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Abstract

The support effect was analyzed for hydrodesulfurization CoMo catalysts prepared with EDTA as the chelating agent. Supports with different
isoelectric points, y-Al,O3, Al;03-MgO, and SiO,, were used. Different sequences of EDTA, Co, and Mo impregnation were used to analyze
whether the sequence of addition affected catalytic activity. Changing the order of addition of Co, Mo, and EDTA produced only a small effect
on the catalyst HDS activity. The simultaneous impregnation of Co, Mo, and EDTA led to higher HDS activity than sequential impregnations.
In contrast, changing the support nature produced important variations in catalytic activity, following the increasing order: Al,O3 < SiO, <
Alp,O3-MgO. It was found that the changes in HDS activity with the type of support are related to different levels of promotion of Mo by Co, and

to changes in the sulfidation patterns induced by different interactions of the active phase precursors with each support.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years, increasingly strict environmental legislation
on transportation fuel quality has been implemented or planned
worldwide [1]. In particular, the allowable sulfur content in
transportation fuels will evolve to near zero in the near future.
Consequently, hydrodesulfurization (HDS) catalysts with im-
proved activity, selectivity, and/or stability are needed. Impor-
tant improvements in the performance of HDS catalysts have
been achieved by changing the nature of the catalyst support
[2-9], or modifying the catalyst preparation method. The inter-
actions between metallic phases and support have an important
influence on the dispersion, morphology, and performance of
the active phase. On the other hand, careful control during cat-
alyst preparation is crucial to optimize the incorporation of the
Co and Mo active ingredients into the HDT catalyst to achieve
high catalytic activity.
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The active phase of HDS catalysts is usually composed
of nanocrystallites of MoS, or WS, promoted by Co, Ni, or
both [3]. Formation of an effective active phase is achieved
when the promoter is located at the edges and corners of the
MoS, crystallites. Therefore, the catalyst preparation method
is crucial for achieving high activity; if instead of interacting
closely with the edges of the MoS; crystallite, the Co promoter
remained isolated, it could react with the support, forming
CoAlOy, or, during sulfidation, which occurs at low tempera-
ture (~180°C) [10], forming inactive CogSg. Recently, several
groups have reported important improvements in the perfor-
mance of HDS catalysts using chelating agents during catalyst
preparation [11-30]. Their findings indicate that when a chelat-
ing agent is added to the impregnating solutions containing
the Ni (or Co) and Mo precursors, the formation of a Co(Ni)-
chelating ligand complex retards the sulfidation of the Co or Ni
promoter beyond the sulfidation of Mo, leading to efficient pro-
motion of the MoS; phase and diminished formation of bulk Co
or Ni sulfides.
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There is a vast literature on catalysts prepared by conven-
tional methods; several authors have reviewed the most im-
portant findings on the support effects [2,4—7,31,32]. However,
support effects when using chelating agents in catalyst prepara-
tion have been reported in few cases and are not yet clearly
understood [11,15]. Rycskowski [33] has investigated some
features of the interactions between chelate molecules and sup-
ports in a study of the interaction of EDTA alkaline salts with
the surface of inorganic solids. It was found that the type of
hydroxyl groups and the isoelectric point of the inorganic ox-
ide supports have a noticeable affect on the nature of the EDTA
complex—support oxide interactions. The chemical state of the
resulting Mo species is also strongly influenced by the nature
of the support [34]. Therefore, it is highly likely that the na-
ture of the support oxide can change the sulfidation pattern of
the Co-EDTA complex and the Mo precursor (AHM), thereby
affecting catalyst HDS activity.

To investigate further the support effect when EDTA is used
as a chelating agent in catalyst preparation, in the present
work we synthesized CoMo-EDTA catalysts supported on
oxides with different isoelectric points (Al,O3, Al,O3-MgO,
Si07) and tested them in the HDS of thiophene. Nitrogen ph-
ysisorption, high-resolution transmission electron microscopy
(HRTEM), temperature-programmed sulfidation (TPS), and
NO and CO chemisorption analyzed by infrared were used to
characterize the textural properties of the catalysts; dispersion
of the MoS; phase, patterns of sulfidation, and the relative num-
ber and type of coordinatively unsaturated sites (CUS) present
in the sulfided catalysts.

2. Experimental

AlO3-MgO (10 wt% of MgO) was prepared by homoge-
neous precipitation using aqueous aluminum nitrate (2 M) and
magnesium nitrate (2 M) as precursors, and 10 wt% solution
of NH4OH as a precipitating agent [35]. Pure alumina was pre-
pared by the urea hydrolysis method using AI(NO3)3 as precur-
sor salt [36]. Extrudates of the precipitates were dried at room
temperature for 12 h, then at 120 °C for 12 h, and were finally
calcined at 550 °C for 4 h.

