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Monometallic Pt- and bimetallic Pt-Ir-modified Ti-SBA-15 were used in the hydrogenation of tetralin
to decalin in the presence of 150 ppm of N as quinoline and indole at 250°C and 15 atm of pressure of
hydrogen, using a Parr reactor. The catalyst was synthesized using sol-gel method and Ti was added during
the synthesis using Tetraethyl Orthotitanate. Pt/Ir was added by wetness impregnation. The catalysts
prepared were extensively characterized by X-ray diffraction (XRD), N, adsorption isotherms, UV-vis-
DRS, Raman spectroscopy, XPS, TEM-EDS and TPR. UV-vis-DRS and Raman spectroscopy confirmed that

gg’t‘i/\;ltijrgls-:iridium Ti was incorporated in tetrahedral coordination in the framework of the SBA-15. The analysis showed
Indole that the mesoporous structure was maintained after metal incorporation and Ti incorporation helps to
Quinoline reduce significantly the size of the metals clusters and improves its dispersion considerably. Pt-Ir/Ti-SBA-
HDN 15 was the most active catalyst. The experimental data were quantitatively represented by a modified
HYD Langmuir-Hinshelwood type rate equation. The preliminary results show these materials as a promising

catalyst for HDT reactions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The increased attention paid to catalytic hydrogenation in the
oil refining industry is due in part to legislation regarding the maxi-
mum contents of sulfur, aromatic compounds, and alkenes in traffic
fuels [1,2]. Aromatics in diesel increase the particle emissions in
exhaust gases and they have the further effect of lowering the fuel
quality [2]. Alkenes in gasoline are undesired in larger amounts
because of higher NOx and CO formation and the higher reactivity
of evaporative emissions in comparison to their saturated counter-
parts.

Many factors such as the catalysts [3-11], process parameters
[10-12], feedstock source and quality [13-17], reactivities of sul-
fur compounds [16-19], inhibition effects of H,S [20-24], nitrogen
compounds [25-28] and aromatics [29-32] present in the feed
can have significant influences on the degree of hydrogenation of
diesel feeds. The two-stage processing strategy is now considered
as a good alternative in the hydrotreating process (HDT), first stage
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employs a base metal catalyst, while the second stage applies high
activity noble metal catalyst. Transition metals such as Rh, Ir, Ru
and Pt supported on silica or alumina are known to catalyze effec-
tively the nitrogen removal [33-38], iridium has been established
as a strong promoter element for the HDN activity.

Noble metal-based catalysts have high activity for hydrogena-
tion of aromatic hydrocarbons, and the process can then perform
at low temperatures and pressures and lower contact times. How-
ever, these catalysts have a low tolerance to sulfur and nitrogen
poisoning, therefore a previous deep hydrodesulfurization and
hydrodenitrogenation charge pre-treatment is required. This two
stage hydrodearomatization (HDA) process has a high operating
cost and, consequently, the development of noble metal-based cat-
alysts with tolerance to sulfur and nitrogen has become attractive.

Many studies describes the influence of the support on the
performance of hydrotreating catalysts such as molecular sieves
[39], zirconia [40] and titania [41] oxides, amorphous and ordered
mesoporous silica-aluminas such as MCM-41, SBA-15, KIT-6 and
FSM-16 [42-46] materials. In recent years, the mesoporous silicate
materials with ordered pore structure, which have large pore diam-
eters and high surface area, attracted widespread attention as new
potential materials for the preparation of supported hydrotreating
catalysts. SBA-15 is highly stable with better textural properties
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compared to alumina. Substituting the foreign ions (Al3+, Ti4+,
Zr4+) into the silicate framework has proven to be efficient route
in order to enhance acidity and stability of the mesoporous silica.
Some authors reported that Al, Ti, or Zr containing SBA-15 provided
a better dispersion of Ni (Co) and Mo (W) species as compared to
the pure SBA-15 and alumina supported catalysts [47-49].

In our previous work we reported the effect of the incorporation
of titanium in tetrahedral position into the framework of SBA-16
mesoporous materials. Titanium provided a better dispersion of the
smaller iridium metallic clusters than siliceous-SBA-16 [50]. We
also investigated the hydrogenation of tetralin using a bimetallic
Pt-Ir-catalysts supported in SBA-15[51|. These studies showed high
activity, selectivity and stability as well also greater resistance to
poisons.

Nitrogen compounds are amongst the most difficult compounds
to eliminate due to the strength of the aromatic C—N bonds
involved. Is very important obtain a complete picture about the
inhibiting effect from nitrogen species (i.e. the relative inhibition of
basic and non-basic nitrogen compounds on HYD and HDS). Herein
we have investigated the effect of basic and non-basic nitrogen
compounds on HYD of tetralin under practically relevant reac-
tion conditions. Competitive adsorption is expected to affect the
hydrogenationrates [52-55]. In the present work three compounds
tetralin, indole (non-bassic) and quinoline (basic-nitrogen com-
pound) were used as models for simulating the HDN feed using
a monometallic Pt- and a bimetallic Pt-Ir- supported Ti-SBA-15 as
catalysts.

