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Abstract 

 

Recently, membrane desalination process using polyamide seawater reverse 

osmosis (SWRO) has been attracting great interest. Natural organic materials 

in the filtration medium can cause severe membrane fouling problem, making 

the system less competitive. Therefore, developing a fouling resistant 

membrane has been one of main concerns of membrane researchers. However, 

effective antifouling membrane specialized for sea water desalination has not 

been reported until present. In this study, SWRO membranes were modified 

with various surface coating materials to improve antifouling property. Two 

different types of antifouling coating layers have been investigated: 

polyethylene glycol (PEG) based hydrophilic coating layer and 

polyethyleneimine (PEI) based zwitterionic coating layer. Amphiphilic 

polymers, a random copolymer of styrene/polyethylene glycol acrylate and a 

homopolymer of hydroxyl polyoxyethylene methacrylate (HPOEM) were 

synthesized via traditional free radical polymerization and coated on the 

membrane surface. Pegylated and carboxylated derivatives (PEI-PEG and 

PEI-BAA, respectively) of PEI were introduced on membrane surface via 

sequential in situ synthesis. The surface property changes after modification 

and the successful formation of coating layers were investigated and 

confirmed using various instrumental analyses such as Fourier transform-

infrared spectroscopy, atomic force microscopy, zeta– potential measurement, 

and sessile drop water contact angle measurement. The performances of the 



 ii 

modified membranes were evaluated in cross-flow filtration mode with model 

foulants (Bovine serum albumin and alginate). The time dependant flux and 

normalized flux were observed to evaluate the antifouling propensity of each 

membrane. Difference in fouling behavior of membranes in brackish and sea 

water was investigated using alginate fouling solution. In sea water 

desalination condition, PEI based coating layer showed effective antifouling 

behavior compared to conventional PEG based coating layer, as a results of 

the steric effect, protection of possible binding site for foulants. Especially 

due to the low hydrauric-resistance property, PEI-BAA coated membrane 

outperformed other membranes through the whole period of fouling 

experiment. Both total and irreversible fouling resistances were remarkably 

improved with PEI-BAA coating layer. 

Keywords: Seawater desalination, Reverse osmosis, Biofouling, 

Surface modification, Antifouling, Amphiphilic polymer, Zwitterion, 

Amphoteric polymer. 

Student number: 2007-21332  
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1. Introduction 

 

Water is one of the most important resources for mankind. Due to the 

growing needs for industries, the population growth and climatic change, 1/3 

of people around the world suffer from water scarcity. The experts predicted 

that about half of the world's population would suffer from water shortage 

after next 10 years. In recent years, several processes have been considered for 

production of water substantially free of inorganic solutes, organic compounds 

and dispersed particulate. Among them, pressure driven reverse osmosis (RO) 

processes have been attracting growing attentions. 

 RO has been considered as an economic process in the field of industry 

requiring separation of a dissolved solute from its solvent. The most common 

application of RO is the purification of water, including desalination, ultra-

pure water production, and waste water treatment. The development of 

polyamide thin-film composite (TFC) membrane is a major breakthrough in 

the field of membrane science and technology. The thin film composite 

membranes for RO are the membranes typically consisted of in situ 

polymerized ultra-thin polyamide (PA) active layer via interfacial 

polymerization and porous, non-selective support layer [1-3]. In the TFC 

membranes, the active layer is the key component, which controls the 

separation properties of the membrane, while porous support layer gives the 

mechanical strength needed [4, 5]. Composite membranes have advantages 
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over single-material asymmetric membranes in that, the top-active layer is 

formed in situ and hence the chemistry and performance of the top barrier 

layer and the bottom porous substrate can be independently manipulated to 

improve the overall membrane performance. Moreover, the process to 

generate an active barrier - interfacial polymerization - allows the use of 

varieties of cross-linked or linear polymeric materials, whereas asymmetric 

membrane formation process is quite limited to linear, soluble polymers [4]. 

However, fouling is one of the remaining problems in RO application. 

Fouling deteriorates membrane permeation properties and shortens 

membrane‘s lifespan, ultimately causes a limitation of the extensive 

application of RO technology. Several approaches have been developed to 

mitigate membrane fouling including pretreatment, developing new types of 

membrane [6-8], and surface modification [9-12] as well as effective 

membrane cleaning [13, 14]. Antifouling RO membranes have been 

investigated by changing the surface properties (roughness, hydrophilicity, 

and surface charge) of polyamide thin-film composite RO membranes without 

worsening their perm-selective properties. 

 Surface modification is generally classified into surface coating, grafting 

hydrophilic monomers, blending with hydrophilic polymers. It is very difficult 

to control the reaction between solid surface of membrane and liquid 

monomer. So grafting method often result in irregular coverage of the reactant 

on membrane surface [15, 16]. Blending technique is often attempted to 

fabricate the bulk properties of membrane. But blending technique typically 
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degrades the desirable filtration performance of membranes [17]. 

It has been reported that surface coating is simple technique for membrane 

surface modification; and that the proposed method for creating a fouling 

resistant RO membrane is to apply a hydrophilic and neutrally charged 

material such as polyvinyl alcohol (PVA), poly(ethylene glycol) (PEG) - 

based polymers on the surface of the RO membrane [18, 19]. 

 The amphiphilic comb-like polymers with polyethylene oxide (PEO) side 

chains have been widely used in surface modification [20-22]. The 

amphiphilic comb-like polymer is designed such that the relatively 

hydrophobic backbone provides adhesion force with membrane surface and 

stability in aqueous system, while hydrophilic side chains form dense PEO 

brushing layer. PEO brushes can prevent adsorption of foulant, following the 

steric repulsion mechanism.  

Zwitterionic (amphoteric, ampholytic) polymers, containing both anionic 

and cationic units in the same molecule have been attracting attentions as 

materials with excellent antifouling ability. Zwitterionic polymers also show 

high hydrophilicity, and electrical neutrality, which can resist nonspecific 

protein adsorption effectively. 

In this study, random copolymer of styrene and polyethylene glycol acrylate 

(styrene-PEGA), homopolymer of hydroxyl polyoxyethylene methacrylate 

(HPOEM) was synthesized via traditional free radical polymerization and 

used as coating material. Also positively charged polyethyleneimine (PEI) 
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derivatives were introduced as coating material for improvement of 

antifouling properties. Antifouling properties of pegylated (PEI-PEG) and 

carboxylated (PEI-BAA) derivatives of PEI were investigated. An 

instrumental analysis was performed to confirm the formation of coating 

layers. The difference of surface properties was comparatively investigated by 

characterization with Fourier transform-infrared spectroscopy (FT-IR),  x – 

ray photoelectron microscopy (XPS), atomic force microscopy (AFM), and 

zeta - potential and water contact angle. The performance of the coated 

membrane was evaluated in cross flow mode. The antifouling properties of 

coated membranes were investigated with model foulant solutions. Bovine 

serum albumin (BSA) and alginate were used as model foulants. The time 

dependant flux and normalized flux were observed to evaluate the antifouling 

propensity of each membrane. Difference in fouling behavior of membranes 

in brackish water and seawater was comparatively investigated.  
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2. Literature survey 

 

2.1 Desalination process 

 

Water scarcity is one of the main problems to be faced by many societies 

and the world in the 21st century. Water scarcity may be caused by a 

mismatch between water demand and water supply: Pollution and increase of 

population and industrial activity have led to a decrease of quantity and/or 

quality of available natural water resources in many regions. In addition, 

higher living standards result in higher water consumption and deterioration 

of water scarcity. In last decades, a trend to intensified use of desalination 

technology as a means to mitigate water scarcity problem can easily be 

observed worldwide. Desalination technology provides such an alternative 

source, offering water from non-conventional resources. 

 Desalination technologies can be classified by their separation mechanism 

into thermal and membrane based processes. Thermal desalination separates 

salt from water by evaporation and condensation, whereas in membrane 

desalination water diffuses through a membrane, while salts are almost 

completely retained in the feed side. Reverse osmosis and multi-stage flash 

are the techniques that are most widely used. The decision for a certain 
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desalination technology is influenced by feed water salinity, required product 

quality as well as by site-specific factors such as labour cost, available area, 

energy cost and local demand for electricity [1].  

Considering the energy consumption of processes, reverse osmosis is the 

most competitive among all options for seawater desalination. Especially in 

brackish water desalination, reverse osmosis offers great advantages over 

thermal desalination technologies due to its much lower energy consumption 

at low salt concentration. With increasing concerns about energy conservation, 

membrane desalination process using polyamide seawater reverse osmosis 

(SWRO) membrane has been attracted more interests recently.  

 

2.2 Reverse osmosis technology 

 

The osmosis is net movement of solvent through a partially permeable 

barrier into a higher concentrated saline solution to equalize concentration of 

solution on the both side. Semi-permeable (partially permeable) allows the 

passage of certain molecule depending on the solute size, solubility, pressure, 

concentration. The basic explanation of osmosis is simply illustrated in Figure 

1. The semi-permeable membrane does not allow solute molecules to pass 

through it. But water molecules can permeate through the membrane from the 

both side to the other. According to the difference of chemical potential of 
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each solution, water molecules naturally move toward to the concentrated 

solution side to reach the equilibrium of solution concentration. Osmotic 

pressure is defined that the pressure  needed to the concentrated solution side 

to prevent the inward flow of water across the semi-permeable membrane. 

If excess force is applied on the concentrated solution side, water molecules 

reversely flow through the membrane to the dilute solution. The concentrated 

molecules can not pass through the membrane, so they are rejected by the 

membrane. This is the basic concept of reverse osmosis process. Membranes 

can be used in either dead-end or cross-flow filtration. RO membranes are 

typically operated in cross-flow mode and are most commonly available as 

spiral wound modules, where the membrane sheets are wound around an inner 

tube that collects the permeate [23].  

RO technology is served as the most effective and economical process 

recently for desalination. RO can be applied to wide range of pressure driven 

membrane processes, including brackish water and seawater desalination, 

waste water treatment. Permeate satisfy most of currently applicable water 

quality standards. They can provide highly pure water which can be used for 

the purpose of production of ultrapure water for semiconductor industry. RO 

can reduce regeneration costs and waste when used independently, in 

combination or with other processes, such as ion exchange [24]. The typical 

operational range of membrane filtration processes is shown in Figure 2. The 

RO membrane acts as a barrier to all dissolved salts and inorganic molecules 

in feed water, as well as organic molecules with a molecular weight greater 
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than approximately 100da. Water molecules, on the other hand, pass freely 

through the membrane creating a purified product stream. Rejection of 

dissolved salts is typically 95% to greater than 99%.  

The applications for RO are numerous and varied, including brackish water 

and sea-water desalination for potable water, wastewater recovery, food and 

beverage, biomedical industry, purification of home drinking water and 

industrial process water. The use of RO membranes in advanced wastewater 

reclamation, using secondary treated wastewater effluent to produce water for 

indirect potable use, has been gaining acceptance over the past few years. If 

implemented successfully, water produced using membrane technology is of 

better quality than water produced via conventional methods [25]. 

Desalination markets have expanded in the last decades. The market with 

the greatest installed capacity is the Middle East where low cost of fossil fuel 

led to preferred application of thermal desalination processes. The 

Mediterranean market follows, ahead of the American and Asian markets. 

The Gulf region will continue to be the greatest market for new desalination 

equipment because of a rapid growth in population and necessary replacement 

of over-aged plants. A doubling in capacity until 2015 is expected. The 

countries around the Mediterranean Sea will experience the largest growth 

rate with a smaller expansion expected in Asia until 2015 [1]. 
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Figure 1. Overview of osmosis. 
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Figure 2. Categories of membrane filtration processes. 
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2.3 Reverse osmosis Membranes 

 

Polymeric RO membranes have dominated commercial applications since 

the very first RO desalination plant. Due to their technological maturity, they 

can be prepared with low-cost fabrication, and applied easily with improved 

performance in the selectivity and permeability. The announcement of the 

Loeb-Sourirajan Cellulose acetate (CA) membrane was of historical 

importance as it first made RO possible in practice. A CA asymmetric 

membrane was formed with a dense 200nm thin layer over a thick micro-

porous body. This new morphology produced a water flux of at least an order 

of magnitude higher than the initial symmetric membrane [26] 

 For efficient application of reverse osmosis membranes in desalination 

processes, membranes should in general display high flux and high rejection. 

High permeability requires very thin membranes, since the flux is inversely 

proportional to the membrane thickness. Extremely thin membranes today 

consist of a very thin active non-porous layer and a porous supporting layer 

for mechanical stability. The support layer protects the membrane from 

ripping or breaking, while the active layer is responsible for almost all 

resistance to mass transport and the selectivity of the membrane. Membranes 

featuring this combination of active layer and supporting structure are called 

asymmetric membrane [1]. 
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The use of polysulfone as a support layer opened the way to interfacial 

polymerization to produce RO membranes, as it could withstand the alkaline 

conditions created by the use of caustic as an acid acceptor in the interfacial 

polymerization process. The development of NS-100, polyethyleneimine 

reacted with toluene di-isocyanate by Cadotte was a major technological 

milestone in the history of RO processes [27]. It was the first successful non-

cellulosic membrane with comparable flux and monovalent salt rejection. It 

also demonstrated superior rejection of organic compounds, and good stability 

in high temperature, acidic and alkaline environments.  

