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The Effect of Zeolitic Imidazole
Framework-8@Graphene Oxide
on the Performance of Polymeric
Membranes Used for Wasterwater
Treatment

T. A. Makhetha and R. M. Moutloali

Abstract The practice of using zeolitic imidazole framework-8@graphene oxide
(ZIF-8@GO) is increasing tremendously in membrane technology for wastewater
treatment. This is not only due to the limitations posed by ZIF-8 or GO when used
separately, but because of the interesting properties a composite of these mate-
rials (ZIF-8@GO) possesses, such as hydrothermal stability, porosity, crystallinity,
hydrophilicity, and selectivity. Therefore, it is necessary to expand knowledge on the
overall properties of the resultant ZIF-8@GO as well as the ZIF-8@GO incorporated
into polymericmembranes. This chapter covers the literature on recent developments
on ZIF-8@GO incorporated into polymeric membranes for wastewater treatment.
The focus is on themorphological features, thermal and chemical stability,membrane
performances i.e., rejection of pollutants from wastewater, water flux, selectivity as
well as antifouling and or antibiofouling properties of these ZIF-8@GO embedded
in polymeric membranes.

8.1 Introduction

Each person has the right to adequate, perpetual, accessible, safe, and cheap water
for personal and domestic use. However, not everyone in the world has access to
safe and readily available water [81, 86, 94]. It is worth noting that having clean
and safe water can greatly boost every country’s economy and significantly reduce
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poverty, especially in African countries [86, 94]. Nonetheless, different factors such
as increasing water scarcity, climate change, urbanization, population growth, and
demographic changes have been identified to pose challenges towater supply systems
[44, 46, 49]. As a result of these challenges,WorldHealthOrganisation (WHO) stated
that, by 2025, half of the world’s population would be living in water-stressed areas
[99]. Consequently, there is a need to review and scrutinize the already existing
membrane processes that are used for wastewater treatment for reuse to ensure the
WHO projections are inappropriate.

Membrane processes such as reverse osmosis (R.O.), nanofiltration (N.F.), ultra-
filtration (U.F.), and microfiltration have been extensively utilised for wastewater
treatment due to their ease of preparation and operation, are cost-effective and
possess high efficacy [20, 32, 44, 46, 49, 99]. However, these membrane technolo-
gies are hamstrung by their perceived high energy demands or chemical intensiveness
during preparation and high fouling tendency, thus requiring frequent backwashing or
cleaning [20, 32,44,99]. Furthermore, membrane fouling is considered as the number
one drawback hindering the widespread adoption and use of membrane processes in
wastewater treatment [44, 46, 49]. In definition, membrane fouling results from the
deposition on the membrane surface or adsorption of organic filth such as proteins,
natural organic matters, and humic substances as well as microorganisms [22]. It is
worth noting that membrane fouling, caused by either bio or organic deposition, is
highly affected by the membrane properties and characteristics that greatly dictate
its application and performance [22]. In addition, there are other factors that play a
crucial role in membrane fouling, i.e., the pH of the feed solution, the concentration
of the solute in the feed, and the structure of the membrane [76]. Mitigation strate-
gies to minimize fouling have resulted in the development of modified polymeric
membranes leading to improved membrane performances and application.

The incorporation of porous and/or hydrophilic materials into polymeric
membranes is currently considered one of the most effective ways to achieve func-
tional membranes for wastewater treatment [32, 44, 46, 49, 58]. Consequently, inten-
sive studies and reports dedicated to the utilisation of metal organic frameworks
(MOFs) in membrane formulation due to their controllable pore aperture, pore size,
diverse structures, morphologies, and their tunable functionalities [13, 14, 20]. These
studies revealed that understanding key features ofMOFs and how these interact with
polymeric membrane matrices could ensure the production of defect-free MOF-
integrated membranes for the filtration process [3]. It is worth noting that not all
MOFs are water stable and compatible with the polymers utilized in membrane tech-
nology for wastewater treatment [3, 14, 44, 46, 49]. This has led to carbon-based
material such as graphene oxide (GO) being used as a dispersant for MOFs as well
as to enhance the water stability of the MOFs [11, 43, 47, 55, 57, 69, 89]. GO is a 2D
carbon material with oxygenated functional groups,such as carboxyl, hydroxyl, and
epoxy, contained on its edge and on the basal plane [53]. These functional groups
bestowGOwith good hydrophilicity. Furthermore, the oxygenated functional groups
make GO reactive, making its surface modification easier and hence used to anchor
MOFs increasing their compatibility with the polymer matrix [53, 103].
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Wang et al. [11] fabricated an electrospun membrane from polylactic acid (PLA)
polymer modified with ZIF-8@GO filler for methylene blue (MB) adsorption and
its photodegradation from wastewater. An increase in hydrophilicity and enhanced
mechanical strength of the polymer matrix was observed with the incorporation of
the ZIF-8@GO filler. The resultant PLA/ZIF@GO composite membranes exhib-
ited enhanced adsorption capacity and photocatalytic efficacy for MB compared to
Zhang et al., which rejected only 50% of methyl blue using ZIF-8/HPEI hybrid filler
modified PAN [97].

