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10.1 Introduction 

Separation processes in industries play an important role to improve the 

quality of products. Gas and liquid separation processes can be performed 
by several techniques including distillation, chemical absorption, physical 

or chemical adsorption, and membrane separation process. In recent years, 
membrane has gained an increased interest for application in industries due 

to its simplicity and versatility. Membrane is a permselective barrier between 
feed and permeate sides, which can retain certain species and pass through 

other species [1- 3] . The term membrane can be trailed back to the 18th cen
tury when Abbe Nolet first proposed the term 'osmosis' to define the pen

etration of water through a diaphragm [1] . Since that discovery, the 
experiments using membrane have been conducted, however, industrial 

application of membrane did not occur until the early 1960s when Loeb 
and Sourirajan discovered a technique to synthesize defect-free, high 

throughput, and anisotropic reverse osmosis membranes [1 ,4] . Following 
the discovery, membrane separation techniques have been applied for water 

and gas separation processes. The driving force for the separation process 
could be the difference of pressure (L1P), temperature (L1 T), concentration 

(L1C), or electrical potential (L1E) between two phases. In general, mem
brane separation processes can be classified according to their driving forces 
and the types of phases on either side of membranes as shown in Table 10 .1. 

Membrane separation process is receiving a growing interest for application in 
separation processes on an industrial scale due to its advantages compared to con

ventional techniques, such as distillation, evaporation, crystallization, chemical 
absorption, physical adsorption, and other physical separation techniques. Mem

brane is considered a clean technique because membrane does not need chemicals 
as in absorption and adsorption. Membrane is also considered as energy saver 
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Table 10.1 Membrane processes and their driving forces [4] . 

Membrane process Feed phase Permeate phase Driving force 

Microfiltration Liquid Liquid 6P 
Ultrafiltration Liquid Liquid 6P 
N anofiltration Liquid Liquid 6P 
Reverse osmosis Liquid Liquid 6P 
Piezodialysis Liquid Liquid 6P 
Gas separation Gas Gas 6p 
Vapor permeations Gas Gas 6p 
Pervaporation Liquid Gas 6p 
Electrodialysis Liquid Liquid 6E 
Membrane electrolysis Liquid Liquid 6E 
Dialysis Liquid Liquid 6c 
Diffusion dialysis Liquid Liquid 6c 
Membrane contactor Liquid Liquid 6c 

Gas Liquid 6c/ 6p 
Liquid Gas 6c/ 6p 

Thermo-osmosis Liquid Liquid 6T/ 6p 
Membrane distillation Liquid Liquid 6T/ 6p 

Note: P is the pressure difference across the membrane, p is the difference of partial pressure of 
component, c is the concentration difference, E is the difference of electrical potential, and T is the 
temperature difference. 

technique compared to distillation and evaporation. In addition, membranes 
offer special features, such as requiring a small footprint for a large membrane area 

and ease offabrication and operation [1,5,6] . However, industrial applications of 
membranes are impeded because of some problems encountered during mem

brane operation. Such problems include concentration polarization and mem
brane fouling, and high operating costs due to regular membrane cleaning and 

replacement [1 ,4,6] . In addition, membranes used for the gas separation process 
experience the trade-offbetween gas permeability and selectivity. Basically, the 

performances of membranes are determined by several parameters, including 
permeate flux and separation efficiency for liquid-based membranes and gas per

meability or permeance as well as gas selectivity for gas-based membranes. 

1 0.2 Overview of important problems in liquid-based 
and gas-based membranes 

1 0.2.1 Liquid-based membranes 

Membranes used for liquid separation processes have been applied for var
ious applications. Such applications include water and wastewater treatments 
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using pressure-driven membranes (microfiltration/ MF, ultrafiltration/ UF, 
nanofiltration/ UF, reverse osmosis/RO); the dehydration of alcohol using 

pervaporation/ PV, desalination process using membrane distillation/ MD, 
and other important separation processes in industries [1 ,4,6- 8] . Up to 

now, many membrane manufacturers have commercialized membranes 
for liquid separation using either inorganic or organic/ polymeric materials 
[2 ,7 ,9] . In general, inorganic membranes for liquid separation processes pos

sess higher chemical and thermal stabilities than polymeric membranes. In 

addition, inorganic membranes, such as ceramic, carbon, zeolite, and metal 
membranes, have a relatively more uniform pore size and pore size distribu
tion than polymeric membranes [9- 11] . However, for industrial applica

tions, polymeric membranes are preferred due to their easy processability 

and scale-up, as well as being much cheaper than inorganic membranes . 
Hence, polymeric membranes have been produced and applied more widely 
than inorganic membranes [1 ,2] . 

