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Highlights.
e CoMoS/KIT-6 catalysts with different pre-activation thermal treatments were
synthesized.

e Metal loading of 16% wt. CoMo was used.
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e Lower pre-activation temperatures lead to smaller and less stacked CoMoS crystals.

e Pre-activation thermal treatment is a key factor to improve catalytic activity.

Abstract

Mesoporous silica-supported cobalt-molybdenum hydrodesulfurization catalysts have been
prepared by wetness impregnation, drying and a thermal pre-treatment of impregnated
support before activation. Characterization of materials was made by nitrogen adsorption,
thermogravimetric analysis, Raman spectroscopy, TEM and XPS. Catalytic activity was
determined by hydrodesulfurization of dibenzothiophene (DBT). The results indicate that the
thermal pre-treatment carried out at the lower temperature allows the formation of smaller

and less stacked active phase structures, with a higher amount of CoMoS phase.
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1. Introduction.
Due to the environmental damages associated to the release of sulfur compounds as a
consequence of fuels burning and the increasing demand for fuels, environmental laws have
become stricter in sulfur content in these substances, nowadays in many countries the
maximum content of sulfur must be lower than 10 ppm[1-5]. This requirement on fuels
promotes the adjustment of hydrotreatment processes on crude oil refineries, some of these
improvements include the development of more active catalysts, i.e., with modifications of
morphology or composition of supports, active phases or even the use of additives, among
other changes[6-12]. For hydrodesulfurization (HDS) processes it is known that the key in
obtaining a highly active catalyst is related to the crystalline structure, and the most accepted
model is the formation of the so-called CoMoS phase[13,14], where electronic effects
induced by the insertion of Co promoter facilitate the removal of the sulfur atom from
molecules that contain this atom in its structure, moreover Ramos et al proposed that Co also
modifies textural and structural properties of MoS: slabs [15].Effect of activation treatments
on metals sulfidation degree has been scarcely studied. Some of the important steps to
modulate the formation of sulfides of active phases are the gas flow, H2S/H: ratio, time of
treatment and temperature, although another important characteristic is the chemical structure

of precursors of active phase before activation step.

In order to obtain ultra-low sulfur content diesel, is essential to remove sulfur from refractory
molecules such as dibenzothiophenes and alkyl dibenzothiophenes, like 4,6-
dimethyldibenzothiophene, making this task a challenge [3,5,16-20]. Thus, to reach
environmental regulations, researchers have focused on the development of more effective
catalysts for deep removal of sulfur, considering also the reduction of processing costs by

lowering the severity of the reaction conditions such as hydrogen pressure and temperature.



The material most used as support of HDS catalyst is gamma-alumina [21-24], nevertheless
researchers have also explored other materials like nanoestructured silica (SBA-15, MCM-41
and KIT-6) [2,4,25-32]. Particularly, KIT-6 is a mesoporous silica with tridimensional
interconnected channels that makes this material a promising support for HDS catalysts. KIT-
6 has high surface area and pore diameter over 6 nm, that allows better metal dispersion and
the diffusion of large molecules through pores, moreover KIT-6 has thermal and mechanical
stability [2,4]. This work demonstrates that there is an effect of thermal treatment of
precursors once impregnated on support and previously to activation treatment, on the
activity for hydrodesulfurization, which is due to the dispersion and structure of active phases

obtained.

2. Materials and methods

Synthesis of catalyst consists on preparation of support, impregnation of cobalt precursor on
support, after that impregnation of molybdenum precursor, then thermal treatment, and
finally, the activation step. Catalysts were synthesized with 16% wt. total metal loading (11.2

% wt. of Mo and 4.8% wt. of Co).

2.1. Supports Impregnation

The synthesis of KIT- 6 (mesoporous silica) was made according to the modified
methodology previously reported by Freddy Kleitz et al. [33]. Triblock copolymer (pluronic P
123 from Sigma Aldrich) was used as structure-directing agent. Synthesis is as follows: for a
typical synthesis, pluronic P123 (15.9 g) is dissolved in a mixture of distilled water (575 mL)
and hydrochloric acid (26.3 mL, J. T. Baker 36.5-38 %), later, butanol (19.6 mL, Sigma
Aldrich 99.8 %) is added under constant stirring at 308 K. After 1 h, tetraethyl orthosilicate
(36.6 m/L TEOS, Sigma Aldrich 98%) was added dropwise under continuous stirring for 2 h

at 308 K. The solution was then transferred to a Teflon autoclave heated at 393 K for 24 h.



