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Emissions of diesel exhaust gas in confined work environments are a major health and safety concern,
because of exposition to nitrogen oxides (NO,). Removal of these pollutants from exhaust gas calls for
engineering of an optimum sorbent for the selective trapping of NO and NO, in the presence of water.
To this end, periodic density functional theory calculations along with a recent dispersion correction
scheme, namely the Tkatchenko-Scheffler scheme coupled with iterative Hirshfeld partitioning TS/HI,
were performed to investigate the interactions between NO, NO,, H,O and a series of divalent cation
(Be?*, Mg?*, Ca®*, Sr?*, Ba®*, Fe?*, Cu?*, Zn?*, Pd?*, and Pt?*) faujasites. This enabled the identification
of the optimum zeolites to selectively capture NOy in the presence of H,O, with respect to two impor-
tant criteria, such as thermodynamic affinity and regeneration. Our results revealed that Pt>* and Pd®*
containing faujasites are the best candidates for effective capture of both NO and NO, molecules, which
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1. Introduction

Air quality is currently a major environmental concern. The
concentration of pollutants, such as carbon oxides (CO and
CO,), ozone (O3), volatile organic compounds (VOCs), nitrogen
monoxide (NO) and nitrogen dioxide (NO,), released by thermal
motors needs to be reduced,”* since these chemicals are
known to be highly toxic and responsible for serious health
problems, e.g. chronic obstructive pulmonary disorder, respira-
tory infections and lung cancer among others.”> According to
the World Health Organization (WHO), 90% of the world
population breathe polluted air, and seven million people die
each year from diseases caused by air pollution.’ Since humans
spend more than 80% of their life indoors, including living and
working places where pollutant levels are estimated to be
typically 5 to 10 times higher than outdoor, they are particularly
exposed to the typical indoor pollutants including NO, NO,, CO
and VOCs.*
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paves the way towards the use of these sorbents to address this challenging application.

Along with ozone (O3), NO, (both NO and NO,) are amongst
the most harmful indoor air pollutants.” NO gas is a colorless
and odorless gas, while NO, is a reddish-brown gas with a
strong smelly odor, and its toxicity is five times higher than that
of NO.%7

Moreover, NO, released by engines (300-1000 ppm for both
NO and NO,) in a confined work environment lacking ventila-
tion and exhaust treatment represents a major health and
safety problem.®® In France, almost 800000 workers are
exposed to such emissions. As a result, European Union regu-
latory requirements have attempted to address these concerns
through EU Directive 2017/164, which set an occupational
exposure level limit value for NO and NO, emitted from engines
in a working environment of 2 and 0.5 ppm, respectively.'”
Therefore, the reduction of NO, emissions in exhaust gases of
off-road vehicles is a current priority in occupational risk
prevention. This calls for the development of efficient techno-
logies to comply with these health standards and for improving
health and safety in confined work environments.

Several strategies such as NO, storage-reduction (NSR) and
selective catalytic reduction (SCR) have been proposed in
the last decade, in order to limit NO, release in lean-burn
engines."'™ Being efficient at high temperatures, they have
already been implemented in light vehicles where the engine
temperature quickly increases thanks to their continuous run.
However, these techniques face several problems.™ In particular,
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their efficiency for NOy reduction becomes limited in construction
site machinery running discontinuously and therefore subjected to
several cold starts, leading to low exhaust temperature.’®

Therefore, an effective sorbent for the selective capture of
low concentrations of NO and NO, in the presence of water '
needs to be engineered by paying attention that residual H,O
can react with NO, for producing NO and nitric acid.">"” In the
context of ecological transition, adsorbent regeneration also
appears crucial. Thus, a subtle balance between high selectivity
and easy regeneration is required.

Recent studies revealed that inorganic sorbents such as
zeolites can address the capture of NO,."”'® Indeed, on the
basis of 200 existing zeolites,'*>' mordenite (MOR),>*** MFI
(zSM5),***® and faujasite (FAU) architectures have been
proposed as promising candidates for NO, removal.'’?®
However, the identification of the most efficient zeolite in terms
of topology, nature and concentration of extra-framework cations
requires many experiments. To circumvent this limitation, mole-
cular modeling is a powerful tool to narrow down the list of
potential adsorbents.””® Specifically, molecular simulations can
assess accurately the adsorption energies and capacities for a
large number of sorbents/sorbate pairs and therefore becomes a
reliable screening tool for identifying the most efficient sorbents
for the selective trapping of a target sorbate.

Herein, we present a screening approach based on density
functional theory (DFT) calculations to assess the efficiency and
the selectivity of zeolite materials for the target applications.>®>?
Typically, faujasites are good candidates for NO, trapping, thanks
to the presence of the extra framework cations that can act as
strong adsorption sites combined with their large supercages that
enable to optimize the amount adsorbed.'*'7?*3* Furthermore,
the structure composition (Si/Al ratio) can be fine-tuned from one
up to infinite®® by modifying the hydrothermal synthesis (ratios 1
to 3) or by applying post-synthetic modifications (ratio 3 onwards).

