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Abstract

Unlocking the potential of zeolite membranes consists in overcoming the persistent challenge
of defects formation, a barrier against their application at industrial scale. Understanding the
mechanisms underlying defect formation is mandatory for achieving precise control and
optimization of membrane performance. This paper offers a comprehensive exploration of the
diverse defects of zeolite membranes, investigating the factors responsible for their occurrence
during membrane preparation such as crystallization kinetics, seeding techniques and template
removal. Furthermore, a variety of characterization techniques used to identify defects are
examined, highlighting their features and drawbacks. This review also explores the current
strategies to heal defects, including post-treatment methods and preparation optimization.
Through this elucidation, the paper aims to make a progress in addressing the defect issue in
zeolite membrane.

Keywords: Zeolite membrane; zeolite synthesis; defect; non-zeolitic pores; cracks; pinholes;

grain boundaries.



1. Introduction

Zeolites are generally described as microporous crystalline aluminosilicates formed by the
arrangement of TO4 tetrahedra where T can generally be Si and Al atoms or in some cases: Ga,
Ba, Ge, etc [1,2]. In light of their outstanding properties such as (i) ordered pore size, (ii) well-
defined structure and (iii) molecular-sized microchannels, zeolites materials are widely
explored in industry for different applications, including separation, ion-exchange, adsorption,
sensing and catalysis [3—6]. Furthermore, there has been a growing interest in the use of zeolitic
materials to fabricate zeolitic membranes. This is mainly due to their high thermal resistance
and mechanical strength, good chemical stability, and long-life performance compared to
organic membranes [1,4,7-9]. Zeolite membranes have been extensively used for gas
separation, dehydration of solvents, organics separation and pervaporative desalination [10,11].
Up to now, more than 240 types of zeolites have been classified based on their specific
framework structure as reported by the International Zeolite Association (1ZA) [2]. However,
few types of structures have been used in the preparation of zeolite membranes like faujasite
(FAU) [12], chabazite (CHA) [13,14], mordenite (MOR) [15], mobil-five (MFI) [16], linda-
type A (LTA) [17-19], deca-dodecasil 3R (DDR) [20] and sodalite (SOD) [3].

Despite the great attention that zeolite membranes have received, there are still some
challenging issues faced during membrane preparation notably reproducibility and occurrence
of defects [21], which are the reason behind the only few existing large-scale zeolite membranes
limited to dehydration of solvents [1]. Generally, defects are likely to form throughout the
whole preparation process of zeolite membrane because of numerous factors such as synthesis
method, nature/purity of precursors and seeding technique, as well as some specific applications
like acid dehydration. For this reason, it is highly required to completely eliminate or treat these

defects to maintain the high membrane performance [22].



In recent years, only few reviews targeting especially defects in zeolite membranes were
published compared to the number of research papers about the preparation of zeolite
membranes (Fig. 1). For example, Maghsoudi et al. reviewed the characterization techniques
of defects in zeolite membranes, and studied the different methods for defects reparation [23].
Xu et al. presented a mini-review about the role of synthesis parameters in controlling the final
features of prepared SAPO-34 zeolite membranes [24]. Medeiros- costa et al. focused in their
review on silanol defects in the micropore structure of zeolites. They reported various
techniques used for characterization and quantification of silanol-based defects. Furthermore,
healing methods of silanol defects were also highlighted with a specific interest on the influence
of the reparation techniques on properties of zeolites after treatment [25]. These reviews
focused specifically on characterization and healing methods of defects in zeolite membranes
[23], or discussed specific defects such as silanol-based defects [25]. Nevertheless, the
elucidation of various kinds of defects that could exist in zeolite membranes has not been
reported yet. Moreover, there is a lack of classification of defects and the explanation of
different origins of their formation. To the best of our knowledge, no review has investigated
the classification of various types of defects and the mechanism of their appearance. Thus, there
is an immediate need to fill this knowledge gap in order to provide a deep insight into the
different factors leading the formation of defects and profiling their types.

Accordingly, the purpose of this review is to give a full description of potential types of defects
in zeolite membranes, beside their classification and formation mechanisms. Firstly, a
classification of different types of defects was given, distinguishing between defects in zeolite
materials and in membranes. Secondly, characterization techniques of these defects were
summarized highlighting their advantages and inconveniences. More importantly, an entire
discussion of factors leading to formation of defects were profoundly studied and explained.

Finally, healing methods of defects have been also reviewed.



Fig. 1. Number of publications using the following keywords: (i) zeolite; membrane (marked
with blue) and (ii) zeolite; membrane; defect (marked with green) (The data extracted from

WWW.SCOpUS.com).
2. Understanding of defects in zeolitic membranes

Generally, defects in zeolite materials are classified into four categories (Fig. 2), namely point
defects, linear defects, two-dimensional defects and volume defects [26-29]. For zeolite
materials, point defects are local imperfections related to the position of atoms i.e., either
presence of vacancies or impurities. For instance, a vacancy could result from Al atom removal
from the framework, while an impurity could take the form of the presence of an atom different
from that of the original structure [30]. Linear defects generally occur as dislocations defined
as misaligned atoms in the interior of zeolite crystal [31]. Two-dimensional defects also known
as planar defects are usually found on surfaces or interfaces like discontinuity in material.
Volume defects could take the form of voids and grain boundaries. The exploration of different
defect types is categorized into two primary classifications: defects within the zeolite crystal
and defects within the membrane. These categories are interdependent, as imperfections within
the zeolite crystal can manifest as flaws within the zeolite layer.
Fig. 2. Types of defects in zeolite materials and membranes.

2.1. Defects occurring in the zeolite crystal
Defects in the zeolite crystal manifest as disorders in the crystalline structure and may also
include intracrystalline defects, which are known as silanols, resulting from unbalanced charges
in the zeolite framework structure. They might also be present on the external surface of zeolite
crystals, completing the valence of oxygen atoms. In general, silanols exist in the form of:

- Broken T-O-T bonds where T is Si or Al atoms like broken Si-O-Si bonds [32];

- Silanol nest formed where a T atom is missing, which means that the silanol nest

surrounds a T vacancy. For instance, a tetrahedral Si atom is substituted with four



oxygen atoms linked to four hydrogen atoms [33], including either (HO-Si=)4 or (HO-

Si=); (O™-Si=) groups [34].

