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A B S T R A C T   

Membrane-based technology has attracted considerable attention owing to its low energy consumption, mild 
operating conditions, and high efficiency. Polymeric membranes are widely utilized in different separation 
processes for their low cost and highly reproducible preparation. Fouling and the trade-off between permeability 
and selectivity represent the main drawbacks in the polymeric membrane field. These problems could be 
overcome by using inorganic membranes that are less prone to fouling due to their hydrophilic nature, high 
chemical stability, and high permeability and selectivity. Zeolite membranes, a type of inorganic membranes, can 
separate liquid and gas species (with very similar size and shape) thanks to their defined pore size at a molecular 
level and high adsorption property. They are studied in different separation processes as gas separation, per
vaporation, and desalination. However, they find application, at the industrial level, only for alcohol dehydration 
by pervaporation process. Indeed, although 30 years are passed since the first scientific papers about the zeolite 
membrane preparation, many problems are still unsolved, as reproducibility of the synthesis, defects into the 
zeolite layer, and high manufacturing costs, which caused a limitation to their application on a large scale. 

In this review, the main zeolite membrane preparation methods and the novelty in their developing and 
fabricating have been analyzed. Their application in pervaporation and desalination has been discussed. The 
effect of zeolite membrane topology and chemical composition on natural gas purification has been presented in 
detail. The application of zeolite membrane reactors in different interesting processes has been discussed. 
Concluding remarks and future perspective have been also suggested.   

1. Introduction 

Today, membrane technology represents one of the most interesting 
routes for developing chemical processes by satisfying the Process 
Intensification Strategy (PIS) [1]. The main characteristics of the 
membrane operations that make them in line with the PIS are high ef
ficiency, low energy use, low capital costs, high safety and operational 
flexibility, and easy scale-up [1,2]. Polymeric membranes are employed 
in numerous applications as gas separation processes, water purifica
tion, desalination, and dialysis [2]. The main drawbacks in this mem
brane field are the fouling and the trade-off between permeability and 
selectivity [3]. Inorganic membranes, for their high thermal and me
chanical stabilities and interesting separation properties, can be used 
when polymeric membranes cannot operate [4]. Many efforts have been 
dedicated to preparing and applying these membranes in different 
processes as gas separations, pervaporation, reverse osmosis, and cata
lytic membrane reactors [4]. Zeolite membranes exhibit well-defined 
pore dimensions at a molecular level, and high adsorption property 

and so can separate, in a continuous way, liquid and gas species based on 
molecular sieving effect and adsorption selectivity [5]. 

Zeolites are crystalline inorganic materials with channels and cav
ities. The chemical elements present in the zeolite structure are silicon 
(Si), aluminum (Al), and oxygen (O) disposed of in a tetrahedron (Four 
oxygen atoms surround Si or Al atoms). The negative charge of Al (being 
tetracoordinate) is balanced by counter-ions which are alkaline or 
alkaline earth metals, such as Na+, K+, or Ca2+ in most cases [6]. These 
materials show high adsorption property, molecular sieving ability, and 
ion exchange capacity. For these reasons, zeolites are used at the in
dustrial level for i. separation of linear from non-linear hydrocarbons 
[7], ii. removal of heavy metals [8,9], iii. reduction of the ammonium 
excess [10] for water softening [11] and iv. gas adsorption [12]. Over 
the past decades, supported zeolite layers have been prepared and used 
in gas and liquid separations, catalysis, and sensors [13]. 

In the last decades, different problems have been solved to improve 
synthesis reproducibility and understand the relation between mem
brane microstructure and separation performance. However, many 
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issues are still unsolved, such as intercrystalline defects and high pro
duction costs, influenced by almost 70% of the support cost [14]. For 
this reason, today, they are applied at the industrial level only for the 
dehydration of different organic solvents, and few companies commer
cialize them, as Jiangsu Nine Heaven Co. Ltd. (China), Inocermic GmbH 
zeolite membranes. (Germany) and Mitsui Engineering and Ship
building (Japan) [15]. 

In this review, the principal and also recent zeolite membrane 
preparation methods have been discussed. The use of new calcination 
procedures and defects curing treatments for improving their perfor
mance in various gas and liquid separation processes has been pre
sented. Their application in pervaporation and water desalination 
processes has been discussed. The attention has also been focused on 
their use in natural gas purification and as membrane reactors. New 
important topics as their application in solid-state batteries and Space 
engineering have been also reviewed. Finally, the challenges in pre
paring zeolite membranes for a large commercial application have been 
identified, and future perspectives have also been discussed. 

2. Zeolite membrane preparation 

Zeolites are crystalline aluminosilicates with pore size at a molecular 
level, good adsorption property, and high thermal and chemical stabil
ity. These materials as membranes permit separate gas and liquid mix
tures based on molecular sieving effect and the adsorption selectivity 
[16]. Usually, these membranes are prepared on porous supports for 
conferring mechanical strength because self-standing layer is very brit
tle. Supports of different materials (alumina, stainless steel, titania, sil
ica, mullite, and glass) and configurations (flat, mono-channel, 
multichannel, and hollow fiber) are used [17-19]. At present, there are 
several methods developed for preparing supported zeolite membranes, 
and the main are the in situ (called too one-step) and the secondary- 
growth. In the one-step, the support is immersed in an autoclave in 
contact with a synthesis solution or gel, and the layer is formed by hy
drothermal treatment [20]. This process is activated thermally, and it is 
affected by the chemical composition and the molar ratio of the different 
components present in the solution or gel, the pH, and the temperature 
[21]. This method is not reproducible since nucleation and crystal 
growth happen simultaneously. The membranes exhibit very low per
meance for forming the layer on the surface and in the support pores. 
The secondary growth method is the most used, and it ensures better 
control of the zeolite structure formation due to the decoupling the 
nucleation from the crystal growth [22]. This method includes various 
steps, the synthesis of the zeolite nuclei, the seeds deposition on the 
support surface, and growth and the layer stabilization (chemical bound 
formation between support and crystals) by hydrothermal treatment. 
Different procedures are used for depositing the zeolite nuclei on the 
support as: dip-coating [23,24], rubbing [25,26], covalent chemical 
deposition [27-32] and filtration [33-35]. In the dip-coating, the elec
trostatic interaction between support and zeolite nuclei is favored by 
determining the pH where the zeta potential of the two different ma
terials exhibits different signs [36,37]. A cationic polymer can be also 
adsorbed on the support to have a positive surface charged and so to 
improve the electrostatic interaction with the zeolite nuclei [38]. During 
the dip-coating, the seeds fall during the support removal from the 
zeolite slurry for the gravitational force action [39,40]. Therefore, it is 
difficult to obtain a uniform layer, and so it is repeated several times 
with consequent reduction of the reproducibility [41]. More control
lable seeding procedure is the varying-temperature hot-dip coating 
(VTHDC) which includes three steps: (1) hot-dip coating of seeds using a 
high concentrated seed suspension at high temperature; (2) the removal 
of big seeds by rubbing off; (3) hot-dip coating using a low concentrated 
suspension at low temperature [42]. In this case, the seeding is favored 
by the coupled actions of capillary force and the temperature-driven 
pressure difference (caused by the air shrink close to the support for 
the rapid decrease in temperature). The temperature-driven pressure 

difference drives the large seeds into pinholes or cracks because the 
action of the capillary force is weak [43]. With the rubbing procedure, 
the seeds are deposited on the surface of the support by using small 
brushes, and the layer is not uniform [42]. In 2005, Pera-Titus et al. used 
the cross-flow filtration process for seeding tubular support [33]. The 
support has been kept fix in the horizontal position, and the layer was 
not uniform for the negative action of the gravitational force. Algieri et 
al. have obtained a uniform layer by coupling the cross-flow filtration 
with the rotation of the tubular support (along its longitudinal axis) 
[39]. The rotation of the support (at low speed for avoiding the action of 
the shearing forces) permits the deposition of the seeds on the overall 
surface area of the support. Several research groups studied the possi
bility of attaching micrometer-sized zeolite crystals on substrates by 
covalent linkers for obtaining zeolite monolayers [27-31]. This route 
furnishes well-aligned zeolite monolayers applied in the industry as 
catalysts, molecular sieves, and chemical sensors [31]. 

After the seeding, the hydrothermal treatment permits the growth of 
the seeds and the defects coverage for maximizing the permeance and 
the separation factor. Traditionally, an appropriate gel is prepared by 
mixing a silica source, an aluminum source, water, and a template 
(when it is required). Subsequently, the aging of the gel for a certain 
period is performed. The seeded alumina support is then immersed in a 
Teflon-lined autoclave in contact with the gel and heated at a specific 
temperature value and in a certain period [32,39]. Finally, the film is 
repeatedlywashed with distilled water up to neutral pH (removing 
amorphous materials). 

A gel-free method avoids different steps as gel preparation, gel aging, 
washing of the membrane and the Teflon-liner, and the disposal of 
unreacted gel [43,44]. In 2007, Okubo and coworkers proposed a gel- 
free one-step method where Si wafers function as support and Si 
source for the silicalite layer formation [45]. Initially, the wafer was 
coated with a solution of tetrapropylammonium hydroxide (TPAOH) 
that acts as a template and base. The wafer-TPAOH system was then 
treated with steam in an autoclave. As a result, silicalite films with 
preferential a and b out-of-plane orientations are obtained. A gel-free 
secondary growth procedure for preparing oriented silicalite films was 
proposed by Yoon et al. [44]. The authors used a homemade silica disk 
covered with a monolayer of b-oriented silicalite seeds by rubbing. The 
coated silica disk has been wetted with a dilute TPAOH solution and 
then put in an autoclave at 190 ◦C and at different synthesis times. 
Membranes characterized by different thicknesses (from 100 nm to 
200 nm) are used to separate o- and p-xylene mixtures at two different 
temperatures (150 and 200 ◦C). The results are interesting in terms of 
permeance ad separation factors, indicating that they are almost defect- 
free. This method is inexpensive and fast, but it is applied on flat sup
ports, while for industrial application, tubular supports are necessary for 
optimizing the area/volume ratio. Recently, silicalite membranes have 
been synthesized on seeded tubular silica supports using gel-free steam- 
assisted conversion method [46]. Briefly, the tubular silica support is 
seeded with silicalite seeds by electrophoretic deposition. Then, the 
seeded silica supports have been coated with a solution of TPAOH and 
immersed in an autoclave containing water (about 3 gr). This method 
suppresses the change in orientation of the zeolite that is a disadvantage 
in the traditional hydrothermal synthesis and, at the same time, avoids 
different steps [47]. 

The use of microwave instead of conventional heating permits to 
reduce synthesis time and production cost, a very narrow crystal size 
distribution, and the reduction of defects [48-50]. Recently, a LTA 
zeolite membrane has been prepared on the surface of macroporous 
α-Al2O3 support quite rough and with some significant defects [51]. The 
seeded alumina support has been grown by microwave for 30 min at 
100 ◦C. The NaA zeolite membrane showed stable water flux (8.24 
kgm− 2h− 1) and a rejection of 99.9% by using a 3.5 wt% of NaCl solution. 
Chew and coworkers have prepared SAPO-34 zeolite membrane with a 
thickness of 4 μm by microwave heating in 2 h of synthesis. This mem
brane showed CO2 permeance of 5.8 × 10− 7mol(m− 2s− 1Pa− 1) and a 
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CO2/CH4 selectivity of 30 [52]. In this study, the influence of the cation 
types in the membrane structure on the gas permeance and selectivity 
has been also evaluated. The better result has been obtained with the Ba- 
SAPO-34 membrane capable to exhibit a CO2 permeance of 
37.6 × 10− 8molm− 2s− 1Pa− 1 and a CO2/CH4 selectivity of 103 with an 
equimolar feed mixture at 30 ◦C and 1 bar. 

