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ABSTRACT: Defects that commonly exist on the surface of zeolites pose notable mass Surface molecular diffusion-path and catalytic activity

controlled by terminal groups

transport constraints and influence the catalytic performance. The mechanism underlying
the surface defects inducing molecular transport limitations, however, is not fully
understood. Herein, we use versatile spectroscopy, imaging techniques, and multiscale
simulations to investigate the effect of surface defects on the molecular surface transport in
zeolites, intending to establish the terminal structure—mass transport—performance
relationship. Isolated silanol, which represents the foremost and eventual chemical defective
accessible site at zeolite termination for guest molecules from the bulk fluid phase into
zeolites or vice versa, is taken as a showcase. We demonstrate that isolated silanol at H-
SAPO-34 zeolite termination not only enhances the adsorptive interaction between the
polar molecules/alkenes and interface but also narrows the local 8-membered-ring pore at
the external surface. The exterior surface with more isolated silanol could cause a higher
diffusion barrier and hamper the accessibility of intracrystalline active sites. This work is
expected to shed light on the mechanism underlying the zeolite catalyst upgrading via terminal surface modifications at zeolites.

Maze of zeolite nanoporous structure

KEYWORDS: mass transport, zeolite catalysts, defects, surface barriers, catalytic activity, isolated silanol

1. INTRODUCTION the presence of molecular diffusion barriers. Han et al.'®**
directly observed the breaking of the periodic structure at the
boundary of metal—organic frameworks at the atomic level by
use of high-resolution TEM (HR-TEM), and they found that
such structure defects would impede molecular diffusion.
Apparently, introducing well-defined defects at zeolite
termination can be used to modulate surface barriers.
However, constructing such non-ideal layers at zeolite
termination is a nontrivial task. It has been demonstrated

defects are the origin of the remarkable properties of zeolites in that the existence of breaks in the connection between TO,

. . . it iodi iation i hal inevitabl Its i
acid catalysis."* Structural defects at the zeolite boundary, e.g, s or p er10d1.c association In Such a ‘ayer ievi ag_}I fesutts m
13-15 . .. . 1316 abundant chemical defects at the terminal surface. Isolated
amorphous phase, mismatching in pore alignment,

and blocking surface pore entrances,”'* are proposed as one silanol (=Si—O—H), which frequently functions as a terminal
) .

of the vital dimensions to modulate the mass transport in group to complete the valence of oxygen atoms of TO, units,

zeolites.'®'%2° Therefore, deciphering defects at surface represents the foremost or eventual accessible sites for

L - . . reactants/products from a fluid phase into zeolites or vice
termination is highly concerned in zeolite catalysts so versa. Unfortunately, the effect of isolated silanol as archetypal
far,! 211821723 Ap urgent demand is found in exploring the ) Yo typ

. . : . terminal groups on surface barriers in zeolites has been rarel
relationship between the crystalline-terminated structure and . groups . . Y
. g . noticed, especially. How isolated silanol affects the local

performance for precisely tailoring the properties of / P
zeolites. 1015 structure/properties and surface diffusion path of guest

Currently, considerable endeavors have been undertaken to molecules at the zeolite exterior surface needs to be unveiled.
visualize non-ideal structure defects at zeolite termination and
found that such structure defects would cause molecular Received:  April 28, 2023
diffusion barriers (or surface barriers).””'® For instance, Revised:  July 11, 2023
Karwacki et al."” implemented confocal fluorescence micros- Published: August 18, 2023
copy (CEM), transmission electron microscopy (TEM), and
atomic force microscopy (AFM); it was found that amorphous
and pore alignment at the external surface of zeolites can cause

Zeolites are most critical solid catalysts, which are widely used
in petrochemical upgrading,' ™ energy transition,” and CO,
capture.”® In the long-term exploitations of zeolites, defects
have been regarded as the foremost feature in affecting the
performance of zeolite catalysts.”'® Chemical defects, e.g,,
hydroxyls, result from the presence of heteroatoms on a neutral
framework necessarily balanced by an extra framework charge
or the break of periodic units of TO, (T = Si, Al,-).”"" Such
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Figure 1. (a) Scheme of the effect of isolated silanol on the local structure, molecular adsorption, and diffusion at zeolite termination. (b) iDPC-
STEM image of external and internal regions of H-SAPO-34 zeolites. (c) Microtopography of pristine and etched H-SAPO-34 zeolite imaged by
AFM. (d) Hydroxyl functional groups of pristine and etched H-SAPO-34 zeolite detected by DRIFT. (e, f) 'H and *Si MAS NMR spectra of
pristine and etched H-SAPO-34 samples, respectively. (g) Proposed models of the crystal boundary of pristine (rich in isolated silanol) and etched
H-SAPO-34 zeohte (h) Contact angle of water droplets at pristine (left) and etched (right) H-SAPO-34 zeolite. (i) Isosurface plots of the reduced
density gradient®” and adsorption energy for the water adsorbed at =Si—O—H (left) and =Al-O—H (right) groups based on the DFT

calculations over 16T cluster model.

