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ABSTRACT

CoMo catalysts supported on amorphous aluminosilicates (ASA) with different Si/(Si+Al) ratios (0, 0.15,
0.25,0.33, 0.5, and 0.75) were prepared and evaluated in the hydrotreatment of synthetic FCC naphtha.
2-Methylthiophene was used as the sulfur compound, and a mixture of 2,4,4-trimethyl-1-pentene and
2,4,4-trimethyl-2-pentene (approximately 3:1) was used as olefin. With the increase of Si/(Si+Al) ratio,
the activity of hydrodesulfurization (HDS) and hydrogenation of olefin (HYDO) reactions performed in
the CUS sites of Mo promoted by Co was inhibited. Meanwhile, increments in the acid-type reactions
(alkylation of 2-MT with olefins and olefin isomerization and cracking) were observed. These changes
were not gradual; a kind of transition zone with huge changes in product distribution between catalysts
with 15 and 25% Si/(Si + Al) was observed. This was explained by an increment in the density and strength
of Bronsted sites. These Bronsted sites compete with the CUS sites of Mo promoted by Co for reactant
adsorption. Moreover, it was shown that skeletal isomerization could aid to control HYDO and cracking
reactions. In general, it was demonstrated that by modifying the support composition, it is possible to

modify the hydrodesulfurization, hydrogenation of olefins, and acid-type reaction activities.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that olefins present in the FCC naphtha are a
major contribution to the octane number in gasoline [1-3]. Thus,
it is imperative to eliminate the maximum amount of sulfur impu-
rities impeding olefin saturation during the hydrotreatment (HDT)
of FCC naphtha [1-3]. Despite the process, it has been shown that
catalyst selectivity is the key to achieve this goal [4-7]. In the
case of selective classical HDS, various attempts to develop selec-
tive catalysts for this purpose are found in literature [1-5,8-13].
Support modification appears to be a good approach to obtaining
more selective catalysts. In this sense, the investigations have been
focused on the use of supports less acidic than alumina|[1,8,9]. Some
improvements in the hydrodesulfurization/hydrogenation of olefin
(HDS/HYDO) selectivity have been encountered using this kind of
supports; however, a loss of activity was also found in comparison
to the conventional CoMo/vy-Al;03. On the other hand, although
some references about improvements in the HDS/HYDO selectivity
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using more acidic catalysts can be found [10,11], a detailed expla-
nation of this behavior based on its acid properties and its influence
in the catalytic performance was not given. Consequently, there is
still a lack of information about not only the catalytic performance
of CoMo catalysts supported on acid-type materials in the HDT of
FCC naphtha, but also the influence of changes of the different acid
properties. Thus, the particular influence of the acid-base proper-
ties of catalysts on the selectivity to HDS in the HDT of FCC naphtha
is not yet clear.

In this work, the performance of amorphous-aluminosilicate-
supported CoMo catalysts with different Si/(Si+Al) ratios in the
HDT of a synthetic FCC naphtha was studied in order to determine
the influence of support composition on the catalyst acid properties
and the influence of these acid properties on the catalytic functions:
HDS, HYDO, and acidity.

2. Experimental
2.1. Preparation of catalysts

Amorphous aluminosilicate (ASA) supports with different
Si/(Si+Al) ratios (0.15, 0.25, 0.33, 0.5 and 0.75) were prepared by
the sol-gel route following a procedure similar to the one described
by La Parola et al. [14] using aluminum tri-sec-butoxide (Aldrich,
97%) and tetraethyl orthosilicate (Aldrich, 98%) as precursors. In
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order to check the reproducibility of the preparation method, the
syntheses of supports with the same Al/Si ratios were repeated
at least twice. CoMo catalysts supported on ASA containing 10%
MoO3 and 2% CoO were prepared by successive incipient wetness
impregnation. The supports and the catalysts were named ASAXx
and CMSxx, respectively, where xx represents the % of Si/(Si+Al).
An initial impregnation step was performed with an aqueous solu-
tion of (NH4)sMo07054-4H,0 (Merck), subsequently the solids were
impregnated with an aqueous solution of Co(NOs3),-6H,0. After
each impregnation step, solids were dried under airflow at 343K
for 2 h and air calcined at 773 K for 12 h. A conventional CoMo cata-
lyst supported on a commercial y-Al, 03 (Procatalyse), named here
CMA, was also prepared by the same method for comparison pur-
poses. In this case, after each impregnation step, the solids were
dried under airflow at 393K for 12 h and, finally, air calcined at
773 K for 4 h. Additionally, CoMo catalysts supported on mechani-
cal mixtures of silica and alumina with the same Si/(Si + Al) ratios of
the ASAxx supports were also prepared for comparison purposes.

2.2. Characterization of catalysts

2.2.1. Catalysts composition
The catalyst and support nominal compositions were verified by
X-ray fluorescence (XRF) using a Shimadzu EDX 800 HS apparatus.

2.2.2. Textural properties

The specific surface area (Aggr) of both catalysts and supports
was estimated by the BET method using N, adsorption-desorption
isotherms obtained with a Quantachrome NOVA 1200 instrument.
The solids were previously outgassed in vacuum (1 x 10~3) all night
at 70°C.

2.2.3. Acid properties

Acid properties of both catalysts and supports in the oxide state
were determined by NH3; temperature programmed desorption
(TPD) and Fourier transformed infrared (FT-IR) spectra of adsorbed
pyridine.

