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Surface barriers to mass transfer in various nanoporous materials have been increasingly identified.
These past few years especially, a significant impact on catalysis and separations has come to light.
Broadly speaking, there are two types of barriers: internal barriers, which affect intraparticle diffusion,
and external barriers, which determine the uptake and release rates of molecules into and out of the
material. Here, we review the literature on surface barriers to mass transfer in nanoporous materials
and describe how the existence and influence of surface barriers has been characterized, aided by
molecular simulations and experimental measurements. As this is a complex, evolving research topic,
without consensus from the scientific community at the time of writing, we present various current
Received 4th March 2023 viewpoints, not always in agreement, on the origin, nature, and function of such barriers in catalysis
and separation. We also emphasize the need for considering all the elementary steps of the mass
transfer process in optimally designing new nanoporous and hierarchically structured adsorbents and
catalysts.
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Key learning points

1. Origins and nature of external and internal surface barriers.

2. Experimental characterization of surface barriers.

3. Molecular simulation methods to investigate surface barriers.

4. Effects of synthesis and surface modification techniques on surface barriers.
5. New perspective on the overall mass transfer process in nanoporous materials.

1. Introduction

Nanoporous materials are crucial in modern chemical, energy,
and environmental technologies. Typical nanoporous materials
span zeotype crystals, metal-organic frameworks (MOFs),
mesoporous solids, and hierarchically structured materials that
combine intrinsic micropores with additional mesopores or
macropores.” Due to their high specific surface area, the unique
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confinement-induced selectivity and controlled mass transfer
within the nanopores, nanoporous materials have been widely
applied as heterogeneous catalysts, membranes and adsor-
bents in critical industrial processes.

The optimal design and tuning of processes using nano-
porous materials requires fundamental understanding, including
the identification of the rate-limiting step in the overall mass
transfer. Traditionally, the mass transfer process is divided into
external transport from the bulk phase onto the external sur-
face of the solid particles and internal diffusion through the
pore channels. For many catalytic and separation processes, the
dominance of external transport limitations can be avoided by
increasing the flow rate. Consequently, intraparticle diffusion
has received major attention as the principal step. A widely
applied way to enhance the mass transport efficiency of these
materials is to enlarge the nanopore diameter or shorten the
nanoporous diffusion pathlength, which has inspired the
design of hierarchical nanoporous materials.>> However, some
researchers found that when the dimensions of nanoporous
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materials, like zeolites, were decreased to tens of nanometers,
the effective diffusivities were not improved as predicted,
indicating the existence of some additional mass transport
limitations.®™

Direct experimental measurements and simulation work
have further confirmed the effects of surface barriers and, thus,
form the foundation for a new picture of the mass transfer
process where the role of interfaces cannot be ignored. Some
key techniques are summarized in Fig. 1. Measurements of
uptake or release rates with the aid of macro- and microscopic
methods can be used to identify mass transfer mechanisms in
nanoporous materials. The apparent diffusivity represents the
effective, overall diffusion behavior of adsorbates in a collection
of samples. It is often determined using macroscopic techni-
ques, such as zero-length column chromatography (zLC),">"
frequency response (FR),'*"* fast time-resolved infrared spectro-
scopy (IR),"*" and intelligence gravimetric analyzer (IGA).'*'
Microscopic measurements, like pulsed field gradient nuclear
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magnetic resonance (PFG-NMR) and quasi-elastic neutron scatter-
ing (QENS), are particularly suitable for measuring intracrystalline
transport resistance.'®'® To provide direct evidence of surface
barriers, concentration profiles of guest molecules have been
recorded using interference microscopy (IFM) and infrared micro-
scopy (IRM) by Kirger and co-workers.”>> Super-resolution
fluorescence microscopy (FM)***” and structured illumination
microscopy (SIM)**° have also been successfully extended to
the characterization of mass transfer and heterogeneous catalysis.
The adjustable confocal plane enables the observation of local
density distributions of guest molecules, which enter and move
through a specific zeolite crystal. The influence of surface barriers
in nanoporous materials is also increasingly explored in the
context of practical applications. Measuring catalytic reaction
kinetics and membrane permeability analysis, combined with a
precise structural characterization, could indirectly reflect the role
of internal or external surface barriers.*"** Molecular simulation
methods to distinguish the surface barriers from intracrystalline
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diffusion are generally kinetic Monte Carlo (KMC)** and mole-
cular dynamics (MD) simulations, including dual control volume
grand canonical molecular dynamics (DCV-GCMD),**** equili-
brium molecular dynamics (EMD)***” and non-equilibrium mole-
cular dynamics (NEMD).*®

Noting the new insights on the importance of surface
barriers, we give a schematic representation (Fig. 2) of the
complete transport process in nanoporous materials, including
a series of elementary steps: external transport via convection
and diffusion in the bulk phase (i), surface diffusion (ii), pore
entering (iii), intracrystalline diffusion in pore channels (iv)
and across internal structural defects (v), intracrystalline inter-
growth interfaces (vi) or intercrystalline grain boundaries
(vii).>">" In this overall picture, nanoporous diffusion is no
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longer the one and only determining step, and one could
distinguish two classes of mass transport barriers. The first
one consists of internal barriers, which disturb intraparticle
mass transport. The second one is external barriers at the
external surface and pore mouths.