In general, polymeric membranes available today suffer from several 

problems, such as concentration polarization and fouling phenomena that 
cause a trade-offbetween membrane flux and rejection [1 , 12, 13] . Concen
tration polarization that usually precedes membrane fouling is considered a 

reversible process, which means that this phenomenon can be reduced by 

several methods, such as controlling the operational parameters of filtration 
and membrane surface modification. On the other hand, membrane fouling 
needs to be addressed by more intensive techniques, such as membrane 

cleaning, surface modification, and membrane replacement. Fouling can 

be defined as the deposition and adsorption of contaminants in feed solutions 
on the membrane surface and/ or inside pores and the wall of the mem
brane 's pores. Fouling phenomenon leads to the decline in permeate flux 

and the alteration of separation efficiency and rejection, and ultimately 

shortened the membrane's life. In general, fouling in liquid-based mem
branes can be classified based on the type of foulants that exist on the feed 
solution [1,4] . 

Recently, efforts attempted to minimize concentration polarization and 
fouling are directed into combining polymeric material and inorganic, 

especially nanomaterials into mixed matrix membranes (MMMs) and nano
composite membranes [2, 14--17] . The main reason to combine these two 

materials is exploiting the advantages of each material in the separation 
process, in addition to the modification of properties of composite mem

branes that eventually will reduce the concentration polarization and fouling 
phenomena during the separation process. 



332 Membranes with functionalized nanomaterials 

1 0.2.2 Gas-based membranes 

The commercial application of membranes in gas separation processes was 
started in the 1980s inspired by the technique developed by Loeb-Sourirajan 
in the 1960s [18, 19] . The development of asymmetric membranes with high 

flux has overcome the problems encountered in dense membranes with low 

gas flux. Membranes for gas separation processes have been applied in several 
applications, such as the purification of H 2 , air separation to produce 
oxygen-enriched air, and for separation of C02/H20 in the natural gas 

industry [18, 19] . For C02 capture application, several properties should 

be acquired by membranes. The properties include high gas permeability 
and selectivity, high thermal and chemical stabilities, resistant to physical 
aging and plasticization, and cheap [19] . Research on membrane gas sepa

ration processes is therefore directed to fabricate and control the properties 

of gas separation membranes. Membranes for gas separation processes can be 
synthesized from both inorganic and organic materials. Between the poly
meric and inorganic membrane materials, inorganic membranes for gas sep

aration processes can provide good separation performance. However, their 
industrial application is impeded by high cost and is difficult to scale-up. 

Polymeric membranes offer easy processability to be scaled up and relatively 
cheap. Despite many advantages of gas separation membranes made of 

polymeric materials, there exists a gas permeability-selectivity trade-off. 
The trade-off upper bound was compiled by Robeson in 1991 by plotting 

the logarithmic of gas permeability and selectivity of different gas pairs 
for the performance of existing gas separation membranes [20] . The data was 

then updated in 2008 as presented in Figs. 10.1 and 10.2, and then the latest 
C02/CH4 data was presented in 2015 [21,22] with the rapid development 

of new materials and membranes. 
One way to improve the performance of the polymeric gas separation 

membrane beyond the upper bound is to incorporate inorganic nanofillers 
within the polymer matrix, which is also known as mixed matrix membranes 

(MMMs) and also nanocomposite membranes. Compared with an inorganic 
coating on a polymeric substrate such as in composite membranes, the 

MMMs are relatively simple to prepare thus considered a promising solution 
for large-scale practical application [3,23- 26] . For its successful implemen

tation, several aspects need to be carefully considered: the selection of poly
mer and inorganic materials for membrane preparation, the regulation of the 

inorganic-polymer interfaces during the membrane fabrication process, the 
understanding of membrane property change, and the gas transport mech

anism within the MMMs [27] . 
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Fig. 10.1 Upper bound correlation for C02/N 2 separation. (Reproduced from L.M. 
Robeson, The upper bound revisited, J. Membr. Sci. 320 (2008) 390-400. https://doi.org/ 
10. 10 16/j.memsci.2008.04.030 with permission.) 
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Fig. 10.2 Upper bound correlation for C02/CH4 separation. (Reproduced from 
L.M. Robeson, The upper bound revisited, J. Membr. Sci. 320 (2008) 390-400. https://doi. 
org/ 7 0.10 16/j.memsci.2008.04.030 with permission.) 
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1 0.3 Functionalized nanomaterials-membranes 

Attempts to combine polymeric material and inorganic nanoparticles have 
been actively conducted during the last decade. The combination of these 

two different materials is usually realized as mixed matrix membranes 
(MMMs) and nanocomposite membranes. MMMs basically combine poly

mer and nanomaterials by simple mixing of two materials, while in nano
composite membranes the mixture of polymer and inorganic particles is 

coated on a porous substrate. In these two types of membranes, the main 
components are polymer and nanomaterials. In terms of polymer material, 

all types of polymers such as glassy, rubbery, and copolymer, have been 
applied as a polymer matrix for MMMs and nanocomposite membranes. 

