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7.1 Zeolites

Zeolites are silicate or alumino-silicate crystalline materials formed by three-dimensional
(3D) network of SiO,4 and AlOy tetrahedral configuration with open micropore size of
2 nm. Shared oxygen atoms link the 3D networks, creating linked cages or cavities.
There are almost 100 different structural types of zeolite with difterent pore size, shape,
and interconnectivity [1]. Some of the zeolites are shown in Fig. 7.1. The composition of
the zeolite framework plays a vital role in determining the properties of the zeolites. The
Si/Al ratio in synthetic zeolites varies considerably from 1:1 for zeolite X to near infinity
in silicalite. These differences affect the hydrophilicity and acidity of the zeolites.
Depending on their size, shape, and chemical characteristics, a combination of properties
causes zeolites to interact very selectively with adsorbed molecules. Zeolites are known to
exhibit microporous characteristics with uniform pore dimensions along with excellent
1on exchange properties and ability to develop internal acidity, high thermal stability, and
a high internal surface [2]. These features lead to their unique activity and selectivity,
therefore making them suitable to be applied in liquid and gas separation.

7.1.1 Preparation of zeolite membranes

According to Tavalaro etal. |2], the preparation of zeolite membranes can be done in four

stages.

1. Pretreatment of the supports, involving thermal and plastic treatment, chemical treat-
ment (preparation of anchoring layers) and mechanical treatment.
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Fig. 7.1 Structures of four selected zeolites (from top to bottom: faujasite or zeolites X, Y; zeolite
ZSM-12; zeolite ZSM-5 or silicalite-1; zeolite Theta-1 or ZSM-22) and their micropore systems and
dimensions. Adapted from J. Weitkamp, Zeolites and catalysis, Solid State lonics 131 (2000) 175—188.
DOI: 10.1002/9783527630295 with permission.

2. Synthetic methodology, which includes in situ synthesis on supports using gel or clear
solution, seeding, etching, and microwave synthesis.

3. Impregnation on a stable or temporary support.

4. Elimination of small defects by chemical vapor deposition (CVD) method or selective
coking.

In this chapter, the preparation of zeolite membranes is divided into self-supported mem-

branes and membranes prepared with supports.

7.1.1.1 Zeolitic crystalline membranes: Self-supported membranes
Self-supported zeolitic membranes prepared without supports

Anideal molecular sieving zeolitic membrane is a self-supported film made of thin, dense,
and appropriately oriented zeolites [2]. A continuous and highly oriented membrane,
with submicrometer thickness, requires a colloidal suspension nanometer-sized crystal
precursor, followed by secondary growth of these particles to form a continuous film.
Nanosols composed of packed zeolite particles with interzeolitic pores are used for mem-
brane deposition. The pores can be closed through secondary growth (seeded growth
procedure). Jung prepared TS-1 zeolite fiber films and monoliths using similar conditions
[3], and it was found that the formation of fibers and films was aftected by the high reac-
tivity of the nanosized TS-1 zeolite and the crystalline content in aqueous solution.
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On the other hand, Xu used a colloidal silica TPABr (tetrapropylammonium bro-
mide) gel system under increased gravity to produce stronger films with better handling
characteristics than membranes synthesized at normal gravity [4]. The high centrifugal
force at increased gravity facilitates the intergrowth of the growing crystal. However,
research also indicates that the increase in aluminum content will cause difficulty in pro-
ducing good-quality zeolite films. Besides, a high-strength self-supporting NaA zeolite
membrane was prepared from a geopolymer membrane through in situ hydrothermal
transformation processing [5]|. After the hydrothermal process, the surface and inner
amorphous geopolymer membrane were converted into the zeolite crystal phase and
the volume of the micropores of the hydrothermal sample changed from 0 to
0.049 cc g~ '. The membrane showed high compressive strength, approximately
57 MPa. Apart from that, a low-cost self-supporting membrane with high strength, good
stability, and efficient separation capabilities was synthesized from faujasite zeolite
through in situ hydrothermal synthesis [6]. This study indicated that extending hydro-
thermal treatment time enhanced the relative crystallinity and surface density of the zeo-
lite membrane. As the membrane showed good performance in separating alcohol/water
system with low-cost materials, it can be used as a substitute for traditional zeolite mem-
branes for large-scale industrial demand.

Self-supported zeolitic membranes prepared on temporary supports

After the crystallization process, zeolitic films can be synthesized and detached from their
substrate (temporary support) to form self-supported films. Sano et al. have synthesized
self-supported ZSM-5 zeolite films on Teflon sleeves [7]. The outer and inner side of the
film showed significant differences, with the outer side of the film showing the aggrega-
tion of crystals, while no clear shape of zeolite crystals was observed in the inner side of
the film. Sano et al. also synthesized highly siliceous zeolite films of silicalite and ZSM-5
by using cellulose molding [8]. The study revealed that the zeolite synthesis using filter
paper needed a longer crystallization period compared to the Teflon slab. However, zeo-
lite films prepared using cellulose molding were found to be highly siliceous with high
structural strength; the shape of zeolite film can be controlled easily. Anderson and his co-
workers prepared a self-supported membrane using polymeric material as temporary
supports [9]. Self-supporting polycrystalline films of zeolites ZSM-5 and gmelinite,
one crystal thick, have been synthesized on polytetrafluoroethylene (PTFE) and polysul-
fonated styrene substrates. ZSM-5 film was synthesized using tetrapropylammonium
bromide or hexadiamine as templates, whereas gmelinite film was synthesized using
Dab-4-Br polymer as a template. The prepared films exhibited high crystallinity and high
adsorption capacities and demonstrated the potential for growing molecular-sieve
membranes. The polymer, made of 1,4-diazobiciclo (2.2.2) octane (DABCO) and
1,4-dibromobutane, seems to have a strong anchoring effect on the zeolite during
membrane synthesis. Yamazaki also used PTFE as a temporary support to produce a
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modernite membrane with prismatic crystals of 30 £ 50 mm in length formed at the
hydrogel side and rectangular prisms on the plate side [10]. The membrane could be easily
peeled off from the substrate without any damage. The Si:Al ratio of the membrane was
independent of the crystallization period and was about 6.5 and 7.5 for the hydrogel and
plate sides, respectively. Another type of self-supported zeolite membrane known as
hydroxysodalite (HS) was synthesized successtully by hydrothermal method using natural
kaolin [11]. In this research, the synthesis of an HS zeolite membrane from an extruded
tube of kaolin was investigated. Firstly, kaolin was calcined at 500—850°C to the meta-
kaolinite phase, and then the zeolitization experiments were carried out under hydro-
thermal conditions. The resultant metakaolinite was reacted with NaOH solutions in
autoclaves at 100°C. The X-ray diffraction (XRD) patterns of the membranes exhibited
peaks corresponding to the zeolite.

7.1.1.2 Zeolite composite membranes: Zeolitic membranes on stable supports
Zeolite membranes on metallic supports

Self-supported zeolitic membranes are known to have fragile and unstable characteristics,
making them unsuitable for most applications. Therefore, most researchers prefer to use
supported membranes for their studies. Synthesis mixture containing silica, tetrapropy-
lammonium, and water was used to form continuous silicalite-1 layer supported on
porous sintered stainless steel at 353 K by using hydrothermal method [12]. The overall
porosity of the support was 0.52 while the top layer had a porosity of over 0.6 and an
average pore size of about 50 pm. The average pore size of the coarse part was about
200 pm. The SEM images revealed that the membrane consists of a relatively large layer
of intergrown silicalite-1 crystals on top of the porous stainless-steel support. However,
there were randomly oriented crystals, which were not well interconnected, that grew on
top of the intergrown layer. Therefore, the real membrane thickness may be less than the
observed 50—60 pm.

Another type of metallic supported membrane known as A-type zeolite membranes
were prepared on nonporous stainless steel (55 X 35 X 1.5 mm) by using the electropho-
retic method [13]. To prepare the membrane, the support surface was first polished with
700 grit-sand paper, then cleaned with deionized water in an ultrasonic cleaner before
being immersed in 0.1 mol L™" hydrochloric acid solution for 4 h. The support layer
was again cleaned with deionized water before proceeding to the electrophoretic synthe-
sis method. Then, two metal supports were placed vertically on a Teflon holder and then
were placed vertically in stainless steel autoclave. The synthesis solution was poured into
the autoclave, and then the autoclave was sealed with a rubber plug. A DC power supply
used was varied from 0 to 2.0 V. After crystallizing for 1-12 h at 363 K, the solution was
removed, and the membrane was washed with the deionized water, and then dried. The
results showed that the negatively charged zeolite particles were able to migrate to the
anode metal surface evenly and rapidly under the action of the applied electric field,
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consequently formed a uniform and dense membrane in a short time. The results also
indicated that applied potential had a significant eftect on membrane formation. Zeolite
membranes prepared with 1V potential produced more uniform and denser zeolite
membranes compared to the other applied potential.

