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Mechanism for Cu-enhanced hydrothermal
stability of Cu-CHA for NHz-SCR+

Shivangi Singh,*? Ton V. W. Janssens ©° and Henrik Grénbeck @ *

Exposure of acidic zeolite-based catalysts to water at high temperatures generally leads to deactivation
due to dealumination. In Cu-CHA zeolite, which is a preferred catalyst for the selective catalytic reduction
of NO by NHsz (NH3-SCR), the acidic protons in the zeolite are partially exchanged by Cu ions. The
presence of Cu has been measured to reduce the rate of dealumination, thus stabilizing the catalyst. To
understand the stabilizing effect of Cu, density functional theory calculations, ab initio thermodynamics
and microkinetic modeling are used to compare the reaction mechanism for the dealumination of H-CHA
to Cu-CHA. For H-CHA, we find that dealumination leads to the formation of mobile Al(OH)sH,O (extra-
framework aluminum) species, whereas for Cu-CHA, formation of framework bound Cu-Al species is
thermodynamically preferred over Al(OH)sH,O, which results in the increased stability of Cu-CHA. The
formation of mobile A(OH)3H,O in Cu-CHA is, moreover, associated with a high energy barrier. The phase
diagrams show the formation of A(OH)zH,O and Al,O3 from H-CHA and that high temperatures favor the
formation of AlLOs. For Cu-CHA, high temperatures lead to the formation of CuO and AlLOs, which is
favored over Al(OH)sH,O + CuO. The microkinetic model shows that the formation of Al(OH)sH,O in the
presence of water starts at 380 K and 800 K in H-CHA and Cu-CHA, respectively. Additionally, the time
evolution of the Al(OH)sH,O coverage at 923 K reveals that the process of dealumination is significantly

rsc.li/catalysis

1 Introduction

Selective catalytic reduction of nitrogen oxides (NO,) with
NH; as a reducing agent (NH;-SCR) is a leading technology
for diesel exhaust emission control. NH;-SCR involves the
reduction of NO, to N, and H,O in the presence of NH; and
0,." In the last two decades, Cu-exchanged zeolites with a
chabazite structure (Cu-CHA) have emerged as the preferred
catalysts thanks to their high activity, selectivity and high
tolerance to sulfur oxides.>™ Zeolites are alumino-silicates
composed of tetrahedral units of SiO, and AlO,.° The
tetrahedral units are in CHA arranged to form 4-, 6-, and
8-membered rings. The presence of Al creates a negative
charge that is balanced by a proton or in the case of Cu-CHA,
Cu ions. One general issue with zeolite-based catalysts is
deactivation due to dealumination when the catalyst material
is exposed to water vapor at high temperatures (>850 K for
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faster for H-CHA as compared to Cu-CHA, which is in accordance with the measured increased stability.

Cu-CHA’). Dealumination refers to the removal of aluminum
from the zeolite framework, resulting in structural changes
that adversely affect the catalytic activity, leading to catalyst
degradation.®®

The exhaust stream of diesel engines contains typically 2—-
9% water. The interaction of water with aluminum in the
zeolite framework results in sequential breakage of the Al-O
bonds and ultimately to the formation of silanol groups and
extra-framework aluminum.'®'! Extra-framework aluminum
in HCHA has been measured to contain different forms of
aluminum oxide (Al,03), together with tetrahedral,
pentagonal and octahedral coordinated aluminum ions.'*"?
Octahedrally coordinated Al ions (Al(OH);(H,0);) are unstable
above 395 K and converts to tetrahedrally coordinated
aluminum (Al(OH);H,0)."* A recent infrared spectroscopy
study has indicated the formation of hydroxylated aluminum
oxide clusters during the steaming process."* Solid-state
nuclear magnetic resonance measurements show a reduction
in tetrahedrally coordinated framework aluminum upon
water exposure, indicating dealumination. Dealumination is
associated with a decrease in the number of Brensted acid
sites, which has been measured with infrared spectroscopy
and temperature-programmed desorption.'**°

Atomic scale computational studies have primarily
focused on the dealumination mechanism in H-CHA. The
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initial stage of dealumination involves water adsorbing on
aluminum, yielding a pentahedral or distorted tetrahedral Al
atom. Following this, the first Al-O hydrolysis step occurs
through the dissociation of a water molecule. The sequential
addition of water molecules results in extra-framework
aluminum."” ™" Monte Carlo simulations for H-CHA under
steam conditions (725 K, 1 bar) predict that more than three
water molecules are present per unit cell and the collective
action of more than one water molecule has been found to
decrease the energy barrier for dealumination.*
Dealumination is usually associated with high temperature
although NH,-Y zeolite dealuminates already at 450-500 K."*