For nanomaterials, various types of nanomaterials have been mixed with 
polymer matrices. Such nanomaterials include halloysite nanotubes 

[28- 30] , montmorillonite, CaC03 nanoparticles [31 ,32], nickel-cobalt 
layered double hydroxide [33] , Mg-Fe layered double hydroxide nanoma

terials [34], silica (Si02) [35], iron acetate [36], zwitterionic nanoparticles
polydopamine-sulfobetaine methacrylate or P(DA-SBMA) [37], hydrase 

manganese oxide [38], metal organic frameworks (MOFs) [39- 43], 
metal/metal oxide-based nanoparticles (i.e., silver nanoparticles, copper

based nanoparticles, iron oxide-based nanoparticles, aluminum oxide-based 
nanoparticles, titanium dioxide-based nanoparticles) [2,36,44], carbon

based nanoparticles (i.e., carbon nanotubes or CNTs, graphene, and gra
phene oxide or GO) [45- 48], and the combination of fillers mentioned 

above are inorganic particles that have been used as discontinuous phase 
inside MMMs or nanocomposite membranes [38] . 

The combination of these fillers with polymers inside MMMs and nano
composite membranes is directed to improve the performance of the mem

branes by altering the physical and chemical properties of the membranes. 
For instance, in water or wastewater treatment processes, the presence of 

fillers is aimed to improve the antifouling property of the membranes, as sev
eral nanomaterials (i .e., graphene oxide) possess a hydrophilic property that 
can alter the membrane from less hydrophilic to more hydrophilic 

[ 46,49 ,50] . Other studies suggested that several nanomaterials, such as silver 
and copper-based nanoparticles, can promote an antibacterial property to 

the produced membranes [2,50] . In the gas separation process, the presence 
of nanomaterials can change the morphology and free volume of the poly

mer matrix hence can promote an increase in gas permeability or gas per
meance through the membranes [27] . 
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Apart from the application of nanomaterials for the improvement of 
membranes performances in separation processes, many studies also reported 

the functionalization of pristine nanomaterials using various techniques and 
chemical agents [51- 53] . For example, the incorporation ofMOFs nanopar

ticles that can create aggregates inside the membranes has motivated the 
functionalization of nanomaterials to improve the dispersion of particles 
inside the polymer matrix [54- 57] . One simple approach that has been 

attempted in recent years is the functionalization of particles using simple 

soaking and coating of coating agents, such as polydopamine or polydopa
mine/ polyethylene imine [37,49,58- 67] . This deposition process is rela
tively easy to conduct and can create a membrane with improved 

performance. Polydopamine as the polymer produced from the polymeri

zation of dopamine has the ability to coat and functionalize many types 
of surfaces and can create a more hydrophilic surface that is very important 
in water and wastewater treatment processes to avoid fouling phenomenon 

[59,62,68] . For industrial application, research on the functionalization of 

nanomaterials or membranes is still attempted and optimization on operating 
conditions as well as efforts to scale-up the synthesis process are still required 
before the membranes can be applied in real applications. 

10.4 Challenges in synthesis and commercialization 
of mixed matrix and nanocomposite membranes with 
functional nanomaterials 

1 0.4.1 The obstacles in membrane synthesis 

The successful application of membranes with functional nanomaterials 
(FNMs) for the separation of gases or liquids is mainly determined by the 

successful fabrication of membranes . Produced membranes should not pos
sess voids and defects on the interface between the FNMs and the polymer 

matrix. Voids and defects in MMMs and composite membranes in some 
cases can increase permeate flux and gas permeation through the membrane 

but will decrease the selectivity of the membrane. The formation of void and 
defect-free MMMs and composite membranes is therefore growing as an 

interesting field of research in the membrane technology area. In general, 
three kinds of defects are usually found during the synthesis of MMMs 
and composite membranes including sieve-in-a-cage, the rigidification of 

polymer, and the blockage of particle pore . The illustration of the typical 

defects in MMMs is provided in Fig. 10.3 [23,69] . These defects can be 
caused by several factors, such as the incompatibility between polymer 
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Fig. 10.3 The morphologies and typical defects in MMMs. (Adapted from T. T. Moore, 
W.J. Karas, Non-ideal effects in organic-inorganic materials for gas separation 
membranes, J. Mol. Struct. 739 (2005) 87-98. https://doi.org/70. 7076/j.molstruc.2004.05. 
043 with permission.) 

and particle, the evaporation of solvent during membrane formation that 

stresses the interface of polymer-particle, and the weak adhesion between 

the particle and polymer [70] . 
The four possible morphologies in MMMs and composite membranes 

can be depicted as (I) ideal morphology, (II) interfacial voids morphology, 

(III) rigidified polymer morphology, and (IV) reduced permeability region 
within sieve morphology. 

