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Abstract

As a water treatment technology, the membrane distillation (MD) method which can operate at
lower temperature than reverse osmosis (RO) and can recover concentrated water generated from RO
with high recovery rate has been studied. Membrane distillation is a technology that allows the
vaporized water pass through membrane pores and collect pure water vapor so that many types of

research has been studied.

In this study, a hollow fiber was made using Poly(vinylidene fluoride-co-chlorotrifluoroethylene)
(PVDF-CTFE), not usually used material, and compared with Poly(vinylidene fluoride) (PVDF). There
is four type of membrane distillation methods. Among them, the vacuum membrane distillation method
which has the highest flux method was studied in this research. In the case of PVDF-CTFE, it was
confirmed that it has a higher flux because it has a macrovoids at lumen side than PVDF. However,
since the mechanical strength is weak, there is breaking problem when operating long term experiment

or high-pressure experiment.

To solve the breaking problem, the mechanical strength was increased by using thermally induced
phase separation (TIPs) method, which is a high-concentration spinning method, or by spinning hollow
fibers into a dual-layer structure in which PVDF is spun out as a support layer. In the case of TIPS, the
mechanical strength was increased, but the flux was found to be low. As can be seen from the cross-
sectional images of the hollow fiber, in the case of the dual-layer membrane, the sponge-like structure

at the middle was eliminated, and the flux was improved.

Furthermore, to prevent the wetting phenomenon of membranes, physical and chemical
modification experiments were carried out to increase hydrophobicity. First, a hydrophobic hollow fiber
was prepared by physically blending with Polytetrafluoroethylene (PTFE), which is a highly
hydrophobic material, in a dope solution, and physical properties were confirmed. PTFE was added as
an additive to evaluate the structural change and performance. As a method of increasing the
hydrophobicity using the chemical grafting method, attaching a hydrophobic chemical to the surface of
the polymer using the atom transfer radical polymerization (ATRP) method was used. The chemical
method was used to evaluate the performance by confirming the difference according to the length of

the material with different reaction time.

Both methods were confirmed physical property changes via FTIR and confirmed the increase in
hydrophobicity through contact angle and liquid entry pressure (LEP). Through the physical blending

method, it was confirmed that the contact angle was improved by the addition of the hydrophobic



additive. Also, the cross-section of the hollow fiber was confirmed by SEM, confirming that the pores
of the membrane became larger at lumen side. However, if more than 15 wt% of PTFE is contained,
the sponge-like structure is formed again in the middle of the hollow fiber, and it becomes thicker
depending on the PTFE content. As a result of this structural change, the flux was affected, and the flux

was improved up to 10 wt%.

Through ATRP, which is a chemical modification method, it was confirmed that a new peak of
FTIR and XPS appeared on the polymer by grafting hydrophobic material. After grafting, membrane
structural change was checked by SEM that there was no change of pore, the hydrophobicity was
confirmed by the contact angle that there was increasing contact angle value, the flux was confirmed
through the membrane distillation method that was no improvement. Increasing of hydrophobicity
contributes to preventing the wetting problem that checked through LEP. With increasing reaction time,

LEP value increased until 5 bars.

Finally, the performance evaluation was carried out through the hollow fiber obtained by combining
the two methods. The 10 wt% PTFE blended hollow fiber with the highest flux was prepared, and ATRP
was carried out for 25 hours. In the case of the hollow fiber obtained, the flux is maintained as in the
case of blending 10 wt% of PTFE, and the LEP is further increased which can be confirmed that the

wetting phenomenon can be prevented.
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Chapter 1. Introduction

Due to the increase in population, the usage of clean water is continuously increasing. From 1900 to
1995, the population doubled, but the demand for water increased by six (Kuylenstierna et al., 1998).
In many places, the increase in the activities of industry and agriculture also contributes to the increase
of water consumption. As the use of water increases, many countries suffer from water shortage.
However, in the case of rivers and groundwater, which are available resources for obtaining clean water
available, the consumption of water will continue to increase in this situation. As a result, the researches
on the technology for purifying the used water to obtain clean water have been rapidly proceeding.

There are several types of desalination methods, distillation and reverse osmosis (RO) have been used.
As a technology to generate clean water, technology using sea water which occupies 97% of the earth
has been popular. In the case of seawater, which occupies a large part of the Earth, it can not be used
directly or commercially. Therefore, many seawater desalination techniques have been researched to
remove the salts. Distillation is a typical method used for seawater desalination. In the Middle East,
evaporation is used as an important way to obtain clean water (Alawadhi, 2002). It is a technique to
obtain pure water by separating the salt water containing salt from the salt by using evaporation and has
the advantage of not requiring high pressure. The speed at which water is produced is proportional to
the area, but it needs high thermal energy. Also it has a disadvantage that production speed is slower
than other methods (Tiwari et al., 2003). There is another technology; RO is one of the most widely
used technologies of seawater desalination. The largest seawater Reverse Osmosis (SWRO) plant
currently on the Ashkelon Israel has been the most studied technology in recent decades. It produces
110 million/m® of water per year, which is enough to supply to 100,000 people (Hoekstra and Chapagain,
2008). It is a disadvantage in that higher pressure is needed than the osmotic pressure to make pure
water from semipermeable membranes. Also, it is an important factor to solve the cost problem of
seawater desalination technology using RO in poor countries because it requires such high pressure.

Previously, seawater desalination technology has been studied to produce water through distillation
and RO. However, the evaporation method which obtains the clean water by the heat evaporation does
not solve the problem of the low production amount, and the RO using the osmotic pressure can not
solve the problem requiring the high pressure. As a method to solve these problems, a membrane
distillation (MD) method has been got attention. The MD is a method of using water to induce the
evaporation of water according to the temperature difference of the solutions and passing the evaporated
vapor pass through the membrane to produce pure water. This method can solve the problem of high
temperature or high pressure, which is a problem of the previous distillation method and RO, and can
be operated at a low temperature and does not require high pressure. Also since only water vapor passes

through the pores, it is theoretically having a salt removal rate of 100%. MD was first introduced by
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Bodell in 1963 (Bodell, 1963). Since then, interest in MD has been increasing. As previously introduced,
MD is a method of collecting vaporized vapor which induced by thermal differences. The membrane
acts as a barrier between the two solutions. At this time, the pores existing in the membrane give a path
through which vaporized vapor can pass. However, if the water vapor coagulates in the pore and wet
the membrane, the water vapor will no longer pass through the pores and the efficiency will be reduced.
Therefore, the hydrophobicity of the membrane is a very important factor for membrane distillation
(Gryta, 2007).

To prevent such wetting phenomena, hydrophobic materials have frequently been used in MD. Usually,
PTFE, PP, and PVDF are used for membrane (Khayet and Matsuura, 2001). However, there is a
limitation in using only hydrophobic polymers to overcome wetting phenomenon. Therefore, there have
been many studies to further increase the hydrophobicity. Modification methods of membranes include
physical blending methods and chemical grafting methods. A hydrophobic membrane can be made
using physical blending methods as an easy modifying method. A study on the improvement of
hydrophobicity by selecting PTFE as an additive was studied by May May Teoh (Teoh and Chung,
2009). The effects of PTFE with high hydrophobicity and excellent chemical resistance on the
membrane distillation method were investigated by spinning single PVDF hollow fiber membranes. In
their study, the contact angle increased to 103° with the addition of 50 wt% of PTFE and the maximum
flux of 40.4 LMH (L/m*-hour) was obtained in DCMD (Direct Contact Membrane distillation). In
subsequent studies, the efficiency of DCMD was increased by increasing hydrophobicity by blending
PTFE in the dope solution of the outer layer when spinning the dual-layer hollow fiber (Teoh et al.,
2011). The same PVDF solution was spun using a triple-layer spinneret. When 30 wt% of PTFE was
added to the outer dope solution, it was confirmed that the flux enhancement was 24% higher than when
PTFE was added to a single-layer hollow fiber membrane. In their study, there was structure change
with increase PTFE concentration, but also decrease flux because of the sponge-like structure. Additive
with high hydrophobicity changed structure, so that affect to flux. To solve decreasing flux because of
structure change, experiments have also been carried out with chemical grafting method. Through
chemical grafting method, there are no changes and can increase hydrophobicity. Studies have been
done to increase hydrophobicity by synthesizing styrene to PET through ATRP by Bech (Bech et al.,
2009). It was confirmed by XPS, H NMR, ATR-FTIR, and contact angle value that the longer branches
were formed as the synthesis time increases. After 6 hours of synthesis, modified membrane (87.9°) has
more high contact angle value than Pure PET membrane (77.8°). Also Manal conducted an experiment
to improve the efficiency of vacuum membrane distillation (VMD) by synthesizing ethyl acrylate (EA)
on PVC (Tooma et al., 2015). In their work, they have experimented to increase the efficiency of VMD
by increasing the hydrophobicity of the membrane through synthesizing EA on PVC. The
hydrophobicity was improved by having a contact angle of 90° which is 10° higher than that of pure



PVC. In the case of flux, it was confirmed that the pre-modification PVC membrane had a flux of 37.5
LMH in the case of the modified PVC membrane, while it had a value of 2.52 LMH in the pre-
modification PVC membrane. Previously, the experiments of increasing the hydrophobicity through the
chemical grafting was successful. However, only the contact angle test was carried out by confirmation
of the result of increase in hydrophobicity, and the experiment related to the wetting phenomenon of
MD did not proceed.

Previously, experiments were conducted to increase hydrophobicity through physical blending and
chemical grafting. However, it did not solve the problem of flux reduction because of structural change
due to the additive. Also it has not been solved that the experiment about the prevention of the wetting
phenomenon of the MD due to the increase in hydrophobicity has not been carried out. To overcome
this kind of problem, experiments were conducted using PVDF-CTFE, which is a polymer that has
higher hydrophobicity than PVDF itself and can easily be chemically grafted due to the functional
groups present in the polymer. PVDF-CTFE is a polymer that is not widely used as a material for MD
but has a higher hydrophobicity than PVDF and has a Cl functional group so that it can be easily
combined with a hydrophobic material through a chemical bonding method.

The purpose of this study is to fabricate the hydrophobic hollow fiber membrane for MD and evaluate
the performance of membranes on VMD. The PVDF-CTFE was spun in the form of a hollow fiber. The
hollow fiber membrane was evaluated by the VMD method. To further increase the hydrophobicity of
the membrane, experiments on the modification by physical and chemical methods were carried out.
For physical blending method, PTFE was used as a hydrophobic additive. Structural and performance
changes were observed according to the amount of added PTFE. Structural changes were observed by
SEM and hydrophobicity was confirmed by contact angle and LEP. Pentafluorostyrene, which has a
benzene ring and hydrophobic functional groups, is used as a reagent for the chemical grafting method.
As a grafting method, C functional group in PVDF-CTFE was dropped through ATRP method and
replaced with pentafluorostyrene. Also the difference of the length of branches along the synthesis time

was confirmed by FTIR, XPS, contact angle, and LEP.