Mesoporous silica was synthesized from a gel with composi-
tion 4.0 Si0O»:1.0 cetyltrimethylammonium bromide (CTABr):
1.5 Nay0:0.15 (NH4)>0:200 H>O at pH 10. The mixture of the
above compounds was digested in a Teflon-coated autoclave
at 97 °C for 24 h. The resulting solid was separated by filtra-
tion, washed with 1 L of deionized water on the filter, and dried
at room temperature overnight. The solid was further dried at
120 °C for 12 h and calcined at 500 °C for 5 h.

CoMo and CoMo-EDTA catalysts were prepared by the in-
cipient wetness impregnation of solutions containing the Co,
Mo, and EDTA salts. Three different sequences of impregna-
tion were used for the preparation of CoMo-EDTA-supported
catalysts. In the first (co-impregnation of Co, Mo, and EDTA),
the latter was first dissolved in a concentrated NH4OH solution,
to which aqueous cobalt nitrate was added; after the color of
the solution changed from reddish to dark reddish, a required
amount of a basic solution of AHM was added. The result-

ing solution was used to impregnate the support. In the second
preparation (Mo first and Co + EDTA after), an aqueous so-
lution containing the Mo precursor, AHM, was impregnated
first, followed after drying by impregnation with Co(NO3), and
EDTA dissolved in a concentrated NH4OH solution. In the third
preparation (Co first and Mo + EDTA after), an aqueous solu-
tion of Co(NO3), was impregnated first, followed after drying
by impregnation of AHM and EDTA dissolved in concentrated
NH4OH solution. In all of these preparations, a molar ratio of
EDTA/Co = 1.2 was used and a pH of 9 was maintained during
the incorporation of EDTA, because EDTA-Co forms a stable
complex at pH > 8 [37]. The solids obtained from these prepa-
rations were dried under air at room temperature (12 h), and
then at 120°C for 12 h. A low Mo content (8§ wt% Mo) was
used to obtain coverages below the monolayer capacity for all
supports. The Co content was adjusted to maintain an atomic
ratio Co/(Co + Mo) = 0.33. Hereinafter, the simultaneously
prepared catalysts are designated CoMoE, those with Co first
and Mo + EDTA after are designated Co(Mo + E), and those
with Mo first and Co + EDTA after are designated Mo(Co+E).

Measurement of BET specific surface area, pore volume, and
pore size distribution was carried out by nitrogen physisorption
at —196 °C using Quantachrome Nova 2000 equipment. Before
nitrogen adsorption, the samples were outgassed 3 h at 300 °C.

Analysis of the chemisorption of NO and CO over the sul-
fided catalysts was performed with a Nicolet 760 model FTIR
spectrometer with a resolution of 2 cm™! and 200 scans per
spectrum. For the analysis, the powdered catalyst samples were
pressed into self-supporting wafers (10-14 mg/cm?) and then
sulfided in a high-vacuum glass cell connected to a gas ma-
nipulation manifold using a flow of 20 mL/min of H,S/H»
(15% v/v) mixture for 4 h at 400 °C. The sulfided sample was
pretreated by outgassing for 2 h at 400 °C. For NO adsorption,
a pulse of NO was introduced (50 Torr) at room temperature to
the IR cell, and the spectra were collected. For the adsorption
of CO at low temperature (—173°C), small doses of CO were
introduced into the cell until an equilibrium pressure of 1 Torr
was reached. After each pulse, the corresponding spectrum was
obtained.

HRTEM observations of sulfided catalysts were performed
with a JEOL JEM-2010 microscope operated at 200 kV. Sam-
ples were milled in an agate mortar and ultrasonically sus-
pended in n-heptane. A drop of the supernatant liquid was
placed on a copper grid coated with a sputtered carbon poly-
mer. For the estimation of average length and stacking of MoS,
more than 200 crystallites were measured.

Raman experiments were performed on the unsulfided sam-
ples using a NICOLET Almega XR Dispersive Raman Spec-
trometer with 50 s of scanning time and resolution of 4 cm™!.

TPS experiments were performed using a sulfiding mixture
containing 5% H»,S and 95% H; (flow rate, 10 mL/min). H>S
was detected in the effluent gas with a UV spectrophotometer
set at 200 nm and equipped with a flow cell. During TPS, the
temperature was increased at a rate of 10 °C/min up to a final
temperature of 400 °C, where it was maintained for 30 min.