Meanwhile, emerging studies show that surface barriers can
dominate mass transfer resistance'®>**° and significantly
influence zeolite catalysis. Synthetic, e.g., epitaxial growth of
fin-like protrusions on the external surface””’ and siliceous

and postsynthetic surface
20,28,29

layer at the exterior rim,"”
modifications, e.g., chemical liquid/vapor deposition,
moderate etching,”**® and grafting of chemical groups,”" can
be employed to modulate the surface permeability of guest
molecules. Importantly, improving molecular surface perme-
ability can markedly enhance catalytic activity (conversion of
n-alkane isomerization,” conversion of olefin cracking,32 and
reaction rate of propane in dehydrogenation’”) and durability
(lifetime of methanol to olefins®® and carbonylation of
dimethyl ether’®). Conversely, reducing the surface perme-

ability of intermediate species trapped within zeolite can
contribute greatly to the conversion of the inert reactant, e.g,
conversion of methane with hydrogen peroxide to methanol.”’
In fact, how the regulated surface structure/properties induce
different surface permeabilities of guests and the molecular
mechanism of surface barriers on catalysis both remain
ambiguous. In turn, the lack of explicit defect—mass trans-
fer—performance relationship constrains the precise surface
modifications for zeolite catalysts.”***

In this work, we focus on how surface diffusion barriers are
induced by the presence of isolated silanol. Furthermore, the
detailed reaction diffusion courses controlled by different
surface barrier behaviors related to a distinct amount of
isolated silanol are unveiled. Industrially important H-SAPO-
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34 zeolite was used as a host material, and the moderate
etching method was used to modulate isolated silanol at the
external surface. Multiple spectroscopic and microscopy
techniques are implemented to examine the atomic structure,
microtopography, composition, coordination, and functional
groups of surface termination. External surface models
deciphered by well-designed characterizations are used as
input for multiscale modeling approaches, including ab initio
molecular static and dynamic simulations (AIMD), force-field
molecular dynamics (FFMD) and reaction diffusion model of
the single zeolite crystal. Results show that isolated silanol not
only strengthens the interaction between guests and the
interface but also narrows the local 8-membered-ring (MR)
pore, which reduces the surface permeability of both olefins
and alkanes. Significant acceleration in coke deactivation and
low accessibility of intracrystalline acid sites within the
individual H-SAPO-34 crystal by olefin polymerization is
observed due to the depressed surface permeability. Diffusion
measurements and super-resolution structural illumination
imaging (SIM) were used to validate and supplement the
details of multiscale simulations. Conclusions indicate that
modifying chemical groups®" at zeolite termination could have
notable influence on the molecular surface permeation and
catalytic activity. The above-mentioned combination provides
a complete picture of the terminal group—surface barrier—
catalytic activity relationship (Figure la). Such a hybrid
method could become an indispensable tool for the
illumination of microscopic structure—molecular transport—
material performance and facilitate, to a great extent, the
upgrade of zeolite catalysts from the perspective of molecular
traffic.

2. EXPERIMENTAL SECTION

2.1. Zeolite Materials and Characterizations. The
synthesis procedure of H-SAPO-34 zeolites used in the
experiments was reported in our previous studies.”® Pseudo-
boehmite (67.0 wt %) was first dissolved into distilled water,
followed by the addition of an organic template of phosphoric
acid (85.0 wt %), silica sol (31.0 wt %), and morpholine. The
molar compositions of reagents were 2.0MOR:0.4-
$i0,:1.0A1,05:1.0P,04:30.0H,0. The final reactant gel was
transferred to a Teflon-lined stainless-steel autoclave and
heated at 200 °C for 48 h under rotation. The moderate
etching at the zeolite surface was carried out as follows: 0.5 g of
pristine H-SAPO-34 zeolites was added to 10.0 mL of acetic
acid solution (0.02 mol/L). After magnetic stirring of the
mixture at 333 K for 3 h, the slurry was filtered and dried at
393 K in air for 12 h. The sample was calcined at 823 K for 6 h
to remove the organic template. The bulk phase purity,
composition, and textural properties of zeolite samples were
examined by X-ray diffraction (XRD), X-ray fluorescence
(XRF), and nitrogen adsorption—desorption experiments,
respectively. The atomic structure at the terminal surface of
H-SAPO-34 was observed by integrated differential phase
contrast (iDPC) scanning transmission electron microscopy
(STEM). The chemical coordination information of H, Al, Si,
and P and the amount of acidity in zeolite samples were
measured by solid-state nuclear magnetic resonance (ssNMR).
The microtopography and composition and composition
gradient at the zeolite external surface were detected by
atomic force microscopy (AFM), X-ray photoelectron spec-
troscopy (XPS), and energy-dispersive X-ray spectroscopy
(EDS). The fingerprint peaks around 3500—3800 cm™' of