Chapter 2. Background

I. Desalination methods

1.1 Several types of distillation methods

As mentioned above, the usage of clean water is continuously increasing due to the increase in
population (1997). For the production of clean water, sea water technology, which accounts for 97% of
the earth, has been popular. Various seawater desalination techniques have been studied as techniques
for removing salts present in seawater. One example is the evaporation method, which is a
representative technique used for seawater desalination. The evaporation method is a seawater
desalination technology that has been known since the 4th century BC, and the modern desalination
system is the first in the late 19th century (Tiwari et al., 2003). The land facility started to supply water
from the desert during World War 1. Since the 1950s, the desalination system has become bigger and
bigger in the Middle East. When the sea water is evaporated, the solvent water evaporates, and the salt,
the solute, separates the fresh water from the seawater by using the remaining property. Multi-stage
flash distillation (MSF), multi-effect distillation (MED), and mechanical vapor compression distillation

(MVC) are classified according to evaporation method and steam recycling method.

1.1.1 Multi Stage Flash Distillation

The multi-stage flash method (MSF) is currently the most widely used desalination technology for
large capacity desalination plants, accounting for about 60% of the global desalination capacity
(Fritzmann et al., 2007). When the liquid at a certain temperature is suddenly decompressed to a
saturated vapor pressure corresponding to the temperature, the liquid consumes the retained heat as the
latent heat of evaporation, thereby causing self-evaporation or flash evaporation. In the multi-stage flash
system, the seawater heated in a relatively high-pressure heat exchanger is evaporated through the
orifice into the low-pressure compartment, and the heat energy of the whole is evaporated. In this case,
since there is no heat supply from the outside in each compartment. The amount of evaporation in each

compartment is within a few percent.

1.1.2 Multi effect distillation



Multi-Effect Distillation (MED) is a series of simple distillers (Khawaji et al., 2008). The vapor
generated in the first evaporator boiler acts as a heating source for the next utility evaporator and is
cooled and condensed to become fresh water. The steam generated in the second evaporator acts as a
heating source in the evaporator of the next utility, thereby evaporating seawater in the evaporator. In
other words, the steam received from the shear becomes the heat source of the next stage, and the steam
is cooled and condensed to become fresh water, and the steam evaporated again is collected at the next
stage as fresh water. It has a much lower energy consumption than the MSF method and shows a large
output (M.A. Darwish, 1995). Therefore, it shows higher efficiency than MSF regarding

thermodynamics and heat exchange.

1.1.3 Mechanical vapor compression distillation

Mechanical Vapor Compression Distillation (MVC) is a method in which steam generated in an
evaporation tank is introduced into a compressor, the temperature is raised by adiabatic compression,
and the steam is supplied to the steam for heating the liquid in the same tank to obtain fresh water
(Shaffer et al., 2013). When the steam generated in the evaporation tank is compressed by a compressor,
the temperature and pressure rise, which is used as a heat source of the evaporator. The sensible heat of
the brine and the produced fresh water discharged from the seawater through the heat exchanger is
recovered. The condensed vapor evaporates by the heat it emits as it condenses, and the vapor is again
condensed in the evaporator at a high temperature (105 °C) with the compressor and then passes through
the heat recovery system and transfers the sensible heat to the seawater entering the evaporator. It is
known that steam compressors can produce more than 200 kg of fresh water per kg of fuel when the
compressor is driven by a small engine and the waste heat is utilized. This MVC method has advantages

mainly in small capacity desalination devices.

1.2 Reverse osmosis (RO)

However, in the case of the evaporation method, a high temperature is required, and the efficiency of
the production is not so high as compared with other methods. A reverse osmosis method has been
studied as a method to solve these drawbacks. RO is one of the most used technologies of seawater
desalination. The technology has been the most studied in recent decades. Research on osmotic pressure,
RO, has been conducted since 1985 (Cadotte, 1985). Cadotte conducted research on the materials that
make up the membrane and focused on the composite RO membrane. Also a study using chemical
properties of cellulose acetate (CA) was conducted in 1950. The CA membrane with hand-made

symmetric structure has the advantage of maintaining the salt removal rate at 98%, but it can not solve



the low flux (Reid and Breton, 1959). Therefore, as a material to solve this problem, the membrane
using cellulose triacetate (CTA) has been selected as a material to withstand a wide range of temperature
and pH. Research has been carried out on the advantage of resistance to high chemical and biological
attack, but it has been confirmed that severe flux reduction is caused by compaction even at a high
pressure of 30 bars (Porter, 1989). Due to these problems, by 1969, CA was the most suitable material
for the RO. However, due to the hydrolysis of the acetate group under acidic and alkaline conditions,
there is a problem of being susceptible to microbial contamination, and the durability and application
range are limited (Edgar et al., 2001). This has led to research into alternative polymers with stronger
chemical durability.

For the first time, a study on hollow fiber membrane using aromatic polyamide (PA) as a non-cellulosic
asymmetric membrane was developed by Richter and Hoehn (Hoehn and Richter, 1980). CA, but the
durability and stability were much more remarkable, and due to the characteristics of the hollow fiber,
it was commercially successful due to efficient packing. However, PA has also been found to be
vulnerable to chlorine and ozone. To solve this problem, development of an asymmetric membrane
using polypiperazine-amides has been developed (Credali et al., 1978). It has a selective permeability
comparable to CA and is resistant to chlorine attack. However, it has a relatively low salt removal rate
(< 95%). Therefore, to solve the problem of salt removal rate, sulfonated polysulfone with sulphonic
and phenyl groups was used as a suitable polymer for enhancing permeability, mechanical strength, and
chemical resistance. However, there is a problem that the salt removal rate is lowered to be
commercialized (Brousse et al., 1976).

Only a few soluble polymers were able to make the film through one step of the asymmetric structure.
However, the membrane through this method did not show proper performance regarding permeability
and salt removal rate. To solve this problem, the membrane was made through two steps. A study has
been made on a membrane having a structure which is optimized as a layer having a large pore as a
support layer and a barrier layer for removing salt, respectively. The development of a thin film
composite membrane (TFC), which consists of a thin layer as the barrier layer and serves as a
supplementary layer with large pores, was first developed by Francis (Francis et al., 1966). Since then,
many studies have shown that polysulfone as a supplementary layer material has been selected for its
resistance to compaction and its resonant flux (L.T. Rozelle, 1968). The material is also more popular
because of its durability in acidic conditions. The use of polysulfone as a support layer opens the way
for interfacial polymerization. This material is now available because of its resistance to alkali. The first
attempt was made to synthesize aliphatic and aromatic diamines. However, this membrane did not show
the salt removal rate that attracted attention (Petersen, 1993). Studies have been conducted to solve the
problem of salt removal rate, and Cadotte has found that excellent selective permeability can be

obtained using monomeric aromatic amines and aromatic acyl halides (Cadotte, 1981). Unlike other



interfacial polymerization methods, it avoids curing and does not require acid acceptor or surfactant.
Acyl halide is rapidly supplied and polymerization and crosslinking occur. This innovative cross-linked
aromatic polyamide TFC RO membrane has been extensively studied and has been widely used until

the 1980s.

1.3 Membrane distillation (MD)

Many water treatment technologies have been studied. However, it is possible to operate at low
pressure, but the problems of evaporation methods with low production volume and RO methods
requiring high pressure have not been solved. As a method for solving this problem, there is a membrane
distillation method using a thermally driven method. This method is a method that can obtain only pure
steam by evaporating water using heat. At this time, the membrane serving as the intermediate
diaphragm is made of a material having a hydrophobic characteristic. Membrane distillation can be
operated at a low temperature and by using the driving force due to the temperature difference between
the two solutions, the vapor can be obtained without boiling the treatment solution to the boiling point
(Alkhudhiri et al., 2012). MD, first introduced in 1963, was studied by Bodell (Bodell, 1963). In his
work, we proceeded with the use of a silicon membrane, but could not confirm the geometry or state of
the pore. The air was sent to the lumen and only the water vapor was condensed outside the membrane
through the membrane, which was shown to increase the efficiency by hanging the vacuum outward,
but the membrane tube was broken and failed to run. In 1967, the study of MD was carried out by Weyl
for the purpose of increasing the efficiency of seawater desalination (Weyl, 1967). A flux of 1 LMH
was obtained using a PTFE membrane with a thickness of 3.2 mm and a pore size of 9 pm. However,
it was only slightly interested because it was lower than RO with flux of 5 to 75 LMH.

Findley first published about the basic theory of distillation and DCMD for the first time in the 1960s
(Findley, 1967). Since then, researches on MD have been continued, and further studies have been
conducted to improve the module design and understand the temperature and concentration polarization
phenomena (Gore, 1982). Also, for commercial use, experiments were carried out on MD using
Membrane manufactured by The Swedish development Co (Carlsson, 1983). In this study, a spiral
wound module was fabricated to solve the heat transfer problem. Commercial studies were conducted
by Enka in the 1980s. Since then, MD has received much attention in academic. The published research
on MD has shown that it increased about twice in 1997 compared to 1990 (Sirkar, 1992). These

membrane distillation methods are divided into 4 types depending on the type.

1.3.1 DCMD (Direct Contact Membrane Distillation)



DCMD is a widely used method because it is a convenient and easy method compared to other methods
of MD. The solution that is cooler than the feed solution maintains the temperature and flows to the
opposite side of the membrane boundary. At this time, due to the temperature difference between the
two solutions, water vapor is generated in the hot feed. The generated water vapor passes through the
pores of the membrane to the opposite side. The water vapor that passes through the pore is a way of
condensing again as it meets the cold permeate on the opposite side. This is because the evaporation of
water vapor in the module takes place in the module, which is the easiest way to do so, unlike the SGMD
or VMD, which requires no additional external condensation system. However, there is a problem of
heat loss due to heat exchange between feed and cold permeate. DCMD has been used in many fields
such as enrichment of fruit juice, blood, wastewater treatment (Schofield et al., 1990). DCMD was first
used in 1964 for seawater desalination (Weyl, 1967). However, a problem was found to have a lower
flux than the RO method. To solve the problem of low flux, the ongoing research was continued, and it
was possible to improve the flux to 75 LMH which is comparable to that of RO, and the salt removal

rate was close to 100% (Schneider et al., 1988).

1.3.2  AGMD (Air Gap Membrane Distillation)

Another type of MD is AGMD. To reduce the heat loss, a method of increasing the heat efficiency,
which is lower than that of DCMD, is a method in which an air layer is formed between the membrane
and a cold surface for condensation while flowing through the membrane. The evaporated water vapor
is condensed on a cold surface and collected through pores. Moreover, an air layer is provided there
between. When the evaporated water molecules pass through the pores, the cold permeate touches the
flowing surface and condenses and falls. The cold surface is located away from the membrane, and the
heat loss is relatively small compared to DCMD. However, it has a disadvantage that it has a relatively
low flux due to the generation of water vapor due to pure heat evaporation. This method can confirm
that feed temperature, flow rate, concentration, and deaeration affect DCMD in a similar way (Jonsson

et al., 1985).

