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Nomenclature

IR-ATR Infrared Spectroscopy — Attenuated Total Reflectance

DFT Density Functional Theory

DFT-D3 Zero Damping Density Functional Theory Dispersive Correction
FT-IR Fourier Transform Infrared Spectroscopy

IRE Internal Reflection Element

MCT Mercury Cadmium Telluride detector

PAW Projector Augmented Wave Method

PBE Perdew-Burke-Ernzerhof exchange-correlation functional

usy Ultra-Stable Y Zeolite

VASP Vienna Ab-initio Simulation Package
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IR Detector

The interaction modes leading to inhibit the hydrocracking catalysts (e.g. zeolites) by the
weakly basic nitrogenates, such as indole, were not yet fully understood. The low vapor
pressure of these molecules was presenting the inherent difficulty to their study in the gas phase
setups. In this work we evidenced, by combining liquid-solid IR-ATR experiments with Density
Functional Theory calculations, the vibrational frequencies of the different interaction modes of

pyridine and indole with the zeolitic acid sites.
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ABSTRACT

In the present work, the liquid-solid interaction of liquid N-heteroaromatic compounds,
commonly present in the petroleum feedstocks of the refineries, with Y zeolites used in
hydrocracking catalysts was followed using IR-ATR spectroscopy. The inhibition of the zeolitic
acid sites by strongly basic pyridine as well as by weakly basic indole was highlighted using a
continuous flow IR-ATR cell. Results were assessed by Density Functional Theory calculations
to compute the vibrational frequencies of pyridine and indole according to the nature of the
interaction sites: silanol groups or acidic OH groups. The study points out that IR-ATR
spectroscopy opens the way for investigating the interaction modes of low vapor pressure
molecules (e.g. indole) that present an inherent difficulty to be operated in the gas phase.
Moreover, the IR-ATR makes possible the analysis of the little-explored low wavenumber zone
(< 800 cm™), that presents informative vibrational modes on the adsorption mode of N-
molecules. Hence, this work points out that for pyridine, the bands at 686 and 727 cm™ are
characteristic of pyridinium species formed over zeolitic OH groups, meanwhile, the signals at
703 and 750 cm™, are associated to pyridine in interaction with silanol groups. The IR-ATR
study reveals that indole, a weakly basic compound, can be protonated on acidic Y zeolites as
unambiguously evidenced by the formation of the bands at 1617, 1608, 1543 and 705 cm™.
Findings here exposed are crucial for studying inhibitory effects exerted by weak nitrogenated

compounds on acidic materials during hydrocracking processes.

KEYWORDS: IR-ATR in situ, organonitrogen compounds, liquid-solid interface, indole,

pyridine, zeolite, Brgnsted acidity, silanol group, molecular modeling.
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1. INTRODUCTION

Understanding the adsorption of nitrogen-heteroaromatic compounds over zeolites is a key to
improve their design and applications in the chemical industries.! The interaction of nitrogen
heteroaromatics with zeolites has been amply studied within the frame of refining processes
such as hydroprocessing and hydrocracking.”® Among these compounds, pyridine and indole-
type molecules are commonly present in the petroleum feedstocks of the refineries.!”? They are
recognized to exert inhibitory or poisoning effects over the activity and selectivity of zeolite-
based catalysts employed in hydrocracking units.®® @ The inhibitory effect induced by strongly
basic pyridine type compounds; which possess an electron-pair donor ability, is broadly
documented.™ 2 Nonetheless, the effect of nitrogen heteroaromatics such as indoles (pKa
Indole-H*/Indole = -3.6), carbazoles, benzocarbazole over hydrocracking catalysts has only
been recently put in evidence.*¥ Indeed, a previous work confirmed that weakly basic
nitrogenates are the most abundant nitrogenates in a hydrotreated vacuum gas oil (ca. 20 ppm of
total nitrogen content).” Even at such a low concentration level, these compounds reduced the
catalytic activity and influenced the selectivity of the employed catalyst.”! However, the
interaction mode leading to inhibit the zeolitic acid sites by the weakly basic nitrogenates was
not fully understood.

Otherwise, N-heteroaromatic compounds such as indole are also valorized in the synthesis of
fine chemical (pharmaceuticals, agrochemicals, and dyes).**®! These reactions are
conventionally performed over both liquid phase Bransted acids and Lewis acids.’”! However,
due to the production of harmful wastes, corrosion issues, and the difficulty of product
separation, recent efforts have been made in replacing these substances by zeolites.'*?” Indeed,
the reaction of indole with zeolitic acid sites was reported for the production of biologically and
physiologically active chemicals, by electrophilic or nucleophilic substitutions reactions.
Gopal et al. studied the vapor-phase alkylation of indole with methanol to produce 3-
methylindole over a series of protonic and rare earth cation exchanged Y zeolites and HZSM-5

zeolites.™ The authors reported that the Bransted and Lewis acid sites of medium strength are
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key for the performed reaction. Karthik et al. investigated the electrophilic substitution over the
C3 (carbon 3) atom of indole with aldehydes, using proton exchanged Hp, HY, HZSM-5, and
Zn ion-exchanged Y zeolites, for producing bis(indolyl)methanes; that are active substances for
the promotion of beneficial estrogen metabolism in the human body."?” The authors claimed a
correlation between the increases of the reaction yield and the amount of Lewis acid sites,
assessed by DRIFT measurements of adsorbed pyridine. However, the interaction mode of

indole molecules with the active sites in the zeolites was not investigated.

In this sense, IR spectroscopy can be used to discriminate the different interaction modes of the
molecules with the acid sites of the catalysts./”®! Most of the work, in which IR spectroscopy
characterizations are included, make use of the transmission-adsorption and diffusive
reflectance mode of analysis.” Thus, IR cells for in situ and operando studies working on
transmission mode have been developed for characterizing the different interaction modes of the
molecules with the acid sites after specific activation conditions and/or during the reaction.*!
The feasibility of an IR gas phase study is limited by the vapor pressure of the studied probe
molecules. For pyridine, the saturation of solid materials under low pressure conditions is
relatively easy to perform since the vapor pressure of the molecule is about 2733 Pa at 298K.%%*!
However, when the molecules exhibit low vapor pressures, such as indole and indole-
derivatives (P®ig0e = 1.6 Pa at 298K), their handling in the IR in situ cell becomes either
problematic or unfeasible. In such cases, the characterization with IR-ATR spectroscopy opened
a wide range of possibilities for in situ studies of liquid-solid adsorption.!*! Experimental setups
concerning IR-ATR continuous flow,””?! batch cells,*™ and others have been adapted for
studying the adsorption of probe molecules in the liquid phase,'”® as well as for homogeneous
and heterogeneous catalytic processes and electrochemical studies.**® In particular, Rivera et
al. performed pyridine adsorption in liquid phase over sol-gel films deposited over the ATR
crystal solubilized in n-heptane and methanol.*”! Panella et al. used a liquid-solid IR-ATR batch
cell to study the reactivity of amino-functionalized silica-coated magnetic nanoparticles of