Zhang reported the preparation and separation testing of a NaA (or 4A-type) water-
selective zeolite membrane supported on a robust, porous Ni sheet 50 pm thick [14]. The
substrate of membrane (Ni) was coated with NaA seeding crystals of 0.3 pm prior to the
slip-coating process being performed to obtain good coverage of NaA seeds on the sub-
strate. Then, the hydrothermal synthesis was continued to obtain the NaA membrane.
Metal-supported clinoptilolite membranes were also prepared by Farjoo et al. to study
the hydrogen permeation of the membrane [15]. The membrane preparation involved
the coating of the pretreated stainless-steel tubes with clinoptilolite powder, 50 wt% alu-
minosilicate binder, and 25 wt% distilled water. Coated tubes were air-dried at room
temperature and pressure before being sintered at 371°C at 2°C min™~ ' for 4 h. The
coated tubes were also subjected to a second coating. The resulting single- and
double-layered membranes were 50 and 80 pm thick, respectively.

Zeolite membranes on ceramic supports

A ceramic-supported zeolite membrane is another option to produce better stability
of zeolite membrane. Basumatary et al. prepared three types of zeolite membrane,
MCM-41, MCM-48, and FAU, on alow-cost, circular ceramic support by hydrother-
mal treatment [16]. The sintered ceramic supports were polished with abrasive paper
(no. C-220) and were cleaned before being subjected to zeolite synthesis gel in a Tef-
lon autoclave reactor for hydrothermal reaction. After treatment, the membranes were
washed and sintered.

Further, an NaY zeolite membrane was prepared on an alumina disk by a secondary
method (rubbing), and the influence of the ceramic supports investigated [17]. The NaY
zeolite membrane was prepared using the secondary growth (rubbing) technique as
shown in Fig. 7.2. The crystals deposited on the ceramic support (a-alumina or y-alu-
mina) were then carefully rubbed manually, then was fixed with a Teflon holder in a
70-mL Teflon-coated autoclave. The synthesis gel containing precursors of NaY zeolite
(60 mL) was then placed in the autoclave at 90°C for 7 h duration.

The SEM image showed that the a-alumina or y-alumina is completely covered with
Y zeolite crystals. The membrane exhibited hydrophilic characteristics and demonstrated
excellent performance for oil rejection, both for NaY/a-alumina and NaY /y-alumina.

Xu and coworkers synthesized Zeolite X membranes by in situ hydrothermal synthe-
sis method on porous a-Al,O3 ceramic tubes [18]. The ceramic tubes with a pore size of
50—200 nm were precoated with zeolite X seeds or precursor amorphous aluminosilicate.
The zeolite X crystals were synthesized by the classic method and mixed into deionized
water as a slurry with concentration of 0.2-0.5 wt%. Zeolite seed was deposited into
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Fig. 7.2 Zeolite membranes preparation by secondary growth method (rubbing). Adapted with
permission from A. dos S. Barbosa, A. dos S. Barbosa, T.L.A. Barbosa, M.G.F. Rodrigues, Synthesis of
zeolite membrane (NaY/alumina): effect of precursor of ceramic support and its application in the
process of oil-water separation, Sep. Purif. Technol. 200 (2018) 141—154. DOI: 10.1016/].
seppur.2018.02.001.

Zeolite membrane NaY

pores near the inner surface of alumina tubes and crystallization was allowed for 24-96 h,
at 95°C. The thickness of top layers reported was 10-25 pm and zeolite crystals can pen-
etrate into pores of the supports as deeply as 100 pm. From this study, precoating of zeo-
lite seeds on supports was proven to shorten the synthesis time and improve the
membrane strength.

Surface modification on a ceramic substrate is one of the best means to achieve a uni-
form layer of zeolite membrane on the ceramic. Silicalite-1 zeolite film (membrane) was
grown hydrothermally via secondary crystallization on porous alumina discs through its
surface modification with 3-aminopropyl triethoxysilane (APTES) [19]. The same
silicalite-1 membrane was prepared on the unmodified support surface via secondary
crystallization for comparison purpose. A schematic for the formation of a silicalite-1
membrane (film) on a porous ceramic substrate through surface modification technique
is shown in Fig. 7.3.

Compared to that crystallized (ex situ) on an unmodified support surface, a better
interlocking of the silicalite-1 crystals was obtained in the film after the secondary crys-
tallization (ex situ) of the seed-coated support modified with APTES as shown in Fig. 7.4.

Recently, a new method for synthesizing ZSM-5/NaA hybrid zeolite membrane on
170-mm-length ceramic tubes was reported [20]. The new method employed kaolin as
the modified layer in the process of hydrothermal synthesis. Firstly, kaolin was filtrated on
the surface of the support as the modified layer. The kaolin layer served as the interface
interlinkage among support, NaA membrane, and ZSM-5 membrane layers, apart from
promoting the growth of zeolite membranes. Therefore, more compact and



Development of advanced nanocomposite membranes

T
APTES Substrate | —=> 27N N
[ | (_S“—O;(/_)\/\/E
T
C,H50H, 100°C, 4h, S'=9
I autoclave heating APTES Substrate
X
Surface modified substrate | == || T &L_ 5 T O
2 O o NN Z
=L T £ /
Silicalite-1 seeds, PNO §—o0

Il C,H5OH, 100°C, 4h,
autoclave heating

o
°
[0]
Surface modified substrate [— E —OE'(T)\/\/
coated with silicalite-1 seeds =N/
o

C,H50H, H,0, TPACH,
i Si0,,130°C, 30h,
secondary crystallization

Growth of silicalite-1 crystals
and formation of thin film —>

on the substrate surface

Fig. 7.3 A schematic for the formation of a silicalite-1 membrane (film) on a porous ceramic substrate
through surface modification technique. Adapted with permission from M.K. Naskar, D. Kundu, M.
Chatterjee, Silicalite-1 zeolite membranes on unmodified and modified surfaces of ceramic supports: a
comparative study, Bull. Mater. Sci. 32 (2009) 537—541. DOI: 10.1007/512034-009-0080-2.

Fig. 7.4 SEM image of silicalite-1 film grown by secondary crystallization (ex situ) (A) on seed-coated
ceramic support modified with APTES. (B) Unmodified ceramic support. Adapted with permission from
M.K. Naskar, D. Kundu, M. Chatterjee, Silicalite-1 zeolite membranes on unmodified and modified surfaces
of ceramic supports: a comparative study, Bull. Mater. Sci. 32 (2009) 537—541. doi:10.1007/512034-009-
0080-2.
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homogeneous NaA and ZSM-5 zeolite layers were formed. The permeation separation
experiments also demonstrated that the performance of ZSM-5/NaA hybrid membrane
was better than that of the monolayer zeolite membrane with the permselectivities of H,
over CO,, N,, CO, and CH,4 being 5.40, 4.65, 4.70, and 3.93, respectively, being higher
than the corresponding Knudsen diffusion coefficients.

7.1.1.3 Zeolite-filled polymeric membranes

Another method to obtain a good zeolitic membrane is to bind together the polymeric
materials with the zeolite crystals. Evcin and Tutkun prepared zeolite-filled polymeric
membrane using two types of zeolites, namely, zeolite 3A (hydrophilic type) and
silicalite-1 (hydrophobic type) [21]. The zeolites were activated by heat treatment to
remove the residual contaminant. Silicalite-1 was activated at 600°C and zeolite 3A at
400°C for 6 and 4 h, respectively, and kept in a desiccator at room temperature.
Zeolite-filled PDMS membranes were obtained from 60% isooctane solution of precur-
sors and various quantities of desired zeolites. The homogeneous mixtures were placed
on a clean and smooth glass plate using a doctor’s blade, and the casting solution was
allowed to be evaporated at 70°C in an oven for 12 h and cooled to room temperature.
The obtained elastomer material was immersed in a water-ethanol for the phase-
inversion process. The zeolite-filled PDMS membranes were tested for their perfor-
mance for pervaporation.

Duval et al. prepared zeolite-filled glassy polymeric membrane for gas separation
properties [22]. However, the main problem of this study is to ensure that the zeolite
particles are properly attached to the glassy polymers. Therefore, to overcome this prob-
lem, Duval and his coworkers modified the surface of zeolite particles with a silane agent.
The modified zeolites showed good attachment with the PEI polymer as it showed
improvement of the internal structure of silicalite-filled PEI membranes. Duval also
explained that the proper attachment might be due to the amino functional silanes, which
efficiently improve the adhesion of thermosetting, and thermoplastic resins to mineral
surfaces. The mechanism often assumed or postulated is the formation of an interpene-
trating polymer network (IPN) at the mineral surface when no reaction between the
amino group of the coupling agent and the polymer chain is possible. The improvement
observed in this study might be due to the formation of an IPN with the silane coupling
agent; the polymer chains remain in contact with the mineral surface upon evaporation of
the solvent. The gas permeation results, however, could not illustrate this improvement.

