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Abstract
In this dissertation, development of high performance and fouling resistant PA
TFC membrane was implemented by coating and embedding of TiO2 nanomaterial
for RO and PRO applications.
Firstly, the surface of PA TFC membrane was coated with TiO2 nanoparticles
(TNPs) via a sol-gel-derived spray coating method. The optimum TiO2
nanoparticle coating layer, which is dense and durable without blocking the pore
or surface, was formed by base-catalyzed (ammonium hydroxide) TiO2 sol-gelderived spray coating. Through this optimized coating condition, the active and
support layer of a commercial TFC was coated with TiO2 nanoparticles (TNPs)
for RO and PRO application, respectively. This TNP coating imparted hydrophilic
properties and a negative charge to the membrane surface. These modified surface
properties reduced the interaction force between humic acid and membrane
surface and resulted in the enhancement of fouling resistance in RO and PRO
process. The less favorable foulant-membrane interaction of the TNP-coated
membrane was confirmed by a lower interaction force between a humic acidtethered AFM tip and the membrane surface. A TNP coating of support layer
increased water flux and reduced reverse salt flux in PRO process, while water
flux and salt rejection were maintained when the proper amounts of TiO2 sol was
coated in RO process.

i

Secondly, TiO2 nanomaterials embedded polyamide thin-film nanocomposite
membrane was fabricated for enhancement of water flux and fouling resistance.
In addition, the effect of structure and surface property of nanomaterial on water
flux was evaluated by comparison of TiO2 nanotube (TNT) and TiO2 nanoparticle
(TNP) embedded PA TFN membrane. The TFN RO membranes containing TNT
or TNP exhibited similarly high hydrophilicities and enhanced water permeability
compared with a conventional RO membrane. Although TNP TFN RO membrane
has similar surface hydrophilicity with TNT TFN RO membrane when the same
amount of TNP and TNT are embedded, the TNT TFN RO membranes had better
water permeability than the TNP TFN RO membranes. Compared with nonporous TNP, nanochannels of TNT provided additional enhanced water
permeability by serving as water transport passageways.
From these results, it is expected that the addition of TiO2 nanomaterials in PA
TFC membrane can enhance the performance and fouling resistance in RO and
PRO process.
Keywords: TiO2 sol-gel-derived spray coating; surface modification; TiO2
nanocomposite membrane; pressure retarded osmosis; reverse osmosis
Student number: 2009-23948
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1.

Introduction

1.1. Research background
Conventional energy generation depends on nuclear, oil, coal or natural gas [1, 2].
However, the consumption of these fossil fuel-based sources and nuclear energy
has been associated with various environmental problems, such as emission of
harmful chemicals and greenhouse gases, and the generation of nuclear waste[35]. Furthermore, A World Resources Institute forecasted that water scarcity will
be severe owing to extreme growth of world population [6]. Consequently,
demands for renewable energy and new sources of fresh water have increased [7].
In order to solve these problems, reverse osmosis (RO) process and pressure
retarded osmosis (PRO) process have been developed for producing of fresh water
and renewable energy, respectively [8-10]. RO process is a pressure-driven
process that uses a semi-permeable membrane to produce fresh water by removing
salt from saline water. Currently, no less than 15,000 desalination plants have been
constructed, and RO process comprises approximately 50% of those plants [11].
Pressure retarded osmosis (PRO) is a type of membrane-based, salinity-gradient
energy generation process. PRO can theoretically produce 2,000 TWh/year,
assuming a 0.8 kWh/m3 power density at 2.9 × 109 m3/h of productivity when
using fresh water and seawater as feed and draw solutions, respectively [12].
Polyamide (PA) thin-film composite (TFC) membrane comprise over 90% of
1

the market for RO/NF process [13]. Moreover, PA TFC membrane has been
studied as an alternative to cellulose acetate membrane for pressure retarded
osmosis (PRO) process [14]. PA TFC membrane typically consists of polyester
non-woven fabric acting as structural support (120~150 μm), a micro porous inter
layer (40~50 μm), and polyamide active layer (0.2 μm). PA TFC membrane has
many advantages compared to cellulose acetate membrane, such as high water
flux and salt rejection, strong mechanical strength, wide operation pH and
temperature ranges and resistance to biological decomposition [13]. In spite of
these advantages, membrane fouling and relatively high energy consumption are
considered as the main obstacles of PA TFC membrane [15, 16]. The major factor
of total cost for water desalination is energy consumption. In RO process, the
specific energy consumption (The energy cost per volume of produced permeate)
is substantially high since its high pressure requirement reaches up to
approximately 70 bar [17]. On the other hand, membrane fouling is referred to
deposition of foulants such as particulate or dissolved organic matter, dissolved
solids and microorganism at the membrane surface or inside pore [11]. Deposition
of foulants increase hydraulic resistance, reduce water flux and increase
concentration polarization which lead to decrease of salt rejection. Fouled
membrane requires washing with chemicals to recover membrane performance.
Frequent chemical cleaning and irreversible membrane fouling shorten membrane
life and replacement period of membrane [18]. These frequent chemical cleaning
and reduced membrane life, consequently, results in increase of operation cost.
2

Addition of nanomaterials, such as zeolite, CNT, graphene, SiO2, silver and TiO2
on surface or inner layer of PA TFC membrane have been studied to overcome the
energy consumption and membrane fouling problems [19]. Among reported
nanomaterials for membrane application, TiO2 nanomaterials have been
frequently used to enhance membrane performance factors, such as water
permeability and anti-fouling properties. Titanium dioxide (TiO2) is a costeffective, biocompatible, and photocatalytic material that has been applied to dyesensitized solar cells, photoelectrolytic cells and also has been used in water
treatment membranes [20-23]. An amino-functionalized TiO2 nanotube (TNT)embedded PA thin-film nanocomposite membrane demonstrated high water
permeability and organic fouling resistance due to the hydrophilic properties and
nanoporous structure of TNT [24]. The addition of TiO2 nanoparticles (TNPs) in
the active layer or the support layer of PA TFC membranes have been shown to
enhance surface hydrophilicity, which results in increased water flux in RO and
FO processes [25, 26]. The TNPs were self-assembled on the PA TFC membrane
surface by a dip coating method. Under UV light, organic foulants were detached
via a self-cleaning effect, and microorganisms were inactivated [27-29]. In case
of TiO2 coating on membrane, only dip coating method was used in previous
studies. Through dip coating, large surface can be easily coated with TiO2.
However, the typically slow coating rate (e.g., a few millimeters per second) could
be an obstacle for the large-scale manufacturing of such membranes [30-32].
Moreover, to my best knowledge, the effect of TiO2 nanoparticle coating of PA
3

TFC membrane in PRO process have not yet been investigated. It is hypothesized
that TiO2 coating of PA TFC membrane support layer can enhance performance of
PRO process, since the surface hydrophilicity of support layer is also very
important factor affecting water flux and fouling property in PRO process.
Therefore, the development of novel coating method for fast and facile membrane
coating with TiO2 is required for RO and PRO applications.
In addition, the effects of structural properties of embedded nanomaterial on
membrane performance has yet to be verified. Furthermore, the effects of the
embedded nanomaterials and their hydrophilic and void space contributions on
performance enhancement in TFN RO membranes have to be identified. Therefore,
the effect of structural properties of embedded nanomaterial on membrane
performance was evaluated using TiO2 nanoparticle and TiO2 nanotube.
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1.2. Objectives
In this dissertation, the enhancement of water flux and fouling resistance of PA
TFC membrane in reverse osmosis (RO) and pressure retarded osmosis (PRO)
process was implemented by addition of TiO2 nanoparticles and nanotubes. For
this purpose, following two topic of studies were conducted.
Firstly, polyamide (PA) thin-film composite (TFC) membrane was coated
with TiO2 nanoparticle (TNP) and the effect of TNP coating on water flux, salt
rejection, and fouling resistance were evaluated in RO/PRO processes. The
optimum synthesis condition of TiO2 sol for sol-gel-derived spray coating
method was investigated by evaluating the effect of base material, solution,
additive, and catalysts. To find the appropriate coating condition of TiO2 sol on
PA TFC membrane, the water flux and salt rejection changes were evaluated
using lab-scale cross-flow osmotically or pressure driven membrane system
with varying coating amount of TiO2 sol. The surface morphology and property
of TNP coated membranes were analyzed by SEM, EDS, XPS, FT-IR, contact
angle, and zeta potential. Fouling resistance was evaluated as the degree of
water flux reduction when humic acid was added to the feed solution.
Secondly, TiO2 nanotube (TNT) and TiO2 nanoparticle (TNP) embedded PA
thin-film nanocomposite (TFN) membranes were synthesized to enhance the
water flux of PA RO membrane. By using a same material, both the TNT and
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TNP TFN RO membranes might have similar hydrophilicity which could
independently evaluate the effect of the nanomaterial structure on the
performance of the TFN RO membrane. The morphology of the TNT and TNP
structures were analyzed by SEM and TEM. The TNT and TNP TFN RO
membranes were fabricated by interfacial polymerization. The surface
properties of these TFN RO membranes were analyzed by SEM, EDS, and
contact angle measurement. Water flux and salt rejection were measured in a
lab-scale cross-flow RO filtration system.
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2.
2.1.

Literature review
Membrane fouling and surface property of

antifouling membrane
Membrane fouling is defined as deposition of deposition of foulants such as
particulate or dissolved organic matter, dissolved solids and microorganism at the
membrane surface or inside pore [15, 16]. Deposited foulant increase hydraulic
resistance and concentration polarization on membrane. These phenomena can
result in reduction of the water flux and salt rejection in RO process or power
generation in PRO process.
Membrane fouling can be divided in two types: surface fouling and internal
(pore) fouling. Since there is no distinguishable pores on active layer of PA TFC
membrane, surface fouling is dominantly observed in RO process. In case of PRO
process, foulants retained in feed water can be deposited not only on surface but
also inner pore of porous support layer. Therefore, more severe membrane fouling
have been reported to occur on porous support layers in PRO processes [33, 34].
Deposition of foulant on membrane is initiated from interaction between foulant
and membrane surface, hence the fouling characteristics of a membrane is affected
by its surface property such as hydrophilicity, morphology, and surface charge
[35]. Fig. 2-1 shows surface property factors for anti-fouling membrane. In
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general, hydrophilic, smooth, and negatively charged membranes are known to
have resistance to the fouling because foulant (i.e. protein and humic acid)
naturally has the hydrophobic and negatively charged surface property [36].
However, in case of biofouling, our previous study suggested that surface property
has no correlation with membrane surface property since the biofilm is formed on
membrane surface after organic foulant covered the membrane surface [37].

Surface hydrophilicity
It is generally accepted that as hydrophilicity of membrane increases, membrane
show better fouling resistance. Hydrophobic membrane tends to be fouled more
easily than hydrophilic membrane because most foulants exist in water such as
natural organic matter (NOM) or protein have hydrophobic surface property [36].
In addition, it is insisted that a formation of pure water layer via hydrogen bond
on hydrophilic membrane surface can prevent the attachment and the deposition
of hydrophobic foulant [38].
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Fig. 2-1. Schematic diagrams of surface properties affecting on membrane fouling
[38].
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Surface charge
Surface charge is also regarded as important surface property for fouling
resistance of membrane. Charged membrane surface repulses co-ion by
electrostatic repulsive force. Humic acid is a representative type of NOM and has
negatively charged surface due to its abundant phenolic and carboxylic functional
groups in chemical structure. Moreover, microorganism also have negatively
charged surface property. Therefore, synthesis or modification of membrane to
have charged surface can prevent the deposition of co-ionically charged foulant
by electrostatic repulsive force. Note that a charged membrane surface can repulse
a co-ionically charged foulant, on the contrary, draw a counter-ionically charged
foulant. Thus, the charge property of membrane should be considered according
to target foulant of feed water [38].

Surface roughness
In terms of surface roughness, it is commonly regarded that a smoother surface
has less fouling tendency than rough surface because a foulant is more likely to
be entrapped in rough surface compared to smoother surface. Elimelech et al.
compared the fouling characteristics of cellulose acetate and PA TFC membranes
[39]. In colloidal fouling experiment, PA TFC membrane showed higher fouling
tendency than cellulose acetate membrane due to higher surface roughness.
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However, surface roughness is still remained as controversial factor. For instance,
Riedl et al. and Yan et al. reported opposite result to common expectation [40, 41].
The rougher surface represented less fouling tendency under organic particle
filtration. Moreover, there are few studies reporting the effect of surface fouling
by the deposition of molecules smaller than the surface roughness scale. However,
based on intuition, rough and heterogeneous surface is more favorable for
attachment of organic particle than a smoother surface. Therefore, in many studies
the reduction of surface roughness are generally known to reduce fouling tendency
[36].
On the basis of these understanding of membrane fouling mechanism,
development of anti-fouling membrane has been implemented via enhancement
of surface hydrophilicity or surface charge and reducing surface roughness.
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2.2.

Surface modification of membrane

Surface modification of conventional membrane is efficient and feasible method
for enhancement of fouling resistance. Surface properties (i.e., hydrophilicity,
roughness, and surface charge) can be easily modified via surface modification
and relevant results have been reported in numerous articles [38]. Surface
modification method can be divided to physical and chemical method.
In physical method, surface modification via surface adsorption and surface
coating were reported. In previous studies, hydrophilic surfactant and
polyelectrolyte were used in surface adsorption method and hydrophilic polymer
were commonly used for surface coating method.
Surface adsorption is very simple modification method which absorb surfactant
or electrolyte on membrane surface. Wilbert et al. [42] modified commercial
cellulose acetate RO/NF membrane and polyamide thin-film composite RO/NF
membrane with T-X type and P type surfactants consist of hydrophobic head group
and hydrophilic tail. Surfactants were absorbed on membrane surface by soaking
method and the effect of the HLB value (ratio of hydrophobic head group length
and hydrophilic tail length), and the length of hydrophilic tail on surface property
were evaluated. Surfactant absorbed PA membrane showed reduced roughness and
enhanced fouling resistance against vegetable broth.