Case I in MMMs is relatively difficult to obtain and the flux of gas and 
liquid in this membrane can be predicted by the Maxwell model that is for

mulated by Eq. (10 .1) : 

(
Pa + 2Pc- 20a(Pc- Pa)) 

Prnm = Pc ( ) Pa + 2Pc + 0a Pc- Pa 
(10.1) 

where P mm is the effective permeability of MMMs, <I> is volume fraction, 
while c and d denote the continuous and dispersed phases, respectively. 

Case II or sieve-in-a-cage morphology is the easiest to diagnose. This 

morphology of MMMs and composite membranes is typical morphology 

obtained when the polymer matrix faces compatibility issues with the 
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nanoparticles. The interfacial void results in increased permeability with 
essentially no change in selectivity, or in many cases, causes reduced selec

tivity of the membranes. The attempts to avoid the formation of this inter
facial void are mainly directed to the enhancement of compatibility between 

polymer and nanomaterials, such as surface functionalization and the proper 
choice of polymer and inorganic nanomaterials. 

Case III describes the presence of rigidified region on the interface 

between the polymer matrix and particles. The rigidified region on the 

interface forms because of stress experienced by two materials during the 
preparation of MMMs. When the rigidification of polymer matrix occurs, 
the ability of the membranes to discriminate and select certain components 

to permeate will increase, while on the other hand, the rigidification of poly

mer matrix might decrease the flux of permeate through the membranes. In 
gas separation membranes, this phenomenon can be observed by the increas
ing value of the glass transition temperature of the polymer [70] . 

Case IV depicts the decrease in permeability region near the surface of 

particles or the whole particles. This type of morphology might occur when 
the pores of inorganic nanomaterials are covered by the polymer matrix. 
The decrease in permeability region causes a reduction in permeate flux 

or gas permeability through the membranes. 

Typical morphology that has been obtained by recent studies suggested 
the formation of voids and defects as the main morphology occurred inside 
MMMs and nanocomposite membranes. In order to develop MMMs and 

nanocomposite membranes with functional nanomaterials on an industrial 

scale, the problem of voids and defects should be solved as this problem 
decreases the performance of membrane in gas or liquid separation processes . 
Many attempts have been conducted to reduce the formation of voids and 

defects, such as controlling the mechanism of MMMs and nanocomposite 

membranes synthesis, and careful choice of polymer and nanomaterials 
because it is believed that the suitability of polymer and particle and control
ling the synthesis of membranes determine the successful formation of 

MMMs and nanocomposite membranes [16,27] . Another technique 
includes maintaining flexibility. Maintaining flexibility in the course of 

membrane synthesis is conducted by casting the membrane at an elevated 
temperature to maximize stress relaxation. But this method requires the 

use of a solvent with very low volatility to be mixed with a polymer with 
a high glass transition temperature that can be operated at ambient pressure. 

Addition of a silane coupling agent has also been proposed to improve the 
performance of membranes, but the weak bond between silanated inorganic 

particles and polymer matrix still occurs [69,71- 74] . 
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Mahajan et al. [75] discussed the two most important factors to avoid the 
formation of the interphase between polymer matrix and particles, i.e., the 

good polymer-particle interaction and controlled evaporation of solvent 
during membrane formation. Another factor that can also determine the 

good polymer-particle interaction is the polymer's flexibility especially dur
ing the synthesis ofMMMs and nanocomposite membranes . However, flex
ible polymer material suffers from deterioration at high pressure. Hence, the 

strategies employed include: (a) the annealing of produced membranes, 

however, this method failed to improve the dispersion of particles in the 
polymer matrix, (b) using plasticizer to lower the glass transition temperature 
(Tg) of the polymer, and applying solvent with low volatility [76] . In terms 

of MMM and nanocomposite membrane preparation methods, there are 

two different methods to disperse inorganic particles, which are claimed 
to be good methods for mixing polymer and particle. These methods are 
[27,70] as follows : 

(1) Mixing of precursor particle-solvent or particle-polymer solution 

before the addition of bulk polymer into the mixture. 
(2) Addition of the inorganic particles dispersed in a certain solvent into 

the polymer that has been homogenized with another solvent. 

The first method, which is also known as 'priming protocol' method, is 

widely used as the first step technique to form void- and defect-free MMMs 
[27, 7 5] . Good particle dispersion is expected when priming protocol is 
employed because the surface of particles will be wetted by the polymer 

solution. 

