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Abstract

Interest in bifunctional catalysts, active in reactions such as hydrodesulphurisation (HDS) of hydrocarbon fractions, is
growing in the last years. An improvement of CoMo@s materials can be obtained by the introduction of other oxides
during the sol-gel synthesis. This heavily affects the acid—base characteristics of the catalysts, while textural properties are
less influenced. The catalytic performances change as well: a relationship between the density of acid sites and HDS activity
has been found. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction addition of other oxides [2,3]. Changing the support
composition is considered as a promising line of re-

Restrictive environmental regulations are pushing search to achieve higher hydrotreating performances
the development of more efficient hydrotreating tech- [4-6,20]. The aim of this work is to evaluate the
nologies, able to decrease the content of heteroatomsinfluence of the addition of oxides (Zr, Ga, Si, B)
in the different oil cuts. Since gasoline obtained by on the physico-chemical characteristics of alumina
fluid-catalytic cracking (FCC) contains ca. 95% of based supports and the corresponding CoMo cata-
the total S present in the overall gasoline pool, its lysts, prepared by the sol-gel method. The catalytic
processing produces results of fundamental interest. performances in HDS of thiophene are also studied.
Thiophene and its alkyl derivatives represent ca. 60%
of sulphur compounds in gasoline, the remainder
being mercaptans and sulfides [1].

Bifunctional catalysts, active in reactions such as
hydrodesulp'hurisation (HDS), are based on supportedz_l_ Catalyst and support preparation
metal sulphides (Mo WS;) and promoters (Co,
Ni). The most commonly used support for these
catalysts is alumina. New generations of HDS cat-
alysts involve: (i) traditional formulation prepared
through new optimised procedures, (ii) improved
compositions. The textural properties as well as the
acid—-base character of alumina can be modified by

2. Experimental

The mixed oxide supports and the corresponding
CoMo catalysts were synthesised according to [7],
following the sol—gel procedure [8].

Al,O3 based supports Precursors of different
oxides M = Zr, Ga, Si, B) were dissolved in
butanol (isopropanol in the case of Zr(gHy)a,

70 wt.%); then aluminiunrsecbutoxide AI(OGHg)3
"+ Corresponding author. Fax:39-0252056364. was added, heated and kept at°®0for about
E-mail addresscflego@enitecnologie.eni.it (C. Flego). 20min. An aqueous solution containing TPAOH
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(tetrapropylammonium-hydroxide) was added slowly
to the alcoholic solution, while heating at&D. Af-

ter 1 h the gel was formed, then aged at@]ldried
(6h, 100C, in vacuum) and calcined (3 h, 58D, air
flow). The resulting M/Al molar ratio was 0.1, except
for ZA, where Zr/Al was 0.15.

CoMo catalysts Co(NOs)2-6H,O was dissolved
in CH3(CH>)30H or i-PrOH; the metal oxidic pre-
cursors were dissolved in the alcoholic solution with
Al(OC4Hg)3, heated and kept at 60 for about
20min. (NH;)gM07024-4H,0O was dissolved in a
TPAOH aqueous solution. The alcoholic and the
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2.4. Physico-chemical characterisation

Surface area measurementsre performed by N
isotherm at—196°C with a Fisons Carlo Erba Sorp-
tomatic 1990. The surface area was calculated with
the BET method and the pore distribution with the
Dollymore-Heal model. Before the analysis, the sam-
ples were treated at 300 under vacuum (1@ mbar),
4h.

Adsorption measurementwere performed in a
pyrex volumetric apparatus equipped with pressure
and vacuum detectors. Increasing amounts of ad-

agueous solutions were mixed together till the gel was sorbate were added until saturation. The adsorbed

formed (after 1 h at 8CC). It was aged at 2T, dried
(6h, 100C, in vacuum) and calcined (3 h, 58D, air

amount of probe (mol/g) was calculated by using
the ideal gas law and the expansion coefficient of

flow). The catalyst, obtained as a powder, was crushedthe system. The total number of acid sites was de-

and sieved (40-70 mesh). The &80+ Mo) molar
ratio was around 0.30 and the M/Al molar ratio was
0.1, except for CM—ZA, where Zr/Al was 0.15.