1.3.3 SGMD (Sweep Gas Membrane distillation)

MD also has the form of the SGMD method. SGMD was developed as a solution for DCMD and
AGMD. SGMD is the result of a combination of low heat loss of AGMD and reduced transport
resistance of DCMD. In the case of AGMD, a gas barrier exists between the membrane and the cold
surface, which results in reduced heat loss. However, in the case of SGMD, the flow of air rather than

the stopping air layer improves the mass transfer constant and increases the flux. The vapor that flows
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through the evaporation-accelerating gas travels continuously and the gas must flow continuously to re-
condense the circulating gas. At this time, there is a considerable expense to flow the gas for the SGMD.
Therefore, DCMD has not received much attention than DCMD. In the case of SGMD, it was confirmed
that it was not affected much by the temperature of the gas flowing and was influenced by the velocity
(Basini et al., 1987). It was confirmed that the flux tends to increase as the gas velocity increases.

However, the flux tends to decrease as the gas velocity increases above the optimum point.

1.3.4  VMD (Vacuum membrane distillation)

Finally, there is VMD as a vacuum MD. This method is the least studied of the MD method. It keeps
the temperature of the feed and the pressure on the permeate side is vacuumed to lower the boiling point
of the solution of the feed, thereby inducing evaporation of the feed solution to increase the flux. The
evaporated water vapor passes through the pores of the membrane to permeate and condenses on the
cold condenser side to purify. This method is advantageous in that it has less heat loss because the cold
condenser is separated from other methods. Also, the mass transfer resistance is reduced due to the
vacuum, so that the flux is high. However, it is a complicated technology and has a disadvantage of
high cost for vacuuming. The effects of feed temperature, velocity, and concentration on flux were
similar to DCMD and flux was studied by Sarti (Sarti et al., 1993). This VMD method is widely used
as a process for removing volatile substances from a diluted solution. The study was also conducted by
Bandini as a process for separating ethanol using thermally driven through the vacuum (Jonquiéres et
al., 2013). In his study, the concentration of ethanol was found to be about 10 times higher than that of
AGMD.

Depending on the type of condensation, the MD can be divided into four types. The most studied
method is DCMD, and the most fluxed method is VMD. All of the four methods described above are
methods to purify by inducing evaporation using thermal difference, and steam generation is an
important factor. However, as steam passes through the membrane, pores become wet. This wetting is
one of the important problems to be solved in the MD. To solve the wetting phenomenon, the
hydrophobicity of the film plays an important role. To this end, many types of research have been made

on the material for making the film and the modification of the material.

I1. Development of hollow fibers for MD

PP, PVDF, PTFE, etc., which have hydrophobic characteristics, are used as the materials used in the

membrane distillation method described above. The reason for using the material having the



hydrophobic characteristic is to reduce the wetting phenomenon. The pores present in the membrane
are the lengths through which the evaporated water vapor can pass, but if the water vapor moving
through the pores coagulates in the pores and makes the membrane wet, the water vapor will no longer
pass through the pores and the efficiency will drop. Therefore, the hydrophobicity of the membrane is
a very important factor for membrane distillation. Membranes for membrane distillation can be made
in the capillary or flat-sheet form (Ding et al., 2003). Compared with other membrane separation
processes, the study on high flux and low resistance was carried out (Lawson and Lloyd, 1997). It has
the largest area per unit area than other types of membranes and has the advantage that separation is not
caused when the membrane is washed because no support layer is needed to make it. It also has the
advantage of the operational flexibility that can be used in many areas such as RO, UF, MF,
hemodialysis, and gas separation. However, it takes a complicated preparation to form the film. The
size of the aperture of the spinneret was used, the rate at which the dope solution emerges, the length
of the air gap, and the take-up speed of the spun hollow fiber.

Studies on the effects of dope type, bore solution type, temperature, dope and bore on the fabrication
of hollow fiber have been studied (Cabasso et al., 1976). Some studies that affect the formation of
hollow fibers have been conducted by Tai-Shung Chung on the effects of shear rate on morphology,
permeability, and segregation performance (Chung et al., 2001). In the case of the dope solution with a
high shear rate, it was confirmed that a thick, dense membrane was produced. It was also confirmed
that the flux decreased and the heat exchange constant also decreased. However, it was confirmed that
the mechanical strength was increased. A study of the influence of the other factor, air gap, has also
been carried out (Mok et al., 1995). As the spinning method using the dry-jet wet method, the dope
solution starts to come out from the spinneret, but when it starts to solidify, the inside of the spinneret
starts to solidify. However, in the case of outside, it takes time until reaching the external coagulation
bath. Research has been conducted. It is reported that the permeability decreases when the air gap is
increased (Aptel et al., 1985). Recent studies show that as the air gap increases, the hollow fibers
become thinner and dense sponge-like structures. These results show that the permeation flux decreases
and the salt removal rate increases.

A study on the change of hollow fiber structure by adding physical additives was also carried out.
Membrane preparation through a blending of additives has the advantage of being simple and ready for
mild conditions. A study on the performance change of PVDF hollow fiber membranes using LiCl and
PEG as additives was conducted by D. Hou (Hou et al., 2009). As LiCl and PEG were added, the shape
of the finger-like structure became longer on the cross-section of the hollow fiber. Also, it was
confirmed that the performance of MD is improved by forming a thin skin and porous structure. Studies
on TiO; as another additive were also carried out (Yuliwati et al., 2011). In the case of TiO,, the

hydrophilicity of the membrane was increased, the pore size was decreased, and porosity was observed.
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It was also confirmed that the flux increased with increasing pH. Studies on the addition of SiO, as
another additive were also carried out. Higher flux and stronger mechanical strength were obtained with
addition (Han et al., 2010). Studies on the addition of Al,O; have also been carried out, and further
studies have been carried out by Liu when added with TiO, (Chiang et al., 2004).Studies on the addition
of PVP as a hydrophilic additive also proceeded (Fontananova et al., 2006). As the concentration of
PVP in the dope solution increased, the macrovoids gradually increased as the cross-section was
observed. This study showed that PVP with high hydrophilicity was rapidly exchanged with external
coagulation bath to produce large macrovoids.

Increasing hydrophobicity through previous physical additions has many variables and limits that are
affected by the properties of the additives. Due to these limitations, research has been carried out to
increase the hydrophobicity of the polymer through chemical bonding of highly hydrophobic materials.
On the PE membrane, MMA was synthesized through atom transfer radial polymerization (ATRP)
method (Shi et al., 2013). It was confirmed that the degree of bonding increases with the synthesis time
and that the length of the PMMA becomes longer. As a result, the hydrophilicity becomes larger as the
contact angle becomes smaller. Research has been carried out to increase the hydrophilicity, but studies
have also been conducted on the chemical bonding to increase the hydrophobicity to prevent the wetting
phenomenon of the membrane distillation method. Mingfu conducted a successful combination of
styrene or tert-butyl acrylate by dropping the CI functional group of PVDF-CTFE through the widely
used ATRP method (Zhang and Russell, 2006). The benzene rings of styrene are hydrophobic due to
their structural properties. The research through ATRP was carried out as a method to make such a
hydrophobic branch long.

Much research has been done on the effect of physical blending or chemical grafting on the
performance of membranes by changing the structure or polymer properties. In addition to changing
the properties of materials to make these films, much research has been done on the preparation of

solutions for preparing membranes.

II1. Fabrication of hollow fibers for MD

1.1 NIPs (Non-solvent induced phase separation)

In addition to studying the performance change of the membrane by using the additives of the above-
mentioned membrane or chemical bonding, researches have been carried out in accordance with the
method for making the membrane. In the case of NIPs, it is a method of producing an asymmetric
membrane by exchanging between solvent and non-solvent (Yun et al., 2012). The most common

method for fabricating porous membranes is known as the phase transformation method first introduced
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by Kesting. The method of inducing the phase transition of the polymer solution is largely solvent-non-
solvent exchange, heat induction, and steam induction method. Among them, the precipitation of the
polymer by exchange of the solvent and the non-solvent is used for the commercialization of the
microfiltration membrane or the ultrafiltration membrane, and it is most widely used for manufacturing.

In the solvent, non-solvent exchange method, a homogeneous solution is prepared by dissolving a
polymer material in an appropriate solvent at room temperature, and a hollow fiber is drawn from that
spinneret, and then immersed in a coagulation tank. Then, the exchange of solvent and non-solvent are
carried out in the coagulation tank, and the composition of the polymer solution is changed. As a result,
the polymer is precipitated by liquid-liquid phase separation beyond the binodal or spinodal curve which
shows the solubility limit, And the part where the non-expense was occupied is formed by the pore
(Bonyadi and Chung, 2009). It is known that liquid - liquid phase separation proceeds in two forms.
That is, at the moment when the liquid-liquid phase separation occurs very rapidly, the composition of
the solution passes through the binodal curve under the phase separation, and a structure having finger-
like structure is formed. This condition corresponds to the case where the interaction between the non-
solvent and the solvent is very large, and the prepared membrane is mainly used as a reverse osmosis
membrane or an ultrafiltration membrane. On the other hand, another microfiltration membrane is
produced by delayed phase separation, in which the exchange of non-solvent and solvent is very slow,
and a sponge-like symmetric membrane without finger-like structure is mainly formed. In some cases,
experiencing steam-induced phase separation before coagulation of the non-coagulant precipitate can
produce a finger-like structure membrane. This is a method that can spin and maintain the temperature
at room temperature and can radiate easily to use a low concentration of polymer. However, there is a
disadvantage in that the mechanical strength is low due to the low concentration of the polymer and the

large pores, which can not withstand a large pressure.

1.2 TIPs (Thermally induced phase separation)

To solve the problems of the previous NIPs, it is necessary to develop a membrane having excellent
mechanical strength. One method to solve this problem is the thermal induction phase transition method,
which mainly uses a crystalline polymer having excellent chemical resistance and mechanical strength.
In the TIPS process, a homogeneous single-phase melt is prepared at a temperature higher than the
melting point of the polymer; the polymer is formed into a hollow fiber, and the phase is cooled by
removing the applied heat to induce phase separation (Cabasso et al., 1976). In the heat - induced phase
separation method, cooling rate, and solidification conditions are known to be very important factors
for determining the film structure. As the interaction increases, the crystal size decreases and the

porosity of the film increases. On the other hand, when the quenching temperature is low, or the cooling
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rate is high, a small quartz is formed. When the quenching temperature is high, or the cooling rate is
slow, a large quartz is formed. This is because crystallization slowly proceeds when the quenching
temperature is high or the cooling rate is low, which is a favorable condition for the crystal to grow
sufficiently.

The membranes obtained through the TIPs process have advantages over the membranes prepared by
the NIPs method regarding mechanical strength and chemical resistance. However, the NIPs method is
capable of micro pore control while the TIPS method still has a disadvantage in that it is difficult to
fabricate an ultrafiltration membrane having a finger-like structure, and since the spinning hollow fiber

must be maintained at a high temperature during fabrication (Cha and Yang, 2007).
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Chapter 3. Materials and methods

1. Materials

In this study, polymers with high hydrophobicity were selected for spinning. PVDF-CTFE
(polyvinylidene fluoride-co-chlorotrifluoroethylene) was used to make hollow fibers. PVDF-CTFE has
an excellent electromechanical response, high flexibility, high elongation, and cold impact resistance
properties. In this study, we investigated the effects of spinning high-hydrophobicity hollow fibers
through PVDF-CTFE on the membrane distillation process by using modified PVDF-CTFE. PVDF is
also a polymer with high chemical resistance and high mechanical strength and can be expected to have
high hydrophobicity due to its F functional group.