Novel polymeric membranes were prepared by incorporating the 13 X zeolite into
chitosan (CS) by solution casting [23]. The preparation involved the incorporation
of zeolite into the chitosan membrane with the presence of glutaraldehyde as a crosslin-
ker. In this study, the amount of chitosan was kept constant, whereas the amount of
13 X zeolite was varied. The chitosan membrane showed preferential permeation to
water for 5%—40% water-in-feed compositions. The experimental results further
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revealed that both the flux and selectivity increased simultaneously with increasing zeo-
lite content in the membrane. The presence of zeolites in the membrane matrix proved to
be able to increase the hydrophilicity, selective adsorption, and molecular sieving action
of the membrane. These might be due to the creation of pores by the zeolites in the mem-
brane matrix. The membrane containing 30 wt% of zeolite shows the highest separation
selectivity of 1620 at 30°C for 5 mass% of water in the feed.

7.1.2 Application of zeolites membranes for separation

7.1.2.1 Gas separations

The good attributes of zeolite membranes might benefit several important industrial pro-
cesses such as air separation (N»/QO5) [24], the recovery of hydrogen from gas mixtures
(H2/N,, Hy/CO, Hy/CO,, Hy/hydrocarbons) [25], hydrocarbon separation (olefins/
paraffins, linear/branched isomers) [26], and CO, capture from natural gas [27]. How-
ever, there are no documented commercial examples of zeolitic membrane applications
in gas separations, perhaps due to the relative difficulty of producing defect-free zeolitic
membrane fabrication as well as the lack of novel design of cost-effective, high area pack-
ing density zeolitic membrane modules to compete with commercial spiral-wound or
hollow-fiber polymeric gas separation membrane modules [28]. Therefore, more and
more research has been conducted to fulfill the demand from industry, particularly to
produce a good-quality commercial membrane with inexpensive material.

The CO; separation over CH, in the zeolite is due to the favorable adsorption of CO,
over CHy. For most zeolites, for example, faujasite (FAU) and MFI types, the separation
performance normally decreases with increasing temperature as well as the molecular
sieving mechanism due to their different molecular kinetic diameters with CO, of
3.30 A and CH, of 3.80 A [29,30]. The selectivity of CO,/CHy, is quite dependent
on the zeolite material composition. ZSM-5, with larger pores of 5.5 A, displayed a lower
selectivity, around 5 at room temperature [31]. Comparably, more promising membranes
are made from SAPO-34 or DDR -type zeolites, having pores of 3.8 and 3.6 A, respec-
tively. SAPO-34 zeolite membrane on porous alumina supports exhibited a CO,/CH,
selectivity range from 86 to 171, with CO, permeabilities of 20,000—-40,000 Barrer [32].

Significantly improved zeolite membranes for N,/CH, separation were prepared by
using high-aspect-ratio zeolite seeds. Semicircular seeds with a high aspect ratio (AR)
facilitated the growth of thinner continuous SAPO-34 membranes of much higher
quality [33]. These membranes showed N, permeances as high as (2.87 £ 0.15) x
107" molm 25 ' Pa ! at 22°C with N,/CH, selectivity (9—11.2 for equimolar mix-
ture). These thinner SAPO-34 membranes were able to increase the N, permeance by
1.4 times, with the addition of more silicon, without sacrificing the N,/CH, separa-
tion. Another type of zeolite membrane was prepared from SAPO-34 by secondary
growth in the absence of organic templates via hydrothermal treatment with micro-
wave heating [34]. In this study, the researchers were able to produce a continuous

171



172

Nanocomposite membranes for water and gas separation

SAPO-34 molecular sieve membrane with the avoidance of organic templates, the cal-
cination defects, and environmental pollution. The membrane also displayed
extremely high CO,-CH, separation performance. Nevertheless, continuous and high
silica SSZ-13 zeolite membranes were prepared on porous mullite supports from high
S10,/Al,035 ratio or aluminum-free precursor synthesis gel [35]. From the research, it
was found that single gas permeance (CO, and CHy) of the high silica SSZ-13 zeolite
membrane decreased with the SiO,/Al,Oj ratio in the precursor synthesis gel, while
the ideal CO,/CHj selectivity of the membrane was gradually increased.

Another study was conducted to produce good separation performance of DDR3
zeolite membrane for separation of CO, and N, from CHy [36]. The study compared
two synthesis methods on the performance of the membrane to separate CO, and N,
from CH,. The synthesis of DD3R zeolite membrane with low SiO,/H,O ratio
(<0.01) 1s a better method to create a DD3R zeolite layer with good quality on the sur-
face of alumina support. The low SiO,/H,O ratio led to better coverage of the support
surface by a dense zeolite layer and performed well for the separation of CO, and N,
from CH,.

7.1.2.2 Liquid separations

Pervaporation

Pervaporation is considered one of the most promising technologies for liquid separations
in the biorefinery, petrochemical, and pharmaceutical industries, especially for some lig-
uid mixtures that are not suitable for filtration [37]. When a liquid mixture is in contact
with one side of the membrane, the membrane absorbs components. The adsorbents dif-
fuse through the membrane and evaporate as permeates on the other side of the mem-
brane, induced by a vacuum or gas purge. The difference in sorption and diftusion leads
to the separation of components. A type of zeolite membrane, which has been applied in
large-scale production, is a zeolite NaA layer (LTA structure type) on a tubular alumina
support. Other types of membranes are at the stage of laboratory research or pilot tests.
Zeolite NaA membranes are used in pervaporation processes to remove water from mix-
tures of organic/water. Usually, high-cost operations are used, such as variable pressure
distillation and extractive or azeotropic distillation. The use of membrane technologies
can reduce resource and energy consumption. NaA membrane showed high efficiency
due to the optimum pore size for the filtration of water molecules (0.296 nm) and its
hydrophilic properties [38]. The first partly commercial introduction of zeolite mem-
branes was performed by the Mitsui Engineering & Shipbuilding Corp. (Japan) in
1999 using a plant with a membrane area of 60 m” [39]. The plant is used to dehydrate
organic liquids, primarily ethanol, via pervaporation or separation of vapors and the
capacity of the plant was 50 L h™'. Tubular membranes with a length of 80 cm were
assembled into modules; each of these modules contained 125 components. Apart from
Mitsui Company, other companies such as Nano-Research Institute Inc. (XNRI), a
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100% subsidiary of Mitsui & Co., and the European alliance between Smart (United
Kingdom) and Inocermic (Germany) produced a hydrophilic LTA zeolite layer on
ceramic tubular support [40]. The membrane showed a good selectivity in the separation
of water from organic solutions by steam permeation and pervaporation. XNRI has
installed vapor permeation units in Brazil (3000 L day ') and India (30,000 L day ")
at an operation temperature of 130°C for the water removal of bioethanol using LTA
membranes.

Then, XNRI developed a high flux faujasite membrane of types X and Y on
o-alumina support, a more chemically stable membrane compared to LTA membranes.
For test mixtures of water (10 mass%) and ethanol (90 mass%) at 75°C the X-type
achieved fluxes of 6-9 kgm > h™', with a separation factor of 100-400 whereas the
Y-type able to achieve fluxes of 4 kgm > h™', with a separation factor of about 150.
The collaboration between Smart Chemicals Development and Inocermic GmbH sup-
ported membranes of type LTA are produced in a half-industrial scale in Germany
(see Fig. 7.5).

Fig. 7.5 Semitechnical pervaporation plant for the dehydration of ethanol in the United Kingdom. The
modules of 5.8 m?> membrane area each are equipped with 4-channel Smart zeolite membranes
produced by the Inocermic GmbH, Germany. Adapted with permission from J. Caro, M. Noack, P.
Kolsch, Zeolite membranes: from the laboratory scale to technical applications, Adsorption 44 (2005)
215-227.
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Water treatment

Zeolite membranes have been extensively studied for more than 15 years. Most of the
research has focused on the potential for zeolite membranes in gas separation and perva-
poration processes. However, a few years ago, molecular dynamic simulation proved the-
oretically that zeolite membranes are able to remove ions from aqueous solution through
reverse osmosis. Hydroxysoldalite (HS) zeolite membrane prepared through a hydro-
thermal method on porous tubular mullite support (14-mm outer diameter, 10-mm
inner diameter, and 10-cm length) showed promising RO performance for concentrated
solutions containing different types of cations [41].

Zeolite membranes are also used in the treatment of wastewater and desalination process
due to their promising characteristic regarding thermal and chemical stability for liquid sep-
aration. An MFI-type zeolite membrane was developed on a tubular a-alumina substrate
by a combined rubbing and secondary hydrothermal growth method [42]. When saline
wastewater was fed at 7 MPa to the zeolite membrane, it showed a salt rejection of
80% based on electrical conductivity (EC) and a flux of 4 L m™> h™'. When the operating
pressure was set at 3 MPa, slightly lower salt removal was observed. The EC of feed water
showed the increment over 48 h test time, indicating the 43% water recovery, yet the EC
reduction remained >70%, and the flux remained at around 2 L m~> h™" throughout the
test period. This indicated that the membrane was resistant to organic fouling and the chlo-
rine stability studies also confirming the chemical stability of the zeolite membranes.