Si0,/Fe;0,.5%
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As a complement to IR spectroscopy experiments, first-principle calculations for the adsorption
of probe molecules can provide deeper insights into the mechanisms of adsorption. Figure SI-1
depicts the formation of the ion-pair complex for pyridine adsorbed on a model Bransted site.[**"
I In this sense, Castella-Ventura et al. described the vibrational modes of pyridine adsorbed on
a twelve tetrahedra (12T) cyclic cluster, for modeling the zeolite acid site."? The authors drew
attention to the importance of including dispersive interactions in the quantum mechanical
model for future studies. Their results were in line with the formation of an ion-pair complex of
pyridine H-bonded to the acid site, concluding that the mentioned adsorption mode is
energetically more stable than the non-protonated hydrogen-bonded pyridine molecule. Thus,
the interest of the theoretical assessment for predicting the characteristic bands in the IR
spectrum for a specific interaction of probe molecules was clearly shown. We should mention

here that the literature does not report any study of the adsorption of indole molecules on acidic

solids.

Given the foregoing, in this work, an assessment of the adsorption of pyridine and indole on
zeolites via an in situ liquid-solid IR-ATR methodology is presented. Two zeolites presenting
different Si/Al ratios were studied: namely, HY and USY. Besides, siliceous MCM-41 was also
used as a material free of aluminum and with very limited acidic properties. Experiments were

complemented by DFT calculations to help in the interpretation of the results.

In the first part of the study, the validation of the IR-ATR liquid system was successfully
performed by comparing pyridine adsorption in the gas and liquid phases over different solids.
The bands relative to the different adsorption modes of pyridine, e.g. over Brgnsted acid sites,
silanol groups, and Lewis acid sites were distinguished from the characteristic bands belonging
to pyridine in the liquid phase. In the second part, the adsorption and protonation of liquid
indole, an unfeasible experiment in the IR gas setups, was successfully carried out in the IR-
ATR liquid-solid setup. IR-ATR allows also exploring the low wavenumber zone (<800 cm™)
which is generally opaque in classical IR gas analyses, mainly due to the presence of structural

vibrations of the studied materials. Combining experiments and DFT calculations provided
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evidence for the protonation of indole. Thus, the obtained results confirm that the weakly basic
nitrogenates such as indole may strongly interact with zeolitic Brgnsted acid sites, which

explains the inhibitory effect on acid-type reactions reported on zeolite catalysts.™*!

2. EXPERIMENTAL SECTION

2.1 Studied Materials

Three solids were studied: namely, proton exchanged HY zeolite, Si/Al = 2.5, ultra-stable Y
(USY) zeolite, Si/Al = 33, and a siliceous MCM-41. HY zeolite and H-USY were supplied by
Union Carbide and Zeolyst International, respectively. Both zeolites were used as provided by
the suppliers. MCM-41 was prepared using the procedure of Griin et al., as described in

Supporting Information (SI)."!
2.2 Assessment of Physicochemical Properties

Chemical composition. The silicon and aluminum contents of the zeolites were measured by
inductively coupled plasma (ICP) coupled with optical emission spectroscopy using a Varian
ICP-OES 720-ES. ca. 50 mg of the solid to analyze was first dissolved in 1 ml of aqua regia
(HNO;3 / HCI = 1/3 v/v) and 3 ml of hydrofluoric acid (Merck, >48% in water). After 1 h of
stirring at 383K, 20 ml of ultra-pure water (VWR, > 99.99%) and 3.6 g of boric acid (Merck,
>99.5%) were added. Finally, the solution was diluted until reaching a total volume of 100 ml.

The concentrations of Si and Al obtained from ICP-OES are shown in Table 1.

Porosity and surface area. The porosity and surface area of the solids were estimated from
nitrogen adsorption-desorption isotherms measured at 77K using an ASAP 2020 (Micrometrics)
gas adsorption system within a relative pressure (P/P,) range between 0.05 and 1.00. Before the
adsorption of nitrogen, samples of ca. 100 g were outgassed at 623K under vacuum for 4 h. The
total and external surface areas were determined based on the BET theory for the zeolite

samples and on the a-plot method for the mesoporous silica solids,****! using non-porous silica
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LiChrospher Si-1000 (surface area = 26.2 m.g™) as a reference. The corresponding isotherms

are shown in supporting information (Figure SI-2).

IR study of the gas probes over the solids. The evaluation of the acidity of the solids was
performed by gas-phase pyridine adsorption followed by Fourier Transform Infrared (FT-IR)
spectroscopy. Samples were pressed into self-supported wafer (10 - 15 mg, precisely weighted)
with a surface of 2.0 cm? under a pressure of ~10" Pa using a Specac press. These wafers were
in situ activated under secondary vacuum from 298K to 623K (1 K.min™) and kept under the
latter temperature for 4 h under 10™ Pa. FT-IR spectra were recorded after submitting wafers to
the latter treatment. The vapor of pyridine was introduced into the cell at 298K and dosed from
0.09 to 0.90 umol. A final equilibrium pressure of 266 Pa was established in the IR cell.
Desorption was carried under secondary vacuum (10 Pa) at different steps of temperature until
423K for 20 min in each step. FT-IR spectra were recorded with a Thermo Fischer 6700
instrument equipped with an MCT detector. 64 scans were accumulated for each measurement
with a resolution of 4 cm™ Spectra were analyzed by subtracting spectra collected after
adsorption (or desorption) from the spectra corresponding to the activated samples. All spectra
were normalized to a disc constant mass of 5.0 mg.cm™ of the dried solids. The amount of acid
sites was calculated by integrating the bands related to the residual pyridinium ions (Brgnsted
sites) and coordinated pyridine species (Lewis sites) after desorption and considering their

molar absorption coefficients.™®!

2.3 IR-ATR Study of the Liquid Probes over the different Materials

The adsorption of solutions of n-hexane with pyridine (1 wt.%) or indole (0.5 wt.%) over the

different zeolites and MCM-41 films was studied by in situ IR-ATR measurements.