Among this family of faujasites, the Y version®® was first
synthesized with a Si/Al ratio of about 2.5, exhibiting a good
chemical/thermal stability and high cation exchange capacity,
and therefore became industrially widely used as a molecular
sieve and an adsorbent.®’*® In addition, the Si/Al ratio of Y
zeolites can be further increased and adjusted through stream
and/or acid treatments,>” yet still maintaining crystallinity. As a
result, a zeolite featuring improved hydrothermal stability
“Ultra Stable Y” (USY) was conceived and labeled for all
structures with a Si/Al ratio of about 6 and above. Y and USY
zeolites have shown remarkable promise in many industrial
applications.**™

More specifically, the objectives of the present work are to
investigate the preferential adsorption configurations of NO,
NO, and H,O in a series of divalent cation faujasite Y and to
assess the associated interaction energies and the host/guest
charge transfer. To this purpose, our periodic DFT investiga-
tions focused on a series of ten divalent cation faujasite Y (Be*",
Mg>*, Ca*", sr**, Ba®", Zn*, Cu®*, Fe**, Pd*" and Pt**) with a
model Si/Al ratio equal to 23. The optimal divalent cation Pt>*
was further incorporated in the common zeolite Y (Si/Al = 2.4)
and its adsorption behavior with respect to the 3 molecules
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mentioned above was predicted to confirm the potential of this
zeolite for a selective capture of NO,. The bond activation upon
adsorption of the studied molecules was later analyzed to gain
insight into the regeneration of these materials.

2. Computational and structural
details
2.1 Structural model

Faujasite is a three-dimensional network belonging to the wide-
pored zeolites (Fig. 1a). Its structure consists of 6.6 A diameter
sodalite cages (B cages) connected through hexagonal prisms
(D6R) with an opening of 2.3 A. By other windows, these B cages
are connected to 12.4 A diameter supercages (« cages) which are
also linked together by a 7.4 A diameter hexagonal window
(12MR) leading to the formation of a porous network.**

The purely siliceous structure of faujasite belongs to the
Fd3m symmetry space group,** with the standard cubic lattice

cation (site 1)

a)

SousntE Sodalite

Fig. 1 (a) Scheme of the conventional cell of the faujasite with three types
of cavities. The hexagonal prism (D6R), the sodalite cage (f cage) and the
supercage (« cage). (b) The FAU zeolite primitive cellis displayed using balls
and sticks. (c) Representation of the site Il and its geometrical parameter
considered during this study (i.e., the angle O-M-0).
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containing 576 atoms (Si;19,0354) and characterized by a lattice
constant of 25.028 A.***° In the present study, to minimize
computational efforts, only a 144 atom rhombohedral primitive
cell was considered containing 8 hexagonal windows linking
the two supercages to the sodalite cages and characterized by the
following cell dimensions: a = b = ¢ =17.3432 A, o=p=y=60°and
V =3688.68 A°.

To obtain a Si/Al ratio equal to 23, two Si atoms were
exchanged by two Al atoms in the primitive cell (Fig. 1c).
Therefore, the molecular formula of the investigated cell
is M;Al,Siz 006, with M = Be®", Mg”*, Ca®*, sr**, Ba®*, Zn*",
sn?*, Fe**, Pt*" or Pd*'. In zeolites, the Loewenstein rule
which governs Al-O interactions excludes the sharing of one
oxygen atom by two AlO, tetrahedra.’® This means that the
Al-O-Al bond formation is excluded from the zeolite frame-
work and that the distance between two aluminum cations
in a 6MR (SiO,/Al,03) ring needs to be as large as possible
(Fig. 1c).**

Several crystallographic investigations have shown that for a
Si/Al ratio greater than five, site II (Fig. 1) is the most favorable
to be occupied by cations.””*® This site is situated within
the supercage, more particularly upon the hexagonal window
connecting the sodalite cage to the supercage. In addition, this
site is known to be accessible to most of the adsorbates.**>°
Therefore, in our study, only site II was considered for the
location of the different envisaged divalent cations, consistent
with previous studies.”"*?

2.2 DFT adsorption calculations

The adsorption modes and energies of NO, and H,O on site II
of exchanged cationic zeolites were studied through periodic
DFT calculations®>* using the code VASP (Vienna Ab Initio
Simulation).>® The functional of Perdew, Burke, Ernzerhof
(PBE) of the generalized gradient approximation was applied
(GGA).*® The electron-ion interactions were described using
the projector augmented plane wave (PAW) method developed
by Bléchl®’ and adjusted later by Kresse and Joubert.’®
The plane wave cutoff energy was set to 450 eV and the
Brillouin zone sampling at the I'-point. The Kohn-Sham self-
consistent total energy differences were converged within
107° eV.>* A 0.1 eV Gaussian smearing was applied and the
atomic positions were fully relaxed until all forces were below
0.02 eV A™* per atom.**

To describe the adsorption of the different guest molecules
in the faujasite with a high accuracy, van der Waals (vdW)
interactions have to be accounted for.®®™®* For this, the Tkatch-
enko-Scheffler scheme with iterative Hirshfeld partitioning
(TS/HI) was considered. This vdW correction method was
demonstrated to accurately describe the dispersion interactions
of small molecules over exchange zeolites.**

Spin-polarized (collinear) calculations were performed for
all the cations. Fe*" with a 3d°® orbital was found to be 1.74 eV
more stable in the high spin state compared to the low spin
state. To further treat the strong correlation effects of Fe, the
GGA + U method of Hubbard®® was applied with an effective
Hubbard parameter U of 4.0.
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The interaction energies between the guest molecules and
the cation containing faujasites were calculated at 0 K using the
following equation:

AEint = E(FAU+guest) - (EFAU + Eguest) (1)

where Epsuiguese 1S the total energy of the zeolite with the
adsorbate and Epsy and Egues are the total energies of the
zeolite and the gaseous phase of the isolated molecule,
respectively.

