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The protein adsorption on polymeric membrane surface is the major factor to cause 

the membrane fouling in ultrafiltration (UF) processing to concentrate, fractionate, and 

separate whey proteins from liquid whey which is byproduct of cheese manufacturing 

process. Membrane fouling, which is defined as the decrease of the filtration performances 

such as permeation flux, efficiency, and selectivity is still one of the major problems 

encountered in many food industries employing membrane separation processing. In order 

to better understand fouling mechanism, to optimize the process condition to minimize 

fouling, and to develop the novel membranes to reduce fouling, the protein adsorption on 

the polymeric membrane surface was studied by static adsorption and dynamic adsorption 

experiments. 

From the static adsorption experiment, the adsorption capacity and the surface 

heterogeneity of β-lactoglobulin were determined at various conditions of the protein 

solution by an adsorption isotherm. Dynamic adsorption process was studied by QCM-D, 
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which allows monitoring of the protein adsorption process in real time by simultaneously 

measuring of frequency shift (Δf) and dissipation shift (ΔD). 

To develop the novel membranes to reduce the protein adsorption and fouling, two 

surface modification methods were developed by hydrophilic polymers grafting using 

UV/Ozone treatment and thin film composite (TFC) through interfacial polymerization. 

The hydrophilic polymer grafted membranes might reduce the hydrophobic interactions 

between protein and membrane surface by improve the hydrophilicity of the polymeric 

membrane. UV/Ozone is one of the powerful techniques to initiate and activate the 

polymeric membrane surface to graft the hydrophilic polymers. Interfacial polymerization 

has been a well established way to prepare the thin active layer by a polycondensation 

reaction in two immiscible phases (organic solvent and water phase). Dense and thin 

polyamide layer can be formed on the polymeric membrane surface. The hydrophilic 

polymers such as PVA, PEG, and chitosan were modified on the polyamide thin layer to 

improve the hydrophilicity of the modified membranes. Some surface properties of 

modified PES membranes were characterized by contact angle, FT-IR, XPS, and AFM. 

These results proved that PES membranes were modified successfully with hydrophilic 

polymers and showed more hydrophilic property and lower protein adsorption. 
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CHAPTER I. INTRODUCTION 

 

1.1. Background 

The uses of whey protein and whey derivatives such as whey protein isolate (WPI) 

and whey protein concentrate (WPC) in food industry have grown steadily worldwide 

because of their excellent functional properties and nutritional quality (de la Fuente et al., 

2002). Whey is an important by-product of cheese manufacturing process. Effective 

utilization of whey proteins depend on the purification of whey proteins and high solid 

content. To concentrate, fractionate, and purify whey proteins and whey derivatives, 

membrane separation technologies have been commonly used in the food industry because 

membrane filtration is capable of separating the native proteins from aqueous mixtures. It 

is very difficult to maintain the native properties using thermal treatment techniques such 

as drying and evaporation (Atra et al., 2005). Membrane fouling, defined as decrease in 

permeation flux over the filtration time and the formation of a solute fouled layer on the 

membrane surface and/or inside the pore surfaces, however, is a persistent problem in the 

food industry employing membrane separation processing (Marshall et al., 1993; Chan and 

Chen, 2004). The decrease in the filtration performance such as permeation flux and 

selectivity over a process cycle by fouling has caused a higher capital expense to restore the 

filtration performance by using powerful cleaning agents that may reduce the life span of 

membranes.  

Since most proteins have a heterogeneous surface and amphiphilic (both 

hydrophilic and hydrophobic) properties, they can interact easily with a hydrophobic 

polymeric surface by different types of interactions such as electrostatic interactions, van 
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der Waals forces, hydrophobic interaction, hydrogen bond, and so on. Although fouling 

phenomenon always exists in almost all membrane processes by the various interactions 

between protein and the membrane surface and between proteins themselves, the fouling 

by the protein adsorption on polymeric membranes is particularly acute and irreversible 

due mainly to the strong interactions such as hydrophobic interaction and electrostatic 

attraction between protein and the polymeric membrane surface (Babu and Gaikar, 2001; 

Sun et al., 2003).  

Protein adsorption on polymeric surface is affected by various factors such as 

protein size and shape, pH and charge of protein solution, topology and charge of 

polymeric surface, intermolecular forces between protein molecules, and chemistry of the 

polymeric surface (Andrade and Hlady, 1986; Sadana, 1992). Although many factors can 

affect protein adsorption and membrane fouling, this study was focused on the 

protein-membrane interaction and the surface chemistry of polymeric membrane because 

membrane fouling is strongly influenced by the physicochemical properties of the 

membrane and protein. 