The protons in H-CHA can be replaced with Cu ions,
which at high temperatures predominately are present in the
Cu*" oxidation state as Z,Cu (where Z represents the anionic
Al site in the zeolite framework).” Copper is in the Z,-
configuration located in the plane of a 6-membered ring,
balancing the negative charge of two aluminum sites. Cu-
CHA has demonstrated a higher resistance to dealumination
than H-CHA when exposed to water vapor at high
temperatures. Early XRD measurements have shown that the
zeolite structure of NH,-CHA breaks down at 850-900 K,
whereas Cu-CHA remains stable up to 1100-1150 K.*'
Moreover, Kwak et al. observed that the NO, conversion over
Cu-CHA was only weakly affected by hydrothermal aging at
800 °C for 16 hours, which was consistent with minor
changes in the solid state AI-NMR spectra between fresh and
aged samples.*

Linking hydrothermal deactivation of Cu-CHA with
atomic-scale reactions is complex because of the possibility
of many simultaneous processes and products.”® The
processes include (1) dealumination as for H-CHA, (2) the
formation of copper oxide (CuO) species, (3) the
agglomeration of Cu-Al species into copper aluminate (CuAl,-
0,) and (4) complete collapse of the zeolite framework.
Previous studies have reported the formation of a Cu-Al
phase in a hydrothermally aged Cu-ZSM-5 zeolite and the
clustering of Cu-Al species in Cu-CHA zeolite.>*** The major
product depends on the Cu/Al ratio; samples with a high Cu
content show CuO, cluster formation and conversion of
ZCuOH to CuO,.”®

Numerous experimental studies have been performed to
elucidate the kinetics of dealumination. Masuda et al
studied the dealumination in MFI-type zeolite and measured
the reaction order with respect to steam partial pressure to
be 1.5 at 1 bar and 773 K.'' Furthermore, the apparent
activation energy of dealumination in HZSM-5 has been
measured to be about 1.1 eV at a water pressure of 5 kPa and
873 K. In a recent study, density functional theory (DFT)
calculations and microkinetic modeling were used to
investigate the dealumination of H-CHA, allowing for a
detailed understanding of the measured reaction kinetics.*
Previous studies have primarily focused on the
dealumination mechanism in H-CHA and HZSM-5 zeolites.
An atomic-level understanding explaining how copper
stabilizes the zeolite framework in Cu-CHA and why
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dealumination in Cu-CHA is delayed compared to H/NH,-
CHA is still lacking. Here, we use DFT calculations to
compare the dealumination mechanisms in H-CHA and Cu-
CHA and elucidate the enhanced hydrothermal stability of
Cu-CHA. The study is performed in three steps. First, the
potential energy landscapes for dealumination of H-CHA and
Cu-CHA are calculated to identify the reaction pathway and
analyze the reaction barriers. Second, phase diagrams are
constructed to investigate the thermodynamic stability of
different reaction products resulting from dealumination
under different temperature and pressure conditions. Third,
a DFT-informed microkinetic model is constructed to
simulate the evolution of extra-framework alumina as a
function of temperature and water pressure. We find that the
formation of extra-framework aluminum species is faster for
H-CHA as compared to Cu-CHA, which is related to higher
barriers for hydrolysis in Cu-CHA. An additional reason for
the increased stability of Cu-CHA is the preferential
formation of framework bound Cu-Al species instead of
mobile Al(OH);H,0. Our work provides a material-based
description of the hydrothermal stability of Cu-CHA catalysts
for NH;-SCR.

2 Computational methods
2.1 Electronic structure calculations

Spin-polarized density functional theory (DFT) calculations are
performed with the Vienna ab initio simulation package
(VASP).>*° The interaction between the valence and core
electrons is described by the plane augmented wave (PAW)
method, and the Kohn-Sham orbitals are expanded with plane
waves using an energy cutoff of 480 eV.>***' The number of
electrons treated in the valence is Cu(11), Si(4), Al(3), O(6), and
H(1). The Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional is used together with a Grimme-D3 correction,
which accounts for the van der Waals interactions.***
Moreover, a Hubbard-U correction of 6 eV is applied to enforce
the localization of 3d electrons in Cu.***° The chosen
treatment of the electronic interactions is evaluated by
comparative calculations using the hybrid functional
HSE06.%”*® The relative stability of the considered solid phases
is found to depend weakly on the functional, see the ESL{ The
electronic structure is considered to be converged when the
change of electronic energy and Kohn-Sham eigenvalues
between two iterations is smaller than 1 x 107 eV.

