst-B; (b) catalyst-M and (c) catalyst-N.

as inFig. 2. The peak intensity for the presence of 30 remained in the catalyst and its intensity did not change with
decreased after the stabilization of this catalyst, however, isthe increase in TOS. This present study did not show any ev-
slightly higher than that for catalyst-M. Furthermore, from idence of presence of BOwhich agreed with Li et a[29]

Fig. 2a, b, and c, it is seen that the peak intensity for the for the fresh NiMo/AbO3—B,0Os catalyst.

formation Mo$S for the catalyst containing boron and phos-

phorus (catalysts- M and N) is comparable with that from 3.2.3. P K-edge X-ray absorption near edge structure
catalyst-B. P K-edge XANES was performed in order to study the ox-

idation state of phosphorus in catalyst-N at different stages
of reactions. The P K-edge spectra for this catalyst as well
as the model compound (RROy) are given inFig. 4. The

XANES spectra for the model compound can be character-
ized by three peaks at 2156, 2165, and 2173 eV, respectively.

3.2.2. B K-edge X-ray absorption near edge structure

B K-edge XANES of catalyst containing boron was per-
formed to obtain the oxidation states of boron for the cat-
alyst sample collected at different stages of reactions. The
B K-edge XANES spectra strongly reflect the local struc- 35
ture around boron atonj25,26] The B K-edge spectra for 194

catalyst-M and for a model compound (borax) are given in 301 M

Fig. 3. XANES of borax are characterized by the sharp peak
at the energy of 194eV and a diffused peak at the energy o5 WL_ 20 days-iun
5 days on stream

of 199 eV. The sharp peak is assigned to the transition of B
1s electrons to the unoccupied B Xiate *) which indi-

. . . . 201 M-
cates that boron is trigonally coordinated with oxygen. The 2L S.reafn
diffused peak at 199 eV is assigned to the transition of B 1s w

Absorption, (a.u.)

electronsto unoccupied sigma antibondimt) Gtates of BQ "
group[27]. This BQy is responsible for an increase in acid- 10 f :
ity of catalyst-M[28]. From this figure it is observed that all 170 190 210 230
catalyst samples have only one peak at the energy of 194 eV,
which indicates that these samples contain trigonally coor-

dinated B, mQSt |!ke|y due to @3 [29] Itis also observed  Fig 3. B K-edge XANES spectra of catalyst-M at different stages of reac-
that after sulfidation and stabilization of the catalystOB tions.

1 day sulfidation

Photon energy, eV
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Ni and Mo and to confirm the oxidation states of S, Ni and
Mo on the catalyst surface. The detail results are discussed
below.

3.3.1. Carbon deposition

Coke deposition on the catalyst is generally believed to
be the primary cause of catalyst deactivation in hydrotreat-
ing different petroleum distillate33]. The deactivation is
a complex process that may involve several different routes
with different intermediates and mechanisfg4]. It is be-
lieved that coke deposition is the consequence of a polymer-
ization/hydrogenation reaction which generates coke struc-
tures capable of physically impeding the access of reagents
to active centers and progressively blocking the porous struc-
ture of the catalydB5]. Therefore, itis necessary to study the
carbon deposition at different stages of reactions to correlate
which stages are responsible for maximum carbon deposition

The peak at 2156 eV can be attributed to the tetrahedrally on the catalyst and hence catalyst deactivation.

coordinated phosphory80]. Since the P@group has §
symmetry this peak is assigned to a transition of the P 1s

The percentage of carbon deposition at different stages of
the reaction is given ifiable 2 From this table it is observed

electron into an unoccupied valence electronic state formedthat the carbon deposition on the catalyst surface increased

by the overlap of P spbhybrid and O 2p-orbital$30,31]}
Peaks at 2165 and 2173 eV can be attributed to tHe-P
and P-O bridges in the cataly$80]. From this figure it is

significantly with the increase in TOS. For catalyst-B the
deposition of carbon increased from 22.6 to 44.1 at.% after
30 days of run time. The increase in carbon deposition dur-

observed that all samples give one large peak at 2156 eVing sulfidation is probably due to the cracking of different

which matches with the first peak of the model compound

hydrocarbons formed from butanethiol€;0S) during the

which indicates that phosphorus in the catalyst is presentsulfidation reaction. It is evident from this table that the rate

in the form of PQ. A diffused peak at 2173 eV was ob-
served after 1 day of sulfidation which is attributed to the
formation of a P-O bridge in the catalyst sample but it di-
minished with the increase in TOS. In catalyst-N,-aCP-P
bridge was not observed (ség. 4). From this figure it is

of carbon deposition decreased with the increase in time on
stream. For example, when the heavy gas oil was used the
deposition of carbon increased from 28.3 to 35.4 at.% after
24 h of run time. At the end of 5 and 30 days on stream the
carbon deposition increased from 35.4 to 39.6 at.% and then

also observed that there is no change in peak intensity atto 44.1 at.%. Zhang et 4B6] also reported significant carbon