Another method employed to produce defect-free MMMs is using 
as-synthesized fillers. One example is the use of as-synthesized zeolitic imi
dazolate framework (ZIF-8) nanoparticles (size of around 60 nm and spe

cific surface area of1300- 1600 m 2g- 1
) in the preparation ofMMMs based 

on the glassy Matrimid-5218 polymer by solution mixing technique to 
measure the permeation of different pure gases, such as H 2 , C02 , 0 2 , 

N 2 , and CH4 [77] . Produced membranes showed a very good degree of 

particle dispersion in the polymer matrix and transparency. Direct disper

sion of ZIF-8 particles in the polymer solution after their synthesis 
(as-synthesized) improved the dispersion of particles in the polymer 
matrix. The control of solution viscosity during solvent evaporation also 

determined the degree of agglomeration of ZIF-8 particles. The highest 

loading of ZIF-8 particles in the membrane that can give a superior result 
in terms of permeability was 30 wt%, while the highest selectivity of gas 
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pairs was obtained using 5 wt% ZIF-8 loading. At higher loading, i .e., 
40 wt%, the membranes became brittle. 

The enhancement of particle dispersion is also observed when direct son
ication of the particle is utilized during the preparation of MMMs. ZIF-8/ 

Matrimid-5218 MMMs with improved C02 permeability and a slight 
increase in C02 / CH4 selectivity have been prepared and sonication pro
vides cavitation from sonic waves, which makes a localized area or 'hot zone' 

and causes the dissolution ofZIF-8 constituents at the particle surfaces. This 

Ostwald ripening effect leads to the increase of the particle size distribution 
ofZIF-8 nanoparticles [78] . Another challenge in MMMs and nanocompo
site membranes with FNMs synthesis is the optimum particle concentration 

that can be loaded inside the polymer matrix. It is well known that nano

materials could potentially form aggregates, especially at high concentra
tions. Hence, many studies attempted to control the mixing of polymer 
and particles before casting into flat sheet membranes. The efforts to control 

the mixing of polymer and particles include the application of dip-coating 

technique with controlled parameters and also by using priming protocol 
and as-synthesized fillers as mentioned earlier in this section. 

Despite the extensive efforts to increase the dispersion of the inorganic filler 

in a polymer matrix, much research focused on how to improve the dispersion 

of inorganic particles in the polymer matrix. Another challenge for the utiliza
tion ofMMMs and nanocomposite membranes with functional nanomaterials 
in liquid and gas separation processes is the regulation of membrane thickness 

during membrane synthesis. When micrometer-sized particles are incorpo

rated into polymer matrix, the membranes usually form a relatively thicker layer 
compared to membranes with nanometer size of particles or nanomaterials. 
Hence, the formation ofMMMs and nanocomposite membranes with func

tional nanomaterials has a great potential to produce very thin membranes. 

Thicker membranes will reduce the permeate flux or permeability of the gas 
through the membrane . Although improved performance has been observed 
with the mixed matrix dense membranes, thin composite hollow fiber mem

branes are more competitive for large-scale industrial applications due to their 

higher gas permeation rate and lower consumption of expensive materials dur
ing the fabrication process. The composite membrane usually consists of a 
highly permeable gutter layer and a surface ultrathin selective layer, both of 

which are coated on porous membrane support [27,79] . 
The synthesis of nanocomposite membranes is proposed to reduce the 

mechanical resistance by forming a thin layer of polymer and inorganic fillers 
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on the surface of the porous substrate. In this kind of membrane, the resis
tance for gas transport is mainly driven by the very thin layer of polymer and 

particles (often in the range of200 A to 1j.!m). This thin layer is supported by 
a microporous layer or porous substrate [79 ,80] . The main challenge in the 

synthesis of this membrane is the production of very small particles (in nano
meter size) and the production of a very thin layer on the surface of the 
porous substrate. The proposed structure of inorganic particles incorporat

ing nanocomposite membrane is shown in Fig. 10.4. 

The thin layer of polymer-particle in nanocomposite membranes 
requires a careful preparation method as it needs to be very thin and needs 
good dispersion of particles inside the polymer matrix. The inorganic par

ticles dispersed in the polymer matrix are expected to function both as a 

selective layer and mechanical support for the nanocomposite membranes. 
Another important consideration during the synthesis of this membrane is 
the intrusion of particles into the pores of porous substrate, especially when 

using nanosized particles. 

Poly( dimethylsiloxane) (PD MS) and poly[1-( trimethylsilyl)-1-propyne] 
(PTMSP) are the most commonly applied gutter layer to bridge the porous 
support and thin selective layer. But the formation of a thin, defect-free 

selective coating layer on PDMS can be challenging due to its low surface 

energy, leading to poor interfacial adhesion between the gutter layer and the 
selective layer [79,82] . To tackle this problem, researchers have developed a 
series of flat sheet composite membranes using surface-functionalized 

PDMS to introduce the addition of a thin selective layer, and the incorpo

ration of inorganic nanoparticles, star-polymers, and soft nanoparticles can 
promote the composite membrane gas permeability [83- 86]. Similarly, Li 
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gutter layer 