Structures are optimized with the conjugate gradient
method. Geometries are considered to be converged when
the largest force is smaller than 0.05 eV A™. Only the gamma
point was used to sample the Brillouin zone. Transition
states are located using the climbing image nudge elastic
band (NEB) method®*™*! with a spring constant of 5.0 eV A™.
Transition states are confirmed by vibrational analysis using
the finite difference method. Born-Oppenheimer ab initio
molecular dynamics (AIMD) with a time step of 1 fs is
employed to explore and identify the minimum energy
structure of CHA in a canonical (NVT) ensemble at 300 K.

This journal is © The Royal Society of Chemistry 2024
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The temperature of the simulation is controlled using a
Nosé-Hoover thermostat*>** and the masses of the H atoms
are set to 3 amu to allow for a large time step.

The chabazite structure is modeled with a hexagonal unit
cell, which includes 36 tetrahedrally coordinated silicon
atoms (T-sites). Calculations are performed with the
experimental lattice parameters of a = b = 13.8 A, ¢ = 15.0 A,
a = f=90.0° and y = 120.0°. H-CHA is modeled with either
one or two aluminum (Al) in a 6-membered ring. Thus, the
considered Si/Al ratios are 35 and 17. The two models are
denoted as 1H-CHA and 2H-CHA, respectively. The results
for 1H-CHA are reported in the ESL}

2.2 Evaluation of entropy

The rate constant includes both enthalpy and entropy
changes. Evaluation of entropies for species in confined
volumes, such as zeolites, is generally challenging.**** The
entropy of a gas phase water molecule is given by:

S5 = SHans + Stor + S¥b 1)
where S8, S%t, and S5 are the translational, rotational,
and vibrational entropies, respectively. To account for the
entropy loss when water enters the zeolite cage, the
translational and rotational entropy of the water inside the
cage is taken to be two-thirds of gas-phase water.** The same
approach is used for Al(OH);H,O and water adsorbed on a
Brgnsted acid site within a zeolite. Thus, the entropy is given
by:

2

S =S +3

(Stans + Stor) (2)
The entropy contribution is evaluated as frustrated vibrations
for other intermediates, which are a part of the zeolite
framework and exhibit strongly restricted motion.

2.3 Evaluation of phase diagrams

To study the temperature-dependent relative stability of extra-
framework aluminum species and alumina, Gibbs free
energies at 50 mbar pressure (water) are determined for the
optimized zeolite structure. The enthalpy is approximated by
the zero-point corrected electronic energy, neglecting the pV
term. This approximation is based on the assumption that
the pressure-volume work is small compared to the
electronic energy contributions, which is reasonable as the
volume and pressure do not change in the reaction. The
entropy contributions from the lattice vibration for the
zeolite and the considered bulk phases are calculated using
the PHONOPY code.*® The Gibbs free energy (AG) for the
formation of extra-framework aluminum species and alumina
is calculated according to:*’

AG(T, p) = GsiMAlo,sz(T) + GA](OH]JHZO(Ta D) - Gsi“Alzo,sz(T)
= 4ptwo(T, p) 3)

This journal is © The Royal Society of Chemistry 2024
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AG(T, p) = GSi34o7ZHB(T) + ZGAI(OH)_;HZO(Ty p) + GCuO(T)
- GSiMAlZOUCul(T) - 9ﬂHZO [4)

1
AG(T7 p) = G5134A1072H5 (T) + 5 GA1203 (T) - G5i34A12072H2 (T) [5]

3
- EﬂHZO (T, p)

AG(T, p) = Gsi, 0,,1,(T) + Garo,(T) + Gcuo(T) — Gsi, aro,,cu,(T)
= 4pts,0(T, p) (6)

with G a,0,n, being 2H-CHA, Ggj alo,u, being
dealuminated 2H-CHA with four Si-OH groups, Gs;, a1,0,,cu,
being Z,Cu, Gsi,o,u, being dealuminated Z,Cu with with
four Si-OH groups, Gajon),n,0 being extra-framework
aluminum species, Guj,0, being alumina, and Ggyo being
copper oxide. uy o is the chemical potential of water.

