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Abstract

Synthesis and Characterization of Amphiphilic Polymeric 

Materials Having Interfacial Activity for Water Treatment 

Membrane and Polymer Nanocomposite Applications

정 경 화 (Kyung Hwa, Jung)

공과대학 화학생물공학과 (Chemical and Biological Engineering)

고분자 합성 전공 (Polymer Synthesis)

The Graduate School

Seoul National University

This study presents the synthesis and characterization of 

amphiphilic polymeric materials having interfacial activity for water 

treatment (such as ultrafiltration and reverse osmosis membranes) and 

polymer nanocomposite applications. Firstly, ultrafiltration 

membranes coated with amphiphilic copolymers containing 

superhydrophilic zwitterionic moieties and hydrophobic POSS 

moieties (PSM-coated membranes) were prepared. The free-radical 

polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) 

and 3-(3, 5, 7, 9, 11, 13, 15-
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heptaisobutylpentacyclo[9.5.1.13,9.15,15.17,13]octasiloxane-1-yl)propyl 

methacrylate (MAPOSS) monomers was used to prepare a series of 

copolymers containing different compositions of DMAEMA and 

MAPOSS units (PDMs). The DMAEMA units in the PDM-coated 

membranes were subsequently converted to sulfobetaine methacrylate 

(SBMA) units using 1,3-propane sultone (post-zwitterionization) to 

give the PSM-coated membranes. The PSM-coated membranes 

showed the best fouling resistance/release properties. The improved 

fouling resistance properties of the PSM-coated membranes were 

attributed to the superhydrophilic zwitterionic moieties, which form a 

hydration layer on the membrane surface via electrostatic interactions 

between the zwitterions and water molecules. Moreover, the total 

surface energy (��) value of the PSM-coated membrane is smaller 

than that of the PSf membrane due to the hydrophobic POSS moieties. 

This results in the superior fouling release properties of the PSM-

coated membranes.

Secondly, a well-defined water-soluble superamphiphilic block 

copolymer surfactant containing superhydrophilic zwitterionic and 

very hydrophobic long alkyl units (PSbPDz) was synthesized via

reversible addition-fragmentation chain-transfer polymerization for 
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the replacement of the conventional surfactant used to polyamide (PA)

thin-film reverse osmosis (RO) membrane. PSbPDz was found to act 

as a surfactant successfully, and work as a filler at the same time even 

after interfacial polymerization (IP) due to its entanglement effect of 

the polymer chains with the PA matrix. As the surfactant, PSbPDz

improves the water wettability on the top surface of the support layers 

and expands the interface area between the aqueous and organic phase, 

decreasing the thickness and increasing the roughness of the PA 

selective layer, respectively. As the filler, PSbPDz introduced into the 

PA selective layer increases the water wettability of the RO membrane. 

Hence, the RO membrane fabricated with PSbPDz in the aqueous 

solution through IP shows the largest water flux value than the neat 

RO membrane maintaining the high salt rejection value.

Finally, poly(phenylene sulfide)/nylon 6 grafted graphene oxide 

(PPS/NGO) nanocomposites were prepared by micro-compounding, 

where NGO was prepared via ring-opening polymerization of ε-

caprolactam on the surface of the graphene oxide (GO), which has 

carboxylic acid groups that can act as an initiation group. Since nylon 

6 is known to be blended with PPS in commercial, the nylon 6 

moieties in NGO can increase the mechanical properties of PPS, 
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especially resulting in PPS/NGO nanocomposites with improved 

toughness. Moreover, graphene nanosheets can provide improved 

mechanical strength and thermal stability because of their mechanical 

reinforcing and thermal barrier effects. As a result, PPS/NGO 

nanocomposite showed the best mechanical properties (such as the 

tensile strength and elongation at break values) and the enhanced

thermal stability. These improved properties can be ascribed to the 

well-dispersed NGO in the PPS matrix, as confirmed by the 

morphology studies using SEM and EDS mapping analysis.

Keywords: Surface coating, amphiphilic zwitterionic random copolymers, 

water treatment, membranes, antifouling properties, thin-film composite, 

amphiphilic zwitterionic block copolymer, surfactant, filler, desalination, 

poly(phenylene sulfide), graphene oxide, engineering plastics, 

nanocomposite

Student Number: 2014-22620
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Chapter 1

Introduction
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Since the advent of polymer science as disciplines, many researchers 

have attention enormously to develop amphiphilic (amphi: of both 

kinds; philic: having an affinity for) polymeric materials that can be 

located at various types of interfaces (e.g. solid-solid, solid-liquid, and 

liquid-liquid interfaces) to impart interfacial activity. The 

“amphiphilicity” in polymer science has the meaning of not only good 

solubilities in a variety of solvents but also good interfacial activity 

between different phases.[1] The interfacial active amphiphilic 

polymeric materials are classified as a new class of functional 

materials, providing a large number of applications requiring 

structural control at the material interface, such as coating materials, 

additives for interfacial polymerization, and compatibilizer for 

polymer blend and/or nanocomposite applications. One of the most 

important goals in amphiphilic polymeric materials synthesis has 

always been that the chemical structure of the amphiphilic polymeric 

materials should be designed and synthesized to meet the required 

properties of interfaces with very different chemical properties, 

polarity, and viscosity.

1.1. Amphiphilic copolymers
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The development of synthesis strategies to prepare amphiphilic 

copolymers with suitable interfacial activity for each application has 

been significantly progressed in the past few decades. This is owing to 

the wide variety of the structures of the copolymers that can be 

achieved by the choice of repeating units, the length of both parts (such 

as hydrophilic and hydrophobic units), and possible copolymerization 

techniques.[1] Among the copolymerization techniques, free radical 

polymerization technique has attracted great attention to synthesizing

amphiphilic random copolymers due to their advantages in a practical 

point of view, such as easy/simple reaction process and good solubility 

of the resulting polymers in organic solvents.[2, 3] However, such 

amphiphilic random copolymers often have a limitation in uses for the 

specific applications requiring super amphiphilic characters, such as 

interfacial polymerization and polymer blends applications.[4] In that 

regard, a living radical polymerization technique has been adopted to 

prepare amphiphilic block copolymers with much more amphiphilicity 

than amphiphilic random copolymers with the same repeating units and 

degree of polymerization.[5] Nonetheless, such technique in practical 

uses is still hampered by problems such as many steps, 
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difficult/complex reactions, and cost issues. Hence, polymer scientists 

are required to synthesis amphiphilic random or block copolymers 

using proper copolymerization techniques based on the properties 

required in each application.  

1.2. Polymer grafted nanomaterials

Since the development of various nanomaterials such as carbon- and 

metal-based nanomaterials, it is now clearly accepted that the addition 

of nanomaterials into polymer resins has an advantage in their 

mechanical, chemical, electrical, and/or optical properties.[6] It is also 

well-known that the uniform dispersion state of nanomaterials in a 

polymer matrix is required to optimize the desired properties of 

polymer nanocomposites.[7] However, it still remains as challenges to 

obtain the polymer nanocomposites in which such nanomaterials are 

evenly dispersed in the polymer matrix because of their strong 

aggregation characteristics.[8] Multiple strategies to control the 

nanomaterials dispersion in the polymer matrix have been suggested 

such as size control of nanomaterials, surface oxidation, and polymer 

grafting techniques. Among them, polymer grafting technique onto the 
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surface of nanomaterials has attracted considerable attention because 

polymer brushes grafted on the surface of nanomaterials can improve 

the miscibility of nanomaterials within the polymer matrix, resulting in 

control of dispersion.[9] Considerable work on polymer 

nanocomposites application shows that the dispersion of nanomaterials 

in the polymer matrix can be controlled by various factors such as the 

type of repeating units of the grafted polymer, the grafting density, and 

chain length.[10] Hence, it is still challenging to optimize the 

dispersion state of polymer grafted nanomaterials, resulting in the 

preparation of outstanding polymer nanocomposite in polymer science. 

1.3. Motivation

Based on the understanding of unique features of amphiphilic 

polymeric materials including amphiphilic (random and/or block) 

copolymers and polymer grafted nanomaterials, various amphiphilic 

polymeric materials having interfacial activity are designed and 

prepared for various applications such as water treatment membranes 

and polymer nanocomposites. The main drawback of conventional 

water treatment membranes is a lack of long-term stability due to the 
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fouling phenomenon, especially in ultrafiltration membranes where 

various organic molecules (such as proteins, humic acids, and oils) are 

filtered fastly and adsorbed subsequently on the membrane.

Additionally, although lots of efforts have been performed to break the 

trade-off behavior between flux and salt rejection in water treatment 

membranes, nanofiltration and/or reverse osmosis membranes 

fabricated using interfacial polymerization process is still suffering 

from the trade-off phenomenon. Such limitations in water treatment 

membranes can be overcome by the coating of amphiphilic random 

copolymer onto the surface of the ultrafiltration membrane, and by the 

addition of amphiphilic block copolymer to the aqueous solution for 

control of interfacial polymerization parameters, respectively. The main 

issue to improve the properties of polymer nanocomposites using 

engineering plastics as the polymer matrix is hard to obtain uniform 

dispersion state of nanomaterials in the engineering plastics matrix due 

to very low miscibility. This disadvantage can be controlled by grafting 

polymers, which has strong interaction with polymer chains of 

engineering plastics, onto the surface of nanomaterials.
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Chapter 2

Ultrafiltration Membranes Coated by 

Amphiphilic Copolymers Containing 

Superhydrophilic Zwitterionic and Hydrophobic 

POSS Moieties Showing Improved Fouling 

Resistance/Release Properties
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2.1. Introduction

In an effort to resolve the current global water shortage problems, 

there have been significant efforts to develop water purification 

technologies including membrane filtration (e.g., microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO)), 

thermal/membrane distillations, and electrodialysis. Among them, the 

membrane filtration technology has been studied and applied widely 

because of the advantages such as high selectivity, low cost, low energy 

consumption, and fast production rate.[1-3] However, membrane 

fouling caused by the attachment of the foulants on the membrane 

surface during the filtration process is the main obstacle to increase 

membrane operation times and to reduce the operation costs.[4-9]

Therefore, the development of water filtration membranes that can 

maintain high water flux without much foulant attachment keeps 

progressing.[10-13]

Various strategies have been developed to prevent membrane fouling 

by a variety of foulants. Especially, membrane surface modification by 

hydrophilic moieties such as poly(ethylene glycol) (PEG),[11, 14-16]

zwitterions,[10] and bio-based polymers[17-19] has been widely 
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studied to prepare the membranes having antifouling properties. Still, 

these membranes surface-modified with hydrophilic materials have 

suffered from the fouling issues by hydrophobic foulants. For example, 

oils could be adsorbed and easily deformed to a continuous layer, 

subsequently covering a large area of the membrane surface resulting in 

a significant decrease of water flux.[20] Therefore, in addition to the 

fouling resistance ability, the fouling release ability has been considered 

to be very important to improve membrane performance.[21]

Functional groups having low surface energy (e.g., silicone- or 

fluorine-moieties) have been used to impart fouling release properties 

by weakening the interfacial interaction of the foulants with the 

membrane surface.[22, 23] As a more advanced technology, the 

introduction of amphiphilic surfaces having both hydrophilic and 

hydrophobic moieties have also been reported to be effective as dual 

activity materials with the fouling resistance and fouling release.[11, 12, 

14, 17, 24] Since zwitterions can impart superhydrophilicity, 

amphiphilic copolymers having zwitterionic moieties have been also 

developed. However, since many of the polymers having zwitterionic 

moieties have poor solubility in most of the organic solvents,[10, 25, 26]

their application in the surface coating process, the most efficient way 
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to modify the membrane surface,[12] has been limited. 

Herein, we report our strategy to prepare the UF membranes having 

both superhydrophilic zwitterionic and hydrophobic POSS moieties. 

This amphiphilic membrane surface could be prepared by a surface 

coating of a precursor polymer followed by the post surface 

modification process. Since hydration layers can be formed on the 

membrane surface by the strong electrostatic interaction between 

zwitterions and water molecules, they could act as a barrier layer for 

the foulants, decreasing the fouling rate.[27-30] Besides, the POSS 

functional group, having multi-silicon moiety, can lower the total 

surface energy (�� ) of the membrane surface, thus improving the 

fouling release property.[31-34] This research could provide a practical 

strategy to prepare the filtration membranes with a long lifetime.