The schematics of the home-built continuous flow IR-ATR setup are shown in Figure 1. The
cell consists of a dome-like device mounted on the IR-ATR crystal that allows the flow of
either gases or liquids streams by a 3-ways valve. The Internal Reflection Element (IRE) was
provided with a Specac Golden Gate ATR device along with a diamond crystal and one
reflection beam. The IRE was placed in a Nicolet iS50 FTIR spectrometer equipped with

8
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nitrogen cooled MCT detector and purged under a flow of dry air without CO,. Two recipients,
one containing the solution with pyridine or indole and another containing the pure solvent were
connected simultaneously to a multi-channel peristaltic pump (Ismatec). An additional 3-ways
valve was employed for switching from the flow of the solution to the solvent. The solvent
employed was n-hexane (99%, Sigma-Aldrich), and the test solutions contained 1 wt.% of
pyridine (99.9%, Merck) or 0.5 wt.% of indole (>99%, Sigma-Aldrich). The indole solution was
less concentrated due to the low solubility of this compound in non-polar solvents. Finally, a

recipient was employed for storing the liquid effluents at the outlet of the IR-ATR cell.

Flowmeter

Solution

Continuous flow
ATR-IR Cell

Figure 1. Flowsheet type scheme of the continuous flow IR-ATR cell setup. The solution recipient contains the
diluted N-molecule into n-hexane; the solvent recipient contains pure n-hexane.

Prior to adsorption tests, a background was always recorded with the empty cell under an Argon
flow of 50 ml.min™. Each spectrum corresponds to the average of 32 scans collected with a
resolution of 4 cm™ (time resolution ~20 seconds). Spectra from the liquid solution and the
solvent were recorded. The samples of the zeolites were pretreated ex situ at 623K for 4 h under
secondary vacuum (10 Pa). The method proposed by Davantés et al. was adapted to deposit
the solid film of the sample onto the ATR crystal.”® Accordingly, a droplet of the concentrated
suspension of the pretreated solid, with a granulometry less than 20 pm, was put on top of the
IR-ATR crystal and left to dry. Thereafter, the deposited zeolites were dehydrated in situ under
an argon flow of 30 ml.min™ at 473K for 4 h. The MCM-41 film was studied without in situ
activation because of its instability during the treatment. After activation, the system was cooled
down to RT, and an n-hexane flow was put in contact with the solid sample, we should mention

that, in this step, all the solid films fairly resisted the sheer tension of the liquid flow. From this

9
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point onwards, a loop for the acquisition of IR-ATR spectra every 20 s was used to follow the
accumulation of n-hexane. The spectrum corresponding to saturation of the solid film by n-
hexane was taken as a reference to perform further difference with the spectra corresponding to
adsorption of the nitrogen aromatic compounds in solution with n-hexane on the solid film.
Afterward, keeping the same flow rate, the flow was switched to the solution containing
pyridine or indole until reaching saturation. Finally, the desorption of the weakly or non-
adsorbed probe molecules was achieved by switching back the liquid flow to n-hexane for

several minutes.

2.4 DFT Calculation of the Frequencies of Organonitrogen Compounds on

Protonic sites

The molecular level adsorption of the nitrogen heterocycles was assessed by theoretical DFT
calculations performed on a Brgnsted acid site located at the pore mouth of a model
mordenite.*” Mordenite was chosen instead of faujasite to save computational resources,
because of the considerably reduced number of atoms in the conventional unit cell of the latter;
144 atoms for mordenite in comparison to 576 atoms for faujasite, if we compare the pure
siliceous structures. In addition, the modeling was a constraint to the adsorption of the
organonitrogen compounds on the pore mouth of mordenite. In this regard, the choice of
mordenite, which has a 12T main cavity as in the supercage of faujasite, should not significantly
affect the calculated vibrational frequencies. Such an assumption is based on a theoretical
finding that evidenced that the stretching mode of the O-H group of Bransted acid sites is not
significantly affected by the position of the aluminum atom in the different cavities of the
framework.[**! Additionally, the IR spectra of pyridine adsorption on different Y-zeolites and
mordenite showed the characteristic bands of pyridine almost at the same frequency values.™! It
was also shown that the strength in the acidity, which is well described by the adsorption energy
of electron donor basic molecules, is more related to the chemical composition of the zeolite

than to its morphology.®”
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Calculations were carried out using the Vienna Ab-initio Simulation Package (VASP)
considering periodic boundary conditions and pseudo potentials.® ** The Projected Augmented
Wave (PAW) method and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
were chosen for performing all the calculations.® ! An energy cut-off of 600 eV was set with
a I'-point for sampling the Brillouin-zone. Gaussian smearing with a sigma parameter of 0.05
was chosen. Grimme’s density functional dispersive correction with zero dampings (DFT-D3)
was included to account for dispersive interactions.”"*® The external surface of the (001) plane
of a mordenite zeolite was modeled following the procedure described in previous work.™ The
Brensted acid site at the pore mouth was simulated by replacing one silicon atom for an
aluminum one, and subsequently hydrogenating the adjacent oxygen atom for compensating the
charge. The T2 position of the Brgnsted acid site on the twelve tetrahedra principal cavity was
chosen following Demuth et al. assumption that this represents the most stable configuration.®”
Terminal silanol groups were created when completing with hydrogen atoms the dandling
oxygen atoms bonds that are generated when the 001 plane is cut. A vacuum of 10 A in the z-
axis is added. The optimized 193-atom structure of the external surface of mordenite is shown
in supplementary information (Figure SI-3). The acidic characteristics of the modeled Brgnsted
site in the pore mouth of the mordenite were validated in previous work,® calculating the
vibrational frequency of the O-H group adjacent to the aluminum atom, and the atomic charge
of the hydrogen atom. A charge of +0.65 and a frequency of 3604 + 5 cm™ was taken to

represent the characteristics of a Brensted acid site.”**"

For studying the adsorption of the probe molecules, pyridine and indole were first optimized in
a vacuum cube box with an edge length of 25 A and a frequency calculation was subsequently
performed for obtaining the data of the isolated gas-phase molecules. The predicted vibrational
frequencies (not scaled) for pyridine and indole in the gas phase, interacting with the silanol
groups or with protonated OH groups of the zeolite were calculated. The interaction of pyridine
and indole over a Lewis acid site was not computed in this work. The protonation of indole was

performed over the carbon in the position 3 of the molecule (C3 site), known and checked to be

11
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the site with the highest proton affinity (PA) from all the 7 sites where the protonation is

possible (PA (3 protonation) = 212.4 kcal/mol).[*4

3. RESULTS AND DISCUSSION

3.1 Chemical and Textural Properties of the Solids

Table 1 presents the chemical composition and textural properties of the different materials.
From ICP results, the Si/Al ratio of the zeolites were calculated. An increase in the Si/Al ratio
for the zeolite USY33 containing less aluminum than HY2.5 is observed. The mesoporous
volume of the USY zeolite is higher in comparison to the HY2.5 zeolite due to the partial
destruction of the structure during the aluminum extraction procedure performed by the
supplier. The measured chemical and textural properties of the zeolites are similar to the
characterization results obtained for these materials in the literature./**® The MCM-41 solid
did not present any microporosity as shown in Table 1 and Figure SI-2 (nitrogen sorption
isotherms), also the obtained surface area, calculated using the a-plot method, was around 1000

m?.g™* which is in a good agreement with the results shown by Griin et al.l**!