Zeolite membranes with different topologies with microwave heat
ing have been synthesized [53-56]. 

However, the microwave heating commercial application is 
complicated for the high cost of the microwave system [57]. Lately, 
Okubo and coworkers have produced different zeolites (SSZ-13, AlPO4- 
5, and ZSM-5) using a bath oil heating in a continuous mode during the 
growth step [58-60]. The oil bath heating seems to possess a similar 
heating rate to the microwave and so favors the zeolite crystal formation 
in a short time (enhanced nucleation and crystallization), but it is cheap 
and so could be an effective alternative to the microwave system. In 
2017, for the first time, a SAPO-34 zeolite membrane with oil-bath 
heating has been fabricated. This membrane has been prepared by sec
ondary growth method and using the rubbing during the seeding step. 
After the seeding step, the seeded support was soaked in a gel for almost 
3 hrs at room temperature. Subsequently, the autoclave has been kept in 
an oil bath (T = 220 ◦C). The synthesis time and the membrane thickness 
have been significantly reduced [61]. The membrane prepared with a 
synthesis time of 1 hr was very thin (thickness ~ 0.8 μm) and displayed a 
decent separation performance for CO2-CH4 gas pair (CO2 permeance of 
7.5 × 10− 7mol(m− 2s− 1Pa− 1) and CO2/CH4 selectivity of 17). The oil- 
bath heating method has also been employed to synthesize SSZ-13 
zeolite membrane [62], even if the synthesis of zeolite membranes 
with other topologies to be applied in different separation processes is 
required for its application at the industrial level. 

During the years, some research groups have prepared membranes 
with oriented crystals for improving the molecular sieving effect. For 
example, Tsapatsis and coworkers synthesized, utilizing the secondary 
growth method, highly oriented MFI zeolite membranes using a new 
structural directing agent (a trimer of TPAOH) [63]. These membranes 
exhibited interesting performance for separating mixtures of chemical 
species with similar size and shape, such as xylene isomers. However, 
the new structure-directing agent (SDA) is expensive and difficult to 
synthesize. Yoon et al. have used tetraethylammonium hydroxide 
(TEAOH) and (NH4)2SiF6, as structural directing agents for the synthesis 
of b-oriented MFI zeolite membranes [64]. Zhou and coworkers have 
synthesized a b-oriented silicalite membrane on alumina support and 
using as reagents TPAOH/tetraethoxysilane (TEOS)/H2O/hydrofluoric 
acid (HF) [65]. The membrane showed exciting results in the purifica
tion of hydrogen produced by steam reforming (CO2/H2 separation 
selectivity of 109 and CO2 permeance of 51 × 10− 7mol m− 2 s− 1 Pa− 1 at 
35 ◦C). Nevertheless, the hydrofluoric acid is very corrosive by limiting 
the choice of the support type to be used. Wang and coworkers have 
developed a new synthesis solution composed of tetrapropylammonium 
bromide (TPABr)/fumed silica/H2O without HF and have produced 
highly b-oriented MFI zeolite layers on glass-plate support [66]. 
Recently, Zhou and coworkers have synthesized highly (h0h)-oriented 
tubular silicalite-1 membranes by secondary growth method [67]. The 
prepared membranes have been utilized for separating the butane iso
mers, and an n-butane/i-butane separation of 36 and n-butane per
meance of 25.8 × 10− 8 mol m− 2 s− 1 Pa− 1 have been obtained. However, 
the preparation of oriented membranes on a large scale is still critical 
since a simple, environmentally friendly, scalable, and economical 
process is required. 

Another route explored for reducing the defects is using very thin 
zeolite nanosheets during the seeding step. Initially, zeolite nanosheets 
are prepared using a multi-step approach based on the exfoliation of 
layered MFI [68]. This method is very long, expensive, and with a low 
yield. Alternatively, a direct synthesis permits the production of zeolite 
nanosheets with improved yield and at lower cost [69]. The membranes 
have exhibited impressive performance (very high flux and rejection 

values) in the desalination process of brine [69]. Zeolite membranes 
prepared with the nanosheets show mesmerizing performance in terms 
of permeance and separation, but the preparation process is hard to 
achieve in terms of feasibility and scalability. Besides, the synthesis is 
only possible on the Stçber silica-derived disk-type supports that are 
very difficult to fabricate in tubular or hollow fiber configurations. 
Recently, Nair and coworkers prepared membranes with nanosheets on 
macroporous alumina hollow-fibers (HFs) [70]. Uniform 2D nanosheet 
films were obtained by vacuum filtration on the HFs, and the zeolite 
layer have been grown by Successively, two sequential hydrothermal 
treatments. The MFI zeolite membranes have showed high performance 
for the butane isomer separation (n-butane permeance of 382 ± 100 
GPU n -butane/i-butane mixture separation factor of 42 at 25 ◦C). 

After the synthesis, the zeolite membranes are calcined for SDA 
removal. However, this thermal process can determine the formation of 
pinholes and cracks into the zeolite layer owing to the different thermal 
expansion coefficients of support and zeolite. A possible way to follow 
could be the free-template synthesis of the membranes. Liu et al. syn
thesized LTA zeolite membranes enriched in Si by using the template- 
free secondary growth method [71]. The prepared membranes in per
vaporation process achieved interesting water selectivity values 
(>100,000) for 90–10% of water–ethanol and water-isopropanol mix
tures. These membranes were stable for almost 170 h under water-rich 
conditions (see Fig. 1). 

Tsapatsis and coworkers improved the separation performance of the 
zeolite membranes by reducing the grain boundary defects by a calci
nation process called “rapid thermal processing” (RTP) [72]. The 
calcination is usually carried out in the temperature range 
400 ◦C–550 ◦C for several hours. In the RTP, the membrane is heated up 
to 700 ◦C (using an infrared lamp-based furnace) for a minute and then 
cooled by water circulation. These membranes exhibited better perfor
mance than those traditionally calcined. The researchers have hypoth
esized a condensation of Si-OH groups between adjacent crystals during 
the new thermal process [72]. Recently, Chang and coworkers have 
optimized the template removal for the SAPO-34 zeolite membranes 
[73]. They combined the RTP with the conventional calcination process. 
The authors used the RTP at 700 ◦C for 1 min and a fast cooling at 
400 ◦C; subsequently, traditional calcination was performed for 4 hrs 
followed by slow cooling to room temperature. The membrane has 
showed a CO2 permeance of 6.1 × 10− 7 molim− 2s− 1Pa− 1 and a CO2/CH4 
selectivity of 88. The Robeson plot, illustrated in Fig. 2, for CO2–CH4 
separation indicated as the optimized calcination process improved the 
SAPO-34 zeolite membrane performance. 

Different post-synthesis techniques for reducing the defects present 
in the zeolite layer are used. For example, chemical vapor deposition 
(CVD) of silane compounds (usually tetraethoxysilane) enables to plug 
of nanometer-scale defects, but it is inefficient for big defects because a 
large quantity of silane compounds is required [74]. Yang and co
workers prepared deca-dodecasil 3R (DDR) zeolite membranes using the 
secondary growth method, and CVD for repairing defects (produced 
during the calcination step) [75]. A membrane performance improve
ment of the gas separation process has been achieved, as shown in Fig. 3. 

Recently, the possibility of curing defects of ZSM-5 membranes using 
CVD and n-hexane as carbon-source has been investigated [76]. The gas 
permeation tests evidenced as the gas permeances decreased, the He/SF6 
and H2/SF6 selectivities enhanced with increasing treatment time and 
using n-hexane as carbon source. The defects are also cured with the 
coke deposition using liquid hydrocarbons, and two approaches are 
considered. In the first one, liquid hydrocarbons are larger than the 
zeolite pores, and the crystalline zeolite pores are not plugged. In the 
second one, hydrocarbons smaller than the zeolite pores reduce zeolite 
and non-zeolite pore sizes [77]. Gavalas and coworkers cured defects of 
ZSM-5 membrane (pore size of about 5.5 Å) with a post-synthetic coking 
process using a large molecule (1,3,5-triisopropylbenzene; kinetic 
diameter 8.4 Å). The thermal treatment at 500 ◦C has been carried out at 
two different times (2 and 30 h) with coke formation into the defects. 
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The membrane treated for a prolonged time exhibited for the butane 
isomers very high selectivity (322 at 185 ◦C) [78]. SAPO-34 zeolite 
membranes have also been cured by coking treatment by using the 
methanol to olefin reaction and exploiting the catalytic activity of this 
zeolite [79]. The surface hydrophilicity of non-zeolitic pores has suf
fered a weakening owing to the coke deposition. The SAPO-34 zeolite 
membrane showed a high separation factor (>3200) for the water- 2- 
propanol (IPA) mixture in vapor permeation. The cured membranes 
showed a reduced separation factor (170). These results evidenced as 
the water molecules pass through zeolitic and non-zeolitic pores in the 
SAPO-34 zeolite membranes, and the size and hydrophilicity of non- 
zeolitic pores are important factors for inhibiting the IPA permeation. 

Sol-gel or a polymeric solution can also cover used for plugging the 
defects of the membranes [77]. Usually, polymers characterized by 
higher permeance than the zeolite membrane but lower than the meso 
and macro-defects are used (e.g., silicon rubbers, mainly poly
dimethylsiloxane (PDMS)) [80]. In this procedure, it is essential to check 
the thickness of the polymeric layer deposited on the membrane to 
ensure high values of both permeance and selectivity. Mu and coworkers 
repaired the defects of SAPO-34 zeolite membranes with this procedure 
[81]. The membrane surface has been coated with an organosilica 
polymer sol by using the vacuum assisted deposition (VAD) and 
repeating it up to 6 times, and the effect of the treatment on the mem
brane is shown in Fig. 4. 

It is possible to observe, as only one treatment did not cover all the 
defects. On the other hand, repeated the treatment six times, complete 
coverage of the zeolite crystals has been observed. The CO2 permeance 
decreased while the CO2/CH4 separation factor raised with the number 
of treatments. The deposition of a silicon rubber solution on the surface 
of an SSZ-13 zeolite membrane was also performed [82]. The cured 
membrane presented reduced CO2 permeance and increased CO2/CH4 
selectivity for an equimolar gas mixture at 25 ◦C and a feed pressure of 
2 bar. The polymeric layer on the membrane surface has exhibited 
resistance to water vapor at 105 ◦C and several organic solutions. 

During the last few decades, a great deal of work has been focused on 
the development of defect-free zeolite membranes. In spite of the high 
expectations, there is still a long way to go for the production on a large 
scale of this type of membranes. Fig. 5 summarizes the successes in the 
preparation field starting from the one-step method up to the secondary 
growth method coupled with the oil-bath heating. The secondary 
growth, as mentioned before, is more reproducible than the one-step 
method. In addition, the oil-bath heating reduces the synthesis time 
and membrane thickness, and by minimizing the thermal lag associated 
with regular oven heating, which facilitates nucleation and crystalliza
tion. However, a large-scale application of the zeolite membranes could 
be possible by using the secondary growth method ultrafast (oil-bath 

Fig. 1. Long-term stability of (a) LTA zeolite membrane (sample: M11-1; Operating conditions: equimolar water-methanol solution at 60 ◦C for one week), and (b) 
LTA zeolite membrane (sample: M11-2; Operating conditions: equimolar water-methanol mixture at 150 ◦C for one week) [71]. Reproduced with permission of 
Elsevier. B.V. (2021). 

Fig. 2. Robeson plot for CO2–CH4 separation. [73]. Reproduced with permis
sion of Elsevier. B.V. (2021). 

Fig. 3. Permeance of gas species as a function of their molecular kinetic 
diameter for Bare support, zeolite membrane unmodified and modified [75]. 
Reproduced with permission of Elsevier. B.V. (2021). 
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heating) and at the same time using cheap-raw materials (lowering of 
costs) and calcination procedure fast and performed at low temperatures 
(costs and the defect formation reduction). 