Silanol groups (-OH) are generally formed by dealumination, which could take place either
during the process of synthesis or during the application depending on the media conditions
[35]. Dealumination consists in Al release from the framework of the zeolite because of
steaming, calcination and acid leaching [36]. When the zeolite framework is exposed to water
vapor at high temperatures (above 500 °C), Al-O-Si bonds are broken, and then silanol groups
are formed in the edges of Si-O-Si network where oxygen atom is not linked to another Si atom
[34]. On the other hand, it was evidenced that in contact with concentrated acids like nitric and
acetic acids, Al-O-Si bonds are hydrolyzed leading to the formation of silanol groups [35].
Similarly, desilication causes the appearance of the same type of defect as dealumination [37].
This process lies in the release of silicon atom from a zeolite structure using alkaline treatment
such as NaOH solution [38]. Fig. 3 illustrates structural defects formed because of desilication.
The leaching of zeolite crystals is also considered a form of defect where the structure of the
crystal is damaged [39]. The dissolution of crystals depends on Al content in the framework
structure. It was proven that the dissolution of zeolite diminishes with the presence of Al rich
sites. At high pH during synthesis process, Al-rich sites are protected from hydroxide ion attack
due to the negative charge. As a consequence, zeolites with a low Si/Al ratio are protected from
this type of defects. Fig. 4 shows the effect of alkaline treatment on the leaching of MFI zeolite.
Fig. 3. Structural defects throughout zeolite crystal [38].
Fig. 4. MFI zeolite (a) before and (b,c,d) after the alkaline treatment [39].

2.2. Defects occurring in the zeolite membrane layer

Defects in the zeolite membrane are identified to be pathways located near zeolite crystals and
are larger in size compared to zeolite pores [40]. According to the International Union of Pure

and Applied Chemistry (IUPAC), there are three types of zeolite membrane defects, including



macropore defects that have a size larger than 50 nm, mesopore defects that have a size range
comprised between 2 and 50 nm, and micropore defects that have a size smaller than 2 nm [23].
Macropore defects are generally found in the form of cracks and pinholes. Cracks occur because
of the thermal expansion that zeolite crystals undergo, and the shrinkage or expansion of
membrane support [41]. It is noteworthy that zeolite materials have a negative coefficient of
thermal expansion. However, for most commonly used ceramic supports, the coefficient of
thermal expansion is positive, like for alumina substrates [42]. Mesopore and micropore defects
are generated during the synthesis process due to defective intergrowth between zeolite crystals.
This type of defect takes the form of intercrystalline pores that are present between the grains
(i.e., open grain boundaries) [43]. Defects in zeolitic membranes are further detailed in Section

4.

3. Characterization techniques of defects

The performance of zeolite membranes depends on the type, number and size of defects. For
this reason, it is extremely important to develop characterization techniques to quantify all
defects of prepared membranes in order to evaluate their performance as selective layers. Two
characterization approaches have been adopted to identify defects in zeolite membranes,
notably direct and indirect techniques. Direct techniques give a visual observation of defects
and mainly include microscopic techniques like scanning electron microscopy (SEM), while
indirect techniques are based on the analysis of experimental data of species permeance that
gives information about the number and size of defects.

3.1. Direct techniques

3.1.1. Scanning Electron Microscopy (SEM)

SEM is usually used to observe pinholes, cracks and grain boundaries defects. Fig. 5 shows

examples of SEM images of cracks defects that have taken place in different membranes,



including zeolite beta, NaY, and zeolite-Pd membranes. Generally, two forms of cracks can be
distinguished, namely continuous and discontinuous cracks. Continuous cracks go from the
membrane support to the zeolite layer and are known for cutting the membrane into pieces.
Moreover, because of their larger size, these cracks have a negative significant impact on the
membrane selectivity. Whist, discontinuous cracks occur only at the level of zeolite crystal as
shown in Fig. 5¢c. Fig. 6 displays a pinhole defect found in NaA zeolite membrane. The pinhole
refers to a region on the zeolite layer’s surface in which zeolite seeds were pierced into the
support’s pores under the vacuum force. It is worthy to note the difference between pinholes
and a discontinuous zeolite layer. This latter results from the non-continuous seeding of the
zeolite layer before crystallization. Conversely, a continuous seeded layer can induce pinholes
after membrane preparation. SEM images in Fig. 7 show grain boundaries caused by the size
of seeds. Usually, seeds with larger grains lead to the formation of defective zeolite layers. It
should be mentioned that the main limitation of the SEM technique is that it only allows the
visualization of surface defects. However, it can also be employed to characterize volume
defects carrying out SEM cross-views, but it is still not evident enough to provide accurate
information about the defect.

Fig. 5. Cracks defects on the surface of (a) zeolite beta membrane (b) NaY zeolite membrane

and (c) zeolite-Pd membrane [44—46].
Fig. 6. Pinholes defects on NaA zeolite membrane prepared from varyied concentration of
seed solution (a) 0.5 wt% (b) 1 wt% (c) 2 wt% [47].
Fig. 7. (a) Top-view and (b) cross-view of grain boundaries defects on NaA zeolite
membrane [47].
3.1.2. Fluorescence confocal optical microscopy (FCOM)
FCOM technique enables direct inspection and three-dimensional visualization of open grain

boundaries, and sometimes for cracks identification. FCOM is based on the analysis of a dye



that passes through defects in a zeolite membrane. It should be mentioned that the choice of the
fluorescent molecule is crucial; it should easily pass through defects. Therefore, the fluorescent
molecule must be smaller in size than inter-crystalline defects. The FCOM images are
interpreted as follows: the bright spot in the image means the presence of dye molecules, which
refers to defects, and the dark surface indicates defect-free parts [48]. Lee et al. used FCOM
technique to localize grain boundaries in MFI zeolite membrane [48]. It was reported that the
contact time between the membrane and the dye solution plays a high role in screening defects.
The longer the contact time is, more defects appear clearly in images. From Fig. 8, it can be
seen that only a few bright spots showed up at a contact time of 7 days, however, when the time
was increased to 15 days, the images became brighter suggesting that the dye solution further
diffused to all grain boundaries existing in the zeolite layer. Hong et al. reported the
characterization of cracks and grain boundaries in MFI zeolite membrane using sodium salt of
fluorescein C20H10Na20s as a dye having a size of approximately 1 nm [49]. Cracks were easily
observed after 2 days of dying (Fig. 9b2-b3) in contrast to grain boundaries that took 8 days to
completely appear (Fig.9d1-d3). These findings suggest that dye solution easily accumulates
in cracks because their size is greater than that of grain boundaries. Cracks occurred in the
middle of the MFI zeolite membrane (Fig. 9¢c2,c3), while grain boundaries were found at the
membrane thickness, starting from the zeolite layer to the interface between the support and the
membrane. The FCOM technique is considered non-destructive method [50], but it is restricted
to the analysis of thick membranes because of the limited resolution of images [23]. When
FCOM is utilized to characterize thin membranes, the concentration of dye should be reduced
compared to that used for thicker membranes, in order to obtain accurate data and avoid

interferences during analysis.



Fig. 8. FCOM images of MFI zeolite membrane in contact with dye molecules for (a) 7 days
and (f) 15 days 10 um [48].