On the other hand, Wang and co-workers [89] investigated the effect of ZIF-
8@GO on the antibacterial performances of thin-film composite membranes. The
authors found that the increasing ZIF-8@GO content enhanced the antimicrobial
properties of the thin film composite membranes. Furthermore, it was also reported
that a synergistic effect of the hydrophilic GO and porous ZIF-8 improved the perme-
ability of the thin film composite membranes without compromising on their solute
rejection properties. A similar positive contribution resulting from the incorporation
of ZIF-8@GO composite fillers on hydrophilicity, water flux, dye rejection as well
as fouling resistance in ultrafiltration membrane was reported by [97]. Furthermore,
we also reported on how the antibiofouling membrane properties were enhanced by
the incorporation of ZIF-8@GO encapsulating the well-known antimicrobial agents,
viz. silver and copper nanoparticles [57].

The chapter summarises recent progress on MOFs@GO composite and its use to
modify polymeric membranes for wastewater treatment. The focus is on the impact
of ZIF-8@GO on structural and morphological features of the resultant membranes;
i.e., membrane pore size or shape, surface roughness, and hydrophilicity and their
influence on the membrane performance parameters such as water flux/permeability,
solute rejection mechanisms, and the effect of the composites on membrane fouling.

8.2 General Description of Metal–Organic Framework
(MOFs)

Metal–organic frameworks (MOFs) are classified as both organic and inorganicmate-
rials due to their constituents, i.e., transitionmetal cations (such asCo, Zn, Zr, andCu)
and multidentate organic linker (such as terephthalic acid and 2-methylimidazole)
[36]. The formation of MOFs is through the coordination of the metal clusters with
the functional groups from the ligand/linker; hence they are also called porous coor-
dination frameworks [35].MOFs have interesting features such as a high surface area
with their porosity and pore sizes much greater than those of molecular sieve mate-
rials that can be controlled or tuned from micro to mesoporous by simple methods
[12, 32, 44, 46, 49, 99].

MOFs are divided into different categories based on their metal clusters and the
linker used. More insight on the differences in MOFs is presented in the sections
below. Thus far, there is isoreticular metal–organic frameworks (IRMOFs) [6, 30,



228 T. A. Makhetha and R. M. Moutloali

54, 70, 84, 96], zeolitic imidazolate frameworks (ZIFs) [4, 5, 7, 59, 65], materials of
institute lavoisier frameworks (MILs) [10, 15,16, 18, 30, 60, 61, 67], University of
Oslo (UiO) [8, 34, 51, 93], etc. New types of MOFs are being developed, looking at
using lanthanides and actinides metals with different linkers [28, 78]. The f-orbital
lanthanides and actinides are less available for bonding which results in big particle
size in comparison to the d-orbital transition metals [78]. Furthermore, due to less
available bonding sites, the lanthanides metal center forms the first coordination
sphere that constitutes the primary building units (PBU) of the lanthanide MOFs.
The PBU then combines into larger, unique polymeric subunits that are repeated
throughout the entire framework that is known as the secondary building unit (SBU)
[28]. Subsequently, these lanthanides and actinidesMOFs provide enhanced catalytic
binding sites compared to the transition metal MOFs [28].

8.2.1 Isoreticular Metal–Organic Frameworks (IRMOFs)

Isoreticular MOFs are the ones from organic ligands of different sizes, but with
a common symmetry/geometry resulting to MOFs of related topologies, but with
expanded pore sizes and volumes [73]. IRMOFs series have similar primitive cubic
packing (pcu) topology and can be fabricated from MO–C clusters where M is a
metal and different ligands as demonstrated in Fig. 8.1 [6, 30, 54, 70, 84, 96]. The
varied ligand result to change in surface area, physical and chemical properties; hence
these are used for various applications such as gas adsorption, catalysis, and sensors

Fig. 8.1 Description of the formation of IRMOFs and structural represantation of IRMOFs and
the structure of the ligand derivatives of IRMOFs family. Yellow central sphere represents open
pore spaces. Reproduced with permission from [96] and [70]. Copyright 2012, Royal Society of
Chemistry and 2014, Springer-Verlag Berlin Heidelberg
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[6, 30, 54, 70, 84, 96]. However, IRMOFs are not applicable in water research since
they easily degrade in a humid environment even at room temperature due to the
rupture of the bond between a metal atom and the central oxygen from the metal
cluster [6]. The molecular length and breadth of the organic ligand control the size
of the cavities (yellow spheres) of the resultant MOFs.

8.2.2 Zeolitic Imidazolate Frameworks (ZIFs)

Extensive research has been done on MOFs in the past decades, which led to the
development of the subfamily zeolitic imidazolate frameworks (ZIFs) [4, 5, 7, 59,
65]. The main constituents of ZIFs are the two transition metals, i.e., zinc and cobalt,
and a range of imidazolate linkers coordinated in a tetrahedral shape that is similar to
that in crystalline aluminosilicate zeolite and hence their generic name (Fig. 8.2) [59].
The coordination of ZIFs is built from M–I.M–M (M = tetrahedrally coordinated
metal ion, I.M. = imidazolate, and its derivative) bonding with a M–I.M.–M angle
of 145°, which is similar to the Si–O–Si angle in zeolites (Fig. 8.3) [4, 7, 59].
Interestingly with ZIFs, their structure depends primarily on the type of solvent used
and the linker imidazolate (Fig. 8.4) [4, 5, 7, 59, 65]. It has been observed that when
the functionalized linkers are used, greater structural diversity in ZIFs is possible.
Similarly, ZIFs are thermally and chemically stable;moreover, ZIFs have been shown
to be water stable in comparison to other MOFs [4, 5, 7, 59, 65]. This is due to the
strong metal to nitrogen bond that shows intensive resistance to alkali water and
organic solvents [3]. Furthermore, ZIFs are hydrophobic; therefore, water molecules