3. Zeolite membranes in pervaporation 

The demands for organic solvents are growing due to the rapid in
dustrial growth. The dehydration of the organic solvents is significant 
for their high efficiency. However, many organic water-solvent mixtures 
form azeotropes. Traditionally, distillation is used but is ineffective 
when the azeotropic point is reached [83]. Other techniques are used for 
overcoming the limits of the traditional distillation; however, they are 
energy-intensive and cause environmental pollution [83]. Pervapora
tion is a membrane process recognized as a potential candidate instead 
of the distillation one. In this process, the liquid mixture is in contact 
with the selective layer of the membrane, and the permeate (in the vapor 
phase) is collected to the other membrane side. The species with a higher 
chemical affinity with the membrane are in the permeate stream. For 
example, a membrane with hydrophilic property must be chosen for the 
removal of the water from the liquid feed [84]. 

In this process, the driving force is the vapor pressure difference 
through the membrane [85], as shown in Fig. 6. 

At the lab scale, the vacuum at the permeate site is produced with a 

vacuum pump, and a dense thin membrane supported on a porous one is 
usually used for increasing the permeance. The mechanism that de
scribes the transport of the chemical species is the solution-diffusion. 
The target molecule is adsorbed on the selective layer of the mem
brane and then diffuses under the action of the driving force [86] (see 
Fig. 5). The permeability (P) is defined by this equation (1): 

P = D*S (1) 

D is a kinetic parameter, S is a thermodynamic parameter of the 
species adsorbed in the equilibrium condition [85]. 

The value of P for the specie i is calculated using equation (2): 

Pi =
Ji∙l

γi,f ∙xi,f ∙
∙(Psat

i,f − Pi,p) (2) 

J (Kgm− 2h− 1) is the partial flux of component i in the permeate and l 
(μm) the thickness of the membrane. In addition, Pi,p (kPa) is the partial 
pressure of component i in the permeate side (generally assumed to be 
zero); γi,f is the coefficient of activity of the specie i in the feed side, and 
xi,f is the molar fraction of this component in the feed. The Psat

i,f (kPa) 
indicates the saturation vapor pressure obtained utilizing the Antoine 
equation. 

Different hydrophilic membranes are used for the dehydration of 
organic solvents, and among these the polyvinyl alcohol (PVA) thanks to 
its high hydrophilicity and abrasion resistance. However, this material is 
inclined to swelling with reduced selectivity and increased of perme
ability. Different cross-linkers are used to increase the PVA membrane 
performance as citric and maleic acid [87] and glutaraldehyde [88,89]. 
In the pervaporation (PV) process for the solvent dehydration are also 
employed membranes in cellulose, cellulose acetate and ethyl cellulose 
and polyamide applied [90-92]. 

Zeolite membranes showing high chemical resistance with a low 
degree of swelling represent an exciting alternative to the polymeric 
ones in PV process [93]. NaA zeolite (LTA topology) membranes are 
particularly hydrophilic (Si/Al = 1) and with small pores (~0.42 nm) 

Fig. 4. Top-view of (a) un-modified SAPO-34, (b) VAD-OS-1-SAPO-34, (c) VAD-OS-3-SAPO-34, and (d) VAD-OS-6-SAPO-34 zeolite membranes. [Adapted from 
reference 81]. 

Fig. 5. Successes and future trends in zeolite membrane preparation field.  

Fig. 6. Scheme of a pervaporation membrane process.  
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and so accessible preferentially to the water molecules and so widely 
used in the PV process for solvent dehydration. Since the early 1990s, 
different research groups have focused on the PV process’s NaA zeolite 
membranes preparation and application. In 1999, the first NaA zeolite 
membrane PV plant was used to dehydrate various organic solvents and 
was installed in Japan [94]. Today, different companies as Nano- 
Research Institute Inc. (BNRI), a subsidiary of Mitsui, the European 
alliance between Smart (UK) and Inocermic, Nanjing Jiusi Hi-Tech Co., 
and Hitachi Zosen Corporation commercialized zeolite membranes for 
organics dehydration employing PV process [56]. 

Sommer and Melin evaluated the performance of the hydrophilic 
zeolite membranes produced by Mitsui Engineering & Shipbuilding Co. 
for solvent dewatering [95]. The researchers found for the NaA zeolite 
membranes that the permeate flux increased with the water content in 
the feed and with the vacuum applied at the permeate side. In addition, 
the flux also raised exponentially with the temperature. The perfor
mance in the PV process of these membranes has been reported in 
Table 1. 

NaA zeolite membranes exhibit low stability in acidic conditions 
(just below the neutral value of pH) and the membrane contraction [96]. 
This behavior was due to the high amount of aluminum in the structure 
(Si/Al = 1). Jamisien and coworkers reported that the cationic exchange 
between the Na+ and the H+ happens using acidic solutions [97]. The 
adsorbed proton catalyzed the hydrolysis of the Al-O bond with a 
consequence collapse of the structure [97]. T-type membranes with a 
nanopore size of 0.36 nm ́0.51 nm also displayed good separation per
formance in the PV process [98-101]. For example, Zhou and coworkers 
prepared T membranes using the secondary growth method, and their 
performance has been assessed in the PV process [102]. The prepared 
membranes showed very high water/IPA separation factor (H2O/ 
IPA = 13,000) with a flux of 2.50 kg m− 2h− 1 using a feed concentration 
of 10 wt% of water at 75 ◦C. 

A comparison between the PV performance of Mitsui NaA and T 
zeolite membranes in Table 2 is reported. 

NaA zeolite membranes displayed better performance in selectivity 
and comparable permeate flux values, even if T-type membranes 
demonstrated high stability in acidic conditions due to the higher Si/Al 
ratio (3–4) than that of the NaA zeolite [103]. 

In the zeolite membrane field, better stability and defect reduction of 
the zeolite layer could be possible by increasing the Si/Al ratio and 
preparing template-free membranes to avoid the calcination procedure 
that usually caused defect formation. Considering these aspects, 
recently, Kita and coworkers fabricated template-free NaA zeolite 
membranes with higher Si content (Si/Al = 1.5) [71], and their perfor
mance was evaluated in the PV process. The Si-rich LTA membranes 
were hydrothermally stable in a 50% water-methanol solution at 60 ◦C. 
In addition, they exhibited thermal stability in contact with an equi
molar vapor water-methanol mixture at 150 ◦C for one week. 

Due to their high permeation flux and higher packing densities, the 
hollow-fiber membranes receive a lot of attention. For example, Wang 
et al. synthesized T zeolite membranes on yttria-stabilized zirconia 

hollow fibers by secondary growth method and using different seeding 
procedures [104]. The membranes prepared using rubbing displayed a 
water flux of 7.36 kg m− 2h− 1 with a separation factor over 10,000 using 
an IPA-water solution (90 wt%–10 wt%) at 75 ◦C. The use of HFs as 
support significantly contributes to obtaining very high flux. In any case, 
optimizing the configuration of hollow fiber membrane modules is very 
important for further improving the PV performance. Gu and coworkers 
designed hollow-fiber T-type zeolite membrane modules with different 
geometric configurations (see Fig. 7), and their performance was eval
uated in the PV process for ethanol dehydration [105]. 

The water flux increased with the temperature for all three- 
membrane modules; even if the water flux increased by almost 20% 
and 25% for modules B and C compared with module A at 70 ◦C. The 
improvement is due to the optimized geometry of the modules that 
suppresses the concentration polarization phenomenon because they 
favor uniform velocity distributions [106,107]. These data show as the 
separation efficiency is heavily influenced by the geometric configura
tion of the membrane modules [106]. 

Some researchers of the Mitsubishi Chemical Corporation used 
Chabazite (CHA)-zeolite membranes in PV process. They synthesized 
high-silica (Si/Al = 8) CHA-type membranes on tubular alumina sup
ports having a length of 40 cm [108]. This zeolite membrane presents a 
small pore size (0.38 × 0.38 nm) and hydrophilic character and so can 
exert separation through a coupled action of molecular sieving and se
lective adsorption. The dehydration test was performed using a batch of 
44 kg of hydrous n-methylpyrrolidone (NMP) (30 wt% of H2O and 70 wt 
% of NMP) and a membrane module containing 31 membranes 
(area = 0.42 m2). The amount of water in the anhydrous NMP was equal 
to 0.5 wt% operating at 110 ◦C . 

Mobil-Type Five (MFI) zeolite membranes are studied in different 
separation processes due to their pore size of about 0.5 nm and good 
chemical stability [109,110]. Silicalite membranes show a substantial 
hydrophobic property so that they can separate water from organic 
solvents in the PV process [111]. However, MFI zeolite membranes 
prepared on supports as alumina or mullite determine decreased Si/Al 
ratio due to the support leaching during the hydrothermal treatment 
[112]. Lin and coworkers prepared MFI zeolite hollow fiber membranes 
by a modified secondary growth method to minimize the defects and 
aluminum leaching. It consists of a dual-layer seeding (by dip-coating) 

Table 1 
NaA zeolite membrane (Mistui) performance in PV process [adapted from 95].  

Solvent Feed water 
(wt%) 

T 
(◦C) 

Flux 
(kgm− 2h− 1) 

α (–) 

Methanol 10 60  0.46  10.000 
Ethanol 10 70  1.12  18.000 
IPA 10 75  1.58  30.000 
n-Butanol 9.9 75  1.40  90.000 
Ethylene Glycol 9.3 100  0.03  162.000 
Phenol 8.2 100  4.69  9.400 
Acetone 12 53  1.12  1.500 
Acetonitrile 9.0 72  2.54  1.400 
Dimethylacetamide 10.5 80  1.51  1.600 
dimethyl formamide 

Tetrahydrofuran 
9.1 82  1.51  2.400 
10.4 60  1.78  12.000  

Table 2 
NaA and T zeolite membranes (produced by Mitsui) performance in PV process 
[Adapted from 95].  

Solvent Feed 
water 
(%) 

T 
(◦C) 

Flux (kgm− 2h− 1) α (–)  

NaA 
(Mitsui) 

T 
(Mitsui) 

NaA 
(Mitsui) 

T 
(Mitsui) 

Methanol 10 60  0.46  0.27 10,000 100 
Ethanol 10 70  1.12  0.91 18,000 1000 
IPA 10 75  1.58  2.10 30,000 9000 
n-Butanol 9.9 75  1.40  1.70 90,000 18,000 
Ethylene 

Glycol 
9.3 100  0.03  0.06 162,000 150,000  

Fig. 7. Section of the different modules. [Adapted from Ref. 105].  
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and a variable temperature during the growth step [113]. The idea is to 
use large crystals during the first seeding and cover the defects using 
small ones during the second one. In addition, the variable temperature 
favors controlling the nucleation and growth reaction rates. The PV tests 
have been carried out with an ethanol–water mixture (5 wt% of ethanol) 
at 25 ◦C. The better results in terms of separation factors have been 
obtained with the membrane prepared at low initial temperature 
(125 ◦C) during the growth step since in these conditions, small crystals 
are synthesized, and the defects can be plugged. Table 3 reassumes the 
synthesis conditions and the performances of membranes prepared in 
this work [113]. The table also reports the ethanol–water pervaporation 
results obtained with silicalite membranes prepared by other research 
groups. 

These results evidence as the separation factors are not very high due 
to the defects into the zeolite layer and the leaching of the aluminum 
from the support that determines a lowering of the Si/Al ratio (reduction 
of the hydrophobic character). 