Cadotte developed membranes with excellent perm-selectivity. Those 

membranes can be produced using monomeric aromatic amines and aromatic 

acyl halides containing at least three carbonyl halide groups, and with 

trimesoyl chloride giving the best results (Figure 3)[28]. Unlike other 

interfacial polymerization methods, heat curing was avoided, and acid 

acceptor and surfactants were not required because polymerization and cross-

linking were both rapid even when acyl halide was supplied at lower 

concentrations [26]. FT-30 (Filmtec©) was prepared by the interfacial reaction 

between 1,3-benzenediamine with trimesoyl chloride, producing a very unique 

surface characteristic, which has been described as a ‘ridge and valley’ 

structure, rather than the smooth or slightly grainy surface obtained from 

aliphatic amines [26]. Studies have shown that this rough ‘ridge and valley’ 

surface feature is closely related to the increased effective surface area for 

water transport and thus water flux [29]. In seawater desalination tests, the 

flux of FT-30 showed nearly 41.7 L/m2hr, with 99.2% salt rejection operating 
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at 55 bar. The aromatic polyamide structure of FT-30 provides a high degree 

of resistance to compression, thermal and chemical resistance, as well as a 

wide pH operating range. 

Commercial interest in RO membrane desalination technology is increasing 

due to continuous process improvements, which in turn lead to significant cost 

reductions. These advances include developments in membrane materials and 

module design, process design, feed pre-treatment, and energy recovery, or 

reduction in energy consumption. The decrease in salt passage over past 

decades has greatly expanded the range of saline feeds that can be treated to 

meet the stringent potable water standards. The enhanced mechanical and 

chemical strength of RO membranes, as well as the increased permeability, 

have reduced the membrane cost per unit volume of water produced by more 

than 10 times since 1978 [26].
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Figure 3. Chemical structure of commercial polyamide RO membrane. 
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2.4 Membrane fouling 

2.4.1 Fouling mechanism 

Fouling mechanisms of porous membrane are generally classified into two 

categories. 

1. Adsorption of solutes on membrane surface due to the intermolecular 

interaction between the particles and the membrane via hydrophobic 

interactions, hydrogen bonding, van der Waals attractions. 

2. Deposition of solutes on the surface of membrane. Reversible fouling 

often occurs by accumulation of particles, cell, cell debris and other 

rejected molecules by filtration.   

Fouling of membranes can occur reversibly. Reversible fouling caused by 

deposition was found to be only weakly dependent on membrane surface 

chemistry. But irreversibly proceeded fouling is considerably dependent on 

surface chemistry of membrane.  

Types of membrane fouling are also affected by feed solution chemistry. 

For example, in case of protein-containing solutions, fouling starts with 

deposition of aggregated proteins on membrane surface. The interaction 

including disulphide linkages, van der Waals forces, electrostatic interactions, 

hydrophobic interactions, and hydrogen bonding, between the solute and 

membrane contributed to membrane fouling often results in adhesive fouling. 
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2.4.2 Types of foulants 

Severe membrane fouling is caused by attractive interaction between the 

membrane material and the solute in feed solution. It can be caused by 

suspended or colloidal matter or by biological growth such as extracellular 

polymeric substances (EPS). There are mainly four types of foulants in RO 

membrane fouling: inorganic (salt precipitations such as metal hydroxides and 

carbonates), organic (natural organic matters such as humic acid), colloidal 

(suspended particles such as silica) and biological (such as bacteria and fungi) 

[30].  

Scaling of the membrane can occur when feed solution is highly 

concentrated brine. Salt can precipitate on the membrane surface forming thin 

layer. Scale layer formed on the membrane surface affects adversely on 

membrane permeability. For RO membrane, due to the concentration 

polarization near membrane, high propensity of scale is often observed. Some 

of the most important scaling substances are CaCO3, CaSO4, BaSO4 and silica. 

Scaling can reduce permeate flux drastically, and has to be avoided for 

desirable membrane process. Therefore, pre-treatment is used for stabilization 

of substances that could cause scaling. By pH adjustment and use of so called 

anti-scalants precipitation of salt can be effectively inhibited [1]. 

Micro-organisms are present in nearly all water sources and are capable of 

colonizing any surface [31]. They tend to adhere to membranes and grow at 

the expense of nutrients accumulated on the membrane surface. The attached 

micro-organisms secrete EPS and form biofilms. Thus, the originally 
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dissolved nutrients are now locally immobilized and converted from solution 

into a semisolid state [32]. RO membranes are colonized by a large diversity 

of bacteria that include Mycobacterium, Flavobacterium, Pseudomonas and a 

host of other species [33, 34]. Biofilms are composed primarily of microbial 

cells and EPS. EPS may account for 50–90% of the total organic carbon 

(TOC) of biofilms and can be considered the primary matrix material of the 

biofilm. EPS may vary in chemical and physical properties, but consists 

primarily of polysaccharides, proteins, glycoproteins, lipoproteins and other 

macromolecules of microbial origin [35]. 

While other types of fouling can be reduced to a great extent through 

pretreatment, biological fouling (biofouling) cannot be reduced by 

pretreatment alone [36], because deposited microbial cells can grow, multiply 

and relocate. Even if 99.99% of all bacteria are eliminated by pre-treatment 

(e.g. microfiltration or biocide application), a few surviving microorganism 

will enter the operating system, attach to membrane surfaces, and multiply at 

the expense of organic substances dissolved in the bulk feed solution. 

Therefore, membrane biofouling has been found to occur extensively on RO 

membranes even after careful pretreatment of the feed stream and the addition 

of disinfectants such as chlorine [35, 37]. An existing fouling layer adds to the 

overall resistance to mass transfer of the membrane and overall performance 

decreases significantly. In addition, membrane fouling also prevents back-

diffusion of solutes and pressure loss along the membrane, while rejection is 

decreased.  



 18 

Biofouling is operationally defined as biofilm formation resulting in an 

unacceptable degree of system performance loss - excessive loss of thermal 

conductivity in cooling systems or increased fluid frictional drag in flow 

systems, etc. [38]. For a given performance parameter (e.g. water transport), a 

threshold value may be defined below which system performance is 

considered unacceptable. For examples, the threshold of interference may be 

expressed as a critical hydraulic resistance for membrane systems. In other 

words, “Biofilm formation that causes unacceptable operational problems” 

can be a borderline of biofouling. An operational problem of a membrane 

installation is at hand when the increase in normalized pressure drop across 

the membrane at constant flux is around 15–30%, or the decrease in 

normalized flux while operating at constant temperature and pressure exceeds 

10% of the start-up values [35]. 

Fouling can never be fully prevented even with optimized pre-treatment. 

Complete removal of fouling is not possible and it has to be tolerated up to a 

decrease of mass flux down to 75% of original value. Experts recommend 

chemical cleaning of the membranes if either normalized permeate flow 

decreases by 10%, feed channel pressure loss increases by 15% or normalized 

salt rejection decreases by 10% from starting conditions [1]. 
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Figure 4. Photograph of fouled SWRO membranes. 
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2.5 Antifouling strategies  

 

There are some strategies that are usually employed to minimize the effect 

of membrane fouling. These strategies include feed pretreatment, adequate 

chemical cleaning and membrane modification.  

 

2.5.1 Feed pretreatment 

RO membrane processes are generally composed of intake, pretreatment, 

reverse osmosis, and post-treatment. Pretreatment systems for RO plant are 

designed to reduce fouling potential of feed solution, by removing particulates, 

micro-pollutants and micro-organisms, and also preventing the formation of 

inorganic scales. Feed pretreatment is one of the most important processes for 

successful operation of RO which controls membrane biofouling [39]. Failure 

in pretreatment results into reduced flux, frequent chemical cleaning, and 

shortened membrane’s lifespan.  

Seawater sources often have particulate and colloidal contaminants, as well 

as hydrocarbons from oil contamination and biological contaminants (algal 

blooms and other microorganisms). One of the most difficult seawater 

components to remove is boron, an inorganic molecule shown to cause 

adverse reproductive and developmental effects, as well as plant and crop 

damage [23]. 
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The conventional antifouling strategy via feed pretreatment is to use 

continuous dosage of biocides (Figure 5). It has been standard practice to 

control biological growth in the feed water by chlorination. Free chlorine (i.e. 

HOCl, OCl−) has been dominantly used to prevent microbial activities for the 

seawater desalinaton process. It has been reported that biofilm formation was 

related to the depletion of residual disinfectant concentration, and that no 

biofilm was formed using chlorinated water containing a residual of 0.04– 

0.05 mg/L free chlorine [40]. The challenges using free chlorine as a biocide 

are related to its strong oxidation potential and possible chemical attack of the 

amide functional group in the polyamide RO membrane [41-44].  
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Figure 5. Conventional pretreatment procedure using chlorine [45]. 
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2.5.2 Membrane cleaning 

In general, much of the decline in membrane performance can be recovered 

by cleaning the membrane [14, 46-49]. The objective of the cleaning 

processes is to restore membrane performance when it falls below the 

expected permeate yield typically by about 10%, or feed pressure increase by 

about 10% and/or differential pressure increase by 15 – 50% [50, 51]. In 

general, the cost of cleaning occupy 5 - 20% of total operational cost. 

Diversity of chemical cleaning agents is commercially available, and 

commonly classified into six categories: alkalis, acids, metal chelating agents, 

surfactants, oxidation agents and enzymes [52-59].  

A combination of acidic and/or basic (alkaline) chemicals is used to clean 

RO membranes. Common acidic solutions (pH ~2) include hydrochloric acid, 

phosphoric acid, sodium hydrosulfate (Na2S2O4) and sulfamic acid 

(NH2SO3H), and alkaline (pH ~12) chemicals include sodium lauryl sulfate, 

sodium hydroxide, sodium ethylenediamine tetraacetic acid (Na4EDTA), and 

proprietary cleaners, etc. Most cleaning solutions are made from stock 

chemical solutions to a final concentration of 0.03 – 2.0% (wt). Membrane 

cleaning helps restore permeate flux and thus decrease salt passage [1, 23, 60-

63]. 
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2.5.3 Membrane modification 

The propensity of membrane fouling is affected by interaction between the 

foulants and the membrane surface. All kind of interactions hydrophobic 

interactions, hydrogen bonding, van der Waals attractions can contribute to 

the formation of fouling layer. 

It is generally accepted that more hydrophilic surface offers better fouling 

resistance because many foulants such as protein are hydrophobic in nature 

[64]. A pure water layer is easily formed on highly hydrophilic surface, which 

can prevent the adsorption and deposition of hydrophobic foulants onto 

membrane surface, thus reducing fouling. In fact, numerous studies have been 

conducted to enhance surface hydrophilicity of membranes aiming at the 

improvement of antifouling performance.  

Some previous research showed that the surface-bound long-chain 

hydrophilic molecules (e.g. polyethylene glycol, PEG) were very effective in 

preventing adsorption of macromolecules such as protein onto membrane 

surface due to the steric repulsion mechanism [65-68]. When hydrophilic 

polymer chains are grafted or created on membrane surface, this diffused 

hydrophilic layer will exert steric repulsion to hydrophobic proteins that reach 

the surface [69]. Steric repulsion is due to the loss of configurational entropy 

resulting from volume restriction and/or osmotic repulsion between the 

overlapping polymer layers [25, 69]  
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2.5.3.1 Modification methods for porous membranes 

Porous membranes are made from various polymers including 

polyacrylonitrile, polysulfone, polyethersulfone, polypropylene, polyethylene, 

and polyvinylidenefluoride (PVDF). However, most of those membranes 

possess hydrophobic characteristic, are prone to be fouled, i.e., nonspecific 

adsorption of solutes on the membrane surface and pores. The fouling of 

membrane results in severe decline in permeability. It is widely accepted that 

more hydrophilic surfaces are less susceptible for fouling, the ideal membrane 

combines superior bulk properties of hydrophobic polymers with surface 

chemistry of hydrophilic materials. Recently, researchers have explored 

various strategies to reduce fouling of membrane surfaces. These methods 

include chemical, low-temperature plasma, and photochemical techniques. 

The chemicals for surface modification of porous membranes are also various. 

Some chemicals reported for preparing antifouling surface are listed in Table 1. 

PEG bearing materials are frequently used for antifouling purpose. Previous 

research showed that the surface-bound long-chain hydrophilic  PEG were 

very effective in preventing adsorption of macromolecules such as protein 

onto membrane surface due to the steric repulsion mechanism (Figure 6). 

When hydrophilic polymer chains are grafted or created on membrane surface, 

this diffused hydrophilic layer will exert steric repulsion to hydrophobic 

proteins that reach the surface [69]. Steric repulsion is due to the loss of 

configurational entropy resulting from volume restriction and/or osmotic 

repulsion between the overlapping polymer layers [26, 64]  
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Table 1. Materials used for preparation of porous antifouling membranes 

Membrane Modifier reference 

N,N’-Dimethylaminoethyl methacrylate, [70] 

PP 

Acrylic acid [71] 

PSf/PEG [72] 

PSf 

Poly(ethylene glycol) methacrylate [73] 

PVC N-Vinyl-2-pyrrolidone [74] 

Maleic acid, PEG [75] 

PAN 
Poly(ethylene glycol) methyl ether 

acrylate [12] 

Cyclooctene /PEG [76] 

PVDF 
Poly(ethylene glycol) methyl 

ether methacrylate [77] 
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Figure 6. Compression of PEG brush layer by protein adsorption and its 

antifouling mechanism. 
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2.5.3.2 Modification methods for RO membranes 

Because RO membranes are nonporous, the formation of a fouling layer on 

the membrane surface is referred to as the dominant fouling mechanism. The 

most important stages in fouling layer formation are adhesion of natural 

organic matters on membrane surface [23] and RO membrane fouling is also 

closely related to the interaction between the membrane surface and the 

foulants. Considering the permselective performance of membrane, no 

substitute to polyamides has been found so far for reverse osmosis process. 