 

1.2. Rationale and Significance 

Although most thermal treatment methods such as drying and evaporation can 

concentrate whey protein and whey derivatives from the liquid whey, they are incapable of 

fractionate and purify the pure components. Membrane filtration is safe and economical 

technique to purify and concentrate whey proteins from the liquid whey. It is also the most 

suitable way to obtain the native product without any phase changes such as protein 

denaturation compare to other processing techniques using heat treatment. Because the 
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functional properties of proteins depend on their structure, it is pivotal to maintain their 

native structure during the processing. Membrane fouling, however, is an inevitable 

problem in the most membrane applications and should be reduced to improve the product 

yield and save the processing cost. In order to better understand the fouling mechanism of 

milk proteins on polymeric membranes and optimize the process condition to minimize the 

fouling, it is necessary to study the protein adsorption process onto the polymeric 

membrane surface and viscoelastic properties of the adsorbed protein layer.  

In fluid feed stream, the ideal membrane to minimize membrane fouling is the 

hydrophilic membrane because the hydrophobic interaction between membrane and 

protein is the main factor to cause the permanent membrane fouling. However, most 

commercial membrane materials are relatively hydrophobic because the hydrophilic 

membranes are some drawback in their mechanical strength and thermal and chemical 

stability. Surface modification of polymeric membrane plays an important role in 

membrane performance such as permeation flux and selectivity. By surface modification 

of polymeric membrane, two distinct layers can be formed: thin surface layer can dominate 

the selectivity, flux, and adsorption properties while the thick substrate layer provides 

mechanical strength and chemical stability.  

 

1.3. Research Objectives 

 The main goal of this research was the understanding of the interactions between 

protein and membrane surface and the development of a novel membrane by surface 

modification methods to reduce the protein adsorption on the membrane surface. Surface 

modification methods were developed to improve the protein adsorption resistance while 
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the membranes properties such as the mechanical property and thermal and chemical 

resistance were maintained. To achieve this goal, the dissertation involves various specific 

objectives as follows: 

 

(1) To investigate the protein adsorption process on polymeric membrane surface by  

  static and dynamic adsorption experiments. 

(2) To fit the adsorption isotherm and determine the model parameters to predict the  

      adsorption capacity from static adsorption process. 

(3) To monitor the dynamic adsorption process and determine the viscoelastic  

  properties of the protein adsorbed layer on the polymeric membrane surface using  

  QCM-D technique. 

(4) To investigate the conformation and surface coverage of the protein adsorbed      

      layer on the polymer membrane surface using atomic force microscopy (AFM). 

(5) To modify the membrane surface using hydrophilic polymers grafting using    

      UV/Ozone and interfacial polymerization methods. 

(6) To characterize the modified membrane surface using contact angle, FTIR, XPS,  

  and AFM. 

(7) To compare the protein adsorption on the unmodified and modified membrane  

  surfaces from static adsorption experiment. 
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CHAPTER II. LITERATURE REVIEW 

 

2.1. Whey Protein 

   2.1.1. Composition of Whey 

Whey protein and whey derivatives such as whey protein isolates (WPI) and whey 

protein concentrates (WPC) have a high level of essential amino acids, an excellent 

functional properties, and desirable sensory characteristics. These amenable properties of 

whey protein and whey derivatives have increased the use of them as a food additive in 

food product applications such as meats, beverages, dairy products, baked goods,  infant 

formula, dietetic foods, and health promoting foods (De Wit, 1998;  de la Fuente et al., 

2002). 

As an important by-product of a cheese manufacturing process, whey is defined as 

the fraction of milk remaining after the precipitation of casein micelles. Typically, 100 kg 

of milk yields 10 kg of cheese and 90 kg of the liquid whey. There are two principal types 

of whey by the processing conditions. Sweet whey is produced during the manufacturing 

of rennet type hard cheese like cheddar or Swiss cheese. Acid whey is obtained during the 

manufacturing of acid type cheese like cottage cheese (Rattray and Jelen, 1996). Even if 

the composition is little different with the types of whey, whey generally consists of protein 

(0.75 ~ 0.80%), fat (0.04 ~ 0.50%), lactose (4.85 ~ 4.90 %), minerals (0.50 ~ 0.80%), and 

water (93.5 ~ 93.7%) as shown in Table 2.1. Total solid content in liquid whey is only 6.5% 

and water content is about 93.5%.  
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Table 2.1. Composition of whey depending on the types: fluid sweet, fluid acid, dried 
sweet, and dried acid whey. 
  