12

Surface coating is one of the physical modification method and very simple and
facile method. Due to its technical convenience, this method have been adapted
by many researchers and membrane manufacturers. Hydrophilic polymer (i.e.,
poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG)) was used for surface
coating.
Louie et al. used highly hydrophilic block copolymer as coating material of
membrane surface [43]. Figs 2-2(a), (b) and (c) displays chemical structure of
PEBAX 1657 which is highly hydrophilic block copolymer, roughness change of
SWC4 membrane after PEBAX coating, and fouling property of PEBAX coated
SWC4 under oil/surfactant filtration condition, respectively. A commercial
membrane was prepared via dip-coating using PEBAX 1657 dissolved n-butanol
solution. Although the formation of continuous PEBAX 1657 coating layer
greatly reduced surface roughness, the water flux of ESPA1, and ESPA3
membrane was largely reduced after coating. PEBAX 1657 coated low flux RO
membrane (SWC4) demonstrated significantly enhanced fouling resistance under
oil/surfactant/water emulsion filtration condition and showed stable fouling
resistance during long-term (106-day) fouling test.
Kim and Lee coated PA RO/NF membrane with PVA to enhance fouling
resistance in dyeing waste water treatment process [44]. PVA coating reduced
surface roughness and negative charge, increased hydrophilicity and fouling
resistance.
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Fig. 2-2. (a) Structure of PEBAX 1657 (b) roughness change of SWC4 membrane
after PEBAX coating (c) fouling property of PEBAX coated SWC4 under
oil/surfactant filtration condition [43]
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Surface modification through chemical method also have been focused on
increasing surface hydrophilicity or charge and reducing the roughness. In
chemical method, coating of hydrophilic and charged materials are linked to the
polymer chain of membrane via chemical treatment such as redox initiating and
plasma treatment. Surface hydrophilization treatment, radical grafting, chemical
coupling were reported as chemical modification.
Surface hydrophilization treatment is carried out via chemical treatment of
membrane with acid or alcohol to enhance surface hydrophilicity and water flux
of membrane. Kulkarni et al. treated commercial PA RO membrane (HR95PP, HR
98PP) with hydrofluoric, hydrochloric, sulfuric, phosphoric, nitric acids, ethanol
and 2-propanol [45]. The acid treatment caused a partial hydrolysis on membrane
surface and resulted in enhancement of surface hydrophilicity. Treatment with
ethanol, 2-propanol, hydrofluoric acid, and hydrochloric acid increased water flux
without salt rejection loss, while other acids reduced salt rejection.
Radical grafting is an effective method for modification of polymer. Fig. 2-3
shows a schematic diagram of radical grafting procedure [38]. In radical grafting
process, an active site—produced by free radical or initiator—reacts with
monomer and a branch chain is synthesized at polymer chain. Belfer group
reported surface modification of RO/NF membrane via redox initiation and
grafting method in several articles [46-49]. The advantage of this method is that
various water-soluble monomer can be used since this process is conducted in
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water at room temperature. A membrane was soaked in a aqueous solution
containing 10 ~ 20% of monomer (acrylic acid (AA), methacrylic acid (MA),
polyethylene glycol methacrylate (PEGMA), 3-sulfopropyl methacrylate (SPM),
vinylsulfonic acid (VSA) and 2-acrylamido-2-methylpropane-sulfonic acid
(AMPS)) with redox initiator (K2S2O8 and Na2S2O5). After a certain soaking time,
membrane was washed with DI water until all residual monomer was removed.
Fig. 2-4 shows TEM images of cross-sectional area of NF270 membrane modified
with AA. As membrane soaking time increased, thicker polymer layer was formed.
The modified membrane demonstrated enhanced hydrophilicity, and negatively
charged surface and foulants were more easily removed than the bare membrane.
Chemical coupling method is carried out via chemical reaction of polymer
chain-end groups of membrane and epoxy functional group of coating material.
The conventional PA membrane contains free carboxylic acid and primary amine
groups in its end of polymer chain [50]. These chain end groups can be a reactive
site for chemical reaction or chemical coupling. Based on this point, Van Wagner
et al. modified commercial PA RO membrane by grafting reaction of
uncrosslinked trimesoyl chloride and free primary amine with epoxy end groups
of poly(ethylene glycol) diglycidyl ether (PEGDE) [51]. Although modified
membrane exhibited no significant change of surface property, enhanced fouling
resistance was observed against n-decane and SDS.
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Fig. 2-3. Schematic diagram of radical grafting procedure [38]
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Fig. 2-4. TEM images of cross-sectional area of NF270 membrane (a) very low
modification, (b) moderate modification, (c) enlarged image of (b) [48].
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2.3.

Nanomaterial coated and embedded membranes

Nanomaterial have been used as coating and embedding material for membrane
to overcome membrane fouling and high energy consumption owing to high
pressure operation in RO process. It is reported that the coating and embedding of
nanomaterial enhances fouling resistance through changing surface into
hydrophilic and highly charged. Moreover, the embedding of porous nanomaterial
into membrane layer enhance permeate flux and fouling resistance of membrane
by providing a passageway for water transport. In this dissertation, some articles
using TiO2 nanotube, TiO2 nanoparticle, zeolite, carbon nanotube and graphene—
showed outstanding enhancement in performance and anti-fouling property—
were reviewed.
Titanium dioxide (TiO2) is a cost-effective, biocompatible, and photocatalytic
material that has been applied to dye-sensitized solar cells and photoelectrolytic
cells and has been used in water treatment membranes [20-23]. In previous studies,
TiO2 nanomaterial (i.e., nanotube and nanoparticle) was used as coating and
embedding material for enhancement of water flux and fouling resistance of
membrane.

Kwak et al. fabricated TiO2 nanoparticle coated hybrid

organic/inorganic PA TFC RO membrane [27, 29]. Polyamide active layer was
synthesized via interfacial polymerization of m-phenylenediamine (MPD) 2 wt%
DI water and trimesoyl chloride (TMC) 0.1 wt% hexane solution. TiO2
nanoparticle (TNP) was synthesized by sol-gel process. Then, PA TFC RO
19

membrane was dipped in TNP dispersed solution for 1 h and TNPs were deposited
on PA TFC RO membrane surface. Fig. 2-5 shows self-assembly mechanism of
TNP on PA membrane. As shown in Fig. 2-5, self-assembling of TNP can be
formed by a bidentate coordination of oxygens of carboxyl group to Ti4+, and
hydrogen bond between carbonyl group and to a TiO2 surface hydroxyl group.
TiO2 hybrid PA TFC RO membrane demonstrated enhanced water flux than neat
PA TFC RO membrane. Kwak et al. explained this enhanced water flux by
following two reasons. Firstly, during the soaking of PA TFC RO membrane in
TNP dispersed solution, PA TFC RO membrane was exposed in nitric acid (added
as acid catalyst for sol-gel reaction). It is reported that nitric acid hydrolyze
membrane surface, increase hydrophilicity, consequently, enhance water flux.
Secondly, TiO2 nanoparticles—attached on membrane surface—might enhance
water uptake of membrane. The viability of E. coli on TiO2 hybrid- and neat PA
TFC RO membrane was evaluated under dark condition and UV irradiation. TiO2
hybrid PA TFC RO membrane showed significantly enhanced bactericidal effect
under UV irradiation, while showed no difference compared to neat PA TFC RO
membrane under dark condition.
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Fig. 2-5. Self-assembly mechanism of TiO2 nanoparticle on PA membrane [29].
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Emadzadeh et al. synthesized NH2-TiO2 nanotube (amine functionalized-TNT)
embedded PA TFN RO membrane for enhancement of water flux and fouling
resistance of conventional PA TFC RO membrane (Fig. 2-6) [24]. TNT was
synthesized via hydrothermal reaction using commercial TiO2 nanoparticle
(Degussa P25) and amine functional group was attached on TNT surface through
silane coating. The TNT embedded PA TFN RO membrane displayed increased
hydrophilicity and fouling resistance in bovine serum albumin filtration test.
Moreover, water flux increased with embedding amount of TNT and this result
implies that the pore structure of TNT contributed to flux enhancement by serving
as water transport passageways.
Jeong et al. used nano-scale zeolite-A as an embedding material for PA TFN
RO membrane for water flux enhancement (Fig. 2-7) [52]. The role of zeolite-A
was to change surface into hydrophilic and more negatively charged, and act as
molecular sieve which provide preferential passageway for water molecule while
not allowing a salt molecule to pass. Fig. 2-8 shows TEM images of crosssectional area and EDX analysis result of plain zeolite-A PA TFN membrane. As
we can see from Fig. 2-8(c), a zeolite-A nanoparticle was located in approximately
200 nm thickness of PA layer. As zeolite-A loading increased, hydrophilicity and
negative charge increased and surface roughness degreased. The water flux was
dramatically increased with loading amount of zeolite-A while salt rejection was
maintained.
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Fig. 2-6. (a) The illustrated schematic formation of polyamide (PA) with NH2-TNTs
(b) TEM image of self-synthesized TNTs which were prepared from TiO2
nanoparticles via hydrothermal method Self-assembly mechanism of TiO2
nanoparticle on PA membrane [24].
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Fig. 2-7. Conceptual illustration of (a) plain PA TFC and (b) zeolite-A PA TFN
membrane structures [52].
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Fig. 2-8. Characterization of hand-cast thin film properties by TEM and EDX for (a–
b) pure polyamide membrane and (c–d) nanocomposite membrane. Magnification is
100,000× in TEM images [52].
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Kim et al. synthesized high performance PA TFN RO membrane by embedding of
carbon nanotube (CNT) in PA active layer [53]. It was found that water molecule
moves very fast through a very hydrophobic, narrow passageway of CNT in
vertically aligned CNT membrane [54]. However, it is difficult to synthesis a
vertically aligned CNT membrane with large area. In this article, CNT was chosen
as embedding material to use its unique transport characteristics but relatively
simple way. Acid treated CNT was dispersed in MPD aqueous solution and
embedded into PA layer via interfacial polymerization. The effect of CNT acid
treatment condition and concentration of MPD on membrane performance was
evaluated to find the optimum performance. CNT embedded PA TFN membrane
exhibited 30% increased water flux and reinforced mechanical strength. In their
following study, graphene oxide (GO) was dispersed in MPD aqueous solution
with CNT to improve dispersibility of CNT [55]. GO/CNT mixed solution showed
improved dispersibility than CNT solution. Greatly enhanced water flux (58 LMH,
160% enhancement) and chlorine resistance were observed in GO/CNT embedded
PA TFN membrane.
High efficient partially aligned zwitterion functionalized CNT embedded PA
TFN membrane was reported [56]. Partially aligned CNT embedded PA
membrane was prepared through following procedure (Fig. 2-9). The CNTs were
deposited as bucky paper form on poly(ether sulfone) (PES) membrane through
high-vacuum filtration of CNT dispersed solution. Then, PA layer was synthesized
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via interfacial polymerization on CNT bucky paper layer. A molecular simulation
results proved that zwitterion functional group increased salt rejection by
electrostatic repulsion (Fig. 2-10(a)). In actual experiment, CNT embedded PA
membrane represented 400% increased water flux with enhanced salt rejection
(Fig. 2-10(b)). A remarkable result was that end-capped CNT embedded PA
membrane also showed approximately 400% enhanced water flux with reduced
salt rejection. This result was explained that enhanced water flux was also
contributed by fast water transport through outer wall of CNT and this
nanochannel allowed the pass of salt, consequently, resulted in reduction of salt
rejection.
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Fig. 2-9. Cross-sectional schematics of the fabrication procedure for CNT
nanocomposite membrane [56].
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Fig. 2-10. (a) Molecular simulation of transport through zwitterion functionalized
carbon nanotube (b) Water flux (solid) and salt rejection ratio (hatched) as a function
of CNT concentration in the selective PA layer of the nanocomposite membrane [56].
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3.

TiO2 nanoparticle coating on PA membrane for

PRO, RO application via sol-gel derived spray
coating method
3.1.

Research background and strategies for finding an

optimum condition of TiO2 sol-gel derived spray coating
As mentioned in Chapter 2.3.1, coating or embedding of TiO2 nanomaterial into
PA TFC membrane enhance water flux and fouling resistance in RO, PRO, and
FO process. Above all, TiO2 nanoparticle (TNP) coating of PA TFC membrane via
dip-coating method is very simple and do not require any other chemical treatment.
Moreover, TNP coating layer endows PA TFC membrane with additional ability
while maintaining its intrinsic characteristics. However, the typically slow coating
rate (e.g., a few millimeters per second) could be an obstacle for the large-scale
manufacturing of such membranes [30-32]. Recently, we reported a novel surface
modification method via TiO2 sol-gel-derived spray coating [57]. TiO2 sol-gelderived spray coating is a fast and simple method that can be carried out in room
temperature. Moreover, selective layer (i.e., active or support layer only) coating
is possible. Titanium butoxide (TiOBu) and isopropyl alcohol (IPA) were used as
metal precursor and solution, respectively, for sol-gel reaction. TiO2 coating layer
was formed on surface via spray method using airbrush. TiO2 coating layer was
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formed in a very short time and deionization performance of capacitive
deionization electrode was increased due to fast water uptake resulted from
enhanced surface hydrophilicity.
Therefore, in this study, TiO2 sol-gel derived spray coating was employed as
alternative to dip-coating method to enhance water flux and fouling resistance in
RO, PRO process.
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3.1.1. TiO2 coating via conventional sol-gel derived spray coating
Commercial PA TFC RO membrane (QfxSW400ES, NanoH2O Inc., USA) was
coated with TiO2 via suggested procedure in our previous study [57] and water
flux and salt rejection change of QfxSW400ES were evaluated.
A 10 vol.% titanium butoxide (Aldrich Co. USA)-isopropyl alcohol (IPA,
Aldrich Co., USA) coating solution was prepared. A certain volume (0.1 mL, 0.2
mL, 0.5 mL, and 1 mL) of coating solution was sprayed using airbrush on PA TFC
RO membrane (10 cm × 10 cm). After evaporation of the coated solution, the
membranes were rinsed with DI water. Water flux and salt rejection of the TiO2
coated PA TFC RO membrane were evaluated in a lab-scale cross-flow RO
filtration system. In this study, 6 L feed water containing 2,000 mg/L NaCl was
used and an effective membrane area was 22.4 cm2 (3.3 cm × 6.8 cm) with 0.3 cm
of channel height. The membrane performance test was performed with 8 cm·s -1
of cross-flow velocity at 25°C.
From the results, it was found that previous TiO2 sol-gel spray coating was not
suitable for membrane, although it endowed CDI electrode with positive effect.
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Fig. 3-1. The picture of TiO2 sol-gel spray coated membrane after DI water rinsing.
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Fig. 3-2. Water flux and salt rejection change of TiO2 coated membranes as function
of the TiO2 coating amount on QfxSW400ES PA TFC RO membrane (the test was