The catalyst activity was evaluated in the HDS of thiophene
at 400 °C and atmospheric pressure. In a typical experiment,
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Fig. 1. Thiophene HDS activity for SiO;- and AlyO3-supported CoMo catalysts
prepared with and without chelating agent (EDTA). CoMoE-calc was calcined
(400 °C, 4 h) prior to sulfidation. CoMo-conv was prepared without EDTA fol-
lowing a conventional preparation method (impregnation—drying—calcination).

100 mg of catalyst (0.4-0.8 mm) was loaded into the glass
fixed-bed reactor (0.8 cm i.d.). Before the activity test, the cat-
alyst was sulfided with a mixture of H,S/H (8-10 vol% of
H»S), at a heating rate of 1 °C/min from room temperature to
400 °C, and the catalyst was maintained at this temperature for
4 h. The purpose of the low heating rate was to avoid rapid
thermal decomposition of the Co—-EDTA complexes. For the
thiophene HDS experiments, a flow of H, (100 mL/min) con-
taining 4.7 mol% thiophene was used as feed to the reactor.
The conversion of thiophene was kept below 15% to operate
in differential regime. Reaction rates were calculated accord-
ing to the equation r = x (¥ / W), where r is the reaction rate of
thiophene (in mol/(h g)), x is thiophene conversion, W is the
weight of the catalyst (in g), and F is the flow rate of reactant
(in mol/h) [38].

3. Results and discussion
3.1. Catalytic activity

3.1.1. Effect of the chelating agent (EDTA)

The role of the chelating agent during catalyst preparation
is to form a stable complex with the Co promoter to delay
its sulfidation beyond that of the Mo phase to achieve a good
level of interaction between Co and the MoS; crystallites and
avoid the formation of excessive bulk Co sulfide. The im-
portance of maintaining the Co-chelating agent interaction is
clearly shown when calcination is performed before sulfida-
tion. In this case, the chelating agent in the Co-EDTA complex
is destroyed during calcination, causing an earlier transforma-
tion of the Co phase, which sulfides before the formation of
the MoS, phase; this results in lower promotion of MoS; by
Co and poor HDS activity, as shown in Fig. 1 for CoMoE/SiO,
and CoMoE/Al;O3 prepared with and without calcination. For
comparison, Fig. 1 also shows the activity of similar cata-
lysts prepared with calcination and without the use of chelating
agent. For SiO;-supported catalysts, the HDS activity of the

catalyst prepared without EDTA and that of the calcined cat-
alyst are similar, indicating that when the Co-EDTA complex
is destroyed before sulfidation, no benefit is achieved by the use
of the EDTA ligand. In contrast, the activity of the uncalcined
CoMOoE catalyst is five times higher than that of the calcined
one. However, for this catalyst, the interaction between the sil-
ica support and the Mo precursor is low; thus, it is possible that
calcination leads to much lower Mo dispersion and that the ob-
served differences in catalytic activity do not strictly reflects the
sole influence of EDTA. It is then possible that the drop in HDS
activity due to calcination becomes lower when a more interac-
tive support, like alumina, is used.

Fig. 1 shows a drop in HDS activity of 56% when CoMoE/
Al» O3 is calcined before sulfidation, compared with 81% when
CoMOoE/SiO; is calcined. Nevertheless, the activity trends dis-
played by the alumina-supported catalysts prepared with and
without calcination are similar to those observed for the SiO,-
supported catalysts, although the levels of activity are different.
The differences in activity between these two types of catalysts
can be ascribed to several effects. The higher activity of con-
ventional and CoMoE-calcined catalysts supported on alumina
compared to the corresponding SiO;-supported ones is most
probably due to the better dispersion obtained on the alumina-
supported catalysts due to the stronger interaction of the Mo
oxide phases with the alumina support. It recently has been
shown that because of the interactions of EDTA with the alu-
mina support, better Ni and Mo dispersion is obtained during
the impregnation step [39].

The lower activity observed for the CoMoE/Al,O3 catalyst
with respect to its SiO,-supported counterpart could be due
to the partial formation of Anderson-type AlMog entities, ev-
idenced in the Al,O3-supported catalyst, before sulfidation, by
the presence of Raman peaks at 352 and 381 cm™! (results not
shown), assigned to the bending modes of terminal M=O bonds
in AlIMog heteropolyanions. Formation of Anderson-type com-
pounds has been reported on alumina-supported catalysts when
chelating agents are used in the catalyst preparation [40]. They
also have been detected when ammonium heptamolybdate is
deposited on y-alumina by the equilibrium adsorption method
[41]. The greater interaction of the Mo species with the alumina
support could be the cause of the observed smaller positive ef-
fect on the HDS activity caused by use of the chelating agent in
the preparation of alumina-supported catalysts compared with
those supported on SiO,. A modest effect of the chelating agent
on HDS (13% increase) for alumina supported CoMo catalysts
was also recently reported for the hydrodesulfurization of heavy
gas oil [42].

