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ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) have attracted a great deal of attention due to their flexibility and various
Metal-organic frameworks potential applications. MOF-based membranes have been widely applied in forward-osmosis (FO), reverse-os-
Membrane

mosis (RO), nanofiltration (NF), and ultrafiltration (UF) processes. While a few recent studies have reviewed the
applications of MOF-based membranes in water purification, a systematic understanding is still necessary to
evaluate the transport mechanisms of various compounds by different MOF-based membranes under various
operating and water-quality conditions. Here, we present a comprehensive literature review of recent findings
and suggest future research trends by identifying insufficiencies of current knowledge, focusing on the perfor-
mance of MOF-based membranes in water purification, as the transport of inorganic and organic compounds by
MOF-based membranes is highly influenced by the different properties of compounds in addition to water-
chemistry conditions and membrane properties. This study focused on several main parameters such as methods
for synthesis of MOF-based membranes, membrane properties, and the physicochemical properties of various
compounds, which affect the transport of compounds during MOF-based FO/RO/NF/UF membrane filtration. In
addition, we provide the continuing challenges and areas of future study in this field.

Water treatment
Wastewater treatment

1. Introduction develop cost-effective treatment methods for water purification.

Various conventional and advanced treatment processes have been

Many areas of the world have experienced both urbanization and
industrialization to an extraordinary degree over the last 50 years [1].
As natural resources play important roles in urbanization and in-
dustrialization, worldwide material consumption has increased rapidly
and almost doubled between 1980 and 2009 [2]. In particular, water
use has risen with the increases in population associated with urbani-
zation and industrialization, which have also placed alarming pressure
on water resources worldwide [3]. In addition, water quality has de-
creased over the last few decades, mostly due to human activities and
poor use of natural water resources [4]. Many previous studies have
shown that contaminants of emerging concern, such as endocrine dis-
ruptors, pharmaceuticals, and personal care products, can be detected
at very low concentrations (< 1 pg/L) in wastewater effluents and
drinking water around the world [5-7]. Therefore, it is essential to
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widely used in water-treatment plants for the removal of conventional
and emerging contaminants, including coagulation-flocculation-sedi-
mentation-filtration [8,9], ozonation [9], adsorption [10,11], mem-
branes [12,13], and ultrasonication [14,15]. Among these processes,
membrane filtration is relatively reliable, flexible, and predictable, and
provides important advantages in water and wastewater treatment
applications [16]. However, the presence of various inorganic and or-
ganic compounds in water affects membrane fouling, selectivity, and
flux. To enhance membrane performance, membranes that are blended/
coated with various emerging (nano)materials—e.g., carbon nanotubes
[17], graphene oxides [18,19], MXenes [20,21], metal-organic frame-
works (MOFs) [22,23])—have been developed, which have attracted
interest in the water industry due to their enhanced selectivity, hy-
drophilicity, and fouling resistance.
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Among these emerging materials, MOFs (organic-inorganic hybrid
microporous crystalline materials) have attracted a great deal of at-
tention worldwide due to their flexibility and various potential appli-
cations [24]. In particular, MOFs have exceptional characteristics be-
cause: (i) MOFs have high tunable porosities and accessible large
surface areas [25], and (ii) MOFs have a high capacity to combine
particular species/functionalities easily without changing the frame-
work topology [26]. A number of recent studies have demonstrated
different environmental applications of various MOFs in adsorption
[27,28], catalysis [29], and membranes [30,31]. With regard to mem-
brane applications, MOFs have been widely applied in forward osmosis
(FO, MOF thin-film-based porous matrix membranes [32], UiO-66 thin-
film nanocomposite (TFN) membranes [33], and MOF-cellulose acetate
triacetate membranes [34]), reverse osmosis (RO, TFN membranes
filled with UiO-66 and MIL-125 [35], TFN membranes doped with MIL-
101(Cr) nanoparticles [36], and polyamide@NH,-MIL-88B nano-
composite membranes [37]), nanofiltration (NF, Zr-based MOF-808
nanofibrous membranes [38], UiO-66-incorporated TFN membranes
[39], and TFN membranes with the minimum amount of MOF (MIL-
101(Cr)) [40], and MIL-53(Al) nanocomposite membranes [41]), and
ultrafiltration (UF, UiO-66@graphene oxides/polyether sulfone mem-
brane [42], MIL-101(Cr)-laccase-polyacrylonitrile membranes [43],
and 67-MIL-polyvinylidene fluoride membranes [44]).

Several recent studies have reviewed the applications of MOF-based
membranes in water purification [3,45,46]. While these studies focused
on water desalination in different membrane processes and also offered
comprehensive summary of the applications of MOF-based membranes,
further studies are necessary to obtain a systematic understanding to
evaluate the transport mechanisms of various conventional and emer-
ging contaminants under various membrane operating and water-
quality conditions in different membrane processes. Thus, a compre-
hensive review of the performance of MOF-based membranes in water
purification is significant, because the removal of both inorganic and
organic compounds by MOF-based membranes is highly affected by the
different properties of compounds in addition to water-chemistry con-
ditions and membrane properties. In this review, we first provided a
brief introduction to the different types of MOFs that are incorporated
with FO, RO, NF, and UF membranes. Then, we focused on the pre-
paration techniques and treatment performance of various MOF-based
membranes. In particular, this study focused on several main para-
meters, i.e., methods of synthesis of MOF-based membranes, membrane
properties, and the physicochemical properties of various compounds,
which affect the transport of various inorganic and organic compounds
and water permeance during MOF-based membrane filtration.

2. Preparation techniques and treatment performance of various
MOF-based membranes

Since the introduction of MOFs to membranes in various industries
to enhance their general performance, numerous techniques for pre-
paration of MOF-based membranes have been developed, including
TFN [33], (porous) mixed matrix [47], the solvothermal method [48],
the electrodeposition method [49], and vacuum filtration [50]. These
techniques have been used to improve the design of MOF-based mem-
branes for liquid separation, particularly in the area of desalination
using capacitive deionization [51], adsorption desalination [52], and
membrane distillation [53], as well as FO, RO, NF, and UF. Fig. 1 il-
lustrates several design methods for MOF-based membranes in liquid
separation: the in situ preparative route, the blending method, and the
interfacial polymerization process. Appropriate design of MOF-based
membrane fabrication approaches is critical to achieving accurate and
rapid water purification. The performance of MOF-based FO, RO, NF,
and UF membranes in water treatment depends significantly on the
development of preparation methods, which critically affect the con-
figuration of MOF-based membranes and their strength and removal
effectiveness [54].
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2.1. FO membranes

2.1.1. Synthesis methods

While the principles were confirmed in the 1960s, the FO process
has recently been widely adopted for different applications, particularly
seawater desalination [55]. Scientists and engineers have searched for
new techniques for the fabrication of FO membranes for use in the
water industry. While various porous matrix membranes (PMMs) have
been used for NF [56] and UF [57] membranes, the use of PMM for FO-
TFN membranes is somewhat uncommon due to their similarity in
structure to porous asymmetric membranes [58]. To avoid this limita-
tion, for FO applications it is necessary to create a highly stable, active,
and dense layer on the top surface of the membrane. Arjmandi et al.
fabricated a thin-film PMM combined with magnetic water-unstable
MOFs ((magnetic) ZnO@MOF-5) by adjusting the traditional dense
film-casting technique, which showed a substantial impact on the per-
formance of the FO process [32]. In a separate study, a TFN membrane
with a well-suited 2D MOF (copper 1,4-benzenedicarboxylate) nano-
filter in a polyamide active layer during interfacial polymerization was
fabricated to enhance water flux and antifouling ability without redu-
cing the selectivity for FO applications [59]. Fabrication of Cu-1,4-
benzenedicarboxylate nanosheet/polyamide TFN membranes based on
reaction and post-treatment procedures was comparable to that of thin-
film composite membranes, except that a Cu-1,4-benzenedicarboxylate
nanosheet was added at various concentrations of 0.03-0.15 wt/v%
trimesoyl chloride/n-hexane solution before interfacial polymerization.

To improve the FO performance, it is critical to control the internal
concentration polarization. Lee et al. utilized MOFs as a detachable
filler to fabricate MOF-based PMMs to enhance the mass transfer effi-
ciency in FO support substrates by controlling the internal concentra-
tion polarization (i.e., smaller structural parameter value) [47]. The
structural parameter is commonly used to determine the severity of
internal concentration polarization. MOF-based porous matrix sub-
strates with three different types of MOFs were prepared by phase in-
version with MOF particles mixed in a polyacrylonitrile doping solu-
tion: aluminum-based MIL-53, copper-based Cu-BTC, and iron-based
MIL-100 MOF particles. The order of FO membrane water flux with
these MOFs (PMM- Cu-BTC > PMM- MIL-53 > PMM- MIL-100)
corresponded to the reverse order of the MOF structural parameter
(PMM-Cu-BTC < PMM-MIL-53 < PMM-MIL-100). The improved FO
performance was the result of the development of relatively large
macropores inside the PMMs, which enhanced the mass (water/solute)
transfer effectiveness inside the PMM substrate.