carried out in cross-flow filtration system; cross-flow velocity and
temperature: 8 cm·s-1 and 25°C; feed water: 2,000 mg/L NaCl).
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Fig. 3-1 shows the image of 1.0 mL of TiO2 coated PA TFC RO membrane after
DI water washing. As shown in red circles of Fig. 3-1, coated TiO2 layer was easily
detached and floating on surface of the water. This implies that current TiO2 solgel-derived spray coating forms very weak and vulnerable TiO2 coating layer on
PA membrane surface even to weak DI water washing. When stable TiO2 coating
layer was formed on membrane, it severely reduced water flux of membrane.
Fig. 3-2 displays water flux and salt rejection change of TiO2 coated membranes
as function of the titanium butoxide solution coating amount. As shown in Fig. 32, bare PA and TiO2 coated membrane demonstrated over 98% of NaCl rejection
regardless of TiO2 coating amount. Salt rejection results confirmed that TiO2 solgel-derived spray coating do not damage membrane surface. From the water flux
result (bar chart in Fig. 3-2), the water flux was sharply dropped from 40 LMH to
25 LMH in 1.0 mL of TiO2 coating amount, while it was maintained up to 0.5 mL
of coating amount. To find out the cause of water flux reduction in TiO 2 coated
membrane, surface morphology of TiO2 coated membrane was observed using
field emission scanning electron microscopy (FE-SEM; JSM-6701F, JEOL,
Japan).
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Fig. 3-3. SEM images of (a) bare and (b) 1.0 mL of TiO2 coated PA RO membrane
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Surface morphology of bare PA and 1.0 mL of TiO2 coated PA membrane were
represented in Fig. 3-3(a) and (b), respectively. As we can see from Fig. 3-3(a),
bare PA membrane exhibited typical surface—ridge and valley—structure of PA,
however, it was found that the surface structure of TiO2 coated membrane was
packed with dense TiO2 coating layer (see Fig. 3-3(b)). This dense TiO2 coating
layer on membrane surface increased hydraulic resistance and resulted in
reduction of water flux.
Therefore, optimization of TiO2 sol-gel-derived coating method is required to
complement the drawbacks of current method such as weak durability of coating
layer and flux reduction, while making full use of advantages of TiO2 coating such
as hydrophilicity and negative charge.
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3.1.2. Strategies for finding an optimum condition of TiO 2 sol-gel derived
spray coating method
Fig. 3-4 represents the schematic diagram of strategy for TiO2 sol-gel-derived
spray coating method which is durable without flux loss, while making full use of
advantages of TiO2 coating layer. As expressed in Fig. 3-4, TiO2 coating layer
must be formed as porous or deposited particle structure and not as a dense film
for favorable water transport. It is known that sol-gel reaction is affected by
following factors: type of alcohol solvent and metal precursor, stabilizer, and
catalyst [58, 59]. In this part, therefore, the effect of base material, stabilizer, and
catalyst on TiO2 sol-gel-derived coating was observed to achieve the optimization
of TiO2 coating layer.
Firstly, the effect of alcohol solvent for sol-gel reaction was examined. The TiO2
sol-gel-derived spray coating was carried out using isopropyl alcohol (IPA),
ethanol, methanol as solvent and their effect on coating layer was observed. In Fig.
3-4, the effect of alcohol solvent on TiO2 sol-gel-derived spray coating was
observed by FE-SEM. As shown in Figs 3-4(b) and (c), when the IPA and ethanol
were used as solvent, no reaction was occurred in titanium butoxide solution (inset
images of Figs 3-4(b) and (c)) and similar forms (dense film) of TiO2 coating layer
were formed on membrane surface. In case of methanol, TiO2 sol was formed in
titanium butoxide solution (inset images of Figs 3-4(d)).
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Fig. 3-4. Strategies for TiO2 coating on membrane surface for performance
enhancement without flux loss
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Fig. 3-5. Effect of alcohol solvent on sol-gel derived spray coating and its coating
layer. (a) Bare PA, (b) ethanol, (c) IPA, and (d) methanol (inset images of (b), (c),
and (d) represent the TiO2 solution after mixing of titanium butoxide and (b) ethanol,
(c) IPA, and (d) methanol, respectively)
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After spray coating, it is observed that several μm size of TiO2 particles were
deposited on membrane surface (Figs 3-4(d)). As well as hydrolysis of titanium
butoxide, alcoholysis (or alcohol interchange) reaction occur during sol-gel
reaction. It is known that alcoholysis is occurred through SN2 reaction and affected
by steric factors [60]. It seems that alcoholysis of titanium butoxide was more
readily caused in methanol which has smallest alkyl group. Then, TiO2 sol was
formed in titanium butoxide solution and membrane was coated with TiO2
particles by spraying of this TiO2 sol.
Secondly, the effect of type of titanium alkoxide was evaluated and titanium
methoxide was chosen for metal precursor. Fig. 3-6 displays surface morphology
of TiO2 coated PA TFC RO membrane via TiO2 sol-gel-derived spray coating
using titanium methoxide as metal precursor. As we can find in inset image of Fig.
3-6(a), TiO2 sol was formed in 10 vol.% titanium methoxide/IPA solution. In solgel reaction of titanium oxide, TiO2 is synthesized via hydrolysis and condensation
reaction. Since hydrolysis is also SN2 reaction which have steric effect, hydrolysis
rate decreased with alkyl chain length of metal alkoxide. From the SEM analysis,
rod form with over 100 nm thickness TiO2 particles were observed on membrane
surface. From above results of solvent and titanium alkoxide effect, it was found
that TiO2 sol must be formed ahead spray coating to achieve particle form of TiO2
coating layer.
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Fig. 3-6. Surface morphology of TiO2 coated PA TFC RO membrane via TiO2 solgel-derived spray coating using titanium methoxide as metal precursor.
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However, it is difficult to expect enhancement of fouling resistance form above
results, due to large particle size and wide uncoated area.
Thirdly, the effect of stabilizer on TiO2 coating layer was evaluated. In sol-gel
process, the role of stabilizer is stabilization of the sol and reducing hydrolysis
and condensation reaction rate by forming complex intermediate [59].
Diethanolamine (DEA), diethylene-triamine, monoethanolamine, acetylacetone,
acetic acid and polyethylene glycol have been used as stabilization, and chelation
complexing agents [61-66]. Among them, DEA is most frequently employed
stabilizer in sol-gel process [67-69]. In this study, DEA was used as stabilizer.
After titanium alkoxide and alcohol solvent were mixed, 1 mL of 10 vol.% DEA
in alcohol was added. Then, 1 mL of prepared mixture were sprayed on PA TFC
RO membrane and surface morphology was observed by FE-SEM (Fig. 3-7).
From surface SEM image in Fig. 3-7(b), it was shown that DEA added titanium
butoxide-IPA solution made defect-free, dense, smooth TiO2 coating layer on
membrane. It could be explained that reduced hydrolysis and condensation rate by
DEA was contributed to stable progress of TiO2 formation and led to defect-free
coating layer. No effect of the DEA on particle size was observed (see Figs 3-7(c),
(d)) and defect-free, dense TiO2 coating layer was also found around TiO2 particles.
It seems that unreacted residual titanium alkoxide was affected by DEA and
formed this additional TiO2 coating part.
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Fig. 3-7. Effect of diethanolamine on sol-gel derived spray coating and its coating
layer. (a) Bare PA, (b) 1.0 mL of TiO2 solution with diethanolamine (DEA) coated
PA RO membrane, (c) titanium butoxide in methanol with DEA, and (d) titanium
methoxide in IPA with DEA
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Fourthly, the addition of acid and base catalyst was considered in this experiment.
Fig. 3-8 represents the schematic diagram of expected effect of acid-base
catalyzed TiO2 sol-gel-derived spray coating on TFC membrane. It is known that
acid and base catalysts affect the reaction rate of hydrolysis and condensation
during sol-gel reaction [58]. Acid catalyst increases hydrolysis reaction rate and
retards the condensation rate by producing good leaving groups resulted from
protonation of negative charged alkoxide groups. On contrary, base catalyst
enhances the condensation reaction rate and reduces the hydrolysis reaction rate
by formation of strong nucleophiles resulted from deprotonation of hydroxo
ligands [58]. Based on these role of acid and base catalyst in sol-gel reaction, the
effect of the addition of acid and base catalyst on sol-gel reaction and TiO2 coating
layer were evaluated. In all experiment, the DI water was added into titanium
butoxide solution for formation of TiO2 sol and ethanol was used as solvent of solgel reaction for fast evaporation of sprayed TiO2 sol. The hydrogen chloride and
ammonium hydroxide were used as acid-catalyst and base-catalyst, respectively.
Briefly, 100 μL hydrogen chloride and 1 mL DI water were injected into 10 vol.%
titanium butoxide/ethanol 20 mL solution and 2 mL of titanium butoxide solution
was sprayed on PA TFC RO membrane. Fig. 3-9 shows the change of titanium
butoxide/ethanol solution after addition of hydrogen chloride and surface
morphology of TiO2 coated membrane via acid-catalyzed TiO2 sol-gel-derived
spray coating method.
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Fig. 3-8. Schematic diagram of predicted effect of acid-base catalyzed TiO2 sol-gelderived spray coating on TFC membrane [58].
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Against my expectation which is that acid-catalyst enhances hydrolysis rate and
leads to formation of nanoparticle, the results showed the addition of hydrogen
chloride caused gelation of titanium butoxide/ethanol and transparent gel was
formed (Fig. 3-9(a)). It can be assumed that most titanium butoxide were rapidly
hydrolyzed and formed a gel via condensation. Hydrogen chloride added titanium
butoxide/ethanol solution was sprayed on membrane before it was changed to a
gel. As shown in Fig. 3-9(b), a dense film form with large cracks of TiO2 coating
layer was formed on membrane surface and the PA active layer was damaged by
cracks (Fig. 3-9(c)). These results suggest that acid-catalyst is not suitable for TiO2
sol-gel-derived spray coating.
To evaluate the effect of base-catalyst on TiO2 sol-gel-derived spray coating,
ammonium hydroxide was used as base-catalyst. Briefly, 200 μL (1 vol.%) of
ammonium hydroxide and 1 mL of DI water were mixed with 16 mL ethanol and
2 mL of titanium butoxide was injected into the solution under vigorous stirring.
After mixing for 10 min, 2 mL of TiO2 sol was sprayed using airbrush on PA RO
membrane. Fig. 3-10 displays the change of titanium butoxide/ethanol solution
after addition of ammonium hydroxide and surface morphology of TiO2 coated
membrane via base-catalyzed TiO2 sol-gel-derived spray coating method. After
titanium butoxide was added into ethanol containing ammonium hydroxide and
DI water, the solution was changed into a TiO2 sol (Fig. 3-10 (a)).
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Fig. 3-9. Effect of hydrogen chloride as acid catalyst on TiO2 sol-gel-derived spray
coating (a) effect on titanium butoxide solution, (b) surface morphology of TiO 2
coating layer on PA TFC membrane, and (c) enlarged image of (b).
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Fig. 3-10. Effect of ammonium hydroxide as base-catalyst on TiO2 sol-gel-derived
spray coating (a) effect on titanium butoxide solution, (b) surface morphology of
TiO2 coating layer on PA TFC membrane, and (c) enlarged image of (b).
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As we can find from Figs 3-10(b) and (c), the most membrane surface was finely
covered with TiO2 nanoparticles with diameter approximately 30~40 nm. It seems
that the ammonium hydroxide partially hydrolyzed the titanium butoxide in
solution and nanoparticles were synthesized by condensation of partially
hydrolyzed titanium hydroxide.
From above results evaluating the effect of acid and base catalyst, it can be
concluded that base-catalyzed TiO2 sol-gel-derived spray coating forms
appropriate TiO2 coating layer which finely covers membrane surface with TiO2
nanoparticles. In this section, in order to optimize the coating condition of PA TFC
RO membrane via base-catalyzed TiO2 sol-gel-derived spray method, the diameter
of coated TNP, the morphology of TNP coating layer, pure water flux of TNP
coated PA TFC RO membrane, and the durability of TNP coating layer against
cross-flow during RO operation were evaluated with varying the amount of
ammonium hydroxide. Briefly, 1 mL of DI water was mixed with 16 mL ethanol
and a certain volume (0 μL, 100 μL, 200 μL, 500 μL, and 1000 μL) of ammonium
hydroxide was injected into solution. Then, 2 mL of titanium butoxide was
injected into the solution under vigorous stirring. After mixing for 10 min, a 1 mL
of 10 w/v% DEA/ethanol solution was added to neutralize the condensation
reaction rate and stabilize the TiO2 sol [59]. Finally, the TiO2 sol was sonicated for
20 min. The prepared TiO2 sol was deposited onto PA membrane with spray
coating method. The PA RO membrane (10 cm × 10 cm, RE-SHF, Toray Chemical
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Inc., Republic of Korea) was fixed on stainless plate and 2 mL of TiO2 sol was
sprayed using airbrush on PA RO membrane. After evaporation of the coated
solution, the membranes were rinsed with DI water. Pure water permeability flux
of TNP coated membranes were measured and compared with bare PA TFC RO
membrane in a lab-scale cross-flow RO filtration system. A 6 L feed water
containing 2,000 mg/L NaCl was used and an effective membrane area was 22.4
cm2 (3.3 cm × 6.8 cm) with 0.3 cm of channel height. The membrane performance
test was performed with 8 cm·s-1 of cross-flow velocity at 25°C. After the
membrane compaction for 30 min at 15.5 bar, the permeated water was collected
into bottle for 20 min under same pressure. The particle size of deposited TNPs
and the morphology of TNP coating layer was observed by FE-SEM.
Fig. 3-11 and Fig. 3-12 exhibit the change of particle size of TNPs and
morphology of TNP coating layer via base-catalyzed TiO2 sol-gel-derived spray
coating with varying the amount of ammonium hydroxide. As shown in Fig. 3-11,
the particle size of TNPs apparently reduced from approximately 300 nm to 10
nm as the amount of ammonium hydroxide increased. A TNP with diameter of
several nanometer was synthesized when using 1000 μL of ammonium hydroxide
added base-catalyzed TiO2 sol-gel-derived spray coating. On the other hand, over
100 nm size TNP was formed in case of no ammonium hydroxide.
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Fig. 3-11. Effect of ammonium hydroxide on size of TiO2 nanoparticles via sol-gelderived spray coating. (a) 0%, (b) 0.5%, (c) 1.0%, (d) 2.5%, (e) 5.0% of ammonium
hydroxide added TiO2 sol coated PA membrane, and (f) average diameter of TNPs
in TiO2 sol.
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Fig. 3-12. Effect of ammonium hydroxide on TNP coating layer via sol-gel-derived
spray coating. (a) 0%, (b) 0.5%, (c) 1.0%, (d) 2.5%, (e) 5.0% of ammonium
hydroxide added TiO2 sol coated PA membrane.
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This result may be inferred that when the limited DI water—can hydrolyze a
titanium butoxide—exist in solution, the number of generated TiO2 nanoparticle
increased and the particle size reduced with the amount of ammonium hydroxide
by enhanced condensation rate. Fig. 3-12 shows the variation of the surface
morphology of TNP coating layer. Without ammonium hydroxide, the large size
of TNPs were sparsely deposited on membrane surface (Fig. 3-12(a)). On the other
hand, as the amount of ammonium hydroxide increased, densely coated layer with
more small size of TNPs were covered on membrane surfaces (Fig. 3-12(b)—(e)).
A correlation between morphology of TNP coating layer and pure water flux was
evaluated and displayed in Fig. 3-13. As indicated in Fig. 3-13, a severe water flux
loss were caused in 500 μL and 1000 μL of ammonium hydroxide added TNP
coating, while the pure water flux was maintained until 100 μL of ammonium
hydroxide addition and slight flux loss was observed in 200 μL of ammonium
hydroxide added TNP coating. This flux decline in 500 μL and 1000 μL of
ammonium hydroxide added TNP coating is due to increased hydraulic resistance
resulted from very densely packed TNPs on membrane surface.
We evaluated from Fig. 3-14 that the effect of ammonium hydroxide as base
catalyst on durability of TNP coating layer with varying the adding amount of
ammonium hydroxide.
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Fig. 3-13. Effect of ammonium hydroxide as base catalyst on pure water flux of 2
mL of TiO2 sol coated PA RO membrane (the test was carried out in cross-flow
filtration system; cross-flow velocity and temperature: 8 cm·s-1 and 25°C; blue
dashed line: pure water flux of bare PA TFC membrane; n=3).
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Fig. 3-14. Effect of ammonium hydroxide as base catalyst on durability of TNP
coating layer (n=3).
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The durability of TNP-coated membranes were examined by measuring the
titanium weight concentrations using EDS (JSM-6701F, JEOL, Japan) after
running the membrane in the lab-scale cross-flow RO filtration system for 15 h.
From the EDS results, the initial Ti weight concentration of 2 mL of TiO2 sol
coated membranes were ranged in 5—6% regardless of ammonium hydroxide
amount. The TiO2 coating layers—from 200 μL, 500 μL, and 1000 μL ammonium
hydroxide added TiO2 sol—demonstrated excellent durability. These coating layer
showed no difference in Ti weight concentration after 15 h of RO operation.
However, no ammonium hydroxide and 100 μL of ammonium hydroxide added
TiO2 sol formed vulnerable coating layer and approximately 50% of TiO2 was lost
after RO operation. This large loss of TiO2 could be inferred that sparsely coated
TiO2 layer consist of large TiO2 particle may have suffered from strong shear stress
of cross-flow and resulted in detachment of TiO2 particles. Meanwhile dense TiO2
coating layer consist of small size of TNPs may have suffered from relatively
weak shear stress.
From the optimization experiment results, the optimum TiO2 nanoparticle
coating layer, which is dense and durable without blocking the pore or surface,
was formed by base-catalyzed (ammonium hydroxide 200 μL) TiO2 sol-gelderived spray coating. In the next section, PA TFC membrane was coated with
TiO2 via base-catalyzed sol-gel-derived spray coating and its effect on
performance and fouling resistance were investigated in PRO and RO process.
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3.2.