2.4 Microkinetic model

The microkinetic model is based on the mean-field approach,
which assumes that the system is homogeneous and that
species are randomly distributed. The time evolution of the
surface coverages is obtained by solving a set of ordinary
differential equations.*®

do;
—_— = VT (7)
where 6;

; is the fractional coverage of species j, v; is the
stoichiometric coefficient of species j in the elementary
reaction 7, and r; is the rate of i-th elementary reaction. SciPy
is used to numerically solve the differential equations. The
solver uses the backward differentiation formula (BDF)
method and integrates the differential equations.

The rate constant for the adsorption of water on the
Bronsted acid site is estimated using collision theory:*®

PwatersOA

\2mmky, T

where P is the pressure of the water, s, is the sticking

(8)

kads =

coefficient, which is considered to be one in this case, A is
the area of the 8-membered ring, m is the mass of water, &
is the Boltzmann constant and 7 is the temperature.
Thermodynamic consistency is ensured by calculating the
desorption rate constant from k,qs and the equilibrium
constant:

k
kdes = Ka:: (9)

The rate constants for the surface reactions are calculated
with transition state theory.* Transition state theory is based
on two important assumptions: (1) the product is formed via
an activated complex (transition state) through a loose
vibration, and (2) the transition state and the reactants of the
elementary steps are in quasi-equilibrium. The second

Catal. Sci. Technol.
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assumption implies that the transition state has a finite
lifetime, and during this time, the reactant molecules have
an opportunity to proceed toward the formation of products
or revert to the reactants. The rate constant is in the
transition state theory given by:

_kT (AT (CAHT kT (ASTN (AR
~n OPUR)PU R )T T OP R )P ke

(10)

k

where AH" and AS' are the enthalpy and entropy change for
the formation of the transition state from the reactants. As
pV does not change along the reaction path, H' is
approximated by AE (the zero-point corrected barrier of the
elementary step).

3 Results and discussion
3.1 Potential energy landscapes

The considered dealumination pathway is based on the
mechanism proposed by Silaghi et al'® The complete
dealumination requires a minimum of four water molecules
and consists of four hydrolysis steps in which the breaking of
the Al-O bonds takes place. The reaction scheme for
hydrolysis of the first AI-O bond is shown in Fig. 1. The
hydrolysis process starts with (II) adsorption on the Brensted
acid site, which has the highest adsorption energy, (III)
diffusion of the water molecule to the aluminum site, (TS-I)
initiation of hydrolysis of the Al-O-Si bond, and (IV)
breaking of the Al-O-Si bond. The hydrolysis of the
remaining three AI-O bonds occurs in a similar fashion
leading to the formation of an Al(OH);H,O species and a so-
called silanol nest (four hydrogen bonded Si-OH groups).
3.1.1 Dealumination mechanism of 2H-CHA. 2H-CHA
consists of two aluminum atoms in a 6-membered ring,
charge balanced by two protons resulting in two Brensted
acid sites. The Si/Al ratio is, in this case, 17. The potential
energy landscape for the dealumination of 2H-CHA is shown
in Fig. 2 with the corresponding structures in Fig. 3. The first
H,O adsorbs with an adsorption energy of —-0.97 eV at the
Brgnsted acid site and subsequently diffuses to adsorb on
the Al site where it dissociates with a barrier of 0.85 eV.
Following the first water molecule, the second water molecule
adsorbs at a neighboring proton site with an adsorption
energy of -0.84 eV. Like the first water molecule, it diffuses
to the Al site where it dissociates. This step has a barrier of
0.74 eV. The third water molecule adsorbs at yet another
Bronsted acid site with an adsorption energy of —0.75 eV.

si si 1 si
1 H I i !
si-ow_ 1 0N Si-on_ " Si-04 1 " si-0, O
=si- =si- =si-0,, 1 =si-
"’";A\ o MA\ — M’““A\\ — %A\\ M
=si-0 ~si= =si-07"§ “O~si= =si-07"} O~si= ES"O/cly Ossi=
S
WO O o
i 1 TS-1 v

Fig. 1 Reaction scheme for hydrolysis of the first Al-O bond in 2H-
CHA.
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Fig. 2 Potential energy landscape for dealumination of 2H-CHA.