Composition of Whey (%) 
 

Fluid Sweet 
Whey 

Fluid Acid 
Whey 

Dried Sweet 
Whey 

Dried Acid 
Whey 

Total Solid 6.35 6.50 96.5 96.0 

Moisture 93.70 93.50 3.5 4.0 

Fat 0.50 0.04 0.8 0.6 

Protein 0.80 0.75 13.1 12.5 

Lactose 4.85 4.90 75.0 67.4 

Ash 0.50 0.80 7.3 11.8 

Lactic Acid 0.05 0.40 0.2 4.2 

 (Source: http://*www.albalagh.net/halal/col4.shtml) 
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Whey proteins in milk consist of four types of proteins: α-lactalbumin, 

β-lactoglobulin, proteose-peptones, and blood proteins such as serum albumin and 

immunoglobulins. The compositions of whey proteins in milk and in total milk protein 

were shown in Table 2.2. The total whey protein content was only 6.4 g/kg milk or about 

20% of total milk protein. The individual whey proteins have their own unique functional, 

nutritional, and biological characteristics that are not in whey protein concentrates. For 

example, α-lactalbumin has been used especially in infant formula and in various 

biological areas as a nutraceutical because of its high tryptophan content (4 tryptophan 

residues per molecule) (Pearce, 1992; Maubois and Ollivier, 1997). β-Lactoglobulin has 

been used as a food stabilizer in many food processing. Bovine serum albumin (BSA) is 

one of the most intensively used proteins in many food and therapeutic applications. 

Bovine immunoglobulins (Ig) can enhance the immunological properties of infant formula 

and they can be used therapeutically in the treatment of animal neonates.  

As a by-product in cheese manufacturing process, the liquid whey had caused 

serious environmental problems in its disposal methods such as discharging into ocean and 

fields (Smithers et al., 1996) as well as laid a financial burden on the processors. Since the 

environmental regulations have been enforced and many beneficial functions of whey 

protein have been known worldwide, however, various technologies to separate and 

fractionate the pure whey protein and whey derivatives have been developed to use them in 

the food industry (Zydney, 1998). 
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Table 2.2. Whey protein composition in milk and in milk protein (Walstra et al., 

1999). 

 

Whey Proteins Concentration 
(g/kg milk) 

Composition 
(g/100g milk protein) 

β-lactoglobulin 3.2 9.8 

α-lactalbumin 1.2 3.7 

Proteose-peptone  0.8 2.4 

Bovine serum albumin 0.4 1.2 

Immunoglobulins 0.8 2.4 

IgG1, IgG2 0.65 1.8 

IgA 0.14 0.4 

IgM 0.05 0.2 
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   2.1.2. β-Lactoglobulin 

As a globular type protein, β-lactoglobulin is very soluble in aqueous solution and 

fold into compact units which have roughly spherical shape. According to some literature 

reviews, β-lactoglobulin is the most abundant (over 50 % of total whey protein) whey 

protein in bovine milk and the principal component in fouling deposits on the membrane 

surface and inside the pores (Fennema, 1996; Murray and Deshaires, 2000; Elofsson et al., 

1996). Generally, β-lactoglobulin consists of the mixture of variants A and B. At room 

temperature and at neutral pH, β-lactoglobulin exists mainly as a dimer structure in which 

two monomeric units are noncovalently linked. The dimer structure of β-lactoglobulin can 

be dissociated into monomer structure in acidic (below pH 3.5) and alkaline (above pH 7.5) 

conditions. The monomeric unit of β-lactoglobulin consists of 162 amino acid residues, has 

a molecular mass of about 18.3 kDa, and has two disulfide bonds (C106-C119 and 

C66-C160) and one free cysteine (C121) (Hoffmann and van Mill, 1999; Verheul et al., 

1999). The isoelectric point of β-lactoglobulin is pH 5.2. Although the biological function 

of β-lactoglobulin has not been demonstrated yet, the sulfhydryl (-SH) group of 

β-lactoglobulin has been used as a stabilizer in many food products such as emulsion 

(Euston et al., 1999; Christiansena et al., 2004) and confections (Cayot and Lorient, 1997). 

