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Chapter 1

General introduction



1.1. Shortage of clean water and relevant technologies

Water is world’s most specious resource for life. However, the combination of
population growth, industrialization and climate change has caused the water shortage
problem, and the addressing of the lack of access to clean and safe water is one of the
biggest challenges nowadays [1-3]. The high gross domestic product (GDP) growth
requires clean water for manufacturing, power generation and domestic zone, which will
increase to 400%, 140% and 130% by 2050, respectively. At the same time, the global
water demand will increase over 55%, leading to 40% of the world population under the
water shortage [4]. In order to match the increase of water demand, the available water
resources must be used effectively. Especially, the exploit action of alternative resources

such as seawater, brackish ground water and wastewaters will be rational solutions.

For the conventional resources, an emerging problem is the contamination of open water
resources such as river and lake water, including the contaminants from municipal,
industrial and agriculture waste water. The common contaminants include microorganism,
pesticides, pharmaceuticals, heavy metals, industrial chemicals, which can severely affect
even at low concentrations. The development of efficient technologies for the removal of

these contaminants are very important to provide clean and safe water [5,6].

In this context, the desalination of seawater and brackish water has been considered as
the leading technology to overcome the water shortage [4]. The desalination can be
classified into two categories: Thermally-driven and membrane-driven (typically reverse
osmosis (RO)) types. The conventional thermal-driven technologies, which are based on
advanced distillation, evaporation and condensation technologies to obtain fresh water,
include multi-stage flash (MSF), multi-effect desalination and adsorption desalination, in

which the MSF is the most commonly used. According to the report of Desaldata, MSF,



occupies 21% in total world desalination capacity in 2014 [7]. The advantages of this
technology are mainly at its robust operation and independence on feed water quality.
However, high production cost, high emission of CO, and hot water discharge are the
disadvantages of this technique, which leads to the substitution of MSF by the RO
technology worldwide. The RO technology is considered as superior to MSF in most of
aspects such as unit capital cost, cost of water, CO> emission, environmental impact,
footprint and so on. For example, the capital costs for RO and MSF are 1313 and 1598
USD/m3/day, respectively; the water cost of RO technology is at least two times lower; the
CO; emission (kg/m?3) is estimated as 1.7-2.8 and 15.6-25.0 for RO and MSF, respectively.
With these advantages of the RO technology it occupies 65% total world desalination

capacity in 2014 [4].

For the RO desalination, the inclusion of other membrane-based processes is highly
required. These processes are microfiltration (MF), ultrafiltration (UF) and nanofiltration
(NF), which can efficiently reject impurities to reduce the osmotic pressure for the
subsequent RO process and elongate the operation time for a RO membrane. Moreover,
these processes have been applied for waste water treatment and production of high quality
water. In these technologies (RO, NF, UF and MF), membranes as a heart, which determine
the efficiency have been continuously developed to improve their performance [8,9].
However, after the invention of the cross-linked thin film polyamide membrane, the
development of membrane materials has been almost saturated because of the inherent
membrane limitations such as permeability-selectivity tradeoff and fouling propensity. The
invention of innovative membrane materials has been expected to solve these problems,
which must possess an outstanding water permeability while having a high salt rejection

for water purification and desalination technology [10,11].
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1.2. Development of membranes

In the publication of “the Sea as a source of fresh water” in 1949, Hassel was the first
researcher who studied on a salt rejection using membranes. However, the membrane was
not successful in desalination [8]. However, his idea encouraged other researchers. In 1957,
Reid and co-workers firstly developed a cellulose diacetate membranes, which showed
96% rejection in the RO application, but the flux was found to be disappointing [12]. In the
early 1960s, Loeb-Sourirajan fabricated cellulose diacetate asymmetric membranes. The
membranes showed high flux and rejection based on the thin selective layer supported on
a porous structure, endowing it with the practical applicability [13]. This is considered as
the first breakthrough in membrane-based RO desalination. After that, cellulose triacetate
membranes were developed due to its stability in a wider range of temperature and pH as
well as higher resistance to chemical and biological fouling as compared to the initial
cellulose diacetate. However, the cellulose triacetate membranes were readily compacted,
leading to the drop of flux even at moderate pressure of 30 bar [14]. Blending of cellulose
diacetate and cellulose triacetate offered a membrane with higher flux and selectivity than
the cellulose diacetate membranes. However, the propensity of acetate group to hydrolysis
in acidic and alkaline condition limits many practical applications [15]. These drawbacks
have motivated the substitution of cellulose acetate membranes by other materials.
Although there had been an intense investigation on alternative membrane polymers,

cellulose acetate was still the best membrane till 1969 [16].

In 1981, Cadotte reported a high performance membrane using an interfacial
polymerization between monomeric amine and monomeric polyacyl halide on porous
supports (e.g. polysulfone) [17]. The polymerization occurs on the support membrane at

the interface between aqueous amine solution and polyacyl halide in aliphatic solvent,
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leading to the formation of ultrathin polyamide layer on the support membrane. The
resulting membrane showed high performance in both selectivity and permeability. The
next development was devoted to the cross-linking of this polyamide film offering a
membrane had five times flux higher than that of the conventional cellulose acetate [18].
Since then, the cross-linked polyamide membranes have been most widely applied in
industries instead of the cellulose acetate membranes. It was designed in some different
modules such as spiral wound, tubular and hollow fiber to enhance the efficiency of energy

consumption.

1.3. Type of membranes

1.3.1. Isotropic membranes

Microporous membranes

A microporous membrane is similar in structure and function to a conventional filter. It
has a rigid but highly porous structure in a range of 10 nm to 10 pm. The rejection of a
membrane is based on molecular sieving, which is mainly dependent on the molecular size
of the filtrate and the pore size distribution of the membrane: A membrane can reject
completely particles whose size is greater than that of the largest pores. Particles that are
smaller than the largest pore but bigger than the smallest pores partially rejected. The
particles are smaller than the smallest pores pass through the membrane. Consequently, the
separation is effective only in the case of rejection of significantly different sizes between

filtrates and the pore dimension in microfiltration and ultrafiltration [19].

Nonporous, dense membranes
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A membrane with a dense thin selective layer on the top, from which permeants are
transported by diffusion under the driving force of pressure or concentration gradient. The
separation of permeants based on the different transport within the membrane, which is
governed by the diffusivity and solubility of each permeant in the membrane. Therefore,
these membranes can separate permeants of similar sizes, if their concentration in the
membrane is significantly different. Most reverse osmosis membranes are dense
membranes, in which the anisotropic structure is designed to improve the permeability of

membranes.

1.3.2. Anisotropic membranes

In general, the permeability of membranes is inversely proportional to the thickness of
membranes. Indisputably, higher permeability is desired and the thickness of membranes
must be as thin as possible. To match this requirement, anisotropic membranes were
invented, which not only possess high performance but also exhibit high mechanical
strength. These membranes composed of an extremely thin selective layer supported on a
much thicker, porous substructure. For example, the thin film composite (TFC) polyamide
membrane consists of three layers: A polyester layer acts as a structural support with the
thickness of 120-150 um. An ultra-thin cross-linked polyamide selective layer is usually
about 0.2 um in thickness. Between these layers, a micro-porous interlayer of polysulfone
(about 40 um) is applied to enable the selective layer to withstand high pressure during

filtration process [19].
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1.4. Membrane processes

There are several membrane processes for desalination and water purification, which
are classified mainly based on the solute size. The processes which are driven by hydraulic
pressure include microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse
osmosis (RO). Besides, forward osmosis (FO) is an additional process driven by the
difference of osmotic pressure between the feed water and a specialized solution of high

osmotic pressure (draw solution) (Fig. 1.1).

0.1 nm Inm 10 nm 100 nm 1pm 10 pm
L 1 L 1 L |
Hydrated ions s Viruses
Micropollutants s—— Bacteria
Natural organic matter m————— Protozoa (for example, Cryptosporidium, Giardia)

Algal toxins

Reverse osmosis,
forward osmosis

‘ Microfiltration ‘
\ I |
\ \

Solution—diffusion Size exclusion

o " mwﬂ&) E}BM@—H

Ultrafiltration

ST
\

S

Fig. 1.1. Membrane processes for desalination and water purification. Reproduced

from Ref. [11]

MF membranes are used for removal of suspended particles and microbial pathogens.
UF membranes are utilized for the rejection of macromolecules and small pathogens such
as viruses, which can be removed partially by MF membranes. The molecular-weight cutoff
(that is, the molecular size of a solute at which the membrane can reject 90%) of UF
membranes lies in the range of 5-500 kDa. MF and UF membranes are porous and the
rejection mechanism is based on the size exclusion [20]. NF membranes are designed for

the removal of multivalent ions such as Ca?* and Mg?*. The molecular-weight cutoff of NF
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membranes is between 100 and 300 Da. RO and FO membranes are designed for
desalination and these membranes can reject nearly all ions. The separation of the
membranes is based on the diffusion mechanism [21-23], whose details are explained later.
The separation of NF membranes is governed by the combination of the sieving and

diffusion mechanisms.

1.5. Membrane preparation

1.5.1. Phase inversion technique

Most of the commercial porous membranes used for microfiltration (MF) and
ultrafiltration (UF) as well as some dense membranes applied for RO and FO are produced
by the phase inversion. This technique involves the transformation of the membrane
polymer from one-phase solution into two separate phases by precipitation/solidification
(polymer-rich solid phase and polymer-lean liquid phase). The membrane will be formed
by casting a solution of membrane polymer on a suitable substrate. The phase inversion
technique can be classified into several categories based on the way of solidification from

polymer solution [24]:

Non-solvent-induced phase separation (NIPS): This method is the main phase inversion
technique, in which polymer dissolved in a solvent is immersed in a non-solvent
coagulation bath (typically water), resulting in solvent-non-solvent exchange to cause the

precipitation. The solvent and non-solvent must be miscible.

Vapor-induced phase separation (VIPS): The polymer solution is exposed to a non-solvent
vapor (often humid air), the adsorption of non-solvent into the polymer solution causes the

exchange/precipitation.
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Evaporation-induced phase separation (EIPS): The polymer was dissolved in a solvent or
in a mixture of a volatile solvent and less volatile non-solvent. The evaporation of a solvent

leads to precipitation.

There are some key parameters determining the morphology of resulting membranes.
These are the nature of the solvent and non-solvent, the type and concentration of polymer,
and so on. In general, due to the stochastic nature of phase inversion technique, leading to
a relatively wide pore size distribution, which in turn affects the selectivity of the resulting

membrane.

1.5.2. Track-etch technique

In contrast to the phase inversion technique, membranes that are prepared by the track-
etch technique possesses an uniform pore size distribution [25]. The pore size of
membranes is typically around 10 nm, which can be applied for MF and UF processes. The
track-etch technique involves two steps: The first step is the bombardment a polymer film
by fission particles from a high-energy source. These particles pass through the film, break
polymer chain and create damaged “tracks”. The second step is chemical etching to
preferentially etch the tracks for pore formation (Fig. 1.2). Key parameters determining
pore density are irradiation intensity and exposure time, whereas the pore size is governed
by the etching time. In order to minimize the doublet pore formation when two nucleation
tracks are too close, the porosity of the membrane is usually kept relatively low, typically

under 10 %. As a result, the flux of the membrane tends to be relatively low.
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Step 2: The tracks left by the particles are preferentially
etched into uniform, cylindrical pores

Fig. 1.2. Two steps of track-etch membrane preparation.

1.5.3. Interfacial polymerization technique

The invention of an anisotropic membrane by Loeb and Sourirajan has encouraged the
development of numerous techniques, in which a microporous membrane is utilized as a
support layer for an ultrathin, dense selective layer. The most successful technigque is
interfacial polymerization, which was discovered by Cadotte in 1980s. Reverse osmosis
membranes produced by this method exhibits remarkable improvement in both salt
rejection and permeability in comparison with those of the cellulose acetate RO membrane
which was prepared by Loeb and Sourirajan. Since then, almost all NF, RO and FO
membranes are made by the interfacial polymerization technique [26—29]. This technique
involves the polymerization (often polyamide) at the interface between aqueous and
organic phases (typically hexane). A microporous membrane as a support layer was wetted
by soaking in aqueous diamine solution (typically 1,3-phenylenediamine). The amine-

immersed support is then soaked in an organic phase containing sebacoyl chloride
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(nowadays, the most widely used is trimesoyl chloride). The polymerization at the interface

forms a dense cross-linked thin selective layer.

