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Abstract A two-layer ONIOM study on the
hydrodesulfurization mechanism of thiophene in H-FAU and
M-FAU (M=Li", Na", and K") has been carried out. The
calculated results reveal that in H-FAU, for a unimolecular
mechanism, the rate-determining step is hydrogenation of alk-
oxide intermediate. The assistance of H,O and H,S molecules
does not reduce the difficulty of the C-S bond cracking step
more effectively. A bimolecular hydrodesulfurization mecha-
nism is more favorable due to the lower activation barriers.
The rate-determining step is the formation of 2-
methylthiophene, not the C-S bond cracking of thiophene.
Moreover, the ring opening of thiophene is much easier to
occur than the desulfurization step. A careful analysis of en-
ergetics indicates that H,S, propene, and methyl thiophene are
the major products for the hydrodesulfurization process of
thiophene over H-FAU zeolite, in good agreement with exper-
imental findings. In M-FAU zeolites, both unimolecular and
bimolecular cracking processes are difficult to occur because
of the high energy barriers. Compared to the case on H-FAU,
the metal cations on M-FAU increase the difficulty of occur-
rence of bimolecular polymerization and subsequent C-S
bond cracking steps.

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-016-2916-1) contains supplementary material,
which is available to authorized users.

< Yingxin Sun
sunyingxin03 12@sit.edu.cn

P4 Supeng Pei
peisupeng@126.com

! School of Chemical and Environmental Engineering,

Shanghai Institute of Technology, Shanghai, China

Keywords Thiophene - Hydrodesulfurization mechanism -
Cation-exchanged FAU zeolite - C-S bond cracking -
Bimolecular desulfurization step

Introduction

Thiophene, benzothiophene, and their alkyl derivatives repre-
sent a large fraction of the total organosulfur compounds in
fluidized catalytic cracking (FCC) gasoline. Sulfur in gasoline
causes toxic emissions and inefficient activity of automobile
catalytic converters; thus, their removal techniques have
attracted increased attention [1, 2]. Hydrotreatment of FCC
feed, hydrodesulfurization (HDS), and selective adsorption
desulfurization are the main strategies for this. High costs
are involved in the hydrotreatment process. The conventional
HDS catalysts consist of metal sulfides such as Ni-Mo or W-
Ni dispersed into a y-Al or zeolite support [3]. The disadvan-
tage of the HDS process is an H, atmosphere, often at high
pressures, which tends to saturate high-octane alkene and ar-
ene components in gasoline and thus lead to a significant loss
of octane number. Although a selective adsorption technique
avoids these drawbacks, the low adsorption capacities and
selectivities of materials limited its applications [4].
Interestingly, many experimental studies have suggested
that acidic zeolites alone also can catalyze HDS [5]. Zeolites
are microporous crystalline solids with well-characterized
nanopores, high specific area, and good thermal stabilities,
which make them potential catalysts for the removal of sulfur
compounds. For example, Chica et al. measured the adsorp-
tion dynamics and stoichiometry of thiophene and its deriva-
tives in different carriers on H-ZSM5 and H-FAU zeolites [6].
They found that H-FAU showed higher adsorption uptakes
and that oligomerization could occur on acid sites.
Moreover, C3Hg carrier removed a larger fraction of
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thiophene-derived intermediates than H, and so hydrogen
atoms formed during propane dehydrogenation reactions.
Richardeau et al. investigated the adsorption and reaction of
thiophene over H-FAU zeolites in liquid hydrocarbon solu-
tions [7]. They concluded that thiophene removal by adsorp-
tion over acidic zeolites could only be performed from diluted
solutions containing no olefins. Shan et al. reported that
thiophenic species could crack over USY zeolite to produce
propene, butene, and H,S [8]. Valla et al. revealed that heavy
aromatic sulfur compounds such as 4,6-dimethyl-
dibenzothiophene and benzothiophene are stable species and
difficult to desulfurize, which do not affect the percentage of
sulfur in gasoline [9]. The long-chain alkylated thiophenic
derivatives are responsible for the fraction of sulfur content.
Although previous experimental studies proposed several
cracking mechanisms of thiophene species [6, 8], these reac-
tion pathways are not enough to understand the overall ele-
mentary steps in detail from a theoretical standpoint. More
importantly, whether there exists any competitive relationship
between different reactions steps is still vague.