chemical groups were measured by diffuse reflectance infrared
Fourier transform (DRIFT). The uptake/desorption rate and
isothermal adsorption curves of propylene and propane in
zeolite samples were measured using an intelligent gravimetric
analyzer (IGA). The measured products of IGA are well
introduced in the reference.”® The details of these character-
izations are presented in Sections 1 and 2 of the Supporting
Information.

2.2. Propylene Polymerization Catalyzed by Zeolites.
The time evolutions of the intermediate and BAS within
zeolite samples during the propylene polymerization reaction
at 373 K were measured by DRIFT (Bruker Vextex70
spectrometer equipped with a MCT detector). The details of
the experiment procedure are presented in Section 3 of the
Supporting Information. The spatial temporal evolutions of
coke species within zeolite samples during the propylene
polymerization reaction were measured by super-resolution
fluorescence imaging SIM. The super-resolution imaging was
carried out using a Nikon N-SIM super-resolution microscopy
system with a motorized inverted microscopy ECLIPSE Ti2-E,
a X100/NA 1.49 oil immersion TIRF objective lens (CFI HP)
and ORCA-Flash 4.0 sCMOS camera (Hamamatsu Photonics
K.K.). The wavelengths of illumination and emission detection
of SIM used in this work are 405 (detection at 435—485 nm),
488 (detection at 500—545 nm), 561 (detection at 570—640
nm), and 640 nm (detection at 663—738 nm). Images were
taken at a Z-plane of middle of the zeolitic crystal (~1 pm).
NIS-Elements Ar and N-SIM Analysis were used to analyze the
collected images. The coke contents of deactivated SAPO-34
samples were measured by thermogravimetric analysis (TGA,
SDTQ 600) at a temperature range of 323—1173 K with a
heating rate of 15 K min~" under an air flow of 100 mL min™".
Here, the coke content is defined as the quantity of
carbonaceous species per unit mass of the calcined catalyst,
and thus, the loss of mass between 573 and 1173 K measured
by TGA was used to estimate the coke content.

3. THEORETICAL CALCULATION

3.1. Density Functional Theory (DFT) Calculations.
The adsorption energy of propylene, propane, and water at =
Si—O—H and =AIl-O—H groups was calculated by DFT. 16T
cluster (ALP¢Si,O,H,,) models represent that the local
structure of CHA zeolite is used to calculate the adsorption
energies. The isosurface plots of the reduced density gradient
(RDG) were obtained by calculating the RDG functions
through Multiwfn software.”” The transition state and free
energy barrier of polymerization of propylene and cyclization
of the coke precursor within H-SAPO-34 zeolite were
calculated by DFT. For the calculation of the transition state,
an extended 74 T (SiP;4Al;,0,,9Hso) cluster model extracted
from the crystallographic CHA structure represents the
structure of neutral H-SAPO-34 model containing one
Bronsted acid site. All DFT calculations were performed
with the Gaussian 09 package.*® The details of the DFT
calculations are presented in Section 4 of the Supporting
Information.

3.2. Molecular Dynamics (MD) Simulations. Ab initio
molecular dynamics (AIMD) simulations were implemented to
obtain free energy barrier profiles of propylene from the gas
phase, external adsorption layer, external pore structure, and
intracrystalline region with the consideration of the effect of
BAS, =S§i—0-H, and =Al-O—H groups. To measure the
free energy profiles of propylene from the external surface to
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ACS Catal. 2023, 13, 11598—11609


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01932/suppl_file/cs3c01932_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01932/suppl_file/cs3c01932_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01932/suppl_file/cs3c01932_si_003.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

the intracrystalline structure of H-SAPO-34 molecular sieves,
AIMD simulations were performed using the CP2K software
package (version 7.1).>*% The details of the AIMD
simulations are presented in Section 5 of the Supporting
Information. FFMD simulations were used to simulate the
microarea uptake process of propylene from the gas phase to
intracrystalline with the consideration of the effect of =Si—
O-H"' and =AI-O-H groups. The force field molecular
dynamics (FFMD) approach was used to simulate the diffusion
process of propylene in contact with a model H-SAPO-34
framework with explicit terminal groups at the surface using
the Materials Studio simulation package (Accelrys Software).
The details of the FFMD simulations are presented in Section
6 of the Supporting Information. Table S1 shows the XRF
results, which indicates that the (P + Al)/Si is 9 for both bulk
fresh and etched samples. It can be further estimated that there
are 6 Al and 6 P atoms in a basic cell. Thus, it can be
anticipated that a basic cell unit used for simulations contains 1
Si atom, which is close to the experimental results of XRF.