A high-performance and fouling resistant thin-film

composite membrane prepared via coating TiO2 on a
support layer by the sol-gel-derived spray method for
pressure retarded osmosis applications
3.2.1. Introduction
Despite a high potential as a renewable energy source, PRO processes require
suitable semipermeable membranes that are difficult to fabricate [70]. The support
layers which typically consist of polyester non-woven fabric and a porous
poly(sulfone) are known to have no significant effect on the overall membrane
performance in reverse osmosis (RO) processes [50, 71]. However, these support
layers negatively impact the performances of membranes in forward osmosis (FO)
and PRO processes. The typically thick and bulky structures of support layers
hinder effective osmotic flows between feed and draw solutions [72]. Additionally,
support layers often have low membrane performance due to their hydrophobic
nature hindering water transport near the membrane surface and causing the
formation of air bubbles [73]. Severe membrane fouling have been reported to
occur on porous support layers in PRO processes [33]. The membrane fouling of
porous support layers, so called “internal fouling”, causes not only the formation
of “cake layers”, but also clogging the pores of the membrane and decreases
membrane performance. To overcome these problems, many studies have focused
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on fabricating thin support layers or applying hydrophilic coatings to enhance
water flux and reduce membrane fouling [74-81].
In this part, the high-performance and fouling-resistant properties of a thin-film
composite membrane prepared by coating TNPs on a support layer by sol-gelderived spray method for pressure retarded osmosis. TNPs were synthesized
through a base catalyzed sol-gel process and deposited via spray coating on the
support layer surface of a commercial TFC membrane with TNPs. Water flux and
reverse salt flux performances of the TiO2-coated membrane were evaluated in a
lab-scale cross-flow osmotically driven system. Fouling resistance was evaluated
as the degree of water flux reduction when humic acid was added to the feed
solution.
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3.2.2. Materials and methods
3.3.2.1. Materials
A commercial TFC FO membrane which has mesh-embedded support layer, was
chosen for base membrane (Hydration Technology Innovations (HTI), Albany,
OR) [39]. The base membrane was rinsed with DI water and stored in DI water at
4°C over two weeks. Titanium butoxide (Ti(OC4H9)4, reagent grade, 97%),
diethanolamine (DEA, HN(C2H4OH)2, reagent grade, ≥ 98%), ammonium
hydroxide (NH4OH, 28% in water), sodium chloride (anhydrous, ≥ 99.0%),
sodium sulfate (ACS reagent, anhydrous, ≥ 99.0%), magnesium chloride
(anhydrous, ≥ 98.0%), magnesium sulfate (anhydrous, ≥ 99.5%), and humic acid
(technical grade) were purchased from Sigma Aldrich. Ethanol (99.9%, Samchun
Chemical Co., Ltd., Republic of Korea) was used as the solvent for the sol-gel
process. Commercial TiO2 nanoparticles (TNPs) (Aeroxide® P25, Evonik,
Germany) were used for comparisons to synthesized TNPs.
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Fig. 3-15. Schematic procedure for preparing TNP-coated TFC membrane by solgel-derived spray coating method.
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3.3.2.2. Preparation of TNP solution and TNP coated membrane
Fig. 3-15 shows a schematic of the TNP coating procedure on the membrane by
spray method. TiO2 nanoparticles (TNPs) were prepared by a sol-gel method.
Briefly, 200 μL of ammonium hydroxide and 1 mL of DI water were added to 16
mL of ethanol. Then, 2 mL of titanium butoxide was injected into the solution
under vigorous stirring. A TiO2 sol was formed as the transparent mixture
gradually became an opaque white color. After mixing for 10 min, a 1 mL of 10
w/v% DEA/ethanol solution was added to neutralize the hydrolysis and
condensation reaction rate and stabilize the TiO2 sol [59]. Finally, the TiO2 sol
sonicated for 20 min. The pH of the final solution was 11. The surface of the mesh
and porous support layer was coated using a spray coating method. Briefly, a TFC
membrane (3 cm × 6 cm) was placed on a stainless steel plate. Different amounts
of TiO2 sol (0.1 mL, 0.5 mL and 1.0 mL) were sprayed using an airbrush from an
approximately 10-cm height. After the coating solution evaporated, the
membranes were rinsed with DI water. The membranes coated with TiO2 sol were
identified as TNP0.1, TNP0.5 and TNP1.0, respectively, depending upon the
volume of TiO2 sol (0.1 mL, 0.5 mL, and 1.0 mL) sprayed on the surface. The
membranes were subsequently compared with the uncoated TFC membrane.
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3.3.2.3. Characterization of TNP coated membranes
The surface morphologies of the TNP-coated membranes were observed by field
emission scanning electron microscopy (FE-SEM; JSM-6701F, JEOL, Japan).
The membrane surface was coated with Pt to enhance the surface conductivity by
sputtering at 20 mA for 80 s. Energy dispersive spectroscopy (EDS, JSM-6701F,
JEOL, Japan) was used to analyze the elemental composition of the uncoated and
TNP-coated TFC membranes. Contact angles via sessile drop method were
measured to determine membrane surface hydrophilicity by using a contact angle
analyzer (DSA100, KRÜ SS, Germany). Briefly, membrane samples were
prepared and dried at 40°C in a vacuum oven for 24 h and attached onto flat glass
slides. Then, 6 μL of DI water were formed at the end of an ‘I’-shaped needle, and
the flat glass slide was carefully elevated toward the droplet to deposit the droplet
on the membrane surface. Contact angle measurements were performed for at least
three positions, and the mean values were reported with standard deviation. X-ray
photoemission spectroscopy (XPS, SIGMA PROBE® , Thermo VG Scientific Co.,
Ltd.) analyses were performed. Carbon, oxygen, sulfur, and titanium elements
were scanned at 0.10 eV steps. Surface zeta potential values of the TNP-coated
membranes were measured by electrophoretic light scattering spectrophotometry
(ELS-8000, Otsuka Electronics, Japan) at neutral pH.
The crystal structure of TNPs synthesized by the sol-gel method were analyzed
by X-ray diffraction (XRD, Bruker D8 DISCOVER, Germany). The TNP solution
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was prepared by drying in an oven at 70°C for over 12 h. The dried TNPs were
deposited on a glass plate to a thickness of 2 mm. The crystal structure of the
synthesized TNPs were compared with the commercial TNPs (Aeroxide P25).
Attenuated total reflection Fourier-transform infrared (ATR-FTIR, Nicolet
spectrophotometer 5700, Thermo Electron Corp., USA) spectroscopy was used to
identify chemical bonds on the membrane surface.

3.3.2.4. Lab-scale cross-flow osmotically driven membrane system
Fig. 3-16 shows a schematic of a lab-scale cross-flow osmotically driven
membrane system. More details about the system can be found in our previous
study [82]. The feed and draw solutions were continuously circulated through a
temperature controller and membrane cell. To evaluate the membrane
performance and fouling resistance, all tests were conducted using a PRO mode
(i.e., with the active layer facing the draw solution, AL-DS). The effective
membrane area was 2.1 × 4.9 cm2, the cross-flow velocity was fixed at 4 cm·s-1,
the volumes of the feed and draw solution reservoirs were 4 L, and the solution
temperature was maintained at 25 ± 1°C.
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Fig. 3-16. Schematic diagram of lab-scale cross-flow osmotically driven membrane
system (volumes of the feed and draw solution reservoirs: 4 L; effective membrane
area: 2.1 × 4.9 cm2).
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3.3.2.5. Water permeability and reverse salt diffusion
Water permeability, reverse salt flux and fouling propensity were tested with the
lab-scale cross-flow osmotically driven membrane system (Fig. 3-16). First, a
membrane was placed in the membrane cell without spacers. Prior to the
performance test, the cross-flow velocity and solution temperature were adjusted
to 4 cm·s-1 and 25°C, respectively. After reaching a steady state, the water
permeability and reverse salt flux were measured for 15 min. The water
permeability and reverse salt flux were measured by monitoring changes in the
draw solution weight and feed solution conductivity, respectively. The
concentration of the draw solution was varied from 0.5 M to 2 M NaCl. Triplicate
experiments for each membrane samples were employed for reproducibility. Mean
values were reported with standard deviations.
To evaluate the effect of surface charge on reverse salt flux of PRO membrane,
the reverse salt flux of TNP1.0 was measured at pH 4, 7 and 11. The pH of draw
and feed solution was adjusted by addition of HCl and NaOH. The concentration
of draw solution and cross-flow velocity were 1 M NaCl and 4 cm·s-1, respectively.
The salt rejection performances of the TFC and TNP1.0 membranes for various
salts were tested in the dead-end filtration system. In this study, the tested
membrane area was 14.6 cm2 and 2 mM and 20 mM of NaCl, Na2SO4, MgCl2, and
MgSO4 solutions were used in the feed solution. Membranes were mounted in a
dead-end filtration test cell, and the feed solution was slowly pressurized by N2
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gas to 5 bar. During filtration, the water flux was maintained at approximately 1
LMH (L·m-2·h-1), and the salt rejection was measured by ion chromatography.

3.3.2.6. Evaluation of organic fouling characteristics
The feed solution consisted of 10 mM NaCl and 1 mM CaCl2. The cross-flow
velocity and initial water flux were adjusted to 4 cm·s-1 and 15 LMH, respectively,
and the concentration of the draw solution was varied from 0.5 M to 1 M NaCl to
maintain a consistent initial flux for the TNP-coated and TFC membranes. After a
steady flux was reached, 40 mL of humic acid stock solution (10,000 mg·L-1) were
added into the feed solution for so that the initial concentration of humic acid was
100 mg·L-1. The fouling experiment was performed for 6 h. The water flux was
recorded every 30 min, and the water flux reduction was considered a criterion for
membrane fouling.
Interaction forces between the TNP1.0 and TFC membrane surfaces and humic
acid were evaluated by atomic force microscopy (AFM, Seiko Instrument, SPA400, Japan) with a humic acid-immobilized AFM tip. The details for preparing the
humic acid-immobilized AFM tips (Nanosensors, CONTR, 0.2 N m-1 spring
constant) were described in our previous studies [83, 84]. Humic acid was
immobilized onto the tip by treating the amine-terminated AFM tip with 1-ethyl3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 10 mM) and
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humic acid (100 mM) solution for 2 h. The humic acid-immobilized AFM tip
approached and retracted from the membrane surfaces at 0.1 mm·s-1, and the
interaction forces were measured. All experiments were carried out in water at
room temperature. Approximately 50 approach/retract cycles were performed for
each membrane surface.

3.3.2.7. Evaluation of biofouling characteristics
To evaluate biofouling characteristics of TFC and TNP-coated membrane, cell
attachment test was performed using CDC (Centers for Disease Control and
Prevention) reactor. The detail experimental procedure can be found in our
previous study [85, 86]. The flat sheet of TFC and TNP1.0 membranes (1 cm
diameter) were attached on a round glass coupon of CDC reactor. PAO1
(Pseudomonas aeruginosa) tagged with green fluorescent protein (GFP) with an
initial concentration of 1 × 106 CFU/mL in 0.01 wt.% tryptic soy broth (TSB)
nutrient solution was filled to CDC reactor. The biofilm growth was carried out in
batch mode (without nutrient flow) for 24 h, and then continuous mode for 24 h.
After 48 h of biofilm growth, the volume and morphology of biofilm on membrane
was observed by a confocal laser scanning microscope (CLSM, Leica
Microsystems Inc., Bannockburn, IL) and the cell count was performed by plate
counting method.
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3.3.2.8. Durability test of TNP coating layer
The durability of TNP-coated membranes were examined by measuring the
titanium weight concentrations using EDS (JSM-6701F, JEOL, Japan) after
running the membrane in the cross-flow, osmotically driven membrane system for
various operation times [27, 29]. Three sheets of the TNP1.0 membrane were
prepared for the durability test. The membranes were tested under a 1 M NaCl
draw solution and 4 cm·s-1 cross-flow velocity for 1 h, 12 h, 48 h and 168 h. The
titanium weight concentrations of the membranes, which had surface areas of 800
μm × 600 μm, were obtained at three different points on each membrane.
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3.2.3. Results and discussion
3.3.3.1. Surface morphology of TNP membranes
The surface morphology of TNP-coated and TFC membranes were observed using
SEM and are shown in Fig. 3-17. Figs. 3-17(a) – (c) show dense TNP layers
formed over porous surfaces and meshes in the TNP-coated membranes (TNP0.1,
TNP0.5, and TNP1.0). The TNPs are relatively well distributed on TFC membrane,
although not perfectly distributed. Fig 3-17(c) shows that the nature of
heterogeneous coating becomes more visible at around a mesh-type of supporting
layer. However, the membrane water flux was not affected significantly by this
heterogeneous coating as observed in Fig. 3-22. Fig. 3-17(e) is an enlarged image
of the TNP1.0 membrane and clearly shows the fine TNP particles with diameters
of approximately 30-40 nm (compare with an enlarged image of the TFC
membrane in Fig. 3-17(f)).
The thickness of the TNP coating layer varied from 0.3 μm to 1.9 μm (TNP 0.1,
TNP0.5, and TNP1.0; refer to Fig. 3-18 in the Supporting Information). The
thickness increased as the TiO2 sol concentration increased, which was in good
agreement with EDS analyses results (data not shown), for the TNP0.1, TNP0.5
and TNP1.0 membranes at 2.7%, 4.0% and 16%, respectively. The sol-gelsynthesized TNP appeared to have amorphous structures and showed no peaks in
the XRD spectra (Fig. 3-19). Comparatively, the commercial TNP (Aeroxide P25)
showed structures indicative of anatase and rutile.
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Fig. 3-17. SEM images of (a) TNP0.1, (b) TNP0.5, (c) TNP1.0, (d) TFC, enlarged
images of (e) TNP1.0 and (f) TFC (note that TNPX indicates a membrane with TiO2
sol (X mL) sprayed on the TFC membrane).
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Fig. 3-18. SEM side view images of (a) TNP0.1, (b) TNP0.5 and (c) TNP1.0 and (d)
TFC membranes (note that TNPX indicates a membrane with TiO2 sol (X mL)
sprayed on the TFC membrane).
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Fig. 3-19. XRD spectra of sol-gel synthesized TNPs and commercial TNPs
(Aeroxide P25) (black and red dot represent anatase and rutile structure peaks).