Liu et al. developed a simple solution casting method followed by
solvent evaporation to fabricate self-standing dense and homogeneous
Ui0-66 nanocomposite thin films (approximately 400 nm) incorporated
into polysulfone with sulfonic functional groups [33]. It has been
widely reported that interfacial binding with polymers is enhanced in
the presence of UiO-66 in different noncovalent bonding forms by
strengthening or post-synthesis swapping [60]. In particular, the de-
velopment of interfacial binding between UiO-66 and the sulfonated
polysulfone in thin films can occur in situ during the thin-film deposi-
tion process. The improved interfacial compatibility between the na-
nosized zirconium-based MOF (UiO-66) and sulfonated polysulfone
additives decreases the conformational elasticity of the MOFs and
polymer backbones, enhancing the structural properties and mechan-
ical strength of thin films [33]. Fig. 2 illustrates the general scheme of
fabrication of MOF-based nanofilms: (i) inter- and intramolecular hy-
drogen bonding occurs during the development of sulfonic polysulfone
(i.e., the sulfonic groups of ionic polymer binder) matrix thin film
(Fig. 2a), which enables greater water permeance in osmotic pressure-
driven processes [61]; (ii) UiO-66 was hypothesized to be well mixed
with sulfonic polysulfone binder, thus producing very solid MOF-
polymer binding for mixed matrix thin films (Fig. 2b); (iii) several sy-
nergistic effects are expected with self-standing thin films having mi-
croporous structures (Fig. 2c¢)—UiO-66 with a pore size of
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Fig. 1. Schematic illustration of design strategies for MOF-based membranes in liquid separation: (A) in situ preparative route; (B) blending method; (C) interfacial

polymerization process [54].

approximately 0.6 nm readily allows passage of water molecules (ap-
proximately 0.28 nm), while hydrated ions (0.66-1.05 nm) are blocked.
In addition, mixed matrix thin films could be beneficial to reduce in-
ternal concentration polarization and enhance the water flux in the FO
process due to their supportive free symmetric configuration [33].

2.1.2. Membrane properties

FO is a process in which solvent/water passes through a semi-
permeable membrane utilizing a difference in osmotic pressure pro-
duced by concentrated draw solution [13]. During the FO membrane
process, the transport of solute is significantly influenced by membrane
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Fig. 2. General scheme of design of the MOF-based nanofilms. (A) Chemical formula of polymers, including polysulfone, sulfonated polysulfone, and an MOF, UiO-
66. (B) Schematic diagram of mixed matrix nanofilm comprising UiO-66 nanoparticles and sulfonated polysulfone /polysulfone polymer chains; (right) the local
binding interactions between the UiO-66 framework and the sulfonated polysulfone polymer chains. (C) Schematic diagram of separation performance with the free-
standing mixed matrix nanofilm in FO; (right) the sub-nanometer pores within UiO-66 framework that act as water pathways and ion sieves for Na,SO,4 [33].

properties and operating conditions. Dai et al. reported that the per-
formance of porous MOF (Cu-1,4-benzenedicarboxylate) nanosheet/
polyamide TFN membranes varied significantly depending on Cu-1,4-
benzenedicarboxylate nanosheet dosages (0.03-0.12 wt/v%) for FO
applications [59]. It is obvious that TFN membranes combined with Cu-
1,4-benzenedicarboxylate nanosheets show greater water flux (ap-
proximately 22-50 L/m>*h) and considerably less specific reverse solute
flux (approximately 0.12-0.13 g/L) than the virgin thin-film composite
membrane (approximately18-32 L/m*h and 0.25-0.27 g/L, respec-
tively) in both active-layer-feed solution and active-layer-draw solution
modes. As lower specific reverse solute flux indicates greater FO se-
lectivity [62], the Cu-1,4-benzenedicarboxylate nanosheet TFN mem-
brane showed an almost 50% decrease based on specific reverse solute
flux compared to the virgin thin-film composite membrane in both
operation modes, indicating substantial improvement of selectivity
after Cu-1,4-benzenedicarboxylate nanosheet combination. In addition,
the Cu-1,4-benzenedicarboxylate nanosheet TFN membrane showed
approximately 60% greater water permeance and 25% lower salt per-
meability than the virgin thin-film composite membrane, which may be
explained by the following reasons: (i) Cu-1,4-benzenedicarboxylate
nanosheet has a pore size of 0.52 nm [63] that is greater than that of
H,0 molecules (0.26 nm), which may provide extra channels for sol-
vent transport. In addition to traditional solution-diffusion, the

formerly ignored uniform pores on the polyamide layer surface may
enhance water transport in FO processes along with convection and
steric exclusion [64]. (ii) Incorporation of the Cu-1,4-benzenedi-
carboxylate nanosheet into the polyamide layer enhances the surface
hydrophilicity of the membranes, which is advantageous to enhance
water transport [65]. The contact angle of Cu-1,4-benzenedicarboxylate
nanosheet TFN membrane was reduced by approximately 35% com-
pared to the virgin TFC membrane [59] due to the presence of the Cu
element and the COOH groups of the nanosheets [66], while no sub-
stantial changes were observed in roughness between the two mem-
branes. (iii) The enhanced selectivity may also be due to size exclusion
by the relatively small pores of the Cu-1,4-benzenedicarboxylate na-
nosheet compared to hydrated C1~ (0.66 nm) and Na™ (0.72 nm) ions
[67].

The properties of UiO66-TFN membranes varied depending on the
amount of UiO-66 loading, which significantly influenced both water
adsorption and permeance [33]. In addition, the results of stretching
and hydraulic bursting tests indicated outstanding mechanical proper-
ties of the MOF-based membranes compared to their virgin polymer
counterparts'H,O passage in microporous materials is governed by so-
lution diffusion; the H;O molecules are adsorbed in the extrinsic mi-
cropores (0.9-1.2 nm) and diffuse through the membrane pores.
Therefore, the transport of adsorbed H,O molecules is enhanced due to
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weak binding of H,O molecules with hydrophobic MOFs [68]. The
UiO66-TFN membranes showed greater water permeance (0.52 L/
m>*hbar) and retention performance for phenol red (> 99%) and
Na,S04 (94-96%) at an initial concentration of 20 mmol/L than their
virgin polymer counterparts (water permeance, 0.026 L/m>h-bar;
phenol red, 91%; Na,SO,4, 73%) in both NF and FO processes [33].

During FO processes, water flux decreases and energy requirement
increases in the presence of microorganisms due to their adhesion as-
sociated with proliferation and distribution on the membrane surface
[69]. Firouzjaei et al. fabricated a TFN membrane that incorporated a
graphene oxide (GOs)-Ag based MOF (GOs-Ag-MOF) to improve anti-
biofouling properties and water permeability in the presence of Es-
cherichia coli and sodium alginate in FO processes [70]. The GOs-Ag-
MOF TFN membrane showed approximately 96% E. coli growth in-
hibition, which was much higher than thin-film composites (2%), GOs
(66%), and Ag-MOF TFN membranes. These findings indicated that the
GOs-Ag-MOF membrane had greater potential antimicrobial activity
than did individual Ag-MOF and GOs nanomaterials [71], which could
contribute significantly to the biological fouling and fouling resistance
of the membrane as well as membrane surface roughness, surface
charge, and hydrophobicity. The GOs-Ag-MOF TFN membrane had
somewhat high surface roughness, with a relatively high negative sur-
face charge and low hydrophobicity, which resulted in high fouling
resistance during the FO processes [70]. Fig. 3 shows several key
parameters, including contact angle, zeta potential, and surface
roughness, which contribute to the antibiofouling properties of the TFC,
GOs TFN, GOs-Ag-MOF, and Ag-MOF TFN membranes.

2.1.3. Permeance and removal

To evaluate the performance of FO membranes, water permeance,
salt permeability, water flux, and specific reverse solute flux have ty-
pically been compared as essential transport parameters. FO membrane
selectivity is commonly evaluated based on the salt permeability/water
permeance ratio; in general a low salt permeability/water permeance
ratio indicates high selectivity, which is desirable in the FO process
[72]. In particular, the specific reverse solute flux is a significant
parameter to evaluate the amount of salt lost during the FO process. A
novel integral thin-film PMM in the FO process showed outstanding
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water flux of approximately 100, 120, and 140 L/m?>h for orange juice
concentration, Caspian seawater desalination, and deionized water as
feed solutions, respectively [32]. The results indicated that there is a
clear linear relationship between the salt permeability/water per-
meance and the specific reverse solute flux ratio. In addition, the water
flux was much higher for thin-film PMMs than for pure poly-
ethersulfone membranes in both active-layer-draw solution and active-
layer-feed solution modes. Regardless of the orientation mode, the
water flux increased with increasing draw solution concentrations from
0.5 to 2.0 M (NaCl) due to the higher osmotic pressure associated with
increased internal concentration polarization produced across the FO
membranes [32]. In a separate study, Cu-1,4-benzenedicarboxylate
nanosheet TFN membranes with municipal wastewater exhibited
greater water flux and obvious antifouling behavior compared to the
virgin thin-film composite membrane [59]. These findings imply that
use of Cu-1,4-benzenedicarboxylate nanosheet combined with TFN
membranes may be very useful in FO processes in both seawater de-
salination and wastewater treatment.