Actually, in the case of the HDS reactions, the alkali or
transition metal cations are often used to enhance the reaction
rates. Angelis et al. investigated the infrared spectra of thio-
phene adsorbed over Na-FAU, 13X, and H-FAU zeolites [10].
Their infrared spectrum data indicated the cleavage of thio-
phene C-S bond and the formation of -SH groups on H-FAU
zeolite. Welters et al. studied the influence of zeolite acidity on
thiophene HDS activity for H(x)/Na-FAU-supported metal
sulfide catalysts [11]. The results showed that the acidic sup-
ports themselves could also desulfurize thiophene at reaction
conditions. Yu et al. reported that on H-ZSMS5, Zn/H-ZSM5,
and Co/H-ZSMS5 with propane as the exclusive hydrogen
source, the presence of Zn®" and Co®" cations increased de-
sulfurization rates [12]. Propane dehydrogenation could be
coupled with thiophene hydrogenation to improve thiophene
desulfurization selectivities. Similarly, Garcia and Lercher
studied adsorption and surface reactions of thiophene on
Na-, K-, and H-ZSMS5 by IR spectroscopy [13]. They conclud-
ed that in the cation-exchanged samples, a strong coordinative
bonding formed between thiophene and Na" and K cations.
The ring opening and oligomerization reactions occurred by
the strong acidity of the H-ZSMS. Simon et al. carried out a
thiophene TPD study on acidic, alkali-exchanged, and Pt-
supported MOR and LTL zeolites [14]. The increase of the
alkali content of the zeolites improved the fraction of thio-
phene that desorbed without decomposing. The decomposi-
tion of thiophene is mainly due to the Bronsted acid sites. In
particular, recent studies have shown that Ag"™ and Cu"
cation-exchanged Y zeolites exhibited superior adsorp-
tion selectivities for thiophenic species [15]. In addition
to the adsorption process, the role of metal cations in
HDS mechanisms on cation-exchanged zeolites is inter-
esting but remains unclear.
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Despite the great progress made over the past few decades
in experimental fields, a systematic atomic-level study is ur-
gently required to understand the complicated desulfurization
process of thiophene. Several key theoretical progresses have
been made. In 1999, Saintigny et al. performed a density func-
tional theory (DFT) study of the desulfurization of thiophene
using a 3-T cluster model (H;SiOHAI(OH),0SiH3) to repre-
sent acidic zeolite [16]. Two different mechanisms occurring
with and without the participation of hydrogen, have been
compared. Rozanska et al. carried out DFT calculations using
a 4-T zeolitic cluster [17]. They concluded that the acidity of
zeolite was not a key factor and even methyl alkoxide or Li-
exchanged zeolite could also catalyze cracking reactions of
thiophene. Subsequently, Rozanska et al. performed a periodic
DFT study on the C-S bond cracking mechanisms of
thiophenic derivatives on proton- or Li-exchanged MOR zeo-
lite [18]. The calculated results showed that the zeolite frame-
work could not stabilize the transition state (TS) complexes
mainly due to zwitterionic nature of the TS structures.
Recently, Li et al. proposed a new bimolecular mechanism
of thiophene C-S bond-cracking on acidic ZSM5 zeolite and
pointed out that the rate-determining step is the electrophilic
aromatic substitution [19]. Their results were in good accord
with the experiments. Summarizing the above-mentioned the-
oretical studies, two main methods have been widely used to
investigate the reactions of HDS process: the bare cluster
model and the periodic DFT method. For the former, it is
difficult to understand the effect of the zeolite framework.
The periodic DFT method is straightforward but very compu-
tationally demanding if large zeolite crystal cells are involved.
A recently developed quantum mechanical/molecular me-
chanical (QM/MM) method as well as the more general
ONIOM (Our-own-N-layered Integrated molecular Orbital +
molecular Mechanics) scheme have been extensively used to
study mechanisms of chemical reactions [20-22]. This
scheme is employed in this article because it combines the
advantages of the high accuracy of quantum chemistry and
the high efficiency of molecular mechanics force fields.

Herein, we performed a two-layer ONIOM study on the
HDS mechanism of thiophene in proton- and cation-
exchanged FAU zeolites (i.e., H-FAU and M-FAU (M=Li",
Na', and K"), respectively). For comparison, the alkyl deriv-
ative of thiophene, 2-methylthiophene, has also been investi-
gated. Our objective is to address the following three interest-
ing questions. (1) What are the elementary steps involved in
the complete catalytic cycle for the HDS process? (2) How are
the products such as H,S, propene, and methyl thiophene
produced, and what is the rate-determining step? (3) What is
the role of metal cations in the HDS process? The elucidation
of the reactions mechanisms provides insights into the funda-
mental steps of the reactions, which should prove useful for
optimizing the reaction conditions and designing new cata-
lysts for industrial production.
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Computational details

The extended 156 T nanocluster, covering the active
region of the H-FAU zeolite, was used to represent
the Bronsted acid site and the zeolite framework in this
work. The atomic coordinates of this model were taken
from crystal structure for the H-FAU cell with cubic
Fd-3 m space group (a=b=c=24.258 A,
a=0=~=90.0°) [23]. Figure 1 illustrates the 156 T
model, which covers two supercages connected to each
other through the 12-membered-ring (12MR) window.
The Brensted acid site is represented by colored balls.
An Si atom is substituted by an Al atom, and a proton
is attached to the bridging oxygen atom bonded direct-
ly to the Al atom. This oxygen atom is conventionally
called the O1 position. In this model, the dangling
bonds of the Si atoms were terminated by H atoms
and the Si-H bonds were fixed at 1.47 A along the
Si-O bonds of the FAU framework.

According to the two-layer ONIOM approach, the
computation model is divided into two regions, and
the total ONIOM energy of the whole system is
expressed as

Eonomz = Egn—Evint: + Egu” (1)
where the subscript “All” region includes an inner re-
gion (i.e., the active Bronsted acidic site and reacting
species) calculated with a high-level quantum me-
chanics (QM) approach and a large outer region
(i.e., the extended zeolite framework) treated only
with a less expensive molecular mechanics (MM)
level [24]. Both QM and MM calculations need to
be carried out for the “inner” system. In this ap-
proach, the classical van der Waals (VDW) and
long-range electrostatic contributions were evaluated
by the MM calculations.

Fig. 1 156T nanocluster model
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The difference of MM calculations between the whole sys-
tem and inner system, the S-value, describes the contribution
from the MM region [25].

MM All gl
S = Exm—Enm (2)

The S-value is part of total ONIOM energy and must be
continuous in potential energy surface. For a given transition
state structure, this continuity must be independent of the def-
inition of the TS connectivity whether as in the reactant struc-
ture or the product structure in the reaction center, i.c.,

ASMM — SMM(TS | reaction connectivity)-S™™ (TS, product connectivity) = 0
(3)

An S-value test can check whether the partitioning scheme
of the whole ONIOM system is correct. We chose several
representative transition states of the HDS process on H-
FAU and M-FAU zeolites and found that all the calculated
ASMM values were zero (see Table S1 of the Supporting
Information, SI).