As shown in Fig. 1 (a), (b), PVDF-CTFE (PVDF SOLEF 31508/1001) and PVDF (PVDF SOLEF
1015/1001), which are polymers used as materials for making hollow fibers, were used. As a solvent
for dissolving the polymer, DMAc (Dimethylacetamide) and GBL (gamma-butyrolactone) purchased
from Sigma-Aldrich were used. DM Ac was used as a solvent to dissolve polymer at room temperature,
and GBL was used as a solvent to dissolve polymer at high concentration. As a material for ATRP, the
synthesis was carried out using CuBr (I) as a catalyst purchased and N, N, N’, N”, N"-
Pentamethyldiethylenetriamine (PMDETA) as a ligand from Sigma-Aldrich. As shown in Fig. 1 (c),
Pentafluorostyrene which has many F functional group purchased from Sigma-Aldrich was used as a
hydrophobic material for ATRP synthesis. Methanol, ethanol, and hexane purchased from SK
Chemicals were used as a solvent for washing and drying the synthesized membrane. All materials were
used without further purification.

(@)
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Fig. 1 Polymer for hollow fiber and ATRP reagent. (a) Polymer PVDF as a hollow fiber

membrane, (b) Polymer PVDF-CTFE as a hollow fiber membrane, (c) Reagent

pentafluorostyrene for chemical grafting.
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I1. Preparing for the experiment

2.1 ATRP for Synthesis of Hydrophobic Substance

Fig. 2 describe ATPR method, which was used as the method to attach the hydrophobic material to
the polymer for hydrophobic enhancement. PVDF-CTFE can be reacted with a double bond of
pentafluorostyrene to form a radical by removing CI using a catalyst and a ligand. For synthesis, 45 g
of PVDF-CTFE is mixed with 500 ml of DMAc and dissolved at 80 °C. After solution homogeneously
melted and cooled to room temperature, 0.5 g of CuBr, 0.5 g of 4,4'-Dimethyl-2,2'-dipyridyl and 5 g of
pentafluorostyrene are added together, and the temperature is raised to 80 °C. After the reaction is
completed for setting time, remove the polymer and wash it several times with methanol to remove any
remaining residual chemicals. Reacted polymer was soaked for 2 hours in ethanol, soaked in hexane for
2 hours subsequently, and dry at room temperature for 24 hours. The reaction time was 15, 20 and 25

hours.
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Fig. 2 Schematic diagram for ATRP method.

2.2 Hollow fiber spinning

To spin the hollow fiber for MD, a wet-jet spinning method to spun hollow fiber membrane. The
spinning equipment for this is shown in Fig. 3. The spinneret used to spin the dual-layer hollow fiber
has two inlets for the dope polymer solution. A PVDF-CTFE solution flows inward, and a PVDF
solution flows outward. The conditions for the spinning were the same, and the spun hollow fibers were
performed.

In the case of spinning, the experiment was carried out using two methods for increasing mechanical

testing. In the case of NIPs, the polymer solution was maintained at room temperature. PVDF-CTFE
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and PVDF are homogenecously dissolved in DMAc at room temperature. The prepared solution is
purged with nitrogen at a pressure of 4 bars for 30 minutes by putting it in the dope tank of the spinning
equipment of Fig. 3 (¢). After the purging is completed, the pressure is adjusted to 2 bars. In the case of
bore, as shown in Fig. 3 (a), pump (Fig. (b)) it constantly at 3 ml/min and flow it to the inside of the
spinneret (Fig. (3)). In the case of coagulation baths (Fig. 3 (f)) was filled with tap water. Spun hollow
fiber was collect in wind up bath (Fig. (h)) after pass through washing bath (Fig. (g)). After spun, hollow
fibers were immersed in DI for 24 hours to remove residual solvent.

Another method is the TIPs method which uses the temperature difference between the polymer solution

and the non-solvent. Unlike NIPs, TIPs spun with the temperature of 100 °C. In Fig. 3 (d), outer dope

solution tank was maintained at 100 °C during spinning. All other conditions were the same as those of

CAC

NIPs.

(f) (9) (h)

Fig. 3 Equipment for spinning. (a) Bore solution, (b) Pump for bore solution, (¢) Inner
dope solution tank, (d) Outer dope solution tank, (e) Triple-layer spinneret, (f)
Coagulation bath, (g) Washing bath, (h) Wind up.

2.3 VMD

Spun membranes were immersed in ethanol for 2 hours, then simultaneously immerse in hexane for 2
hours. After immersing, take out the completely wet hollow fiber and dry at room temperature for 24
hours. The dry state of the membrane was confirmed by checking the peak of FTIR, and after confirmed
there was no moisture peak, then the following experiment was conducted. Prepare the dried hollow
fiber with a certain length to make the module. The module is prepared by inserting both ends of the
hollow fiber into the tube and making the effective length to be 20 cm and filling the both ends with
epoxy. Install the prepared module as shown in Fig. 4. The conditions were prepared as shown in Table.

1 and the performance of the prepared module was evaluated by VMD. DI filled the tank as a feed into
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a hot water bath to keep it at 70 °C. The feed temperature flows into the hollow fiber’s lumen side at
100 ml/min using a peristaltic pump. When the vapor evaporated due to the vacuum passes through the
pores of the membrane and condenses due to the cold trap and collects in the permeate tank, the flux is

measured after a certain period.

Module
Cold
trap
Feed Pe?:ne: te | Vaﬁ'-':'m
tank pump

2-

Balance
| Heater |

Fig. 4 Schematic diagram for VMD.

Table. 1 Conditions for VMD.

Feed DI

Feed velocity (ml/min) 100
Feed temperature (°C) 70
Vacuum pressure (mbar) 25
Cold trap (°C) 0

II1. Characteristic

3.1 Scanning electron microscopy (SEM)

S-4800 Hitachi devices were used to identify the cross-section of the hollow. To take the SEM, first,
immerse the dried hollow fiber in liquid nitrogen and freeze rapidly. Hollow fibers were immersed in

liquid nitrogen and broke for preparing cross-sectional images. After attaching the fractured section to
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the holder, a platinum layer was spread on the surface of the cross-section to prepare a sample and take

an image.

3.2 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

The ATR-FTIR method using a Nicolet 6700 spectrometer (Thermo Scientific, USA) was used to
confirm the results of chemical synthesis. Ominic 8.1 program was used as a program. Wave lengths of

600-4000 cm™' were measured for 64 seconds per sample. The resolution used is 4 cm™.

3.3 Water contact angle

The contact angle was measured indirectly as a method for confirming the hydrophobicity of the
surface. DI Sum was dropped onto the surface of the membrane through the sessile drop method. The
contact angle was calculated by using the program, and the value was obtained. The samples were

measured 10 times for each sample and averaged.

3.4 Measurement of Mechanical property

Tensile strength was measured to determine the mechanical strength of the spun hollow fiber.
Universal Testing Instruments (Model AGS - 100 NX Shimadzu) was used as an equipment for
measuring mechanical strength. The tensile strength was confirmed by pulling the hollow fiber prepared

at 5 cm at a constant speed of 50 mm/min.

3.5 Viscosity measurement

It is important to find an appropriate viscosity for the polymer solution prepared for spinning hollow
fibers. Viscometer (RVDF-II, BROOKFIELD, USA) was used to measure the viscosity of the polymer

solution. The CP26 spindle was used and the speed was set at 10% and measured at room temperature.

3.6 Liquid Entrance Pressure (LEP)

As another method for measuring the hydrophobicity of the polymer, LEP was measured by applying
pressure to push the solution into the membrane’s pores and performing a wet test. Prepare 3.5 wt%
NaCl and make a module with 20 ¢cm, 5 hollow fibers for the test. The module was connected with

equipment and put in DI water tank. As the pressure increases, the liquid fill with membrane’s pore and
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finally in DI salts were measured by conductivity changes. The pressure is increased from 0.2 bar. After
holding for 10 minutes, confirm that there is no change in the conductivity, and then raise the 0.2 bar
again until the conductivity changes. Repeat increasing and change conductivity, that point was

measured as the LEP.

3.7 X-ray photoelectron spectra (XPS)

XPS were measured using a (Thermo Fisher, UK) system with a KAlpha (1486.6 ¢V) and a double-
focusing hemispherical analyzer in order to identify the major chemical elements. The spot area is
approximately 400 um for each sample and the pass energy is 50 eV with the binding energy step size
of 0.1 eV under the vacuum approximately 5x10” mbar. The high resolution was obtained with binding

energy ranges 0.1 eV for analyzing the specific.

3.8 VMD Performance Evaluation

Water permeability was calculated to evaluate the performance of the spun hollow fiber membrane.
The water permeability was calculated by using Equation (1) as the amount of evaporated water vapor
condensed in the permeate tank.

J=V/(A*t) (1)
Where: ] : Permeate flux (LMH)
A" : Permeate mass (kg)
A : Effective membrane area (m?)

t : Time (hour)
3.9 Direct contact membrane distillation (DCMD) for evaluate wetting degree

The contact angle and LEP were measured to confirm the hydrophobicity of the modified membrane.
However, experiments were conducted to confirm the effect of hydrophobicity and pore size on the
practical application of MD. In the case of VMD, vacuum is applied to the outside of the membrane, so
that even if the pore is wet and the feed solution comes out directly, it evaporates immediately and it is
difficult to confirm the wetting. Therefore, DCMD was performed to confirm the wetting phenomenon
in MD application. Experiments were conducted by adding isopropanol to accelerate the wetting of the
membrane, considering that the running time was very long when only 3.5 wt% of NaCl solution was
used as the feed solution. A solution of 3.5 wt% of NaCl and 20 wt% of IPA as feed was kept at 70°C
and flowed at 100 ml/min. Permeate was maintained at room temperature using DI and flowed at a rate

of 100 ml / min, which is the same as the feed. During DCMD, the feed is directed towards the lumen
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side, and when the pore is wet, the salt is passed over to the permeate. We measured the conductivity of
Permeate in real time and confirmed that the salt of the feed was passing. When the rejection decreased

to less than 99.99 % as 25 mS/cm for the feed, the test was judged as wetting and the experiment was

stopped.
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Chapter 4. Results

I. Polymer selection

1.1 Background of PVDF-CTFE selection

In membrane distillation, the hydrophobicity of the membrane is important to prevent wetting
phenomena. To prevent such wetting phenomenon, a polymer having a high hydrophobicity is used as
membrane materials, and PVDF, PP, PVC, and PSf are usually used polymer. The hydrophobicity of
various polymers was confirmed and compared using the contact angle measurement method which

widely used as a method for measuring the hydrophobicity of such polymers.