The FO water flux of an MOF-based membrane (PMM-C300) was
significantly influenced by different draw-solution (MgCl,, 0.1-3.0 M)
and feed-solution (NaCl, 0-100 mM) concentrations [47]. In all mem-
brane orientations, greater draw-solution concentrations resulted in
greater FO water flux for the MOF-based PMM, presumably due to the
higher osmotic pressure produced across the membrane. In particular,
in active layer-draw-solution orientation, the FO water flux of PMM-
C300 (34-133 L/m?h) increased with increasing draw-solution con-
centrations (0.1-3.0 M MgCl,) due to the increase in osmotic driving
force [73]. In a separate study, a MOF (UiO-66)-TFN membrane with
0.1 wt% particle loading significantly improved water permeability
(approximately 50%) compared to the pristine thin-film composite
membrane and showed a very high salt-rejection rate (approximately
95%) with 1000 mg/L NaCl as the feed solution [74]. In addition, the
greatest water fluxes of 51.3 and 27 L/m>h for the MOF-TFN mem-
brane were achieved in the pressure retarded osmosis mode and FO
mode, respectively. Pang et al. fabricated sandwich antimicrobial
membranes incorporating MOF (UiO-66)-GOs, which showed 270%
higher water flux (29.2 L/m?h) and 84% lower reverse solution diffu-
sion (12.9 L/m?h) than the virgin GO membrane [75]. Fig. 4 shows a

Magnitude
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(C) GOs-Ag-MOF TFN
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Fig. 3. Parameters contributing to anti-biofouling and antifouling properties of the membranes: (a) Thin-film composite, (b) GOs TFN, (c) GO-Ag-MOF TFN, and (d)
Ag-MOF TFN membrane (MPD = 1,3-phenylendiamine; TMC = trimesoylchloride) [70].
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Fig. 4. Schematic diagram of Ui0-66/GO “sandwich” membrane for FO process [75].

schematic diagram of the MOF-GO membrane, indicating that the
layered GOs play an important role in forming a very thin membrane on
the Nylon substrate, while the MOFs act as microporous filler combined
among the GO layers. In a separate study, a ZIF-8@polydopamine TFN
membrane exhibited high degrees of heavy metal removal (Pb**, Cu?™,
and Ni®?* > 96%) in FO mode, while the MOF membrane still had
greater water flux (20.8 L/m?h) than the pristine membrane (12.8 L/
m?2h) without selectivity reduction (salt permeability/water permeance
ratio = 0.25 and 0.20 g/L, respectively) [76].

2.2. RO membranes

2.2.1. Synthesis methods

As RO membranes have been widely adopted in water treatment
and desalination, various commercial RO membranes have been opti-
mized for high water flux and solute removal, particularly by modifying
a thin-film composite structure on a very thin polyamide selective layer
[77]. Duan et al. fabricated polyamide TFN RO membranes effectively
incorporating thermally stable and hydrophobic zeolitic imidazolate
framework-8 (ZIF-8) for water desalination [78]. The possible benefits
of ZIF-8 over conventional hydrophilic zeolite used in TFNs include
theoretically higher water passage within the MOF and enhanced
compatibility with the polyamide matrix. In a separate study, inter-
facial polymerization between m-phenylenediamine and trimesoyl
chloride was formed to fabricate TFN membranes incorporating two
different MOFs (UiO-66 and MIL-125, approximately 100 nm) into
polysulfone thin-film composite membranes with various loadings
(0-0.3%) [35]. Overall, the UiO-66- and MIL-125-modified TFN mem-
branes exhibited improved NaCl rejection and water flux, which still
varied depending on the nanoparticle weight ratios. The same method
was employed to fabricate TFN RO membranes incorporating HKUST-1
(Cus(BCTy)) [79]. The determined active-layer thickness of the HKUST-
1/RO membrane (29 nm) was much smaller than that of a commercial
RO membrane (200 nm), which exhibited enhanced water flux and
antifouling compared to the pristine thin-film composite RO membrane
with a polysulfone support layer, without changing the NaHCO; re-
jection behavior.

Reversible accumulation-fragmentation chain transfer polymeriza-
tion as an active thin surface layer at the commercially available RO
membrane support was employed to fabricate an antimicrobial multi-
layer membrane incorporating phosphonium-conjugated GO-anchored
Cu- and trimesic acid-based MOF (pGO-Cu-MOF) [80]. These modified
pGO-Cu-MOF membranes rapidly inactivated bacteria with 7-log re-
ductions in numbers of gram-positive and gram-negative bacteria, and
also showed severe and targeted reactions in terms of reactive oxygen
species production. Wang et al. fabricated unique polyamide

nanocomposite RO membranes incorporating amino-functionalized MIL
type MOFs (NH,_MIL-88B) for water purification [37]. The RO support
layer was modified by developing an interlayer of the MOF nano-
particles followed by a polysulfone layer coated on the MOF interlayer,
which has a lower degree of cross-linking, is thinner, and has low hy-
drophobicity compared to the original polyamide RO membranes. A
separate study indicated that highly water-permeable TFN membranes
incorporating stable and hydrophilic porous MIL-101(Cr) were suc-
cessfully fabricated on a polysulfone support with a dense selective
polyamide layer for RO applications [36]. Highly permeable direct
water channels formed in the presence of hydrostable porous MOF
nanoparticles in the polyamide layer, which increased membrane water
flux by allowing H,O molecules to pass through rapidly.

2.2.2. Membrane properties

The RO water flux and NaCl rejection by ZIF-8/TFN polyamide
membranes were significantly influenced by the MOF loading rates
[78]. Incorporation of different amounts of MOFs (ZIF-8, 0.05% and
0.4%) enhanced the water flux by approximately 90% and 160%, re-
spectively, compared to pristine polyamide membranes, while similar
findings have also been reported with silicalite-1 [81] and carbon na-
notubes [82]. In addition, NaCl rejection increased slightly with in-
creasing MOF loading (98.2% with no ZIF-8 and 98.7% with 0.1% ZIF-
8) and then decreased slightly with further increases in MOF loading
(98.5% with 0.4% ZIF-8). In theory, while the ZIF-8 pore size of
0.34 nm is small enough to remove > 99% of hydrated Na* and Cl~
in water, the inconsistent findings were presumably due to polyamide
structure adjustment associated with potential holes between ZIF-8 and
polyamide [78]. NaCl rejection is also significantly influenced by op-
erating conditions, such as flow rate, as concentration polarization in-
creases with increasing water flux.

Gupta et al. reported a molecular simulation study in which the
rejection of NaCl by various ZIF membranes was significantly affected
by their functional groups influencing membrane polarity, charge, and
hydrophobicity, as well as pore size [46]. Overall, the water flux with
NaCl by ZIF membranes (27-710 L/m%h-bar) was found to be one to
two orders of magnitude greater than those of commercial RO mem-
branes. Fig. 5 illustrates water desalination through a ZIF membrane
with a NaCl concentration of 0.5 M mimicking the salt concentration of
seawater. Another molecular simulation study indicated that the water
flux through a ZIF-8 membrane was significantly improved [83], al-
though there were several limitations for the simulation study: (i) An
inflexible model was used for the ZIF-8 membrane, which would make
it difficult for Na™ and Cl ™~ ions to pass through the small pores; (ii) due
to computational resources, the simulation period was too short com-
pared to a real membrane filtration process; (iii) greater external
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pressures compared to theoretical scenarios were employed to simulate
the apparent RO process on a nanosecond scale; and (iv) the simulation
was conducted with the assumption of a very thin ZIF-8 membrane due
to computational resource limitations, which may not be comparable to
an actual membrane [83].

Park et al. investigated the performance of HKUST-1/RO membrane
fouling with bovine serum albumin (100 mg/L) [79]. The HKUST-1/RO
membrane exhibited a non-significant decrease in flux (< 5%), while
the pristine thin-film composite RO membrane showed much faster
membrane flux decline (approximately 40%) with a filtration period of
8 h, indicating that the MOF/RO membrane showed exceptional anti-
fouling behavior against bovine serum albumin without altering the
salt-removal capacity. Based on the contact angle and results of atomic
force microscopy analyses, the MOF/RO membrane became more hy-
drophilic and smoother than the pristine RO membrane, which resulted
in reduced membrane fouling due to the adsorption of organic com-
pounds [79]. In a separate study, a modified (multilayered) pGO-Cu-
MOF membrane that included an active layer, RO support, and inter-
layer pGO-Cu-MOF showed outstanding antibacterial behavior, pre-
sumably because of the obvious antibacterial effects of the phospho-
nium cations and ammonium ions [80]. While the multilayered MOF
membrane showed approximately 2-5% higher levels of monovalent
and divalent mixed salts (NaCl, MgCl,, and Ca(NOs3),) than the pristine
RO membrane, approximately 15% lower water flux was observed for
the multilayered MOF membrane due to the enhanced resistance of H,O
molecules passing through the interlayered membrane structure. In
addition, salt rejection was somewhat affected by the initial con-
centrations: 99.9%, 98.6%, 97.9%, and 96.8% at 250, 400, 1000, and
2000 mg/L, respectively. The rejection mechanisms vary depending on
the layer: (i) Electrostatic repulsion governs the rejection of cations by
the positively charged active layer, and (ii) steric exclusion efficiency
by the pGO-Cu-MOF interlayer is higher than that by the pristine RO
membrane support layer [84]. Fig. 6 shows the particular roles of each
layer concerning the comprehensive decontamination of water by the
multilayered MOF membrane.