The DFT using the M06-2X hybrid meta-GGA functional
[26] and the universal force field (UFF) [27] were used as
default to describe the inner and outer regions, respectively.
According to previous work reported by Zhao et al., the well-
known B3LYP functional systematically underestimates bar-
rier heights for a collection of 76 energy barriers of hydrogen-
transfer and non-hydrogen-transfer reactions and thus not
enough to treat medium-range VDW interactions [28]. The
newly developed density functional, M06-2X, could be con-
sidered to recover the dispersion interactions as reliably as the
MP2 method with the benefit of feasible computational costs.
In the ONIOM calculations, we divided the inner region into
two subregions and employed mixed basis sets. A 12-T sub-
region including the acidic site of zeolite and reacting mole-
cules was described using the 6-31G(d,p) basis set; the other
6-T subregion of the inner region was described using the 3-
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21G basis set. This combination rule was called M06-
2X(12 T(6-31G(d,p)):6 T(3-21G)). The mixed basis sets were
employed in order to save computational time.
Correspondingly, the whole zeolite model was called
ONIOM(MO06-2X(12 T(6-31G(d,p)):6 T(3-21G)):UFF) or
ONIOM(18 T:156 T). The ONIOM model of 18 T/156 T
cluster of H-FAU is considered to be reliable enough for in-
vestigating the HDS reaction mechanism in the bulk catalytic
systems due to a large number of previous theoretical studies
[29, 30]. During the structure optimizations, only the 5-T re-
gion [(=Si0);Al(OH)Si=] and reacting species were allowed
to relax, while the rest of the 156-T model was fixed along the
crystallographic coordinates. The frequency calculations were
performed at the same level of theory to ensure that each
stationary point exhibited the proper number of imaginary
frequencies: none for an intermediate and exactly one for a
transition state (the first-order saddle point). To obtain more
reliable interaction energies, the single-point energy calcula-
tions at the M06-2X(12 T(6-311 +G(2df,2p)): 6 T(6-31G(d,
p))) and MP2(12 T(6-311+G(d,p)):6 T(6-31G(d,p))) levels
were carried out for the QM regions using the previously
optimized geometries produced by the M06-2X functional.
The single-point-energy scheme at the MP2 level was denoted
MP2//M06-2X. The final ONIOM(MP2//M06-2X:UFF) ener-
gy values were referred to when energies were discussed,
unless specifically noted. The single-point energy data at the
MO06-2X(12 T(6-311+G(2df,2p)):6 T(6-31G(d,p))) level
were given in SI (Tables S4-S6) because all the conclusions
obtained from Tables S4-S6 are almost the same as those from
MP2//M06-2X energy data.

An important feature in zeolite catalysis is the stabilization
of cation-like transition state structures by the zeolite frame-
work. The long-range electrostatic contributions in the MM
calculations are crucial to describe the interactions between
cation-like transition states and anion-like zeolite fragments.
However, the charge parameters in the UFF force field were
not optimized to represent the electrostatic potentials (ESP) in
zeolites [27]. To solve this problem, we calculated the ESP
energy of a 116-T pure silica zeolite model by M06-2X/6-
31G(d,p) energy calculations. The atomic charge parameters
for the MM region were obtained by fitting the ESP energy
using a constrained-fit scheme. In the QM region, the atomic
charge values for each reacting molecule were taken directly
from the ESP charges produced by the DFT calculations with
MO06-2X functional using the ChelpG scheme [31]. Charge
neutrality constraint was imposed for the whole system, i.e.,
both QM and MM regions have no net charge, the same as the
whole system. The mechanical embedding scheme was used
for evaluating the electrostatic interactions between QM and
MM regions, which has been applied successfully to catalytic
mechanism investigations [32, 33]. All the calculations
in the present study were performed using the Gaussian
09 program [34].
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Results and discussion

Based on the previous experimental and theoretical work [6,
8, 19], we have proposed the reaction mechanisms of HDS
process of thiophene molecules over H-FAU and M-FAU ze-
olites by locating the related intermediates and transition states
of the elementary steps. The proposed pathways are summa-
rized in Schemes 1, 2, 3, and 4 and the corresponding energy
profiles are given in Figs. 2 and S1-S3. It should be men-
tioned that according to the previously reported result by Li
et al., the « site of thiophene molecule is more reactive than 3
site or sulfur center [19]. Therefore, in the bimolecular mech-
anism (Scheme 3), we focus our attention on the formation of
C,-C, bond between two thiophene molecules. All energy
values are given as the following rule. For each intermediate
or transition state, energy data are calculated relative to the
total energy of the reactant molecule (thiophene) and the zeo-
lite (H-FAU or M-FAU) at infinitive separation. For each tran-
sition state, the corresponding activation barrier can be obtain-
ed as energy difference between the transition state and its
previous intermediate.

In H-FAU zeolite, the HDS process of thiophene may pro-
ceed through unimolecular mechanism to produce 1-butene
and H,S or bimolecular mechanism to produce propene, 2-
methylthiophene, and H,S. The main product, such as
propene, 2-methylthiophene, and H,S, are in good accord
with experimental observations over H-FAU. In pure M-
FAU zeolite, cracking of the C-S bond of thiophene molecule
can occur via both unimolecular and bimolecular mechanisms
but no H,S is produced. The detailed reaction pathways are
discussed in the following sections as reported in Schemes 1,
2, 3, and 4 and Figs. 2 and S1-S3.

Unimolecular cracking mechanism of thiophene in H-FAU
zeolite

The capture of thiophene by the acid site of zeolite is the first
step to initiate the HDS reaction. Three different types of
adsorption modes, n'(S), n*(CC), and 1n'(C), are obtained,
with the adsorption energies of -110.76, -108.10, and -
112.59 kJ/mol, respectively. The BSSE [35] corrected adsorp-
tion energies are -57.48, -54.22, and -52.33 kJ/mol, respec-
tively. The n'(S) adsorption mode is slightly more favorable
than others, which is in accord with previous experimental
observations in H-FAU [36].

The geometrical parameters of adsorbed thiophene, com-
plex-TH-1, are shown in Fig. 3. For the n'(S) adsorption
mode, the thiophene interacts with the solid-acid proton from
zeolite through a S...H bond distance of 2.36 A. The O1-H
distance of H-FAU is lengthened by 0.01 A compared with
that in the pure H-FAU. In the n*(CC) adsorption mode, there
is an interaction between acidic proton and C,=Cg bond of
thiophene with H-C, and H-Cj distances of 2.08 and 2.22 A,
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Scheme 1 The proposed
unimolecular mechanism of HDS
process for thiophene in H-FAU
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respectively. In the '(C) mode, the thiophene is adsorbed to
acidic proton of zeolite with a H-Cy distance of 2.10 A. For
the latter two adsorption modes, the O1-H distance is length-
ened by 0.02 A.

After adsorption of thiophene on the acidic site of zeolite,
thiophenic ring cracking will proceed through a protonation
step. The acidic hydrogen protonates the sulfur atom and the
activation energy is 357.36 kJ/mol (Fig. 2), indicating that the
C-S bond cracking process is experimentally disfavored.
Using the cluster approach method, Rozanska et al. reported
that the activation energy for thiophene cracking is 226 kJ/mol
[17]. Moreover, they performed a periodic DFT study and
found that the activation energy for C-S cracking of thiophene
catalyzed by H-MOR zeolite is 318 kJ/mol [18]. Our calculat-
ed result is accord with their reported values. The optimized
structure of transition state TS-TH-1 is shown in Fig. S4. It
can be seen that in TS-TH-1, the acidic proton H is getting
close to the sulfur atom, the C-S bond of thiophene is breaking
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are 1.98, 2.60, and 1.80 A, respectively.