2.2. Experimental

2.2.1. Materials

2,2′-Azobisisobutyronitrile (AIBN, Junsei) was recrystallized from 
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ethanol (EtOH, Daejung Chemicals) below 0 oC prior to use. 2-

(Dimethylamino)ethyl methacrylate (DMAEMA, 98 %, Sigma‒Aldrich) 

was purified by passing through a syringe filter (0.2 µm, Whatman) 

filled with aluminum oxide (basic, for chromatography, 50 – 200 µm, 

Acros Organics) immediately before polymerization. 3-(3, 5, 7, 9, 11, 

13, 15-heptaisobutylpentacyclo[9.5.1.13,9.15,15.17,13]octasiloxane-1-

yl)propyl methacrylate (MAPOSS) was purchased from Hybrid Plastics 

(product no. MA0702) and used as received. Tetrahydrofuran (THF, > 

99 %, Daejung Chemicals) was distilled over sodium/benzophenone 

under a nitrogen atmosphere. Polysulfone (PSf, PS20 from SePRO 

Corporation) ultrafiltration membrane was stored in distilled water. 

Isopropanol (IPA, Daejung Chemicals), bovine serum albumin (BSA, 

Mw = 67 kDa, Millipore‒Sigma), sodium dodecyl sulfate (SDS, > 99 %, 

Fluka) and vacuum pump oil (Mobil) were obtained from commercial 

sources and used as received. All other chemicals were used as received 

from Millipore‒Sigma unless otherwise specified.

2.2.2. Synthesis of poly(2-dimethylamino)ethyl methacrylate-

r-methacryloisobutyl POSS) (PDM)
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The abbreviation of poly(2-(dimethylamino)ethyl methacrylate-r-

methacryloisobutyl POSS) is PDM#, where # is the molar content of 

the MAPOSS unit in the polymer. The general procedure for the 

synthesis of the PDMs is detailed using PDM15 (containing 85 mol% 

of DMAEMA units and 15 mol% of MAPOSS monomeric units) as a 

representative example: DMAEMA (1.069 g, 6.8 mmol), MAPOSS 

(1.156 g, 1.2 mmol), and AIBN (6.568 mg, 0.04 mmol) were dissolved 

in distilled THF (15 mL) and subsequently placed into a 50 mL Schlenk 

flask equipped with a magnetic stirring bar and a condenser. The 

mixture was deoxygenated by a freeze-pump-thaw cycle, and the 

reaction was performed in an oil bath thermostatted at 80 oC for 24 h 

under nitrogen atmosphere. The resultant product was purified by 

precipitation in deionized (DI) water several times. The resulting white 

solid was filtered and dried under vacuum at room temperature for 

several days. A schematic illustration of the synthesis of the PDM is 

presented in Figure 2.1a.

2.2.3. Preparation of PDM- and PSM-coated membranes

The PSf ultrafiltration membrane was immersed in an IPA-bath for 
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10 min to activate the pores and was then washed several times with DI 

water. The IPA-treated PSf membrane was placed in a water bath for 3 

h to stabilize the pores. A PDM solution (0.05 wt% in hexane, 1 mL) 

was spin-coated onto the PSf membrane (5000 rpm, 160 s), and the 

membrane was then dried in a vacuum oven at 35 oC for 24 h. The 

PDM-coated membrane was immersed in a vial containing an aqueous 

solution of 1, 3‒propane sultone (0.1 wt%) for 24 h for the post-

zwitterionization of the DMAEMA units to produce the PSM-coated 

membrane. The resulting membrane was washed with DI water for 10 

min.

2.2.4. Membrane filtration tests

Membrane filtration tests were conducted using dead-end filtration 

cells (CF042, Sterlitech Corp., Kent, WA) with an effective filtration 

area of 1.3 × 1.3 × π cm2. The pressure was maintained at about 1 bar 

by N2 gas, and all the filtration tests were conducted at ambient 

temperature. The pure water flux value, Jw1 (L m‒2 h‒1, LMH), was 

calculated from the volume of the permeated water after 1 h of 

filtration. A BSA solution (1 g L‒1) or an oil/water emulsion (0.9 g L‒1
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of oil and 0.1 g L‒1 of SDS) was used as a feed solution to evaluate the 

fouling resistance properties. The membrane surface was washed with 

DI water after set times during the filtration experiments (2 and 4 h), 

and then the water flux of the as-cleaned membranes was measured in 

order to analyze the fouling release properties of the membranes. Flux-

recovery was evaluated using several parameters, including flux 

recovery ratio (FRR), the total flux-decline ratio (DRt), the reversible 

flux-decline ratio (DRr), and the irreversible flux-decline ratio (DRir).

FRR = Jw2 (or Jw3) / Jw1 × 100 %            (1)

DRt = [1 – Jp / Jw1] × 100 %               (2)

DRr = [Jw2 (or Jw3) – Jp] × 100%            (3)

DRir = [Jw1 – Jw2 (or Jw3)] / Jw1 × 100%      (4)

where Jw1 is the initial flux and Jp is the flux recorded at each time. 

Water flux values of the cleaned membranes at 2 and 4 h after initial 

feeding were recorded as Jw2 and Jw3, respectively. All filtration 

experiments for the samples were repeated more than three times to 

confirm reproducibility.
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2.2.5. Characterization

1H nuclear magnetic resonance (1H NMR) spectra were obtained 

using a Bruker Avance III 400 FT‒NMR. Number-average and weight-

average molecular weights (Mn and Mw) and the dispersity (Ð) were 

obtained by size exclusion chromatography (SEC). SEC was performed 

in THF (30 oC, 1 mL min‒1) on a Waters 515 HPLC system equipped 

with three Polymer Laboratories columns (a PL gel 5.0 µm guard, 

MIXED‒C, and MIXED‒D in series with a Viscotek T60A refractive 

index detector). The resultant SEC data was analyzed using Omnisec 

software. The surface compositions of the membranes were evaluated 

by X-ray photoelectron spectroscopy (XPS, Kratos Inc., AXIS‒HSi) 

using Mg/Al (1486.69 eV) as the radiation source. Survey spectra were 

collected over a range of 0 – 1500 eV, followed by a high-resolution 

scan in the C 1s, O 1s, N 1s, and S 2p regions. Surface morphologies 

and energy dispersive spectroscopy (EDS) were examined by field 

emission scanning electron microscopY (FESEM, Carl Zeiss, SUPRA 

55VP). Contact angles were determined by the sessile drop technique 

using water as the liquid droplet and were measured by a Krüss DSA10 
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contact angle analyzer. The contact angles were measured at least five 

times. Atomic force microscopy (AFM, Park Systems, NX‒10) was 

used to investigate the surface topography of the membranes. An area 

of 5 μm × 5 μm of the membrane was scanned using non-contact mode 

at a scan rate of 0.3 Hz under ambient conditions of temperature and 

humidity.

2.3. Results and Discussion

2.3.1. Synthesis of poly(DMAEMA-r-MAPOSS) copolymers 

(PDMs)

A series of PDMs with different MAPOSS contents were synthesized 

via free radical polymerization (Figure 2.1a and Table 2.1). PDMs 

with a MAPOSS content greater than 10 mol% were targeted for this 

work because PDMs containing a MAPOSS content lower than 10 mol% 

are soluble in water, and hence, cannot be used in the water filtration 

process. The 1H NMR spectrum of a representative copolymer (PDM10) 

is shown in Figure 2.2. The molar ratios of the DMAEMA to the 
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MAPOSS units in the copolymers were calculated using Equation 2.5:

MAPOSS content = (Ig+j / 16) [(Ie / 6) + (Ig+j / 16)] × 100 mol%  (5)

where Ie is the integral value of signal e at 2.3 ppm in the 1H NMR 

spectrum (corresponding to the methyl protons of dimethylamine in the 

DMAEMA units), and Ig+j is the combined integral values of signals g 

and j at 0.6 ppm (corresponding to the methylene protons in the 

MAPOSS units). Although the DMAEMA and MAPOSS monomers 

likely exhibit different reactivities during polymerization, the molar 

ratios of DMAEMA and MAPOSS units in the copolymers were found 

to be similar to the molar ratios of the monomers used in the feedstock 

(Table 2.1). 

2.3.2. Post-zwitterionizations of the PDM-coated membranes

The post-zwitterionizations were conducted using PDM-coated 

membranes. When PDM itself was treated with 1,3-propane sultone to 

attempt the preparation of the zwitterionic polymers, it was found to be 

insoluble in most organic solvents, and could not be coated onto the 
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PSf membrane. The products of the post-zwitterionizations were 

characterized using XPS and FT-IR (Figure 2.3). As shown in Figure 

2.3a, the characteristic peak corresponding to the C‒N bonds in the 

DMAEMA moieties (397 eV) in the XPS spectrum is shifted to 400 eV, 

indicating successful zwitterionization to form C‒N+ bonds.[13] The 

intensities of the peaks corresponding to the N 1s and S 2p orbitals 

(N/S ≈ 1)  both increase, which further supports the conclusion of 

successful zwitterionization (Table 2.2). Additionally, to investigate the 

conversion of DMAEMA units to SBMA units by the post-

zwitterionization process at the different coating layer depths, XPS 

analysis was also performed for the PDM10- and PSM10-coated Si 

wafers at different angles (0o and 30o), respectively (Figure 2.4). The 

spectra shifting behavior of the spectra at different angles is quite 

similar, indicating that DMAEMA units in the PDM10 coating layer are 

converted thoroughly to SBMA units through the post-zwitterionization 

process at the different coating depths. The post-zwitterionization on 

the membrane surface was also confirmed by FT-IR analysis (Figure 

2.3b). The new characteristic peaks appearing at 1150 cm‒1 and 1040 

cm‒1 correspond to the symmetric and asymmetric stretching of the ‒

SO3 groups, and the peak at 1582 cm−1 (C‒N+ stretching) provides 
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evidence of the formation of the quaternary ammonium group. The 

peaks corresponding to the C=O (1730 cm−1), Si‒O‒Si (1128 and 1094 

cm−1), and ‒N(CH3)2 (2823 and 2775 cm−1) groups all decrease in 

intensity, which provides further indication of the successful post-

zwitterionization.[35, 36]

2.3.3. Membrane performances

Figure 2.5 shows the pure water flux (PWF) values of the neat PSf, 

PDM-, and PSM-coated membranes. The PWF values of the PDM-

coated membranes are smaller than the PWF value of the neat PSf 

membrane because the pores of the PDM-coated membranes are 

substantially blocked during the PDM coating process, as shown in the 

surface SEM images (Figure 2.6). This has been observed in other 

studies that have applied polymer coating to the membranes.[11, 15, 17, 

18] Additionally, the PWF values of the PDM-coated membranes 

decrease with increasing MAPOSS content because the MAPOSS units 

increase the hydrophobicity of the polymer coating.[37-39] After post-

zwitterionization, the PWF values increase because the zwitterionic 

moieties on the membrane surface increase the hydrophilicity of the 
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polymer coating.[40] These polarity changes on the membrane surface 

were evaluated by measuring the water contact angles of the 

membranes using the sessile drop method (Figure 2.7).[41] The contact 

angle of the PSf membrane increases from 75 o (with no PDM coating) 

to 100 o (when PDM was coated onto the membrane surface). The post-

zwitterionization of the PDM-coated membrane to the PSM-coated 

membrane resulted in a decrease in the contact angle value 

(corresponding to an increase in the hydrophilicity of the surface). This 

decrease was less pronounced when the coated polymer contained a 

larger proportion (> 25 mol%) of MAPOSS units. This is in agreement 

with results from our previous study on amphiphilic copolymers 

containing high proportions of hydrophobic moieties.[26]

2.3.4. Fouling resistance/release properties

The fouling resistance properties were studied using a (bovine serum 

albumin) BSA solution filtration test as a representative protein foulant 

and an oil/water emulsion as a representative hydrocarbon foulant 

(Figure 2.8). The neat PSf membrane and the PDM-coated membranes 

experienced a significant decline in their water flux values in the 
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presence of the BSA foulant. As shown in Figure 2.8, the normalized 

flux values of these membranes decrease by over 40% because the BSA 

can be readily adsorbed onto the pore surface of these hydrophobic 

membranes.[42] In particular, the PDM25-coated membrane (which 

contains the highest proportion of hydrophobic MAPOSS units) is the 

most significantly affected membrane, showing the greatest decline in 

its water flux value, and the smallest normalized water flux value 

overall. Conversely, the PSM-coated membranes show smaller 

decreases in their water flux values and larger normalized water flux 

values than the PDM-coated membranes during the BSA solution 

filtration test. The final normalized flux values for the PSM-coated 

membranes were found to increase with the increasing zwitterionic 

character of the polymer coating (Figure 2.8a). The improved fouling 

resistance properties of the PSM-coated membranes against BSA can 

be attributed to the superhydrophilic zwitterion moieties that can induce 

the formation of hydration layers on the membrane surface via strong 

electrostatic interactions with water molecules.[28-30] The hydration 

layer on the membrane surfaces can reduce the number of direct 

interactions between BSA molecules and the membrane surface, 

resulting in an increase in fouling resistance. The oil/water emulsion 
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filtration test was also performed to investigate the fouling resistance 

properties of the membranes against oils (Figure 2.8b). The neat PSf 

membrane and the PDM-coated membranes experienced a greater 

decrease in their water flux values (and smaller normalized water flux 

values overall) when the oil/water emulsion was used as the foulant 

compared with when BSA was used. This effect was particularly 

apparent when filtration times were longer (> 40min). The PDM25-

coated membrane (the most hydrophobic membranes) once again 

showed the greatest decline in water flux value, and the smallest 

normalized water flux value overall (approaching zero). The greater 

degree of fouling experienced by the membranes in the presence of the 

oil/water emulsion can be attributed to the characteristic properties of 

oils; they can be readily deformed and spread over a large surface area 

on the membrane.[43] Conversely, the PSM-coated membranes show 

lower decreases in their water flux values, and larger normalized water 

flux values overall because hydration layers can be efficiently formed 

on the hydrophilic PSM-coated membrane surface. 