3.1.2. Effect of the order of Co, Mo, and EDTA addition

To investigate the effect of the order of addition of Co,
Mo, and EDTA (E), three different sequences of catalyst
preparations—CoMoE, Co(Mo + E), and Mo(Co + E), all sup-
ported on alumina—were tested in the thiophene HDS reaction.
The results, presented in Table 1, indicate that the order of ad-
dition of Co, Mo, and EDTA caused only small differences in
the HDS activity of the catalysts, which follow the order (Co-
MoE) > Mo(Co + E) > Co(Mo + E). The lowest activity of
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Table 1
Effect of Co, Mo, and EDTA order of impregnation and support composition
(Al,03-MgO, SiO;, and Al»03) on thiophene HDS activity

Catalysts Rate (mol/(h gear)), 103
Impregnation method
CoMoE/Al, O3 9.3
Mo(Co + E)/Al,03 8.4
Co(Mo + E)/Al,O03 7.7
Support effect
CoMOoE/Al; O3 9.4
CoMOoE/SiO; 14.0
CoMoE/Al,03-MgO 20.1

Co(Mo + E) can be explained by the difficulty of formation
of the Co-EDTA complex because in this preparation method
the Mo—-EDTA complex, added in the second step of the im-
pregnation, will have some diffusional limitations in reaching
all of the sites where Co was initially deposited, especially in
the case of small pores. Once the Co>" ion is close to the Mo—
EDTA complex, replacement of Mo by Co is fast, due to the
large difference in stability constants between Co-EDTA and
Mo-EDTA. Nevertheless, although the solubility of Co(NO3)»
is high, with this sequence of impregnation, there will be some
diffusional limitations to achieving homogeneous concentra-
tion of the Co—-EDTA complex along the length of the support
pores. It is highly probable then that in this catalyst, the radial
concentration profile of Co will be uniform, but that of Mo and
EDTA will not be, thus leading to different Co/Mo ratios along
the length of the pore. In this case, the fraction of Co not com-
plexed by EDTA will sulfide at low temperature, before MoS,»
formation occurs, and will have a greater probability of forming
the inactive phase CogSo.

For Mo(Co + E), the Co-EDTA complex is formed in the
impregnating solution before the Mo-containing support is im-
pregnated. In this case, the intimacy of contact between Mo and
Co-EDTA will depend on the effectiveness of the diffusion of
the Co—EDTA complex inside the small pores where Mo is al-
ready impregnated and on the level of pore blocking caused
during Mo impregnation. Because Mo is impregnated first fol-
lowed by drying, it is also possible that the interactions of the
Mo precursor salt, AHM, with the alumina support will affect
the sulfidation of Mo.

For the CoMOoE preparation, intimate contact of Mo and Co—
EDTA is achieved in solution before the support is impregnated;
thus, although some difference in the diffusion coefficients of
the Mo and Co precursors is expected, differences in the Co/Mo
concentration ratios along the pores will be minimized when
both precursors are introduced simultaneously into the sup-
port. Moreover, the capillarity forces during the impregnation
process also will help minimize the possible variations in radial
concentration caused by differences in the diffusion coefficients
of the two precursors. Accordingly, the catalyst prepared by this
method would be expected to exhibit the most effective promo-
tion of Mo by Co.

Complete complexation of Co by EDTA will effectively de-
lay its sulfidation beyond that of Mo and allow effective pro-
motion of the MoS, phase. The delay in the sulfidation of the

active phase precursors from the use of chelating agents during
catalyst preparation has been reported for NiMo and NiW cat-
alysts [14,16,43]. A greater delay in the sulfidation of Co with
respect to that of Mo allows more efficient decoration of the
MoS; crystallite edges and thereby better Co promotion. As a
result, the likelihood of formation of bulk cobalt sulfide, CogSg,
is lower during sulfidation in the simultaneously impregnated
catalyst than in the sequential preparations. Other possible ex-
planation of the higher activity of the co-impregnated (CoMoE)
catalysts could be that this preparation method favors formation
of CoMoS-II type structures.

3.1.3. Effect of support

The effect of the support on the activity of CoMoE cata-
lysts was studied using three supports with different isoelectric
points: y-Al,O3z (IEP = 8.5), mesoporous SiO; (IEP = 2.0),
and Al,O3—MgO (IEP = 9.0). The activity of CoMoE catalysts
over the three supports was evaluated in the thiophene HDS
reaction; the results are reported in Table 1. CoMoE/Al,O3
was the least active catalyst, followed by CoMoE/SiO; and
CoMOoE/Al,03—-MgO in increasing order. The latter catalyst is
twice as active as CoMoE/Al,Os, indicating an important effect
of the nature of the support on the activity of the catalyst. To an-
alyze whether the observed differences in activity were due to
differences in the dispersion of the MoS; phase or in the level of
promotion of the MoS; crystallites by Co, the sulfided catalysts
were characterized by several techniques. HRTEM analysis was
used to estimate the relative dispersion of the MoS, phase,
while the level of promotion was assessed from the NO and
CO chemisorption results. The sulfidation behavior of the Co
and Mo surface species was followed by TPS experiments.

