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Abstract: The characteristics and preparation methods of zeolite-based adsorbents and membranes
were reviewed and their applications in gas separation and purification were introduced according
to classification. The effects of framework structure, equilibrium cations and pore size of zeolites as
well as temperature and pressure of the system on gas adsorption and separation were discussed,
and the separation mechanisms were also summarized. The main defects and improved methods
of zeolite-based adsorbents and membranes were briefly described, and their future trend for gas
separation and purification was finally prospected.
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1. Introduction

Nitrogen (N3), oxygen (Oy), carbon dioxide (CO,), hydrogen (H;), light hydrocarbons
(CxHy, x < 4) and other common industrial gases are mainly derived from petrochemical
and natural gas processing industries, and these are the basic energy resources and raw
materials for the production of important industrial chemicals [1]. However, the separation
and purification of these gases, which usually exist in the form of mixtures, is a very
critical and challenging industrial process. With people’s attention turned towards green
production, the living environment and their own health, the importance of adsorption
and separation technology has become increasingly apparent.

At present, the main separation technologies for common light gases (Hp, CO,, Oy,
Ny, lower olefins and alkynes) include cryogenic distillation, pressure swing adsorption
(PSA) and membrane separation, among which the most effective and traditional method is
cryogenic distillation process with phase change and high energy consumption [2]. In order
to save energy and reduce consumption, PSA and membrane technologies without phase
change gradually expanded their markets to become the technology leader, and these are
also characterized by simple operation and less investment for facilities. The key of these
two technologies for gas separation, furthermore, lies in the research and development of
high-performance adsorbents and membrane materials.

In recent years, zeolites as advanced functional materials have attracted extensive
attention in more and more research fields, especially in the petroleum and chemical
industries. Different from disordered porous materials such as activated carbon (including
carbon molecular sieve), silica gel, porous alumina and diatomite, zeolites are ordered
crystalline and porous materials constructed by TOy tetrahedrons (T = Al, Si, P, Tj, etc.) as
building blocks connected to each other by oxygen atoms, with regular pore structure, high
micropore volume and specific surface area, as well as outstanding thermal, mechanical
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and chemical stability [3]. The negative charged TO, tetrahedrons which are balanced
by counter-ions (such as Na*, K*, or Ca?*) make the surface of zeolites highly polarized
to easily adsorb molecules with strong polarity. Moreover, the channel dimensions of
zeolites generally fall in the sub-nanometric scale, comparable with the kinetic diameters
of small molecules, which can be adjusted by ion-exchange properties and by modifying
the Si/Al ratio during synthesis [4]. Moreover, artificially-synthesized zeolites made
with cheap and easily available raw materials also ensure high purity and consistency of
products [5]. Zeolitic membrane is a kind of inorganic porous membrane, which refers
to the continuous defect-free membrane formed by the growth of zeolites. It has the
unique properties of zeolite itself, such as pore size uniformity, ion exchange, acid-base
resistance and high-temperature resistance, which has been widely adopted by virtue
of its advantages over organic polymer membrane in high-temperature resistance and
easy control of microporous structure in nanoscale. Thereupon, zeolite-based adsorbents
and membranes have extensive application value for gas separation. As emphasized in
Figure 1, the number of publications concerning on zeolite-based adsorbents or membranes
in gas separation and purification has experienced a considerable growth in recent decades.
Although its overall research is still in its infancy and in its rapid development stage,
zeolite-based adsorbents or membranes exhibit great potential in the field of gas separation
and purification from the perspective of a very limited number of research results showing
excellent separation effects.
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Figure 1. Number of publications per year for the period of 2012-2022 based on Web of Science
database using the keywords: (Black columns) zeolites; (Red columns) gas separation and purification;
(Blue columns) zeolites, gas separation and purification; (Pink columns) zeolite membrane, gas
separation and purification.

2. Synthesis Strategies toward Zeolite-Based Adsorbents and Membranes

The early discovery and use of zeolites began with natural zeolites, of which clinop-
tilolite, chabazite, erionite, mordenite, phillipsite and ferrierite are suitable types for gas
adsorption and separation [6]. However, due to the limitations of the pore structure of
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natural zeolites, they are far from meeting the industrial demands with the increase of their
application volume and scope. Therefore, people began to research and synthesize artificial
zeolites. In recent years, with the advancement of techniques, synthesis methods have
become increasingly diverse so that zeolites with complex structures, stable performance
and high catalytic efficiency have been extensively synthesized, greatly expanding their
application fields.