Finally, the solid was filtered, washed with a mixture of ethanol (HYCEL 96 %) and
hydrochloric acid and dried, followed by calcination at 823 K to remove the template. Then
wetness impregnation of precursor salts was made; firstly, an appropriate amount of cobalt
nitrate 6-hydrate (from J. T. Baker 99.1% of purity) in aqueous solution was used for
impregnation. Subsequently, the impregnated support was dried during 2h at 60 °C. In a
second step, a solution of ammonium heptamolybdate tetrahydrate ((NH4)sM07024, HMA,
from Sigma Aldrich 99.9% of purity) was used as molybdenum precursor. The obtained
sample were then calcined at 135, 225, 300, 450, or 500 °C for 3 h with a heating rate of 4

°C/min, and the CoMo catalysts precursors were named as is shown in the Table 1.

2.2. Catalysts Activation.

The activation of catalysts was made “ex-situ”. For this purpose, the impregnated and
thermally treated supports were placed in a quartz tube inside a tubular furnace under gas
flow of 45 mL/min of H2S/H2 mixture (15 % H2S). Temperature was raised from ambient to
400 °C with a heat rate of 4 °C/min, and kept under these conditions during 4 h. Afterwards,
the solid was transferred to a sealed bottle under a nitrogen atmosphere for later

characterization and HDS activity study.

2.3. Oxides and sulfided catalysts characterization.

2.3.1. X-ray diffraction (XRD).

X-ray diffractograms were obtained using a Panalytical Xpert’PRO Power Diffractometer
(CuKa radiation, 0.154056 nm) operating at 35 mA, 40 kV, step size of 0.05°, and step time

of 500 s. Diffraction patterns were analyzed using standard JCPDS files.

2.3.2. Nitrogen physical adsorption characterization



Nitrogen adsorption and desorption measurements were performed using a Quantachrome
apparatus (Autosorb-1) at —196 °C after degasification of at 120 °C for 12 h for oxides, while
support and sulfided catalyst were outgassed at 250°C for 8 h. The specific surface area
(Seet) was calculated from the BET (Brunauer-Emmett-Teller) method, and the pore-size
distribution and pore volume was obtained using the BJH (Barret-Joyner-Halenda) method.
The normalized Sser (NSeer) was calculated according to the following equation (

Equation 1) [25].

NS _ SggeT of catalyst Equation 1
BET ™ [(1~y)+Sggrofsupport]

Where vy, is the content fraction of precursors, metal oxides or metal sulfides, depending on

the step during catalyst synthesis.
2.3.3. Transmission electron microscopy (TEM)

The morphology and microstructure of materials were determined by transmission electron
microscopy using a Hitachi ™ 7700 microscope with a tungsten filament at an accelerating
voltage of 100kV. Samples were suspended in 2-propanol and sonicated; then a drop was
added on a copper grid coated with lacey carbon. The length and stacking number of the
MoS: slabs were calculated from at least 500 crystals from each catalyst. All measurements
were made with the software Image Pro Plus version 6.0 and the obtained average value was
used to calculate the Mo dispersion (fvo) using equations 2 and 3.

i—1(6n — 6) Equation 2
f,(Bn?2-3n+1)

fmo =

n==+05 Equation 3



Where t is the number of layers, n is the number of Mo atoms in one edge, and L is the length
of MoS: crystals. The molybdenum dispersion (fwo) was calculated assuming that crystals of

MoS: are perfect hexagons [27].

