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CoMo catalysts supported on sodium-doped amorphous aluminosilicates (ASA) with different Si/(Si + Al)
ratios were prepared. The catalytic performance of these catalysts in the HDT of synthetic FCC naphtha
was compared with the one of a CoMo catalyst supported on pure alumina, as well as with another one
supported on sodium-modified alumina. The catalysts results were also compared with the ones of CoMo
catalyst supported on ASA without sodium. The catalysts were characterized by XRF, XRD, Raman, as well
as their textural and acid properties. The sodium introduction simultaneously with the variation of the
Si/(Si+ Al) ratio conducts to obtain a catalyst (15% Si/(Si + Al), 3 wt.% Na) with, on the one hand, an Mo oxide
species distribution with an important participation of 3-CoMoO4 crystalline species and, on the other
hand, a selective formation of weak Bronsted acid sites. As a consequence of this especial balance between
the acid properties and the oxidic Mo-surface-species distribution, this catalyst presented an activity
similar to the one of the CoMo/Al, O3, but with improvements in the selectivity to HDS. Additionally, it
was also encountered that when CoMo catalysts supported on materials of predominantly acidic nature
are used, the linear olefins inhibit more the HDS activity than the branched ones, whereas the contrary
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effect was encountered when supports of a predominantly basic nature are used.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The challenge with the deep hydrotreatment (HDT) of the fluid
catalytic cracking (FCC) naphtha constitues to remove the maxi-
mum of sulfur impurities avoiding olefin saturation [1]. Thus, it
is imperative to search for catalysts that are more selective to the
hydrodesulfurization (HDS) than the conventional CoMo/Al;03 [1].
Support modification appears as one of the variables explored in
literature, either by modifying the classical alumina or by using
completely different materials [1-9]. Many works claim that an
increment in the hydrodesulfurization/hydrogenation of olefin
(HDS/HYDO) selectivity can be observed using less acidic carri-
ers than classical y-alumina [5,9,10]. However, improvements of
the HDS/HYDO selectivity can be found using more acidic cata-
lysts [6,9,11]. Thus, there is not a clear position about the effect
of support in the HDS/HYDO selectivity and, specifically, about the
involvement of its acid—base properties.
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In a previous article [12], CoMo catalysts supported on amor-
phous aluminosilicates with different Si/(Si+Al) ratios were
essayed in the HDT of a synthetic naphtha. It was encountered that
the Bronsted acidity of these catalysts increased with the Si/(Si + Al)
ratio, producing acid-type reactions, such as cracking and isomer-
ization of olefins and the alkylation of 2-methylthiophene (2-MT)
with olefins [12]. These acid-type reactions competed with the HDS
and the HYDO, and in the case of the catalysts with the highest Si
content, even inhibiting them completely [12]. From the analysis of
the product distribution of these reactions, it was concluded that a
way to inhibit olefin saturation was by achieving an acid-properties
balance such that the double-bond and skeletal isomerization reac-
tions are promoted, but cracking is avoided. As a consequence, the
HYDO could be inhibited by a double effect. On the one hand, olefins
that are more difficult to hydrogenate are produced by double-bond
isomerization[1,5,8,13]. On the other hand, there is competition for
the adsorption of olefins between the acid sites and the HYDO ones
[12]. However, it was concluded that the variation of the Si/(Si+Al)
ratio only was not enough to finely control the acid properties [12].

Some authors have succeeded in finely controlling the acid-base
properties of their catalysts by combining one modification that
conducts to improve the acidity with another that conduct to
reduce it [4,9]. For instance, La Parola et al. [4] showed that
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improvements in the thiophene HDS can be achieve by using
sodium-modified amorphous aluminosilicates (ASA) as support for
CoMo catalysts. Fan et al. [9] showed that catalysts highly selective
to the HDS can be obtained by doping alumina simultaneously with
P and K, due to a balance of the acid properties, as well as a good
compromise between the dispersion of the CoMoS phase and the
stacking level of the MoS, slabs.

In the present work, it was intended to finely control the acid
properties of the ASA supports by combining the variation of the
Si/(Si+ Al) ratio with the sodium introduction, aiming to use these
materials as supports for CoMo catalysts. The acid properties of
these materials were followed by various methods, and the dis-
persion and coordination of Co and Mo were also followed using
Raman. These surface properties were used in an attempt to explain
the catalytic behavior of the catalysts in the HDT of synthetic naph-
tha composed by 2-MT and different kinds of olefins.

2. Experimental
2.1. Catalyst preparation

Amorphous aluminosilicate supports with different Si/(Si+Al)
molar ratios (0.15, 0.25, 0.33 and 0.5) 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. All opera-
tions were performed under nitrogen atmosphere. In order to check
thereproducibility of the preparation method, the syntheses of sup-
ports with the same Si/(Si+ Al) ratios were repeated at least twice.
ASA supports were modified with sodium (3 wt.%) by incipient wet-
ness impregnation with an aqueous solution of NaNO3 (Merck). The
impregnated solids were dried under airflow at 343K for 2 h and,
finally, air calcined at 773K for 12 h. The unmodified and modi-
fied supports were named here ASAxx and NaASAxx respectively,
where xx represent the Si/(Si+Al) ratio. CoMo catalysts supported
on NaASAxx containing 10% MoO3 and 2% CoO were prepared
by successive incipient wetness impregnation. The catalysts were
named as CMNaSxx. An initial impregnation step was performed
with an aqueous solution of (NH4 )sMo70,4-4H, 0 (Merck), and sub-
sequently, the solids were impregnated with an aqueous solution
of Co(NO3),-6H,0 (Sigma-Aldrich). After each impregnation step,
the same thermal treatment used after Na impregnation was per-
formed. A conventional CoMo catalyst supported on a commercial
Procatalyse y-Al,03 (CMA) and another catalyst supported on y-
Al;,03 modified with 3wt.% Na (CMANa) were also prepared by
the same method for comparison purposes. In this case, after each
impregnation step, the solids were dried under airflow at 393 K for
12 h and, finally, air calcined at 773K for 4 h. Some already pub-
lished results [12] of CoMo catalysts supported on ASAxx (CMSxx)
with the same %Si/(Si + Al) of the CMNaSxx catalysts were also used
for comparison purposes.

2.2. Characterization of catalysts

2.2.1. Catalyst composition

The catalysts and support nominal compositions were verified
by X-ray fluorescence (XRF) using a Shimadzu EDX 800 HS appara-
tus.

2.2.2. Textural properties

Textural properties of catalysts were determined using N,
adsorption-desorption isotherms obtained with a Quantachrome
NOVA 1200 instrument. The catalysts were previously outgassed in
vacuum (1 x 10~3 mbar) all night at 343 K. The specific surface area
(Ager) was estimated by the BET method.

2.2.3. X-ray diffraction (XRD)

XRD was performed on a Siemens D5000 diffractometer using
the Ko radiation of Cu (A =1.5418A). The 26 range was scanned
between 2° and 70° at a rate of 0.02 s~!. Identification of the phases
was achieved by using the ICDD-JCPDS database [15].

2.24. Acid properties

The total acidity and the acidity strength distribution were
determined by NH3 temperature programmed desorption (TPD).
The detailed procedure and equipment is described in Ref. [12].
Desorption of the adsorbed NH3 was performed by increasing tem-
perature until 873 Kat 10 Kmin~!. The signal corresponding to m/z
of 16, assigned to NH3, was used for the analysis of the NH; TPD
curves.

The Bronsted/Lewis was determined from Fourier transformed
infrared (FT-IR) spectra of adsorbed pyridine. The detailed proce-
dure and equipment is described in Ref. [12]. Samples were first
dehydrated under vacuum (<1 x 10~ mbar) at 773K for 2 h. After
cooling down to room temperature (r.t.), 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 for 1 h: r.t., 373,473 and 573 K.