It is known that the polymerization occurs in the organic side of the interface. In order
to react with trimesoyl chloride, diamine must diffuse through the water-hexane interface
to contact with trimesoyl chloride. The reaction cannot occur in aqueous phase because of
the limited diffusion of trimesoyl chloride into the aqueous phase. To increase the thickness
of the selective layer, amine must continue to pass through the interface, diffuse through
the formed polyamide layer to react with an acyl halide in the organic phase. By this way,

the thickness increase due to the continuous formation of the polyamide layer.

The composition and morphology of the membrane formed by the interfacial
polymerization are known to be dependent on the several parameters such as reaction
concentration, partition coefficients of the reactants, the presence of by-products [30-32].
These parameters should be considered to control the formation and properties of the

resultant membranes.

1.6. Inherent limitations of membranes

1.6.1. Tradeoff between permeability and selectivity

The water flux J through a membrane is defined by
J, =A(AP - A7) (1.2),

where A is the water permeability coefficient, and AP and Ax are the applied hydraulic
transmembrane and osmotic pressures, respectively. Az is negligible for MF and UF

processes, while it is significant for NF and RO processes.
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In porous membranes, the flow through the selective layer is based on laminar flow

through an array of cylindrical pores. Water permeability coefficient is evaluated by the
Hagen-Poiseuille equation that includes the surface porosity (&), pore radius (I, ), solution
viscosity (1) and active layer thickness (6,,,)

2

&y

A=
8uo

(1.2).

The size distribution of pores influences not only on the flux but also the rejection of

the solute in the feed solution. For the solute with the radius of a, the rejection (R) by pores

with the radius of I, (I, = &) is given by:

2 4 2
R=1- 2(1—3J —[1—1J exp —0.7146(EJ (L.3).
rp rp rp

It is clear that the pore size must be smaller than the radius of solute (I, <a).

In nonporous membranes, water and solute transport through a selective layer is
governed by the solution-diffusion model. The rejection is determined by the difference of
diffusion coefficients between water and the solute. The diffusive water permeability (Pw)
and diffusive solute permeability (Ps) are related to their solubility and diffusivity in a
membrane material, respectively. The water permeability coefficient is determined by [33].

A= PWVW

= 1.4),
0., RT (14)

where, V,, is the molar volume of water, R is the gas constant, and T is absolute

temperature.
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The flux of a solute is determined by the Fick equation as

P
J, =5—5A0m =BAc, (1.5),

m

where B is the solute permeability coefficient and AC,, is the difference in the solute

concentrations across the selective layer. Both A and B govern the performance of the
selective layer. Perfectly, these coefficients are high to achieve high permeability and
selectivity, which are difficult in practical condition. There have been some groups reported
that porous and non-porous membranes show a tradeoff between the selectivity and the
permeability, which implies that the increase in the permeability is achieved in cost of the

significant decrease in the selectivity.

Water permeability coefficient, A (L-m2-h-!-bar!)

0 1000 2000
10* 1 1
] m\ !
: \ a @
= 3\ o
5 ] O
Q 7l '
& 102
~ 10°3
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= a
E =
o i
(]
%)
10'—
109 I I I E I I I I
0 1 7. 3 - 5 6 7 8
Water permeability coefficient, A (10-*-m2-s-1-bar 1)
B Acrylic-and acrylonitrile-based polymers
A Polysulfone-based polymers
© Cellulose-based polymers

Fig. 1.3. Permeability-selectivity relationship for UF membranes. Reproduced from Ref.

[11]
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For example, Fig. 1.3 shows the permeability-selectivity tradeoff for UF membranes
reject bovine serum albumin. According to Eq. 1.3, the pore size distribution dominates the
rejection: An increase in the pore size results in a decrease of the separation factor. Contrary,
according to Eq. (1.2), the water permeability increases along the pore size of the selective
layer. Therefore, the increase of the pore size of membrane enhances the permeability but
reduces the selectivity, as can be depicted in Fig. 1.3. In other sense, if the pore size of the
membrane is constant, then from Eq. 1.2, the permeability of the membrane is determined
by the thickness and the porosity of the membrane while maintaining the selectivity of the
membrane. Because the thickness of the membrane is inversely proportional to the
permeability, the best permeability would be achieved with the thinnest membrane

thickness.

For the diffusion-solution mechanism, as can be seen in Fig. 1.4, there is an anti-
proportional relationship between selectivity and permeability of polymeric membranes in
seawater reverse osmosis (SWRO), brackish water reverse osmosis (BWRO) and
nanofiltration (NF) [34]. This means that the increase in permeability accompanied by the
decrease of selectivity and vise versa. Therefore, at present membrane technology, it is
impossible to improve productivity without scarifying water purity in both size exclusion
and diffusion-solution mechanisms. In order to match the water demand, this inherent

limitation must be addressed.
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Fig. 1.4. Permeability-selectivity relationship for commercial polymeric membranes.

Reproduced from Ref. [34]

1.6.2. Membrane fouling

Membrane fouling is the undesirable accumulation of substances on the surface or/and
in the pores of membranes, which deteriorates the membrane performance, especially
reduces the flux of membrane [35,36]. In particular, the fouling is a severe problem for
membranes used in pressure-driven processes such as MF, UF, NF and RO. In general, the
decline of the flux occurs rapidly at the beginning of the fouling (zone I in Fig. 1.5), then

the decrease continue slowly (zone Il) before reaching a steady state (zone Il1) [37].

22



Flux

v

Time

Fig. 1.5. Typical flux decline curve of a membrane caused by fouling

Based on a resistance-in-series model, the permeability decline is caused by four main
parameters: membrane hydraulic resistance, concentration polarization resistance, cake
layer resistance and adsorption resistance [38-40]. According to these factors, the fouling
can be classified into reversible and irreversible fouling. The reversible fouling is caused
by cake formation and concentration polymerization, which are easily solved by rinsing
steps. While irreversible fouling is caused by foulant adsorption, which cannot be removed
by rinsing steps because of the physical interaction and chemical degradation of membrane

surfaces by foulants [35].

Based on their characteristics, foulants can be classified into three categories, that are
inorganic foulants, organic foulants and biofoulants. Inorganic foulants include precipitates
of ions (Fe®*, Mn?*...), which are originally dissolved but precipitated because of oxidation
and/or hydrolysis. Organic foulants include dissolved compounds and colloids such as
humic acid, proteins, and other hydrophobic materials, which tend to attach to the
membrane surface by adsorption. While biofoulants are algae and microorganisms such as

bacteria, which adhere to the membrane [36].
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There are several factors related to the membrane fouling such as concentration
polarization, membrane hydrophobicity, and the roughness of membranes [41-43].
Concentration polarization is the accumulation of a solute near the membrane surfaces due
to the rejection of the solute, which in turns facilitates the adsorption of the solute on the
membrane surfaces. The common foulants are emulsified oil, microorganisms, protein and
humic acid, which are prone to adhere to hydrophobic surfaces rather than to hydrophilic
ones. The other factor that also contributes to the membrane fouling is the roughness of the
membrane surfaces [44-46]. In literature, rough membrane surfaces show susceptibly to
the fouling than the smooth one. For cross-linked polyamide RO membranes, the surface
roughness is considered as one of the most important factor for fouling since the membranes

are quite hydrophilic.

Based on the above-described parameters on membrane fouling, antifouling strategies
have to qualitative considered either to decrease the foulant concentration near the
membrane surfaces or to make the membrane surfaces less susceptible to foulants. For the
former, there are some techniques such as the pretreatment of feed solution for removing
the foulants, and the filtration mode (crossflow) to reduce the foulant near the membrane
surfaces. For the latter, a variety of concepts to mitigate the membrane fouling have been
proposed, but the most popular one is the modification of membranes to improve their

hydrophilicity, which includes blending, grafting and so on [35,36,47].

1.7. New class of materials

1.7.1. Biomimetic membranes
Aquaporins are pore-forming proteins in living cells. They are composed by four

identical units, gathering to make one cylindrical channel across bilayer [48]. Theoretical

24



and experimental results exhibited that aquaporins possess not only exceptionally high
permeability but also high solute rejection [49-52]. The structure of aquaporins determines
their unique transport properties. As shown in literature, the glass-hour shape of aquaporins
consisting of a relatively wide entrances and a narrow center gate, which makes single-file
transport of water molecules, leading to exceptionally high water permeability (Fig. 1.6).
In terms of the selectivity, aquaporins reject solute based on both their size and charge
exslusion. The center gate can adjust to 0.28 nm as a single water molecule, while an
arginine side chain offers the constriction site with a positive charge. This tight, charged

constriction site prevents charged and neutral solutes from permeation [49-51,53].
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Fig. 1.6. Glass hour structure of aquaporins for water transport. Reproduced form Ref.

[52]

The unique combination between high water permeability and high solute rejection of
aquaporins has attracted considerable interests over the last decades. A nano-scale
membrane was fabricated from aquaporin Z, which exhibited an outstanding permeability
of 601 L-m2-h't-bar?. This permeability is two orders of magnitudes higher than those of
typical commercial RO membranes [54]. There have been several strategies for the

fabrication of aquaporin-based membranes for desalination such as the incorporation of
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aquaporins in free-standing lipids, or polymer membranes [55-58], stabilization by
polymeric support materials [59,60], deposition on a nanofiltration membrane whose wall
is negatively charged at pH 7 [61]. In contrast to exceptional permeability, most of these
membranes showed very low rejection for NaCl most plausibly because of defects. Most
recently, Tang et al. embedded aquaporins in a cross-linked polyamide selective layer by
dispersing aquaporins in the aqueous phase before the interfacial polymerization process.
The resultant membrane exhibited 96% of NaCl rejection. The permeability of the
membrane was 4 L-m2-h'-bar?, 40% higher in comparison with that of a commercially

available RO membrane [62].

In summary, aquaporin-based membranes are promising for desalination because of the
combination between exceptional permeability and high solute rejection. However, these
membranes have revealed several limitations including elaborate fabrication, difficulty in
scaling-up due to defect formation [63-65]. Moreover, the stability of aquaporin proteins
under practical conditions is also a great concern. For example, the activity of
microorganisms during continuous use may damage the aquaporins, leading to the

instability of the membrane for long-term use.

1.7.2. Carbon nanotubes

Carbon nanotubes (CNTSs) have also attracted tremendous interests over the last decades
for water purification membranes. Their exceptional properties in water transport were
computationally and experimentally studied. Because of their smooth and hydrophobic
inner pores, CNTs allow uninterrupted and spontaneous passage of water molecules with

negligible adsorption (Fig. 1.7) [66]. A simulation on the application of single-walled (6,6)
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CNTs for desalination exhibited the formation of a single-file water wire with ultra-fast
water transport. The (6,6) CNTs with the inner diameter of 0.47 nm can completely reject
salt, but salt rejection drop dramatically by increasing the diameter. For example, the salt

rejection was calculated as only 58% for the inner diameter of 1.1 nm [67].

Fig. 1.7. Transport of water molecules through CNTs. Reproduced from Ref. [66]

The dependence of water transport velocity on the diameter of CNTs was also
experimentally studied. The investigation of water transport through multi-walled CNTs of
7 nm diameter-embedded in a polystyrene film exhibited that the water velocity passing
through the film was four to five orders of magnitudes higher than that of expected value
from calculation [68]. In another work, the membrane which incorporated double-walled
CNTs with 2 nm diameter provided the water velocity of three to four orders of magnitudes

higher than the theoretical estimate [69].
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In general, CNTs can be incorporated into membranes in two types; Vertically aligned
and mix-matrix CNTs membranes. The former type involves the vertical arrangement of
CNTs under the support of polymer, which blocks the water flow to offer only CNTs for
permeation and selectivity. The fabrication of such membranes using polystyrene as a host
can reject Ru(NHsz)3* after functionalization CNT inner wall by negatively charged
carboxylate groups [70]. Another report incorporated CNTs in a silicon nitride matrix to
form UF membranes. The membranes exhibited a high water flux and 100% rejection Au
nanoparticles of 2 nm [69]. In another case, mix-matrix membranes of CNTs offered
improved water permeability, solute rejection and mechanical stability. However, the

fouling of these membranes was found to be severe [71].