Thiophene cracking leads to the formation of an alkoxy
species, INT-TH-1. Then, a H, molecule is co-adsorbed with
INT-TH-1 near the active site of zeolite (complex-TH-2 in
Fig. S4) and then reacts with INT-TH-1 through a transition
state TS-TH-2 of hydrogenation step to produce complex-TH-
3 (Scheme 1). The calculated activation energy of hydrogena-
tion step is 251.58 kJ/mol, which is consistent with the previ-
ously theoretical values (about 215 kJ/mol) reported by
Saintigny et al. using DFT method with a 3 T cluster model
[16]. In complex-TH-3 as given in Fig. S5, there is a typical H-
bonding for sulfur atom interacting with the acidic proton
from zeolite with a distance of 2.29 A, which facilitates sub-
sequent desulfurization process. In TS-TH-3, the acidic proton
has been captured by sulfur atoms. The breaking C-S bond is
2.35 A and the forming C-O bond is 2.02 A. This
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Scheme 3 The proposed
bimolecular mechanism of HDS
process for thiophene in H-FAU
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desulfurization step needs to overcome an activation energy of
278.44 kJ/mol. After the TS, the H,S molecule is produced
and an alkoxide intermediate is formed with a C-O bond dis-
tance of 1.44 A, as given in complex-TH-4 (see Fig. S5).
After the desorption of H,S from the complex-TH-4, a H,
molecule is adsorbed in complex-TH-5, followed by hy-
drogenation of alkoxide intermediate with an activation
energy of 264.31 kJ/mol (Fig. 2). The corresponding
structure and energy barrier of transition state TS-TH-4
(Fig. S6) are similar to those of TS-TH-2 (Fig. S5). The
H-H distance of H, molecule is lengthened from 0.74 A
in complex-TH-5 to 0.85 A in TS-TH-4. The hydroge-
nation step yields the 1,3-butadiene molecule as shown
in Scheme 1. Through protonation and hydrogenation
steps, the 1,3-butadiene could be finally converted into
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i H-H
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2- methyl thiophene
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2-methyl thiophene

I-butene. The involved transition states TS-TH-5 and
TS-TH-6 are given in Fig. S6.

Now we investigate the rate-determining step for the
unimolecular cracking mechanism. According to the study
reported by Murdoch [37], the rate-determining step of a mul-
tistep reaction can be found by dividing the whole reaction
sequence into several different sections. Each section begins
with an intermediate and terminates with another intermediate,
which is more stable than the previous intermediate. One
should compute the energy difference between the transition
state with the highest energy and the initial intermediate in
each section and the largest energy difference will contain
the rate-determining step. In present work, from Fig. 2, three
sections, complex-TH-1 to complex-TH-6, complex-TH-6 to
complex-TH-7, and complex-TH-7 to complex-TH-8, are
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Scheme 4 The proposed H H
mechanism of cracking process H H
for thiophene in M-FAU zeolite
(M=Li", Na", and K")
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involved. It can be seen that the largest energy difference is
obtained in the first section (from complex-TH-1 to complex-
TH-6), which contains the transition state, TS-TH-2 with the
highest energy. The corresponding overall energy barrier is
calculated to be 432.97 kJ/mol relative to the complex-TH-
1. Therefore, the rate-determining step for the unimolecular
cracking mechanism should be hydrogenation of INT-TH-1
via TS-TH-2, rather than the desulfurization step (TS-TH-3)
and C-S bond cracking of thiophene (TS-TH-1), although the
activation barrier of C-S bond cracking step (TS-TH-1) is
largest in all of the individual steps. We analyzed the activa-
tion barriers of all six steps in terms of QM and MM compo-
nents, as given in Table S2. Clearly, the MM energies are
small and thus the stability of transition states is mainly due
to the QM contributions.

According to our previous theoretical studies, the 1-butene
could be catalyzed by H-ZSM5 and H-FAU zeolites to pro-
duce propene and ethene via direct cracking and dimerization
cracking mechanisms [38]. So the reaction mechanisms on the
formation of propene and ethene will not be discussed in this
work. Chica et al. experimentally investigated the effects of
zeolite structure and Al content on thiophene adsorption, de-
sorption, and surface reactions on H-ZSMS5, H-Beta, and H-
FAU zeolites. They found that propene is one of the major
products in the HDS process over H-FAU [6]. Our result is
also in accord with experimental observations.

Hydrogen sulfide (H,S) is one of the main products of
desulfurization process of thiophenic species. Water

TS-M-1 E HH E
— MS-C=C-C=C-0Z
C-S cleavage

TS-M-2
—_—

H H .
co-adsorbed xl polymerization H >s” H
H 1
H
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molecules are the common components in the air. The pres-
ence of H,O can lead to a deactivation of the active sites and at
high temperature to the destruction of the Brensted sites.
Rozanska et al. reported that H,O and H,S can serve as assis-
tant molecules in reducing the activation energy of C-S bond
cracking step, using the DFT method and a small zeolitic
cluster model [17]. In this work, we investigated the perfor-
mance of their assistance behaviors and obtained the opti-
mized transition state structures, TS-TH-1-H,O and TS-TH-
1-H,S, as shown in Fig. S7. In TS-TH-1-H,O0, the acidic pro-
ton is attacking the O atom of water molecule. One hydrogen
atom in H,O is closer to the sulfur atom of thiophene mole-
cule, which finally leads to the C-S bond cracking and forma-
tion of new C-O bond. The configuration of TS-TH-1-H.,S is
similar to that of TS-TH-1-H,O. The main difference between
them is that the degree of protonation of water molecule by
acidic proton in TS-TH-1-H,O is larger than that of H,S in
TS-TH-1-H,S, which can be seen from the geometrical pa-
rameters in Fig. S7. Interestingly, the calculated activation
energies are 351.54 and 385.36 kJ/mol for the above-
reported H,O- and H,S-assisting transitions states, respective-
ly, significantly higher than the theoretical values (202 and
219 kJ/mol, respectively) [17] of Rozanska et al. A compari-
son of activation energies for C-S bond cracking step with and
without assistant molecules clearly suggests that the presence
of H,O can slightly reduce the difficulty of the thiophenic
ring-opening process, but on the contrary, H,S can increase
the difficulty greatly. This viewpoint is partially different from
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that of Rozanska et al. In the discussion below, the model
involving assistant molecules will not be investigated.