Surface modification of existing membranes is also considered as a potential 

and effective route to develop antifouling membranes.  

Surface coating is a convenient and efficient technique for membrane 

surface modification, and it has been widely adopted to tailor the surface 

properties of conventional RO membranes. In this method, the RO 

membranes can be not only directly coated using proper water-insoluble 

polymers (commercial or artificially synthesized), but also coated with water-

soluble molecules followed by cross-linking to make them water-insoluble. 

Here, the coating acts as a protective layer to reduce or eliminate the 

adsorption and deposition of foulants onto membrane surface. Surface coating 

is a simple way and easily operated, so it has been paid much attention by 

many researchers and membrane manufacturers so far [30]. 

Grafting a hydrophilic polymer onto the polyamide surface is feasible way 

for surface modification, making membranes more hydrophilic and preventing 
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or weakening the adherence of the organic matter. The conventional 

polyamide RO membrane surface has free carboxylic acid and primary amine 

group. These relatively active groups provide the possibility of surface 

modification via chemical reaction or coupling. Some researches have been 

conducted on basis of this to improve membrane surface properties and other 

performances. 

Free carboxylic acid groups on RO membrane surface were formed by the 

eventual hydrolysis of the acyl chloride groups that did not react with amine. 

Therefore, it was possible to modify the nascent composite membrane surface 

using these unreacted acyl chloride groups before their hydrolysis [15]. And 

also free carboxylic acid group are available site for chemical modification. 

The coupling agent, carbodiimide and N-Hydroxysuccinimide are used to 

promote the reaction of free carboxylic acid and amine bearing modifiers 

(Figure 7). 

 



 

Figure 7. Feasible synthetic route for polyamide modification. 
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2.6 Salting-in and salting-out of polymeric materials  

The solubility of polymeric material is affected by salt concentration of 

solution. The effect of the addition of salts on solutions of polymers is very 

complex, primarily because a diversity of different types of intermolecular 

interactions comes into play between the ion and water, ion and polymer, and 

polymer and water. This phenomenon is further complicated by the fact that 

the extent of the interactions varies in relation to the types of ions and 

polymers involved [78]. Salting-out effect is elucidated that the solubility of a 

substance is reduced by the presence of added salt in the solution.  

Salting-out method has been used to separate proteins in mixed solution at 

high salt concentration and to concentrate dilute solutions. PEG moieties have 

been frequently used for antifouling purpose in membrane fields. Although the 

detailed interactions among constituents in the solution are not fully 

understood yet, PEG also used for protein crystallization. The proteins usually 

crystallize in a complex mixture of protein, water, salt, and PEG. Salt is often 

necessary to screen surface charges on protein molecules, whereas PEG is 

thought to induce required attraction between protein molecules. And the 

interaction between PEG and salt affects the phase behaviors of PEG itself. A 

lot of proteins are crystallized using combinations of PEG and some salt [78]. 

Although PEG is one of the most effective materials for preparation of 

antifouling surface in membrane research field up to date, aforementioned 

salting-out behavior of PEG is not appropriate for antifouling materials in 
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seawater condition.  

Earlier researchers discovered that polyzwitterions (polyampholytes), 

possessing both positively and negatively charged functional groups showed 

unique behavior in aqueous solution.  A characteristic of polyelectrolytes is 

chain extension, and thus large hydrodynamic volume, in deionized water at 

low concentrations. This is due to Coulombic repulsions between charged 

groups along the polymer chain, forcing the polymer into an extended rod-like 

conformation. The addition of low molecular weight electrolyte or changes in 

solution pH screens the repulsive electrostatic forces, and the polymer coil 

shrinks, adopting a more entropically favored conformation. This is known as 

the polyelectrolyte effect [79-83].  

The solution behavior of polyampholyte is often opposite that of 

polyelectrolytes, exhibiting the so called antipolyelectrolyte effect (salting-in 

behavior). They exhibit antipolyelectrolyte behavior in salt solutions swelling 

significantly more in saline solutions than in pure water. The aqueous solution 

behavior of polyampholytes is dictated by Coulombic interactions between 

anionic and cationic species located on different monomer units. 

Polyampholytes have the ability to demonstrate both polyelectrolyte and 

antipolyelectrolyte behavior depending on factors such as solution pH, 

copolymer composition, the absence/addition of low molecular weight 

electrolyte, and the relative strengths of the acidic and basic residues. Chain 

expansion occurs upon the addition of low molecular weight electrolyte, 

although this is very much dependent upon chemical structure, composition, 
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and solution conditions [79].  

When amphoteric polymers were prepared as net-work structure, they 

exhibit antipolyelectrolyte behavior in salt solutions swelling significantly 

more in saline solutions than in pure water. The conventional superabsorbent 

hydrogels were nearly collapsed in multivalent cation solutions [84-87].  

Antipolyelectrolyte behavior can be observed also when oppositely 

charged polymers are forming complex. Polyelectrolyte multilayer films on 

solid surfaces formed through layer-by-layer assembly of polycations and 

polyanions from aqueous solutions have attained much attention [88-90]. It is 

well known that the properties of such assemblies show responsive behavior 

toward external stimuli such as ionic strength or humidity. Recently, some 

effort was spent on studying the swelling behavior of polyelectrolyte 

multilayers, but it is still not fully understood [91-97]. The volume transition 

of amphoteric structure in response to temperature, solvent composition, pH, 

ionic strength, and electric and magnetic fields have opened the door to a wide 

variety of technological applications in chemical, medical, agricultural, 

electronic, and many other industrial fields [79, 97, 98].  

In recent years, zwitterionic polymers such as polyphosphobetaine, 

polysulfonbetaine and polycarboxybetaine, have been attracting more 

attention as a new type of anti-fouling materials [99]. But until now, most 

studies of zwitterionic polymers have focused on enhancing the 

biocompatibility materials [100-102]. A few researches about antifouling 

properties of zwitterionic materials were conducted recently [103, 104]. But 
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those articles focused on hydrophilic nature of amphoteric materials, and to 

the best of our knowledge, there have been no articles concerning the salt-

responsive behavior of amphoteric materials.  

It was thought that unique salting-in behavior of amphoteric structure 

might be advantageous in some respects for antifouling material especially in 

seawater desalination conditions. Steric hindrance (due to the chain expansion 

in concentrated brine) and stimuli responsive behavior (due to the 

conformational change of coating layer) are expected to exert beneficial effect 

for enhancing fouling resistance of membranes. 
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3. Experimental 

3.1 Materials 

Seawater reverse osmosis membrane (SHN) was obtained from Woongjin 

chemical CO,.LTD and used as a base membrane. Styrene, Poly(ethylene 

glycol) acrylate (PEGA, Mn ~375 g/mol), HPOEM (number average 

molecular weight, Mn ~ 360 g/mol), branched polyethyleneimine (PEI, Mw 

~800), and glutaraldehyde solution gradeⅡ, 25% (GA), polyethylene glycol 

diglycidyl ether (PEGDGE), bromoacetic acid, bovine serum albumin (BSA), 

alginic acid from brown algae, benzoyl peroxide (BPO), 2,2-

Azobisbutyronitrile (AIBN) were purchased from Aldrich Chemical (Korea). 

Toluene, Ethanol, petroleum ether, methanol were purchased from Samchun 

Chemicals (Korea). HCl and NaOH were purchased from Daejung Chemicals 

& Metals Co., Ltd. (Korea). All chemicals used in this research were reagent 

grade and used without further purification. 

 

3.2 Preparation of surface modified membranes 

3.2.1 Synthesis of styrene - PEGA copolymer 

Styrene - PEGA copolymer was synthesized by free radical polymerization 

(Figure 9). Predetermined amount of styrene, PEGA and BPO was dissolved 

in toluene (20 g). Toluene (300 g) in the 1000 mL 4-neck round bottom flask 
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was placed in the water bath and preheated to 95±1 °C under nitrogen 

atmosphere and gently stirred for 30 min. Monomer solution had been added 

drop-wise to reaction mixture using dropping funnel for 3 h. Polymerization 

was allowed to proceed for 20 h in refluxing condition. 

3.2.2 Synthesis of HPOEM homopolymer 

HPOEM homo polymer was synthesized via free radical polymerization. 

Calculated amount of PEGA (80 g) and AIBN (2 g) were dissolved in THF 

(20g) in dropping funnel. THF (300g) in the 1,000 mL 4-neck round bottom 

flask was placed in the water bath and preheated  to 66±1 °C under nitrogen 

atmosphere and stirred gently for 30 min. Monomer solution was added drop-

wise to reaction mixture for 3 h. Polymerization was allowed to proceed for 

12 h in refluxing condition. The resulting homopolymer was precipitated in 

methanol/petroleum ether mixture solution and dissolved again in ethanol at 

least three times for purification. After purification, polymer was dried under 

vacuum at room temperature for 24 hours.  

3.2.3 Membrane modification using styrene-PEGA 

Fresh SWRO membranes were treated with moisturizer (e.g., glycerol) to 

prevent drying. So SWRO membranes are rinsed with fresh deionized water 

overnight to remove glycerin treated to protect the pore of support layer 

before modification. Styrene-PEGA coating layer was introduced via simple 

dip-coating method (Figure 8). Solvent was carefully chosen to avoid any 

harmful effect to neat membrane. A few solvents were tested for the  
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Figure 8. Scheme of styrene-PEGA copolymer synthesis and preparation 

procedure of surface modified SWRO via dip-coating method. 
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preparation of coating solution, as a result, ethanol was used as a solvent of 

coating solution. Varied amount of dried copolymer was dissolved completely 

by stirring in 1,000 g of ethanol to investigate the effect of solution 

concentration on membrane performance. After copolymer was completely 

dissolved, membranes taken out from DI water were gently wiped off before 

coating process to remove excess amount of water. After polymer had been 

dissolved completely in ethanol, SWRO membranes were dipped in solution 

for 1 min. Immersed membranes were taken out of the solution and excess 

solution was gently  removed using rubber roller confirm uniform coating 

layer. The membranes stayed in atmospheric condition another 1 minute to 

form water – insoluble coating layer. Coated membranes were kept in fresh DI 

water before experiments. 

3.2.4 Membrane modification using HPOEM homopolymer 

General procedure for membrane coating was similar with the method 

styrene-PEGA coating method. To investigate the effect of coating solution 

concentration on the membrane permeability, 0.05 ~ 0.4% (w/w) of HPOEM 

homopolymer solution in DI water were prepared, and subsquently 

membranes were dipped in homogeneous coating solution for 1 min. Then 

excess amount of solution was gently removed with rubber roller. HPOEM 

homopolymer coated SWRO membranes were treated with GA solution to 

form the network structure of coating layer on membrane surface [10, 105, 

106]. The reaction scheme is shown in Figure 9. Immersed membranes were 

taken  
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Figure 9. Schematic diagram of chemical reaction between GA and HPOEM 

homopolymer.  
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out of GA solution and dried in the air for given time. Coated membranes 

were kept in fresh DI water before performance evaluation.  

3.2.5 Membrane modification using PEI-PEG 

Surface coating procedure was performed by successive two steps. At first, 

predetermined concentration of aq. PEI solution and GA (0.01 wt%) used to 

form a cross-linked PEI layer. General procedure for first step is identical to 

the preparation conditions of HPOEM coating. The pH of GA solution was 

adjusted at 9 in this experiment for successful reaction between GA and 

primary amine group of PEI. GA was used as crosslinker for all of coating 

materials investigated in this study because of its commercial availability and 

low cost in addition to its high reactivity. Because of the instability of Schiff 

bases formed as a result of reaction between amine and aldehyde, reducing the 

double bonds of the Schiff bases by application of suitable reducing agents 

such as sodium borohydride (NaBH4) or sodium cyanoborohydride 

(NaCNBH3) has been proposed. Sodium borohydride not only reduces Schiff 

bases, but also aldehyde groups, leading to a lower yield of conjugate 

formation. Even if the use of a reducing agent has been recommended, 

reduction is not usually required [107, 108]. 

After the GA crosslinking reaction, membranes were soaked into PEGDGE 

solution to introduce chemically bound PEG chains on PEI layer via epoxide 

ring opening reaction between amine residue in PEI and PEGDGE. The 

schematic diagram of procedure is shown in Figure 10. 
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Figure 10. Schematic diagram of chemical reactions for preparing PEI-PEG 

coating layer. 
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3.2.6 Membrane modification using PEI-BAA 

Acetic acid groups were carefully chosen for preparing antifouling coating 

layer for SWRO. N-binding acetate groups act as a counterion of protonated 

nitrogen atoms connected with one carbon atom. In aqueous solution, charges 

of surface atoms exist as zwitterionic form, prohibiting electrostatic attractive 

interactions with other molecules [109-111].  