For NH3 TPD experiments, outlet gases were analyzed with a
mass spectrometer equipped with a quadrupole mass filter (Balzers
QMC 200). The samples (100 mg) were first dehydrated under pure
He at 773 K until obtaining a flat-water signal (m/z 17 and 18). Then,
samples were cooled down under He flow to room temperature
(RT). NH3 adsorption was then performed by passing across the
samples a flow of 5% NH3 in He. Excess NH3 was evacuated at RT
by passing a flow of pure He until obtaining a flat NH3 signal (m/z
15, 16 and 17). Desorption of the adsorbed NH3; was performed by
increasing temperature from RT to 873K at 10 Kmin~!. The sig-
nal corresponding to m/z of 16, assigned to NHs, was used for the
analysis of the NH3 TPD curves.

FT-IR spectra of pre-adsorbed pyridine were recorded with an
IFS55 equinox spectrometer (Briicker) equipped with a DTGS detec-
tor, using 100 scans and a resolution of 4 cm~!. Catalyst and support
powders were pressed (3 tons) into self-supported wafers (15 mg,
13 mm diameter) and placed in a homemade IR cell. Samples were
first dehydrated under vacuum (<1 x 10~5 mbar) at 773K for 2 h.
After cooling down to RT, a first spectrum was taken as reference.
Samples were then exposed to 10 mbar of pyridine for 30 min. FT-IR
spectra were recorded after outgassing the samples (<10~> mbar)
in four steps of 1 h each: RT, 373,473 and 573 K.

2.2.4. Confocal laser Raman microscopy (Raman)

Raman was performed with a Labram spectrometer (Dilor)
interfaced with an Olympus optical microscope. The excitation
radiation was a He-Ne laser (780nm) operated at a power of
10mW. The 100x objective of the microscope was used, so that
a spot of about 1 wm at the surface of the sample was measured at

once. Spectra were obtained by averaging 25 scans of the Raman
shift range between 1400 and 100cm~! recorded in 25s with a
spectral resolution of 1cm~1. The identity of the spectra obtained
at different positions of each sample was verified systematically.

2.2.5. UV-vis diffusive reflectance

UV-vis diffusive reflectance spectra (DRS) of the oxide cata-
lysts were recorded on a UV-2401PC Shimadzu spectrophotometer
with an ISR 240A integrating sphere accessory. UV-vis DRS were
recorded between 200 and 800 nm using BaSO4 powder as a refer-
ence. The Kubelka—Munk function was calculated from reflectance
results and plotted against the wavelength.

2.3. Catalytic evaluation

Catalytic tests were made in a continuous-flow stainless-
steel fixed-bed reactor. The composition of the model charge
was 2wt.% of 2-methylthiophene (2-MT) and 20wt.% of olefins
dissolved in n-heptane. The olefins used were a commercial
mixture of 2,4,4-trimethyl-1-pentene (TM1P) and 2,4,4-trimethyl-
2-pentene (TM2P), which are representative of terminal and
internal ramified olefins in FCC naphtha (3:1 approximately).
Dodecane (2 wt.%) was used as an internal standard for the chro-
matographic analysis of condensable products. Before reaction,
0.35 gof catalyst(0.18-0.6 mm particle size) was dried in situ under
N, flow (100 mImin~1) at 393K for 1h and subsequently, it was
activated with a HyS/H, (15/85, v/v) mixture at 673 K (10 Kmin™!)
for 3 h. Thereafter, the reaction conditions were fixed: 17 MPa,
523K, liquid-flow rate of 20mlh-! and H;/liquid-feed ratio of
500. Under these conditions, the absence of any diffusion lim-
itations was previously verified. Catalytic tests were conducted
until reaching the steady state (approximately 6h). It was con-
sidered that the steady state was reached by the reaction system
when three consecutive samples of the condensable products,
taken each hour, did not present any appreciable changes in their
composition. These condensable products were analyzed offline
in a HP 6890 gas chromatograph equipped with a HP-1 column
(100m x 0.25mm x 0.5 wm) and a FID detector. Product identifi-
cation was performed by GC-MS analyses and by comparing the
retention times of some reagent-grade compounds in the FID and
FPD detectors in the same column.

2.4. Expression of results

In the case of reactants, the activity was expressed in terms of
apparent kinetic constants (k;) assuming first order rate equations
for the total conversion of 2-MT and olefins. After integration of the
design equation for a fixed-bed reactor, the following expression of
the apparent kinetic constant could be written:

Fo

o 1 =% (1)

k,‘=—

where Fj is the reactant molar flow in molh~1, Cy is the reactant
concentration in mol L~1, m the catalyst weight used in g, and X the
total conversion. In the case of products, the following equation was
used to calculate the yield of product P (Y.P), taking into account
the moles of reactant R converted:

mol P output

YP=
ogp x (mol Rinput — mol Routput)

x 100 (2)

agp is the ratio between the stoichiometric coefficients of product
P and reactant R. Selectivity definitions are given inside the text for
clarity.
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Table 1
Textural properties of ASA supports and CoMo catalysts supported on these.