First, a flat membrane is made to compare the contact angles of the polymers. Place the support layer
on a glass plate and pour polymer solution on the support layer with a constant thickness of 150 um
using a casting knife. Place in an oven maintained at 100 °C and let the solvent evaporate for 1 hour.
After 1 hour, the flat membrane was separated from the glass plate, and the contact angle was measured

by the sessile drop method using the contact angle equipment. Fig. 5 shows the contact angle values.

As can be seen in Fig. 5, PP shows high hydrophobicity. This is a structure composed of only non-
polar -CH,, and because of this structure, it is possible to push water which has polar property. However,
in the case of PP, ATRP, which is one of the chemical modification methods, can not be used since there

is no applicable functional group.

As another example, it can be seen that PVDF, which is widely used, has high hydrophobicity. This is
possible because it contains many functional group F, which is a strong hydrophobic atom. However,
PVDF also has difficulty in accessibility because it does not have a functional group capable of
modifying through ATRP. Fig. 6 shows the results after combining various polymers with styrene
through ATRP modification. As shown in Fig. 6 (a), PVDF shows no change in the peak after the

reaction.

Also, in the case of widely used PVC, the hydrophobicity is relatively low compared to PVDF or PP.
However, the Cl functional group in the PVC reacts with the ligand and the catalyst easily and then
form a radical site, which allows chemical bonding with other hydrophobic materials. As shown in Fig.
6 (b), it is possible to confirm the change of peak due to grafting with styrene. It can be seen that the
peak of C=C bond which does not exist in PVC appears after reacting with styrene after ATRP. It can
be seen that the C=C bond present in the styrene substitutes for the CI position of PVC and peaks appear.
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Finally, when PVDF-CTFE is examined, it can be seen that it has a relatively higher contact angle
value than PVDF and PVC though it is lower than PP as shown in Fig. 5. This is because the polymer
contains a large amount of F, which is a hydrophobic atom, as compared with other polymers. Also, the
Cl functional group in PVDF-CTFE has the advantage of being able to bind with other chemicals
through the ATRP method like PVC. In the case of PVDF-CTFE as well as PVC, peaks appear along
the styrene at around 1600 cm™ after the synthesis. This 1600 cm™ fraction also shows the C=C bond
peak of styrene as well as PVDF, indicating that the Cl functional group of PVDF-CTFE detached after

ATRP and that styrene was successfully reacted.
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Fig. 5 Comparison of contact angle value with various polymers.
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1.2 Single-layer hollow fiber spinning

Experiments were conducted to compare the performance of PVDF-CTFE with that of PVDF, a widely
used polymer. First, the concentration of the polymer solution was selected for comparison by spun a
single-layer membrane. Since the viscosity of two polymers differs when they are dissolved in the same
solvent, the viscosities are compared at different concentrations. In the case of PVDF-CTFE, it was
confirmed that the viscosity was lower than that of PVDF even at the high concentration. Because of
this difference, the solution was prepared by different concentration but same viscosity. Table. 2 shows
the conditions of the solution prepared for this purpose. In the case of PVDF, concentrations of 15, 17,
and 19 wt%, which are commonly used in other articles, were selected and dissolved homogeneously
in DMAc for 24 hours at room temperature. In the case of PVDF-CTFE, since the viscosity is low at
the same concentration compare with PVDF, a higher concentration was selected. 26, 28 and 30 wt%

were selected, and the solution was prepared by the same method as PVDF to measure the viscosity.

Table. 2 Comparison of viscosity at different polymer concentration.

Concentration (wt%) Viscosity (cP)
15 2215
PVDF 17 4600
19 8977
Polymer

26 2178
PVDF-CTFE 28 4616
30 9055

Solvent DMAc

Temperature
25
°O)

As shown in Fig. 7, the PVDF 15 wt% and PVDF-CTFE 26 wt%, 17 wt% and 28 wt%, and 19 wt%
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and 30 wt%, respectively, showed similar viscosities. Based on these results, the experiment was
conducted by selecting 17 wt% for PVDF and 28 wt% for PVDF-CTFE. In the case of 15 wt% of PVDF
and 26 wt% of PVDF-CTFE, it is not suitable for spinning because of low viscosity. In the case of 19
wt% and 30 wt%, it is possible to fabricate. However, considering high concentration decreases flux

because hollow fiber made with dense structure, PVDF, 17 wt % and 28 wt% for PVDF-CTFE were

not chosen.
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Fig. 7 Comparison of dope polymer solution’s viscosity at each concentration.

A single-layer hollow fiber was spun in each of these solutions under the condition as shown in Table.
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3. The hollow fibers were spun using the equipment shown in Fig. 3. To remove the air bubbles trapped
in the dope solution, before the spinning, the tank containing the dope solution was kept at the pressure
of 4 bars for 30 minutes. After that, nitrogen was removed, and pressure was applied to spun. At this
time, the spinning conditions were the same as the pressure, bore type, and bore speed of the two cases
as shown in Table. 3. After spinning, it is necessary to dry the hollow fibers to analyze the characteristics.
The spun membranes were soaked in ethanol for 2 hours. Then just dipped in hexane directly and held
for 2 hours. The hollow fibers are then removed from the hexane and keep at room temperature for 12
hours to dry naturally. To confirm that the membrane’s drying condition, the lumen side and the shell
side of the hollow fiber were checked with FTIR to confirm that there was no moisture peak, and the

following experiment was conducted.

Table. 3 Spinning conditions for dual-layer hollow fiber.

PVDF-CTFE
Dope
PVDF

Dope pressure (bar) 1
Bore DI

Bore flow rate (ml/min) 3

Outer coagulant Tap water

Air gap (cm) 3
Dope temperature (°C) 25

To characterize the dried membrane, the cross-section was confirmed by SEM to confirm the
structure of the pore, and tensile strength, elongation at break and young's modulus were measured to
measure the mechanical strength of the membrane. Finally, to measure the performance of the

membrane, VMD method was conducted, and the equipment was set up as shown in Fig. 4.
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Before measuring SEM images, to measure the cross-section with SEM, put the dried hollow fiber
membrane in liquid nitrogen for a sufficient time and break the hollow fiber. The fractured section was
confirmed by SEM. As can be seen in Fig. 8, PVDF has the same shape of finger-like structure both
inside and outside. This is because the inside and outside are all in direct contact with water so that
instantaneous demixing occurs and a large finger-like structure is formed due to the rapid exchange of
solvent and water. It can be seen that the sponge-like structure is thickly formed in the middle part. This
can be seen as the structure of the pore is made small because the solvent does not reach directly and

the solvent is gradually released.

However, in the case of PVDF-CTFE, PVDF-CTFE has a finger-like structure in outside of hollow
fiber similar to that of PVDF, but the inside of the PVDF-CTFE has very large macrovoids. The solution
can be seen as a large pore that comes out of the solvent quickly as it comes in contact with water. In
the case of the inner side about the outer side, since the contact is made with water as soon as possible,
it is confirmed that this structure is formed as the solvent exchanges more rapidly before the solution
hardens. It can also be seen that the sponge-like structure in the middle part is relatively thinner than
PVDF due to the large macrovoids structure created by this rapid exchange of solvent and non-solvent.
It was confirmed that the inside of the PVDF and the PVDF-CTFE hollow fiber had different structures

even though the inside and outside were spun with water.

Fig. 8 Cross-sectional images for single-layer hollow fibers. (a) PVDF 17 wt% cross-
section, (b) PVDF shell side, (¢) PVDF lumen side, (d) PVDF-CTFE 28 wt% cross-
section, (¢) PVDF-CTFE shell side, (f) PVDF-CTFE lumen side.
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1.3 Measurement of tensile strength and VMD flux

The tensile strength, elongation, and Young's modulus were measured to compare the mechanical
strength of the single-layer membrane. To measure this, first, the dried hollow fiber’s mechanical
strength was measured through the instrument at a constant rate with 3 cm, and both ends were pulled
at a constant speed to measure the respective values. At this time, the pulling speed of the hollow fiber
was set to 50 mm/min, and the experiment was performed 10 times each. As can be seen in Table. 4,
the thickness of PVDF is relatively thinner than that of PVDF-CTFE, but it has higher tensile strength.
Also, it can be seen that the stretched length is shorter than that of PVDF-CTFE, but the Young's
modulus obtained by calculation is much higher than that of PVDF-CTFE. In the case of PVDF-CTFE,
the elongation length is measured long until it is broken, but the value of tensile strength and Young's
modulus is small. This can be explained in conjunction with the result of checking the section through
the SEM. The thick macrovoids layer is formed on the inner side, and the outer side is also thickly
formed on the finger-like structure so that the sponge-like structure is thinly formed in the middle part,
so that it has a low mechanical strength even though it spun at a higher concentration of PVDF. As a
result, PVDF-CTFE has a higher concentration than PVDF but has a low mechanical strength, which

indicates that the membrane cannot withstand a high pressure when the VMD test is performed.

Table. 4 Comparison of single-layer hollow fiber’s mechanical strength.

Thickness Stress Elongation at break Young’s modulus
(um) (N/mm?®) (%) (MPa)
106.6 3.36 150.4 64.07
PVDF
(9.28) (0.103) (11.77) (5.93)
PVDE- 132 2.102 487 4.77
CTFE (7.26) (0.068) (12.11) (0.0952)

*In case of Young’s modulus, calculate with 0.5 ~ 1 % of strain

*() is error value

In addition to the above results, VMD experiments were conducted to evaluate the performance of

each membrane. The experimental conditions of all the membranes were the same as shown in Table 4.
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For the VMD experiment, prepare the dried hollow fiber so that the effective length is 20 cm, and insert
5 numbers of hollow fibers into the module. Then, both ends are covered with epoxy. After the epoxy
has hardened, cut the cross-section of the hollow fiber. Prepare this module by connecting it to the

installed VMD device as shown in Fig. 4.

As a condition of the experiment, DI is maintained at a constant temperature of 70 °C in the case of
the feed by circulating through the lumen side of the hollow fibers using a peristaltic pump at a rate of
100 ml/min. At the same time, a vacuum pump is used to keep the vacuum at 50 mbar on the shell side
of hollow fibers. This vacuum pressure on the shell side as a driving force to evaporate the feed solution.

As a result, the evaporated water collected in the coagulation bath was used for the flux calculation.

As Fig. 9 shown, PVDF-CTFE has higher flux than PVDF. This is because it has a relatively thin
sponge-like structure. Also, it was confirmed that the same tendency could be obtained as the SEM
results show that the evaporated water due to the thick macrovoid is easily permeated through the cross-

section.
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Fig. 9 Comparison of VMD flux for each single-layer hollow fiber.
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In addition, LEP experiments were conducted to confirm hydrophobicity, an important factor for
preventing wetting phenomenon. The experiment was carried out using 3.5 wt% NaCl. As can be seen
in Fig. 10, PVDF-CTFE shows lower LEP value even though it is more hydrophobic than PVDF. As
can be seen in Fig. 8, it can be seen that the solution easily penetrated due to the existence of macrovoids

inside.
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Fig. 10 Comparison of each hollow fiber’s LEP.