There are several problems which must be addressed in ultilizing CNT-based
membranes in practical applications. The inherent size distribution of CNTs causes the low
quality in salt rejection, although the permeability may be very outstanding. This drawback
limits the application of CNTSs for the membranes. The density of CNTs in membranes also
need to be taken into account. The close distance of CNTs causes the aggregation, which
in turn reduces the homogeneity of the membranes. The use of a suitable host, therefore,
plays an important role in deceasing the tendency of agglomeration and keeping the CNTs
oriented in the perpendicular direction [71]. The pore size plays a vital role in water
desalination. A literature reported that an appropriate pore size for RO membrane is around
0.6 nm to achieve good rejection. Therefore, the diameter of CNTs also should be around
0.6 nm for rational RO applications [72]. In addition, the thickness of membranes is
inversely proportional to the water permeability. In order to maintain the exceptional

permeability, the thickness must be properly designed [73].
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1.7.3. Graphene

Graphene is defined as one layer of carbon atom packed into a honeycomb pattern. As
graphene is atomically smooth and thin, it has attracted remarkable interests for membrane
separation [74]. The concept of a nanoporous graphene membrane was first mentioned in
a simulation study by Cohen and coworkers. In the simulation, the membrane took an
advantage of ultrathin graphene (0.35 nm thickness) to form the thinnest selective layer
(Fig. 1.8). The simulation proposed that the permeability of the membrane was 1000
L/m?h-bar, which was 2-3 time orders of magnitude higher than those of commercial RO
membranes. Their research also showed the complete salt rejection when the pores of
graphene were as small as 0.27 nm [75]. In the last few years, graphene has been
experimentally researched for water desalination. The most recently, Surwade and
coworkers successfully fabricated mono layer of graphene by the oxygen plasma etching
technique. Nearly complete salt rejection with a very high permeation flux of 250
L/m?h-bar was reported [76]. Although nanoporous graphene layers show an excellent
performance in desalination, attaining highly uniform, and sub-nanometer pores at a large

scale is a great challenge for such membranes to be appealing in practical application [77].
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(C) Na* ¢y

Fig. 1.8. a) Hydrogenated and b) hydroxylated graphene pores, and c) salt rejection by

nanoporous graphene. Reproduced from Ref. [75]

Graphene oxide (GO)-based membrane, on the other hand, widely prepared for filtration.
GO-based membranes have been typically fabricated by depositing micron-sized GO sheets
on porous substrates such as polysulfone (PSf), polyethersulfone (PES) and aluminium
oxide (AO) based on vacuum filtration [78], layer-by-layer deposition and so on [79]. Thus
prepared selective layer consists of well-packed GO sheets with an intersheet distance of
0.83 nm. When these membranes were immersed into water, GO layers can reject the
solutes larger than 0.9 nm in diameter. Hu and Mi fabricated a membrane with cross-linked
GO nanosheets deposited on a PSf substrate through a layer-by-layer method. The
membrane exhibited a flux 4-10 times higher than those of commercial nanofiltration
membranes [78]. In other work, Jiang et al. designed an assembly of crumpled graphene
oxide with a vertically tortuous nanochannel membrane. The membrane revealed 400
L/m?h-bar of water permeability for ultrafiltration [80]. Huang et al. incorporated copper
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nanostrands of 2.5 nm in diameter among GO sheets. The water permeability was 700
L/m?h-bar, 100 times higher than those of commercial membranes [81]. These results

suggested that GO is a very promising material for designing performant membranes.

1.7.4. Metal-organic frameworks

Metal-organic frameworks (MOFs), a class of porous crystalline materials, are
composed of metal-containing building units and organic linkers. There are several
promising advantages of MOFs for separation purposes such as exceptionally high porosity,
uniform, easily tunable pore size and well-defined molecular adsorption sites [82-85]. To
date, MOFs have been extensively applied to gas separation purposes [82,86,87], while
there have been only a handful number of publications on their application to water
purification. One of main reasons for this limitation is because of the instability of MOFs
in water. It has been reported that many of MOFs are deteriorated their structure in the
presence of water and some MOFs even are decomposed with water vapor [88]. However,
the said advantages of MOFs for water purification have attracted for water application,

especially, after the invention of exceptionally stable zirconium-based MOFs in water.

Fig. 1.9. Nanochannel structure of UiO-66
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MOF-based membranes have been mainly fabricated by a mix-matrix method, where
MOFs were mixed in a solution with a polymer before casting. The presence of MOFs
increased the porosity, hydrophilicity of the membranes. Ma et al incorporated UiO-
66@GO into polyethersulfone (PES) membranes for ultrafiltration. The inclusion of UiO-
66 (Fig. 1.9) increased the hydrophilicity of GO/PES membranes. The flux of the UiO-
66@GO/PES membranes was 350% higher than that of PES membranes [89]. In another
work, Sotto and coworkers blended MOF-74 with PES before casting membranes. The
MOF-based membrane showed the increase of porosity, permeability and antifouling
ability compared to the neat PES membrane [90]. By applying the interfacial
polymerization, Li et al prepared a ZIF-8 layer on the PES substrate membrane and applied
the membrane for ultrafiltration. The incorporation of ZIF-8 significantly enhanced the
selectivity of the membranes. However, because of the hydrophobic nature of ZIF-8, the
flux of the MOF-based membranes dropped remarkably [91]. More recently, Liu et al
deposited UiO-66 on the outermost surface of an alumina hollow fiber by the secondary
growth method, a 2 um thick layer of UiO-66-based membrane can reject multivalent
cations from water (98% for Mg?*, 99.3% for AI**) based on size exclusion mechanism.
While the permeability of the membrane was 0.28 (L/m?h-bar-um) is same order of
magnitude as that of commercial polymeric RO membrane [92]. These promising results

suggest that MOFs are emerging as an excellent class of materials.

1.8. Purpose of the thesis

The tradeoff between selectivity and permeability of conventional membranes can be
addressed by employing a new class of materials that possess exceptionally high

permeability and high selectivity. As mentioned above, this class of materials include
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nanochannel-based materials such as aquaporins, CNTs, nanoporous graphene and
graphene oxide, which contains nanochannels with diameters size within size of one to two
water molecules (0.28 — 0.6 nm). By experimental and computational study, these
nanochannel-based materials exhibited permeability from one to several orders of
magnitudes higher than those of commercial membranes while achieving high rejection of
salt. However, the challenge of these materials is limitation in practical application
basically due to the challenge in scaling up these nanochannel-based membranes [11]. For
example, nanoporous graphene membrane with hydroxylated pore size of 0.45 nm
exhibited a permeability from two to three orders of magnitudes higher than those of
commercial membranes. However, the largest such a membrane could be achieved at a 5
um-diameter membrane [74]. For the other materials, defect-free membranes at larger level

have not yet prepared.

MOFs-based membranes, on the other hands, can be prepared in larger scales. MOF-
based membranes show the improvement of permeability because of the presence of
nanochannel in MOF structure. However, because of harsh reaction condition, in order to
prepare such membranes, inorganic substrates are used as support membranes providing
non-flexible membranes, which in turn limit in practical application in advanced membrane

modules such as spiral wound.

In this research, UiO-66, one of the most stable MOFs to chemicals was utilized for
membrane preparation because of its advantages such as hydrophilic nature, pore aperture
size of 6 A which allows the transport of water molecules but struggle hydrated ions. By
using this nanochannel-based material, 1 aim to solve the limitations of conventional
membranes. On the other hand, because UiO-66 synthesis requires a hash reaction
condition leading to non-flexible membranes. Therefore, | also aim to address the
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limitations of previous research by preparing a flexible UiO-66-based membranes in a large
scale. To do so, MOF nanoparticles was supported by a commercial polymeric substrate
forming a new composite membrane. The porous polymeric substrate provides the
flexibility of the composite membrane while a discontinuous MOF selective layer can also
offer a flexible layer. The membrane of this research aims to apply for nanofiltration and

reverse osmosis desalination.
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Chapter 2

Fabrication of new composite membrane filled with
UiO-66 nanoparticles and its application to

nanofiltration

46



2.1. Introduction

The shortage of fresh water is one of the biggest global problems [1], which arises from
the combination of population growth, industrialization, urbanization and climate change.
In order to address this challenge, innovation in a wide spectrum of water treatment
technologies is inevitable, in which the development of novel membrane materials plays an
important role [2,3]. Since the invention of fully cross-linked polyamide thin film
composites (TFC), the development of polymeric membranes has achieved tremendous
applications [4,5], while rational efforts must be continuously devoted to find out a new
class of membrane materials [4]. Recently, the utilization of new classes of materials with
well-defined and/or oriented pores/channels has become increasingly important in
separation technologies [6]. For instance, oriented nanochannels such as carbon and metal
hydroxide nanotubes that are vertically embedded in support matrices led to significantly
high permeation flux of water in ultra/nano filtration [7-9]. It was reported that peptide-
appended pillar[5]arene channels with the inner pore diameter of 5 A possess water
permeability comparable to that of carbon nanotubes. Further, these channels are readily
self-assembled into 2D-arrays suitable for membrane purposes [10,11]. A self-standing
graphene oxide laminate membrane allowed extremely selective permeation toward water
vapor. The gallery space of stacking graphene oxide sheets offered ideal capillary for water
transport [12]. Thus, permeation and rejection through well-defined (and oriented)
pores/channels at an angstrom dimension are a key for next-generation membranes.

Metal-organic frameworks (MOFs) sound appealing for membrane materials due to
their exceptionally large porosity, easily tunable pore size and structural diversity [13-16].
A few pioneer researches have been reported for the use of MOFs for water filtration. Li et

al. fabricated a nanofiltration membrane based on ZIF-8 by an interfacial method [17]. A
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continuous thin selective layer (ca. 1-pum thick) was formed on top of a polyethersulfone
(PES) support membrane. The presence of a ZIF-8 thin layer significantly enhanced the
rose bengal rejection of the membrane (from 38.2% for the pristine PES to 98.9%). A
deterioration of the permeability was attributed to the hydrophobic pore of ZIF-8. Sotto et
al. utilized an MOF in a different way. They prepared a composite membrane based on a
phase inversion method using PES solution that suspended Co-MOF-74 particles [18]. The
MOF particles modulated the pore structure of the formed PES membrane and were also
incorporated in the PES matrix as a filler. The membrane showed enhanced Bovine serum
albumin rejection without sacrificing the permeation flux. Liu et al. deposited UiO-66
nanoparticles on the outer surface of an alumina hollow fiber. Improved salt rejection was
reported at good permeability in water desalination [19]. These works pioneered promising
utilization of MOFs in conjunction with a support membrane for water filtration.

In general, the morphology of a thin film composite membrane is designed to exploit
the sieving ability of a selective layer without sacrificing the permeability and the
mechanical robustness. Among crystalline microporous materials, zeolites are the most
studied ones for the development of thin film composite membranes [20]. A major
challenge has been addressed at the fabrication of a thin film overlayer in a defect-/pinhole-
free manner, which copes with a tradeoff between the perfectness and the thickness of a
thin film, i.e. between the rejection and the permeability. Several methods have been
proposed such as repetitive hydrothermal synthesis of zeolite on top of a metal support
membrane, crystallization of a gel as a zeolite precursor after being casted on a support
membrane, and so on. Piera et al. proposed an alternative strategy to prepare a composite
membrane with a different morphology, in which a precursor gel was filled in the porosity

of a support membrane and subsequently converted into crystals to form ZSM-5 inside
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porous structure of alumina [21]. Thus prepared membrane was found to be more robust
against thermal expansion compared with the conventional thin film morphology. Further,
the strategy is practically interesting to alleviate the necessity of a defect-free thin film over
a large area.

In this chapter, a new type of a MOF/polymer composite membrane was fabricated by
filling the pore of a hydrophilic regenerated cellulose support membrane with UiO-66
nanoparticles. The filled UiO-66 nanoparticles formed selective pathways for
ultra/nanofiltration, while guaranteed the flexibility of the membrane. UiO-66, an MOF in
Zr-based MOF family, is one of two MOFs with 12 coordination bonds between
Zrs04(OH)4 cores and terephthalic acid linkers. It offers exceptional thermal and chemical
stabilities, especially in water [22—-25]. The hydrophilic pore of UiO-66 is suitable for water
filtration, while its aperture size (6 A) is sufficient to interfere with hydrated ions. Owing
to these properties, UiO-66 is regarded as a potential material for water filtration
membranes. The fabricated composite membrane exhibited excellent methylene blue (MB)
rejection at extremely high permeability compared with commercially available
membranes. The membrane also revealed consistent performance against reuse, storage in

water and mechanical bending.