2.3.4. X-ray photoelectron spectroscopy (XPS)
X-Ray Photoelectron Spectroscopy (XPS) measurements were performed with a Thermo
Scientific Escalab 250Xi spectrometer, samples were analyzed under vacuum (<107° mbar)
with a monochromatic Al Ka (1486.6 ¢V) X-ray source and a spot size of 650 pum, and the
binding energies (BE) were recorded taking C1s (284.8 eV) as reference. The Mo3d, Co2p
and S2p spectra were analyzed applying a Shirley background subtraction and mixed
Gaussian-Lorentzian functions. Surface atomic ratios were calculated from the peak area
ratios normalized by their atomic sensitivity factors. For S2s the binding energies and peak
areas were constrained by the Equation 4, as previously reported Chen et al. [34].
BE(S2s) = BE (SZpg/z) + 64.3, Area(S2s) = Area(S 2p) * 0.66

Equation 4
The molybdenum, cobalt and sulfur surface atomic concentration [C(Mo), C(Co) and C(S)]

for each species was calculated through the Equation 5.

A.
sk,

Z?:lAL/SFi

C(i)s =
Equation 5.

Where C(i)s is the species atomic concentration, Ai is the measured spectra area from the

different species, SFi is the sensitivity factor of each element.

On the other hand, the percentages of Mo species (Mo ** *5 " *6) were calculated using the
Equation 6.

Ayyoat
MoS,0Mo** (%) = Mo + 100
2 ( 0) Appor+ + Appos+ + Aprpe+




Equation 6.

Similarly, the Co species (CoMoS, Co9Ss and Co?*) were obtained by Equation 7.

ACoMoS
CoMoS(%) = 100
oMoS(%) Acomos T Acogsy T Acoz+ )

Equation 7.

2.3.5. Raman spectroscopy

Raman spectra were obtained using a Renishaw inVia Raman Microscope, the single-line
laser at 244 nm from an Ar ion laser was used as the Raman excitation source for recording
the spectra, the samples were placed in an aluminum capsule to perform the analysis and data
acquisition was collected after 30 min of laser exposure time. The spectrum was normalized,

and the background was removed for further comparison of intensities.

2.4. Catalytic performance tests

HDS reaction was performed in a high-pressure batch reactor (Parr model 4842). Activity
tests were made adding catalyst (0.5 g) into the reactor vessel with a solution of DBT (Sigma
Aldrich 98 %, 119.3 mmol/L) in decahydronaphthalene (Sigma-Aldrich, 99%, 4250 ppm of
sulfur). The reaction was carried out at 350 °C and under 3.4 MPa of Hz pressure for 5 h and
maintaining constant stirring of 600 rpm. Liquid samples were taken every 30 minutes during
the 5 h. Samples were analyzed in a gas chromatograph coupled with mass spectrometer from
Shimadzu, GCMS-QP2010 SE equipped with a capillary column RX-1-5Sil MS, length of 30
m and 0.25 mm of diameter. The catalytic performance of the catalysts towards the HDS of
DBT was measured by calculating the kinetic rate constants, assuming a pseudo-first order
kinetics. The calculations were based on the changes in the concentration of DBT present in

the aliquots taken from the reaction system at intervals of 30 min starting when the



temperature of the reactor reached 350 °C. The DBT conversion was calculated as follows

[35]:

CpBT(—CDBT;

Xppr = Equation 8

CpBT,

where Cppr, is initial molar concentration of DBT (moIL™?) and Cppr; 1s DBT molar
concentration at a determined time i.

Reaction rate constant was calculated using a pseudo-first order kinetic as follows [35]:

Ty = kCppr,YkCppr, = Cppr,(1 — Xppr) Equation 9

The pseudo-first order rate constant is obtained from [35]:
kt = —Ln(1 — Xppr) Equation 10

where ra is the rate constant (mols™g™?), k is rate constant (s1), t is time, and Xost is DBT
conversion.

The HYD/HDS selectivity is calculated using the following equation:

C +C +C .
SHYD/HDS — “CHBTXDCHT“THDBT Equatlon 11

Cpp

Where Cchg, CocH, CtHpeT and Cgp are the CHB, DCH, THDBT and BP concentrations in

reaction product, respectively

3. Results and discussion

3.1 Characterization of KIT-6 support and catalysts.

3.1.1. X-ray diffraction analysis.

To confirm the KIT-6 structure, low angle X-ray diffraction was taken from synthesized
supports. Figure 1 shows the KIT-6 low angle X-ray diffraction pattern. As can be seen, XRD
pattern shows a sharp intense peak at 26 = 0.95 corresponding to (211) plane and 20 = 1.1 a
hump attributed to (220) plane. The XRD pattern clearly indicates that material presents an

ordered mesoporous structure and belongs to bicontinuous cubic space group la3d [4, 33, 36].