2.1. Synthesis Methods of Powder Zeolites

The synthetic chemistry of zeolites is extremely complex. After long-term exploration,
researchers at home and abroad have continuously improved and innovated on tradi-
tional methods. At present, the main synthesis methods include: hydrothermal synthesis,
solvothermal synthesis, ionothermal synthesis, vapor-phase transport (VPT), dry gel con-
version, green synthesis, etc. [7-9]. Various synthesis methods have their own advantages
and disadvantages. A broad prospect will surely be opened for the green and efficient
synthesis of zeolites by integrating several different synthesis routes.

Hydrothermal synthesis is designed to fully mix alkali (NaOH, KOH, etc.), Al,O3, SiO;
and H,O in a certain proportion under heating in a closed vessel, followed by nucleation
and growth to form zeolites. As the most traditional synthesis method, it has the advantages
of uniform dissolution of reactants, mild reaction conditions, simple operation, low cost
and pollution. Different from hydrothermal synthesis, non-aqueous solvent instead of
water is applied in solvothermal synthesis to avoid the interference of H,O and break the
boundary of water solvent. However, the large use of organic solvent causes the problem
of high cost in actual production and greatly increases the production risk. Among them,
ion-thermal synthesis, which uses ionic liquids with low steam pressure, low volatility and
strong designability as both solvent and template, has gradually developed. However, the
high cost of ionic liquids is not suitable for the large-scale production of zeolites.

In vapor-phase transport (VPT), the gel reactants are heated at a certain temperature
in a specific reactor, without contact with organic amine and water in liquid phase. Derived
from VPT, dry gel conversion mixes the non-volatile directing agent (e.g., quaternary
ammonium base/salt) in gel reactants rather than in aqueous solvent, which has the
advantages of less pollution, saving raw materials and reducing costs, but limited practical
application due to the fussy operation process and impure products.

As the concept of “green chemistry” has taken root, the shortcomings of traditional
synthesis methods have also been exposed. Researchers have studied greening the synthesis
process of zeolites from various perspectives, including the application of natural minerals
(e.g., kaolinite and diatomite) and green organic templates as well as novel green synthesis
methods. Among them, zeolites synthesized by seeding growth which employs crystal
seeds instead of organic templates occupies a significant part, which plays an important
role in effectively shortening the nucleation and growth period, inhibiting the generation
of hybrid crystals and regulating the grain size. In solventless synthesis, raw materials in
solid phase are ground and mixed uniformly for high-temperature crystallization during
the reaction process without adding other solvents, which significantly increases available
space of reactor and reduces environmental pollution and resource waste with simple
operating procedures and lower reaction pressure. However, this method is still in the
exploration and research stage, and has not yet achieved large-scale industrial produc-
tion. Microwave-assisted synthesis can quickly transfer energy to the reaction system
and accelerate nucleation of microcrystalline and dissolution of reaction gel, however,
harmful radiation and high pressure generated under closed conditions should be highly
emphasized due to high microwave energy. Hydroxyl radical-assisted synthesis can also
effectively accelerate the crystallization of zeolites, reduce the amount of alkali and organic
templates, and minimize energy consumption by promoting the depolymerization and
polymerization of Si-O-5i bonds in initial aluminosilicate gel.
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2.2. Fabrications of Zeolite Membranes

For zeolitic membranes, the main synthesis methods include hydrothermal synthesis
(including in-situ and secondary growth), pore plugging, microwave heating, pulsed
laser deposition, and electrophoretic deposition [10]. Different from in-situ hydrothermal
synthesis in which zeolitic membranes nucleate and grow directly on the surface of support,
zeolitic membranes synthesized by secondary growth are formed based on crystal seeds
precoated on the surface of support, showing the characteristics of easy control of crystal
growth and membrane microstructure, as well as excellent permeability. Currently, most
research has focused on the synthesis of zeolitic membranes on porous carriers (e.g., Al,Os,
stainless steel, TiO,, SiO,, mullite, glass, etc.) for conferring mechanical strength using
in-situ hydrothermal synthesis or secondary growth, because the self-standing layer is
very brittle. The secondary growth, as mentioned above, is more reproducible than the
one-step method.