2.2.5. 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~!. The identity of the spectra obtained
at different positions of each sample was systematically verified.

2.3. Catalytic evaluation

Catalytic tests were made in a continuous-flow stainless-steel
fixed-bed reactor. The composition of the model charge was 2 wt.%
2-methylthiophene and 20wt.% olefins dissolved in n-heptane.
Dodecane (2 wt.%) was used as an internal standard for the chro-
matographic analysis. Two kinds of essays were performed. In the
essays type A, a commercial mixture of 2,4,4-trimethyl-1-pentene
(TM1P)and 2,4,4-trimethyl-2-pentene (TM2P) (3:1 approximately)
was used. These are representative of terminal and internal
branched olefins in FCC naphtha respectively. In the essays type
B, 1-octene was used as a representative of linear olefins.

Before the reaction, 0.35 g of catalyst (0.18-0.6 mm particle size)
was dried in situ under N flow (100 mlmin~') at 393K for 1h,
and subsequently, activated with a H,S/H, mixture (15/85, v/v) at
673K (10Kmin~1) for 3 h. The following reaction conditions were
fixed: 17 bar, 523 K, liquid-flow rate of 20 ml h~! and H, /liquid feed
ratio of 500. Under these conditions, the absence of any diffusion
limitations was previously verified. Catalytic tests were conducted
until reaching the steady state. Condensable products were ana-
lyzed 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
identification was performed by GC-MS analyses and by compar-
ing the retention times of some reagent-grade pure compounds in
the FID and FPD detectors in the same column.

2.4. Expression of results

Results of the catalytic test were expressed in terms of per-
centage of reactants conversion (%C.2MT, C.TM1P, C.TM2P and
C.1-octene) and products yield (%). The following equation was
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Fig. 1. Total acidity and acidity distribution of the prepared CMNaSxx catalysts.
Weak: T<423K, intermediate: 423 K<T<573K, strong T>573.

used to calculate the yield of the product P (%Y.P), taking into
account the conversion of reactant R:
mol PLoytput

%Y.P =
QRp X (mOIRinput — mol Routput)

x 100 (1)

where agp is the ratio between the stoichiometric coefficients of
product P and reactant R.

In essays type A, both kind of olefins (TM1P and TM2P) give
similar product. Thus, the yield of the olefin products was calculated
taking into account the addition of moles of both kind of olefins
(mol R=mol TM1P + mol TM2P).

3. Results

3.1. Influence of sodium and the Si/(Si+Al) ratio on the acid-base
properties of the catalysts

The total acidity and the acidity strength distribution obtained
by NH3 TPD of the CMNaSxx catalysts compared with those of the
CMA and CMANa catalysts is presented in Fig. 1. The strength of
the acid sites was arbitrarily classified as weak (<423 K), interme-
diate (423-573 K) and strong (>573) according to the temperature
of NH3 desorption [16]. The total acidity of all the CoMo catalysts
supported on the sodium-modified supports is lower than the one
of the CMA catalysts and it increase with the Si/(Si+Al) ratio from
0% to 50% Si/(Si+Al) ratio. In the results published previously in
Ref. [12] for the CMSxx catalysts was observed that the total acid-
ity of all the CMSxx was higher than the one of the CMA catalyst,
used also as reference in that work. Therefore, sodium introduction
reduce considerably the total acidity of the catalysts, however, in
both CMNaSxx and CMSxx catalysts the total acidity increases with
increasing the %Si/(Si+ Al) up to 50%. Regarding total acid sites dis-
tribution, the CMANa catalyst exhibits the lowest total and strong
acidity and the highest proportion of weak acidity. Among the
CMNaSxx catalysts, the CMNaS15 present the highest proportion
of weak and the lowest proportion of strong acidity. In a gener-
alized way for the CMNaSxx catalysts, from 15% to 50% Si/(Si+Al)
the tendency is to diminish weak acid sites and to decrease inter-
mediate and strong acid sites with increasing the %Si/(Si+Al). In
Ref. [12] was not observed a clear tendency for the total acid sites
distribution of the CMSxx catalysts with the Si/(Si+Al) ratio and
in general this distribution was rather similar to that of the CMA
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Fig. 2. IR spectra of adsorbed CO, on the prepared CMNaSxx catalysts. Dashed lines:
bidentate carbonates; continuous lines: hydrogen carbonates.

catalyst. Hence, in addition to the reduction in total acidity, sodium
introduction causes a shifting in the acidity distribution to weaker
sites.In another previously published work of our group [31], where
CoMo catalysts supported on alumina and alkaline metal modified
alumina were compared, it was found the same effect of sodium
reducing total acidity and shifting the acid sites distribution to
weaker sites. Mey et al. [5] also reported a reduction in the strength
of the acid sites after introducing K on its CoMo/Al, 03 catalyst.

In Fig. 2 is presented the IR spectra of adsorbed CO, on the
prepared catalysts, which could be used to estimate the possi-
ble modification of the catalyst basicity by sodium introduction
[5,17]. It is observed that compared with CMA the only catalyst
showing an important increase in the adsorption of CO, is the
CMANa. Additionally, the shift of the peaks of CO, adsorption for the
CMANa catalyst compared with the ones of CMA suggest a change
in the preferred adsorbed species from hydrogen carbonates (1359
and 1585 cm~!) to bidentate carbonates (1449 and1653 cm~1) [5],
whereas the CMNaSxx catalysts present an adsorption similar to
the one of CMA with similar adsorbed carbonate species. de Miguel
et al. [18] have shown that Na is selectively adsorbed on the Al*3
tetrahedrically coordinated-Lewis sites of alumina, which gives rise
to the formation of a [=AI-OH]~Na* complex. This fact has been
demonstrated by 27 AI-RMN studies where the disappearance of the
band attributed to Al*3 was observed [18]. Thus, a double effect
on the alumina surface is produced; the stronger acid sites are
poisoned and at the same time the [=Al-OH]-Na* complex for-
mation increased the basicity of the site. On the other hand, on
CMNaSxx catalysts, sodium only blocked the acid sites diminishing
a lot the total acidity in comparison with the respective without-
sodium catalysts [12], as described in the previous paragraph, but
no important creation of basic sites is observed.

The kind of acid sites existing in the catalysts was quantified
using IR spectra of adsorbed pyridine after desorption at r.t., 373,
473 and 573 K. Peaks at 1453 and 1545cm! in the IR spectra of
adsorbed pyridine (not shown), attributed in literature to pyri-
dine bonded to Lewis and Bronsted sites respectively [14,19], were
mathematically decomposed using Gauss-type curves. The values
resulting from their integration were used to calculate the Bron-
sted/Lewis ratio, which was plotted as a function of the %Si/(Si + Al)
in Fig. 3 for both CMNaSxx and CMSxx catalysts. Zero points in
curves for CMSxx (gray curves) and for CMNaSxx (black curves) cat-
alysts represent the CMA and CMANa catalysts respectively. For the
CMA and CMANa catalysts, the Bronsted/Lewis ratio is zero because
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Fig. 3. Bronsted/Lewis ratio of sodium-modified-ASA supported CoMo catalysts at
373, 473 and 573 K. CMSxx catalysts: gray lines; CMNaSxx catalysts: black lines. xx
represents the %Si/ (Si+Al).

no Bronsted sites were detected using pyridine as model molecule.
For both CMNaSxx and CMSxx catalysts the Bronsted/Lewis ratio
increases continuously with the increase of the Si/(Si+Al) ratio at
373 K. Similar trends are observed at 473 and 573 K; however, at
473K for CMNaSxx catalysts Bronsted sites are only detected for
catalysts with %Si/(Si+Al)>25 and at 573K for catalysts with a
%Si/(Si+Al) > 50. Desorption of pyridine at different temperatures
was performed in order to obtain information about the strength of
the Bronsted and Lewis sites. The higher the temperature of desorp-
tion the higher the strength of the Bronsted or Lewis site [14,19].
Thus, with increasing the %Si/(Si+ Al) of the support the acid sites
present in the CMNaSxx get stronger: CMNaS15 contains only weak
Bronsted sites desorbing at 373 K, CMNaS25 and CMNaS33 contain
weak and intermediate strength sites desorbing at 373 and 473K
respectively; and CMNaS50 contains strong sites desorbing at 573 K
in addition to weak and intermediate strength sites.