The unit cell parameter a0 of calcined sample was also calculated, getting values of 227.7 A
(211) and 195.7 A (220), which are in good agreement with the reported in the literature and

suggests that mesoporous silica is KIT-6 with body centered cubic symmetry [4].

Powder X-ray diffractograms of the pre-activated catalysts O-135, 0-225, O-300, O-450 and
0-500 are presented in Figure 1 (b). All samples showed the broad signal between 16° and
30° 26 typical for amorphous silica [36, 37]. The materials calcined at 450 and 500 °C show
major broad diffraction peaks at 20 values of 23.3, 26.4 and 27.2°. The presence of these
peaks could be attributed to the Mo species and the peaks intensity is related to degree of
crystallinity in each material, which increases at a higher temperature. The diffraction peaks
at 20 value of 23.4, 25.7 and 27.3° correspond to (110), (040) and (021) planes of the
orthorhombic crystalline phase of MoOs (ICDD PDF No. 00-076-1003) [38,39]. The
additional peaks could be associated to Mo forms like MoOs or even MoOz. Therefore, the
presence of these peaks depicts an additional evidence of the successful impregnation of the
KIT-6 with the metal species. There are no evident peaks that indicate the Co presence; this
could be explained with the low content of Co with respect to Mo [40]. X-ray diffraction
patterns of activated catalysts C-135, C-225, C-300, C-450 and C-500 are showed in Figure 1
(c). In all catalysts, there are four major broad diffraction peaks at 26 values of 14.5, 33.4,
38.2 and 58.5° which correspond to (002), (100), (103) and (110) plane of the MoS2
hexagonal-phase (ICDD PDF No. 00-037-1492) [36,41]. As expected, the intensity of the
MoS: peaks increased with the increase of calcination temperature, indicating the formation

of more agglomerated MoSz nano-particles at higher calcination temperature [41, 42].
3.1.2. Textural characterization.

A surface area of 647 m?/g was determined for KIT-6 by nitrogen adsorption, and as expected

(Table 2), this support presents type IV adsorption-desorption isotherm corresponding to



mesoporous materials with H1 hysteresis loops for cylindrical pores. KIT-6 has a pore

volume of 1.3 cc/g and a pore diameter of 69 A, which was calculated by the BJH method.

The pre-activated catalysts, i.e., supports impregnated and thermally treated, shown the same
kind of adsorption-desorption isotherms and hysteresis, indicating that the mesoporous
structure remains unaltered (Figure 2), however, the specific surface area presents a
significant reduction of around 200 m?/g (Table 2). Nevertheless, among the pre-activated
catalysts an increase in specific surface area was observed as temperature of thermal
treatment increases, this could be explained as result of precursor degradation at higher
temperatures, thus samples O-450 and O-500 has better textural properties, 430 m?/g and 0.9
cc/g for Sger and pore volume, respectively, due to the release of ammonia and water from
cobalt and molybdenum precursors molecules, reducing obstructions into available pores of

support.

The average pore diameter from pre-activated and sulfided samples remains close to the pure
support value, around 66 A as shown Table 2, which allows assuming that pores were not
internally covered by deposition of multi-layers of precursors, and surface area reduction is
mainly due to complete obstruction of some pores. Even more, the same behaviour was
detected in specific surface area and pore volume. To determine the specific surface area
reduction from the support to pre-activated materials and sulfided catalysts, the NSset was
calculated from Equation 1. For each NSgeT, (1-y) value must
be calculated considering on whether dispersed cobalt and molybdenum are precursors oxides

or sulfided species, the NSget values are summarized in

Table 2. The obtained values are between 0.77 to 0.82 for pre-activated materials, while after
activation NSget values are from 0.67 to 0.75. Accordingly, to Lopez-Mendoza et al. [32],

values near to 0.9 are characteristic of high-dispersed catalysts, while values below 0.6



indicates that a fraction of pores was obstructed by species dispersed on support. The
reduction of NSger values after activation, despite the higher contribution of surface area
from higher fraction of support (1-y), indicates that sulfided species obstruct a higher amount

of surface originally available on pores of KIT-6.
3.1.3 Raman Spectroscopy.