Fig. 9. FCOM images of defects in MFI membrane (b2,b3) cracks at 2 days of dyeing
(indicated by red and yellow lines), (c2,c3) grain boundaries at 4 days of dyeing (indicated by
white circles) and (d2,d3) grain boundaries at 8 days of dyeing. The scale is 10 um for all
images [49].

3.2. Indirect techniques

3.2.1. Gas permeation

Gas permeation is based on the measurement of the ratio of single gas permeance of species.
This method involves selecting two compounds: (i) small molecule that is allowed to diffuse
faster in the zeolitic pore, and (ii) molecule with a larger size that is excluded. To provide
information about the size of defects, researchers have used theoretical models that are
established based on diffusion mechanisms. Generally, the transport of gas in zeolite pores is
governed by surface diffusion or Knudsen diffusion. Surface diffusion includes three steps
notably adsorption, diffusion and desorption [23]. While, Knudsen diffusion describes the
transport of gas molecules by means of collisions with pore walls. The permeance of species
through defects is also governed by Knudsen, but it can also occur by viscous flow or a
combination of the two mechanisms [51]. Viscous flow takes place when gas molecules are
struck by other gas molecules instead of the inner surface of pores [51]. Gas permeation relies
on the fact that before calcination, gas molecules permeate through defects by means of
Knudsen and viscous flow mechanisms as long as the zeolite pores are blocked with the organic
template used for membrane synthesis. After calcination, gas molecules transfer through
activated zeolite pores after the organic template removal following Knudsen mechanism.
Sorenson et al. measured the ratio of single gas permeation of Hz/i-CH4, N2/i-CHa, and He/i-

CHato evidence the existence of defects in NaA zeolite membrane [52]. i-CHg4 is selected due



to its larger kinetic diameter than NaA zeolite pores, which means that the permeation of i-CHa
is primarily taking place through defects. It was reported that the transport of gas molecules is
due to Knudsen diffusion. The number of defects was determined from the Knudsen diffusion
ratio given by Eq. (1). The He/i-CHa4 ratio was found to be 3.8, which means that the flux of He
is 3.8 times higher than i-CHa flux. The He/i-CHa ratio of the membrane is 4.5, which results

in a flux of He through defects of 84%. [52].

o /i g1 Mw,i
@ (i) 1K) = [t 1)

Noting that M(w, i) and M(w, i,) are molecular weights of gas i; and i,, respectively.

In another work, defects in DDR zeolite membrane were assessed using the single gas
permeation ratio of Hz/i, where i is He, CHa, N2, Oz, CO2 and i-C4Ha0. The obtained values were
compared to the Knudsen factor. It was found that the theoretical values calculated from Eq.
(1) are close to the ratio of single gas permeation suggesting the presence of large defects [53].
It is noteworthy that gas permeation technique is not useful for membranes that contain a lower
number of defects because it is unable to detect small variations in gas permeation.

3.2.2. Permporosimetry

Permporosimetry technique is employed to quantify the number of defects via the measurement
of He permeance through zeolite membrane. The concept of this technique is based on the use
of a condensable component called adsorbate, which blocks zeolite pores while allowing a non-
condensable gas (He) to permeate only through defects [23]. Permprosimetry data thus provide
the percentage of He permeance through defects. Qu et al. applied this technique to evidence
the existence of defects in NaA zeolite membrane, using He as the non-condensable gas and
alcohols (ethanol, methanol and isopropanol) as adsorbates [54]. Adsorbate vapor was added
to He in the feed, and the He permeance was measured while varying the adsorbate activity. It
was concluded that as adsorbate activity increases, He permeance decreases. When using

isopropanol, it was adsorbed into defects rather than into zeolite pores, because its size (0.48
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nm) exceeds that of NaA zeolite pores. For ethanol, which has a size close to that of zeolite
pores, a small amount is adsorbed resulting in the expansion of NaA zeolite crystals leading to
the reduction of the size of defects, and hence decreasing the permeance of He. The same
behavior was observed for methanol, which has a pore size smaller than NaA zeolite pore and
is completely adsorbed, resulting in a significant decrease in permeance. It can be concluded
that the choice of the condensable component is extremely important because it could affect
defect characterization; thus it is recommended to select a component that does not swell zeolite
crystals. In this context, Lee et al. obtained different results when characterizing defects in MFI
zeolite membrane using benzene and n-hexane. When using benzene, it was found that 9% of
the He flux passes through defects, whereas only 4.5% of the He flux was detected with the use
of n-hexane. These results were explained by the expansion of MFI zeolite because of the
presence of n-hexane and consequently reducing the size defects. Therefore, benzene is
considered as a good candidate to characterize MFI zeolite membrane using permporosimetry
technique [55]. Another work reported the use of n-hexane/He to quantify defects in MFI zeolite
membrane [56]. Experiments revealed that the He permeance through defects constituted 10%
of the total He permeance. It was also found that defects represent 0.19% of the total area of
the membrane, noting that the majority of defects have a size less than 2 nm.

Permporosimetry technique is considered as a non-destructive and simple method for
characterization of defects, especially those with a size less than 1 nm [23]. Table 1 gives a

summary of advantages and drawbacks of both direct and indirect characterization techniques.
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Table 1

Advantages and drawbacks of characterization techniques of defects.
4. Sources of defects in zeolite membranes

4.1. Formation of defects during membrane preparation

4.1.1. Nature of the support

The occurrence of defects could be originated from the support in terms of morphology and
properties (roughness and thermal expansion). Generally, the degree of smoothness of the
support should be optimized in a way to avoid the peeling off of the zeolite layer if the surface
is very smooth or the absence of adherence between the layer and the support if the surface is
very rough [57]. Zhou et al. attributed the formation of cracks in MFI zeolite membrane to the
roughness (Ra=907 nm) of alumina support [58]. The support has a non-plate shape containing
hills and pits as shown in Fig. 10a-b. The zeolite film takes the shape of the support during the
crystallization of zeolite layer causing the formation of cracks in rough areas. Moreover, the
authors affirmed the interest of polishing the support prior the deposition of zeolite layer. The
adopted approach is highly likely lead to the acquisition of a defect-free membrane. However,
in another study, it was shown that the smooth surface of the support might also develop cracks
[59]. Two a-alumina supports with different morphologies and degrees of smoothness were
used to prepare ZSM-5 and SSZ-13 membranes. One support has a very smooth surface, while
the other is rougher and contains curvatures. It was found that more cracks are observed in the
membrane prepared on the smooth support in comparison with the rougher support. The authors
explained that the roughness makes the zeolite layer less attached to the support.

Zeolite membranes are grown on various supports geometry, like flat, tubular and monolithic
configurations [60]. The preparation of zeolite membrane on monolithic support is more
challenging since the control of the uniformity of seeds deposition on the support is difficult

due to its geometry [61]. Ma et al. reported that silicate-1 zeolite membrane deposited on 61-
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channel monolithic support exhibits some boundary defects [62]. This was attributed to the
seeding step, in which the support was seeded using dip-coating method. The reproducibility
of seeding on monolithic support should be improved. The types of defects able to occur during
the seeding step are discussed in Section 4.1.3.

