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Abstract

NiW/AI ,O3 catalysts with constant tungsten loading and variable amounts of nickel were tested in the hydrodesulfurization (HDS) of
thiophene and 4,6-dimethyldibenzothiophene (4,6-DMDBT), and in the isomerizatmmrydéne. Introduction of Ni promotes the overall
activity for both thiophene HDS and 4,6-DMDBT HDS, but the synergy is more pronounced for the former. Such effect has been analyzed
on the basis of the two reaction routes generally involved in the HDS mechanism: direct desulfurization (DDS) and hydrogenation (HYD).
Moreover there is a parallelism between the increase of the DDS route and the isomerizatigmesfe, proof of a correlation between the
promoter content and some acidic properties of the sulfides.

HREM examinations indicated few effect of the promoter over the morphology of the sulfide phase and XPS studies show that Ni is mainly
present in the form of “NiWS” phase at the low f{iNi + W] ratio, while separate Ni sulfide is formed at the high one. Such an evolution of
Ni species varying with Ni content is responsible to the changes in catalytic activity and selectivity.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction refractory [1-4], and numerous studies have been carried
out in the last few years over metal complexes and hetero-
In order to protect the urban areas, environmental legisla- geneous catalysts to better understand why such species are
tion has been adopted to limit the sulfur level in diesel fuel the most difficult to eliminatg5-10]. In a previous work
and the need to produce extremely clean fuel is continually based on a kinetic approach using competitive HDS experi-
increasing. For example, the sulfur content of light oils has ments[8], we assumed that, after adsorption via an aromatic
been imposed to be 500 ppm in EEC since 2000, and in Japarning, the dibenzothiophene molecule is first hydrogenated
since 1997. More severe specifications with a sulfur contentto dihydrodibenzothiophene in agreement with the old pro-
of 350 ppm is currently practiced, and a sulfur content as posal of Singhal et a[11]. Then this unstable intermediate
low as 10 ppm is being proposed in Europe in the near fu- is further transformed along two pathways by hydrogenation
ture. Very deep conversion of sulfur compounds is therefore (HYD) into tetrahydro-, and hexahydro-dibenzothiophene
of prime importance, and such an objective needs the devel-or by desulfurization according to an elimination mecha-
opment of more active catalysts, and a better knowledge of nism leading to biphenyl derivatives. For these two path-
the hydrodesulfurisation (HDS) mechanism. ways commonly designated respectively as “hydrogenation
Concerning such ultra deep HDS, it is now well es- pathway” and “direct hydrogenolysis” the transformation
tablished that among all the sulfur containing compounds can be therefore decomposed into H addition steps and C-S
present in gas oil, alkyldibenzothiophenes with alkyl groups bond cleavage by elimination (orEsteps. Such a mecha-
near the sulfur atom (fourth and sixth positions) are the most nism could well explain the various intermediates observed
during the transformation of a non-symmetrical molecule
* Corresponding author. Tel+33-4-72-44-5323; as the 4-methy|—d|benzothlophehEQ]. ) ) )
fax: +33-4-72-44-5399. As regard to the formation of these dihydro intermediates
E-mail addressmichel.vrinat@catalyse.cnrs.fr (M. Vrinat). in DBT-like molecules, it has been kinetically demonstrated
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[13] to proceed first by addition of an H atom with a hydride the appropriate amount of ammonium metatungstate hy-
character and then by the addition of a proton adsorbed ondrate [(NH;)sW12039 H20] and nickel nitrate hexahydrate

a sulfur anion of the catalytic surface, in the same sequence[Ni(NO3), 6H>O]. After impregnation, the catalyst was
that was proposed by Kasztelan and Guillaume for toluene oven dried at 393 K for 3 h and then calcined in an air flow
HYD [14]. The elimination reaction could therefore hap- at 723K for 4 h. All the samples were prepared with a con-
pen if some basic species of the catalytic surface is closedstant amount of W (corresponding to 3.2 W atoms pef nm
to the dihydro-intermediate. Selectivity toward the direct of support) and variable concentration of Ni. They were
desulfurization (DDS) or the HYD into tetrahydro-, and characterized by the NiNi + W) atomic ratio denoted
hexahydro-dibenzothiophene is therefore controlled by the hereafter by and indicated in the text by NiW(r).