The collected Raman spectra of pre-activated samples are shown in Figure 3, which were
normalized in order to compare the intensity of signals among the studied materials. All
samples exhibit a broad peak at 970 cm™ attributed to large polymolybdate clusters such as
MosO2s* (Mo=0 Raman band of octahedral coordination) [43,44] and also present the signal
at 875.7 cm associated to Mo-O-Co stretching vibrations in CoMoOa species (in which
cobalt ions are placed in an octahedral environment). These latter species are often related to
a decrease in HDS catalytic activity, since is widely known that CoMoO4 cannot be easy
transformed into the CoMoS phase [44]. Additionally, the signal located at 690 cm™ related
to Co-O stretching vibrations [45] in the oxide state, have been detected in all samples. At
1,065cm™ a small signal due to nitrate residue from the cobalt precursor has been observed,
this signal is not detected at highest temperature treatments, since nitrates decompose around

300 °C.
3.2. Characterization of sulfided catalysts
3.2.1. Active Phase Morphology.

The TEM study is focused on the study of the active phase obtained after activation treatment
of catalyst supported on KIT-6. Figure 4 shows TEM micrographs of materials, showing the
typical morphology of MoS: fringes, the insets present the length distribution of MoS:
crystals, with Gaussian curve fit. The length and stacking average are summarized in Table 3,

both length and stacking tend to increase as the drying temperature increases. For catalyst C-



135 the average stacking degree is the smallest (3.15 layers) of the catalysts series with an
average length of 4.23 nm, whereas the longest crystal corresponds to C-500 with 5.19 nm
and 3.9 MoS:2 sheets. The average length and stacking are associated to dispersion of Mo
atoms available to carry out HDS reaction. The average fraction of Mo atoms on the edge
surface (fwo) is a Mo dispersion indicator, which is calculated from
Equation 2 and Equation 3. The Table 3 shows the obtained
fmo values, and as can be seen, higher dispersion is obtained at lower temperature of thermal

treatment, except for C-450.
3.2.2.XPS analysis of activated catalysts.

The surface chemical states of metal species on the sulfided catalysts were investigated by
XPS spectroscopy. The Mo3d spectra of catalysts are presented in Figure 5, showing the
doublets corresponding to the contributions of Mo 3ds;z and Mo 3ds/2 of different Mo species
such as sulfided (Mo™), partially sulfided (Mo*) and oxidized (Mo*®) [43,46,47],
additionally, a single signal is also presented from S2s at 226.0 eV. The spectra
deconvolution shows the presence of Mo species at 228.4 and 232.2 eV, which correspond to
Mo**3ds;2 and Mo**3dsasz, respectively. Doublets at 230.9 and 234.1 eV correspond to MoSxOy
species; while at 234.3 and 237.2 eV the signals are associated with MoOx polymorphs. The
Co2p spectra were also collected, and the corresponding deconvolution are presented in
Figure 6. The contribution from different Co species was observed, CoeSs at 777.8 eV,
CoMoS at 780.2 eV, being the latter commonly considered responsible of most of HDS
activity, therefore it is the most expected species, and finally, Co*? from CoOx at 782.9 eV
and the satellite of Co*2. From XPS spectra, differences on signals intensity were observed.
Table 4 shows molybdenum and cobalt percentage present in the catalysts. The main
difference is related whit molybdenum composition (specifically Mo *#), obtaining 36 y 25 %

for C-500 and C-135, respectively. Similar behaviour is observed from CoMoS content,
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reaching 41 % for C-500, and 33 % for C-135 catalyst. The catalyst with highest sulfidation
degree is the calcined at 500 °C, this temperature could improve the formation of MoS: and

hence the mayor formation of CoMoS phase.
3.2.3. Hydrodesulfuration of Dibenzothiophene.