2.2.3. Flux and removal

The water flux and NaCl rejection by membranes incorporating MIL-
125 and UiO-66 were evaluated under MOF loading conditions of 0%,
0.05%, 0.1%, 0.2%, 0.3%, and 0.5% [35]. For MIL-125 membranes, the
highest NaCl rejection (98.7%) and water flux (89 L/m%h) were ob-
tained at loading rates of 0.1% and 0.5%, respectively, while for UiO-66
membranes, the optimal loading was 0.05% for salt rejection (99.2%)
and 0.15% for water flux (75 L/m>h). Relatively low loading of UiO-66
enhanced salt rejection due to the larger pore size (0.6 nm) than H,O

(0.28 nm), but smaller than the hydrated Na® (0.72 nm) and Cl~
(0.66 nm) ions [85]. However, addition of excessive amounts of na-
noparticles decreased both NaCl rejection and water flux, presumably
due to cracks associated with the accumulation of nanoparticles in the
membrane structure [35]. In particular, particle accumulation may
produce small micrometer-scale holes between particle blocks, which
permit the water to readily transfer through. The overlap of low hy-
drophilic linkers caused by particle accumulation may also reduce
water flux through the membrane [86]. In another study, the perfor-
mance of an HKUST-1/RO membrane in terms of water flux and
NaHCO3 rejection was compared with that of a pristine RO membrane
with a polysulfone support layer [79]. The water flux of the pristine RO
membrane was 36.5 L/m*h with NaHCO; rejection of 94%, while the
water flux of the MOF-RO membrane was enhanced by 33% (36.5 L/
m>h) with the incorporation of acid HKUST-1, with salt rejection of
96%. These findings may be explained by the increased hydrophilicity
and porosity of the polysulfone support layer that decreases the m-
phenylene diamine diffusion rate in water [87].

An NH, MIL-88B RO membrane enhanced water flux (35.8 L/m>h)
compared to a thin-film composite membrane (23.5 L/m?h), while both
membranes showed somewhat similar phenol removal (91-92%) [37].
The difference in performance may be explained by surface modifica-
tion with porous nanofillers (porous structure, content, and size) that
influence the pore structure (size and porosity) of the polysulfone na-
nocomposite layer (degree of polyamide crosslinking and thickness). In
particular, the polysulfone nanocomposite layer can be modified in
terms of porosity and pore size by having an optimized amount of
porous nanofillers in the polysulfone, which enhance the performance
during RO processing. Previous studies showed that polyamide TFN
membranes with greater amounts of filler showed relatively low
membrane selectivity due to filler aggregation associated with the un-
even distribution of filler in the aqueous-organic phase [88]. In addi-
tion, a simple one-step interfacial polymerization method may allow
fabrication of membranes through only one interfacial polymerization
procedure, which is more beneficial than the two-step interfacial
polymerization method in terms of water flux during membrane pro-
cessing [37].

Highly stable TFN-MIL-101(Cr) membranes exhibit varying water
permeance and NaCl rejection depending on the amount of MOF
loading [36]. Water permeance (~2.1 L/m%h-bar) by a TFN-MIL-
101(Cr) membrane containing 0.025 w/v% MOFs was enhanced by
approximately 40% compared to a thin-film composite membrane
(1.5 L/m%*h-bar). Water permeance continued to increase with in-
creasing MIL-101(Cr) MOFs (~3.0 L/m%h-bar at 0.1 w/v%). As de-
scribed previously, the hydrophilic porous MOF structure and the small
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Fig. 6. Specific roles of each layer towards the complete decontamination of water by the multilayered MOF RO membrane [80].

degree of crosslinking of the polyamide structure contributed con-
siderably to the improvement of water permeance, as the typical
straight channels allow H,O molecules to pass through. However, the
NaCl rejection decreased from 99.5% to 93.5% with increasing MOF
loading amount, presumably due to the inner nonselective voids of
MOF nanoparticle aggregations, and interfacial defects between the
polyamide and the aggregations [36].

2.3. NF membranes

2.3.1. Synthesis methods

Various NF membranes to separate inorganic and organic solutes
from water or organic solvents are commercially available.
Commercially available NF membranes are usually prepared with
glassy and rubbery polymers (e.g., polydimethylsiloxane, polyamide,
and polyimide), which are low cost, stable, and highly selective in or-
ganic solvents [89]. However, it is still challenging to fabricate high
flux and selective polymeric membranes for application in water pur-
ification [90]. Cheng et al. examined the performance of ultrathin
polyamide NF membranes incorporating MOFs for the removal of dyes
and antibiotics [91]. To break the trade-off between membrane flux and
selectivity, in particular, extra molecular transport channels were suc-
cessfully created in the polyamide membranes combined with highly
hydrostable UiO-66 nanoparticles with various functional surface
structures. Efome et al. successfully fabricated a MOF (Zn-based MOF-
808, Zrg04(OH)4(COOH)g(BTC),) nanofibrous NF membrane with in-
trinsic hydrophilic polyacrylonitrile nanofibers prepared through co-
electrospinning. The MOF nanofibrous membrane showed high removal
of Cd**/Zn** and reusability of the membrane. The fiber size of the
polyacrylonitrile with the MOF nanoparticles was considerably larger
than the polyacrylonitrile without MOF loading, which increased the
surface roughness. Different activation directions, such as “hy-
dractivation” to expand membrane pores, as shown in Fig. 7, were
verified to determine the capacities of this unsophisticated method.

The phase inversion method associated with immersion precipita-
tion was employed to fabricate Zn-based MOF (MOF-5) incorporating
polymeric membranes (polyethersulfone, cellulose acetate, and poly-
vinylidene fluoride) for the removal of heavy metals (Cu®>* and Go®*)
[92]. Fig. 8 shows a schematic of heavy metal removal from water by a
MOF-5 NF membrane with polymer incorporation. He et al. synthesized

stable MOF UiO-66 nanoparticles with various diameters (30, 100, and
500 nm) and fabricated TFN membranes incorporating UiO-66 MOFs
into the selective cross-linked polyamide layer on the polyethersulfone
substrate [39]. Various degrees of UiO-66 nanoparticle loading
(0-1.25 wt%) were employed in the fabrication of MOF TFN mem-
branes, which were used to evaluate the effects of nanoparticle size and
loading on the removal of Se and As. In another study, amino-functio-
nalized MOF (IFMOF-3)/GO composites were coated onto a stable
polydopamine surface layer on a polysulfone substrate for Cu(Il) re-
moval [93]. The IRMOF-3/GO membrane showed high Cu(II) rejection
(approximately 90%) and exceptional stability (33.3-hour filtration
period) at a relatively high water flux of 31 L/m>h at 0.7 MPa.

ZIF-8-based hollow nanocube TFN membranes incorporated into the
polyamide layer were fabricated through an interfacial polymerization
method [94]. Exceptional NF performance was obtained in terms of
water permeance and salt rejection (NaCl and Na,SO,4) due to the un-
ique properties of the hollow nanocubes based on hydrophilicity,
hollow configuration, and negative charge. Liu et al. fabricated stable
MOF (HKUST-1)-reduced GO nanocomposite membranes incorporating
polydopamine on a cellulose acetate support layer for organic dye re-
moval [50]. Polydopamine with several functional groups, such as
amine and catechol, provides outstanding reduction and stability
characteristics [95]. The Langmuir-Schaefer method was used to fab-
ricate TFN membranes incorporating hydrophilic MIL-101(Cr) between
an ultrathin polyamide layer and a cross-linked asymmetric polyimide
support layer [40]. Paseta et al. employed two different MOFs (ZIF-93
and HKUST-1) to fabricate polyamide-MOF bilayer TFN membranes for
removal of pharmaceuticals via the interfacial synthesis and interfacial
polymerization method for the MOF and polyamide layer, respectively
[96]. A ZIF-8@GO NF membrane incorporating polyethyleneimine was
fabricated on a tubular ceramic support via a vacuum-assisted assembly
technique to improve organic solvent (methanol) NF performance for
dye transport [97].

2.3.2. Membrane properties

Polyamide/UiO-66 NF membranes were fabricated to separate dif-
ferent dyes and an antibiotic (rose Bengal, thiazole yellow G, crystal
violet, methyl orange, safranin O, and azithromycin) from various
solvents, including methanol, ethanol, isopropanol, acetone, methyl
ethyl ketone, and ethyl acetate [91]. While the pure water permeance
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[38].

by the pristine polyamide thin-film composite membrane was 8.3 L/
m%hbar, the polyamide/Ui0-66 membrane showed significantly im-
proved water permeance by approximately 85% (15.4 L/m*hbar) by
addition of 0.2 w/v% UiO-66 nanoparticles (pore size and functiona-
lized analogs = 0.6-1.0 nm [98]) with a similar degree of solute re-
jection (50-99%). These findings were of interest as the thickness of the

polyamide/UiO-66 membrane (230 nm) was larger than that of the
pristine polyamide membrane (205 nm). In general, solvent permeance
by membranes with comparable pore structures decreases with in-
creasing membrane thickness [99]. However, the thicker MOF mem-
brane showed significantly improved organic solvent permeance, par-
ticularly for isopropanol, presumably due to the basic porosity of MOFs,

&

MOF-5 unit cell

- Membrane pore ‘: Polymer matrix .Water . Cu(ll) and Co(ll) metal ions

Fig. 8. Schematic representation of removal of heavy metal ions from aqueous solution by MOF-5-incorporated membrane nanofiltation [92].
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which was also consistent with a previous study; the isopropanol per-
meance of polyamide/UiO-66 membranes was nearly double that of
polyamide/cyclodextrin composite membranes [100]. The order of dye
removal by the polyamide/UiO-66 membrane was rose Bengal >
thiazole yellow G > crystal violet > safranin O > methyl orange,
implying dependence on dye molecular weight.