Coefficient of thermal expansion (CTE) of the support also plays a crucial role in controlling
defects. A big difference in coefficients between the support and the zeolite produces thermal
stress that could induce cracks and grain boundaries [42]. It is of a vital importance to choose
a support that has CTE comparable to the zeolite material. Akhtar et al. selected two supports
with different CTEs to evidence their roles in defect formation in MFI zeolite membrane [42].
The first support was made of alumina (a commercial substrate), while the second support was
prepared from silicate-1, which is made from the same material as the zeolite membrane.
Alumina and silicate-1 have CTEs of + (8-8.8)x10% and - (1-3) x10°° C, respectively. The
membrane supported by the alumina substrate contains cracks and grain boundaries because of
the mismatch between the zeolite layer and the support, which resulted from the difference in
CTEs. On the other hand, the membrane supported by the silicate-1 substrate is free from cracks
due to the similarity of the CTEs of both the support and the zeolite layer. Das et al. evaluated
the impact of the modification of clay-Al203 support with SiO2 particles on the occurrence of
defects in SAPO-34 membrane [63]. When the zeolite layer was deposited on an unmodified
support, it was observed that zeolite crystals have random orientation at the surface of the
membrane as displayed in Fig. 11b. Besides, a gap forms between the zeolite layer and the
support. In the same context, Deng et al. reported that MFI zeolite membrane prepared on the
unmodified a-alumina substrate developed grain boundaries, contrary to the membrane
prepared on the modified support with the deposition of silica layer [64]. Silica provides silanol
groups Si-OH at the surface of the support. The presence of hydroxyl groups promotes the

nucleation and adherence of MFI zeolite crystals due to van der Waals interactions and H-
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bonding between OH groups of the SAPO-34 crystals and OH groups of the modified silica
support. For this reason, the modification of the substrate surface is highly recommended in

order to enhance the nucleation and growth of the zeolite film [12,63].

Another parameter to consider is the curvature of the support that has an impact on defects
occurrence. Zeolite membranes grown on a support with a curved surface, like tubular or hollow
fiber supports, may face greater challenges related to thermal expansion phenomenon [65].
Chen et al. investigated the effect of surface curvature of Al2O3 hollow fiber support on defect
formation in prepared MFI zeolite membrane [65]. It was found that supports with high
curvatures exhibit more intercrystalline gaps in the membrane. This may result from the

difference in thermal expansion coefficients of Al20s support and the MFI zeolite layer.

Fig. 10. SEM images of (a) hill and (b) pit at the surface of alumina support, (c) cracks at the
foot of a hill and (d) at the bottom of a pit [58].
Fig. 11. Cross-view images of SAPO-34 membrane prepared on (a) modified (b) unmodified
support [63].

4.1.2. Source of precursors

The crystallization of zeolite materials could be impacted by the source of Al and Si precursors
because they control the zeolite phase. Zhu et al. selected 3 types of silica sources, namely
colloidal silica (CS), precipitated silica (PS) and tetra-ethylorthosilicate (TEOS) to investigate
which type is likely to generate defects in ZSM-5 zeolite membrane [66]. It was found that
TEOS allows to obtain a discontinuous zeolite film and intercrystalline boundaries. This is
attributed to the type of TEOS that is considered a monosilica, which is likely to form small
zeolite crystals. On the other hand, the membrane prepared from PS shows amorphous materials
that are resulted from the heterogenous gel containing precipitates of silica after crystallization.
The study revealed that CS is the most appropriate to prepare a dense and continuous ZSM-5
layer. Lee et al. used sodium metasilicate and fumed silica for the preparation of NaA zeolite

membrane [67]. The use of fumed silica as a Si source results in non-uniform coverage of the
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support in addition to the presence of non-zeolitic pores and defects like pinholes as shown in
Fig. 12b. This is related to the occurrence of sodalite phase coexisting with NaA zeolite.
Contrarily, zeolite crystals using sodium metasilicate are dense and display a well-defined
shape as shown in Fig. 12a. Zhang et al. tested various Al sources for the synthesis of NaA
zeolite including aluminum sulfate, aluminum isopropoxide, aluminum hydroxide and alumina
[68]. The experimental results show that the Al precursor highly impacts the zeolite crystal
phase. Aluminum sulfate and aluminum isopropoxide allow to obtain NaA zeolite crystals,
while aluminum hydroxide leads to sodalite phase with traces of NaA zeolite crystals. However,
alumina results in the formation of amorphous phase.
Fig. 12. SEM images of synthesized NaA zeolite membranes from (a) sodium metasilicate
(defect-free membrane) (b) fumed silica (defective membrane) [67].

4.1.3. Seeding technique

Seeding step plays a major role in preparing defect-free membrane. Existing seeding techniques
reported in the literature include dip-coating, spin-coating, rub-coating, dry rolling, vacuum
seeding, etc. [69-72]. The efficiency of seeding methods could be linked to the shape and the
roughness of the support and could also be related to the number of seeding cycles. Isa et al.
examined the impact of dip-coating and vacuum seeding on the preparation of uniform NaY
zeolite membrane [45]. It was observed that the seeded membrane using vacuum seeding
exhibits cracks due to the effect of vacuum. This latter force leads to the accumulation of seeds
on the surface of the support, resulting in the formation of a thick layer. The increase in the
thickness may increase the probability of developing cracks during hydrothermal treatment.
Dip-coating method leads to the apparition of pinhole-like defects on the upper surface of the
zeolite membrane due to the incomplete seeding of the support. During dip-coating, capillary

and gravitation forces are responsible of the transport of seeds towards the support. When the
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support is saturated with water by capillary force, the transport of seeds is stopped. This is the
reason for the incomplete coverage of the support.

Alam et al. reported the problems associated with manual seeding during the preparation of
SAPO-34 zeolite membrane, and compared the results to other seeding technique i.e., dry
rolling [69]. When the membrane undergoes manual seeding, the resulting layer is
heterogeneous with low coverage of zeolite seeds, which indicates that the layer is defective.
The zeolite layer formed by the dry rolling technique is homogeneous and compact. However,
it should be noted that the parameters controlling the dry rolling technique may also cause
defects such as broken seeds on the support surface due to mechanical forces caused by high
rolling speed. Table 2 provides a summary of some seeding techniques that have been detailed
in the literature and their corresponding defects.