2. Experimental
2.1. Synthesis of Ti-SBA-15

In order to introduce titanium atoms in tetrahedral posi-
tion replacing Si in the framework of SBA-15, the following
proceeding was carried out: Tetraethylorthosilicate (TEOS, 98%,
Sigma-Aldrich) was used as a source of Si, Tetraethylorthotitanate
(TEOT, 98% Sigma-Aldrich) as a source of Ti. The template Pluronic
123 in acidic medium (9 g) was dissolved in 288 mL of HCI (2 M).
The temperature of the P123 solution was controlled at 35 °C. After
that, 20.1 mL of TEOS were added to the P123 solution under stir-
ring for 20 min, and then 2.1 mL of TEOT were added to the resultant
solution and maintained at static condition for 24 h. The resultant
mix was transferred into a Teflon bottle and maintained at 80°C
for 24 h without stirring. The sample was calcined at 550 °C for 5 h
to remove the copolymer template. This sample with Si/Ti=10 will
be referred as Ti-SBA-15.

2.2. Synthesis of monometallic and bimetallic supported
Ti-SBA-15

Platinum nanoparticles were incorporated into Ti-SBA-15 sup-
port by the wet impregnation method. Platinum and Iridium
nanoparticles were incorporated by co-impregnation in the case
of the bimetallic catalyst. The metal precursors (Iridium acety-
lacetonate (Ir(acac),) and cloroplatinic acid (H,PtClgxH,0)) were
dissolved in 50 mL of ethanol at 50 °C under reflux. A finely ground
powder fraction of the Ti-SBA-15 was dried in static air at 120°C
for 12 h, then, it was directly incorporated to the metal precursor
solution. The solution was placed in a rotary evaporator to remove
excess of ethanol at about 50°C and 60 rpm. The obtained powder
was then dried at 120°C overnight, and desorbed in inert atmo-
sphere (nitrogen flow of 20 mL/min) from 25°C to 470°C with a
slope of 4°C/min and kept at 470°C during 5 h. Then the samples
were calcined at 500 °C for 5 h. Due to the metals are active for the
reaction in its metallic state, the samples were reduced in H, flow

of 20 mL/min at 470 °C using the same procedure described above.
The total metal weight loadings were adjusted in order to have the
desired metal molar fraction. Here in after these catalysts will be
referred as: monometallic Pt/Ti-SBA-15 (nominal content of 1 wt.%
of Pt) and bimetallic Ir-Pt/Ti-SBA-15, (nominal content of 0.5 wt.%
of Pt and 0.5 wt.% of Ir).

2.3. Characterization of the catalysts

XRD patterns were collected by using a continuous scan mode.
The scan speed was 0.02 deg (2 0)/min in the Philips X'Pert PRO
PANalytical diffractometer, operating with CuKa X-ray radiation
(X-ray generator current and voltage set at 40 mA and 45KkV),
using small divergence and scattering slits of 1/32mm and a
goniometer speed of 1.2°(20)min~!. The scanning range was set
between 0.5° and 5°. The sample was crushed previously and
placed in an aluminum sample holder. Elemental analysis was
performed by inductively coupled plasma-atomic emission spec-
troscopy (VISTA-MPX) operated with high frequency emission
power of 1.5kW and plasma airflow of 12.0L/min. TPR was per-
formed using a Micromeritics Chemisorb 2720 apparatus, with
a flow of 14mL/min of 10 mol% of H,/N, heating up 500°C.N,
adsorption/desorption isotherms at —196°C were measured on
ASAP 2420 from Micromeritics after degassing the samples at
400°C, determining textural properties as surface area and pore
volume, pore size distribution was estimated using Barrett, Joyner,
and Halenda algorithm, with accuracy of +2% for all measure-
ments. The carbon monoxide chemisorption measurements were
performed in ASAP 2420 equipment, after in-situ reduction with
pure H; at 300 °C for 3 h. The isotherms were measured at 35 °C and
torr pressure range of 0-400. Ultraviolet-visible diffuse reflectance
spectroscopy (UV-vis-DRS) was used to evaluate the relative dis-
tribution of octahedrally- to tetrahedrally-coordinated Ti species
in the samples. The spectra were recorded with a PerkinElmer
Lamba 650 spectrophotometer equipped with a diffuse reflectance
accessory. Raman spectrum was obtained from an InVia Reflex
Raman microscope and spectrometer using a 532 nm diode laser
excitation. X-ray Photoelectron Spectra (XPS) were obtained on a
MicrotechMultilb 3000 spectrometer, equipped with a hemispher-
ical electron analyzer and MgKo: (hv=1253.6 eV) photon source. An
estimated error of +£0.1 eV can be assumed for all measurements.
Peak intensity was calculated from the respective peak areas after
background subtraction and spectrum fitting by a combination of
Gaussian/Lorentzian functions. TEM were recorded in aJEOL2100 F
microscope operated with an accelerating voltage of 200 kV (point
resolution of 0.19 nm); coupled with Energy dispersive X-ray spec-
troscopy (EDS).JASCO 5300 FTIR spectrometer was used for Py-FTIR
measurements. A thermostated cell with a special NaBr window
warmed up to 400°C and 4.2 x 10~2 Torr during 2 h was employed
to avoid possible sample hydration.