2.2. Experimental

2.2.1. Materials

Zirconium tetrachloride (ZrCls) (purity > 99.9%) and terephthalic acid (purity > 99%)
were purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF) as a solvent was
purchased from Wako Chemical Industries Ltd. These chemicals were utilized for UiO-66

preparation. A regenerated cellulose (RC) membrane (RC58, diam. 47 mm, pore size 0.2
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um, Whatman) was utilized as a support membrane. Poreless TiO. nanoparticles with a
diameter of 30-50 nm (TTO-55A, Ishihara Sangyo Kaisha, Ltd.) were used to prepare a
TiO2/polymer composite membrane as a reference. MB (purity > 98.5%, Kanto Chemical
Co., Inc) was used as a solute for filtration experiments. Polyethylene glycol (PEG) with
the number-average molecular weight of 600, 2000 and 20000 Da (Wako Chemical
Industries Ltd) was used for molecular weight cut-off determination. Deionized water was

used throughout the experiments.

2.2.2. Preparation of UiO-66 nanoparticles

Reactant solutions were prepared in inert atmosphere by dissolving 0.30 g of ZrCls in
90 mL of DMF and 0.22 g of terephthalic acid in 90 mL of DMF. After mixing the two
solutions, 0.12 or 0.18 mL of water as a modulator was added. The mixture was reacted for
24 h under stirring at 100 °C in the inert atmosphere and thereafter aged at r.t. for overnights,
resulting in stable dispersion of UiO-66 nanoparticles in DMF. It is notable that the addition
of water was important to control the reaction and the formation of nanoparticles, while the
inert atmosphere significantly improved the synthetic reproduction by suppressing
uncontrolled intrusion of water. Thus prepared UiO-66 nanoparticles in DMF were named
as MOF; and MOF; for 0.12 and 0.18 mL of the water added in the synthesis, respectively.

The UiO-66 dispersion was kept as synthesized in a refrigerator before the usage.
Powder characterization was implemented after thoroughly washing the UiO-66
nanoparticles with DMF and methanol, followed by vacuum drying at 70 °C for 24 h. In
preparing composite membranes, the as-synthesized dispersion was suction filtered on an
RC membrane and thoroughly washed on the membrane by filtering sufficient volumes of

methanol and water.
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2.2.3. Membrane preparation

MOF/polymer composite membranes were prepared by a filtration method based on a
suction filtration setup. An RC support membrane was taped on the filter holder. Suction
filtration was performed at a differential pressure of 50 mbar, in which 1.0 mL of UiO-66
dispersion in DMF was dropped for six times (total 6.0 mL) using a micro pipette. The
amount of the UiO-66 nanoparticles deposited on the support membrane was adjusted by
diluting the original dispersion (MOF1 or MOF,) with a specified volume of DMF. After
the last addition, the differential pressure was kept at 50 mbar for 5 min, and then it was
increased and kept at 100 mbar for 5 min. Thus prepared composite membranes were
washed with 20 mL of methanol and 250 mL of deionized water.

TiO2-polymer composite membranes were prepared as follows: 10 mg of TiO:
nanoparticles were dispersed in 100 mL of DMF under sonication for 3 h. After the
centrifugation at 4000 rpm for 10 min, the supernatant was used to prepare membranes. 1.0
mL of TiO; dispersion in DMF was added for thirty times (total 30 mL) on an RC support
membrane at the differential pressure of 50 mbar. After the last addition, the pressure was
kept at 50 mbar for 5 min and at 100 mbar for another 5 min. Thus prepared membranes

were similarly washed.

2.2.4. Characterization

Transmission FT-IR spectra were acquired for dried UiO-66 nanoparticles in KBr
pellets by a Jasco FT/IR-6100 spectrometer in the range of 450-1800 cm™. The crystalline
structure of dried nanoparticles was analyzed by X-ray diffraction (XRD, Rigaku
SmartLab) using Cu Ko radiation (A=1.54 A) at 40 kV and 30 mA in the 20 range of 5°—35°.

Transmission electron microscopy (TEM, Hitachi H7100) at an acceleration voltage of 100
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kV was used to determine the size and morphology of UiO-66 nanoparticles. The UiO-66
dispersion was diluted 100 times in methanol and casted onto a TEM grid.

Functional groups on membrane surfaces were analyzed based on attenuated total
reflectance infrared spectroscopy (ATR-IR, Perkin Elmer Spectrum 100 FT-IR) in the
range of 450-1800 cm using a diamond crystal. The crystalline structure of UiO-66 after
being deposited on the support membrane was similarly analyzed by XRD. The
morphology of membranes was observed by scanning electron microscopy (SEM, Hitachi
S-4100) at an accelerated voltage of 20 kV. For cross-sectional images, membranes were
cryo-fractured into small pieces and subjected to Pt sputtering for 60 s before the

measurements.

2.2.5. Filtration experiments

Filtration performance of composite membranes was evaluated by suction filtration of
100 mL of MB aqueous solution (1.0 uM) at the differential pressure of 100 mbar. It must
be noted that such a low differential pressure arises from extremely high permeability of
the developed membranes, as has been the case for the previously developed membranes
with oriented nanochannels [8,9]. The MB concentration in the feed and permeate solutions
was determined by the absorption intensity at the wavelength of 665 nm measured by a
JASCO V670 spectrometer. The rejection and flux were measured at each 1-2 min, and
respectively expressed by cumulative and averaged values along the filtration time.

In order to determine the molecular weight cut-off (MWCO) of composite membranes,
filtration tests were performed using PEG dissolved in deionized water (0.5 ppm, 100 mL).
The MWCO value is regarded as the molecular weight of PEG that can be rejected by a

membrane at 90% [26-28]. PEG with three different molecular weights (600, 2000, and
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20000 Da) was employed. The macromolecular diameter of PEG was estimated as 1.22,
2.28, and 7.35 nm for 600, 2000, 20000 Da, respectively, based on Eq. (1).
d=0524x(M,)*° -0.6 (2.2),

where d is the molecular diameter (A) and My, is the weight-average molecular weight (Da)

[29,30]. The PEG concentration in the feed and permeate solutions was determined by

spectrometric titration of the iodine complex [31,32].

The durability of composite membranes was evaluated in three ways:

i) Reusability: A composite membrane that was once used for the above-mentioned
filtration experiment for the MB aqueous solution was extensively washed with
deionized water, and subjected to the same filtration experiment. The cycle was
repeated three times, in which potential deterioration in the rejection was observed.

i)  Stability in water: A composite membrane was immersed in deionized water for 4-
30 days, followed by the filtration experiment using the MB aqueous solution.

iii)  Flexibility: A composite membrane was bent (a typical image was shown later)

before the filtration experiment.

2.2.6. Adsorption capacity of membranes

In order to understand a potential contribution of adsorption to the separation of MB,
the adsorption capacity of membranes was studied. Membranes were soaked in 100 mL of
MB aqueous solutions at concentrations of 1.0, 2.0, 4.0, 8.0, 12 and 16 uM at r.t. for 42 h.
The amount of the adsorbed MB was evaluated from the MB concentration in the
supernatant solution to plot adsorption isotherms. The equilibrium adsorption dictates the

upper limit of the adsorption contribution to the MB rejection.
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2.3. Results and discussion

2.3.1. Preparation and characterization

Two MOF samples were prepared by reacting ZrCls and terephthalic acid in DMF. The
size of the resultant MOF particles was controlled by the water amount. Upon heating the
reaction mixture, it took 10 h and 8 h for the formation of MOF: and MOF: to be visible,
respectively. The yields (after washing) were derived as 24.3% and 34.3% respectively for
MOF: and MOF,. Thus, it is clear that water promoted the MOF formation, while the
relatively low yields came from the limited amount of water added to control the particle
size.

Fig. 2.1a shows the IR spectra of dried UiO-66 nanoparticles (MOF1 and MOF,) in the
skeletal mode region. The spectra exhibit typical peaks of UiO-66 reported in literature
[24,33,34]: An intense doublet at 1574 and 1395 cm™ for the in- and out-of-phase
stretching modes of the carboxylate group, and bands at 475, 744 and 548 cm™? for the
bending of OH and CH mixed with Zr—O modes, and Zr-(OC) asymmetric stretching
vibration, respectively. XRD patterns of dried UiO-66 nanoparticles (Fig. 2.1b) also show
consistent results: 7.26, 8.39, 11.93, and 14.64° of 20 corresponding to the (111), (002),
(022), and (222) planes of the face-centered cubic crystal of UiO-66 [19,23,24,35]. TEM
images show that synthesized MOF; particles had polygonal shapes, and the mean diameter
was approximately 10 nm with a relatively broad distribution (Fig. 2.1c). Meanwhile,
MOF; consisted of cubic particles with the dimension about 55 nm (Fig. 2.1d). The
difference of the particle morphology between MOF; and MOF; indicated that the water
amount in the reaction solution clearly affected the nanoparticle formation [36—38]. Water

as a modulator enhances the nucleation rate to form homogeneous crystals, while
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suppresses the precipitation of amorphous products [36,38]. In fact, the synthesis without

the water addition led to an uncontrollable particle size distribution of UiO-66.
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Fig. 2.1. Characterization of UiO-66 nanoparticles: a) FT-IR spectrum, b) XRD patterns,

and c,d) TEM images of MOF1 and MOF, respectively

Three kinds of MOF-polymer composite membranes were prepared using the above-
synthesized UiO-66 dispersion (Table 2.1), and subsequently characterized by XRD, ATR-
IR, and SEM (Fig. 2.2). In XRD (Fig. 2.2a), it can be seen that the diffraction peaks relevant
to UiO-66 were superimposed on those for the RC membrane. A greater contribution of
UiO-66 crystals with respect to the RC membrane diffraction was identified for Mmor. than

for Mmori-1. In ATR-IR spectra (Fig. 2.2b), the superposition of the UiO-66 absorption
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bands with those of the support [39,40] was again observed for Mwmor2. In contrast, the
spectrum of Mmori-1 showed the total absence of the absorption bands from UiO-66. The
observed differences between Mmor:i-1 and Mwmor2 in XRD and ATR-IR were clarified by
SEM images (Fig. 2.2d,e). The RC membrane exhibited a highly porous morphology with
a large number of cellulose fibers disorderly interlaced among each other. SEM images of
the composite membranes showed completely different morphologies between Mmor: and
Mwmor2. MOF, formed a thin layer of UiO-66 nanoparticles stacked on the support
membrane. The thickness was estimated as ca. 2 pum. Conversely, few UiO-66
nanoparticles were observed in the top view of Mwmori-1, as they were mainly captured
inside the pore network of the support membrane. This discrepancy was due to the
difference in the particle size: The pores of the RC membrane were quickly plugged by the
larger MOF. nanoparticles, leading to the formation of a thin layer. The smaller MOF;
nanoparticles deeply penetrated in the RC membrane, being entrapped in the pores. We
could not observe any of MOF; nanoparticles which went through the RC membrane into
the permeate side during the preparation and filtration experiments. This fact suggested

strong adhesion of the nanoparticles to the pore wall of the RC membrane.
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Fig. 2.2. Characterization of the support and composite membranes: a) XRD patterns, b)
ATR-IR spectra, c—e) SEM images both in top and cross-sectional views of support, Mmor1-

1, Mmor2 membranes, respectively.