2156 eV after 1 and 2 days of sulfidation which indicates that
phosphorus remains in the form of P@fter sulfidation of
the catalyst. However, the peak intensity slightly decreased
after 1 and 5 days on stream. It is probably due to the re-
duction of PQ on NiMo/Al,O3 catalyst in the presence of

deposition on the NiMo/AlO3 catalyst surface after 1000 h

of run tine, however did not quantify the amount. Marafi and
Stanislau$37] showed a rapid coke build-up on the catalyst
surface as soon as the feed was introduced, reached as high
as 10wt.% within 3h and reached at an equilibrium value

hydrogen and other compounds present in the feed mate-within 24 h.

rial. However, in case of NiMoP/Sigxhe reduction of phos-
phate only occurs in the temperature range of 600<=800
[32].

3.3. X-ray photo electron spectroscopy
X-ray photo electron microscopy (XPS) analysis of

catalysts- B, M and N obtained at different stages of reac-
tions was carried out in order to study the surface carbon

The change in carbon deposition on catalyst-M (contain-
ing boron) at different stages of the reaction is also given
in Table 2 This table shows different trends from that of
catalyst-B. No change in carbon deposition was observed af-
ter 2 days of sulfidation but it increased significantly after
introducing heavy gas oil. For catalyst-M, the rate of car-
bon deposition during stabilization was higher than that on
catalyst-B. For example, the carbon deposition for catalyst-M
was increased from 27.6 to 37.1 at.% whereas for catalyst-B

deposition and surface structure such as the dispersion ofit was increased from 35.4 to 39.6 at.%. The increase in car-

Table 2

Percentage of carbon deposition on the catalyst surface at different stages of the reaction for catalysts- B, M and N

Catalyst 1 Day sulfidation (at.%) 2 Days sulfidation (at.%) 1 Day on stream (at.%) 5 Days on stream (at.%) 30 Days run (at.%)
B 226 283 354 396 441
M 21.7 216 276 371 364
N 185 191 227 296 282
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Table 3
Ni dispersion obtained at different stages of the reaction for catalysts- B, M and N
Catalyst Anizp/Anizp
1 Day sulfidation 2 Days sulfidation 1 Day on stream 5 Days on stream 30 Days run
B 0.10 010 012 011 010
M 0.10 018 Q17 018 021
N 0.08 008 008 008 007

bon deposition for catalyst-M is probably due to the higher tended period of time of reaction. This also indicates that the
acidity of this catalyst. No significant change in carbon depo- carbon deposition did not have any effect on Ni dispersion. A
sition was observed after 30 days of run time which indicates similar trend was also observed by Ozkan ef28]. In their
that the catalyst-M is comparatively stable with respect to work, the area ratio was unchanged after the catalysts were
catalyst-B. used in different reaction media. Ryan et[all] reported an
The percentage of carbon deposition for catalyst-N (con- increase in Nidispersion upon sulfidation, whereas, Eijsbouts
taining phosphorus) is also given able 2 In this case, et al.[40] reported a decrease in Ni/Al ratio after sulfidation.
no significant carbon deposition was observed after 2 days of The Ayizp/Aaizp ratio for catalyst-M increased signif-
sulfidation but the carbon deposition was increased from 19.1icantly after sulfidation (sedable 3. For example, the
t0 22.7 at.% after 1 day on stream. After 5 days on stream the Anizp/Aaizp ratio increased from 0.10 to 0.18 after 2 days
deposition was increased from 22.7 to 29.6 at.%, which was of sulfidation. This ratio remained unchanged during period
comparable with that on catalyst-M but higher than that on of stabilization and slightly increased with the increase in
catalyst-B. No significant change in carbon deposition was TOS. This result also suggests that boron greatly improved
observed after 30 days of run time, which also confirms that dispersion of Ni on the catalyst surface.
the catalyst containing phosphorus is also comparatively sta-  The Anizp/Aaizp ratio did not change for catalyst-N, and
ble compared to catalyst-B. is comparatively lower than those obtained for catalysts-B
From the above observation, it is concluded that the cata-and M, indicating that probably Ni is in a multilayer struc-
lysts containing boron or phosphorus are comparatively moreture on catalyst-N. In the case of multilayer Mo8acks, a
stable than catalyst without boron and phosphorus. It is nec-Ni atom decorating the MgSedges nearest to the alumina
essary to note that, in addition to carbon, the adsorption of surface may be partly shadowed by the Ma®bs on the
nitrogen compounds on the catalyst surface is also signifi- top, which causes a decrease in Ni/Al rg#d]. This result
cantly responsible for possible catalyst deactivation. It was is in agreement with those obtained by Ryan efHl] and
observed that there is no change in carbon deposition on thesé&ijsbouts et alf[40]. Ryan et al[11] reported no change in Ni
catalysts. But deactivation studies showed that the rate of de-dispersion when P was added to NiMog@% catalyst. Eijs-
activation for catalyst N was higher than those of catalysts-B bouts et al[40] reported a slight decrease in the Ni/Al ratio
and M with respect to the removal of total and basic nitrogen upon sulfidation when 4 wt.% phosphorus to NiMa/@®§
[20]. This indicates that not only carbon deposition but also catalyst. When 2 wt.% phosphorus was added, the decrease
nitrogen compounds adsorption on the catalyst surface playsin the Ni/Al ratio was significant.
an important role in deactivating the catalyst.