To evaluate the fouling release properties of the membranes, the 

PSM10-coated membrane was selected as the representative membrane 

because it showed the highest fouling resistance. The neat PSf 
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membrane and the PDM10-coated membrane were used as the control 

membranes. Filtration was conducted in the presence of BSA and 

oil/water emulsion foulants for 350 min, with the membranes being 

rinsed thoroughly with deionized (DI) water after 120 min and 240 min. 

The flux parameters such as FRR, DRt, DRr, and DRir were compared 

(Figure 2.9 and 2.10). The fouling release properties can be 

characterized by comparing the DRir values of the different membranes. 

Given that the fouling release materials can decrease the number of 

irreversible foulants, smaller DRir values indicate better fouling release 

properties. The DRir values of the neat PSf membrane in the BSA 

solution filtration test are 49 and 53 % at 120 min, and 240 min, 

respectively; the DRir values of the PSM10-coated membrane are 13 

and 17 % at 120 min, and 240 min, respectively. This indicates that the 

PSM10-coated membrane has better fouling release properties against 

BSA than the neat PSf membrane. Fouling release is more important 

for oil/water emulsion foulants than the BSA foulants. This is because 

the oil/water foulants can be more readily block the surface area of the 

membrane than the BSA.[12] The DRir values of the neat PSf 

membrane in the oil/water emulsion filtration test are approximately 81 

and 88 % at 120 min, and 240 min, respectively; the DRir values of the 
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PSM10-coated membrane are significantly smaller (approximately 26 

and 34 % at 120 min, and 240 min, respectively). This indicates that the 

PSM10-coated membrane has far superior fouling release properties 

than the neat PSf membrane against oil. 

One possible hypothesis for the improvements in the fouling 

resistance/release properties of the PSM-coated membrane is the 

synergistic effect of the hydration layer (formed due to the zwitterionic 

moieties) and low surface energy (as a result of the POSS moieties). 

The surface energies of the representative three membranes, the neat 

PSF, PDM10-coated, and PSM10-coated membranes, are shown in 

Table 2.3.[24, 44, 45] The total surface free energy (��) was calculated 

using Owens and Wendt’s geometric method, which considers both 

dispersive (��
�) and polar (��

�) components.

�� = ��
� + ��

�                   (2)

��(1 + cos�) = 2���
���

� + 2���
���

�          (3)

where � is the measured contact angle value of liquids on the 

surface, and ��
� and ��

� are the dispersive, and polar components, 

respectively. The PSM10-coated membrane (which shows the best 
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fouling resistance properties), has the largest ��
� value, indicating that 

it forms the strongest electrostatic interactions between water 

molecules and the membrane surface. This is likely because it contains 

highly polar zwitterionic moieties. Although the PSM10-coated 

membrane is more hydrophilic than the neat PSf membrane (the water 

contact angle value of the PSM10-coated membrane is smaller than that 

of the neat PSf membrane), the �� value of the PSM10-coated 

membrane is smaller than that of the neat PSf membrane; this is 

because PSM10 contains hydrophobic MAPOSS units that have lower 

surface energy than the PSf monomeric units.[14, 31] This improved 

hydrophobicity of the PSM10-coated membrane was found to improve 

the fouling release properties compared with the neat PSf membrane. 

The most hydrophobic membrane (PDM10-coated membrane), which 

was found to have the smallest ��
� and �� values among the three 

membranes, has the poorest fouling resistance, as shown in Figure 2.9. 

However, this membrane still has better fouling release properties than 

the neat PSf membrane because it has a smaller �� value than the neat 

PSf membrane, as reported previously.[45, 46] Therefore, the PSM10-

coated membrane, which has both superhydrophilic zwitterionic 

moieties and hydrophobic POSS moieties, shows the best antifouling 
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properties. 

The surface roughness is known to be one of the important factors in 

determining the antifouling properties of membranes.[47, 48] Smoother 

surfaces often lead to better antifouling properties.[47-49] Since 

membranes with rough surfaces have correspondingly larger surface 

areas, the incidence of fouling can increase as a result of more 

interactions between the membrane surface and the foulants.[47, 50]

The PSM10-coated membrane was found to have a smoother surface 

than the neat PSf membrane, as observed by atomic force microscopy 

(AFM), as shown in Figure 2.11. The polymer coating can result in a 

smoothening of the membrane surface, which has been reported 

previously.[51, 52] Although the small differences in surface roughness 

between the neat PSf and PSM10-coated membranes may not be the 

crucial factor in determining membrane performance, it can still have 

some degree of impact on the antifouling properties. 

To study the stability of the polymer coatings, the stability tests were 

conducted. At first, PDM10- and PSM10-coated membranes were 

immersed in DI water for 24 h before drying. The compositions of the 

membranes were analyzed by XPS prior to, and after completion of, the 

stability test. No changes in the chemical compositions of either 



２９

membrane were found upon completion of the 24 h period (Table 2.4). 

Also, the fouling tests for the PSM10-coated membrane were

conducted after the filtration of DI water for 3 days, as shown in Figure 

2.11. The flux value under DI water filtration test does not change 

much, if any, for 3 days, and the flux decreases under filtration of BSA 

solution and oil/water emulsion for the long-term were found to be 

similar to the results obtained from the short-term test in Figure 2.9, 

indicating that the PSM10-coated membrane is stable over the long-

term period.

2.4. Conclusions

In this study, we demonstrate that membranes coated with 

amphiphilic copolymers containing superhydrophilic zwitterionic and 

hydrophobic POSS moieties (PSM-coated membranes) have promising 

fouling resistance/release properties against both BSA and oil foulants. 

The superhydrophilic zwitterionic moieties in the PSM-coated 

membranes were found to improve the fouling resistance properties by 

forming hydration layers on the membrane surfaces via electrostatic 

interactions between zwitterions and water molecules. The fouling 
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resistance properties of these PSM-coated membranes are superior 

compared with the membranes that do not contain the superhydrophilic 

zwitterionic moieties, such as the neat PSf membrane, and the PDM-

coated membrane. Moreover, the hydrophobic (low surface energy) 

POSS moieties in the PDM- and PSM-coated membranes were found 

to improve the fouling release properties compared with the neat PSf 

membrane. This is due to a reduction in the total surface energies of the 

PDM- and PSM-coated membranes, compared with the neat PSf 

membrane. However, given that the PDM-coated membrane has the 

poorest fouling resistance, the PSM-coated membrane containing both 

superhydrophilic zwitterionic moieties and hydrophobic POSS moieties 

was found to have the best antifouling properties. We believe that our 

results provide insight into the relationship between the compositions 

of polymers, membrane surface properties, and fouling 

resistance/release properties.
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Table 2.1. Results of the synthesis of the coating polymers from 

different co-monomer feeding ratios.

Samples
Composition (DMAEMA:MAPOSS)a

Mn
b Mw

b Ðb Solubilityc

In feed (mol%) In polymer (mol%)

PDMAEMA 100:0 100:0 15.0 29.2 1.94 S

PDM10 90:10 90:10 16.0 36.6 2.29 I

PDM15 85:15 84:16 13.5 20.7 1.54 I

PDM25 75:25 71:29 12.8 34.4 2.70 I

PDM40 60:40 65:35 12.7 35.9 2.83 I

PDM100 0:100 0:100 8.0 10.8 1.35 I

aDetermined by 1H NMR. bMolar mass determined by size exclusive chromatography (SEC) 
equipped with a refractive index (RI) detector and calibrated by using polystyrene standards 
(THF, 30 oC); unit, kDa. cS: soluble / I: insoluble in water.
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Table 2.2. XPS elemental composition (in at%) of the surfaces for the 

neat PSf, PDM10-, PDM15-, PSM10-, and PSM15-coated membranes.

Samples C 1s O 1s N 1s S 2p O/C (Theo) O/C (Exp)

PSfa 77.21 17.52 3.42 1.85 0.15 0.23

PDM10b 70.67 24.23 5.1 ‒d 0.30 0.34

PSM10c 66.91 25.05 3.62 4.42 0.44 0.37

PDM15b 74.31 22.19 3.5 ‒d 0.32 0.30

PSM15c 67.16 26.82 2.73 3.29 0.43 0.40

aneat PSf membrane. bAfter coated on the neat PSf membrane by 0.5 wt% polymer/hexane 
solution. cAfter post modified membrane by betainisation reaction. dNot detected.



３８

Table 2.3. H2O and CH2I2 contact angle values and surface energy 

values of the neat PSf, PDM10-, PSM10-coated membranes.

Samples
Contact angle (o) Surface energy (��)

H2O CH2I2 ��
� ��

� ��

PSf 72.4 18.2 4.4 48.3 52.7

PDM10 93.2 52.1 1.1 33.1 34.2

PSM10 66.4 48.5 10.7 35.1 45.8
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Table 2.4. XPS elemental composition (in at%) of the surfaces of 

PDM10- and PSM10-coated membranes before and after long term 

stability test.

Samples C 1s O 1s N 1s S 2p O/C (Exp)

Before
PDM10a 70.67 24.23 5.1 -c 0.34

PSM10b 66.91 25.05 3.62 4.42 0.37

After
PDM10a 71.13 24.12 4.74 -c 0.34

PSM10b 67.76 25 3.41 3.83 0.36

aAfter coated on the neat PSf membrane by 0.5 wt% polymer/hexane solution. bAfter post 
modified membrane by betainisation reaction. cNot detected.
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Figure 2.1. (a) Synthesis of PDM# and (b) preparation of PSM-coated 

membranes.
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Figure 2.2. 1H NMR spectrum of PDM10.
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Figure 2.3. (a) The XPS results and (b) FT-IR spectrum of the 

PDM10- and PSM10-coated membranes (top) and difference FT-I

R spectrum (PSM-PDM) (bottom).
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Figure 2.4. XPS results of the PDM10-, and PSM10-coated Si wafers 

at different angles: (a) 0o and (b) 30o.
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Figure 2.5. Pure water flux values of the neat PSf, PDM- and PSM-

coated membranes. The filtration was performed under 1 bar at 25 oC. 
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Figure 2.6. SEM images of (a) the neat PSf, (b) PDM10-, and (c) 

PSM10-coated membranes.
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Figure 2.7. Water contact angle values of the neat PSf, PDM-, and 

PSM-coated membranes.
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Figure 2.8. The normalized water flux of the neat PSf, PDM-, 

PSM-coated membranes under the filtration of (a) BSA solution 

(1 g L‒1), and (b) oil/water emulsion (0.9 g L‒1).