3.3. Reaction Kinetics—Mass Transfer Simulations.
The reaction kinetics of propylene polymerization within H-
SAPO-34 zeolite were obtained by the transition-state
calculations of DFT.*** The surface permeability and
intracrystalline diffusivity of propylene were obtained by IGA
experimental measurement. The spatiotemporal evolutions of
propylene and coke species within the H-SAPO-34 zeolite
crystal were simulated by the in-house developed code.”® The
details of the equations and simulations are presented in
Section 7 of the Supporting Information.

4. RESULTS AND DISCUSSION

4.1. Structure and Chemistry at the Zeolite Terminal
Interface. Modification of the external zeolite surface by
moderate acid etching is an efficient method to alter surface
barriers.”® First, H-SAPO-34 zeolites were hydrothermally
synthesized and named as “pristine” sample. Then, parts of the
pristine sample were etched with acetic acidic solution and
denoted as “etched” sample. The bulk information of these two
samples is summarized in Table S1, and the bulk properties of
pristine and etched H-SAPO-34 samples are almost consistent.
In Figure 1b, the iDPC-STEM image shows the discrepant
atomic structure of termination from that of the intracrystalline
region, which represents the breaking of TO, units at the
external surface. As shown in Figure Ic, by use of AFM, it can
be directly observed that the thickness at the external surface of
etched H-SAPO-34 is thinner, ~1.0 nm, than that of pristine
H-SAPO-34. This implies that the acid etching method can
exclusively remove the external substance from the pristine
sample. XPS can detect the elemental composition (Si, Al, and
P in this work) from a ~0.7 nm-deep external surface region of
zeolites."> As shown in Figure S4, the integral area of XPS Si
2p spectra for pristine H-SAPO-34 is significantly higher than
that for the etched H-SAPO-34. The graded distribution of Si,
Al, and P elements from the external surface to the internal of
these two samples was examined by EDS. In Figure SS, for the
pristine sample, a steep gradient of Si close to the external
surface can be observed and decreases from the external
surface to the internal. In fact, Tian et al.** also found a
nonuniform distribution of Si atoms in the crystals, which
demonstrates a gradual increase from the core to the external
surface, during secondary nucleation in the crystallization of
SAPO-34 zeolites. However, the distribution of Si within the
etched H-SAPO-34 crystal is relatively uniform. Based on the

above-mentioned evidence, these imply that for the etched
sample, the layer rich in Si element at the external surface
(thickness of ~1.0 nm) is primarily removed by the etching
method (Figure 1g). The terminal groups of these two samples
in the hydroxyl region were identified by DRIFT as shown in
Figure 1b. The characteristic IR signals at 3745 and 3678 cm™
are assigned to isolated =Si—O—H and =P—O—H groups,*
respectively. Two signals are visible at 3796 and 3770 cm™,
assigned to —O—H groups lined to isolated tetrahedral AL* In
Figure 1b, the ratio of peak area between =Si—O—H and =
Al-O—-H for the pristine sample (~2.05) is higher than that
for etched samples (~0.75). The ratio of n(SiOH)/n(AIOH) is
defined as the peak area ratio of IR spectroscopy at ~3740
cm™! to that at ~3770 cm™". In Figure 1f, the quantitative 'H
MAS NMR spectra show a consistent amount of Brensted acid
sites (BAS) of pristine and etched samples (~0.90 mmol-g™").
The amount of isolated silanol in the etched sample (~0.12
mmol-g™!) is lower than that in the pristine sample (~ 0.18
mmol-g!), which results from the changes in the silicon-rich
layer at surface termination by acid etching. As shown in
Figure le, significant changes in silicon coordination detected
by *Si MAS NMR were observed. Based on the previous
studies,*”* it is shown that the signal position of Si atoms at
—85, —89, =95, =99, —10S, and —112 ppm correspond to
Si(OAl),(OH),_,, Si(4Al), Si(3Al), Si(2Al), Si(1Al), and
Si(0Al) components, respectively. In Table S2, by use of the
deconvolution method, it can be found that after etching, the
proportion of Si(OAI),(OH),_, as terminal silanols*>*® in the
etched sample (5.1%) is lower than that in the pristine sample
(9.3%). Meanwhile, the proportion of penta-coordinated
aluminum in the etched sample (10.1%) is slightly higher
than that in the pristine sample (7.3%), which indicates more
exposure of aluminum species at termination by etching. From
the elaborate characterizations of pristine and etched H-SAPO-
34, it can be concluded that the removed layer at termination
of the pristine sample with a thickness of ~1.0 nm is rich in the
silicon-containing substance and =Si—O—H terminal groups.
Correspondingly, as shown in Figure 1g, the speculative
models including the external surface and intracrystalline
period structure for pristine and etched samples are proposed
for multiscale simulations. In the following, the effect of such a
layer on the molecule—external interface interaction is
investigated.