Thin dense selective 
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selectivity and flux 
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Fig. 1 0.4 The structure of inorganic particles incorporating nanocomposite membrane. 
This structure requires a thin selective layer over the porous substrate. (Reproduced with 
permission from H.Z. Chen, Z. Thong, P. Li, T.-5. Chung, High performance composite hollow 
fiber membranes for C02/H2 and C02/N2 separation, Int. J. Hydrogen Energy 39 (2014) 
5043-5053. https://doi.org/ 7 0. 7 0 7 6/j.ijhydene.20 7 4.0 7 .047.) 
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et al. [87] applied polydopamine as an intermediate layer between PDMS 
and polyvinylamine (PV Am) selective layer. On the other hand, the appli

cation ofPTMSP, one of the most permeable polymer materials, as the gut
ter layer has been limited because the gradual relaxation of its porous 

structure can lead to a significant loss of permeance especially for thin films 
[79] . For example, the dip-coated bare PTMSP thin layer can lose nearly 
80% of its original permeance after 10 days at room temperature [81] . How

ever, for the composite membrane, whether the coating of a selective poly

mer layer can stabilize the nonequilibrium PTMSP structure has not been 
fully explored. 

In water and wastewater application, nanocomposite membranes with 

functional nanomaterials have also been synthesized and applied using dif

ferent nanomaterials, such as graphene-based nanosheets, halloysite, MOFs, 
and CNTs. For instance, in oily wastewater treatment, current studies on 
MMMs and nanocomposite membranes for the oily wastewater treatment 

process have attempted to utilize emerging materials, such as MOFs. Up 

to now, ZIF and MOF-808 have been blended with a polymer matrix to 
form MMMs for oil-water separation and pervaporation processes 
[39, 73] . MOF-808 was selected because it possesses very good stability, high 

adsorption capacity, and it is relatively easy to modifY [39] . MOF-808 can be 
modified with EDTA and the modification and incorporation ofMOF-808 
into PAN matrix could improve membrane's separation efficiency, espe
cially to adsorb selected ions presented in oily wastewater. In addition, 

the membrane demonstrated excellent recyclability and corrosion resistance. 

Overall, the membrane is highly efficient in treating wastewater. 
Another challenge for MMMs and nanocomposite membranes with 

FNMs used in water and wastewater applications is the lack of durability 

of fillers inside the membranes. The wash out of fillers from polymer matrix 

is common especially during membrane cleaning or during operation at high 
temperature and pressure [50] . The highly durable and stable presence of 
nanomaterials inside polymer matrix can be achieved by enhancing the 

compatibility between nanomaterials and polymer matrix. Improving the 
compatibility as has been discussed in Section 10.3 can be conducted by sev

eral techniques, including surface functionalization of nanomaterials and/ or 
polymer. The functionalization can be conducted before or after the mem

brane has been formed [15,52,56, 72,86] . The loss of nanomaterials from the 
polymer matrix needs to be evaluated under various operational conditions 

to avoid the presence of nanomaterials in the permeate or environment, 
causing potential health problems to the society at large. Membranes used 
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for liquid separation also need to be resistant to biofouling. Some nanoma
terials, such as graphene and graphene oxide, have antimicrobial and anti

biofouling properties, hence they are very suitable to be embedded inside 
the polymer matrix [50] . In addition, graphene oxide has hydrophilic func

tional groups that make it very important and has been applied in several 
studies to increase the permeate flux through the membranes because of 
the reduction in fouling tendency of the membranes with graphene oxide 

[46,48,49,64] . For further study, there is still a need to explore the enhance

ment of membrane surface physicochemical properties, such as hydrophilic
ity and electrical surface charge. 

1 0.4.2 Challenges in operational aspects of MMMs 
and nanocomposite membranes with FNMs 

Up to now, most studies conducted for membranes with FNMs, including 
MMMs and nanocomposite membranes, have been focused on dense and 

flat sheet configuration. This configuration is very important and relatively 
easy to fabricate on laboratory scale to find membranes with a suitable com

bination of polymer-FNMs. However, for industrial scale applications, the 
MMMs and nanocomposite membranes should be synthesized in other con

figurations, especially as hollow fiber membranes. Hollow fiber membranes 
offer a higher packing density than flat sheet membranes. This creates saving 

in plant area because hollow fiber membrane modules can hold a very high 
surface area of membranes in a small module, hence reducing the initial fixed 

capital of the plant [88,89] . 
In recent years, the fabrication ofhollow fiber MMMs and hollow fiber 

nanocomposite membranes with FNMs still faces a great challenge 
[26,27 ,43, 70,89] . The fabrication ofhollow fiber polymeric membrane with 

no fillers or FNMs involves relatively complicated aspects on thermodynam
ics, kinetics, chemistry, and mechanical. The incorporation ofFNMs inside 

dope solution adds another complex situation where the dope solution 
becomes opaque, hence the cloud point technique that is usually used to 

predict the ternary diagram of polymer is relatively difficult to be applied 
in the fabrication of hollow fiber mixed matrix membranes. Furthermore, 

good dispersion of fillers inside polymer matrix in hollow fiber configuration 
requires very careful consideration as in hollow fiber configuration, a very 
high amount of fillers should be mixed with the polymer solution. Fig. 10.5 

illustrates the challenges on hollow fiber mixed matrix and composite mem

branes synthesis that need to be addressed before the hollow fiber mixed 
matrix membranes and nanocomposite membranes can be applied on an 
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industrial scale. High concentration and high amount ofFNMs inside mixed 
matrix and nanocomposite membranes could potentially create nanomater

ials leakage that could lead to the formation of voids and defects in hollow 
fiber membranes [88-91] . 

