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ABSTRACT: A new series of catalysts based on noble metals have been prepared with the main aim of obtaining thiotolerant
catalysts to be used in second-stage processes of mild hydrotreating. We studied the catalytic properties of 1 wt % Ir-containing
mesoporous materials in the hydrogenation of tetralin to decalin, in the presence of 100 ppm of dibenzotiophene at 250 °C and
1S atm pressure of hydrogen, using a Parr reactor. Ir/mesoporous materials were prepared by wetness impregnation, using
iridium acetylacetonate as the source of Ir. The Ir/SBA-3 catalyst synthesized by us had a high activity in tetralin hydrogenation
under mild conditions. The experimental data were quantitatively represented by a modified Langmuir—Hinshelwood-type rate
equation. The preliminary results reveal that these materials are promising catalyts for HDS/HDN reactions.

B INTRODUCTION
The vyield in fluid catalytic cracking (FCC) depends on the

extent of aromatic hydrogenation in the gas oil hydrotreater. To
optimize the gas oil hydrotreater, it is crucial to understand the
aromatic hydrogenation reaction chemistry occurring in the gas
oil hydrotreater. Gas oils, which consist of hydrocarbons in the
boiling point range of 290—570 °C, contain several aromatic
compounds (including three rings, two rings, and one ring).
Light cycle oil (LCO), which contains large concentrations of
aromatics, has a poor cetane value and, hence, by itself, is a very
poor-quality diesel. Because the current regulations [on cetane
and polynuclear aromatic (PNA) hydrocarbons] are not
stringent, LCO is currently blended with diesel. However, it
is anticipated (based on existing regulations in Europe and
California) that diesel quality in the near future will be more
stringently regulated in terms of cetane and aromatics. To find
alternative processes, it is necessary to develop new and more
active catalysts to replace the current ones. Optimal design and
operation of such hydrogenation processes can be achieved
through the use of reliable simulation tools; however, such tools
require detailed knowledge of kinetic pathways and rates.'
Kinetic experiments on hydrogenation are typically performed
in the gas phase under atmospheric pressure on group VIII
metal catalysts. Previously, Beltramone et al.** reported a
detailed study and a quantitative network analysis of
polynuclear aromatics aromatization at industrial conditions,
and Korre and Klein® reported an exhaustive study in a batch
reactor at high pressure.

Otherwise, the sulfur and nitrogen compounds found in
synthetic feedstocks and heavy petroleum fractions can strongly
inhibit hydroprocessing reactions through competitive adsorp-
tion. The presence of these species even at low concentrations
can limit the observed catalytic activity and necessitate the use
of higher pressures and temperatures to obtain desired
conversions. Therefore, the need for more active catalysts is
crucial in this process. The development of highly active and
selective hydrotreating catalysts is one of the most pressing
problems facing the petroleum industry.
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Current processes for dearomatization use catalysts combin-
ing the acidity of a support and the hydrogenation and
hydrogenolysis/ring-opening activity of an incorporated metal.
Hydrogenation/hydrocracking is most often practiced on cyclic
molecules over primarily acidic zeolite, alumina, or silica-
alumina-supported noble and other group VIII metal catalysts.
Different processes have used catalysts such as NiMo, CoMo,
NiW, Pt, and Pd on various supports.” '~ The dominance of
the acid function can lead to cracking, and thus, a primary focus
is the optimization of the acid function. In fact, it was shown
recently that significant enhancements in hydrogenation can be
made by focusing on the metal function. The metal function is
usually provided by Pt and/or Pd, but it has been shown that Ir,
Ru, and Rh also have exceptional activities and selectivities for
the target reaction of hydrogenation and, de(?ending on the
reaction conditions, selective ring—opening.18 %9 Some alumina-
supported transition-metal catalysts have much higher hydro-
denitrogenation (HDN) and hydrodesulfurization (HDS)
activities than the conventional NiMo system.”'”>* For
example, Rh, Ir, Ru, and Pt supported on silica or alumina
are known to effectively catalyze nitrogen removal from
methylamine, quinoline, or pyridine also in the reduced
state.”® Noble-metal sulfides, either unsupported as bulk
compounds”’ or supported on active carbon,*® have been
studied extensively in hydrorefining. It has been shown that
transition-metal sulfides of the second and third rows such as
those containing Ru, Rh, Os, and Ir are especially active during
HDS reactions.”’ Similarly, sulfides of Ir, Os, and Re were
found to be most active in the HDN of quinoline,*® and sulfides
of Ir and Pt were found to be most active in the HDN of
pyridine.”> However, catalytic properties of metal deposited on
alumina or other supports have been studied less frequently,
and moreover, the primary attention to date has been devoted
only to Ru.*® It was shown by Cinibulk and Vit®" that the HDN
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activity of an alumina-supported Ir catalyst during the parallel
HDN/HDS reaction of pyridine and thiophene was markedly
higher than the activity of a Pt catalyst and that modifcation of
a NiMoP/alumina catalyst by 0.5% Ir increased the C—N bond
hydrogenolytic activity by a factor of 2.>* In addition to HDN, a
high hydrogenolytic activity of Ir has also been well-established
during studies of hydrocarbon reactions in connection with
naphtha reforming.*>>*