4. Catalyst characterization
4.1. Textural properties

Specific BET surface areas (SSAs) and pore volumes (PVs)
of supports (y-Al,03, Al,03-MgO, and SiO,) and catalysts
(dried and after reaction) are given in Table 2. The dried cata-
lysts show about 80% decrease in SSA and PV compared with
the support. This could be explained by substantial pore block-
ing caused by the Co—EDTA complex. However, Co-EDTA
decomposed during sulfidation, leaving a Co sulfide phase on
the surface. Accordingly, after sulfidation and reaction, the SSA
and PV of catalysts were similar to the corresponding supports

Table 2
Textural properties of supports and catalysts, dried and after reaction
Support Support CoMoE CoMoE after
dried reaction

SSA? pvb SSA PV SSA PV
Al O3 141 0.42 29 0.12 118 0.31
Al,03-MgO 197 0.41 53 0.08 162 0.35
SiOy 489 0.54 95 0.09 382 0.45

4 SSA: specific surface area (m? /8).
b py: pore volume (mL/g).
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Table 3

Average length (Lay) and stacking (Nay) of MoS; crystallites

Catalyst Lay (A) Nay
CoMOoE/Al, O3 46 1.4
CoMOoE/Al, 03-MgO 39 1.3
CoMOoE/SiO, 56 2.6

(see Table 2), indicating good dispersion of the active sulfided
phases.

4.2. High resolution transmission electron microscopy
(HRTEM)

The dispersion and morphology of MoS; crystallites in HDS
sulfided catalysts can be analyzed by HRTEM. With this tech-
nique it is possible to visualize the typical lattice fringes rep-
resenting the basal plane of MoS; structures with ~6.2 A in-
terplanar distances. Average length (L,y) and number of layers
(N,y) for the MoS; crystallites on each support were estimated
after measuring several hundred particles on enlarged micro-
graphs (see Table 3). Fig. 2 shows the micrographs of the
MoS, crystallites present in each catalyst. On alumina, the av-
erage length (L,y) of MoS; crystallites, 46 A, is in agreement
with the typical length observed in MoS,/Al, O3 catalysts [44].
For Al,03-MgO, shorter MoS; crystallites with average length
39 A are observed. For these two supports, the average stack-
ing (Nay) of MoS; crystallites is slightly above one layer.
In contrast, on SiOj, longer (Lay = 56 A) and more stacked
(Nay = 2.6) MoS; crystallites are observed.

The dispersion of Mo and Co (Ni) on different supports will
depend on, among several other factors, the strength of the in-
teraction between the precursors of the active phase and the
support. When chelating agents are used, the interaction of the
ligand with the support also may be important. The differences
in interaction strength between the EDTA carboxyl groups and
the hydroxyl groups for various supports (SiO;, TiO,, MgO,
Al,O3, ZrO;, and others) were revealed in a recent study by
Rycskowski [33]. That study also reported that the isoelectric
point (IEP) of the inorganic oxide support has an important in-
fluence on the chelate—support interaction. Because SiO» has
an IEP of ~2.0, Al,O3 of ~8.5, and MgO of ~12, significant
differences in the chelate—support interaction are envisaged. In
accordance with that previous study [33], the ability of EDTA
to interact with the inorganic oxide supports used here is SiO»
< MgO < AL Os.

HRTEM (Fig. 2 and Table 3) shows that smaller MoS; crys-
tallites are formed on CoMoE/Al,03-MgO. The average length
of MoS; crystallites is 39 A on this support, compared with
46 A on alumina and 56 A on silica. The level of stacking
of MoS; crystallites also varies with the support. The aver-
age number of layers is 1.3 for CoMoE/Al,03-MgO, 1.4 for
CoMoE/Al,O3, and 2.6 for CoOMoE/SiO,. According to these
results, MoS, dispersion follows the trend: CoMoE/Al,O3—
MgO > Al,O3 > SiO,, which does not coincide fully with the
catalytic activity ranking, indicating that for the catalysts used
here, dispersion of the MoS; phase is not the key parameter
controlling the catalyst HDS activity.

Fig. 2. HRTEM micrographs of MoS; crystallites present in (a) CoMoE/Al, O3,
(b) CoMoE/Al,03-MgO, and (c) CoMoE/SiO,.