Fig. 8.2 Representation of assembly of different types of ZIFs and their respective topologies.
Yellow central sphere represents open pore spaces. Reproducedwith permission from [5]. Copyright
2008, American Association for the Advancement of Science
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Fig. 8.3 General structural model of ZIFs showing angle similarities with the aluminosilicate
zeolites. Reproduced with permission from [59]. Copyright 2020, Taylor & Francis Online

Fig. 8.4 Different types of imidazole ligands used for the synthesis of ZIFs. Reproduced with
permission from [7]. Copyright 2014, Springer Nature Switzerland AG

cannot penetrate through the framework pores to destroy their structure [59]. ZIFs
have been widely applied in gas storage/separation, catalysis and recently in water
purification and wastewater treatment [4, 5, 7, 59, 65].
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8.2.3 Materials of Institute Lavoisier Frameworks (MILs)

MILs were firstly discovered in 2000 by Millange and Serre et al. [18]. These types
ofMOFs are formed from the chemically inert metals such as Cr, Fe, Sc, V, Al, Ti, Ni,
and Mn. and the benzene-1,4-dicarboxylate linkers (Fig. 8.5) [10, 15,16,18, 30, 60,
61, 67]. The structure of MILs is made by coordinating benzene-1,4-dicarboxylate
ligands metal centres that are octahedrally connected and share trans-corners to give
infinite, linear inorganic chains [10, 15,16,18, 30, 60, 61, 67]. This yields an open
structure with diamond-shaped channels running parallel to the inorganic chains,
as presented in Fig. 8.6. MILs are known for their flexibility which allows them
to expand and contract when exposed to stimuli such as pH change, temperature,
the introduction of guest molecules, and pressure without any change in their crys-
talline structure [10, 15,16,18, 60, 61, 67]. Such MOFs have been used in various
applications such as catalysis, sensing, drug delivery and degradation or capture of
pollutants [10, 15,16,18, 60, 61, 67].

Fig. 8.5 Different types of ligands used to synthesizeMILs. Reproduced with permision from [82].
Copyright 2020, John Wiley and Sons
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Fig. 8.6 Representation of assembly of different MILs. Reproduced with permission from [91].
Copyright 2020, Royal Society of Chemistry

8.2.4 University of Oslo (UiO)

UiO-66 MOF was first synthesized at the University of Oslo and hence its
name. Similar to other MOFs such as MILs, UiO-66 is formed when the 1,4-
benzenedicarboxylate organic linkers coordinate to Zr metal ions in clusters
contained as Zr6O4(OH)4 nodes (Fig. 8.7) that are different to that of MILs [8, 34,
51, 93]. UiO-66 MOFs present an octahedron shape and are known to be stable in
acids andwater vapor, and are thermally stable [93]. As such, they have been widely
used in aqueous applications such as dye adsorption and pervaporation [20].

8.2.5 Summary of MOFs

From the general description ofMOFs, it is evident that not all MOFs are suitable for
water application without modification. Therefore, some factors need to be consid-
ered when choosing MOFs to be used in water-related applications. It is also worth
noting that the structure and the morphology of the MOFs are not only dependent
on the building blocks and the linker used, as shown in Figs. 8.1, 8.3, 8.5 and 8.7. In
essence, some factors such as temperature, compositional parameters (i.e., pH, type
of salt and molar ratio), and solvent influence the structure and the morphology of
MOFs [3]. For example: during the synthesis of MOFs, usually, the solvents are not
incorporated within the framework; however, they might direct the crystal growth
of the MOFs by acting as directing agents [29, 42, 74]. Furthermore, the nucleation
growth of MOFs can be increased, which then results in a smaller particle size of
MOFs by using more reactive metal precursors, i.e., using Zn(NO3)2 instead of using
ZnSO4 [102].
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Fig. 8.7 Representation of assembly of different UIO-66MOFs. Reproducedwith permission from
[105]. Copyright 2018 John Wiley and Sons

Additionally, the molar ratio between the linkers and the metals does play a huge
role; the excess of the linker might slow down the growth rate as it will function as
a stabilizing agent [52, 74]. Another important factor to consider is high tempera-
tures used for the synthesis of MOFs since excessively high synthesis temperature
may oxidize metal ions [74]. Thus, MOFs are recently used as precursors for metal
oxides [71]. Finally, the addition of additives such as trimethylamine (TEA) and
cetyltrimethylmmonium bromide (CTAB) might affect the growth rate resulting in
smaller particle sizes [25, 66].

8.3 Factors to Consider When Choosing MOFs in Water
Application

8.3.1 MOFs Should Have High Water Stability

MOFs need to be water stable for them to be applied in water research, such
as in membrane technology for water treatment and purification. Most MOFs,
such as isoreticular MOF-5 and HKUST (Hong Kong University of Science and
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Technology), a metal–organic framework made up of copper nodes with 1,3,5-
benzenetricarboxylic acid struts between them, are susceptible to moisture and
hydrolyze, resulting in decomposition and displacement of the building block leading
to a loss of crystallinity and porosity of MOFs [6]. As a result, only a handful of
MOFs are stable in water without any modification. These include MOFs with high
valence metal ions such as Zr4+, Ti4+, Cr3+, and Fe3+ coordinated to ligands shown
in Figs. 8.6 and 8.7, these include MOFs such as MILs and UiO [34, 60, 67, 93].
Their stability is due to the charge density of these high valence metals that is related
to their corresponding ionic radius. In this case, the stability of MOFs is enhanced
since the smaller the effective ionic radius is linked to the high charge density of the
metal ion [3].