basicity of the anion, but also by the steric hindrance induced

by the alkyl groups as illustrated in the work of Macaud 2.2. Chemical analysis

et al.[10] in which numerous alkyldibenzothiophenes with

more or less voluminous substituents were compared. Im- The elemental contents of Ni, W, and Al in oxidic catalysts
portance of the dihydroderivatives as intermediates in the Were determined by plasma atomic emission method (ICP).
HDS of dibenzothiophene-type compounds has been re-Some standardized dissolution procedures were necessary to
considered latef15,16] and has confirmed the previous dissolve the sample. The method depends on the nature of
proposals. However, even if it has been observed for a longthe elements to be analyzed. For W analysis, the sample was
time that HYD/hydrogenolysis selectivity was different for ~corroded with a mixture of bS04 and HNG; by heating to
promoted and un-promoted molybdenum based catalysts,523-573 K.

that point was solely recently addressed by comparison of

the catalytic properties of two series of Ni or Co promoted 2.3. BET surface area measurement

Mo/alumina catalysts having different Ni or Co contents,

in dibenzothiophene HDEL7]. The authors concluded that ~_ Surface area, pore volume and pore size distribution were
a modification of the basic and nucleophilic properties of °Ptained from N adsorption—desorption isotherms using the
the catalysts by promoter addition must be considered to conventional BET and BJH methods. The samples were first

account for the effect of the promoter on the rate of the dried at 393K for 2h, and subsequently outgased at 573K

DDS reaction. Proof of such an effect of the promoter over under vacuum before recording the isotherm.
acid—base properties of the sulfide phase and consequentl
over the enhancement of the C—S bond cleavage is therefor
a key point for the future development of more active cat-
alysts. This could be done by comparison of such a series
of catalysts not only in HDS reaction, but also in a reaction
such as isomerization which is well recognized to be deeply
related to the Bronsted acidity of the catalysts. This was the
main objective of this work. Moreover, taking into account
the importance of the HYD function of the catalyst in the
transformation of the refractory compounds, we chose to
study NiW catalysts, which have been far less investigated.

The aim of this paper was therefore to examine HDS and
isomerization in a}series of NiW catalysts prepared over the 2.5. Transmission electron microscopy (TEM)
same support, with the same tungsten content but increas-
ing Ni/W ratios. Moreover in order to control the increase
of activity that could be mainly correlated to promoter con-
tent, the catalysts were characterized by XPS and STEM.
Attention was not only focused on activity but also on se-
lectivities, and an attempt was made to confirm the HDS
mechanism.

4. XPS analysis

The sulfided samples were transferred into a glove box
without air exposure. The samples were pressed on an in-
dium foil attached to the sample holder and transported into
the preparation chamber of the XPS machine. The XPS spec-
tra were recorded on a VG Instrument type ESCALAB 200R
system. The sample excitation was done by Al K-rays
(1486.6 eV). Peak shifts due to charging of the samples were
corrected by taking the Al 2p line of AD3 at 74.0eV as a
reference.

High resolution electron microscopy (HREM) examina-
tions were performed with a JEOL 2010 (200 kV) instrument
equipped with a Link ISIS micro-analysis system. Its resolu-
tion is 0.195 nm. Freshly sulfided catalyst sample was ultra-
sonically dispersed in an ethanol solution at room tempera-
ture and the suspensions were collected on a carbon-coated
copper grid.