This review is organized in three sections, one for each
specific type of surface barrier (Fig. 3). First, we summarize
the experimental evidence of surface barriers. Second, we
review the molecular simulation work on surface barriers.
Finally, various viewpoints on the origins, nature, and
functions of the surface barriers are discussed in detail. With
the current knowledge of the surface barriers to mass trans-
port, we provide a new perspective for the optimal design
strategy of nanoporous materials. We also point out the
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Fig. 2 The complete transport process from the bulk phase into the interior of nanoporous materials.

research gap to unveil the nature of surface barriers at the
atomistic level.

2. Internal surface barriers

As depicted in Fig. 4(A), internal surface barriers could be
intra- or intercrystalline. Intergrowth interfaces or defects
within single crystals contribute to internal surface barriers,

3994 | Chem. Soc. Rev., 2023, 52, 3991-4005

while grain boundaries between aggregated nanocrystals
lead to intercrystalline surface barriers in polycrystalline
materials.***!

2.1 Experimental characterization

Since the 1990s, researchers have focused on developing new
microscopic techniques that allow in situ scanning over one
selected zeolite crystal and monitoring the concentration pro-
files of sorbate molecules during the mass transfer process.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 The scope of this review, including classification, research methods, and theoretical analysis of surface barriers.

These experiments noted unusual mass transfer behavior, which
could only be explained when taking internal surface barriers
into account. Geus et al.**> used light microscopy and infrared
microscopy to study the removal of microporous template tetra-
propylammonium (TPA) from micro-sized single crystals of
silicalite-1 zeolite. The hourglass pattern within the crystal was
attributed to the hindered diffusion of water from the internal
crystal sections during calcination. A similar internal structure
was observed through fluorescence microscopy, see Fig. 4(E).>
Another category of evidence of internal surface Dbarriers
appeared when measuring the diffusivities of guest molecules.
Vasenkov et al.*® applied PFG-NMR to measure the apparent
intracrystalline diffusivity of alkanes in MFI-type zeolite crystals.
As shown in Fig. 5(A), the measured, apparent diffusivities of
methane at low temperatures gradually declined as a function
of the root mean square displacement (RMSD). This change was
ascribed to the role of internal surface barriers. Other possible
explanations, like a broad distribution of diffusivities or
restricted diffusion at external surfaces, were carefully ruled
out. The dependence of the apparent diffusivity on diffusional
length scales was further verified in various hydrocarbon-zeolite
systems. >4

All these experiments show the influence of internal surface
barriers in large zeolites, micrometers in size. However, applying
smaller particles with submicron and nanoscale dimensions is
more common in actual industrial processes. Ye et al*® and
Guo et al.”’ synthesized two types of Pt/Beta catalysts, based
on either polycrystalline or monocrystalline submicron zeolite
crystals. As shown in Fig. 5(B), the existence of internal grain

This journal is © The Royal Society of Chemistry 2023

boundaries has a negative effect on the mass transport and
catalyzed isomerization of n-heptane. Despite limited reports
on catalytic performance, lots of studies have focused on how
grain boundaries affect membrane performance. The selectivity
of nanoporous membranes relies typically on molecular sieving.
Nonetheless, it is frequently discovered that the presence of grain
boundaries reduces or at least modifies the selectivity by gene-
rating nonselective transport paths for guest molecules. For
example, MFI zeolite membranes with intercrystalline grain
boundaries showed extremely small separation factors (<5) for
binary xylene isomers. In comparison, another type of MFI
membrane with sealed cracks showed higher separation factors,
even up to 300.*® Several researchers report that grain boundaries
can be selectively repaired or plugged in order to improve
membrane performance.***>*® Choi et al** thus developed a
rapid thermal processing (RTP) method to heal the defects.
As shown in Fig. 5(C), compared with the conventional calcined
membranes, RTP treatment led to a significantly improved
separation factor for xylene isomers. However, the separation
performance showed no obvious change for hexane isomer
mixtures. Therefore, the influence of internal grain boundaries
on the membrane performance depends heavily on the proper-
ties of the guest molecules.