Other water-stable MOFs are those synthesized using azolate based organic
ligands such as imidazolates, pyrazlates, triazolates, and tetrazolates (Fig. 8.4) [5, 59,
65]. The stability of the azolate ligands is ascribed to their higher pKa values [45].
This results in the stability of the ligands being maintained even though low valence
metal ions are used, e.g., Zn in ZIF-8 is one of the perfect examples [59]. Further-
more, the strong bond formed between metal-nitrogen is maintained, resulting in
higher water stability of the ZIFs [5].

Modification of MOFs with specific functional groups can prevent water
molecules from entering into their framework structure. For instance, the introduc-
tion of the hydrophobic functional groups such as methyl groups and non-polar
alkyl groups enhances water stability of the resultant MOFs [45]. Consequently,
hydrophobic pore surfaces and encapsulated metal ions provide steric hindrance as
a mechanism that blocks water from seeping into the frameworks. Ultimately the
exclusion of water molecules in the framework structure imparts and enhances the
water stability of MOFs.

Finally, the formulation of the core–shell MOFs does play a crucial role in
enhancing thewater stability of theMOFs. In this case, thewater-stableMOFs act as a
shell that protects the water-sensitive core [3, 45]. Most interestingly, MOFs@MOFs
materials offer a synergistic effect, and new properties are often realized in these
types of materials [44, 46, 49, 68, 95]. In adsorption and separation application,
MOFs@MOFs materials are fabricated fromMOFs with different apertures in order
to serve as molecular sieves [95]. As such, the MOF with a larger opening will act as
a cargo transport highway, while the MOF with a smaller opening will act as a filter
[95].

Furthermore, these MOFs@MOFs materials are synthesized using different
synthesis routes, i.e., epitaxial growth, post-modification, and one-pot synthesis for
MOFs@MOFs materials [44, 46, 49, 68, 95]. These synthesis routes offer different
structural features as well as different properties that can be utilized for different
applications [95]. In definition, epitaxial growth is the seeding/growing of oneMOFs
on the surface of the other MOF through see-mediated synthesis, e.g., growth of
ZIF-8@ZIF-67 or vice versa [44, 46, 49 68, 95]. On the other hand, a post modifi-
cation route is the most flexible method for the synthesis of MOFs@MOFs mate-
rials, wherein, different strategies are employed such as Ostwald ripening-mediated
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method, selective trans-metalation method, internal extended growth method, post-
synthetic ligand exchange, retrosynthetic design, and surfactant-mediated over-
growth method [95]. Finally, in the one-pot synthesis method, the metal ions and
ligands of the inner and outer MOFs are added into the reaction system simultane-
ously [95]. Nonetheless, the porosity of MOFs@MOFs materials is of paramount,
especially in separation application.

8.3.2 Suitable Pore Size for MOFs Appropriate for Use
in Membrane Technology

MOFs have a high controllable level of porosity that makes them suitable to be
used in all membrane types, i.e., reverse osmosis, nanofiltration, ultrafiltration, and
microfiltration membranes [20]. In these cases, the aperture of their cages and the
pore sizes play a crucial role in themembrane process resulting in enhancedwater flux
by providing alternative water pathways, decreasing water resistance, and reducing
tortuosity (Fig. 8.8) [39]. The pore size of the MOFs does affect the rejection of
pollutants; small pore size and aperture cage are mostly preferred to allow water
transport while preventing transport of dissolved ions across the membrane [14]. As
such, the appropriate pore or cavity size of the MOFs in membrane technology is
the small pore size that can only allow water molecules while preventing other small
dissolved salts; this is referred to as molecular sieving. In a case where the pore size
of the MOF is big enough to allow pollutants within the pores, there is an interaction
of the pollutants with the adjacent surfaces of the MOF; hence adsorptions will take
place within the MOF cavities [44, 46, 49]. The selection of the pore size does also

Fig. 8.8 Representation of thewater transport through themacropores inside theMOF incorporated
into polymeric membrane. Reproduced with permission from [39]. Copyright 2015 Elsevier
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depend on the targeted pollutant, similarly in gas separation since gas molecules are
different in size [44, 46, 49].

8.3.3 Importance of Uniform Dispersibility of Fillers
in Composite Membranes

Free-standing layers of MOFs with uniform pore size and high level of porosity
can be used to ensure consistent properties throughout MOF membranes [44, 46,
49]. However, these membranes can barely be approved for practical application due
to their poor mechanical strength. Therefore, MOFs incorporated into membranes
are widely used and approved [3, 43, 47, 99]. As such, MOFs are generally used
as nanofillers, and the dispersion of MOFs crystallites plays an important role in
the performance of the composite membranes [3, 43, 47, 99]. The concentration or
loading of MOF nanofillers below 5 wt.% is the most appropriate quantities to use
for resulting in uniform dispersion in the membrane matrices (Kadhom and Deng,
2018b). However, MOFs are not entirely compatible with most polymer matrices.
Hence, in other instances, a compatibilizer or a dispersant such as carbonaceousmate-
rials (graphene oxide, carbon nanotubes) play a crucial role in properly dispersing
MOFs in a matrix [41, 106]. As the concentration of the MOF nanofillers increases,
the surface energy of the MOF particles is reduced as a result of high surface energy
that is caused byVan derWaals forces (Manuscript et al., no date), leading to agglom-
eration. Poor dispersion compromises the mechanical properties of the membranes
resulting in poor membrane performances [41, 106]. Furthermore, a high concen-
tration of MOF filler may result in changes in the rheology of the membrane matrix
affecting the physical and chemical properties of the resultant membrane, as a result,
decreasing membrane performances such as water flux, rejection as well as fouling
resistance. (Manuscript et al., no date). Consequently, there is a need to investigate
different strategies to employ to improve the MOF/polymer interface.