Gnanasekaran et al. investigated the effects of MOF-5-embedded
polymeric membrane properties on the removal of heavy metals based
on porosity, pore size, hydrophobicity, water permeation, and anti-
fouling behavior [92]. The average pore diameter of polyethersulfone
and cellulose-acetate-based MOF-5 membranes increased from 11.2 to
13.9/7.8 to 8.6 nm, and the membrane porosity also increased from 70°
to 78°/72° to 81% due to the presence of MOF-5 in the poly-
ethersulfone/cellulose acetate casting solution, respectively. The hy-
drophobicity of the MOF-polymer membrane based on contact angle
decreased with the addition of different polymers, i.e., poly-
ethersulfone, cellulose acetate, and polyvinylidene fluoride, from 86° to
76°, 75° to 70°, and 80° to 73°, respectively, indicating that the hy-
drophobicity of MOF-polymer membranes is significantly lower than
that of the pristine membrane [101-103]. The increase in pore size/
porosity and decrease in hydrophobicity made significant contributions
to the membrane permeability and resistance. The permeability in-
creased from 29.5 to 53.3 and 41.0 to 69.7 L/m?h, while the hydraulic
resistance decreased from 13 x 103 to 7.4 x 10'® and 9.6 x 10'3 to
5.6 x 10 1/m for polyethersulfone/MOF-5 and cellulose acetate/
MOF-5, respectively. Overall, the MOF-polymer membranes showed
significantly higher removal efficiency (56-58% for Cu®>* and 67-79%
for Co>*) than the pristine polymeric membrane (35-55% for Cu®>* and
44-61% for Co®*) [92].

2.3.3. Flux and removal

Polyacrylonitrile/MOF-808 NF membranes have been used for the
removal of Cd** and Zn?* in the presence of co-ions [38]. The MOF
membranes showed significantly enhanced maximum adsorption ca-
pacities of Cd®>* and Zn®* (225 and 287 mg/g, respectively), while
maintaining high water permeance (870 L/mZ*h-bar). The removal ef-
fectiveness of the selected heavy metal (Cd>*) decreased by nearly 20%
for all MOF membranes in the presence of co-ions, such as Na*, Mg>*,
and Ca®", presumably due to competition for the adsorption sites of the
MOF membranes between the heavy metals and the co-ions with dif-
ferent Pauling electronegativities (y): 0.93, 1.31, 1.00, and 1.69 for
Na*, Mg?*, Ca®", and Cd>", respectively [104]. In a separate study,
TFN membranes incorporating UiO-66 were evaluated to determine
removal of Se and As as well as NaCl, MgCl,, Na,SO,4, and MgSO, using
a dead-end filtration unit at 10 bar [39]. The salt removal followed the
order: MgSO, > Na,SO, > MgCl, > NaCl. These findings may be
explained by steric exclusion and electrostatic repulsion mechanisms:
the relatively large hydrated SO~ with a radius of 0.379 nm was
rejected to a greater extent than was the smaller Cl~ (ra-
dius = 0.332 nm) [85]; divalent SO,>~ was rejected to a greater extent
by the more negatively charged MOF TFN membranes with —COOH
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functional groups than was monovalent C1~ by the pristine thin-film
composite membranes. The rejection of Se and As (82-97% for Se032~
and 91-99% for HAsO4%~) was significantly improved by MOF mem-
branes due to the holes of UiO-66 nanoparticles through which water
molecules can readily pass, while the ions were selectively repelled. For
Se species, higher removal of divalent anionic Se0,2~ (Se(VD) has been
predicted compared to monovalent HSeO3 ™~ (Se(IV)) at a solution pH of
7.5 [105].

The ZIF-8-based hollow nanocube TFN membrane exhibited sig-
nificantly enhanced water permeance for Na,SO,4 (19.4 L/m%h-bar) and
NaCl (14.5 L/m>*h-bar), nearly double those of the thin-film composite
membrane [94]. These findings may be explained as follows: (i) The
H>0 molecules readily move through the wet membrane surface/inner
pores with hydrophilic nanocubes [106]; (ii) the inner hollow space of
hydrophilic hollow nanocubes provides favorable flow channels and
decreases the mass transfer resistance by reducing the diffusion space
[107]; and (iii) the produced boundary region between hydrophilic
hollow nanocubes and the polyamide polymer provides greater path-
ways for water passage [108]. For both humic acid and bovine serum
albumin feed solutions, the ZIF-8-based hollow nanocube TFN mem-
brane exhibited a much lower water permeance decline than the thin-
film composite membrane, presumably due to the enhanced hydro-
philicity and negative surface charge of the GO-TFN membrane [109].
Liu et al. reported that hydrophilic HKUST-1/reduced GO membranes
exhibited excellent water flux, removal, and antifouling performance
for methylene blue and Congo red [50]. While a conventional cellulose
acetate membrane showed low removal of methylene blue and Congo
red, HKUST-1/reduced GO membranes showed significantly improved
removal of these dyes (89% and 80%, respectively). In addition, the
HKUST-1/reduced GO membranes showed increased water flux of up to
33-fold (163 L/m*h) compared to the pristine membranes due to the
increases in membrane interlayer space and channels [110].

The removal of two pharmaceuticals (diclofenac and naproxen, >
99%) was significantly enhanced by a polyamide/HKUST-1 bilayered
TFN membrane, while an MOF membrane also showed increased
membrane permeance from 6.8 L/m%hbar to 33 L/m*h-bar [96]. The
modified properties of the MOF membrane based on porosity, hydro-
philicity, and surface roughness contributed to the improved perfor-
mance. Yang et al. reported that ZIF-8@GO polyethyleneimine mem-
branes showed higher water permeance (3.5 L/m?h-bar) compared to
ZIF-8 polyethyleneimine membranes, while both membranes showed
outstanding removal of methylene blue (> 99%) in methanol. The
potential transport mechanisms for the membranes are outlined in
Fig. 9. In particular, the permeance of the ZIF-8 polyethyleneimine
membrane was enhanced due to the well-developed channels through
which methanol molecules can readily pass.

2.4. UF membranes

2.4.1. Synthesis methods
While UF membranes are relatively practical in terms of operation,

o .

ZIF-8@GO/polyethyleneimine

Polyethyleneimine

Fig. 9. The schematic of the dye molecules retention of GO/polyethyleneimine, ZIF-8/polyethyleneimine, and ZIF-8@GO/polyethyleneimine membranes [97].



B.-M. Jun, et al.

cost, and maintenance compared to FO, RO, and NF processes, a key
drawback in using a UF membrane is reduced performance due to
membrane fouling [111]. Membrane modification with incorporation
of MOFs is an attractive method to resolve this issue. Alumina hollow
fiber membranes incorporating UiO-66 nanoparticles have been fabri-
cated and reported to show outstanding humic acid removal and water
flux [48]. To prepare the ceramic support, a sintering process following
the phase inversion method was applied with various alumina powder
sizes (1:2:7 ratio of 0.01:0.05:1 um). UiO-66 nanoparticles were pre-
pared using the solvothermal method [112]. Gholami et al. also em-
ployed the immersion precipitation phase inversion technique to fab-
ricate hydrophilic polyethersulfone UF membranes with incorporation
of TMU-5 MOF particles, which were tested with a milky oil-water feed
solution [30]. ZIF-8 nanoparticles were immobilized on the trimesoyl
chloride-polyvinylidene fluoride membrane surface functionalized with
polyacrylic acid by in situ polymerization of C3H;NO, monomer and
N,N’-methylenebisacrylamide cross-linker [113].

UiO-66 nanoparticles were attached to hydrophilic GO nanosheet
layers as porous modifiers, which created unique nanocomposite
properties by inhibiting stacking of the GO layers [42]. UiO-66@GO
nanocomposites were employed to fabricate UiO-66@GO poly-
ethersulfone membranes with high antifouling and water purification
performance. Makhetha et al. used Cu terephthalate MOFs in-
corporating GOs to fabricate a series of polyethersulfone membranes
through a phase inversion technique for dye removal [114]. A high flux
biocatalytic MOF membrane was fabricated by 3D modification with
polyethyleneimine, MOFs, and laccase/polydopamine [48]. Several
water-stable MOFs, including MIL-101-L, MIL-101-S, UiO-67, UiO-66-
NH,, and UiO-66, were employed to modify the polyacrylonitrile sup-
port layer with incorporation of polyethyleneimine polymers. The
biocatalytic membrane exhibited high water flux and a high degree of
contaminant removal over a wide range of pH conditions and fair
reusability. Fig. 10 presents a schematic diagram of the biocatalytic
MOF membrane fabrication.

MIL-53(Fe)/polyvinylidene fluoride membranes were fabricated by
a novel mixing technique in acetone and thermally induced phase se-
paration that achieved homogeneous dispersion of very high percen-
tages of MOF nanoparticles (10%, 33%, and 67%) in the membrane
[44]. The MIL-53(Fe)/polyvinylidene fluoride membrane exhibited
great performance for methylene blue retention and high water flux due
to adsorption and catalytic oxidation. Sun et al. also employed a phase-
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inversion technique to fabricate superhydrophilic UiO-66-NH, MOF
membranes functionalized with poly(sulfobetaine methacrylate) in-
corporated into a casting solution of polysulfone [115]. One of the key
challenges during membrane fabrication using the phase-inversion
method is to disperse raw MOF particles uniformly, particularly due to
the poor dispersion of raw UiO-66-NH, particles in the polysulfone
casting solution. The problem was resolved using poly(sulfobetaine
methacrylate) brushes produced near the MOF particles that success-
fully inhibited the aggregation and improved the degree of dispersion.