Some selected properties of β-lactoglobulin are summarized in Table 2.3. 
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Table 2.3. Selected properties of β-lactoglobulin (Walstra et al., 1999). 

 

Properties Value 

Molar mass 18,300 

Amino acid residues/molecule 162 

Cysteine (res./mol.) 5 

-S-S- linkages/mole. 2 

Hydrophobicity (kJ/res.) 5.1 

Isoelectric point (pI) 5.2 
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2.2. Membrane Filtration 

   2.2.1. Definitions and Classification 

Membrane filtration is defined as the separation of two or more components from a 

fluid stream based on the size differences of the components. The primary role of the 

membrane is to act as a selective barrier. It can permit passage of certain small components 

and retain other large components from a mixture (Cheryan, 1998). The use of membrane 

filtration has been increased in the separation of macromolecules such as proteins because 

membrane filtration has a lot of advantages such as low energy consumption, no additive 

requirements, high purity, and no phase change of products. Since the nutritional and 

functional characteristics of whey protein and whey derivatives are related to the structure 

and biological functions of these proteins, it is pivotal to maintain their native conditions 

during the concentration and fractionation process; membrane filtration accomplishes 

fractionation and concentration without denaturing proteins.  

Based on the pore size of the membrane or the molecular weight of the solute 

molecules that the membrane can separate, membrane filtration can be classified in four 

categories: Microfiltration (MF), Ultrafiltration (UF), Nanofiltration (NF), and Reverse 

Osmosis (RO). These filtrations are the application of hydraulic pressure to speed up the 

transport process but the nature of the membrane itself can control which components are 

permeated and which are retained as shown in Figure 2.1. Microfiltration has the largest 

pore size (0.05 to 20 microns) in membrane filtration processes. It is designed to retain 

particles in the micron range including inorganic particles and microorganisms. 

Ultrafiltration is the second largest in pore size (0.002 to 0.2 microns) as it can separate and 

concentrate macromolecules like proteins and colloids. UF is commonly used in 
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pharmaceutical production, biotechnology, and pre-treatment for ultra-pure water 

production as well as food and beverage processing. As a relatively new process, 

nanofiltration uses charged membranes and the pore size is less than 2 nm. This pore size is 

too small to allow permeation of many organic compounds such as sugars, divalent ions, 

and dissociated forms of a compound. Reverse Osmosis is widely used in drinking water 

and wastewater purification because RO can retain almost all components except pure 

water molecules. Ultrafiltration and microfiltration systems require less energy in their 

operation because they are operated at low pressures compared to either nanofiltration or 

reverse osmosis. The low pressures can also extend the life span of a membrane. 
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Figure 2.1. Membrane filtrations and their separation characteristics: MF 
(microfiltration), UF (ultrafiltration), NF (nanofiltration), and RO (reverse osmosis). 
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   2.2.2. Membrane Materials Used in Ultrafiltraiton 

      2.2.2.1. Cellulose Acetate (CA) 

Cellulose acetate (CA) is the classic membrane material used in membrane 

industries to create skinned membranes and one of the first polymer membranes that have 

been used for aqueous based separation. CA is prepared from cellulose by reaction with 

acetic anhydride, acetic acid, and sulfuric acid. The advantages of CA membrane are as 

follows; a) hydrophilicity which is very important in reducing the membrane fouling, b) 

wide range of pore size can be manufactured, and c) low cost. Cellulose acetate membrane , 

however, has also many drawbacks; a) a narrow temperature range: maximum temperature 

is 30℃ which may cause a problem in sanitation, b) a narrow pH range: the polymer 

hydrolyzes easily under acidic conditions since acid tends to attack the β-glucosidic links 

in the cellulose backbone,  c) poor resistance to chlorine which is a universal sanitizer in 

the process industries: chlorine oxidizes cellulose acetate and weakens the membrane, and 

d) highly biodegradable: it is highly susceptible to microbial attack. 

 

      2.2.2.2. Polysulfone (PS) and Polyethersulfone (PES) 

The family of polysulfone membranes is one of the most favorable membrane 

materials in microfiltration (MF) and ultrafiltration (UF). Polysulfone (PS) and 

polyethersulfone (PES) have diphenylene sulfone repeating units in their structure as 

shown in Figure 2.2. The -SO2 group in the polymeric sulfone is very stable due to the 

electronic attraction of resonating electrons between adjacent aromatic groups. 