So far, a great number of approaches have been used to improve MOF/polymer
interface, such as using different methods for preparing the dope solution, surface
modification of the MOFs or the polymer, adding interface agents, i.e., ionic liquids,
and using MOF composites, i.e., MOF@GO [48]. Most of these approaches have
shown interesting results; however, there is still more to be done to improve
the interfacial voids found between the MOF and the polymer [48]. However,
few interfacial voids and better MOF/polymer interactions have been reported for
MOF composites due to better compatibility between the GO and most polymers
[55,57, 43, 47, 87, 106].
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8.4 ZIF-8@GO Fillers Used in Membrane Technology
for Wastewater Treatment

MOFs have been used as fillers in membrane technology for wastewater treatment
[27]. However, MOFs as inorganic fillers are incompatible with organic polymer
matrix, which has led to the use of hybrid fillers that emanated from the concern of
poor dispersion of the inorganic filler in the organic polymeric membrane. Conse-
quently, the use of carbonaceous materials as compatibilizers or dispersants has
proven to be very crucial [11, 89]. It is worth noting that, in most cases, the composite
membrane will exhibit both the properties of the individual materials used to form
the hybrid filler [11, 56, 57, 89]. Interestingly, in membrane technology, the filler
material improves the properties of the resultant composite membrane; these include
the physico-chemical, i.e., improved surfacemorphology, enhanced thermal stability,
improved mechanical properties, improved membrane performance, i.e., water flux,
rejection, and fouling resistance. Therefore, understanding the individual properties
of the materials such as MOFs and GO as well as the resultant composite is crucial
as it provides insight into how the morphology and/ or structure of the resultant
composite membranes can be influenced, leading to better membrane performance.

8.4.1 Morphology

There are three different groups of membranes, i.e., biological membranes, artifi-
cial membranes, and theoretical membranes [72]. This chapter focuses on artificial
membranes such as R.O., NF, U.F., and M.F. with asymmetric structure mostly used
in industries [72]. A typical asymmetric membrane structure is shown in Fig. 8.9
and consists of two layers that can be viewed from its cross-section. This type of
membrane consists of a top dense thin layer usually referred to as the top skin layer,
and a bottom porous sublayer [62, 72]. These two layers play a crucial role. The
dense top layer controls the performance, such as the permeation properties and
water flux of the membrane. The porous sublayer only provides mechanical strength
to the membrane. On the other hand, the membranes with symmetric structures do
not possess top dense or porous bottom layers and are uniform throughout (Fig. 8.9).
There are two types of asymmetric membranes, (1) an integrally skinned asymmetric
membrane where the material of the top layer and porous sublayer is the same [19].
(2) The composite membrane where the polymer of the top skin layer is different
from the polymer of the porous sublayer [19]. Interestingly, the porous sublayer can
be modified separately to optimize the overall performances of the membrane in
comparison to the integrally skinned asymmetric membrane [19, 72]. For example,
the porous layer can be optimized by choosing the amount of the polymer used that
affects the viscosity of the casting solution, as a result affecting the exchange rate of
water and solvent. The addition of the pore former, e.g., poly(vinyl pyrrolidone) is
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Fig. 8.9 Classification of membranes based on materials of construction, structural attributes,
configuration and diameter of the configuration. Reproduced with permission from [19]. Copyright
2019 Elsevier

also used to optimize the porous layer [41]. The top layer can be modified by under-
standing the effects and the amount of the monomers that are used to fabricate the
top layer (W J [37, 38]. For example, m-phenylenediamine (MPD) aromatic diamine
and trimesoyl chloride (TMC) acid chloride have proven to be the most successful
monomers for the fabrication of the top layer of the composite membrane (W J [37,
38].

The properties of membrane pore structures, such as pore size, pore size distri-
bution, pore density, surface roughness, etc., are the backbone of the membrane
processes since such properties control the filtration characteristics of membranes
[19, 62, 72]. Membrane preparation protocols that are geared towards controlling
the physical properties like pore size and pore size distributions of the membranes
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are continuously being developed. These include the phase inversion method that
is divided into four different main types (i.e., non-solvent-induced phase separation
(NIPS), vapor induced phase separation (VIPS), thermally induced phase separation
(TIPS), and solvent evaporation-induced phase separation (SEIPS)). NIPS, TIPS,
and VIPS are extensively used for producing polymer membranes, whereas SEIPS
involves the use of liquid monomers for the production of membranes [21, 83]. The
difference between these methods is the mechanism in which the phase inversion
process occurs [83]. Wherein TIPS method uses high temperatures to prepare a dope
polymer solution thereafter cooled to induce phase separation followed by polymer
solidification [50, 83]. On the other hand, in NIPS, a homogeneous solution of the
polymer and the solvent is cast on a glass plate and subsequently submerged into a
coagulation bath containing a non-solvent, e.g., deionizedwater; hence, precipitation
occurs due to the exchange of solvent into non-solvent [21, 55]. In contrast to NIPS
and TIPS, the phase inversion processes in the VIPS method occur in the open air
under-regulated humidity [64].