3.3.3. Mo dispersion

3.3.2. Nidispersion As suggested in the literature the ratio®pfozd/Aaizp can
XPS results can be quantified for obtaining relative surface be used to illustrate the dispersion of Mo on the supj3®t
concentrations either by intensity or by peak g&®#. The This methodology was used in this work and the resulting dis-

ratio of peak area ofyo3d/Aaizp andAnizp/Aarzp are usually persion of Mo on the catalyst surface is giverirable 4for
used to study the dispersion of Mo and Ni on the support catalysts- B, N and M. The Mo/Al ratio in the oxidic catalyst
[39]). Mo and Ni are considered as the active and promoter was 0.33. From this Table it is observed that the Mo/Al ra-
metals, respectively, for hydrotreating reactions. The disper- tio for catalyst-B improved to 0.5 after sulfidation indicating
sion of these metals plays an important role on the activity of that sulfidation of NiMo/ApO3 catalyst greatly improved the
NiMo/Al ;O3 catalyst. dispersion of this active metal. An increase ifmd3d/Aaizp

The change in Ni dispersion at different stages of reac- ratio upon sulfidation reveals a high dispersion of Mol
tions is given inTable 3 From this table itis observed thatthe was also observed from this table that thgsAd«/Aarp ratio
Aniop/Aaizp ratio improved after sulfidation. For example, the increased upon precooking to 0.7 and even after 30 days of
Ni/Al ratio for catalyst-B increased from 0.08 [(Ni/A})dic] run time (to 0.82). It could be due to the redistribution of Ni
to 0.10 upon 1 day of sulfidation and then remained un- and Mo on the catalyst surface at different stages of reactions
changed throughout the reaction, suggesting that the disperwhich caused enrichment of Ni and Mo species on the cata-
sion remained unaffected by the time on stream and the ex-lyst surfacg42]. Ozkan et al[39] and Eijsbouts et a[40]
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Table 4
Mo Dispersion obtained at different stages of the reaction for catalysts- B, M and N
Catalyst Amosd/Aaizp
1 Day sulfidation 2 Days sulfidation 1 Day on stream 5 Days on stream 30 Days run
B 0.50 050 063 070 082
M 0.67 11 14 16 16
N 0.40 040 034 032 043
also observed a significant improvement @fid3d/Aaizp ra- Mo compounds present on the catalyst surface. The detailed

tio after sulfidation. Brito et a[35] observed an increase in  findings are described in the following sections.
Mo/Al ratio after deactivation of the catalyst.