Regarding new support materials, mesoporous molecular
sieves such as MCM-41, HMS, and SBA-15*7%® are promising
candidates because of their uniform mesoporous structure,
which facilitates the diffusion of the large molecules involved in
hydrotreating reactions. Nava et al.** successfully used CoMo/
Ti-SBA-1S catalysts for dibenzothiophene desulfurization, but
information about SBA-16 and SBA-3 supports is scanty or
nonexistent. In 1998, Zhao et al.** synthesized a new type of
mesoporous material called SBA, with a uniform two-
dimensional hexagonal structure; this material is characterized
by larger pores up to approximately 25 nm that allow bulky
molecules to enter into the pores, among different supports
with ordered pore structure.*’ Many investigations have
indicated that AI-SBA-15 materials show much higher catalytic
activity than AMCM-41 material.** Two methods including
direct synthesis and postsynthesis have been developed to
incorporate Al into the frameworks of mesoporous materials.
However, direct synthesis seems infeasible for some materials
such as SBA-15,* because the majority of aluminum precursors
will dissolve in the strong acidic media used during the
synthesis procedure. Previous works on postsynthesis for
alumination of the SBA family™™*° showed that this process
is well-adapted to some mesoporous materials. The synthesis of
SBA-3 mesostructured silica containing framework aluminum
was previously reported by us.*® This material was successfully
synthesized using sodium aluminate through a postsynthesis
method. It can be expected that this structure offers more
interesting opportunities for catalytic applications involving
well-dispersed metal-supported catalysts and allowing the
diffusion of large molecules. The SBA-16 silica mesophase
with a cubic Im3m structure was prepared first by Zhao et
al*** from the triblock copolymer surfactant Pluronic F127
(EO196PO,4EO, o, where EO = ethylene oxide and PO =
propylene oxide) and tetraethylorthosilicate (TEOS). The
synthesis parameters were systematically investigated by Mesa
et al*® The mesoporosity of this phase consists of two
noninterpenetrating three-dimensional channel systems with
spherical cavities at the dividing of the channels.

To saturate aromatic hydrocarbons, conventional hydro-
treating catalysts based on Co—Mo, Ni—Mo, or Ni—W sulfides
supported on alumina must work under severe operating
conditions, which increases the process costs.*’ In this case,
noble-metal-based catalysts are an interesting alternative,
because they have high activity for hydrogenation of aromatic
hydrocarbons and the process could then be performed at low
temperatures and pressures.

It should be noted that studies devoted exclusively to
monometallic Ir catalysts in relation to hydrotreating are very
rare.****! More often, studies have involved comparisons of
monometallic Ir and Pt catalysts.sz_56 However, the bulk of
such articles have studied iridium sulfide together with a series
of other noble-metal sulfides. The Ir catalysts have often been
used in the form of sulfides, whereas in about 20% of the
studies, they were reduced to the metal.
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Factors such as the effects of catalyst preparation and metal
dispersion have often been studied in connection with this
process.”” % The results obtained in all of these studies suggest
that Ir could be an efficient active phase for the transformation
of aromatics to saturated compounds and for sulfur and
nitrogen removal, either by itself or as a promoter of
conventional catalysts. However, data about the effects of Ir
dispersion in different supports in hydrogenation reactions are
not available in the literature at present. The metal particle size
of supported metal catalysts is an important factor affecting
catalytic behavior, and the support, particularly the pore
structure, can affect the metal dispersion. A preparation method
leading to a mesoporous matrix with controlled low acidity was
previously reported.*® In a previous work,’" we demonstrated
the good performance of Ir/SBA-16, studying the catalytic
properties of S wt % Ir-containing SBA-16 catalysts (with and
without aluminum as a heteroatom), in the hydrogenation of
tetralin to decalin, in the presence of nitrogen and sulfur
compounds. The S wt % Ir/SBA-16 catalyst synthesized by us
had high activity in tetralin hydrogenation under mild
conditions.

In this article, we describe the preparation of new
mesoporous catalytic materials containing highly and homoge-
neously dispersed reduced particles of Ir’ and investigate their
activity for hydrogenation of aromatic compounds, using
tetralin as a model substrate under mild conditions in a batch
reactor.

Langmuir—Hinshelwood-type rate equations were used to
describe the reaction kinetics with physically meaningful and
well-identified parameter values.

B EXPERIMENTAL SECTION

Synthesis of Si-SBA-16. Mesoporous silica materials with
the cubic Im3m structure were synthesized according to the
procedure described in ref 62. Briefly, poly(alkylene oxide)-type
triblock copolymer, Pluronic F127 (EO;oPO;EO o, MW
12600), was dissolved in aqueous HCI solution. Tetraethyl
orthosilicate was added to the solution at 35 °C under
continuous stirring during 15 min at that temperature. The
molar composition of the mixture was F127/TEOS/HCI/H,0
= 0.004:1:4:130. This mixture was kept under static conditions
in an oven for 6 h at the same temperature. Subsequently, the
mixture was placed in an oven at 50 °C over a period of 20 h;
afterward, the temperature of furnace was increased to 80 °C
for aging for 20 h, and then, the solid product was recovered by
filtration and dried at 100 °C. The Si-SBA-16 sample was
immersed in refluxing ethanol for 6 h to extract the surfactant,
which was then calcined at 550 °C in air for 6 h. The material
obtained was identified as SBA-16.