The variation of particle size of seed may also result in defects formation. Nazir et al.
investigated the effect of three seed sizes ranging from 750 to 5500 nm on the formation of
NaX zeolite layer [73]. Membranes synthesized with the largest seeds exhibit more visible
intercrystalline gaps. On the other hand, membranes prepared with smaller seed sizes displays
better zeolite crystals intergrowth. This reveals that employing larger seeds promotes the
occurrence of defects. These findings are consistent with the results reported by Wang et al.
[74]. The authors studied nanosized (50 nm) and commercial micro-sized seed (0.7-1.4 um) in
the preparation of FAU zeolite membrane. The produced membrane using micron-sized seeds
exhibits micron-scale voids within the membrane layer. Comparatively, the smaller gaps
between nanoseeds leads to reduce defects in the FAU zeolite membrane.

Table 2

Seeding techniques of zeolite membranes.

4.1.4. Crystallization Kinetics
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Synthesis process of zeolite membranes is considered a complex operation because several
parameters are involved at the same time. These parameters control the purity of synthesized
zeolite material, structural properties, amount of defects and membrane thickness. This section
focuses on the effect of temperature, time of crystallization, and Si/Al ratio on defect formation.
4.1.4.1. Crystallization time

It is known that crystallization time is the main factor that controls the thickness of the
membrane. In general, short synthesis time allows the formation of thinner membranes that
have a greater chance of developing defects in comparison to thicker membranes [24]. Sakai et
al. assessed the impact of varying crystallization time from 6 to 336 h on the defect formation
in silicate-1 zeolite membrane [77]. When the crystallization time comprises between 72 and
120 h, the membrane exhibits a significant amount of grain boundaries defects resulting from
the incomplete crystals growth. As the crystallization time increases, the membrane becomes
thicker and presents only a few defects. In the same context, Wang et al. demonstrated that short
synthesis time causes incomplete growth of MFI zeolite layer [78]. However, they have found
that a short synthesis time could be sufficient if it is accompanied by multiple hydrothermal
cycles. They observed that there is less attachment between zeolite crystals after one
hydrothermal cycle. Whilst, when the number of cycles increases from 1 to 2 cycles of 2 h of
crystallization, the defects are remarkably reduced.

The synthesis time may induce a phase transformation of the zeolite, which is also considered
a form of defect. For instance, when the time of synthesis prolongs during the preparation of
NaA zeolite membrane, then NaA zeolite undergoes phase transformation to SOD zeolite. This
transition creates intercrystalline pores, which would be responsible for cracks formation [18].
Mu et al. studied the effect of synthesis time on the creation of defects in SAPO-34 zeolite
membrane by modifying the time from 8 to 22 h during the synthesis stage [14]. For a synthesis

time of 8 h, the prepared membrane is thinner compared with the membrane produced after 22
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h. This long time of synthesis causes the formation of intercrystalline defects that are probably
due to insufficient time of crystal growth.

4.1.4.2. Crystallization temperature

Synthesis temperature is also considered a crucial parameter that may cause the creation of
defects in zeolite membranes. Synthesis temperature mostly generates the transformation of
zeolite phase and/or formation of other zeolite impurities [79]. Achiou et al. demonstrated that
increasing the temperature of synthesis from 60 to 80 °C during the synthesis of NaA zeolite
membrane promotes the crystallization of P-type zeolite which is an undesired zeolite phase
(Fig.13) [19]. Moreover, this increase in temperature results in a reduction in the size of zeolite
crystals. Elsewhere [80], zeolite Y also displays a change of phase with the variation of
synthesis temperature from 85 to 100 °C. It was observed that an amorphous phase is formed
beside zeolite Y at 85 °C, and this is attributed probably to the small size of zeolite Y particles.
While at 90 °C, a pure zeolite Y was synthesized. Once the temperature was raised to over 90
°C, it was found that another zeolite phase appears, which is zeolite P. The change in
temperature has a strong impact on the crystallization kinetics of zeolites, including nucleation
and crystal growth. The increase in temperature favors the growth of crystals, whereas the
decrease of temperature promotes nucleation, resulting in small zeolite crystals [80]. Jafari et
al. varied the crystallization temperature from 80 to 100 °C during the preparation of A-type
zeolite membrane [81]. When the temperature was between 80 and 100 °C, the formed zeolite
layer is not uniform and some pinholes are detected on the surface of the membrane due to the
incomplete growth of the zeolite layer. It was found that 100 °C is the appropriate temperature
to obtain a membrane with high crystallinity. Liu et al. studied the impact of crystallization
temperature in the range of 100-120 °C on the preparation of Si-rich LTA zeolite membrane
[82]. It was reported that the increase in the temperature leads to an improvement in crystallinity

in the studied temperature interval. However, when the temperature exceeds 120 °C, inter-
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crystalline boundaries take place in Si-rich LTA membrane. These defects could occur because
of the presence of impurity crystals that form at high temperatures. Furthermore, zeolite crystals
go from a smooth edge to a sharp cubic crystal when the crystallization temperature is increased,
which implies that the crystallinity of zeolite is also impacted.
Fig.13. SEM images of synthesized membranes at (a) 60 °C and (b) 80 °C [19].

4.1.4.3. Si/Al ratio

The composition of the batch synthesis has a significant role in ensuring the absence of defects
in the zeolite membrane. Basically, when the Si/Al ratio in the batch synthesis is high, the
membrane exhibits fewer defects than a membrane with a low Si/Al in the batch [24]. Yu et al.
studied the influence of the Si/Al ratio on the creation of defects in NaA zeolite membrane [17].
Si/Al ratio was varied from 5 to 9 in the synthesis batch. Cracks occur at the surface and the
bottom of the zeolite layer at Si/Al ratio of 5 and 6. Additionally, holes are also detected in the
single crystal surface for Si/Al ratio of 6. When the Si/Al ratio is increased to 9, the obtained
layer is discontinuous, and the crystals exhibit a spherical morphology that is different from
that of NaA zeolite. In another work, the Si/Al ratio in batch synthesis of CHA zeolite
membrane was augmented from 20 to 100. It was revealed that as the Si/Al ratio increases, the
defects density decreases [83]. At a low Si/Al ratio of 20, CHA zeolite membrane presents
cracks between the zeolite layer and substrate, and then they propagate to the interface.
However, when the Si/Al ratio increases the amount of cracks decreases and are smaller than
those present in CHA membrane with Si/Al ratio of 20. Kosinov et al. investigated the effect of
variation of Si/Al ratio from 5 to 100 in the batch synthesis on the appearance of defects in
SSZ-13 zeolite membrane [13]. The membrane exhibits grain boundaries when batch synthesis
contains a Si/Al ratio of 5. However, when the Si/Al ratio is increased to 100 zeolite crystals

are well grown. The behavior of defects with the variation in Si/Al ratio is shown in Fig.14. It
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reveals that when the Si/Al ratio increases, the number of grain boundaries is significantly
diminished.
The increase/decrease in Si/Al ratio could also be responsible of the occurrence of defects in
the form of impurity phases. Wang et al. demonstrated that the increase in the Si/Al ratio from
10 to 40 for the preparation of FAU membrane results in the formation of NaP zeolite crystals
[74]. This impurity phase in the membrane layer could easily lead to the formation of in inter-
crystalline defects, pinholes and cracks. Conato et al. confirmed that the change in the Si/Al
ratio impacts the formation of zeolite phase [84]. For example, the increase or decrease in the
Si/Al ratio for the formation of FAU zeolite could lead to the appearance of binary phases
notably FAU and GIS (polymorphs zeolite P).