It is notable that in the case of as-synthesized UiO-66 nanoparticles, well-defined
crystals (Fig. 2.1b) were only obtained when the sample was soaked in methanol for three
days to fully remove residual molecules remaining inside the MOF structure [41-43]. On
the other hand, UiO-66 nanoparticles deposited on an RC membrane formed similarly well-
defined crystals by washing through suction filtration for several minutes (Fig. 2.2a).
Namely, the suction filtration enabled efficient washing of residual molecules. It was likely

that solvent molecules might permeate through the intraparticle channels of UiO-66.
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2.3.2. Filtration performance

Employing the prepared composite and support membranes, filtration tests were
performed for MB aqueous solution. Typical results of these experiments are shown in Fig.
2.3a. The RC membrane exhibited the highest permeability, completing 100 mL filtration
within 4 min. The pore size of the RC membrane (0.2 um) is much larger than the molecular
size of MB. However, the MB rejection was 100% for the initial 50 mL permeate, followed
by a significant drop of the rejection in the later stage. This was mainly due to the MB
adsorption on cellulose and its saturation beyond the adsorption capacity (examined later).
The inclusion of UiO-66 nanoparticles in the pore of the RC membrane (Mwor1) led to the
elongation of the filtration time from 4 to 7.5 min and the full retention of the perfect
rejection for 100 mL. The permeability value was calculated as 7860 + 374 L/m?-h-bar,
which was 30-500 times greater than those for commercially available ultra/nano filtration
membranes: e.g. 100-300 L/m?-h-bar for PVDF ultrafiltration membranes [44] and 15
L/m?2-h-bar for UTC-20 nanofiltration membranes from Toray Industries, Inc. [45]. This
extremely high permeability of Mwmor: seems to arise from the combination of the filled
morphology and the mechanism of the selective permeation. The latter will be further

discussed later.
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Fig. 2.3. Filtration performance: a) MB filtration using the RC and Mwmor:1-1 membranes,

b) filtration of PEG with different molecular weights using the Mmori-1 membrane

The performance of the membranes is thus obtained and summarized in Table 2.1. The

experiments were performed at least twice for each same type of membranes that were
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prepared independently under the same condition so as to obtain error ranges (lower than
5% for the flux and 0.1% for the rejection). The flux of the RC membrane was the highest
with poor rejection at 83.7 + 0.1%. All of the composite membranes showed improved
rejection in cost of the flux. However, the tradeoff between the flux and rejection largely
depended on the particle size of UiO-66. Even with the same dilution ratio, the performance
of Mmor2 was inferior to that of Mmori-1 in both the flux and rejection. When the deposition
amount of MOF1 nanoparticles was reduced into half (Mmori1-2), the rejection was slightly
deteriorated with a partial recovery of the permeability.
Table 2.1. List of prepared MOF-polymer composite membranes and their

performance in filtration of MB aqueous solution

UiO-66 solution?

a
Membrane MOF;  MOF; DMF Flux (L/m?h)® Rejection (%)°
(mL)
(mb)  (mL)

RC 0 0 0 1733.8+31.2 83.7+0.1
Mwmori-1 3 0 3 785.8£37.4 100
Mwmor1-2 15 0 4.5 10416 +43.6 989+0.1

Mwor2 0 3 3 461.5 +18.7 95.0£0.1

& A stock solution of UiO-66 in DMF was diluted by a specified volume of DMF and used for
membrane preparation. In total, 6.0 mL of a diluted solution was suction filtered on an RC
membrane.

b The performance of a membrane was tested by suction filtration of MB aqueous solution (1.0
pumol, 100 mL) at the differential pressure of 100 mbar. The flux was determined by permeate
volume after every one minute. The rejection was determined by equation

C.—
R(%) = OC ® x100% , where C, and C, are the solute concentrations in the feed and
0

permeate, respectively. The experiments were repeated for at least two membranes (N > 2) that
were prepared under the same condition.

It became clear that the deposition of UiO-66 nanoparticles significantly improved the
rejection, keeping relatively high permeability. However, its mechanism was unclear: The
molecular size of MB is greater than the intraparticle channel of UiO-66. On the other hand,

it was reported that MB can adsorb on the outermost surfaces of UiO-66 (not in the channel)

[46]. Hereafter, a series of experiments were implemented to identify the origin of the
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improved rejection, where Mwmori-1 bearing the best performance was employed as a

representative.

2.3.3. Adsorption experiment

The adsorption capacity of the support and Mwmor:-1 membranes for MB is compared
in Fig. 2.4. A linear increment in the adsorption amount was observed along the MB
concentration for both of the membranes, which corresponded to almost 100% entrapment
of MB. The linear increment continued over the experimental range for the support
membrane, while the saturation was reached for the composite membrane. The adsorption
capacity of the Mwmor1-1 was derived as 1.75 pg/mg, while the capacity of the support was
greater than >3.32 pug/mg. In a separate experiment, the adsorption capacity of the MOF;
nanoparticles was measured as 2.8 mg/g. Considering that 1.89 mg of MOF; was deposited
on a support membrane of the total weight of 33.16 mg, it is clear that the adsorption of
MB on the outermost surfaces of UiO-66 was negligible. Rather, it seemed that the
interaction of UiO-66 with cellulose and/or pore plugging by the inclusion of the
nanoparticles significantly reduced the adsorption capacity of the composite membrane.
These results strongly indicated that the improved rejection came from the molecular

sieving mechanism, not from the adsorption mechanism.
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Fig. 2.4. Adsorption isotherm of MB for the RC and Mmori-1 membranes

2.3.4. PEG filtration

In order to reach a closer insight into the rejection mechanism, the MWCO of the
composite membrane (Mwmor:i-1) was investigated based on the filtration of PEG 600, 2000
and 20000 (Da). The filtration results are summarized in Fig. 3 and Table 2.2. It was found
that the composite membrane was able to completely reject PEG 2000 with the molecular
size of 2.28 nm. The rejection became as poor as 35% for PEG 600 with the diameter of
1.22 nm. Such a sudden drop from 100% rejection clarified the presence of a well-defined
MWCO between 1.22 to 2.28 nm. Furthermore, the adsorption of PEG on the composite
membrane was not plausible, as the monotonous rejection drop for PEG 600 indicated
negligible adsorption capacity (Fig. 2.3b). In accordance with the adsorption experiment,
the molecular sieving by UiO-66 nanoparticles was again supported as a plausible cause of

the improved rejection of MB, whose molecular size is 1.5-1.6 nm [47,48].
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Table 2.2. PEG filtration using the composite membrane (Mwmori-1)

Molecular weight  Molecular

2 b - - b
of PEG (Da)  size (nm)? Flux (L/m%h)®  Rejection (%)

20000 7.35 879.4 +18.7 100
2000 2.28 829.5+16.8 100
600 1.22 779.6+12.4 349+13

2The molecular size was estimated according to Eq. (1).
b Suction filtration of PEG aqueous solution (0.5 ppm, 100 mL) was conducted twice at the
differential pressure of 100 mbar.

Here, the origin of the molecular sieving by UiO-66 nanoparticles is discussed:
Rejection could arise either from the intraparticle channel of the MOF crystal or from
interparticle voids among filled UiO-66 nanoparticles. With the assumption of the closest
packing, the dimension of the interparticle voids could be estimated as 3.1 nm for the
particle size around 10 nm for MOF1. When the packing deviates from the ideal closest
packing, the void dimension must become greater and distributed. Considering the
observed sharp cut-off in 1.22-2.28 nm, neither the estimated void dimension nor its
distribution are reasonable. Thus, it was believed that the improved MB rejection
dominantly came from the intraparticle channel of the MOF crystal. A slight inconsistency
in the dimension between 0.6 nm of the pore aperture of UiO-66 and 1.22-2.28 nm of
MWCO might be explained by an elongation of PEG 600 oligomers inside the pore channel
along the flow direction [49]. In Table 2.1, the MB rejection for Mmor2 and Mmor1-2 was
slightly lower than that of Mmori-1. This rejection failure was plausibly attributed to the

leakage from interparticle voids (since the intraparticle channel is always the same).

2.3.5. TiO2-polymer composite membranes
In order to further identify the rejection mechanism, a filtration experiment of MB

aqueous solution was conducted using a TiO2-polymer composite membrane.
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Poreless TiO, nanoparticles deposited on an RC membrane could offer interparticle
void-based filtration. The suction filtration of TiO> dispersion in DMF led to the formation
of a thin film layer with the thickness of ca. 0.6 um (Fig. 2.5). The filtration test using 100
mL of MB aqueous solution (1.0 pM) led to 723.5 + 18.7 L/m?h in the flux and 77.36 +
0.95% in the rejection. Thus, poreless TiO, offered only interparticle voids for water
transport, leading to poor rejection as well as relatively high flux. It is reasonable that
interparticle voids between 30-50 nm particles never contributed to the MB rejection.

Rather, TiO2 nanoparticles blocked the adsorption sites of the RC membrane to deteriorate

the rejection.

Topview Cross-section

Fig. 2.5. SEM images of the TiO,-RC composite membrane

2.3.6. Durability of composite membranes
The durability of the composite membrane (Mwmor:-1) with a filled morphology was
investigated in terms of reusability, stability in water, and flexibility upon bending. Fig. 2.6

summarizes the results of membrane performance for the filtration of 100 mL of MB
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aqueous solution. The reuse of the composite membrane unchanged both the flux and
rejection of the membrane for at least three times (Fig. 2.6a). This result indicated that UiO-
66 nanoparticles were well immobilized inside the support membrane, and the intraparticle
channels were free from the adsorption of MB. The membrane performance was well
retained even after the membrane was soaked in deionized water for one month due to the
structural stability of UiO-66 (Fig. 2.6b). Moreover, the composite membrane showed
consistent performance even after being bent by forceps, which demonstrated a potential
benefit of the morphology of the developed composite membrane (Fig. 2.6¢,d) for advanced

modules such as spiral-wound and hollow tube filters.
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Fig. 2.6. Durability of the Mmori-1 membrane tested in MB filtration: a) When reused, b)

when stored in water, and c,d) when bent

2.4. Conclusions

Novel composite membranes were prepared by filling the porosity of a regenerated

cellulose membrane by UiO-66 nanoparticles. UiO-66 nanoparticles with the average size
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of 50 nm formed a thin selective layer on the support, while nanoparticles with the size of
10 nm were filled in the porosity of the support to create a selective pathway. Both of the
membranes significantly improved the rejection of methylene blue, but the filled
morphology was superior in terms of the permeability and rejection. A set of experiments
proved that the rejection of the composite membrane was based on a molecular sieving
mechanism. The molecular weight cut-off of the membrane was determined within 1.22-
2.28 nm based on the filtration of polyethylene glycol. The composite membrane exhibited
excellent durability against repetitive filtration, storage in water for one month, and
mechanical bending.

In this chapter, | revealed promising aspects of MOF nanoparticle-filled composite
membranes in water nanofiltration. On the other hand, the rejection of small ions may

require more perfect packing, which is addressed in chapter 4.
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Chapter 3

Synthesis of poly(ethylene glycol) methacrylate-
grafted UiO-66 nanoparticles and application for
new composite membranes
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3.1. Introduction

In recent years, the dramatic increase in the release of oily waste water from various
industries including oil refinery, pharmaceutical, cosmetic, food, etc. led to a risk factor for
environment and human health [1-3]. Traditional technologies such as gravity separation,
air flotation, coagulation and flocculation, are useful for separation of oil/water mixture.
However, these technologies ineffectively separate emulsified oil/water system because of
the small droplet size of microemulsion or nanoemulsions [4]. Therefore, an effective, low
cost technology for separation of oil/water emulsion was highly desired. In the last few
decades, membrane filtration, which primarily bases on size exclusion, is known as a
promising candidate for the separation of emulsion containing micron and submicron size
of oil droplets [1, 5-7]. The advantageous properties of membrane filtration can be
mentioned as eco-friendly, high separation efficiency, low energy consumption, less
chemical addition. However, a mainly practical drawback which limits the widespread
application of filtration membrane for treating oily waste water was fouling by pore
plugging of oil droplet [8]. Therefore, the enhancement of fouling resistance of membrane

plays a vital role in application of filtration membrane for emulsion separation.

The modification of the membrane tends to graft a hydrophilic functional group on the
membrane to develop the selectivity and permeability. In addition, the surface grafting also
enhances fouling resistance of membranes. In many technologies including UV irradiation,
plasma, polydopamine, addictive blending, chemical grafting, etc. The grafting by atom
transfer radical polymerization (ATRP) was a promising method because of its advantage
of permanent modification, controllable chain growth [9]. For example, Husson et al. used
ATRP to graft several polymers to the surface of microfiltration and ultrafiltration

membranes, which showed the decrease of molecular weight cutoff with increasing
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polymerization time [9]. They also used ATRP to graft poly (acrylic acid) and poly (vinyl
pyridine) to regenerated cellulose and PVDF membrane, respectively. The chain length of

grafted polymer was varied by changing polymerization time [9].