Synthesis of Si-SBA-3 and Na—AI-SBA-3. Mesoporous
aluminosilicate was synthesized by hydrolysis of tetraethylor-
thosilicate (TEOS) and sodium aluminate at room temper-
ature, in aqueous acidic solution, using cetyltrimethylammo-
nium bromide (CTAB) as the surfactant. The designed
procedure was as follows: The surfactant was mixed with
water and HCI; then, 3 g of TEOS was added under stirring to
form a mixture with a molar composition of TEOS/H,0/HCl/
CTAB = 1:130:9.2:0.12.* After 45 min, a white precipitate was
obtained, which was then filtered, washed, and dried at room
temperature. The material was immersed in refluxing ethanol
for 6 h to extract the surfactant. The sample was then calcined
at 450 °C in air for 6 h. The material obtained was denoted as
SBA-3. The alumination procedure of SBA-3** was carried

dx.doi.org/10.1021/ie202727r | Ind. Eng. Chem. Res. 2012, 51, 7185-7195



Industrial & Engineering Chemistry Research

out as follows: Silica-SBA-3 (1 g) was stirred in SO mL of water
containing dissolved sodium aluminate in different proportions
at room temperature for 20 h. The mixture was filtered, washed,
dried at room temperature overnight, and then calcined in air at
450 °C for S h. Finally, an Al-SBA-3 sample with Si/Al = 20
was obtained.

Synthesis of MCM-41. Typical MCM-41 mesoporous
material®* was synthesized by dissolving 2.4 g of n-
cetyltrimethylammonium bromide (CTAB, Aldrich) in 120 g
of deionized water and stirring until the solution was
homogeneous and clear. After 8 mL of ammonium hydroxide
(Merck) had been added, the mixture was stirred for S min, and
then 10 mL of TEOS (Merck) was added. The molar
composition of the gel was 1 M TEOS/1.64 M NH,OH/
0.15 M CTAB/126 M H,0. The reaction mixture was stirred
overnight, and then the solution was filtered and washed
consecutively with deionized water and ethanol. Calcination
was performed at 550 °C for S h, yielding fine particles of
MCM-41.

Synthesis of Ir/Mesoporous Materials. We concentrate
here on the direct incorporation of iridium by wetness
impregnation of the calcined form followed by thermal
treatment and reduction under hydrogen. We used iridium
acetylacetonate [Ir(acac),, Aldrich, 99.9%) as the source of Ir,
with ethanol as the solvent, because of the very low solubility of
Ir(acac); in water. The obtained powder was then dried at 80
°C overnight and calcined at 500 °C for 5 h. After that, the
samples were desorbed in an inert atmosphere from 25 to 200
°C at a rate of 10 °C/min and kept at 200 °C for S h, after
which the temperature was increased to 470 °C at a rate of 10
°C/min and kept for 5 h at that temperature. The nitrogen flow
was always 20 mL/min. Because iridium is active for the
reaction in its metallic state, it was reduced in a H, flow of 20
mL/min at 470 °C using the same procedure as described
above. The iridium loading was 1 wt %, and the catalytic
materials obtained were identified as Ir/SBA-16, Ir/SBA-3, Ir/
Al-SBA-3, and Ir/MCM-41.

Characterization of the Catalysts. The X-ray diffraction
(XRD) patterns were collected using a continuous scan mode
with a scan speed of 0.02° (26)/min. XRD patterns were
recorded in a Philips X’Pert PRO PANalytical diffractometer,
operating with Cu Ka X-ray radiation (X-ray generator current
and voltage set to 40 mA and 45 kV, respectively), using small
divergence and scattering slits of '/;, mm and a goniometer
speed of 1.2° (20) min~". The scanning range was set between
0.5° and 5°. The sample was crushed before analysis and placed
in an aluminum sample holder. XRD data were recorded in the
range of 40—50° 26, which corresponds to the region of the
metal (111) reflection. The breadth of this line (full width at
half-height) allowed a first estimation of the average metal
particle size using the Scherrer relation, eq 1% considering
contributions from particle stress and instrumental broadening
to be negligible

K1

d=—
Beos(6) (1)

Here, d is the mean size of the ordered (crystalline) domains
(the crystal average size defined as the cube root of the material
volume). Furthermore, 1 is the X-ray wavelength (1.54 A), 5 is
the full width at half-maximum (fwhm, in radians) of the same
diffraction peak, and 6 is the Bragg angle. The Scherrer
constant, K, is a dimensionless shape factor that depends on the
shape of the nanocluster (and has a typical value of about 0.89),
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and if the clusters are not spherically shaped, it depends on the
(hkl) index of the diffraction peak and has a value of 0.83,%
although this was not the case in this work.

Transmission electron microscopy (TEM) observations were
performed with a Philips CM 200 UT transmission electron
microscope at Centro Atdmico Bariloche, San Carlos de
Bariloche, Argentina. Samples for TEM were prepared by
dispersing a small amount of powder in ethanol and depositing
a drop of the resulting suspension on a commercial carbon-
coated copper grid.

Elemental analysis was performed by inductively coupled
plasma-atomic emission spectroscopy (ICP-AES; VISTA-MPX)
operated with high-frequency emission power of 1.5 kW and
plasma air flow of 12.0 L/min. The surface area was determined
by the Brunauer—Emmett—Teller (BET) method using a
Micromeritics Chemisorb 2720 apparatus equipped with a
thermal conductivity detector (TCD).

Hydrogen chemisorption characterization was performed in a
Micromeritics ChemiSorb 2720 instrument, measured at
temperature pulses and at atmospheric pressure. The samples
were previously treated and reduced. For hydrogen chem-
isorption, we assumed a stoichiometric value of 2H per Ir. The
catalyst (0.5 g) was reduced in situ with H, (30 mL/min) at
400 °C for 2 h and purged with N, (25 mL/min) at 400 °C for
an additional 0.5 h. The samples were cooled to 22 °C and
titrated with H, pulses in a stream of N, until a constant output
TCD signal indicated saturation. The mean diameter of the Ir
particles was estimated under the simplied assumption of 2H/Ir
stoichiometry and a spherical shape of the metal particles.