4.3. FTIR characterization

4.3.1. NO adsorption

Chemisorption of NO over CoMo sulfided catalysts provides
useful information about the Mo and Co exposed sites because
these molecules selectively adsorb on the coordinative unsatu-
rated cobalt (CUS—Co) and molybdenum (CUS—Mo) sites [45,
46]. Because the materials under study present widely different
transmittance levels to the IR laser beam, quantitative compar-
ison of the absolute numbers of Co and Mo sites is difficult
and not completely reliable. To partially overcome this prob-
lem, it was decided to evaluate the level of promotion for each
catalyst. Toward this end, the ratio CUS—Co/CUS-Mo (for NO
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Fig. 3. FTIR spectra of NO adsorbed in the N-O stretching region for CoMoE
sulfided catalysts on different supports.

adsorption) or CUS-CoMoS/CUS-Mo (for CO adsorption, see
below), which give a measure of the availability of sulfur va-
cancies associated to Co sites (total or promoted, respectively),
divided by those associated to unpromoted Mo sites, was eval-
uated in each spectrum. One drawback of this approach is that
at close to 100% promotion, the ratio of promoted sites to un-
promoted sites increases drastically. In the particular case of
NO adsorption, analysis of the CUS-Co/CUS—Mo ratio must
be exercised with caution, because NO adsorption does not dis-
tinguish between Co promoted from other Co sites present in
such phases as CogSg.

Fig. 3 shows the IR spectra of NO adsorption in the N-O
stretching region for the sulfided catalysts supported on Al O3,
Al,03-MgO, and SiO,. All of the IR spectra show the pres-
ence of three bands at about 1705, 1800, and 1870 cm~!.
According to literature reports [45], the bands at ~1705 and
~1800 cm~! are assigned to vy and vg stretching vibration
modes of NO adsorbed on CUS—Mo sites, whereas those at
~1800 and ~1870 cm~! are assigned to v, and vy stretch-
ing vibration modes of NO adsorbed on CUS—Co. In view of
the overlapping of the v, and vy modes of NO adsorbed on Co
and Mo respectively, only the higher-frequency (~1870 cm™")
and lower-frequency (~1705 cm™!) bands are considered for
Co and Mo analysis. Shimizu et al. [47] reported similar band
frequencies for Mo and slightly lower ones for Co (1840 cm™!)
for HDS catalysts prepared with EDTA.

In our case, the spectra of NO adsorbed on the different
sulfided catalysts (Fig. 3) indicate that the amount of NO ad-
sorbed on CUS-Mo increases in the order CoMoE/SiO, ~
CoMoE/Al,O3 > CoMoE/Al,O3-MgO. Because NO adsorp-
tion on the Mo sites and catalytic activity trends differ, it ap-
pears that dispersion of the MoS, phase does not determine
catalyst activity. However, we observed changes in the CUS—
Co/CUS—-Mo bands intensity ratio. For our catalysts, the higher
intensity of the CUS—Co band (~1870 cm™!) in all samples

Table 4
Level of promotion estimated from NO and CO adsorption experiments on sul-
fided catalysts

Catalyst CUS-Co/CUS-Mo CUS-CoMoS/CUS-Mo
(NO adsorption) (CO adsorption)

CoMOoE/Al, O3 4.1 0.6

CoMoE/Al,03-MgO 74.3 32

CoMOoE/SiO, 49.0 1.4

CUS-Co/CUS/Mo (NO adsorption)
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Fig. 4. Thiophene HDS activity versus CUS—Co/CUS-Mo and CUS CoMoS/
CUS-Mo estimated from the area under the IR corresponding bands for CO
(M) and NO (0O) adsorption.

reveals that the number of Co exposed sites is higher than the
number of CUS-Mo sites, suggesting a good level of Mo pro-
motion by Co. The calculated CUS-Co/CUS-Mo ratio (see
Table 4) indicates the best level of promotion for the Al,O3—
MgO-supported catalyst. A plot of the CUS—Co/CUS-Mo ratio
versus catalytic activity showed a linear relationship suggesting
that promotion is responsible for the observed HDS (Fig. 4) cat-
alytic activity. However, as mentioned before, the adsorption of
NO is not completely reliable for providing information about
the effectiveness of the promotion, because this technique does
not distinguish the CUS—Co sites associated with the mixed Co-
MoS active phase from other Co sites. Therefore, the observed
linear correlation between CUS—Co/CUS-Mo, obtained by NO
adsorption, and catalytic activity might be fortuitous. The use
of CO as a probe molecule provides information about Co in-
volved in the promoted CUS—CoMoS sites [48]. Therefore, to
corroborate the results obtained by NO, parallel CO chemisorp-
tion experiments were conducted on the sulfided catalysts.