By observing Fig. 3 Bronsted/Lewis ratio results of CMNaSxx
catalysts can be compared with those of CMSxx [12] in order to
elucidate the sodium effect. It could be observed in Fig. 3 that for
weak sites desorbing at 373 K the Bronsted/Lewis ratio of CMNaSxx
catalysts is higher than the one of the CMSxx catalysts with the
same %Si/(Si+Al). Whereas, in the case of the intermediate and
strong sites desorbing at 473 and 573 K the opposite behavior was
observed. Hence, it could be inferred that sodium introduction
shifts the strength distribution of the Brénsted acid sites to weaker
acid sites. This shifting effect was more evident in the catalysts with
lower Si/(Si+ Al) ratio where sodium introduction brings about the
disappearing of the intermediate and stronger Bronsted sites.

It has already been demonstrated, by analyzing the OH groups
present on the ASA supports surface using FT-IR and by using other
techniques [12,20-22], that ASA supports are composed by two
different phases; a mixed Si-Al and a segregated alumina phase
which dilutes the other one. It has also been demonstrated that
the increase of the Bronsted/Lewis ratio with the %Si/(Si+Al) can
be ascribed to an increase in the concentration of the mixed Si-Al
oxide phase and a decrease of the concentration of a segregated
alumina phase techniques [12,20-22]. The increasing in the sub-
stitution 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 [4]. Sodium introduction also affects the
acid-base properties: it brings about the reduction of the total acid-
ity as well as the reduction of the strength of total acid sites. Sodium
introduction also caused a shifting of the Bronsted sites to weaker
strength ones. As already mentioned above in alumina supports

Table 1
Comparison of specific surface area (Aper) for ASAxx supports and CMSxx and
CMNaSxx catalyst. xx represents the %Si/ (Si+Al).

Si/(Si+Al) ratio Ager (m2 g 1)
ASAxx CMSxx CMNaSxx
0 210 194 183
15 397 269 88
25 550 259 253
33 378 146 110
50 508 264 165

Zero (0) %Si/(Si+Al) represents alumina, CMA and CMANa.

have been demonstrated [18,31] that alkaline metals are deposited
on the strongest acid sites causing two effects a decrease of the
total acid sites and a shifting of the acid sites distribution to weaker
acid sites. A similar effect could be happening with ASAxx supports
with sodium introduction, having into account the existence of a
alumina segregated phase in the ASAxx supports. In previous para-
graphs was annotated also that the acid properties of supports with
lower %Si/(Si + Al) were more affected by sodium introduction. This
fact coincides with results in Ref.[12], where a higher concentration
of the alumina segregated phase was found on the aforementioned
supports.

3.2. Influence of sodium and the Si/(Si+Al) ratio on the structure
of the catalysts

Table 1 presents the Aggr of the CMNaSxx catalysts compared
with those of CMSxx catalysts and ASAxx supports. The Aggr results
for y-Al,03, CMA and CMANa were also included. From the analysis
of the adsorption-desorption curves hysteresis (not shown), it can
be inferred that all materials are mainly mesoporous with only a
small proportion of micropores as expected due to the basic hydrol-
ysis used in the sol-gel synthesis of these materials [14,23]. There
is not a defined trend of the Aggr with the Si/(Si + Al) ratio; however,
it is notable that the CMNaS15 catalyst, which is the one with the
lowest Aggr. In a previous article [12], we have shown that there
was a great reduction of the Aggr when comparing the unmodified
ASAxx supports with the respective CoMo catalysts supported on
them (CMSxx). The deterioration of the ASAxx textural properties
after active metal incorporation, especially the Aggr, has also been
reported by other authors [4,14,24]. This reduction was explained
by the blocking of both the micropores and the smallest meso-
pores as a consequence of the Mo and Co deposition. Comparing the
results in Table 1 for ASAxx, CMSxx and CMNaSxx, it is noted that the
reduction in the Aggr was accentuated by the sodium introduction.
For instance, the Ager was reduced from 397 cm? g~ ! for the ASA15
support to 269 cm? g~ for the CMS15 catalyst and 88 cm2 g~ for
the CMNaS15. On the next paragraph a possible explanation for this
effect is given.

The XRD spectra of the CMA, CMNaS15, CMNaS25 and CMNaS50
catalysts compared with the respective catalysts supported on
the unmodified supports: CMS15, CMS25 and CMS50 are shown
in Fig. 4. No peaks corresponding to Mo or Co compounds are
observed, which indicate a good dispersion of these on the differ-
ent supports. In the CMA catalysts, broad bands typical of y-Al,03
with poor cristallinity are only observed [15]. A similar XRD spec-
trum was obtained for the CMANa catalyst (not shown). Whereas,
in the catalysts supported on the unmodified ASA supports no
peaks are observed as a consequence of the amorphous nature
of ASA. However, when comparing the XRD spectra of CMNaS25
with CMS25, it is observed that the bands corresponding to y-Al, 03
begin to appear. The same was observed in the CMNaS33 XRD spec-
trum compared with the one of CMS33 (not shown). This fact is
even more evident when CMNaS15 and CMS15 are compared; the
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Fig. 4. XRD of some selected CMSxx and CMNaSxx catalysts. xx represents the %Si/
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v-Al,03 bands are now observed clearly along with peaks corre-
sponding to NaAl,04 [15]. On the contrary, peaks are observed
neither in the XRD spectrum of CMNaS50 nor in the one of CMS50.
Thus, it could be inferred that sodium introduction increased the
crystallinity of the segregated alumina phase present in the sup-
ports with less than 50% Si/(Si+Al), even forming a crystalline
compound with sodium itself in the CMNaS15 catalyst. It has been
already reported in Ref. [12] the presence of alumina type IB and
IIA OH groups of Knozinger classification [25] in the ASAxx unmodi-
fied supports with a Si/(Si + Al) ratio less than 50%. This fact confirms
the presence of a segregated alumina phase, which dilutes the Si-Al
mixed oxide phase, in the ASAxx supports belonging that range of
Si/(Si+Al) as have been suggested by other authors before [20-22].
This increase in the segregated alumina phase cristallinity could
explain, at least in part, the great reduction in the Aggr observed
when comparing catalysts supported on the unmodified ASA sup-
port with those supported on the sodium-modified one.

The Raman spectra of the CMNaSxx catalysts compared with
that of CMA and CMANa are shown in Fig. 5. First of all, it can
be noticed that both Co and Mo are well dispersed on the dif-
ferent supports, because of the lack of peaks characteristic of
Co compounds (681, 477 and 199cm~1) and free MoO; aggre-
gates (990-1000cm~1') [3,26,27]. Additionally, the presence of
Aly(MoOy4); (1000-1010cm~1!) can be ruled out [27]. Beginning

CoMoO,
o
Mo,0,,& ! !
T MOO,,Z’: Md70245'
R

Intensity, a.u.

the analysis by the CMA catalyst spectrum, it is observed a broad
band at ca. 920-950cm~!, with shoulders at both sides ca. 900
and 960 cm~'. There are also other broad bands at ca. 320-360
and 225 cm~!. The region 750-1000cm~! is where the bands for
stretching of Mo—O bonds are typically observed [3,27]. Inside
the broad band at ca. 920-950 a variety of Mo species could
be placed; the more likely according to literature [3,26-29] are
Mo70,4%~ octahedral species (946-951, 360 and 220 cm™!, contin-
uous lines) and Mo0O42~ with distorted tetrahedral symmetry (916
and 320cm™!, dotted lines). Some contributions from Mo—0—Co
stretching vibrations in CoMoQy4 species (939, 873, 820, 370 and
340cm~!, dashed lines) cannot be ruled out [30]. The shoul-
der at ca. 900 cm~! can be attributed to monomeric undistorted
Mo0,42~ species (at ca. 892 and 807 cm~!) and the other shoul-
der at ca. 960 cm~! to larger polymeric species such as MogOy%~
(958-960cm™1).