Recently, some researches have devoted to the materials for exceptionally high
permeability, which focused on oriented pore/channels in angstrom dimension which
theoretically and experimentally ultrafast permeation [10-13]. For instance, oriented
nanochannels such as carbon and metal hydroxide nanotubes that were vertically embedded
in support matrices results in significantly high permeation flux of water in ultra/nano
filtration [11,12]. Because of oriented channels, exceptionally large porosity, easily tunable
pore size and structural diversity [14-17], metal-organic frameworks (MOFs) sound
appealing for membrane materials. There have been some pioneer researches employed
MOF for water filtration membrane. Li et al. fabricated ZIF-8-based membrane by an
interfacial method [18]. A continuous thin selective layer on polyethersulfone support
membrane increased the rose bengal rejection of the membrane (from 38.2% to 98.9%).
The sacrifice of permeability was ascribed to the hydrophobic pore of ZIF-8. Liu et al.
deposited UiO-66 on the outermost surface of an alumina hollow fiber by secondary growth
method [19]. The prepared composite membrane revealed good rejection and higher
permeability compared to commercially available membranes. These works pioneered
promising utilization of MOFs in conjunction with a support membrane for liquid phase

separation

More recently, we fabricated a filled UiO-66 composite membrane which showed
excellent methylene blue rejection and exceptional permeability at low pressure. However,
the interparticle voids among UiO-66 nanoparticles eventually cause the leakage of the

small solutes. Therefore, in order to overcome this limitation, the grafting of a hydrophilic
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functional group not only fill the interparticle voids but also increase the fouling resistance
of original UiO-66 [20]. Therefore, grafted polymer is a potential way to increase both the

efficiency and durability of the composite membrane.

In this chapter, UiO-66, one of the most stable MOFs to water and chemicals [15,21-
24], was grafted by a hydrophilic poly(ethylene glycol) methacrylate (PEGMA) via ATRP
method. The results showed that PEGMA was successfully grafted from UiO-66
nanoparticles while keeping the crystallinity of UiO-66. The composite membranes were
fabricated by depositing PEGMA-g-UiO-66 enhanced the selectivity and the fouling

resistance in comparison with UiO-66 based membranes.

3.2. Experimental

3.2.1. Materials

Zirconium tetrachloride (ZrCls) (purity > 99.9%) and terephthalic acid (purity > 99%)
obtained from Sigma-Aldrich. N,N-Dimethylformamide (DMF) as a solvent was purchased
from Wako Chemical Industries Ltd. These chemicals were utilized for UiO-66
nanoparticle preparation. A cellulose nitrate (CN) membrane (diam. 47 mm, pore size 0.1
um, Whatman) was utilized as a support membrane. Copper (1) chloride (CuCl), Copper
(1) chloride (CuClyz), 2,2’-bipyridine were obtained from Wako Chemical Industries Ltd.
Lubricant Ulvac Oil R-2 was used for nanoemulsion preparation. Span 60 and Tween 60
were utilized as surfactants, which were purchased from Kanto Chemical Co., Inc, and TCI
chemical industry Co., Ltd, respectively. Deionized water was used throughout the

experiments.
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3.2.2. UiO-66 nanoparticle preparation

A ZrCls solution was prepared by dissolving ZrCls (0.45 g) in 90 mL of N,N-
dimethylformamide (DMF). A solution of terephthalic acid as the ligand was prepared by
dissolving 0.34 g in another 90 mL of DMF. Both solutions were prepared in inert
atmosphere and reacted in a round bottom flask at £°C for 24 h under stirring after adding
0.24 mL of deionized water, resulting in the dispersion of UiO-66 nanoparticles in DMF.
Then, the dispersion was washed three times with DMF before soaking in methanol three
days with changing methanol every one day. After that, UiO-66 nanoparticles were dried

in a vacuum oven at 100 °C for 24 hours.

3.2.3. PEGMA-g-Ui0O-66 preparation

(2-Bromo-2-methyl) propionyloxyhexyltriethoxysilane as an initiator was grafted to
surface hydroxyl groups of UiO-66 nanoparticles with the average size of 90 nm in the
presence of ammonia. After that, ethylene glycol methacrylate was polymerized from the
grafted initiator in the presence of CuCl/CuCl./2,2’-bipyridine. Thus obtained PEGMA-g-

UiO-66 was washed and stored in DI water.

3.2.4. Composite membrane preparation

0.6 or 1.0 mg of PEGMA-g-Ui0-66 and UiO-66 nanoparticles dispersed in 6.0 mL of
water were deposited on CN support membranes at a suction pressure of 30 mbar by a
micro pipette. After that, the pressure was kept for 5 min before maintaining at 100 mbar
for 5 min. The membranes were washed with 100 mL of water prior to natural drying for

characterization.
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3.2.5. Nanoemulsion preparation

50 mg oil was added to 1.0 L of water in the presence of an equivalent mass of surfactant
mixture at a given hydrophilic-lipophilic balance (HLB). The mixture was dispersed by a
homogenizer at 9000 rpm for 10 min. After that, the oil/water emulsion was characterized

by DLS measurement.

HLB of surfactant is an empirical expression, which was featured for the relationship
between hydrophilic and lipophilic degree of surfactant. In this chapter Span 60 (HLB 4.7)
and Tween 60 (HLB 14.9) were utilized. HLB values were varied by changing the

composition of the surfactants following the equation

(HLBmixture — 47)

%Tween60 = (14 0.1 7)

x100%  (3.1)

%Span60=100-%Tween60 (3.2)

A range of HLB was investigated for determining the best value for nanoemulsion

preparation. Besides, homogenization time and oil concentration were also examined.

3.2.6. Characterization

Functional groups on UiO-66 and PEGMA-g-UiO-66 surfaces were analyzed based on
attenuated total reflectance infrared spectroscopy (ATR-IR, Perkin Elmer Spectrum 100
FT-IR) in the range of 400-1800 cm™ using a diamond crystal. The crystalline structure of
dried nanoparticles was analyzed by X-ray diffraction (XRD, Rigaku SmartLab) using Cu
Ka radiation (A=1.54 A) at 40 kV and 30 mA in the range of 5° < 20 < 40°. Thermal
gravimetric analysis (TGA) was performed on Mettler Toledo DSC 820 under air

atmosphere in the range of 30-800 °C at a heating rate of 5 °C/min.
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The morphology of membranes was observed by scanning electron microscopy (SEM,
Hitachi S-4100) at an accelerated voltage of 20 kV. The droplet size distribution in
nanoemulsion was determined by dynamic light scattering (DLS) using Nano zetasizer

from Malvern Instruments.

3.2.7. Nanoemulsion filtration

The filtration performance of membranes was evaluated based on a suction filtration
setup, in which 200 mL of nanoemulsion (50 ppm) was filtered by a membrane at a
differential pressure of 0.1 bar, the volume of permeate phase was examined after each 2.0
min. The concentration of oil in feed and permeate phases was determined by UV-Vis

measurement.

3.3. Results and discussion

3.3.1. Characterization

Characterization of nanoparticles

Fig. 3.1 shows the ATR-IR spectrum of dried UiO-66 nanoparticles in the skeletal mode
region. The spectrum exhibits typical peaks of UiO-66 reported in literature [25,26]. For
instance, an intense doublet at 1574 and 1395 cm™ for the in- and out-of-phase stretching
modes of the carboxylate group, and bands at 475, 744 and 548 cm™* for the bending of OH
and CH mixed with Zr—O modes, and Zr-(OC) asymmetric stretching vibration,
respectively. ATR-IR spectrum of the PEGMA-g-UiO-66 shows the peaks at 1720 cm™?,
which were attributed to the carbonyl group vibration. The monomer EGMA consists of

CH>=CR1R; whose stretching vibration peak can be identified at 1638 cm™ [27,28]. The
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peak was absent in the spectrum of the PEGMA-g-UiO-66 suggesting that the monomer
was completely polymerized or/and washed. Consequently, ATR-IR spectra indicated that

PEGMA was successfully grafted from UiO-66.
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Fig. 3.1. ATR-IR spectra of UiO-66 and PEGMA-g-UiO-66

XRD patterns of dried UiO-66 nanoparticles (Fig. 3.2) also show consistent results with
that in literature [22,29]: The diffraction peaks of the face-centered cubic (fcc) structure of
Ui0-66 crystals were well assigned. The peaks at 2-theta angles of 7.26, 8.39, 11.93, and
14.64° corresponding to the (111), (002), (022), and (222) planes. XRD patterns of original
UiO-66 and PEGMA-g-Ui0O-66 show the consistency with each other, which suggested

that the crystalline structure of MOFs remained after polymerization.
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Fig. 3.2. PXRD patterns of UiO-66 and PEGMA-g-UiO-66 nanoparticles

The TGA results (Fig. 3.3) of UiO-66 nanoparticles show the decomposition at 520 °C,
which is in accordance with literature [30,31]. In the presence of PEGMA, the
decomposition curve of PEGMA-g-Ui0-66 was different from the original ones. In oxygen
atmosphere, at high temperature, the organic portions were completely decomposed and
vaporized. The different weight loss of samples after TGA measurement exhibited the
content of PEGMA grafted from the UiO-66 nanoparticles. The results show that the

content of PEGMA in PEGMA-g-UiO-66 was about 11%.
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Fig. 3.3. TGA of UiO-66 and PEGMA-g-UiO-66
Characterization of the membranes

SEM images (Fig. 3.4) of the CN support membrane show a highly porous structure
with the interlace of cellulose nitrate fibers. The inclusion of UiO-66 nanoparticles (0.6
mg) led to a thin layer formation on the CN membrane. However, the selective layer
showed a high roughness morphology with many big cracks. The depositing of PEGMA-
g-UiO-66 was unable to form a selective layer on the support membrane but distributed
inside the porous structure of the support membrane (PEGMA-g-Ui0-66-0.6 mg). The
different of morphology of the membranes revealed the grafted PEGMA modified the
nature of UiO-66 from less hydrophilic surface to more hydrophilic one. The less
hydrophilic UiO-66 was rebelled by hydrophilicity of cellulose nitrate membrane leading
to formation of a thin film. The higher hydrophilic surface of PEGMA-g-UiO-66 particle
resulting in the adhesion of the particles to the cellulose nitrate fibers to form filled

morphology.
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Fig. 3.4. SEM images of the membranes

Nanoparticle loading was increased to 1.0 mg of UiO-66 and PEGMA-g-Ui0-66 leading
to the formation of a selective layer in both cases. However, it was seen that the roughness
of UiO-66 based membrane was higher than the other membrane. The difference of the
roughness mainly due to the grafted polymer which developed the connection among
nanoparticles to neighbor in comparison with non-grafted one. It was worth saying that
UiO-66 particles were partially peeled off while PEGMA-g-UiO-66 particles were stable
in washing process. This evidence revealed that grafted PEGMA enhanced the stability of

the composite membrane.