During the synthesis of zeolitic membranes, different methods of seed laying, hy-
drothermal and calcination conditions will have impacts on structure, density, gas per-
meability, and separation selectivity of the prepared membranes to varying degrees [11].
Currently, the main methods of seed laying include pull-up, wetting-rubbing seeding, vac-
uum seeding, electrophoretic deposition, spray coating, electrostatic adsorption, cross flow
filtration, pulsed laser deposition, graded seeds dip-coating, steam-assisted conversion
seeding, Langmuir-Blogett (L-B) assembly, etc. With the innovation of the crystallization
process, various novel methods such as dynamic heating, variable solution synthesis, vari-
able temperature synthesis, electric field-assisted crystallization, oil-bath heating, gel-free
steam-assisted conversion, two-step hydrothermal synthesis plus dry gel conversion, and
ultrasonic-assisted crystallization are gradually emerging in terms of accelerating nucle-
ation and crystallization, shortening synthesis time, reducing film thickness, improving
film flux, and reducing synthesis costs. Furthermore, recent developments designed to
avoid the formation of thermally induced defects include multi-stage calcination, ozone
oxidation, plasma-assisted calcination, rapid thermal processing (RTP), optimized rapid
thermal processing (O-RTP), etc. In the RTP or O-RTP, a composite membrane is instantly
heated by IR illumination to 600-900 °C without programmed heating for several min-
utes and then quickly cooled to room temperature to yield a zeolite membrane with far
less inter-crystalline defects, thus improving separation performance as compared with
membranes calcined using conventional ramp rates. In addition, post treatment of the
synthesized zeolitic films can not only repair the film defects, but also improve the surface
properties. For example, chemical vapor deposition (CVD) of silane compounds (usually
tetraethoxysilane) enables plugging of nanometer-scale defects, but it is inefficient for big
defects because a large quantity of silane compounds is required. Sol-gel or a polymeric
solution (e.g., silicon rubbers, mainly polydimethylsiloxane (PDMS)) can also be used for
plugging the defects of the membranes.

Over the years, some research groups have prepared membranes with oriented crystals
for improving the molecular sieving effect. Taking a zeolitic membrane with an MFI-type
topological structure (sinusoidal pore structure (a-axis orientation, 0.51 nm x 0.55 nm)
and straight channels (b-axis orientation, 0.53 nm x 0.56 nm)) as an example, the pore
structure within membrane varies greatly when crystals grow in different directions, which
will have a significant impact on its mass transfer characteristics [12]. Compared to MFI
zeolitic membranes with arbitrary orientation, the inter-crystalline defects within the mem-
brane will be significantly reduced alongside the membrane thickness and mass transfer
resistance when crystals grow perpendicular to the support surface in b-axis direction,
which would play a key role in improving permeability and separation selectivity [13].
Another route explored for reducing defects is using very thin zeolite nanosheets during
the seeding step. Two-dimensional zeolitic nanosheets have unique structural advantages
in constructing high-performance oriented zeolitic membranes due to their nanoscale thick-
ness and high aspect ratio. Dakhchoune et al. reported the fabrication of high-performance
H,/CO, separation by zeolitic membranes prepared by a reactive assembly of sodalite
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nanosheets that host hydrogen-sieving six-membered rings (6-MRs) of SiO, tetrahedra,
which effectively blocked CO, transport and led to a Hy /CO, ideal selectivity of above 100
at 250-300 °C [14].

2.3. General Modification Strategies of Zeolite-Based Adsorbents and Membranes

Several common modification strategies for improving the adsorption and separation
performance of zeolite-based adsorbents and membranes are as follows:

(1) Adjustment of Si/Al ratios. To promote gas adsorption and separation of zeo-
lites/ zeolitic membranes by adjusting Si/ Al ratios, there are two primary aspects, namely,
enhancing surface adsorption and internal diffusion. In terms of enhancing surface adsorp-
tion, the lower the Si/ Al ratios are, the more charge-compensated the cations will be, which
is more conducive to the adsorption of gas molecules with large dipole or quadrupole
moments and can promote the separation of gas mixtures with large polarity differences
(e.g., CO,/CHy); In terms of enhancing internal diffusion, the higher the Si/ Al ratios, the
less the cations, which can reduce the steric hindrance of internal diffusion and promote
the separation of gas mixtures with large dynamic diameter differences (e.g., N, /CHy).
The study by Sun et al. demonstrated that the combination of X zeolites with a lower Si/Al
ratio and a lower number of binders is significantly effective in improving the adsorption
and separation properties of X zeolites in purification for LNG production with low CO,
concentration in the feed gas and at high pressure [15]. Guo et al. successfully synthe-
sized ZSM-11 zeolites with high Si/ Al ratios (ns;, a1 = 100, 500), the adsorption capacity
of the two samples for CH, was higher than that of Ny, and the selectivity of CHs/N;
reached more than 4.0 at 25 °C and 500 kPa, which is much higher than that of commercial
low-silica zeolites [16].

(2) Cation exchange. The exchange of various cations can not only change the adsorp-
tion behaviors of gas molecules on/in the surface/pore of zeolites/zeolitic membranes, but
also affect the permeation behavior of different gases. The higher the basicity of the cations
(low electronegativity), the stronger the binding force with weakly-acidic molecules; the
higher the charge density of the cations, the stronger the electrostatic interaction with gases.
In addition, the pore characteristics of zeolites will also change after cation exchange, thus
affecting the internal diffusion of gas molecules. The Li*, K*, Mg2+ and Ca2+—exchanged
X zeolites were prepared by Sun et al. as efficient adsorbents for purification of liquefied
natural gas (LNG), and the interaction between CO, and zeolites were reported to not only
depend on the types of cations, but also on the amounts of cations, which significantly
affected the adsorption at low pressure [17].