4.3.2. CO adsorption

Fig. 5 shows the IR spectra around the C-O stretching region
for the sulfided catalysts after CO adsorption at —173 °C. For
CoMOoE/Al;O3, bands at 2187, 2157, and ~2080 cm™!, with
shoulders at around 2057 and 2100 cm™!, are observed. The
assignation of these bands and their shoulders was reported by
Choi et al. [48]. The bands at 2187 and 2157 cm™! are charac-
teristic of CO adsorbed on the alumina support and are assigned
to CO coordinated to Lewis acid sites (AI**) and CO in hydro-
gen bonding with the alumina hydroxyl groups, respectively.
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Fig. 5. FTIR spectra of CO adsorbed in the C-O stretching region for CoMoE
sulfided catalysts on different supports at —173 °C and 1 Torr of CO at equilib-
rium.

The intense band and shoulders at lower frequency are charac-
teristic of sulfided phases and are assigned to Co-promoted Mo
sulfide sites (2080 cm ™), Co sulfide sites (2057 cm™!), and CO
coordinated to CUS-Mo sites (2100 cm™!). For COMoE/SiO»,
CO adsorption gives rise to a band at 2155 cm~! assigned to
CO hydrogen bonded to the silica support OH groups and to an
intense band at 2075 cm~! (CUS—CoMoS), with shoulders at
around 2110 (CUS-Mo) and 2060 cm~! (CUS—Co).

After CO adsorption on CoMoE/Al,O3-MgO, the same
number of bands is seen as for CoMoE/Al;O3 but, with im-
portant changes in their position and intensity. As Fig. 5 shows,
the intensity of the band at 2155 cm™! increased significantly
(i.e., greater number of OH groups) and that of the band
at 2187 cm™! decreased (i.e., lower number of APt sites)
when magnesium was incorporated, indicating decreased sup-
port acidity.

The position of the CO bands, corresponding to sulfided
sites, changed with the support. When the support changed
from SiO, to AlyOs, the position of the CO bands shifted
to higher wavenumbers. In contrast, for the Al,O3-MgO-
supported catalyst, the CO bands shifted to lower wavenum-
bers. This behavior suggests electron enrichment around the
Mo atoms involved in MoS, and CoMoS phases and could be
a consequence of the increased basicity of the support surface
[49]. Accordingly, for the alumina-supported catalyst, the ob-
served shift toward higher wavenumbers indicates an electron
deficiency around Mo, consistent with the higher acidity of alu-
mina.

Because the adsorption of CO on sulfided CoMo catalysts
distinguishes the promoted CoMoS sites from those associ-
ated only with Co or Mo, this probe molecule made it possible
to obtain a more reliable level of promotion from the CUS—
CoMoS/CUS—Mo ratio (Table 4). A plot of this ratio versus
catalytic activity (also presented in Fig. 4) shows a linear re-
lationship between CUS—CoMoS/CUS-Mo and HDS catalytic
activity, in line with the NO adsorption experiments. These
results indicate that the differences in catalytic activity are as-
sociated more closely with differences in the level of promotion
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Fig. 6. TPS patterns of (a) Co-EDTA, unsupported (b) CoMoE/Al,O3,
(c) CoMoE/Al,03-MgO, (d) CoMoE/SiO;.

than with changes in the dispersion degree of the MoS, phase.
It appears, however, that the effectiveness of the chelating agent
in improving the promotion of Mo by Co depends to a certain
extent on the nature of the catalyst support. To investigate this
issue, temperature-programmed sulfidation (TPS) experiments
were conducted with the catalysts supported on the three differ-
ent oxides.

4.4. Temperature-programmed sulfidation

Proper sulfidation of the active phase is of great importance
to catalytic activity. To assess whether the type of support has
some effect on the sulfidation behavior of the catalyst, TPS
experiments were conducted with the three catalysts studied
here. Fig. 6 shows the H,S evolution curves for CoMoE/Al,O3,
CoMoE/Al,03-MgO, CoMoE/Si0;, and the unsupported Co—
EDTA complex.