3.3.2. Nanoemulsion filtration

Nanoemulsion preparation

Briefly, HLB of surfactant mixture was varied from 8 to 14.9 to determine the best HLB
for emulsifying. Experimental results (not shown) revealed that the smallest droplet size
was achieved at the HLB of 12 and the homogenization time of 10 min. Under these

conditions, the droplet size of an emulsion of 50 ppm was evaluated as 71.5 + 0.3 (Fig. 3.5).
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Fig. 3.5. DLS measurement of the oil/water emulsion

Nanoemulsion filtration

The selectivity of the membranes is shown in Fig 3.6a. As can be seen, the oil rejection
for the support membrane was achieved as high as 74%. While, oil rejection of membranes
Ui0O-66 and PEGMA-g-Ui0O-66 (0.6 mg) were 78.3 and 78.8%, respectively. This results
suggested that the support membrane can partially remove oil from the emulsion, while the
inclusion of a small amount of nanoparticles slightly increased the rejection. Fig. 3.6b
shows the filtration performance of membranes UiO-66 and PEGMA-g-Ui0-66 (1.0 mg).
It was found that the selectivity significantly enhanced by increasing nanoparticle loading,
the selectivity of these membranes was 94.7 and 97.7%, respectively. As can be seen in Fig.
3.6b, the selectivity of these membranes was kept constantly during the filtration. While,
the permeability of both membranes tended to decrease because of fouling by the adhesion

of oil on the surface of membrane.
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Figure 3.6. Oil/water emulsion filtration of the membranes

100

The flux losses of UiO-66 and PEGMA-g-UiO-66 (1.0 mg) membranes are shown in

Fig. 3.7. It was found that the PEGMA-g-UiO-66-based membrane showed smaller flux

loss than that of UiO-66-based membrane. Namely, after filtration of almost 200 mL of

emulsion, the flux of UiO-66-based membrane decreased 61.0% while this value for

PEGMA-g-UiO-66 membrane was 54.8%. This evidence implied that the inclusion of

PEGMA improved the fouling resistance of the composite membrane.
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Fig. 3.7. Flux loss of membranes during filtration

3. 4. Conclusions

PEGMA was successfully grafted from UiO-66 nanoparticles. The XRD and TGA

measurements exhibited that the crystalline structure of UiO-66 was retained during
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polymerization, and the grafted amount of PEGMA was about 11%. The PEGMA-g-UiO-
66 was used to deposit on the cellulose nitrate support. The composite membrane showed
the increase in fouling resistance and selectivity compared to membrane prepared by
original UiO-66 nanoparticles. Therefore, the grafted PEGMA not only increased the
hydrophilicity of the composite membrane, but also partially filled the interparticle voids
of the selective layer. It was believed that increase the amount of grafted PEGMA will

enhance the filtration performance of the composite membrane.
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Chapter 4

Development of reverse osmosis membranes based
on UiO-66 nanoparticles deposited on polymeric

support
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4.1. Introduction

Recently, materials with oriented nanochannels/pores have been widely applied for
filtration membranes. Nanochannel-based materials such as stacked graphene, carbon
nanotubes (CNTs) and aquaporin endow membranes with the permeation flux of water
from one to three orders of magnitudes higher than those of commercial membranes [1-
3]. Surwade et al. created nanoscale pores in a layer of graphene by the oxygen plasma
etching process and applied for desalination. The free standing membranes exhibited two
orders of magnitudes permeability higher than that of commercially available membranes
[4]. In a computational research on CNT membrane, Corry simulated water permeation
through CNTs (7,7) with the diameter of 10 A for desalination. The membrane exhibited
over 1500 times of flux compared with those of existing membranes [5]. In another work,
Holt et al reported that the permeability of sub-2-nanometer CNT membrane showed
several orders of magnitudes higher than those of commercial membranes [6]. In the other
case, the using of Aquaporin Z, a kind of pore forming protein in living cells,revealed 80
times permeability higher than those of the reverse osmosis (RO) membranes [7]. Because
of their exceptional water transport, these classes of materials have been considered as

next-generation materials for filtration membranes [3].

Owning to their advantages such as nanochannels, highly porous structure and easily
tunable pore size, metal-organic frameworks (MOFs) sound a promising class of materials
[8]. Ma et al. dispersed core-shell UiO-66@graphene oxide (GO) particles into
polyethersulfone (PES) casting solution to fabricate UiO-66@GO/PES membranes for
ultrafiltration. The inclusion of UiO-66 increased the hydrophilicity of GO/PES
membranes. The permeability of the UiO-66@GO/PES membranes was 350% higher than

those of PES membranes [9]. In another work, Sotto and cowokers blended MOF-74 with
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PES before casting membranes. The MOF-based membrane showed an increase in
porosity, permeability and antifouling ability compared to the neat PES membrane [10].
By applying an interfacial method, Li et al prepared a ZIF-8 layer on the PES substrate
membrane and applied the membrane to ultrafiltration. The ZIF-8 layer significantly
enhanced the selectivity of the membranes. However, because of the hydrophobic nature
of ZIF-8, the flux of MOF-based membranes dropped remarkably [11]. More recently, Liu
et al deposited UiO-66 on the outermost surface of alumina hollow fiber by secondary
growth method, a 2 pm thick layer of UiO-66 rejected multivalent cations from water
(98% for Mg?*, 99.3% for AI**) based on size exclusion mechanism. On the other hand,
the permeability of the membrane was 0.28 L/m?h-bar-um comparable to those of
commercial polymeric RO membranes [12]. These promising results suggest that MOFs

are emerging as excellent materials for water purification by membrane-based technology.

In chapter 2, a novel composite membrane was fabricated by depositing nanoparticles
of UiO-66, one of the most stable MOFs, on a microfiltration membrane of regenerated
cellulose. The membrane offered two pathways for water transport including intraparticle
channels and interparticle voids. The results proved that nanochannels of UiO-66 were the
main pathway for water transport, resulting in a perfect rejection of methylene blue from
aqueous solution while keeping an excellent permeability and flexibility [13]. However,
the interparticle voids among nanoparticles would eventually cause the leakage of small
solutes. In order to address this drawback, the filling the interparticles voids for improving
the performance of UiO-66 composite membranes is necessary and the selection of
polyamide (PA) for this purpose is promising.

In general, the incorporation of nanoparticles in a PA selective layer has provided thin

film nanocomposite (TFN) membranes [14-17]. The nanoparticles in TFN membranes
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acts as a nano-filler to enhance performances such as water permeability [18,19], fouling
resistance [20-22] of thin film composite (TFC) membranes, which were prepared without
nanoparticles. In literature, the inclusion of nanoparticles on the selective layer can be
achieved by an approach, in which nanoparticles were dispersed in either the aqueous
phase or the organic phase before interfacial polymerization [23]. If nanoparticles were
dispersed in the aqueous phase, the removal of excess liquid by rubber roller will partially
remove the nanoparticles or/and cause the heterogeneity of the membrane. Because of
high hydrophilicity, thus nanoparticles show a poor dispersion in the organic phase. As a
result, the membrane shows agglomeration of nanoparticles in the selective layer [23-25].
In other words, this approach causes the biggest drawback of the TFN membrane and a
rational route to enhance the uniform distribution of nanoparticles in PA layer has been

expected.

In this chapter, | utilized interfacial polymerization to fill the interparticle voids of the
UiO-66 nanoparticles deposited on a polyethersulfone (PES) support membrane by cross-
linked polyamide, forming a PA/UiO-66/PES membrane. The immobilization of UiO-66
nanoparticles on the substrate membrane as well as the removal of excess liquid on the
membrane by nitrogen gas provided a good approach to address the drawback of
conventional TFN membranes. The results showed that uniform dispersion of UiO-66
nanoparticles was achieved and the PA/UiO-66/PES membranes can be applied to RO
desalination with improved performance in both permeability and salt rejection over
PA/PES. membranes. The increment of the permeability was most plausibly because of
the contribution of UiO-66 nanochannels (6 A) for water transport. The results in this
chapter confirmed that the UiO-66 was a very promising candidate for development of

RO membranes.
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4.2. Experimental

4.2.1. Materials

Zirconium tetrachloride (ZrCls) (purity > 99.9%), terephthalic acid (purity > 99%) for
UiO-66 nanoparticle preparation were purchased from Sigma-Aldrich. N,N-
Dimethylformamide (DMF) as a solvent was purchased from Wako Chemical Industries
Ltd. Polyethersulfone (PES) membranes (diam. 47 mm, pore size 0.22 pm,) utilized as
support membranes were obtained from Millipore. 1,3-diphenylene diamine (MPD) (>
98%), trimesoyl chloride (TMC) (> 98%), triethylamine (TEA) (> 99%) and (+)-10-
camphosulphonic acid (CSA) (> 98%) were purchased from Tokyo Chemical Industry Co.,
Ltd. Hexane (> 96%) was delivered from Kanto Chemical Co., INC. These chemicals were
utilized for interfacial polymerization. Deionized water was used throughout the

experiments.

4.2.2. Preparation of UiO-66 nanoparticles

ZrCl4 (0.30 g) was dissolved in 90 mL of DMF and 0.22 g of terephthalic acid in another
90 mL of DMF. After mixing the two solutions, 0.18 mL of water was added, which acts
as a modulator for enhancing the nucleation rate and controlling the distribution size of
UiO-66 nanoparticles [13]. These steps were conducted under nitrogen. The mixture was
reacted under stirring at 100 °C for 24 h in an inert atmosphere, resulting in a stable
dispersion of UiO-66 nanoparticles in DMF. The UiO-66 nanoparticles were washed by
soaking in methanol for 3 days in which methanol was replaced by fresh one every day.
Finally, UiO-66 nanoparticles were stored in methanol in a refrigerator. In preparing

membranes, the dispersion of UiO-66 in methanol was sonicated for 2 h, followed by
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centrifugation at 2000 rpm for 10 min to remove aggregated nanoparticles. The resultant

supernatant was used for the preparation.

4.2.3. Membrane preparation

UiO-66/PES composite membranes were prepared by a suction filtration setup
according to the previously reported procedure [13]. Briefly, a PES support membrane was
placed on a filter holder. 0.5 mg of UiO-66 nanoparticles dispersed in 0.25 mL of methanol
was dropped on the top of the PES membrane at a differential pressure of 20 mbar. Then,
the membrane was washed with 10 mL of DI water. Then the membrane was taped on a
glass plate with the UiO-66 side exposed and soaked in an aqueous phase, which was
prepared by dissolving MPD in water in the presence of 4.0 g of (+)-10—camphosulphonic
and 2.0 g of TEA. After a predetermined time, the glass plate was taken out and the excess
liquid on the membrane was completely removed by nitrogen flow. The membrane was
soaked in an organic phase for a predetermined time, which was a solution of 0.1 w% of
TMC in hexane. After that, the membrane was cured at 70 °C for 30 min in a constant
temperature oven. The membrane was stored in water until use or characterization.

A reference membrane, called a PA/PES membrane, was prepared based on the above

explained procedure, but in the absence of deposited UiO-66 nanoparticles.
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Table 4.1. Conditions for PA/UiO-66/PES membrane preparation

MPD UiO-66 Time in Time in
Membrane name  concentration loading aqueous organic phase

(Wt%) (mg) phase (min) (seconds)
PA/UiIO-66/PES-1 3 0.5 5 60
PA/UiO-66/PES-2 3 0.5 5 15
PA/UiO-66/PES-3 3 0.5 2 15
PA/UiO-66/PES-4 1 0.5 2 5
PA/UiO-66/PES-5 1 0.5 2 10
PA/UiO-66/PES-6 1 0.5 2 15
PA/UiO-66/PES-7 1 1.0 2 15

4.2.4. Characterization

Functional groups of UiO-66 nanoparticles and membrane surfaces were analyzed
based on attenuated total reflectance infrared spectroscopy (ATR-IR, Perkin Elmer
Spectrum 100 FT-IR) in the range of 450-1800 cm~* using a diamond crystal. Transmission
electron microscopy (TEM, Hitachi H7100) at an acceleration voltage of 100 kV was used
to determine the size and morphology of UiO-66 nanoparticles. The UiO-66 dispersion was
diluted 100 times in methanol and casted onto a TEM grid. The crystalline structure of
dried UiO-66 nanoparticles was analyzed by X-ray diffraction (XRD, Rigaku SmartLab)
using Cu Ka radiation (A=1.54 A) operating at 40 kV and 30 mA in the interval of 5° <20

<35°.
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The morphology of membranes was observed by scanning electron microscopy (SEM,
Hitachi S-4100) at an accelerated voltage of 20 kV. The contact angles of membranes were
obtained by a contact angle meter (Dropmaster DM-501, Kyowa Interface Japan) to
evaluation the hydrophilicity of membranes. The contact angle was immediately measured

after dropping 1.0 um of DI water on top of membranes.

4.2.5. RO desalination

The RO desalination tests were conducted using handmade six identical dead-end
stirred cells, which were connected to a tank of the feed solution (1000 ppm of NaCl in DI
water). A membrane was placed in the filtration holder and preconditioned by filtering of
DI water for 1 h at a differential pressure of 3.0 bar. After that, the feed solution was filtered
under stirring at a differential pressure of 2.0 bar, which was generated by a nitrogen
cylinder equipped with a pressure regulator. The concentration of NaCl in the feed and

permeate solutions was determined by a conductivity meter.