Fig. 14. Hydrogen flux through defects SSZ-13 zeolite membrane [13].
4.1.5. Membrane thickness
It is well-know that there is a strong relationship between the thickness of the zeolite layer and
the amount of defects. Generally, with the decrease in membrane thickness, the membrane has
a greater chance to form defects. On the other hand, it is obvious that the selectivity of the
membrane could increase with the increase of membrane thickness, but in the presence of
defects, the selectivity is strongly impacted. Qiu et al. evaluated the presence of defects in thin
and thick SSZ-13 zeolite membrane by comparing their performances in the separation of
CO2/CH4[85]. It was found that the thin membrane is more defective than the thick membrane.
The authors explained that defects are more likely to take place in thin membranes because
there are grain boundaries that could be resulted from the gaps between crystals that have small
sizes. It is generally assumed that the amount of cracks could increase when the membrane
thickness decreases [86]. However, Sakai et al. demonstrated that thick membranes could also

develop cracks [77]. For instance, silicate-1 zeolite membrane exhibits more cracks when the
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thickness increases [77]. It is important to optimize membrane thickness in order to achieve
high membrane selectivity.

4.1.6. Template removal

The selection of the template is crucial because it affects the physicochemical properties of
synthesized zeolite, phase purity and crystal size [24]. It is necessary to eliminate the template
to maintain the microstructure of zeolite. This step is considered crucial during membrane
preparation because it could be responsible for the creation of defects in zeolite membranes,
especially cracks [87].

The most common method of template removal is calcination [88,89], which is usually carried
out at high temperatures (superior to 400 °C) with a slow heating rate to not generate defects.
However, calcination is always accompanied with thermal stress [90], which refers to shrinkage
of the zeolite layer [91]. Increasing the calcination temperature could increase defects
generation [92]. Nai et al. evaluated the size and distribution of defects after template removal
via calcination at 450 and 550 °C during the preparation of Fe-ZSM-5 membrane. The calcined
membrane at 550 °C presented much higher amount and larger defects than the membrane
calcined at 450 °C. At 450 °C, the percentage of defects was estimated to be 31.1% of the total
open area, including mesoporous and microporous defects (0.6-2 and 2-6 nm, respectively),
while at 550 °C, the percentage of defects could reach 78%.

Donato and coworkers compared the effect of two heating profiles on the formation of defects
in MFI zeolite membrane during template (tetrapropylammonium) removal [93]. The first
heating profile is fast, reaching 450 °C in 8 h, while the slow profile reaches 450 °C after 24 h.
Afterwards, the membrane is maintained at 450 °C for 2 h, which means that in total, the
operating time was reduced by 14 h from the slow to the fast profile. Fast thermal treatment
induces more cracks in the zeolite layer than slow treatment. The authors found that this could

be created because template removal encourages the accumulation of gaseous species inside
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the layer, causing cracks. On the other hand, the expansion phenomenon could also explain the
cracks appearance considering the dissimilarity of the expansion coefficients of MFI zeolites
and alumina support.

To avoid or reduce defects generated during the calcination, it is recommended to adopt new
approaches such as ozonication [94] and rapid thermal processing (RTP) [95]. Lee et al.
demonstrated the interest and efficiency of using RTP prior the conventional calcination during
the template removal in SAPO-34 zeolite membrane [48]. During RTP, the membrane was
heated to 700 °C within 1 min, then it was cooled using water recirculation. Afterwards, the
membrane was subjected to conventional calcination at 480 °C for 10 h at a rate of 0.5 °C/min.
It was found that the selectivity of the membrane is improved, which means that grain
boundaries are reduced. In another work, different approaches of template removal were used
to compare their contribution to defects formation in SAPO-34 zeolite membrane [96]. The first
approach is conventional calcination at 400 °C for 4 h. The second one is RTP at 700 °C for 1
min, then cooling to 400 °C followed by conventional calcination at the same temperature for
4 h. It was found that RTP favors the decomposition of the template which participates in cracks
reduction. This finding is also confirmed by the increase of selectivity by 80% of the membrane
treated by RTP compared to the conventional calcined membrane.

Ozonication technique is also used to remove the template from the zeolite layer with oxidation
in an ozone environment at low temperatures. Wang and coworkers utilized this method for the
removal of template from DDR zeolite membrane at 200 °C in the O3/O2 mixture [97]. It was
found that cracks don’t occur contrarily to calcined membrane. The sufficient time to remove
totally the template was estimated to over 60 h. From this, it is seen that this method requires a
long time to the complete removal of the template. The advantages and drawbacks of the cited

template removal methods are presented in Table 3.
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Table 3.

Advantages and inconvenient of the cited template removal methods.

4.2. Formation of defects related to membrane application

It is well known that the framework structure of zeolite membranes could be affected during
application, leading to the generating of defects. It was reported that the structure of MFI zeolite
membrane could change when separating organics/water mixture [16]. Water content and the
operating temperature were found to have a considerable impact on the stability of MFI zeolite
membrane. At 80 °C, the crystallinity and structure of MFI zeolite membrane are damaged. As
a result, silanol defects are formed because of hydrolysis of the MFI zeolite membrane. When
separating ABE (acetone, butanol and ethanol) aqueous solution via the pervaporation process,
it was observed that there is amorphous silica in the zeolite membrane, and the shape of edges
and corners become indistinguishable after pervaporation. This phenomenon refers to the
corrosion of zeolite crystals [16]. Elsewhere [98], it was demonstrated that MFI zeolite layer
remains instable after pervaporation experiments for separation of ethanol/water mixtures
varying the temperature from 60 to 140 °C. Internal defects that take the form of silanol groups
are formed in the membrane because of the presence of hydroxide ions in alkaline media. The
MFI zeolite membrane remains unstable because of the reaction between ethanol and silanol
groups. As a result, MFI zeolite crystals significantly dissolve after 6 h of pervaporation due to
the hydrolysis phenomenon that takes place when the zeolite membrane is exposed to water at
high temperatures (110 and 140 °C). However, at lower operating temperatures, the MFI zeolite
membrane is more stable during the separation of butanol/water mixture. LTA zeolite
membrane is affected during water immersion depending on exposure time [99]. When the
membrane is in contact with water for 3 days, the zeolite layer degrades as shown in Fig. 15,
caused by the dissolution of LTA zeolite layer. It was supposed that this defect does not

propagate to the interface between the support and the zeolite layer. After 12 days of contact,
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the dissolution is stronger and propagates in the surface, beside the appearance of inter-
connected cracks due to dealumination/desilication process.