４８

Figure 2.9. The normalized water flux behavior after cleaning with DI 

water at 120 and 240 min of the neat PSf, PDM10-, PSM10-coated 

membranes under (a) BSA solution, and (b) oil/water emulsion.
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Figure 2.10. The flux property parameters for the neat PSf, PDM10-, 

and PSM10-coated membranes under BSA solution and oil/water 

emulsion. 
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Figure 2.11. Surface topology and roughness of (a) neat PSf and (b) 

PSM10-coated membranes.
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Figure 2.12. The normalized flux of PSM10-coated membrane 

after DI water filtration for 3 days under the filtration of (a) BSA 

solution (1 g L‒1) and (b) oil/water emulsion (0.9 g L‒1).
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Scheme 2.1. Schematic illustration of ultrafiltration membranes 

coated by amphiphilic copolymers containing superhydrophilic 

zwitterionic and hydrophobic POSS Moieties showing improved 

fouling resistance/release properties.
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Chapter 3

Superamphiphilic Zwitterionic Block Copolymer 

Surfactant-assisted Fabrication of Polyamide 

Thin-film Composite Membrane with Ultra-high 

Flux for Water Desalination
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3.1. Introduction

A variety of water purification technologies including membrane 

filtration, thermal/membrane distillation, and electrodialysis have been 

developed to resolve the current global water scarcity problem.[1, 2]

Among them, membrane-based technologies have received 

considerable attention because of the advantages such as high 

selectivity, low cost, low energy consumption, and fast production 

rate.[3, 4] Especially, the reverse osmosis (RO) membrane process 

using polyamide (PA) thin-film composite membranes has been 

widely used due to good separation efficiency, wide pH range, and 

excellent physical properties.[4-6]

Therefore, lots of efforts have been performed to improve 

membrane performances such as water flux and salt rejection by 

changing the interfacial polymerization (IP) parameters including 

monomer structure, reaction time, solvent, and additives to make more 

efficient PA selective layer.[7] Especially, the additives such as 

surfactants and fillers are effective to improve the membrane 

performances by altering the morphology, thickness, and/or polarity of 

the PA selective layer. For example, surfactants such as sodium 
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dodecyl sulfate (SDS) that can increase the interfacial area have been 

known to improve the water flux by producing more water-wettable 

PA selective layer.[8-15] The fillers such as carbon- and metal-based 

nanomaterials can also increase the water flux by changing the 

polarity of the PA selective layer.[16] In that regard, we had 

speculated that an additive working as the surfactant and filler 

simultaneously can improve the membrane performances 

synergistically, while such a multifunctional additive has not been 

reported to the best of our knowledge.

Block copolymers having amphiphilic properties have been widely 

used in the polymer nanocomposite application because they can 

decrease the interfacial tension between the filler and matrix as the 

surfactant by modifying the polarity of the filler.[17-20] However, 

there have been no reports on the preparation of the RO membranes 

using the amphiphilic block copolymers as the additive to improve the 

membrane performances.

In this study, we synthesized a block copolymer showing super 

amphiphilic characteristics containing zwitterionic and hydrophobic 

and used it as the additive for RO membranes. The block copolymer 

was found to work as the surfactant and filler simultaneously resulting 
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in the large increase of the water flux of the RO membrane 

maintaining the high salt rejection. The multifunctional role could be 

proved effectively by the surface analysis techniques such as contact 

angle (CA) measurement, optical microscope (OM), scanning electron 

microscope (SEM), atomic force microscopy (AFM), and X-ray 

photoelectron spectroscopy (XPS).

3.2. Experimental

3.2.1. Materials

2, 2-Azobisisobutyronitrile (AIBN, Junsei) was recrystallized from 

ethanol (EtOH, Daejung Chemicals) below 0 oC before use. 2-

(Dimethylamino)ethyl methacrylate (DMAEMA, 98%, Sigma‒

Aldrich) and stearyl methacrylate (SMA, TCI) were purified by 

passing through a syringe filter (0.2 µm, Whatman) filled with 

aluminum oxide (basic, for chromatography, 50 – 200 µm, Acros 

Organics) just before polymerization. 2-Cyano-2-propyl 

benzodithioate (CPDB, >97%, Sigma‒Aldrich) was used as a 

reversible addition−fragmentation chain-transfer (RAFT) agent for the 
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synthesis of block copolymers. Polysulfone (PSf, Nadir® US100P 

from Microdyn‒Nadir Corporation) ultrafiltration membrane was 

stored in deionized water (DI water) and used as a support membrane 

for the RO membranes. 1,4-dioxane (>99%, Daejung), m-

phenylenediamine (MPD, Sigma-Aldrich), 1,3,5-benzenetricarbonyl 

trichloride (TMC, Sigma-Aldrich) and sodium dodecyl sulfate (SDS, 

> 99%, TCI), Pluronic® F108 (Sigma-Aldrich) were obtained from 

commercial sources and used as received. All other chemicals were 

used as received from Millipore‒Sigma.

3.2.2. Synthesis of poly(stearyl methacrylate) (PSM) macro-

RAFT agents

The following procedure was typically used for the synthesis of PSM 

macro-RAFT agents. For the preparation of PSM11 macro-RAFT 

agent, where 11 indicates the degree of polymerization, SMA (5.386 g, 

15.9 mmol), CPDB (0.3984 g, 1.80 mmol), and AIBN (9.852×10‒2 g, 

0.6 mmol) were dissolved in 10 mL of 1,4-dioxane. This solution was 

added to a Schlenk flask equipped with a magnetic stirring bar and a 

condenser. The freeze-pump-thaw cycle was conducted 5 times for the 
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deoxygenation, and the mixture was then placed in an oil bath 

preheated at 75 oC. The mixtures were allowed to polymerize for 16 h 

under the nitrogen atmosphere after which it was stopped by exposure 

to air in an ice water bath. The resultant product was purified by 

precipitation in an excess cold MeOH several times. A light red 

product was dried under the vacuum at room temperature for several 

days. 1H NMR [400 MHz, CDCl3, δ (ppm), tetramethylsilane (TMS) 

ref] of PSM macro-RAFT agent: 4.13 (2H, in ‒OCH2‒), 1.56-1.95 

(2H, in methacrylate backbone, in ‒CH2(CH2)15CH3), 1.21-1.45 (30H, 

in ‒ (CH2)15CH3), 0.88 - 0.90 (3H, in CH3C‒, CH3(CH2)15‒).

3.2.3. RAFT block copolymerization of poly(2-

(dimethylamino)ethyl methacrylate) with PSM macro-RAFT 

agent.

The abbreviation of poly(stearyl methacrylate)-block-poly(2-

(dimethylamino)ethyl methacrylate)) is PSM#-b-PDM#, where # is the 

degree of the polymerization (N). Below is a typical procedure of the 

RAFT block copolymerization for the preparation of PSM11-b-PDM74. 

DMAEMA (4.716 g), PSM11 macro-RAFT agent (1.200 g), and AIBN 
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(0.01642 g) were dissolved in 1,4-dioxane (10 mL) and subsequently 

placed into a 50 mL Schlenk flask equipped with a magnetic stirring 

bar and a condenser. The mixture was deoxygenated by five freeze-

pump-thaw cycles, and the reaction was conducted in the oil bath 

preheated at 75 oC for 16 h under nitrogen atmosphere. The resultant 

product was purified by precipitation in the excess cold hexane several 

times including the centrifugation. Subsequently, a solid yellow 

product was dried under vacuum at room temperature for several days. 

1H NMR [400 MHz, CDCl3, δ (ppm), TMS ref] of PSM11-b-PDM74: 

4.05 (2H, in ‒CH2‒O), 2.56 (2H, in ‒CH2‒N(CH3)2), 2.28 (6H, in ‒

N(CH3)2), 1.56-1.95 (2H, in methacrylate backbone, in ‒CH2‒

(CH2)15‒CH3), 1.21-1.45 (30H, in ‒(CH2)15‒CH3), 0.88 - 0.90 (3H, in 

CH3‒C‒, CH3‒ (CH2)15‒).

3.2.4. Synthesis of water-soluble supermphiphilic 

zwitterionic block copolymer

For the preparation of water-soluble superamphiphilic zwitterionic 

block copolymer, PSM#-b-PDM# was modified via betainisation by 

the treatment of 1,3-propanesultone. In brief, a solution (1.0 g/5.0 mL) 
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of PSM11-b-PDM74 in EtOH was prepared and then the half and an 

equivalent of 1,3-propanesultone for the equivalent of amine units in 

the polymer were added while stirring in an ice bath. After 1 h, the 

reaction was performed in the oil bath set at 35 oC for 24 h under the 

nitrogen atmosphere. The resultant product, PSM11-b-PDM74-Z50, 

further abbreviated PSbPDz (where Z50 means the average degree of 

zwitterionization of 50 mol% for amine units), was purified by 

Soxhlet extraction with EtOH and THF and dried under vacuum at 

room temperature for several days. 1H NMR [400 MHz, D2O, δ

(ppm)]: 4.05 (2H, in ‒CH2‒O), 3.75 (2H, in ‒CH2‒N(CH3)2‒CH2‒), 

3.54 (2H, in ‒CH2‒CH2‒CH2‒SO3), 3.08-3.29 (6H, in ‒N(CH3)2‒

CH2‒), 2.92 (2H, in ‒CH2‒SO3), 2.67 (2H, in ‒CH2‒N(CH3)2), 2.25 

(6H, in ‒N(CH3)2, and 2H, in ‒CH2‒CH2‒SO3), 1.77-1.95 (2H, in 

methacrylate backbone), 0.80 - 1.12 (3H, in CH3‒C‒).

3.2.5. Fabrication of thin-film composite membranes

The polysulfone (PSf) support membrane was immersed in the bath 

filled with a 2 wt% of m-phenylene diamine and certain amounts of 

PSbPDz dissolved aqueous solution for 5 min. Subsequently, 0.1 wt% 
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of trimesoyl chloride n-hexane solution was poured on the membrane 

for IP and then removed after 1 min. The membrane was moved to the 

80 oC oven for 5 min to further polymerization and thermal 

crosslinking reactions. The resulting membrane was washed with 

deionized (DI) water several times and was stored in DI water until 

use. Besides, to verify the effectiveness of PSbPDz, the neat RO 

membrane (without any additives), the RO membrane with SDS, and 

Pluronic® F108 were also prepared with the same procedure.

3.2.6. Membrane Filtration Test

Water flux and salt rejection values were measured by the lab-scale 

cross-flow RO membrane test unit. The effective membrane area was 

4.1 × 6.1 cm2 with a channel height of 0.3 cm. The pressure was 

maintained at about 15.5 bar and 2000 mg L‒1 of NaCl solution was 

used as a feed solution (≈ 3.84 mS cm‒1). Cross-flow velocity at the 

membrane surface and the temperature were controlled to 1.0 L min‒1

and 25 oC, respectively, in the cross-flow system. Water flux (�) was 

calculated using Equation 3.1:
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� = ∆�/(A × ∆�)                  (1)

where ΔV is the volume of permeate collected between two weight 

measurements, A is the membrane surface area, and Δt is the time 

between two weight measurements. The salt rejection was calculated 

using the following Equation 3.2:

� = (1 − ��/��) × 100               (2)

where � is the salt rejection parameter, �� is the salt concentration 

in permeate, and ��is the salt concentration in the feed. The salt 

concentrations were measured using a conductivity meter (HI 5321, 

Hanna Instruments, USA).

3.2.7. Characterization

1H nuclear magnetic resonance (1H NMR) spectroscopy data were 

obtained using Bruker Avance III 400 FT‒NMR. 1H NMR spectra of 

PSM11 and PSM11-b-PDM74 were obtained using the CDCl3 NMR

solvent, while the 1H NMR spectrum of PSbPDz was obtained using 
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D2O NMR solvent. The degree of zwitterionization was calculated 

from the following Equation 3.3:

(Z#) = (I(iii) / 6) / [(I(ii) / 6) + (I(iii) / 6)] × 100 %       (3)

where I(ii) is the integral value of the signal (ii) assigned at 2.3 ppm 

corresponding to methyl protons of dimethylamine in DMAEMA units, 

while I(iii) is the integral value of the signal (iii) at 3.2 ppm 

corresponding to methyl protons in sulfobetaine methacrylate (SBMA) 

unit. Number-average and weight-average molecular weights (Mn and 

Mw) and the dispersity (Ð) were obtained by size exclusion 

chromatography (SEC). SEC was performed in THF (30 oC, 1.0 mL 

min‒1) on a Waters 515 HPLC system equipped with three Polymer 

Laboratories columns, a PL gel 5.0 µm guard, MIXED‒C, and 

MIXED‒D in series with a Viscotek T60A refractive index detector. 