Si/(Si+Al) ratio Support Ager (m? g 1) Catalysts Ager (m? g 1)
0 v-Al,03 210 CMA 194

15 ASA(15) 397 CMS15 269

25 ASA(25) 550 CMS25 259

33 ASA(33) 378 CMS33 146

50 ASA(50) 508 CMS50 264

75 ASA(75) 117 CMS75 69

3. Results and discussion

3.1. Influence of the Si/(Si+Al) ratio on the catalyst surface
properties

Table 1 shows the Aggr of catalysts and supports measured
by N, adsorption-desorption isotherms. From the analysis of the
adsorption-desorption curves hysteresis, it can be inferred that all
materials are mainly mesoporous with only a small proportion of
micropores as expected due to the basic hydrolysis used in the
sol-gel synthesis of these materials [14,15]. With the exception of
ASA75, all ASA supports presented values of Aggr higher than the
one of y-Al,03. Blocking of both the micropores and the smallest
mesopores by the active metal deposition could explain the impor-
tant reduction in the Aggr of the CMSxx catalysts, when comparing
them with their respective supports [16]. The deterioration of the
ASAxx textural properties after active metal incorporation, espe-
cially the Aggr, has also been reported by other authors [13,14,16].

Fig. 1 presents the total acidity and the acidity strength distri-
bution measured by NH3 TPD as a function of the Si/(Si +Al) ratio.
The zero value in the X-axis represents the conventional catalyst
CoMo/vy-Al;03. The strength of the acid sites was arbitrarily classi-
fied as weak (<423 K), intermediate (423-573 K), and strong (>573)
according to the temperature of NH3 desorption [17]. The values
reported represent the percentage of NH3 desorbed between the
temperatures listed above relative to the total NH3 desorbed. There
are almost no substantial changes in the acidity strength distribu-
tion with the increase of the Si/(Si+ Al) ratio. The only exception
was the CMS15 catalyst, where an augmentation in the interme-
diate acid sites at expense of the weak ones is observed. Total
acidity increases with the Si/(Si+Al) ratio and exhibits a maxi-
mum around 50% Si/(Si + Al). Similar results were reported by other
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Fig. 1. Total acidity and acidity strength distribution measured by NH; TPD of the
CoMo catalysts supported on ASA. Weak (T <423 K), intermediate (423 K< T<573K),
strong (T>573).
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Fig. 2. Bronsted/Lewis ratio of the ASA supported CoMo catalysts determined by
FT-IR spectra of adsorbed pyridine after evacuation at 373, 473 and 573 K.

authors using a similar series of ASA prepared by a different method
[18,19].

Peaks at 1453 and 1545cm™! in the IR spectra of adsorbed
pyridine (not shown), attributed in literature [14,20] to pyridine
bonded to Lewis and Bronsted sites, respectively, were mathemat-
ically decomposed using Gauss-type curves. The values resulting
from their integration were used to calculate the Brénsted/Lewis
ratio, which was plotted as a function of the % of Si/(Si + Al) in Fig. 2.
For the CMA catalyst, the Bronsted/Lewis ratio is zero because no
Bronsted sites were detected using pyridine as the model molecule,
but the Bronsted/Lewis ratio increases continuously when increas-
ing the Si/(Si+Al) ratio. It is also observed that the Bronsted/Lewis
ratio decreased after the evacuation at high temperatures, which
indicates that there is, comparatively, a higher population of inter-
mediate and strong Lewis acid sites than Brénsted sites.

The increase of the total acidity observed in the CMSxx cata-
lysts in comparison with the one of CMA has been attributed to the
formation of a Si-Al mixed phase in the ASA supports [13,14,21].
The substitution of Al in the Si framework or vice versa gives rise
to new superficial defects, which create new Lewis and, specially,
new Bronsted acid sites [13]. Thus, an indirect way to detect the
existence of this Si-Al mixed phase could be the comparison of
the activity results in acid-type reactions (cracking and isomer-
ization) of the ASA supported catalysts with the one of catalysts
supported on mechanical mixtures of silica and alumina with the
same Si/(Si+Al) ratio. These results are showed in Table 2 as the
ratio of the activity in the acid-type reaction value of the respec-
tive catalyst to the one of the catalyst supported on alumina. It is
observed that the activity in acid type reactions of the catalysts
supported on mechanical mixtures was similar or even lower than
the one of the catalyst supported on alumina. Meanwhile, the one

Table 2
Relative activity in acid-type reactions of CMSxx compared with the one of those
supported on silica-alumina mechanical mixtures.

% Si/(Si+Al) CoMo supported CoMo supported on silica-alumina

on ASAxx? mechanical mixtures?
0 1.0 1.0
15 2.3 1.1
25 8.1 1.1
33 6.2 1.2
50 8.8 0.5
75 6.4 NA

2 Results are expressed as the ratio of the activity of the respective catalysts to
that of the CMA.
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Fig. 3. OH region FT-IR spectra of ASAxx supports compared with pure alumina.

of the catalysts supported on ASA was far higher than the one of
the catalyst supported on alumina. This fact suggest the formation
of new acid sites in the ASA supports belong to neither silica nor
alumina phase; thus, they should be originated during the forma-
tion of the Si-Al mixed phase. Additionally, the reduction of the
activity in the acid-type reactions of the catalysts supported in the
mechanical mixture with 50% Si/(Si + Al) suggests that the only acid
sites present on the mechanical mixtures are those belonging to the
alumina phase.