The incorporation of zeolites nanoparticles into TFC RO membrane is also known to
improve the water permeability of the membrane. However, some of the zeolites, for
instance, NaA, might limit the application of the TFN for seawater desalination. There-
fore, the chemically stable silicalite-1 nanoseolite was incorporated into the skin layer of
the RO composite membrane via interfacial polymerization technique [43]. The mem-
brane exhibited excellent chemical stability toward acid and multivalent cation, com-
pared with the NaA-mixed membrane. Besides, silicalite-1 showed a better
permeability than NaA, due to larger channel pores and a higher water diffusion rate
in silicalite-1. Therefore, silicalite-1 mixed membrane has great potential in large-scale
seawater desalination. A study to separate trivalent salts (FeCl; and AICl;) from aqueous
solution using Faujasite (FAU) zeolite composite ultrafiltration on ceramic support pre-
pared by facile uniaxial support showed a maximum rejection of 81% for FeCl; and 75%
for AICl; at an applied pressure of 276 kPA for feed concentration of 250 ppm [44].

Yurekli incorporated the NaX nanoparticles in PSf membrane to remove lead and
nickel cations from synthetically prepared solutions [45]. The performance of the hybrid
membrane was determined under dynamic conditions. From this study, the sorption
capacity and water hydraulic permeability of the membrane can be improved by tuning
the fabrication condition, for example, the evaporation period of the casted film and the
NaX loading. The maximum sorption capacity of the hybrid membrane for the lead and
nickel ions was measured as 682 and 122 mg g~ ', respectively (60 min of filtration, 1 bar
of transmembrane pressure). The coupling process suggested that membrane architecture
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could be efficiently used for treating metal solutions with low concentrations and trans-
membrane pressures.

7.2 Metal-organic framework (MOF)

Metal-organic frameworks (MOFs) are a new class of porous hybrid organic/inorganic
materials, with zeolite-like features. MOFs are known to be stable up to temperatures
above 200°C, and are characterized by very high surface areas, due to the porosity of
the structures [46]. The MOF structures consist of metallic clusters and organic linkers;
these combinations give many possible arrangements between metals and organic com-
pounds to form particles with different textural, chemical properties, porosity, and flex-
ibilities [47]. The nodes of the MOF structure are formed from metal ions, or metal ion
clusters called secondary building units (SBUs), and organic ligands bridge the SBUs in
regular, geometric patterns [48]. The wide diversity of SBUs and connectivity of the
ligands allows for a variety of networks. For instance, a combination of Zn*" with
1,4-benzene dicarboxylic acid (Hybdc) yields IRMOF-1. When the same metal is com-
bined with different ligand (2-methylimidazole), ZIF-8 will form. The different MOFs
structures are shown in Fig. 7.6.

7.2.1 Preparation of MOFs membranes

7.2.1.1 In situ preparation

Growth on unmodified support

The synthesis of ZIF-8 through in situ growth involves only one step; immersing the
support in the growth solution without any preattached crystal on the surface of the
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Fig. 7.6 MOF structures with different metal and organic linkers. (A) represents the important MOFs
reported for high gas storage properties, (B) ditopic carboxylate linkers with different lengths to
produce a variety of MOFs materials with the same network topology. Adapted with permission
from Y. Zhao, Z. Song, X. Li, Q. Sun, N. Cheng, S. Lawes, Metal organic frameworks for energy storage
and conversion, Energy Storage Mater. 2 (2016) 35—62. doi:10.1016/j.ensm.2015.11.005.
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support. All the nucleation, growth, and intergrowth of crystals on the substrate occur
during the same fabrication step [49]. However, Shah et al. [49] noted that the absence
of strong interfacial bonding is a common challenge in the fabrication of MOF on the
native substrate. This might be affected by the surface chemistry of the support, for exam-
ple, the zeta potential and surface acidity [50]. Xu et al. [51] reported on the in situ
growth of ZIF-8 on alumina hollow fiber membrane outer layer from a concentrated
synthesis gel with a molar composition of 1 Zn*": 8 Hmim: 75 methanol. The alumina
hollow fiber membrane was heated at 80°C overnight before being placed in Teflon-
lined autoclave. The ZIF-8 synthesis solution was poured into the autoclave, and heating
ata given temperature (25°C, 100°C, and 150°C) for 5 h. The ZIF layer is well grown on
ceramic substrate, and its thickness is about 6 pm with some ZIF-8 crystals is likely to
present in the pores of alumina support. The FIB-SEM image of the cross-section of
ZIF-8 layer reveals that ZIF-8 layer also possesses many irregular-shaped microcavities.

Fig. 7.7 SEM images of ZIF-8 membranes supported on the ceramic hollow fiber prepared from the
high-concentration synthesis gel at 100°C for 5 h: (A) surface, (B) cross-section created by FIB, (C) cross-
section, and (D) elemental mapping image of the cross-section. Adapted with permission from G. Xu, J.
Yao, K. Wang, L. He, P.A. Webley, C. sheng Chen, H. Wang, Preparation of ZIF-8 membranes supported on
ceramic hollow fibers from a concentrated synthesis gel, J. Membr. Sci. 385—386 (2011) 187—193.
doi:10.1016/j.memsci.2011.09.040.
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Fig. 7.7 shows the SEM image of the prepared membrane. Apart from that, in situ growth
of ZIF-8 using interfacial synthesis approach was reported by Li et al. [52]. In this
approach, ZIF-8 membranes were synthesized on porous polyethersulfone supports
based on a liquid-liquid interfacial coordination mechanism by firstly, saturating the sub-
strate with the aqueous zinc nitrate, followed by pouring an octanol-based
2-methylimidazole solution on the surface. After a certain reaction time, a selective
ZIF-8 layer was formed on the porous polymeric support. According to the cross-section
images, the ZIF-8 layer only has a thickness of around 250-300 nm.

Growth on modified support

As mentioned in the previous section, the ZIF-8 membrane on unmodified supports is
prone to several problems, such as cracking. Therefore, a further modification of the sup-
port surface is sometimes crucial to develop a crack-free ZIF-8 membrane. McCarthy
et al. [53] reported the synthesis of ZIF-8 membranes by modifying the support with
ligand 2-methylimidazole solution through a thermal deposition method. The ligands
bonded to the surface of the support through an activation process, forming a strong
aluminum-nitrogen covalent bond at 200°C. The researchers also mentioned that the
presence of sodium formate is also important to obtain continuous and thoroughly inter-
grown ZIF-8 membranes because the high pH value sparked the deprotonation of surface
linkers, enhancing the quality of the membrane formed.

For the poorly intergrown membrane, a secondary growth method was applied using
the membrane as seeded support and regrown into a well-intergrown membrane in the
presence of sodium formate. The researchers also found zinc chloride to be a better zinc
source compared to zinc nitrate in forming a well-intergrown ZIF-8 membrane. How-
ever, no film was obtained after a synthesis time of 36 h using zinc chloride without the
presence of sodium formate.

In 2013, Zhang et al. reported on a scalable and straightforward method for preparing
low-defect ZIF-8 tubular membranes, by modifying the substrate surface with an ultra-
thin ZnO layer, followed by surface activation with Hmim solution [54]. The ZnO and
Hmim reacted, creating uniform nucleation sites on the surface of the ZnO layer. This is
thought to be responsible for the good performance of the membrane in terms of its per-
meability and permselectivity. Moreover, the resulting excellent adhesion between the
ZIF-8 and ZnO also prevented delamination.

Wang et al. [55] reported on the in situ growth of ZIF-8 on porous alumina and zinc
oxide hollow fiber membrane, with only 5-6 pm thickness with a crack-free ZIF mem-
brane, which exhibits excellent hydrogen separation performance. The surface functio-
nalization with Hmim is one of the vital aspects for successful ZIF growth. It is believed
that the Hmim could react with ZnO to form a series of Hmim coordinated Zn** com-
pounds, which are important precursors to promote the embryonic ZIF-8 nuclei.
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7.2.1.2 Secondary (seeded) growth

In comparison with the in situ growth method, the secondary or seeded growth method
involved the seeding of nuclei onto the support where the membrane would subse-
quently grow [56]. Algieri et al. also stated that their method is favorable due to the thin-
ner and less defective membrane produced because each step involved can be
independently manipulated. However, this method is relatively complex compared to
the in situ growth method explained earlier. The seeding method can be done through
various techniques, for instance, dip-coating [57,58], rubbing [59], reactive seeding [60],
and immersion [61].

In 2012, Pan et al. synthesized the ZIF-8 membrane by dip-coating using a seeded
hydrothermal growth on yttria-stabilized zirconia (YSZ) fiber support [58]. In the
method, YSZ support was dipped in the seed suspension for 10s, producing a
~2.5 pm membrane. However, the overall coverage of the ZIF-8 particles was relatively
low due to the blockage of the seeds inside the pores of the YSZ. Venna and Carreon [62]
also reported on the synthesis of ZIF-8 membrane using secondary seeded growth bit
with rubbing method and in situ crystallization. The seeding process was prepared using
hydrothermal method, and the support was calcinated under 900°C for 30 min prior the
rubbing process with dry ZIF-8 seed. The membrane was 5-9 pm thick.