There are fundamental factors that affect the phase inversion process inmembrane
formation when using NIPS, TIPS, and VIPS methods, these include the choice of
solvent-nonsolvent system, the composition of the coagulation bath, the composition
of the polymer solution, and film casting conditions [21, 83]. As such, the desired
membrane is achieved by optimizing the above-mentioned factors. Furthermore,
additives, such as organic, i.e., poly(vinyl pyrrolidone) and poly(ethylene glycol), as
well as inorganic additives, i.e., nanoparticles, are often used as a third component
during membrane formation [21, 83]. These additives are often utilized to regulate
membrane pore formation, pore structure, pore distribution, and chemical properties,
which then influence the membrane performance as well as the membrane appli-
cation [21, 64, 83]. There are numerous techniques that are utilized to assess the
effectiveness of these various factors in membranes formation. For example, Younas
and co-workers investigated the effect of coagulation residents on the morphology,
mechanical properties as well as gas transport behavior of the resultant membranes
[50]. The findings revealed that the pores increased with increased exposure of the
membranes in the coagulation bath, which allowed enough time for de-mixing to
occur. Furthermore, it was realized that an increase in pore density resulted in a thin
dense layer that positively influenced the resistance of the membranes towards gas
transport [50].

The usage of several techniques to determine pore size and distribution charac-
teristics of the membranes include the mercury porosimetry, permporometry, bubble
point method, thermoporometry, and the adsorption method, as well as methods
based on liquid or gas transport, microscopic methods such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are commonplace [62, 72]. Herein, the focus will be limited to
themicroscopicmethods, i.e., SEMandAFM. These two techniques are of interest in
this chapter since they provide a clear and visual morphological insight with respect
to pore size, pore density, pore distribution, as well as surface roughness. Moreover,
each technique can provide more than a single information about the characteristics
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of the membrane pore, and the results obtained are independent of the other param-
eters unlike the other mentioned techniques. Whereas, in other techniques such as
the bubble point technique and porosimetry, only the radius of the largest pore is
determined, and the results depend mostly on the contact angle as well as the surface
tension of the membrane [85].

8.4.1.1 Sem

SEM is an electron microscope that uses a focused beam of electrons that react with
the sample to produce a topological image. In membranes, a top surface and a cross-
section are usually investigated where the top surface reveals the surface pores of the
membranes. SEM usually underestimates pore diameters due to the metal coating
that is necessary to increase conductivity [31]. The measured pore diameter value
varies with the coating rate, coating period, and pore shape [31, 62]. It is worth noting
that the pore shape is usually not cylindrical but funnel-shaped, so the coating can
reduce the pore size leading to underestimation of the actual size [72]. The structural
changes/defects may also occur due to the damage by the electron beam or by the
requirement to operate in a high vacuum [72]. Nonetheless, SEM is widely used in
membrane technology to assess the topography of the membrane.

The effect of ZIF-8@GO fillers on membrane topography is dependent on the
membrane fabrication protocol used. For instance, its effects on membranes formed
using phase inversion for U.F. membranes are different from that obtained using
interfacial polymerization process for N.F. and R.O. membranes. For instance, in the
phase inversion process, ZIF-8@GO filler affects the rate at which the de-mixing
process occurs therefore impacting/influencing the membrane pore size, pore distri-
bution, and the shape of the pores that are formed [19, 72]. For example, we observed
a decrease in membrane pore size but an increase in pore density and pore distribu-
tion as the amount of ZIF-8@GO composite in the PES composite membranes was
increased in comparison to pristine PES membrane [56]. Furthermore, the cross-
section of the composite membranes demonstrated a formation of a sponge-like
membrane compared to the pristine membrane at higher ZIF-8@GO loading [56].
This variation is dependent on the influence the hydrophilic GO has on the rate of
solvent de-mixing and final deposition of the filler within the membrane polymer
matrix. In this case, the combination of porous filler and hydrophilic GO support
consequently increased water flux by affording the membrane more water trans-
port pathways and increased hydrophilicity that plays a crucial role in membrane
performances [3, 11, 57, 89, 97, 106].

In interfacial polymerization (I.P.), the fillers, i.e., ZIF-8@GO, affect the rate
of crosslinking between aliphatic/diamine monomer in the aqueous phase and the
acid chloride monomer in the organic phase (Fig. 8.10) [37, 38, 89]. Subsequently,
the thickness of the thin film is affected, which plays a huge role in membrane
performance [37, 38]. It is worth mentioning that the filler effect is usually observed
when the filler is dispersed in the organic phase because the diffusion rate of the I.P.
process is generally controlled in the organic layer [3, 37, 38]. The SEM images of
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Fig. 8.10 Representation of the formation of polyamide thin film. Reproduced with permission
from (Lau, Ismail, Misdan and Kassim 2012). Copyright 2012 ELSEVIER

thin film composite membranes usually show a thin layer onto the porous substrate,
and in some cases, irregular structure is observed, which is assumed to be a result of
the growth of initial polyamide clumps caused by the defect in the interface at the
beginning of crosslinking.