Two H3S consumption regions were detected for CoMoE/
Al,O3—-MgO and CoMoE/Al,O3. Although the temperatures
for H,S consumption and evolution are different, the shape of
the curves are similar to those seen for conventional CoMo and
NiMo catalysts supported on alumina without EDTA, for which
the Mo reduction mechanism is well established [50]. Thus, the
shape of the curves can be rationalized by considering that the
first drop in the HjS trace corresponds to the sequential sulfida-
tion of Mo(6+) to MoO,S, MoOS,, and possibly MoS3. The
rise in the trace at 300-360 °C would then be related to the H,S
evolution caused by the reduction of some of these species into
MoSO. The second H>S consumption region at higher tempera-
ture is associated to the sulfidation of partially sulfided Mo(4+)
species and the sulfidation of the Co promoter, which has been
shifted to higher temperature because of its interaction with the
EDTA ligand. As Fig. 6 shows, sulfidation of the unsupported
Co-EDTA complex occurs at 380°C and above. In contrast,
sulfidation of Co(24) supported on alumina has been reported
to readily occur at low temperatures (~180 °C) [10]. The differ-
ence in the temperatures at which H>S consumption and evolu-
tion occur for each catalyst can be related to interactions of the
Mo precursor with the support. For the Al,O3-MgO-supported
catalyst, the H,S evolution and consumption temperatures are
shifted to lower values, indicating that AHM decomposes eas-
ier on AlO3-MgO than on pure alumina. This result coincides
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with a previous study on the decomposition of AHM on inert
atmosphere on different supports (including Al,O3, SiO», and
MgO) [34], which found that due to the depolymerization of
AHM into tetrahedral MoO4 moieties caused by the high IEP
of MgO (~12), AHM decomposed at lower temperatures on
MgO than on Al,O3. In our case, an earlier sulfidation of AHM
supported on the MgO-containing support would favor better
promotion of MoS; by Co, which sulfides later due to its inter-
action with the chelating ligand [17,43].

The catalyst supported on SiO, shows a slightly different
behavior. In this case, it appears that the two H>S consumption
regions overlap, and because of this, the H,S evolution peak ap-
pears very small at 290 °C. It has been reported that because of
the low IEP of SiO; (~2.0), the decomposition of AHM/SiO,
in inert atmospheres facilitates the formation of bulk-like MoO3
species [33], which probably are highly dispersed. In our case,
some MoQOs is probably formed because in the TPS pattern of
the SiO,-supported catalyst, the peak representing the reduc-
tion of Mo(6+) to Mo(44) appears at the same temperature
(~300°C) as in a highly loaded MoO3/Al;O3 catalyst [50],
where most of the Mo is initially present in the form of MoOj3
particles. Because the Mo, Co, and EDTA contents were the
same in all of the catalysts used here, the observed variations
in sulfidation patterns are most likely related to differences in
the interactions of the precursor phases with the support. Be-
sides the interactions of the Co-EDTA complex, those of the
Mo species with the support surface also could affect the sul-
fidation patterns. Increasing difficulty in sulfidation follows the
order CoMoE/SiO; < CoMoE/Al,03-MgO < CoMoE/Al,O3.
Because the most active catalyst is CoOMoE/Al,O3-MgO, it ap-
pears that, apart from the delay in sulfidation of the promoter,
high HDS activity is favored by a medium support interaction,
which promotes high dispersion while at the same time allow-
ing good sulfidation. The HRTEM findings indicate that the
Al,03-MgO support induces smaller crystallites with a slightly
lower level of stacking than those on alumina. In contrast, on
Si0,, large and highly stacked MoS; crystallites are observed.

5. Conclusion

CoMo catalysts supported on Al,O3 were prepared using
various sequences of Co, Mo, and EDTA impregnation and
tested in the HDS of thiophene. To assess the effect of the
impregnation sequence and the effect of support on catalytic ac-
tivity, the catalysts were characterized by different techniques.
Based on the activity and characterization results, the following
conclusions can be drawn.

The order of addition of Co, Mo, and EDTA during catalyst
preparation has only a slight effect on HDS activity. The activ-
ity sequence (CoMoE) > Mo(Co + E) > Co(Mo + E) can be
rationalized by the effectiveness of formation of the Co-EDTA
complex and by the interactions of the active-phase precur-
sors with the support. For catalysts prepared by simultaneous
impregnation of Co, Mo, and EDTA, the HDS activity is sig-
nificantly affected by variations in the nature of the support.
Changing the support from Al,O3 to Al,O3-MgO makes the
catalysts twice as active. The catalyst supported on SiO; leads

to intermediate activity between the former supports. The rank-
ing of the catalysts can be explained by differences in the level
of Mo promotion by Co (NO and CO adsorption results) re-
sulting from the delay in the Co sulfidation temperature with
respect to Mo (TPS results). The extent of delay in the sul-
fidation of Co and Mo appears to be affected by the type of
interactions of the Co-EDTA complex and the Mo precursor
salt (AHM) with the supports used in this work. The type of
support also affects the final dispersion of the MoS; crystallites
(HRTEM results). Our findings indicate that the effectiveness
of the chelating agent improving the promotion of Mo by Co
depends to a certain extent on the nature of the catalyst support.
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