2.2 Molecular simulations

From the dependence of the experimental diffusivity on the
temperature,”® the mass transfer process across the internal
surface barrier is observed to be energetically activated. Vasenkov
and Kirger’' thus applied Monte Carlo simulations based on

Chem. Soc. Rev., 2023, 52, 3991-4005 | 3995
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Fig. 4 Experimental and simulation studies on the internal surface barriers in nanoporous materials. (A) Classification of internal surface barriers based
on their origin and nature. (B) Scheme of MFI zeolite crystallography. Reprinted with permission from ref. 64. Copyright 2008 American Chemical Society.
(C) Scheme of an MFI zeolite crystal with two intergrown components. Reprinted with permission from ref. 40. Copyright 2009 Springer Nature.
(D) Scheme of NaA zeolite membrane on alumina substrate. Reprinted with permission from ref. 72. Copyright 2006 American Chemical Society.
(E) Fluorescence microphotographs of ZSM-5 crystals taken during template removal. Reprinted with permission from ref. 39. Copyright 2007 John
Wiley & Sons. (F) Left: Confocal fluorescence images of an MFI crystal corner. Right: Schematic showing the different subunits (o, B, and v), along with the
locations of the distinct diffusion barriers (I and Il). Reprinted with permission from ref. 40. Copyright 2009 Springer Nature. (G) Fluorescence confocal
optical microscopy (FCOM) images of grain boundaries in an MFI zeolite membrane. Reprinted with permission from ref. 73. Copyright 2001 Elsevier.
(H) Simulation model used for twinned silicalite crystals. Reprinted with permission from ref. 53. Copyright 2006 American Chemical Society. (I) Silanol
nests model of the hydrophilic defects induced by Al insertion in the silicalite-1 framework (silicon atoms are yellow; oxygen red; hydrogen white).
Reprinted with permission from ref. 57. Copyright 2016 Springer Nature. (J) Atomistic models containing a grain boundary region in all-silica chabazite
(CHA) zeolite membranes. Reprinted with permission from ref. 56. Copyright 2021 Elsevier.

transition state theory (TST) to study alkane diffusion in cubic
lattices with intracrystalline transport barriers. The simulated
results, including RMSD dependence and activation energies,
were consistent with their previous experimental findings.*’

3996 | Chem. Soc. Rev,, 2023, 52, 3991-4005

In recent decades, simulations have progressed to more
precise atomistic models thanks to growing computational
resources, methodological advancements, and more accurate
parameters to characterize atomic interactions."”> Newsome and

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Effects of internal surface barriers on apparent diffusivity, catalysis,

and separation performance. (A) Relationship between apparent diffusivities

and root mean square displacements (RMSD) of methane in ZSM-5 zeolite at various temperatures. Reprinted with permission from ref. 43. Copyright

2001 American Chemical Society. (B) The effects of internal diffusion barri

ers in n-heptane isomerization catalyzed by Pt/Beta zeolite. Reprinted with

permission from ref. 47. Copyright 2020 John Wiley & Sons. (C) Xylene and hexane isomers separation performance of MFI zeolite membranes treated
through different thermal processes. Reprinted with permission from ref. 32. Copyright 2009 American Association for the Advancement of Science.

Sholl®® constructed an atomistic model to mimic the internal grain
boundaries in twinned silicalite zeolites, see Fig. 4(H). Based on
this model, they applied DCV-GCMD to simulate the mass transfer
of CH, and CF, molecules. The results revealed that the interfacial
resistances become more dominant for molecules of bulky size and
strong adsorption strength, and at low temperatures.

Thomas et al.>* also used MD simulations to explore the role
of intracrystalline space for xenon diffusion in MFI zeolites.
The significant energy minima in the interfacial region func-
tion as a bottleneck at low temperatures, as evidenced by the
calculated density distribution and diffusivities. With increas-
ing temperature, molecules can more easily overcome the
energy barrier, increasing transport across the intercrystalline
region. Similarly, Takaba et al.>®> showed that the intercrystal-
line area reduces the methane diffusivity in MFI-type zeolite
membranes by an order of magnitude.

According to NEMD simulations by Hirosawa et al.,”® the
grain boundary inside an all-silica chabazite membrane (see
Fig. 4(J)) could improve the selectivity and permeability for a
CO,/CH, gas mixture. It is also noteworthy that the grain
boundary orientation affected the separation performance.
The molecular sieving action was enhanced when the grain
boundary was parallel to the bulk phase. In comparison, the
membrane showed higher CO, permeability but moderate
selectivity when the grain boundary extended to the membrane
surface. These results again show that the specific influence of
internal surface barriers is complex and should be applied with

This journal is © The Royal Society of Chemistry 2023

particular caution when transplanting between different sys-
tems. The internal structural defects in the membrane were
also simulated for aluminum site-induced barriers. Fasano
et al.”’ examined how defect concentration and silanol hydro-
philicity affected effective diffusivities. As shown in Fig. 4(I),
The increase in pore hydrophilicity caused by Al atom replace-
ment is mimicked by the introduction of silanol nests in the
MEFI structure.””>® The simulated self-diffusivities and experi-
mentally measured corrected diffusivity show similar trends in
that the diffusivity for low amounts of water decreases with
higher defect density.””">

Although these simulations help consider the physical origin
of internal surface barriers, the discrepancies between the simu-
lation model and a genuine zeolite crystal are still noticeable.
Due to computational limitations, the simulated crystal sizes are
restricted to a few nanometers in length. However, experimentally
observed grain boundaries in actual zeolite crystals usually
appear over micrometer scales. The current efforts have also
been limited by the lack of experimental data on the atomic-scale
structure of the interfaces and structure defects. Future analyses
of the internal surface barriers could be improved by more
precise atomic-scale depictions.