Unimolecular cracking mechanism of 2-methylthiophene
in H-FAU zeolite

To understand the influence of an electron-donating group on
thiophene cracking process, we studied the unimolecular HDS
mechanism of 2-methylthiophene in H-FAU zeolite as de-
scribed in Scheme 2. The involved reaction pathway is overall
similar to that of the thiophene molecule. The selected geo-
metrical parameters of key intermediates and transition states
are shown in Figs. S8 and S9.

Figure S8 shows three different adsorption modes of 2-
methylthiophene over H-FAU, n)'(S), n*(CC), and ' (C), with
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BSSE corrected adsorption energies of -48.61, -64.76, and -
64.74 kJ/mol, respectively. These adsorption configurations
are similar to those of thiophene molecule. However, the most
stable adsorption mode is not n'(S), but N%(CC), which is
different from the thiophene case. In the N2(CC), the acidic
proton points towards the Cz=Cp double bond of 2-
methylthiophene with H-Cy distance of approximately
2.2 A, while the methyl group interacts with zeolitic frame-
work through weak hydrogen bonds.

The subsequent reaction step is the ring opening of 2-
methylthiophene. From Scheme 2, it can be seen that the C-
S bond of 2-methylthiophene is cleaved via transition state,
TS-CHj5-1, to form alkoxide INT-CH3-1. The cracking step of
C-S bond needs to overcome an energy barrier of 342.73 kJ/
mol, slightly lower than that in the thiophene case. One
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Fig. 3 Optimized structures of
three different adsorption modes
for thiophene adsorbed in H-FAU
zeolite. a H-FAU, b 1'(S), ¢
N%(CC), and d '(C). Key
distances are marked in units of A

hydrogen molecule is then co-adsorbed with INT-CH;-1, lead-
ing to the formation of complex-CHs-2. The complex-CH;-2
reacts through TS-CHs-2 to yield complex-CHs-3, followed
by a desulfurization step with the activation energy of
294.87 kJ/mol for TS-CH;-3. As compared to that of thio-
phene, the desulfurization process of 2-methylthiophene is
slightly more difficult. From the resulting complex-CHj;-4,
H,S is desorbed and simultaneously H; is co-adsorbed to form
complex-CH;-5. Finally, 1,3-pentadiene molecule is yielded
from complex-CHj3-5 through a hydrogenation step (TS-CH;-
4). According to previously published studies [39—41], the
complicated reaction networks, involving such as protonation,
dimerization, and hydrogenation, can take place from olefin
molecules such as 1,3-pentadiene catalyzed by the acidic ze-
olites. Investigating these reaction steps is not our objective
because the sulfur content has been removed in the above-
mentioned mechanisms.

Figure S1 gives the energy profile calculated for
unimolecular HDS reaction pathways of 2-methylthiophene
over H-FAU illustrated in Scheme 2. According to the study

reported by Murdoch [37], only one section, complex-CH3-1
to complex-CHs-6, is involved because only complex-CH;-6
is lower in energy than the first intermediate, complex-CHj3-1.
So the rate-determining step should be the hydrogenation of
complex-CH3-5 via TS-CH;3-4 of highest energy in this
section, although the activation barrier of C-S bond
cracking step (TS-CHj3-1) is largest in all of the individ-
ual steps (see Fig. S1).

The involved structural parameters of four transition states,
TS-CHj;-1 to TS-CHj3-4, are given in Fig. S9. As compared to
the unimolecular cracking mechanism of thiophene, the dif-
ference of transition state structures is small. For example, the
TS-CHj3-1 structure resembles that of TS-TH-1 (see
Fig. S4(a)). Also, in both TS-TH-3 and TS-CHj3-3, the H,S
molecule is almost completely formed. As expected, the sim-
ilar geometrical structures give rise to similar energetics. For
instance, the C-S bond cracking steps of thiophene and 2-
methylthiophene need to overcome activation barriers of
357.36 and 342.73 kJ/mol, respectively. The energy difference
of two activation barriers is less than 15 kJ/mol. For the
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desulfurization step, the corresponding energy difference is
still very small, less than 17 kJ/mol, suggesting the weak
and limited influence of electron-donating —CH; group on
unimolecular HDS process of thiophene.

Bimolecular cracking mechanism of thiophene in H-FAU
zeolite

The bimolecular cracking mechanism is a newly emerging
alternative for the unimolecular mechanism of thiophene,
which is proposed by Shan [8], Aksenov [42], and Chica
et al. [6, 43]. As described in Scheme 3, five main steps are
involved: (1) protonation of thiophene in the channel of H-
FAU zeolite, (2) dimerization of two thiophene molecules, (3)
C-S bond cracking and ring opening of the dimerized thio-
phene molecule, (4) removal of sulfur content, and (5) f3-
scission of carbon chain to produce propene molecule, togeth-
er with several other steps such as hydrogenation and proton-
ation. A more detailed discussion will be given below.

First, the adsorbed thiophene molecule (complex-TH-1,
n*(CC) mode in Fig. 3) is protonated to form the INT-2TH-1
through transition state, TS-2TH-1 (Fig. 4a), with the activa-
tion barrier of 59.50 kJ/mol. Then, the second thiophene is co-
adsorbed on the first protonated thiophene (complex-2TH-2 in
Fig. 4c). Subsequently, the complex-2TH-2 undergoes an
electrophilic aromatic substitution step to produce the inter-
mediate INT-2TH-2. The corresponding transition state is TS-
2TH-2 (Fig. 4d) and needs to overcome an activation barrier
of 57.99 kJ/mol. The resulting INT-2TH-2 can be
deprotonated through TS-2TH-3 (Fig. 5b) with an activation
barrier of 32.01 kJ/mol and complex-2TH-3 is produced.
Interestingly, it should be mentioned that Li et al. reported that
in H-ZSMS5 zeolite, the complex-2TH-3 could be formed by a
concerted dimerization step of two thiophene molecules with
an energy barrier of 101 kJ/mol [19, 44]. Our calculations
suggested that the formation of complex-2TH-3 should
occur through a stepwise pathway. At the TS-2TH-1,
the thiophene is almost protonated with the C,-H bond
length of 1.21 A. In the TS-2TH-2, the distance be-
tween the two bonding carbon atoms (C,—C,) is
1.99 A. After the TS-2TH-3, the Brensted acid site is
restored, enabling further catalytic reactions.

