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When exposed to steam, zeolite catalysts are irreversibly deactivated by loss of acidity and framework deg-
radation caused by dealumination. Steaming typically occurs at elevated temperatures, making it challeng-
ing to investigate the mechanism with most approaches. Herein, we follow the dynamics of zeolite
dealumination in situ, in the presence of a realistic loading of water molecules by means of enhanced sam-
pling molecular dynamics simulations. H-SSZ-13 zeolite is chosen as a target system. Monte Carlo simula-
tions predict a loading of more than 3 water molecules per unit cell at representative steaming conditions
(450 °C, 1 bar steam). Our results show that a higher water loading lowers the free energy barrier of
dealumination, as water molecules cooperate to facilitate hydrolysis of Al-O bonds. We find free energies
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use of enhanced sampling molecular dynamics yields a major step forward in the molecular level under-
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Introduction

Zeolites are microporous crystalline aluminosilicates with a
wide range of catalytic applications." The active site within
Bronsted acidic zeolites arises from substitution of a Si with
an Al atom and a charge-compensating proton. These active
sites are deteriorated by extraction of Al from the framework
when zeolites are exposed to water vapor at elevated tempera-
tures, known as dealumination. In this work, we use en-
hanced sampling molecular dynamics simulations to follow
this process in situ and show how multiple water molecules
cooperate to hydrolyze Al-O bonds in the framework. Our
work hence constitutes a significant step forward in the
molecular-level understanding of an important process, which
it is virtually impossible to follow in comparable detail
experimentally.
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standing of the dealumination; insight which is very hard to derive experimentally.

Dealumination by steaming occurs frequently in zeolite ca-
talysis, be it intentional or not. In many catalytic applications
of zeolites, non-reactive species, also known as ‘coke’, accu-
mulate on and within the zeolite, reducing activity.”> The
catalyst is regenerated by burning the coke. Because water is
formed in this combustion process, the zeolite catalyst is ex-
posed to steam at high temperature (e.g. 650-760 °C for re-
generation during fluid catalytic cracking).® This leads to irre-
versible dealumination of the zeolite with extraction of Al
from the zeolite framework, which permanently reduces the
activity of the catalyst.” Zeolite catalysts are also subjected to
steam during reaction. In the Mobil methanol to gasoline
(MTG) process, the feedstock converted over the ZSM-5 zeo-
lite catalyst has 17% initial water concentration, which will
increase with conversion. The MTG reactor inlet temperature
is 360 °C, the outlet temperature is 415 °C.® Dealumination
is also carried out on purpose to increase Si/Al ratio and
change the mesopore structure of zeolites, such as zeolite Y,
the cracking catalyst.”*" This is typically carried out at tem-
peratures around 500 °C and steam pressure of 2 atm during
2 hours."”

It is experimentally challenging to trace zeolite
dealumination in situ because of the severe process condi-
tions, and the majority of the reports are qualitative and de-
scriptive rather than quantitative. Moreover, all quantitative
experimental work on dealumination has been carried out
for only one zeolite, i.e. ZSM-5. Sano et al."*'* have reported
an estimated rate of dealumination in the temperature range
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600-800 °C. A second or third order dependency of the rate
on the initial Al concentration was found. The reaction order
with respect to the partial pressure of steam varied from 1.5
to 2, and the activation energy for dealumination was found
to be 140 kJ mol . Interestingly, the rate of dealumination
was seen to increase with an increasing concentration of
silanol defects for partial pressures of steam below 10
kPa."'" Masuda et al'® measured the dealumination rate
and found the process to be 1.5 in order with respect to
steam. Finally, Ong et al.'® found that the dealumination pro-
cess obeyed first order kinetics with respect to Al concentra-
tion, and a rate constant for dealumination was reported.