Qu et al. studied the effect of water adsorption onto NaA zeolite membrane behavior during the
dehydration of alcohols (ethanol, methanol and isopropanol) [54]. They concluded that NaA
zeolite undergoes expansion as the water feed increases, which results in reduction of defects.
It can be evidenced from all these studies that water content in the feed strongly affects the
stability of zeolite membranes.

The application of zeolite membranes in acid media is responsible for defect creation and acid-
corrosion during pervaporation experiments [100]. Acids could damage the zeolite membrane
framework due to the dissolution process, and cracks formation could take place [101]. CHA
zeolite membrane shows cracks after dehydration of acetic acid. On the other hand,
dealumination phenomenon in the zeolite framework also takes part. This means that the Si/Al
ratio of the zeolite is changed. More specifically, this ratio is increased after pervaporation
experiments. Grain boundaries could also appear in acidic media for Al-rich zeolite framework,
like MOR, because of the dealumination process that manifests easily [102]. Hasegawa et al.
studied the stability of NaA zeolite membrane in acid medium, varying the contact time from 5
to 100 min [103]. NaA zeolite membrane shows cracks in contact with sulfuric acid for 50 and
100 min as displayed in Fig. 16b-c, and an amorphous-like material is seen on the surface of
the membrane treated with acid for 50 min. Furthermore, hydrolysis leads to the dissociation of
Si-O and/or Al-O bonds, which causes destruction of the structure. The Si/Al ratio also
decreases from 1.06 to 0.51 after 100 min of exposure to acid. Moreover, the membrane
becomes thinner with the increase in contact time.

In another study, exposure to methanol during the separation of CHsOH/H2 mixture leads to the
destruction of the structure of SOD zeolite membrane [104]. When SOD crystals are exposed

to 5% methanol at 240 °C for 3 h, the structure is deformed. Increasing the feed temperature to
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270 °C caused the complete agglomeration and dissolution of SOD crystals, which reveals that
the sodalite structure is not stable under these operating conditions.
Fig.15. Top-view SEM images of LTA zeolite membrane after (a) 3 days and (b) 12 days of
water exposure [99]
Fig. 16. SEM images of NaA zeolite membrane after (a) 5 min, (b) 50 min and (c) 100 min of
treatment by solutions containing 0.1 mL of sulfuric acid [103].

5. Reparation techniques of defects in zeolite membranes

In order to achieve high separation performance, the zeolite membrane has to be free from any
kind of defect. This perfect membrane is rarely achievable, especially for the fabrication of
membranes with large surfaces. Therefore, it is necessary to adopt a reparation approach to
eliminate defects in zeolite membranes when it is tricky to avoid defects formation [23].
Researchers have worked on the development of diverse methods to successfully treat defects.
Various strategies were studied, and they could be classified into two approaches. The first
approach is related to the optimization of synthesis method during the preparation of the
membrane, while the second approach concerns the repair of defects after membrane
preparation and is referred to as post-treatment methods [86]. In some cases, the modification
of the synthesis process might be efficient for defect reparation. For instance, it is well known
that microwave heating is recognized as a good method to prepare zeolite membranes with no
or few defects [105]. Wei et al. proposed a novel method to patch defects in NaA zeolite
membrane during preparation. In this method, the synthesis solution is supplemented with
methylcellulose (MC) in order to control the growth of zeolite crystals. Additionally, MC can
be easily removed after membrane preparation [105]. The mechanism of synthesis is explained
as follows: Si/Al content in the hydrogel penetrate the pores of the support, while MC particles
are hardly adsorbed because of their molecular mass. Consequently, a protective layer is formed

during microwave heating due to the gelification of adsorbed MC particles. Thus, it helps to
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avoid the accumulation of Si and Al content on the surface of the support. Furthermore, it was
also proved that the number and size of defects decrease with the increase of the synthesis
cycles (multi-stage synthesis).

Post-treatment method consists in blocking defects after membrane preparation using molecule
that has a specific size to enter in defects, but does not access to zeolite pores. Fig. 17 displays
two possibilities for healing defects after membrane preparation.

Vaccum-wiping deposition (VWD) method was tested to repair defects in beta zeolite
membrane using spherical polyelectrolyte complex (PEC) nanoparticles [44]. PEC
nanoparticles were used as a filler to penetrate into cracks generated during calcination. PEC
nanoparticles have the advantage of stable ionic cross-linking, which means that PEC
nanoparticles have strong polarity that enhances the diffusion in the membrane [44]. After the
reparation of defects, the membrane was tested for the separation of methanol/methyl tert-butyl
ether mixture, which shows that the flux decreases with the increase of VWD cycles. More
importantly, it was proven that this repair method significantly improves the selectivity of the
membrane.

Vacuum assisted deposition (VAD) was reported by Mu et al. to patch intercrystal/cracks
defects in SAPO-34 zeolite membrane using porous organosilica as shown in Fig. 18 [14].
Three VAD cycles were considered optimal to cover only the cracks rather than covering zeolite
crystals with organosilica, which was selected thanks to its nanopore structure. The membrane
was tested for CO2/CHa4 separation after reparation and shows that the selectivity is remarkably
enhanced by a factor of 2-3 compared to the untreated membrane. Xu et al. used also the same
technique using sodium alginate to eliminate non-zeolitic pores in NaA zeolite membrane
[106]. Sodium alginate molecule was selected as a filler due to its capacity to form an ionic-
cross-linking hydrogel. After VAD treatment, the separation factor of the membrane is

enhanced seven times.
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Korelskiy et al. used coking technique to block grain boundaries of MFI zeolite membrane using
isopropanol as a coke precursor [107]. Coke formation was carried out at 350 °C and varying
the time from 1 to 25 h. This treatment leads to a 70% decrease in permeance through defects
when increasing the coking time to 25 h, which means that grain boundaries are blocked.

In another work, micro-defects reparation was studied in ZSM-5 zeolite membrane using CVD
technique [86]. It was demonstrated that this method is efficient for reducing defects that have
a size smaller than 2 nm via the deposition of carbon in the defects. It should be noted that it is
recommended to work at temperatures below 800 °C to avoid cracks creation during CVD for
ZSM-5 zeolite membrane. The membrane selectivity for H2/SFs and He/SFe increases after
treatment, which confirms the success of the CVD technique in sealing micro-defects.

Karimi and co-workers give a simple method to plug grain boundaries in MFI zeolite membrane
through the deposition of amorphous silica layer on the surface of the membrane [56]. The
membrane was dipped in a polymeric silica solution and then calcined. Permprometry data
reveal the reduction of the amount of grain boundaries from 0.19 to 0.12% from the total
membrane area after modification. The separation factor of CO2/H2 increases from 8.5 to 36.0
after modification, while the CO: flux declines by 40%.