73

3.3.3.2. X-ray photoelectron spectroscopy analysis
Fig. 3-20 compares the high resolution XPS spectra of the TNP1.0 and TFC
membranes in terms of carbon, oxygen, sulfur and titanium presence. The XPS
spectra of TNP1.0 and TFC shows Ti and Ti-O peaks, indicating that TiO2 coating
layers were successfully synthesized by the sol-gel method from the titanium
butoxide precursor. As shown in Fig. 3-20(a), the TNP1.0 spectrum showed four
titanium peaks: Ti 2p3/2 (457 – 459 eV), Ti 2p1/2 (463 – 464 eV), Ti3+ (457.2 eV
& 462.8 eV), and Ti4+ (458.4 eV & 464.2 eV) [87, 88]. The oxygen spectrum of
TNP1.0 shows that two Ti-O bond peaks were detected with the peaks (OH- and
C-O-C) at 530.0 eV and 531.3 eV [89-91]. The peak intensity of C-O-C (532.0
eV) was reduced likely because the TNP coating layer weakened the peak intensity
of the support layer. The carbon spectra show that a C-SO2 peak (at 286.1 eV) and
an aromatic ring peak at (291.0 eV) disappeared after the TNP layer was applied.
The sulfur spectra show that C-S-C and SO2 peaks were present in the TFC sample
at 163.1 eV and 164.3 eV, respectively, but were missing in the TNP1.0 sample.
The disappearance of these peaks after TNP coating is due to the limited
penetration depth of XPS (~10 nm), which is much thinner than the thickness of
TNP layer (~ 2 μm) [74, 92-94]. ATR-FTIR results confirmed the formation of a
TiO2 coating layer (Fig. 3-21) and showed Ti-O peaks at 561 cm-1 and 690 cm-1
[28, 95, 96].
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Fig. 3-20. High resolution X-ray photoelectron spectroscopy spectrum of (a) 1.0 mL
of TiO2 sol coated and (b) TFC membranes.
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Fig. 3-21. ATR-FTIR spectra of TNP1.0 and TFC membranes (note that TNP1.0
indicates 1 mL of TiO2 sol sprayed on a TFC membrane).
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3.3.3.3. Surface properties of TNP coated membrane
Table 3-1 shows the water contact angle and zeta potential measurements of the
TNP-coated membranes (TNP0.1, TNP0.5, and TNP1.0) and the TFC membrane.
The membrane surface of the TNP-coated membranes were more hydrophilic than
the TFC membrane. For example, the average water contact angles of the TNP0.1,
TNP0.5 and TNP1.0 membranes were 27.4°, 16.6° and 16.4°, respectively, while
the water contact angle of the TFC membrane was 78°, indicating the TNP-coated
membranes were more hydrophilic than the TFC membrane. The zeta potential
measurements confirm this observation. The zeta potentials of the TNP
membranes varied from -20.8 mV to -41.9 mV, and the zeta potential of the TFC
membrane was -9.31 mV. This significant negative enhancement of the surface
charge is attributed to TiO2, which is usually negatively charged in neutral or basic
solutions [97-99].
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Table 3-1. Water contact angle and zeta potential of TNP coated- and TFC
membranes (Note that TNP indicates TiO2 nanoparticle coated membrane and the
number implies the amount of sprayed TiO2 sol on the TFC membrane)

Membrane

Contact angle (°)

Zeta potential (mV)

TNP0.1

27.4 ± 3.8

-20.8

TNP0.5

16.6 ± 2.9

-25.6

TNP1.0

16.4 ± 1.2

-41.9

TFC

77.8 ± 3.2

-9.3
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3.3.3.4. Water flux and reverse salt flux of TNP membranes
Fig. 3-22 compares the water flux and reverse salt flux of TNP-coated (TNP0.1,
TNP0.5, and TNP1.0) and TFC membranes. The water fluxes across the TNP0.1,
TNP0.5 and TNP1.0 membranes were 22.7 LMH, 23.9 LMH and 26.4 LMH,
respectively. The water flux increased as the amount of TNP coating increased.
The water flux across the TFC membrane was 21.2 LMH. This result can be
explained by the enhanced hydrophilicity of the TNP coatings. Because a
hydrophobic surface hinders water transport near the membrane surface and may
result in dead spaces in the membrane support layer, it is plausible that a
hydrophilic coating can increase the sorption of water into the support layer and
enhance the water flux. These results were consistent with those of a previous
study [74] wherein a PES-TFC membrane coated with hyperbranched
polyglycerol showed an approximately 50% enhanced water flux over a bare PES
membrane due to increased membrane wettability. The reverse salt fluxes of the
TNP0.1, TNP0.5 and TNP1.0 membranes were much lower than that of the TFC
membrane.

79

Fig. 3-22. Water flux and reverse salt flux change with the amounts of TNP coating
(draw solution: 1 M NaCl; cross-flow velocity: 4 cm·s-1; 25°C; note that TNPX
indicates a membrane with TiO2 sol (X mL) sprayed on a TFC membrane; The
permeate flux was measured in PRO mode (active layer facing draw solution) in the
condition of no pressure applied; n=3).
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Fig. 3-23 compares the water flux and reverse salt flux of the TNP1.0 and TFC
membranes for different draw solution concentrations. As illustrated in Fig. 323(a), the water flux of the TNP1.0 membrane was higher than that of the TFC
membrane for all draw solution concentrations. Furthermore, the flux increased
with the draw solution concentration as expected due to the increased osmotic
gradient. The reverse salt flux of the TNP-coated membrane was lower than that
of the TFC membrane for all draw solution concentrations. The reverse salt flux
also increased with the draw solution concentration. The reverse salt flux of the
TNP1.0 membrane increased from 0.14 mol·m-2·h-1 to 0.32 mol·m-2·h-1, while that
of the TFC membrane increased from 0.32 mol·m-2·h-1 to 0.67 mol·m-2·h-1. This
indicated that the TNP membrane had a higher selectivity than the TFC membrane.
Salt rejection test was carried out for various salt in RO mode using dead-end
filtration cell and results are given in Fig. 3-24. The main purpose of this test was
to compare the salt rejection performance of TFC and TNP1.0 more accurately.
As we can see from Fig. 3-24(a) and (b), TNP1.0 demonstrated higher salt
rejection than TFC membrane regardless concentration of feed water and a kind
of salt. One explanation for the enhanced salt exclusion of the TNP coated
membrane is that negatively charged support layer of TFC membrane resulting
from the coating of negatively charged TNPs may have contributed to enhance
reverse salt flux by increasing Donnan exclusion phenomenon as a result of
electrostatic repulsion between ions and the fixed charge of the membrane (Fig.
3-25) [56, 100, 101].
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The reverse salt flux result–measured at pH 4, 7, and 11(Fig. 3-26)–support this
explanation. The TNP1.0 showed smaller reverse salt flux than TFC at all pH
conditions. Moreover, reverse salt flux decreased as pH increased. Since the
surface negative charge of TiO2 increase with pH, Donnan exclusion phenomenon
might be increased at high pH condition, finally, decreasing reverse salt flux.
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Fig. 3-23. (a) Water flux and (b) reverse salt flux of TNP1.0 and TFC membranes
with respect to draw solution NaCl concentration (cross-flow velocity: 4 cm·s-1;
25°C; note that TNP1.0 indicates 1 mL of TiO2 sol sprayed on a TFC membrane;
The permeate flux was measured in PRO mode (active layer facing draw solution)
in the condition of no pressure applied; n=3)
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Fig. 3-24. Salt rejection measured for four salt solution (a) 2 mM and (b) 20 mM of
TNP1.0 and TFC membranes using dead-end filtration cell (effective area of deadend filtration cell: 14.6 cm2; note that TNP1.0 indicates 1 mL of TiO2 sol sprayed on
a TFC membrane).
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Fig. 3-25. Schematic diagram of reverse salt flux enhancement mechanism by TiO2
nanoparticle coating of PRO membrane support layer.
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Fig. 3-26. Effect of pH condition on reverse salt flux of TFC and TNP1.0 membranes
(draw solution: 1 M NaCl; cross-flow velocity: 4 cm·s-1; 25°C; note that TNPX
indicates a membrane with TiO2 sol (X mL) sprayed on a TFC membrane; The
permeate flux was measured in PRO mode (active layer facing draw solution) in the
condition of no pressure applied).
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Fig. 3-27. Organic fouling characteristics of 1.0 mL of TiO2 sol coated and TFC
membranes (a) Normalized flux change under humic acid filtration (Time ‘0’ implies
the point of humic acid dosage; feed solution: 10 mM NaCl, 1 mM CaCl 2 and 100
mg/L humic acid; draw solution: 1 M NaCl; cross-flow velocity: 4 cm·s-1; initial
water flux: 15 LMH; 25°C), (b) force-extension curve of humic acid-immobilized
AFM tip against membrane surface
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3.3.3.5. Organic fouling property of TNP coated membrane
Fig. 3-27(a) shows the normalized flux decline of TNP1.0 and TFC membranes
over 360 min in the presence of humic acid. The normalized flux of the TFC
membrane significantly decreased to 0.44 while that of the TNP1.0 membrane
only decreased to 0.76, indicating that the flux reduction of the TNP membrane
was 32% less than that of the TFC membrane. Because humic acid is hydrophobic
and negatively charged, a less negatively charged (i.e., neutral or positive) and
hydrophobic membrane would be vulnerable to organic fouling due to more
favorable foulant-membrane interactions [36, 102]. The less favorable foulantmembrane interactions of the TNP-coated membranes were confirmed by the
interaction forces between a humic acid-immobilized AFM tip and the membrane
surfaces, as shown in Fig. 3-27(b). During the retraction step of the humic acidimmobilized AFM tip, the TNP1.0 membrane indicated no observable pull-off
force (red circle), whereas the bare TFC membrane showed 0.14 nN of pull-off
force (black arrow). This indicated that the TNP1.0 membrane had a less
interactive force with humic acid than the bare TFC membrane.
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Fig. 3-28. Biofouling characteristics of TFC and TNP-coated membranes (a) CLSM
image of TFC and TNP1.0 membranes, (b) amount of PAO1 on TFC and TNP1.0
membrane.
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3.3.3.6. Biofouling property of TFC and TNP coated membrane
Fig. 3-28 shows the biofouling property of TFC and TNP coated membrane. The
morphology of PAO1 biofilm was observed by CLSM (Fig. 3-28(a)). As can be
seen in Fig. 3-28(a), the CLSM image and the calculated biofilm volume show
that approximately 9—10 times smaller amount of biofilm was attached and
grown on the membrane surface of TNP1.0 compared to that of TFC membrane.
It seems that TiO2 nanoparticle coating layer enhanced hydrophilicity and surface
negative charge and these modified surface property hindered the attachment of
microorganism on membrane surface.
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Table 3-2. Durability test of 1.0 mL TiO2 sol coated membrane with various
operating time (n=3)

Relative weight concentration (average, %)
Sample
C

O

S

Ti

Initial

41.4 ± 1.03

38.7 ± 0.68

3.29 ± 0.18

16.7 ± 0.56

1h

38.6 ± 0.91

41.4 ± 0.53

3.86 ± 0.34

16.4 ± 0.64

12 h

37.8 ± 0.67

42.6 ± 0.82

3.17 ± 0.34

16.4 ± 0.46

48 h

37.5 ± 0.81

43.2 ± 1.11

4.17 ± 0.17

16.6 ± 0.45

168 h

34.5 ± 0.96

45.4 ± 0.16

3.56

16.4 ± 0.66
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0.03

Fig. 3-29. SEM images for surface morphology change observation of TNP1.0
membrane under various operation times (The test was performed using lab scale
cross-flow osmotically-driven membrane system; cross-flow velocity: 4 cm·s-1;
draw solution: 1 M NaCl; note that TNP1.0 indicates 1 mL of TiO2 sol sprayed on a
TFC membrane).
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3.3.3.7. Durability of TNP coating layer
The durability of the TNP coating layer was evaluated based on the relative weight
percentages of titanium in the TNP1.0 membrane over time (1 h, 12 h, 48 h, and
168 h). The EDS results (Table 3-2) showed that the weight percentage of titanium
was maintained within 16%, indicating that the TNPs remained mostly attached
for up to 168 h of operation. This result was further supported by the morphology
of the TNP coating layer, which showed no distinguishable change over time (Fig.
3-29). This indicated that a strong and stable TNP coating layer was formed via
the sol-gel-derived spray coating. The strong and stable interaction of TNP with
the TFC membrane [28, 29]. was due to the self-assembly of the TNPs on the
membrane surface by a bidentate coordination of a sulfone group, an ether bond
to Ti4+, a H-bond between the sulfone group, and an ether bond to a TiO2 surface
hydroxyl group [103]. Additionally, the sol-gel reaction of the residual titanium
butoxide in TiO2 sol on the membrane surface potentially provided extra links
between TNPs and between TNPs and the surface and thereby, contributed to a
more durable TNP coating layer.
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3.3.