In a similar procedure, the dispersion force contribution
AEg;p, to the interaction energy is given by

AEclisp = Edisp(FAU+guest) - Edisp(FAU) - Edisp(guest) (2)

In order to further improve our understanding and to look at
the effect of the interaction of the adsorbed molecule with the
zeolite, both the charge density difference (Ap) and Bader
charge difference (AQ) were determined.®®®®

The charge density difference can be calculated taking the
superposition (obtained from the initial condition of the self-
consistency cycle) of non-interacting atoms (or isolated) as the
reference. The visualization of the charge density difference
(Ap) upon the adsorption of NO, and H,O into exchanged FAU
requires three calculations as shown in the equation below:

Ap = pFAU+guest — PFAaU — P+guest (3)

where ppausguest Stands for the charge density of the full system,
prau is the charge density of the empty faujasite and pgye is the
charge density of the isolated adsorbate in the gas phase.

On the other side, the Bader approach consists of exploiting
the topological properties of the charge density to partition the
space in several regions, and the boundary of each Bader
volume is defined as the surface through which the charge
density gradient has a zero flux. Thus, the partial charge and
polarization of single atoms are determined. To obtain the
difference in an electronic charge AQ, the following equation
was used:

AQ = QFAU-guest - (QFAU + quest) (4)

where Q pauguest is the Bader charge of all the atoms upon
adsorption and Qpay and Qguest are the Bader charges of the
clean zeolite and the isolated molecule in the gaseous phase,
respectively.

3. Results and discussion

3.1. Geometry of the cation exchanged FAU zeolites

The locations of all tested cations (M = alkali metals and
transition metals) in the empty and guest-loaded faujasites
were determined by calculating different geometric parameters
such as M-O distances (determined as the mean distance
between M and the nearest 6MR oxygens), O-M-O angles
(determined as the angle between the cation and two neigh-
boring oxygens) and Al-Si-M-Al dihedral angles between M
and the 6MR window plane (Fig. 1c). All distances and angles
values are listed in Tables 1 and 2, respectively.
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Tablel M-O distances (A) of the alkaline earth metal and transition metal
exchanged bare zeolites and loaded with NO, NO, and H,O

Cations Be*" Mg?* Ca®" sr** Ba*' zn®* cu®* Fe** pd** pt*t
Ionic Radii (pm) 45 72 100 118 135 74 73 78 86 80

Bare zeolite 1.66 2.06 2.35 2.53 2.70 1.97 2.03 2.19 2.07 2.06
NO 1.69 2.10 2.39 2.53 2.71 2.00 2.05 2.09 2.22 2.24
NO, 1.70 2.10 2.40 2.54 2.71 1.99 2.05 2.23 2.07 2.07
H,0 1.73 2.12 2.41 2.55 2.73 2.04 2.05 2.08 2.07 2.07

Table2 O-M-0 angles (°) of the alkaline earth metal and transition metal
exchanged bare zeolites and loaded with NO, NO, and H,O

Cations Be>" Mg>* Ca®* sr** Ba®** zn®>" Ccu®" Fe** pd** pt**

Tonic Radii (pm) 45 72 100 118 135 74 73 78 86 80

Bare zeolite 63.8 74.0 67.2 63.2 59.7 66.8 77.1 72.0 75.0 74.5
NO 65.0 72.9 67.0 63.1 59.3 67.4 67.3 69.1 71.0 70.4
NO, 64.7 73.0 66.9 63.0 59.6 67.6 76.9 70.0 74.8 74.4
H,0 67.4 72.3 66.5 62.8 59.5 65.5 76.8 71.4 75.1 74.6

3.1.1 Bare empty faujasites. The energy minimization of all
bare empty faujasites revealed a significant increase of the
dihedral angles between the cation and the 6MR windows,
from 1.05° to 30.87° when going from the smallest to the
biggest cation (i.e., from Be®" to Ba®>*). This clearly indicates
that the smallest cations are positioned within the plane of the
6MR windows whereas the biggest cations are rather out of the
plane as shown in Fig. 2.

Furthermore, upon increasing the cation radius from Be*" to
Ba>", we noticed an increase in the M-O distance from 1.64 A to
2.70 A, respectively. Moreover, a decrease in the O-M-O angle
from 74.0° to 59.7° can be observed when switching from
magnesium to barium. This result is in agreement with a recent
work which showed that more the cations are out of the zeolite
windows plane, lower are the values of the O-M-O angle.®®
Variations of these three geometrical parameters, in line with
the ionic radius of the cation reported in Table 1, indicate that
the cation position affects the interactions with the adsorbates.

Similarly, to alkaline earth metals, the relative positions of
metal cations (Zn>*, Cu**, Fe**, Pd** and Pt>*) within the zeolite
structure were also described by the determination of the M—-O
distances and O-M-O angles (Tables 1 and 2). In addition, the
calculations of the dihedral angles revealed values ranging
from 2.5° to 5.5° which are illustrated in Fig. 2. These results
clearly confirm that the most planar geometry between M and

Fig. 2 An illustration of how the cation size influences its initial position
regarding the 6MR windows plane: (a) alkaline earth family and (b) transi-
tion metal series.
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Fig. 3 Illustration of the cation shift upon NO adsorption on the alkaline
earth, calcium (a) and transition metal, platine (b) zeolites.

the 6MR window is obtained with Zn** and contradicts the fact
that the cation position in the 6MR windows plane varies in the
same way as its ionic radius. Similar trends were previously
observed using the ZSM-5 zeolite structure.”®

3.1.2 NO, NO, and H,O loaded faujasites. Adsorption of
NOy or H,O on alkaline earth metal-exchanged zeolites induces
no significant change in the position of the cations (Fig. 3a).
The cations remain mostly attached to the FAU zeolite through
strong covalent bonds with the nearest oxygen atoms, except for
water adsorption where a slight elongation of the O-M bond
(with an average of 0.05 A) was observed (Table 1).