The variation of the acid properties of CMSxx catalysts with the
Si/(Si+Al) ratio is due to the fact that the Si-Al mixed phase is not
formed homogeneously for all the Si/(Si+Al) ratio [21]. In fact, the
maximum of the mixed oxide formation has been found between
50 and 75% Si/(Si+Al) [19,21,22], which coincides with the maxi-
mum of the total acidity found in Fig. 1 and the maximum of the
Bronsted/Lewis ratio found in Fig. 2. According to these authors
[19,21,22], below 50% SiO, content, the mixed phase is progres-
sively diluted by alumina, which appears as a distinct phase below
40-30% SiO, being responsible for the increase in the surface den-
sity of Lewis sites as observed in Fig. 2 [21]. As the major part of the
catalysts prepared in this work were in that range, the IR spectra
of the OH region of dehydrated supports were analyzed in order
to identify the existence of different phases in the support sur-
face (Fig. 3). It was found that for ASA supports within the range
of 50-75% Si/(Si+Al) ratio, only a peak of silanol groups (at ca.
3750 cm~') was found [20]. However, in the ASA supports within
the range of 15-33% Si/(Si + Al) ratio along with the silanol groups,
a little peak ca. 3790 cm~! and a shoulder at ca. 3730 cm™~! are also
observed. These new bands match well with alumina type IB and
IIA OH groups of Kndzinger classification [23]. It is observed that
these new peaks vanish when increasing the Si/(Si + Al) ratio, even
for the CMS33, these are hardly observed. This kind of OH groups
was also observed by Bandoz et al. [24] in their protonic acidity dis-
tribution (PAD) measurements performed for their silica-alumina
supports. Other authors [25] have also observed the existence of
Al in octahedral coordination, which is attributable to an alumina
distinct phase in the Al2” MAS NMR spectra of their ASA.

This heterogeneity of phases present in ASA supports gives rise
to some heterogeneity in the nanoscale composition as shown by
Sarbu and Delmon [26]. Thus, when the ASA are used as supports
for CoMo HDT catalysts, the OH groups that would be available
to attach the Mo and Co depend on the Si/(Si +Al) ratio. In conse-

quence, changes in the Mo coordination, speciation and dispersion
with variations of the Si/(Si+ Al) ratio would be expected. In order
to study these changes, the Raman spectra of the catalysts were
taken (Fig. 4). First of all, it can be noticed that both Co and Mo
are well dispersed on the different supports, because of the lack
of peaks characteristic of Co compounds (681, 477 and 199cm™!)
and free MoOj3 aggregates (990-1000cm~1) [27-29]. Additionally,
the presence of Aly(MoOy4); (1000-1010cm~1) can be ruled out
[29]. The CMA catalyst Raman spectrum shows a broad band at ca.
920-950 cm~! with shoulders at both sides ca. 900 and 960 cm~!.
There are also other broad bands at ca. 320-360 and 225cm™!.
The region 750-1000cm~! is where the bands for stretching of
Mo-0 bonds are typically observed [27,29]. Inside the broad band
at ca. 920-950, a variety of Mo species could be placed; the
more likely according to literature [27-31] are Mo70,45~ octahe-
dral species (946-951, 360 and 220 cm™!, continuous lines) and
MoO42~ with distorted tetrahedral symmetry (916 and 320cm™1!,
dotted lines). Some contributions from Mo-0-Co stretching vibra-
tions in CoMoQy species (939, 873, 820, 370 and 340 cm~!, dashed
lines) cannot be ruled out [32]. The shoulder at ca. 900cm™!
can be attributed to monomeric undistorted MoO42~ species (at
ca. 892 and 807cm™'), and the other shoulder at ca. 960 cm™!
can be attributed to larger polymeric species such as MogO,s%~
(958-960cm1).

Regarding ASA supported CoMo catalysts in the CMS15 catalyst
Raman spectrum, the peaks centered at ca. 915-920cm~! and at
ca. 320cm~! evidence the majority presence of Mo species with
distorted tetrahedral symmetry. Even though a higher frequency
shoulder can also be observed around 940-950 cm~, the presence
of M070,4% octahedral species should be low because no peak
close to 225cm™! is observed. This augmentation in the tetrahe-
dral Mo species when increasing the Si content up to 20 wt.% on
ASA was also reported by Vakros et al. [33]. In the CMS25 catalyst
spectrum, the shoulder close to 940-950cm™! is slightly higher
in comparison with the one of the CMS15 catalyst, and the peak
close to 225 cm™! is now clearly observed. This fact indicates that
although the Mo species with distorted tetrahedral symmetry are
still majority on the CMS25 catalyst, the population of Mo70,45~
octahedral species is slightly higher than the one of the CMS15.
With the subsequent increments in the Si/(Si+Al) ratio, the pop-
ulation of Mo070,4% octahedral species continues increasing at
expenses of the population of distorted tetrahedral species.

It is known that the pH of the solution of ammonium hep-
tamolybdate determines the structure of the solution species
according to the equilibrium between poly- and monomeric molyb-
dates established in Egs. (3) and (4) [29]. Thus, at pH values higher
than 6.5, the MoO42~ anion is stable, and a decrease in pH to 4.5
leads to complete formation of Mo70,4%~ [29]. A further decrease
in pH to 1.5 leads to polymerization of MogO,*~ [29]:

Mo070445~ +4H,0 < 7M0042~ +8H™ (3)
Mo07054%~ + 7M0042~ + 2Ht < [HyMog046]%~ (4)

Therefore, during the impregnation process, the Mo species, which
will be deposited on the support surface, seem to be governed by
the surface pH, more precisely, by its point of zero charge (PZC)
[29,31]. The surface pH can be drastically altered by chemisorp-
tion; therefore, the surface pH is determined by the overall system
Mo-oxide/support [29,31]. For instance, alumina has a PZC of 8-9,
whereas MoO3 has a PZC of 1.5. Thus, low Mo loadings (<1 Mo
atom/nm?2) on alumina (around 200m?2g-1), which are equiva-
lent to high surface pH values, favors the adsorption of MoO42~
species [29,31]. When increasing the Mo loading, the PZC of the
surface drops; therefore, increasing quantities of Mo70,45~ will be
adsorbed. On the other hand, silica has a PZC of 4-5 [13]; thus,
using silica as support, pH values high enough for monomolybdate
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Fig. 4. Raman spectra of the ASAxx supported CoMo catalysts compared with the one supported on alumina. xx: % Si/(Si+Al).

formation are usually not reached. Consequently, under hydrated
conditions, only polymeric species will be adsorbed [29]. Also it
has been found that Mo is more weakly attached on silica than on
alumina leading to the easy formation of MoO3 [13,27,29].