(3) Heteroatom substitution. Taking the substitution of Al by Ti as an example, the sub-
stitution of Al atom in the framework of zeolites by Ti atom can make the zeolites /zeolitic
membranes have higher thermal stability, acidic stability and hydrophobicity, thus pro-
moting the gas adsorption and separation under wet conditions. CHA-type titanosilicate
(Ti-CHA) zeolite prepared by Araki et al. exhibited a relatively high CO, permeance
compared with that of previously reported CHA-type zeolite membranes, and the CO, per-
meance and selectivity were only marginally reduced as a result of the highly hydrophobic
pore structure in the presence of 1 vol.% H,O [18].

(4) Surface/pore modification. Based on the covalent bonding of Si-O-Si groups,
specific functional organic groups (including amino, hydroxy, hydrophobic groups, etc.)
are grafted on/in the surface or pore of zeolites/zeolitic membranes by covalent grafting
method to enhance the surface/pore polarity or acid-base properties, further promoting
adsorption and separation. The study by Ilyas et al. focused on achieving highly selective
membranes for CO, by chemically grafting 4A zeolites with methoxy groups containing
cation and acetate anion based ionic liquid in order to enhance the CO, solubility owing
to the molecular interaction of CO, with methoxy moieties and acetate as anion due to its
hydrogen bond basicity [19].

(5) Advance techniques utilization. Other than commonly using chemical and /or phys-
ical modification methods, various advance techniques (i.e plasma technology, microwave,
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irradiation, ultrasonic, etc.) have also been proven to be used to make zeolitic modifica-
tions potentially for gas separation/adsorption. Wahono et al. prepared amine adsorbent
through a simple plasma polymerization and deposition on physicochemically modified
natural mordenite-clinoptilolite zeolite, resulting in a significant increase in surface area-
weighted CO; adsorption capacity [20]. Tang et al. reported that ultrasound-assisted
method represents a rapid and controllable means of synthesizing nano/micro-scale zeo-
lites with enhanced mass transfer and adsorption capacity of CO,, CHy, N, and O, [21].
The conjunction of e fastvolumetric microwave heating with a unique counter diffusion of
metal and linker solutions by Hillman et al. enables the unprecedented rapid synthesis of
wellintergrown ZIF-7-8 membranes with tunable molecular sieving properties, showing
prospects for the commercial gas separation applications of ZIF membranes [22].

3. The Applications in Gas Separation and Purification

As a matter of fact, zeolites/zeolitic membranes have been employed in various
separation processes for over two centuries and they are still the most important candidates
for material-based separations. Generally, micropores play a decisive role in gas separation
and adsorption, while mesopores and macropores mainly serve as transport channels for
gas molecules. The comparison of pore size of typical zeolites with kinetic diameters of
common industrial gases is shown in Figure 2.

8

Kinetic dimeter / pore size (A)

The common industrial gases

Figure 2. The comparison of pore size of typical zeolites with kinetic diameters of common

industrial gases.

3.1. Air Separation

Oxygen (O,) is not only known as the source of life, but also very important in
industrial production and scientific research. Oxygen-enriched combustion is considered an
effective method to improve energy efficiency, so O, /N, separation is of great significance.
N, with a lone pair of electrons has a larger quadrupole moment compared to O, inducing
stronger interaction with cations in zeolites /zeolitic membranes and enriched O, in outflow
gases. Researchers have carried out a large amount of research on O, /N, separation based
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on the interaction between N, and zeolitic cations. In addition, the Si/ Al ratio is also an
important factor affecting O, /N, adsorption and separation. Due to low Si/ Al ratio of
A-type and X-type zeolites with a large number of ion-exchange sites, research on O, /N,
separation mainly focuses on A- and X-type zeolites/zeolitic membranes (Table 1).

Table 1. Oy /N, separation performances for various zeolites/zeolitic membranes.