2.3 Origin, nature and function

There are various kinds of inhomogeneities in nanoporous
materials that lead to internal surface barriers. One example
is intergrowth structures, wherein guest molecules may

Chem. Soc. Rev,, 2023, 52, 3991-4005 | 3997
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encounter diffusion barriers between the basic crystal building
blocks. Early electron microscopic studies of MFI-type zeolite
crystals indicated that adjacent crystals showed a 90° rotation
in crystallographic orientation around the c-axis.®®®* Subse-
quent research studied the interior region of large single
crystals by optical microscopy with polarized light and always
revealed an hourglass pattern inside MFI-type zeolites.*>®
Based on such observations, the interior structure of MFI
crystals was traditionally simplified to a two-component model
with a 90° rotation inside. Notably, this model suggests that
the straight pathways are hardly accessible from the external
surface. However, this speculation did not apply to the observa-
tion of a silicalite-1 crystal by atomic force microscopy (AFM)
that elevated terraces appeared on both the (010) and the (100)
faces but with different step heights.*® In rationalizing
these observations, a three-component model containing three
sets of components with varying defect concentrations was
proposed, as shown in Fig. 4(B).*

The literature also extensively discusses irregular stacking
faults as an origin for internal surface barriers. Zeolite beta was
found to be an intergrown hybrid of two different but closely
similar structures, showing considerable stacking disorder.®
Stacking faults were also noted as a potential cause of internal
diffusion barriers in zeolite X. Mirror twins were discovered on
the (111) plane of FAU-type zeolite by high-resolution transmis-
sion electron microscope (HRTEM), which was later validated
by diffraction pattern analysis."® For specific MFI-type zeolite
crystal morphologies, Karwacki et al.*® used a powerful combi-
nation of various microscopic and spectroscopic techniques to
show that internal surface barriers originate from small-angle
differences of 0.5-2° in addition to a 90° mismatch in pore
alignment, as shown in Fig. 4(C) and (F).

In recent years, various new zeolites have been obtained as
intergrowths that share a similar periodic building unit but are
connected in different ways.®®®” New microscopic techniques
with an increased resolution, like annular dark-field scanning
transmission electron microscopy (ADF-STEM), assisted by
selected area electron diffraction (SAED), allow for the differ-
entiation of the boundaries of each domain.®® In view of these
new findings, the international zeolite association (IZA) has
recently updated its database for zeolite frameworks with inter-
growth structures, moving them to a separate classification,
while discontinuing the previous distinguishing method with
an asterisk before the three-letter code of the zeolite material.
The assembly of nanosheets with intergrowth domains, such as
MFI/MEL and FAU/EMT families, results in intercrystalline
porosity, thus serving as a new route to synthesize hierarchically
structured zeolites.®””* However, the relevant reports barely
examined the potential existence of internal surface barriers.

In addition to the intergrowth interfaces in single crystals,
grain boundaries and cracks in polycrystalline nanoporous
materials may also act as internal transport barriers, especially
in zeolite membranes. When synthesizing polycrystalline zeo-
lite membranes, zeolite seed crystals jointly grow on or within a
porous support, inevitably resulting in the formation of cracks,
as seen in Fig. 4(D).”*> The microscopy image shows that, when
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the structure-directing agent is removed, sudden zeolite unit
cell contraction and an imbalance in the thermal expansion
coefficients of the substrate and the zeolite film result in tensile
tensions that cause these defects to develop. Bonilla et al.”®
applied fluorescence confocal optical microscopy (FCOM) to
observe the grain boundary network in MFI membranes, see
Fig. 4(G). Hong et al.”* further applied FCOM to quantitatively
assess the impact of grain boundaries in MFI zeolite mem-
branes. They discovered that the grain boundary defects had
diameters of around 1-2 nm, and the crack defects had sizes of
7-8 nm. Even though the presence of cracks was minimal (less
than 1%), they were responsible for 52-58% of the total molar
flux, which deteriorated the selectivity of xylene isomers.
On this basis, the healing of internal defects has been widely
explored. The RTP process described earlier could strengthen
grain bonding by condensing Si-OH groups, thus reducing
grain boundaries in zeolite membranes.*”

3. External surface barriers

Apart from the internal intergrowths or defects, external surface
barriers could contribute significantly to the overall mass transfer
process. Such external surface barriers have been asserted in the
literature through diffusional measurements, catalytic investiga-
tions, and molecular simulations. They have also been invoked as
the original cause for discrepancies in diffusivity values between
measurement techniques or different crystals. Still, there is no
definite description of the atomistic nature of external surface
barriers. Fig. 6(A) summarizes several hypotheses, which are
compared hereafter.