Zhou et al. studied the healing of defects on SSZ-13 zeolite membrane using chemical liquid
deposition technique [108]. Experimentally, two steps are taken place: (i) silanization by
siloxane polymer on the surface of the membrane, and (ii) polymerization of the siloxane in
order to form a polymer layer on the top of the membrane. The advantage of this method is
energy saving since it operates at lower temperatures, like 80 °C, compared to CVD, which
operates at 800 °C. After membrane reparation, the selectivity of CO2/CHa4 increases by a factor
of 9 while the CO2 permeance decreases by 15%.

Molecular layer deposition (MLD) technique was used to reduce non-selective defects/inter-

crystalline pores in SSZ-13 zeolite membrane [109]. MLD consists in creating organic-
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inorganic thin coatings on the membrane substrate in order to control non-zeolitic pore size.
Dong et al. used TiCls and ethylene glycol as precursors for the MLD modification. The study
showed that MLD may block the defects in the membrane.
Therefore, it can be concluded that reparation techniques are important to improve zeolite
membranes performances and are required when it is very hard to avoid defects formation.
Generally, post-treatment methods of zeolite membranes could help to achieve higher
selectivity accompanied with loss in permeability. However, it is worth noting that these
methods may present some drawbacks. For instance, they could damage the zeolite membrane
in the case of high temperatures during treatment [44]. Also, the reparation methods are costly
since they require high operating temperatures. Table 4 summarizes of some strategies used to
repair or reduce defects.
Table 4
Methods of reparation of defects in zeolite membranes.
Fig. 17. Methods of healing defects in zeolite membranes [25].

Fig. 18. Defects healing in SAPO-34 zeolite membrane using VAD technique [14].
6. Conclusion and perspectives
Zeolite membranes possess significant potential for use in liquid and gas separations owing to
their unique properties that make them unique materials for separation technology. Despite
considerable efforts, several limitations persist in scaling zeolite membranes. The primary
challenge lies in preparing defect-free zeolite membranes. Defects affect membrane selectivity
by allowing molecules to permeate through non-selective pathways. The preparation of thin,
defect-free membranes with high flux without compromising selectivity is highly demand.

Thus, developing efficient strategies to eliminate or minimize defects is crucial.
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This review comprehensively explores the complex phenomenon of defects in zeolite
membranes with the aim of elucidating their origins. It provides a detailed guideline for both
industrial and scientific researchers is zeolite membrane, with key points outlined as follows:

- Defects typically occur during membrane preparation or within applications. They may also
arise due to the instability of zeolite membranes in certain solvents or acidic media under
specific conditions.

- Achieving defect-free zeolite membranes can be accomplished by precisely controlling
synthesis parameters to optimize nucleation and growth steps. Crucial parameters include time
and temperature of crystallization, concentration and nature of precursors, seeding techniques,
and the nature and properties of the membrane support.

- Various techniques for characterizing defects in zeolite membranes can be employed to
elucidate morphology and quantify defects. The advantages and drawbacks of each technique
are presented to aid in selecting appropriate characterization techniques for targeted defects.

- Significant advances have been made in repairing defects in zeolite membranes, particularly
when their creation is difficult to avoid. These methods help enhance membrane selectivity.
Healing methods are categorized into two approaches: optimizing membrane preparation and
using post-treatment methods after membrane preparation. Post-treatment methods efficiently
reduce defects in zeolite membranes; however, some methods may lead to additional issues like
pore blockage, especially those based on filling defects such as coke deposition. A summary of
post-treatment methods is provided to determine the appropriate technique for each type of
defect. Despite significant research progress in zeolite membrane preparation, existing studies
do not provide a complete understanding of defect control.

The authors propose that future research on zeolite membranes should focus more on the aspect

of defects. Directions from this review include:
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- Identifying and classifying different types of defects in zeolite membranes, with an advanced
classification considering morphology, size and source of the defect.

- Deepening understanding of the formation mechanisms of defects in zeolite membranes
through fundamental analyses of mechanisms like nucleation and growth of zeolites, which can
improve various approaches to membrane preparation and enhance reproducibility.

- Employing advanced characterization techniques to reveal all types of defects, especially
microdefects, for evidencing morphology and size.
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Table 1 Advantages and drawbacks of characterization techniques of defects.

Technique Advantages Drawbacks
- Non-destructive
SEM - High resolution of images - Limited to surface defects
- No time consuming
§ - Limited to thick membrane
O
2 _ _
S - Time consuming
3
§ - Non-destructive - Low image resolution
3 FCOM
- 3D visualization of defect - Requires the use of a
specific software to treat
images
- Unable to detect small
variation in poorly defective
Gas permeation - No specific equipment membrane
2 - Sensitive to the nature of the
g
< condensable component
O
[<B]
E - Non-destructive
[¢B]
| -
"g -Simple operation -Adsorbed molecules may

Permporosimetry  -Practical for defects with a

size less than 1 nm

affect crystal size
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Table 2 Seeding techniques of zeolite membranes.

Seeding Zeolite Defect Remarks References
technique type
- To increase the coverage
zeolite layer, repeated
NaY coating cycles are necessary
Dip-coating  SAPO-34 Pinholes - Not appropriate for tubular  [45,75,76]
Zeolite T substrates because of the
impact of gravitation forces
- Long process
Vacuum - Rapid process
NaY Cracks [45]
seeding - Thick layer
- Easy process
Non-uniform - Mechanical damage of
Rub-coating  SAPO-34 [76]
layer zeolite seeds
- Thick layer
- Easy process
Manual Inhomogeneous
SAPO-34 - No specific equipment is [69]
seeding layer

required

- Not reproducible
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Table 3 Advantages and drawbacks of the cited template removal methods.

Method Advantages Drawbacks
-High efficiency -High energy consumption
Calcination -Minimal chemical -Slow process: prolonged

Rapid thermal processing

Ozonication

consumption

-Short processing time

heating times

-Requirement of many RTP

cycles

-Longer times of template

-Reduced thermal stress
removal

Table 4 Methods of reparation of defects in zeolite membranes.

Defect type Zeolite source of defect Proposed solution  Reference
membrane
Polishing the support
Support roughness
Cracks MFI before membrane [58]
preparation
Cracks SAPO-34 Calcination VWD treatment [44]
Cracks SAPO-34 Calcination VAD treatment [14]
Silica deposition at
Lack of adherence
Intercrystal the surface of the
SAPO-34 between the support [63]
voids support as an

and zeolite film

intermediate layer
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Highlights

e Reviewed direct and indirect characterizations of defects in zeolite membrane.
o Deeply discussed experimental factors generating defects in zeolite membranes.
¢ Reported specific healing techniques to deal with defects in zeolite membrane.

e Suggested future directions for preparing defect-free zeolite membranes.

53