8.4.1.2 Afm

Recently, the AFM technique has foundwidespread usage for the study of membrane
surfaces. AFM provides atomic-level images and has become a crucial technique for
obtaining images of the membrane surface materials. This technique does not require
any special sample preparation, as is the case for SEM above. Interestingly, AFM
can show three-dimensional images of the surfaces. The quantitative information
obtained from AFM provides the microscopic details of the surface structure that is
used to obtain a variety of surface roughness parameters as well as in some cases the
width of surface pores and surface porosity. Visualizing the effects of fouling and
chemical modification on surface morphology is another potential benefit of using
this technique. Researchers revealed that the surface roughness of the membrane
influence the surface area that is available for contact with foulants [31, 72, 104].
Therefore, surface roughness plays a critical part in establishing the magnitude and
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Fig. 8.11 Representation of
the affinity of foulants
towards the rougher
polymeric membrane and
poor affinity towards the
smoother ZIF-8@GO
modified membrane

nature of membrane surface fouling [31, 72, 104]. Due to the observed correla-
tion between higher surface roughness the increased propensity for surface fouling
(Fig. 8.11), great effort into creating membranes with smoother surfaces to minimize
fouling has beenmade. The incorporation of hydrophilic ZIF-8@GOfillers has led to
a reduced surface roughness which subsequently enhances fouling resistance of the
composite U.F. membrane (Fig. 8.11) [11, 26, 92, 106]. The reduced surface rough-
ness emanates from the affected rate of de-mixing in the phase inversion method and
the rate of crosslinking in interfacial polymerization.

8.4.2 Membrane Wettability

Membrane wettability studies usually involve the measurement of contact angles as
the primary data, which indicates the degree ofwettingwhen amembrane surface and
liquid interact [24, 100]. Small contact angles (8 = 90°) correspond to high wetta-
bility, while large contact angles (8 = 90°) correspond to low wettability [24, 100].
The contact angle values are presented in Fig. 8.12. A lower contact angle value signi-
fies the hydrophilic nature of the material, i.e., the high affinity of water molecules
toward themembrane substrate [24, 100]. Hydrophilic literallymeans “water loving”
and such materials easily adsorb water molecules due to the presence of active polar
functional groups [100]. The higher contact angle indicates the hydrophobic nature
of the surface. Hydrophobicmaterials possessing this characteristic have the opposite
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Fig. 8.12 Demonstration of contact angle formed by a sessile liquid drop on a smooth surface

response to water interaction compared to hydrophilic materials. Hydrophobic mate-
rials “water hating” have little or no tendency to interact with water, and water tends
to “bead” on their surfaces [24, 100]. The contact angle measurement is in addition
also influenced by the physical properties of the membranes such as heterogeneity,
surface roughness, pore size, and pore distribution [24]. Suppose a membrane is
highly porous due to the incorporation of ZIF-8@GO composite. In that case, the
contact angle value may become very low due to the combination of functional
groups on GO and porosity afforded by the ZIF-8. In the case where the membrane
incorporated only ZIF-8, the overall surface character is less hydrophilic at high filler
content. Hence, the observed contact angles are higher compared to its GO analog.

Similarly, the contact angle value of a membrane of higher surface roughness is
higher compared to the other membrane of lower surface roughness [11, 56, 57, 89].
Generally, as the contact angle values decreased (membrane become hydrophilic),
the flux rate has increased, a behavior observed for composite membranes containing
ZIF-8@GO [11, 56, 57, 89]. Hydraulic permeability of the membrane significantly
influenced the surface hydrophilicity. These involve the secondary forces of interac-
tions such as dipole–dipole, induced dipole–dipole, Van der Waals forces, electro-
static interaction, hydrogen bonding, etc., between the solution and membrane [24].
This also results in relatively higher fluxes.

8.4.3 Water Flux

Water flux is greatly affected by various factors such as membrane hydrophilicity,
membrane roughness, membrane pore size, pore density as well as pore distribution.
As such, ZIF-8@GO composites have a strong influence on the above-mentioned
factors, hence resulting in improved water flux of the composite membrane [11, 56,
57, 89].VanderBruggen et al. [89] reported an increase inwater flux andpermeability
owing to the hydrophilic and porous characters of GO and ZIF-8, respectively. This
is similar results to our results [56] which was attributed to a decrease in tortuosity
owing to the hydrophilic properties ofGOand the porous nature of ZIF-8 that allowed
for an alternative flow path for water molecules infiltrate through the composite filler
(Fig. 8.8). Similarly, Ye et al. and Sun et al. reported a significant increase in water
flux and permeation due to the incorporation of UiO-66-NH2/GO and UiO-66@GO,
respectively [43, 47, 69] in comparison to UiO and GO when used separately. An
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increase in flux for the hybrid material is due to the synergistic effect from the MOF
and GO; hence more research is focused on using MOF@GO fillers. Furthermore,
ZIF-8@GO is extensively used as a filler in membrane technology due to ZIF-8
water stability, the compatibility of the filler with different polymer matrixes as well
as selective properties in rejection of various pollutants [11, 56, 89].

8.4.4 Fouling Resistance

One of the utmost unfavorable problems in the pressure-driven membrane process
such as reverse osmosis (R.O), nanofiltration (N.F), ultrafiltration (U.F) and micro-
filtration (M.F) is fouling, which hinders the long-term usage and efficiency of the
membranes [22, 76]. Fouling is due to the adsorption or deposition of particles,
colloids, proteins, macromolecules, salts, etc., at the membrane surface or inside the
pores [22, 76]. Generally, fouling is reduced by enhancing the surface hydrophilicity
and reducing the surface roughness of the membrane surfaces [22, 76].