Comparing the spectra of the CMANa catalysts with the CMA
one, it is observed that bands belonging to octahedral Mo70,45~
and CoMoO, practically disappear. Some contribution of MoO42~
distorted tetrahedral species is still observed as well as a sharp
peak close to 897 cm~!, which is attributed to undistorted tetra-
hedral species such as those present in the NaMoO4 compound
[26,27]. Even though the presence of Na,MoO4 was not detected
in the XRD spectrum of the CMANa catalyst, it is presumed that it
exists but the size of its crystals is not high enough to be detected
by this technique. However, it is high enough to be detected by
Raman. In fact, its presence in a CoMo catalyst supported on alu-
mina with 5wt.% Na was clearly demonstrated by XRD analyzes in
a previous work of our group [31], as well as in another works of
the literature [26,32]. The formation of the Na,MoO4 implicate a
very strong linkage of the Mo with the support, even stronger than
the one present in the catalysts supported on unmodified alumina
[4,32,33]. This fact is detrimental to the HDS and HYDO activities
of the catalysts because the strong linkage Mo-support gives origin
to Mo species very hard to reduce/sulfide [4,32-35].

Regarding the CMNaSxx catalysts Raman spectra, it is observed
that the one of the CMNaS15 catalyst is clearly different to the oth-
ers. It is the only one that exhibits markedly defined peaks; a clear
sign of crystallinity, whereas in the other catalysts there are pre-
dominantly amorphous species. These well-defined peaks match
well with B-CoMoO, species [30,32]. The detection of crystalline
Mo species in the CMNaS15 catalyst using Raman is in agreement
with the detection of more crystalline support species by XRD. Thus,
this fact supports the idea, already expressed above, that the ASA15
was the support most sensitive to sodium regarding the increase
in crystallinity, not only of the phases which compose the support
itself, but also of the supported Co and Mo. However, the 3-CoMoO,

. CoMoO,
distorted ,

Mo0,2 | Mo,0,,%

CMNasS50

CMNas33

J\'_‘ CMNaS15x 0.5

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
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Fig. 5. Raman spectra of the prepared CMNaSxx catalysts. xx represents the %Si/ (Si+Al).
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is not the only Mo specie present in the catalyst. Even if all the Co
exists in the form of CoMo0Qy, due to the Co/(Co +Mo) ratio used in
this work, only one third of the Mo will be consumed. In fact, the
CMNaS15 Raman spectrum shown in Fig. 5 is multiplied by 0.5 for
a better observation of the other spectra, but observing it in detail,
shoulders at ca. 950 and 920 cm~! are also observed. Thus, there
are also Mo70,4%~ and distorted tetrahedral MoO42~ species on
the catalyst. In this case, the higher intensity of bands correspond-
ing to 3-CoMoOy species is only sign of a higher crystallinity, and
it cannot be affirmed that it is in a higher proportion [27]. The rel-
ative intensity of the shoulder at ca. 920cm! is higher than the
one of the shoulder at ca. 950cm~!. Thus, the CMNaS15 catalyst
could fit in the tendency shown by the other CMNaSxx catalysts,
but with an important additional presence of 3-CoMoO4 species.
In the other CMNaSxx catalysts, Raman spectra at low Si/(Si+Al)
ratios is observed a prevalence of distorted tetrahedral monomeric
Mo042- species with some presence of Na,MoO4. However, dif-
ferent to the catalyst supported on the sodium-modified alumina
where the Na;Mo0O,4 was the majority tetrahedral Mo specie, the
distorted MoO42~ one was the majority on the CMNaSxx catalysts.
With increasing the Si/(Si+ Al) ratio, it is observed an increase of
the octahedral species at expense of the tetrahedral ones.

Comparing CMNaSxx catalysts with CMSxx ones, in both kinds of
catalysts was observed the same tendency of increasing the pop-
ulation of octahedral species at expense of the tetrahedral ones
with increasing the Si/(Si+Al) ratio. However, the prevalence of
tetrahedral species is higher in sodium-doped catalysts than in
the undopped ones. Undistorted tetrahedral species are present in
the CMNaSxx ones but not in the CMSxx catalysts. Therefore, it is
inferred that sodium introduction increase the Mo-support bond
strength. The increment of octahedral Mo species with increasing
the Si/(Si+Al) is related with the heterogeneity of phases encoun-
tered in the ASAxx supports. It has been already shown in the
literature that the maximum of the mixed Si-Al oxide phase is
encountered at 50-75% Si/(Si+Al) and that below that content,
the mixed Si-Al oxide phase is diluted by a segregated alumina
phase [12,20-22]. Taking into account that this mixed Si-Al phase
is related with the increase of the acidity and acidity strength of the
ASA supports as it was described in Section 3.1 [12,20-22], it will be
expected that the point of zero charge (PZC) of the support decrease
with increasing the Si/(Si + Al) ratio. It is also known that 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 PZC [27,29] according to Egs. (2) and (3). Thus, at pH
values higher than 6.5 the MoO,42~ anion is stable and a decrease in
pH to 4.5 leads to complete formation of Mo;0,4%~ [27]. A further
decrease in pH to 1.5 leads to polymerization of Mog Q64 [27]. This
fact could also explain the increase of the prevalence of tetrahedral
species with the sodium introduction because sodium introduc-
tion cause a decrement in acidity and consequently increase the
PZC.

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

3.3. Influence of sodium and the Si/(Si +Al) ratio on the catalytic
performance

In previous articles [12,31], we have already proposed reac-
tion schemes for 2-MT, branched (TM1P and TM2P) and linear
(1-octene) olefins based on the product identification along with
the comparison with other reaction schemes proposed in the liter-
ature [1,5-8,33,36-38]. Regarding branched olefins, both kinds of
branched olefins (TM1P and TM2P) were present in the feedstock;
thus, there was an equilibrium between them related to the double-
bond isomerization [5,8]. Thus, it is considered that products come
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Fig. 6. Reactant conversions and their product yields in essays type A: feed compose
by 2-MT and branched olefins (TM1P and TM2P).

from both olefins. The HYDO product was isooctane (iC8), the crack-
ing products were isobutene and isobutane (iC4s); and the skeletal
isomerization products (iC8-ske) were other trimethylpentenes
(TMP) different from 2,4,4-TMPs and dimethylhexenes in a lower
proportion. Regarding linear olefins, their main reactions were the
double-bond isomerization of 1-octene to internal olefins such
as 2-, 3- and 4-octenes (nC8s=) and the HYDO of both internal
and terminal olefins to octane. On the other hand the oligomer-
ization products yield was too low (<1%) and thiols were not
observed at least in quantifiable concentrations, neither in essays
with branched olefins nor in essays with linear ones [12,31,38].
Regarding 2-MT, it was observed 2-methyltetrahydrothiophene (2-
MTHT) as the main intermediate product and C5 hydrocarbons
(C5s)as the final HDS products [1,5,33,38]. On the other hand, alkyl-
methylthiophenes (AMT), product of the alkylation of 2-MT with
the olefins present in the reaction environment, were also observed
[5,12,37].