3.1 Experimental characterization

Since the 1970s, surface barriers have been proposed to inter-
pret the dependencies of measured apparent diffusivities on
zeolite crystal sizes.”>’® PFG-NMR experiments revealed appar-
ent molecular exchange rates that were lower than those
predicted by intracrystalline diffusivities.”” Recent ZLC experi-
ments measured apparent diffusivities that spanned several
orders of magnitude from nano-sized to micro-sized zeolites, as
shown in Fig. 7(A)."® Similar conclusions have been extended to
hierarchically structured zeolites. Despite being faster than in
micro-sized silicalite-1, the diffusion of cyclohexane in hier-
archically structured MFI-type zeolites did not reach the high
rate that was theoretically predicted by assuming that the
characteristic diffusion length equals the nanocrystal radius.”

Kérger and colleagues used novel micro-imaging techniques
(e.g., IRM and IFM) to precisely observe molecular transport
behavior at the single crystal level, including across the external
surface.”>>* Based on the concentration gradients of permeat-
ing molecules, these methods enabled to quantify the effects of
surface barriers in nanoporous materials. They discovered a
noticeable jump in boundary concentration compared with the
equilibrium value, thus indicating the influence of external
surface barriers.>>*® In comparison, the equilibrium value is
quickly achieved after a quite short time interval in the absence

This journal is © The Royal Society of Chemistry 2023
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of notable external surface barriers, as shown in Fig. 7(B).>*”%”°

Aided by these techniques, the existence of surface barriers has
been widely confirmed in nanoporous materials, including
zeolites, zeotype materials, and MOFs.?*”>*° Notably, due to the
limited spatial resolution, these microimaging approaches can at
present only be used to study nanoporous materials with well-
defined morphologies, large crystal dimensions (>20 pm), and
excellent optical transparency. However, synthesizing such large
nanoporous crystals often takes a long time and necessitates harsh
experimental conditions. In addition, the most widely applied
nanoporous materials are made of nano-sized or micrometer-sized
crystals to maximize utilization efficiency. Therefore, new methods
to characterize surface barriers with higher resolution and applicable
to smaller crystals must be found. Recently, single-molecule fluores-
cence imaging has been developed as a technique to reveal spatio-
temporal gradients of product molecules in zeolite crystals.”*>°
The quantification of surface barriers used to be compli-
cated due to the requirement of both apparent diffusivities

This journal is © The Royal Society of Chemistry 2023

acquired from macroscopic measurements, as well as intracrys-
talline diffusivity data derived from microscopic measurements
or molecular simulation. Recently, Gao et al.'” put forward a
dual-resistance model (DRM) to decouple the surface barriers
from intracrystalline diffusivity in nanoporous materials
without the need for any preliminary data. By applying this
method, several conclusions could be drawn. The derived
intracrystalline diffusivities among varying-sized zeolite samples
or obtained by different techniques showed surprising consis-
tency at small adsorbate loading, suggesting that intracrystalline
diffusivity solely depends on the topological structure of the
zeolite in this case. Moreover, the surface permeability was shown
to be sensitive to both the physical and chemical non-idealities of
the external crystal surface and their interactions with the guest
molecules.

In some circumstances, the external diffusion barriers could
be the deciding factor in the total mass transfer rate, and thus
notably affect the observed catalytic activity. For instance, only

Chem. Soc. Rev,, 2023, 52, 3991-4005 | 3999


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00627h

Open Access Article. Published on 06 June 2023. Downloaded on 6/25/2026 4:35:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

(A) Effects on apparent dlffuswlty

View Article Online

Chem Soc Rev

(C) Effects on catalysis

1E-11 ¢
: 3 pm \\\\\
L 1 Beta-P
1E-12F 1 um Py E \ %
— t 500 nm ]
2 [ 300 nm ] o i 2.4
NE 1E-13 E 2 I Bcta-P [ PuBeta-P |
O, 200 nm €3 7 BetaM /ﬂ PUBeta-M
& 1E1a — 80 nm ] 2 ' 18 o=y
o E 3DOm-i ] = >
i ] 2 125
1E-15 k£ . = 8
£ =
[ 1 § 0.6
1E-16 [ T R S R T R N a
22 24 26 28 30 32 (Y
3 B < 0
107/T, [K']