Zeolites/ 0O, Permeability x 107 Separation Factor
Zeolitic Membranes Rings Operating Conditions /[mol-(m?2-s-Pa)~1] or Adsorption P Ref.
. for 02/N2
(Support) Capacity/ <mmol/g>
4A T=25°C
(PDMS) 8 P = 1-2.50 bar [1052 Barrer] 2.6 [23]
T=25°C /
CeY 12 P=7bar [0.67] 0.9 [24]
. T=25°C
Li-RHO 8 P =6 bar [0.05] 2447.72 [25]
. T=25°C
CeLiX 12 P=1bar <0.35> 1.8 [26]
3A + ZSM-5 T=30°C
(Polyurethane-) 85 P =4bar [21.5 Barrer] 27 [27]
NaA T=25°C
(SiaNy) 12 P lbar [117.9] 454 [28]
3.2. Hydrogen Purifification
Hydrogen (Hj), which is mainly generated from natural gas reforming, coal gasifica-
tion and industrial by-products (e.g., coke oven gas (COG, 54-59% H,)), is widely used as
an important industrial raw material and zero-emission energy resource, while attracting
more and more attention for acquiring sufficient pure hydrogen in continuous long-term
industrial reprocessing (hydrogen production, purification and separation). In Table 2, Hp
separation performances for various zeolites/zeolitic membranes are given. Taken together,
it is highly desired to prepare small pore zeolites/zeolitic membranes (e.g., SAPO-34) based
on the view of size-exclusion.
Table 2. H; separation performances for various zeolites/zeolitic membranes.
Zeolites/ irs 7
Zeolitic Membranes Rings Operating Conditions H, Permea;) ility :10 / Separation Factor Ref.
[mol-(m*-s-Pa)—1]
(Support)
T=25°C
™M Sﬁf'lf’b ) 8 P =2bar - 43 [29]
ulite tube equimolar Hy /CHy
Si-CHA T=40°C
(a-AL,Os tube) 8 P=1bar n 34 (Hz/CHy) [30]
Cs-LTA T=50°C 8 (H2/CO)
(a-Al,Os tube) 8 P=2bar - 23.4 (H,/CH,) [31]
23 176.8 (H, /C3Hsg)
T=25°C
STT
) 7,9 P =2bar 0.28 49.6 [32]
(a-Al, O3 hollow fiber) equimolar Hy/CHj
SAPO-34 T =600 °C
(0-Al, O3 hollow fiber) 8 equimolar H, /C3Hg 3.1 4 [33]
T=25°C
(“_i‘?lg)'f’jbe) 8 P =2bar 14.5 422 [34]
23 equimolar Hy /CHy
T=25°C
(MAlli?e‘*;li ) 8 P =1 bar 63 28 [35]
u ube equimolar Hy /CHy
Natural zeolite T=25°C
(Hydroxyethyl cellulose - P ; 4 bar 699.01 Barrer 8.85 (H,/COy,) [36]

mixed-matrix membrane)
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3.3. Separation of Light Hydrocarbons

Light hydrocarbons are basic organic chemical raw materials, and their production
capacity is an important standard to measure a country’s chemical level. Generally, light
hydrocarbons are mostly obtained through naphtha cracking and methanol to olefins,
among which there are many by-products (e.g., acetylene in trace amounts) seriously
affecting their further processing and utilization. Therefore, the separation and purification
of light hydrocarbons plays an important role in industry. As shown in Table 3, various
zeolites /zeolitic membranes are constantly reported for light hydrocarbons separation in
recent years, among which unsaturated hydrocarbon-selective adsorbents basically realized
with thermodynamic, kinetic, equilibrium-kinetic synergetic, gate-opening, and molecular
sieving separations are the most common. However, the development of alkane-selective
adsorbents is highly desired for industrial purification of unsaturated hydrocarbons in an
effort to simplify the separation process and save energy consumption.

Table 3. Separation performances of light hydrocarbons for various zeolites/zeolitic membranes.

Zeolites/ Permeability x [Separation Factor]
Zeolitic Membranes Rings Operating Conditions 107/[mol-(m?-s-Pa)—1] P . Ref.
. . or <Purity>
(Support) or Adsorption Capacity/<mmol/g>
S57-13 T=30°C,P=2bar
(Mullite tube) 8 equimolar C;Hy /CyHg 10.029, C2H,] (1] 1371
» ] . T=25°C,P=1bar [4.7]
Nano-sized K-Chabazite 8 equimolar CHy /N, <1.79, CHy> <84%, CH,> [38]
T=25°C,P=1bar [~100]
equimolar CoH, /CoHy <1.72, C;Hp> <CH, <1 ppm>
Ni@FAU 12 T=25°C,P=1bar [92] [39]
equimolar C3Hy/C3Hg <1.59, CGsHy> <CyH; <1 ppm>
T=25°C,P=1bar [83]
equimolar C4Hg /1, 3-C4Hg <1.58, C4He> <CH; <1 ppm>
T=25°C,P=1bar [109]
equimolar CoH; /C3Hy <1.80, CoHp> <CH; <1 ppm>
T=25°C,P=1Dbar )
Ag-ZK-5 8 20% CH, /N, < 1.6, CHy> [11.8] [40]