In the sulfided state, alumina-supported W catalysts ex-
hibit WS, slabs building a layered structure. The average
number of layers per stack and the average stack length were
calculated from examination of more than 500 particles, ac-

. . . cording to the first moment of the distribution:
The NiW catalysts were prepared by co-impregnation 9
of an industrialy-Al,O3 (extrudates, 270 fig) using the i Yoimanili
incipient wetness method with an aqueous solution of i

2. Experimental

2.1. Catalyst preparation
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and 2.8. 0-Xylene isomerization reaction
N = % o-Xylene isomerization reaction was performed on a high
D il pressure stainless steel fixed bed micro-flow reactor. For the

. - activity test, 0.15-0.2 g of catalyst was in-situ sulfided with
Wherel; is the length of slab-particlg n; the number of sy ion of 10wt.% Csin cyclohexane at a flow rate
particles with d; length orN; layers, and; the number of ¢ 5 nyymin, under 573K, 4.14 MPa Hpressure and a
layers in the particle. Ho flow rate of 400 ml/min for 2.5 h. Then the reactor was
switched to the reactant feed (40 wtd¥ylene, and 60 wt.%
2.6. Thiophene hydrodesulfurization cyclohexane) with a flow rate of 0.1 ml/min under the same
hydrogen atmosphere. The reaction was performed at 573 K.
The oxidic catalysts were crushed and sieved t0 The liquid samples were periodically collected and analyzed
80-125.m. Sulfidation was performed ex-situ in a flowing by GC—FID (Perkin-Elmer 8000) on a 30x10.25 mm SE54
gas mixture containing 10vol.% 43 in Hp at 673K for  capillary column with a temperature program: 363K for
4h. The heating rate was 10K/min and theS#, flow 2min, 6 K/min to 443K and then 10 K/min to 513K hold-

rate mixture was 66.7 ml/min. The sulfided catalysts were ing for 6 min. The products were qualitatively identified by
cooled down to room temperature, flushed with fidr half GC-MS.

an hour and kept under argon for use.
The catalytic activity tests for thiophene HDS were car-
ried out in a typical micro-reactor apparatus in a continuous 3 Results
operating mode and at atmospheric pressure. Appropriate
amount of catalyst was used in order to limit the conversion 3 1 Catalysts composition
lower than 20%. The thiophene was introduced into the re-

actor by flowing H (50 ml/min) through a thiophene satura-  The contents of Ni and W in the catalysts and some tex-
tor maintained at 273 K. The reaction was running at 573K ,ra| properties are listed iiable 1 The BET surface area
overnight until the conversion became stable, and after be- ¢ pure alumina is 270 fig whereas a diminution of textu-
ing evaluated in the range from 553 to 593 K. Products were 15| properties is already observed as far as W is introduced
analyzed using on-line gas chromatography equipped with & seeTable 7). However a further introduction of Ni does not
FID detector and a 30 m 0.53 mm capillary column coated  royokes any more significant diminution of surface area.
with a homogeneous layer of ADs deactivated by N&5G:.  Therefore we can consider the BET area as a constant for
The rate of thiophene transformation was calculated as g, purpose of studying the effect of the Ni concentration

Rs = (F/m) X, where Rs is the specific rate expressed as g, the catalytic properties of the NiW system.
moles of thiophene transformed per second and per gram of

catalystF is the molar flow rate of reactamhrepresents the 3.2. XPS analysis
mass of catalyst andis the fractional thiophene conversion.

3.2.1. Surface species of sulfided NiW(@y catalysts
2.7. 4,6-DMDBT hydrodesulfurization The XPS spectra showing MWlevels for NiW/ALO3 cat-
alysts sulfided at 673 K are presented-ig. 1afor the var-