In addition to the problems faced during the synthesis in MMMs and 
nanocomposite membranes with FNMs, the membrane stability under an 
elevated pressure condition is very important for the practical application, 

especially in gas separation processes [27 ,88, 92] . One particular concern is 

the membrane plasticization in gas separation processes. Although enormous 
attempts have been reported for the MMMs and nanocomposite membranes 
preparation, only a few have studied the membrane's plasticization behavior 

[79,93-95] . For example, Shahid et al. incorporated three different MOFs 

(MIL-53, ZIF-8, and Cu3BTC2) into the Matrimid membrane and obtained 
an improved plasticization resistance [93] . In addition, two aspects are still rel
atively poorly understood for the MMMs yet they are crucial to the practical 

application. The first one is the reversibility of the plasticization, i.e., whether 

the membrane can restore its original separation performance after the depres
surization process. The other one is the membrane plasticization behavior 
under high pressure mixed gas conditions. It has been demonstrated that 

. . . . . . . . 

• Mixed-matrix membranes in HF configurations to provide high surface 

··.. 1 area per unit volume 
•••• • HF with asymmetric structure to minimize gas transport resistance · . 

Selective layer 

·. 

Porous layer 

• Defect-free selective layer less than 100 nm thick 

2 • Porous layer providing mechanical strength 

• Ideally porous layer is made from cheap polymeric material 

. . Thin layer MMMs 

. . . . . . . . 
3 

• Filler material is well dispersed without 
agglomeration 

• Intimate contact between polymer and filler 

• Minimum skin defect 

Fig. 10.5 The illustration of challenges in the synthesis of hollow fiber mixed matrix and 
nanocomposite membranes with FNMs. (Reproduced with permission from M.R.A. Hamid, 
H.-K. Jeong, Recent advances on mixed-matrix membranes for gas separation: 
opportunities and engineering challenges, Korean J. Chern. Eng. 35 (2018) 7577-7600. 
https://doi.org/ 7 0. 7 007/ s 7 7 8 7 4-0 7 8-008 7-7 .) 
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the pure gas results may fail to predict the membrane performance under 
mixed gas conditions, which is more important for practical application 

[27] . In a recent study, the mixed gas and pure gas were tested for plasticization 
resistance of mixed matrix membranes that were fabricated using Pebax as 

polymer matrix and nano ZIF-8 particles in flat sheet and hollow fiber com
posite membranes. The presence ofZIF-8 nanomaterials could improve the 
antiplasticization ability of the composite membranes. This was due to the 

formation of a hydrogen bond between the Pebax matrix and ZIF-8 nano

particles. The hollow fiber composite membranes also showed good anti plas
ticization performance when tested with both pure and mixed gases. The 
membranes also presented the ability to restore their original separation per

formance after the depressurization process, which is very important for the 

application that requires high feed pressure [79] . From laboratory studies 
mentioned above, the presence of functional nanomaterials has been able 
to improve the performances of membranes for various applications that 

require membranes with high separation performances and good stability. 

However, the industrial realization of MMMs and nanocomposite mem
branes with functionalized nanomaterials, especially for gas separation, still 
requires further studies to find the best membranes from a laboratory study 

that can be scaled up and applied in the real situation. 

In addition to studies on the plasticization resistance for dense or flat 
sheet MMMs, the study on the plasticization effects on the stability of com
posite membranes with FNMs is still required and this aspect is still relatively 

poorly understood for composite membranes. As the thin polymer layer has 

inferior structural stability, the pressure-induced deformation or plasticiza
tion can be more significant. Fu et al. [84] studied the performance of the flat 
sheet composite membrane with a feed pressure up to 10 bar of pure C02 , 

and slight plasticization was observed of the thin selective layer. But whether 

the self-supporting hollow fiber composite membrane can sustain high feed 
pressure is of great practical importance and thus is worth investigating. 
A study by Sutrisna et al. in 2016 showed improved performances ofhollow 

fiber nanocomposite membrane under elevated pressures. The membranes 

were fabricated by dip-coating polyvinylidene fluoride (PVDF) hollow fiber 
support inside a mixture of Pebax copolymer and ZIF-8 particles. The 
membranes showed relatively stable gas permeance and gas selectivity under 

the pressurization-depressurization cycle [79] . The study was then expanded 

into different types ofFNMs, such as Ui0-66 and Ui0-66-NH2 , which is a 

type ofMOFs with good adsorption capacity to C02 gas. In this study, high 
loading of Ui0-66 particles could be deposited on the surface of PVDF 
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supports. The membranes also showed good C02 plasticization resistances, 
indicating promising results that can be scaled up to commercial scale [95] . 