In 2016, Lai and his coworkers reported a preliminary study on the preparation of ZIF-8
membrane on a-alumina via in situ growth, as well as secondary growth using the rubbing
and dip-coating methods [63]. From SEM images in the preliminary study, the researchers
found uncovered porous support areas and the ZIF-8 grains formed on the support are not
uniform. For the ZIF-8 membrane synthesized through the rubbing method, the crystal size
was in the range of 1-4.7 pm, whereas the dip-coating method produced crystals with a size
of 2.5-5 pm. These results imply that secondary growth can result in a poorly intergrown
ZIF-8 layerif the seed layer is not formed properly. On the other hand, the in situ growth of
ZIF-8 on the support membrane showed better formation. The continuous, small, and
loosely packed ZIF-8 grains observed at 4 h synthesis time, and better coverage of
ZIF-8 on alumina can be seen through SEM image. However, defects were observed when
the synthesis time increased to 36 h. Nevertheless, in terms of size, the ZIF-8 grains obtained
at 36 h are relatively uniform, ranging from 1.5 to 2.2 pm.

Some researchers reported the use of sodium formate to further improve the ZIF-8
deposition on the support. For example, McCarthy et al. reported the effect of sodium
formate in the heterogeneous nucleation and growth of ZIF crystals [53]. Shah et al. [64]
also reported specifically on the role of sodium formate for producing well-intergrown
continuous ZIF-8 membranes on unmodified support. It was found that the existence of
sodium formate can enhance the heterogeneous nucleation of ZIF-8 crystals on alumina
supports, besides being able to promote intergrowth of ZIF-8 crystals. It was confirmed
that sodium formate reacts with zinc source to form zinc oxide layers on a-alumina sup-
ports, which in turn promote heterogeneous nucleation.
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7.2.1.3 Microwave-assisted growth of ZIF membranes

The remarkable advantages of microwave technology for chemical synthesis have pro-
voked growing interest among researchers. Microwave technology may help to reduce
synthesis time. It is claimed as green technology because it does not produce any hazard-
ous material like gas fumes. Nor is it heated using an external energy source [65]. Kwon
and coworkers |66] reported a rapid and simple microwave-assisted seeding technique for
the synthesis of high-quality ZIF-8 membrane. The microwave seeding process involves
three steps: first, saturating the porous support with a metal solution, then exposing the
saturated support to ligand precursor, and lastly by rapid crystal formation under micro-
wave irradiation. It is crucial to maintain a high concentration of both precursors on the
support prior to microwave irradiation because it will maximize the heterogeneous crys-
tal formation and at the same time, minimize the undesirable homogeneous crystal for-
mation. Additionally, the rapid absorption of microwave energy by metal ions inside the
supports further increases the local temperature inside the support, resulting in the rapid
formation of ZIF-8 inside and on the surface of the supports.

Recently, a study on the preparation of mixed metal, CoZnZIF-8, with various
Co/Zn contents and mixed ligand ZIF-7-8 using microwave irradiation method was
reported [67]. This study is the first example of a one-step synthesis of mixed metal,
and ligand CoZn-ZIF-7-8 successfully obtained using microwave irradiation. Other than
the short synthesis time, crystallization using microwave irradiation produced higher
yield, reduced the amount of ligand and solvent, and eliminated the use of deprotonators
when compared to conventional methods reported earlier.

7.2.1.4 Blending method

Another approach to fabricate MOF membranes is a blending method to produce MOF-
based MMMs. The blending method is more reproducible and requires no expensive
supports. The membrane produced is more stable rather than bare MOF, especially long
term, compared to the membrane prepared by the previously explained method. Two
methods, substrate-based blending, and substrate-free blending, were developed to
design MOF-based MMMs for liquid separation [68]. Substrate-based blending was
widely applied to design thin MOF-based MMMs in liquid separation, especially for
pervaporation.

Some porous substrates, such as polymeric membranes and ceramic tubes, were used
to support the obtained MMMs and improve their stability and strength. The conven-
tional procedure of this method involves three steps: (1) mixing the MOFs and polymer
into the solvent (MOF ink); (2) casting the mixed solution on the porous support by spin-
coating/dip-coating/flat membrane casting process; and (3) a curing or drying process to
remove the casting solvent. With this procedure, thin MOF-based MMMs with a thick-
ness of 0.3—20 mm are formed on the surface of a porous support.
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An organophilic pervaporation membrane was fabricated on the inside surface of alu-
mina capillary substrates by the solution-blending dip coating process, using ZIF-8 nano-
particles as filler and polymethylphenylsiloxane (PMPS) as polymer matrix [69]. After the
heat-treatment process, the ZIF-8 nanoparticles were embedded in the PMPS phase
homogeneously, with no interfacial voids. The top-layer thickness is about 2.5 mm,
which may offer the possibility of achieving very high permeance.

Substrate-free blending presents more flexible applications in designing MOF-based
MMMs. Nonporous supports were utilized to ensure the complete delamination from
the substrate to create free-standing MMMs [68]. For better mechanical strength and per-
meance, the thickness of the membrane is generally controlled between 18 and 30 mm
for pervaporation application, and larger than 150 mm for water treatment purpose. The
substrate-free blending method was utilized to prepare a MIL-53(Al) nanocomposite
using poly(m-phenylene isophthalamide) (PMIA, polymer) and MIL-53(Al) particles
in a mixture of N,N-dimethylacetamide, and LiCl [70]. The membranes were placed
in a vacuum oven before being immersed in distilled water to induce phase inversion
process. However, the agglomeration of nanoparticles occurred. To overcome this,
the postsynthetic approach was applied for more excellent dispersion of nanoparticles.
A new, chemically crosslinked membrane with the application of postsynthetic polymer-
ization of the UiO-66-INH, nanocrystals and polyurethane oligomer was developed [71].
The preparation of membrane involved the mixing of UiO-66-NH, particles with
isocyanate-terminated polyurethane oligomer in anhydrous chloroform and was fully
dispersed by ultrasound. The reacted solution was poured into a PTFE dish and allowed
to dry at room temperature prior to being heated in an air-circulating oven. The
obtained, well-dispersed MMMs showed the ability to isolate hydrophilic dyes from
water by means of different membrane affinities.

7.2.1.5 Other design strategies

Apart from the aforementioned techniques, there are some other techniques reported for
the preparation of MOF membranes. One of the techniques is the counterdiffusion
method as reported by Kwon et al. [72]. This simple, yet highly versatile, method enabled
the rapid preparation of well-intergrown ZIF-8 membranes on an alumina support with
excellent microstructure. The synthesis method is basically the counterdiftusion concept
in which a metal precursor solution is soaked in porous a-alumina supports followed by
rapid solvothermal reaction in a ligand solution. This novel method showed a significant
effect on healing defects of membranes as well as to reduce ligands and solvents consump-
tion. Fig. 7.8 shows the schematic illustration for the reaction.

As a measure to reduce the defect problems of ZIF-8 on the support surface, Jang et al.
[73] reported on the new approach to control the diffusion rates of the two ZIF-8 pre-
cursors via the counterdiffusion method. The y-Al,O; layer, with a pore size of 5 nm,
was layered on top of the a-Al,Oj5 disc (referred to as a y-/a-Al,Oj3 disc) as a tuner to
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Reaction zone

Fig. 7.8 Schematic illustration of the membrane synthesis using the counterdiffusion-based in situ
method: (1) a porous alumina support saturated with a metal precursor solution is placed in a
ligand solution containing sodium formate, (2) the diffusion of metal ions and ligand molecules
causes the formation of “reaction zone” at the interface (3) rapid heterogeneous nucleation/crystal
growth in the vicinity at the interface leads to the continuous well-intergrown ZIF-8 membranes.
Adapted with permission from H.T. Kwon, H.-K. Jeong, In situ synthesis of thin zeolitic—imidazolate
framework ZIF-8 membranes exhibiting exceptionally high propylene/propane separation, J. Am. Chem.
Soc. 135 (2013) 10763—10768. doi:10.1021/ja403849c.

decrease the diftfusion rates. At the same time, y-Al,Oj3 also serves as a protective layer to
prevent thermal structural damage to the ZIF-8 membranes. It was found that the ZIF-8
grains in membrane ZIF-8_ya were predominantly formed inside the a-Al,O3 disc while
filling ~70% of the mesopores in the y-Al,O; layer. On the other hand, Li et al. [74]
reported the synthesis of the ZIF-8 membrane using a solvothermal method on a porous
alumina support. The support was initially immersed in 2-methylimidazole melting solu-
tion and then heated in a zinc nitrate aqueous solution through an infiltration method.
A well-intergrown and continuous membrane was produced after 8 h at 120°C. The
thickness of the membrane was about 12 pm, and the highest zinc concentration was
found at the surface.