3.4. Capture and Separation of Carbon Dioxide

Carbon dioxide (CO,) is a common gas that is also a major greenhouse gas. The large
amount of CO; released into the atmosphere brings about more than 60% of global warming
changes. About 80% this carbon dioxide comes from fuel combustion, industrial processes
and biogas/natural/shale gas processing. Capturing and separating CO; effectively from
flue gas is of great importance to mitigate climate change resulting from greenhouse
gas emissions, which has attracted wide attention all over the world. Table 4 lists the
CO; separation performances for various zeolites/zeolitic membranes. In the adsorption
process, high adsorption capacity and selectivity are two key parameters for effective
removal of carbon dioxide from gas stream. While in membrane separation, size screening
plays a major role, which allows the passing of CO; and exclude other components from the
mixtures to be separated, and kinetic separation based on differences in the diffusion rates
also accounts for a portion. Generally, introduction of amine containing groups including
ionic liquids to enhance CO; affinity is usually adopted.

3.5. Denitration for Flue Gas Purification

Nitrogen oxides (NOy) exhausted from stationary engines (thermal power, cement,
and steel industries, etc.) are one of the major sources of air contamination. At present,
selective catalytic reduction of NO, (NH;3-SCR) technology using NHj as a reductant
is considered to be the most effective NOy purification method, and catalyst is the key
of NH;3-SCR process. Among various catalysts, zeolites with large specific area, strong
gas adsorption on abundant acid sites, wide temperature window, high thermal stability
and good SO, durability play an indispensable role as efficient and stable catalysts in
the petrochemical, energy and environmental fields. As shown in Table 5, the NH3-SCR
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performances of various zeolites/zeolitic membranes are listed. Nowadays, the most
studied denitration catalysts are Fe, Cu zeolites, Mn, Ce zeolites and ZSM-5, BEA, SAPO-n,
55Z7-13 topological zeolites are also the current research hotspots due to their excellent
catalytic activity, selectivity and hydrothermal stability.

Table 4. CO, separation performances for various zeolites/zeolitic membranes.

Zeolites/ €O, [Separation Factor]
Zeolitic Membranes Rings Operating Conditions Permeability/[ x10-7-mol-(m2-s-Pa)~1] . Ref.
. . or <CO; Purity>
(Support) or Adsorption Capacity/<mmol/g>
T=20°C
(- Asls%)- 1fube) 8 P=1dbar 139] [162] [41]
243 equimolar CO, /CHy
T=25°C
(AL o) 8 P =14 bar [44.6] [155] [42]
o-Als tube equimolar CO, /CHy
T=25°C
(Mﬁfelti be) 8 P=2bar . [32] [29]
equimolar CO;, /N,
T=40°C
( _IZIS'SHtAb ) 8 P=4dbar [15] [115] [43]
-Akls tube equimolar CO, /CH,
T=130°C
5A 8 P =3.5,0.3 bar <5.2> <95.2%> [44]
10% CO, /Ny
T=20°C
Na-X 12 P =1bar <0.45> <99.5%> [45]
400 ppm CO, /air
T=30°C
K13X 12 P = 40 bar <4.00> [46] [17]
3% CO,/CHy
Amine-impregnated
natural zeolite T=35°C
(clinoptilolite) 8,10 P =3.45bar [22.79 Barrer] [45.78] [46]
(Polysulfone mixed 5% CO,/CHy
matrix membranes)
Mordenite-clinoptilolite T=0°C )
natural zeolites 8 10,12 P =30 bar 522> ) (471
Table 5. NH3-SCR performances for NO, removal by various zeolites/zeolitic membranes.
Zeolites/ Ta X S¢
Zeolitic Membranes b o max . Reaction Conditions SO, Tolerance Ref.
(Synthesis Methods) (X® >80%) (T Kmax)) [Gas Permeation]
Cu-TNU-9, 5 . 500 ppm NO, 575 ppm NH3,
Cu-ZSM-5 150-450 °C (2001_()3%%’0 o tgg?/e;;‘tfﬁz :fr‘f’l: 4Vol.% O3, 5 Vol.% H,O, - [48]
(Ton-exchange) P & GHSV = 30,000 h~1
Monolithic
. [NO] = [NH3] = 500 ppm,
= i~ 00 ~ 00
l\flr(‘)gfe/x Sﬁaisf gf 160-540 °C (20017%%6 ) t;g? /e;;ltflk;g :;EOI: 5 Vol.% O, 2 Vol.% H,0, - [49]
3D ot P & GHSV =30,000 h~!
printing)
Remain at 100% for
Fe/Cu-85Z-13 . 100% 490 ppm NO, 10 ppm NO,, the first 5 h with
(Hydrothermal method) ~ 100-600°C (180-570 °C) 500 ppm NH, 5 Vol.% O, 50 ppm SO,, then 150]
y GHSV = 50,000 h~! ppm 42,
decline severely
100% [NO] = [NH3] = 600 ppm, Maintain > 90% in4 h
Cug 1 Feg1SAPO-34 200-375 °C (250737; °Q) ~100% within 175-375 °C 2.5Vol.% O3, with 100 ppm SO, and [51]
GHSV =37,500 h! 5 Vol.% H,O
e . 715 ppm NO, 800 ppm NH;, <180 °C & >240 °C:
M"(‘I‘;’rl‘“e};’fhi?{el)v[ 1 100-360 °C (2001-(;%)0 o >80% within 100-340 °C 3Vol.% O, Without SO, [52]
8 GHSV =20,000 h~! (100 ppm) poisoning
Pt/SAPO-34@SiC
membrane 230-340°C  95% (280 °C) - ?gol\l?flm 31\7\%130/000 - (53]
(Hydrothermal method) pp 3/ 02
[NO] = [NH3] = 500 ppm,
MnO,@PTFE membrane o 100% 3. 241 1 o )
(Hydrothermal method) 120-240 °C (160210°C) 14835 m’m ZhlkPa] 5Vol.% O, - [54]