Previous experiments have shown that PVDF-CTFE has higher flux values than PVDF in VMD and
applies to MD. This can be confirmed as a result of the formation of a thick macrovoids structure and
the thin sponge-like structure in exchange for solvent when spun relatively faster than PVDF. However,
the PVDF-CTFE membrane needs to be improved to solve the problem of not being able to withstand
high pressure due to its weak mechanical strength and large macrovoids. For this purpose, the following

experiment was conducted to increase the mechanical strength of the membrane.
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I1. Spinning for Strength Improvement

To improve the mechanical strength of PVDF-CTFE, two methods have been selected and tested. First,
two layers of the solution are used to spun a dual-layer hollow fiber. This is a method in which two
solutions are divided into inner and outer portions and simultaneously spun. In this case, the outer
solution serves as a support layer and the inner part serves as an active layer as a porous structure. At
this time, the PVDF layer as a support has an advantage that the mechanical strength can be increased.
Another method is to increase the strength of the hollow fiber due to its high concentration, which
requires a high temperature to dissolve the high concentration of polymer. The TIPs method can be used
as a method of making a hollow fiber at such a high concentration and a high temperature. Experiments

were conducted to increase the mechanical strength through these two methods
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2.1 Spinning dual-layer hollow fibers
The PVDF-CTFE solution was used as the solution when spinning the dual-layer hollow fiber
membrane. Outside, PVDF solution with high mechanical strength was spun with PVDF-CTFE so that
it could act as a support layer. The concentration of the solution was determined to be 17% by
concentration of PVDF and 28% by concentration of PVDF-CTFE which have the same viscosity as
same as single-layer membrane. The spinning conditions were the same as when spinning single-layer
hollow fiber. The dope solution, the bore solution speed, and air gap are same as single-layer spinning.

Table. 5 shows the spinning conditions.

Table. S Conditions for spinning dual-layer hollow fiber.

Inner PVDF-CTFE 28
Dope (wt%)
Outer PVDF 17
Inner
Dope pressure (bar) 1
Outer
Bore solution DI
Bore flow rate (ml/min) 3
Outer coagulant Tap water
Air gap (cm) 3
Dope temperature (°C) 25

The dried membrane was dried using the same method as in the previous method, and the SEM was
also taken in the same method to check pore structure. As can be seen from Fig. 11, the inside of dual-
layer hollow fiber’s cross-section is composed of the macrovoids, just like the lumen of the PVDF-
CTFE single-layer membrane. Also, it can be seen that the end of the PVDF-CTFE layer has a thin
sponge-like structure in the case of a dual-layer membrane, compared to a finger-like structure in the
case of a single-layer membrane. This is because the PVDF-CTFE solution is surrounded by a PVDF
solution and the outer side is in contact with the solution which is DMAc. Instead of the finger-like
structure, the PVDF solution causes slow demixing due to the solvent and generate thin sponge-like

structure layer. The exchange of PVDF-CTFE solvent with that of the inner bore solution occurs
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sufficiently, and it can be confirmed that a thick macrovoids structure can be formed. On the outer side,
it can be seen that the PVDF is in direct contact with water and forms a thick finger-like structure. The
PVDF solution also shows that the sponge-like structure of the inner side is thinner than the finger-like
structure. Similar to PVDF-CTFE solution, there is no direct exchange between solvent and non-solvent

so that no finger-like structure is formed and a thin sponge-like structure is formed at the interface.

It was confirmed that the structure of the PVDF-CTFE layer was formed thick macrovoids structure
and that the shell side had thick finger-like structure which is the PVDF layer. Also, in the case of the
point where the two solutions meet, it is confirmed that a thin sponge-like structure is formed because
the solution and the solution which is used same solvent meet and thus the solvent is not directly

exchanged each other.

Fig. 11 Cross-sectional images for dual-layer hollow fiber. (a) Dual-layer cross-section,
(b) Lumen side of hollow fiber which is PVDF-CTFE, (c) Shell side of hollow fiber
which is PVDF, (d) Lumen side of hollow fiber which is PVDF-CTFE, (e) Shell side of
hollow fiber which is PVDF.

To analyze the characteristics using the dried membrane, mechanical strength was first measured. As
measuring single-layer hollow fiber, the tensile strength was measured 10 times with 3 cm of hollow

fibers. As Table. 6 shown, it can be seen that the thickness becomes thicker in comparison with the
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single-layer hollow fiber. The tensile strength, strain, and Young's modulus were become similar to
those of PVDF. The elongation at break was reduced when compared with that of the PVDF-CTFE
single-layer membrane, but the tensile strength and the Young's modulus were enhanced to a value
similar to that of the PVDF single-layer membrane. It can be seen that the PVDF is acted on the inside

as a support and the mechanical strength is increased.

Table. 6 Comparison of mechanical strength for single and dual-layer hollow fibers.

Thickness Stress Elongation at break Young’s modulus

(wm) (N/mm?) (%) (MPa)

106.6 3.36 150.4 64.07
PVDF

(9.28) (0.103) (11.8) (5.93)
PVDE- 132 2.10 487 4.77
CTFE (7.26) (0.068) (12.1) (0.0952)

200 2.81 77.9 62.5
Dual

(14.4) (0.086) (2.84) (3.25)

*In case of Young’s modulus, calculate with 0.5 ~ 1 % of strain

*() is error value

The flux through the VMD was also compared with that of the single-layer hollow fibers. Like measure
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in the previous, the module was prepared hollow fibers as 20 cm of the effective length. The flux was
measured by VMD, and the result was shown in Fig. 12. At this time, it can be confirmed that the
membrane has a higher flux than the single-layer membrane even though the membrane is thick. It can
be confirmed that the sponge-like structure layer is relatively thin compared to the single-layer
membrane at the part where the two solutions meet. The macrovoids structure at the inner part and the

finger-like structure at the outer part were contributed increasing flux.

Flux (LMH)

PVDF 17 wt% PVDF-CTFE 28 wt% Dual

Fig. 12 Comparison of VMD flux for single & dual-layer hollow fibers.

Improvement of flux was confirmed through VMD. Furthermore, the LEP experiment was conducted

35



to confirm the unsecured wetting phenomenon. As can be seen in Fig. 13, it still shows lower values
than PVDF but higher values than PVDF-CTFE. It can be seen that the PVDF-CTFE layer still has a
large macrovoid but the wetting phenomenon can be prevented due to the thickening of the membrane

due to the dual-layer structure.
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Fig. 13 Comparison of LEP which affect to hydrophobicity.
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2.2 Spinning through the TIPs method
As a method of increasing the temperature of the solution for spinning, it is possible to dissolve more
high concentration of polymer in a solvent. For this purpose, GBL was used as a solvent different from
the solvent used previously. Because TIPs spun hollow fibers at high temperatures, it is necessary to
use a poor solvent, which does not dissolve the polymer at low temperatures but can dissolve the
polymer at high temperatures. Conditions for TIPs emission are shown in Table. 7. As can be seen here,
it was confirmed that the higher the concentration, the higher the viscosity. Radiation was prepared with

a selected concentration of the solution.

Before spinning, the polymer was dissolved by stirring at high temperature for 24 hours to dissolve
the polymer in the solvent homogeneously. The spinning apparatus was the same apparatus as shown
in Fig. 14, and the line which the dope solution is passing was covered with a heating tape so that the
solution’s temperature can be maintained. The viscosity of each solution was measured while
maintaining the temperature at 100 °C. In the case of 45 wt%, the spinning was not proceeded due to
too high viscosity, so that the subsequent experiments were carried out with only 35 and 40 wt% hollow
fibers.

Table. 7 Conditions for spinning with TIPs method.

Polymer PVDF-CTFE
Concentration (wt%) 28 35 40
Viscosity (cP) 4616 11967 27144
Dope pressure (bar) 1
Bore solution DI
Bore flow rate (ml/min) 3
Outer coagulant Tap water
Air gap (cm) 3
Dope temperature (°C) 100
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Spinning was carried out with the previously prepared solution. As for spinning conditions, spinning
was carried out by preparing doping pressure, bore type, bore speed, air gap, and coagulation bath as
tap water as shown in Table. 7. The hollow fiber thus obtained was dried by the same method as above,
and the structure of the cross-section was confirmed by SEM. The cross-sectional images according to
each concentration are shown in Fig. 14. As can be seen in the Fig. 14, it can be seen that the visual
pores in the case of 35 wt% of Fig. 14 (b) and the outer sponge-like structure layer are absent compared
to the 28 wt% of Fig. 14 (a) and the dense structure is formed. Also, it can be seen that the cross-section
in which the 40 wt% solution is radiated forms a dense structure as a whole in the case of Fig. 14 (c).

This shows that the higher the polymer concentration, the more the mechanical strength is increased.

Fig. 14 Cross-sectional images for TIPs. (a) 28 wt% of PVDF-CTFE, (b) 35 wt% of
PVDF-CTFE, (c) 40 wt% of PVDF-CTFE.
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Experiments were also conducted to confirm the enhancement of mechanical strength. As shown in
Table. 8, when the results of the tensile strength test are confirmed, the values of stress, elongation at
break, and young's modulus increase as the concentration increases. It can be confirmed that a polymer
having a high concentration is homogeneously dissolved in a solvent and is emitted into a hollow fiber
form to form a uniform structure, thereby forming a more robust structure. In the case of the prior dual-
layer structure, the tensile strength is higher than that of pure PVDF, even though the thickness is thinner
when spinning with TIPs.

Table. 8 Comparison of mechanical strength for single-layer hollow fibers spun with

TIPs method.

Concentration Thickness Stress Elongation at break Young’s modulus
(Wt%) (pm) (N/mm?) (%) (MPa)
132 2.10 487 4.77
28
(7.26) (0.068) (12.11) (0.0952)
75.4 5.64 1440 4.78
35
(2.84) (0.545) (53.2) (0.146)
80.8 10.27 1800 7.12
40
(4.54) (0.768) (19.0) (7.25)

*In case of Young’s modulus, calculate with 0.5 ~ 1 % of strain

*() is error value
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The membranes spun by TIPs were dried and prepared in the same method as the previous. Fig. 15
shows that the 35 wt% and 40 wt% showed a much reduced flux compared to 28 wt%. As can be seen
from the SEM, it can be seen that the evaporated water vapor becomes difficult to pass through due to

the dense structure, and the flux decreases accordingly.
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Fig. 15 VMD flux comparison for TIPs hollow fibers which spun at different polymer

concentration.

Previously, the hollow fiber was formed through PVDF-CTFE, which has high hydrophobicity, and
performance evaluation was conducted through VMD. When the cross-section was confirmed, it was
confirmed that the structure had a higher flux due to the existence of macrovoids. However, the
experiment was conducted to solve the problem that the mechanical strength is low and it can not
withstand high pressure. As a support, two methods were used as a membrane spinning method. When
TIPs method was used, the tensile strength was increased, but the flux was considerably deteriorated.
However, in the case of the dual-layer hollow fiber membrane, it has a tensile strength similar to that of
the PVDF single-layer membrane, and it has a high flux because it has a thin sponge-like layer and a
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thick macrovoids. Based on this, hydrophobicity enhancement experiment was carried out to prevent

wet phenomenon which is an important problem of MD through a dual-layer hollow fiber membrane.