The next step is the C-S bond cracking of complex-2TH-3
through a transition state TS-2TH-4. At the TS-2TH-4 pre-
sented in Fig. 5d, the C-S bond is elongated to 3.15 A. The
corresponding activation barrier is calculated to be 127.06 kJ/
mol, higher than the result of Li et al. using a 56 T ZSMS5
cluster (66.1 kJ/mol) [19], highlighting the importance of dif-
ferent topological structures of zeolites. Also, this energy bar-
rier is obviously lower than that of unimolecular C-S bond
breaking step of thiophene mentioned above (357.36 kJ/
mol), indicating that this cracking process should occur pref-
erably via bimolecular mechanism.
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After TS-2TH-4, the INT-2TH-3 is produced, and then
proceeds through a hydrogenation reaction with activation
barrier of 101.70 kJ/mol for TS-2TH-5 (Fig. 6a). The resulting
complex-2TH-5 reacts to remove the sulfur atom via transition
state TS-2TH-6. In TS-2TH-6 (Fig. 6b), the breaking C-S
bond and forming C-O bond are 2.60 and 2.23 A, respectively.
Interestingly, this step needs to only overcome 136.78 kJ/mol,
greatly lower than that of unimolecular desulfurization
(278.44 kJ/mol). Our calculated value is also lower than the
result of Saintigny et al. (167 kJ/mol) using a bare cluster
model [16], implying the importance of zeolite environments.

Subsequently, the H,S is desorbed from complex-2TH-6
and one H, molecule adsorbed to form complex-2TH-7
(Scheme 3). Two subsequent steps, hydrogenation and pro-
tonation, take place with activation barriers of 121.46 (TS-
2TH-7) and 117.50 kJ/mol (TS-2TH-8), respectively
(Fig. 2), producing the intermediate INT-2TH-4. Herein,
propene is yielded from INT-2TH-4 through a (3-scission re-
action (TS-2TH-9). This step needs to overcome a moderate
energy barrier of 146.62 kJ/mol, which suggests that the for-
mation of propene may occur under industrial HDS conditions
(363-773 K) [43]. The geometrical parameters of INT-2TH-4
and TS-2TH-9 are given in Fig. 6. In TS-2TH-9, one propene
molecule is almost completely produced. After the desorption
of propene, the INT-2TH-5 reacts with H, molecule via a
hydrogenation step to yield 2-methylthiophene with a small
activation barrier of 109.58 kJ/mol (TS-2TH-10), and also, the
acidic site is finally restored. Table 1 presents the energy de-
compositions in QM and MM contributions for all reaction
steps. Again, the stabilities of transition states are mainly due
to the QM contributions.

A careful investigation from Table 1 suggests that the ring
opening of thiophene (127.06 kJ/mol) is much easier to occur
than the desulfurization step (136.78 kJ/mol). The H, mole-
cule is necessary for completing the hydrogenation reactions.
One can readily find that the occurrence of the hydrogenation
step needs lower activation barriers in the bimolecular HDS
mechanism (smaller than about 120 kJ/mol, Table 1) but
higher in unimolecular mechanism (larger than 150 kJ/mol,
Table S2), probably attributed to the influence of the second
thiophene ring in the dimerized thiophene species. It is also
noteworthy that Zecchina et al. confirmed the formation of
oligomeric thiophene species in H-FAU zeolite by means of
IR and UV-Vis spectra [45]. In the current work, the polymer-
ization reaction of two thiophene molecules occurs easily due
to the low activation barrier (57.99 kJ/mol), in accord with
their experimental observations.

Figure 2 gives the energy profiles calculated for
unimolecular and bimolecular HDS reaction pathways over
H-FAU illustrated in Schemes 1 and 3. According to the study
reported by Murdoch [37], six sections in the bimolecular
pathway are involved: complex-TH-1 to complex-2TH-2,
complex-2TH-2 to complex-2TH-3, complex-2TH-3 to
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Fig. 4 Optimized structures of a
TS-2TH-1, b INT-2TH-1, ¢
complex-2TH-2, and d TS-2TH-2
in H-FAU zeolite for bimolecular
cracking mechanism of
thiophene. Key distances are
marked in units of A

complex-2TH-5, complex-2TH-5 to complex-2TH-8,
complex-2TH-8 to INT-2TH-4, and INT-2TH-4 to complex-
2TH-11. The corresponding energy differences between tran-
sition state of highest energy and their respective initial inter-
mediate for each section are calculated to be 59.50 (TS-2TH-
1), 57.99 (TS-2TH-2), 210.41 (TS-2TH-5), 242.82 (TS-2TH-
7), 117.50 (TS-2TH-8), and 245.98 kJ/mol (TS-2TH-10), re-
spectively. So the formation of 2-methylthiophene via TS-
2TH-10 in the last section should be the rate-determining step
for the bimolecular cracking mechanism. An energy barrier of
109.58 kJ/mol is needed for the single step from complex-
2TH-10 to TS-2TH-10. From the point of view of thermody-
namics, one can see that from Fig. 2, all of the intermediates
and transition states are lower in energy in PES relative to the
initial reactants (thiophene and HFAU), which indicates that
H,S, propene, and methyl thiophene may be the thermody-
namically favorable major products over H-FAU zeolite, de-
spite several slightly high individual activation barriers such
as desulfurization (136.78 kJ/mol) and (3-scission (146.62 kJ/

(©)

mol) steps. This result is in good agreement with the experi-
mental findings in H-FAU reported by Chica and Jaimes et al.
[6, 46, 47]. In addition, a comparison of unimolecular and
bimolecular HDS mechanisms from Fig. 2 shows that the ring
opening of thiophene and removal of sulfur content are more
favorable through bimolecular mechanism.