The reactant conversions as well as their product yields in essays
type A and B are presented in Figs. 6 and 7, respectively for the
CMNaSxx catalysts compared to the CMA and the CMANa ones.
Reactants conversions are plotted as dashed lines, and the yield
of products are plotted as continuous lines. When the performance
of the CMNaSxx catalysts in the HDT of FCC naphtha are going to
be compared to the one of the conventional catalyst used in the
industry (CMA), two separated effects should be considered: the
sodium introduction and the variation of the Si/(Si+Al) ratio. The
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Fig. 7. Reactant conversions and their product yields in essays type B: feed compose
by 2-MT and linear olefins (1-octene).

effect of the variation of the Si/(Si+ Al) ratio will be described first
by comparing the catalytic performance of the CMNaSxx catalysts
to the one of CMANa. In Fig. 6a is observed that the essay type A with
the CMANa catalyst produced only HDS products: intermediate and
final (2-MTHT and C5s, respectively) (Fig. 6a). With increasing the
Si/(Si+ Al) ratio alkylation products appeared and consequently the
yield of the addition of intermediate and final HDS products dimin-
ished. Increments in the Si/(Si+ Al) ratio up to 25% conducted only
to very small increments in the alkylation yield, conversely, higher
increments in the Si/(Si+Al) ratio conducted to important incre-
ments in the alkylation yield. Even, in the CMNaS50 catalysts a yield
of the AMT of 85% is observed. A similar trend is observed for the
yield of the olefin products (Fig. 6b). In this case for the CMANa cat-
alyst, ayield of 95% is observed for the HYDO product accompanied
by lower yields to skeletal and double-bond isomerization reac-
tions. It is interesting to highlight the detection of the double-bond
isomerization from terminal to internal olefins by the detection of a
production of the internal olefin (TM2P) instead of being consumed.
With increasing the Si/(Si+ Al) ratio, the yield of HYDO diminishes
meanwhile the yield to skeletal isomerization and cracking prod-
ucts increase. However, the yield of cracking products increases
faster than that of the skeletal isomerization. Again, the higher vari-
ations of the product yields are observed when the Si/(Si + Al) ratio
is increased to 33% and 50%.

Thus, in essays type A the HDS and the HYDO reactions are
replaced progressively for acid-type reactions such as alkylation
in the case of 2-MT products and, skeletal isomerization and crack-
ing in the case of olefin products. This fact seems to agree with the
increase in the Bronsted sites density and strength described in Sec-
tion 3.1. This Brénsted sites would compete with the HDS and the
HYDO sites for the adsorption of the reactants. Consequently, when
the density and the strength of the Bronsted sites increase suffi-
ciently, the reactants are adsorbed predominantly on these sites
instead of on the HDS and HYD ones. This competitive effect has
been already observed in previous works [12,31] using diverse sets
of CoMo catalysts supported on acidic materials, such as, borated
aluminas [12] with different contents of B and ASA with different
Si/(Si+Al) ratios [31].

On the other hand, the effect of sodium introduction could be
observed by comparing the performance of the catalysts supported
on the sodium modified materials (ASA or alumina) with the one of
the catalysts supported on the respective bare material with the
same Si/(Si+Al) ratio. In the case of the catalysts supported on
alumina, it is observed that the low cracking yield of the CMA cat-
alysts disappeared as a consequence of the huge reduction in the
total acidity and acidity strength when the CMA and the CMANa
catalysts are compared (Section 3.1). A similar effect of sodium
is observed when the performance of the CMNaSxx catalysts in
Fig. 6 is compared with that of the CMSxx catalysts presented in
Ref. [12]. In the case of the CMNaSxx catalysts the important incre-
ments in the yield of the acid-type reaction are observed only for
the CMNaS33 and CMNaS50 catalysts with 27% and 87% yield to
alkylation products, respectively; and 45% and 76% yield to crack-
ing products, respectively. Only the catalysts with 50% Si/(Si+Al)
ratio presented a majority of the yield of acid-type products of
both 2-MT and olefins (Fig. 6). In the case of CMSxx catalysts, even
the CMS15 catalyst present a 8% and 30% yield to alkylation and
cracking products respectively. The main increments in the yield
of the acid-type reactions for CMSxx, with a majority of these, are
observed for the catalysts with a Si/(Si+Al) ratio >25% [12] with
yields to alkylation products higher than 80% and yields to crack-
ing products higher than 70%. As in the case of alumina-supported
catalyst, a greatreductionin the acid sites density and strength, spe-
cially the Bronsted ones, was observed for the CMNaSxx compared
with the CMSxx ones [12] (Section 3.1).

In the case of essays type B (Fig. 7), reactions using CMNaSxx
catalysts with less than 50% Si/(Si + Al) only produced intermediate
and final HDS products; i.e., 2-MTHT and C5s. On the other hand
using the CMNaS50 catalyst a 30% yield of AMT was also observed.
In the case of the CMSxx catalysts a 6% yield was observed for the
CMS15 catalysts and yields higher to 50% were observed for cat-
alyst with Si/(Si+Al) ratio >25% [12]. This fact confirms the same
effect of sodium introduction encountered in essays type A. Regard-
ing the olefin products, other acid-type reactions different from
double-bond isomerization were not detected when using linear
olefins, even with the CMSxx catalysts [12]. In these essays, even for
the CMA catalyst, the yield of double-bond isomerization (53%) is
higher than the one of hydrogenation (47%). Compared to the CMA
catalysts the yield of double-bond isomerization is higher for all
the other catalysts: approximately 70% for the CMANa, CMNaS15
and CMNaS25 catalysts and approximately 80% for the CMNaS33
and CMNaS50 catalysts. As in the case of the essays type A, it is
observed that the catalysts with 33% and 50% are the ones with the
highest yields of the acid-type reaction; however, the difference
with the other catalysts is not so marked in the case of essays type
B.

Thus, in the case of essays type B, the product distribution is less
affected by the support modification. This fact could be explained
because linear olefins interact less easily with the acid sites because
their corresponding carbocations (secondary) are less stable than
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the ones formed for the branched olefins (tertiary) [13,19,39,40].
As a consequence, those reactions which need stronger acid sites
to be undergone like cracking, skeletal isomerization and alkylation
[19,39,40] were more affected. The acid sites density and strength of
the catalysts used in this work are not high enough to produce other
reaction different from the double-bond isomerization of the linear
olefins and only the catalyst which presented strong Brénsted sites
(CMNaS50) produce the alkylation of 2-MT with linear octenes.
However, when branched olefins are used, even CMA catalyst wich
contains no Bronsted sites (but it contains strong Lewis sites) and
the CMNaS15 which only contains weak strength Bronsted sites
could produce skeletal isomerization in addition to the double-
bond isomerization. The catalysts with intermediate Brénsted sites
(CMNaS25 and CMNaS33) produce in addition cracking and alky-
lation reactions in moderate yields, and finally, the catalyst with
strong Bronsted sites (CMNaS50) produce alkylation and cracking
in very high yields. In the essays type B, there were less differences
in the products distribution among the different catalysts because
the only reaction performed by olefins was the double-bond iso-
merization, which needs less strong acid sites to be preformed than
cracking and skeletal isomerization, and these sites exist even in
pure alumina [19,40].

It is also interesting to highlight that the CMANa catalysts
present a yield of the double-bond isomerization reaction similar
to the one of the more acidic CMNaSxx catalysts. In Section 3.1 was
shown that the acid sites density and strength of the CMANa cat-
alysts is much lower than the ones of the other catalysts, but at
the same time an important increment in basic sites was observed.
This increment in the basic sites could explain the high yield of
the double-bond isomerization exhibit by this catalyst. Solid basic
catalysts have been recognized early as efficient catalysts for the
double-bond migration of alkenes with one advantage over solid
acid ones, which is its lack of C—C bond cleavage ability [17]. This
fact explains also why the increment of the yield of the acid-type
reactions for the CMANa catalyst was only observed in reactions
type B but not in reactions type A.