The nature (Bronsted and Lewis sites) and acid strength of
the samples were determined by pyridine (Py) adsorption/
desorption. The samples were desorbed at 400 °C for 2 h (4.2
X 1072 mbar). Pyridine (5 Torr) was adsorbed at room
temperature overnight. Then, it was desorbed for 1 h in a
vacuum (2.6 X 107 mbar) at room temperature and at 100,
200, 300, and 400 °C. Fourier transform infrared (FTIR)
spectra of the samples were obtained from self-supported
wafers in a vacuum cell with CaF, windows.

Catalytic Activity. The catalytic activity was measured in a
Parr 4563 reactor system at 250 °C, 15 atm of pressure of
hydrogen, and 360 rpm. The feed consisted of 50 mL of 5% v/v
of tetralin (98.5%, Fluka) in dodecane in the presence of 100
ppm of S as dibenzothiophene (DBT). The products were
analyzed with a HP 5890 Series II gas chromatograph and an
HP-5 column. The results were compared with a typical
hydrotreatment catalyst (NiMo/ALO;, Criterion DN-200).
This catalyst was first pretreated in a continuous-flow reactor at
atmospheric pressure, in a flow of 10% H,S in H, at 200 °C for
1 h and at 370 °C for 4 h, with a heating ramp of 10 °C/min.
For each step, a flow of at least 5 times the stoichiometric
number of moles of H,S required to sulfide the metal
components of the catalyst was used. Then, the catalyst was
cooled in a flow of nitrogen to room temperature. After the
pretreatment, the catalyst was transferred to the batch reactor
under a nitrogen atmosphere to avoid contact with air.

B RESULTS AND DISCUSSION

Characterization of the Catalysts. XRD. For determi-
nation of the structure and symmetry of the materials, XRD
patterns were analyzed. SBA-16 with a cubic Im3m structure is
a body-centered-cubic arrangement of cages with eight
apertures to the nearest neighbors. The unit-cell parameter,
ay, of the crystallographic structure was obtained by solving the
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following equation depending on the type of space group: g, =
A Qi %, where Q= h* + k* + I* for a cubic space group such
as that of the body-centered-cubic (Im3m) SBA-16. A typical X-
ray diffractogram of SBA-16 is expected to present geaks at 20
< 3°, corresponding to an Im3m cubic structure;**®” however,
often, just the first two peaks have been clearly detected.®®®’
The X-ray diffractograms of SBA-16 and Ir-SBA-16 are shown
in Figure 1. The XRD pattern of calcined SBA-16 sample shows

——SBA-16
Ir/SBA-16
Ir/SBA-16 used

110

80

Intensity, a.u.

1 2 3 4 5
20

Figure 1. XRD patterns of synthesized SBA-16 and Ir/SBA-16
samples. Inset: High-angle XRD of Ir/SBA-16.

a very strong (110) reflection (1.2° 20) of the cubic Im3m
structure and two small shoulders of the (200) and (211)
reflections (1.7° and 1.92° 20, respectively). All of these
reflections yield an a, value of 12.16 nm (Table 1), conﬁrminﬁ
that the measured structure is indeed the Im3m structure.”®’

Table 1. Physicochemical and Structural Properties of the
Supports and Catalysts

average size of

a, area r D the metallic

Si/Al* (nm) (m?/g) (wt%) (%) clusters (nm)
SBA-16 - 12.16 870  — - -
Ir/SBA-16 - 12.4 560 092 48 24Y267
SBA-3 - 3.69 1024 — - -
Ir/SBA-3 - 3.74 758 102 77 15%16°177
Al-SBA-3 198 42 770 — - -
Ir/Al-SBA-3 198 419 598 095 64 18%21°227
MCM-41 - 4.09 1235 — - -
Ir/MCM-41  — 455 915 L2 ss  21,219°234
Ir/ALO, - - 162 099 33 39%437

“Data obtained by ICP-AES. 1)) (%) = percentage metal dispersion
obtained from hydrogen chemisorption. “From TEM. “From XRD.

The X-ray diffraction patterns of the as-synthesized Si-SBA-3
and Al-SBA-3 materials are shown in Figure 2. The studied
samples exhibit reflection peaks in the low-angle region,
characteristic of mesostructures. The presence of three Bragg
angles can be distinguished in hexagonal lattice symmetry,
typical of the SBA-3 structure. Moreover, XRD patterns
indicate that the hexagonally ordered structure of SBA-3 was
persistent after the modification procedure. A prominent peak
at hkl = [100] as well as weaker peaks of [110] and [200] were
observed in Al-SBA-3, which allowed us to corroborate that the
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100

——SBA-3 Vi ’
——Ir/SBA-3 NN
—— Ir/SBA-3 used

Al-SBA-3
Ir/Al-SBA-3
—— Ir/Al-SBA-3 used

110

Intensity, a.u.

20

Figure 2. XRD patterns of synthesized SBA-3, Al-SBA-3, Ir/SBA-3,
and Ir/AI-SBA-3 samples. Inset: High-angle XRD of Ir/SBA-3 and Ir/
Al-SBA-3.

obtained mesoporous sample had a highly ordered pore system
with a high porosity.*

The XRD powder patterns measured for the calcined (550
°C) MCM-41 solids are shown in Figure 3. In general, the

100

——MCM-41
Ir/MCM-41
Ir/MCM-41 used

Intensity, a.u.