In Figures 1i and S13, the DFT calculation shows that the
adsorption energy of the molecule (e.g., water and propylene,
respectively) adsorbed at the=Si—O—H (e.g,, AG,4(H,0) =
2.9 kJ mol™") site is way lower than that at the==Al—O—H site
(AG4(H,0) = 10.1 kJ mol™). However, the adsorption
energy of propane at =Si—O—H or =Al-O—H site shows no
distinct difference. In Figure 1h, etched H-SAPO-34 (contact
angle of water of ~58.9°) shows more hydrophobicity than
that of the pristine H-SAPO-34 (contact angle of water of
~42.4°), which verifies the results of DFT calculations in
Figure 1i. These results validate that the external crystal surface
rich in =Si—O—H groups (pristine H-SAPO-34) presents a
stronger adsorption interaction on polar molecules and double
bond of alkenes. In addition, we compared the adsorption heat
AH, 4 by simulations and experiments as shown in Figure S11
and Table SS, which validates the simulation results of AG,4, in
Figures 1i and S13. Such discrepancy in the adsorption
interaction caused by different amounts of isolated silanol may
differ in the behavior of the surface barrier of guests.
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Figure 2. (a) Model of H-SAPO-34 zeolite with terminated groups of =Si—O—H employed for AIMD. (b) Model of H-SAPO-34 zeolite with
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at 298 K. (e) Sampling distribution of the BAS proton as a function of the coordinate during a regular AIMD simulation at 298 K of propylene
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terminated hydroxyl groups as a function of time at 298 K from FFMD simulations. (Pristine model: =Si—O—H as a main terminated group and

etched model: =Al—O—H as a terminated group).

4.2. Effect of Isolated Silanol on the Local Structure
and Surface Diffusion Barriers. The diffusion of guest
molecules from the gas phase to the internal structure of
zeolites involves three steps (Figure 2a): (1) adhering to the
external adsorption layer of zeolite from the gas phase; (2)
leaving the external adsorption layer and jumping into the
external pore structure (free energy barrier AF,,); and (3)
crossing intracrystalline pore and then diffusion within the
intracrystalline structure of zeolite (free energy barrier AF.,),
which are shown in Supporting Video 1 and 2. The structures
of AIPO, (CHA topology) with =Si—O—H terminal groups
(Figure 2b) and such structures without =Si—O—H terminal
groups (Figure S16b) were constructed for the FFMD
simulations.””*® In Figure 2a, for instance, local structures
close to the external surface marked by dashed lines in Figure

2b are extracted for the implementation of AIMD simulations.
As shown in Figure 2c, the forward free energy barrier of the
surface barrier AF"™™ (from the external adsorption layer to
the external pore structure) for the pristine model is distinctly
higher than that for the etched model. Based on the DFT
calculations shown in Figure S13a,b, the adsorption of
propylene on the=Si—O—H site (AG,q, = 19.7 kJ/mol) is
more preferential than that on the=Al-O—H site (AG,q4, =
23.4 kJ/mol). In Figure 2c, the x-coordinate from right to left
represents the diffusion of propylene from the gas phase to the
external surface and then to the intracrystalline phase. It can be
found that for a CV of 7~10 A, the calculated free energy of
propylene on the pristine sample is lower than that on the
etched one, which partially contributes a high diffusion barrier
at the external surface of the pristine sample. Therefore, the=
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Figure 3. (a) Relationship between the ratio of n(=Si—O—H)/ n(=Al-0O—H) and surface permeability of propane in H-SAPO-34 zeolites.
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etched H-SAPO-34 samples under 273, 283, and 293 K.