2.4. Catalytic activity

The hydrogenation reaction of teteralin in presence of the N-
compound was carried out at 250°C and 15 atm of H, and 500 rpm
ina 600 mL stirred autoclave (Parr Pressure Reactor 4536). The typ-
ical procedure was as follows: Tetralin was dissolved in 50 mL of
dodecane to a concentration of 5 wt.%, 150 ppm of N as indole (Feed
1) or quinoline (Feed 2) were added. The mixture was poured into
the autoclave and the catalyst (250 mg) was transferred to the reac-
tor. The reaction time was 8 h; samples were taken every half an
hour. The results were compared with those of a typical HDN cat-
alyst NiMo/Al, 03 Criterion DN200. This catalyst was presulfided
accordingto [56]. The products were analyzed with a HP 5890 Series
II GC and HP-5 capillary column and identified by GC/MS.
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Fig. 1. (a) XRD pattern; (b) N, adsorption-desorption isotherms; (c) UV-vis Diffuse Reflectance Spectroscopic and (d) Raman of the samples synthesized.

3. Result and discussion
3.1. Characterization of the catalysts

3.1.1. XRD, N, adsorption isotherms, UV-vis-DRS and RAMAN

Fig. 1a shows the XRD plots of the synthesized samples. Siliceous
SBA-15 pattern used as reference [51] showed three-peak around
20=0.80, 1.4 and 1.6, which are characteristic peaks of SBA-15
type mesoporous materials, representing the d100,d110 and d200
planes with 2D hexagonal order of p6 mm symmetry structure. The
unit-cell parameter, ag (Table 1) of the crystallographic structure
is obtained by solving an equation depending on the type of space
group. For a hexagonal SBA-15 structure, where d is the interplanar
spacing, ag is given by:

ag = 2di00/(3)!/? (1)

The peak position for Ti-SBA-15 slightly shifted to higher angles.
The shift of unit cell parameter may be attributed to longer Ti—O
bond length compared to Si—O bond. Such an observation indicates
successful incorporation of Ti into SBA-15 structure. In the wide-
angle XRD pattern of the samples synthesized, between 15 and 80

Table 1
Structural and textural properties of the catalysts.

SBA-15 Pt/Ti-SBA-15 Pt-Ir/Ti-SBA-15
Area (m?/[g) 1050 805 680
ap (nm) 12.04 115 10.9
dp (nm) 6.5 6.4 5.2
V, (cm?/g) 1.1 1.09 0.96
Ti/Si (EDS) 0.11 0.11
Pt/Ir wt.% (ICP) - 1.08 0.54/0.49

20 values (Figure not shown), the absence of characteristic peaks
of anatase/rutile phase, indicates an adequate incorporation of Ti
in tetrahedral position.

The nitrogen adsorption-desorption isotherms (Fig. 1b) of Ti-
SBA-15, Pt/Ti-SBA-15 and Pt-Ir/Ti-SBA-15 samples exhibit type IV
isotherms with hysteresis loops in the relative pressure range from
0.7 to 0.80, which confirm the mesoporous nature of these materi-
als.

The Brunauer-Emmett-Teller (BET) surface areas and the pore
diameter and volume are listed in Table 1. These results indi-
cate that the structure remains unchanged after Ti addition, in
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Table 2

XPS Binding energies and atomic surface ratio.
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Samples Binding energies (eV) of core levels Atomic surface ratios
Si2p Ti2p Ols Pt4f7/2(*) Iraf7/2(%) Ti/Si Pt/Si Ir/Si
Pt/Ti-SBA-15 103.4 459.5 5329 71.4 (Pt°=93) - 0.0029 0.0011 -
73.5(Pt2=7) -
Pt-Ir/Ti-SBA-15 103.4 459.7 5329 71.8 (P9 =88) 61.1 (Ir°=89) 0.0027 0.0008 0.0007

73.9 (Pt*2=12)

62.6 (Ir2 =11)

2 wt.% of Pt and Ir species (Pt, Pt2*, Ir? and Ir2*) in monometallic and bimetallic samples.
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Fig. 2. XPS of the samples synthesized.

agreement with XRD. In all cases, the average pore size and pore
volume is quite similar and slightly lower than presented by
the material support, confirming that no pore blockage occurs
after metal (Pt/Ir) incorporation. UV-vis diffuse reflectance spec-
troscopy (UV-vis-DRS) (Fig. 1c) was used to study the dispersion
and chemical environment of Ti incorporated in SBA-15 matrix.