(B) Effects on concentration profiles

on C

@ Surface defect

<> Opening pore
| Corrosion by HAc

= 8 || Deposition by TEOS
go =
g o)
g &
30 )
Bo.
N
®
£ &
2
)At,
T Y (— 14490's — 60 1 ¥ (90
S e : 5190s 2 < o3 g
5 S T e
0.64 [y 4 L S
g e e 9405 E . e % 5
PR £l g 3
° 510 e % ©
% 0.2 Mﬂm = o % % 709
g 0.0 ——— ] ) % 7. i
2 : v g v y 1.0 15 20 25
0 10 20 30 40 0 >
z/um Surface permeability (10° m/s)

Fig. 7 Effects of external surface barriers on apparent diffusivity, concentration profiles, and catalysis performance. (A) Cyclohexane/silicalite-1
Arrhenius plots of apparent diffusivity measured in zeolites with varying crystal sizes. Reprinted with permission from ref. 10. Copyright 2013 American
Chemical Society. (B) Concentration gradients of methanol uptake in two SAPO samples. Reprinted with permission from ref. 79. Copyright 2010
American Chemical Society. (C) Top: Improved apparent diffusivity (red) and catalytic isomerization activity (blue) after SiO, deposition on zeolite Beta
crystals Reprinted with permission from ref. 31. Copyright 2021, John Wiley & Sons. Bottom: Regulated surface permeability and methanol-to-olefins
(MTO) catalytic performance in SAPO-34 zeolites favored by acid etching (green), but deteriorated by SiO, deposition (yellow). Reprinted with permission

from ref. 83. Copyright 2020, John Wiley & Sons.

when external surface barriers were taken into account, could
multiscale modelling results agree with experiments for ben-
zene ethylation catalyzed by ZSM-5/silica composites.®’ Later
experimental work confirmed that by improving the surface
permeabilities of zeolites through post-treatment, the catalytic
activity, selectivity, and resistance to deactivation were greatly
enhanced in methanol-to-olefins (MTO), isomerization, and
cracking reactions.*®% In recent work, Peng et al.>® examined
the effects of external surface barriers in ZSM-5 zeolites cata-
lyzed furfuryl alcohol oligomerization. The spatiotemporal
evolution of product molecules observed at the single-crystal
level clearly demonstrated that increased surface permeability
by acid etching promoted the catalytic reaction rate.

4000 | Chem. Soc. Rev, 2023, 52, 3991-4005

Although there is abundant evidence to support the exis-
tence of external surface barriers, it is still unclear how to
precisely control them. Numerous efforts have been reported to
enhance surface permeabilities by optimizing external surficial
components or pore mouth shapes. Although similar post-
treatment strategies were applied, various studies noted contra-
dictory effects. For example, chemical liquid deposition (CLD)
of organosilanes like tetraethyl orthosilicate (TEOS) can create
an amorphous silica (SiO,) layer on the external surface. This
amorphous layer may obstruct or constrict surface pores, thus
hampering mass transfer due to steric hindrance. From an
energetic perspective, however, this layer may increase the
sticking coefficients of molecules, leading to improved surface

This journal is © The Royal Society of Chemistry 2023
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permeabilities. Lercher et a
deposition could either increase or decrease the mass transfer
rate, depending on the host-guest system. Hu et al.*' showed
that the apparent diffusivity and catalytic activity of n-pentane
molecules was dramatically increased after SiO, deposition
onto the external surface of zeolite Beta crystals, as illustrated
in Fig. 7(C). According to Liu et al.,** the Si0,-modified zeolites
showed a 90% increase in surface permeability compared with
the parent zeolite, which reduces deactivation in the olefin
catalytic cracking (OCC) reaction. However, further structural
characterization revealed different mechanisms. For zeolites
with low Si/Al ratios (~30), TEOS molecules would preferen-
tially react with the bridging hydroxyl groups (Si-OH-Al), thus
significantly reducing the amount of external acidic sites, by
forming Si-O-Al bonds.*" In comparison, there are much fewer
available external acid sites in zeolites with a high Si/Al ratio
(~300). Therefore, the reactions mainly happen at external
neutral silanols by forming Si-O-Si bonds.®? Both groups noted
that excessive SiO, deposition could clog many pore entrances.
This could help to interpret the results published by Peng
et al.®® that SiO, deposition leads to pronounced lower surface
permeability and shortened catalyst lifetime in the MTO reac-
tion over SAPO-34 zeolites, as shown in Fig. 7(C).