Facile surface modification of PA TFC RO membrane

using TiO2 sol-gel derived spray coating method to enhance
anti-fouling property
3.3.1. Introduction
Membrane fouling is considered as one of the main obstacle for RO process [15,
16]. Membrane fouling causes the reduction of membrane performance (i.e. water
flux and salt rejection) resulted from hinder the water transport and cause
concentration polarization near the membrane surface, eventually, increase the
operating cost [18].
The fouling characteristics of a membrane is affected by its surface property
such as hydrophilicity, morphology, and surface charge [35]. In general,
hydrophilic, smooth, and negatively charged membranes are known to have
resistance to the fouling because foulant (i.e. protein and humic acid) naturally has
the hydrophobic and negatively charged surface property [36]. On the basis of
these understanding of membrane fouling mechanism, development of antifouling RO membrane has been conducted. Hydrophilic modification of RO
membrane surface via plasma polymerization [104], graft polymerization [49],
and grafting poly(ethylene glycol) (PEG) [105] showed enhanced fouling
resistance. PEG- [106], or zwitterionic film coating [107] on RO membrane were
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also resulted in improving anti-fouling property by increasing the steric repulsion
to foulants.
This study introduced a facile surface modification for a fouling resistant PA
RO membrane via TiO2 sol-gel derived spray coating method. TiO2 nanoparticle
(TNP) was prepared by base catalyzed sol-gel method and coated on the
commercial PA RO membrane by spray coating method. The surface properties of
TNP coated PA RO membrane were analyzed by using scanning electron
microscope, X-ray photoemission spectroscopy, attenuated total reflection
Fourier-transform infrared, contact angle analyzer and zeta potential analyzer. The
water flux, salt rejection, and organic fouling property of the TNP coated PA RO
membrane was evaluated in lab-scale cross-flow RO filtration system.
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3.3.2. Materials and methods
3.4.2.1. Materials
Commercial PA RO membrane (RE-SHF) was kindly provided by Toray chemical
company (Korea). Titanium butoxide (Ti(OC4H9)4, reagent grade, 97%),
diethanolamine (DEA, HN(C2H4OH)2, reagent grade, ≥ 98%), ammonium
hydroxide (NH4OH, 28% in H2O), sodium chloride (anhydrous, ≥ 99.0%), humic
acid (technical grade) were purchased from Sigma Aldrich. Ethanol (99.9%,
Samchun Chemical) was chosen as solvent of TiO2 sol-gel process.

3.4.2.2. Preparation of TiO2 sol and TiO2 nanoparticle coated PA membrane
TiO2 nanoparticle (TNP) was synthesized by base catalyzed TiO2 sol-gel reaction.
Ammonium hydroxide 100 μL, DI water 1 mL, and ethanol 16 mL were mixed as
base catalyst and solvent, respectively. While maintaining vigorous stirring,
titanium butoxide 2 mL was injected into ethanol and the solution was changed
into white color TiO2 sol. After 10 min stirring, 1 mL of 10 w/v% DEA/ethanol
solution was injected into TiO2 sol as stabilizer to slow down the hydrolysis and
condensation reaction [59]. Finally, TiO2 sol was sonicated in bath sonicator for
20 min. The prepared TiO2 sol was deposited onto PA membrane with spray
coating method. The PA RO membrane (10 cm × 10 cm) was fixed on stainless
plate and certain volume of TiO2 sol was sprayed using airbrush on PA RO
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membrane and each membrane identified TNPROX. Note that TNPRO indicates
TiO2 nanoparticle coated RO membrane and the X implies the amount of sprayed
volume of TiO2 sol on the PA RO membrane. After the sprayed solution
evaporated, membrane samples were rinsed with DI water and stored in DI water
before tested.

3.4.2.3. Surface characterization of TNP coated membranes
Field emission scanning electron microscope (FE-SEM; JSM-6701F, JEOL, Japan)
was used to observe surface morphology of TNP coated and bare PA membrane.
To obtain clear SEM image, membrane surface was coated with Pt by sputter
coater at 20 mA for 80 s. Electron composition of TNP coated membrane was
analyzed using energy dispersive X-ray spectroscopy (EDS, JSM-6701F, JEOL,
Japan). Surface hydrophilicity of TNP coated and bare PA membrane were
characterized through a sessile drop method by using a contact angle analyzer
(DSA100, KRÜ SS, Germany) [57]. Zeta potential of TNP coated and bare PA
membrane was analyzed by electrophoretic light scattering spectrophotometer
(ELS-8000, Otsuka Electronics, Japan). The TNPRO2.0 and bare PA membrane
were analyzed by X-ray photoemission spectroscopy (XPS, SIGMA PROBE® ,
Thermo VG Scientific Co. Ltd.) in terms of carbon, oxygen, sulfur, and titanium.
Each elements were scanned in 0.10 eV steps and the element spectrum was fitted
to the C1s peak (285.0 eV).
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3.4.2.4. Water flux and salt rejection change
Water flux and salt rejection of the TNP coated PA RO membrane was evaluated
in a lab-scale cross-flow RO filtration system. More details of the system was
described in our previous study [108]. In this study, 6 L feed water containing
2,000 mg/L NaCl was used and an effective membrane area was 22.4 cm2 (3.3 cm
x 6.8 cm) with 0.3 cm of channel height. The membrane performance test was
performed with 8 cm·s-1 of cross-flow velocity at 25°C. After the membrane
compaction for 30 min at 15.5 bar, the permeated water was collected into bottle
for 20 min under same pressure. The water flux and salt rejection were calculated
according to equation (1) and (2), respectively:
𝑉

𝐽𝑤 = 𝐴×𝑡
𝑅𝑠 = [1 −

(1)
𝐶𝑝
𝐶𝑓

] × 100

(2)

where, equation (1), Jw is the water flux (LMH, L·m-2·h-1), V is the permeated
volume of water, A is the effective membrane area (m2), t is measuring time (h).
Rs is the NaCl rejection percentage ratio, Cf is the conductivity of feed water
(mS·cm-1) and Cp is conductivity of permeate (mS·cm-1) in equation (2). A
conductivity meter (Horiba) was used to evaluate the salt rejection.
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3.4.2.5. Organic fouling test of TNP coated membrane compared to bare PA RO
membrane
Organic fouling characteristics of TNP coated- and commercial PA RO membrane
were evaluated by measuring flux changes. The membrane was mounted in
membrane cell of the cross-flow RO filtration system. The operating condition
was set up to 35 LMH of initial flux, 4 cm·s-1 of cross-flow velocity at 25°C. The
feed water consists of 10 mM CaCl2 and 1 mM NaCl. After system was stabilized,
1,200 mg of humic acid was added to feed water tank to adjust humic acid
concentration of feed water for 200 mg·L-1 of humic acid. The changes of water
flux was automatically recorded by computer every 30 min and the fouling was
carried out for 19 h.
The atomic force microscope (AFM, Seiko Instrument, SPA-400, Japan) was
used to measure the interaction forces between membrane surfaces and humic acid
immobilized AFM tips (Nanosensors, CONTR, spring constant = 0.2 N·m-1).
Similarly to our previous studies [83, 84], the humic acid-immobilized AFM tips
were prepared by surface chemical reaction of amine-terminated AFM tip and 100
mM of humic acid solution. A speed of 0.1 mm·s-1 was applied to obtain the force–
extension curves during approach and retraction of the membrane surfaces from
the humic acid-immobilized AFM tip. All experiments were carried out in water
at room temperature. Approximately 50 approach/retract cycles were performed
for each membrane surface collected.
99

3.3.3. Results and discussion
3.4.3.1. Characterization of TNP membranes
Fig. 3-30 shows the SEM images of TNP coated and bare PA RO membrane. In
Figs 3-30 (a) – (d), TNP coated membranes display that the ridge and alley
structure of bare PA membrane (Fig. 3-30 (e)) surface was covered with TNPs and
the TNP coated area increased with the amount of sprayed TiO2 sol. As shown in
Fig. 3-30 (f), the size of TNPs, which were deposited on TNP2.0 with sol-gel
derived spray coating method, appeared to be 30–50 nm.
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Fig. 3-30. SEM images of (a) TiO2 nanoparticles on PA membrane (enlarged image
of TNPRO2.0), (b) TNPRO0.5, (c) TNPRO1.0, (d) TNPRO1.5, (e) TNPRO2.0 and
(f) bare PA (Note that TNPRO indicates TiO2 nanoparticle coated membrane and the
number implies the amount of sprayed TiO2 sol on the PA RO membrane)

101

TNP coating layer on the PA RO membrane was also observed by EDS analysis
(Fig. 3-31). Fig. 3-31(a) shows the titanium weight concentration change of TNP
coated membranes as function of TNP coating amount on PA RO membrane. The
titanium weight concentration of TNP coated membranes gradually increased
from 1.2% to 5.1% as increased coating amount of TiO2 sol while commercial PA
RO membrane showed no titanium. EDS mapping analysis also reveals the
observed coating layer consist of TiO2. Figs 3-31(c)–(e) displayed carbon,
titanium and oxygen elemental mapping of TNPRO2.0. Note that red, green, and
yellow color indicate carbon, titanium, and oxygen, respectively and brightness
difference of color implies the amount of each element. While the carbon signal
(Fig. 3-31(c)) was detected uniformly with no difference of brightness, titanium
and oxygen signal (Figs 3-31(d) and (e)) showed various intensity of signal and
its morphology was very similar with coating layer on TNPRO2.0 observed by
SEM image (Fig. 3-31(b)).
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Fig. 3-31. EDS analysis results; (a) titanium weight concentration of TNP
membranes, (b) SEM image of TNPRO2.0 membrane and its elemental mapping in
terms of (c) carbon, (d) titanium, and (e) oxygen (Note that TNPRO indicates TiO2
nanoparticle coated membrane and the number implies the amount of sprayed TiO2
sol on the PA RO membrane)
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Fig. 3-32 illustrates the XPS spectrum of TNPRO2.0 in comparison with bare PA
RO membrane. As shown in Fig. 3-29, two main change was observed in XPS
spectrum. First, Ti and Ti-O peak was detected in TNPRO2.0 after TNP coating.
The titanium spectrum of TNP2.0 represented four titanium peaks as follows: Ti
2p3/2 (457 – 459 eV), Ti 2p1/2 (463 – 464 eV), Ti3+ (457.0 eV & 462.8 eV), and
Ti4+ (458.3 eV & 464.1 eV) [87, 88]. In oxygen spectrum, Ti-O peaks at 529.9 eV
and 531.3 eV were found after TNP coating [90, 109]. These formation of Ti and
Ti-O peaks obviously indicates that TiO2 was synthesized from titanium butoxide
via base catalyzed sol-gel method. In order to confirm this result, ATR-FTIR
analysis was performed (Fig. 3-33). In the range of 450-700 cm-1, several peaks,
which might be attributed to the Ti-O-Ti bond, were detected and this also support
the formation of TiO2 [95, 96] . On the other hand, the TiO2 layer coated on PA
surface blocks the XPS signal from PA layer or makes the peak intensity of PA
layer weakened. The C-O peaks (285.6 eV), C-N peak (287.7 eV), C=O peak
(533.5 eV), and aromatic ring peak (290.9 eV) was disappeared and the peak
intensity of C-C (284.5 eV), C-O (532.4 eV), and C-N (399.7 eV) was reduced
after TiO2 coating [110-113]. It seems that deposition of TiO2 coating layer reduce
or hide the XPS signal of PA layer owing to the low XPS penetration depth. The
peaks at 285.8 eV and 401.5 eV corresponding to the C-N+ bond was generated in
TNP2.0 [113, 114]. This might be a reason that the basic TiO2 sol leads to the
release of protons from amide group of PA layer.
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Fig. 3-32. The comparison of X-ray photoelectron spectroscopy spectrum for (a)
TNPRO2.0 and (b) bare PA membrane in terms of carbon, oxygen, nitrogen, and
titanium (Note that TNPRO indicates TiO2 nanoparticle coated membrane and the
number implies the amount of sprayed TiO2 sol on the PA RO membrane)
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Fig. 3-33. Attenuated total reflectance fourier transform infrared (ATR-FTIR)
spectroscopy of TNPRO2.0 and bare PA membrane
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Table 3-3 represent the contact angle and zeta potential of TNP coated membranes.
Average contact angle of TNP membranes gradually decreased from 23.6° to 5.8°
as increased coating amount of TNP while that of bare PA was 43.6°. This results
apparently indicate that TNP coating made more hydrophilic surface of the TNP
membrane. In terms of zeta potential, zeta potentials of TNPRO0.5, TNPRO1.0,
TNPRO1.5, and TNPRO2.0 was -25 mV, -29.8 mV, -30.9 mV, and -40.1 mV,
respectively. TNP coated membranes showed greatly increased negative charge
than bare PA (-10.6 mV) and as TiO2 coating amount increased, surface zeta
potential is gradually reduced. This result is consistent with the previous study
showing that surface charge of TiO2 is negative in neutral or base condition [9799]. Therefore, it could be interpreted that the surface coating of TNP changed the
charge of PA RO membrane surface into negative due to this negative charge of
TiO2.
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Table 3-3. Sessile drop contact angle and surface zeta potential of TNP coated
membranes in comparison with bare PA membrane (Note that TNPRO indicates TiO2
nanoparticle coated membrane and the number implies the amount of sprayed TiO2
sol on the PA RO membrane)

Membrane

Contact angle (°)

Zeta potential (mV)

TNPRO0.5

23.6 ± 0.9

-25.0

TNPRO1.0

16.3 ± 2.7

-29.8

TNPRO1.5

7.8 ± 2.4

-30.9

TNPRO2.0

5.8 ± 2.2

-40.1

Bare PA

43.6 ± 1.2

-10.6
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3.4.3.2. Water flux and salt rejection change of TNP coated PA RO membrane
Fig. 3-34 displays the effect of TNP coating on water flux and salt rejection of PA
membrane. In our cross-flow RO membrane system, the water flux and salt
rejection of bare PA membrane was 27.6 LMH (blue dashed line) and 98.2% (gray
dotted line), respectively. As shown in Fig. 3-34, while till 2.0 mL of TNP coating
on membrane demonstrated only negligible difference of membrane performance
(i.e. water flux and salt rejection) compare with bare PA membrane, TNPRO4.0
showed decreased performance. It could be explained by external concentration
polarization (ECP) caused by deposited TNP on PA membrane [115-117]. It seems
that the large amount of TNPs on TNPRO4.0 caused accumulation of salt on
membrane surface and increased osmotic pressure, consequently, decrease the
water flux and salt rejection rate, whereas appropriate coating amount of
TNPRO2.0 keep its performance.
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Fig. 3-34. Water flux and salt rejection change of TNP coated membranes as function
of the TNP coating amount on PA membrane (gray dotted line: salt rejection of bare
PA; blue dashed line: water flux of bare PA; the test was carried out in cross-flow
filtration system; cross-flow velocity and temperature: 8 cm·s-1 and 25°C; feed water:
2,000 mg/L NaCl; Note that TNPRO indicates TiO2 nanoparticle coated membrane
and the number implies the amount of sprayed TiO2 sol on the PA RO membrane;
n=3)
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3.4.3.3. Anti-fouling property of TNP coated PA RO membrane
Anti-fouling performance of TNPRO2.0 in comparison with bare PA was
evaluated under humic acid filtration condition and displayed in Fig. 3-32(a). As
can be seen in Fig. 3-35(a), TNPRO2.0 demonstrated only 6% of flux decline for
5 h, while bare PA showed 28% of reduced flux. The normalized flux gap between
TNPRO2.0 and bare PA was 26% at the end of experiment (19 h). Since the
accumulation of humic acid cause a water flux decline, Fig. 3-35(a) indicates less
quantity of humic acid was deposited on TNPRO2.0 than bare PA membrane. It is
reported that hydrophobic and less negatively charged membrane is easily fouled
with humic acid due to the negative and hydrophobic surface property of humic
acid [102]. As represented in Table 3-3, the surface property of membrane became
more hydrophilic and more negatively charged, which consequently reduced
foulant-membrane interaction [36]. The interactive forces between humic acid
tethered AFM tip and membrane surface of TNPRO2.0 and bare PA membranes
clearly show this correlation (Fig. 3-35(b)). As shown in Fig. 3-35(b), during
retraction, no interactive force (red circle) was found on TNPRO2.0, while bare
PA showed 0.15 nN of pull-off force (black arrow). This result implies that TNP
coating on PA membrane reduced attraction force to humic acid. Therefore, the
enhanced membrane surface property could be attributed to fouling resistance
against humic acid. This result is consistent with previous study [105]. The surface
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modified RO membrane via grafting poly(ethylene glycol) exhibited fouling
resistance due to increased hydrophilicity and negative charge.
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Fig. 3-35. Organic fouling property of TNPRO2.0 membrane compared to bare PA
membrane (a) normalized flux change under humic acid filtration condition (Initial
water flux: 35 LMH; Feed water: 10 mM NaCl, 1 mM CaCl2 and 200 mg/L humic
acid; Cross-flow velocity and temperature: 4 cm·s-1 and 25°C; time ‘0’ means the
dosing point of humic acid into feed water; Note that TNPRO indicates TiO2
nanoparticle coated membrane and the number implies the amount of sprayed TiO2
sol on the PA RO membrane) (b) interaction force between humic acid tethered AFM
tip and membrane surface.
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3.4.