Table 1. Chemical composition and textural properties of the different materials

ICP results (mg.g™) Surface area®(m*.g™) Pore volume (cm®.g™)
Adsorbents ) )
Si Al Total total micro  meso
HY 2.5 260.1 102.1 1063 0.39 0.36 0.03
USY 33 412.5 12.5 928 0.47 0.28 0.19
MCM-41 380.1 0.0 984" 0.65 0.00 0.65

#Nitrogen sorption
® Determined using a-plot™*®!

3.2 Pyridine Adsorption

3.2.1 IR Study of the Adsorption of Gas phase Pyridine over the Solids

In a first step, the acid sites were studied by pyridine gas phase adsorption on the solids
activated in situ at 623K. The IR spectra of the adsorbents before pyridine adsorption are shown
in Figure SI-4 and commented in the Supplementary Information. Figure 2 presents the IR

12
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spectra of the pyridine species remaining after in situ desorption at 423K under secondary
vacuum. The results show the presence of two interaction modes of pyridine with the acid sites.
The band at 1545 cm™* (vs, mode) is characteristic for pyridinium ions PyH" formed over
Bransted acid sites, while the band at 1455 cm ™ (vi9, mode) reveals coordinated pyridine (LPy)
over Lewis acid sites (Figure 2).1*%1 The observed band at 1490 cm™ is characteristic of the v;q,
mode over both Brgnsted Acid Site (BAS) and Lewis Acid Site (LAS), although its sensitivity
to the concentration of BAS is higher.®® The concentration of both BAS and LAS can be
calculated from the integration of vg, and vg, bands, respectively, using the following absorption

coefficients: ey = 1.8 cm.umol™and g py) = 1.5 cm.umol ™. X!

LPy + PyH* Table 2. Concentration of acidic sites in the
1490 different materials
0.2 a.u.
Acid sites (umol.g™*
Adsorbents u ¢)
LAS Total
LPy
1455 HY2.5 1263 22 1285
A HY2.5 USY33 08 61 159
I SY33
MCM-41 MCM-41 0 0 0
T1550 0 T 15000 0 1450

Wavenumber (cm?)

Figure 2. IR spectra of the residual pyridine species
over the different solids after desorption at 423K under
secondary vacuum.

Table 2 shows that the amount of BAS strongly decreases on USY33 as compared to HY2.5,
whereas, the amount of LAS increases due to the formation of extraframework aluminic phase
species during the dealumination treatment.®™ Over MCM-41, which only presents weak-
acidic silanol sites, no acid sites were evidenced after the pyridine desorption at 423K. These
results confirm that the studied solids present various properties in terms of nature and
concentration of acid sites that can serve as references to validate the characterizations

developed herein.

3.2.2 IR-ATR Study of Liquid phase Pyridine Adsorption over the Solids

13
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3.2.2.1 IR-ATR study

IR-ATR spectra of the thin films of Y zeolites and MCM-41 after deposition are shown in
Figure 3. It must be underlined that for IR analysis in transmission and diffusion modes, of a
self-supported silica-based wafer, the structural vibration bands of the solids make the zone
below 1200 cm™ almost completely opaque.® By contrast, as shown in Figure 3, these bands
present limited intensities in the IR-ATR spectra of thin films, which allows their analysis. For
the zeolite samples, the bands in the region at 850-650 cm™ are characteristic of the mix of the
symmetric stretching and bending modes of the T-O-T bridges (v2). Also, these bands shift up,
the lower is the Al content, as shown for the bands at 789 and 724 cm™ over the HY2.5 zeolite
that shift up to 831 and 787 cm™ over the low aluminum loaded USY33 zeolite.®! However, it
should be noted that probe molecule adsorption can induce distortion at the surface of the solids
that can shift the wavenumbers of these structural bands. Thus, positive - negative bands can
appear on the difference spectra. Hence, caution must be taken for the interpretation of the

bands detected in this low wavenumber zone after the adsorption of pyridine or indole.

usy33
MCM-41

1400 1200 1000 800
Wavenumber (cm1)

850 800 750 700 |
Wavenumber (cm) 1

Figure 3. IR-ATR spectra of the thin films of zeolites and MCM-41 as-deposited on the ATR crystal.

In general, in IR-ATR mode, all the IR bands as well as those corresponding to the adsorbed
species present very low intensities due to the limited thickness of the samples that are analyzed
(a few microns). Thus, cautions must be taken in order to avoid any artifacts that can hide the

14
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bands coming from adsorption. Among them, one may mention that it is important to watch the
stability of the concentration of water present as a contaminant in the purge of the spectrometer
during the experiment. Special care must be taken for spectral analysis of the region between

1400 and 1600 cm™ where IR bands of water are very intense.

3.2.2.2 IR-ATR study of the liquid phase pyridine - solid interaction

IR-ATR spectra of the liquid pyridine adsorption over the films of HY2.5, USY33, and MCM-
41 are presented in Figure 4. The figure compares the spectra of (1) the solution of pyridine in
n-hexane (dotted line), (2) the steady-state adsorption of liquid pyridine on the solid film (solid
line) and (3) the strongly-adsorbed pyridine species after removing the weakly or non-adsorbed
species by flushing the solid film with n-hexane (dashed line). The presented spectra are
difference spectra. Spectra (1) are obtained by subtraction the liquid n-hexane spectrum from
the spectrum of the solution of pyridine in n-hexane; spectra (2) are obtained by subtraction of
the spectra of pure hexane in interaction with the different solid films from the spectra
corresponding to the steady-state pyridine adsorption on the different solid films; spectra (3) are
obtained by subtraction of the spectra of pure hexane in interaction with the solid films from the

spectra recorded after flushing the solid films with n-hexane.