However, further study and on-site trial should be conducted before the 
membranes can be applied in the real situation. 

Membranes for gas and liquid separations are also required to be stable for 
long-term operation. In the gas separation process, the physical aging of 
membranes is still one of the major problems [300]. Recently, it has been 

reported that the incorporation of microporous materials such as MOFs 

has significantly improved the long-term performance of several polymers 
such as copolymer Pebax-1657 [79] so they will not suffer aging for 
long-term performance. This is because the incorporation of nanomaterials 

has been observed for being able to reduce the chain movement of the poly

mer resulting in performance stability as the membrane aged [79,80,95] . In 
addition, the selectivity of membranes for C02 separation was also observed 
to increase during the aging period because the permeation of other gases 

with a larger kinetic diameter such as CH4 was more significantly reduced 

[79] . The improved separation performance and antiaging property are then 
also part of the major goals aimed for the next C02 separation. 

The energy consumption and efficiency are still important factors in 

MMMs and nanocomposite membranes are used for water, wastewater, 

and gas treatment processes [3,24,27] . In general, membranes with high per
meability require lower pressure as the driving force for the permeation pro
cess and membranes with lower fouling tendency operate for a longer time 

under pressure. Hence, efficient separation using MMMs and nanocompo

site membranes can be achieved by optimizing the design of membrane 
structure and utilizing a suitable combination of polymer and functional 
nanomaterials [27] . In gas separation processes, for instance, in the carbon 

capture process, energy requirement and utilization are challenges that need 

to be addressed in the real situation. For a process relying on adsorption, the 
main energy consumption mainly comes from the regeneration process. 
During the regeneration process, two energies are at least required if 

temperature-swing adsorption is chosen, such as raising the material temper

ature from the adsorption process to the desorption process and endothermic 
desorption process. In a pressure-swing adsorption process, the energy pen
alty might come from continuous pressurization and depressurization of the 

system. Several innovative ways can be proposed to address the issue requir

ing less energy consumption and enhanced adsorption-desorption process. 
However, this regeneration energy is not required in a membrane-based 
C02 separation process. From the membrane-based separation process 
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perspective, the concern of energy is more related to make the overall pro
cess more efficient and consume less energy. This task is usually achieved by 

optimizing the operating condition of the membrane. In this regard, it 
should be admitted that there is still a lack of details on the study to build 

a general strategy for the operating condition for a membrane-based 
C02 separation. 

1 0.5 Conclusions 

This chapter discusses possible challenges for the industrialization and scale
up of membranes with functionalized nanomaterials or FNMs. FNM-based 

membranes are generally synthesized as mixed matrix membranes (MMMs) 
or nanocomposite membranes. The challenges can be categorized into two 

different aspects, synthesis and operational challenges. From the synthesis 
point of view, several problems related to the fabrication of membranes need 

to be addressed. Such challenges correlate with the classic problem of com
patibility between polymer or continuous phase and FNMs as the dispersed 

phase. The incompatibility between these two materials causes the forma
tion of voids, defects, or rigidified regions near the interface between these 

materials. Voids, defects, and rigidified sections affect the separation perfor
mances of the membranes. Hence, many efforts have been made to handle 

this problem. Surface functionalization, priming protocol, and controlling 
the concentration of FNMs inside polymer matrix are several techniques 

that have been successful in minimizing the problems of incompatibility 
of two materials. Surface functionalization using silane and polydopamine 

has been conducted and considered as a potential solution for improving 
the dispersion of FNMs inside the polymer matrix and both of these func

tionalized agents have been reviewed in this chapter. 
In terms of operational aspects, hollow fiber membrane configuration 

offers a more efficient and effective separation process than flat sheet mem
branes. However, the scale-up process ofMMMs and nanocomposite mem

branes from flat sheet configuration into hollow fiber configuration still faces 
challenges. For the hollow fiber MMMs to be commercially attractive, the 

membranes should be synthesized as the asymmetric structure that has a thin 
selective layer of the mixed matrix of FNMs and polymer. This is a very 
challenging research prospect worthy of further investigation. In addition, 

for the fabrication of hollow fiber membrane, a higher amount of FNMs 
needs to be dispersed uniformly on the mixed matrix layer, and this requires 

optimization as the possibility of particle aggregation and wash out are 
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possible during the synthesis. Furthermore, some issues on membrane plas
ticization, especially in gas separation processes, and long-term performance 

of produced membranes need to be investigated as these two phenomena are 
very important in the real situation [27 ,50] . 
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