110 200

26

Figure 3. XRD patterns of synthesized MCM-4land Ir/MCM-41
samples. Inset: High-angle XRD of Ir/MCM-41.

samples show a distinct broad peak at 2.2° < 26 < 3°
accounting for the Bragg plane (100), which is typical of the
hexagonal structure of MCM-41 materials. Another character-
istic peak of mesoporous MCM-41 materials can be observed at
3.9° < 26 < 4.5° and 4.5° < 26 < 5.2°; for these samples, it is a
rather flat peak, corresponding to the (110) and (200)
reflections, respectively.

The Miller indices indicate that the ordered mesoporous
structure was preserved after the incorporation of iridium. The
a, values for all of the samples are listed in Table 1.

In line with these results, a characteristic first peak is still
observed in the XRD patterns of the three materials (Figures
1-3). The XRD results suggest that the mesoporous structures
of the materials were maintained during the course of the
preparation of Ir-modified catalysts. However, a significant
decrease in intensity and broadening after Ir deposition
suggests some loss in the periodicity of the pore structure.
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Therefore, an obstruction of the support pores after metal
deposition can be assumed to occur in these catalysts.

One can also observe in the figures a pattern for used Ir/
mesoporous samples (after the catalytic test). This fact
demonstrates that the structure remains unalterable, even
after three cycles of reaction.

High-angle XRD analyses of Ir/SBA-16, Ir/SBA-3, Ir/Al-
SBA-3, and Ir/MCM-41 catalysts are shown in the insets of
Figures 1—3. For the application of the Scherrer formula, we
employed the Bragg angles at 40°, 47°, and 69°, corresponding
to the [111], [200], and [220] diffractions planes, respectively,
of iridium. The average diameters of the iridium particles
obtained by the Scherrer formula are reported in Table 1. The
validity of this hypothesis is justified by the closely similar
values for the average metal particle size obtained from H,
chemisorption and TEM.

TEM. The TEM investigation provides direct evidence for
the locations of and dimensional information about the Ir
nanoparticles. The TEM images for Ir/SBA-3, Ir/Al-SBA-3, and
Ir/MCM-41 are presented in parts a—c, respectively, of Figure
4. The TEM and XRD results suggest that, the mesoporous

Figure 4. TEM images of (a) Ir/SBA-3, (b) Ir/Al-SBA-3, and (c) Ir/
MCM-41.

structure of SBA-3, Al-SBA-3 and MCMC-41 was maintained
during the course of preparing the catalyst. After introduction
of Ir nanoparticles, the hexagonal structure of the catalyst was
still observed, and fine Ir particles appeared in all materials.
Interestingly, most of the Ir particles with sizes of only a few
nanometers were uniformly dispersed in the mesoporous
materials.
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The results of ICP-AES elemental analysis, which was
employed to determine the composition of the Al-SBA-3
sample, indicated that the amounts of metal (Al) in the final Al-
SBA-3 product were in close agreement with the theoretical
value, Si/Al = 19.8. The BET specific surface area decreased
with the Al content, from 1024 m?/ g for SBA-3 to 770 m?/ g for
Al-SBA-3, because of the occupation of guest species on the
surface of the pores, as well as the nonuniform contribution of
the additional mass Al,O; in the sample.

The Al insertion in Al-SBA-3 was determined in a previous
work by *’Al nuclear magnetic resonance (NMR) spectroscopy,
and the acidity was monitored 1?7 infrared spectroscopy of
pyridine adsorption/desorption.** The 2’Al NMR results
indicated that Al was effectively incorporated into the
framework of the SBA-3 material by the postsynthesis method.
The bridging hydroxyl (Si;O—Al—OH) acid sites were
observed after the adsorption of basic probe molecules, such
as pyridine; this fact strongly supports the presence of Brensted
acid sites (Table 2).

Table 2. Quantification of Bronsted and Lewis Sites in Al-
SBA-3 (Si/Al = 20) and Ir/Al-SBA-3 at Different
Temperatures

Brensted (umol of  Lewis (umol of

Py/g) Py/g) Bronsted/Lewis
Al- Ir/Al- Al- Ir/Al- Al- Ir/Al-
temperature  SBA-3 SBA-3 SBA-3 SBA-3 SBA-3 SBA-3
373 127 98 53 46 2.40 2.13
473 126 65 48 42
573 119 53 43 38 2.75 1.39
673 84 46 41 36

A quantitative evaluation of acid sites, both Brensted and
Lewis, for samples under different desorption temperatures is
reported in Table 2. The hydrogen-bonded pyridine bands
decreased faster when the samples were outgassed at low
temperatures. However, the strength of the acid sites was high
because the bands decreased slowly when desorption occurred
(373, 473, 573, and 673 K) and pyridine adsorbed onto Lewis
and Brensted acid sites still existed when samples desorbed at
673 K. One can assume that the incorporation of Al into the
SBA-3 matrix gives rise to a greater amount of moderately
strong Brensted acid sites in the form of Si—O(H)—Al bridges.
Pyridinium ions (PyH") on Brensted sites also decreased with
heat treatment.** However, this reduction appeared to be
relatively lower than Lewis acid sites at 373 K, increasing the
ratio of Bronsted acid sites compared to Lewis acid sites at
higher desorption temperatures. In the case of Ir/Al-SBA-3
catalyst, we observed a lower amount of total acidic sites.
Furthermore, the ratio of Bronsted/Lewis sites decreased. The
decrease of Lewis acid sites appeared to be relatively lower than
the decrease of Bronsted acid sites at all studied temperatures,
thus increasing the Bronsted/Lewis acid site ratio. This fact
indicates the interaction of Ir with Brensted sites and the absent
of new Bronsted sites created by the incorporation of Ir. The
results of pyridine chemisorptions presented here are useful to
distinguish the precise nature of the acidic sites that remained
after Ir had been incorporated using an organic iridium source.
This supports the idea of the bifunctional character of this
catalyst, iridium active sites and Bronsted acid sites of the
support, making it active for hydrogenation of tetralin and
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avoiding the cracking activity, because of the moderate
quantities and strength of acidity.