Hydrophilic zeolite membranes applied in PV process for the dehy
dration of solvents as dimethylacetamide (DMA) and dimethyl form
amide (DMF)) exhibit low water flux [119,120]. The strong adsorption 
of the amides (DMA or DMF) with the ionic sites of the zeolite mem
branes determines a blockage of the water sites and so the water flux 
reduction. This behavior is due to the higher dipole moment of the 
amides than the alcohols [120,121]. Gu and coworkers have modified 
the surface of hollow fibers NaA zeolite membranes with sol–gel derived 
TiO2 to improve their performance for the DMA dehydration in the PV 

process [121]. TiO2(0.5)/NaA zeolite membrane has been entirely 
covered by the TiO2 layer chemically bounded with the cations species 
(Na+). Therefore, the electrostatic interaction between cations and DMA 
molecules has been hindered. This layer also supplies a low transfer 
resistance for water that easily passes through the membrane. The 
membrane showed a water flux of 4.66 and a separation factor of 2120 
at 90 ◦C. However, increasing further the TiO2 content (samples 
TiO2(0.75)/NaA zeolite and TiO2(1.0)/NaA zeolite membranes) not 
only the interaction with the amide but also the water flux has been 
strongly reduced. 

In Fig. 8 is illustrated the separation factor versus the permeate flux 
for the ethanol–water separation of different zeolite membranes (the PV 
experiments have been performed in the same operating conditions: 
T = 70–75 ◦C; 90 wt% ethanol and 10 wt% of water). 

Many papers are published on the organic solvents dehydration by 
using different zeolite membrane topologies, even if NaA zeolite mem
brane has exhibited better performance in terms of separation and water 
flux. This zeolite topology for the small pore diameter and the high 
hydrophilicity permits the preferential adsorption of the water mole
cules, and the alcohol molecules cannot permeate through the 
membrane. 

The results analyzed in this section highlight the significant progress 
made in this field for improving flux, separation factor, and stability. 
However, their reduced application at an industrial scale depends on the 
lack of process technology for membrane manufacturing with high 
reproducibility and defect-free. 

Table 3 
Silicalite membrane performance in N2/SF6 and ethanol/water separations [adapted from 113] and comparison with literature data.  

Sample Single-layer growth step temperature, 
(◦C); (Time) 

Method for 
Synthesis 

N2/SF6 ideal 
selectivity (–) 

PV test Total fux (kg 
m− 2h− 1) 

Water /Ethanol 
separation factor (–) 

Ref. 

M1 1500 175 Secondary 
Growth 

2.52 Ethanol (5 wt%) 
T = 25 ◦C 

– – [113] 
M2 600 3.36 2 22 
M3 100 8.48 – –        

–   
Duable-layer 
(top/bottom)        

M4 1500/1500 175  6.30 Ethanol (5 wt%) 
T = 25 ◦C 

– –  
M5 1000/1500 Secondary 

Growth 
21.7 – – [113] 

M6 600/1500 37.8 – – 
M7 400/1500 41.2 22 46 
M8 100/1500 57.2 6.8 66       

– –   
Duable-layer 
(top/bottom)        

M9 100/1000 175 Secondary 
Growth 

120.4 Ethanol (5 wt%) 
T = 25 ◦C 

4.7 66 [113] 
M10 100/600 173.5 2.3 101 
M11 100/400 192.5 1.5 128 
M12 100/100 203 – –  

M13 100/600 125 (4 h)—175 (4 h) Secondary 
Growth 

103.5 Ethanol (5 wt%) 
T = 25 ◦C 

– – [113] 
M14 125 (3 h)—2h—175 (3 h) 162.2 2.9 160 
M15 175 (3 h)—2h—125 (3 h) 94.8 3.9 95 
M16 175 (4 h)—125 (4 h) 124.1 – –  

Silcalite 
(a)* 

– 175 (144 h) One Step – Ethanol (5 wt%) 
T = 30 ◦C 

0.15 51 [114] 

Silcalite 
(a)** 

– 175 (144 h) One Step – Ethanol (5 wt%) 
T = 30 ◦C 

0.14 125 [114] 

Silicalite – 175 (16 h) One Step – Ethanol (5 wt%) 
T = 60 ◦C 

0.93 96 [115] 

Silicalite Single seeding − 175 (4 h) Secondary 
growth 

– Ethanol (5 wt%) 
T = 60 ◦C 

1.82 62 [116] 

Silicalite Single Seeding 175 (4 h) Secondary 
growth  

Ethanol (5 wt%) 
T = 60 ◦C 

1.89 64 [117] 

Silicalite Single Seeding 175 (12 h) Secondary 
growth  

Ethanol (5 wt%) 
T = 60 ◦C 

9.80 58 [118] 

*Without curing treatment with PDMS. 
*With curing treatment with PDMS (3 wt%). 
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4. Zeolite membranes in desalination 

The fresh water for the earth’s population is minimal, and in 2025 
the fifty percent of it will face a water shortage [133]. The desalination 
process represents a water shortage solution because 97.5% of the earth 
is salt water. Traditionally, thermal distillation has been used for saline 
water desalination, but it is costly for both energy required for water 
heating and high costs of plant maintenance [134]. An alternative route 
is represented by reverse osmosis (RO), a pressure-driven membrane 
process, which allows for providing to provide clean water for drinking, 
industries, and agriculture [135]. This process offers various advantages 
as reduced energy usage associated with the employment of low-cost 
construction materials, high quality of water, and elevated efficiency 
[136]. Today, the RO dominates the desalination market [137] and the 
most of desalination plants (seventy percent) are located in the Middle 
East [138,139]. 

Most of the membranes used in RO are polymeric ones due to their 
low cost, simple manufacturing, and easy processability. Critical issues 
in the polymeric membrane field are the fouling responsible for several 
adverse effects as deterioration of water quality, reduced membrane 
lifetime [140], and the trade-off between permeability and selectivity 
[3]. For reducing the fouling effect, the membranes are continuously 
washed with chemical solutions to ensure elevated flux and selectivity. 
Feed pretreatment is also performed (e.g., microfiltration/ultrafiltration 
processes) to minimize fouling [141]. Zeolite membranes, for their 
nanoporous structure, are capable of removing ions from saline water 
and thus suitable for carrying out the desalination process. Several years 
ago, Li and coworkers used silicalite zeolite membranes, prepared on 
alumina disk support with the one-step method, in the RO desalination 
process [142]. The authors obtained a flux of 0.112 kg m− 2h− 1 and a salt 
rejection of 76.7% by using as feed a sodium chloride solution (0.1 M) 
[142]. They also stated that water flux and ion rejection are influenced 
by the size, diffusivity, and ion charge [143]. The experimental data also 
evidenced as a different mechanism regulated the ion rejection through 
zeolite pores and inter-crystalline defects. Ion rejection on the zeolite 
channels is controlled by a size exclusion effect on the large hydrated 
ions. Ion separation through the defects is due to the strong interaction 

between the ion and the charged double layer, and the ion diffusion 
through the microporous space is reduced [143]. 

The influence of the Si/Al ratio of different MFI zeolite supported 
membranes on the RO performance was also evaluated [144]. It has 
been found an improvement of flux and rejection with an increase of the 
Al content due to the high surface charge of the zeolite layer and a better 
affinity with water molecules. Silicalite zeolite membrane (hydrophobic 
character) showed a rejection of 90.6% and a water flux of 0.112 
kgm− 2h− 1. Furthermore, the presence of the aluminum species (low 
concentration) in the zeolite structure determined an increase of both 
water flux (1.129 kgm− 2h− 1) and ion rejection (92.9%). When the Al 
content increased, the ion rejection decreased (81.8%), explained by the 
enlarged intercrystalline pores and poor zeolite crystallinity [145]. 
Same results have been found by Duke and coworkers [146]. 

NaA zeolite membranes having a length of 40 cm (area: 90 cm2) have 
been employed in water desalination by using the PV process, and 
seawater from Boryeong Beach on the West Seacoast of South Korea as 
feed [147]; the water flux and the rejection were of 1.9 kgm− 2h− 1, and 
99.9% (for all the ions), respectively. The high flux value is explained by 
the electrostatic interaction between the surface charge of the mem
brane and the water a polar molecule. In addition, the high rejection is 
due to the charge exclusion mechanism because the positive charge 
(metal cations adsorbed on the membrane surface) that prevents hy
drated cations from passing through the zeolitic pores. 

Silicalite and ZSM-5 membranes, prepared by secondary growth 
method on tubular alumina support (5 cm long), have been used for 
long-term desalination of salty (NaCl) solution at different concentra
tions and using a PV lab plant [148]. The experimental data are shown in 
Fig. 9. The two membranes have exhibited comparable performance 
using a seawater salt concentration (3.5 wt%) and varying the temper
ature from 21 ◦C to 75 ◦C (see Fig. 9a). Using a brine solution (7.5 wt%) a 
structure degradation of the ZSM-5 membrane has been observed in a 
time range of about 300 hrs (see Fig. 9). The authors explained the 
modification of the ZSM-5 structure considering the cation exchange 
between the zeolite and the Na+ ions [149]. A long-term hydrostability 
property has been found for the silicate membrane using pure water as 
feed. 

Zhou and coworkers evaluated the desalination performance of MFI 
zeolite membranes, fabricated with the secondary growth method and 
the rubbing as seeding procedure, by using saline recycled wastewater in 
the RO process [150]. Rejection of 80% and flux of 4.0 Lm− 2h− 1 have 
been obtained operating at a pressure difference of 70 bar. The authors 
have also studied the effect of chlorine for removing biofouling since it 
has a harmful impact on commercial RO membranes. The membrane 
resisted under chlorine exposure indicating its high chemical resistance 
and so enabling the biofouling control. 

Tubular silicalite membranes (length of 30 cm) have been charac
terized for water desalination in the vacuum membrane distillation 
process [34,35]. The tests have been performed at 60 ◦C, with a feed 
flow rate of 75 Lh− 1 and using different NaCl solution concentrations 
(0.2, 0.6, 0.9, and 1.2 M). Moving from 0.2 M to 0.9 M, the rejection 
values have been high and almost constant (>99.5%), but at the same 
time, an increase in the sodium chloride concentration has determined a 
decrease in the water flux [35]. Using brine solution (1.2 M), a decrease 
in water flux and rejection has been detected, owing to the higher 
amount of salt entrapped and accumulated on the membrane surface 
(feed side) by inducing the concentration polarization [151]. A water 
activity decrease is also verified to decrease the water mole fraction in 
the solution with a decline of the driving force [152]. The same authors 
have demonstrated the possibility to improve the VMD performance for 
water desalination by using MFI zeolite membranes [153] (prepared as 
already done in their previous works) [34,35]. In particular, operating at 
70 ◦C and a feed flow rate of 120 Lh− 1 and in the salt concentration 
range of 0.2 M− 0.9 M, the rejections remained almost constant 
(~99.9%) and the permeate flux slightly decreased (from 20.6 
kgm− 2h− 1 (0.2 M) to 18.0 kgm− 2h− 1 (0.9 M)). These exciting results 

Fig. 8. Ethanol-water separation factor versus water flux for different zeolite 
membranes. Orange Circle: NaA zeolite membrane [95]; Violet Circle: T zeolite 
membrane [122]; Green square: NaA zeolite membrane [123]; Black Circle: 
NaA zeolite membrane [124]; Red Circle: NaA zeolite membrane [125]; Blue 
Circle: T zeolite membrane [126]; Brown Circle: CHA zeolite membrane [127]; 
Yellow Circle: NaX zeolite membrane [128]; Orange Circle: T zeolite membrane 
[129]; Black Triangle: NaA zeolite membrane [130]; Black Star: NaX zeolite 
membrane [131]; Blue dash: Mordenite zeolite membrane [132]. (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.) 
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have been explained considering the coupled positive action of feed- 
flow rate and temperature. An increase in the feed flow rate has 
permitted removing the salt deposited on the membrane surface. At the 
same time, a higher temperature has produced an increase in the satu
rated pressure of water vapor with a rise of the driving force through the 
membrane (the driving force is the water vapor pressure difference be
tween the feed and permeate sides) [154]. Using as feed a brine a so
lution (1.2 M), the flux (12.2 kgm− 2h− 1) and the rejection (97.13%) 
have significantly decreased. Nevertheless, a comparison with previous 
work [35] evidenced improved rejection (97.13% vs. 94.6%) due to the 

positive effect of the increased feed-flow rate and temperature. After the 
VMD test on the 1.2 M solution and cleaning procedure, other tests with 
pure water and salty solutions were carried out, leading to reproducible 
fluxes and rejections. 