GHSV = 60,000 h?

2 the reaction temperature window; b the NOy conversion; ¢ the N selectivity.

3.6. Water Vapor Adsorption

The water adsorption/moisture removal is essential in many aspectss (e.g., adsorption
heat pumps (AHPs), electric dehumidifiers, dehydration of organic solvents and gaseous
industrial streams including hydrogen and natural gas), even in the storage of processed
foods and moisture-sensitive materials. As shown in Table 6, water vapor adsorption of
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various zeolites/zeolitic membranes are displayed. On the whole, water vapor adsorption
on zeolitic materials dominantly depends on specific surface area and the hydrophilic-
ity /hydrophobicity which directly dependent on the Si/Al ratio and surface hydroxyl
groups. Lower Si/ Al ratio and higher surface hydroxyl groups can render the surface of
zeolites to be hydrophilic and vice versa.

Table 6. Water vapor adsorption by various zeolites/zeolitic membranes.

Zeolites/ . . . . . Specific Surface H,0 Adsorption
Zeolitic Membranes Rings Operating Conditions Si/Al Molar Ratio Area/[m?/g] Capacity/[mmol/g] Ref.
HP-NaY-1
(NaxO/ALO; = 7.5) 698 1732
HP-NaY-2 3
(NazO/AlOs =8) 12 T=30°C 7 700 174 [55]
P =0.7 bar
HP-NaY-3 749 17.98
(NazO/Ale;; = 9) )
HP-ZnY-1
(Nay0/ALOs = 7.5) 668 1791
HP-MgY-1
(NayO/AlL,Os = 7.5) 679 18.55
HP-LiY-1
(Na,O/ALO; = 7.5) 685 19.08
Natural zeolite ~ Stored in a desiccator 1 179.44 4.33 [56]
Natural zeolite with plasma containing water at room 153.15 917 o0
activation temperature for two months : :
Ag/5A 5 T=26+2°C 1 128 8.82 (571
Ni/5A P =0.84 bar 113 5.96

4. Separation Mechanisms

The gas separation with zeolites/zeolitic membranes is generally divided into
two processes: surface adsorption and pore diffusion. Firstly, gas molecules are adsorbed
on the surface of zeolites/zeolitic membranes; then, under the action of chemical potential,
adsorbed molecules transition from one adsorption site to the next adsorption site or va-
cancy, thereby entering the zeolite channel and diffusing to the permeation side. The study
of separation rules helps to determine process conditions in practical applications, while
the separation mechanisms study helps to explain the differences generated by different gas
separation on various zeolites /zeolitic membranes, thereby selectively selecting separation
objects and types of zeolites/zeolitic membranes. The following is a brief overview of
several common separation mechanisms for zeolites/zeolitic membranes:

Molecular sieving effect, also known as the steric hindrance effect, is the most common
and easily-understood mechanism in adsorption and separation. It involves using the
difference of kinetic diameters to achieve screening through regular pore structures at
the level of kinetic diameters [58]. Two major categories in this method can be divided:
one is that gas molecules with kinetic diameters smaller than the pore size of zeolites / zeolitic
membranes can diffuse into the channels, while larger gas molecules are excluded; the
other is that the separation of gas molecules with kinetic diameters smaller than the pore
size of zeolites/zeolitic membranes may be related not only to the kinetic diameter but also
to the shape and size of molecules.