Membrane surface hydrophilicity is the affinity of the membrane to attract water
molecules towards itself while repelling hydrophobic pollutants [24, 100]. As such,
water molecules form a water layer on the hydrophilic membrane surface, reducing
the contact between the hydrophobic pollutants and the membrane surface [24, 100].
This phenomenon plays an important role in fouling resistance. For example, Kang
et al. and Lee et al. revealed that GO as a filler material increases the hydrophilicity
of the composite membranes, subsequently enhancing fouling properties of the
composite membranes [40, 98]. Similarly, incorporation of ZIF-8@GO onto poly-
meric membranes was shown to improve membrane hydrophilicity and therefore
increase fouling resistance [11, 56, 89].

The surface roughness of themembrane also plays a crucial role in fouling propen-
sity, as demonstrated by various researchers. As such, Zhang et al. investigated the
mechanism and implications of surface roughness and fouling relationship in RO
membrane [75]. It was shown that the rougher surface with valleys contributes to
an increase in membrane fouling where foulants are trapped within the valleys [75].
Furthermore, it was revealed that the low surface roughness normally has evenly
distributedwater fluxwithminimized effects of drag force whilemaking better use of
shear force resulting in an increase in fouling resistance [75].We also reported similar
findings, wherein an increase in fouling resistance was observed for membranes with
smoother surface roughness in comparison to rougher membrane surfaces [56, 57].

8.4.5 Wastewater Treatment

Wastewater emanates from municipal discharge, agricultural activities and indus-
trial discharge contaminated by dyes, heavy metals, radioactive nuclides, pesticides
as well as miscellaneous and emerging contaminants which ultimately reduce the
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quality of drinkingwater [79]. Consequently, different strategies have been employed
for wastewater treatment, such as membrane technology [17], ion exchange [33], and
adsorption [79]. These techniques can be utilized to extract valuable constituents for
reuse, separate solutes, and ultimately remove all solutes [1, 2]. However, the process
depends on the type of technique used, type of contaminant, and material [2, 79].
Herein, the interest is on membrane technology for the removal of solutes from
wastewater.

So far, rejection of various contaminants using polymeric membranes is due to
size exclusion, depending on the size of themembrane pore and that of the pollutants,
electrostatic interaction, hydrogen bonding, etc. [77, 101]. For example, Chang and
co-workers investigated the effect of size exclusion in nanofiltration membrane [9].
The results revealed that the pore size of the membranes has much influence on
size exclusion compared to cross-flow velocity and the transmembrane pressure [9].
Van Dijk et al. studied the role of electrostatic repulsion between the solute and
the membrane at different pH using nanofiltration membranes [88]. On the other
hand, Shen et al. explained electrostatic interaction formed between the ion from the
pollutants with water molecules forming a shell around the ion, making it difficult for
the ions to pass through the membrane [77]. However, rejection percentages using
polymeric membranes have been demonstrated to be low.

To enhance rejection % as well as selectivity, ZIF-8, GO, and ZIF-8@GO
composite have been used for selective removal of various hazardous pollutants
from wastewater [56, 63, 80]. Selective rejection of the pollutants via ZIF-8@GO
containing composite membranes were also found to proceed through a number
of different mechanisms such as electrostatic interactions, acid–base interactions,
hydrogen bonding, stacking/interactions, and hydrophobic interactions (Fig. 8.13)
[11, 23, 56, 90]. It has also been observed that sometimes, for a particular selectivity
process, multiple interactions might take place to afford 100% of rejection [23].

Jhung et al. reviewed the effect of MOFs selectivity on the adsorptive removal
of conventional organic contaminants from wastewater [23]. The authors investi-
gated the possible interactions between the pollutants and the MOFs. Their findings
revealed that there is a number of interactions that play a crucial role in different types
of adsorption depending on the type of the targeted pollutant and the MOF used.
Additionally, Chen and co-workers explored the adsorption of organic and inorganic
pollutants using ZIF-8@GO [90]. It was realized that the adsorption mechanisms of
ZIF-8@GO towards Pb(II) were complexation and electrostatic attraction, whereas
the π–π bond was the dominating adsorption mechanism for 1-naphthylamine.

8.5 Conclusion

The chapter first described the different types of MOFs as well as their different
properties. These are subsequently illustrated with respect to the types of applica-
tion each MOF is suitable for. It is further indicated that only water-stable MOFs
are suitable for application in membrane technology unless the further modification
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Fig. 8.13 Possible mechanisms for selective removal of pollutants from wastewater. Reproduced
with permission from [23]. Copyright 2015 ELSEVIER

is done to enhance the water stability of the MOF. In addition to water stability,
MOFs deemed suitable for membrane technology must possess appropriate pore
sizes as well as be compatible with the polymer matrix are other critical considera-
tions. The chapter also showed that proper dispersion of the MOFs in the polymer
matrix is enhanced through the use of the carbonaceous dispersant, namely GO.
The MOF@GO composite has proven to improve the surface morphology of the
membranes by modulating pore density, reducing surface roughness, and enhancing
surface hydrophilicity. These improved surface characteristics result in enhanced
membrane performance, i.e., high water flux due to synergistic effect from porous
MOFand hydrophilicGO, rejection efficiency of themembranes is also influenced by
the use of hybrid material; as such, multi rejection mechanisms is realized, resulting
in the selectivity of the pollutants. Ultimately, the chapter has demonstrated that
the use of a zeolitic organic framework coupled with graphene oxide is currently
providing enhanced characteristics in the membrane for water treatment and thus
offers a promising future role in the field.
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