It should be noted that we have obtained another transition
state of desulfurization step of thiophene, as described in
Fig. 7. In Scheme 1, the complex-TH-3 proceeds via TS-
TH-3 to remove the sulfur atom. Instead, the complex-TH-3
can also be protonated to form INT-uni-concert, followed by a
transition state, TS-TH-3-concert, for the removal of sulfur
atom. The geometrical parameters of INT-uni-concert and
TS-TH-3-concert are given in Fig. 7a and b, respectively. In
TS-TH-3-concert, the —SH group on the terminal C1 atom and
the H atom on the nearest-neighbor C2 atom leave the C1-C2
bond simultaneously to produce the H,S molecule. Similarly,
in the Scheme 3, the complex-2TH-4 (i.e., the INT-2TH-3
with one adsorbed H, molecule) reacts via TS-2TH-5 to yield
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Fig. 5 Optimized structures of a
INT-2TH-2, b TS-2TH-3, ¢
complex-2TH-3, and d TS-2TH-4
in H-FAU zeolite for bimolecular
cracking mechanism of
thiophene. Key distances are
marked in units of A

complex-2TH-5, followed by TS-2TH-6 for the desulfuriza-
tion step. Alternatively, the INT-2TH-3 can also be converted
into INT-bi-concert (Fig. 7c). H,S molecule can be desorbed
directly from the INT-bi-concert through transition state TS-
2TH-6-concert. As expected, the geometrical configurations
of TS-TH-3-concert (Fig. 7b) and TS-2TH-6-concert (Fig. 7d)
are similar to each other and their activation barriers are
330.83 and 326.27 kJ/mol, respectively. Such high energy
barriers make the corresponding desulfurization steps quite
difficult to occur practically.

Cracking mechanisms of thiophene in cation-exchanged
FAU zeolite

In this section, the influence of metal cations such as Li*, Na™,

and K" on the cracking mechanism of thiophene over FAU
zeolite has been investigated. The participation of H,
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molecules will possibly lead to the formation of Brensted acid
sites. Furthermore, the presence of both acidic sites and metal
cations will make the desulfurization mechanism of thiophene
more complicated. For convenience, we only focus our atten-
tion on the cracking mechanism in the absence of H, mole-
cules, as given in Scheme 4.

In the M-FAU, the metal cation can be located in different
positions with different stabilities, whereas it is not our objec-
tive in current work. We only investigate the cases near the
acidic sites and the behavior of inactive metal cations will not
be studied. Figure S10 presents the structures of M-FAU. One
can see that there are two weak bonds, M...O1 and M...02,
with almost equally bond lengths, which is consistent with the
ESR experiment and previous theoretical study [30, 48]. The
order of the distance of metal cation to acidic zeolite oxygen
atoms O1 (or 02) is Li" <Na" <K, probably due to the dif-
ferent cation radius and different electronegativity.
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Fig. 6 Optimized structures of a
TS-2TH-5, b TS-2TH-6, ¢ INT-
2TH-4, and d TS-2TH-9 in H-
FAU zeolite for bimolecular
cracking mechanism of thio-
phene. Key distances are marked
in units of A

Similar to the case of H-FAU, the thiophene is initially
adsorbed on the M-FAU. For the Li-FAU, there are two types
of adsorption modes, 11'(S) and 1°, as described in Fig. S11
(complex-Li-1). In the structure of n'(S) mode, a weak Li...S

Table 1  Activation barriers (kJ/mol) of bimolecular mechanism of
thiophene for all ten steps at the ONIOM(MP2//M06-2X:UFF) level
and decompositions in QM and MM contributions

Species Steps QM MM ONIOM
TS-2TH-1 Protonation 61.38 —1.88 59.50
TS-2TH-2 Polymerization 59.17 -1.18 57.99
TS-2TH-3 Deprotonation 29.07 2.95 32.01
TS-2TH-4 C-S cracking 113.96 13.10 127.06
TS-2TH-5 Hydrogenation 115.70 —14.01 101.70
TS-2TH-6 Desulfurization 138.70 -1.93 136.78
TS-2TH-7 Hydrogenation 128.22 —6.76 121.46
TS-2TH-8 Protonation 121.18 —3.68 117.50
TS-2TH-9 (3-scission 149.80 -3.17 146.62
TS-2TH-10 Hydrogenation 99.54 10.04 109.58

bond is formed with a distance of 2.50 A. For the n° mode, the
Li" cation interacts with the thiophene ring. The distance from
Li" to the center of the thiophene ring is 2.12 A. For both Na-
FAU and K-FAU zeolites, two adsorption modes, 1'(S) and
N(CC), are obtained and their structural parameters are also
given in Fig. S11. A careful comparison shows that the order
of distance between metal cation and thiophene is
Li*<Na"<K", which is the same order as for the distance
of M...Ol1 (or M...02) in M-FAU.

The shorter distance of metal cation to thiophene leads to
the higher adsorption energy of thiophene. The most stable
adsorption modes are 11° in Li-FAU, n*(CC) in Na-FAU, and
N(CC) in K-FAU, with the BSSE corrected adsorption ener-
gies of -83.69, -67.44, and -55.39 kJ/mol, respectively. No
experimental adsorption data are found for thiophene
adsorbed in Li-FAU and K-FAU. Fortunately,
Takahashi et al. reported that the heat of adsorption
from experimental isotherms data in Na-FAU (Si/
Al=2.43) is - 79.91 kJ/mol (the lower limit) [49]. Our
calculated result is lower than the experimental value
probably because of the higher ratio of Si/Al (Si/
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Fig. 7 Optimized structures of a
INT-uni-concert, b TS-TH-3-
concert, ¢ INT-bi-concert, and d
TS-2TH-6-concert in H-FAU
zeolite for concerted
desulfurization step of thiophene.
Key distances are marked in units

of A

Al=155) and thus the smaller number of metal cations
in current zeolite models.