The resultant SEC data were analyzed using Omnisec software. To 

characterize micelle structure, the block copolymer was dissolved in 

DI water at a 0.015 wt% concentration and passed through a 0.45 μm 

syringe filter with the Teflon membrane before analysis. Dynamic 

Light Scattering (DLS) was performed on these solutions by using 
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DLS-7000 (Otsuka Electronics Co., Inc., Osaka, Japan) to evaluate the 

size distribution of 0.015 wt% PSbPDz in aqueous solution. The nano-

scale morphologies of micelles were studied by transmission electron 

microscopy (TEM, JEM-3010) operated at 80.0 kV. Samples were 

prepared by submerging a copper grid with carbon film into the 

solution in DI water, followed by evaporating the solution. Contact 

angles from water sessile drop were measured with a Krüss DSA25 

contact angle analyzer on dried membranes cut and taped onto the 

glass plate. The hexane in water emulsions (0.9 g of hexane in 1 L of 

water) were prepared by the addition of 0.015 wt% of PSbPDz, SDS, 

Pluronic® F108, and 0.1 wt% of SDS. The images were captured with 

a digital photomicroscope Axiophot (Zeiss Jenaval, Jena, Germany) 

with a 20× objective. The droplet size was analyzed using ImageJ (an 

open-source software). Surface morphology and topology were 

examined by field emission scanning electron microscope (FESEM, 

Carl Zeiss, SUPRA 55VP) and atomic force microscopy (AFM, Park 

Systems, NX‒10). The surface composition of the membranes was 

investigated by X-ray photoelectron spectroscopy (XPS, Kratos Inc., 

AXIS‒HSi) using Mg/Al (1486.69 eV) as the radiation source. Survey 

scans were conducted, followed by a high-resolution scan in the C 1s, 
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O 1s, N 1s, and S 2p regions, with a range of 0 ‒ 1500 eV at an angle 

of 30 o.

3.3. Results and Discussion

3.3.1. Characterization of water-soluble superamphiphilic 

zwitterionic block copolymer surfactant

Water-soluble superamphiphilic block copolymer surfactant 

containing zwitterionic and long alkyl units (PSbPDz) was prepared 

through RAFT block copolymerization followed by zwitterionization 

using SMA to form the hydrophobic block and DMAEMA to form the 

hydrophilic block by the subsequent zwitterionization with 1,3-

propanesultone (Figure 3.1a). The composition, molecular weight, 

dispersity, and solubility in DI water of the polymers are shown in 

Table 3.1. 

When N of the hydrophobic SMA units is larger than 11, the 

resulting block copolymer is not easily soluble in water, thus it could 

not be used as the additive in aqueous solution for the IP process. Also, 

it was not possible to make the small hydrophobic block with N less 



６６

than 11 by the RAFT polymerization from lots of the experiments and 

also as reported by others.[21-24] Therefore, the optimum N of SMA 

units was decided to be 11. Since the amphiphilic block copolymer 

should be soluble in the aqueous phase to be used as the additive, we 

found that the hydrophilic block should be long enough. Meanwhile, 

when PSM11-b-PDM74-Z100 having the average degree of 

zwitterionization of 100 mol% was prepared, it was not water-soluble 

because of the strong intra-group, intra- and inter-chain interactions 

from the large length of zwitterionic units.[25-27] Therefore, N of the 

hydrophilic block was decided to be 74 with the degree of 

zwitterionization of 50 mol%.

Since many prior studies have reported the self-assembly 

behavior of amphiphilic block copolymers,[28-32] PSbPDz was 

expected to be self-assembled in aqueous solution. As shown in 

Figure 3.1b, the morphology of PSbPDz is a sphere with the mean 

number-average diameter of 45.3 nm, as indicated by the image of 

TEM analysis, while the z-average diameter of PSbPDz is about 106.5 

nm with the small value of PDI (0.311). The self-assembly of PSbPDz 

in water also could be confirmed by 1H NMR analysis (Fig 3.1c). The 

signal (i) assigned at 1.3 ppm corresponding to methylene protons of 
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SMA units is not visible in the 1H NMR spectrum of PSbPDz 

dissolved in D2O solvent because of the micelle formation consisting 

of the hydrophilic corona shell part covering the hydrophobic SMA 

core part.

3.3.2. Desalination Performance of the PA thin-film 

membranes fabricated with PSbPDz surfactant

Figure 3.2a shows membrane performances, such as water flux and 

salt rejection, of the RO membranes fabricated with various 

concentrations of PSbPDz in m-phenylenediamine aqueous solution. 

The flux value of the RO membrane increases from 0.68 LMH bar‒1 to 

1.69 LMH bar‒1 by the addition of 0.015 wt% of PSbPDz. Meanwhile, 

when PSbPDz content is larger than 0.015 wt%, the flux value 

becomes smaller because the additional polymer acts as the impurity 

as observed by our previous studies on nanocomposite materials.[33-

37] The flux value of the RO membrane with 0.015 wt% of PSbPDz is 

even much larger than that of the 0.1 wt% of SDS (1.0 LMH bar‒1), 

the conventional concentration and surfactant used in other 

studies,[38-40] indicating that PSbPDz is much more efficient to 
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increase the water flux property of the RO membrane.

The increase of the flux for the RO membranes has been explained 

by the increase of the surface wettability (or hydrophilicity) on PA 

selective layers.[9, 41, 42] Therefore, the surface wettability of the RO 

membranes fabricated in this study were evaluated by dynamic water 

CA measurement (Figure 3.2b).[43, 44] The degree of CA decrease is 

in the order of the RO membrane with PSbPDz > the RO membrane 

with SDS > the neat RO membrane, indicating that the RO membrane 

with PSbPDz is wetted better by the water than other RO membranes 

in this study. CA values after 140 s of water contact for the RO 

membranes show the same behavior (Figure 3.2c). The RO 

membranes with PSbPDz have smaller CA values than the other RO 

membranes, and the RO membrane with 0.015 wt% of PSbPDz has 

the smallest contact angle value and also shows the largest flux value 

(Figure 3.2a).

3.3.3. Synergistic Effects of PSbPDz surfactant working as 

the filler at the same time during and after IP

Since the membrane surface wettability is affected by the surface 
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morphology, roughness, polarity, surface composition, and other 

factors,[45, 46] more detailed studies on the effect of the addition of 

PSbPDz in aqueous solution for the resulting RO membranes were 

performed by measuring SEM, AFM, XPS, and other surface 

characterization techniques. We found that PSbPDz works as the 

surfactant known to improve membrane performances. At first, the 

surfactant in the aqueous solution can wet the surface of the 

hydrophobic support layers,[12] increasing the penetration of water 

molecules into the pores[7, 39, 47] and then producing the thinner PA 

selective layer without defects (Figure 3.3a).[8, 10-12, 15] The 

increase of wettability on the support layer by PSbPDz and SDS as the 

surfactants could be confirmed by measuring CA values of the DI 

water, PSbPDz aqueous solutions (0.005 ‒ 0.03 wt%), and SDS 

aqueous solution (0.015 and 0.1 wt%) on the support membrane 

(Figure 3.3b), and they are about 56 o, 49 o to 47 o, and 49 o to 34 o, 

respectively. Therefore, PSbPDz and SDS can effectively work as the 

surfactant showing close contact angle values when PSbPDz and SDS 

have the same concentration (0.015 wt%). The increase of the water 

wettability by SDS and PSbPDz on the support layer was found to 

decrease the thickness of the resulting PA selective layer at the 
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thinnest region, as measured by cross-sectional SEM analysis (Figure

3.4). The thickness values of the PA selective layer at the thinnest 

region are in the order of the neat RO membrane (≈ 141 nm) > the RO 

membrane with PSbPDz (≈ 81 nm) > the RO membrane with SDS (≈ 

73 nm).

Another explanation for the effect of the surfactant is that the 

surfactant located between aqueous and organic phases decreasing the 

interfacial tension can produce the larger ridge and valley structure of 

the PA selective layer because it can accelerate the transfer of amine 

from the aqueous to the organic phase (Figure 3.3c). The RO 

membranes with a rougher surface with larger ridge and valley 

structure prepared using surfactant and other techniques have been 

known to have larger water flux values.[9, 13, 14] As shown in the 

optical microscope image (Figure 3.3d and 3.5), uniformly stable 

hexane droplets with an average diameter of about 1.91 and 1.93 μm 

can be seen in the mixture of hexane in water (0.9 g L‒1) containing 

0.015 wt% of PSbPDz and SDS, respectively, indicating that the 

amphiphilic block copolymer can work as the surfactant effectively as 

SDS. Therefore, as measured by surface SEM and AFM analyses 

(Figure 3.6a-f and Table 3.2), the RO membranes with PSbPDz and 
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SDS have the rougher surfaces with larger ridge and valley structure 

(Rq values of 113.8 nm and 175.2, respectively), than the neat RO 

membrane (Rq value of 64.4). This finding may support the suggested 

explanations on the effects of the surfactant improving the membrane 

performances. Besides, since SDS was used at a higher concentration 

(0.1 wt%) than PSbPDz (0.015 wt%), the PA selective layer of the RO 

membrane with SDS is thinner at the thinnest region and rougher than 

that with PSbPDz. Nevertheless, the RO membrane with PSbPDz 

shows much better membrane performances with higher surface 

wettability than the RO membrane with SDS, indicating that PSbPDz 

might have another effect to increase the performance.

Hence, we hypothesized that PSbPDz would remain in the PA matrix 

even after the IP process due to the entanglement effect of the polymer 

chains with the PA matrix.[48-50] Since PSbPDz working as the filler 

could impart the additional hydrophilic pathway, the PA selective layer 

with PSbPDz should have the better water wettability, thus showing 

the best membrane performances. The high-resolution N 1s scans by 

XPS analysis were performed to investigate whether PSbPDz is 

included in the PA selective layer (Fig. 3.7a-c). The peak at 399.4 eV 

assigned to the C‒N bond from the abundant amide groups of PA was 
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detected from all RO membranes.[51, 52] Meanwhile, the peak at 

401.5 eV attributed to C‒N+ bond,[51, 52] is only seen in the result of 

the RO membrane with PSbPDz, indicating that PSbPDz having C‒N+

bond remains on the PA selective layer. Besides, due to PSbPDz 

including the sulfur atom, the existence of the sulfur atoms was found 

only in the RO membrane with PSbPDz (≈ 0.08 at%) (Table 3.3). 

These results clearly support the hypothesis that PSbPDz remains in 

PA selective layer after IP, increasing the wettability and consequently 

improving the water flux. 

To the best of our knowledge, this is the first work that shows how to 

synthesize the water-soluble super amphiphilic block copolymer 

containing superhydrophilic zwitterionic and hydrophobic long alkyl 

moieties and investigates its effects on the membrane performances 

systemically as the surfactant and filler simultaneously. When a RO 

membrane was fabricated using 0.015 wt% of a commercially 

available polymer surfactant (Pluronic® F108), the flux value was 

found to be much smaller than that of the RO membrane with PSbPDz. 

This result could be ascribed to poorer surfactant ability[53, 54]

caused by the structural characteristics having lower amphiphilicity, as 

observed from CA (larger angle value of 54.1o) and OM  
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measurements (larger average droplet diameter of and 2.23 μm) 

(Figure 3.8). Therefore, the use of PSbPDz having much more 

amphiphilicity is useful to improve membrane performance. Moreover, 

the results of the previous studies improving the membrane 

performances using various methods, such as the addition of the 

nanomaterials, the surface modifications, and the substrate composites, 

were compared with our result (Figure 3.9). Most of the previous 

studies show the trade-off behavior between water flux and salt 

rejection. In contrast, the RO membrane with PSbPDz was found to 

break the conventional trade-off behavior, surpassing the upper 

bounds of the previous studies.

3.4. Conclusions

In this study, we demonstrated that the PA thin-film composite 

membrane fabricated with water-soluble superamphiphilic 

zwitterionic block copolymer surfactant (PSbPDz) shows the great 

membrane performances. The polymer surfactant, PSbPDz showing 

the self-assembly behavior in aqueous solution due to its 

amphiphilicity was prepared by RAFT block copolymerization 
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followed by zwitterionization. The addition of PSbPDz in aqueous 

solution for the membrane fabrication via the IP process was found to 

affect the surface morphology, roughness, and polarity of the PA 

selective layer, resulting in the great improvement in the water flux 

without decreasing the salt rejection because it has the synergistic 

effect working as the surfactant and filler at the same time. As the 

surfactant, PSbPDz increases the water-wettability of the support and 

expands the interface region between the aqueous and organic 

solutions, increasing the surface roughness of the PA selective layer 

and making the thinnest region thinner. As the filler, PSbPDz 

introduced in the PA selective layer imparts additional hydrophilicity 

on the RO membrane producing the high-performance RO membrane 

with the high surface water-wettability. To the best of our knowledge, 

this is the first work to synthesize a novel multifunctional block 

copolymer surfactant working as the filler at the same time when it is 

used as the additive during IP for the fabrication of RO membrane and 

to study its effects on the RO membrane performances systemically. 