Other conflicting results were reported when acid etching
was applied to modify the external surfaces of zeolite crystals.
Wloch® reported that the uptake rate of hexane molecules
increased in HF-etched ZSM-5 zeolites, and similar results were
found for other alkane-zeolite systems.”®®” In comparison,
some experimental measurements show no obvious change in
uptake rates in silicalite-1 zeolite crystals before and after HF
etching.'®®® These contradicting results indicate that the role
of external surface barriers also depends on the properties of
guest molecules and host materials. Inter-crystal diversity
appears because seemingly identical crystals (i.e., with compar-
able size and morphology) gathered from the same batch can
demonstrate drastically variable mass transfer rates.”" Besides,
the intra-crystal diversity of external surface barriers has also
been tracked by recording the local surface permeabilities in
single crystals.”® Therefore, one may draw incorrect assump-
tions about the origin and nature of surface barriers by merely
comparing the results of surface treatment for different collec-
tions of zeolite samples.

3.2 Molecular simulations

During experimental studies of external surface barriers, it can
be difficult to decouple the effects of interfacial material
imperfections from those arising from a resistance in the fluid
adjoining the surface. Molecular simulations, on the other
hand, can be carried out on atomistic models of the interfacial
and crystal structures, to distinguish between both types of
external surface resistances.

MD simulations demonstrated the presence of non-structural
external surface barriers in nano-sized zeolite crystals, even with-
out any surface deposition or distortion. Bai et al.*® conducted
MD simulations to compare hexane diffusion in pure micro-
porous MFI-type zeolites and hierarchical nanosheets. Because of

This journal is © The Royal Society of Chemistry 2023
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tortuous diffusional paths, the self-diffusivity in nanosheets was
relatively low at low loadings. Knio et al®® also applied EMD
simulations to study the diffusion of light gases in 2 nm MFI
zeolite nanosheets and found a correlation with the adsorption
heat of those gases. To be more specific, the diffusivity of the
more strongly adsorbing CO, was decreased in nanosheets, while
the diffusivity of H, in nanosheets was comparable to that in bulk
microporous zeolite.

The effects of structural changes at the external surface were
also explored by molecular simulation. Sastre et al.®*™®* con-
structed an atomistic model for an MFI-type zeolite with vary-
ing degrees of pore mouth blocking, see Fig. 6(F). MD
simulations of alkane diffusion in the model confirmed the
existence of pore-blockage-induced external surface barriers.
Other simulation work showed the relationship between fluxes
and hydrophilicity of the membrane, and the estimated perme-
abilities agreed well with the experimental measurements.’*
Dutta et al.’® simulated light gas transport in nanosized zeolite
membranes. The effects of external surface barriers to mass
transfer became more evident in the presence of a dense
polymer support, as shown in Fig. 6(E).

3.3 Origin, nature and function

External surface barriers could originate from energetic or
mechanical changes. From a structural perspective, the imper-
fections around the external surface of nanoporous materials
may be a source of external surface barriers. A crust layer was
observed on the surface region of MFI-type zeolite by Karwacki
et al., as shown in Fig. 6(B)."” The guest molecules could
not directly enter a pore mouth because of such sediment
hindrance, which causes detours along the external surface
and slows down surface permeation.®®°® Another important
source of surface barriers is ascribed to pore blockage, includ-
ing pore misalignment, pore bridging, and pore narrowing,
as shown in Fig. 6(C)."* However, current experimental tools
remain incapable of clearly recognizing these structural
changes at the pore entrance. By comparing ZLC and FR tests
with molecular simulations, Dauenhauer et al.'* estimated that
over 99.9% of the surface pores in silicalite-1 zeolites appeared
to be blocked. Kirger et al>® drew a similar conclusion for
Zn(tbip), a nanoporous MOF material, that the external surface
barriers result from the nearly total occlusion of surface pores.
This counterintuitive conclusion suggests that the pore block-
age mechanism alone might not be sufficient justification for
external surface barriers.””

Free energy changes, either from enthalpic or entropic
origins, could be another important cause of external surface
barriers. This means that even a ‘“perfect” zeolite crystal with
no surface defects could also trigger surface barriers - the
surface is the defect. Keil et al*®'°" attributed the external
surface barriers in perfect zeolite crystals to the significant free
energy changes in the interfacial region, as shown in Fig. 6(G).
Additionally, temperature and the thermophysical properties
of the bulk fluid play an essential role in the barrier height.
As the authors have shown, the more the critical pressure is
approached, the more the impact of surface barriers decreases