Over HY2.5 and USY33 zeolites (Figure 4-A and B), a large increase in the intensities of the
pyridine bands after adsorption is observed after comparing with the spectra recorded for the
liquid phase pyridine. This indicates an accumulation of pyridine molecules on the solid films
and confirms the adsorption phenomenon. Over the MCM-41 film, the adsorption of pyridine is
limited as it is indicated by the low intensity of the bands after pyridine adsorption. For the three
solids, the spectra show new bands when compared to those of liquid pyridine. The IR-ATR
spectra analyses were divided into 2 sections based on the wavenumber zones: high

wavenumber zone (1650-1400 cm™) and low wavenumber zone (800-650 cm™).
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Figure 4. IR-ATR spectra of pyridine adsorption over films of (A) HY2.5, (B) USY33 and (C) MCM-41 in
the high wavenumber zone (left hand side) and low wavenumber zone (right hand side). The solid lines
correspond to the spectra taken at the steady-state adsorption of the pyridine solution; the dashed lines

correspond to the spectra obtained after desorption of the weakly-adsorbed pyridine species by passing a

flow of hexane at 298K and the dotted lines refer to liquid pyridine spectrum.

High wavenumber zone analysis (1650-1400 cm™)

The spectrum of adsorbed pyridine on the HY2.5 zeolite (Figure 4A - solid line) presents bands
at 1544 and 1490 cm™, which characterize pyridinium ions formed over BAS. These bands
remain after flushing with the solvent (Figure 4A - dashed line), hence confirming that they

correspond to strongly adsorbed species. The bands at 1595 and 1444 cm™ were attributed to
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weakly H-bonded pyridine molecules (Py---H) with the solid,l"" this adsorption mode did not
resist the desorption under n-hexane flow. The bands for liquid pyridine were also detected
during the adsorption (1578 and 1437(shoulder) cm™), however, they were also eliminated

during the desorption.

Adsorption results obtained over USY33 are shown in Figure 4B. The bands related to
pyridinium ions (Figure 4B - solid line) are present at similar positions than over the HY2.5
zeolite (1544 and 1490 cm™). Note that the intensity of the BAS bands is less than on HY2.5 as
expected from the lower Al amount of USY33 (Table 1). The bands at 1597 and 1446 cm™
indicate the presence of LAS on this partially dealuminated zeolite (Table 2).*% This
assignment is confirmed by the stability of these species under flowing hexane. In addition, the
bands of pyridine interacting with silanol groups (1596 and 1444 cm™) and liquid phase
pyridine (1578 and 1437 cm™) were also detected. However, these bands disappeared by

flushing with n-hexane (Figure 4B - dashed line).

Over the MCM-41 film, pyridine bands are not intense (Figure 4C - solid line), even being hard
to tell them apart from the spectral noise. The spectra mainly exhibit the bands for liquid
pyridine. Only two bands at 1596 and 1444 cm™ indicate the formation of weakly-adsorbed H-
bonded pyridine species. Rivera et al. reported a similar pattern for pyridine adsorption in the
liquid phase on silica,’”? which allowed observing mainly the characteristic bands of liquid
pyridine. They reported the appearance of one weak band at 1492 cm™ attributed to pyridinium
ions, indicating the presence of strong acid sites. This suggests some Al contamination in the
silica. These authors also highlighted the presence of noise in the spectra ascribed to water in
the vapor phase that distorts the spectra between 1600 and 1400 cm™, which makes difficult to

distinguish pyridine bands in this region.

The acidic site nature of the solids detected by pyridine under liquid phase is in good agreement
with that obtained with pyridine under gas phase (section 3.2.1 - Table 2). It is not possible to
make a quantitative assessment of the acidic sites by IR-ATR due to the absence of accurate

knowledge of the volume of solids probed by the ATR signal. However, a comparison of the
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ratio between the various pyridine species formed over the tested solids in the gas and liquid
phases experiments can be done. The ratios of the areas of the bands located at 1490 cm™ (H-
bonded and coordinated pyridine) and 1544 cm™ (protonated pyridine) were compared for
pyridine adsorption performed in the gas-solid conditions in the IR transmission set up (areas
measured after pyridine evacuation at 423K) (Figure 2) and performed in the liquid-solid with
IR-ATR set up (areas measured under hexane flow) (Figure 4). Note that the widespread of the
noise across the IR-ATR spectra limits an accurate measurement of the band area. The ratios
reach values of 1.3 (gas experiment) and 1.5 (liquid experiment) over USY33. Over HY2.5
zeolite, the ratios for gas and liquid experiments were, even more, close with a value of almost
1.1 in both experiments. A good agreement between gas and liquid phase adsorption of pyridine

is thus shown.
Low wavenumber zone analysis (800-650 cm™)

The study of the zone from 650 to 800 cm™ presents the great advantage to overcome the
problem of the spectral noise induced by the water present in the vapor purge. Indeed, water
vapor does not present any vibration-rotation bands in this zone and IR-ATR allows the analysis
of this spectral zone for thin films of zeolites and oxides. However, as mentioned previously,
some solid structural bands are detected in the region of low-frequency (800 - 650 cm™) (Figure
3) and these bands can be shifted by structural distortion due to pyridine adsorption on the solid.
This warns that caution should be taken for the interpretation of the bands in this zone. As for
the HY2.5 zeolite, an assignment of bands characteristic of weakly adsorbed species or non-
adsorbed ones can be proposed by comparing pyridine spectra obtained before and after flowing
hexane regarding the spectrum of liquid pyridine (Figure 4A - right). Hence, the band at 706 cm
! can be attributed to H-bonded pyridine, while the bands at 743 and 703 cm™ are related to
pyridine in the liquid phase. The strong band at 686 cm™ that resists to hexane flushing likely
accounts for pyridinium species. However, due to the presence of strong (str) structural bands
between 800-740 cm™ on HY2.5 (Figure 3), the bands detected at 787 (str), 760 (str), 728 (w-

weak) cm™ after pyridine adsorption can arise from a shift of the structural band or pyridine
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species. Their assignment being shaky with only experimental data, pyridine adsorption

frequencies were computed by DFT calculation to validate the proposed assignments (see next

section).

On USY33 zeolite, the structural bands present limited intensity in the region below 780 cm™
(Figure 3), allowing an easier assignment of the pyridine adsorption bands on this solid. During
the adsorption of pyridine, new bands appear at 750(str), 727(w), 703(str), 686(m-medium) cm™
(Figure 4B and its zoom in Figure 5). The intense bands at 750 and 703 cm™, that are partially
eliminated by flushing, can be assigned to pyridine adsorbed over silanol groups. This is in good
agreement with the assignment proposed in the previous section. The bands detected at 727 and
at 686 cm™ whose stability under flushing is clearly observed in Figure 5, should characterize
protonated pyridine as proposed on HY2.5 zeolite. A more robust assignment will be done after

comparison with the frequencies calculated by DFT (section 3.2.3).