2.4.2. Membrane properties

The comprehensive performance of Cu terephthalate@GO poly-
ethersulfone membranes was evaluated based on dye removal and an-
tifouling behavior [114]. Addition of Cu terephthalate and/or GO to the
polyethersulfone support increased water flux compared to the pristine
polyethersulfone membrane, as the hydrophilic properties of porous GO
nanosheets decrease tortuosity by providing additional wide flow
channels where H>O molecules can readily travel through the MOF
composite membrane [47]. The removal of dyes (methylene blue,
Congo red, and methyl orange) varied depending on the properties of
membranes and dyes. In general, the negatively charged MOF@GO
membrane with acidic functional groups exhibited greater dye removal
than the pristine polyethersulfone membrane. The MOF@GO mem-
brane also showed higher flux recovery ratio (> 70%) at all MOF and/
or GO loadings than the pristine polyethersulfone membrane (43%),
indicating that the MOF membrane had better antifouling behavior
increasing the lifespan of the membrane [110].

In another study, self-cleaning polyacrylonitrile-co-maleic acid-
polyethyleneimine-Ag-modified polyethersulfone membranes were
fabricated, and shown to have hydrophilic and antibacterial properties
[116]. Excellent antibiofouling was observed by the self-cleaning MOF
membrane containing antimicrobial Ag nanoparticles and negatively
charged/hydrophilic amine functional groups. The antibiofouling me-
chanism of the self-cleaning MOF membrane is presented in Fig. 11.
Microorganisms that come into contact with the membrane surface are
inactivated by the antimicrobial Ag nanoparticles by rupturing their
negatively charged plasma membrane, which causes the release of ne-
gatively charged proteins, while the highly hydrophilic/negatively
charged —OH and —NH, functional groups inhibit the accumulation of
these proteins on the membrane surface due to electrostatic repulsion
[116].

oF
Laccase
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Schematic diagram of biocatalytic membrane preparation [43].
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Fig. 11. Schematic representation of the self-cleaning property of the membrane [116].

Mechanical strength is one of the main requirements for the prac-
tical application of UF membranes [117]. Sun et al. investigated the
mechanical strength of hydrophilic hollow ZIF-8/polysulfone mem-
branes prepared by the surface functionalization-based etching method
combined with tannic acid [118]. Addition of ZIF-8 particles rapidly
reduced elongation of the polysulfone membrane (approximately
15-8%) with comparable elasticity, which was somewhat consistent
with the results of a previous study in which the incorporation of dif-
ferent constituents into polysulfone membranes reduced the UF mem-
brane strength [119]. However, the elasticity and elongation of the
hollow ZIF-8/polysulfone membrane placed into tannic acid solution
(3000 mg/L) increased by approximately 20% (1.5 MPa), indicating
that the ZIF-8 nanoparticles with tannic acid improved the mechanical
strength of the membranes. The improvement was likely due to the
uniform distribution of ZIF-8 nanoparticles in the polysulfone mem-
brane and the strong formation of H-bonds between the —OH groups on
the nanoparticle surface and -SOO groups on the polyethersulfone chain
[120].

2.4.3. Flux and removal

A UiO-66/alumina hollow-fiber membrane was tested to evaluate
the removal of humic acid and membrane water flux [48]. The MOF
membrane pure water flux decreased to 41.1 L/m>h, which was much
lower than the pristine alumina hollow-fiber membrane (231 L/m?h),
and this was presumably due to the presence of UiO-66 nanoparticles
coating the whole surface of the membrane. However, during filtration

12

with 1000 mg/L humic acid, the pristine membrane showed a sig-
nificant reduction of water flux (41.1 L/m?h) due to humic acid fouling
on the membrane surface and/or pores [121]. The water flux of the
MOF membrane under the same conditions decreased slightly to
25.7 L/m>h due to electrostatic repulsion between the MOF particles
and humic acid molecules, which was still significantly higher than that
of the pristine membrane, while these membranes showed similar
humic removal (93-98%). In another study, a polyethersulfone TMU-5
membrane was evaluated for membrane fouling during oil-water se-
paration filtration with a milky oil-water feed solution (up to
40,000 mg/L) in a dead-end cell unit [30]. The flux of the pristine
polyethersulfone membrane decreased significantly in the presence of a
high concentration of milk powder. After cleaning of the membrane, the
pure water flux of the pristine membrane (contact angle = 67° and
surface roughness = 44 nm) showed poor recovery (flux recovery
ratio = 25%), while a much higher flux recovery ratio was obtained
with the MOF membrane (98%) due to the membrane hydrophilicity
and surface roughness change (contact angle = 53° and surface
roughness = 5.2 nm).

Synthetic wastewater containing Ni(II) (2 mg/L) and Na®
(15,000 mg/L) at pH 5.5 was effectively treated by polyacrylic acid/
ZIF-8/polyvinylidene fluoride membranes [113]. During a four-cycle
filtration period with an effective treatment volume in each cycle
(1870, 1307, 958, and 453 L/m?), Ni(II) was removed effectively at the
beginning of each cycle (0.1 mg/L) and increased somewhat with in-
creasing treatment volume. The findings with the maximum adsorption
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capacity of 220 mg-Ni(II)/g imply that the removal of Ni(Il) is due
mainly to adsorption on the MOF membrane associated with electro-
static attraction and hydrogen bonding, particularly among Ni(II), —OH
groups on MOFs, and —COOH groups in the polyacrylic acid layer. Ma
et al. compared the performance of three different membranes (poly-
ethersulfone, GO/polyethersulfone, and UiO-66@GO polyethersulfone)
in terms of membrane fouling, water flux, and dye removal using me-
thyl orange and Direct Red 80 [42]. While the pristine polyethersulfone
membrane showed fair removal of these dyes, the GO/polyethersulfone
and UiO-66@GO polyethersulfone membranes showed greater removal
(93% and 94% for methyl orange; 85% and 87% for Direct Red 80,
respectively). The UiO-66@GO polyethersulfone exhibited much higher
water flux than the polyethersulfone and GO/polyethersulfone mem-
branes (approximately 350% and 80%, respectively). In addition, the
UiO-66@GO polyethersulfone membrane (89%) had a higher flux re-
covery ratio compared to the polyethersulfone and GO/poly-
ethersulfone membranes (43% and 84%, respectively).

During methylene blue removal, the MIL-53(Fe)/polyvinylidene
fluoride membrane showed nine-fold enhancement in effective treat-
ment volume with a water flux of approximately 225 L/m>h, while dye
removal was maintained at > 75% [44]. The reasons for the excellent
performance of the MOF membrane are as follows: (i) The increase in
hydrophilicity of the membrane with ultrahigh MOF loading (67%)
allows ready transport of water molecules through the membrane
[122]; (ii) during the process of MOF membrane fabrication, numerous
pores are produced that provide water transport channels, while the
pristine polyvinylidene fluoride membrane showed no observable pores
in cross-sectional images [42]; and (iii) the MOF membrane had a very
rough top surface compared to the pristine membrane, increasing the
effective filtration area and thus improving the membrane water flux
[115]. In addition, free hydroxyl radicals produced in the presence of
H,0, and Fe(II) in dye solution enhance the degradation of methylene
blue, while the dye is removed mainly due to adsorption on the MOFs
incorporated in the membrane [44]. The mechanisms of multi-
functional concurrent dye removal by the MOF membrane are de-
scribed in Fig. 12. Table 1 summarizes the performance of FO, RO, NF,
and UF membranes incorporating various MOFs and key findings.

3. Conclusions and areas of future study

Since the introduction of MOFs to environmental applications, a
great deal of progress has been made in using MOFs, particularly in FO,
RO, NF, and UF membrane processes for water purification. Various
preparation methods, such as TFN, (porous) mixed matrix, the sol-
vothermal method, the electrodeposition method, and vacuum filtra-
tion have been employed to fabricate MOF-based membranes to im-
prove membrane performance, particularly in terms of water flux and
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membrane fouling. Numerous studies have shown significantly en-
hanced water flux, antifouling, and solute selectivity by MOF-based
membranes incorporating various MOFs (e.g., copper 1,4-benzenedi-
carboxylate, MIL-53, Cu-BTC, MIL-100, UiO-66, ZIF-8, MIL-125,
HKUST-1, Zn-based MOF-808, MIL-101(Cr), and MIL-101(Fe)) on var-
ious ultrathin films containing active/support layers (e.g., polyamide,
polydopamine, polyimide, polysulfone, polyacrylonitrile, poly-
ethersulfone, cellulose acetate, and polyvinylidene fluoride). In parti-
cular, the performance of MOF-based FO/RO/NF/UF membranes has
been shown to be significantly improved by modifying the membrane
properties: (i) MOF-based membranes have high tunable porosities,
extra channels, and accessible large surface areas, which improve water
transport through the membranes; and (ii) these hydrophilic MOFs have
a high capacity to combine particular species/functionalities easily
without changing the framework topology, which is advantageous to
reduce membrane fouling and enhance membrane selectivity due to
steric exclusion and electrostatic repulsion. In addition, the employ-
ment of MOFs into FO/RO/NF/UF membranes could importantly en-
hance the roughness and durability of membranes, thus extending
large-scale industrial application.

However, these MOF-based membrane studies were limited to a few
MOFs, a few solutes (NaCl, dyes, and heavy metals), and laboratory-
scale short-term tests under restricted water chemistry and operating
conditions. Therefore, a comprehensive performance evaluation of
various MOF-based membranes for different contaminants in varying
water-quality and operation environments is essential particularly: to
investigate the effects of different MOFs on membrane fabrication and
properties in terms of hydrophilicity, pore size, and surface roughness,
as it is challenging to determine the interactions between casting
compounds or MOFs, the uniformity of MOF dispersion in different
solvents, development of efficient incorporating techniques, and post-
treatment techniques to reduce deficiencies of PMMs; to effectively
compare a “trade-off” in terms of water permeance and salt removal
among MOF-based FO, RO, NF, and UF membranes; to examine the
transport mechanisms of different MOF-based membranes in the pre-
sence of various background ions and natural organic matter to simu-
late natural waters; and to assess larger-scale membrane stability/long-
term processes combined with membrane bioreactors as there are in-
adequate pilot/full-scale data regarding MOF-based FO, RO, NF, and UF
membranes for large-scale applications.