Summary

In this part, we report a novel surface coating method to increase the water flux
and organic fouling resistance of PA TFC membranes. The surface of PA TFC
membrane was coated with TiO2 nanoparticles (TNPs) via a sol-gel-derived spray
coating method. The optimum TiO2 nanoparticle coating layer, which is dense and
durable without blocking the pore or surface, was formed by base-catalyzed
(ammonium hydroxide 0.2 mL) TiO2 sol-gel-derived spray coating. The support
layer of a commercial TFC was coated with TiO2 nanoparticles (TNPs) via a solgel-derived spray coating method for PRO application. This TNP coating imparted
hydrophilic properties and a negative charge to the membrane surface. A TNPcoated membrane (TNP1.0) showed a 25% increase in water flux and a 50%
decrease in reverse salt flux in PRO process. The flux reduction of the TNP
membrane was 32% less than that of a commercial TFC membrane in the presence
of humic acid foulants. The less favorable foulant-membrane interaction of the
TNP-coated membrane was confirmed by a lower interaction force between a
humic acid-tethered AFM tip and the membrane surface. The TNP-coated PA
active layer also exhibited enhanced hydrophilicity and negative charge. These
modified surface property reduced the interaction force between humic acid and
membrane surface and resulted in the enhancement of fouling resistance of the
RO membrane without the losses in membrane performances such as water flux
and salt rejection when the proper amounts of TiO2 sol was coated.
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4.

Evaluation of thin-film nanocomposite reverse

osmosis membranes using TiO2 nanotubes and TiO2
nanoparticles
4.1.

Introduction

Reverse osmosis (RO) has been widely used in desalination processes and requires
relatively low energy consumption [8]. Currently, polyamide (PA) thin-film
composite (TFC) RO membranes comprise over 90% of the market for RO
membranes due to their high water permeability and high selectivity [50]. Along
with the wide applicability of PA TFC RO membranes, efforts are being made to
reduce the energy consumption of the RO process to produce water at lower costs
[118]. To this end, various nanomaterials have been used to improve membrane
performance [119]. Thin-film nanocomposite (TFN) RO membranes, fabricated
by embedding nanomaterials in polymeric selective layers (e.g., PA), have been
developed to improve the performance of RO membranes, including increasing
water flux and antifouling properties [120]. These improvements depend on the
characteristics of the embedded nanomaterials [19].
Table 4-1 summarizes the various nanomaterials that have been used as
embedded materials and their corresponding effects in TFN RO membranes. The
nanomaterials can be classified as nanoparticles (e.g., TiO2, zeolites, SiO2, and Ag)
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and nanotubes (e.g., carbon nanotubes (CNTs) and TiO2 nanotubes (TNTs)). In
terms of nanoparticles, Jeong et al. [52] first reported embedding zeolite A into a
PA layer. This zeolite A PA TFN RO membrane showed an approximately 80%
enhanced water flux and maintained a high level of salt rejection. Similarly, PATiO2 nanocomposite membranes displayed a 95% rejection of MgSO4 and a 9.1
LMH water flux, i.e., levels higher than those of PA TFC membranes [25]. SiO2
and Ag nanoparticle-based TFN RO membranes also showed enhanced water flux
[121, 122]. Furthermore, nanotube-based TFN RO membranes exhibited superior
performance compared with PA TFC RO membranes. For example, a TNT TFN
RO membrane was synthesized by a hydrothermal method using silane coupled,
amino-functionalized TiO2 nanoparticles [24]. This TNT TFN RO membrane
showed an approximately 93% enhanced water permeability and an anti-organic
fouling property. In the same manner, a CNT TFN RO membranes, which was
fabricated by the deposition of oxidized CNTs on a PA layer covered with
polyvinyl alcohol, showed an approximate 30% enhanced water flux while
maintaining salt rejection [23]. These enhanced membrane performances can be
explained in two ways. First, the increased hydrophilicity on the membrane
surface was due to the embedded hydrophilic nanomaterials, including pre-treated
CNTs [52, 121-123, 126, 127]. Second, the inner void spaces of nanotubes [124126, 128, 129] or gaps between the polyamide layers and nanomaterials provided
for fast diffusion rates [125, 127, 130].
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Table 4-1. Summary of various nanomaterials as embedded materials and their
effects on membrane performance for TFN RO membranes.

Water flux enhancement
percentage (LMH)a

Reference

Zeolite A

80% (17)

[52]

TiO2

35% (23)

[123]

SiO2

64% (47)

[121]

Ag

24% (31)

[122]

TiO2

93% (37)

[24]

32% (51)

[124]

27% (44)

[23]

319% (29)

[125]

Nanomaterial

Nanoparticle

Nanotube
Carbon
nanotubes

a

Reported water flux.
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However, the effects of structural properties on membrane performance has yet to
be verified. Furthermore, the effects of the embedded nanomaterials and their
hydrophilic and void space contributions on performance enhancement in TFN
RO membranes have to be identified. Most studies have only evaluated the
performances of TFN RO membranes relative to those of TFC RO membranes;
comparative studies between nanotube-based TFN RO membranes and
nanoparticle-based TFN RO membranes have not been conducted.
The aim of this study was to compare the effect of embedded nanomaterials in
TFN RO membrane by using TNT and TNP, which are same material that have
different structure. By using a same material, both the TNT and TNP TFN RO
membranes might have similar hydrophilicity which could independently evaluate
the effect of the nanomaterial structure on the performance of the TFN RO
membrane. TNT was synthesized via the anodic oxidation of Ti foil, and TNP was
supplied from a commercial source. The morphology of the TNT and TNP
structures were analyzed by SEM and TEM. The TNT and TNP TFN RO
membranes were fabricated by interfacial polymerization. The surface properties
of these TFN RO membranes were analyzed by SEM, EDS, and contact angle
measurement. Water flux and salt rejection were measured in a lab-scale crossflow RO filtration system.
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4.2.

Materials and methods

4.2.1. Synthesis of TiO2 nanotube
A TiO2 nanotube (TNT) array was synthesized in an electrochemical cell
consisting of a 2 cm × 3 cm Ti foil (Sigma-Aldrich) as an anode, a 2 cm × 3 cm
Pt foil (Sigma-Aldrich) as a cathode, and an ethylene glycol solution containing
2.5 wt.% H2O and 0.2 wt.% NH4F (Sigma-Aldrich) as an electrolyte. The voltage
was provided by a DC power supply (UDP-150I, Unicorn Tech Co., Korea). After
anodization, the TNT array was annealed at 450°C for 1 h under atmospheric
pressure and detached from the Ti foil. Additional details on the synthesis of the
TNT array was described in our previous report [131].
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4.2.2. Characterization of TiO2 nanotube and TiO2 nanoparticle
The TNT array was analyzed by a field emission scanning electron microscope
(FE-SEM; JSM-6701F, JEOL, Japan). The as-grown TNT array was cut into a 3
mm × 3 mm sample size and attached on carbon tape. The specimen was washed
with ethanol and dried at room temperature.
The morphologies of TNT and TNP were observed by transmission electron
microscope (TEM, Libra 120, Carl Zeiss). TiO2 nanoparticles (TNPs; Aeroxide®
P-25) were purchased from Evonik. The TNT array was dispersed in n-hexane
(Sigma-Aldrich) by using an ultrasonic bath (UCP-10, Jeio Tech Co., Korea) for
1 h and a tip type sonicator (VCX500, Sonics and Materials, Inc., USA) for 10
min, consecutively. A 0.02 wt.% TNT solution and a 0.02 wt.% TNP solution in
n-hexane were prepared. A few drops of each suspension were deposited onto 3mm diameter carbon-coated grids. The TEM analyses were conducted at 120 kV
acceleration voltage.
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4.2.3. Fabrication of TiO2 nanotube and TiO2 nanoparticle embedded thinfilm nanocomposite membrane
Fig. 4-1 describes the synthesis procedure of the TNT and TNP TFN RO
membranes. First, a poly(sulfone) (PSf) support membrane was prepared by phase
inversion with 20 wt.% PSf (Mw 22,000 Da, Sigma-Aldrich) in N-methyl-2pyrrolidinone (Sigma-Aldrich) and stabilized in deionized (DI; Millipore) water
for 4 h. The PSf support membrane was positioned on a stainless plate with
aluminum tape and soaked in a 2 wt.% m-phenylenediamine (MPD; >99%,
Sigma-Aldrich) aqueous solution for 1 h. Excess MPD aqueous solution was
removed using a rubber roller. The MPD-saturated PSf membrane was reacted
with a 0.1 wt.% trimesoyl chloride (TMC; >98.5%, Sigma-Aldrich) solution in nhexane for 1 min. The TMC solution was prepared by dispersing 0.01 and 0.02
wt.% TNT and 0.02 wt.% TNP by sonication (as mentioned in section 2.1). These
fabricated membranes were rinsed with n-hexane and cured in a dry oven at 75°C
for 4 min. A PA TFC RO membrane was synthesized by the same procedure
without adding the nanomaterials in the TMC solution. The fabricated RO
membranes were identified as TFC, TNT0.01, TNT0.02 and TNP0.02. TFC, TNT
and TNP, respectively, indicate a plain PA RO membrane, a TNT TFN RO
membrane and a TNP TFN RO membrane; the numbers indicate the embedded
nanomaterial weight percentages.
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Fig. 4-1. Schematic of the interfacial polymerization procedure for fabrication of the
thin-film nanocomposite (TFN) RO membrane by using TiO2 nanotube (TNT) or
TiO2 nanoparticle (TNP).
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4.2.4. Characterization of TiO2 nanotube and TiO2 nanoparticle embedded
thin-film nanocomposite membrane
The surface morphologies of the TNT and TNP TFN RO membranes were
analyzed by FE-SEM. The membrane surface conductivity was enhanced by Pt
sputtering at 10 mA for 120 s. Energy dispersive spectroscopy (EDS, JSM-6701F,
JEOL, Japan) was used to detect the titanium in PA layer at 20 kV acceleration
voltage. The membrane surface hydrophilicity was analyzed by a contact angle
analyzer (DSA100, KRÜ SS, Germany) using the captive bubble method [132].
Briefly, membrane samples were attached to a glass support and immersed in DI
water at room temperature. Ten microliters of an air bubble droplet were formed
at the end of a ‘J’-shaped syringe needle and slightly attached onto the membrane
surface. At least five measurements were made for reproducibility and the average
value with standard deviation was reported for each sample.
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4.2.5. Membrane performance test
Membrane performances, such as water flux and salt rejection, were measured in
a lab-scale cross-flow filtration system [108]. The system consisted of a 6-L feed
water tank and a membrane cell with a 22.4 cm2 (3.3 cm × 6.8 cm) effective
membrane area and 0.3 cm channel height. For membrane performance tests,
2,000 mg/L NaCl solution was fed into the system at a 7 cm/s cross-flow velocity
at 30°C. After membrane compaction for 30 min at 15.5 bar, the water flux was
measured under the same pressure by maintaining the permeate weight for 20 min.
Water flux (Jw) was calculated by Eq. (1):
𝐽𝑤 =

𝑉
𝑎×𝑡

(1)

where Jw is the water flux (LMH, L·m-2·h-1), V is the permeate volume (L), a is
the effective membrane area (m2), and t is the operation time (h).
Salt rejection (Rs) was evaluated by measuring the conductivity difference
between the feed water and the permeate (Eq. (2)):

𝑅𝑠 = [1 −

𝐶𝑝
𝐶𝑓

] × 100

(2)

where Rs is the percentage ratio of the NaCl rejection, Cf is the conductivity of the
feed water (mS/cm) and Cp is the conductivity of the permeate (mS/cm).
The water permeability (A; LMH/bar) and salt permeability (B; LMH) were
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calculated using Eq. 3 and Eq. 4, respectively from the solution-diffusion model
[24]:
A = Jw / ΔP

(3)

where Jw is water flux and ΔP is the difference between hydraulic pressure and
osmotic pressure (π);
B = Js / (Cp − Cf)
where Js is the salt flux attained by Jw × Cf.
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(4)

4.3.