Further, a novel pressure-assisted self-assembly (PASA) filtration technique was
applied to prepare a MOF@GO membrane on a modified PAN support for pervapora-
tion as shown in Fig. 7.9 [75]. The pretreated PAN support and the mixture of MOF and
GO dispersion aqueous solution were installed in the membrane-preparation device. The
PASA filtration process was operated at a constant pressure difference, DP = 2.0 bar,
which induced the formation of a MOF@GO membrane.

These membranes exhibited competitive water permeation for ethyl acetate/water
mixtures by pervaporation. Moreover, the procedures for both the synthesis of MOF
and membrane preparation are environment friendly, as only water was used as a solvent.
A nanosized MOF-intercalating approach like this may be extended to other laminated
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Fig. 7.9 Pressure-assisted self-assembly (PASA) filtration technique to prepare a MOF @GO membrane
on a modified PAN. Adapted with permission from Y. Ying, D. Liu, W. Zhang, H. Huang, Q. Yang, C. Zhong,
High-flux graphene oxide membranes intercalated by MOF with highly selective separation of aqueous
organic solution, Appl. Mater. Interfaces (2016). doi:10.1021/acsami.6b14371.

membranes, providing valuable insights into designing and developing advanced mem-
branes for effective separation of aqueous organic solutions through nanostructure
manipulation of the nanomaterials. More recently, inspired by the solvothermal synthesis
of MOFs, the rapid thermal deposition (RTD) method to design a well-interconnected
ZIF-8 membrane on a modified macroporous stainless steel substrate was reported [76].
Hmim solution was added to the zinc acetate solution in a dropwise manner to prepare
the precursor solution. The precursor solution was then spread on the substrate in a cru-
cible to initiate the crystallization of ZIF-8 across the substrate. RTD has been demon-
strated as a much more efficient route, yielding a high-quality MOF membrane within
1 h, as opposed to the 24 h required for solvothermal membranes.

7.2.2 MOFs membrane application

7.2.2.1 Liquid separation

Pervaporation

MOF membranes for pervaporation is a natural extension of the current industry stan-
dards, considering the chemical versatility and subsequent separation tunability that is
more freely available in comparison with polymeric or zeolites membranes [48]. For
example, in the separation of water from ethanol, a hydrophilic MOF, known as
HKUST-1 (Cuj(btc),), was used in a 40 wt% mixed-matrix membrane (MMM) to
remove water from the system |[77]. Adding HKUST-1 improved flux without sacrific-
ing selectivity due to the selective permeability of water in the membrane. Fig. 7.10
shows some typical MOFs used in pervaporation MMM:s.

The applications of MOF-based membranes for pervaporation can be divided into
four main categories: dehydration of organic solvents; removal of dilute organic com-
pounds from aqueous streams; separation of organic-organic mixtures; and reversible
reactions [68]. Due to the ease of design and modification of MOFs, along with the com-
patibility between MOFs and polymer matrix, MOF-based MMM are superior in per-
vaporation compared to MMM s containing purely inorganic zeolites [37]. An integrated
ZIF-71 membrane was prepared for the first time and used for pervaporation separation
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MIL-100(Fe)

Fig.7.10 Structure of some typical MOFs used in pervaporation MMMs. Adapted with permission from
Z. Jia, G. Wu, Metal-organic frameworks based mixed matrix membranes for pervaporation, Microporous
Mesoporous Mater. 235 (2016) 151-159. doi:10.1016/j.micromeso.2016.08.008.

ofalcohol (methanol and ethanol)-water and dimethyl carbonate (DMC)-methanol mix-
tures [78]. The kinetic diameter of ethanol (4.53 A) is close to the window size of ZIF-71
(nominal 4.8 A), which led to a relatively slower diffusion rate for ethanol molecules. In
contrast, the diffusion of methanol (with a kinetic diameter of 3.63 A) in the ZIF-71
channel is relatively fast, resulting in better separation performance. The ZIF-71 mem-
brane shows good pervaporation performance, especially in DM C-methanol separation.
The study also indicates that ZIF-71 pervaporation membranes demonstrate good per-
formance not only for organics-water separation but for organics-organics systems
as well.

Apart from that, a continuously grown Ni,(L-asp),bipy membrane was prepared on
porous SiO, discs by a seeding-secondary growth method, as shown in Fig. 7.11 [79].
The hydrophilic surface of the membrane was switched to hydrophobic by vapor depo-
sition of PDMS, while the porosity was maintained even after the PDMS deposition.
Pervaporation water/ethanol separation process was evaluated for both the PDMS-
deposited membrane and the nondeposited PDMS membrane. Niy(L-asp),bipy mem-
brane possesses a remarkably high flux of 27.6 kgm > h™" and a separation factor of
73.6 for water/ethanol mixture with 50 wt% ethanol at the temperature of 30°C. The
developed Ni,(L-asp),bipy@PDMS membrane exhibits a lower separation factor due
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Fig. 7.11 Schematic illustration of the preparation process of Ni,(L-asp),bipy and Ni,(L-asp),bipy @ PDMS
membranes and water/ethanol separation on them. Adapted with permission from S. Wang, Z. Kang, B.
Xu, L. Fan, G. Li, L. Wen, X. Xin, Z. Xiao, J. Pang, X. Du, D. Sun, Wettability switchable metal-organic framework
membranes for pervaporation of water/ethanol mixtures, Inorg. Chem. Commun. 82 (2017) 64—67.
doi:10.1016/j.inoche.2017.05.016.

to its hydrophobic surface, which may be applied to the membrane distillation for
water/ethanol separation. The pervaporation studies using these two membranes provide
insight into the effect of surface wettability on the bioethanol purification
performance [79].

A novel MOF nanocomposite membrane, with high loading rate and excellent stabil-
ity, has been developed to increase the economic and process efficiency of current bior-
efining processes, particularly for furfural (2-furancarboxaldehyde) refining process [80].
The membrane consists of a hierarchically ordered stainless-steel-mesh (HOSSM) that acts
as a skeleton, while the ZIF-8 nanoparticle incorporated in the silicone rubber (PMPS)
matrix create preferential pathways for furfural molecules by their ultrahigh adsorption
selectivity. The HOSSM-ZIF-8-PMPS membrane shows very promising pervaporation
and vapor permeation performance and excellent stability for the recovery and removal
of furfural from dilute aqueous solution and biomass fermentation broth.

A well-intergrown UiO-66 MOFs membrane fabricated via controlled solvothermal
synthesis on prestructures yttria-stabilized cations was applied in organic dehydration
using pervaporation [81]. The membranes provide a very high flux of up to ca.
6.0 kgm ™ >h~" and an excellent separation factor for separating water from i-butanol
(next-generation biofuel), furfural (promising biochemical), and tetrahydrofuran (typical
organic matter). It is comparable to the performance of commercial zeolite NaA mem-
branes and also showed better stability compared to some commercial membranes, such
as zeolite NaA membranes. Recently, MIL-60 membranes were prepared on
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polydopamine (PDA)-modified a- Al,Oj5 disks to separate xylene isomers via pervapora-
tion [82]. A well intergrown MIL-160 crystal with a thickness of about 25 pm was
formed on the alumina support with no cracks or pinholes, suggesting a dense MIL-
160 membrane had formed on the PDA-modified a-Al,Oj disk. The separation perfor-
mance of the MIL-160 membrane was tested by the pervaporation of single components
of PX, OX, and MX, as well as the separation of equimolar binary PX/OX mixture using
liquid feeds. Membranes prepared on the nonmodified support show almost no selectiv-
ity (1.17 for PX/OX, and 1.13 for PX/MX). For the MIL-160 membrane prepared on
the PDA-modified a-Al,Oj5 disk, the PX flux (486 g > h™ ') is much higher than the flux
of OX (10 g > h™ ") and MX (12 g > h™ "), with ideal separation factors of PX/OX and
PX/MX being 48.6 and 40.5, respectively, indicating that the MIL-160 membranes pre-
pared on the PDA-modified Al,O3 disk display a high separation performance. The
molecular sieving performance of the MIL-160 membrane was confirmed by the sepa-
ration of equimolar PX/OX mixtures at 25-100°C by pervaporation. Comparing the
PX flux in the mixture (467 ¢ >h™") with the flux of single component PX flux
(486 g2 h™") at 75°C, only a slight reduction of the PX flux in the presence of OX
is found, suggesting that the larger OX only slightly hinders the entrance of PX into
the MIL-160 pore structure. For the 1:1 binary PX/OX mixture at 75°C, the mixture
separation factor of PX/OX is 38.5, which is comparable to the PX/OX separation factor
(~40) of the zeolite MFI membrane by pervaporation.

Organic solvent nanofiltration

The good attributes of MOFs have attracted researchers to reveal their potential in other
applications, including in OSN. The incorporation of [Cu;(BTC),], MIL-47, MIL-53
(Al), and ZIF-8 as fillers in PDMS membranes had been studied to separate R ose Bengal
from isopropanol [83]. However, because of the poor adhesion between the MOFs and
PDMS, the fillers were not successfully introduced into the polymer. The adhesion was
improved by modifying the MOF surface with trimethylsilyl groups. The MMM showed
increased permeance but lower retention compared to the pristine membrane due to the
effect of reduced polymer swelling and size exclusion of the filler.