Through the subsequent diffusion, it binds to the Al site and
dissociates. This step has a barrier of 0.66 eV. The fourth
water molecule adsorbs with an adsorption energy of —0.95
eV and forms extra-framework aluminum species in the form
of Al(OH);H,O with a barrier of 0.88 eV. The formation of
extra-framework aluminum is exothermic by -1.49 eV. The
first and the last steps in the energy landscape have the
highest barriers, whereas the third step has the lowest
barrier. However, the effective barrier, taking the need for
diffusion before hydrolysis into account, is highest for the
first step (1.25 eV) and lowest for the last step (0.88 eV). The
potential energy landscape for dealumination of H-CHA with
an Si/Al ratio of 35 (1H-CHA) is reported in the ESL} The
main difference with respect to 2H-CHA is the last hydrolysis
step, which for 1H-CHA has a barrier of only 0.09 eV.

3.1.2 Dealumination mechanism of Cu-CHA (Z2Cu). The
dealumination pathway for Cu-CHA is similar to that for 2H-
CHA. In Z,Cu, Cu®*" is located in the plane of the

II III v

Z-BAS-H,0 Z-Al-H,0 Z-Al-OH+HO-Si-

ST 2T

\"

STEP: 1

STEP: 2

~

H,0-BAS-Z-Al-OH Z-AI(H,0)-OH Z-AI(OH),
+HO-Si- +HO-Si- +2HO-Si-
2 (&
=
5 C
d —
g {
VIII IX X
H,0-BAS-Z-Al(OH), Z-AI(H,0)(OH), Z-AI(OH);
+2HO-Si- +2HO-Si- +3HO-Si-

o

STEP: 4

XII XIII
Z-Al(OH);H0 Z-Al(OH);H0 AI(OH);H,0
+3HO-Si- +3HO-Si- +4HO-Si-

Fig. 3 Intermediates for dealumination of 2H-CHA. Atomic color
codes: Cu (bronze), Si (yellow), Al (pink), O (red), and H (white).

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Reaction scheme for hydrolysis of the first Al-O bond in Cu-
CHA.

6-membered ring, balancing the negative charge of two
aluminum ions. The reaction scheme for hydrolysis of the
first Al-O bond is shown in Fig. 4. The hydrolysis of the first
Al-O bond in the Cu-CHA consists of the following steps: (II)
adsorption of water on the lowest energy site, which is the
copper site, (III) diffusion of the water molecule to the
aluminum site, (TS-I) initiation of hydrolysis of the Al-O-Si
bond, and (IV) breaking of the Al-O-Si bond. Complete
dealumination takes places after four hydrolysis steps and
leads to either an AI(OH);H,O or a Cu-Al species.

The energy landscape for the dealumination process of
Cu-CHA is shown in Fig. 5 with the corresponding structures
in Fig. 6. The first water molecule adsorbs on the copper site
with an adsorption energy of -0.90 eV and dissociates over
the copper site with an energy barrier of 1.33 eV. The second
water molecule adsorbs at the copper site with an adsorption
energy of -1.20 eV. Subsequently, water diffuses to the
aluminum site where it dissociates. This step involves a
barrier of 0.66 eV. The third water molecule adsorbs at the
aluminum site with an adsorption energy of —0.68 eV, where
it dissociates forming IX. Finally, the fourth water molecule
adsorbs at the copper site with an adsorption energy of —0.40
eV. After diffusion to the aluminum site, either an extra-
framework aluminum species (Al(OH);H,0) or a copper—
aluminum species is formed. The barrier to form the extra-
framework aluminum species is higher than that to form the
framework-bound copper-aluminum species, 1.54 eV as
compared to 0.72 eV. Both reaction products are exothermic
with respect to Z,Cu and water in the gas phase. However,
the formation of structure XII (with Al(OH);H,0) is
endothermic with respect to structure X, whereas structure XI
(with the Cu-Al species) is exothermic with respect to
structure X. The barriers for hydrolysis of the Al-O bonds in

STEP : 2

STEP: 1
0.5 1.33

Energy (eV)

Reaction Coordinate

Fig. 5 Potential energy landscape for dealumination of Cu-CHA.