Fig. 1c shows the spectra of Ti-SBA-15 after incorporation of Pt and
Pt-Ir nanoclusters. The band at 210 nm, corresponding to tetrago-
nal titanium with Ti(OSi)y4, structure is present in both samples.
The intense ligand-to-metal charge transfer transition band at
~200 nm (between titanium and oxygen in the framework pm—dm)
is attributed to mono-atomically dispersed Ti** ions in tetra-
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coordinated geometry [57-59]. The results indicate that, in these
samples, the Ti species introduced are well-dispersed in the SBA-15
mesoporous framework, in good agreement with what is deter-
mined from the wide angle XRD patterns. Raman Spectroscopy of
the samples is showed in Fig. 1 d, three bands are observed in
Pt-Ir/Ti-SBA-15 and Pt/Ti-SBA-15 at 490, 530 and 1100 cm~!. The
signals at lower frequency correspond to bending and symmetric
stretching vibration of Ti-O-Si species in the framework, respec-
tively. The band at 1100cm~! is due to the symmetric vibration
of tetrahedral coordinated [Ti(OSi)4] units in SBA-15 [60]. Anatase
spectrum showed is used as reference. The absence of characteristic
anatase bands [61] indicates the incorporation of Ti in tetrahedral
position.

3.1.2. XPS

According to XPS spectra (Fig. 2a and b) and Table 2, the appear-
ance of the signal of Ti2p3/2 at 459 eV is indicative of tetrahedral
Ti coordinated (NN=4) due to isomorphous Si substitution [62].
Thus, in agreement with the data obtained by UV-vis and Raman
spectroscopy, titanium is incorporated as Ti*# isolated ions in tetra-
hedral (Td) coordination.

XPS spectra and binding energies (BE) of core electrons of plat-
inum and iridium (4f signal) are also shown in Fig. 2c and d and
Table 2, respectively. According to the literature, BE at 61.0eV is
assigned to Ir® and 62.0 eV is assigned to Ir-O [63-65]. BE of Pt4f of
metallic Pt, in Pt/Ti-SBA-15 appears at 71.4 eV, whereas in Pt-Ir/Ti-
SBA-15 around 71.8 eV. The shift to higher BE for Pt 4f in the Pt-Ir
sample could be related to a lower electron density on the Pt sites
due to the presence of Ir (higher electron affinity). The shifts of the
BE of Pt suggest the formation of a bimetallic Ir-Pt alloy, as reported
for similar systems following the Pt4f7/2 and Ir4f7/2 peaks [63-65].
On the other hand, the diminution of Ir-O species in Ir-Pt samples
indicated the electronic transfer from Pt to Ir. Peak area analysis
gives a major contribution of metallic Pt and Ir; Pt9 and Ir® content
is more than 88% in all cases, indicating that in both samples the
noble metals are metallic atoms after the reduction procedure.

According to the atomic surface composition of the samples
(Table 2) at 50-100 A of depth (external surface of the catalysts),
the low atomic ratios (% at) would indicate that most of the metals
are in the inner surface of the material.

3.1.3. TPR

The characterization of the catalysts is also carried out by
temperature-programmed reduction; each spectrum provides
information of the reducibility of the catalyst. TPR profiles plot-
ted in Fig. 3 shows the reduction temperatures for the samples
synthesized. Pt/SBA-15 presents only one peak at 210°C. In the
Ti-containing samples, the reduction temperature of the platinum
species decreases to 175°C, this indicates that Ti incorporation
improves the reducibility of platinum. The appearance of a peak
not seen in the monometal system has been used as a measure
of bimetal formation [66]. In the bimetallic sample the reduction
peak occurred at slightly higher temperature than that of Pt/Ti-
SBA-15, this is due that iridium has higher reduction temperature
than Pt. Another indication of bimetal formation that applies to the
platinum-iridium system is the appearance/disappearance of the

Table 3
Quantification of Bronsted and Lewis sites at different temperatures.

Pt-Ir/Ti-SBA-15

Pt/SBA-15

TCD Signal (a.u.)

: T e T .
0 50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 3. TPR of the samples synthesized.