I11. Spinning dual-layer hollow fibers for enhancement of hydrophobicity

Two methods are used to further improve the hydrophobicity of the spun hollow fibers. It is easy to
blend a hydrophobic material to the dope solution. As a representative hydrophobic material, PTFE is
used to increase the hydrophobicity and confirm the flux change. Secondly, the hydrophobicity
enhancement was experimented by analyzing the change of the flux by increasing the hydrophobicity

of the polymer by binding the hydrophobic reagent through the chemical bond.

3.1 Improving hydrophobicity through blending PTFE as an additive

Through the blending, hydrophobic PTFE was selected as a method of improving the hydrophobicity
by changing the hydrophobicity of the hollow fiber by mixing the hydrophobic material with the dope
solution for spinning. The experiment was carried out by mixing PTFE in PVDF-CTFE solution directly
to the feed solution. First, we investigated the change of contact angle according to the concentration
of PTFE. At this time, when preparing the solution, mix PTFE with 20, 40, 60, 80 wt% of PVDF-CTFE.
The solution is prepared by stirring for 24 hours. After that, we prepared a flat membrane prepared for
the contact angle measurement. In order to confirm that PTFE is mixed properly in the prepared flat
membrane, it was evaluated by peak analysis through FTIR and hydrophobicity increase by contact

angle and LEP.
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First, as shown in Fig. 16, the peak of PVDF-CTFE decreases and the peak of PTFE increases with
the content of PTFE. It can be seen that the peaks decrease at 1400 cm™, 840 cm™ and 870 cm™, which
can be confirmed by pure PVDF-CTFE peaks. In addition, 1200 cm™ and 1160 cm™ peaks increased

with PTFE content. It is also confirmed that PTFE is well mixed to form a flat membrane.

—— PVDF-CTFE
— 20wt% PTFE
40wt% PTFE
60wt% PTFE
— 80wt% PTFE
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Fig. 16 FTIR peak comparison with different concentration of PTFE.
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In addition, the hydrophobicity increases with the PTFE content through the contact angle as shown
in Fig. 17. It can be seen that the hydrophobic property of PTFE is increased and added to PVDF-CTFE.
However, it was confirmed that the higher the PTFE content, the lower the viscosity of the solution and

affect the radiation.
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Fig. 17 Comparison of contact angle with different PTFE concentration.
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The solution was made to determine the viscosity by PTFE concentration and the viscosity was
measured. A solution with too low viscosity was not proper for spinning, so a low content of PTFE
solution was made to measure the viscosity. As shown in Fig. 18, the viscosity of PVDF-CTFE pure
solution decreased with increasing the content of PVDF-CTFE pure solution. When PTFE was mixed
up to 30 wt%, the viscosity was too low and the spinning did not work properly, so 10 and 20 wt% were

selected and spinning was carried out.
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Fig. 18 Viscosity by PTFE concentration.
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To observe the effect of PTFE addition, the cross-sectional images of 5, 10, 15, and 20 wt% of the
spun hollow fibers are shown in Fig. 19. As shown in Fig. 19, macrovoids are increased with increasing
PTFE at 5 and 10 wt%. As a result, it can be seen that the sponge-like structure formed in the center
becomes thinner. However, when the content of PTFE is increased to 15 or 20 wt%, it is confirmed that

the middle sponge-like structure is formed again and thickened.

Fig. 19 Comparison hollow fiber’s cross-sectional images with different PTFE

concentration. (a) Pure dual-layer hollow fiber, (b) Lumen side image for 5 wt% of in
inner dope solution, (¢) Lumen side image for 10 wt% PTFE in dope solution, (d)
Lumen side image for 15 wt% PTFE in dope solution, (¢) Lumen side image for 20 wt%

PTFE in dope solution.
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As shown in Fig. 20, it can be seen that the flux is slightly less than 5 LMH in the case of the dual-
layer hollow fiber membrane without adding PTFE. However, when 5 wt% of PTFE is added to the
PVDF-CTFE solution, it is confirmed that the flux is larger than 5 LMH as the macrovoids increases as
shown in Fig. 19 (b). In addition, it can be confirmed that flux is increased to about 7 after putting 10
wt%. However, it can be seen that the addition of 15 wt% greatly reduces the flux. As shown in Fig. 19
(d), the flux decreases as the sponge-like structure is formed in the center. If PTFE is further added and
20 wt% is added, it can be confirmed that the flux falls to 4 LMH or less. This is due to the thicker

intermediate sponge-like structure and can be seen in Fig. 19 (e).
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Fig. 20 Comparison of VMD flux change by different PTFE concentration.
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Similar to the previous experiment, the LEP experiment was carried out to confirm the
hydrophobicity change due to the addition of PTFE. As shown in Fig. 21, it can be seen that the addition
of PTFE does not significantly change the LEP. The addition of 5 wt% or 10 wt% of PTFE showed a
slight increase in hydrophobicity, but the LEP value did not increase due to the formation of macrovoids
inside. Also, after 15 wt%, the middle sponge-like structure started to form again, but the LEP value is
not much different from the previous because of the macrovoids inside. However, in the case of 20 wt%
PTFE, the inner sponge-like structure is greatly thickened. As shown in Fig. 21, the LEP value is also

increased accordingly.
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Fig. 21 Change of LEP due to different PTFE concentration.

From the previous experiment, it was confirmed that the structure of the PVDF-CTFE layer changes
with the addition of PTFE. It was confirmed that PTFE affects the structure of the hollow fiber as an
additive. In addition, it was confirmed that the PTFE had sufficient properties to increase the

hydrophobicity. However, it was confirmed that a large amount of PTFE acts as a factor to lower the
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viscosity of the solution, thereby causing difficulty in spinning. When 10 wt% of PTFE was added, the
macrovoid size of the cross-section was the largest and the flux was also the largest. However, with the
addition of PTFE, the sponge-like structure was formed in the middle of the cross-section, and the
thickness was thickened and the flux was greatly reduced. The addition of PTFE confirmed the increase
in flux due to the structural change, but the contact angle shows that 10 wt% of PTFE does not
significantly affect the increase in hydrophobicity. Experiments were carried out through the chemical

bonding method as an experiment to increase the hydrophobicity to prevent the wetting phenomenon.

3.2 Improvement of flux of dual-layer hollow fiber membrane through ATRP

As another method for improving the hydrophobicity, ATRP, which is a method for chemical
synthesis, can be used. Fluorostyrene was added as a substance to increase the hydrophobicity by
removing Cl of the functional group, and the change of the length of branches along the time was

observed, and the hydrophobicity was measured by the contact angle.

The modified polymer with fluorostyrene is not dissolved in the solvent when the polymer is directly
bonded to the polymer in powder form. Therefore, there is a problem that the hollow fiber can not be
formed. Therefore, the hollow fiber of the dual-layer hollow fiber membrane structure is first radiated,

and the results were confirmed.

In case of ATRP, twenty dry stranded hollow fibers of 30 cm length are prepared and soaked in ethanol
for 24 hours to wet. Then, the reactor is immersed with 200 g of octanol. After that, fluorostyrene,
PMDETA, and CuBr are put together and purged with nitrogen for 30 minutes to start the reaction in
the absence of air. After purging, the temperature is increased to 80 °C and synthesized until the desired
time. After 15, 20, and 25 hours of reaction, remove the hollow fiber from the reactor, immerse it in
methanol and wash the remaining chemical for a sufficient time. Subsequently, it is immersed in ethanol
for 2 hours, taken out and immersed in hexane for 2 hours, taken out into the air and dried for 24 hours.
Fig. 22 shows the result of FTIR measurement of the inside and outside of the hollow fiber to confirm

the synthesis result.
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In Fig. 22 (a), the inside peak of the dual-layer hollow fiber membrane hollow fiber can be confirmed
with time. First of all, PVDF-CTFE has a functional group that can be synthesized with fluorostyrene.
As can be seen in the vicinity of 1500 cm™, it can be seen that peaks which were not observed in pure
PVDF-CTFE appear after synthesis. It is a peak of the C=C bond of fluorostyrene, which is shifted on
the surface after bonding and shows a peak. It can also be seen that the peak of fluorostyrene increases
gradually with time. In the case of Fig. 22 (b), the peak of the PVDF was confirmed by confirming the
outside peak of the dual-layer hollow fiber membrane hollow fiber. It can be seen that fluorostyrene did
not react with PVDF in the absence of any change compared with the pure PVDF peak over time during

the coupling.
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Fig. 22 Comparison of FTIR peaks after ATRP reaction. (a) Change in inner peak of
hollow fiber according to ATRP time, (b) Change in outer peak of hollow fiber
according to ATRP time.
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As shown in Fig. 23, the surface characteristics of XPS can be analyzed. As can be seen in Fig. 23
(a), in the case of C, a new peak of the benzene ring, which was not present on the original surface,
appears. Also, the intensity of the peak increases as the synthesis time increases. It can be confirmed
that the benzene ring C increased with the synthesis time. In Fig. 23 (b), the peak intensity of Cl is
decreased because Cl when the original Cl is separated and pentafluorostyrene is attached due to radical

formation. Also, the decrease in peak intensity with time can be confirmed by XPS that Cl is gradually

falling off as synthesis progresses like C.
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Fig. 23 XPS results following by different ATRP reaction times. (a) XPS C, (b) XPS Cl
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Based on the synthesized results, it can be seen that the longer the length of the fluorosytrene branch,
since the peak is increased as the synthesis time is increased. In order to confirm that the F-functional
group of fluorostyrene is hydrophobic and that the hydrophobicity is increased by attaching to the
polymer, a contact angle is confirmed by making a PVDF-CTFE flat membrane. In the case of the flat
membrane, a solution of PVDF-CTFE dissolved in 28 wt% of PVDF-CTFE in a DMAc was cast on a
glass plate with a supporting knife using a casting knife to a constant thickness of 150 um. Then, it was
placed in an oven maintained at 100 °C, and the solvent was blown out for 1 hour to prepare a flat
membrane. The contact angle was measured using a prepared flat membrane. The results are shown in
Fig. 24. It can be seen that the contact angle increases with time. This indicates that the hydrophobic

characteristics of the f functional group of fluorostyrene are increasing with time.
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Fig. 24 Comparison of contact angle change with different ATRP synthesis time.
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The cross-sectional images of the synthesized hollow fiber prepared by SEM are shown in Fig. 25. It
was confirmed by FTIR that the branch of pentafluorostyrene adhered to the PVDF-CTFE layer on the
inner side through the chemical synthesis over time, but it can be confirmed that there is no significant

change in the thickness of the hollow fiber itself as shown in Fig. 25.

Fig. 25 Cross-sectional images after ATRP. (a) 15 hours ATRP reaction, (b) 20 hours
ATRP reaction, (c) 25 hours ATRP reaction.