Determination of the O-M-O angles (Table 2) for alkaline
earths showed that Be** is the most adsorption-sensitive cation,
as its corresponding angle increased from 3.6°, 1.2° and 1° after
adsorption of H,0, NO and NO,, respectively.

Similar trends were also observed for transition metal
exchanged zeolites. Zn>" was found to be sensitive to water as
the O-M bond slightly increased from 1.95 A to 2.04 A (Table 1).
Pt and Pd cations were found to be affected by NO adsorption
as their O-M bonds significantly increased by 0.18 and 0.15 A,
respectively. In contrast to alkaline earth metals, for transition
metals, the O-M-O angle decreases as the O-M bond increases,
which could be due to the cation shift towards the side of the 6MR
windows (near the Al atom) (Fig. 3b), while, with alkaline-earth
metals, the cations remain in the 6MR windows plane (Fig. 3a).

These different geometric features of the two categories of
cation-faujasites suggest distinct adsorption behavior and an
associated interaction energy.

3.2. Energetics and iso-surface electron density

To investigate the ability of the cation exchanged FAUs to
capture NOy, several adsorption modes were considered, and
the most stable ones were selected (Fig. 4). Calculated energies
AEip: (k] mol™") together with their associated dispersion
contribution AEg;, (k] mol ') are reported in Table 3.

Fig. 4 shows that NO is adsorbed through its nitrogen atom,
whereas NO, displays three different adsorption modes
depending on whether it interacts through nitrogen or through
one or two oxygen atoms. Moreover, water adsorbs preferen-
tially through its oxygen atom although an additional inter-
action can occur with one of its hydrogen atoms.

3.2.1 Adsorption of NO

3.2.1.1 Alkaline earth metals Be’', Mg”*, Ca”*, Sr°*, and Ba’".
Among the three adsorbates, NO shows the weakest affinity for

This journal is © the Owner Societies 2022
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c)

BCZ+’ Mg2+, Ca2+’ sr2+’ Ba2+, Zn2+, Fe2t
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Cu2+’ Pt2+’ P42+
Fig. 4 Different adsorption modes for (a) NO, (b) NO, and (c) H,O in FAU exchanged with divalent cations.

Table 3 Interaction energies AE; (kJ mol™) and, in brackets, dispersion energies AEgisp (kJ mol™?) calculated at the PBE + TS/HI theory level for NO,

NO, and H,O molecules

BeZ+ Mg2+ Ca2+ Sr2+ Ba2+ Zn2+ Cu2+ Fe2+ Pd2+ Pt2+
NO -37.6 —44.5 —39.0 —35.0 —26.6 —48.7 -107.8 —155.5 —168.7 —145.6
(—11.8) (-10.2) (—10.9) (—11.1) (-10.7) (—-10.3) (-9.9) (-9.1) (—16.3) (—15.9)
NO, -33.8 —53.2 —49.9 —42.4 —21.8 —42.1 —27.2 —53.7 —74.2 —84.7
(—16.6) (-12.7) (—13.6) (—12.5) (-12.9) (—13.3) (—14.4) (—14.2) (—13.0) (—15.4)
H,0 —-114.8 —112.0 —98.9 —88.7 —74.6 -105.3 —81.6 —56.3 —48.2 -33.2
(~10.8) (~7.7) (~8.6) (~8.6) (~7.3) (~9.1) (~8.8) (—9.4) (~19.0) (~16.7)

the alkaline earth metal-exchanged faujasites with a calculated
interaction energy for beryllium predicted to be —37.6 kJ mol ™,
including —11.8 k] mol™" vdW contribution, i.e. 31% of the
total interaction energy (Table 3). Furthermore, the NO inter-
action energy decreases progressively from —44.5 k] mol ™" with
Mg>" to —26.6 k] mol "' with Ba®>", including an average of
—10 kJ mol™! vdW contribution, i.e. 27%. These low values
indicate a decrease in the interaction force between NO and the
alkaline earth series, which is correlated with an increase in the
ionic radius of this group of metals. Such results indicate that
increasing the electropositivity of the charge-compensating
cation leads to weaker adsorption.

3.2.1.2 Transition metals Zn**, Fe**, Cu?’, Pd** and PY*’. The
interaction energy of NO significantly increases from Zn>'

This journal is © the Owner Societies 2022

exchanged faujasite to Pt exchanged faujasite (Table 3). The
values of the Zn>" exchanged faujasites are close to those
observed for faujasites exchanged with alkaline earth metals.
Higher interaction energies, such as —107.8 kJ mol
—155.5 k] mol™*, —168.7 k] mol~ " and —145.6 k] mol™*, have
been calculated for Cu®*, Fe**, Pd*>" and Pt**, respectively. The
corresponding dispersion contributions are —9.9 kJ mol !,
—9.1 k] mol™", —16.3 k] mol™" and —15.9 k] mol ™', respec-
tively, representing an average of only 7% of the total inter-
action energy. These results are in line with those of Kanougi
et al.”* who computed an interaction energy of —112.6 k] mol *
for NO in ZSM-5 exchanged with Pd>".