4,6-DMDBT HDS was carried out in a stirred slurry tank ious samples, and example of the decomposition is given in
reactor (300 ml) operating in batch mode. In each run, the Fig. 1bfor the catalyst NiW (0.60). Binding energies of W,
autoclave was charged with 80 ml of dodecane containing Ni and S are summarized ifable 2 The observed bind-
250 mg reactant and 250 mghexadecane (Aldrich, 99%) ing energies are in agreement with those previously pub-
used as an inner standard. Appropriate amount of freshlylished on similar W and NiW catalystfl@] and references
sulfided catalyst was added rapidly to the reaction mixture in therein). Indeed, XPS of;§ on the sulfided NiVWy-Al,O3
order to avoid exposure to air. The reactor was first flushed catalysts exhibits only one peak at about 161.6 eV, which
with nitrogen and heated under stirring to reach the reaction corresponds t0% . The absence of any signal at 169 eV in-
temperature (573 K), and then hydrogen was introduced todicates that no oxidation of the catalysts occurred during the
the pressure of 5 MPa. This moment was considered as theransfer of the solid from the sulfiding reactor to the XPS
starting point. machine. The \\ doublet lines at 32 and 34.1eV corre-

Samples of the reaction mixture were taken periodically spond to W species in a Wglike structure while bands at
in the course of the reaction and analyzed by a gas chro-35.5, and 37.5eV are the fingerprints of¥in an oxygen
matograph (HP 4890A) equipped with a HP-5 column (5% environment (WQ).
phenylmethylsilicone, 30 e 0.32 mm) and a FID detector. In order to estimate the fraction of sulfided*Wspecies

The catalytic activity was expressed by the initial specific present on the various catalysts, thes\\MPS signals were
rate (moles of 4,6-DMDBT transformed per second and per fitted assuming the coexistence of both®Wand W+
gram of catalyst). species (se€ig. 1b). Data are reported imable 3
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Table 1
Composition and physical properties of the oxidic NisA&l,O3 catalysts
Catalyst Loadings in catalyst preparation (wt.%) Ni/(NIW) (at. ratio) SBET (rf/g) Pore volume (ml/g)
WO3 NiO Al,03
w 24.8 0.0 75.2 0.00 208 0.38
NiW (0.09) 24.8 0.8 74.4 0.09 202 0.36
NiwW (0.17) 24.8 1.6 73.6 0.17 199 0.35
Niw (0.23) 24.8 24 72.8 0.23 200 0.36
NiW (0.29) 24.8 3.2 72.0 0.29 197 0.35
Niw (0.33) 24.8 4.0 71.2 0.33 190 0.34
NiwW (0.41) 24.8 5.6 69.6 0.41 188 0.35
4NiW (0.50) 248 8.0 67.2 0.50 180 0.32
Niw (0.60) 24.8 12.0 63.2 0.60 172 0.29
Ni 0.0 5.6 94.4 1.00 - -

For the samples of tungsten (alone) sulfided at 673 K, augmentation of the sulfidability of the alumina-supported
about 69% of the tungsten species is in the sulfided form. WOy phase.
With the Ni content increasing from NiNi + W) = 0.17 The Npp peak at 853.7eV is related to Ni in sulfided
to 0.60, the fraction of W+ increases from 75 to 84%. Ac-  form [18,19] For promoted NiW catalysts, it has been re-
cordingly, the addition of Ni to the W phase induces both an ported in[19] that two Ni species could coexist: one corre-
increase of its dispersion (see next paragraph) as well as arsponding to pure Ni sulfide (at about 853.3 eV), and another
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Fig. 1. (a) Wit XPS spectra of NiWy-Al,O3 catalysts sulfided at 673 K. (b): Decomposition of tha;\PS spectra of NiW (0.60y+Al,O3 catalyst
sulfided at 673 K.
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Table 2 for higher Ni loadings. Thus, we can infer that the addition
Binding energies of sulfided NiW/AD; catalysts of Ni favors the “dispersion” of W species. The Al 2,
Catalyst Binding energy (eV) [FWH Mpeak ratio increases nearly linearly with the increase of Ni con-
. tent in the catalysts up to KiNi + W) = 0.6. This implies
S Watoyz Ni2ps72 that the Ni species have an excellent “dispersion” on the
w 1614 320 - - surface of the catalysts whatever the nature of the supported
NiW (0.17) 161.6 32.0 853.7 2.99 Ni sulfide phase.
NiW (0.41) 161.9 32.2 853.6 3.42
NiW (0.60) 161.9 32.2 853.4 3.77
3.3. TEM
Table 3 .
Sulfiding degree of W species in WiADs and NiW/AlLO3 catalysts 3-3-_1- Morphology of the a_C“Ve phase_s _
Catalyst W oxide (%) W sulfide (%) Fig. 2shows represen_tatlve HREM views of four sulﬂdgd
catalysts. The HREM views reveal the presence of typical
W 31 69 structures of the layered WShase, which are homoge-
m:w 84113 gg ;g neously dispersed on the support. For the promoted catalysts,
NiW (0:60) 16 84 the WS lattice fringes are to some extent more disordered.