This journal is © The Royal Society of Chemistry 2024

STEP: 1

STEP:2

STEP: 3

STEP: 4

-

Z,Cu

C ﬁ
v

Z,(H,0)Cu-OH-Al
+ HO-Si-

/\r-
VII

2,Cu-OH-AI(OH)(H,0)
+ 2HO-Si-

X
Z,(H,0)Cu-(OH),
-Al(OH)

+ 3HO-Si-

ax)

II
Z,Cu-H,0

gﬁv e

Z,Cu-OH-AI(H,0)
+ HO-Si-

> (T

VIII

Z,Cu-(OH),-AI(OH)
+ 3HO-Si-

Z,Cu-(OH),
-Al(OH)(H,0)
+ 3HO-Si-

View Article Online

Paper

¢

Z,Cu-OH-Al + HO-Si-
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Z,Cu-OH-AI(OH)
+ 2HO-Si-

XI

Z,Cu-(OH),
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+ 4HO-Si-
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Fig. 6 Intermediates for dealumination of Cu-CHA. Atomic color
codes: Cu (bronze), Si (yellow), Al (pink), O (red), and H (white).

Cu-CHA are higher than those for the 2H-CHA case. The
third hydrolysis step has the highest barrier being 1.88 eV.

3.2 Thermodynamic stability

Before discussing the kinetics of the dealumination reaction
for 2H-CHA and Cu-CHA, it is interesting to examine the
thermodynamic stability of the products formed during
dealumination. Previous studies have established that
exposing zeolites to steam at high temperatures leads to the
formation of Al,0; and Al(OH);H,0."° The phase diagrams
for the reactions at different temperatures have been
constructed considering a fixed water partial pressure of 50
mbar. The reactions of interest are:

. 3 . 1
5134A12072H2 + EHZO = Sl34A1072H5 + 5A1203

(11)
(Pristine 2H-CHA) (Dealuminated 2H-CHA)
Si34A12072H2 + 4H20 = Si34AIO72H5 + AI(OH)3H20 (12)
(Pristine 2H-CHA) (Dealuminated 2H-CHA)
Si34A12072CU1 =+ 4H20 = Si34072H8 + A1203 + CuO (13)

(Pristine Cu-CHA) (Dealuminated Cu-CHA)
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Si34A12072Cu1 + 9H20 = Si34072H3 + ZAI(OH)SHzo + CuO
(Pristine Cu-CHA) (Dealuminated Cu-CHA)
(14)

Fig. 7 shows the formation of Al(OH);H,O and Al,O; from
2H-CHA and Cu-CHA, respectively. The phase diagram shows
that the free energy of the formation of Al(OH);H,O is
endothermic after 350 K, which is in agreement with a
previous report by Nielsen et al.”’ The formation of Al(OH);-
H,O is endothermic already at 335 K in the case of Cu-CHA.
Al(OH);H,0O will eventually form bulk phases and the
formation of the aluminum oxide is found to be endothermic
above 510 K for 2H-CHA, whereas the formation of aluminum
oxide and copper oxide is endothermic above 840 K for Cu-
CHA. The reason that the formation of dealumination
products is endothermic at elevated temperatures is
connected to the considerable loss of entropy during
hydrolysis of gas-phase water. The entropy contribution to the
free energy of a water molecule at 1000 K is ~2.4 eV.

2.5

(a) 2H-CHA
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5| (b) Cu-CHA

Free energy (eV)

-3
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Fig. 7 Phase diagram showing the stability of extra-framework
aluminum species, aluminum oxide and copper oxide in 2H-CHA and
Cu-CHA.
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The relative thermodynamic stability could be affected by
the choice of the exchange-correlation functional. To ensure
the accuracy of the results, we compared the results of the
PBE + U + D3 calculations with calculations using a hybrid
functional (HSE06 + D3), see the ESLi The enthalpy change
between the functionals differs only by 0.15 eV for eqn (13).
The relatively small discrepancy suggests that the phase
diagrams with the PBE + U + D3 approach have a reasonable
accuracy. The phase diagrams suggest that the
thermodynamics of dealumination, in principle, does not
require high temperatures. The high temperature could
instead be needed for kinetic reasons, which have motivated
us to construct a microkinetic model for the dealumination
of 2H-CHA and Cu-CHA.