Similar findings were also reported by Wang et al.”* and Sun
et al.” for the adsorption of NO and N,O on Fe-BEA and H-BEA
zeolites on the one hand, and NO and CO on Fe/ZSM-5 on the

l.72
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other hand. Wang et al. revealed that Fe(m) exchanged BEAs
show the highest affinity for NO with an interaction energy
of —123 kJ mol ", very close to the value we found for Fe(u)-
FAU. However, Sun et al. obtained a much higher energy of
—258 k] mol™' for the ZSM-5 exchanged with Fe(i) most
probably due to the location of the Fe(u) on the 8MR site. Many
studies reported that cations located in the 8MR sites lead to
higher interaction energies compared to the cations located in
the 6MR site.”*”* Furthermore, these previous studies revealed
that, in all investigated zeolites, NO molecules preferentially
adsorb via their nitrogen rather than their oxygens, in agreement
with our findings reported in Fig. 4.

Fig. 5 represents the negative and positive iso-surfaces
between Ba-NO and Pt-NO. The high electrostatic interactions
between nitrogen and Pt** were confirmed through the high
charge transfer, together with the Bader method based com-
puted AQ (0.14 e; —0.17 e) for Pt and N, respectively. It is not the
case with the Ba cation where its Bader charge was almost
unaffected by the adsorption of NO. The calculated distance
between the Pt atom and N atom of NO (dpey =1.92 A)
confirmed this result, indicating a chemical bond formation
between the cations and the nitrogen atom of NO, with the
formation of complexes.”®””

3.2.2 Adsorption of NO,

3.2.2.1 Alkaline earth metals Be’*, Mg**, Ca®", Sr**, and Ba®".
The NO, interaction energy varies between —53.2 k] mol ™" and
—21.8 k] mol " from Mg”" to Ba®>* (Table 3). This relatively weak
interaction is in line with the absence of the charge transfer
between Ba** and NO, (Fig. 6a). The significant decrease of the
interaction energy along this family of cations follows the
decrease in the hardness of the cation, leading to a weaker
interaction with hard base molecules, i.e. HSAB theory (Hard
Soft Bases and Acids) introduced by Parr Pearson.”®

3.2.2.2 Transition metals Zn’!, Fe*’, cu®’, P& and P£". For
faujasites exchanged with transitions metals, Table 3 shows
that NO, is less strongly adsorbed as compared with NO and
preferentially interacts through its oxygen atoms for most of the
cations as shown in Fig. 4b. The total interaction energy
reaches a maximum of —53.7 k] mol ~* for Fe**, which is similar
to the value observed for Mg”* (—53.2 k] mol "), reflecting the
same interaction mode of NO, with these two cations. Zinc

Fig. 5 Iso-surface electron density for two cations: first, with a weak
interaction energy between Ba?* and NO and second with a strong
interaction energy between Pt>* and NO. Yellow and blue colors represent
the negative and positive iso-surfaces corresponding to +0.003 and
—0.003 electron A=3, respectively.

15570 | Phys. Chem. Chem. Phys., 2022, 24, 15565-15578
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Fig. 6 Iso-surface electron density for NO, interaction with Ba—FAU (a),
and for the most stable configuration of NO, interaction with Pt—FAU (b).
Yellow and blue colors stand for the negative and positive iso-surfaces
mapped from +0.003 to —0.003 electron A=3, respectively.

and copper show the lowest interaction values of —42 and
—27 k] mol~" with NO,, respectively.

Benco’® used DFT to study the adsorption of a set of
diatomic and triatomic probe molecules on [Zn-Zn]** particles
in a ferrierite zeolite. NO and H,O molecules were found to
interact with a single Zn atom, resulting in interaction energies
of —48.8 and —100 kJ mol ', respectively, very similar to our
findings (Table 3). However, the NO, molecule was found to
interact with both Zn atoms of the [Zn-Zn]** particle, indicating
the 54 k] mol ! higher adsorption as compared to our results.

Pt>* and Pd*" are the only cations that interact with NO,
through its nitrogen atom and, thus again, they revealed
the highest adsorption values of —84.7 and —74.2 kJ mol ,
respectively. The corresponding vdW contribution was esti-
mated to —15.4 k] mol™" for Pt*". The strong interaction of
NO, with the Pt cation was confirmed by the iso-surface
electron density presented in Fig. 6b.

3.2.3 Adsorption of H,0

3.2.3.1 Alkaline earth metals Be’', Mg”*, Ca®*, Sr’*, and Ba’".
As shown by their high interaction energy with water around
—98 kJ mol™' (Table 3), all studied cations display a high
affinity for this guest, with a vdW contribution of 9%. Accord-
ing to the HSAB theory,”® alkaline earth metals are considered
as hard acids, showing a high affinity for hard bases such as
H,0, which is confirmed by the iso-surface electron density
(Fig. 7a). These results are in accordance with the theoretical
work of Benco and Tunega®® on mordenite.

Fig. 7
water adsorption on Ba—FAU (a) and Pt—FAU (b). Yellow and green colors
represent the negative and positive iso-surfaces corresponding to +0.003
and —0.003 electron A~3, respectively.