Polyethersulfone is particularly favorable as a membrane polymer in MF and UF 

applications due to the following favorable characteristics: a) wide temperature limits 
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(from -100℃ to 150℃) which is an advantage in fermentation and sterilization, b) wide pH 

tolerances (from pH 1 to pH 13) which is definitely an advantage for cleaning purposes, c) 

good chemical resistance in various chemical agents including chlorine, and d) easy to 

fabricate membranes in a wide variety of configurations and modules. The main 

disadvantage of PS and PES, however, is their hydrophobicity which makes them prone to 

fouling in comparison to the more hydrophilic polymers. 

 

      2.2.2.3. Polyvinylidene Fluoride (PVDF) 

Polyvinylidene fluoride is a very popular material for MF and UF due to its good 

strength and resistance to high temperature, common solvents, acids, and bases. PVDF is 

especially popular for fruit juice clarification because of its resistance to limonene. But 

PVDF is very expensive compare to other membrane polymers. Figure 2.2 shows the 

structure of the membrane polymers which are popularly used in ultrafiltration system.  
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Figure 2.2. Structure of the widely used membrane polymers in ultrafiltration 
system: (A) cellulose acetate (CA), (B) polysulfone (PS), (C) polyethersulfone (PES), 
and (D) polyvinylidene fluoride (PVDF). 
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   2.2.3. Membrane Fouling 

Although membrane filtration is an important technology in the food processing 

and has many advantages, the major limitation of its applications is the membrane fouling, 

which is defined as a decrease in permeation flux over processing time by the accumulation 

of solute and/or the formation of fouled layer onto the membrane surface and inside pores. 

Membrane fouling occurred in the filtration of protein solutions can result in significant 

loss of filtration performance such as selectivity and permeation flux thus could have a 

serious impact on the efficiency and economics of the whey protein recovery process. The 

adsorption of protein molecules onto the membrane surface and the entrapment of protein 

and protein aggregates inside the pores are known as the major factor to induce membrane 

fouling. The fouling mechanism has been investigated in order to improve permeation flux 

and reduce membrane fouling (Jim et al., 1992; Jonsson et al., 1996; Costa et al., 2006). 

Based on many previous researches, hydrophobic interactions and electrostatic interactions 

have been identified to interpret the fouling mechanisms (Mcdonogh et al., 1990; Nystrom 

et al., 1994; Kelly and Zydney, 1995; Ricq et al., 1999). These interactions are generally 

affected by the membrane properties such as hydrophilicity, surface topography, roughness, 

pore size, and pore distribution and solution properties such as solute type, concentration, 

pH, and ionic strength. 

Although it is possible to delay the onset and reduce the amount of fouling by the 

control the processing conditions and/or the modification of membrane surface, fouling is 

inevitable problem in membrane filtration process. In order to maintain the permeation flux 

and selectivity of membrane processes, various cleaning methods are commonly used in 

the food industry (Bartlett et al., 1995; Muthukumaran et al., 2005). For example, in the 



 18

dairy industry employing the membrane filtration system, membranes are daily cleaned in 

an empirical way until the final flux is better than 90% of the initial one (Delaunaya et al., 

2006). Membrane cleaning usually performs in three forms: physical, chemical, and 

biological methods (Trägårdh, 1989). As a physical cleaning method, ultrasonic technique 

has been widely used to remove the foulants of ultrafiltration and microfiltration 

membranes (Muthukumarana et al., 2004; Simon et al., 2000; Li et al., 2002; Kobayashi et 

al., 2002). Chemical cleaning is the most common method to clean membranes. Alkaline 

solutions, acids, metal chelating agents, and surfactants have been used as the cleaning 

agents (Liikanen et al, 2002; Madaeni et al., 2001; Sadhwani and Veza, 2001). However, 

the physical and chemical cleaning methods may significantly reduce the lifetime of the 

membrane which in turn increases the replacement cost.  

 

 

2.3. Protein Adsorption 

Adsorption is a physical-chemical process of the solute accumulation from the fluid 

phase to the condensed layer on a solid or liquid surface. The term of adsorption is used not 

only to stand for the process of interfacial accumulation but also to refer to the amount of 

accumulated molecules on the interface. The solutes adsorbed on the surface are called the 

adsorbate, while the substance which provides the surface is called the adsorbent. 