The effect of calcination temperature over the hydrodesulfurization activity of the catalysts
C-135, C-225, C-300, C-450 and, C-500 was studied through the HDS reaction, using DBT
as a model molecule. DBT conversion, reaction rate constant and selectivity were calculated
using equations 8, 10 and 11, respectively; the results are presented in Table 5. A reduction in
the DBT conversion was observed as follows 71% (C-135) > 65% (C-225) > 62% (C-300) >
61% (C-450) > 58% (C-500). According to the literature [1-4], the HDS of DBT occurs
through two desulfurization parallel routes: direct desulfurization (DDS) and hydrogenation
(HYD). On DDS path, sulfur is removed by hydrogenolysis of C-S bond without aromatic
ring hydrogenation producing biphenyl (BP). On the other hand in the hydrogenation route
(HYD), aromatic ring saturation is required before the desulfuration step, producing
intermediate compounds such as tetra hydrodibenzothiophene (THDBT). Once sulfur is
removed, then cyclohexylbenzene (CHB) and dicyclohexyl (DCH) are generated. The DDS
was the main route observed for studied catalysts, since the principal product detected was
biphenyl (BP). In Table 5 the correlation between the drying temperature and selectivity is
summarized, no significant effect was detected over selectivity on the catalyst HDS, since the
selectivity values were comparable (0.35-0.36). According to the HDS catalytic results, C-
135 has the highest reaction rate constant 21x10”" mol/seg, and the lowest is 15x10”7 mol/seg
for C-500 catalyst. Considering these results, the increment in the temperature of pre-

activation thermal treatment leads to a reduction of the catalytic activity of the catalyst.

3.3. Discussion



According to catalytic activity results, the best HDS performance was obtained for the
catalyst that was thermally treated at 135 °C, this enhanced performance was due to the
combination of several factors such as a good Mo dispersion (fmo=0.28), smaller MoS2
crystals (4 nm) and low stacking degree (3 slabs), as well as to have 95 % of MoS2 promoted
with cobalt, and those characteristics allowed to obtain a rate constant of 21x10"" mol/gss. On
the other hand, the catalyst C-500 showed the lowest HDS activity, the poor performance
could be attributed to a poor Mo dispersion (fmo=0.23) derived from the average length of

crystals (5 nm), despite all the other characteristics are very close to the values of C-135.

Raman spectra for all catalyst presented a small signal of CoMoOs, which is not desirable in
HDS catalyst synthesis; the strongest signal shown in the spectra was MogO26*". These results
along with Mo dispersion and the ratios of CoMoS/MoS: are the best prediction to a highly

active catalyst.

In order to explain more profoundly the differences observed in the obtained materials, a
thermogravimetric analysis of the Mo precursor (HMA) used for the impregnation of the
catalysts was carried out. The thermogram obtained is shown in Figure 7. Total weight loss of
18.6% can be observed as a result of calcination until 500 °C. The HMA precursor
degradation is carried out in three steps, the first step occurs with a 7% weight loss in which
ammonia is released; according to the work of Said et al. [47,48], second and third steps
consist on the elimination of chemically bound water, with weight losses of 4 and 7.6% for
each case. The degradation reactions are carried out at 110, 210 and 290 °C. This allows
considering that the present species in materials treated at low temperatures are related to
high coordination molybdenum-hydrated molecules, while the MoOs species start to appear
after 210 °C until becoming the only phase at 500 °C. The decrease in the magnitude of the
rate constant as the calcination temperature increases is a clear indication that calcination at
higher temperatures reduces the activity of the catalysts. The observed phenomenon could be

10



attributed to the higher crystallinity degree of MoQgs species at higher temperatures, which is

evident in the XRD patterns (Figure 1) and therefore, sulfidation becomes more difficult.