Synthetic route for preparing zwitterionic PEI-BAA coating layer was 

shown in Figure 11. Bromoacetic acid (BAA) was used for carboxylation of 

amine groups. N-carboxylation reaction was performed via bromoacetylation 

of amine functional groups of PEI. Preparation procedure for PEI-BAA 

coating layer is similar as PEI-PEG case. Bromoacetylation reaction was 

conducted following the PEI coating procedure. 0.1 wt% of BAA and 0.08 

wt% of potassium hydroxide (KOH) solution in DI water was prepared and 

used for N-acetylation of PEI. KOH was added to remove HBr formed from 

the reaction of amine and BAA [112]. PEI coated membrane was soacked in 

BAA solution and stayed for 10 hr at 30 ℃. After then, membrane was fully 

rinsed with DI water to remove unreacted chemicals.  
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Figure 11. Schematic diagram of chemical reaction for preparing PEI-BAA 

coating layer. 
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3.3 Surface characterization of modified membranes 

In order to investigate chemical composition changes between the 

unmodified and modified membranes and confirm the existence of coating 

layer on SWRO membrane surface, Fourier transform infrared spectroscopy 

(Midac Nicolet Magna 550 series II FT-IR) was employed. The surface 

chemical composition of SWRO membranes were characterized using X-ray 

photoelectron spectroscopy (XPS) (SIGMA PROBE, Thermo VG, U.K). The 

weight percent and the ratio between different peak binding energies of 

carbon atom were calculated from C1s core level spectra. The streaming 

potentials were measured over the range of pH using a BI-EKA streaming 

potential analyzer (Brookhaven, NY) with 1 mM KCl electrolyte solution. 

Contact angle measurements were performed with an FTÅ 200 contact angle 

analyzer (First Ten Ångstroms, VA) using a sessile drop technique. A dried 

membrane sample was mounted on a glass support on specimen stage, and 

droplets of 5 l of DI and NaCl solution were placed on the membrane 

surface using a syringe driven by a syringe pump. At least 10 measurements 

were taken at different locations on the membrane surface to determine the 

average contact angle value. Atomic force microscopy (XE-150, PSIA. CO) 

was used to quantify the roughness of RO membranes. Images were obtained 

in air at room temperature on dry, unused membrane samples. Since the 

membrane surface is very sensitive, tapping mode was preferable. AFM was 

operated in tapping mode using silicon nitride cantilever. AFM images were 

recorded over an area of 5 ㎛×5 ㎛. 
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3.4 Evaluation of membrane performance 

All filtration experiments were conducted using a cross-flow filtration 

system. The details of the apparatus are shown in Figure 12. Following 

fouling experiments, a cleaning step is conducted to characterize cleaning 

efficiency of membranes.  

The effective area of SWRO membrane was 30 (4.0 × 7.5) cm2. Before the 

filtration test, SWRO membranes were compacted using DI water at least for 

10 h under 6.3 MPa, and temperature was adjusted to 25±1 °C. Initial 

performance of the membrane was obtained at 5.5 MPa using 3.2 wt% ppm of 

NaCl solution. The pH value of feed stream was adjusted ~ 8.0 using NaOH 

and HCl and flow rate was maintained at 4 L/min. The volume of feed 

reservoir was 20 L. Conductivity of the feed and permeate was measured to 

obtain rejection of the membrane. Conductance meter (Orion model 115) was 

used to measure conductivities of both feed and permeate. Water flux and 

rejection were obtained using following equations: 

tA
VJ w 


                                     (1) 

100)1((%) 
feed

per

C
C

R
                          (2) 

Where Jw is the pure water flux (L/m2hr), V is the permeate volume (L), the 

membrane area (m2), t is the time (hr), Cper and Cfeed mean conductance of 

permeate and feed, respectively. 
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BSA and alginate were used as a model protein, polysaccharide foulant to 

evaluate anti–fouling property of SWRO membrane. After measuring initial 

water flux and rejection, BSA solution was added to NaCl to reach total 

concentration 10ppm and pH was adjusted ~ 4.9. The flux decline was 

measured for 20 h. At the end of fouling test, the solution in the feed reservoir 

was discarded and cleaning of the fouled membrane was performed. At first, 

membrane system was rinsed with DI water for 30 minutes. At the end of the 

DI rinsing stage, the chemical cleaning solution (3.2 wt% aq. NaCl solution, 

pH 11) was added.  Cleaning of fouled membrane was performed for 30 

minutes, with flow rate 6 L/min and no applied pressure (no permeate). After 

that, the reservoir and membrane cell were rinsed with DI water to flush out 

the residual chemical cleaning solution. 

Flux recovery test was performed to investigate the cleaning efficiency of 

membranes. Water flux was measured again at the same condition of initial 

filtration test. 

Flux recovery (FR) was calculated according to following equation: 

100(%) 
i

w

J
JFR

                     (3) 

 Where Ji is initial water flux, Jw is water flux after membrane cleaning. 

Fouling experiments were performed for another 20 hours to investigated 

anti fouling performance and durability of coating layer after membrane 

cleaning. The same procedure was conducted during the second run of fouling 
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experiment. 

For alginate filtration test, almost procedure was same as BSA fouling test. 

pH value was adjusted at 8.0 and concentration of alginate solution was 30 

ppm. Comparative studies of antifouling property in brackish and seawater 

conditions were also performed. The antifouling properties of PEI, HPOEM, 

PEI-PEG and PEI-BAA were compared. Fouling experiment in brackish water 

condition was conducted with; 0.2 wt% aq. NaCl, 100ppm alginate solution 

(pH~8), 2.75 MPa. All other conditions and overall procedure of the test was 

identical to the case of seawater condition.  
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Figure 12. Scheme of cross-flow membrane filtration system. 
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4. Result and discussion 

 

4.1 Styrene-PEGA copolymer coated SWRO 

In this chapter, styrene-PEGA comb-like copolymer was synthesized to 

modify the surface of commercial SWRO and the antifouling properties of 

coated membranes were investigated. 

4.1.1 Solubility control of styrene-PEGA copolymer 

In this study, styrene-PEGA layer was formed via simple dip-coating 

method. Because there is no additional fixation reaction procedure involved 

with the styrene-PEGA coated membranes, water-insolubility of polymer is 

key factor to the stability of coating layer. Styrene-PEGA copolymers with 

varied molar ratio were synthesized and the solubility of obtained polymer 

was investigated. In preliminary studies, various solvents were tested for 

determination of suitable media for coating procedure. Ethanol was chosen as 

a coating solvent. 

Polymers with molar ratio of styrene:PEGA 4:6 ~ 9:1 was synthesized via 

free radical polymerization and the solubility of polymers in ethanol was 

tested. 4:6 ~ 6:4 polymers were clearly dissolved in ethanol, 7:3 to 9:1 

polymers were excluded as a suitable coating material. The water solubility of 

4:6 ~ 6:4 polymers were tested, in this case, insolubility of polymer was the 
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criteria of determination. Finally molar ratio of 6:4 was determined suitable 

for coating material. The preparation condition was as followed: styrene 23.5 

g, PEGA 56.5 g, toluene 320 g, BPO 0.8g. Polymerization proceed proceeded 

for 20 hours at 95±1 ℃. 

4.1.2 1H NMR analysis of styrene-PEGA 

Figure 13 shows the 1H NMR spectra of the styrene-PEGA copolymer. The 

characteristic peak at 7.1 ppm corresponded to the hydrogens of aromatic 

group (C6H5) in styrene structure [113]. The signals of methylene protons 

(denoted in Figure 13 as b and c) were observed at about 4.4 and 3.7, 3.4 ppm, 

respectively. They are the characteristics of the PEG chains [114]. Strong 

signals at 2.5 and 3.3 ppm are from the DMSO. The molar ratio of synthesized 

styrene/PEGA was calculated as styrene : PEGA = C6H5 peak area/5  : OCH2 

peak area/2 was 65.8 : 34.5 (mol : mol). The actual PEGA content obtained in 

this work was lower than the feed composition (60 : 40). It is mainly due to 

the difference of reactivity of monomers [15, 113]. The styrene – PEGA 

copolymer had the number average molecular weight (Mn) of 80,000, a 

weight average molecular weight (Mw) of 190,000, and a polydispersity index 

(PDI) of 2.4 by gel permeation chromatography. 

These observations suggested that styrene – PEGA copolymer was 

successfully synthesized via free radical polymerization.    
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Figure 13. 1H NMR spectra of styrene – PEGA copolymer. 
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4.1.3 FT-IR Spectroscopy analysis 

FT–IR measurement was performed to confirm the successful coating layer 

formation on membrane surface. Figure 14 shows the FT-IR spectra of control 

SWRO and surface modified membranes (0.4 wt%). The spectra of control 

SWRO and styrene-PEGA coated RO membranes showed characteristic bands 

of PSf such as 1,584 cm-1 and 1,243 cm-1. The major characteristic bands of 

aromatic polyamide at 1,660 cm-1 (amide I, C-O stretch) and 1,544 cm-1 

(amide II, N-H bend) are shown in Figure. Copolymer treated membranes 

showed some new or intensity increased peaks around 3,000 cm-1, and 3,300 

cm-1, which were ascribed to CH2 and -OH stretch of styrene - PEGA, 

respectively. These results indicated that styrene - PEGA coated layer was 

successfully formed on the membrane surface. 
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Figure 14. ATR-FTIR transmittance spectra of styrene-PEGA coated 

membrane.  
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4.1.4 Surface zeta-potential of styrene-PEGA coated membranes 

SWRO membranes were coated with different concentration of styrene-

PEGA copolymer solution via aforementioned dip–coating method. 

Modification of membrane was performed with 0.1 ~ 0.4 wt% of styrene 

PEGA coating solution.  

Figure 15 shows pH dependant zeta-potential of control SWRO and 

styrene-PEGA coated membranes. All membranes were negatively charged 

over whole range of pH.  Negatively charged surface characteristic of PA 

membranes are originated from the carboxylate group of TMC. It was 

observed that the charge density of control SWRO membranes were higher 

than that of modified membranes. It was considered that introduction of 

neutral PEG chains lower the charge density of control SWRO [115]. 

There was any noticeable difference attributed to the concentration of 

coating solution. Although more or less difference in values, almost same 

results were shown between styrene-PEGA coated membranes. 
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Figure 15. Zeta-potential of styrene-PEGA coated membranes. 
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4.1.5 Surface roughness of styrene-PEGA coated membranes 

AFM technique was also used to characterize the surface of SWRO 

membranes. AFM is one of the most commonly used instruments to 

investigate surface topology [116, 117]. The three dimensional AFM images 

of the modified and unmodified membranes are shown in Figure 16. All AFM 

images were obtained in the air using dried membranes. A typical nodular 

( ridges and valleys ) structure is observed in the figure. Although no obvious 

difference was observed, the roughness slightly decreased in the order of 

SWRO, 0.1 < 0.2 ≈ 0.3 < 0.4. When the coverage on the surface is insufficient, 

increasing roughness observed [15]. In our experiment, surface topology was 

almost unchanged after surface coating. But the Rms roughness of membrane 

was slightly decreased after styrene-PEGA was coated on membrane’s surface. 

The Rms roughness decreased 79.38 to 63.12 nm after coating. Styrene-PEGA 

coating layer was formed via phase inversion of dissolved polymer during 

solvent evaporation. Hydrophobic interaction was main interaction involved 

the formation of coating layer. Because no additional crosslinking procedure 

was performed, the formation of ultrathin coating layer was predicted after 

wholly rinsed with fresh DI water. 
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Figure 16. AFM images of styrene-PEGA coated SWRO membranes. 
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4.1.6 Effect of coating conditions on filtration performance 

Water permeation measurement was carried out to characterize the 

permeation properties of the modified membranes. Filtration performance of 

the membrane was obtained at 5.5 MPa using 3.2 wt% of NaCl solution, and 

solution temperature and flow rate were adjusted to 25±1 °C, 4L/min 

respectively. The pH of feed stream was adjusted ~ 8 during the experiment. 

Figure 17 shows the results of the performance test for the non-treated and 

coated SWRO membranes. It can be seen that, with increasing concentration 

of the coating solution, water flux decreases. Almost 20% of fluxes decrease 

when treated with 0.3, 0.4 wt% of coating solution. 

The above observations are understandable. Upon deposition on the 

membrane surface, the surface hydrophilicity of the membrane is enhanced, 

which favors the sorption of water on the membrane, thereby enhancing the 

water permeability. However, as the copolymer concentration increases, 

molecular overlapping and aggregation will occur, which will lead to a denser 

packing of coating layer on the membrane surface. If the membrane surface 

were completely covered by the copolymer, the resistance to water transport 

arising from the coating layer will be increasingly important, which results in 

a reduction in the water permeability. 