The variations in product distribution along with other factors
that will be analyzed below produces variations in the total conver-
sion of the reactants. In Fig. 6a is observed that in essays type A the
total conversion of 2-MT for the CMANa catalyst is extremely low
compared with the CMA catalyst (around 70% reduction), whereas
for the CMNaS15 and CMNaS25 the reduction is within error lim-
its. However, for the CMNaS33 a significant reduction (60%) is
observed again and for the catalyst CMNaS50 the contrary trend
was observed (around 50% increment). In Fig. 6b is observed that
the conversions of TM1P and TM2P have a similar trend to the one
described for 2-MT. However, more drastic variations are observed
for the olefin conversions than for 2-MT, especially in the case of
TMZ2P. For this olefin, the most drastic variation is observed in the
case of the CMANa catalyst, which presents a zero conversion of
TM2P and instead of being consumed it is produced by the double-
bond isomerization of the TM1P [5,41]. This fact, make us think that
the double-bond isomerization from external to internal positions
is also present in the other catalysts. Thus, the double bond isomer-
ization along with the steric effects of the more substituted double
bond of TM2P explains the differences in the conversion of TM2P
and TM1P [7,8].

In order to try to explain the complicated trend of the total
conversion of both reactants along the prepared catalysts, let us
separate the catalysts into two groups according their product dis-
tribution: those where the HDS and HYDO prevailed (CMA, CMANa,
CMNaS15 and CMNaS25) and those where the acid-type reactions
do (CMNaS33 and CMNaS50). Starting by the first group, the great
reduction of the total conversion of 2-MT observed for the CMANa
catalyst in comparison with CMA could be interpreted like a reduc-
tion of the HDS activity, because only HDS products were detected

for this catalyst. In Section 3.2, it was observed that for the CMANa
catalyst the main Mo oxide specie detected by Raman was the
Na;MoOQy. The presence of Na;MoQy in the catalysts has been asso-
ciated with a very low HDS activity, because these species implicate
avery strong linkage of the Mo with the support and, consequently,
they are very hard to reduce/sulfide [4,32-35]. As the HYDO reac-
tion is also associated with the state of reduction suphuration of
the Mo phase [36], the great reductions in the olefin total conver-
sions observed for the CMANa catalysts compared with the CMA
one could also be explained by the majority of NaMoO4.

As in the case of CMA and CMANa catalysts, the catalytic perfor-
mance of the CMNaS15 one is governed by the reactions promoted
by the Mo and Co phases: HDS and HYDO. As stated before, the HDS
activity of this catalyst was close to that of CMA, the one with the
highest HDS activity. However, great differences were observed in
its Mo species distribution in comparison with CMA. The predomi-
nant species encountered in the CMNaS15 catalyst Raman spectra
were Mo042~ distorted and 3-CoMoQ, species. The B-CoMoO,
species have been also reported before by other authors in CoMo
catalysts supported in sodium modified ASA [4,32]. The presence
of these species has been associated with HDS highly active cata-
lysts, contrary to that observed when the alpha species are present
[4,32,42]. This difference in the catalytic performance of the o-
and 3-CoMoO,4 species was assigned to the coordination of Mo
in the oxidic precursors. B-Species exhibit a tetrahedral coordi-
nation, meanwhile a-ones exhibit an octahedral one [42]. Unlike
other tetrahedral Mo species such as the Na;MoOg4, where the for-
mation of it implicate a strong linkage of the Mo species with the
support, which difficult the reduction/sulfidation process, the for-
mation of 3-CoMoOQ,4 species implicate less interaction with the
support and also the prevention of forming less active CoAl,0,4 and
Co304 species, and the Na,MoOy itself.

The CMNaS25 is the other catalysts presenting a similar value
of the HDS activity to that of the CMA and CMNaS15 ones. In
this catalyst, although some presence of Na;MoO4 and octahe-
dral Mo70,45- species exist, the predominant Mo species are the
distorted tetrahedral MoO42~ ones. These distorted tetrahedral
Mo042~ species were also reported to be predominant in other
previous work of our group using CoMo catalyst supported on ASA
without sodium with low Si/(Si+ Al) ratios [12], as well as in works
of other laboratories [43] using similar catalysts. It is consider that
the undistorted tetrahedral monomeric Mo, although they are eas-
ier to reduce that the undistorted ones, they are more difficult to
reduce/sulfidate than octahedral polymeric ones, and consequently
less active [33,43]. However, it should also be considered that the
presence of the undistorted tetrahedral Mo species could improve
the Mo dispersion [26,33]; thus, compensating somehow its lack
of reduction/sulfidation easiness. This fact could explain why the
HDS activity of the CMNaS25 is quite similar to the CMA despite of
its different distribution of Mo oxide species.

On the other hand, in the CMNaS33 and CMNaS50 catalysts acid-
type reactions prevailed; thus, the inhibition of the HDS and the
HYDO activities is not related to the structure of the CoMo phase.
In this case, the inhibition is more related with a competition of
the HDS and HYDO sites with the acid ones for the adsorption of
the reactants. For instance, the CMNaS33 Raman spectrum is sim-
ilar to that of the CMA catalysts; however, the total conversion of
both reactants for the CMNaS33 catalyst diminishes with respect to
CMA one. This could be explained because in the CMNaS33 catalyst,
its Bronsted acid sites density and strength is not as high as in the
CMNaS50 one. As a consequence, the acid sites compete with the
HDS and the HYDO sites preventing their adsorption, but the den-
sity and strength of the acid sites is not high enough to produce the
quantity of acid-type products to replace the HDS and HYDO prod-
ucts and equal the CMA catalyst total conversions. Conversely, the
acid sites density and strength present in the CMNaS50 catalysts
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are high enough to assure that the acid-type reactions prevailed
over the HDS and the HYDO ones. Thus, the increment in the total
conversions of both reactants observed in the essays type A is due to
the high increment in the acid-type reactions activity. On the other
hand, the decrease in the 2-MT total conversion in essays type B
is because of the less stability of the carbocations of linear olefins
that we already state above.

Let us highlight the fact that the 2-MT conversions in essays
type B were lower than the ones observed in essays type A for
all catalysts, except for the CMANa catalyst (13% C.2MT in essay
A vs 17% C.2MT in essay B) where the contrary was observed. The
same phenomenon was observed for other catalysts supported on
sodium-doped alumina with different sodium concentrations (1, 3
and 5wt.%) in Ref. [31]. It has been already shown by other authors
that the presence of olefins in the feed could inhibit the HDS of sul-
fur compounds [2,36,38,44]. In this sense, it could be said that in
the catalysts different from CMANa the linear olefins inhibit more
the HDS than the branched ones; meanwhile, the contrary occurs
in for the CMANa catalysts. This fact could be explained taking into
account the different acid—base properties of these groups of cat-
alysts. The inhibitory effect that olefins have on the HDS arises
from the fact of a competitive adsorption of both reactants on
the coordinative unsaturated sites (CUS) promoted by Co, the HDS
ones [2,36,38,44]. On one hand, it is known that, because of steric
effects, the more the double-bond carbons are alkyl-substituted the
more difficult to hydrogenate is the olefin [1,5,8,13,38,44]. On the
other hand, branched olefins interact easier than linear ones with
the Bronsted acid sites because their carbocations are more sta-
ble [13,19,40]; on the contrary, linear olefins interact easier than
branched ones with the basic sites because their carbanions are
more stable [13,17]. Thus, in the catalysts supported on predom-
inantly acidic materials (all catalysts used in this work except for
CMANa: see Section 3.1) two factors favor the higher inhibition of
the HDS by linear olefins. First, the branched olefins interact eas-
ily with the acid sites; as a consequence, linear olefins are freer to
interact with the HDS site. Second, the linear olefins interact easier
with the HDS sites because of the steric effect affecting branched
ones. Whereas, in the case of catalysts supported on predominantly
basic materials such as the CMANa (see Section 3.1) the two factors
are in contradiction. The linear olefins can interact easier with the
basic sites than the branched ones, so, branched olefins are freer to
interact with the HDS sites and inhibit the HDS reaction more. This
last effect overcompensates the steric effect, which would avoid the
adsorption of branched olefins on the HDS site. Taking into account
that in the FCC naphtha the majority olefins are the branched ones,
thus it would be better using acidic catalysts because the HDS activ-
ity of these is less inhibit by this kind of olefins.