Chem. Soc. Rev., 2023, 52, 3991-4005 | 4001
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because the transport resistances in the boundary layer and the
zeolite become equal. Varanasi et al.'®* discovered that water
molecules experience significant entropy gains when moving
across the external surface into the interior region of carbon
nanotubes. Bai et al.®® claimed that the prolonged diffusion
paths were caused by an enthalpic cost when escaping from the
microporous area. Dauenhauer et al®”'*'® found that the
strong host-guest interaction leads to pore re-entering of gas
molecules, as shown in Fig. 6(D). Additional experimental inves-
tigation revealed that the importance of non-structural surface
barriers differs dramatically with the adsorption heat of guest
molecules."®"'*> These findings point out that for host-guest
systems with weak interactions, pore mouth opening aided by
acid etching is more efficient to regulate external surface barriers.
On the other hand, for strong host-guest interactions, adsorption
at the surface could be reduced by depositing a mesoporous silica
layer'® or the opportunity for micropore re-entering could be
diminished by introducing an inert surface.””
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New synthesis methods for the controlled growth of zeolite
crystals with enhanced mass transfer properties have been
increasingly reported.'””'°® Rimer and colleagues showed
markedly enhanced molecular uptake rates in finned and
egg-shell structured zeolite catalysts.'®''® They also applied
cooperative surface passivation and hierarchical structuring to
improve the catalytic activity of zeolite beta catalysts.""" Now
over a decade ago, Ryoo and colleagues first synthesized single-
unit-cell nanosheets, demonstrating higher catalytic activity and
better stability than conventional microporous zeolites."">** Their
remarkable materials aimed to improve the overall mass transfer
performance but, at the time, no analysis of the external surface
permeability was performed. With the introduction of hierarchical
porosity into the zeolite framework and other nanoporous mate-
rials, the external surface area tends to increase sharply. Therefore,
it is necessary to examine if there exists a critical point that
balances the shortening microporous diffusional length and the
possible increase of external surface barriers.

Sastre & Ruthven
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Fig. 8 Schematic representation of adsorption/desorption models with asymmetric (left) and symmetric (right) barriers. Reprinted with permission from
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Table 1 Summary of characteristics and challenges of surface barriers

Types Internal surface barriers External surface barriers

Classification Intracrystalline Intercrystalline Structural Non-structural

Origin and Intergrowth; Grain Disordered residue; pore blockage Strong sorbate-sorbent interaction (free energy

nature defects boundaries (bridging, narrowing, or misalignment) change)

Modulation Precisely controlled synthesis of ~Controlled etching to remove residue Post-treatment for weakening the interaction

strategy perfect crystal; post-treatment and open pore mouth (deposition, inert mixture, epitaxial growth, etc.)
for defect healing

Main Precise identification of the crystal growth mechanism; precise identification of the structural nature of surface barriers at the

challenges atomistic level; utilization of the surface barriers to control the catalysis and separation performance in nanoporous materials.

4002 | Chem. Soc. Rev.,, 2023, 52, 3991-4005 This journal is © The Royal Society of Chemistry 2023
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In the context of the mechanisms underpinning external
surface barriers, the symmetry of the adsorption and desorption
processes has been extensively debated. Teixeira et al.'® argued
that the external surface barrier is asymmetric, more important for
desorption than adsorption, based on the postulated disparities in
mass transfer path lengths. However, Sastre et al.°>** pointed out
that this statement appears to violate the microscopic reversibility
principle. The similar path length distributions for adsorption
and desorption in a zeolite crystal with varying degrees of pore
blockage, as well as mathematical thermodynamic analysis, were
used to further illustrate the symmetry of the external surface
barriers. The adsorption and desorption paths based on these two
theories are shown in Fig. 8.

4. Conclusions and outlook

Nobel Laureate Wolfgang Pauli once stated: “God made the
bulk; the surface was invented by the devil”. This review has
demonstrated the significant role of the surface barriers on the
overall mass transport processes in nanoporous materials, the
complexity of identifying their (likely multiple) origins, and
the tremendous opportunities for catalysis and separation
processes when we are able to control them.

Table 1 lists the characteristics and challenges based on the
current knowledge of surface barriers in nanoporous materials.
Surface barriers act as a critical parameter prompting new
opportunities to fine-tune them for applications. Controlling
these effects may optimize energy usage and impact product
selectivity when running specific reactions, thus leading to
more sustainable chemical production.

Despite extensive experimental and simulation studies from
numerous groups, there is still no real consensus on the mass
transfer mechanisms in nanoporous materials, especially when
surface barriers are accounted for. During the design and
application of nanoporous materials, it is crucial to take the
impacts of internal and external surface barriers into consi-
deration. On the one hand, minimizing or eliminating the
effects of these barriers makes sense because they always slow
down the mass transfer of guest molecules. On the other hand,
however, these barriers might also be utilized to regulate
selectivity among complex components. Additional research
on this subject should be carried out to investigate the nature
of these effects in-depth and see how they can be either avoided
or exploited. Aided by molecular simulations, the atomistic
origins of surface barriers could be further explored. Future
developments in microimaging technology that have single-
molecule or single-atom resolution could offer a powerful tool
for quantifying the effects down to increasingly smaller scales.
We emphasize the need to address both internal and external
surfaces for the rational design of efficient catalysts and
membrane separations. Accounting for the impact of surface
composition on the surface barriers could encourage the
exploration of new nanoporous materials as well, where both
the bulk and the interfaces are properly considered in materials
and process design.

This journal is © The Royal Society of Chemistry 2023
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