The rejection of membranes showed almost constant value about 99.0 ~ 

99.3%. It can be also explained with the effect of the neutral nature and 

permeation resistance due to the surface coating layer.
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Figure 17. Effect of copolymer coating solution concentration on performance 

of styrene-PEGA coated membranes. (3.2 wt% NaCl aqueous solution 

at 5.55 Mpa, 25 ℃, and pH 8). The rejection of membranes showed 

almost constant value about 99.0 ~ 99.3% (data not shown). 
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4.1.7 Fouling experiments 

To investigate the fouling resistance of the prepared membranes, fouling 

experiments with model protein and polysaccharide were performed. It is well 

known that the nonspecific adsorption of organic matters on the membrane 

surface is the main cause for membrane fouling [118]. 10 ppm of BSA in 

NaCl salt solution (3.2 wt%) was used as a foulant solution. The absolute 

fluxes of coated membranes are compared in Figure 18, and normalized 

according to the flux normalization method suggested by Belfort and 

coworkers (Figure  20) [21]. The initial fluxes of neat and 0.1, 0.4 wt% 

solution treated SWRO membranes decreased from 32.4 to 30.8, 26.5 L/m2hr, 

respectively. The flux decline shows a slow decline over the course of 

filtration (~ 20% after 20 hours). But the absolute fluxes of them are still 

lower than one of the unmodified membrane. It is mainly due to the hydraulic 

resistance increased by additional surface coating layer. [10]. 

Both of the modified membranes showed ~95% flux recovery after cleaning 

step. During the second fouling experiment, 0.1 wt% membrane showed 

almost the same performance compared to control membrane. After second 

cleaning step, 0.1 wt% membrane showed the highest flux value among 

membranes, the flux recovery of modified membranes retained around 95%.    

Normalized flux of membranes is shown in Figure 19. Modified 

membranes showed relatively higher values, but there was no evident 

difference between modified membranes. Figure 19 revealed that modified 
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membranes possessed same surface properties regardless of coating density. 

According to the analysis of Figure 17, 0.4 wt% membranes were expected to 

form a dense brush layer on the surface of membrane.  

To investigate more about anti-fouling property of copolymer coating layer, 

alginate was used as a model polysaccharide foulant in this experiment. As 

shown in Figure 20 and Figure 21, initial water flux of the neat SWRO 

membrane is higher than copolymer coated membrane. And flux decline rate 

of coated membrane is much slower than unmodified membrane. After 

chemically washed, initial flux of the coated membrane showed 95% 

performance recovery. The flux recovery of unmodified membrane is 93.0% 

for the first step, and 89.5% for the second step respectively. 
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Figure 18. Time dependant flux of control SWRO and styrene-PEGA coated 

membranes during cross-flow filtration with BSA solution. (BSA 

10ppm, 3.2 wt% aq. NaCl solution, 5.55 MPa, 25±1 °C, 4 L/min, pH 

4.9). 
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Figure 19. Time dependant normalized flux of control SWRO and styrene-

PEGA coated membranes during cross-flow filtration with BSA 

solution.  
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Figure 20. Time dependant flux of control SWRO and styrene-PEGA coated 

membranes during cross-flow filtration with alginate solution. 

(alginate 30 ppm, 3.2 wt% aq. NaCl solution, 5.55 MPa, 25±1 °C, 4 

L/min, pH 8.0). 
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Figure 21. Time dependant normalized flux of control SWRO and styrene-

PEGA coated membranes during cross-flow filtration with alginate 

solution.  
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4.2 HPOEM homopolymer coated SWRO 

 

In this chapter, PEG-based HPOEM homopolymer was investigated as 

coating material for enhancing antifouling property of SWRO. The antifouling 

properties of HPOEM coated membrane were comparatively investigated with 

neat SWRO. 

4.2.1 Optimum preparation condition 

The molecular weight of the synthesized HPOEM homopolymer was 

determined using GPC analysis. The polymer had a Mn (number average 

molecular weight) of 15,200, an average molecular weight (Mw) of 38,600, 

and a polydispersity index (PDI) of 2.54.  

In this section, effects of preparation conditions permeation – concentration 

of HPOEM and GA – on the filtration properties of modified membranes were 

investigateded. In preliminary experiments, at least 30 seconds were required 

to exchange the water presoaked in membrane bulk for the coating solution. 

Water flux of control SWRO and HPOEM coated membranes in SW condition 

were measured to investigate effects of coating conditions. 

At first, the concentration effect of HPOEM on membrane performance was 

investigated under the following preparation condition: 4×7.5 cm2 SWRO 

was dipped in polymer solution1 minute, followed by removal of excess 

solution with rubber roller. Membrane was kept in atmospheric condition for 1 

minute. After then, HPOEM coated membrane was dipped in 0.01wt% of 
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aqueous GA solution (pH 3) for 30 seconds to form the network structure, 

subsequently removed excess GA solution.  

The results of the water flux with 3.2 wt% NaCl solution are presented in 

Figure 22 (at 5.55 Mpa operating pressure). It can be seen that, with 

increasing concentration of the HPOEM solution, water flux decrease. Salt 

rejection of membrane almost unchanged, around 98.9 ~ 99.2% (data not 

shown). It is thought that with increment of coating solution concentration, 

more dense coating layer was formed on membrane surface.  

Figure 23 shows the permeation properties of membranes as a function of 

GA concentration. The concentration of HPOEM was fixed at 0.1 wt% and 

dipping and curing time of GA treatment was identical with previous 

experiment. Typical tendency of flux decline similar as styrene-PEGA case 

was observed. With increment of solution concentration, water flux of 

modified membrane was decreased. About 10% of flux decline was observed 

with 0.1 wt% HPOEM and 0.01 wt% GA solution treatment. Initial flux 

decline of membranes attributed to additional hydrauric resistance of coating 

layer adversely effects on overall filtration performance. 0.1 wt% HPOEM 

and 0.01 wt% GA treated membrane was considered adequate to form the 

desirable coating layer. 
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Figure 22. Effect of HPOEM concentration on performance of SWRO 

membrane. (measured with 3.2wt% NaCl aqueous solution at 5.55Mpa, 

25±1 ℃, and pH 8). 
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Figure 23. Effect of GA concentration on performance of SWRO membrane. 

(measured with 3.2wt% NaCl aqueous solution at 5.55Mpa, 25±1 ℃, 

and pH 8). 
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4.2.2 Surface characterization of HPOEM coated SWRO 

Analysis of XPS spectra was performed to elucidate differences in chemical 

composition between pristine and coated membrane. The C1s core level 

spectra of membranes are shown in Figure 24. The spectra was curve-fitted 

with peak components with binding energies (BEs) at 285.0 eV for the CH 

species, at 286.2 eV for the CO and CN species, at 288.3 eV for the COO 

species and at 291.0 eV for the aromatic carbon species (π-π* shake-up 

satellite) [119, 120]. Since there was no distinctive functional groups for all 

chemical used for this experiment, identical peaks were observed for each 

membrane. 

The ratio of curve-fitted species to total carbon contents were determined 

from the spectra, to analysis the compositional change of membrane surface. 

The composition of each membrane is shown in Table 2. It shows that the 

ratio of peaks at 285.0, 288.3 and 291.0 eV decrease, meanwhile the ratio of 

peak at 286.0 eV increase from 18.3 to 25.3 %. Taking into account the 

relative proportion of aromatic carbon and COO species (291.0 and 286.2 eV 

respectively), introduction of PEG chain in HPOEM homopolymer was 

attributable to these compositional changes. And it is confirmed that HPOEM 

coating layer had been successfully introduced on SWRO membrane surface.  
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Figure 24. C 1s core level spectra of (a) control SWRO and (b) HPOEM 

modified membranes. 
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Table 2. Atomic percent and peak ratio of polyamide and HPOEM coated 

membranes determined from the curve-fitted C1s core-level spectra 

Sample 
Peak BE 

(eV) 
At. % 

Peak ratio 

(%) 

285.02 49.28 63.7 

286.16 14.15 18.3 

288.30 9.96 12.9 

Control 

SWRO 

291.21 4.03 5.2 

284.99 44.74 59.7 

286.37 18.94 25.3 

288.26 8.56 11.4 

HPOEM 

coated 

SWRO 

290.93 2.7 3.6 

 



 73 

4.2.3 Contact angle of HPOEM coated SWRO 

Comparative analysis of the relative hydrophilicity of control SWRO and 

HPOEM coated membrane surface was performed by sessile drop water 

contact angle measurement. The water contact angle of 0.1 wt% HPOEM 

coated and 0.1 wt% HPOEM + 0.01 wt% GA solution treated membranes 

were investigated and the results were compared   

As can be seen in Figure 25, contact angle decreased after treated with 

HPOEM homopolymer. It is attributed to the hydrophilic nature of HPOEM 

homopolymer. But Contact angle of membrane increased again, after 

treatment with GA solution. It is considered that denser coating layer was 

formed after crosslinking reaction. And also, the results can be originated 

from the hydrophobicity of GA [121] and depletion hydrophilic –OH group of 

HPOEM during crosslinking reaction. HPOEM 0.1 wt% treated membrane 

showed the lowest value compared to others, the water contact angle 

decreases in the order of HPOEM 0.1 (Figure 26(b)) < HPOEM 0.1 + GA 

(Figure 25(c)) < SWRO (Figure 25(a)).  

In these experimental results, the pristine SWRO showed already showed 

considerably high hydrophilicity. After coated with HPOEM, more 

hydrophilic surface was observed, and maintained even after treated with 

hydrophobic GA.   
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Figure 25. Sessile drop contact angle of the surface of the active layer of (a) 

control SWRO, (b) 0.1 wt% HPOEM coated membrane, and (c) 0.1 

wt% HPOEM + 0.01 wt% GA treated membrane. 
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4.2.4 Surface roughness of HPOEM coated SWRO 

Due to the tendency to “valley clogging” [10], it is generally believed that 

rough membrane surface would lead water flux decline during the filtration 

process. Earlier researchers tried to reduce surface roughness of membranes 

introducing smooth hydrophilic coating layers [122-124]. The AFM images of 

neat and modified membranes were obtained for comparative analysis of 

surface morphologies (Figure 26).  

Typical ridges and valleys structure is observed in Figure 26. As can be seen, 

surface roughness of membrane slightly decreases when HPOEM coating 

layer was introduced. The average roughness of SWRO (a) was 58.68 nm and 

coated membrane (b) was 55.19 nm. The Rms roughness was 74.42 nm for 

the neat SWRO membrane and 68.54 nm for coated membrane.  

It is considered that little difference in the roughness is attributed to the 

coating conditions maintained in this experiment. During a coating step, the 

“vaIley” structures of membrane are more readily occupied with coating 

materials. In this study, preparation conditions for coating layer were 

controlled to minimize flux decrement. Denser layer from the valley of 

membrane surface with increasing concentration of coating solution, dipping 

time can result in smoother membrane surface.  



 76 

 

Figure 26. AFM image of (a) control SWRO and (b) 0.1wt% HPOEM +  

0.01 wt% GA  treated membrane.
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Table 3. AFM parameters representing topological changes of membrane surface 

Sample 
Rp-v 

(nm) 

Rms 

(nm) 

Rav 

(nm) 

Median Ht 

(nm) 

Mean Ht 

(nm) 

Surface area 

(um2) 

Prj area 

(um2) 

Control SWRO 742.3 74.42 58.68 209.0 201.0 186.4 100 

HPOEM coated 

membrane 
619.6 68.54 55.19 265.6 260.7 184.9 100 
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 4.2.5 Zeta-potential of HPOEM coated SWRO 

A commercially available PA reverse osmosis membranes show negatively 

charged surface characteristic, which may adversely affect in terms of fouling 

propensity. Due to the possible electrostatic interaction between membrane 

and foulant molecule, researchers have made an effort to minimized the 

charge density of membrane surface. It is often observed that when divalent 

cations were added, negatively charged membranes fouled severely even with 

foulants possessing identical charge value (eg., alginate) forming salt-bridge 

structure. Zeta-potential measurement has been used to analyze surface charge 

of membranes. 

The zeta-potential of control SWRO and HPOEM coated membranes as a 

function of pH is presented in Figure 27. As shown, the unmodified and 

modified membrane both exhibited a negative zeta potential over whole range 

of pH and the charge density of HPOEM coating layer was increased with 

decreasing pH. HPOEM coated membrane, showed lowered charge density 

values compared to control SWRO membrane. It is considered that after 

HPOEM was coated on membrane surface, the charge density was reduced 

due to the surface coverage of neutral PEG chain.  
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Figure 27. Zeta-potential of (a) control SWRO and (b) 0.1 wt% HPOEM + 

0.01 wt% GA treated membrane. 
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4.2.6 Fouling experiments 

Fouling behavior of HPOEM coated SWRO membranes were 

comparatively investigated with controls using model fouling solutions. 

Figure 28 show flux decline of HPOEM coated membrane during BSA 

filtration. Both of the neat SWRO membrane and modified membrane showed 

almost same flux decline value, slightly less value was observed for modified 

one. However, modified membranes already lost their pristine permeability 

(~90%, compared to the unmodified), both membranes showed almost same 

flux decline ratio (Figure 29). The interval of permeability between 

membranes was maintained during the first 20 hours of fouling experiment.  

After 20h, the filtration system and membranes were thoroughly washed 

with cleaning solution, and the flux recovery of each membrane was measured.  

Modified membrane recovered ca. 95% of permeability, while ca. ~90% for 

unmodified one.  