IrO, peak. It is known that the oxidative agglomeration of iridium
to form IrO, is inhibited by platinum-iridium bimetal formation
[66].Therefore the disappearance of the IrO, peak in the reduc-
tion profile can be used to identify bimetal formation. Likewise,
the IrO, peak is not observed in the case of the Pt-Ir/Ti-SBA-15. The
platinum-iridium bimetal formation in different supports has been
investigated [67]. It has been proposed that the ease of bimetal
formation varies as: TiO, (easiest) >SiO; >A1,03 [67]. This is in
agreement with the presence of one peak at lower temperature
of the reduction indicating the formation of the Pt-Ir alloy in Pt-
Ir/Ti-SBA-15 catalysts.

3.14. TEM

In Fig. 4a and b, we can observe that Ti-SBA-15 shows a typical
hexagonal pore structure of SBA-15 materials with network chan-
nels, uniform pore size and long-range ordering. The calculated
pore diameter was about 6 nm, close to that estimated from nitro-
gen sorption isotherms. No changes in morphology were observed
after the modification, suggesting that the metals are uniformly
dispersed on Ti-SBA-15 support.

From the TEM micrograph, the calculated metal-cluster size was
about 2.5 nm for the monometallic Pt/Ti-SBA-15 (Fig. 4c) and about
3-3.5nm for the bimetallic Pt-Ir/Ti-SBA-15 (Fig. 4d). This finding
probed that Ti incorporation helped to reduce the metal cluster size
and improved metal dispersion compared with our previous report
on bimetallic couples supported on siliceous-SBA-15 [51]. In the
case of bimetallic Pt-Ir/Ti-SBA-15, the higher size of the deposited
species inside the pores could be the reason for decreasing size of
the pores with the subsequent decreasing in area (Table 1). This can
be due to a higher load of channels because of the larger nanopar-
ticles, than in the monometallic catalyst.

SBA-15 Ti/SBA-15 Pt/Ti-SBA-15 Pt-Ir/Ti-SBA-15
Temperature (°C) B (mmol/g) L (mmol/g) B (mmol/g) L (mmol/g) B (mmol/g) L (mmol/g) B (mmol/g) L (mmol/g)
50 - 0.20 - 0.90 - 0.88 - 0.75
100 - 0.12 - 0.46 - 0.51 - 0.45
200 - 0 - 0.12 - 0.10 - 0.08
300 - 0 - 0.03 - 0.00 - 0.00
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Fig. 4. TEM of the samples synthesized. a and (b) Ti-SBA-15; (c) Pt/Ti-SBA-15; (d) Pt-Ir-Ti-SBA-15.
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Table 4
Kinetics constants for the different samples derived from the kinetics analysis.

Samples Kinetic Constant k (min~1) Adsorption Constant Ky (L/mmol) Quinoline/Indole
Pt-Ir/Ti-SBA-15 0.0325 145/110
Pt/Ti-SBA-15 0.0256 158/130
NiMo/Al,O5(Criterion DN200) 0.0016 80/105
F=1.56 x 10-5.

12

11 1

-In (CTL/CTLo)

0 . : - T T - - - - -
0 40 80 120 160 200 240 280 320 360 400 440 480 520
Time, min
¢ Pt-Ir/Ti-SBA-15 ® Pt/Ti-SBA-15 HNiMo/AI203

Fig. 5. First-order behavior of the tetralin hydrogenation without inhibitors at 250°C and 15 atm.

3.2. Py-FTIR spectroscopy

The acid strength of the Ti-SBA-15 support and monometallic
and bimetallic samples was studied using the pyridine adsorp-
tion method. Py-FTIR spectra of the samples were measured in the
region of 1700-1400 cm~!. Results are shown in Table 3. Accord-
ing to the literature, pyridine adsorbed on Lewis acid sites exhibits
signals at 1450, 1596 and 1615cm~! [68]. Bands at 1540 and
1640 cm™! are assigned to Bronsted acid sites present in the mate-
rial. Further, pyridine co-adsorbed on both Bronsted and Lewis acid
sites gives rise to a band at 1495 cm~! [69]. Py-FTIR results show
that the incorporation of Ti into the framework of SBA-15 provides
Lewis acidity to the catalyst. All catalysts exhibited Lewis acid sites.

3.3. Catalytic activity

The major products in the hydrogenation reactions of tetralin
were trans-decalin and cis-decalin, the presence of naphthalene
was negligible since the experiments were performed far below
the thermodynamic equilibrium. Decalins appeared to be unreac-
tive under these conditions. In order to study the behavior of the
samples, computation of kinetic parameters can be useful to shed
further light on this issue.