0.002 a.u. /X

AN
.
.........

720 700 680
Wavenumber (cm-)

Figure 5. IR-ATR spectra of pyridine adsorbed on USY33 and comparison with pure pyridine
(zoom of the Figure 4B right). The solid line corresponds to the steady-state adsorption of the pyridine
solution; the dashed line corresponds to the spectrum obtained after desorption of the weakly adsorbed species
by passing a flow of hexane at 298K and the dotted line refers to liquid pyridine spectrum.

In summary, a good agreement was observed between pyridine adsorption in gas and liquid
phases. However, IR-ATR spectra present low intense bands, and the analysis of the region
between 1600 and 1400 cm™ was difficult due to the presence of water bands as a contaminant
in the spectrometer gas purge.?”*" Nevertheless, an advantage of the IR-ATR setup is in giving
access to analyze the low wavenumber zone (800 — 650 cm™), where no water bands appear.

Pyridine exhibits some intense bands in this zone that provide interesting information about the
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adsorption mode of pyridine in the liquid-solid IR-ATR analysis.’®! To go further, DFT
calculations were performed in order to predict expected frequencies according to the

interaction mode of pyridine with the surface.

3.2.3  Theoretical Assessment of the Adsorption of Pyridine

Most of the IR studies using pyridine for probing the acid sites focus on the region between
1400 and 1700 cm™. The corresponding in-plane atomic displacements for the pyridine
vibrational modes appearing in this wavenumber zone (vg,, Van, Viea @and vig,) are shown in
Figure 6.1 Our work points out the interest of accurately analyzing the vibrational zone
between 800 and 600 cm™ for helping in understanding the interaction between liquid pyridine
and the solid films. Within the low-frequency zone, vio and vi; modes are two characteristic

signals of pyridine that correspond to out-of-plane motions (Figure 6).
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Figure 6. Atomic displacements for the commonly studied vibrational modes of pyridine.

Table 3 gathers the frequencies in the high-wavenumber and low-wavenumber zones calculated
by DFT for the various vibration modes of gas-phase pyridine, H-bonded, and protonated
pyridine. The frequencies of coordinated pyridine molecules over a Lewis acid site were not
computed in this work. Table 3 also compares the theoretical and experimental frequencies
obtained in this work to theoretical frequencies found in the literature. In general, a good

agreement appears between the frequencies calculated for pyridine in the gas phase and those
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1  for pyridine adsorbed over the various sites. The calculations show that H-bonding leads to
2  limited changes in wavenumbers compared to pure pyridine. This agrees with the fact that the

3 interaction of pyridine with a silanol can be described as physical adsorption.

4 In the high-wavenumber zone, the vibrational frequencies predicted for pyridine on silanol
5  groups are in good agreement with the values obtained experimentally (Table 3). For this kind
6  of interaction, the characteristic vibrations of the pyridine molecules are very similar to those
7  observed for pyridine in the gas phase. Only when the interaction is strong enough, a
8  chemisorbed complex of pyridine on a Brgnsted site, some changes are observed in the motions
9  of the pyridine molecules.**” These changes could explain the registered shifts which are

10  characteristic of the ion-pair H-bonded complexes described in the literature.>"!

11  For the interaction of pyridine with the Bransted acid sites, the predicted shifts of the vibrational
12 modes vg, and vy, Were similar to what was previously reported in the literature.*? However,
13  for the vg, and vigp, Vibration modes, the previously calculated values were slightly higher as
14  compared to the experimental data.l”’ The computed values obtained herein are more realistic
15  (Table 3). Previous calculations considered a 12Tqy size cluster,? while in the present work
16  the adsorption occurs on a Brgnsted acid site located in the pore mouth of a 193-atom

17 mordenite.

18 Table 3. Comparison between the predicted vibrational frequencies and the experimental values obtained in
19 IR-ATR for pyridine adsorption over silanol groups and Brgnsted acid sites.

Pyridine frequencies (cm™)

Vibrational Gas phase Silanol group Brgnsted site

ibrationa

mode* Other’ This work Other’ This work  This work Other’ This work  This work

(calc.)™” (Calc.) (calc.)*” (Calc.) (IR-ATR) (calc)®  (calc.) (IR-ATR)

8a 1595 1587 1612 1595 1597 1634 1634 -
8b 1591 1574 1591 1573 1578 1669 1621 -
19 1445 1432 1464 1437 1444 1563 1547 1544
19a 1486 1472 1487 1475 1485 1486 1485 1490
11 - 742 - 745 750 - 721 728
10b - 699 - 706 703 - 686 686
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*Wilson’s numbers for the vibrational modes of the benzene ring. " Theoretical data from other work,
calculated for the pyridine interaction on a Brgnsted acid site in a 12Ty zeolite cluster using the
B3LYP/6-31G(d,p), as reported in reference.[*”

This work presents, as far as we know, the first calculation of the vibrational frequencies of
pyridine in the region of low-frequency (800 — 650 cm™). Two intense bands were observed:
vigp and vi1, Which correspond to out-of-plane vibrations (Figure 6). For the vig, and vi; modes
over a silanol, a small shift was found with bands predicted at 745 and 706 cm™. This agrees
with the observation done for liquid pyridine adsorption over the MCM-41 film (H-bonded
bands at 750 and 703 cm™). Meanwhile, for the interactions with a Brensted site, characteristic
bands at 728 and 680 cm™ of pyridinium species are predicted.””! Hence, based on the
calculated frequencies of pyridine chemisorbed on Brgnsted sites, the bands observed at 727

and 686 cm™ during the IR-ATR analysis of liquid pyridine — zeolite interaction (Figure 4) can

be assigned to pyridinium species.

In summary, a good agreement is observed between the predicted (by DFT calculation) and
experimental (using the liquid phase IR-ATR study) vibrational frequencies of the pyridine
adsorption over silanol groups and Brgnsted acid sites. In the high wavenumber zone (1650 —
1400 cm™), as expected, the bands observed at 1544 and 1490 cm™ were assigned to protonated
pyridine molecules over the Brgnsted sites of the zeolites. Most notably, in the low frequency
zone (850 — 600 cm™) the experiments and DFT calculations allows establishing that the bands
observed at 750 and 703 cm™ correspond to H-bonded pyridine species whereas the bands at
727 and 686 cm™ can be assigned to pyridinium ions formed over the Bransted acid sites of the

zeolites.