The chemical stability of MOF embedded within each category of
membrane and the hydrolytic stability of MOF-based membranes is
vital to the evaluation of these MOF-based membranes for real appli-
cation of water purification. In particular, the select of solution pH
during membrane filtration might result in simple degradation of cer-
tain MOF structures, occasionally to the point of thorough damage or
change of the original phase and resulting in loss of most if not all

Methylene
blue

Bovine

serum Size
albumi retention

MIL for interception and flux improvement

water channel

Fig. 12. Mechanism of multifunctional simultaneous decontamination by MIL-polyvinylidene fluoride membranes [44].
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Table 1
Summary of MOF-based membranes for FO, RO, NF, & UF and their performance.
Membrane class MOF based membrane Experimental condition Key performance Key finding Ref.
FO MOEF- thin-film based PMM Caspian seawater and orange juice Flux = 141 L/m*h Thin-film based porous matrix membranes could significantly  [32]
DS = NaCl 0.5 and 2 M B/A = 55 kPa enhance water permenance in FO processes owing to suitable
Salt rejection = 90.1% porosity of porous segment, thin thickness, and small
tortuosity by the rejection of MOF particles.
Porous MOF (copper 1,4- Wastewater effluent Flux = ~28 L/m%h The MOF membrane for urban wastewater treatment [59]
benzenedicarboxylate nanosheet)/TFN CFV = 15 cm/s B/A = 10 kPa discovered a greater water permeance and a clear antifouling
tendency against the pristine one, owing to the reduced
hydrophobicity and biocidal action of the membranes.
GO-Ag-MOF TFN Synthetic wastewater Biocidal activity = 96% FO tests with feed-containing E. coli and sodium alginate [70]
CFV = 8.5 cm/s pointed to determining anti-biofouling and antifouling
behaviors of the GO — Ag-MOF membrane.
MOF-based PMM MOFs = MIL-53, Cu-BTC, and Flux = PMMc3p9 > PMMasoo > PMMEgsgg MOF-based porous matrix strategy could enhance not only [47]
MIL-100 the membrane bulk porosity but also decrease the membrane
DS = MgCl, 0.1-3 M tortuosity.
Ui0-66 TFN Synthetic water Phenol red (> 99%), Na,SO,4 (94-96%), NaCl (27%) The self-standing thin films with enhanced microporosity [33]
CFV = 0.95 cm/s exhibit high-performance FO membranes based on high water
DS = NaySO,4 0.25-1.25 M permeance, enhanced ion removal, and decreased internal
concentration polarization.
Ui0-66/GO membrane Synthetic wastewater Biocidal activity = 90% When the incorporating ratio of Ui0-66/GO is < 1:1, the [75]
CF rate = 5.6 L/h Flux = 29.2 L/m*h doped UiO-66 didn’t affect the layered structure of the
DS = NaCl 1, 2, and 4 M membrane, and a smooth surface morphology is obtained.
Polydopamine modified zeolitic imidazolate ~ Synthetic water Flux = 20.8 L/m*h Metal rejection = > 96% (Cu, Ni, & Pb) The MOF nanoparticles give the selective layer with decent [76]
framework CFV = 8.5 cm/s B/A = 3.6 kPa wettability and loose structure, by enhancing the affinity
DS = MgCl, 1.0 M between the nanofillers and polyamide matrix, thus retaining
the selectivity of membrane.
Nanocomposite thin films incorporated with ~ Synthetic wastewater Flux = 28.6 L/m*h NaCl rejection = 95.1% The improved anti-fouling behaviors of changed membranes  [123]
blue lemon polyoxometalate based open- CF rate = 200 mL/min result from decrease in roughness and enhancement in
framework DS = NaCl 1.0 M membrane surface hydrophilicity.
Silver-based MOFs to surface Synthetic wastewater Flux = 0.94 L/m>h-bar The functionalization process developed a constant [124]
functionalization of DS = NaCl 0.5-2.0 M Biocidal activity = > 99% distribution of Ag-MOFs on the active locations of polyamide
TEN layer rendering the membrane surface highly antibacterial
and anti-biofouling behavior.
MOF-cellulose acetate triacetate membrane Synthetic seawater Flux = ~30 L/m*h NaCl rejection = 95.1% Hydrophilic surface and highly porous structure of Cu- [34]
CFV = 21 cm/s benzene-1,3,5-tricarboxylate nanoparticles could selectively
DS = NaCl 0.5-2.0 M absorb water and give different passage pathways for water
molecules through the membrane.
MOF nanocrystals-PES membrane Synthetic seawater Flux = ~35 L/m*h The MOF nanocrystals developed a more hydrophilic surface [125]
CFV = 21 cm/s Flux decline = 7% of the modified membranes, and provided a lesser transport
DS = NaCl 0.5-2.0 M resistance in their selective layer.

RO Polyamide thin-film-nanocomposite/ Synthetic water Permeance = 3.35 L/m?-h-bar Hydrophobic microporous fillers ZIF-8 provided higher water  [78]
zoitic midazolate Cross-flow NaCl rejection = 99% permeance increase ratio than the hydrophilic fillers having
framework-8 NaCl = 2,000 mg/L zeolite 4A.

Pressure = 15.5 bar
Zeolitic imidazolate framework-8 Water desalination Activation energy = 24.4 kJ/mol Water molecules in ZIF-8 membrane are less hydrogen- [83]
Molecular simulation bonded and the period of hydrogen-bonding is considerably
longer.
TFN membrane filled with Synthetic water Flux = 74.9 (UiO-66) and 85.0 (MIL-125) L/m*h The high permeance results indicate filling of MOFs in TFN [35]
Ui0-66 and MIL-125 Cross-flow NaCl = > 98.5% membrane could be helpful owing to the nanoparticles having
NaCl = 2,000 mg/L an organic part.
Pressure = 300 psi
TFN membrane based metal organic Brackish water Flux = 41 L/m*h These MOFs were incorporated with the polyamide layer of — [126]

complexes

Cross-flow
NaCl = 7,000 mg/L
Pressure = 5 bar

NaCl rejection = 97%

thin film composite membrane to improve the water
permeance with more solute selectivity.

(continued on next page)
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Table 1 (continued)

Membrane class MOF based membrane Experimental condition Key performance Key finding Ref.
Polysulfone membrane containing MOF Synthetic water Flux = 47 L/m*h Both the membrane hydrophilicity and porosity were [79]
(HKUST-1) Cross-flow NaCl rejection = 97% enhanced in the acid-MOF membrane, owing to the addition

NaCl = 2,000 mg/L of hydrophilic functional groups and the solid bonding
Pressure = 250 psi between the Cu ions and the cluster.
P*GO-anchored copper- and trimesic-acid- Synthetic water Flux = ~20 L/m*h These membranes were capable enough to exhibit continuous  [80]
based MOF membrane Dead-end Bovine serum albumin = 98.8% permeation of water even after 15 d constant run and had a
NaCl = 250-2,000 mg/L NaCl = 96.8-99.9% flux value of 16.97 L/m>-h.
Pressure = 0.69 MPa
Polyamide@NH2_MIL-88B nanocomposite Synthetic water Flux = 23.5 L/m*h The NH, MIL-88B interlayer embedded in the polyamide [37]
Cross-flow Phenol rejection = 92% coating improved the transport pathways and decreased the
Phenol = 100 mg/L cross-linking degree and membrane thickness,
Pressure = 15 bar
TFN membranes doped with MIL-101(Cr) Synthetic water Permeance = 2.2 L/m?h-bar The porous configurations of MIL-101(Cr) could create direct [36]
nanoparticles Cross-flow NaCl = > 99% water channels in the dense selective polyamide layer for
NaCl = 2,000 mg/L water molecules to pass through quickly, causing the
Pressure = 16 bar increasing water flux of membranes.
NF Polyamide/hydrostable MOFs Synthetic water Permeance = 15.4 L/m>h-bar The water fluxes of PA/UiO-66 composite membranes were [91]
Dead-end Rose bengal = > 99% 200% higher than those of pristine polyamide membranes
Co = 200-1,000 mg/L Azithromycin = > 97.6% during long-term continuous operation, suggesting excellent
Pressure = 5 bar anticompaction performances.
Zr-based MOF-808 nanofibrous membrane Synthetic water Flux = 348 L/m%h The polyacrylonitrile/MOF-808 “hydractivated” composite [38]
Dead-end/adsorption Qm = 225 for Cd and 287 for Zn (mg/g) membrane treated about 600 mL of Cd, while the traditional
Cd(ID)/Zn(I) = 20 mg/L vacuum-activated composite treated 460 mL.
Pressure = 0.4 bar
Zn-based MOF embedded polymeric Synthetic wastewater Flux = 69.7 L/m%*h The hydrophilic properties and performance of composite [92]
membranes Dead-end Co(ID) rej. = ~75% membranes are enhanced by the incorporation of MOF-5 due
Cu(IN)/Co(I) = 1,000 mg/L Cu(ID) rej. = ~55% to the metal clusters of MOF-5
Pressure = 10 bar
UiO-66 incorporated TFN membranes Synthetic water Permeance = 11.5 L/m?-h-bar The improved performance of TFN membranes compared to  [39]
Dead-end Se052~ /Se0,4%2~ /HAsO,2~ = 96.5/97.4/98.6% relatively traditional NF membranes was due to the improved
Se/As = 1,000 mg/L hydrophilicity, exceptional aperture and highly porous
Pressure = 10 bar structure of UiO-66.
Interfacial synthesis of ZIF-8 membranes Synthetic water Permeance = 90 L/m*h-bar Higher molar ratios of 2-methlyimidazole to zinc nitrate [127]
Dead-end Rose Bengal = 85% cause denser membranes with smaller permeance and greater
Rose Bengal = 17.5 pM removal, owing to the dense packing and smaller inter-
Pressure = 2 bar particle spaces.
Hydrophilic hollow nanocube derived from Synthetic water Permeance = 19.4 L/m?-h-bar The flux recovery ratios of the MOF membrane are 93 and [94]
ZIF-8/functionalized TFN membrane Cross-flow NaySO, = = 95.2% 85% corresponding to humic acid and bovine serum albumin
Na,SO4 = 1,000 mg/L FRR = 93.2% solutions, respectively.
Pressure = 8 bar
Polydopamine-modified reduced RO/MOFs Synthetic water Flux = 185 L/m*h HKUST-1 inserted into GO nanosheets improved inter-layer [50]
nanocomposite Vacuum suction Methylene blue = 99.8% spacing, and polydopamine played an important role in
Methylene blue = 40 mg/L FRR = 82.9% decrease and combination, which improved membrane
Pressure = 0.09 MPa separation effectiveness and flux.
Ce-MOF/polyethersulfone mixed matrix Synthetic water Flux = 21.2 L/m?*h The antifouling behavior of the modified membranes was [128]
membrane Dead-end Dye removal = 99% enhanced and the sensibility of the membranes to fouling
Dye = 30 mg/L FRR = 99.4% decreases with a reduction in the roughness of their surfaces.
Pressure = 3 bar
TFN membrane with the minimum amount of ~ Synthetic water Methanol permeance = 10.1 L/m?-h-bar Defect-free MOF membranes containing a monolayer have [40]
MOF (MIL-101(Cr)) Dye in methanol Rose Bengal = > 90% been obtained with an exceptional nanofiltation performance
Dead-end of methanol/dye solutions due to the large MIL-101(Cr) pore
Dye = 20 mg/L system.
Pressure = 20 bar
[96]