3.3.2. Particle size measurement
Ni species at higher binding energy attributed to the NiIWS  Statistics over about 500 crystallites per catalyst sample
phase in which the Ni atom is a neighbor of the W atom and were done in order to get a representative estimation of the
there is an electronic transfer from Ni atom to its environ- average length and number of layers of the M6 stallites
ment. By comparison of the Bjj spectra of the three pro- in the different catalyst samples. The crystal size distribu-
moted catalysts it was observed that theg\ieak of NiW tions are shown ifrig. 3a and bFor W catalyst, the average
(0.17) sample is more symmetric and the full width at half particle length is equal to 4.4 nm and the average layer num-
maximum (FWHM) is smaller (see values giveriiable 2, ber is equal to 2.3, whereas for promoted NiW catalysts,
which indicate that the Ni species present in this sample is these two corresponding values are about 3.9nm and 3, re-
almost completely in a NiWS state. Thedlpeaks broaden  spectively. In spite that there are no big differences among
and slightly shifted to lower energies upon further Ni addi- these two statistical parameters for all promoted NiW cata-
tion. This effect is more pronounced for the NiW (0.60) than lysts, itis still obviously shown that upon increasing the con-
for the NiW (0.41) one. This demonstrates that a Ni sul- tent of promoter Ni, the number of layers increases gradually
fide phase undoubtedly coexists with the NiWS on the NiW from 2.8 for NiW (0.17) catalyst to 3.2 for Niw (0.60) cata-
(0.60). The presence of such a separate Migase cannot  lyst, and the length of slabs decreases, from 4.1 nm for Niw
be excluded on the NiW (0.41) since this sample presents a(0.17) catalyst to 3.8 nm for NiW (0.60). It should be noted
larger FWHM but the observed 0.2 eV binding energy shift that if the values of the stacking are closed to those recently
is not high enough to reach a proper conclusion. Therefore, reported by Vradman and Landf20] for NiW/Al ,O3 cat-
the XPS results suggest that Ni-W sulfide interaction speciesalysts, the lengths of the particles are smaller, probably due
are preferentially formed with the addition of promoter Ni to a lower tungsten amount.
into W/AI,O3 catalyst at least up to= 0.41.

3.4. Thiophene HDS
3.2.2. Surface atomic ratios

The atomic ratios were calculated by integrating peak ar-  The influence of Ni loading on the activity of NiW cata-

eas for each of the detected species. Information about theysts in thiophene HDS is illustrated Fig. 4. As expected,
dispersion of the different phases was obtained by means ofthe result reveals that Ni leads to a strong promotional effect
the ratios of W and Npp on Al (Table 4. Initially, the on the HDS activity. The optimum ratio of MNiNi + W)
Was/Al 5 ratio for the un-promoted sample is 0.059. This ra- is about 0.4, the activity of the NiW (0.41) catalyst being
tio increases up to 0.087 fer= 0.17 and remains constant about 30 times higher than that of the un-promoted one.