Results and discussion

4.3.1. Characteristics of TiO2 nanotube and TiO2 nanoparticle
Figs 4-2(a)-(c) show the SEM images of the fabricated TNT array. As shown in
Fig. 4-2(a), the TNT array was densely packed and perpendicularly aligned on the
Ti foil. The ends of the TNT array were opened, indicating that the shapes of
individual TNTs were either round or oval and had pore sizes ranging from 70 to
80 nm with an approximately 10 nm-thick wall. In the cross-section SEM image
shown in Fig. 4-2(b), the average length of the TNT array was approximately 10
μm.
Fig. 4-2(d) and (e) show the TEM images of the morphology of the dispersed
TNT and TNP, respectively. As shown in Fig. 4-2(d), the length of individual
TNTs ranged from 0.1 μm to 1 μm, which was shorter than the average length of
the TNT array (10 μm, Fig. 4-2(b)). The treatment of TNT by sonication likely
separated individual TNTs from the TNT array and also shortened the length of
the TNTs. The black particles in Fig. 4-2(d) may be broken residues of TNTs due
to excessive sonication. However, the size of TNPs ranged from 10 nm to 50 nm,
as shown in Fig. 4-2(e).
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Fig. 4-2. SEM images of fabricated TNT array on Ti foil; (a) surface, (b) crosssection, and (c) enlarged image of (b). TEM images of (d) TNT and (e) TNP.
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4.3.2. Characteristics of TiO2 nanotube and TiO2 nanoparticle embedded
thin-film nanocomposite membrane
Fig. 4-3 shows the surface morphology of the TNT and TNP TFN RO membranes.
Figs 4-3(a), (b) and (c) present TNT0.02, TNP0.02 and TFC, respectively. As
shown in Fig. 4-3(a), a cylindrically-shaped TNT covered by a PA layer was
observed on the TNT0.02 membrane. In the upper right corner of Fig. 4-3(b), welldispersed TNPs were found on the surface of the TNP0.02 membrane, while the
TFC membrane showed a typical surface morphology without any particles (Fig.
4-3(c)). The element weight percentage of the TNT0.02, TNP0.02 and TFC
membranes were analyzed by energy dispersive spectroscopy (EDS; Table 4-2).
Similar weight percentages of titanium were detected in the TNT PA TFN RO
membrane (0.2 ± 0.1%) and the TNP TFN RO membrane (0.3 ± 0.1%) while the
PA TFC RO membrane only presented carbon, oxygen and sulfur.
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Fig. 4-3. Surface morphology of (a) 0.02 wt.% TNT TFN RO membrane, (b) 0.02
wt.% TNP TFN RO membrane, and (c) PA TFC RO membrane.
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Table 4-2. EDS data of 0.02 wt% of TNT TFN RO membrane and TNP TFN RO
membrane compared to PA TFC RO membrane (n=3).

Membrane

Carbon (K)

Oxygen (K)

Sulfur (K)

Titanium (K)

0.02 wt% TNT
PA TFN RO

77.7 ± 0.1%

15.2 ± 0.4%

6.9 ± 0.2%

0.2 ± 0.06%

0.02 wt% TNP
PA TFN RO

78.0 ± 0.3%

14.1 ± 0.3%

7.5 ± 0.04%

0.3 ± 0.08%
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The contact angles of TNT0.01 and TNT0.02, TNP0.02, and TFC are listed in
Table 4-3. As shown in Table 4-3, the contact angle of TNT0.01 was 38.9°.
TNT0.02 and TNP0.02 had the lowest contact angles (37.1° and 37.3°,
respectively) while the TFC membrane showed the highest contact angle (45.9°).
This result implied that the embedded TiO2 nanomaterials modified the membrane
surface property to be more hydrophilic. This result was consistent with previous
studies wherein hydrophilic nanomaterials, such as TiO2 nanoparticle, zeolite A
and silver nanoparticle-embedded TFN RO membranes had more hydrophilic
surfaces [52, 122, 133].
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Table 4-3. Contact angles of TNT0.01, TNT0.02, TNP0.02, TFC membranes (n=5).

a

Membrane

TNT0.01

TNT0.02

TNP0.02

TFC

Contact angle (°)a

38.9 ± 1.3

37.1 ± 1.2
(40)b

37.3 ± 0.7

45.9 ± 1.0
(70)b

: Measured by captive bubble method [132].

b

: Sessile drop contact angle data from literature corresponding to TFN0.1 and TFC

membranes, [24].
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4.3.3. Performance of TiO2 nanotube and TiO2 nanoparticle embedded thinfilm nanocomposite membrane
Fig. 4-4 illustrates the water flux and the salt rejection of the TNT0.01, TNT0.02,
TNP0.02, and TFC membranes. As shown in Fig. 4-4, the water flux of TNT0.01
and TNT0.02 were enhanced to 43.0 LMH and 54.7 LMH, respectively, as the
amount of embedded TNT increased from 0.01 wt.% to 0.02 wt.% compared with
the 37.0 LMH water flux of the PA TFC RO membrane. The TNP0.02 membrane
showed a lower enhanced water flux (44.9 LMH) than that of the TNT0.02
membrane; however, the TNP0.02 membrane had a similar hydrophilicity. The
salt rejection rates of the TNT0.01, TNT0.02, TNP0.02, and TFC membranes were
91.8%, 92.6%, 95.4% and 94.9%, respectively. As the TNT amount increased, the
salt rejection slightly reduced for all membranes except TNP0.02.
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Fig. 4-4. Water flux and NaCl rejection of TNT0.01, TNT0.02, TNP0.02, and TFC
membranes (n=3).
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Fig. 4-5 shows the correlations between the contact angle and the enhancements
to water permeability and salt permeability. As shown in Fig. 5, both water
permeability and salt permeability were enhanced as the membrane surface
became more hydrophilic. This improved hydrophilicity enhanced the water flux.
This result was consistent with previous studies of TiO2-based TFN RO
membranes [25, 126]. Interestingly, the TNP0.02 membrane (square) showed
lower water and salt permeability enhancements than those of the TNT0.02
membrane. This indicated that the nanotube structure significantly enhanced the
permeability, while the nanoparticle structure only slightly affected the
permeability. The larger pore size of TNTs (approximately 80 nm) may have
increased the sorption capacity of the RO membrane, which resulted in the greater
permeability enhancement, whereas the TNP had no internal pores. This result
correlated with the findings of a previous study of silica-based TFN RO
membranes. In the past study, a non-porous silica-embedded TFN membrane
showed 25% enhanced water flux while a porous silica-embedded TFN membrane
exhibited 64% enhanced water flux [121]. Moreover, the enhanced salt
permeability was higher than that of water permeability in the TNT TFN RO
membrane. As shown in Figs 4-5(a) and (b), the water permeability of the
TNT0.02 membrane increased 48% while the salt permeability increased 120%.
The larger pores of the TNTs contributed to higher salt and water permeability.
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Fig. 4-5. Correlations between contact angle and (a) enhancement of water
permeability and (b) enhancement of salt permeability.
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In order to confirm the water flux enhancement of TiO2 nanomaterial embedded
PA TFN, the water flux and salt rejection of PA TFN membranes were compared
with upper bound consist of plain TFC membrane (Fig. 4-6). In Fig. 4-6, the red
slash represent the upper bound of plain TFC membranes. As shown in Fig. 4-6,
all PA TFN membranes (Purple Triangle Down, Gray square, Dark gray square)
are placed on right side of upper bound and this imply that the water flux
enhancement of TiO2 nanomaterial embedded PA TFN overcame the trade-off
relation of permeate flux and salt rejection. On the other hand, the performance of
literature result and commercial membrane were compared with this study. As can
be seen in Fig. 4-6, one commercial membrane (Green square) showed high salt
rejection with moderate water flux, while another commercial membrane (Sky blue
circle)—containing nanomaterial in its polyamide layer—exhibited high salt
rejection with 41 LMH of water flux at 15.5 bar. The yellow diamond and dark
green hexagon represent CNT and GO/CNT embedded membranes, respectively.
The CNT embedded TFN membrane showed 44 LMH water flux and 96% salt
rejection and GO/CNT embedded demonstrated highly increased water flux (58
LMH) due to enhanced dispersibility after GO embedding. The silicate-1 zeolite
embedded TFN membrane showed extremely high water flux (66 LMH).
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Fig. 4-6. Comparison of nanomaterials embedded PA TFN membranes and
commercial PA TFC membrane with upper bound of hand-cast TFC membrane (The
water flux and salt rejection of TFC, TNT, TNP, and commercial membrane were
evaluated at 15.5 bar with 2,000 mg/L NaCl; CNT [53], GO-CNT [55], zeolite A
[52], MCM-41 silica [121], silicate-1 zeolite [134], zwitterion functionalized CNT
[56]).
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4.4.

Summary

In this part, the performances of TNT TFN RO membranes and TNP TFN RO
membranes were compared to evaluate the effect of embedded nanomaterials in
TFN RO membranes. The hydrophilicity of the membrane surface was increased
as the concentration of the TiO2 nanomaterials increased in the TFN RO
membranes, which resulted in high water and salt permeability. Under the same
conditions, the TNT0.02 membrane showed a 48% higher water permeability and
a 120% higher salt permeability than the TFC RO membrane, while the TNP0.02
membrane showed a 21% higher water permeability and a 9% higher salt
permeability. These results indicated that the large pores (approximately 80 nm)
of the TNTs significantly affected membrane permeability, whereas the TNPs,
which had no pores but had a gap between the TNP and PA layers, only slightly
affected membrane permeability. The permeability of TFN RO membranes could
be affected by the hydrophilicity and the structure of embedded nanomaterials.
Further studies are necessary to determine the effect of the size of embedded
nanomaterials on membrane performance.
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5.

Conclusions

In this dissertation, the development of high-performance and fouling resistance
PA TFC membrane was implemented through addition of TiO2 nanomaterials.
In the first part, the surface of PA TFC membrane was coated with TiO2
nanoparticles (TNPs) via a sol-gel-derived spray coating method. The optimum
TiO2 nanoparticle coating layer, which is dense and durable without blocking the
pore or surface, was coated on PA TFC membrane via base-catalyzed (ammonium
hydroxide) TiO2 sol-gel-derived spray coating. For pressure retarded osmosis
application, the support layer of a commercial TFC was coated with TiO2
nanoparticles (TNPs) via a sol-gel-derived spray coating method. This TNP
coating imparted hydrophilic properties and a negative charge to the membrane
surface. A TNP-coated membrane (TNP1.0) demonstrated increased water flux
while reducing reverse salt flux in PRO process. The surface property change of
membrane resulted in enhancement of fouling resistance. The flux reduction of
the TNP membrane was 32% less than that of a commercial TFC membrane in the
presence of humic acid foulants. The less favorable foulant-membrane interaction
of the TNP-coated membrane was confirmed by a lower interaction force between
a humic acid-tethered AFM tip and the membrane surface. The TNP-coated PA
active layer also exhibited enhanced hydrophilicity and negative charge. These
modified surface property reduced the interaction force between humic acid and
membrane surface and resulted in the enhancement of fouling resistance of the
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RO membrane without the losses in membrane performances such as water flux
and salt rejection when the proper amounts of TiO2 sol was coated.
In the second part, TiO2 nanomaterials embedded polyamide thin-film
nanocomposite membrane was fabricated for enhancement of water flux and
fouling resistance. In addition, the effect of structure and surface property of
nanomaterial on water flux was evaluated by comparison of TiO2 nanotube (TNT)
and TiO2 nanoparticle (TNP) embedded PA TFN membrane. The TFN RO
membranes containing TNT or TNP exhibited similarly high hydrophilicities and
enhanced water permeability compared with a conventional RO membrane.
Although TNP TFN RO membrane has similar surface hydrophilicity with TNT
TFN RO membrane when the same amount of TNP and TNT are embedded, the
TNT TFN RO membranes had better water permeability than the TNP TFN RO
membranes. Compared with non-porous TNP, the nanochannels of TNT
contributed to enhancement of water permeability by serving as water transport
passageways. From these results, it is expected that the addition of TiO2
nanomaterials in PA TFC membrane can enhance the performance and fouling
resistance in RO and PRO process.
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국문초록
폴리아마이드 복합막(polyamide thin-film composite membrane)은
높은

투과수량과

염제거율,

넓은

pH,

온도

운전조건으로

현재

역삼투(reverse osmosis, RO)공정 및 나노여과(nanofiltration, NF)
공정에서

가장

많이

삼투공정(pressure

사용되고
retarded

있는

분리막이다.

osmosis,

또한,

PRO)에서도

압력지연
cellulose

acetate막의 대안으로 폴리아마이드 복합막을 사용하기 위해 연구되고
있다.

하지만

폴리아마이드
논문에서는

고압

운전에

복합막의
이러한

의한

해결해야

폴리아마이드

에너지
할

문제로

복합막의

소비와

막오염

남아있다.
단점을

문제는

따라서

개선하기

본
위해

타이타니아 나노물질을 첨가하여 고성능, 내오염성의 막을 개발하고자
하였다.
첫째로, 타이타니아 졸-겔 스프레이 코팅법을 통해 폴리아마이드
복합막의 표면을 타이타니아 나노입자(TiO2 nanoparticles, TNPs)로
코팅하였다. 먼저 멤브레인에 적합한 코팅 조건을 찾기 위하여 졸-겔
반응의 용매, 티타늄전구체, 첨가제, 그리고 산/염기 촉매의 영향을
알아보았다. 암모늄하이드록사이드가 첨가된 졸-겔 스프레이 코팅이
역삼투막의 투과수량에 영향을 주지 않는 나노입자 사이즈를 형성하면서
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내구성

높은

스프레이

코팅

코팅

층을

조건을

형성하였다.
이용해

최적화된

폴리아마이드

타이타니아
복합막을

졸-겔

코팅하여

압력지연삼투공정과 역삼투공정에서의 영향을 연구하였다. 타이타니아
나노입자가 폴리아마이드 복합막의 지지층에 코팅되었을 때 지지층의
표면이 친수화되고 음전하가 강해졌다. 타이타니아 나노입자로 코팅된
막은 PRO공정에서 25% 향상된 물 투과수량 성능을 보였고 염의
역확산을 50% 감소시켰다. Humic acid를 이용해 유기물오염 특성을
평가하였을 때 타이타니아 나노입자가 코팅된 막이 32% 덜 감소된
투과수량을

보였다.

또한,

atomic

force

microscope

분석에서

타이타니아 나노입자로 코팅된 막이 humic acid-타니타니아 사이의
낮은

interaction

폴리아마이드

에너지를

복합막의

보여

타이타니아

나노입자의

내오염성을

향상시키는

것으로

코팅이

관찰되었다.

폴리아마이드 복합막의 활성층에 코팅되었을 때에도 마찬가지로 향상된
친수성과 음전하를 보였으며 RO공정에서 투과수량의 감소 없이 향상된
내오염성을 보였다.

둘째로,

타이타니아

나노물질을

폴리아마이드

복합막의

활성층에

첨가함으로써 RO공정에서의 투과수량 성능과 내오염성을 향상시켰다.
또한 타이타니아 나노튜브와 나노입자를 첨가한 폴리아마이드 복합막의
성능 변화를 비교함으로써 나노물질의 구조와 표면성질이 막의 성능에
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미치는 영향을 분석하였다. 타이타니아 나노물질이 첨가된 폴리아마이드
복합막은 모두 향상된 표면 친수성과 투과수량을 보였다. 하지만 동일한
양의 타이타니아 나노튜브와 나노입자를 첨가하였을 때 표면 친수성은
비슷했지만 나노튜브가 첨가된 폴리아마이드가 더 높은 투과수량을 보여
나노튜브의 기공구조가 RO공정에서 폴리아마이드 복합막의 투과수량
향상에 더 기여했을 것으로 보인다.
본

연구의

폴리아마이드

결과에서
복합막의

보였듯이,
투과수량

타이타니아
성능과

나노물질의
내오염성을

첨가는
향상시켜

PRO공정과 RO공정에서 효율을 높일 수 있을 것으로 기대된다.

주요어: 타이타니아 졸-겔 스프레이 코팅; 표면 개질; 타이타니아
나노튜브 나노복합막; 압력지연삼투공정; 역삼투공정
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