In 2013, Sorribas et al. prepared thin-film composite membranes containing MOF
nanoparticles (ZIF-8, MIL-53(Al), NH,-MIL-53(Al), and MIL-101(Cr)) with the par-
ticle size of 50—150 nm in the PA layer via in situ polymerization on top of crosslinked
polyimide porous support [84]. These membranes showed a dramatic increase in per-
meance when tested in MeOH/PS and THEF/PS nanofiltration experiments compared
to the same membranes with no MOFs, without sacrificing rejection. It was observed
that there are direct trends between MeOH/PS permeance and the porosity of the MOFs
added to the thin-film layer. The porosity of the MOFs provided preferential flow paths
for the solvents, whereas the high rejection observed in this study was due to the excellent
compatibility between PA and the organic moieties of the MOF particles. Mesoporous

185



186

Nanocomposite membranes for water and gas separation

MIL-101(Cr) showed the best performance with flux increases from 1.5 to 3.9 for
MeOH/PS m™ ' h™'bar " and 1.7 to 11.1 Lm™ " h™ ' bar~' for THE/PS. The results
proved that loading PA thin-film’s separating layer with small amounts of MOFs signif-
icantly improved the flux without sacrificing rejection.

Nanoparticles of MOFs MIL-101(Cr), MIL-68(Al), and ZIF-11 with sizes of 70, 103,
and 79 nm were also incorporated into an ultrathin PA layer from TFN membranes on
top of polyimide P84® asymmetric support for OSN application [47]. Other important
aspects that were also studied include the effect of a nonsolvent bath, chemical posttreat-
ment, concentration of precursors of IP and the polymerization time, and the influence of
different solvents (water, methanol, acetone, and THF) and solutes (Acridine Orange,
Sunset Yellow, and Rose Bengal) on OSN. The results obtained showed that the hydro-
philic character of the membranes had the most significant effect on the composite mem-
brane’s performance. Maximum permeance of 6.2L m >h™ ' bar ' and a rejection
above 90% was obtained from the combination of ZIF-11 and posttreatment via filtration
with dimethylformamide because better MOF-polymer interaction was achieved, prob-
ably due to the hydrophobic character of ZIF-11.

In order to deal with selectivity issue, which is one of the main challenges problems in
OSN, Campbell et al. [85] constructed membranes with uniform porous structure of
HKUST-1 within the pores of polyimide membranes by using in situ growth method.
Chemical modification was performed to improve the in situ growth membranes by
introducing aryl carboxylic acid moieties (1,2,4-benzenetricarboxylic anhydride) to
polyimide P86 ultrafiltration membranes, which then enabled coordination of
HKUST-1 directly on the polymer. The results showed that chemically modified and
HKUST-1 growth membrane exhibited better performance with a molecular weight
cut-off of 794 g mol™" and also high permeance [85].

Guo et al., prepared a defect-free TFIN membrane by modifying the PA surface with
long alkyl chains and in situ growth of zirconium-MOF (UiO-66-NH,) [86]. The mod-
ification of PA surface using dodecyl aldehyde improved the dispersibility of nanosized
UiO-66-NH, particles (~20 nm) in hexane and enhanced the compatibility with the
polymer phase, leading to nonselective defects in ultrathin MOF@PA TFN membrane.
Methanol permeance was enhanced significantly after nanoparticle incorporation with-
out compromising the tetracycline rejection. The novel TFIN membrane prepared with
organic phase solution containing 0.15% (w/v) modified UiO-66-NH, showed remark-
able methanol permeance of 20 L m™~>h™" bar™ ', with tetracycline rejection of 99%,
suggesting promise for application in the pharmaceutical industry.

Li et al. proposed another approach to incorporate MOF into polymeric membranes
through an IP method inspired by traditional RO membrane fabrication [52]. Through
the applied method, PES was first saturated with the aqueous zinc nitrate followed by
2-methylimidazole dissolved in octanol and left for certain reaction times for the
ZIF-8 to form. The results indicated that higher concentrations and higher mole ratios
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of 2-methylimidazole to zinc nitrate led to denser ZIF-8 membranes with fewer defects.
However, due to the dense packing and smaller interparticle spaces, the changes also
affected the permeance and rejection of the membrane. It is very clear that the higher
2-methylimidazole and zinc nitrate molar ratios resulted in much denser films with lower
permeance. By changing the molar ratio of 2-methylimidazole to zinc nitrate from 1.9 to
15.9, ZIF-8/the permeance PES membranes varied from 5.6 to 37.5 L m > h ™' bar !,
with Rose Bengal rejections higher than 98%.

A study involving the incorporation of ZIF-8 onto the surface of Graphene Oxide to
form ZIF-8@GO composite determined the potential of the materials for OSN [87].
ZIF-8@GO nanoparticles were codeposited with polyethyleneimine (PEI) matrix on
a tubular ceramic substrate through a vacuum-assisted assembly method. The method
showed improved dispersion of ZIF-8 nanoparticles in a PEI matrix, as well as its com-
pactness due to the tinplating effect of lamellar GO sheets and the transmembrane pres-
sure. The OSN performance was evaluated on the basis of methanol permeance and
retention of dye molecules. Methanol permeance increased when ZIF-8 @GO laminates
were embedded into the PEI layer. The retention remained higher than 99%. The excel-
lent performance of the membrane may be due to the more well-defined pathways for
solvent molecules provided by the good dispersion of ZIF- 8 nanoparticles in the PEI
matrix.

Water treatment

A growing number of industrial applications use membrane-based separations. The
emergence of MOFs has given new insight and might greatly improve the performance
and the range of membrane separations that are possible [68]. There have been numerous
studies on the preparation and promising performance of MOFs acting as continuous
membranes or fillers in MMMs for nanofiltration, forward osmosis, ultrafiltration, and
reverse osmosis application. The introduction of MOFs into membrane-based separa-
tions gives multifunctional effects for water treatment processes, for instance, catalytic
degradation, heavy metal removal, and antibacterial properties. Since the size of an
MOF’s pore window can range from 0.3 to 10 nm, depending on the composition,
MOF membranes usually served as nanofiltration membranes. They compete with the
RO membrane in term of performance.

The use of MOF-based membranes in nanofiltration is mainly focused on dye
removal. A novel LBL PA/ZIF-8 nanocomposite membrane was fabricated to overcome
the aggregation of fillers, which lead to a significant decrease in membrane performance
[88]. The multilayer membrane consists of a porous substrate, a ZIF-8 interlayer, and a
PA coating layer, as shown in Fig. 7.11. An interlayer of ZIF-8 was grown on an ultra-
filtration membrane through in situ growth, and the layer was coated with an ultrathin
PA layer through interfacial polymerization (IP). The LBL PA/ZIF-8 showed better per-
formance than the conventional PA/ZIF-8 TFN membrane because the in situ growth
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Fig. 7.12 Preparation of PSS-ZIF-8 membrane through IP and water permeability and selectivity of
molecules. Adapted with permission from Z. Junyong, Q. Lijuan, U. Andrew, J. Hou, W. Jing, Zh.
Yatao, L. Xin, Y. Shushan, L. Jian, T. Miaomiao, L. Jiuyang, B. Van Der Bruggen, Elevated performance
of thin film nanocomposite membranes enabled by modified hydrophilic MOFs for nanofiltration, ACS
Appl. Mater. Interfaces (2016). doi:10.1021/acsami.6b14412.

of ZIF-8 produces an interlayer with more particles and fewer aggregates. LBL PA/ZIF-8
performed better permeance and selectivity for dye removal with flux was up to
27.1kgm ?h™"', and the rejection reaches 99.8% compared to the pure PA membrane
(flux of 11.2 kg m > h™" and rejection of 99.6%).

Apart from direct dyes, MOF-based membranes can also remove reactive dyes such as
Reactive Blue 2 (RB2) and Reactive Black 5 (RB5). TFC and TFN ZIF-8 membranes
display high retention for both dyes, which meets the prime separation requirement of
NF membranes [89]. The preparation of membrane and molecular sieving through the
membrane is shown in Fig. 7.12. Although lower dye retentions were measured than
those for TFC (RB2: 99.42%, RB5: 99.92% compared to TFN-mZIF2 RB2: 99.12,
RB5: 99.03), the water flux of TEN-mZIF2 was enhanced by 199.3% at 4 bar, which
is promising for dye removal.

A membrane derived from ZIF-8/PSS, based on a tubular alumina substrate through
LBL self-assembly technique, was fabricated for nanofiltrating dyes from water [55]. The
ZIF-8 particles were grown in situ into PSS layers to enhance compatibility and disper-
sion. In the study, there were outstanding nanofiltration properties toward methyl blue
with the flux of 210 L m™>h™'MPa~ ' and the rejection of 98.6%. Additionally, the
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membrane showed good pressure resistance because of the ceramic substance and inher-
ent stability of ZIF-8.