The content of iridium in the catalysts was determined by
ICP-AES, and the iridium dispersion in the reduced catalysts
was also determined by pulse H, adsorption at 22 °C (Table 1).

The average diameters of the iridium particles obtained by
Scherrer’s formula are closely similar values to the average
metal particle size obtained from H, chemisorption and TEM.
The incorporation of metal into the structure therefore leads to
a slight decrease in the surface area but maintains the pore
diameter and the mesoporous character. However, the values
agreed sufficiently well to allow us to conclude that all of the
metal was accessible to hydrogen and that no side phases
formed. In summary, in these various iridium-metal-containing
systems, the metal particle size depends on the metal content,
the support, the surfactant and the method of incorporation.

After catalytic reaction with tetralin, the metal particle size
estimated from the width of the X-ray diffraction line was
unchanged. The Ir/SBA-3 catalyst with the 1 wt % iridium
content presented a high capacity for hydrogen chemisorption,
consistent with a high Ir dispersion.

Catalytic Activity. Despite industrial conditions that use
high pressure and temperature, in this work, we address more
active catalysts to perform under mild conditions and in a batch
reactor. The catalytic activities of the synthesized samples were
compared with that of a commercial NiMo/AlL,O; presulfided
catalyst and Ir/Al,O;, using Topsoe M-80T y-alumina with the
same percentage of iridium, prepared according to the same
procedure as used for the other samples, as detailed in the
Experimental Section.

The hydrogenation reactions of tetralin were carried out at
250 °C and 15 atm in the presence of traces of DBT. The
major products were trans-decalin, cis-decalin, and naphthalene.
trans-Decalin was the product with the highest initial selectivity,
followed by cis-decalin and then naphthalene. The trans isomer
is expected to be favored based on thermodynamic calculations.
Dehydrogenation of tetralin to naphthalene also took place
during the hydrogenation of tetralin, even though the
experiments were performed far below the conditions of
thermodynamic equilibrium. Naphthalene formation was found
to be dependent on the tetralin concentration and the
hydrogenation rate. A high tetralin concentration together
with a low hydrogenation rate favored naphthalene formation.
Dehydrogenation was nevertheless a minor reaction, and only
traces of naphthalene were formed. Sapre and Gates' and Korre
et al.® reported a similar reversible dehydrogenation—hydro-
genation reaction for tetralin and naphthalene on a sulfided
CoMo catalyst. The decalins appeared to be unreactive under
these conditions.

To study the behavior of the samples in the absence and
presence of S, the computation of kinetic parameters can be
useful; the data can be used to provide a better value for the
constraints used to obtain the rate constants in the model. The
generalized Langmuir—Hinshelwood rate equation can be used
to represent the behavior of different catalysts in the
hydrogenation of tetralin.

Kinetic Calculations. First-order tetralin hydrogenation
rate constants based on the rate of tetralin disappearance were
calculated using the integral method. The tetralin conversion
exhibited first-order behavior in a plot of In(Cy;/Cry) versus
time, where Cyy is the tetralin concentration and Cry is the
initial tetralin concentration (Figure S). The slope and
correlation coefficient were calculated by least-squares fitting.
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Figure S. First-order behavior of tetralin hydrogenation without DBT
at 250 °C and 15 atm.

In all cases, we obtained correlation coeflicients higher than
0.96. trans-Decalin and cis-decalin were observed as the main
products of the tetralin hydrogenation reaction (more than
98%). The semiempirical kinetic model proposed is the
generalized Langmuir—Hinshelwood model for hydrogenation.
For tetralin hydrogenation, the reaction rate is given by

_ kKTLCTL KHchz
1+ K Cpp 1+ KHchz

rL
)
where rp; is the rate of tetralin conversion to decalins, Cyy is
the tetralin concentration, Cy, is the hydrogen concentration, k
is the rate constant, and Ky, and Ky, are the adsorption
equilibrium constants of the individual compounds. Under our
experimental conditions, Ky Cyy, > 1, so this kinetic equation
can be simplified to

kK Crp

fon =
T+ Ky Cpy

(©)

The kinetic calculations exhibited first-order behavior with
respect to the tetralin concentration, and the value of the
K Crp, product was close to 0. Expressing kKyy as krp, eq 3 can
be further simplified to

4)

The values obtained for kr; at 250 °C (Figure S) using the
integral method, already described, are reported in Table 3.
These values were used as a reference for the results obtained in
experiments in which this reaction was inhibited by sulfur.

rri = K Crp,

Table 3. Kinetic Constants for the Different Samples
Derived from the Kinetic Analysis

kinetic constant kpy, DBT adsorption constant

sample [L/(min mmol)] K (L/mmol)
Ir/SBA-3 0.0128 93
Ir/Al-SBA-3 0.0101 114
Ir/MCM-41 0.0085 122
Ir/SBA-16 0.0073 130
1t/ALO, 0.003 112
NiMo/ALO, 0.0014 72

(Criterion DN-200)
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Control of the Kinetic Regime. A set of experiments was
performed to check the absence of intraparticle and interphase
mass-transfer limitations. Catalyst particles of different sizes
(0.2, 0.4, 0.6, and 0.8 mm) were tested, and the results
indicated that a kinetic regime was established in all cases.