Up until now, we have discussed about the effects of sodium and
the Si/(Si+Al) ratio on the catalysts product distribution and reac-
tants total conversion of the prepared catalyst. In the FCC naphtha
HDT process like in all industrial process is important the activ-
ity but what really matters in this process is not losing the octane
number of the FCC naphtha [1-9]. Thus, at the end what we want
to obtain is a catalyst with an HDS activity similar or higher to
the one of the conventional CoMo catalysts supported on alumina
but with an improved selectivity HDS/HYDO. In essays type A, two
kinds of branched olefins were used: terminal (TM1P) and inter-
nal (TM2P). Thus, in order to take into account individually the
reactivity of each olefin, two selectivities HDS/HYDO were defined
according to the olefin used to calculate it. (i) The selectivity defined
as theratio between the HDS activity and the conversion of terminal
branched olefins, named here as StHPS/HYDO—Bt) (Eq (4)) and (ii) the
one defined as the ratio between the HDS activity and the conver-
sion of internal branched olefins S(HPS/HYDO -Bi) (Eq_(5)). With these
definitions, cracking products are also taking into account as detri-
mental ones in the process. In essays type B, only 1-octene was used

3 q o S(HDS/HYDO-Bt)
0 Bs (HDS/HYDO-BI)
2.5 4 ™ S(HDS/HYDO-L)

Selectivity to HDS

> 2 I\ 2% ) N
o D S S S S
oW ON\\\\ G\\$ O® S \
Catalyst

Fig. 8. Selectivity to the HDS according to the olefin used in essays type A and B.

as representative of linear olefins, thus the selectivity was defined
as the ratio between the HDS products and the HYDO products and
named here as S(HDS/HYDO-1) (Eq. (6)).

Y.C5 C.2MT
(HDS/HYDO-Br) _ Y-£98 x &2V (4)

C.TM1P

S(HDS/HYDO*Bi) _ Y.C5s x C.2MT (5)
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These three selectivities are presented in Fig. 8 for the CMNaSxx
catalysts compared with the one of the CMA and the CMANa ones.
It is observed that the CMANa presented the highest value of the
selectivity S(HPS/HYDO —Bi) As e said before, the conversion of TM2P
for this catalyst was zero; thus, according to our definition of the
S(HDS/HYDO —Bi) jp Eq, (5), the value of it for this catalyst is indefi-
nite (). However, the inexistent HYDO of the internal branched
olefins is overcompensated by a high HYDO activity of the ter-
minal ones; consequently a diminution of 50% is observed for
the S(HDS/HYDO-Bt) in comparison with the CMA catalyst. A simi-
lar diminution is observed for the S(HDS/HYDO -L) of these catalysts.
On the other hand, a value of twice the selectivity StHPS/HYDO—Bi)
a slight improvement in the S(HDS/HYDO-Bt) and 3 base value of
S(HDS/HYDO -L) ywere observed for the CMNaS15 catalyst in compar-
ison with the CMA. A similar behavior to the CMNaS15 catalyst is
observed for the CMNaS25; however, lower values of the selec-
tivities S(HDS/HYDO—Bi) 3pq S(HDS/HYDO-BY) were observed. For the
CMNaS33 catalysts, a high value of the S(HPS/HYDO —Bi) was observed
again, but very low values of the S(HDS/HYDO —Bt) gpnd S(HDS/HYDO -L)
Finally, for CMNaS50 catalyst very low values were observed for all
selectivities.

Thus, the CMNaS15 catalyst was the one with the best integral
performance because it was the only one presenting an important
improvement of the S(HDS/HYDO—Bi) (twjce that of the conventional
CMA catalysts) without deterioration of the other selectivites or,
even, the HDS activity. To explain this behavior, two important fac-
tors have to be considered. On the one hand, the Mo oxide species
distribution, with the presence of 3-CoMoO, species, it conducts
to a relatively high HDS activity rather similar to that of the CMA
catalyst [4,32,42]. On the other hand, the singular acid-base prop-
erties of this catalyst, which only has weak Bronsted acid sites,
makes that practically the only acid-type reaction promoted was
the double-bond isomerization from terminal to internal positions
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[13,19,39,40]. Consequently, there are not acid-type reactions com-
peting with the HDS reaction, and the double-bond isomerization
promotes the formation of internal olefins, which are more difficult
to hydrogenate [1,5,8,13,38,44].

The same factors could be used to explain the values of the selec-
tivities observed in the other catalysts. For instance, for the CMANa
catalysts, although its basic sites also could promote selectively the
double-bond isomerization over the other acid-type reaction [17],
the Na,MoO,4 present on its surface favored the formation of less
active HDS and HYDO species [4,32-35]. The Na,MoO,4 produce
less active species because it is very difficult to reduce/sulfide so
forming less quantity and less active CUS sites [4,32-35]. In this
sense, some authors have stated that the CUS sites responsible of
the HDS reaction are more reduced that the ones responsible for
the HYD reaction [45,46]. Thus, it would be logical that hard to
reduce/sulfide species such as the Na,MoO4 produce a higher quan-
tity of CUS sites capable of perform the HYD than those capable of
perform the HDS.

On the other hand, the CMNaS25 catalyst was a catalyst very
similar to the CMNaS15 in product distribution and catalyst activity,
but its selectivity value were lower to that of the CMNaS15. The
explanation of this fact is that the CMNaS25 catalysts has also a
low percentage of intermediate strength Bronsted sites (desorbing
at 473 K) which cause a significant production of cracking products,
thus increasing the olefins total conversion and the values of the
denominators in Egs. (4) and (5). In the case of the CMNaS33 and
CMNaS50 catalysts the existence of a higher density and strength
of Bronsted sites could also explain their selectivity values.

As a general remark it could be said that by combining the varia-
tion of the Si/(Si + Al) ratio of the ASA supports with the introduction
of sodium it was possible to obtain a support with the ideal char-
acteristics to prepare CoMo catalysts with a high selectivity to the
HDS reaction as well as a good HDS activity. This support permits
from one hand obtain Mo and Co oxidic precursors with a good com-
promise between its capability of dispersion of the active phase and
that of reduction/sulfidation. Furthermore, this support has specific
acid-base properties; consequently, it could promote selectively
the double-bond isomerization; a reaction which helps avoid the
HYDO.

4. Conclusions

Combining the variation of the Si/(Si+Al) ratio along with
sodium introduction, it was possible to finely tune the acid-base
properties of amorphous aluminosilicates and obtain a material
(15% Si/(Si+Al) ratio, 3wt.% Na) with a selective formation of
weak Bronsted sites. Because of these singular acid-base prop-
erties, the only acid-type reaction promoted by this catalyst was
the double-bond isomerization from terminal to internal positions.
Consequently, there were not acid-type reactions competing with
the HDS reaction, and the double-bond isomerization promotes the
formation of internal olefins, which are more difficult to hydro-
genate. In addition, using this material as support of CoMo catalysts,
a Mo oxide species distribution with an important participation
of 3-CoMo0Qy4 crystalline species was obtained. As a consequence
of this especial balance of the acid properties and of the oxidic
Mo-surface-species distribution, this catalyst presented an activ-
ity similar to that of the CoMo/Al,03, but with improvements in
the selectivity to HDS.