We believe that our results provide the expansion of amphiphilic block 

copolymer applications and the insight into the relationship between 

the additives and the performances of the RO membranes.
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Table 3.1. Polymers prepared via RAFT polymerization and 

zwitterionization.

Composition Conv.a Mn,SEC
b Ðb Solubilityc

PSM11 55 4.0 1.17 I

PSM11-b-PDM74 87 15.2 1.25 I

PSbPDz ‒ 20.1d ‒ S

PSM11-b-PDM74-Z100 ‒ 24.6d ‒ I
aDetermined by 1H NMR. bMolar mass determined by size exclusive 
chromatography (SEC) equipped with a refractive index (RI) detector and calibrated 
by using polystyrene standards (THF, 30 oC); unit, kDa. cS: soluble / I: insoluble in 
water. dTheoretically calculated from PSM11-b-PDM74 molar mass.
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Table 3.2. Surface roughness of the RO membranes with PSbPDz 

(0.000 ‒ 0.030 wt%) and  SDS (0.1 wt%).

Roughness 
parameter

PSbPDz concentration
(wt%)

SDS 
concentration

(wt%)

0.000 0.005 0.010 0.015 0.020 0.030 0.1

Rq (nm) 64.4 95.9 112.4 113.8 102.5 82.3 175.2

Ra (nm) 51.2 73.2 87.3 88.8 81.0 63.8 138.2
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Table 3.3. Surface elemental composition of the RO membranes 

obtained by survey scans from XPS analysis.

Samples
Element

C% O% N% S%

Neat RO membrane
76.90

±0.08

11.87

±0.29

11.23

±0.21
-a

RO membrane with 0.015 wt% of PSbPDz
76.74

±0.16

12.47

±0.17

10.71

±0.21

0.08

±0.04

RO membrane with 0.1 wt% of SDS
76.56

±0.25

12.27

±0.20

11.17

±0.25
-a

aNot detected.
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Table 3.4. Comparison of separation performances of the state-of-the-

art PA TFC RO membranes. 

Type Reference

Neat Optimum

Water flux 
increase rate%

Salt rejection
increase rate%

Water flux 

(LMH bar
‒1

)

Salt
rejection

(%)

Water flux 

(LMH bar
‒1

)

Salt
rejection

(%)

Multifunctional Additive
(PSbPDz)

This work 0.68 98.8 1.69 98.7 148.5 -0.1

Surfactant 
(SDS)

This work 0.68 98.8 1.0 98.2 47.1 -0.6

Surfactant 
(Pluronic® F108)

This work 0.68 98.8 0.87 98.9 27.9 0.1

Filler
(Silica)

[55] 2.89 99.4 4.09 98.89 41.5 -0.5

Filler
(NMPS)

[56] 2.13 98.60 3.44 98.70 61.76 0.10

Filler
(Hyperbranched polymer)

[57] 2.03 98.80 3.02 98.90 49.08 0.10

Filler
(UiO-66)

[58] 2.37 99.08 3.67 99.35 54.60 0.27

Filler
(ZIF-9)

[59] 2.76 98.9 3.95 99.2 43.12 0.30

Filler
(PDOPA coated MWCNT)

[60] 2.5 98.7 3.31 98.5 32.40 -0.20

Filler
(HNTs)

[61] 1.27 97.20 2.41 95.60 90.00 -1.65

Filler
(zwitterionic

amine monomers)
[62] 2.0 98.9 3.6 98.3 82.3 -0.6

Support Composite
(PSF/MOF)

[63] 2.33 94.00 3.03 96.00 30.32 2.13

Filler
(GO)

[64] 2.29 97.40 2.97 98.16 30.03 0.78

Filler
(TiO2)

[64] 2.29 97.40 3.19 93.10 39.36 -4.41

Filler
(rGO/TiO2)

[64] 2.29 97.40 3.31 99.45 44.74 2.10

Filler
(modified MWCNT)

[65] 0.93 95.00 1.75 90.00 88.76 -5.26

Support Composite
(PSF/o-CNT)

[66] 2.24 97.40 3.03 97.70 35.27 0.31

Surface Modification
(zwitterionic

amino acid L-arginine)
[67] 2.84 96.42 3.97 98.10 39.73 1.74

Filler
(AgNPs)

[68] 3.24 95.90 4.23 93.40 30.30 -2.61
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Figure 3.1. (a) Synthesis of PSM macro-RAFT agent, PSM-b-PDM 
block copolymer, and PSM-b-PDM-Z# (PSbPDz). (b) 1H-NMR 
spectra of PSM11, PSM11-b-PDM74, and PSbPDz. (c) DLS result of 
PSbPDz aqueous solution (0.015 wt%) (inset: TEM image of 
PSbPDz).
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Figure 3.2. (a) Membrane performances of the RO membranes with 
different concentrations of PSbPDz (The dotted lines are the 
membrane performances for the RO membrane with 0.1 wt% of SDS). 
(b) Dynamic water contact angles of the neat RO membrane, the RO 
membranes with PSbPDz, and SDS. (c) Contact angle after 140 s for 
the neat RO membrane, the RO membranes with PSbPDz (0.015 wt%), 
and SDS (0.1 wt%).
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Figure 3.3 (a) Schematic diagram for the increase of the wettability of 
the top surface of the support membrane by the addition of PSbPDz. 
(b) Water contact angles of DI water, PSbPDz (0.005 – 0.030 wt%), 
and SDS (0.1 wt%) aqueous solutions on the support membranes. (c) 
Schematic diagram for the increase of the interfacial region between 
aqueous and organic solutions by the addition of PSbPDz. (d) Optical 
microscope image of the hexane droplets in water (0.9 g of hexane in1 
L of water) containing 0.015 wt% of PSbPDz as the emulsifier.
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Figure 3.4. Cross-sectional SEM images of (a) the neat RO 
membrane, the RO membranes with (b) 0.015 wt% of PSbPDz, and 
(c) 0.1 wt% of SDS.
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Figure 3.5. Optical microscope images of the hexane droplets in water 
(0.9 g of hexane in 1 L of water) containing (a) 0.015 wt% and (b) 0.1 
wt% of SDS.
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Figure 3.6 SEM images of (a) the neat RO membrane, the RO 
membranes with (b) 0.015 wt% of PSbPDz, and (c) 0.1 wt% of SDS. 
AFM 3D images of (d) the RO membrane, the RO membranes with (e) 
0.015 wt% of PSbPDz, and (f) 0.1 wt% of SDS.
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Figure 3.7. High-resolution N 1s scans of (a) the neat RO membrane, 
the RO membranes with (b) 0.015 wt% of PSbPDz, and (c) 0.1 wt% 
of SDS.
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Figure 3.8. (a) Comparison of the membrane performances for the 
neat RO membrane, the RO membranes with 0.015 wt% of Pluronic®

F108, 0.015 wt% of PSbPDz, 0.015 wt%, and 0.1 wt% of SDS. (b) 
Contact angles of DI water, 0.015 wt% of Pluronic® F108, 0.015 wt% 
of PSbPDz, and 0.1 wt% of SDS on the support membrane. (c) 
Optical microscope image of the hexane droplets in water (0.9 g of 
hexane in 1 L of water) containing 0.015 wt% of Pluronic® F108.
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Figure 3.9. Comparison of the membrane performances of the 
previously reported membranes and the RO membrane with 0.015 
wt% of PSbPDz, by the increase rates of water flux and salt rejection 
(for details see Table 3.4).
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Chapter 4

Preparation of Poly(phenylene sulfide) / Nylon 6 

Grafted Graphene Oxide Nanocomposites with 

Enhanced Mechanical and Thermal Properties
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4.1. Introduction

Poly(phenylene sulfide) (PPS) has been widely used for various 

engineering plastics applications in batteries, automobiles, sensors, and 

the aerospace industry because of its superior physical and mechanical 

properties that originate from its structure, the aromatic rings linked by 

the sulfide group.[1-6] Especially, PPS composites containing glass 

fibers and nanomaterials have been used and studied intensively for 

industrial applications to overcome the brittleness.[3, 7-11]

Polymer nanocomposites prepared by mixing nano-sized filler 

materials with a polymer matrix have been widely studied over the last 

few decades because their mechanical and thermal properties could 

have significant advantages.[12, 13] Among nanomaterials for the 

polymer nanocomposite, carbon-based nanomaterials have received 

considerable attention in recent studies, because the carbon 

nanomaterials can be easily modified to increase the compatibility of 

the polymers with the fillers.[14-16] Graphene oxide (GO), a new class 

of carbon nanomaterials, has attracted tremendous interest in 

nanocomposite materials fields because of its unique mechanical, 

thermal, and electrical properties.[17-20] Furthermore, the addition of 
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the minimal amount of the GO derivatives in the polymer matrix can 

improve the performance of the nanocomposites, because of the 

improved specific interactions between the polymer matrix with the GO 

derivatives, which have a very large surface area. In addition, PPS 

nanocomposites reinforced by graphene-based fillers have been also 

studied.[5, 21, 22] Despite these advantages, increasing the 

compatibility of the carbon nanomaterials with the polymer matrix to 

obtain the polymer nanocomposites that have well-dispersed nanofillers 

remains a constant challenge in nanotechnology.[17, 23, 24] Notably, 

the dispersion of GO derivatives has been increased by various 

technologies including chemical modification using organic[23, 25] and 

polymeric moieties.[17, 26-28]

In this work, we prepared PPS nanocomposites using nylon 6 grafted 

graphene oxide (NGO) as a nanofiller. Nylon 6 is an aliphatic 

polyamide known to be mechanically blended with PPS.[29, 30] NGO 

was obtained by a two-step reaction including the initiation reaction 

between the carboxylic acid in GO with the amine group of 6-

aminocaproic acid and the polymerization of ε-caprolactam (CL). The 

mechanical/thermal properties and the morphological characteristics of 

PPS/NGO nanocomposites were studied by preparing the polymer 
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nanocomposites with different filler contents to investigate the effect of 

NGO on the PPS nanocomposites.

4.2. Experimental

4.2.1. Materials

PPS pellets were kindly supplied by SK Chemical. Co., Ltd. (Korea) 

and used as received. GO was provided by Promico CO., Ltd. (Korea). 

The average particle size is 56 μm, and the degree of oxygen 

functionalization is 35~ 47 wt%. ε-Caprolactam (CL), 6-aminocaproic 

acid, and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) were purchased 

from Sigma Aldrich (USA). All other reagents and solvents were used 

as received from standard vendors.

4.2.2. Preparation of nylon 6 grafted GO (NGO)

NGO was prepared by the procedure previously reported.[17] Briefly, 

NGO was obtained by the following steps: 100 mg of GO and 9.0 g of 

CL were added into 20.0 mL of anhydrous dimethyl formaldehyde 
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(DMF), and the solution was then sonicated for 1.5 h. Subsequently, 

1.0 g of 6-aminocaproic acid was added to the solution under N2

purging. Then, the flask was immersed in an oil bath controlled at 180 

oC for 1 h, and the bath temperature was raised to 250 oC for 5 h with 

stirring. The products were washed with warm water several times and 

then purified by centrifugation with formic acid and HFIP to gain 

purified NGO without nylon 6 homopolymer (Figure 4.1a).

4.2.3. Preparation of PPS/NGO nanocomposites

PPS and NGO were melt-blended using a micro compounder 

operating at 90 rpm and 290 oC for 5 min to obtain a series of 

PPS/NGO nanocomposites (Figure 4.1b). The loading amounts of 

NGOs in the PPS/NGO nanocomposites were 0.01, 0.03, 0.05, 0.07, 

and 0.09 wt%; these were named PPS/NGO001, PPS/NGO003, 

PPS/NGO005, PPS/NGO007, and PPS/NGO009, respectively. These 

nanocomposites were microinjection molded to obtain dog-bone type 

specimens at 60 oC of molding temperature with 1 bar of molding 

pressure.
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4.2.4. Characterization

Fourier transform infrared (FT-IR) spectra were recorded by a Cary 

600 series FT-IR spectrometer (Agilent Technology) in the scan range 

of 4000-500 cm-1 at ambient temperature. Thermal gravimetric 

analysis (TGA) was performed using Q-50 from a TA instrument 

under N2 atmosphere. The heating rate and temperature ranges were 

10 oC/min and 80-700 oC, respectively. The viscosity was measured 

by Ubbelohde viscometer using the formic solution concentration of 

3.0 g/L at 25 oC. The dog-bone-shaped specimens of the PPS 

nanocomposites were prepared for the measurement of mechanical 

properties by using a continuous micro compounder and 

microinjection molding. Subsequently, the mechanical properties were 

measured using the universal testing machine (UTM, Instron5543, 

Instron instruments). The specimens were tested at room temperature 

under 50 % relative humidity (RH) with a test speed of 10 mm/min. 