It was observed that the dispersion of Mo increased sig- o
nificantly with TOS due to the incorporation of boron in 3-3-4.1. Oxidation states of MA'he summary of Mo 3d
NiMo/Al ;05 catalyst (se€Table 4. For, example the Mo XPS resqlts f_or c_ataly;ts— B, M an_d N at dlfferent.stages of
dispersion increased from 0.33 to 0.67 after one day of sulfi- the reaction is given iffable 5 This shows two different
dation and increased significantly at every stage of the reac-0Xidation states for Mo ions (M8 and M&*) and the cor-
tion. Mo dispersion of greater than 1 for catalyst-M indicates "€SPonding binding energy (BE). The peak at 225012 eV
that the number of Al atoms on the catalyst surface is lower IS dué to the presence of Moions in the type of Mog
than the number of Mo atoms as the Mo dispersion is defined ©F M0Oz [35,44-48] The peak at 234.£0.2eV is due to
asAmoad/Aaizp- Decrease in Al atoms on the catalyst surface the presence of Mogor Al2(MoOq)s [47-49] Itis e"('ad?m
could be due to the partial coverage of alumina bR Itis that after two days of sulfidation the presence of*Mé
also known that boron affects the chemical states of Ni and Significantly lower in catalyst-M than those in catalysts- B
Mo in the catalysts. For example, boron species prevent Ni and N which |nd|9ates that boron reduces_the |nteract|or_1 of
and Mo from entering the lattice of alumifi3], which in Mo with the alumina support thus decreasing the formauon
turn causes an increase in surface Mo concentration. of Al2(MoOq)s. The percentage of MG and Md** varies

The addition of phosphorus caused a slight decrease inSlightly at different stages of the reaction. However, from
Mo dispersion. No trend was observed with respect to Mo the Mo 3d spectra, it is difficult to detect the formation of
dispersion and time on stream (s&able 4. A slight im- the_z Ni-Mo—-S structu_re,_ because the range of BE of Mo(1V)
provement in dispersion was observed after 30 days of run©Xide and Mog are similar ¢-229.4 eV)[50].
time, which could be due to the slight rearrangement of Mo

dispersion at different stages of reactions. The dispersion Was3 3 4 5 Oxidation states of NNi 2p spectra of catalysts- B

srl]gnlfll;:antly Ipwgr thanghat optgmed dfrﬁm K/Iatalyst;‘M. Fr<f:)m M and N were recorded. All catalysts showed a complex line
this observation It can be anticipated that Mo on the surface profile of Ni?* ion. The spectra was deconvoluted in three

of catalyst-N is in multilayer Mog stacks and in different main components; one in the region of 853.1-854.5 eV, an-

sizes. The decrease in Mo dispersion indicates that some MOy . i the region of 856.5-856.8 eV and a minor peak at

atoms in the stack are shadowed by others and this was not_gg5 3 e\/ The oxidation states of Ni corresponding to two
identified by XPS analysis. This result is in agreement with major peaks are listed ifable 6 The peak in the range of
those reported by Ryan et 4lL1]. The above results indi- 853.5-854.5eV contributes to the presence &t Ni sul-
cate that sulfidation and precoking caused redistribution andfided form. Ng and Herculefs1] reported the presence of

enrichm_ent of Mo and Ni on the catalyst surface. A similar NisS, at the BE of 853.7 eV and NS at the BE of 854.0.
conclusion was made by Li et §42]. On the other hand, Vradman and Land&2] indicated the
presence of NiS, at the BE of 854.3. A peak at 856.5eV
3.3.4. Oxidation states is attributed to the presence of unsulfidedd8]. A peak at
XPS analysis was also used to study the oxidation states862.1 eV is due to the shake up process of®I[36,54](this
of S, Ni and Mo as well as to identify different S, Ni and peak is not shown ifable §.

Table 5

Oxidation states of Mo obtained at different stages of the reaction for catalysts- B, M and N

Catalyst Binding energy (eV) Oxidation 1 Day sulfidation 2 Days sulfidation 1 Day on 5 Days on 30 days

state (at.%) (at.%) stream (at.%) stream (at.%) run (at.%)

B 229.4+ 0.2 +4 848 888 853 864 77.0
234.1+ 0.2 +6 152 112 147 136 330

M 229.4+ 0.2 +4 858 964 917 930 938
234.1+ 0.2 +6 142 36 83 7.0 6.2

N 229.4+ 0.2 +4 830 884 913 889 912

234.1+ 0.2 +6 170 116 8.7 111 8.8
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Table 6

Oxidation states of Ni obtained at different stages of the reaction for catalysts- B, M and N

Catalyst Binding energy (eV) Oxidation states 1 Day sulfidation 2 Days sulfidation 1 Day on 5 Days on 30 Days

(at.%) (at.%) stream (at.%) stream (at.%) run (at.%)

B 85352 +1; +2; +4 224 364 378 455 500
856.6" +2 776 636 622 545 500

M 85352 +1; +2; +4 310 475 450 500 471
856.6° +2 690 525 550 500 529

N 85352 +1; +2; +4 296 308 333 320 440
856.6° +2 704 692 66.7 680 560

a Oxidation state: +1, due to the presence of$i+2, due to the presence of NiS; and +4 due to the presence®{.Ni
b Oxidation state: +2, due to the presence of Ni3J.