Si—O—H group can preferentially stabilize the adsorption state
of propylene (pristine model) and leads to the retention of
propylene at the external adsorption layer. Interestingly, we
found the backward free energy barrier of the surface barrier
AR (from the same structure close to the intracrystalline
pore to the external pore structure) for model with the=Si—
O—H terminal group also exceeds that for the model without
the=Si—O—H terminal group. In Figure 2d, typically (~5000
fs), the dynamic changes of the external 8MR pore of pristine
and etched model during regular AIMD simulations are
presented. The statistically average 8MR pore sizes at the
external surface for pristine and etched models are 10.2 and
11.1 A, respectively. This interprets that the vibration or
flexibility of 8MR at the external surface can be affected by the
type of linked terminal groups. The narrow of 8MR at the
external surface does not directly result from the proton at =
Si—O—H. The detailed mechanism of such phenomena needs
to be further explored by advanced experiments. The pore size
analysis in Figure S2b is indirectly validated simulation results.
This indicates that the type of terminal groups at the external
zeolite surface has a crucial role in determining external 8MR
pores, which can directly lead to a distinct behavior of surface
barriers. In brief, using AIMD simulations, it can be clearly
concluded that the external surface of zeolites decorated with
=Si—O—H groups can stabilize the adsorption of guest
molecules and narrow the 8MR pore at termination. Therefore,
the external surface with =Si—O—H groups directly results in
a higher free energy barrier of surface barriers during molecular
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uptake and desorption. For the diffusion from the intracrystal-
line pore to the intracrystalline structure within pristine and
etched models, free energy barriers AF,,, show only small
differences as shown in Figure 2c. The asymmetric profile in
Figure 2c for intracrystalline diffusion of propylene can be
elucidated by the preference location of the BAS proton for a
specific cage due to the inherent puckering of SMR pores,*’
which is shown in Figure 2e. In addition, the slight distinction
in AF,,, between pristine and etched models states that
altering the terminal groups of the external surface has a minor
effect on intracrystalline diffusion of guest molecules. FFMD
was implemented to simulate the diffusion of ensemble
molecules from the gas-phase, external surface with different
terminal groups to the internal structure of H-SAPO-34. In
Figure 2f, the uptake of propylene by crossing the external
adsorption layer with =Si—O—H groups (pristine model) is
obviously more sluggish than that by crossing the layer without
=Si—O—H groups (etched model). Particularly, the initial
uptake amount of propylene in the etched model is ~1.6 times
higher than that in the pristine model. Implementation of
AIMD and FFMD synergistically elaborates the presence of
terminal =Si—O—H groups at the external surface can retard
the permeation of alkenes through the external adsorption
layer by enhancing the adsorption interaction and narrowing
the 8MR pore.

To validate the results of MD simulations, the experimental
measurements of surface permeability @, intracrystalline
diffusivity D, and corresponding diffusion activation energies
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Figure 4. (a) Evolution of the stretching vibration of the C—H bond (alkyl groups on oligomers) within pristine and etched H-SAPO-34 zeolites
during the propylene polymerization reaction obtained by integration of the IR signal at 2800—3000 cm™ in Figure S9. (b) Relatively quantitative
evolution of residual Bronsted acidity inside pristine and etched H-SAPO-34 zeolites of the IR signal at 3500—3700 cm™". Spatial distribution of
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loading of catalysts is 10 mg at 373 K.

E, over pristine and etched H-SAPO-34 samples were carried
out. In Figure 3a, the characteristic factor L is defined as the
ratio of characteristic time of intracrystalline diffusion to that of
surface barriers in mass transfer. The smaller the L, the higher
the surface barriers in overall mass transfer. In Figure 3a, when
L becomes below 10, the surface barriers would play the
leading role in mass transfer resistance, which refers to “surface
barrier-controlled”.”® In Figure 3a, as the relative proportion
between =Si—O—H and =AIl-O—H at the external surface
increases, propane’s dominated mass transfer mechanism in H-
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SAPO-34 becomes surface barrier-controlled. As evidenced by
DFT calculations (Figure S13c,d), the adsorption of propane
at =Si—O—H and =AI-O—H shows no apparent difference.
The discrepant behavior in surface barriers of propane in
pristine and etched samples can be interpreted as the narrowed
pore size at the external surface caused by =Si—O—H groups
(Figure 2d). In Figure 3b, the surface permeability of
propylene over the etched sample is visibly higher than that
over the pristine sample. According to the previous studies,' >’
the diffusion activation energy (E,) can be calculated by
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from reaction mass transfer simulations.