3.4. Kinetic model for tetralin hydrogenation in absence of
inhibitors

Under the conditions of the present study, all the reactions were
considered irreversible, and since hydrogen is in excess, hydrogen
partial pressure was considered constant; therefore, the result-
ing parameters were defined as apparent. The experimental data
obtained for the hydrogenation of tetralin without inhibitors in the
feed were fitted to a pseudo-first-order rate equation Eq. (2) were:

In (%) — _kt )

Where, k is the rate constant; Cy (M) and Ct (M) are the concentra-
tions of tetralin at 0 min and t min, respectively. Plots of In (Ct/Cgp)
versus reaction time (t) are shown in Fig. 5; the linear relationships
obtained, with R2>0.99 in all the cases, confirm the pseudo-first-
order reaction kinetics proposed. The catalytic results revealed a
good performance of both catalysts. However, the higher rate con-
stant was obtained for Pt-Ir/Ti-SBA-15 (Table 4).

To obtain a high selectivity to cis-decalin is an important goal in
this work. The trans/cis ratio was found to be practically constant
with the conversion for both catalysts and close to 0.6. This behav-
ior is different for a commercial NiMo catalyst, where the trans/cis
ratio are much higher and increases as the conversion increases
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Fig. 6. Kinetic of the hydrogenation of tetralin at T=250°C, P=15atm, 500 rpm. Feed 1: 5wt.% of tetralin and 150 ppm of nitrogen as indole in dodecane. The lines were
obtained by fitting the kinetic curves derived from the model to the experimental data.
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Fig. 7. Kinetic of the hydrogenation of tetralin at T=250°C, P=15 atm, 500 rpm. Feed 2: 5 wt.% of tetralin and 150 ppm of nitrogen as quinoline in dodecane. The lines were
obtained by fitting the kinetic curves derived from the model to the experimental data.

Table 5

Turn over frequency (TOF) of the catalysts calculated according CO chemisorptions results.
Catalyst CO?%(cm3/g) D?(%) TL Conversion (%) Feed 1; Feed 2 (TL moles g ~! min~1)° Feed 1; Feed 2 TOF (min~') Feed 1; Feed 2
Pt-Ir/Ti-SBA-15 1.32 72 98; 80 1.81; 1.477 30.7; 25.1
Pt/Ti-SBA-15 1.45 78 77,63 1.12; 0.916 17.3;14.1

2 Dispersion determined by CO chemisorption.
b Tetralin (TL) conversion at 3 h of reaction time (initial tetralin/catalyst ratio =0.056 mol/g).
¢ Moles of tetralin converted obtained from multiply 0.056 x Conversion/100 x k.

Table 6
Atomic surface ratios of Pt-Ir/Ti-SBA-15 after three catalytic cycles obtained by XPS.
Sample Atomic surface ratios
Pt-Ir/Ti-SBA-15 Ti/Si Pt/Si Ir/Si

0.0024 0.00074 0.00052
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Fig. 8. Catalytic activity of the samples in the hydrogenation of tetralin and HDN of indole (Feed 1) and quinoline (Feed 2) at 3 h of reaction time.

[50,54,55]. We obtained high yield to cis-decalin, which could be 3.5. Kinetic model for tetralin inhibition by nitrogen

further opened to form products with a high cetane number in

the Ring Opening reactions [70]. As we demonstrated in previous The experimental data obtained for the hydrogenation of
works [50,51] iridium is selective for cis-decalin, and platinum is tetralin, when quinoline or indole was added in the feed, were fitted
very active for hydrogenation.
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Fig. 9. Catalytic activity of the samples after three catalytic cycles. Cat=250 mg, time of reaction=3h.
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Fig. 10. Characterization of Pt-Ir/Ti-SBA-15 after three catalytic cycles: (a) XRD; (b) UV-VIS-DRS.

with the following equation, suggested by La Vopa and Satterfield
[71]:

_ k CTL
1+ ) KnCy

where r; is the rate for the hydrogenation of tetralin inhibited by
nitrogen compounds, k is the pseudo-first order rate constant for
the hydrogenation of tetralin with no inhibitors obtained with Eq.
(2) (first column Table 4), Ky is the apparent nitrogen compound
adsorption equilibrium constant (L/mmol) representing the behav-
ior of the nitrogen compound that contributes to the inhibition, and
Cy is the initial quinoline or indole concentration (mmol/L). The
results of these experiments were fitted according to Eq. (3). The
parameter estimation of the kinetic model was performed with the
Powell version of the Levenberg-Marquardt algorithm. The differ-
ential equation was solved using the EPISODE package of Scientist®.
The objective function Eq. (4) was the sum of the squares of the
differences between experimental and calculated conversion of
tetralin vs. time of the reaction, for each catalyst.

rTL

(3)

n
F= ?(Xexp —Xcal)2 (4)

The kinetics constants for the different samples derived from
the kinetics analysis and the objective function value are shown in
Table 4.