Theoretical calculations can potentially follow the mecha-
nism of the dealumination process at the molecular scale,
provided they account properly for the operating conditions
such as realistic account of water molecules and true temper-
atures of the dealumination process. Based on previous theo-
retical calculations, the process is believed to occur through
a sequence of hydrolysis reactions of Al-O-Si bonds as
sketched in Scheme 1.7

Silaghi et al.'®*° have calculated the energy barrier for hy-
drolysis of the first AI-O bond for a number of zeolite frame-
work types (MOR, FAU, MFI, CHA). A Brgnsted-Evans-
Polanyi-relationship linking the heat of water adsorption to
the hydrolysis activation energy was established for these
frameworks.”® However, these relations only strictly hold for
the first hydrolysis step and are of decreasing quality for the
later steps.'® This is critical, as we have shown with micro-
kinetic modelling based on static DFT calculations that the
later steps are likely rate-determining.'® This demonstrates
the need for modelling beyond the BEP relations. The work
in ref. 18 which was based on static DFT calculations
obtained a very good correspondence with the experimental
results mentioned above'*™°® for the overall free energy bar-
rier and thus rate of dealumination, as well as a reasonable
agreement for the reaction order with respect to water. How-
ever, such agreement could only be obtained when using a
corrected thermodynamic state of reference for water
adsorbed inside the zeolite instead of the conventional gas
phase reference state.'® This reference state was also used in
very recent work of Stanciakova et al.,>* who did an extensive
investigation of mechanisms for hydrolysis of the first Al-O
bond for different Al sites in ZSM-5 zeolite including the co-
operative effect of two water molecules. All these theoretical
studies report that all stationary points along the
dealumination reaction path are higher in free energy than
the intact zeolite framework. Such a sequence of elusive in-
termediates sheds light on why it is difficult to investigate
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the reaction path with experimental methods. In such a case,
theoretical calculations can provide a true added value to un-
ravel the subsequent reaction steps. However, so far all DFT
studies of zeolite dealumination have employed a static ap-
proach, in which structures are located as minima in the po-
tential energy landscape. Free energies were subsequently de-
rived from nuclear vibrations in the harmonic
approximation, which has obvious and severe limitations,*
in particular at the high temperatures employed in
dealumination. In such an approach, the configurational mo-
bility of water and the role of surrounding water molecules
are not properly accounted for.'® Having multiple water mole-
cules in the system introduces a plethora of local minima on
the potential energy surface. Hence, the static DFT approach
in practice does not allow adequate sampling of all relevant
states when taking the collective action of multiple water
molecules into account - an action that we will demonstrate
is critical in the dealumination process.

Results and discussion

In this contribution, we take a major step forward in the
mechanistic understanding of zeolite dealumination by using
DFT-based molecular dynamics (DFT-MD) simulations and
enhanced sampling methods to investigate the reaction steps
(Sections S1 and S2t). The calculations target H-SSZ-13 zeo-
lite (36 T-atom cell) as a representative model system at con-
ditions of T = 450 °C and atmospheric steam pressure, simi-
lar to earlier experimental and theoretical work.'®'® We chart
the entire free energy landscape for complete dealumination,
starting from an initial state with a realistic loading of multi-
ple water molecules in the zeolite pore system. This essen-
tially corresponds to following the dealumination process in
situ at realistic conditions.

The water loading in the zeolite at realistic operating con-
ditions (T = 450 °C and atmospheric steam pressure) is deter-
mined using grand canonical Monte Carlo (GCMC, Section
S37). Using the ReaxFF force field*>>* the GCMC simulation
constitutes a realistic model of the equilibrium between wa-
ter vapor and water adsorbed in the zeolite pores, including
specific interactions with the Bregnsted acid sites. We reach
equilibrium at 3-3.5 water molecules per unit cell. This result
demonstrates the need to include multiple water molecules
in realistic simulations of the zeolite steaming process.

To simulate the Al-O hydrolysis reactions using DFT-MD,
enhanced sampling techniques are necessary to explore
higher free energy regions. Herein, the umbrella sampling
methodology was used,” as it has proven a robust and
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Scheme 1 The reaction steps of zeolite dealumination employed in computational investigations of the process.
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successful method in other studies.?*”>® The technique relies
on the definition of some degrees of freedom, called collec-
tive variables (CVs), along which the sampling is enhanced. It
should be noted that it is not trivial to define CVs that facili-
tate sampling of the reaction pathway. However, as discussed
in detail in Section S4,f we were able to obtain free energy
profiles for dealumination steps along a single CV. The CV
was chosen as the coordination number from all hydrogen
atoms in water molecules (indicated in blue in Scheme 2) to
the framework oxygen atoms in Al-O-Si bonds (indicated in
red in Scheme 2, Section S4%). This collective variable cap-
tures hydrolysis of Al-O bonds by transfer of a proton from a
water molecule to create a framework silanol group, leaving a
hydroxy group bound to Al. This CV is not the only one possi-
ble. However, it is simple and does not introduce excessive bias
in the system: the CV involves only coordination between water
hydrogens and zeolite oxygens, but still leads to a smooth reac-
tion pathway passing through a transition state with simulta-
neous breaking of the H-O bond of a water molecule and for-
mation of the Al-O bond to the framework (see below).