Therefore, it would be expected that Mo species supported
on ASA supports exhibit an intermediate behavior between alu-
mina and silica, i.e., with increasing the Si content the density of
polymeric species should increase. However and apparently in con-
tradiction with what has been already said, in Fig. 4 is observed
that in the CMS15 catalysts practically only distorted tetrahedral
Mo species are present; thus, we have to consider another variable
influencing this fact. The 10 wt.% MoOj3 loading used in this work is
equivalent to a loading of 2 Mo atom/nm? for the alumina used, but
the Aggr of the ASA(15) is almost twice that of alumina; thus, for the
ASA(15) the equivalence is 1 Mo atom/nm?. Considering that the
ASA supports would be composed of a mixed oxide phase diluted
in a separated alumina phase, the ASA(15) would have the highest
concentration of the segregated alumina phase, and consequently,
its PZC will be close to the one of alumina. Thus, the unexpected
majority presence of distorted tetrahedral Mo species on ASA(15)
would be explained by its high Aggr. The other ASA supports also
have high surface areas, but with increasing the Si/(Si+ Al) ratio,
the PZC decrease [13], explaining the increase in the polymeric Mo
species population at expense of the monomeric ones.

UV-vis DRS of the oxide catalysts in the 200-800 nm range were
plotted in Fig. 5. Mo bands appear in the UV region (Fig. 5a) whereas
Co bands appear in the visible one (Fig. 5b) [30,32,33]. Mo bands
below 250 nm are commonly attributed to tetrahedral molybdate
and the shoulder at 270-320 to octahedral molybdate [30,32,33].
It is observed that as showed above in the Raman results, the CMA
catalyst is composed by a mixture of tetrahedral and octahedral
molybdates. By this technique, it is observed a tendency of the
distribution of Mo species with increasing the Si/(Si + Al) ratio sim-
ilar to the one observed by Raman. CMS15 and CMS25 catalysts
present a majority of tetrahedral species with only a little shoulder
at the position where Mo-octahedral bands usually appear. DRS
of these two catalysts are very similar in the UV region, consis-
tent with what was observed in Raman’s results. With the further
increments in the Si/(Si+ Al) ratio, it is observed that the shoulder
corresponding to Mo octahedral increases, and thus the ratio octa-
hedral Mo/tetrahedral Mo also increases, which is also consistent
with Raman’s results.

Regarding Co oxide species, in the spectra of the CMA cata-
lysts a triplet at ca. 540, 580 and 630 nm is clearly observed, which
according to literature it is related to tetrahedral Co species [30,33].
These tetrahedral Co species correspond to the existence of CoAl, 04
[30,33]. It is observed that with increasing the Si/(Si+Al) ratio, the

triplet is less resolute indicating the decrease of the tetrahedral
Co species. Again, it is remarkable that the CMS15 and the CMS25
catalysts present very similar DRS in the visible region. It is also
observed that the band at 630 nm disappears progressively, and the
band at 540 nm is shifted to lower wavelengths which according to
Herrera and Resasco [28] indicates the presence of Co-octahedral
species as those found in CoMoOy, species. This is specially observed
for the CMS33 and CMS50 catalysts. On the other hand, little bands
at 450 and 750 nm are observed for the CMS50 and CMS75 cata-
lysts, which according to literature indicate the presence of Co304
[28,30,33]. Thus, the Si/(Si+ Al) affects the distribution of not only
the Mo oxide species but the Co oxide ones.
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Fig. 5. UV-vis DRS of the ASAxx supported CoMo catalysts compared with the one
supported on alumina (CMA). xx: % Si/(Si+Al).
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Since octahedral Mo species are associated with polymeric
species and tetrahedral ones are associated with monomeric
species, it is possible to have an idea of the molybdenum disper-
sion from the distribution of these species. Thus, from the already
described UV-vis DRS and Raman’s results, it could be inferred that
when increasing the Si content in the support, the dispersion of the
Mo phase decreases. This fact is expected since Mo supported on
pure silica has poor dispersion [14,28,32,33].

3.2. Influence of the Si/(Si+Al) ratio on the catalytic performance
in the HDT of FCC naphtha

A lot of organic substances were found in the condensable
products at the reactor outlet. A complete identification of all
reaction products was done. We have already proposed reaction
schemes for 2-MT and ramified olefins (TM1P and TM2P) [34] based
on the product identification along with the comparison with other
reaction schemes proposed in the literature [1,5-8,11,12,35]. These
schemes are described below.