In this model, as a first approximation, we consider the global
effect of the nitrogen compound as an inhibitor or poison, so the
value of the concentration of quinoline or indole was considered
constant during the reaction and equal to the initial concentration.
This model does not take into account if the compound is converted
or not. In fact it is known that indole or quinoline intermediates, as
well ammonia has different adsorption constant depending on the
characteristic surface of the catalyst. In a previous work we study
the mechanism of indole HDN and determined the adsorption con-
stant of each intermediate of indole HDN over a similar noble metal
catalyst [72]. But in the case of this study the only purpose was
evaluate the effect of inhibition in the hydrogenation of tetralin.

The good representation of the experimental results by the
proposed rate equation implies that the inhibition effect is approx-
imately constant during each test (Figs. 6 and 7).

The titanium-modified monometallic and bimetallic samples
presented higher rates than the commercial NiMo catalyst. Pt-
Ir/Ti-SBA-15 had the highest constant rate, taking into account
the highest value of k. Quinoline presented the higher inhibiting

strength in the metallic catalysts. Contrary behavior was observed
with the commercial NiMo catalyst.

The good fitting of the proposed model suggests that the cov-
erage of active sites by nitrogen compounds is established in the
early stages of the reaction and remains nearly constant through-
out the experiment, probably due to the slow kinetics of desorption
of these compounds. As proposed by Jian and Prins [ 73] for the HDN
of quinoline, the hydrogenated compounds could remain adsorbed
and subsequently be readily transformed into products. These
adsorbed species could be responsible for the inhibiting effects.

In addition, significant inhibition from NH3 has been reported
in some previous studies over NiMo catalyst [54,55,74,75]. In con-
trast, Satterfield et al. [71,76] found that NH3 had no significant
effect on the phenanthrene hydrogenation network until the HDN
reactions were nearly complete. In a previous study, Lee and Sat-
terfield [75] have shown that NH3 can inhibit the hydrogenation of
tetralin to decalins. Likewise Chadwick and Siewe [77] also found
that the presence of NHj3 significantly reduced the rate constant
(80% reduction) for tetralin hydrogenation over P-NiMo/alumina
catalyst. Despite the strong influence, the effect of NH3 was found
to be reversible at the studied conditions. Mignard et al. [78],
who studied the effect of H,S and NH3 on aromatics hydrogena-
tion over sulfided Pt and NiMo based hydrotreating catalysts, also
found inhibition with ammonia. In another study, Korre [79] found
that the ammonia adsorption constant was much higher than the
phenanthrene adsorption constant. Although, has been no sys-
tematic study comparing its relative effect with other nitrogen
compounds for the HYD and HDS reaction for noble metal catalyst.

Basic and non-basic nitrogen compounds have distinct elec-
tronic structures and properties that determine their differences
in HDN reactivity on catalyst surfaces. On a catalyst with acidic
surface, basic nitrogen compounds (quinoline) may show higher
reactivity. In our best catalyst quinoline is further adsorbed com-
peting with tetralin for the same sites, which could be the reason
of its higher inhibition effect.

As we demonstrated above, the kinetic model described very
well the inhibition effect of N-compound over tetralin hydrogena-
tion, but in this section is interesting to note that our catalysts
not only are resistant to nitrogen but also they are very active for
denitrogenation reaction.

In Fig. 8 we show the conversion of tetralin and the inhibitors
at 3h of reaction time. In the figure we can see that quinoline
and indole adsorption is in fact not irreversible and they are fully
converted to denitrogenated products (HDN conversion defined
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as mol% of denitrogenated products respect the initial concen-
tration of the N-compound at 3 h of reaction time). We can also
observe in Fig. 8, that HDN of the nitrogen-compound is very
high for both catalyst and quinoline inhibition on tetralin conver-
sion is higher than indole inhibition as determined in the kinetic
study. Literature on indole HDN suggests that o-ethylaniline (OEA)
is the exclusive intermediate towards formation of hydrocarbons
[80-84], following indoline formation. Two major pathways were
proposed to account for the formation of ethylcyclohexane (ECH)
and ethylbenzene (EB), which are the two main HDN products from
indole. One route occurs from hydrogenolysis of indoline (HIN) to o-
ethylaniline (OEA) and the other from hydrogenation of indoline to
octahydro-indole. A secondary route from o-ethylcyclohexylamine
(OECHA) to ethylcyclohexene (ECHE) is also included in the mech-
anism proposed, occurring through a nucleophilic substitution
reaction [85-88]. In this work, the products identified by GC/MS
were indoline (HIN), o-ethylaniline(OEA), ethylbenzene (EB) and
ethylcyclohexane (ECH); these accounted for more than 95% of the
total of the products. In quinoline HDN reported studies [89-94],
quinoline is hydrogenated to 1,2,3,4-tetrahydroquinoline (THQ),
which subsequently undergoes C—N bond hydrogenolysis to form
2-propylaniline (OPA) and then propylbenzene, which is fully
hydrogenated to propyl cyclohexane. The products identified here
by GC/MS were 1,2,3,4-tetrahydroquinoline (THQ), o-propylaniline
(OPA) and propylcyclohexane accounting for more than 90%.