In the previously suggested dealumination pathways,
the reaction follows four hydrolysis steps (Scheme 1). The first
three steps each hydrolyze one Al-O-Si bond, while in the
fourth, a water molecule is coordinated to the Al(OH); species,
replacing the weak Al-OH-Si bond to the framework. Using
DFT-MD, we find that the aluminum species is able to move
freely after hydrolyzing the three Al-O-Si bonds, and thus that
the fourth step occurs spontaneously (see below). This agrees
with our previous static calculations, where the fourth step
was found to be nearly barrierless."®

In order to specifically investigate the influence of sur-
rounding water on the dealumination mechanism, two sets
of simulations have been performed. In the first case, only
the water molecule necessary for the hydrolysis step was con-
sidered. This means that one water molecule was added in
each reaction step of the simulation series. This approach of
adding water molecules is identical to the static calculations
performed in literature and hence facilitates comparison be-
tween this and our previous work (Section $51).'® In the sec-
ond set of simulations four water molecules were initially
present in the unit cell, a loading close to the estimated real-
istic value determined from GCMC simulations (see above).

The second set of simulations allows us to investigate the
impact of a realistic water loading on the whole reaction
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Scheme 2 Representation of the collective variable applied in the
simulation of the hydrolysis of the first Al-O bond. The variable is de-
fined as the coordination number (CN) derived from the distances r;
between the framework oxygen atoms in red and the hydrogen atoms
of water in blue.
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pathway. It further allows us to construct a free energy profile
for the full dealumination path by connecting free energy
profiles of subsequent elementary steps, as the number of
atoms is kept constant throughout the entire simulation se-
ries. The profile is shown in Fig. 1 together with the intrinsic
barriers obtained in the single-water simulations and struc-
tural snapshots of transition states (Section S61 includes a
quantitative discussion of structural parameters). As a gen-
eral trait, the reacting water is adsorbed on Al in the anti po-
sition to the Bregnsted acid site, paralleling the mechanism
proposed by Silaghi et al.'®*° Note that as water molecules
are consumed along the multi-water path, the CVs for each
elementary step are not mathematically identical (see defini-
tion above), although they chemically describe the same reac-
tions (Section S47). This means that we cannot formally guar-
antee that the samplings of product and reactant state of
subsequent steps match exactly. This translates to an uncer-
tainty in the relative free energies of states not directly
connected by an elementary step. More research is needed to
address this issue, research that is clearly outside the scope
of the current work. However, the overall free energy of acti-
vation derived from the multi-water simulation series (226 k]
mol ™, Fig. 1) in fact agrees well with experiments (246 kJ
mol™ can be calculated from experiments'®'®). This is re-
markable, as the computational result now is obtained with-
out the correction of the reference free energy of water inside
the zeolite employed previously.'®

The obtained intrinsic barriers from the DFT-MD simula-
tions of the single-water pathway are all close to 100 kJ mol™
with a variation of 15 kJ mol™. This is in contrast to our pre-
vious static DFT results that exhibited a variation of more
than 90 kJ mol™ (Table $2). We take this as an indication of
the inherent challenges of using static DFT combined with
the harmonic approach at these elevated temperatures (Sec-
tion S57).

The DFT-MD results clearly show the beneficial effect of
extra water in the pores of the zeolite on the intrinsic free en-
ergy barriers of the three dealumination steps. Importantly,
this effect is induced by just one additional water molecule
per hydrolysis step, as will be explained in the following
where we address how two water molecules cooperate to
lower the barriers. Key differences are observed when consid-
ering the TSs for each hydrolysis step, as shown as insets in
Fig. 1. All the TSs of the single-water pathway involve strained
four-membered transition states. In the multi-water pathway
one additional water stabilizes the TSs in each step. In step 1
and 2 the TSs are 6-membered, with two water molecules
shuttling a proton to the framework oxygen. This proton-
shuttling mechanism was also found for the first hydrolysis
step in ZSM-5 zeolite using static DFT.>' The mechanism re-
flects a delicate balance between the entropy loss of fixating
the additional water molecule and the enthalpy gain of reliev-
ing strain in the cyclic TS by expanding the ring size. The
preference for 6-membered over 4-membered cyclic TSs is
quite general.”® In step 3, the stabilization is of a different
nature. As opposed to the other steps, the product state of