Additionally, it was also encountered that when CoMo catalysts
supported on materials of predominantly acidic nature are used the
linear olefins inhibit the HDS activity more than the branched ones,
whereas the contrary effect was encountered when supports of a
predominantly basic nature are used.

Acknowledgments

In the loving memory of Prof. Aristébulo Centeno who
died while we were preparing this paper, R.L.P. This work
was possible due to the financial support of the VIE-UIS in
the frame of the project 5434, COLCIENCIAS and ECOPETROL
S.A. Authors especially thank to L.G. Guzman and V.G. Bal-
dovino for the detailed revision of the English language in this
article.

References

[1] S. Brunet, D. Mey, G. Pérot, C. Bouchy, F. Diehl, Appl. Catal. A: Gen. 278 (2005)
143-172.
[2] J.-S. Choi, F. Maugé, C. Pichon, ]. Olivier-Fourcade, ].-C. Jumas, C. Petit-Clair, D.
Uzio, Appl. Catal. A: Gen. 267 (2004) 203-216.
[3] V. La Parola, G. Deganello, C.R. Tewell, A.M. Venezia, Appl. Catal. A: Gen. 235
(2002) 171-180.
[4] V. La Parola, G. Deganello, A.M. Venezia, Appl. Catal. A: Gen. 260 (2004)
237-247.
[5] D. Mey, S. Brunet, C. Canaff, F. Maugé, C. Bouchy, F. Diehl, ]. Catal. 227 (2004)
436-447.
[6] G.Muralidhar, F.E. Massoth, ]. Shabtai, J. Catal. 85 (1984) 44-52.
[7] G. Shi, D. Fang, ]. Shen, Microporous Mesoporous Mater. 120 (2009) 339-345.
[8] M.Toba, Y. Miki, T. Matsui, M. Harada, Y. Yoshimura, Appl. Catal. B: Environ. 70
(2007) 542-547.
[9] Y. Fan, ]. Lu, G. Shi, H. Liu, X. Bao, Catal. Today 125 (2007) 220-228.
[10] R. Zhao, C. Yin, H. Zhao, C. Liu, Fuel Process. Technol. 81 (2003) 201-209.
[11] C. Flego, V. Arrigoni, M. Ferrari, R. Riva, L. Zanibelli, Catal. Today 65 (2001)
265-270.
[12] DJ. Pérez-Martinez, S.A. Giraldo, A. Centeno, J. Mol. Catal. A: Chem. 335 (2011)
112-120.
[13] F.A. Carey, Organic Chemistry, third ed., Mc Graw Hill, Madrid, 1999.
[14] V.La parola, G. Deganello, S. Sciré, A.M. Venecia, J. Solid State Chem. 174 (2003)
482-488.
[15] Powder Diffraction File, Joint Committee on Powder Diffraction Standards,
International Centre for Diffraction Data (JCPDS-ICDD), 1996.
[16] P.Berteau, B. Delmon, Catal. Today 5 (1989) 121-137.
[17] H. Hattori, Chem. Rev. 95 (1995) 537-558.
[18] S.R.de Miguel, O.A. Scelza, A.A. Castro, J. Soria, Top. Catal. 1 (1994) 87-94.
[19] G. Busca, Chem. Rev. 107 (2007) 5366-5410.
[20] P.O. Scokart, F.D. Declerck, R.E. Sempels, P.G. Rouxhet, ]. Chem. Soc. Faraday
Trans. 173 (1977) 359-371.
[21] R.E. Sempels, P.G. Rouxhet, ]. Colloid Interface Sci. 55 (1976) 263-273.
[22] C. Defossé, P. Canesson, P.G. Rouxhet, B. Delmon, J. Catal. 51 (1978) 269-277.
[23] J.B. Miller, E.I Ko, Catal. Today 35 (1997) 269-292.
[24] V.L.Barrio, P.L. Arias, ].F. Cambra, M.B. Giiemez, B. Pawelec, ].L.G. Fierro, Fuel 82
(2003) 501-509.
[25] H.Knozinger, P. Ratnasamy, Catal. Rev. Sci. Eng. 17 (1978) 31-70.
[26] J.E. Herrera, D.E. Resasco, J. Catal. 221 (2004) 354-364.
[27] G.Mestl, T.K.K. Srinivasan, Catal. Rev. Sci. Eng. 40 (1998) 451-570.
[28] B. Pawelec, T. Halachev, A. Olivas, T.A. Zepeda, Appl. Catal. A: Gen. 348 (2008)
30-41.
[29] C.C. Williams, ].G. Ekerdt, .M. Jehng, F.D. Hardcastle, L.E. Wachs, ]. Phys. Chem.
95 (1991) 8791-8797.
[30] H. Jeziorowski, H. Knoezinger, P. Grange, P. Gajardo, J. Phys. Chem. 84 (1980)

1825-1829.

[31] D.J. Pérez-Martinez, S.A. Giraldo, A. Centeno, Appl. Catal. A: Gen. 390 (2010)
59-70.

[32] A.M. Venezia, F. Raimondi, V. La Parola, G. Deganello, ]. Catal. 194 (2000)
393-400.

[33] H. Topsege, B.S. Clausen, F.E. Massoth, Hydrotreating Catalysis,

Catalysis—Science and Technology, Springer-Verlag, Berlin, 1996.

[34] C.L.O’Young, J. Phys. Chem. 93 (1989) 2016-2018.

[35] N.E.D. Verbruggen, H. Knoezinger, Langmuir 10 (1994) 3148-3155.

[36] N. Dos Santos, H. Dulot, N. Marchal, M. Vrinat, Appl. Catal. A: Gen. 352 (2009)
114-123.

[37] V. Belliére, C. Geantet, M. Vrinat, Y. Ben-Tadrit, Y. Yoshimura, Energy Fuels 18
(2004) 1806-1813.

[38] S. Hatanaka, M. Yamada, O. Sadakane, Ind. Eng. Chem. Res. 36 (1997)
5110-5117.

[39] J.S. Buchanan, ].G. Santiesteban, W.0. Haag, J. Catal. 158 (1996) 279-287.

[40] A. Corma, Chem. Rev. 95 (1995) 559-614.

[41] RS. Karinen, A.O.I. Krause, Appl. Catal. A: Gen. 188 (1999) 247-256.

[42] J.L. Brito, A.L. Barbosa, J. Catal. 171 (1997) 467-475.

[43] ]. Vakros, A. Lycourghiotis, G.A. Voyiatzis, A. Siokou, C. Kordulis, Appl. Catal. B:
Environ. 96 (2010) 496-507.

[44] S. Hatanaka, M. Yamada, O. Sadakane, Ind. Eng. Chem. Res. 36 (1997)
1519-1523.

[45] P. Grange, X. Vanhaeren, Catal. Today 36 (1997) 375-391.

[46] Y.W. Li, B. Delmon, J. Mol. Catal. A: Chem. 127 (1997) 163-190.



	Improving the selectivity to HDS in the HDT of synthetic FCC naphtha using sodium doped amorphous aluminosilicates as supp...
	1 Introduction
	2 Experimental
	2.1 Catalyst preparation
	2.2 Characterization of catalysts
	2.2.1 Catalyst composition
	2.2.2 Textural properties
	2.2.3 X-ray diffraction (XRD)
	2.2.4 Acid properties
	2.2.5 Confocal laser Raman microscopy (Raman)

	2.3 Catalytic evaluation
	2.4 Expression of results

	3 Results
	3.1 Influence of sodium and the Si/(Si+Al) ratio on the acid–base properties of the catalysts
	3.2 Influence of sodium and the Si/(Si+Al) ratio on the structure of the catalysts
	3.3 Influence of sodium and the Si/(Si+Al) ratio on the catalytic performance

	4 Conclusions
	Acknowledgments
	References