Iso-surface electron density for the most stable configuration of
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3.2.3.2 Transition metals Zn**, Fe**, Cu", Pd*>" and P**. With
interaction values of —105.3 k] mol~* and —81.6 k] mol™*, Zn**
and Cu** display the strongest interactions with water (Table 3).
These values are close to those calculated for alkaline earth
metals (Table 3). Considering the HSAB theory, Zn>* and Cu®*
are the hardest acids amongst all transition metals tested.

On the other hand, Pd*" and Pt** exhibit weak interactions
with water as indicated by the low interaction energies
observed, of —48.2 k] mol~! and —33.2 kJ mol ", respectively.
Indeed, located below Zn>" and Cu®" in the periodic table, Pd**
and Pt”" are softer cations. The iso-surface electron-density
representation (Fig. 7b) confirms the weak interaction between
Pt and water.

Recently, Mandal et al.®” provided insights into the molecu-
lar structure of Pd cations in SSZ-13 zeolites and their inter-
action with H,O and NO using experimental and computational
analyses. The most stable position of Pd was found to be equal
to the site II used here (Fig. 1), in which the six-membered ring
has two aluminum atoms on opposite sides. Once again, the
interaction energies of —42 and —123 kJ mol " for H,0 and
NO, molecules, respectively, agree with the values listed in
Table 3.

l. 80

3.3. Selection of the most effective cation to selectively
capture NOy

3.3.1 Thermodynamic selectivity of cation-exchanged
faujasites. Here, our objective was to identify the most effective
charge-compensating cation for the selective trapping of NOy in
the presence of water by comparing the interaction energies of
NO, NO, and H,O in the different cation-exchanged faujasite
zeolites (Fig. 8). Knowing that, in diesel exhaust gas, the
concentrations of NO, (300-1000 ppm)®° are much lower than
those of water (10 000 ppm),®* the adsorbent will have to show a
much higher affinity for NO and NO, than for water.

Be®*, Mg>*, Ca®*, sr**, Ba®>" Zn>", and Cu**-exchanged FAUs
exhibit a higher or equivalent affinity for water than that for
NO, (Fig. 8). NO and NO, have almost the same interaction
energy on a given cation, and their interaction decreases in
absolute value from Mg>" (49 kJ mol ") to Ba** (23.5 kJ mol %).
This indicates that these materials will be poor sorbents
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N
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Fig. 8 Total interaction energies of NO, NO,, and H,O with divalent
cation-exchanged faujasites, calculated using the PBE + TS/HI level of
theory.
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for NO, and unsuitable for the intended pollution control
application.

As shown in Fig. 8, Fe’"-exchanged FAU exhibits a similar
affinity for water and NO, (—56.3 and —53.7 k] mol ", respec-
tively), but much higher affinity for NO (—155 kJ mol ™). This
means that water is expected to play a detrimental role on NO,
adsorption. However, the NO, molecule appears to be highly
reactive with water in zeolites, leading to NO formation;*
therefore, Fe>" could be an appropriate cation for selectively
trapping NO, in the presence of water owing to its high affinity
for NO.

Palladium and platinum are the only cations showing a
higher affinity for NO and NO, compared to water (Fig. 8 and
Table 3). NO shows a high affinity for both cations (—145.6 and
—168.7 k] mol ', respectively) followed by NO, (—84.7
and —74.2 k] mol ). These interaction energies are signifi-
cantly higher than those of water (—33.2 and —48.2 k] mol " for
Pd** and Pt*", respectively). Therefore, water is not expected to
inhibit the adsorption of NO, in these zeolites. These results
reveal that in terms of thermodynamic selectivity, Pd**, Pt>" and
in a lesser extend Fe** forms are clearly the most interesting
faujasites for the selective capture of NO, from water.

3.3.2 Regeneration of the faujasites. One further require-
ment of the adsorbent is to prevent chemical reactions and
by-product development that would limit the reliability of the
trapping process and the regeneration of the sorbent.®*** This
can be performed by a full comparative analysis of bond
lengths before and after adsorption, and the less the bond
is activated (i.e., stretched) the more the cation-faujasite is
efficient for our purpose.

For alkaline earth cations, the bond length analysis for the
pristine and loaded faujasites (Fig. 9) revealed that the NO
bond length slightly decreases (from 0.006 to 0.008 A for most
cations). The “N-O1" bond length with the first oxygen atom
in NO, is almost unaffected but the “N-02" bond with the
second oxygen is stretched with an average variation of 0.02 A.
Concerning H,O, the distances of the two water bonds (O-H)
are barely changed. In terms of regeneration, alkaline earth
cations can safely be used for NO removal. However, NO, may
develop undesirable by-product formation by chemically
reacting with these cations and other molecules. One addi-
tional observation in Fig. 9 is that beryllium has the most
noticeable differences in bond lengths (both stretched and
retracted); this may be attributed to its small ionic radius
(Table 1). Therefore, we can suggest that the smaller the
radius, the higher the probability of activating the bond
length becomes.

Looking at transition metals, all five cations can be safely
used to trap NO, as their (N-O) bond lengths become shorter
than those in the gas phase (Fig. 9). For NO,, the significant
activation of both N-O1 and N-O2 bonds occurs for Fe**, Cu**
and Zn**, while only a slight variation in the bond length from
0.004 and 0.005 A is observed for Pd*>" and Pt**, respectively.
These variations are too small for affecting the regeneration
process and are therefore negligible. Concerning water adsorp-
tion, a minor variation in the H-O bond length was observed

Phys. Chem. Chem. Phys., 2022, 24, 15565-15578 | 15571
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Fig. 9 Variation of the bond lengths of molecules between the gas phase and once adsorbed in faujasites. N-O (in the NO molecule), N-O1 with the
first oxygen atom, and N-O2 with the second oxygen atom (in the NO, molecule) and O-H1 and O-H2 (in water).

for all cations, except for zinc and copper where the variation in
the O-H bond of water was significant (Fig. 9).