Table 4
Surface atomic ratios of sulfided catalysts
Catalyst Surface atomic ratios by XPS Loadings in preparation

Wit/Al 2p SoplAl2p Ni2ps/2/Al 2p Ni/(Ni + W) S/(Ni + W) W/AI Ni/Al Ni/(Ni + W)
W 0.059 0.13 0 0 2.20 0.072 0 0
NiW (0.17) 0.087 0.21 0.028 0.24 1.83 0.074 0.015 0.17
NiW (0.41) 0.085 0.22 0.078 0.47 1.35 0.078 0.055 0.41

NiW (0.60) 0.085 0.28 0.125 0.60 1.33 0.086 0.129 0.60
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g. 2. TEM images of (a): W, (b): Niw (0.17), (c) NiW (0.41), and (d): NiW (0.60) catalysts sulfided at 673K for 4 h.
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Fig. 3. Crystal size distribution of WS, for sulfided NiW/Al,O3 catalysts.
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A nearly linear increase in activity is observed as far as the
Ni/(Ni + W) atom ratio varies from 0 to 0.4. Further in-
crease in Ni loading leads to a slightly decrease in activity.
Fig. 5 provides the product distribution in thiophene HDS.
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Fig. 5. Product distribution of thiophene HDS by sulfided NiW/Al,O3
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The observed products in the conversion of thiophene are
regular HDS products such as cis-, trans-2-butene, 1-butene
and n-butane. Negligible traces of iso-butane, iso-butene and
tetra-hydrothiophene were also detected. The selectivities
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Table 5

Activity and selectivity of W/AI>O3 and NiW/Al,Os3 for 4,6-DMDBT HDS

Catalyst Activity Selectivity Promoting effect

At Abpps AnyD Sps STV DDSHYD Total DDS HYD
w 427 0.11 4.16 25 97.5 0.03
Niw (0.17) 10.7 0.96 9.74 9.0 91.0 0.10 25 8.7 23
NiW (0.41) 10.6 173 8.87 16.3 83.7 0.19 25 15.7 21
NiW (0.60) 118 1.80 10.0 15.2 84.8 0.18 2.7 16.4 24

Note r = Ni/(Ni + W), At is the total activity, Apps is the activity for the DDS pathway, Anyp the activity for the HYD pathway (10~°mol s~1kg~1).
Sops and Syyp are selectivity (%) for DDS and HYD pathways, respectively. Conversion ~ 10%.

for all main products on this series of catalysts are almost
the same except for the un-promoted catalyst. These results
may probably indicate that the nature of the active phase on
all promoted NiW catalysts is similar.

3.5. 4,6-DMDBT HDS

The products of the transformation of 4,6-DMDBT are
dimethylbiphenyl (DMBIiPh), dimethyl-cyclohexylbenzene
(DMCHB), dimethylbicyclohexane (DMBCH) and undesul-
furized hydrogenated products such as tetrahydro-, and
hexahydro-dimethyldibenzothiophenes. The yields of the
different products can be plotted against the conversion as

100

80

RN
S

Selectivity (%)
ES

20

0 L 1 L L 1 1 ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ni/(Ni+W) (atomic ratio)

Fig. 7. Products distribution of W/AI,03 and NiW/Al,O3 for 4,6-DMDBT
HDS.

HYor

shown in Fig. 6, and allow us to calculate the product selec-
tivities, which are given in Table 5 and illustrated in Fig. 7.
For promoted catalysts, the main product is cyclohexylben-
zene whereas for W (alone) catalyst, the most important
products are undesulfurized hydrogenated products.

On all catalysts, promoted or not, HYD is the main trans-
formation pathway. But there are great differences in the
product distribution. On the un-promoted catalyst, more than
90% of the products are intermediates which are not desul-
furized. On the promoted catalysts, the transformation re-
action also prefers to occur by HYD pathway, whereas the
final products are desulfurized products.

3.6. 0-Xylene isomerization reaction

The main products in this reaction are: direct HY D prod-
ucts, isomerization products and hydrogenated products af-
ter isomerization as illustrated in Fig. 8. The HYD activity
was therefore calculated according to the reaction of direct
HYD, and the isomerization activity was based on the sum
amount of products through isomerization pathway as well
as followed by HYD, and the results are given in Table 6.