Adsorption processes are frequently categorized as two processes: chemisorption and 

physisorption. Chemisorption is the process where a chemical binding like covalent 

binding is dominant between the adsorbate and the adsorbent. On the other hand, 

physisorption is the process where van der Walls force, ionic bonding, and polar 
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interactions are dominant instead of any chemical bond (Masel, 1996). The stability of 

protein structure itself relies on the interactions that differ in their relative strengths and 

frequency in proteins. These interactions affect the protein adsorption on the polymeric 

surface as well as the protein conformation. These are the major interactions occurred in 

the protein molecules dissolved in surrounding water. 

 

i) van der Waals interactions. van der Waals interactions are particular class of 

intermolecular forces. There are attractive and repulsive van der Waals forces that control 

the interactions between atoms and are very important in protein structure. Their origin is 

an interaction of the fields that arise from the movement of electrons around the positive 

charged atomic nucleus. Even if van der Waals interactions are relatively weak, they are 

still important for entities consisting of many atoms like solid surfaces or proteins. 

 

ii) Coulomb interactions. As an inter-molecular interaction, the Coulomb 

interaction takes place between molecules that have a net charge. In aqueous system, an ion 

is always surrounded by several other ions of opposite and equal which have a screening 

effect on the Coulomb interaction. Coulomb interaction is much weaker in water than in 

the interior of a protein. 

 

iii) Hydrophobic interaction: Hydrophobic interaction occurs exclusively in an 

aqueous environment because of the dehydration of two non-polar parts of protein 

molecules. This interaction becomes an attraction mainly driven by entropy changes. The 

contribution from hydrophobic interaction often dominates over those from other types of 
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physical interaction. Since the side chains of many amino acid residues are hydrophobic, 

the hydrophobic effect may contribute significantly to intra-molecular interactions in 

proteins.  

 

iv) Hydrogen bond. Hydrogen bond is a special type of attractive interaction that 

exists between certain chemical groups of opposite polarity. It also contributes 

significantly to the stability of α-helices and to the interaction of β strands to form parallel 

or anti-parallel β sheets of proteins. In aqueous media the contribution of hydrogen 

bonding to the adsorption affinity is often minor because of the compensation of 

adsorbate-adsorbent and water-water contributions. Although it is stronger than van der 

Waals forces, the hydrogen bond is much weaker than other bonds like ionic bond and 

covalent bond.  

 

 

Adsorption equilibrium is the fundamental property of the solute-surface 

interaction because the adsorption process will be continued until the thermodynamic 

equilibrium of the solute concentration is reached. The equilibrium at a given temperature 

is usually presented with an isotherm which is the plot of the amount of the adsorbed solute 

as a function of the solute concentration. The adsorption isotherm is useful for selecting the 

most appropriate adsorbent and also for predicting the performance of adsorption systems. 

For example, the adsorption capacity of a surface is needed to be reduced such as protein 

adsorption and fouling.  
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Figure 2.3 shows the typical adsorption isotherms: linear isotherm, Langmuir 

isotherm, and Freundlich isotherm. These isotherm models are currently used to fit the 

adsorption isotherms in bioseparations (Cussler, 1997; Ribeiro et al., 2001).  

The linear isotherm is given by the following equation: 

 

  ee KCq =        (2-1) 

 

where qe is the equilibrium concentration of adsorbate, Ce is the equilibrium concentration 

of the solute in the fluid phase, and K is the equilibrium constant. Even if it is frequently 

assumed for the adsorption process, the simple linear isotherm rarely occurs. Both 

Langmuir and Freundlich isotherms have been generally used to describe the protein 

adsorption on the surface. 
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Figure 2.3. Typical adsorption isotherms: (A) linear isotherm, (B) Langmuir 
isotherm, and (C) Freundlich isotherm. 
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   2.3.1. Langmuir Isotherm 

As one of the simplest isotherms to describe the monolayer adsorption, Langmuir 

isotherm was developed by Irving Langmuir to describe the adsorption of gases onto the 

plane surfaces at a fixed temperature (Langmuir, 1918).  Langmuir isotherm assumes that 

(1) the adsorbed layer should be monolayer, (2) there are finite numbers of identical 

adsorption sites on the surface, and (3) the adsorption ability of a solute to the each of these 

sites is independent of the occupation of neighboring sites (Adamson, 1982; Masel, 1996). 