Catal Sci. Technol.,, 2019, 9, 3721-3725 | 3723
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Fig. 1 Free energy diagram of a complete dealumination reaction (Scheme 1) in H-SSZ-13 as obtained from DFT-MD umbrella simulations. Num-
bers indicate intrinsic free energy barriers of elementary steps in the single-water (grey) and multi-water (blue) pathways. The latter is constructed
by connecting the free energy profiles of elementary steps, aligning the reactant energy of each step with the product energy of the preceding
step. The insets are snapshots of the single- and multi-water transition states. Section S71 shows the free energy profiles of all elementary steps.

step 3 is significantly stabilized in the multi-water pathway
compared to the single-water pathway (25 kJ mol™, Section
S7t) by coordination of water to Al (Fig. 2). A significant part
of this stabilization is already recovered in the TS (19 kJ
mol ™', Fig. 1), where the additional water occupies the empty
coordination site in the trigonal bipyramidal coordination of
Al (compare snapshots of TS of single- and multi-water path-
ways in Fig. 1). The additionally coordinated water molecule
makes a second type of TS without typical 4-ring strain acces-
sible (Fig. 2). In the product state of step 3, the Al species
leaves the framework (Fig. 2), showing that step 4 occurs
spontaneously.

It thus becomes clear that water molecules directly cooper-
ate to facilitate hydrolysis of Al-O bonds in the entire zeolite
dealumination process. Note that this cooperation effect is
dynamic, as it is only present close to the transition states of
the reaction pathway. Such a cooperative effect of two water
molecules was also found in theoretical work on the first hy-
drolysis step in ZSM-5.>" Further, we have confirmed that the
decrease in the free energy barriers is not due to stabilization

TS type 1 TS type 2 product
: !, ‘
P 3
> il e

Fig. 2 Snapshots of two configurations (TS type 1 and 2) sampled in
the transition state region as well the product state (product) of step 3
of the dealumination process (Scheme 1) in the multi-water pathway
(Fig. 1). An additional water molecule (highlighted in blue) stabilizes
both states by coordinating to Al.

3724 | Catal Sci. Technol, 2019, 9, 3721-3725

of the TSs by unspecific solvation from the surrounding water
molecules (Section S87).

Conclusions

In summary, we were for the first time able to conduct an in
situ investigation of zeolite dealumination at real steaming
conditions using advanced DFT-MD simulations. The results
reveal that water molecules cooperate, in part by proton shut-
tling, to decrease the free energy barriers of the Al-O hydroly-
sis steps. The work hence demonstrates that the collective ac-
tion of water molecules should be considered in future
experimental and theoretical investigations of the kinetics of
zeolite dealumination. Finally, it must be emphasized that
the present DFT-MD approach with advanced sampling al-
lows us to efficiently sample the free energy surface and alle-
viates the shortcomings related to anharmonicity associated
with static DFT. Thus, very good quantitative agreement with
the available experimental data is achieved.

Methods

DFT-based molecular dynamics (DFT-MD) calculations were
performed using the CP2K 2.7 program.®® The Grimme DFT-
D3 dispersion corrected®™**> revPBE exchange correlation
functional®® was applied using a combination of Gaussian
and plane wave basis sets®**> with kinetic energy cutoff at
350 Ry. GTH basis sets and pseudopotentials were utilized.>®

H-SSZ-13 zeolite was modeled with the 36 T-site CHA unit
cell with one substitution of Si with Al and addition of a pro-
ton (Si/Al = 35). The equilibrium cell parameters at steaming
conditions were obtained from DFT-MD simulations in the
constant temperature and pressure (NPT) ensemble. These
cell parameters were used in all simulations.

This journal is © The Royal Society of Chemistry 2019
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Enhanced free energy sampling was made using umbrella
sampling®” by coupling the CP2K MD engine to the PLUMED
interface (version 2.1.3).® Free energy profiles were derived
from the results of umbrella simulations using the weighted
histogram analysis method (WHAM).?”

Monte Carlo simulations in the grand canonical ensemble
were performed with LAMMPS. The simulations used a re-
cent ReaxFF force field, shown to have realistic water-zeolite
interactions.>*** The simulations employed 3 x 3 x 3 unit
cells (2943 atoms).

Further computational details can be found in the ESLf
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