Indeed, the analysis of the bond activation shows that only
Pd>" and Pt** can be effectively used for NO, trapping. In the
following, we will evaluate the potential of Pt**, which is less
costly than Pd**, when embedded in a realistic faujasite Y
structure characterized by a Si/Al ratio of 2.4.

3.4. Evaluation of Pt(u)-NaY for NO, capture

To obtain a Pt(i)-NaY structure (Si/Al ratio = 2.4), 14 Si atoms
were substituted by 14 Al atoms in the primitive cell (Fig. 10).
The distribution of platinum cations in the zeolitic Y-structure
may have an impact on the adsorption mechanisms of NO,.
Numerous experimental and, more recently, simulation methods
have been reported on the location of cations in the faujasite.
Frising and Leflaive®” have gathered and presented in an extensive

Site Il E

Sodalite

Site I’

Fig. 10 The Pt—NaY zeolite primitive cell displayed in balls and stick cells,
with three accessible sites. Site Il (supercage), site | (hexagonal prism) and
site I'(sodalite cage).

15572 | Phys. Chem. Chem. Phys., 2022, 24, 15565-15578

review, all the different results that have been published in the
literature over the years.

For platinum, only one reference was found where the Na-Y
zeolite was partially Pt-exchanged.®® Therefore, the molecular
formula of the investigated cell is Pt;NagAl;4Si3,006. In this cell,
unexchanged Na' cations seem to prefer site II (supercage)
followed by site I (at the center of the hexagonal prism), while
Pt>" cations tend to occupy site II and site I (in the sodalite
cage) (Fig. 10).

3.4.1 Thermodynamic selectivity of cation-exchanged
faujasites. The interaction energies calculated for NO, NO,
and H,O in Pt-Y zeolites (Fig. 11) follow the same trend that
presented above for USY (Fig. 8). NO, molecules interact
strongly with the zeolite with associated interaction energies
of —269.0 k] mol ! and —199.8 k] mol™! for NO and NO,,
respectively, which are higher than the value obtained for H,O
(—38.4 kJ mol ). Therefore, upon increasing the Pt concentration

-300.0
-250.0

-200.0

3
£
= -1500 uNO
£ uNO,
< 1000 =H:0

-50.0

0.0

ptz+
Si/Al=23

Si/Al=2.4

Fig. 11 Total interaction energies of NO, NO,, and H,O with platinum
exchanged Na-Y zeolites, calculated using the PBE + TS/HI level of theory.
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(Ze., Si/Al ratio = 2.4), the affinity towards NO, molecules is
enhanced, while the adsorption of water molecule shows no
change related to the concentration of the cation.

By contrast, the difference in interaction energies of NOy
with increasing the cation concentration is surprisingly rela-
tively high, especially since in both cases the adsorption takes
place on the same cation position (site II). These observations
tend to be driven by the location stability of the cation.

Comparing the [Pt-O] distance between the Pt(u) cation and
the D6R oxygens on both Si/Al ratios, it was found that, for the
pristine bare zeolite, the platinum cation located on the D6R
plane binds strongly to four oxygens, with an average distance
of 2.07 A. Upon adsorption, Pt on zeolite Y was found to be
more sensitive to NO, adsorption. The platinum in zeolite Y is
displaced from its original position and slightly elevated from
the D6R plane with 2.04 A (Fig. 13e and f) compared to 1.08 A
for USY (Fig. 5).

This higher mobility of the Pt cations in zeolite Y compared
to zeolite USY seems to be related to the influence of neighbor-
ing cations in the sodalite cage. As shown in Fig. 12, the
sodalite cage is strongly perturbed upon NO, adsorption, and
the site II Pt cation is pulled out from its original position,
subsequently followed by a displacement of the site I’ Pt cation
towards this vacant site IL. This cation confinement effect leads
to a greater exposure of the site II Pt cation to the probe
molecule compared to the USY zeolite.

The migration of cations from site II to the supercage in
zeolite Y has been discussed in many studies: Typically, some
of us® demonstrated by molecular dynamics combined with
complex impedance spectroscopy measurements that metha-
nol perturbs the Na-Y zeolite, moving cations from site II to the
center of the supercage, followed by hopping of SI’ cations from
the sodalite cage into the supercage to fill the vacant SII sites.
Klier®” also mentioned that a CO molecule induces the dis-
placement of Cu(i) from less accessible to more accessible
positions in Y-type zeolites.

As a result, this leads to a higher interaction energy along
with 0.21 and 0.19 |e| charge transfer (eqn (4)) for Pt-NO and

View Article Online
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Pt-NO,, respectively (Fig. 13e and f), compared to 0.14 and
0.09 |e| (eqn (4)) found previously for the USY zeolite.
In contrast, a slight perturbation of the Pt position is observed
upon H,0 adsorption, demonstrating the low interaction
energy and a charge transfer of 0.05 |e| (eqn (4)) (Fig. 13g).