Here, the filtration system is described in details, where six identical filtration cells offer
a parallel filtration system (Fig. 4.1). A filter holder was designed for maximum pressure
of 10 bar, feed volume per cell of 100 mL and an effective membrane area of 7.1 cm? Each
filtration cells were equipped with a stirrer bar to avoid concentration polarization during
filtration process. Experimental results showed that these filtration cells exhibited

consistent filtration results in both permeability and selectivity for same membranes.
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Fig. 4.1. High-throughput filtration system

The permeability (J) and the rejection (R) in the above desalination experiment was

derived based on Egs. (4.1) and (4.2), respectively.

|4

TS-AP-t (4.1),

J

where: V is the permeate volume in L, S is the effective area of membrane in m?, AP is the

differential pressure in bar and t is the filtration time in h.

Co—C
R=-—""%100 (4.2),

where: C, and C,, are the concentrations of NaCl in the feed and permeate solution in mg/L,

respectively.

4.3. Results and discussion

4.3.1. Characterization of UiO-66 nanoparticles
The characteristics of UiO-66 nanoparticles were carefully described in chapter 2.
Briefly, Fig. 4.2a shows the ATR-IR spectrum of UiO-66 nanoparticles, which indicated

the consistency with that in literature [26-28]. The doublet vibration peaks at 1574 and
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1395 cm ! were ascribed to the out-of-phase stretching modes of the carboxylate group.
The vibration peaks at 475, 744 and 548 cm 1 were attributed to the bending of OH and CH
mixed with Zr—O modes, and Zr-(OC) asymmetric stretching vibration, respectively. The
absence of residue peaks confirmed a well washing process. Fig. 4.2b shows the XRD
pattern of UiO-66, which was in accordance with the literature [12,29,30] The diffraction
peaks of the face-centered cubic (fcc) structure of UiO-66 crystals were well assigned. The
peaks at 2-theta angles of 7.26, 8.39, 14.02 and 14.64° corresponding to the (111), (002),
(022) and (222) planes. TEM image (Fig. 4.2c) of UiO-66 nanoparticles indicated the cubic
shaped morphology with the average size of 50 nm. It is noteworthy that the morphology
and size of the UiO-66 strongly depended on the water amount in reaction solution [31-
33]. In general, water as a modulator accelerates the nucleation rate of ZrsO4(OH)4 cluster
thus the growth of crystals [13,31,33]. In fact, the presence of water shortened the reaction

time with controllable particle size distribution.
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Fig. 4.2. Characterization of UiO-66 nanoparticles: a) FT-IR spectrum, b) XRD patterns,

and ¢) TEM images
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4.3.2. Characterization of membranes.

SEM images (Fig. 4.3) show that the PES support membrane has a porous morphology
and large pores around 0.2 um for microfiltration. Whereas, the composite UiO-66/PES
membrane showed a morphology consisting UiO-66 nanoparticles deposited on top of the
PES membrane. The crack formation was attributed to thermal stress originated from the
drying process. SEM images showed dense morphology of the PA/PES and PA/UiO-
66/PES-6 membrane surfaces, in which the SEM image of the PA/UiO-66/PES-6
membrane revealed the presence of UiO-66 nanoparticles. Compared to that of UiO-
66/PES membrane, the PA/UiO-66/PES-6 membrane showed the integrity of the selective

layer and all of interparticle voids among UiO-66 nanoparticles were filled by polyamide.

Fig. 4.3. SEM images of the membranes
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It was found that the PA/UiO-66/PES-6 membrane possessed lower contact angle than
that of the PA/PES membrane. It means that the presence of UiO-66 in the PA/UiO-
66/PES-6 membrane increase the hydrophilicity in comparison with that of the TFC
membrane. The contact angle of the PA/PES membrane was 59.4 £ 0.7, while the contact
angles of the PA/UiIO-66/PES membranes were 44.2 £ 0.1 and 28.7 £ 0.3 in the case of
PA/UiO-66/PES-6 and PA/UiIO-66/PES-7 membranes corresponding to the increase of
Ui0-66 loading from 0.5 and 1.0 mg, respectively. This increment in hydrophilicity was
risen from more exposed of UiO-66 nanoparticles to the membrane surface corresponding
to higher UiO-66 loading. This evidence suggested that UiO-66 nanoparticles enhanced the

permeability of the membrane. As a result, the fouling resistance was also improved.

4.3.3. Desalination performance

The desalination performance of PA/UiO-66/PES membranes prepared by MPD 3%
solution is summarized in Fig. 4.4. By decreasing the soaking time in the organic phase,
the permeability of PA/UiO-66/PES-1 membrane increased from 0.31 to 0.42 L/m?-h-bar,
corresponding to PA/UiO-66/PES-2 membrane. By decreasing the soaking time in aqueous
phase from 5 min to 2 min, the permeability of membrane increased from 0.42 to 0.75
L/m?-h-bar, corresponding to permeability of PA/UiO-66/PES-2 and PA/UiO-66/PES-3,
respectively. These increments were most plausibly because of the decrease in thickness of

the polyamide in the selective layer.
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Fig. 4.4. Filtration performance of PA/UiO-66/PES membranes prepared by MPD 3%

RO desalination results of the membranes using MPD 1% solution are summarized in
Fig. 4.5. The trend of permeability and salt rejection of the PA/UiO-66/PES-6 membrane
are shown in Fig. 4.5a. It was found that the highest rejection and the permeability of the
membrane were achieved at the first time of sampling (after 2 h). After that these values
slightly reduced before retaining constantly. These results suggested that the RO

desalination process reach a steady state after 2.0 h of filtration.

Fig. 4.5b indicates the influence of soaking time in the organic phase on the performance
of the PA/UiI0-66/PES membrane. It showed that the decease of the soaking time enhanced
the permeability, which was most plausibly because of the decease of the thickness of the
polyamide layer. However, the integrity of the selective layer may be slightly deteriorated
leading to the decrease of the rejection. As can be seen, for 5 and 10 s of soaking time
(PA/UIO-66/PES-3 and PA/UIO-66/PES-4, respectively), the salt rejection dropped
significantly compared to the selectivity of the membrane soaked for 15 s (PA/UIO-
66/PES-2) (67.3 and 94.3% for 10 and 15 s, respectively). In this sense, the critical

condition for membrane preparation must be 15 seconds for soaking in the organic phase.
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Fig. 4.5. Filtration performance of the membranes: a) the trend of performance by time, b)
the effect of soaking time in the organic phase, and c) effect of the amount of UiO-66 on

performance.

Fig. 4.5¢c shows the effect of the amount of UiO-66 nanoparticles on the filtration
performance of the PA/UIO-66/PES membranes. The results revealed that the increase of
UiO-66 amount led to the improvement of the permeability of membrane. At amount of 0
mg, corresponds to the PA/PES membrane and the permeability of the membrane was
measured as 0.64 L/m?-h-bar. The presence of 0.5 mg of UiO-66 nanoparticles significantly
enhanced the permeability up to 1.18 L/m?-h-bar. The permeability eventually reached 1.36
L/m?-h-bar at 1.0 mg (PA/UiO-66/PES-7) while keeping comparably high salt rejection.
The polyamide amount on these membranes was believed as similar. As a sequence, the
increment of the permeability must be attributed to the enhanced hydrophilicity of the
membranes by the inclusion of UiO-66 nanoparticles and/or the utilization of intraparticle

channels of UiO-66 as an express pathway for water transport.
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4.4. Conclusions

The interparticle voids of the UiO-66/PES composite membranes were filled by the
polyamide based on the interfacial polymerization. The membranes were characterized by
SEM technique. The results showed that UiO-66 nanoparticles were well distributed on the
PA/UiO-66/PES membrane. It was notable that the poor distribution of nanoparticles is an
inherent limitation in previous reports on TFN membranes. The membranes were applied
for salt rejection by RO process. The PA/UiO-66/PES membrane exhibited a very good salt
rejection, while the permeability was 200% higher than that of the PA/PES membrane. This
increment was due to the increase of hydrophilicity in the presence of UiO-66 nanoparticles
and/or the domination of intraparticle channels in water transport. These results revealed a
very promising materials for water purification. In the future, I will continue research on
the TFN membrane with the inclusion of —~NH2 functional groups, which may increase the

compatibility with polyamide layer resulting in the better salt rejection.
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Chapter 5

General conclusions
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In this thesis, 1 employed UiO-66, one of the most stable metal-organic frameworks,
which was supported on polymeric membranes and their application to nanofiltration,

fouling resistance in oil/water emulsion separation and reverse osmosis desalination.

In chapter 2, a novel composite membrane was fabricated by depositing UiO-66
nanoparticles into the porosity of a regenerated cellulose membrane. The membrane was
applied to remove methylene blue from its aqueous solution. The results indicated that the
composite membrane can rejected 100% methylene blue, while keeping an exceptional
water permeability. The experiment on adsorption of the membrane showed that the
adsorption capacity of the composite membrane lower than that of the substrate membrane.
As a results, the adsorption mechanism was excluded from the methylene blue rejection.
Then, the fabrication a poreless TiO2 membrane, which provided only interparticle voidss
for water transport, showed that the membrane possessed a poor methylene blue rejection.
Therefore, the interparticle voids never contributed to the methylene blue rejection.
Consequently, these evidences proved that intraparticle channels in the UiO-66
nanoparticles were the major pathway for water transport. The investigation on
polyethylene glycol rejection exhibited that the molecular weight cut-off of the composite
membrane was in the range of 1.22-2.28 nm. | believe that, the results in chapter 2 offer
one of valuable contributions on the application nanochannel-based materials for filtration
membranes, especially with flexibility, which dramatically enhanced the permeability of
water, thus opening a potential choice to address the permeability-selectivity tradeoff of the

conventional materials.

In order to enhance fouling resistance and performance of the composite membranes, in
chapter 3, a hydrophilic poly(ethylene glycol) metacrylate (PEGMA) was grafted from
UiO-66 nanoparticles before deposition on cellulose nitrate support membranes. The
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composite membranes were applied to oil in water emulsion separation. The results showed
that PEGMA was successfully grafted by atom transfer radical polymerization. ATR-IR
spectrum of PEGMA-g-UiO-66 revealed the presence PEGMA on the UiO-66
nanoparticles, while TGA measurement showed that the grafted polymer content was about
11%. The PEGMA-g-UiO-66 membranes exhibited higher rejection of oil and higher
fouling resistance in comparison with those of UiO-66-based membranes. These evidences
exhibited that grafted PEGMA not only provided UiO-66 with higher fouling resistance
but also partially filled interparticle voids among UiO-66 nanoparticles. In addition, while
the grafting of polymer to MOF has been limited, | believe that the contribution of chapter

3 was remarkable, which provides a potential choice for desired polymer grafting.

In order to completely fill the interparticle voids of the composite membranes mentioned
in the previous chapters, in chapter 4, polyamide (PA) was employed to fill an UiO-66
layer on a polyethersulfone (PES) support membrane through interfacial polymerization,
affording PA/UiO-66/PES membranes. By filling the interparticle voids, the membranes
were applied for water desalination. The condition of polymerization was varied by
changing concentration of m-phenylene diamine (MPD), UiO-66 loading, soaking time in
aqueous and organic phases. The results exhibited that by decreasing the MPD
concentration and the soaking time, the permeability of the PA/UiO-66/PES membranes
increased most plausibly due to the decrease in PA layer thickness of the membranes.
Contrary, the increase of UiO-66 loading increased the permeability of the membranes.
These evidence suggested that UiO-66 nanoparticles provided a dominate contribution to
membrane performance over PA. In comparison with PA/PES membranes, the PA/UiO-
66/PES membranes with the same preparation condition exhibited higher salt rejection.

Especially, the PA/UiO-66/PES membranes possessed 200% permeability higher, which
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was explained by the increase of the hydrophilicity in the presence of UiO-66 and/or the

contribution of the intraparticle channels for water transport.

| believe that the research work carried out in this thesis has established a novel and
promising route to break through the limitations of current membranes. In general, in this
dissertation | have solved few of the major challenges in the field of general membrane
such as a) successful development a new composite membrane based on MOF-based
discontinuous selective layer. The membrane overcame the tradeoff between permeability
and selectivity, showing exceptional permeability and perfect selectivity while keeping the
stability as well as flexibility, b) The dissertation also presented polymer grafting and filling

strategies to improve the performance of the MOF-based membranes.
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