assuming that the relation between surface permeability/
intracrystalline diffusivity and temperature follows the
Arrhenius law D = Dgexp(—E,/RT). Thus, we can fit the
data in Figure 3b,c with the Arrhenius equation and obtain E,.
As expected, the activation energy of the surface barrier E, ¢
for the etched sample is lower than that for the pristine sample,
which is in line with AIMD simulations. Based on the DFT
simulations, the =Si—O—H terminal groups favor the
adsorption of propylene. Additionally, AIMD simulations
show that the average 8MR size at the external surface linked
to =Si—O—H groups is smaller than that linked to =Al-O—
H groups. In Figure 1, the ratio of n(=Si—O—H)/n(=Al-
O—H) of the etched sample is smaller than that of the pristine
sample. Therefore, the wakened adsorption interaction
together with the relatively larger pore size of 8MR at the
external surface reduces the E, ¢ of propylene for the etched
sample, while the intracrystalline diffusivities and activation
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energy E, ;... of propylene over these two samples are almost
equal (Figure 3c). This can illustrate that the etching method
employed in this work only alters the surface barriers of guest
molecules. In this work, we found that etching can remove a
layer of ~1.0 nm at termination of pristine H-SAPO-34
zeolites, and this layer is rich in the silicon-containing
substance and =Si—O—H terminal groups. The =Si—O—H
terminal groups can change the adsorption of guest molecules
and alter the average size of the corresponding linked 8MR at
the external surface. In Figure 3d, the identical adsorption
amount of propylene at 12 mbar over pristine and etched
samples (~1.6 mmol g, ") suggests that the influence of the
surface barrier on adsorption equilibrium can be neglected.
Interestingly, in Figures 3d and S10, it can be observed that the
amount of propylene in the micropore is higher on desorption
than on adsorption. As shown in Figures 3c and S8, the
intracrystalline diffusivity of propylene based on the desorption

https://doi.org/10.1021/acscatal.3c01932
ACS Catal. 2023, 13, 11598—11609


https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01932/suppl_file/cs3c01932_si_003.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01932/suppl_file/cs3c01932_si_003.pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01932?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01932?fig=fig5&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01932?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

rate is lower than that based on the uptake rate. This implies
that the stabilization on propylene imposed by Brensted acid
sites or nanoconfinement of the CHA cavity makes propylene
difficult to desorption. Such a difference between uptake and
desorption supported by experimental data indicates the
asymmetry in adsorption and desorption paths from the
external crystal surface to the intracrystalline region or other
way around. Actually, Valiullin et al.>' also obtained a similar
conclusion in their study on mesoporous materials. In Figure
3¢, it can be observed that the intracrystalline desorption rate is
slower than the intracrystalline uptake rate, which is caused by
the biased location of BAS at specific CHA cavity shown in
Figure 2e. For the state of adsorption equilibrium, the
preferential adsorption site of propylene is the BAS located
at cage B (~84% probability), where the BAS can well interact
with olefins by forming a z-complex.”” Such asymmetric
distribution of olefin adsorption at BAS directly leads to the
backward diffusion barrier (intracrystalline desorption) is
about 8 kJ mol™ (Figure 3c) higher than the forward diffusion
barrier (intracrystalline uptake), which is well elucidated by
AIMD simulations. In Figure 3b, the surface permeability of
propylene for desorption is an order of magnitude lower than
that for uptake. From AIMD simulations, there is ~12%
probability that BAS is located at cage A, which is close to the
surface pore structure due to the mobility of BAS. In addition,
the stabilization of olefin adsorption (7-complex host—guest
interaction) by BAS is superior to that by the =Si—O—H site.
Thus, the diffusion barrier for desorption from the external
pore structure at BAS is higher than that for uptake from the
external layer with =Si—O—H groups. Herein, the asymmetric
diffusion path of adsorption and desorption for intracrystalline
diffusion and surface barrier are well interpreted by experi-
ments combined with AIMD simulations.

4.3. Role of Surface Barriers in Utilization of the
Intracrystalline Active Site. The role of terminal groups (=
Si—O—H and =AIl-O—H) at the external zeolite layer in
surface permeation of guests has been well elucidated using a
complementary set of surface modification, multiple spectro-
scopic techniques, MD simulations, and diffusion rate
measurements. To build a comprehensive relationship of
structure—mass transfer—performance, propylene polymeriza-
tion catalyzed by H-SAPO-34 zeolite was used as a probe
reaction to investigate the effect of the surface barrier on
catalyst deactivation by coke deposition.”> The detailed
evolutions of hydroxyl groups and carbonaceous species within
H-SAPO-34 were recorded by in situ Fourier transform
infrared (FTIR) spectroscopy as shown in Figure S12. The
overlapping bands at 2960 and 2930 cm™' are, respectively,
assigned to the CH3;— and —CH,— asymmetric stretching
vibrations of the oligomers. The theoretical intensity (I) of the
CH;— band is 8.0n + 258 and that of the —CH,— band is 77n
— 18, where n is the number of methylene groups in the
chain.™ Using a relative intensity ratio of Lgg/Io3 = 1.1, n is
found to be ca. 4, which implies that the oligomer is formed
from two propylene molecules. In Figure 4a, it can be observed
that during propylene polymerization, the integrated intensity
of IR spectra at 2800—3000 cm™" in the etched H-SAPO-34
zeolite is significantly higher than that in the pristine sample.
Similarly, the intensity of bands at 1460 and 1637 cm™" in the
etched sample, which are assigned to the C=C bond of
polycyclic aromatic hydrocarbon (PAH), is also higher than
that in pristine. The etched H-SAPO-34 sample can be 2.5
times higher in the formation rate of intermediate and 4 times

higher in the capacity of oligomers within zeolites than its
counterpart with slow surface permeability of guests (Figure
4a). As shown in Figure 4b, compared to the BAS accessibility
of the pristine sample, the intracrystalline region within the
etched sample can be more accessible to propylene. Thus, for
the deactivated catalyst by coke deposition, the etched H-
SAPO-34 sample can be 14 times higher in BAS utilization
than for the pristine sample.