Kinetic Model for Tetralin Inhibition by Sulfur. The
hydrogenation of tetralin was carried out at 250 °C and 15 atm
in the presence of dibenzothiophene (concentration equivalent
to 100 ppm as sulfur). The inhibiting effect in tetralin
hydrogenation was studied according to the method of La
Vopa and Satterfield,” and the following equation was proposed

_ kg Crp,

[
14 KRG

©)
where ry is the pseudo-first-order rate constant for the reaction
inhibited by sulfur compounds, K; is the apparent sulfur
compound adsorption equilibrium constant (L/mmol) and
represents the behavior of the sulfur compound that
contributes to the inhibition, and C; is the initial DBT
concentration (mmol/L). The results of these experiments
(Figure 6) were fitted to a pseudo-first-order rate equation,
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Figure 6. Kinetics of the hydrogenation of tetralin at T = 250 °C, P =
15 atm, 360 rpm, with 100 ppm of sulfur as DBT added to the feed.
The lines were obtained by fitting the kinetic curves derived from the
model to the experimental data (F = 1.087%).

with correlation coefficients (R*) better than 0.96 in all cases.
The excellent representation of the experimental results by a
pseudo-first-order rate equation implies that the inhibition
effect was approximately constant during each test. The
inhibiting strength did not seem to be affected by the
conversion of the parent sulfur compound; this behavior
suggests that the coverage of the available active sites by sulfur
compounds was established in the early stages of the reaction
and remained nearly constant throughout the experiment,
probably because of the slow desorption kinetics of these
compounds.”>”®> Therefore, the variation in the sulfur
compound concentration along time was not considered in
the development of the model. The parameter estimation of the
kinetic model was performed with the Powell version of the
Levenberg—Marquardt algorithm. The differential equation was
solved using the EPISODE package of Scientist. The objective
function (eq 6) was the sum of the squares of the differences
between the experimental and calculated yields of decalin
versus the time of reaction, for each particular inhibitor (Figure

6)
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The catalytic results revealed the good performance of these
monometallic catalysts at low temperatures, where high
conversions and high yields of hydrogenation products were
obtained, improving on the behavior displayed by the
commercial catalyst. It is noteworthy that these -catalysts
require lower contact times and hydrogen/tetralin molar ratios
than the NiMo catalyst, thus reducing the cost of the process if
used in future industrial applications.

According with the catalytic tests, the synthesized Ir/SBA-3
sample was the most active catalyst in this reaction, taking into
account the kinetic constant values (Table 3). Differences in
activity could be due to the better iridium dispersion obtained
on SBA-3 used as the support.

It seems therefore that the order of the activity was
influenced by the type of the support, which can affect the
strength of the interaction with the noble-metal precursor. The
decreasing trend with increasing Ir cluster size is well apparent.
Hydrogen chemisorption, TEM, and XRD measurements of
these catalysts in the reduced state suggest that the higher
activities of the samples with smaller Ir sizes can be explained
by higher Ir dispersions.>

According to our previous work,®" the selective conversion of
tetralin to decalin using 5 wt % Ir/SBA-16 was higher than that
obtained with S wt % Ir/AL,O; and 60% higher than that
obtained with Criterion 424 NiMo/Al,O;. The turnover
numbers suggested that the higher conversion levels were due
to the higher dispersion of Ir atoms as the active centers of the
reaction. The S wt % iridium-containing SBA-16 also showed a
higher activity even in the presence of sulfur than a typical
NiMo catalyst.

From the literature, the loading of 5% Ir on a mesoporous
FSM-16 silicate led to a thiophene HDS activity almost
equivalent to those of the CoMo and NiMo/FSM-16 systems
and lower than that of a commercial CoMo/AL O, catalyst.74
Also, 5% Ir deposited on an Al-pillared montmorillonite” and
11% Ir on Al,O;”® were less active in the HDS of thiophene
than the CoMo/ALO; catalyst. It is likely that the lower
activities of these Ir catalysts could be associated with lower Ir
dispersion. The carbon-supported Ir catalyst (16% Ir) and
commercial CoMo/Al, O and NiMo/Al,O; catalysts have been
compared in two HDS reactions. The Ir/C catalyst showed
much higher HDS activity than CoMo and NiMo/Al,O;
catalysts in the simultaneous HDS of thiophene and HDN of
pyridine.”® The activity of the Ir/Al,O; catalyst (4.8% Ir) per
mole of Ir was approximately 3 times higher than that of the
CoMo catalyst and about 2 times higher than that of the NiMo
catalyst. Substantially greater differences in the specific activities
of Ir/Y-zeolite (0.8% Ir) and NiMo/ALO; catalysts in the
HDN of quinoline were observed by Harvey and Pratt.*’