Table 6

Catalytic activity of NiW/AI,O3 catalysts in the isomerization of o-xylene
Catalyst Aot Aisom AnyD Aisom/Anyp

(10~3 mol/g/h)

W 0.64 0.48 0.16 3.0

NiW (0.17) 1.48 1.04 0.44 2.4

NiW (0.29) 2.36 1.70 0.66 25

Niw (0.41) 3.40 2.36 1.04 23

NiW (0.60) 3.38 2.35 1.03 23

Sdg-dis

Fig. 8. Reaction scheme of o-xylene isomerization.
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The total activity increases by a factor of five indicating
an increasing acidity of the catalysts. The activities through
ISOM and HYD pathways are enhanced proportionally to
each other, resulting in amost constant Asom/Anyp ratios.

4. Discussion

The results obtained in the conversion of thiophene con-
firm the synergy generaly observed in HDS reactions: the
activity of the W/AI,O3 sample is improved upon addition
of the promoter nickel. The maximum of activity is observed
for ar ratio closed to 0.4 but does not vary alot in the range
0.4-0.6. Such a composition is assumed to correspond to a
complete occupation of the edges of the WS, dabs by the
promoter according to the geometrical model of Kasztelean
[21,22]. Moreover the activity of the best catalyst is 30 times
higher than the un-promoted one, in agreement with previ-
ous data on tungsten-based hydrotreating catalysts [18].

Physico-chemical characterizations of the sulfided sam-
ples by TEM do not evidence any large variations in the
morphology of the crystallites since the particles sizes only
varied between 3.8 and 4.2 nm though the stacking of the
layers is maintained between 2.3 and 3.2. Therefore, inside
the geometrical model approach, such a large increase of
HDS activity could not be explained solely by the variations
of the number of edge sites. Indeed, more insight in the ef-
fect of the promoter could be obtained from XPS data. First
of all, it appears that addition of Ni leads to some modifica-
tionsin the sulfidability of the catalysts since the percentage
of tungsten in the W4t state increases from 70% in the ab-
sence of promoter to 80% at r = 0.41 when the maximum
of activity is observed. Nevertheless no direct correlation
seems to be drawn between such increase of activity and
the observed variations of W*+. However, XPS data also
evidenced a continuous evolution of the Niyp peak binding
energy with the nickel content. As discussed in the XPS re-
sults, binding energy of Ni in NiW (0.17) catalyst and sym-
metry of the peak indicate that Ni is mainly incorporated
into a NiWS phase. At higher Ni content the Nipp peak is
larger and shifts slightly to lower energy, which effect ap-
pears more pronounced for the NiW (0.6) sample in agree-
ment with the progressive coexistence of a Ni sulfide phase
with the NiWS phase.

Such an evolution of Ni species in the sulfided catalysts
evidenced from XPS results, could be also correlated with
catalytic activities in thiophene HDS. Nevertheless this re-
action appears to be an easy one and changes in the selectiv-
ity are very slight. On the contrary, results on 4,6-DMDBT
HDS illustrated in Figs. 6 and 7, are more interesting since
large differences in products selectivities are noticed. Such
variations have allowed us to propose that over such cat-
alysts the reaction takes place through two parallel roads,
one leading to biphenyl-type products and called “the di-
rect desulfurization” pathway, and the second one leading to
tetrahydro-dibenzothi ophene-type products and cyclohexyl
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Fig. 9. Reaction scheme of alkyldibenzothiophene hydrodesulfurization.

benzene type products and called the “hydrogenation” road
([5] and references therein). Such a mechanism has been
reconsidered by Meille et a. [8] which proved that under
classical HDS conditions the biphenyl is not converted into
cyclohexylbenzene and that both biphenyl-type compounds
and tetrahydro-dibenzothiophene-type compounds have a
common dihydro-intermediate. This mechanism, schema-
tized in Fig. 9 was later also considered by Bataille et al.
[23] and by Hermann et al. [24] for 4,6-DMDBT transfor-
mation and by Macaud et al. [10] for various dialkyldiben-
zothiophenes.