Wang et al. have studied water desalination by using zeolite mem
branes characterized by different topologies (LTA, MFI, AEI) and pre
pared by secondary growth method on porous stainless-steel-net of 300 
mesh (purchased from State No. 540 Co. Ltd. (Xinxiang, China)) 
[144,155]. The results in terms of water permeability and rejection for 
various salt solutions at 20 ◦C in the PV process are reported in Table 4 
[155]. 

The three membranes have exhibited very high ion rejection 
(>99%), confirming as the zeolite pore regulates the cation removal. In 
fact, all the cation hydrated diameters are higher than the zeolite pore 
sizes (Na+=7.16 Å, K+=6.62 Å, Mg2+= 8.56 Å and Ca2+=8.24 Å; 
H2O = 2.76 Å; zeolite pore size (AEI) = 3.8 Å; pore size (LTA) = 4.1 Å; 
pore size (MFI) = 5.5 Å). In addition, the highest water permeability has 
been found with the AEI zeolite characterized by a smaller pore size; this 
trend is due to the electrostatic interaction between the water molecules 
and the surface charge of the zeolite [147]. In Table 5, the different 
results discussed in this section are summarized. 

Applying the zeolite membranes in the desalination process enables 
obtaining significant rejection and water flux results when prepared to 
employ the secondary growth method. Anyway, their application at an 
industrial scale requires defect-free membranes that still represents a 
challenge. The inter-crystalline and intra-crystalline defects determine a 
drastically change of the membrane permeation properties. 

5. Zeolite membranes in natural gas purification 

Polymeric membranes are largely used for low cost and highly 
reproducible preparation in the gas separation processes [156]. The 
permeability-selectivity trade-off and other challenges, as plasticization, 
physical aging, and swelling, limit their performance [157]. Zeolite 
membranes for their characteristics have been studied in different gas 
separation processes [158-165]. In this review, attention has been 
focused on the application of zeolite membranes in natural gas 
purification. 

5.1. Natural gas purification 

Today, natural gas (NG) is the primary global energy source, and its 
use will grow by about 1.6–2.0% for the year up to 2040 [165]. The NG 
main component is methane (CH4) even if other gas species are present, 
and the composition is reported in Table 6 [166]. 

The removal of acid gases as CO2 and H2S is necessary, being very 
corrosive for the pipelines and with the possibility to cause health 
problems [167]. Carbon dioxide also determines the heating value 
lowering of the combustible gas [168]. Today, CO2 removal is mainly 
achieved using alkanolamines (monoethanolamine, diethanolamine, 
triethanolamine, methyl diethanolamine, di-isopropanolamine nd 
diglycolamine) [169]. This process suffers from high operating and 
maintaining costs. The amines are quite toxic, and a malfunction of the 
plant can determine a bad impact on humans, animals and the envi
ronment [170]. Membrane technology represents a positive alternative 

Fig. 9. Long term experiments performed of silicalite (S-1, circle) and ZSM-5 
(triangle) membranes: (a) water flux (feed: NaCl solution); (b) during thermal 
cycling, (c) Rejections, and (d) water flux (feed: pure water) [148]. Reproduced 
with permission of Elsevier. B.V. (2021). 

Table 4 
Permeability of water (P) and rejection (R) for various salt solution for the three zeolite membranes. Ref. [155]. Reproduced with permission of Elsevier. B.V. (2021).  

Feed Solution Concentration (molL− 1) AEI LTA MFI 

P 
mol m− 2s− 1Pa− 1 

R (%) P 
mol m− 2s− 1Pa− 1 

R (%) P 
mol m− 2s− 1Pa− 1 

R (%) 

NaCl  4.183 × 10− 10  99.86 3.473 × 10− 11 99.44 2.415 × 10− 11  99.82 
MgCl2  2.819 × 10− 10  99.6 4.806 × 10− 11 100 1.811 × 10− 11  99.97 
KCl  3.850 × 10− 10  99.94 6.006 × 10− 11 100 1.967 × 10− 11  99.99 
CaCl2  2.902 × 10− 10  99.99 5.666 × 10− 11 1000 1.382 × 10− 11  99.99  
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to the traditional ones [171]. The first membrane system for CO2/CH4 
separation was introduced in the 1980s by different companies: Grace 
Membrane Systems (a division of Grace Membrane Systems), Cynara 
(now part of Natco), and Separex (now part of UOP) [167]. Today, 
different polymers are used for synthesizing membranes for this gaseous 
separation-type as polyimide (PI), cellulose acetate (CA), poly
ethersulfone (PES), polysulfone (PSf), and polycarbonates (PC), though, 
at the industrial level, are used the first two ones [172]. However, these 
polymeric materials swell (plasticization phenomenon) with a marked 
decrease in selectivity under the action of high CO2 pressure. Another 
disadvantage is represented by the trade-off between permeability and 
selectivity [173,174]. Therefore, great attention has been devoted to 
zeolite membranes characterized by small pores as SSZ-13, SAPO-34, 
DD3R that are suitable for separating small species utilizing both 
molecular-sieving effect and strong adsorption capacity. The charac
teristics of these zeolites are reported in Table 7. 

For the first time, Falconer and coworkers prepared SSZ-13 (CHA 
topology) zeolite membranes on stainless steel tubular supports [175]. 
The ideal selectivities have been significantly higher than the Knudsen 
ones at 25 ◦C and 200 ◦C, and the gas permeances decreased with the 
kinetic diameter increase. In 2014, Kosinov et al. synthesized SSZ-13 
zeolite membranes (with high silica content: in the gel Si/Al = 100) on 
hollow fiber alumina supports [176]. The separation selectivity and CO2 
permeance increased by increasing the CO2 partial pressure because the 
CO2 is preferentially adsorbed over the other components. The results 
evidenced as the SSZ-13 zeolite membranes are CO2-selective, and the 
selectivity is achieved for the stronger adsorption of CO2 and its smaller 
kinetic diameter than the zeolite pore. 

Water vapor in the NG is an impurity removed before its access in the 
pipeline; its presence determines the corrosion and freezing along the 
pipelines [177]. Some researchers have studied the effect of humidity on 
the CO2 permeance by using a pure silica CHA (Si-CHA) membrane 
[178]. An ideal CO2/CH4 selectivity of 130 and CO2 permeance of 
4.0 × 10− 6 molm− 2s− 1Pa− 1 have been found operating at 20 ◦C and 
Pfeed = 1 bar in dry condition. The presence of water molecules has 
determined a decrease of the CO2 permeance due to the water adsorp
tion into the pores of the zeolite crystals (see Fig. 10) [178]. In addition, 
the permeance of the carbon dioxide increased by raising the feed 
pressure for the reduced coverage of water molecules. CO2/CH4 ideal 
selectivity in dry and wet conditions, were almost the same (about 30) at 
a pressure of 6 bar. 

The effect of the aluminum content (Si/Al ratio in the gel was varied 
from 5 to 100) in SSZ-13 zeolite membranes (prepared on hollow fibers 
by secondary method) for CO2 separation has also been evaluated, and 
the results are shown in Fig. 11 [179]. A decrease in the aluminum 
content has determined an increase in the CO2/CH4 selectivity. The Al 
determines the development of defects in the zeolite layer because it 
blocks the zeolitization and the formation of the zeolite layer [26,74]. 
Anyway, the preparation of membranes with very low amount of 
aluminum (Si/Al ratio higher than 100) was not possible for the pres
ence of a competing zeolite topology (AFI) that has caused a lowering of 
the membrane performance. 

Zeolite membranes with CHA topology had been prepared using the 
N,N,N-trimethyl-1-adamantammoniumhydroxide (TMAdaOH) as a 
template expensive and toxic [180]. Different research groups have 
prepared CHA membranes by developing simple, economical, and 

Table 5 
Comparison of zeolite membranes used in water desalination process.  

Sample Configuration Length 
(cm) 

Synthesis 
method 

Seeding Procedure Process Feed 
(g/l) 

T (◦

C) 
Flux 
(Kgm− 2h− 1) 

R (%) Ref. 

ZSM5 (MFI) Disk – One-step – RO 5.8 25 0.12 77 [105] 
Silicalite 

(MFI) 
Disk – Secondary 

growth 
Dip-coating RO 5.8 25 0.11 90.6 [107] 

ZSM5 (MFI) Disk – Secondary 
growth 

– RO 38 70 0.55 99.0 [108] 

NaA (LTA) Tubular 40 Secondary 
growth 

Vacuum PV 35 69 1.9 99.9 [109]  

Silicalite 
(MFI) 

tubular 30 Secondary 
growth 

Cross-flow seeding-coupled with the 
rotation and tilting of the support 

VMD 35 70 19.0 99.9 [115]  

Silicalite 
(MFI) 

Tubular 5 Secondary 
growth 

Dip-coating PV 35 75 5.10 98 [110] 

Silicalite 
(MFI) 

Disk – Secondary 
growth 

– PV 29 25 0.37 99.82 [117] 

ZSM5 (MFI) Disk – Secondary 
growth 

– PV 35 80 1.22 99.80 [117] 

NaX (FAU) Tubular – One-step – PV 35 90 5.64 99.8 [119] 
Silicalite 

(MFI) 
Disk – One-step – PV 30 75 - 93.0 [120]  

Table 6 
Compositions of natural gas [adapted from 174].  

Hydrocarbons Composition 
Wet (vol%) 

Composition 
Dry (vol%) 

Non- 
hydrocarbons 

Composition 
Wet (vol%) 

Methane  84.6  96.0 Carbon 
Dioxide 

< 5 

Ethane  6.4  2.00 Helium ≤ 0.5 
Propane  5.3  0.60 Hydrogen 

Sulfide 
≤ 5 

Isobutane  1.2  0.18 Nitrogen ≤ 10 
n-Butane  1.4  0.12 Argon ≤ 0.05 
Isopentane  0.4  0.14 Radon Traces 
n-Pentane  0.2  0.06 Krypton Traces 
Hexane  0.4  0.10 Xenon Traces 
Hepthane  0.1  0.80 – –  

Table 7 
Topology and pore size of various zeolites used in light gases separation process.  

Zeolite Topology Cavity size 
(nm) 

Pore size 
(nm) 

Chemical 
Composition 

SSZ-13a CHAb  0.835 0.38 × 0.38 Si, O, Al (High Si); 
Si/Al > 5 

CHA CHA  0.835 0.38 × 0.38 Si, O, Al (Low Si) 
2 < Si/Al < 3 

Si-CHA CHA  0.835 0.38 × 0.38 Si, O (pure silica) 
SAPO-34 CHA  0.835 0.38 × 0.38 SI, O, Al, P 
DD3Rc (or all- 

silica-DDR) 
DDR  – 0.44 × 0.36 Si, O (All silica)  

a Standard Oil Synthetic Zeolite-13. 
b Chabazite. 
c dodecasil 3R. 
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environmentally friendly processes. A high silica CHA membrane has 
been prepared by using TEAOH as a template [181]. XRD analyses 
evidenced as small peaks of the CHA-type zeolite after a synthesis time 
of 12 h. The presence of both FAU and CHA zeolites has been observed 
with a synthesis time of 24 hrs. Prolonged synthesis time (36 hrs) has 
favored the formation of the only CHA-type zeolite. These membranes 
showed CO2 permeance of 3.5 × 10− 6 mol m− 2s− 1Pa− 1 and an ideal 
CO2/CH4 selectivity of 90. Hedlund and coworkers synthesized high 
silica CHA membranes in fluoride media [182] for reducing the defects 
of the zeolite crystals as described in the literature [183,184]. These 
membranes, prepared on flat alumina supports, displayed a separation 
selectivity of 47 and a very high CO2 permeance (84 × 10− 7 molm-2 

s− 1Pa− 1) using an equimolar CO2/CH4 mixture at 20 ◦C and with a feed 
pressure of 9 bar). 