It has to be taken into account that both kinds of ramified olefins
(TM1P and TM2P) are present in the feedstock; thus, there was
equilibrium between them related to the double-bond isomeriza-
tion either from internal to terminal positions or from terminal to
internal positions[8,12]. The HYDO product was isooctane (iC8), the
cracking ones were isobutene and isobutane (iC4s), and the skeletal
isomerization ones (iC8-ske) were other trimethylpentenes (TMP)
different from 2,4,4-TMPs and dimethylhexenes in a lower propor-
tion [8,12]. The yield of oligomerization products was close to 1%;
thus, they were not taken into account in the product distribution.
On the other hand, thiols were not observed, at least in quantifiable
concentrations. Thiol productions reported in other papers [5,8,12]
were always low, and according to Hatanaka et al. [5] who stud-
ied the influence of various olefins in thiols production, 2,4,4-TMPs
registered the lowest production in comparison with other olefins
such as 1-octene, 1-hexene and cyclohexene. They also found that
thiols derived from 2,4,4-TMPs were only detected after H,S extra-
addition in the feed [5].

Regarding 2-MT, a typical HDS scheme is observed with 2-
methyltetrahydrothiophene (2-MTHT) as the main intermediate
product from the hydrogenation pathway, and C5 hydrocarbons
(C5s) as the final HDS products [1,5,8,35]. On the other hand,
alkylmethylthiophenes (AMT) are also observed as product of the
alkylation of 2-MT with olefins present in the reaction environment
[6-8]. The most abundant was isobutylmethylthiophene, product
of the reaction of isobutene with 2-MT. However, pentylmethylth-
iophenes and isooctylmethylthiophene were also detected in minor
amounts.

The yield of the products listed above (continuous lines) and
the reactant apparent kinetic constants (dotted lines) were plot-
ted as a function of the Si/(Si+Al) ratio in Fig. 6. In Fig. 6a, the
2-MT apparent kinetic constant and its product distribution are
shown; the same is shown for the TM1P and TM2P in Fig. 6b. The
zero value in the X-axis represents the CMA catalysts. The product
distribution was found to strongly depend on the Si/(Si+Al) ratio
of the support used to prepare the catalysts. The 2-MT apparent
kinetic constant over the ASA-supported catalysts was higher or
at least at the same level than the one observed for the conven-
tional catalysts. In the case of CMA, the main 2-MT products were
C5s resulting from the HDS reaction, and as secondary product, a
small yield to 2-MTHT was also observed. In general, an increase in
the alkylation yield together with a simultaneous decrease in the
HDS one was observed when increasing the Si/(Si + Al) ratio. How-
ever, it is noticeable that this augmentation of the alkylation yield
at expense of the HDS one was not gradual; an abrupt change in
the products distribution is observed in the region between 15 and
25% Si/(Si+Al). Thus, it can be said that this is a kind of transition
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Fig. 6. Influence of the Si/(Si+Al) ratio on the reactives apparent kinetic constant
(doted lines) and product yields (continuous lines) of the ASA-supported CoMo
catalysts.

zone between catalysts that are more selective to HDS and those
that are more selective to alkylation. Fig. 6b shows that the ten-
dency of TM1P and TM2P apparent kinetic constants and the olefin
product distribution are similar to those obtained with 2-MT. It is
observed that as the Si/(Si + Al) ratio increases, acid-type reactions
- skeletal isomerization, and cracking of olefins — become prevalent
at the expense of the HYDO activity, and again an abrupt change is
observed between the catalysts with 15 and 25% Si/(Si + Al). For the
Si-rich catalysts, equilibrium between cracking and skeletal iso-
merization of olefin reactions was reached; however, comparing
Si-rich catalysts with the Al-rich ones, the increase in the crack-
ing activity was higher than the one of the skeletal isomerization
activity.

Taken into account the great complexity of the reaction system
when ASA supported catalysts are used; the selectivity HDS/HYDO,
usually presented in literature [8], is not adequate to completely
analyze the catalytic performance. In this work, we decided to apply
a definition of the selectivity to HDS taking into account acid-type
reactions. Therefore, the selectivity to HDS (SHPS) was defined as
the ratio between the 2-MT HDS activity and the addition of olefin
cracking and HYDO activities (Eq. (5)). Cracking reaction was also
included in the denominator because the products of this reac-
tion are gaseous, causing a decrease in gasoline production, which
must also be avoided [1,4,5]. On the contrary, the products from the
skeletal isomerization are not included because they have a similar
octane number to the one of 2,4,4-TMPs [36]; thus, their produc-
tion is favorable because it does not affect the octane number and
it is in competition with HYDO and cracking.

GHDS _ 2-MT HDS reactivity
" HYDO reactivity + Cracking reactivity

(5)
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The case of 2-MT is a little bit more complicated; the production
of AMT is not good from the viewpoint of a classical HDS process
because these kinds of products are also sulfur-containing com-
pounds, and they are even more difficult to desulfurize. However,
the boiling point of AMT is higher enough to allow its separation by
distillation. In fact, a commercial alternative desulfurization based
in this type of reactions was developed by the British Petroleum and
named olefinic alkylation of thiophenic sulfur (OATS) [6,7]. There-
fore, the production of AMT is a reaction, which can be potentially
part of a desulfurization process. Having into account that alkyla-
tion competes with HDS in the transformation of 2-MT, a selectivity
to alkylation (SAkY!) was defined in the same terms of the SHPS (Eq.
(6)) to quantify somehow the inclination of the catalysts to produce
alkylation products:

Alkylation reactivity

SAlkyl _
HYDO reactivity + Cracking reactivity

(6)

The above-defined selectivities were plotted as a function of the
Si/(Si+Al) ratio in Fig. 7. As it can be predicted from the activity
results, the general trend is a diminution of SHPS and an increase
of SAKVI when increasing the Si/(Si+ Al) ratio. The CMA exhibited a
high SHPS and a zero value of SAKY!'; meanwhile, the CMS15 catalyst
exhibited a value of SHPS similar to the one of CMA accompanied
by a low one of SAKY! and again an abrupt change in the selectivity
with a decrease in the SHPS and an increase in SAY! was observed for
the CMS25. Beyond that point, a continuous but gradual decrease
is observed in the SHPS, at the same time that a continuous and
gradual increase of the SAKV! was observed with the increase in the
Si/(Si+Al) ratio.