 Predetermined amount of BSA was dissolved in feed solution and pH was 

adjusted 4.9 again for second fouling run. Rapid flux decline was observed for 

each membrane and the rate of flux decline for unmodified membrane was 

faster during second run of fouling experiment. The phenomena are often 

observed during fouling experiments, regardless of a sort of foulant. It was 

considered that remaining foulant caused rapid adsorption of foulants, 

providing preferable site for approaching molecule.  

Despite of the rapid fouling rate of unmodified membrane, modified 

membrane showed low flux value during experiment. 
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Figure 28. Time dependant flux of control SWRO and HPOEM coated 

membranes during cross-flow filtration with BSA solution. (BSA 10 

ppm, 3.2 wt% aq. NaCl solution, 5.55 MPa, 25±1 °C, 4 L/min, pH 4.9).  
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Figure 29. Time-dependent normalized flux of control SWRO membrane and 

HPOEM coated membrane during cross-flow filtration with alginate 

solution.  
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Time-dependent flux and normalized flux of membranes during the fouling 

test with alginate solution is shown in Figure 30. The fouling proceeded in 

similar manner with BSA experiment. Typical initial flux decline was 

observed in the Figure 30. Although the amount of initial flux decline was 

minimized by adjusting coating conditions, it did not compensated in this 

experiment either. But the HPOEM coated membrane also showed higher flux 

recovery value in this case. 

The HPOEM layer on membrane surface was considered to contribute the 

better cleaning efficiency and reduced irreversible fouling. However, if steric 

barrier of PEG chain were formed on membrane surface, noticeable difference 

between the control and HPOEM coated membranes were observed. The 

results demonstrate that HPOEM coated on SWRO membrane slightly 

reduced irreversible fouling of BSA and alginate, but total fouling was not 

effectively prevented in these experiments.  

In previous studies, PEG moieties showed excellent fouling resistance in 

BW or UF filtration conditions. But there were no remarkable antifouling 

effects observed when compared with control SWRO in these experiments. It 

was suggested that salting-out of PEG moieties occurred in the condition of 

experiments.  
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Figure 30. Time-dependent flux of control SWRO membrane and HPOEM 

coated membrane during cross-flow filtration with alginate solution. 

(alginate 30 ppm, 3.2 wt% aq. NaCl solution, CaCl2 5.55 MPa, 

25±1 °C, 4 L/min, pH 8.0 ) 
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Figure 31. Time-dependent normalized flux of control SWRO membrane and 

HPOEM coated membrane during cross-flow filtration with alginate 

solution.  
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4.3 PEI-PEG coated SWRO 

In this chapter, membrane surface with polyzwitterionic character was 

prepared with PEI-PEG and antifouling property of prepared membranes was 

investigated. Preliminary study was carried out to confirm salting-in behavior 

of zwitterionic molecules. Figure 32 shows the photographs of water solution 

of 4-vinylpyridinium sulfopropylbetaine (VPPS) prepared with different salt 

concentration. Hazy solution was observed without salt, attributed from intra 

chain electrostatic interaction between oppositely charged groups.  When 

NaCl was added, polymer flocculated rapidly due to the interchain attraction. 

Polymer was dissolved clearly >25,000 ppm of NaCl concentration.  

4.3.1 Surface characterization of PEI-PEG coated SWRO 

The C1s core level spectra of control SWRO and PEI-PEG membranes are 

shown in Figure 33. The peak components with binding energies (BEs) at 

285.0 eV for the CH species, at 286.2 eV for the CO and CN species, at 288.3 

eV for the COO species and at 291.0 eV for the aromatic carbon species are 

shown in Figure 33. The ratio of curve-fitted species to total carbon contents 

were determined from the spectra and calculated composition of each 

membrane is shown in Table 4. It shows that the ratio of peaks at 285.0, 288.3 

and 291.0 eV decrease, meanwhile the ratio of peak at 286.0 eV increase from 

18.3 to 23.8 % after coated with PEI.  The relative proportion of aromatic 

carbon (291.0 eV) also decreased slightly, introduction of PEI on membrane 

surface was attributable to these compositional changes.  
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Figure 32. Chemical structure and solution behavior of VPPS. 
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Figure 33. C 1s core level spectra of (a) control SWRO and (b) PEI-PEG 

coated membrane 
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Table 4. Atomic percent and peak ratio of polyamide and coated membranes 

determined from the curve-fitted C1s core-level spectra 

Sample 
Peak BE 

(eV) 
At. % 

Peak ratio 

(%) 

285.02 49.28 63.7 

286.16 14.15 18.3 

288.30 9.96 12.9 

Control 

SWRO 

291.21 4.03 5.2 

284.99 47.23 61.9 

286.23 15.41 20.2 

288.18 10.26 13.5 

PEI-PEG 

 coated 

SWRO 

291.29 3.3 4.3 
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4.3.2 Surface roughness of PEI-PEG coated SWRO 

The AFM images of neat and modified membranes were obtained for 

comparative analysis of surface morphologies (Figure 34). The topologies of 

membranes showed rough polyamide active layer. Typical ridges and valleys 

structure are observed in the figure. Surface roughness of membrane slightly 

decreases when PEI coating layer was introduced. The average roughness of 

SWRO (a) was 58.68 nm and PEI coated membrane (b) was 52.36 nm. The 

Rms roughness was 74.42 nm for the neat SWRO membrane and 65.69 nm 

for PEI coated membrane.  

After PEG grafting procedure, the roughness of membrane slightly 

increased. It is assumed that the valley structure of membrane surface had 

been preoccupied with small PEI molecules (Mw ~800) and even and thin 

coating layer was formed on membrane surface. Rms roughness of surface 

was changed with coating procedure. With PEI layer, Rms roughness value 

slightly decreased and increased again after PEGDGE treatment. Considering 

the base structure of control SWRO, it is attributed to denser coating layer 

formed along the curved structure of base membrane after reaction of PEI and 

PEGDGE. It is quite reasonable because reaction of PEI and PEGDGE may 

be considered as an additional crosslinking reaction of coated layer.  
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Figure 34. AFM image of (a) Control SWRO, (b) 0.1wt% PEI + 0.01wt% GA 

treated membrane and (c) PEI-PEG coated membrane.
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Table 5. Parameters representing topological changes of membrane surface 

Sample 
Rp-v 

(nm) 

Rms 

(nm) 

Rav 

(nm) 

Median Ht 

(nm) 

Mean Ht 

(nm) 

Surface area 

(um2) 

Prj area 

(um2) 

Polyamide 742.3 74.42 58.68 209.0 201.0 186.4 100 

PEI 577.5 65.69 52.36 157.2 149.6 176.8 100 

PEI-PEG 613.7 69.00 54.25 193.2 183.9 188.3 100 
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4.3.3 Zeta-potential of PEI-PEG coated SWRO 

The zeta-potential of the SWRO membranes as a function of pH is 

presented in Figure 35. As can be seen in the figure, surface chare 

characteristic was drastically changed with PEI. The isoelectric points of PEI 

treated and PEI-PEG coated membrane was 6 ~7 and 5 ~ 6 respectively. The 

negative charged functional group was effectively screened with introduction 

of polycationic PEI. The charge density of coated membrane slightly 

increased after PEGDGE treatment. It can be explained in the same manner of 

AFM results, reaction of amine groups of PEI and epoxide groups of 

PEGDGE resulted in the denser coating layer on membrane surface. As 

mentioned previously, fouling of membrane is strongly effected by charge 

density of membrane surface. PEI coated membranes were expected to show 

enhanced antifouling properties than unmodified one. Moreover, amphoteric 

double layer structure of coating layer was formed on membrane surface. This 

particular structure is expected to swell when salt is added in feed solution. 

Steric effect of swollen polymer layer is thought to be beneficial for 

antifouling properties. Unique behavior of PEI-PEG coating layer in saline 

medium will be discussed in following section. 
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Figure 35. Zeta-potential of (a) control SWRO, (b) PEI coated membrane, and 

(c) PEI-PEG coated membrane. 
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4.3.4 Contact angle of PEI-PEG coated SWRO 

Comparative analysis of the relative hydrophilicity of the membranes can 

be obtained by water contact angle measurement. In this chapter additional 

comparative study was performed with 3.2 wt% NaCl solution. The results of 

measurement are shown in Figure 36. The control SWRO membrane showed 

almost same contact angle value with DI and NaCl solution. However, PEI 

treated membranes, (denoted as PEI and PEI-PEG) showed different values 

among them. For PEI treated membranes, water contact angle value with DI 

water was 55.9±9.16 °, but with NaCl solution, 46.4±3.60 ° was obtained. 

PEI-PEG showed same behavior, 58.3 ° and 43.0 ° degree for DI water and 

NaCl solution respectively.  

Interestingly, HPOEM homopolymer showed opposite behavior to PEI 

treated membranes. The contact angle value dropped to 30.6 °, revealing 

hydrophilic nature of PEG. moiety. But, when NaCl solution dropped on 

membrane surface, water contact angle increased to 40.2 °. These behaviors 

can be explained indirectly with salting-in or salting-out effect. 

Baker and coworkers investigated swelling properties of ampholytic 

hydrogels. They observed the increase in swelling at appreciable NaCI 

concentrations (>0.1 M) for the ampholytic hydrogels, and assumed that those 

behavior may be attributed to salting-in of the polymer.  

Positively charged PEI layer was expected to lower water contact angle of 
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membrane surface. The results of contact angle were opposite to expectation, 

revealing salt form of coated layer. Positively charged PEI molecule can form 

the polymeric salt with negatively charged membrane surface, exposing 

hydrophobic hydrocarbon groups on the surface. With addition of small ionic 

molecules (NaCl), charged property of each group was screened and 

volumetric transition occurred as swelling of coating layer. 

In this experiment, decrease of contact angle value with NaCl - case of PEI 

treated membranes - can be explained as antipolyelectrolyte effect. The 

opposite behavior of HPOEM treated membranes is typical salting out of 

polymer. Further experiment was performed to compare the anti fouling 

properties of membranes in different ionic strength.  
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Figure 36. Contact angle images of control SWRO and modified membranes 

with or without NaCl. 
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Figure 37. Water contact angle values of control SWRO and modified 

membranes with DI, and 3.2 wt% NaCl solutions. 
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4.3.5 Fouling experiments 

In this chapter, fouling experiment with different ionic strength were 

conducted and investigated following results. Figure 38 and Figure 39 shows 

membrane performance of neat SWRO membrane and modified membranes 

in alginate fouling test with dilute NaCl solution (0.2 wt%).  

PEG molecules were widely used to enhance fouling resistance of surfaces. 

The main fouling mechanism for anti fouling is known as a steric hinderance 

effects. For this mechanism water molecules around PEG chains play 

important role. If water molecules inter acting with PEG chain were remove 

by any reason, the chain will collapsed to binding surface. The collapsed PEG 

is not effective to give steric hinderance.  

As can be seen, although all modified membranes did not outperform 

unmodified membrane in this result, PEG bearing HPOEM treated membrane 

were less fouled then others when comparing the normalized flux. PEG 

moieties did not showed any differences in performance in previous chapters 

with high concentrated NaCl solution, as a result, salting out of PEG was 

assumed.  

When comparing control SWRO and only PEI coated membrane, PEI 

coating layer did not showed any difference in the performance in this 

experiment. It was rather seemed that PEI showed negative effects on anti 

property in this experiment. Positively charged groups in PEI molecule 

interacts with negatively charged COOH groups on the surface of PA 
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membrane, it seemed that PEI coating layer did not swell in dilute NaCl 

solution. And it is seemed that positively charged end groups in PEI inter acts 

with negatively charged alginate molecules, rather effects adversely to fouling 

resistance of membrane. 

PEI and PEI-PEG showed similar experimental results in previous sections, 

but antifouling properties of both membranes were quite different. In the case 

of PEI-PEG, membrane show somewhat improved fouling resistant properties 

when comparing the normalized flux values with control SWRO. PEI-PEG 

has ampholytic COO- N+ conjugation part and PEG chains together in surface. 

Those groups are salting-in and salting-out parts, respectively. When 

compared with PEI, HPOEM and PEI-PEG, PEI-PEG rather behaved similar 

as HPOEM in this experiment. HPOEM and PEI-PEG showed inhibiting 

behavior toward foulat deposition, while PEI showed attracting behavior to a 

certain degree.  

Figure 40 and Figure 41 show performance of neat SWRO membrane and 

modified membranes in alginate fouling test with concentrated in SW 

condition (aq. NaCl solution, 3.2 wt%).  

PEI treated membrane also did not possess any antifouling properties at all 

in SW condition. Considering the results of zeta-potential and water contact 

angle, it was seemed that salting-in effect of membrane coating layer caused 

volume transition of coating layer on the surface of PEI and PEI-PEG 

membrane. But cationic amine end groups in PEI electrostatically attracted 

foulants also in this case. But the degree of flux decline was decrease when 
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compared to the result of BW case. It is attributed to the concerted effect of 

both swelling of coating layer and charge, electrical attraction between PEI 

and alginate and charge screening effect of concentrated NaCl molecules in 

SW condition.   

HPOEM showed quite different antifouling performance in SW condition. 

Meanwhile, PEI-PEG coated membrane – possessing PEG and PEI 

simultaneously – showed antifouling behavior in SW condition. PEG chains 

in PEI-PEG are anchored to amine groups of PEI. N-anchored PEG chains 

seemed to prevent direct association of charged groups in the PEI and alginate. 