One 13.8wt.% Co/Si® sample was prepared by
aqueous incipient wetness imbibition of Co nitrate on
commercial SiQ, specifically for XPS analysis.

2.2. Catalytic activity

The thiophene test allowed for a short time
(3—10 h) catalyst screening. During HDS reaction, H
flowed (2 NI/h) through a bubbling device contain-
ing thiophene at 8C (vapour pressure of 4%). The
reaction conditions werel' = 300°C, P = 1lbar,
38 < WHSV < 46, 6111, catalyst weight= 1g.

termined by ammonia adsorption at T80 the total
number of the basic sites was determined by,CO
adsorption at 21C. The NO adsorption capacity was
measured at 2C. The experimental error is below
3%.

Before analysis the sulphided catalysts were treated
at 350C for 1h in dynamic vacuum (I®mbar),
the supports at 50€ for 1h in dynamic vacuum
(10~°mbar).

TPD analysis was performed by the Pulse
Chemisorb 2705 (Micromeritics). After activation at
500°C, 1h, in He flow, the supports were contacted
with pulses of pure C® (or 10vol.% NH/He) at
21°C. When the saturation was reached, a purge of
the He flow at 21C in 10 min was followed by in-

The analyses of the HDS products were carried out creasing the temperature up to 3@0(heating rate=

by on-line GC— FPD+ FID. The experimental error
was below 3.3%. The extent of HDS and hydro-
genation (HYD) activity (defined as the selectivity to
butanes in the & hydrocarbons derived from thio-

20°C/min, He flow= 20 ml/min). Spectral deconvo-
lution was performed by the Peak Solve (Galactic)
program.

X-ray photoelectron spectroscopH9 was per-

phene hydrogenation) were determined by the product formed with a VG Escalab MKII spectrometer, using

distribution The reaction scheme proposed for the

non-monochromatized Al Kradiation. Binding en-

thiophene conversion is reported in [9]. This test was ergies were referenced to the Al2p peak at 74 eV, i.e.

not to evaluate the catalyst life.

2.3. Sulphidation procedure

Al2p in Al2Os. The binding energies and the peak
shapes of Co2p and Mo3d allow determination of
the oxidation state of the metals. Atomic ratios were
obtained from the ratios of peak areas through appro-

The calcined samples were sulphided in a 10% priate sensitivity factors. The Co/Al and Mo/Al ratios

H2S/H, mixture (60ml/min) at 400C for 1h
(heatingrate= 6°C/min); after cooling at 21C in

reflect the dispersion of the metals on the support
[10-12]. The binding energy of the S2p peak showed

sulphiding mixture the sample was cleaned and kept that only sulphides and no sulphates were present in

in N> flow till characterisation.

all sulphided samples.
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Table 1 The modification of the support composition af-
Textural characteristics of the supports fects its acid (able to bond N}l and basic (able to
Support  Composition  Asyp Vpores ~ Average bond CQ) properties as reported in Table 3. The na-
(m°/g)  (cm*/g) diameter (A) ture of the metal oxide added to AD3 defines the
A Al,03 319 0.38 <40 acid—base distribution in the support. The amphoteric
SA Si0-Al20s 314 0.38 50 oxide (ZrQ) increases the number of basic sites more
ZA Zr02-Al205 212 0.36 50 than that of acid sites; G@®3 increases acidity more
BA B2Os-Al20; 410 0-45 a0 than basicity, while an acid oxide as®; decreases
GA Ga03-Al,03 380 1.49 80 '

the amount of basic sites and strongly increases the
acid site density.

3. Results and discussion The acid and basic strength distribution was evalu-
ated by TPD analysis. A diagram of the amounts of