Another zeolite used for separating light gases is the SAPO-34, a 
silicoaluminophosphate material characterized by CHA topology (see 
Table 7). One of the earliest works on SAPO-34 zeolite membranes 
supported on alumina disk (prepared by in situ method) has been pre
sented by Lixiong et al. [185]. The prepared membranes had been almost 
defect-free, and exhibited the ability to separate small species by means 
of the molecular-sieving effect. Falconer and coworkers evaluated the 
influence of some impurities on permeance and selectivity of CO2 and 
CH4 by using SAPO-34 zeolite membranes (prepared on stainless steel 
supports and using the in situ method for the synthesis) [186]. N2 (3%) 

in CO2-CH4 gas feed had a negligible effect on selectivity and per
meance. The presence of 1% of hydrocarbons (C2H4, C3H8, and n-C4H10) 
has determined a lowering of both CO2 permeance and selectivity, and 
their values decreased more, increasing the hydrocarbons 
concentration. 

In 2008, for the first time, Noble et al. [187] prepared SAPO-34 
zeolite membrane by using the secondary growth method. The pre
pared membranes exhibited high reproducibility and exciting perfor
mance for the CO2/CH4 separation. Subsequently, the same research 
group scaled up (from 5 cm to 25 cm in length) SAPO-34 zeolite mem
branes on stainless steel tubes. The effect of aluminum sources, gel 
compositions, separation performance, and membrane cost has also 
been investigated [188]. Membranes with selectivities of about 250 
have been synthesized by increasing the H2O/Al2O3 ratio from 77 to 150 
(in the synthesis gel). A water content increase has raised the linear 
growth rate of the crystals and so the reduction of the defects in the 
zeolite layer. Using cheaper Al-source Al(OH)3 (instead of Al(i-C3H7O)3) 
has allowed the preparation of reproducible membranes and without 
loss in permeance and selectivity. 

Seven years later, for the first time, a research group from the 
Nanjing Tech University prepared SAPO-34 zeolite membranes on 
alumina four-channel hollow fiber supports [189]. The membranes have 
been synthesized with the secondary method and using the dip-coating 
during the seeding step. The membranes prepared with small crystals (of 
about 300 nm during the dip-coating) and treated hydrothermally at 
180 ◦C for 18 h presented interesting perm-selective properties (CO2 
permeance of 1.18 × 10− 6 mol m− 2s− 1Pa− 1 with a CO2/CH4 selectivity 
of 160). The presence of moisture determined a lowering of the mem
brane performance due to water’s high affinity with the SAPO-34 zeolite 
membranes. The SAPO-34 zeolite membranes are unstable under the 
effect of the water vapor that induces changes of the Si-O-Al bonds with 
the crack formation in the zeolite structure [190]. 

Gu and coworkers cured SAPO-34 zeolite membranes with PDMS 
solutions (at different polymer concentrations) by dip-coating [191]. 
The use of PDMS solutions for curing membrane defects and also for 
modifying the membrane surface from hydrophilic to hydrophobic is 
deeply reported in the literature [192,193]. The cured and no-cured 
zeolite membranes have been characterized in CO2/CH4 separation 
process utilizing an equimolar mixture in dry and wet conditions at 
25 ◦C, and the results are reported in Table 8. 

The PDMS has cured the defects and reduced the affinity of the 
membrane with the water. Excellent separation performance for CO2/ 
CH4 mixtures in dry and wet conditions has been obtained with a con
centration of the PDMS solution of 7.5 wt%. In addition, this membrane 
has shown a stable performance after half-year (only 5–8% change in 
CO2 permeance and CO2/CH4 selectivity has been detected). A higher 
PDMS concertation has reduced both permeance and selectivity for the 
plugging of non-zeolite and zeolite pores. 

Fig. 10. CO2 permeance through a Si-CHA membrane with and without water 
(operating conditions: T = 25 ◦C and Pfeed = 3 bar) [178]. Reproduced with 
permission of Elsevier. B.V. (2021). 

Fig. 11. CO2/CH4 separation versus the Al content in SSZ-13 zeolite mem
brane. Operating conditions: equimolar CO2/CH4 mixture, Pfeed = 6 bar, 
T = 20 ◦C [179]. Reproduced with permission of Elsevier. B.V. (2021). 

Table 8 
Performance of SAPO-34 zeolite membranes in CO2/CH4 separation before and 
after PDMS treatment. Reprinted from [191]. (With permission of Elsevier).  

Water Vapor 
(%) 

No-cured Membranes Cured Membranes 
PDMS (6.5%) 

CO2 permeance 
mol 
m− 2s− 1Pa− 1 

CO2/CH4 

(–) 
CO2 permeance 
mol 
m− 2s− 1Pa− 1 

CO2/CH4 

(–) 

0 119 × 10− 8 159 60.6 × 10− 8 172 
1.5 1.68 × 10− 8 0.92 0.80 × 10− 8 15   

PDMS (7.5%) 
0 118 × 10− 8 160 55.4 × 10− 8 185 
1.5 1.71 × 10− 8 0.92 0.84 × 10− 8 30   

PDMS (8.5%) 
0 118 × 10− 8 160 39.4 × 10− 8 166 
1.5 1.69 × 10− 8 0.93 0.81 × 10− 8 22  
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All silica DDR zeolite is also interesting for separating light gases and 
has been synthesized for the first time by Gies [194]. The first DDR 
zeolite membrane, prepared by Tomita et al. [195] on α-Al2O3 tube and 
by the one-step method, has exhibited a decrease in the permeance as a 
function of the gas kinetic diameters. In addition, the presence of water 
did not affect the permeation properties of the membrane due to its 
hydrophobic nature. Some years later, Himeno and coworkers have 
prepared a DDR membrane on tubular alumina support that showed 
better CO2-CH4 separation and carbon dioxide permeance. In mixed-gas 
permeation experiments, a CO2/CH4 selectivity of 200 and a CO2 per
meance of 3.0 × 10− 7 mol m− 2s− 1Pa− 1 (T = 25 ◦C and Pfeed = 2 bar) 
have been measured [196]. The template used for the DDR synthesis is 
the 1-adamantane amine, and for its removal, very high temperatures 
(higher than 600 ◦C) are required. The membrane calcination caused 
defect formation for the high thermal stress developed. For this reason, it 
is essential to found a safe method for the activation of the membrane 
capable of preserving the gas permeation properties. In 2004, Heng et al. 
removed the template of silicalite membranes (with a thickness of 2 μm) 
at low temperature (200 ◦C) and in presence of a mixture of oxygen and 
ozone (50 g/m3) [197]. Later, the same strategy was adopted by Gu and 
coworkers for the DDR zeolite membranes [198]. SEM analyses indi
cated the absence of cracks that usually are generated by carrying out 
the calcination in a traditional way. These membranes displayed CO2 
permeance of 3.5 × 10− 8 mol m− 2 s− 1 Pa− 1 and a very high separation 
factor (500) using an equimolar CO2-CH4 mixture as feed at 25 ◦C. 
Recently, DDR zeolite membranes have been synthesized with a con
ventional template (in reduced concentration), with inexpensive inor
ganic bases (NaOH, KOH, LiOH) as a mineralizing agent, and achieving 
the hydrothermal treatment in 3–6 h [199]. Very thin membranes and 
with interesting permeation properties have been prepared. Other re
sults on the NG purification obtained by using small zeolite pore 
membranes are reported in Table 9. 

In Fig. 12 is illustrated the separation factor versus the permeate flux 
for natural gas purification of different zeolite membranes (experi
mental tests have been performed in the same operating conditions: 
T = 20–25 ◦C; equimolar gas mixture). 

The experimental results evidence as the better results in terms of 
separation factors are obtained with the small-pore zeolite membranes 
without aluminum in the zeolitic structure since the latter determines 
the defect formation in the zeolite film because it blocks the zeolitization 
and the formation of the layer. Fig. 12 also highlighted as at elevated 
separation factors correspond to low permeances and viceversa. The 
future challenge for the researchers will be based on the possibility of 

synthesizing very thin zeolite membranes with both elevated flux and 
separation factors, and high stability. 

6. Zeolite membrane reactors 

Process Intensification strategy is based on developing sustainable 
and cost-effective chemical process systems by reducing equipment size, 
energy consumption, and waste production [208]. A membrane reactor 
represents a process intensification technology where a chemical reac
tion and the separation step are combined in a single unit operation. This 
approach permits to obtain a higher conversion than the traditional 
process by using a compact and cost-effective reactor [209,210]. 
Membranes and reactors can be arranged in different configurations 
classified into three main groups: extractor, distributor, and contactor 

Table 9 
Small-pore zeolite membrane performance in CO2-CH4 separation.  

Zeolite-Type Support Operating conditions 
Gas test 

CO2 Permeance (×10− 7molm− 2s− 1Pa-1) CO2/CH4 (–) Ref. 

SSZ-13 α-Al2O3 Tube T = 30 ◦C, Pfeed = 2 bar 
equimolar gas mixture 

5.8 183 [200] 

SSZ-13 α-Al2O3 Tube T = 20 ◦C, Pfeed = 1.4 bar 
equimolar gas mixture 

39 162 [201] 

Si-CHA α-Al2O3 Tube T = 25 ◦C, Pfeed = 2 bar 
equimolar gas mixture 

12 480 [202] 

SSZ-13 Mullite Tube T = 25 ◦C, Pfeed = 2 bar 
equimolar gas mixture 

3.0 345 [203] 

SAPO-34 α-Al2O3 Tube T = 25 ◦C, Pfeed = 1.4 bar 
equimolar gas mixture 

44.6 155 [204] 

SAPO-34 α-Al2O3 Tube T = 25 ◦C, Pfeed = 2.0 bar 
equimolar gas mixture 

2.5 160 [81] 

SAPO-34 α-Al2O3 Tube T = 29 ◦C, Pfeed = 1.4 bar 
equimolar gas mixture 

15.7 109 [205] 

DDR SiO2 Disk T = 30 ◦C, Pfeed = 1.0 bar 
equimolar gas mixture 

3.2 540 [206] 

DDR α-Al2O3 Tube T = 25 ◦C, Pfeed = 1.4 bar 
equimolar gas mixture 

4.7 190 [207] 

DDR α-Al2O3 Disk T = 24 ◦C, Pfeed = 2.0 bar 
90% CO2 –10% CH4 

1.8 90 [75]  

Fig. 12. CO2-CH4 separation factor versus CO2 permeance for small pore 
zeolite membranes. Orange triangle: DDR zeolite membrane [75]; Blue circle: 
SApo-34 zeolite membrane [181,189]; Pink square: DDR zeolite membrane 
[196]; Black circle: SSZ-13 zeolite membrane [200]; Black triangle: SSZ-13 
zeolite membrane [201]; Black square: Si-CHA zeolite membrane[202]; Red 
circle: SSZ-13 zeolite membrane [195,203]; Violet circle: SAPO-34 membrane 
[204]; Yellow circle: SAPO-34 membrane [81]; Green circle: SAPO-34 mem
brane [205]; Red square: DDR zeolite membrane [206]; Grey circle: DDR 
zeolite membrane [207]. Operating conditions: T = 20–25 ◦C; equimolar gas 
mixture. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.) 
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[211,212]. When the membrane acts as an extractor, a reaction product 
is removed with an increase in the conversion (shifting the reaction 
equilibrium according to Le Chatelier’s principle) [213]. As a distrib
utor, the membrane controls the addition of a reactant(s) to reduce the 
side reactions [214]. In these two configurations, the membrane is 
catalytically inert and coupled with a traditional catalytic process. In the 
contactor, the membrane is catalytically active and ensures better 
interaction between reactants and active sites of the catalyst [215,216]. 