3.3 Microkinetic modeling of dealumination

A microkinetic model for dealumination in 2H-CHA and Cu-
CHA has been constructed to investigate kinetic limitations.
A microkinetic model provides a possibility to examine
dominant species as a function of time and temperature.
Additionally, it assists in identifying which elementary steps
influence the kinetics of the overall dealumination
mechanism. In the microkinetic model, some intermediates
have been omitted for simplicity and a state of “gas-phase”
water inside the zeolite cage has been added. The state with
gas-phase water is added to simplify the handling of entropy
changes. The entropy for the gas-phase water state in the
zeolite is evaluated according to eqn (2). The entropy of other
intermediate states is determined within the harmonic
approximation treating rotations and translations as
frustrated vibrations. The last elementary step in both
reaction paths is considered to be irreversible. Treating the
last step as irreversible effectively accounts for a large entropy
barrier adding an Al ion from an extra-framework aluminum
species to the zeolite framework. The elementary steps
involved in the dealumination of 2H-CHA and Cu-CHA are
described in Table 1.

The microkinetic analysis is performed at a water partial
pressure of 50 mbar. The temperature-dependent coverages
are shown in Fig. 8(A) for 2H-CHA after 10” seconds. The
surface is predominantly occupied by species II below 380 K,
which refers to the state where one water molecule is
adsorbed on the Bronsted acid site. This is a consequence of
the strong adsorption of water on the Brgnsted acid site
(-0.73 V). The fraction of species II decreases with
increasing temperature, while the fraction of extra-framework
aluminum species reaches unity. The switch in the dominant
surface species occurs at about 380 K.

The temperature-dependent fraction of surface species for
Cu-CHA is shown in Fig. 8(B) after 10’ seconds. The
dominant surface species is II below 600 K, IV at
intermediate temperatures and extra-framework aluminum in
the high-temperature limit. The low-temperature preference
for II is a consequence of the relatively high adsorption
energies (-1.19 eV). Similarly, the presence of IV is related to

This journal is © The Royal Society of Chemistry 2024
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Table 1 Energy (AE¥) and entropy (AS*) contributions of the elementary
reaction considered in the dealumination process. Energy and entropy
are given in eV and J mol™ K™%, respectively. AS* is given at standard state

No. Elementary step E} E} St St
2H-CHA

r1 -H,0 (cage) =11  -0.73  0.73 -95.86 95.86
r2 II =1V 1.25 0.51 -1.30 -3.06
r3 IV+H,0 =V -0.84 0.84 -105.59 105.59
rd V = VII 1.18 0.37 6.58 2.98
r5 VII + H,O = VIII -0.75 0.75 -100.17 100.17
6 VIII = X 1.04 0.35 -0.18 -18.77
r7 X + H,O = XI -0.95 0.95 -111.56 111.56
r8 XI — XIII 0.92 0.62 3.49 -10.72
Cu-CHA

9 I-H,O (cage) = 1I -0.67 0.67 ~77.04 77.04
r10 II = III 1.33 0.84 -31.09 -8.01
ri1 I + H,O = IV -1.19 1.19 -99.77 99.77
ri2 IV = VI 1.16 0.52 -5.02 -2.10
ri3 VI + H,O = VII -0.68 0.68 -96.70 96.70
rid VII = VIII 1.88 1.63 3.61 8.25
rl5 VIII + H,O = IX -0.40 0.40 -81.85 81.85
ri6 IX — XII 1.73 0.31 -10.16 0.87

the high adsorption energies and high barriers for
continuing the reaction. The appearance of the extra-
framework aluminum species becomes noticeable at 900 K,
indicating that the formation of extra-framework aluminum
is favored only at high temperatures.

To facilitate the comparison between the two systems, we
study the time dependence of the extra-framework aluminum
formation at 923.15 K, Fig. 8(C). Specifically, we find that the
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Fig. 8 Coverage of the different species as a function of temperature
calculated at an integration time of 10”7 seconds for (A) 2H-CHA and
(B) Cu-CHA. (C) Coverage of the extra-framework aluminum species
(EFALs) as a function of time at 923 K for 2H-CHA (low barrier and high
barrier are shown with blue and grey lines, respectively) and Cu-CHA
(shown in red), and (D) relationship between the barrier and the energy
difference between the final and initial states for the first Al-O(H) bond
breaking. Black and red dots represent H-CHA with SARs of 17 and 35,
respectively.
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coverage of extra-framework aluminum species in 2H-CHA
becomes appreciable after 0.003 seconds, whereas the
corresponding time is 10® seconds (3 years) for Cu-CHA. The
comparison shows that the process of dealumination in Cu-
CHA is slow as compared to 2H-CHA and that the presence
of copper in the zeolite significantly influences the
dealumination reaction.