In this work, the higher activity of the synthesized catalysts
could be also related to the acidity of the support. The incorpo-
ration of tetrahedral titanium increases the Lewis acidy of the
catalyst, both metallic and bimetallic samples possess Lewis acid
sites (Table 3), in Pt-Ir/Ti-SBA-15 they are slightly weak, only a few
of them are present at 200°C and disappear at 300 °C. Since both
catalysts are active, noble metallic sites and Lewis acid sites are
believed to play an important role in the catalytic activity of Pt-
Ir/Ti-SBA-15. This reinforces the idea that Lewis acidity helps for
the higher HDN (C—N bond cleavage) activity. This also demon-
strated the great influence of the support over the metal actives
species. It can be attributed to the presence of Lewis sites derived
from Ti incorporation into the framework and the effect of the
support changing the electronic environment of the platinum and
platinum-iridium sites. This indicates that titanium incorporation
promotes HDN of indole and quinoline as was demonstrated in or
previous work [72].

Previous results using NiMo/Al,03 showed that C—N bond
cleavage reactions were relatively slow compared to hydrogena-
tion reactions under the conditions studied [88]. In the case of our
best catalyst, both hydrogenation and C—N bond cleavage were
very fast compared with those of NiMo catalyst. This fact could be
ascribed to the high hydrogenation capacity of platinum and high
hydrogenolysis capacity of iridium combined with Lewis acidity
generated by the presence of titanium in the mesoporous frame-
work. Hydrogenolysis reactions have higher activation energies
than those of hydrogenation reactions and, the increase of the
acidity will preferentially increase the rate of C—N bond cleavage
reactions. Titanium incorporation increases hydrogenation activity
compared with the Ptlr-bimetallic catalyst without titanium stud-
ied in a previous work [51]. Indole and quinoline inhibition was
highly decreased with the presence of titanium. Titanium allows
better dispersion and good reducibility of iridium and platinum,
combined with higher acidity of the support, which yields a more
active catalyst.

In order to find out if there is a direct correlation between noble
metal particles dispersion and activity is interesting to analyze the
activity comparing the turnover frequency (TOF). For that reason,
carbon monoxide chemisorptions were performed for the synthe-
sized catalyst. Dispersion was calculated assuming a 1:1 CO to metal
stoichiometry and the results are presented in Table 5. Correspond-

ing turnover frequencies (TOF) were calculated using the number
of active sites of the catalysts determined by carbon monoxide
chemisorption and the converted moles of tetralin to decalin at
3 h of reaction time.

When the TOF is considered maximum activity was found with
Pt-Ir/Ti-SBA-15. The different values of TOF suggest, that the higher
conversion levels are more related to the nature of the catalytic
centers involved in the reaction than to the particles dispersion.
The higher value of TOF for Pt-Ir/Ti-SBA-15 compared with Pt/Ti-
SBA-15, despite of it slight lower dispersion is evidence than the
bimetallic sites are different and more active than monometallic
platinum. Lower TOF were obtained when quinoline was present
(Feed 2) confirming quinoline is a stronger inhibitor than indole for
both catalysts.

3.6. Deactivation of the catalyst

The deactivation of a catalyst is very important for industrial fea-
sibility. The reusability of the catalyst has been tested after washing
with water-methanol and calcination for 2 h in a muffle furnace at
500°C and reduced in H, flow of 20 mL/min at 470°C using the
same procedure described above. We observed that the activity
remains after the third recycle for both feeds, compared to a fresh
catalyst (Fig. 9). The catalysts used after 3 operation cycles were
analyzed by XRD, UV-vis-DRS (Fig. 10) and XPS (Table 6) showing
that the catalysts retain its structure and no leaching of Ti takes
place. The reusability of the catalyst indicates that Pt-Ir/Ti-SBA-15
is a potential catalyst, which can be applied to this process.

4. Conclusion

The bimetallic catalyst prepared using the titanium-modified
SBA-15 support was very active for HYD of tetralin and HDN
of indole and quinoline. Quinoline, a basic compound, presented
the higher inhibiting strength in the metallic catalysts. Contrary
behavior was observed with the commercial NiMo catalyst. The
dramatically difference in activity of the bimetallic-catalyst com-
pared to the commercial NiMo/Al,Os justify the cost.
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