Today, 48% of hydrogen is produced by steam reforming (SR) of 
natural gas [215]. In the SR process, methane and steam produce 
hydrogen (H2) and carbon monoxide (CO). Water-gas shift (WGS) re
action is used after the reforming process for increasing the hydrogen 
content. This reaction is exothermic and limited by thermodynamic 
equilibrium [217]; the use of an MR could improve the CO conversion by 
continuously removing a reaction product to overcome the chemical 
equilibrium limitation [218]. Kim et al. have demonstrated that a sili
calite membrane improves the WGS process’s performance [219]. The 
membrane has been prepared by the in situ method and modified by the 
on-stream catalytic cracking deposition (CCD) method. The CCD method 
allows controlling the silica deposition within a small part of the MFI 
channels near the membrane surface [220]. The experimental studies 
demonstrated as the conversion of the CO enhanced (98.5%) over
coming the equilibrium limit, operating as high temperature (>500 ◦C) 
and pressure (6 bar). Simulation studies have indicated as the zeolite 
MRs could achieve a very high CO conversion (≥99%) under these 
operating conditions: T > 500 ◦C, P = 30 atm, and RH2O/CO ~3.5 [220]. 
Arvanitis and coworkers obtained exciting results with an MFI zeolite 
membrane reactor [221,222]. The membrane was fabricated on α-Al2O3 
tubular support by the one-step method and then modified using the 
CCD method [222]. The CO conversion, the hydrogen recovery, and the 
purity (in permeate product) obtained at different feed pressures are 
shown in Fig. 13. 

The CO conversion with MR has exceeded the value obtained at the 
equilibrium. At each gas hourly space velocity (GHSV), the CO conver
sion increased with the feed pressure due to enhanced transport of 
hydrogen through the membrane (increased driving force). A conversion 
of 99.9% has been reached, performing the experiments at 15.7 bar and 
7500 h− 1. The hydrogen removal increased with the feed pressure but at 
the same time decrease the purity of permeate (yH2 = 78.2% at 
P = 15.7 bar; yH2 = 65% at P = 19.5 bar) because the membrane 
exhibited a moderate CO2/H2 separation (αCO2/H2≈ 38). In Table 10 are 
reported other results obtained with zeolite membrane reactors in WGS 
process. 

Dimethyl ether (DME) production has inspired increasing attention 
as an attractive route for large-scale CO2 valorization [227]. DME is 
considered a sustainable alternative to diesel fuel for its high cetane 
number, low autoignition temperature, and low pollutant emission 
[228]. The reactions involved are: 

Methanol synthesis : CO+ 2H2 ↔ CH3OH  

Methanol synthesis : CO2 + 3H2 ↔ CH3OH +H2O  

Metanol dehydration : 2CH3OH ↔ CH3OCH3 +H2O  

Hydrocarbon formation (undesired) : CO2 + 3H2 ↔ CH4 +H2O  

Water gas shift : CO+H2O ↔ CO2 +H2 

The removal of water from the reaction environment permits over
coming the thermodynamic limitation and avoiding the deactivation of 
the catalyst (blocking of the active sites). Iluta and coworkers have 
demonstrated by simulation study as the in situ H2O removal has 
improved the CO2 conversion in methanol and DME productivity with a 
hydrophilic membrane in a fixed-bed reactor [229]. Fedosov and co
workers examined the dehydration of methanol to DME in a flow mode 
with a NaA zeolite membrane reactor (ZMR) and using γ-alumina as 

catalyst [230]. An improvement of the methanol conversion with the 
ZMR over the packed bed reactor has been found. A methanol conver
sion of 85% has been reached using the ZMR at 250 ◦C. In the traditional 
one, a conversion of only 61% has been achieved. Separation selectivity 
of the membrane and reactor design have been the limiting factors of the 
process. In 2016, Zhou et al. reported a novel bifunctional catalytic 
zeolite membrane reactor for methanol dehydration to DME [231]. The 
membrane reactor had a sandwich structure; one membrane (zeolite H- 
FAU) acted as the catalyst for the DME production. The other membrane 
(zeolite Na-LTA) worked as a separator for performing a selective 
removal of water. This novel membrane reactor permits high methanol 
conversion (90.9% at 310 ◦C) and a DME selectivity of about 100%. 
Recently, Rodriguez-Vega et al. studied the direct synthesis of DME 
employing a packed bed membrane reactor (PBMR) [228]. The catalytic 
tests have been carried out using a CuO-ZnO-ZrO2/SAPO-11 as the 
catalyst (temperature range of 275–325 ◦C and pressure of 10–40 bar). 
The experimental results (illustrated in Fig. 14) have evidenced that the 
DME yield increased with the temperature (from 275 ◦C to 325 ◦C); 
methanol and paraffins yields also improved with a maximum of 3.7% 
and 1.1%, respectively. The conversion of CO2 has been higher in the 
membrane reactor than the traditional one, in the temperature range 
evaluated. This result has been explained for the removal of water from 
the reaction medium. The DME selectivity also increased and remained 
almost constant at high temperatures (see Fig. 14b). Increasing the 
temperature also increased the selectivity of paraffins, that produced by 
methanation or Fischer-Tropsch reactions. The stability of the catalyst 
has lower in the temperature range 275 ◦C–300 ◦C (as shown in Fig. 14c) 

Fig. 13. Results of WGS reaction: (a) CO conversion (χCO) (b) Hydrogen re
covery (RH2) and purity (yH2,p) in permeate product as a function of the fed 
pressure (Pf) for MR and TR (T = 500 ◦C and RH2O/CO = 3.5); and [221]. 
Reproduced with permission of Elsevier. B.V. (2021). 
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and higher at 325, probably due to catalyst sintering. DME and MeOH 
yield increased, and paraffin yield decreased by raising the pressure. In 
particular, increasing the pressure from 20 to 30 bar, the COx conversion 
boosted from 8.8 to 17.9% and DME yield from 7.0 to 13.7%. 

Zeolite membranes in MRs have also been applied as an extractor for 
performing other essential processes as the Fisher-Tropsch and the 
dehydrogenation of light alkanes to olefins. 

The first process converts the syngas from natural gas or biomass into 
liquid hydrocarbons [232]. This promising clean technology is a po
tential alternative method to solve the shortage of liquid transport fuel 
[225,233]. In this process, the membrane removes a reaction product 
(water) to reduce the catalyst deactivation and increase the conversion 
[234]. The water can negatively affect the reaction rate due to the for
mation of CO2 by the WGS reaction. 

Catalytic dehydrogenation for alkene production seems to be an 
interesting alternative and environmentally friendly route for producing 
light olefins [235]. The demand for these chemical compounds is 
constantly growing because they are employed as building blocks in the 
industrial production of different solvents, chemicals, and polymers 
[236]. Today, the cracking of crude-oil-derived naphtha and fluid cat
alytic cracking of heavy oil are used for alkenes production [237]. These 
processes suffer from different limitations as high-energy demands, 
enormous CO2 emissions, and low selectivity towards light olefins 
[237]. Dehydrogenation process is limited by thermodynamic 

equilibrium, and the hydrogen separation in a membrane reactor can 
help drive the reaction forward. The application of ZMRs in these pro
cesses is shown In Table 11. 

A few papers on applying the zeolite membrane reactor as a 
distributor are present in the open literature. In 2001, Mota et al. used 
ZMR for the selective oxidation of n-butane to maleic anhydride [243]. 
This reaction is performed at an industrial scale, and most of the plants 
are conventional fixed-bed reactors [244]. The concentration of butane 
is very low (1.5%) due to the flammability of the O2/C4 mixture, which 
leads to very low productivity [244]. The researchers have used MFI 
zeolite membrane to distribute the oxygen and vanadium phosphate 
mixed oxide as catalyst. This configuration has permitted to low the 
concentration of oxygen by preventing dangerous concentration, and 
side reactions. The maleic anhydride productivity was three times 
higher than that observed with the conventional reactor. 

Zeolite membranes are also used as catalytically active contactors 
and not necessarily permselective [211]. This configuration ensures a 
reduction of the catalyst particles aggregation, a better contact between 
reactants and catalyst active sites, and reduces by-passing and misdis
tribution present in a packed bed reactor. A zeolite membrane reactor as 
a contactor has been used for the CO selective oxidation (SelOx) for the 
carbon monoxide removal from H2-rich gas streams produced by the 
reforming process [245,246]. This because the CO present in the 
hydrogen H2 rich-streams poisons the anode of the proton exchange 

Table 10 
Zeolite membrane reactor performance in WGS process.  

Zeolite topology Support Temperature (◦C) Catalyst CO conversion% H2 recovery (%) References 

MFI** α-Al2O3-HF◦ 350 Fe2O3/Cr2O3/Al2O3 73.6 98.2 [223] 
MFI** α-Al2O3-Disk 300 Cu/Zn/Al2O3 95.4 – [224] 
MFI** α-Al2O3-Tube 550 Fe1.82Ce0.18O3 81.7 40 [225] 
MFI** α-Al2O3-Disk 550 Fe1.82Ce0.18O3 >99 >60 [226] 

MFI =Mobil-Type Five; ** Membrane modified by catalytic cracking method; ◦ HF =Hollow fiber; ◦◦α-Al2O3-Disk modified with yttria stabilized zirconia (YSZ) barrier 
layer to prevent the Al diffusion into the zeolite layer, 

Fig. 14. Temperature effects on DME, MeOH, and hydrocarbons (HCs) yield and COx and CO2 conversion (a), on product selectivity (b) (at zero time on stream). 
DME yield with time on stream (c) at different reaction temperatures. (Reaction conditions: 30 bar; space–time of 10 gcath− 1 (mol− 1)) [228]. Reproduced with 
permission of Elsevier. B.V. (2021). 
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membrane fuel cells (PEM-FCs) used for electricity production [247]. 
In the SelOx process, a selective catalyst is required for avoiding 

hydrogen consumption since two competitive reactions occur: 

2CO+O2→2CO2  

2H2 +O2→2H2O 

Bernardo et al. have used NaY zeolite membranes loaded with Pt for 
CO SelOx [246]. The zeolite membranes characterized by different 
permeation properties have shown diverse catalytic performance. The 
effect of the feed pressure on the CO conversion obtained with catalytic 
zeolite membranes is illustrated in Fig. 15. A negligible impact of the 
pressure has been observed for the less permeable membranes (Q and 
H). A positive effect, on the contrary, has been found for the membranes 
more permeable (I and U). The authors have explained the effect of the 
pressure on the CO conversion considering two pathways in the mem
brane: zeolite pores and defects. When the CO permeates through the 
zeolite pores, the probability of interacting with the catalytic particles is 
very high due to the narrow space available. In this case, the pressure 
does not affect the CO conversion. When the CO passes through the 
defects (pores of the support), the contact between the reactant and the 
catalytic particles increases with the feed pressure. 

CO SelOx experiments have been performed without the CO2 in the 
feed stream, even if in a real SelOx process, the hydrogen rich gas stream 
from the WGS contains about 20–25% of CO2. Recently, it has been 
demonstrated as the CO2 in the feed stream has determined a lowering of 
the CO conversion by using the Pt/Na-Y zeolite membranes as catalytic 
systems [247]. This negative effect has been explained for the presence 
of the reverse water gas shift that limited the CO oxidation at high 
temperatures. 