In the next section, the study of the adsorption and protonation of indole will be investigated
over the previously studied adsorbents. To go further, DFT calculations were performed in order

to predict expected frequencies according to the mode of interaction of indole with the surface.
3.3 Indole Adsorption

3.3.1 IR-ATR Study of Liquid phase Indole Adsorption over the Solids

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Spectra corresponding to dissolved indole and indole adsorbed over HY2.5, USY33, and MCM-
41 in the high and low-wavenumber zones are presented in Figure 7. The IR-ATR spectrum of
liquid indole (dotted line) shows bands at 1455, 1414 cm™ and a shoulder at 1468 cm™ in the
high wavenumber zone as well as bands at 768, 763, 738 and 716 cm™ in the low wavenumber
zone. The solution flowed over the ATR crystal contained indole diluted into hexane (0.5
wt.%). To obtain the indole spectrum, the bands of hexane must be eliminated by subtracting
the spectra of pure n-hexane. Since n-hexane presents intense bands at 1468 and 728 cm™, the
shoulders observed in the indole spectrum at these wavenumbers should correspond to partially
eliminated n-hexane bands after the subtraction. Thus, these two bands will not be considered in

the assignment of the indole bands.

After indole adsorption over the HY2.5 zeolite film (Figure 7A), bands appear at 1617, 1608,
1543, 1489, and 1455 cm™, in the high-wavenumber zone. In the low-wavenumber zone, bands
are detected at ~758, 738, 716 and 702 cm™. However, a broad massif also appears at 787-750
cm™. As previously noticed for pyridine adsorption on HY2.5 (Figure 4), this massif was
attributed to the change in the frequency of the vibrations of the T-O-T bridges during the
indole adsorption. During desorption under n-hexane flow, most of these bands resist flushing

and remain present with lower intensities (dashed line).

The indole adsorption over the USY 33 zeolite film (Figure 7B) shows new bands at 1543, 1514,
1489, 1455, and 1414 cm™ in the high-wavenumber zone and 767, 743, 718, and 702 cm™ in the
low-wavenumber zone. Most of these bands were observed on HY2.5 spectra even if with
different intensities. As previously shown over HY2.5, during the desorption most of these
bands lose intensity but withstand rinsing under the solvent flow. Only the band at 1414 cm™
disappears totally which allows to attribute it to weakly-adsorbed indole species (Figure 7B and
Figure 8). The zoom presented Figure 8 makes clearly visible that the bands at 728, 718 and 706

cm’* resist to the n-hexane flush.

Over the MCM-41 film (Figure 7-C), bands at 1455, 1414 as well as 768, 763, 745, 738, and

716 cm™ are observed. These bands are very close to those of liquid indole. Moreover, they
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completely disappear after flowing hexane, which confirms that indole species are not strongly
adsorbed over MCM-41.
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Figure 7. IR-ATR difference spectra of the indole adsorption over (A) HY2.5, (B) USY733 and (C) MCM-41

film in the region of high-wavenumber (left hand side) and low-wavenumber (right hand side). The solid lines

correspond to the spectra of steady-state adsorption of the indole solution; the dashed lines correspond to the

spectra obtained after desorption of the weakly adsorbed species by passing through the solvent at 298K and

the dotted lines refer to indole spectra in n-hexane. [* this component can correspond to a characteristic band
for n-hexane]
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Figure 8. IR-ATR spectra of the indole adsorption over USY33 zeolite and of pure indole (Zoom of the Figure
7B - right). The solid line corresponds to the spectrum of the steady-state adsorption of the indole solution; the
dashed line corresponds to the spectrum obtained after desorption of the weakly adsorbed species by passing
through the solvent at 298K and the dotted line refers to indole spectrum in n-hexane. [* this component can
correspond to a characteristic band for n-hexane]

3.3.2  Theoretical Assessment of the Adsorption of Indole

To assign the bands recorded on the IR-ATR spectra, DFT calculations of the vibrational
frequencies of indole either in the gas phase or adsorbed on silanol or Brgnsted acid sites were
performed in the high and low-wavenumber zones. Indole can interact with the silanol group
and with the zeolitic OH groups as depicted in Figure 9. The H-bonded interaction involves an
interaction between the NH group of the indole molecule and the oxygen atom from the zeolite
framework, as well as an interaction between the SiOH group and a—carbon of the C5 cycle. In
such a configuration, the distance between the H of the SiOH group and the a-carbon is about
1.95 A. The most stable configuration of protonated indole was obtained over the carbon in

position 3 (C3 site). A similar configuration was obtained by Somers et al.[*?
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Figure 9. The three evaluated configurations for the calculation of the vibrational frequencies for indole

adsorption.

The predicted vibrational frequencies for indole in the gas phase, interacting with the silanol

group or with a protonated OH group of the zeolite were calculated and are reported in Table 4.

Table 4. Comparison between the predicted vibrational frequencies and the experimental values obtained in
IR-ATR of the indole adsorption over a silanol group and a Brgnsted acid site.

Indole frequencies (cm™)

Vibrational
modes Gas phase Liquid phase Silanol group Brgnsted acid site”
This . . . . .
[Ref]° work This work This work  This work This work This work
(IR-ATR) (calc.) (IR-ATR) (Calc.) (IR-ATR)
(Calc.)
1614 1613 - 1615 1617 1623,1600 1617,1608
1576 1575 - 1573 - - -
In-Plane
- - - - - 1554 154
Quadrant and 2> >43
Semicircular 1505 1505 - 1496 1489 - -
Stretching of
. 1486 1485 - 1482 1489 1468 1468
the rings
1456 1444 1455 1442 1445 1450 1455
1415 1416 1415 1411 1414 - -
765 757 768 774 767 768 768
Out-of-plane 747 755 763 758 - 740 738/746
vibrations of =73, 731 738 745 743 717 716
the rings and
H atoms 719 709 716 737 - - -
- - 700 705

* OMNIC database, Aldrich Catalog No: 1-340-8
® C3 protonated indole

For indole in the gas phase, the calculations predicted several bands in the region of high

frequencies; namely, 1613, 1575, 1505, 1485, 1444, and 1416 cm™. These bands are attributed

to in-plane vibrational modes of the 6 and 5-membered rings (Figure 10). In the region from 800

to 650 cm™, calculated vibrational modes corresponding to out-of-plane motions are predicted at

757, 755, 731, and 709 cm™.
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Figure 10. Atomic displacements for in-plane vibrational modes of indole in the gas phase in the region of
1400 to 1600 cm'™.