(continued on next page)

0 32 ‘unr W-'g

Lb69I1 (0202) Lt ABojouyda], uoupdifund pu uonp.pdog



91

Table 1 (continued)

Membrane class MOF based membrane Experimental condition Key performance Key finding Ref.
Polyamide/MOF bilayered Diclofenac/naproxen Permeance = 33.1/24.9 L/m>-h-bar The MOF membranes improved their performance due to the
TFN membranes Dead-end Removal = > 98% MOF porosity, membrane hydrophilicity, polyamide layer
Co = 1 mg/L thickness, and membrane roughness.
Pressure = 20 bar
Amino-Functionalized MOF/GO composite Synthetic water Flux = 31 L/m*h Innovative and highly efficient NF membrane could be simply  [93]
membrane Cross-flow Rejection = ~ 90% fabricated through surface decoration of IRMOF-3/GO onto
Cu(Il) = 200 mg/L QqQm = 254 (mg/g) at pH 5.0 polydopamine-coated polysulfone substrate.
Pressure = 0.7 MPa
MIL-53(Al) nanocomposite membrane Cross-flow Flux = 40.6 L/m*h Once the molecular weight is 670 Da, the polyethylene glycol [41]
Nitroso-R salt/xylenol orange/ Nitroso-R salt/xylenol orange/ponceau S = 83.9/98.3/99.8% removal is < 35%. However, the removal of xylenol orange
ponceau S (molecular weight 673 Da) is almost 99%, which is caused by
Co = 500 mg/L the size exclusion and electrostatic repulsion.
Pressure = 1.0 MPa
UF Ui0-66 Cross-flow Flux = 68 L/m*-h Ceramic membranes incoroporated with UiO-66 particles [48]
Alumina hollow fiber Humic acid Removal = 99% could be beneficial for humic acid removal. The optimum
Solvothermal Co = 1, 000 mg/L condition for using this membrane appeared to be at pH = 9.
AP = 2 bar
TMU-5 Dead-end Flux = 123 kg/m*h Membranes having hydrophilic surfaces are less delicate to [30]
PES membrane Oil-water Removal = > 98% fouling than hydrophobic membranes, and the efficiency to
bending/sonication Co = 40,000 mg/L FRR = 25.5-98.7% recover the performance.
AP = 3 bar
Porous matrix membrane using hydrophilic Cross-flow Flux = ~175-250 L/m*h Porous matrix membrane could noticeably enhance water [57]
MOFs (MIL-53, Cu-BTC, and MIL-100) Humic acid Removal = > 90 (dextran) permeance possibly due to the removal of MOF particles in
Co = 1, 000 mg/L the polymer matrix, which enhanced membrane porosity and
AP = 5 bar interconnectivity of the membrane.
Polyacrylic acid/ZIF-8/polyvinylidene Synthetic water Qm = 219-283 (mg/g) at various salinity conditions The adsorption mechanism was apparently due to the [113]
fluoride Adsorption (Na = 0-15,000 mg/L) electrostatic attraction by carboxyl groups in polyacrylic acid
Ni(II) removal as well as particular H-bonding interaction between Ni(II)
and hydroxyl on ZIF-8 frameworks.
UiO-66@GO/polyethersulfone Solvothermal = Dead-end Flux = ~15 kg/m%h The water permeance of composite membrane with UiO- [42]
Direct Red 80 Removal = 98.3% 66@GO loading exhibits an increase of 35% and 78%
Co = 200 mg/L FRR = 88.6% respectively in comparison with that of the polyethersulfone
AP = 2.5 MPa and GO/polyethersulfone membranes.
Cu(terephthalate) @ Dead-end Flux = ~150 L/m*-h Alternate pure water flux pathways through the matrix were [114]
GO/polyethersulfone Methylene blue Removal = ~20-90% created through the porous MOFs causing decreased
Congo red FRR = ~90% tortuosity and thus enhanced permeate flux in Cu
Methyl orange (terephthalate)@GO/polyethersulfone composite membranes
Co = 100 mg/L compared with pure polyethersulfone membrane.
AP = 200 KPa
MIL-101(Cr)-laccase-polyacrylonitrile Dead-end Flux = 708 L/m*h The polymers in the selective separation layer can immobilize [43]
Bisphenol A Removal = 92% laccase mostly by electrostatic attraction, but did not change
Co = 10 mg/L the morphology of membrane surface and permeability.
AP = 1 bar
67-MIL- polyvinylidene fluoride Dead-end Flux = ~250 L/m*-h The 67-MIL-polyvinylidene fluoride membrane was accessible  [44]
Methylene blue Removal = 60- > 95% for long-term run and multiple contaminants removal in
Co = 20 mg/L wastewaters.
AP = 2 bar
UiO-66- poly(sulfobetaine methacrylate)/ Cross-flow Flux = ~600 L/m*-h The obtained hybrid membrane exhibits highly improved [115]
polysulfone Bovine serum albumin Removal = 98.5% water permeance and antifouling performance without losing
Co = 500 mg/L much protein retention.
AP = 0.2 MPa
Hollow zeolitic imidazolate framework-8 Cross-flow Flux = 597 L/m>*h The incorporation of hollow zeolitic imidazolate framework-8 [118]

Synthetic water
Bovine serum albumin

Removal = > 98%

rendered the membrane with improved resistance to fouling,

(continued on next page)
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Table 1 (continued)

Key finding Ref.

Key performance

Experimental condition

MOF based membrane

Membrane class

suggesting the great application potential of such MOF/

500 mg/L

Co =

polymer hybrid UF membranes in wastewater treatment.

AP = 0.2 MPa

Dead-end

[129]

The fabricated HKUST-1@GO hybrid membranes have more/

Flux = 184 L/m%*h

Removal

HKUST-1@GO

larger pore channels and smoother membrane surface, owing
to the structure of HKUST-1 and plentiful hydrophilic groups

of GO.

> 98%

Bovine serum albumin

Co

FRR = 88%

1,000 mg/L

AP = 0.15 MPa
Tubular filtration

Pb(ID)

[130]

The adsorption mechanisms were noticed as coordination
interaction between amidogen (-NH) and Pb(II).

Flux = 400 L/m?-h

Removal

Amino-functionalized MOF-ceramic

membrane

~45%

1,795 (mg/g)

dm

Co = 30 mg/L
AP = 0.05 MPa

adsorption capacity.

thin-film nanocomposite; FRR = water flux recovery ratio, q,, =

draw solution; TFN =

solute permeability/water permeability, DS =

cross flow velocity; B/A

CFV
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filtration capacity. This needs to be considered management and not
certainty since there are other issues that may prohibit these processes
to take place. In addition, since the currently high price of MOFs could
prohibit the large-scale application of MOF-based membranes, new
fabrication methods of MOFs are required, which focus on practical
approaches associated with inexpensive and common raw materials.
While this review mainly focuses on the performances of membranes in
water purification, the systematic understanding of transport mechan-
isms of vital aqueous species by various MOF-based membrane is still
necessary in terms of the porosity of membrane, the host-guest inter-
actions, or macroscopic fluidic dynamic as well.
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