The Langmuir isotherm might be derived by the following equilibrium: 

 

  S + R    ⇔   SR      (2-2) 

 

where S is the solutes in solution, R is the surface or adsorbent, SR represents the adsorbed 

state of solute on the surface. The equilibrium constant of this reaction can be written: 

 

  ]][[
][
RS

SRK =        (2-3) 

 

Suppose that the surface carries binding sites per unit weight, ST, of which SO are occupied 

and SF are free binding sites.  

 

  FOT SSS +=       (2-4) 
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If [R] is proportional to the number of the vacant sites, SF/ST, and [SR] is proportional to the 

surface coverage of the adsorbed molecules, SO/ST, we may write:  
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SO/ST is called the fractional coverage or the occupied fraction of the total number of sites. 

This is denoted q: 
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As ST represents the total number of adsorption sites per mass solid, it may be denoted qmax 

and the Langmuir equation takes the following form: 
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[S] is proportional to the concentration (C) of the solute. 
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and the linear form of the equation is  
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where Ce is the equilibrium solute concentrations in solution (mol/L), qe is equilibrium 

concentration of adsorbate on the surface (mol/g or mol/cm2), K is a direct measure for the 

intensity of the adsorption process, and qmax is maximum concentration of adsorbate, 

reflecting the adsorption capacity. Langmuir constants, K and qmax can be determined from 

its slope and intercept of the linear equation. 
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   2.3.2. Freundlich Isotherm 

In Langmuir isotherm, it was assumed that finite number of binding sites existed on 

the surface and the reaction of the adsorbate to each of these sites was thermodynamically 

identical. It means that the same equilibrium constant could describe the adsorption 

process throughout the entire concentration range of the adsorbate. In many cases, however, 

the adsorbate could modify the surface properties and thus the equilibrium constant in the 

Langmuir isotherm can be changed. In this situation, Freundlich isotherm is more useful as 

an empirical equation. The Freundlich equation is commonly given by  

 

  
n

eFe CKq /1=       (2-12) 

 

with the linear form,  

 

  eFe C
n

Kq ln1lnln +=      (2-13) 

 

where KF is a constant for the Freundlich system, related to the bonding energy. KF can be 

defined as the adsorption or distribution coefficient and represents the quantity of the 

adsorbate on the surface for a unit equilibrium concentration (Ce = 1 mol/L). The slope 1/n, 

ranging between 0 and 1, is a measure of adsorption intensity or surface heterogeneity, 

becoming more heterogeneous as its value gets closer to zero. A plot of ln qe versus ln Ce 

enables the empirical constants KF and 1/n to be determined from the intercept and slope by 

the linear regression. 
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2.4. Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) 

   2.4.1. QCM Technique 

QCM technique is centered on a thin quartz crystal with metal electrodes deposited 

on its both sides (O’Sullivan and Guilbault, 1999). Gold is usually used as an electrode. 

Since the quartz is the piezoelectric crystalline form of SiO2, it shows the piezoelectric 

effect: when an alternating electric field (AC voltage) is applied over the electrodes, the 

quartz crystal will be oscillated periodically at its fundamental resonance frequency. The 

oscillation depends on the cutting angle of the quartz crystal. The quartz crystal commonly 

used for QCM application is AT-cut which is cut at an angle of 35° from the 

crystallographic ZX-plane as shown in Figure 2.4 (O’Sullivan and Guilbault, 1999; Marx, 

2003). AT-cut quartz crystal provides a stable oscillation with almost no temperature 

fluctuation in frequency at room temperature. 
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Figure 2.4. AT-cut quartz crystal. 
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 The principle of the QCM is as follows: when the quartz crystal is immersed in 

aqueous solution, it is excited to oscillate at a fundamental resonant frequency (5 MHz). 

When the substrate is adsorbed on the crystal surface the resonant frequency decreases 

with the increase in the amount of mass adsorbed on the crystal. If the adsorbed mass is 

evenly distributed, sufficiently rigid to have no energy dissipation, thin to have negligible 

internal friction, and small compared to the mass of the crystal, the frequency shift (Δf) is 

proportional to the adsorbed mass per unit surface (Δm) under Sauerbrey equation:  

 

   
n

fCm Δ⋅
−=Δ       (2-14) 

 

where C is the mass sensitivity constant (=17.7 ng·cm-2·Hz-1 at f = 5 MHz) and n is the 

overtone number (in the present case n = 3, 5, and 7). However, if the adsorbed layer does 

not follow the oscillation rigidly, the energy dissipation in the oscillation will be changed. 