Therefore, according to the catalytic behavior observed in
Figs. 6 and 7, the catalysts could be divided into two groups in the
studied Si/(Si+ Al) range. The first group of catalysts is composed
by the CMA and CMS15 catalysts, and the second group is com-
posed by those supported on ASA with a Si/(Si + Al) ratio >0.25. It is
quite interesting that inside these groups, the changes in product
distribution and selectivities are gradual, but despite the small dif-
ference in the Si/(Si+ Al) ratio between the catalysts in the boundary
of both groups, CMS15 and CMS25, the changes in product distri-
bution and selectivities are huge. Thus, this constitutes a transition
zone between the catalysts that preferably promote HDS and HYDO
reactions and those that promote acid-type ones. This transition
zone could be explained considering that ASA-supported CoMo cat-
alysts combine HDS, HYDO, and the acid-type functions in the same
catalyst; thus, reacting molecules (2-MT and olefins) have the pos-
sibility to adsorb and transform in many different sites, and the
preference of one or the other reaction will be related to the relative
population and the activity of the different sites.

In the present work, the catalyst performances are compared at
the same reaction conditions, and thus, it could not be compared at
equivalent conversion. It is known that in some cases differences
in selectivity and product distributions could arise simply by dif-
ferences in conversions; however, this occurs mostly in the case of
consecutive reactions, and in the present work the reactions con-
sidered are parallel to each other [37]. On the other hand, it could be
observed for instance that CMS33 and CMS75 have comparable val-
ues of the reactant apparent kinetic constants to the ones of CMS15
and CMA, but there are considerable differences in the product dis-
tributions. Thus, it could be considered that the changes in product
distribution observed when the Si/(Si+Al) was increased are real
and they are not an illusion caused by the differences in reactant
conversion.

According to discussed in Section 3.1, the distribution of Mo and
Co species in the oxide state and the acid properties of the cata-
lysts are strongly modified when the Si/(Si + Al) ratio was increased.
However, regarding the distribution of Mo and Co species in the
oxide state, its changes as a function of the Si/(Si+Al) ratio do not
seem to be in agreement with those of the catalytic performance.
This fact is especially observed in the transition zone. Although
an abrupt change in the product distribution is observed between
the CMS15 and the CMS25 catalysts, their distribution of Co and
Mo species in the oxide state are quite similar as indicated by
UV-vis and Raman spectra. Thus, the selectivity changes observed
in the transition zone do not seem to be provoked by variations
in the Co-Mo phase. However, the product distribution tendencies
observed inside the two groups of catalysts before and after the
transition zone could be explained, at least in part, by the differ-
ences in the distribution of Co and Mo species in the oxide state.

For instance, the catalytic performances of CMA and CMS15 cat-
alysts were quite similar, with the highest SHPS and HDS activity,
but the distributions of the Mo species in the oxide state were
quite different. The CMA catalysts exhibit a mixture of octahedral
polymeric and tetrahedral monomeric Mo species with prevalence
of the octahedral ones, whereas the CMS15 exhibits a majority of
distorted tetrahedral monomeric species. It is considered that the
undistorted tetrahedral monomeric Mo, although easier to reduce
than the undistorted ones, are harder to reduce/sulfidate than the
octahedral polymeric ones, and consequently, less active [33,35].
However, it should also be considered that the presence of the
undistorted tetrahedral Mo species could improve the Mo disper-
sion [28,35], thus, compensating somehow that they are harder to
reduce/sulfidate. Additionally, it was observed that the CMS15 cat-
alyst has less quantity of CoAl, 04 than the CMA, and it is known that
this compound is catalytically inactive [30,33]. These facts could
explain why the HDS activity of the CMS15 is quite similar to the
one of CMA despite of their different distributions of Mo and Co
oxide species.

On the other hand, considering the group of catalysts after the
transition zone (% Si/(Si+Al)>25), a gradual increment in the acid
type reaction yields at expense of an also gradual reduction of the
HDS and HYDO yield is observed. This behavior could be explained
up to certain extent by the decrease in the Mo dispersion evi-
denced in the UV-vis DRS and Raman spectra with the increment
in Mo octahedral polymeric species when the Si/(Si+Al) ratio was
increased. Additionally, the increasing presence of Co304 bands in
the UV-vis DRS could also contribute to the reduction of the HDS
and HYDO capacities of this group of catalysts when increasing the
Si content [27,28,33]. Thus, it could be said that although the dif-
ferences in the Co and Mo distribution could have some incidence
in the catalytic performance of the catalysts, in this case they are
not their main cause.