Differential scanning calorimetry (DSC, Discovery DSC series, TA 

instruments) was used to measure the thermal behavior of the 

PPS/NGO nanocomposites. All DSC measurements were carried out 

by the following steps. The samples were heated from room 
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temperature to 300 oC and cooled down to room temperature. This 

cycle was conducted twice to remove the thermal history of the 

samples. The crystallinity (XC) of the PPS/NGO samples was 

calculated by the following equation: 

XC = ΔHm/[ΔHf (1-Wf)]×100 [%]             (1)

where ΔHm is the melting enthalpy of completely melted 

nanocomposites, ΔHf is the melting enthalpy of 100% crystalline PPS, 

and Wf is the mass fraction of NGO content of the nanocomposite. The 

fractured surface morphologies of the PPS/NGO nanocomposites were 

observed by a field emission scanning electron microscope (FESEM, 

Carl Zeiss, SIGMA) with an energy dispersive spectrometer (EDS) 

analysis. The magnification of all SEM images is 5000× and the scale 

bars are 2 μm.

4.3. Results and Discussion

4.3.1. Preparation of NGO
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As shown in Figure 4.1a, nylon 6 chains were grafted onto GO by 

the in situ ring-opening polymerizations of CL using 6-aminocaproic 

acid as an initiator. In the initiation step, the amine groups of 6-

aminocaproic acid react with both the carboxylic groups and the 

epoxy groups in GO. Since the nylon 6 homopolymer could be formed 

by the homopolymerization of CL, purification steps such as 

centrifugation and washing using HFIP, which can dissolve only the 

nylon 6 homopolymer, were conducted.[31] The color change from 

brown of GO to the black of NGO was observed after the reaction, as 

shown in Figure 4.2. GO looks brown because many of the 

conjugated π bonds of graphene are oxidized,[18] whereas NGO looks 

black because those oxidized units are reduced by the reaction at 180 

to 250 oC that is known to be high enough to reduce the oxygen 

functional groups of GO.[17] FT-IR curves further confirmed the 

reaction from GO to NGO, as shown in Figure 4.3a. GO shows a 

strong and broad absorption peak at around 3400 cm-1 from the 

hydroxyl groups including carboxylic acid and water molecules in GO, 

as well as a C=O peak at 1720 cm-1. NGO shows additional peaks 

from C=O (1630 cm-1), C-N (1530 cm-1), and C-H (2930 and 2860 

cm-1) stretching vibrations. The char residue value of NGO was found 



１０３

to be larger than that of GO from TGA as shown in Figure 4.3b. Since 

many of the oxygen functional groups in GO are reduced and/or 

decomposed during the polymerization at high temperature (250 

oC),[32] NGO having much less oxygen functional groups than GO 

have larger char yield value.[17] The peak intensities from the oxygen 

functional groups such as hydroxyl groups from carboxylic acid and 

alcohol (3400 and 1370 cm-1, respectively) and epoxy groups (1224 

cm-1) in FT-IR spectra of NGO are much smaller than those of GO. 

The grafting length of nylon 6 in NGO could be estimated by 

measuring the viscosity of nylon 6 homopolymer extracted during the 

washing steps by formic acid and HFIP as reported in the previous 

study,[17] using the inherent viscosity (ηinh) and Mark-Houwink 

equation as the following equation:[31]

ηinh = KMη
α                    (2)

where Mη is the viscosity-average molecular weight, and K and α (the

Mark-Houwink parameters) are 2.26×10-4 and 0.82, respectively.[33]

As shown in Table 4.1, the calculated Mη of nylon 6 is about 8,640 

g/mol indicating that the number of repeating units in the polymer is 
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about 77. The relative content of nylon 6 in NGO was measured by 

TGA analysis. For NGO, the weight loss below 250 oC is different 

from that of GO, because most of the oxygen-containing functional 

groups in GO are reduced and/or modified during the ring-opening 

polymerization at the high temperature of 250 oC. Therefore, the 

weight loss below 450 oC about 22 % can be attributed to the 

decomposition of the grafted nylon 6 chains in NGO, which is 

corresponding to the relative content of nylon 6 in NGO.[34] Using 

two properties such as the grafting length and relative content of nylon 

6 in NGO, the grafting density (δ), the number of the polymer chains 

per area of nanofiller surface, can be also calculated using the 

following equation:

Grafting density (δ) = [M/A] × [Mp/Mnf] × [NA/Mw] × 10-18

[chains/nm2]  (3)

where M/A is the mass per unit area of a graphene sheet (7.7×10-4

g/m2), Mp/Mnf is the relative mass fraction of grafted polymers in 

nanofillers measured from TGA analysis, NA is the Avogadro constant, 

and Mw is the molecular weight of the grafted polymer. Therefore, the 
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grafting density of nylon 6 in NGO is 0.015 chains/nm2, and this value 

is close to those obtained by others by their studies of the nanofillers 

having polymer chains.[35, 36]

4.3.2. Thermal and mechanical properties of PPS/NGO 

nanocomposites

The thermal properties of PPS/NGO nanocomposites measured by 

DSC and TGA are listed in Table 4.2. The melting temperature (Tm), 

the crystallization temperature (Tc), and the decomposition 

temperature for 5 wt% loss (Td,5%) and 30 wt% loss (Td,30%) values 

indicate that NGO in the PPS matrix can increase the thermal 

transition temperatures as observed by others in their polymer 

nanocomposite studies using carbon nanomaterials.[7, 21, 28]

However, we could not observe any obvious trend of the changes of 

the transition temperature or the initial decomposition temperature 

(Td,5%) according to the change of the content of NGO as observed by 

others form their nanocomposite studies,[37] although the largest Tm

value of 281 oC was observed from the PPS/NGO nanocomposite 

having 0.03 wt% of NGO in the PPS matrix (PPS/NGO003). 
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Meanwhile, the decomposition temperature for 30 wt% loss (Td,30%) 

shows the obvious trend that Td,30% increases with the increase of the 

contents of NGO in PPS. Similar results were also observed by Liang 

et al. in their nanocomposite studies.[38] Interestingly, the largest 

tensile strength and elongation at break values were also observed 

from PPS/NGO003, as shown in Figures 4.4 and 4.5. Possibly, 0.03 

wt% of NGO in PPS/NGO nanocomposite is the optimum content to 

give the toughest structure leading to the highest Tm. A similar 

correlation between Tm and mechanical strength was observed by 

others in their studies of graphene-based polymer nanocomposites.[4, 

31, 39, 40] However, PPS/NGO003 does not show the largest Tc, XC, 

and Td,5% values, whereas such a mismatch between the mechanical 

properties and crystallization characteristics or decomposition for the 

polymer nanocomposites has also been observed by others for various 

reasons.[4, 17, 21, 38, 40, 41] Although the optimum contents of NGO 

for the thermal transition and decomposition temperature are different, 

NGO was found to increase the thermal stability of PPS. It is well 

known that graphene-based or GO-based fillers in the polymer matrix 

can increase the thermal stability because the phenol moieties in 

graphene can capture the radicals generated during the thermal 
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decomposition and the sheet-like structure can retard the thermal 

degradation of the polymer. It should be also noted that the char 

residue at 600 oC (ω) of the PPS and PPS nanocomposites were found 

to be irrelevant to their initial decomposition temperature, and the char 

residue values of the nanocomposites were always smaller than that of 

neat PPS, as shown in Figure 4.6. Since PPS itself has an excellent 

char-forming capability,[42] the addition of the NGO to the PPS can 

disrupt the char-formation ability of PPS upon heating. A similar 

phenomenon was reported by others and is explained by the 

retardance of the fillers on the aromatization for the generation of 

compact char.[17, 41, 43, 44]

The mechanical properties of PPS and PPS/NGO nanocomposites 

measured by UTM are shown in Table 4.2, Figures 4.4, and 4.5. The 

tensile strength and the elongation at break values of PPS/NGO 

nanocomposites increase as the content of NGO increases, and the 

maximum values of 56.8 MPa and 8.9 %, respectively, were observed 

when the NGO content was 0.03 wt%. Further increase of NGO 

content decreased these values, and when the NGO content was larger 

than 0.07 wt%, these values were even smaller than those of PPS 

without any filler. Obviously, when the PPS/NGO nanocomposite had 
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the optimum content of the fillers, 0.03 wt% of NGO, the fillers were 

well-dispersed in the polymer matrix by the increased interactions 

between the nylon 6 chains in NGO and the PPS chains in the 

matrix.[17, 26] However, when the NGO content was larger than 0.07 

wt%, the tensile strength and the elongation at break values of the 

PPS/NGO nanocomposites became smaller than those of PPS, because 

when the contents of nanofillers are larger than a certain value, they 

are aggregated in the polymer matrix, forming segregated domains 

that decrease these mechanical properties.[20, 45]

Interestingly, the PPS/NGO nanocomposite with an optimum content 

of NGO (0.03 wt%) that gave the largest melting temperature and 

mechanical toughness showed the smallest Young’s modulus value 

(890 MPa) among the samples. In general, nanofillers including GO 

derivatives in the polymer matrix increase the tensile strength and 

Young’s modulus values, whereas they decrease the elongation at 

break values when the polymer nanocomposites have the optimum 

amount of the fillers. Our unusual result can be explained by the 

physical strength of nylon 6 grafted on NGO and the mechanically 

blending of nylon 6 with the PPS matrix.[46] Since the mechanical 

strength of nylon 6 is smaller than that of PPS, the introduction of the 
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nylon 6 moiety into the PPS matrix can decrease Young’s modulus 

value of PPS. In contrast, since nylon 6 chains in NGO can be 

entangled with PPS chains, the increased interaction between NGO 

and PPS can increase the toughness, such as the tensile strength and 

the elongation at break values. According to our previous study, when 

0.01 wt% of nylon 6 grafted GO was added into the polyketone, which 

has higher mechanical strength, the resulting polyketone 

nanocomposite showed improved toughness, whereas its Young’s 

modulus value was found to be smaller than that of pristine 

polyketone for the same reason.[17]

The percolation threshold, the critical filler volume fraction when 

the first percolating path forms through the polymer matrix,[47, 48] of 

the PPS/NGO nanocomposites could be estimated by Young’s 

modulus curve (Figure 4.7) plotted as the function of NGO volume 

fraction. The density values of NGO and PPS (1950 kg/m3 and 1350 

kg/m3, respectively) could be used to obtain the volume fraction from 

the weight fraction. In the percolation approach, the mechanical 

properties have been known to be closely related to a percolation-like 

scaling law around the percolation threshold: [48]

E = E0 + A(ϕ - ϕc)t                           (4)
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where E is Young’s modulus, ϕ is the NGO volume fraction, ϕc is the 

percolation threshold, and A and t are constants. As can be seen from 

the fitting curve (red line) in Figure 4, the percolation threshold is ϕc = 

0.021 vol% (0.031 wt%) while the percolation exponent is t = 1.4. The 

other mechanical properties such as tensile strength and elongation at 

break can be affected by the formation of such the network. 

Interestingly, the values of these properties increase with the 

increment of the NGO volume fraction until the percolation threshold 

and then decrease drastically with the further increase of NGO. This 

result could be attributed to the reduced mobility of the polymer 

chains in the vicinity of the NGO surface resulting in premature 

failure.[48]

4.3.3. Morphology of PPS/NGO nanocomposites

The morphology of the fractured surface of PPS/NGO 

nanocomposites can further explain the mechanical behavior of the 

nanocomposites, as shown in Figure 4.8. The fractured surface of the 

neat PPS is relatively flat and smooth because the typical brittle 
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fracture morphology of the polymers weakly resist crack initiation and 

propagation (Figure 4.8a).[18] However, the fractured surfaces 

become rougher with the addition of NGO, indicating that the 

PPS/NGO nanocomposite is less brittle than neat PPS. Also, any 

agglomeration of NGO is not observed (Figures 4.8b, and 4.8c), 

indicating that NGO is well-dispersed in the PPS matrix for the 

PPS/NGO001 and PPS/NGO003, resulting in the increased toughness. 