4. Conclusion.

In this work, CoMo catalysts, supported over mesoporous silica (KIT-6) were prepared
through a thermal treatment before activation of impregnated cobalt and molybdenum
precursors on KIT-6 support, and the resulting efficiency was measured in DBT
desulfurization. According to HDS catalytic results, the best catalyst was obtained at the
lower temperature used for the thermal treatment, before activation (135 °C); higher
temperatures used for other catalysts do not improve the activity results. Thus, thermal
treatment after drying step and before activation become an easy way to improve HDS
activity of a catalyst. Raman study of species formed during pre-activation thermal treatment
and XPS and TEM analyses of active phases formed after activation treatment allows
understanding catalytic properties of studied materials from the information of species
formed in each step and the dispersion and structures of CoMoS active phase dispersed on

KIT-6 support.
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Figure 1. X-Ray diffraction spectra of low angle support (a), pre-activated catalysts (b) and

sulfided catalysts (c).
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Figure 4. TEM micrographics of sulfided catalysts, a) C-135, b) C-225, c¢) C-300, d) C-450

and e) C-500. Crystal length distribution (inset)
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Figure 5. XPS spectra of Mo3d of sulfides catalysts, a) C-135, b) C-225, c) C-300, d) C-450,
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Figure 6.XPS of Co2p of sulfided catalysts a) C-135, b) C-225, c¢) C-300, d) C-450, e) C-500.
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Figure 7. Thermogravimetric analysis from HMA precursor.
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Table 1. Temperature of thermal treatment of impregnated supports to obtain pre-activated

materials and their nomenclature.

Sample Temperature of
treatment (°C)
0-135 135
0-225 225
0-300 300
0-450 450
0-500 500

Table 2. Textural properties of support, pre-activated and sulfided catalysts. (1-y) value

indicates the fraction of support for each material.

Pore Pore

Sample  Surface area volume diameter (1-y) NSgeT

m?/g cclg A
KIT-6 647 1.3 69
0-135 360 0.7 66 0.72 0.77
0-225 424 0.8 66 0.75 0.87
0-300 400 0.7 66 0.80 0.77
0-450 430 0.9 66 0.81 0.82
0-500 430 0.9 65 0.81 0.82
C-135 400 0.8 66 0.85 0.73
C-225 370 0.7 66 0.85 0.67
C-300 370 0.7 66 0.85 0.67
C-450 410 0.8 66 0.85 0.75
C-500 410 0.8 66 0.85 0.75
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Table 3. Average length (L), number of layers (N) from MoS2 phase in CoMo catalysts and

average fraction of Mo atoms in the edge surface of the MoS: crystals (fmo).

Catalyst L N MoOedge ~ MOtotal n fvo
Average Average Mo-Mo bonds
length (nm) stacking at the edge
C-135 4.23 3.15 36.7 131.3 7.1 0.28
C-225 4.20 4.65 36.4 129.6 7.1 0.28
C-300 431 4.15 37.4 136.1 7.2 0.27
C-450 3.50 3.80 29.4 87.9 5.9 0.33
C-500 5.19 3.90 45.6 197.2 8.6 0.23

Table 4. Binding energies, FWHM in parenthesis and fractions of Co-Mo species in sulfide

catalysts.
Catalyst Mo 3d fractions (%) Co 2p fractions (%)
Mo* Mo*® Mo*® C09Ss CoMoS CoO
228.4+0.24 230.920.9 234+0.8  777.8+0.06 780.15+0.06 782.9+0.06
C-135 25(1.5+0.2) 39(1.5+0.2) 36(1.5£0.2)  33(3) 33(3) 34(3)
C-225 26(2+0.2)  40(2+0.2)  34(2+0.2)  30(3) 38(3) 32(3)
C-300  33(L.7) 45(1.7) 22(1.7)  30(3+l)  35(3tl)  35(3+l)
C-450  30(2+0.3)  47(2+0.3)  22(2+0.3)  30(3) 38(3) 32(3)
C-500 36(2) 40(2) 24(2) 29(35)  41(35)  30(3.5)
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Table 5. DBT conversions and products distribution for the HDS reaction of DBT

Catalys k x107 DBT® Products distribution?
' conv::rsio THDBT BP CHB DCH HYD/HDS
(mol/s-g) (%) % Dimensionless

C-135 21 71 1.9 425 114 2.2 0.36
C-225 18 65 1.9 43 10.7 2.4 0.35
C-300 18 62 1.8 426 10.2 3.3 0.36
C-450 19 62 1.9 426 124 1.2 0.36
C-500 15 58 2 431 124 0.5 0.35

aproducts distribution and selectivity were calculated at 58% DBT conversion.
bReaction conditions were: T=350 °C, Pr2=3.4 MPa, t=5 h.
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