For two gases with a very small size difference, the energy potential barriers of the
two gases when passing through the pore of zeolites/zeolitic membranes may differ greatly
due to the different diffusion rates, which is called “kinetic effect” [59]. Usually, diffusion
selectivity takes place when molecules of one component are smaller and their diffusivity
in zeolite micropores is much faster than that of the larger component (e.g., Hy/CHy in
many 8MR zeolite membranes). Moreover the contribution of diffusion selectivity increases
with temperature.

Guest-host interactions with different adsorption strengths, including the well-known
physisorption (van der Waals interaction and electrostatic interaction) and chemisorption
(electron transfer, exchange or sharing between the adsorbates and adsorbents, irreversible)
have also been adopted to achieve separation. Generally, the highly-polarized pore en-
vironments originating from the local electric field make zeolites/zeolitic membranes
preferentially adsorb molecules with greater quadruple and dipole moments, thereby
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achieving adsorptive separations. However, powerful and irreversible chemisorption
does not meet the requirements of adsorption and separation, while weak chemical bonds
stronger than van der Waals interactions but still in the range of reversible adsorption are
also popular in adsorption and separation. Specifically, IT-complexation stronger than van
der Waals can be formed among molecules with II-electrons and adsorbents or membranes
containing transition metals, resulting in higher adsorption selectivity, and is more suitable
for gas purification and separation with low target gas concentrations [60].

Interestingly, the extraframework cations in zeolites/zeolitic membranes can be
induced temporarily and reversibly deviating from the intrinsic position of channels
by some specific guest molecules which are subsequently allowed to enter the pores
of zeolites/zeolitic membranes, and the according phenomenon is called “molecular
trapdoor effect” [61].

Different from molecular trapdoor effect, “breathing effect” is generally caused by
the flexibility of zeolite framework, which has been frequently reported in MOFs [62].
The adsorbent hardly adsorbs the adsorbate or the adsorption amount is very low at low
pressures, but specific guest molecules can enter the interior as the pressure increases to
a certain extent, resulting in a rapid increase in adsorption capacity. Distinctively, the
adsorption isotherm of “molecular trapdoor effect” shows a typical type-I isotherm, while
for “breathing effect”, a rapid upward trend can be viewed after breaking a certain pressure.

When the difference between the size of gas molecules and the micropore diameter of
zeolites /zeolitic membranes is comparable with the de Broglie wavelength of gas molecules,
an uncertain quantum effect occurs at low temperatures, leading to different diffusion
rates of molecules [63]. At present, hydrogen isotope separation has already been achieved
based on “quantum effect”.

In actual adsorption and separation, the above mechanisms are often not separate
existence. Compatibility of multiple mechanisms in one class of adsorption or membrane
materials can make the adsorbents or membranes have better adsorption capacity and
selectivity, but it also adds difficulty to the study of adsorption and separation mechanisms.

5. Challenges and Future Perspectives

A good adsorbent or membrane for separation should not only have high selectivity,
but also have excellent adsorption capacity or permeability and mass transfer rate. The
selectivity determines whether the adsorbent or membrane can effectively separate gases,
while the adsorption capacity or permeability and mass transfer rate determine the capacity
to handle gases. In a general sense, homogeneous and thin films are more favorable to
harvest both high flux and high separation selectivity. The ordered microporous structure
in molecular scale qualifies zeolites with valuable characteristics in dealing with small
molecules and great potential for gas separations thereof. So far, zeolites/zeolitic mem-
branes have been successfully adopted as promising candidates in various separation and
purification processes like air separation, hydrogen purification, separation of light hydro-
carbons, CO; capture and separation as well as gas drying. Zeolite separations, including
membrane separation and adsorptive separation, have become a research hotspot with a
bright industrial future.

At present, the research on zeolite-based adsorbents and membranes for gas separation
and purification is generally developing in the direction of high selectivity, high adsorption
capacity or high permeability. Although certain progress has been made and great applica-
tion prospects have been shown, it still faces many difficulties and challenges. The research
interests and developing trends of zeolites/zeolitic membranes in the application of gas
separation and purification are prospected as follows:

(1) Small-pore zeolites with pore size close to the kinetic diameter of gas molecules will
still be research hotspots;

(2) Research on hierarchical porous zeolites whereby the introduction of mesopores can
significantly improve the mass transfer rate and adsorption capacity;

(38) Preparation of new zeolites and zeolitic membranes;
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(4) Simplifying the preparation methods, enhancing the repeatability, reducing the prepa-
ration cost and realizing large-scale production are the common problems faced by
zeolite-based adsorbents and membranes.
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