To gain insights into the effect of surface barriers on coke
deactivation within zeolites, reaction kinetics combined with
mass transfer was analyzed. The reaction network was
simplified as propylene oligomerization with BAS (reaction
energy barrier AG* is 104.7 k] mol™), k = 2.2 x 1072 s™") and
cyclization of polyenes (AG* is 80.2 kJ mol™), k = 5.8 x 10'
s7"), and the corresponding reaction kinetics were obtained by
DFT calculations® (Figure S14). The surface permeability,
intracrystalline diffusivity, and diffusion-activated energy of
propylene in pristine and etched samples were measured by
experiments (Figure 3). In Figure Sab, enhancing the surface
permeability of guests can increase the propylene concen-
tration gradient close to the crystal edge and boost the mass
flux (intracrystalline concentration) of propylene from the gas
phase to the intracrystalline region. In fact, this has been
directly observed in experiments of methanol diffusion over
individual H-SAPO-34 zeolite crystals by use of interference
microscopy.”® Thus, at the initial moment, the accessibility of
BAS in the etched H-SAPO-34 is more sufficient to propylene
(Figure S1Sb). In Figure Sce, the amounts of oligomers
formed within the etched sample are significantly higher than
those within the pristine sample. This can be validated by TGA
experiments; the coke amount of the deactivated etched
sample (5.7%) is higher than that of the deactivated pristine
sample (3.2%). In addition, the spatial distribution of
oligomers in the etched is relatively uniform, while the
oligomers are concentrated close to the rim of the pristine
crystal. Due to the high concentration gradient of propylene at
the rim of the etched sample (Figure Sb), subsequently, the
PAHs are preferentially formed at the rim of the crystal
According to the results of MD simulations, the diffusion of
light hydrocarbons will be impeded by PAHs trapped within
the CHA cavity.35 Thus, for the stage of catalyst deactivation,
in the etched sample, the accessibility of oligomers located at
the crystal center is prevented in contact with propylene. For
the pristine sample, inherent low-surface permeability and
PAHs formed at the rim of the crystal jointly hinder the
diffusion of propylene from the gas phase to the intracrystalline
region. Therefore, the concentration of PAHs deposited within
the pristine crystal is significantly lower than that within the
etched sample. In Figure 4c,d, spatial distributions of oligomers
and PAHs within the deactivated pristine and etched H-SAPO-
34 were visualized by super-resolution structured illumination
microscopy (SIM) to validate simulation results (Figure 4c,d).
For the deactivated pristine H-SAPO-34, the fluorescence
signals detected at 500—545 nm (a laser excitation of 488 nm)
and 570—640 nm (a laser excitation of 561 nm), which are
assigned as oligomers and PAHs, respectively, are slightly
strong at the crystal rim than at the interior crystal (Figure 4e).
Under a similar measurement, the fluorescence signal of
oligomers in the etched sample is concentrated on the crystal
center. In contrast, the fluorescence signal of PAHs is mainly
detected at the rim of the crystal (Figure 4f). These results
validate the simulation presented in Figure Sc—f and visualize
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the effect of surface barriers on the catalytic efficiency of
zeolites.

5. CONCLUSIONS

In summary, we demonstrate that isolated silanol at zeolite
termination can not only enhance the adsorptive interaction
between the polar molecules or double bond of alkenes and
external surface but also narrow the local 8MR pore entrances.
Thus, isolated silanol exposed at termination can significantly
retard the permeation of guest molecules through the external
layer. In addition, the presence of isolated silanol at the
external surface is the crucial origin for an asymmetric
molecular diffusion path between uptake and desorption.
Sluggish surface permeability of guest molecules directly leads
to the low accessibility of intracrystalline BAS and catalytic
activity of zeolites. Based on the structure—mass transfer—
performance relationship, this work indicates that moderate
etching to reduce the relative proportion of isolated silanol at
zeolite termination can be considered an efficient method to
increase both the surface permeability of guests and utilization
efficiency of active sites. Importantly, future work in tailoring
the external surface properties of zeolite should focus on
modifying or grafting functional terminal groups’' at zeolite
termination, which may reform the catalytic performance of
zeolites.
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