Indole keeps the same atomic motions as in the gas phase and small shifts are predicted
compared to gas-phase frequencies when the molecule is H-bonded to silanol groups. Table 4
shows that H-bonded indole should give rise to bands at 1615, 1573, 1496, 1482, 1442, and
1411 cm™ in the high-wavenumber zone. Concerning the low-wavenumber zone, bands at 774,
758, 745, and 737 cm™ should be observed. On the contrary, for indole interacting with a
Bransted acid site, the calculations predicted shifts in the C-C stretching modes of the C5 and
C6 cycles. This could be attributed to the change in the vibrational modes of the adsorbed
molecule, even some additional modes can be predicted over the protonated atom (C3). Hence,
the supplementary band at 1554 cm™ corresponds to a C-C stretching vibration of the protonated
carbon (sp®) of the indole rings (Table 4). In the region of low-frequency, the theoretical
calculation of indole on a Bransted acid site has shown a new band at 700 cm™ attributed to out-

of-plane motions of the hydrogen atoms of the C5 cycle.

The vibrational frequencies predicted for gas-phase indole adsorbed on a silanol terminal group
and a Brgnsted site of a mordenite can be summarized as follows: (i) for the interactions of
indole with silanol groups small shifts were obtained; (ii) for protonation of indole more

important shifts are expected and new bands should appear. Next, the calculated vibration
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frequencies were compared to the experimental spectra in order to assign the observed bands

and identify the indole adsorption modes on the different solids.
Comparison between calculated and observed vibrational frequencies of indole

The reference gas phase spectrum of indole (Figure SI-5, spectra from the Omnic database and
Table 4) presents bands at very similar wavenumbers to the computed ones. On the
experimentally IR-ATR spectrum of indole in the liquid phase (Figure 7), the most intense
bands are observed at 1455 cm™ and 1414 cm™, while those at 1613, 1575, 1505, and 1485 cm™
were not detected (Table 4). This is likely due to the low amount of indole in the n-hexane

mixture (0.5wt. %) and the low intensity of IR-ATR spectra.

A parallel between the computed vibrational frequencies (Table 4) and the recorded spectra of
indole on HY2.5 (Figure 7A) allows assigning the bands at 1617, 1608, and 1543 cm™ to
protonated indole species. These protonated species were also detected on USY33 (Figure 7B),
however, the bands were less intense which agrees with the lower concentration of BAS over
the dealuminated USY zeolite (Table 2). The noisy spectra and the lower concentration of
protonated indole prevent the detection of the bands at 1617 and 1608 cm™ on USY33. As
expected, the characteristic bands for protonated indole species were not detected on MCM-41.
The band at 1489 cm™ detected on both HY2.5 and USY33 zeolites can be assigned
straightforwardly to H-bonded indole (Table 4), while the assignment of the bands at 1455 and
1468 cm™ was not as obvious. Table 4 shows that the band at 1455 cm™ can be characteristic for
both protonated indole and liquid phase indole, whereas the band at 1468 cm™ can be assigned
to protonated indole or, alternatively, to the presence of residual n-hexane in the difference

spectrum, thus making difficult to assign these bands to a unique species.

In the low wavenumber zone, liquid indole presents four bands at 768, 763, 736, 716 cm™,
which matches satisfactorily with the calculated frequencies (Table 4). The main question to
answer when analyzing the low-wavenumber region is: does this spectral region confirm the
formation of protonated indole species on faujasites samples? Table 4 shows that a

characteristic band of protonated indole species should appear at about 700 cm™. First, it must
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be underlined that the experimental spectrum of liquid indole or indole on MCM-41 does not
present any band at about 700 cm™ (Figure 7C). On HY2.5, and similarly on USY33, Figure 7A
and Figure 7B (and more clearly the zoom presented in Figure 8) point out a weak band at 702
cm™* which shifts to 705 cm™ (706 cm™ for USY33) after flowing with the solvent. Thus, both
high and low- wavenumber zones provide spectroscopic evidence for indole protonation
through the appearance of bands at 1543 cm™ (as well as 1617, 1608 cm™) and 705 cm™. The
other features detected at 767, 746-738, and 716 cm™ both on HY2.5 and USY33 can support

indole protonation but can be also assigned to H-bonded indole.

Over the MCM-41 film (Figure 7-C), only the liquid indole bands were detected in the high
wavenumber zone. In the low-wavenumber zone, a small shoulder was observed at 745 ¢cm™
attributed to weakly adsorbed indole molecules over a silanol group. All bands disappear after

flowing with n-hexane, which confirms the weak interaction of indole with the siliceous film.

Considering the collected evidence, this IR-ATR study reveals that indole, a weakly basic
compound, can be protonated on acidic Y zeolites as unambiguously evidenced by the
formation of the bands at 1617, 1608, 1543, and 705 cm™. In this way, Laredo et al. attempted
to separate basic from weakly basic nitrogenates in a heavy oil fraction by using solid acids.!”
The separation was not efficient, and this was ascribed to the strong adsorption of the weakly
basic compounds on the employed materials. Therefore, the interaction of indole with Bransted
acid sites via the formation of an ion-pair complex is feasible, contrary to the suggested
mechanism of dissociative adsorption.[’® Such interactions should also alter the surface
chemistry of these materials and thus block the Bregnsted acid sites. These findings draw

attention to the possible role of weakly basic nitrogen compounds that can modify the catalytic

performance of zeolitic materials employed for hydrocracking units.™

4. CONCLUSIONS

The interaction modes of liquid phase pyridine and indole over HY and USY zeolites and

MCM-41 solid films were successfully studied by using an in situ liquid-solid IR-ATR setup
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and theoretical calculations. Using IR-ATR system offers two main advantages, it allows : (1)
the analysis of the low frequency region (< 800 cm™) that presents characteristic vibrational
modes of adsorbed species, (2) studying the adsorption of low vapor pressure molecules (such

as indole) that presents an inherent difficulty to be operated in the gas phase IR cells.

A parallel between the vibrational frequencies predicted by DFT calculations, and the
experimental results obtained using the IR-ATR cell for studying of the solid films under

continuous liquid flow shows that:

- As for pyridine, the low wavenumber zone, a newly explored zone, can also account for its
adsorption modes. Indeed, the IR bands at 686 and 727 cm™ characterize the pyridinium
species formed on zeolitic OH groups, while the signals at 703 and 750 cm™ are associated
with pyridine in interaction with silanol groups.

- As for indole, the IR-ATR study points out the presence of new bands after its adsorption
over Y zeolites and MCM-41. Over the zeolites, the detection of bands at 1617, 1608, 1543
and 705 cm™ provides evidence for the formation of protonated indole species over acidic

OH groups.

These findings support the fact that indole, a weakly basic nitrogenates, can be protonated over

the zeolitic acid sites and thus decreasing their activity during the hydrocracking process.
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