In this case, all of the synthesized samples were far more
active than NiMo catalyst (up to 10 times faster in the case of
Ir/SBA-3). The good activity of Ir/Al-SBA-3 compared with
the other synthesized samples as Ir-containing MCM or SBA-
16 could be due to the good dispersion of Ir and the acidic
character of this catalyst.”® The bifunctional character of this
catalyst, namely, the participation of both the active sites of Ir
and the Bronsted acid sites of the support, make it active for
hydrogenation of tetralin. This hypothesis is in agreement with
the findings of Klimova et al,,>” who prepared NiMo catalysts
supported on Al-containing SBA-16 molecular sieves by
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grafting with AICl; or Al(i-PrO);; the catalysts showed high
activity in the HDS of refractory dibenzothiophenes [e.g., 4,6-
dimethyldibenzothiophene (4,6-DMDBT)]. This was attrib-
uted to good dispersion of the Ni and Mo active phases and to
the bifunctional character of the catalysts: active sites of the
NiMoS phase and Brensted acid sites of the support in the
catalytic transformations of 4,6-DMDBT. Therefore, the high
catalytic performance of these catalysts in the HDS of refractory
DBTs was attributed to the synergism between the two types of
active sites. The interaction of the Ni and Mo species with the
support became stronger with Al loading in SBA-16 by
postsynthetic aluminum grafting. In this case, the dispersion
of sulfided Mo species increased. However, when SBA-16 was
aluminated using NaAlO,, NiMo catalysts with low surface area
and activity were obtained. This indicates the importance of the
method of aluminum incorporation into SBA-type materials
and Al sources suitable for the preparation of supports for HDS
catalysts.

In our case, it is possible to see that postsynthetic
alumination of SBA-3 by reaction with NaAlO, led to a
significant decrease in the surface area and total pore volume
compared with the parent material. We also obtained a catalyst
with a lower dispersion of iridium than the parent SBA-3
without aluminum. This trend in the activity with change in the
Al-containing SBA-3 support would be the result of a metal—
support interaction that was too strong, as in the case of the Ir/
Al-SBA-3 catalyst, that made the reduction of Ir species more
difficult.

Figure 6 shows the activities of the different samples included
in this study in the presence of DBT. The activity was found to
increase in the order NiMo/AlL,O; < Ir/AL,O; < Ir/SBA-16 <
Ir/MCM-41 < Ir/Al-SBA-3 < Ir/SBA-3. The inhibiting effect of
sulfur is strong at concentrations as low as 100 ppm, but Ir-
SBA-3 was still more active than the commercial NiMo/
alumina catalyst (i.e., the mole percentage conversion of tetralin
obtained at the same conditions was 65% higher at 4 h of
reaction).

Thus, the inhibition behavior seems to be related to the
strong adsorption of the specific sulfur compound directly on
the catalyst surface.””””® To elucidate this relationship, the
adsorption constants were determined. Calculated Langmuir
adsorption constants for all of the samples tested are listed in
the second column of Table 3, for the data obtained at 250 °C.
Among these compounds, the adsorption strength increased in
the order NiMo/Al,O; < Ir/SBA-3 < Ir/AL,O; < Ir/Al-SBA-3 <
Ir/MCM-41 < Ir/SBA-16.

The lower sulfur tolerance of Ir in SBA-16 or MCM-41 as
compared to SBA-3 can be explained by a stronger adsorption
of sulfur on the Ir. The resistance to poisoning depends, to a
large extent, on the nature of the support, as well as the size,
structure, and location of the metal particles, and many points
are still under discussion. The metal—support interaction
beings about an increase in the amount of electron-deficient
metal sites, which improves the sulfur tolerance by reducing
irreversible electrophilic sulfur adsorption and thereby reducing
sulfur-induced coke formation. Electron-deficient species in
bimetallic catalysts are claimed by a number of researchers to
be responsible for the sulfur tolerance of such catalysts against
the electron-acceptor character of the sulfur.**~**

The formation of iridium sulfide might be possible. It has
been widely recognized in the literature that this “iridium
sulfide” is fairly active in HDS reactions,”*”¢ especially when
the support is acidic and iridium is interacting strongly with the
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electron-deficient support. This weakens its interaction with
sulfur and therefore allows superficial sulfur vacancies to be
created, where new DBT molecules can undergo HDS
reactions. This could be an explanation for the good activity
of Ir/Al-SBA-3.

These results clearly indicate that the interaction of sulfur
with the metallic particles is very weak, which points to a low
level of back-bonding of electron density from the metallic
particles to the sulfur atoms. This means that there is a strong
metal—support interaction making these metal particles
electron-deficient. This is probably due to the very small Ir
particle size, as evidenced by H, chemisorption, XRD, and
TEM, which, according to Foger and Anderson,>* s
significantly influenced by the support.

However, these catalysts present good activity and
thiotolerance better than those of other catalysts described in
the literature, which exhibited higher deactivation by
sulfur,®~*" although it is difficult to compare our results with
those obtained using other catalysts because they were tested
under different experimental conditions.

B CONCLUSIONS

The Ir-SBA-3 catalyst synthesized in this work had the highest
activity measured in tetralin hydrogenation under mild
conditions. The good activity was correlated with higher Ir
dispersion on the SBA-3 mesostructured material used as the
support, with more active metal sites exposed to the reactant. A
kinetic model was successfully applied to the hydrogenation of
tetralin in the presence of sulfur. The hydrogenation rates were
useful in determining the most active catalyst. The hydro-
genation rates of tetralin were lower when sulfur was present in
the mixture. The inhibition was described reasonably well by
Langmuir—Hinshelwood kinetics. The adsorption strengths of
the inhibitors increased in the order NiMo/AlL,O; < Ir/SBA-3 <
Ir/AL,O; < Ir/Al-SBA-3 < Ir/MCM-41 < Ir/SBA-16. Even
though the DBT adsorption constant for NiMo is lower than
that for Ir/SBA-3, the latter catalyst is far more active for this
hydrogenation reaction. The sulfur tolerance of the Ir/SBA-3
catalyst is sufficiently high to envisage use of this catalyst in the
final stages of a refinery process producing diesel fuel of high
cetane number by hydrodearomatization.
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