As a result, noticeable improvement in antifouling performance can be 

observed in PEI-PEG case. PEI-PEG outperformed control SWRO membrane 

during the whole period of the experiment.
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Figure 38. Time-dependent flux of control SWRO and modified membranes 

during cross-flow filtration with alginate solution. (alginate 100 ppm, 

0.2 wt% aq. NaCl solution, 0.5 M CaCl2, 5.55 MPa, 25±1 °C, 4 L/min, 

pH 8.0 )
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Figure 39. Time-dependent normalized flux of control SWRO and modified 

membranes during cross-flow filtration with alginate solution.  
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Figure 40. Time-dependent flux of control SWRO and modified membranes 

during cross-flow filtration with alginate solution. (alginate 30ppm, 

3.2 wt% aq. NaCl solution, 0.5M CaCl2, 5.55 MPa, 25±1°C, 4L/min, 

pH 8.0 ) 
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Figure 41. Time-dependent normalized flux of control SWRO membrane and 

modified membrane during cross-flow filtration with alginate solution.  
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Another experiment was conducted with control SWRO and PEI-PEG in 

SW condition with alginate and BSA as model foulants. Figure 42 and Figure 

43 are time dependent fouling test results with BSA in 3.2 wt% NaCl 

condition. Experimental conditions were identical to previous sections.  

In this condition, PEI-PEG coated membrane did not outperform control 

SWRO membrane. For all experiments with BSA, pH was adjusted around 

4.9 to facilitate fouling. The IEP of PEI-PEG is 5-6, so it can aggregates with 

BSA molecule in fouling solution. But PEI-PEG membrane still showed 

fouling resistant characteristic when comparing normalized flux. The result 

reveals that both reversible and irreversible fouling resistances of membranes 

were effectively enhanced with PEI-PEG coating. 

Figure 44 and Figure 45 are the result of fouling experiments with alginate 

solution. Alginate itself can interact with membrane surface in presence of 

divalent cationic molecules, rapid flux decline was observed a the beginning 

of fouling experiment. PEI-PEG outperformed control membranes during the 

test period. The enhanced performance can be observed compared to 

experiments conducted before. The expended PEI-PEG molecules can 

enhance antifouling properties of membrane. 
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Figure 42. Time-dependent flux of control SWRO and PEI-PEG coated 

membrane during cross-flow filtration with BSA solution. (BSA 10 

ppm, 3.2 wt% aq. NaCl solution, 0.5 M CaCl2, 5.55 MPa, 25±1 °C, 4 

L/min, pH 4.9 ). 
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Figure 43. Time-dependent normalized flux of control SWRO and PEI-PEG 

coated membrane during cross-flow filtration with BSA solution. 
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Figure 44. Time-dependant flux of control SWRO membrane and PEI-PEG 

coated membrane during alginate filtration. (alginate 30 ppm, 3.2 wt% 

aq. NaCl solution, 0.5 M CaCl2, 5.55 MPa, 25±1 °C, 4 L/min, pH 8.0 ) 
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Figure 45. Time-dependent normalized flux of control SWRO membrane and 

PEI-PEG coated membrane during alginate filtration.  
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4.4 PEI-BAA coated SWRO 

 

In this chapter, antifouling property of PEI-BAA coated membrane was 

investigated. Bromoacetic acid (BAA) was used for carboxylation of amine 

groups. N-carboxylation reaction was performed via bromoacetylation of 

amine functional groups of PEI.and antifouling property of prepared 

membranes was investigated. 

4.4.1 Surface characterization of PEI-BAA coated SWRO 

The C1s core level spectra of control SWRO and PEI-BAA membranes are 

shown in Figure 46. The peak components with binding energies (BEs) at 

285.0 eV for the CH species, at 286.2 eV for the CO and CN species, at 288.3 

eV for the COO species and at 291.0 eV for the aromatic carbon species are 

also shown in Figure 46. 

The ratio of curve-fitted species to total carbon contents were also 

determined from the spectra and calculated composition of each membrane is 

shown in Table 6. It shows that the ratio of peaks at 285.0 and 291.0 eV 

decrease, meanwhile the ratio of peak at 286.1 and 288.3 eV increase from 

18.3 to 24% and from 12.9 to 14.5 respectively. Increased peak components 

were assigned as C-O and C=O species. The results reveal the introduction of 

COO functional group on membrane surface. 
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Figure 46. C 1s core level spectra of (a) control SWRO and (b) PEI-BAA  

coated membranes. 
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Table 6. Atomic percent and peak ratio of polyamide and PEI-BAA coated 

membranes determined from the curve-fitted C1s core-level spectra 

Sample Peak BE 

(eV) 

At. % Peak ratio 

(%) 

285.02 49.28 63.7 

286.16 14.15 18.3 

288.30 9.96 12.9 

Control 

SWRO 

291.21 4.03 5.2 

285.0 43.51 57.2 

286.15 18.23 24.0 

288.31 11.05 14.5 

PEI-BAA 

coated 

SWRO 

291.24 3.29 4.3 
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4.4.2 Surface roughness of PEI-BAA coated SWRO 

The AFM images of neat and PEI-BAA modified membranes were obtained 

for comparative analysis of surface morphologies. The AFM images of both 

membranes with given area was shown in Figure 47. PEI-BAA membranes 

did not show any noticeable morphological difference in the figure. Typical 

nodular structure of PA was observed in both membranes also.  

The Rp-v, RMS roughness values of both control SWRO and PEI-BAA 

coated membranes are shown in Table 7. The Rp-v value of SWRO membrane 

was decreased with surface coating from 742.3 to 669.9 nm. About 10% of 

peak to valley distance were decreased during coating procedure. The Rms 

roughness of membranes did not change distinctively through this 

modification method. It is assumed that ultrathin and dense coating layer was 

formed through PEI-BAA coating.   
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Figure 47. AFM image of membrane active layer. (a) Control SWRO 

membrane, (b) PEI-BAA coated membrane.
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Table 7. Root mean square roughness (Rms) and peak to valley distance (Rp-v) of control and PEI-BAA coated membranes 

Sample 
Rp-v 

(nm) 

Rms 

(nm) 

Rav 

(nm) 

Median Ht 

(nm) 

Mean Ht 

(nm) 

Surface area 

(um2) 

Prj area 

(um2) 

Control SWRO 742.3  74.42  58.68  209.0  201.0  186.4  100.0  

PEI-BAA 669.9 73.31  58.14  211.4  202.3  190.9  100.0  
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4.4.3 Zeta-potential of PEI-BAA coated SWRO 

The zeta-potential of both control SWRO and PEI-BAA membranes were 

investigated. The obtained result is shown in Figure 48. Unmodified SWRO 

showed negatively charged surface through whole range of pH measured. The 

zeta-potential of SWRO was -9.0 mV at pH 4.8 and -30 mV at pH 9.9.   

  As can be seen in the figure negatively charged control SWRO 

membrane was effectively neutralized after coated with cationic PEI 

molecules. PEI was only treated with 0.1 wt% of aq. solution for 1min. 

Considering these mild preparation procedure, PEI molecules were readily 

adsorbed on membrane surface, spontaneously through electro static 

interaction [125]. The zeta-potential of PEI coated membrane was 13 mV at 

pH 4.8 and -18 mV at pH 9.9. The surface of control SWRO was negatively 

charge regardless of pH treated in this experiments, meanwhile PEI coated 

membrane altered surface charge with decreasing solution pH.  

After treated with BAA, zeta-potential of membrane was decreased. The 

zeta potential of PEI-BAA coated membrane was 9.7 mV at pH 4.8 and -20.2 

mV at pH 9.9. This negative shift of zeta-potential in mainly caused by 

introduction of COO- groups of acetic acid groups anchored at nitrogen 

molecules. But PEI-BAA coated membrane still showed charge altering 

characteristic. 
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Figure 48. Zeta-potential of control SWRO, PEI and PEI-BAA coated 

membranes. 
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4.4.4 Contact angle of PEI-BAA coated SWRO 

Figure 49 showed the photographic images and values of water drop 

contact angle. The contact angle of water drops with or without NaCl was 

investigated. The salt solution was prepared with purified NaCl, dissolving 32 

g of NaCl in 1,000 mL of DI water.  

It is clearly seen in the figure that water contact angle with DI water 

increased with the coverage of PEI-BAA coating layer. Similar results with 

PEI-PEG were observed in PEI-BAA. The contact angle value of each 

membrane was 36.2 ° and 57.8 °, control SWRO and PEI-BAA coated 

membrane respectively. Both PEI and BAA is water soluble, and both can be 

easily dissolved in water for a few seconds. From the result, it is seemed that 

introduction of PEI molecule rather changes the surface of SWRO 

hydrophobically. It can be also explained as the nature of surface-exposed 

hydrocarbon groups as a result of interaction between charged groups of PEI-

BAA itself and between PEI-BAA and membrane.  

From Figure 48, the surface charge density of membranes were changed 

neutrally after coated with PEI-BAA and pH dependant charge altering 

behavior. PEI coated membrane have isoelectric point around pH 6.5, and 

charge density of membrane does not changed significantly around neutral pH.  

Some researchers investigated about swelling properties of amphoteric 

polymers.  It is suggested by the researchers that the self-association of PA – 

PEI-BAA amphoteric double layer is responsible for this behavior [126].  
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Ionic strength dependant swelling behavior of PEI-BAA coated membranes 

were can be absorbed when comparing (c) and (d) from the figure. The water 

contact angle value of control SWRO was not differed from its pristine value 

with or without salt. However, the water contact angle value of PEI-BAA 

coated membrane with NaCl was 43.0 °, about 15 ° of decrement was 

observed. It is well known that the swelling degree of uniformly charged 

polyelectrolytes decreases rapidly upon addition of low-molecular-weight 

salts. In contrast, amphoteric polymers may exhibit a unique responsiveness to 

ionic environment [98].  

Similar behavior was observed in this experiment, it can be demonstrated 

that amphoteric coating layer exhibiting anti-polyelectrolytic properties were 

introduced on membrane surface successfully.   
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Figure 49. Water drop contact angle of control SWRO (a) with DI water, (b) 

3.2 wt% aq. NaCl solution and PEI-BAA coated membrane (c) with 

DI water and (d) with 3.2 wt% aq. NaCl solution. 
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4.4.5 Fouling experiments 

Fouling propensity of control SWRO, HPOEM, PEI-PEG and PEI-BAA 

coated membranes with dilute (0.2 wt% aq. NaCl solution, BW condition) and 

concentrated (3.2 wt% aq. NaCl solution, SW condition) were explored here. 

4.4.5.1 Membrane fouling with alginate in BW and SW 

condition 

The antifouling effect of PEI-BAA coating layer was comparatively 

evaluated in BW condition with others (Figure 50, Figure 51). Operational 

pressure was adjusted to 2.75 MPa, to control the trans-membrane pressure 

through membranes to be similar with SW condition.  

At first, all membranes were tested with fouling solution in BW condition, 

containing 0.2 wt% of NaCl, 0.007 wt% of CaCl2 and 100 ppm of alginate. 

The initial flux of control and PEI-BAA was 32.0 L/m2hr and 30.3L/m2hr 

respectively. Only 5% of flux decline was occurred after surface coating, this 

results is comparable with PEG based membrane. Although PEI-BAA coating 

was proceeded through additional bromoacetylation step, all other preparation 

conditions including concentration of coating solution, dipping time and 

drying time was conducted identical to each other in HPOEM and PEI-PEG 

coating. The initial relative flux (JHPOEM/Jcontrol) of HPOEM coated membranes 

was 0.87. HPOEM and PEI-PEG already lost about 10% of pristine 

permeability after coating. Considering that about 10 ~ 15% of flux decline 

was tolerable in actual membrane plant, already lost 10% of initial flux is not 
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favorable in practical use. 

All other membranes did not outperform the control SWRO during 20hours 

of fouling test in BW condition (Figure 50). Somewhat lowered fouling rate 

was observed in HPOEM. The flux of membranes declined almost same 

manner in this experiment. Somewhat lowered fouling rate was observed in 

HPOEM. The result revealed fouling resistance of PEG moiety in BW 

condition.  

The relative fouling propensities of all membranes in BW condition can be 

verified in Figure 51. Deposition-resistance of HPOEM stands out from other 

membranes in the figure. PEI-PEG – possessing PEG and amphoteric 

structure simultaneously – showed similar performance with HPOEM. PEI-

BAA coated membrane showed higher initial flux value compared to other 

coated membranes, and showed a little improvement in fouling resistance. 

Although a little difference was observe at the end of fouling test, it is seemed 

that surface coated PEI-BAA fouling layer is not showed fouling resistance in 

BW condition. In BW condition, HPOEM outperformed other coating 

material. Fouling experiment in SW condition was conducted to compare the 

performance of membranes with dilute or concentrated NaCl solution. 

Figure 52 and Figure 53 show the time dependant flux and normalized flux 

decline of membranes in SW condition. The solution contained 3.2 wt% of 

NaCl, 0.007 wt% of CaCl2 and 30ppm of alginate. Noticeable difference in 

fouling resistance can be observed in the figure. Both PEI-PEG and PEI-BAA 

outperformed control SWRO through almost whole period of fouling 
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experiment. The initial flux of PEI-BAA coated membrane was almost same 

as control SWRO, it is considered that additional coating layer of PEI-BAA 

does not resist to the water permeation. As a result, PEI-BAA coated 

membrane showed higher flux value through whole experiment. HPOEM 

coated membrane showed worst performance among the all membranes.  