Fig. 24 shows that the contact angle increases with the synthesis time. As shown in Fig. 25, the pore
was not changed much in the cross-sectional image because the modification of the modification
through chemical synthesis was performed. Based on these results, performance experiments were
conducted through VMD. As shown in Fig. 26, the flux does not increase even contact angle value

increased as shown in Fig. 24.
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Fig. 26 Comparison of flux according to different reaction time.
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Based on these results, LEP experiment was conducted to confirm the prevention of wetting
phenomenon due to increasing in hydrophobicity. Hollow fiber was prepared at 20 cm, and the module
was fabricated with 5 strands. When 3.5 wt% NaCl solution was pushed to the pore, the pressure was
measured until the pore was wetted and the solution was directly passed. This is an experiment that
confirms the effect of the hydrophobicity of the membrane on the wetting phenomenon and can be used

as an index to confirm the effect of hydrophobicity on the long term experiment.
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As shown in Fig. 27, it can be seen that the LEP value tends to increase as the hydrophobicity increases.
In the case of the unmodified dual-layer hollow fiber, the LEP increased to 5.1 bars as the contact angle

increased by 15° after 25 hours of synthesis, compared to the value of 3.3 bars.
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Fig. 27 LEP change with synthesis time.

In the previous experiment, an experiment to increase the hydrophobicity through ATRP was carried
out. The hydrophobicity of pentafluorostyrene increased after the synthesis due to the benzene structure
and hydrophobic functional group F. The degree of hydrophobicity increased with the synthesis time.
The increase of hydrophobicity did not affect the performance of VMD, but it was confirmed that LEP

could prevent wetting phenomenon.
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VI. Fabricate dual-layer hollow fibers with combined chemical and physical methods

4.1 VMD performance test through LEP and flux measurement

PVDF-CTFE, which has higher hydrophobicity than PVDF, was selected. It has higher flux and
hydrophobicity than PVDF but has a large macrovoids formation and weak mechanical strength. To
secure this, TIPs method and dual-layer structure were applied to increase mechanical strength. In the
case of TIPs, the mechanical strength was improved, but it was confirmed that the flux was significantly
lowered, and it was judged that it was not suitable. It was confirmed that the mechanical strength of the
dual-layer structure film was increased to a level similar to that of PVDF. However, it was confirmed
that the LEP value was lower than that of PVDF, and the physical mixing method and the chemical
bonding method were carried out to increase the hydrophobicity. As a physical mixing method, PTFE
was used as an additive to confirm hydrophobicity increase and structural change. Although the
hydrophobicity was confirmed to increase, the addition of PTFE at a high concentration lowered the
viscosity of the solution, and the film formation was proceeded with the addition of a limited
concentration. Also, it was confirmed that the flux was increased due to the formation of macrovoids
with the addition of PTFE, but LEP was decreased. In the chemical method, the ATRP method was used
in which fluorostyrene was dropped on the CI functional group of PVDF-CTFE. There was no structural

change and hydrophobicity was increased, and LEP was increased.
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As a method to increase the flux based on the previous experiment, a dual-layer hollow fiber was
prepared by adding 10 wt% of PTFE. The hollow fiber was bonded with pentafluorostyrene via ATRP
method to increase hydrophobicity and prevent wetting phenomenon. To confirm the results of using
both physical and chemical methods, we can confirm that chemical bonding and physical mixing are
proceeding properly through FTIR in Fig. 28. As shown in Fig. 28 (a), it can be seen that when PTFE
is mixed, there is a peak not present in PVDF-CTFE near 620 cm™. This is the result of confirming that
PTFE is properly mixed. Also, it can be seen that C=C peak of benzene rings appears near 1500 cm
due to the bonding of pentafluorostyrene. As with the previous results, you can see that it is slightly
shifted to the left. From these results, it can be confirmed that PTFE is mixed well inside the hollow
fiber and pentafluorostyrene is bonded properly. Fig. 28 (b) shows that pentafluorostyrene was not

synthesized in the PVDF on the outside of the hollow fiber.
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Fig. 28 FTIR peak result after blending and grafting method. (a) PVDF-CTFE-g-PFS
synthesis 25 hours which add PTFE 10 wt% before spinning, (b) Outside surface of

modified hollow fiber membrane.
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As can be seen in Fig. 29, it can be seen that when the ATRP for 25 hours was applied to the hollow
fiber mixed with PTFE, there was no change in pore size. This is the same result as the previous ATRP

experiment,

Fig. 29 Cross-sectional images of modified hollow fiber with combined physical and
chemical modification method. (a) Dual-layer hollow fiber with PTFE 10 wt%, (b) Dual-
layer hollow fiber with PTFE 10 wt% after 25 hours ATRP.
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Experiments with VMD were conducted to evaluate the hollow fibers combined with chemical and
physical mixing methods. As shown in Fig. 30, the mixing of PTFE significantly improves the flux,
which is similar to the case of mixing only PTFE before ATRP. As with the previous results, it can be

seen that there is no significant difference in the performance of the VMD that ATRP increases the

hydrophobicity.
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Fig. 30 Comparison of VMD flux with single, dual-layer, modified dual-layer hollow

fiber membranes.
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LEP experiments were conducted to confirm the increase in hydrophobicity. As shown in Fig. 31, it
can be seen that combined dual-layer hollow fiber has lower LEP value than that of the single-layer
hollow fiber with 25 hours ATRP but higher than 10 wt% of PTFE in inner dope solution. Because of
the macrovoids at lumen side of the hollow fiber caused by PTFE affect LEP but after ATRP, it can be

seen that hydrophobicity increased.
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Fig. 31 LEP comparison of LEP with single, dual-layer, modified dual-layer hollow fiber

membranes.
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Previous experiments have shown successful results in increasing flux through PTFE and increasing
hydrophobicity through ATRP. It was confirmed that the cross-sectional structure of the hollow fiber
was changed by the addition of PTFE. It was confirmed that the formation of macrovoids did not
significantly increase the LEP value despite increased hydrophobicity. To secure this,
pentafluorostyrene was bonded to the polymer by a chemical bonding method, and the hydrophobicity

was increased to confirm that the LEP value was increased.

As an important factor for preventing the wetting phenomenon, the chemical bonding, and the physical
mixing method were carried out for the purpose of increasing the hydrophobicity. It was confirmed that
the addition of PTFE as an additive increases the hydrophobicity, but the LEP value did not increase
significantly due to the structural change. However, it has been confirmed that hydrophobic properties
of hollow fiber are increased by chemical bonding which does not cause structural change and increase
hydrophobicity and that LEP also increases with increasing hydrophobicity. It was confirmed that the
hollow fiber obtained by the combined method of both methods showed a remarkable increase in both

the flux and the wettability when compared with the preceding single hollow fiber.

4.2 Wetting experiment through DCMD

LEP were conducted to confirm the prevention of wetting. In addition, in order to confirm the degree
of wetting of membrane in actual MD application, MD experiment was carried out. In the case of VMD,
there was no way to check the degree of wetting of the membrane because of direct evaporation due to
vacuum. However, in the case of DCMD, the conductivity of the permeate can be measured directly
and the degree of wetting can be confirmed. As shown in Fig. 32, in the case of PVDF, the time taken
until the conductivity of the permeate becomes 0.01% of the feed is the longest. PVDF-CTFE has a
higher contact angle value than PVDF, but it has a macro-void so that takes short time similar to low
LEP value. It can also be seen that wetting time is much shorter when 10 wt% of PTFE is blended. This
is because the macro-void becomes larger due to the addition of PTFE. For dual-layer membranes, it
took longer time until reach 0.01% of feed conductivity than PVDF-CTFE, which, like LEP, because
of thickness. As a result of increasing the hydrophobicity through ATRP, it can be confirmed that the
membranes reacted for 25 hr took longer than the other dual membranes. However, it can be seen that
it gets wet in much less time than PVDF. It can be confirmed that the size of the pore influences the

wetting of the membrane as well as the hydrophobicity.
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Fig. 32 Comparison of wetting time through DCMD.
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Chapter S. Conclusions

This experiment was conducted to prevent the phenomenon of wetting which is a problem in the
membrane distillation method. Experiments were conducted to compare the PVDF-CTFE polymer,

which is a widely used polymer, with the polymer PVDF-CTFE, which is not widely used.

PVDF-CTFE has higher hydrophobicity and higher flux than PVDF. However, it was confirmed that
it had a problem of the single-layer due to low strength.For solving low mechanical strength, two
methods were used. It has been confirmed that the method of spinning the solution at a high
concentration through the TIPS method has a high mechanical strength but a low flux. In the case of
the dual-layer hollow fiber membrane spinning with PVDF flowing out, the mechanical strength is

increased, the middle sponge-like structure disappears, and the flux is also improved.

To further increase the hydrophobicity of the polymer and prevent the wetting phenomenon, the
experiment was conducted using two methods. The experiment was conducted as a method of mixing
PTFE, which is a substance having higher hydrophobicity characteristics, in a solution for spinning. It
was confirmed that the addition of PTFE increased the macrovoids. However, as 15 wt% or more PTFE
was added, it was confirmed that the macrovoids became smaller and the middle sponge-like structure
became thicker. As a result, the flux also increased from 10 wt% to 15 wt%. The hydrophobicity of
pentafluorostyrene with high hydrophobicity was increased by ATRP by chemical method. It was
confirmed that the synthesis with PVDF-CTFE was successful and the hydrophobicity was increased
by the contact angle. However, it was confirmed that the flux improvement through membrane

distillation was not achieved.

In this study, PVDF-CTFE, a polymer that is not used frequently, was spun to be used for membrane
distillation and the experiment was conducted in comparison with PVDF. To solve the weak mechanical
strength, spinning with dual-layer membrane and TIPs method were carried out. However, TIPs method
can increase mechanical strength but severely decrease VMD flux so the TIPs method cannot use for
MD in this study. After solving the mechanical strength problem, to further increase hydrophobicity,
the physical mixing of PTFE and chemical bonding of pentafluorostyrene were carried out. When PTFE
concentration increased in inner dope solution, macrovoids at lumen side was larger until 10 wt% of
PTFE. After 15 wt% of PTFE, sponge-like structure generated and got thicker, so that decreased flux.
Another increasing hydrophobicity method, ATRP method was conducted. Increasing reaction time,
there were changes of FTIR, XPS, contact angle, and LEP value which indicate that hydrophobicity
was increased with reaction time. Finally, fabricate dual-layer hollow fibers with optimized PTFE
concentration and 25 hours reaction time. Combined dual-layer hollow fiber has higher flux and LEP

value than single-layer or dual-layer hollow fiber. Flux increased until 7 LMH which is the higher value
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than two single-layer hollow fibers and pure dual-layer hollow fiber and LEP increased until 3.5 bars
which is higher than PVDF-CTFE single and dual-layer hollow fiber. However, after blending 10 wt%
of PTFE and react with pentafluorostyrene for 25 hours, LEP is not higher than PVDF single-layer
hollow fiber. Also, through DCMD experiment, PVDF has longest time until wetting. Even though dual-
layer membrane after blending and grafting method has high LEP value, but it took shorter time than
pure dual-layer membrane which means that hydrophobicity and pore size affect on membrane’s long
term property at the same time. Until now, increasing hydrophobicity for preventing wetting
phenomenon on MD system. For increasing hydrophobicity, blending and grafting method were used
but pore size changed though blending method and this also affect on membrane wetting even though

can increase flux. So, further study for preventing wetting phenomenon should be needed.
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