This section has shown the possibility of using zeolite membrane 
reactors in various processes to improve conversion, selectivity, or yield. 

However, their wide application at an industrial scale could be possible 
by preparing highly selective, very thin, reproducible, and cost-effective 
membranes. 

7. Future directions in the zeolite membrane field 

In this section, the future research directions in the zeolite membrane 
field have been identified and discussed. 

7.1. Application of zeolite membranes in solid state-batteries 

Today, lithium ion batteries (LIBs) supply energy in different 
portable appliances as smartphones, notebooks, and also in electric ve
hicles [248], and their energy density reached the value of 260 Wh kg− 1 

[249]. These devices are used as energy storage for converting chemical 
energy into electrical energy and vicecersa. Lithium-air batteries (called 
too lithium-oxygen batteries) are a good candidate as a new generation 
of energy storage systems due to their high theoretical energy density 
(~900 Wh kg− 1) [250]. In these batteries, lithium oxidation (at the 
anode) and the oxygen reduction (obtained from the air) at the cathode 
happen [251,252]. Unfortunately, the corrosion of the lithium anode, 
the decomposition and volatilization of the electrolyte, and the pro
duction of harmful by-products on the cathode still need to be solved 
[252]. In recent years, intense research activity was devoted to the solid- 
state lithium-air batteries (SSLABs) that are safer and with improved 
electrochemical and thermal stability and better energy/power density 
[253,254]. Inorganic solid electrolytes (e.g., Li7La3Zr2O12(LLZO), 
perovskite Li3.3La0.56TiO3 (LLTO), and superionic sodium conductor) 
exhibit high conductivity and stability [255]. However, they cannot be 
used in solid-state Li-air batteries being unstable towards lithium metal 
and air and for the difficulty of constructing low-resistance interfaces 
[256]. In this year, Chi et al. have used NaX zeolite membrane 
exchanged with the lithium ions as a solid state electrolyte for the 
SSLABs due to its low conductivity, elevated ion conductivity, and good 
stability toward the different battery components [257]. The zeolite 
membrane has been prepared on the stainless-steel substrate with a 
secondary growth method and dip-coating as a seeding procedure [258], 
and the LiX zeolite membrane through the cationic exchange has been 
prepared. Li-ions are used as the counter-ions of LiX zeolite, and so the 
Li+, formed at the anode, can migrate freely across the membrane. This 
new battery exhibits good performance in terms of safety, flexibility, and 
long cycle life in the presence of air. 

Another good alternative to the LIBs is the lithium-sulfur (Li-S) 
batteries for their low cost, non-toxicity, and very high specific energy 
density (~2500Whkg− 1) [259,260]. During the charge and discharge 
process, in Li-S cells at the cathode, a complex reaction occurs that in
volves the formation of lithium polysulphides (Li2Sx, 1 < x < 8) [261]. 
Their commercialization is blocked by the shuttle effect of the poly
sulphides [253,261]. During the shuttle effect, polysulfides diffuse into 
the surface of the lithium anode, whereas lithium polysulfide are pro
duced with a short segment length (Li2S and/or Li2S2) [262]. Then, the 
short-chain lithium polysulfides diffuse back to the cathode with the 
formation of long-chain lithium polysulfides [262]. As a result, there is a 
continuous loss of active material from the electrode, low coulombic- 
efficiency, and short battery life [263]. Recently, Wang et al. 

Table 11 
ZMR performance in Catalytic dehydrogenation of alkene.  

Zeolite topology Support Temperature (◦C) Catalyst Reactant conversion% Product selectivity (%) References 

ZSM-5 -/Tubular 310 Iron* CO (96) – [238] 
SAPO-34 -/Tubular 600 Na2O-Cr2O3-Al2O3** Propane (65–75) Propylene (85) [239] 
MFI α-Al2O3-Disk 600 Pt/Al2O3 Ethane (22) Ethylene (90%) [240] 
MFI α-Al2O3-Disk 600 Pt/Al2O3 Isobutane (27) Isobutylene (97) [241] 
MFI α-Al2O3-Disk 600 Pt/Al2O3 Ethane (29) Ethylene (97%) [242] 

*Iron catalyst = 100Fe/5.26Cu/4.76 K/18.2SiO; ** Na2O-Cr2O3-Al2O3 = 1% Na2O-doped 20 %Cr2O3/80% Al2O3. 

Fig. 15. CO concentration at the MR exit as a function of the pressure of the 
feed for various Pt/Na-Y membranes (Operating conditions: λ = 2; 
feed = 505 cm3(STP)/min; T = 205 C) [246]. Reproduced with permission of 
Elsevier. B.V. (2021). 
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demonstrated the possibility to suppress the shuttle effect by using a 
zeolite membrane as a separator in the battery [264]. A thin NaX layer 
has been grown on the Celgard separator (used as a support). The LiNaX- 
celgard membrane has been prepared by cationic exchange. The 
separator-zeolite membrane-based possesses different benefits as good 
Li-ion conductivity and the possibility to inhibit the shuttle effect due to 
a strong electrostatic repulsive force between the negative charges of the 
zeolite membrane and those of lithium polysulfides (PSs) [264]. In 
addition, being the zeolite pore size smaller than the molecular 
dimension of the PSs a molecular sieving mechanism is also exerted. In 
Fig. 16 is illustrated the capacity of LiX/Celgard separator to depress the 
shuttle of sulfur employing as molecule probe the Li2S6 in a H-type 
electrolytic cell during the experiment. 

The solid-state batteries zeolite membrane-based for their superior 
flexibility, safety, and stability open a new route to develop recharge
able battery and other energy storage devices characterized by high- 
performance and shorten the time needed to bring them on the market. 

7.2. Potential application of zeolite membranes in the Space engineering 

In the last years, the funding for Space exploration has undergone a 
substantial increase for correlated researches [265]. For example, in 
collaboration with the Russian space agency, the European Space 
Agency (ESA) organized the ExoMars program that comprises missions 
for searching signs of past life on Mars [266]. An International Lunar 
Research Station has also been planned between Russia and China 
[267]. In the beginning, a robotic lunar mission will be organized and 
the building of the lunar station. Finally, different human-crewed mis
sions will be planned for finding natural resources on the lunar soil and 
new systems for electricity production. Long missions in Space require 
oxygen and freshwater, solid and liquid waste management, and at
mosphere revitalization [268]. Membrane technology can offer exciting 
solutions for overcoming these challenges. Recently, the European Space 
Agency has presented the possibility of recovering water and air aboard 
the International Space Station (ISS), and the scheme is shown in Fig. 17 
[269]. 

Initially, the alkaline fuel cells (AFCs) have been used by NASA in the 
Space program for producing electricity and water for spacecraft crew 
[269,270]. The First application of fuel cells in the aerospace sector 
dates back to 1960 (General Electric developed the first Proton Ex
change Membrane fuel cell (PEMFC) for Gemini missions (NASA)). 
[271]. Today, the NASA Glenn Research Center, the section of NASA 
about the research on the technology of fuel cells, focused the attention 
on other PEMFCs that use hydrogen as fuel and the water is a reaction 
product [272]. PEMFCs seem to be appropriate for the Space mission 
being are very compact and capable of producing high power densities. 
However, the water produced prevents the reactants from accessing the 
catalyst’s active sites with a significant fuel cell performance reduction 

[273]. In addition, the bipolar plates are a substantial part of the PEM 
fuel cell stack and contribute to 80% of the fuel cell’s weight, 50% of its 
volume, and 40% of its cost [274]. It is essential to find materials 
inexpensive, lighter with high mechanical strength, high electrical and 
thermal conductivity [275] to develop new PEM-FCs for aerospace 
applications. 

Air dehumidification in a spacecraft is performed with a condensing 
heat exchanger (CHX) [276], where the hydrophilic coating (on the 
surface of CHX) absorbs the condensate water, and a mechanical rotary 
separator is used for the air–water mixture separation [277]. However, 
one of the biggest problems is that, in microgravity conditions, the 
air–water separation is difficult to perform [278]. After prolonged use, 
the hygroscopic coating may dissolve and carried away by the air-flow 
by the separator, and the separator will occlude [279]. These prob
lems could be overcome using hydrophilic zeolite membranes made in 
sheet form [280,281] 

The scheme reported in Fig. 17 also indicates the possibility to pro
duced methane with a Sabatier reactor and by using as reactants 
hydrogen (produced via electrolysis of water) and CO2 (captured by the 
atmosphere) [282]. In this process, hydrophilic zeolite membranes 
could be used for the water removal by enabling a significant 
improvement of the CO2 conversion compared to the traditional reactor 
performance [283-286]. 

Materials utilized in Space missions are exposed to very hostile 
environmental conditions in which products used on earth should 
function. Even if this does not happen, in fact, polymeric materials are 
susceptible to the action of solar and cosmic radiations by manifesting 
peel-off, color changes, and cracking [287]. The NASA Goddard Space 
Flight Center has developed a sprayable zeolite coating. The coatings are 
capable “to capture” molecular species near sensitive surfaces and lower 
the risks associated with material outgassing in vacuum environments 
for aerospace applications [288,289]. 

Considering all the aspects analyzed in this section, zeolite mem
branes withstanding at high temperatures for a long time and in 
aggressive environment for their high chemical stability can solve 
different problems present in the Space engineering sector. 

8. Conclusions and perspectives 

Zeolite membranes can separate gas or liquid mixtures with high 
separation factors due to their pore size at the molecular scale and 
adsorption property. In addition, they present high thermal and chem
ical resistance and so can be utilized when polymer membranes do not 
operate. 

During the years, thanks to intensive research activities, various 
problems were solved. First of all, a synthesis method (secondary 
growth) was identified as more reproducible and could prepare thin 
zeolite layers. However, very high-quality membranes require the 

Fig. 16. Pictures of Li2S6 diffusion through the LiX/Celgard (a) and pristine Celgard (b) separators sandwiched between two branch tubes of H-type electrolytic cells 
[264]. Reproduced with permission of Elsevier. B.V. (2021). 
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absence of defects or pinholes in the zeolitic layer because the perme
ation through the defects determines a selectivity reduction. Different 
routes have been followed for improving the membrane performance. 
Innovative calcination procedures and curing treatments have been also 
developed to enhance the permeation property of these membranes. 
Anyway, despite all these efforts, many problems remain. Very thin 
(<100 nm) membranes defect-free (without grain boundary, crack, and 
pinhole) and with both high permeance and selectivity represent the 
biggest challenges in this field. Another drawback is the high membrane 
cost that could be overcome by using cheaper supports and reducing as 
much as possible the membrane thickness to obtain high flux per unit 
area. Indeed, considering all these aspects, applying these membranes 
on a large scale is limited to a few zeolite types for various organic 
solvent dehydration utilizing the pervaporation process. Besides, these 
commercial membranes used in gas separation processes exhibit low 
separation factors. In the pervaporation, the defects are plugged by the 
water molecules for capillarity. While, during the gas separations, the 
defects participate in the separation process. 

These membranes also showed attractive performance in the desa
lination process, and the results present in the open literature were 
intensely discussed. 

Zeolite membranes characterized by small pore size (as SSZ-13, 
SAPO-34, DD3R) attracted more attention in the scientific community 
for high efficiency in small-gas separations in a wide temperature and 
pressure range. High silica membranes for their hydrophobic nature and 
remarkable chemical resistance would be necessary for the presence of 
water in the gaseous mixtures and aggressive environments. ZMRs 
application in various catalytic processes has also been reported and 
discussed. 

The future direction of the research in this field has also been 
presented. 
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