The kinetics of the dealumination for 2H-CHA is largely
determined by the first barrier. This is corroborated by a
sensitivity analysis where the barrier for the different
reactions is changed while keeping the thermodynamics
fixed. Increasing the different barriers by 0.2 eV, we find that
the evolution of the surface species is mainly dependent on
the first hydrolysis step. Knowing that the first barrier mainly
determines the kinetics for 2H-CHA, it is interesting to
investigate the dependence of this barrier on the Al
distribution. We calculated the barrier for the first hydrolysis
step for 8 different Al configurations (see the ESI} for
details). We find that the barrier is lowest (0.85 eV) when the
Al atoms are placed on opposite sides of a 6-membered ring
(two Si atoms apart). Higher barriers are calculated for
configurations with one Al atom in the 6-membered ring and
the other Al atom in an 8-membered ring with the highest
barrier being 1.23 eV. The hydrolysis step is in these cases
performed on the Brgnsted site connected to the Al in the
6-membered ring. With the calculations for different Al
distributions, we are able to establish a relationship, which
shows the barrier of the reaction as a function of the
difference in energy between the final and initial states of the
reaction. The results are shown in Fig. 8§(D).

As the Al distribution can result in a wide range of
hydrolysis barriers, we simulate the evolution of the extra
framework aluminum for different barriers. In Fig. 8(C), we
show the time dependence of the extra framework aluminum
formation at 923.15 K for the highest and lowest barriers
associated with the first hydrolysis step. For the highest
barrier (1.23 eV), we find that the formation of extra-
framework aluminum becomes appreciable only after a
duration of 0.3 seconds, which is a noticeable delay in the
formation of extra-framework aluminum as compared to the
case with the lowest barrier (0.85 eV). The delay demonstrates
that the Al distribution clearly affects the rate of
dealumination.

The reaction orders and apparent activation energies for
dealumination in 2H-CHA and Cu-CHA were calculated to
further characterize the kinetics of the dealumination. The
reaction order was determined at the initial rise of the
reaction rate curve, ensuring that the coverage of extra-
framework aluminum is low. The reaction order for 2H-CHA
was calculated to be 1.6 at a temperature of 295 K and in a
pressure range between 50 mbar and 55 mbar, which is fairly
close to the experimentally determined reaction order of 1.5
(at 773 K and in a pressure range between 10 mbar and 1
bar)."" The apparent activation energy of 2H-CHA was
calculated to be 1.2 eV at a pressure of 50 mbar within a
temperature range of 290 to 305 K. The apparent activation
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energy can largely be related to the first adsorption energy
and first dealumination barrier. The calculated apparent
activation energy is close to the experimental value of 1.09 eV
reported by Sano et al. at 50 mbar and temperatures between
740 and 1000 K.® The reaction order and apparent activation
energy for Cu-CHA were calculated to be 4.7 (analyzed at 50—
55 mbar and 820 K) and 2.6 eV (analyzed at 785-920 K at 50
mbar), respectively. The high apparent activation energy for
Cu-CHA is related to the third reaction barrier together with
the low barrier for the reversed second hydrolysis step,
making IV the dominant species at intermediate
temperatures (Fig. 8B).

4 Conclusion

Using density functional theory calculations in combination
with ab initio thermodynamics and microkinetic modeling,
we have investigated the dealumination mechanism in H-
CHA and Cu-CHA. We find that the introduction of copper
into the zeolite structure increases the barriers for
dealumination compared to the H-CHA. Thus, the rate of
dealumination is decreased in the presence of Cu. With Cu,
some of the extra-framework Al species in the zeolite form
bonds with the copper ions, resulting in Cu-bound Al species.
The formation of copper-bound aluminum species is
thermodynamically favorable compared to the formation of
Al(OH);H,0 species. The reversibility of the formation of the
Cu-bound Al species is an additional reason for a decreased
rate of dealumination in the presence of Cu. We find that the
formation of Al,O; or Al,O; + CuO is thermodynamically
preferred with respect to the formation of extra-framework
aluminum at high temperatures. The microkinetic model
revealed a clear temperature difference in the onset of
dealumination for H-CHA and Cu-CHA. In the case of H-
CHA, the barrier for the first hydrolysis step was calculated
for different Al distributions. The Al distribution was found
to clearly affect the barrier, with a difference of ~0.4 eV
between the lowest and highest barriers. Our results
rationalize the higher hydrothermal stability of Cu-CHA as
compared to H-CHA and show that careful steering of the Al
distribution is one route for increased hydrothermal stability.
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