Meanwhile, further addition of NGO generates the aggregates, 

because of the typical agglomeration characteristic of 

nanomaterials,[20] as shown in Figures 4.8d-f. The aggregates of 

nanofillers in the polymer matrix act as defects to decrease the 

toughness of the polymer matrix. EDS mapping analysis was 

performed to analyze the aggregates further, as shown in Figure 6. 

PPS consists of carbon, hydrogen, and sulfur, whereas NGO is 

composed of carbon, hydrogen, oxygen, and nitrogen. Therefore, 

sulfur and nitrogen can be the key elements for observing the 

aggregation of NGO. As shown in Figure 4.9a, the EDS mapping 

image of neat PPS shows the uniform dispersion of the sulfur atoms in 

all regions, and no nitrogen signal is seen. Also, the sulfur and 

nitrogen atoms are uniformly shown in all-region in the EDS mapping 
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image of PPS/NGO003 (Figure 4.9b). However, those of 

PPS/NGO009 (Figure 4.9c) shows that the signals of sulfur and 

nitrogen atoms are located in different regions, because of the 

aggregates of NGO in the PPS matrix. Therefore, the agglomeration of 

NGO in the matrix decreases the toughness of the polymer matrix.[20]

4.3.4. The toughening mechanism for PPS/NGO 

nanocomposites

Furthermore, the toughening mechanism for polymer 

nanocomposites can be generally explained by the existence of the 

sacrificial bonds such as hydrogen bonds, ionic bonds, Van der Waals 

interaction, and hydrophobic interaction. These additional bonds can 

be sacrificially dissociated when the load applied in polymer 

nanocomposites, resulting in releasing the hidden length at the 

interface between nanofillers and polymer matrix.[49] Interestingly 

the divalent sulfur atom is known to act as the hydrogen bond 

acceptor,[50, 51] then sulfide in PPS can form the hydrogen atom in 

amide groups in nylon 6. The FT-IR analysis was used to examine the 

additional sacrificial bonds between NGO and PPS in PPS/NGO 
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nanocomposite, as shown in Figure 4.10. The small shift of at 1074 

cm-1 corresponding to the C-S bonds in PPS[52] was observed in the 

PPS/NGO nanocomposites due to the hydrogen bonding between 

sulfur atoms in PPS and hydrogen atoms in amides of NGO. The 

existence of the hydrogen bonding in PPS/NGO nanocomposites can 

increase the toughness up to when 0.03 wt% of the NGO is added, but 

the toughness decreases when larger than 0.03 wt% of NGO was 

added because of the aggregation of NGO.

4.3.5. Comparison of NGO and GO for the filler materials

PPS/GO nanocomposite with the GO content of 0.03 wt%, the same 

amount of NGO in the PPS/NGO nanocomposites that showed 

maximum toughness, was prepared, and the mechanical property and 

thermal stability of the PPS/GO nanocomposite were compared with 

those of PPS/NGO nanocomposite to investigate the effect of NGO, as 

shown in Figure 4.11. Although both GO and NGO increased the 

mechanical toughness and thermal stability of PPS, PPS/NGO003 

showed more tensile strength and elongation at break values than did 

PPS/GO003, indicating that NGO is a better filler to increase the 
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mechanical toughness and the thermal stability. Since the nylon 6 

chains in NGO can be entangled with PPS chains and help NGO to be 

dispersed in the PPS matrix better than GO does, the well-dispersed 

NGO acts as the barrier against deformation or decomposition when 

tensile stress or high thermal energy is applied.

4.4. Conclusions

PPS/NGO nanocomposites were prepared for the first time to 

investigate the effect of NGO on the mechanical and thermal 

properties of the polymer nanocomposites, where NGO was prepared 

by ring-opening polymerization using ε-caprolactam in the presence of 

GO. Since the nylon 6 chains in NGO can be entangled with PPS 

chains, the addition of only 0.03 wt% of NGO into the PPS matrix 

increases toughness, such as the 32 % and 30 % increase of the tensile 

strength and elongation at break values, respectively. Similarly, 0.03 

wt% NGO in PPS was found to be the optimum content to give the 

highest melting temperature of the PPS/NGO nanocomposites. These 

results were attributed to the well-dispersed NGO in the PPS matrix, 

as was confirmed by observation of the fractured surface of PPS/NGO 
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nanocomposites through SEM and EDS mapping analysis. Comparing 

the mechanical toughness and thermal stability of PPS/NGO and 

PPS/GO nanocomposites, NGO was found to be a more effective filler. 

Finally, we believe that PPS/NGO nanocomposites are promising as 

engineering plastics because of their increased toughness and thermal 

stability.
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Table 4.1. NGO properties.

Nylon 6 in NGO
Relative content of nylon 6 

in NGO 
(%)

Grafting 
density 

(chains/nm2)
Inherent 
viscosity 

(ηinh)

Molecular 
weight 
(Mη)

0.381 8,640 22 0.015
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Table 4.2. Thermal and mechanical properties of neat PPS and 

PPS/NGO nanocomposites

Sample
Tc 

(oC)
Tm 
(oC)

��
(%)

Td,5% 
(oC)

Td,30% 
(oC)

ω 
(%)

Tensile 
strength 
(MPa)

Young’s 
modulus 
(MPa)

Elongation 
at break 

(%)

PPS 218.9 278.4 56.3 481.3 523.6 48.1
43.1 ± 

8.1
1180 ± 

190
6.9 ± 2.5

PPS/NGO001 224.9 279.6 61.7 490.5 535.4 45.1
47.2 ± 
11.6

1080 ± 
180

7.3 ± 2.6

PPS/NGO003 225.7 281.2 57.9 488.3 535.9 45.4
56.8 ± 
10.3

890 ± 
70

8.9 ± 2.3

PPS/NGO005 225.1 279.7 59.8 489.5 536.7 45.4
52.4 ± 
11.4

970 ± 
130

7.5 ± 2.1

PPS/NGO007 225.9 279.2 57.9 484.9 538.4 46.2
29.0 ± 

8.0
1240 ± 

90
4.2 ± 1.3

PPS/NGO009 224.4 279.7 60.6 487.1 536.8 46.1
29.8 ± 

2.4
1230 ± 

60
4.1 ± 0.4
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Figure 4.1. Synthetic routes to (a) nylon 6 grafted graphene oxide 
(NGO) and (b) poly (phenylene sulfide) / nylon 6 grafted oxide 
(PPS/NGO) nanocomposite.
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Figure 4.2. Digital images of GO and NGO.



１２５

Figure 4.3. Characterization of GO and NGO: (a) FT-IR spectra and 
(b) TGA curves.



１２６

Figure 4.4. Mechanical properties of PPS and PPS/NGO 

nanocomposites: (a) tensile strength, (b) elongation at break, and (c) 

Young’s modulus.
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Figure 4.5. Stress-strain curves of PPS and PPS/NGO 
nanocomposites.
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Figure 4.6. TGA curves of neat PPS and PPS/NGO nanocomposites.
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Figure 4.7. Young’s modulus plotted as a function of NGO volume 
fraction. The red line illustrates the percolation behavior of the 
PPS/NGO nanocomposites.
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Figure 4.8. SEM images of fractured surfaces: (a) neat PPS, (b) 
PPS/NGO001, (c) PPS/NGO003, (d) PPS/NGO005, (e) PPS/NGO007, 
and (f) PPS/NGO009
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Figure 4.9. EDS mapping images of (a) neat PPS, (b) PPS/NGO003, 
and (c) PPS/NGO009
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Figure 4.10. FT-IR spectra for neat PPS and PPS/NGO 
nanocomposites.
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Figure 4.11. Comparison of PPS and PPS nanocomposites in (a) 
mechanical properties and (b) thermal stability.
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초    록

본 논문은 계면 활성을 지닌 양친매성 고분자계 재료들의

합성과 분석, 그리고 한외여과막과 역삼투막과 같은 수처리 막

및 고분자 나노복합체로의 응용에 대하여 기술하였다. 첫째, 

초친수성 양쪽성 이온기 부분과 소수성 POSS 부분을

함유하는 양친매성 공중합체가 코팅된 한외여과막 (PSM 코팅

막) 을 제조하였다. 2-(디메틸아미노)에틸 메타크릴레이트

(DMAEMA) 와 POSS 메타크릴레이트 (MAPOSS) 의 서로

다른 조성들을 함유하는 일련의 공중합체(PDM)를 준비하기

위하여 자유 라디칼 공중합 방법을 이용하였다. PDM이

코팅된 막에 존재하는 DMAEMA 단위체들은 이후에 1,3-

프로페인 술톤을 이용하여 추후-양쪽성이온화 반응을 통해

술포베타인 메타크릴레이트 (SBMA) 단위체로 개질되었으며

결과적으로 PSM이 코팅된 막을 제조할 수 있었다. 이렇게

제조된 PSM이 코팅된 막은 가장 좋은 오염 저항/방출 물성을

보였다. 향상된 오염 저항성은 양쪽성이온들과 물 분자간의

강한 전기적인 상호작용을 통해 막 표면에 수화층을 형성할

수 있는 초친수성 양쪽성 이온기 부분에 의한 것임을 밝혔다. 

또한, PSM이 코팅된 막의 전체 표면 에너지 ( �� ) 값 역시
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아무것도 코팅되지 않은 폴리술폰막보다 작았는데 이는

소수성의 POSS기 부분 때문이었으며, 이로 인해 가장 뛰어난

오염 방출 특성을 보였다. 

두 번째, 폴리아미드 박막 역삼투막 제조에 사용하는

전형적인 계면활성제를 대체하고자 초친수성 양쪽성이온기와

소수성 긴 알킬기 단위체들을 포함하는 수용성 초양친매성

블록 공중합체 계면활성제 (PSbPDz) 를 가역적 첨가-단편화

사슬 이동 공중합법을 이용하여 합성하였다. PSbPDz는

계면활성제로써 성공적으로 활용되는 것을 확인하였고, 

폴리아미드 매트릭스와 고분자 사슬의 얽힘 효과를 통해 계면

중합 이후에서 필러로써 동시에 사용되는 것 확인하였다. 

계면활성제로써는, PSbPDz는 지지체 표면의 습윤성을

향상시키고 수용액과 유기 용액 사이의 계면을 확장시켜

제조된 폴리아미드 선택층의 두께를 감소시키고 표면

거칠기를 증가시키는 효과를 불러왔다. 필러로써는, 

폴리아미드 선택층에 도입된 PSbPDz는 역삼투막 표면의

습윤성을 향상하는 역할을 했음을 확인하였다. 따라서, 계면

중합을 통해 수용액에 PSbPDz를 일정량 용해시켜 제조된

역삼투막은 가장 큰 수투과도 값을 보였고 높은 염제거율

값을 유지하는 성능을 보였다. 
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마지막으로, 개시 작용기로 작용하는 카르복실 산 작용기를

가지는 그래핀 옥사이드 (GO) 표면에 ε-카프로락탐의  

고리개환 중합을 통해서 제조된 나일론 6가 그래프팅된 GO 

(NGO)와 폴리페닐렌 설파이드의 나노복합체를

마이크로컴파운딩을 통해 제조하였다. 나일론 6는 PPS와

혼합하여 상용화된 것으로 알려져 있기 때문에, NGO의

나일론 6 부분은 PPS의 기계적 물성을 향상시킬 수 있고, 

특히 PPS/NGO 나노복합체의 향상된 인성을 초래하였다. 더

나아가, 그래핀 나노시트는 향상된 기계적 강도와 열적

안정성을 제공할 수 있는데 그 이유는 그래핀 나노시트의

기계적 강화효과와 열적 장벽 역할 때문이다. 그 결과, 

PPS/NGO 나노복합체는 인장 강도와 파단신율과 같은 기계적

강도가 가장 좋은 것으로 확인되었고 열적 안정성 역시

강화되었다. 이러한 향상된 물성들은 PPS 매트릭스 내에서 잘

분산된 NGO에 의한 것이며, 이는 SEM과 EDS 맵핑 분석을

활용한 형상학 분석을 통해서 확인되었다. 

  

주요어: 표면 코팅, 양친매성 양쪽성 랜덤 공중합체, 수 처리, 막, 
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방오성, 박막 복합체, 양친매성 양쪽성 블록 공중합체, 계면활성제, 

필러, 담수화, 폴리페닐렌 설파이드, 그래핀 옥사이드, 엔지니어링

플라스틱, 나노복합체

학  번: 2014-22620
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