On the other hand, two different types of TFC membranes with ZIF-8 were pre-
pared, one in PA with PSF support, fabricated through IP, the other one was in situ
growth on PSF support with PA as top layer prepared through the LBL technique
[90]. The membranes were tested for the common analgesic acetaminophen (or paracet-
amol MW 151 g mol ™). Due to the membrane’s defect-free characteristics, LBL mem-
brane produced better performance with 55% acetaminophen retention and permeance
equivalent to conventional PSF/PA membrane when compared to the membrane pre-
pared through IP.

A new metal-organic framework/graphene oxide composite (IRMOE-3/GO)
with high adsorption capacity of copper (II) was prepared with maximal adsorption
of 254.14mg g™ at pH 5.0 at room temperature [91]. Novel and highly efficient
nanofiltration (NF) membranes can be readily fabricated via surface decoration of
IRMOF-3/GO onto polydopamine (PDA)-coated polysulfone (PSF) substrate. The
adsorption effect of IRMOF-3/GO and the enhancement of membrane caused the
prepared NF membrane efficiently reject copper (II). The copper (II) rejection
reached up to about 90% while maintaining a flux of about 31 L m > h™ " at the pres-
sure of 0.7 MPa and pH 5.0. Furthermore, the membrane also maintains outstanding
stability throughout a 2000-min NF testing period. Thus, the newly developed NF
membrane shows promise for water-cleaning applications.

Duan et al. prepared an advanced RO membrane by integrating MOFs within the PA
layer to produce a MOF-based TFN structure for the desalination process [92]. The TFIN
membranes were characterized with RO tests fewer than 15.5 bar hydraulic pressure
with 2000 ppm NaCl solution. ZIF-8 increased the water permeance up to
3354+ 0.08Lm >h 'bar~ " at 0.4% (w/v) loading, 162% higher than the pristine
PA membrane. Further, a high NaCl rejection was maintained. This study experimen-
tally verified the potential use of ZIF-8 in advanced TFN R O membranes. Furthermore,
due to their unique structural components, which contain metal cores and organic
ligands, MOFs have also exhibited remarkable antimicrobial properties. The antimicro-
bial property of the MOF-based membrane was also achieved by functionalizing a TFN
membrane with ZIF/GO hybrid nanosheets [55]. The resultant hybrid nanosheets not
only integrated the merits of both ZIF-8 and GO but also yielded a uniform dispersion
of ZIF-8 onto GO nanosheets simultaneously, thus effectively eliminating the agglom-
eration of ZIF-8 in the active layer of membranes. ZIF-8/GO thin-film nanocomposites
(TFN-ZG) membrane with typical water permeability (40.63Lm >h~' MPa™ ')
allowed for efficient bivalent salts removal with the rejections of Na,SO,4 and MgSO,
were 100% and 77%, respectively. Interestingly, the synthesized ZIF-8/GO nanocom-
posites had optimal antimicrobial activity (MIC: 128 pg mL™"), compared to ZIF-8
and GO separately, which sufficiently contributed to the excellent microbial activity
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Fig. 7.13 (A) Schematic diagrams for the antimicrobial mechanism of TFN-GO membranes and
(B) TFN-ZG membranes. Adapted with permission from J. Wang, Y. Wang, Y. Zhang, A. Uliana, J.
Zhu, J. Liu, B. Van Der Bruggen, Zeolitic Imidazolate framework/graphene oxide hybrid nanosheets
functionalized thin film nanocomposite membrane for enhanced antimicrobial performance, ACS Appl.
Mater. Interfaces 8 (2016) 25508—25519. doi:10.1021/acsami.6b06992.

of TFN-ZG (84.3%). The antimicrobial mechanisms of ZIF-8/GO hybrid nanosheets
and TFN-ZG membranes were proposed, as shown in Fig. 7.13. ZIF-8/GO functiona-
lized membrane with high antimicrobial activity, and salt retention makes it promising
for water desalination, and it was suggested that ZIF-8-based crystal may ofter a new
pathway for the synthesis of multifunctional bactericidal. The potential antimicrobial
mechanism of the ZIF-8/GO membrane is attributed to a synergistic effect involving
graphene oxide and the gradual releasing of Zn>" form ZIF-8. This research suggests
a promising future for ZIF-8-based nanocomposites as multifunctional antimicrobial
agents for versatile applications.
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7.2.2.2 Gas separation

Porous materials separate gases based on differences in diffusion coefficients or by a
molecular sieving effect between the gases and porous material [48]. Many MOF mem-
branes and MOF-polymer composite membranes have been explored for their potential
application in gas separation. Among the many gases studied for separation by MOFs, the
separation of CO, from flue gas streams has become a major area of interest because of its
relevance to climate change and the fact that many different MOFs have shown high
selectivity for CO, uptake [93]. For example, a high-quality isorecticular MOF-1
(IRMOF-1) membrane was prepared for the separation of CO, from dry COs-enriched
CO,/CHy and CO,/N, mixture [94]. The membrane exhibits good separation for
CO,/CHy and CO,/N, with separation factors of 328 and 410, respectively. The
CO, permeance reported for CO,/CH; and CO,/CH, is 2.55 X 1077 and
2.06 x 1077, respectively. The unique separation properties of IRMOF-1 membranes,
such as “sharp molecular sieving” at high CO, molar fraction and feed pressure and high
CO,; permeance, could contribute to the production of high-purity CO, from the low-
grade CO, gas mixtures. Mixed matrix membranes (MMM) well-dispersed MOF fillers
in polymer matrices were prepared via thermally induced oxidative crosslinking of the
polymer matrix and the amorphized zeolitic imidazolate framework [95]. The resultant
plasticization-resistant MMM s exhibited high selective separations for CO,/CH, mixed
gas feeds. The membrane could also serve as molecular sieves for other separation pro-
cesses, such as pervaporation or OSN. Apart from CO,, another important gas is hydro-
gen (Hj) because it could fulfill the world’s increasing energy requirements in an
environment-friendly manner [96]. MOF-based membrane has shown potential for
hydrogen separation [97].

The first MOF-based membrane reported consisted of an MOF-5 membrane fabri-
cated using an in situ solvothermal method on top of alumina support [98]. The single gas
permeation properties demonstrated that they follow Knudsen diffusion behavior. As the
permeation rate of gases increases by a decrease in their molecular weight, H,, which has
the lowest molecular weight, permeates faster than the heavier studied gases, like CH,,
N, CO,, and SF¢. This phenomenon suggests that the pore-aperture size of MOF-5 is
larger than all of the tested molecules in this case.

Another MOF membrane, HKUST-1 MOF (also known as Cus(btc), or
MOF-199), was grown using the “twin copper source” solvothermal method [99].
HKUST-1 MOF has small cages structure with diameters of 13 and 10 A, accessible
through windows of ca. 11 and 9.3 A, respectively. High permeation flux of single
gas permeation test was expected due to the pore-aperture size of HKUST-1, which
1s greater than the kinetic diameter of the commonly studied gases. The permeation
results also showed a permeation selectivity in favor of H, with respect to other gases,
such as Hy,/N, =7, H,/CO, = 6.8, and H,/CH, = 5.9. On the other hand, another
HKUST-1 membrane was prepared through LBL approach, firstly by seeding process
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followed by in situ solvothermal method. The single gas separation performances for this
membrane were also evaluated, and the ideal selectivities of this membrane were 2.9, 3.7,
and 5.1 for Hy/CHy, Ho/Ny, and Hy/ COs, respectively. These ideal selectivities indicate
that the permeation behavior of this membrane follows the Knudsen diffusion.

Another group of MOFs, which is known as ZIFs, also showed good performance for
hydrogen separation. The unique properties of ZIFs, in terms of permanent porosity,
pore-aperture size uniformity, and excellent chemical and thermal stability made them
good candidates for their application as molecular sieve membranes [96]. Among all ZIFs,
ZIF-8 is one of the most studied. It has an underlying topology with 3.4 A aperture size
for the six-membered-ring as the sole entrance to the associated pores. Theoretically, this
could separate H, from the other larger associated gases. A ZIF-8 membrane for gas sep-
aration with selectivity for H, was obtained via a novel microwave-assisted solvothermal
process [100]. The membrane single-gas permeation results of this ZIF-8 membrane
showed a higher H,/CHy, selectivity of 11.2, relative to MOF membranes reported
earlier.

7.3 Conclusions

The emergences of zeolites and MOFs have given new insights into the development of
membrane technologies, particularly for liquid and gas separation. The promising char-
acteristics of both materials in term of surface area, tunability, chemical, and structural
design make them suitable candidates for membrane separation applications. Progressive
research on the fabrication and performance of zeolites and MOFs membrane have led to
a greater number of new methods to produce defect-free membranes for better perfor-
mance. Despite the tremendous progress, some significant challenges remain with respect
to the implementation of zeolites and MOF membranes for industrial application. The
challenges include, but are not limited to, the demand for easy membrane development,
inexpensive supports, and low-cost methods for large-scale fabrication. To meet the
requirements of industrial demands, research efforts need to expand.
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