The reference materials werex8l3 (A) for the sup- the probes (NH, CO,) desorbed in each temperature
ports and CoMo/AlO3 (CM-A) for the catalysts. All range was evaluated by deconvolution analysis of the

materials are amorphous at XRD analysis. The main TPD profiles. The higher the desorption temperature,
characteristics (chemical analysis, surface area andthe higher is the site strength; the amount of probe
pore volume determination) of supports and catalysts not desorbed at 50C corresponds to the amount of
are reported in Tables 1 and 2, respectively. Surface the strongest sites. In Figs. 1 and 2 the acid and basic
area and pore volume of supports increase in the pres-strength distributions are depicted. Alumina shows a
ence of B and Ga (Table 1). With regard to the addition broad distribution of the acid and basic strength. The
of other oxides to the CoMo catalysts, the surface area introduction of another metal oxide increases the acid
does not change significantly, except for the sample strength of the materials and in particular the amount
containing B (Table 2). On the contrary, pore volume of the strong acid sites, able to retain ammonia at tem-
is always higher for CoMo/AlOs (1.24 cn¥/g) than peratures higher than 500 (Fig. 1). The basicity is

for the modified catalysts. Except for CM—GA, cata- also influenced by the nature of the added metal ox-
lysts have higher surface area and pore volume thanide, because the relative amount of very weak, weak
respective supports, especially the one containing Zr and medium basic sites changes (Fig. 2). On the basis

(Tables 1 and 2). of the site densities, the “acidity to basicity” ranking
Table 2

Textural characteristics of the catalysts

Catalyst Support Co (Wt.%) Mo (wt.%) Asup (M?/g) Vpores (CMP/Q) Average diameter (A)
CM-A Al,O3 2.6 9.9 365 1.24 60

CM-SA SiQ-Al;03 2.3 8.9 364 0.74 60

CM-ZA ZrO,—Al,03 2.3 8.5 378 0.89 80

CM-BA B203—Al>03 25 9.1 475 1.12 60

CM-GA Ga03—Al,03 2.3 8.3 348 0.92 60

Table 3

NH3z, CO, and NO adsorption capacities of the supports and the catalysts

Calcined Acid site density Basic site density Chemisorbed Sulfided Acid site density NO
support (nmol/g) (nmol/g) NO (wmol/g) catalyst (rmol/g) (nmol/g)
A 514 95 8 CM-A 588 85

SA 744 59 40 CM-SA 538 121

ZA 542 171 0 CM-ZA 490 95

BA 1058 21 309 CM-BA 646 393

GA 694 117 0 CM-GA 495 339




268 C. Flego et al./Catalysis Today 65 (2001) 265-270

800+ 320 ?';
¢
% %
600 2 2401 /:
7 7
o0 % 20 /?
~ —_ ¢
S 4001 4 g 1601 %
g / 3 /'
3 7 %
%
200- 80 %5
oL 7
0.
A SA ZA BA  GA
liphysi- chemij
|m<2zo 9270 W310 E370 B>500°C |
) o o Fig. 3. Physi- and chemi-sorbed amount of NO on the supports.
Fig. 1. Acid sites distribution of the supports.
of the supports follows the trend: BA SA > A > groups of acidic materials, e.g. zeolites [14,15]. In
GA > ZA. order to evaluate if this kind of interaction is also

The NO and NH adsorption capacities in the sul-  present in our supports, volumetric measurements
phided samples are shown in Table 3. The density of have been performed. The fraction of adsorbed NO
acid sites in the catalysts is influenced by the nature gple to withstand evacuation at 3%Dis considered
of the added metal oxide, almost following the same chemically bonded to the support. In Fig. 3 the physi-
trend found with the supports. In CM-A the presence and chemi-sorbed amount of NO on the supports are
of Co and Mo increases the acid sites density com- gepicted. NO is physisorbed on all supports in vari-
pared to the support. In the other catalysts a reverseaple amount, while NO is chemisorbed only by the
behaviour is observed. The NO adsorption is higher in «mgre acidic” BA and SA materials. No differences in
the mixed oxide systems than in the reference alumina NO adsorption are observed in the sulphided supports
unusually high capacity to bond this probe. The catalysts adsorb a higher NO amount than the

The NO adsorption capacity is generally considered corresponding supports. NO adsorption on the cata-
as a measure of the active CoMoS sites distribution |ysts can be regarded as the sum of the contribution
in the traditional CoMo/Ai03 m_atenals [13]_. The  of the support (i.e. fmol/g for A) and the supported
state of the art refers the interaction of NO witOH CoMoS phase (i.e. 85 8 = 77mol/g for CM-A).