Similarly, the presence of residual sodium from the partially
exchanged zeolite may affect our NO, trapping and should
therefore be investigated. Adsorption of NO, on these cations
revealed very low interaction energies of —24 and —20 kJ mol "
for NO and NO,, respectively (Fig. 11). While a strong affinity
towards water has been achieved at an interaction energy of
—55 k] mol " (Fig. 11), in agreement with the HSAB principle.”®
These results indicate that the NO, trapping efficiency would
be improved in tandem with a high Pt exchange in the Na-Y
zeolite.

The reported high NO, interaction energies with Pt cations
along with the low interaction energies for Na cations can be
understood by studying the differences in the electron density
(Ap) induced by adsorption. In this context, we found that the
interactions between N and Pt atoms display a significant
electron transfer (Fig. 13e and f), the green density around
the NO, molecules reflecting the loss of charges towards the
yellow area of the Pt cation. For Na cations, a poor charge
transfer can be observed upon adsorption of NOy (Fig. 13a and
b), and the water molecule, however, showed a higher charge
transfer but mainly in the form of hydrogen bonding with the
D6R oxygen atom (Fig. 13c).

3.4.2 Regeneration of Pt(u)-NaY faujasites. A compre-
hensive comparative analysis of the bond lengths of the
pristine and loaded zeolites has been achieved.

For USY (Fig. 4a), the NO molecule was found to be adsorbed
by its nitrogen atom on the Y zeolite (Fig. 13e). This adsorption
configuration maintained the same bond length, preventing it
from activation (Fig. 14), similarly to what has been observed
on USY (Fig. 9).

For NO,, due to the large displacement of the cation position,
interactions were observed between the Pt of the Y zeolite and the
molecule (Fig. 13f). This adsorption configuration led to a

Pt-NaY

This journal is © the Owner Societies 2022

NO@Pt-NaY

Fig. 12 Displacement of site I and site Il Pt cations upon NO, adsorption in Y-type zeolites.
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Fig. 13

Iso-surface electron density for the most stable configurations of NO, NO, and H,O adsorption on Na-Y (a—c) and Pt—NaY (e—g) zeolites.

Yellow and green colors represent the negative and positive iso-surfaces corresponding to +0.01/+0.003 and —0.01/—0.003 electron A=3 for Pt and Na,

respectively.
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Fig. 14 Variation of the bond lengths of the molecules before the adsorption on cation-exchange faujasites (gas phase) and after the adsorption. N-O
(in the NO molecule), N-O1 with the first oxygen atom, and N-O2 with the second oxygen atom (in the NO, molecule) and O—-H1 and O-H2 (in water).

significant stretching of the non-interactive (N-O) bond (Fig. 14).
In contrast, for USY, the NO, molecule was adsorbed only via
its nitrogen (Fig. 4b), resulting in no change in its bond length
(Fig. 14).

Concerning water, due to the weak hydrogen bonding that
occurred during adsorption (Fig. 13g), the bond length of the
molecule was negligibly stretched (Fig. 14).

To summarize, the binding analysis shows that Pt(i)-NaY
can be safely used for NO removal in the presence of water.
However, because of the significant increase of NO, bond
lengths, Pt(i)-NaY appears to be unsuitable for NO, removal,
as it can lead to the formation of undesirable by-products,
resulting from the dissociation and the chemical reaction of
NO, with platinum and other molecules. In addition, the revealed
high interactions between NO, and Pt may leave the latter difficult

15574 | Phys. Chem. Chem. Phys., 2022, 24, 15565-15578

to regenerate. Therefore, future studies are needed to investigate
the desorption properties of the most promising zeolites to
determine the optimal regeneration temperature.

4. Conclusion

In summary, in the context of the prevention of harmful
emissions from diesel engines, DFT simulations using the
van der Waals correction have been conducted to study the
effect of water on the NO, capture by cation containing fauja-
sites. Several divalent cation (alkaline earth metals (Be*", Mg*",
Ca®", sr’*, and Ba®") and transition metals (Fe**, Cu®*, Zn*",
Pd>*, and Pt*")) exchanged faujasites were tested to identify the
most selective sorbents toward NO and NO, contaminants.

This journal is © the Owner Societies 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2cp00553k

Open Access Article. Published on 03 June 2022. Downloaded on 6/11/2026 8:38:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Overall, when considering thermodynamic selectivity criteria,
our interaction energy calculations show that alkaline earth
metals, as well as Cu”* and Zn**, exhibit a higher affinity for
water than for NO,, indicating their unsuitability for the target
application, whereas the remaining charge-compensating cations
(Fe**, Pd>" and Pt>*) behave more efficiently, since all of them
show a greater affinity for NO, leaving water with no expected
detrimental effect on NOy adsorption, with the exception of Fe**
that presents a similar affinity for water and NO,.

Nevertheless, the bond activation analysis discarded Fe>*
from the suitable cations list, since a significant activation of
the N-O1 and N-O2 bonds is observed for the adsorption of
NO, on Fe*', resulting in undesired by-product formation,
whereby a negligible variation in the bond length is observed
for Pd** and P>

The Pt**cation was then incorporated and studied within the
Y zeolite (Si/Al = 2.4). The results highlight that Pt>* faujasite Y
is an interesting material for the removal of NO, from diesel
engine exhaust.

This screening method transferable to the adsorption study
of other contaminants by zeolite sorbents, including ammonia
gas and formaldehyde among others, is expected to guide
the experimental effort towards the synthesis of the optimum
sorbents to avoid tedious and time-consuming trial-error
approach.
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