After complex-M-1, the C-S bond cracking occurs through
transition state, TS-M-1, to form the intermediate, INT-M-1.
At the TS-Li-1 in Fig. S12, the forming Li-S bond and break-
ing C-S bond distances are 2.43 and 2.57 A, respectively. The
configuration of TS-Li-1 is similar to those of TS-Na-1 and
TS-K-1 (Fig. S12) with the activation barriers of 342.66,
338.30, and 394.92 kJ/mol, respectively, higher than theoret-
ical DFT result (205 kJ/mol) using a bare 4 T Li-cluster re-
ported by Rozanska et al.[17]. Compared to that of TS-TH-1
(357.36 kJ/mol) in H-FAU, one can conclude that the metal
cations could not reduce the difficulty of the unimolecular C-S
bond cracking step more effectively. Moreover, different from
the case of H-FAU, the resulting INT-M-1 could not react to
produce H,S without the participation of H, molecules in M-
FAU zeolites.

Scheme 4 presents the proposed mechanism of cracking
process for thiophene in M-FAU. After one thiophene is
adsorbed near the active site, the second thiophene molecule
is co-adsorbed interacting with the zeolitic framework. The
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complex-M-2 subsequently proceeds through a transition
state, TS-M-2, to form a complex-M-3. This polymerization
step needs to overcome energy barriers of 248.28, 254.42, and
221.91 kJ/mol for TS-Li-2, TS-Na-2, and TS-K-2, respective-
ly. The C-S bond cracking step of complex-M-3 takes place
through TS-M-3 with the activation barriers of 243.78,
249 .41, and 346.83 kJ/mol for M=Li", Na*, and K", respec-
tively. Obviously, the higher energy barriers of polymerization
and C-S bond cracking steps relative to that in H-FAU (92.37
and 127.06 kJ/mol) suggests that the metal cations do not
reduce and contrarily increase the difficulty of occurrence of
these two steps. The resulting INT-M-2 could not complete
the desulfurization process in the absence of H, molecules and
no H,S is produced. Furthermore, the calculated high activa-
tion barriers make the initial reactions unfavorable. Therefore,
it can be seen that the removal of sulfur content is achieved
essentially by means of physisorption of thiophene, not the
chemical desulfurization process. This conclusion is in good
agreement with the experimental observations of Simon et al.,
i.e., no H,S is found for thiophene adsorption in Na-MOR and
K-LTL zeolites [14].
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The optimized geometrical parameters of complex-M-2,
TS-M-2, complex-M-3, and TS-M-3, are given in Fig. S13
(M=Li") and Figs. S14 and S15 (M=Na" and K"). We take
the Li-FAU as an example. Interestingly, the configuration of
TS-Li-2 is very different from TS-2TH-2 (Fig. 4d), leading to
the different polymerization process. At TS-Li-2 in Fig. S13,
the C, atom of the first thiophene is attacking another C, atom
of the second thiophene. The forming C,-C, bond length is
1.73 A. Simultaneously, the C,-H bond of the first thiophene
is breaking and the new C,-H bond of the second thiophene is
forming. The breaking and forming C,-H bond distances are
1.23 and 1.75 A, respectively. Different from the H-FAU case,
the Li" cation does not participate in the concerted polymeri-
zation process directly and only stabilizes the transition state
structure through a weak Li...S bond (2.56 A). The Li" cation
plays the same role in TS-Li-3 with a breaking C-S bond
distance of 3.07 A. For M=Na" and K, the geometrical con-
figurations of transition states are more or less similar to the
case for M=Li".

Several remarks can be obtained from the QM and MM
energy components of activation barriers as listed in Table S3.
First, it can be seen that the MM contributions are small and
account for less than 6 % of the total ONIOM energies.
Second, no quantitative variation trend in activation barriers
is found for different transition states. Third, all the MM en-
ergy values are almost positive, indicating that the zeolite
environment does not have a stabilizing effect on the transition
state structures. This remark is consistent with the periodic
DFT result for thiophenic derivative cracking over the MOR
zeolite reported by Rozanska et al. Their calculations suggests
that the zeolite framework appears not to stabilize the transi-
tion state complexes [18].

Conclusions

We have performed a two-layer ONIOM study on the HDS
mechanism of thiophene in H-FAU and cation-exchanged M-
FAU zeolites (M=Li", Na", and K"). According to the exper-
imental and theoretical studies, we proposed the possible re-
action pathways. The calculated results suggest that for the
unimolecular HDS mechanism, the rate-determining step is
the hydrogenation of alkoxide intermediate. The high activa-
tion barriers of C-S bond cracking and desulfurization steps
make the unimolecular mechanism unfavorable under moder-
ate conditions. These conclusions are also followed for the
unimolecular mechanism of 2-methylthiophene. As compared
to the thiophene case, the effect of electron-donating —CHj3
group is weak and limited. In addition, the assistance of
H,0 and H,S molecules does not reduce the difficulty of C-
S bond cracking more effectively.

Five main steps are involved in the bimolecular cracking
mechanism. The rate-determining step is the formation of 2-

methylthiophene, not the C-S bond cracking of the thiophene.
Furthermore, the ring-opening of thiophene is much easier to
occur than the desulfurization step and these two steps are
more favorable through bimolecular mechanism. A careful
analysis of energetics suggests that H,S, propene, and methyl
thiophene may be the thermodynamically favorable major
products for the HDS process of thiophene over H-FAU zeo-
lite, in good agreement with experimental observations.
Additionally, we optimized and obtained an alternative to
the transition state of desulfurization step of thiophene, where-
as the corresponding higher energy barriers disfavor the re-
moval of sulfur atom.

In M-FAU zeolites, desulfurization step could not be com-
pleted and no H,S is produced in the absence of H, molecules.
The adsorption modes are different from the H-FAU case and
the order of adsorption energy is calculated to be
Li">Na">K". For the unimolecular C-S bond cracking step,
the metal cations do not reduce the energy barrier effectively
as compared to that in H-FAU. More importantly, both bimo-
lecular polymerization and subsequent ring-opening steps of
thiophene are favorable in H-FAU, but difficult to occur in M-
FAU due to the higher activation barriers (more than 220 kJ/
mol), indicating that metal cations increase their difficulty of
occurrence. Our conclusions are in accord with experimental
observation, i.e., no H,S is found in Na-MOR and K-LTL
zeolites. The removal of thiophene is achieved essentially by
physisorption mechanism, not the chemical desulfurization
process.
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