
1630 Natl Sci Rev, 2020, Vol. 7, No. 11 PERSPECTIVES

10. Zhou J, Fan W and Wang YD et al. Natl Sci Rev
2020; 7: 1630–2.

11. Zheng XF, Shen GF and Wang C et al. Nat Com-
mun 2017; 8: 14921.

12. Wang XF, Huang Z and Miao DY et al. ACS Nano
2018; 13: 1060–70.

13. Wang ZY, Liu T and Yu Y et al. Small 2018; 14:
1802670.

14. Deng C, Wu KH and Scott J et al. ACS Appl Mater
Interfaces 2019; 11: 9925–33.

15. Peng Z, Chen LH and Sun MH et al. Inorg Chem
Front 2018; 5: 2829–35.

National Science Review
7: 1626–1630, 2020
doi: 10.1093/nsr/nwaa251
Advance access publication 26 September 2020

CHEMISTRY

Special Topic: Hierarchically Porous Materials

The essential mass transfer step in hierarchical/nano zeolite:
surface diffusion
Jian Zhou1, Wei Fan2, Yangdong Wang1 and Zaiku Xie1,3,∗

An important topic in zeolite catalyst
design is how to improve utilization
efficiency of active sites in micropores
by upgrading the effective diffusivity
of reactants/products in zeolite crystal
particles [1]. Nano- and hierarchical
structures have drawn lots of attention in
zeolitic catalysis fields in recent years, be-
cause these two methods can obviously
improve the catalysis efficiency by short-
ening the configuration diffusion length
[2]. However, new problems were raised
in the construction process of hierarchi-
cal or nano-zeolites. For instance, it was
found that the hierarchical structure can
change the intrinsic properties of surface
acid sites in zeolite [3]. Fan et al. reported
that when the length scale of the zeolite
approaches several nanometers, the
diffusional time constants [4,5] and the
apparent configuration diffusion lengths
will be significantly increased than
expected [6]. Therefore, enhanced mass
transport in hierarchical zeolite will be
overpredicted if not considering the
extent of sorbate-sorbent interaction.
Lercher’s group also found that the rate
determining step of the transport pro-
cesses depends on the particle size [7].
As the common point in these reports,
the surface barrier, also known as the
resistance in surface diffusion, increases
obviously in hierarchical or nano-zeolites
and becomes an important factor
influencing the overall diffusion process

[6,8]. Increased resistance in surface
diffusionmeans that the surface diffusion
step becomes essential over whether
hierarchical or nano-zeolites. Herein, for
better understanding of this process, the
behavioral characteristics and the action
mechanism of surface diffusion, which
are different from that of the traditional
configuration, Knudsen or molecular
diffusion process, are summarized. The
future development and some possible
applications of surface diffusion are also
discussed.

Firstly, the surface diffusion of
molecules in zeolites is a kind of trans-
port process on surface instead of the
collision with zeolitic surface, which is
similar as the configuration diffusion.
But the difference between them is
that the former usually occurs in the
mesopores, while the latter occurs in the
micropores. Another difference is that
sorbent molecules can be impacted by
the micropore walls from all directions in
the configuration diffusion, but the sur-
face diffusion is usually only influenced
by the molecular adsorption side. The
interactions of guests with no matter the
micropore wall or the external surface
can be quantified by the adsorption
enthalpy which is usually determined by
the characteristics of guest molecules
and the surface acidity. Generally, the
type and status of species on surface are
important factors influencing the surface

diffusion, but the configuration diffusion
is only controlled by the configuration
of molecules and the limitation degree
of micropores. The non-uniformity of
the zeolite surface, such as the surface
defect, the surface coverage and the pore-
mouth blockage, is another key factor
influencing the transport of molecules
adsorbed on the surface. However, the
impact of non-uniformity of the zeolite
surface on surface diffusion still needs
further development of quantitative
characterization of the external surface
structures. Moreover, the surface diffu-
sion process usually needs an activation
process, although its activation energy
is lower than that of the configuration
diffusion. In contrast, activation is not
needed in Knudsen diffusion process.
The characteristics details of different
kinds of diffusion are listed in Table 1.

The surface diffusion is closely related
to the surface characteristics. As the prior
step, sorbent molecules should be ab-
sorbedon the surfaceof zeolites. If the ad-
sorption strength is too strong, it will be
difficult for the sorbent molecule to leave
the surface. The transport process on the
external surface will tend to be followed
by re-entering of diffusing molecules
into the micropores. The apparent dif-
fusion lengths will thereby be signifi-
cantly longer than predicted. As men-
tioned in the reports [6,8], the surface
barrier in diffusion obviously increases in
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Table 1. Basic characteristics of four different kinds of diffusion in hierarchical/nano-zeolite.

Type Activation energy
Function of surface

in transport Occurrence location Impact on catalysis Quantitative law

Molecular diffusion - - Inside macropores - Fick’s law
Knudsen diffusion No activation process Surface collision Inside mesopores Influencing utilization efficiency Fick’s law
Surface diffusion Low Surface transport Surface of mesopores Influencing utilization efficiency -
Configuration diffusion High Surface transport Inside micropores Influencing selectivity of products -

hierarchical or nano-zeolites, indicating
much stronger interaction between
the external surface and the sorbent
molecules which consequently will lead
to much longer apparent diffusion length
[5]. The increase of non-uniformity of
surface in hierarchical/nano zeolites is a
major cause for their slow surface diffu-
sion. The property of sorbent molecules
is another factor influencing surface
diffusion. For example, the aromatics and
bulkymolecules are dominant for the sur-
face diffusion rather than small paraffin
and olefin molecules. Recently, a fitting
approach was developed by Liu’s group
to directly quantify surface barriers and it
was found that the surface permeability
is sensitive to the physical and chemical
properties of the crystalline surface and
the host-guest interaction at the surface
[9]. Moreover, because the adsorption
strength between sorbent molecules and
zeolitic surface is closely related to the
status of surface species, the concentra-
tion gradient is not the only driving force
of surface diffusion, which means the
Fick’s law is not applicable in this process.