Table 7

Oxidation states of sulfur obtained at different stages of the reaction for catalysts- B, M and N

Catalyst Binding energy (eV) Oxidation states 1 Day sulfidation2 Days sulfidation 1 Day on 5 Days on 30 Days

(at.%) (at.%) stream (at.%) stream (at.%) run (at.%)

B 162.5+ 0.2 -2 595 688 674 667 689
169.3+ 0.2 +6 405 312 326 333 310

M 162.5+ 0.2 -2 722 893 86.2 879 922
169.3+ 0.2 +6 2178 107 138 121 78

N 162.5+ 0.2 -2 437 67.9 703 737 756
169.3+ 0.2 +6 563 321 297 263 244

For catalyst-B, the concentration of sulfided Ni increased observed by Callejas et 4#44,45,53,57] This result agrees
withthe increase intime on stream (Sesble §. Itis probably with that obtained frm S K edge XANES.
due to the deposition of Ni from feed to the catalyst surface ~ From Table 7it is observed that the formation oS
as the sulfide fornfi3]. Table 6also shows that significant  increased significantly for all three catalysts after two days
amount of oxidic Ni is still present on the catalyst surface of sulfidation. For example, it increased from 59.5 to 68.8
after 30 days of run time. Brito et gB5] also reported sig-  at.% for catalyst-B. Formation ofS for catalyst-B changed
nificantly higher concentrations of oxidic Ni on the coked slightly with time on stream.
catalyst surface. The presence of similar types (but different quantities) of
Similar oxidation states were also observed for catalysts- S species is observed on catalysts- M and&ble 7shows
M and N. For these catalysts, the concentration of sulfided Ni that the quantity of 3~ species is significantly higher than
increased after 2 days sulfidation and then changed slightlythat of S species on catalyst-M, which indicates that boron
with the increase in time on stream (Sesble §. enhances the sulfidation of NiMo/#D3 catalyst. The for-
From the above results, it was observed that after 2 daysmation of $~ increased from 72.2 to 89.3 % after two days
of sulfidation the formation of Ni sulfide for the catalyst con- of sulfidation and changed slightly with the TOS. Catalyst-
taining boron (catalyst-M) is higher than those for catalysts- N had less & after one day of sulfidation than catalysts-B
B and N, which indicates that boron increases the sulfidation and M which could be due to the fact that catalyst-N had
of the catalyst. multilayer stacks of Mogand therefore some sulfur atoms
(underneath the top layer) will be shadowed. Cruz €68l

3.3.4.3. Oxidation states of sulfufhe oxidation states of ~ alsoreported lower® species on the phosphorus containing
sulfur (OSS) at different stages of reactions were obtained catalyst (similar to catalyst-N). From the above observation,
from S 2p XPS spectra for catalysts- B, M and N. The results it can be concluded that sulfur in catalysts- B, M and N is
are summarized ifiable 7indicating that the oxidation states ~Present in the form of-2 and +6 oxidation states and the
were—2 and +6. The higher the percentage of sulfur in the Presence of boron enhances the sulfidation of the catalyst.
form of the oxidation state of-2, the higher the extent of

sulfidation and hence catalyst activity. The peak at the bind-

ing energy (BE) of 162.5: 0.2 eV indicates the formation of 4. Conclusions

Ni—Mo—S phase or Nif39] due to OSS of- 2, whichis close

to the value reported in the literatuf85,38,39,50,53,55] EXAFS analysis showed similar#® bond distance in
Another peak at a higher BE (169.3) was also observed. Thisall catalyst samples. S K-edge XANES and XPS analyses
peak at 169.3 0.2 eV could be due to the presence o 8§i confirmed the presence of sulfur in two oxidation states in

[52] or oxidic sulfur species like S§3~ or SQy2~ [35], which sulfided NiMo/ALOs catalyst. Boron forms g03 on the
could be due to the presence of a relatively high amount of catalyst surface whereas phosphorus caused the formation
H>S on the catalyst surfadé6]. A similar peak was also  of POy on the catalyst surface. Boron and phosphorus sig-
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nificantly increased the sulfidity of the catalyst which was
confirmed from XPS analysis. Ni and Mo dispersion also
increased significantly with the incorporation of boron to
NiMo/Al 203 catalyst. Boron and phosphorus containing cat-

alyst showed less carbon deposition on the catalyst surface
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