Time dependant relative flux behavior in SW condition can be verified in 

Figure 53. Fouling behavior of HPOEM coated membranes was almost 

identical to the control SWRO. HPOEM layer on membrane surface is not 

seemed to play any antifouling barrier in this experiment. Meanwhile both 

PEI-PEG and PEI-BAA coated membranes show improved fouling resistance 

in SW condition. The result clearly reveals that effective antifouling barriers 

were formed with PEI-PEG and PEI-BAA in SW condition.  

Additional chemical reactions were performed in PEI-PEG and PEI-BAA 

coating procedure to protect charged amine end of PEI. Reaction between PEI 

and PEGDGE (PEI-PEG) may be considered as another crosslinking step. 

And PEG part in PEI-PEG structure may undergo salting-out effect in SW 

condition. Concerted effects of these properties are attributed to the initial flux 

decline of PEI-PEG. 

Another experiment was conducted with control SWRO, PEI-PEG and PEI-

BAA in SW condition with alginate and BSA as model foulants.
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Figure 50. Time-dependent flux of control and modified membranes during 

alginate filtration in BW condition. (alginate 100 ppm, 0.2 wt% aq. 

NaCl solution, 0.007 wt% CaCl2, 2.75 MPa, 25±1 °C, 4 L/min, pH 

8.0) 
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Figure 51. Time-dependent normalized flux of control and modified 

membranes during alginate filtration in BW condition. 
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Figure 52. Time-dependent flux of control and modified membranes during 

alginate filtration in SW condition. (alginate 30ppm, 3.2 wt% aq. NaCl 

solution, 0.007wt% CaCl2, 5.55 MPa, 25±1°C, 4L/min, pH 8.0) 
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Figure 53. Time-dependent normalized flux of control and modified 

membranes during alginate filtration in SW condition. 
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4.4.5.2 Membrane fouling in SW condition 

Fouling of membranes in concentrated brine (SW condition) was conducted 

and the antifouling performance of PEI-PEG and PEI-BAA was 

comparatively studied. Fouling experiments were performed with BSA and 

alginate solution.  

Fouling test was conducted with the fouling solution, with 3.2 wt% NaCl, 

0.007 wt% of CaCl2 and 30 ppm of alginate solution. The flux profile of 

fouling experiment is shown in Figure 54. Some what more flux value was 

obtained for PEI-BAA coated membrane in this experiment. In this case 

rejection of membranes was calculated for check the breakage of PA layer. 

The rejection of all membranes was similar with range of 99.0~99.3%, the 

higher flux of modified membranes was not attributed to the breakage of 

membrane. These results reveal that hydraulic resistance of PEI-BAA coating 

layer is negligible in SW condition.  

For the case of another PEI based coating layer, PEI-PEG, the initial flux 

value was 30.9 L/m2hr in average, all PEI-PEG coated membranes showed 

relatively low flux values compared to PEI-BAA membranes. Part of PEG 

chain in PEI-PEG may aggregates together in SW condition, while PEI and 

PA association spread with concentrated NaCl solution. In this case PEG 

chains prevented a whole extension of coating layer, results in denser layer on 

membrane surface. 

With filtration proceeded, the control membrane lost about 10% of its 
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original flux value in the first 2 hour, while membranes coated with PEI 

moieties lost just ~5% of its original values. Moreover, it is noteworthy that 

the flux of membranes at 0.5 hr was 30.0, 30.1 and 31.7 L/m2hr for control 

SWRO, PEI-PEG and PEI-BAA coated membrane respectively, the reversal 

of permeability occurs. Even if membrane is less fouled and easily cleanable, 

it may be invalid to productivity of membrane process.  

Rapid flux decline proceeded for first 4 hours. The flux value of PEI-BAA 

membrane was still above 30 L/m2hr, 94% of its pristine value. While fouling 

proceeded more rapidly for control SWRO membranes, 88% of its initial 

value was decreased during the same period. Moreover, PEI-PEG coated 

membranes also outperformed during first 4 hours, reversal of flux value was 

observed.  

From the results of normalized flux in Figure 55, it is observed that the flux 

decline ratio of PEI-BAA and PEI-PEG was less compared with control 

membranes then the same ratio was obtained in both membranes. It is 

assumed that the fouling propensities of both membranes were attributed from 

the same base structure. PEI-PEG coated membranes already lost the pristine 

permeability, otherwise almost same performance is expected comparing with 

PEI-BAA.  

After 20hr, cleaning efficiencies of membrane were evaluated in the term of 

flux recovery.  The cleaning procedure is conducted with identical procedure 

to previous chapters. The cleaning efficiency of all membranes was 98.8, 99.0 

and 92.3%, for PEI-BAA, PEI-PEG and control membranes respectively. So 
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the membranes with PEI based coating layer was outperformed the control 

membranes during whole period of second fouling test.  

Similar results were obtained with BSA solution (Figure 56, Figure 57). 

Also PEI-BAA coated membrane outperformed other membranes from the 

beginning of experiment. The normalized flux profile clearly showed 

accumulation hindering effect of both PEI-BAA and PEI-PEG coating layer.   

It is assumed that the high cleaning efficiencies of membranes were 

attributed from the concerted effect of inter action between membrane and 

cleaning solution. That is, at first, membranes were washed with DI water to 

rinse the system and membrane, which might affected to the volumetric 

change of coating layers. This phenomenon gives additional mechanical 

strength on membrane’s surface to extrude away accumulated alginate 

molecules. Secondly, pH adjusted NaCl solution was used for cleaning. Both 

pH and ionic strength can cause the change of membrane properties, surface 

charge density and swelling ratio of membrane surface. Theses concerted 

effects were thought to effect to the cleaning efficiency of membranes.     
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Figure 54. Time-dependent flux of control SWRO, PEI-PEG and PEI-BAA 

modified membranes during alginate filtration. (alginate 30ppm, 0.2 

wt% aq. NaCl solution, 0.007wt% CaCl2, 55.5 MPa, 25±1°C, 4L/min, 

pH 8.0) 
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Figure 55. Time-dependent normalized flux of control SWRO, PEI-PEG and 

PEI-BAA modified membranes during alginate filtration. 
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Figure 56. Time-dependent flux of control SWRO, PEI-PEG and PEI-BAA 

modified membranes during BSA filtration. (BSA 10 ppm, 3.2 wt% aq. 

NaCl solution, 0.007 wt% CaCl2, 5.55 MPa, 25±1 °C, 4 L/min, pH 

4.9) 
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Figure 57. Time-dependent normalized flux of control SWRO, PEI-PEG and 

PEI-BAA modified membranes during BSA filtration. 
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5. Conclusion 

In this study, the antifouling performances of various coating materials 

were explored. The antifouling properties of PEG moieties, styrene-PEGA 

copolymer, HPOEM and PEI based PEI-PEG, PEI-BAA coating layers were 

comparatively studied in BW and SW condition. Preparation conditions of 

each antifouling coating layer was optimized and instrumental analyses were 

conducted to verify the surface properties of membranes. The AFM results 

revealed no significant changes of surface morphology after each modification. 

It is assumed that ultrathin and dense coating layer was formed through each 

coating method. Remarkable difference was observed in zeta-potential and 

contact angle measurement. In the results of zeta-potential measurement, 

negatively charged PA surface was remarkably screened by PEI based coating 

layer. The water contact angle of coated membrane was compared with DI 

and 3.2 wt% of aq. NaCl solution. The water contact angle of control SWRO 

did not differ from DI water and NaCl solution. However, PEI based 

membranes showed unique salt-responsive behaviors, where the contact angle 

value was lowered with addition of NaCl. Considering the similar 

morphologies observed with AFM, it could be thought that difference of 

contact angle is attributed to the chemical properties of membranes. These 

results can be explained by the amphoteric properties of coating layer based 

on PEI. The opposite results were observed for HPOEM coated membranes, 

salting-out of coating layer was assumed. The fouling propensity of 

membranes was validated with alginate solution prepared in brackish and 



 137

seawater condition. Control SWRO, PEI, PEI-PEG, and HPOEM coated 

membranes were tested for comparison. In brackish water condition, although 

the flux value did not reversed during the 20 hrs of filtration, normalized flux 

of PEI-PEG and HPOEM was decreased compared to control SWRO. PEI 

coated membrane (possessing positively charged amine chain end) showed 

degenerate performance. However in seawater condition, PEI derivatives 

coated membranes outperformed other membranes. The fouling rate of control 

SWRO and HPOEM coated membranes showed almost the same value, it was 

considered that fouling rates of those membranes were governed by applied 

trans-membrane pressure in experiment. Although there were more or less 

differences in the value, the surface properties of PEI-BAA coated membrane 

were similar with PEI-PEG membrane. The antifouling performance was also 

validated in BW and SW condition. In BW condition, both PEI-PEG and PEI-

BAA coated membranes did not show remarkable antifouling properties. 

Nevertheless degenerative effect was neither observed. The initial flux decline 

after modification was much lowered, indicating that hydraulic resistance of 

PEI-BAA coating layer was negligible compared to other coating layers. 

Outstanding performance in both total and irreversible fouling resistance was 

observed with PEI-BAA coated membrane. PEI-BAA coated membrane 

outperformed other membranes due to its steric effect, protection of possible 

binding site for foulants and low hydrauric-resistance property.    
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6. Appendix (List of abbreviations) 

 

AIBN 2-2'-azobisisobutyronitrile 
BAA bromoacetic acid 
BPO benzoyl peroxide 
BSA bovine serum albumin 
BW brackish water 
CA cellulose acetate 
DI deionized  
EPS extracellular polymeric substance 
GA glutaraldehyde 
HPOEM hydroxyl polyoxyethylene methacrylate 
Mn number average molecular weight 
Mw weight average molecular weight 
PA polyamide 
PAN polyacrylonitrile 
PDI polydispersity index 
PEG polyethylene glycol 
PEGA poly(ethylene glycol) acrylate 
PEGDGE polyethylene glycol diglycidyl ether 
PEI polyethylene imine 
PSf polysulfone 
PVA polyvinyl alcohol 
PVC polyvinyl chloride 
PVDF polyvinylidenefluoride 
RO reverse osmosis 
SW seawater 
SWRO seawater reverse osmosis 
TFC thin-film composite 
THF tetrahydrofuran 
TMC trimesoyl chloride 
TOC total organic carbon 
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초 록 

 

최근 들어 폴리아미드 분리막을 이용한 해수탈염공정이 많은 관

심을 받고 있다. 하지만, 탈염 공정 시 유입수 내에 존재하는 유기

물들은 심각한 분리막의 오염을 야기하며 공정의 경쟁력을 크게 떨

어뜨린다. 따라서 내오염성 분리막의 개발은 연구자들 사이의 큰 관

심사 중 하나이다. 그러나 해수담수화 공정에서 효과적인 내오염성 

분리막은 아직까지 학계에 발표된 바 없다. 이 논문에서는 분리막의 

내오염성을 증진시키기 위하여 다양한 재료들이 막표면 개질에 이

용되었다. 서로 다른 타입의 코팅제 – 양친성 고분자 형태의 폴리에

틸렌 글리콜 유도체, 양쪽성 고분자 전해질 형태의 폴리에틸렌 이민 

유도체 - 들의 내오염성이 기수와 해수 조건에서 비교 분석 되었다. 

스타이렌과 폴리에틸렌 글리콜 아크릴레이트의 불규칙 공중합체와 

하이드록시 폴리옥시에틸렌 메타아크릴레이트의 단일중합체는 전통

적인 자유라디칼 중합법으로 합성되었으며, 합성 후 분리막 표면개

질에 이용되었다. 폴리에틸렌 글리콜 과 아세트산화물 형태의 폴리

에틸렌 이민 유도체들은 분리막 표면에서 단계적으로 중합되었다. 

개질 후 코팅층의 분리막 표면 도입여부는 기기분석 통하여 이뤄졌

다. 분리막 개질 전·후의 표면특성 변화는 푸리에 변환 적외선 분광

학, 원자력 현미경, 제타 전위, 수분접촉각  분석을 통해 살펴보았

다. 개질된 분리막들의 내오염성은 소혈청   알부민과 알지네이트를 

오염원으로 하여 교차흐름 방식으로 평가되었다. 폴리에틸렌 글리콜 



 

계통의 고분자 코팅층은 기수 조건에서 뛰어난 내오염성을 보여주

었지만 해수 조건에서는 그 효과가 나타나지 않았다. 반면 폴리에틸

렌 이민 유도체로 개질된 분리막들은 해수 조건에서 우수한 내오염

성을 보였다. 이는 입체적 방해 효과와 오염원과 반응 가능한 관능

기가 보호된 결과로 분석된다. 특히 폴리에틸렌 이민 아세트 산화물 

유도체는 다른 코팅제들 보다 낮은 수력학적 저항을 나타내었으며, 

그 결과 개질된 분리막은 평가과정 동안 가장 우수한 성능을 보여

주었다. 

 

색인어: 해수담수화, 역삼투법, 막오염, 표면개질, 내오염성, 양친성 

고분자, 양쪽성 이온, 양쪽성 고분자 전해질. 
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