In such amechanism, after partial HY D of the alkyldiben-
zothiophene, the reaction could proceed via HYD or €im-
ination (C-S bond rupture). According to Mijoin et al.
[15] the orientation of the reaction (DDS road versus HY D
road) could depend on the steric hindrance induced by akyl
groups, and on the basicity of the anions in the vicinity of
the adsorbed dihydro-compound and the acidity of the SH
group resulting in the heterolytic dissociation of Ho, these
later points being strongly influenced by the promoter. In-
deed, if the first proposal has been well demonstrated by
some of us using various dialkyldibenzothiophenes [10],
the second one is still to be completely demonstrated.

For sulfided catalysts, it is how accepted that the promoter
increases the electron density on the sulfur atom, making
such species more basic and therefore more active in the g
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Fig. 10. Scheme of o-xylene isomerization into m-xylene and p-xylene.

elimination reaction (C-S bond rupture). Such afact iswell
reflected by the greater effect of the promoter over the DDS
reaction pathway than over the HYD one. However, in the
sametimethereisadight effect of the promoter onthe HY D
road. This is in agreement with the work of Berhault et a.
[25] on pyridine and dimethyl-pyridine adsorption over Mo
and CoMo silica supported catalysts. They found that the
promoter does not increase significantly the number of sul-
fur vacancies, but drastically promotes the Bronsted acidity,
leading to more dissociated hydrogen available for the reac-
tion.

However such an increase of Bronsted acid site forma-
tion and consequently of active hydrogen species must be
reflected in a reaction involving such entities. That could be
the case for o-xylene isomerization which proceeds via a
unimolecular mechanism involving transformation of ben-
zenium ion intermediates through a methyl shift to form
m-xylene and p-xylene on Bronsted acid site [26,27] asil-
lustrated below in Fig. 10.

Indeed, results reported in Table 6 show a continuous in-
crease of the xylene isomerization with the nickel content
until a plateau of activity for nickel content higher than 0.41.
If such an increase of the isomerization reaction could be
due to an increase of Bronsted acid sites and therefore to
HT entities, the heterolytic dissociation of H, leadsto a par-
allel increase of H™ species and that must be reflected in a
reaction involving such entities. That could be the case of
HY D of an aromatic ring which was reported to proceed via
successive addition of H~ and H entities, the hydride ad-
dition appearing to be the rate limiting step [13]. Results of
Table 6 effectively indicate a parallel increase of the HYD
rate of o-xylene and of its isomerization. Such results could
be considered as an indirect proof of the heterolytic disso-
ciation of Hy over these sulfided catalysts.

5. Conclusions

Ni addition to W/Al,03 promotes remarkably the thio-
phene HDS activity and the optimum ratio was found for

ar = Ni/[Ni + W] ratio closed to 0.4. However TEM ex-
aminations of the sulfided samples indicated that such an
increase of activity could not be correlated to variations in
the morphology of the sulfide particles. XPS results show
that at low Ni/[Ni + W] ratio, Ni is mainly incorporated
into “NiWS” phase though at high Ni/[Ni + W] surplus Ni
forms separate NiS phase.

For 4,6-DMDBT HDS, Ni addition is more effective over
the C-S bond cleavage (elimination step) and such a selec-
tive promoting effect of Ni on DDS route can be ascribed to
anincrease of the basicity of the S>~ centersin thevicinity of
the catalytic site which help H abstraction in the 8 position
adjacent to the sulfur and therefore favors the B-elimination
process. However, such variations in the acid-base proper-
ties of the sulfur anions led to an increase of hydrogen ac-
tivation and consequently of Bronsted acid site formation,
which was well reflected into o-xylene isomerization which
proceeds via a mechanism involving transformation of ben-
zenium ion intermediates through a methyl shift. Associated
with 4,6-DMDBT HDS, thislater reaction is useful to prove
the effect of the promoter on acid—base properties of the
catalysts.
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