In general, because of the increase
of the external acids and non-uniformity

of surface in hierarchical/nano zeolites,
the contribution of interaction of guest
molecules with the external surface on
the overall transport process is remark-
ably enhanced, which leads to higher
probability of surface diffusion. In that
case, the surface diffusion cannot be
completely avoided; however, some
measures such as appropriate surface
modifications should be effective to
decrease the impact of severe surface dif-
fusion which is common in hierarchical/
nano zeolites. The aim of modifications
is to decrease the adsorption strength or
to reduce the probability to re-enter into
micropores and repeat the micropore
diffusion process. The modification
usually refers to the covering (Fig. 1) or
the overlayer of inert species, which can
moderate the zeolite surface properties
[10,11]. Moreover, in the shaping pro-
cess of practical catalysts, the binders
are indispensably employed to satisfy
necessary mechanical strength require-
ment for the industrial applications. As
catalytic inert components, the addition
of binders can also reduce the surface
diffusion in zeolites. Although these
measures for surface modifications may

(b)(a) SNPSilicalite-1

Silicalite-1

Figure 1. Proposed diffusion pathway of guest molecules in nano-zeolite (a) and the impact of
surface covering with small silica particles (b) [11]. Copyright 2018, American Chemical Society
Publications.

also lead to some problems, such as pore
blockage and intercrystalline space occu-
pation, the overallmass transport process
might be still benefited because a better
combined diffusion balance point can be
reached, which should draw the future
research attention for designing practical
industrial hierarchical/nano zeolite cata-
lysts.On the other hand, surface diffusion
does not only play the negative role in the
catalytic process; it can also be utilized
for improving the selectivity. Although
the shape selectivity and reaction path se-
lectivity are respectively two frequently-
used methods for improving the selectiv-
ity of products in zeolitic catalytic pro-
cess, utilizing the surface diffusion prop-
erties of differentmolecules for higher se-
lectivity of target products should be an-
other research point in hierarchical/nano
zeolite catalyst designing. Moreover, the
surface diffusion under a relatively high
concentration close to reaction condi-
tions is another research field to which
close attention should be paid, because
it reflects real reactions over practical ze-
olite catalysts. Therefore, in-situ meth-
ods under reaction circumstance, includ-
ing spectroscopic, gravity and concen-
tration characterization technologies, or
even synergistic tools, should be devel-
oped for investigating the surface diffu-
sion behavior. The probe reaction, such
as cracking of bulkymolecules, is amean-
ingful tool for surface diffusion research
which can be employed as the standard to
quantify the surface diffusion.
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TRADITIONAL PROCESS FOR
SYNTHESISING HIERARCHICAL
ZEOLITES
Zeolites are considered a cornerstone
of the modern petroleum and chemical
industries, because their human-made
synthesis and industrial applications
have greatly helped drive the revolutions
in petroleum refining and chemical
production processes. However, it is
widely accepted that the intracrystalline
diffusion limitation, which arises from
the relatively small micropores of zeo-
lites (<1 nm), substantially limits the
performance of zeolite-based catalysts
[1]. In particular, when zeolite is used for
the conversion of bulky molecules, such
as heavy crude oil and biomass, this lim-
itation becomes more evident. In such
cases, hierarchical zeolites with intrinsic
microporosities and integrated meso-
porosities (and/or macroporosities)
offer an effective solution to over-
come the drawbacks of conventional

microporous zeolites in catalytic appli-
cations [2–4]. To date, several synthe-
sis strategies have been developed to
produce hierarchical zeolites with mul-
timodal pore architectures [5]. Most of
these synthesis methods use mesoscale
templates to create secondary porosity
during the zeolite crystallisation process.
Three classes of templating methodolo-
gies can be discerned: solid templating,
supramolecular templating and indirect
templating [5]. Considerable progress
has been achieved in this field; never-
theless, this route is still far from be-
ing applied practically, because it is a
complicated, expensive and environmen-
tally unfriendly process. Moreover, the
existing processes used to fabricate ze-
olites are not green at their sources, as
they inevitably involve the use of syn-
thetic aluminium- and silicon-containing
chemicals. These chemicals are derived
from natural aluminosilicate or silicate
minerals through a series of complicated
processes [6].

MESOSCALE
DEPOLYMERISATION-
REORGANISATION STRATEGY
To address the challenges above,
a mesoscale depolymerisation-
reorganisation strategy is proposed
to directly synthesize hierarchical
zeolites from natural aluminosilicate
minerals, without using any mesoscale
templates (see Fig. 1). This strategy
consists of two basic steps: (i) top-down
depolymerisation of minerals into ze-
olitic building units, including primary
and secondary building units; and (ii)
bottom-up reorganisation of the depoly-
merised minerals, which are composed
of the rearrangement of zeolitic building
units into zeolite nanocrystals. This is
followed by the subsequent self-assembly
of these nanocrystals into hierarchical
zeolites.

The efficiency of mineral depolymeri-
sation plays an important role in the
synthesis of hierarchical zeolites, and