The contribution of the supported phase is roughly

120W constant for all catalysts (ca. @@nol/g) but CM—GA,
for which it is much higher (Table 3). This can be due
901 either to a strong increase in the CoMoS dispersion or
0 to a synergistic adsorption between CoMoS and Ga.
E 601 S The differences in the Niadsorption measure-
E8 % ments of both supports and catalysts can be explained
30- § by the following model.
%’ In CM—A, the introduction of Co and Mo precur-
0- N sors in the sol phase increases the “total” acidity of

the catalyst after calcination. It is supposed that during
gelling of the alumina matrix, the presence of another
|lIIl <150 B1200 W>280°C [ metal precursor causes a charge imbalance in the ma-
trix [16]. The subsequent calcination causes the forma-
Fig. 2. Basic sites distribution of the supports. tion of “defects” in the network (i.e. AI-OH groups,
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Table 4

XPS data on the sulphided catalysts

Catalyst S/Al Col/Al Mo/Al AE: Co2p-S2p (eV) $(Co+ Mo)
CM-A 0.12 0.03 0.05 617.3 1.56
CM-SA 0.12 0.03 0.06 617.5 1.32
CM-ZA n.da n.d. n.d. n.d. n.d.
CM-BA 0.13 0.03 0.06 617.7 1.38
CM-GA 0.24 0.04 0.08 618.0 1.94

aNot determined.

unsaturated Al sites, M—OH or unsaturated M sites), Table 5

creating an acid character. Catalytic performances of the catalysts
In a more complex mixed oxide system (CM—SA, catalyst HDS (%) HYD (%) HDS/HYD

CM-BA, CM-ZA, CM-GA), Co and Mo precursors

. ) . - 64.8 38.7 1.67
can interact with the other component of the gelllng CM—SA 64.4 34.9 1.85
matrix beside the alumina precursor. So far there is cm-za 41.7 30.8 1.35
a lower contribution of the defects to the acidity, re- CM-BA 66.0 313 211
sulting in a lowering of the “total” acid sites density CM-GA 45.8 29.8 1.54

of the catalysts compared to the corresponding sup-

ports. After calcination this interaction is strengthened

in agreement with the strength of the acid sites (i.e. rials containing Zr or Ga. A correspondence between

following the Sanderson acid—base scale [17]). acid site density and HDS activity can be observed in
XPS analysis has been performed to characterise theFig. 4. This increase in HDS activity can be caused

supported phase (Table 4). The reference sulphidedby the favoured adsorption of thiophene on the acidic

Co/Si sample shows a binding energy difference surface.

of 616.5eV between Co2p and S2p, in agreement A different relation is observed between acid site

with the presence of Co sulphide species. The bind- density and HYD (Fig. 4). An increase of the HYD

ing energy difference of the catalysts (>617.3eV) is activity as a function of the acid site density is ob-

significantly higher than that of Co/SpJ616.5eV). served in the low acidity range. The highest HYD

According to Alstrup et al. [18] this points out to the activity is present in the standard CM-A, where the

presence of the CoMoS active phase in the@l CoMoS active sites are not influenced by the changes

supported catalysts. As the Mo/Al and Co/Al ratios of the surrounding environment, caused by the dif-

do not change significantly in all catalysts, except ferent oxides mixtures. A decrease in HYD activity

for CM-GA, the overall dispersion of CoMoS hardly

seems to be affected by the changes in the support.

CM-GA shows Co/Al and Mo/Al ratios higher by HDS and HYD%

less than 30% than the other samples. Consequently

this increase is not large enough to explain the much —

higher NO adsorption of CM—-GA (Table 3). The in- 50 HDS oHYD
tensity of the S2p peak is determined after subtraction .

of the contribution of Ga3s, which overlaps S2p: any- * =

way the S(Co+ Mo) ratio of CM—GA is the highest. o *

This may reflect a synergism between Co, Mo and 20 . ,

Ga, which allow a more favourable sulphidation of 450 50

550 6
. Acid si i
the metals and therefore a stronger NO adsorption. cidsite density (umol/g)

The Cata|ytic performances O_f _the_se mat_eria|3 are rig. 4. Relation between the acid sites density g\adisorption)
reported in Table 5. The HDS activity is lower in mate- and HDS and HYD activities.
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activities in thiophene reaction test. A relation between
the density of acid sites and HDS activity is found in
these materials.

Q oxide in the catalytic system influences HDS and HYD
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