Conversely, changes in the acid properties with the Si/(Si+Al)
ratio seem to be more related to the catalytic performance. Acid-
type reactions such as isomerization and cracking of olefins, as well
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as alkylation of 2-MT with olefins are accepted to proceed via car-
benium ion intermediates, which normally need the presence of
a Bronsted acid site to take place [11,20,38,39]. Thus, when both
acid-type (especially Bronsted) and coordinative unsaturated sites
(CUS) of Mo promoted by Co are present on the catalysts surface,
the acid-type reactions are more energetically favorable than HDS
or even HYDO [1,39]. The comparatively very low energy needed
to perform the acid-type reactions [39] in comparison with HDS
and HYDO causes that when the acid-sites density and strength
increase, reactant molecules adsorb preferentially in this kind of
sites, thus, competing with the adsorption in CUS sites. As a conse-
quence, the HDS and HYDO reactions are inhibited, as described
above. Also it is important to take into account that according
to the literature, weaker Bronsted acid sites are able to perform
isomerization reactions, whereas stronger Bronsted acid sites are
needed for cracking and alkylation [39]. This fact could justify the
existence of a point beyond which, the increment of Bronsted acid
site density and strength gives origin to a preference of reactants
to react via cracking and alkylation instead of HDS and HYDO. In
our case, this point would be located somewhere in the aforemen-
tioned transition zone. In Fig. 2, it can be observed that at 373K
the Bronsted/Lewis ratio is quite similar for the CMS15 and the
CMS25 catalysts, but at 473 and 573K, it is higher for CMS25 than
for CMS15, especially at 573 K where the Bronsted/Lewis ratio is
very low for the CMS15 and the other ASA-supported ones have
very similar values. Thus, the aforementioned transition zone could
be due to the existence of strong Bronsted sites in the catalysts sup-
ported on ASA with Si/(Si+Al) ratio >0.25, which does not exist at
all or in enough quantity in catalysts with Si/(Si+Al) ratio <0.15.

So far, we have discussed the existence and the possible causes
of a transition zone between HDS-type catalyst and acid-type
ones. As we already said above, all acid-type reactions are not
detrimental to the objective of improving the selectivity to HDS;
however, what we have not mentioned is that some of these reac-
tions (double-bond and skeletal isomerization reactions) could
even help to improve it. It has been shown in the literature that
the isomerization of the double bond can play an important role in
avoiding the HYD of the ramified olefins [8,12,34]. Terminal olefins
are much easier to hydrogenate than internal ones [1,3,4,12]. This
is explained by the steric effect caused by the substitution of hydro-
gen atoms linked to carbon atoms making part of the double bond
[40]. Therefore, it will be desirable to avoid the double-bond iso-
merization from internal to terminal olefins or even displace the
equilibrium of the reaction to produce internal olefins from ter-
minal ones. Skeletal isomerization was also a beneficial reaction,
not only because its products have similar octane number than
2,4,4-TMPs, but also due to its competition with HYDO and cracking
reactions.

In Fig. 6, it is observed that both skeletal isomerization and
cracking activities increase when increasing the Si content, but
cracking increment is more accentuated. This can be explained
because isomerization reactions are easier to perform by the weak
acid sites and the increase in Bronsted/Lewis ratio, acid site den-
sity and strength promotes the activity in cracking reactions [39].
However, for the three catalysts with higher Si contents, equilib-
rium between both reactions was found. The equilibrium between
both reactions is due to the skeletal isomerization reaction, which
mainly produces other TMP (2,3,4-TMP and 3,4,4-TMP) different
from 2,4,4-TMP and a few dimethylhexenes, and, thus, inhibiting
in some way the cracking. The cracking of 2,4,4-TMP proceeds via a
type A B-scission, which involves the formation of a tertiary carbe-
nium ion to produce also another carbenium ion (isobutene). This
is the most energetically favorable type of 3-scission [20,38] and is
the most probable mechanism to explain our results, because our
principal cracking products were only isobutene and isobutane. On
the contrary, the cracking of the other TMP and dimethylhexenes

proceeds via type B1 or B2 3-scission, which starts with a secondary
ion to finish with a tertiary one, and starts with a tertiary ion to fin-
ish with secondary one respectively [38]. Both type B [3-scissions
are much less energetically favored than type A [3-scissions [38].
Thus, the skeletal isomerization plays a double role: on the one
hand, controlling the HYDO, and on the other hand, controlling the
cracking.

As a general remark, it can be said that when ASA is used as
support for naphtha HDT catalysts, it is possible to manipulate the
catalytic functions HDS, HYD, and acid type by changing the sup-
port Si/(Si+Al) ratio and, therefore, the acid properties. However,
the manipulation of only the Si/(Si+Al) ratio was not enough to
control finely the acidity of these materials in order to promote
selectively the double-bond and skeletal isomerization, avoiding
the undesirable olefin cracking; thus, inhibiting the HYDO, but not
the HDS.

4. Conclusions

With increasing the Si/(Si+Al) ratio, the activity of the acid-
type reactions was enhanced at expense of the activity of HDS and
HYDO. The changes in selectivity and product distribution were not
gradual. A kind of transition zone was observed between 15 and
25% Si/(Si+Al), where changes in selectivity and product distribu-
tion were surprisingly huge. This fact matches with an increment in
the Bronsted acid sites density and strength. After its value reaches
certain a point in the transition zone, the competition of the Bron-
sted sites with CUS for the reactants adsorption gives origin to a
preference to react via cracking and alkylation instead of HDS and
HYDO.

It was established that in addition to the control effect that
double-bond isomerization from external to internal olefins exerts
over HYDO, skeletal isomerization could also contribute in the con-
trol of this reaction, as well as cracking. Consequently, promotion
of skeletal isomerization could aid to the preservation of octane
number during FCC naphtha HDT.

It was demonstrated that by modifying the support composition,
itis possible to manipulate the three basic catalytic functions of the
catalysts: HDS, HYDO and acidity.
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