Because most protein layers adsorbed at the interface are hydrated and highly viscoelastic, 

they are not completely rigid and can cause the energy dissipation significantly. In such 

case, Sauerbrey equation is not valid anymore. In order to obtain more accurate mass 

change and viscoelastic properties of the adsorbed protein layer, energy dissipation should 

be considered. QCM-D can measure the frequency shit (Δf) and dissipation shift (ΔD) 

simultaneously at three different overtones (n= 3rd (15 MHz), n= 5th (25 MHz), and n= 7th 

(35 MHz)). These multiple Δf and ΔD data obtained at several overtones were used to 

calculate the viscoelastic properties of the adsorbed protein layer based on the Voigt based 

viscoelastic model system (Voinova et al., 1999). 
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   2.4.2. Dissipation Factor 

Dissipation factor describes the energy loss of an oscillatory system during one 

period of oscillation. Dissipation factor can be defined as follows: 

 

stored

dissipated

E
E

D
π2

=       (2-15) 

 

where Edissipated is the dissipated energy and Estored is the energy stored in the oscillating 

system. D is the sum of all energy dissipated in the oscillatory system. In 1966, Spencer 

and Smith found that the amplitude of a quartz crystal decays as an exponential sinusoidal 

when the driving power to a piezoelectric crystal oscillator is switched off. The 

relationship between amplitude and decay time is described by the general form as follows:  

 

)2sin()( /
0 ϕπτ += fteAtA t     (2-16) 

 

where A is the amplitude, t is the time, τ is the decay time, f is the resonant frequency, and 

ϕ  is the phase angle. The QCM-D system can determine the decay time (τ) as well as the 

resonance frequency (f) of the exponentially damped sinusoidal voltage signal over the 

crystal caused by switching of the voltage applied to the piezoelectric oscillator. The 

dissipation factor, D, is inversely proportional to the decay time, τ, as follows: 
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where f is the resonant frequency and τ is the decay time. By recording the voltage during 

the decay and numerically fitting to equation (2-17), both the resonance frequency and the 

dissipation factor of the crystal can be achieved simultaneously as shown in Figure 2.5. 

 

In this study, the viscoelastic representation based on the viscoelastic model 

(Voinova, et al., 1999) has been used to simulate the QCM-D response such as density, 

viscocity, elasticity, and thickness of adsorbed protein layer using Q-Tool software. Figure 

2.6 shows the schematic illustration of the geometry and the parameters used to simulate 

the response of a quartz crystal upon mass load in contact with bulk liquid. According to 

the research of Voinova, et al., the relationship between QCM-D response and viscoelastic 

properties of the adsorbed layer was explained with the equations as follows: 
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where 0 and h0 are the density and thickness of the crystal. A3 is the viscosity of the bulk 

liquid and =3 is the viscous penetration depth of the shear wave in the bulk liquid and 3 is 

the density of liquid.  is the angular frequency of the oscillation. In this model, the protein 

adlayer is represented by four parameters: density (ρ1), viscosity (η1), shear elasticity (μ1), 

and thickness (h1). Among them, the thickness of the protein layer was obtained by 
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dividing the total mass by the density, which was assumed to be 1,200 kg/m3 for the protein 

layer with trapped water (Rodahl, et al., 1997). We also assumed that the polymer-coated 

quartz crystal was purely elastic, and the surrounding solution was purely viscous and 

Newtonian. 
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Figure 2.5. Measurement principle of frequency and dissipation (Q-Sense). 
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Figure 2.6. The layered structure of PES-coated quartz crystal, which is first 
modified with PES film, followed by the adsorption of β-lactoglobulin molecules. 
β-Lactoglobulin thin adlayer can be described by density (ρ1), viscosity (η1), shear 
elasticity (μ1), and thickness (h1).  
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2.5. Surface Modification of Membrane 

Generally, it has been known that membrane fouling on hydrophobic polymer 

surfaces is mainly a result of the hydrophobic interaction between the protein and the 

hydrophobic polymeric membrane surface. To reduce this fouling, it is therefore logic to 

use the hydrophilic polymeric membranes instead of the hydrophobic membrane. Among 

commercial membranes, cellulose acetate is a widely used hydrophilic membrane. Many 

hydrophilic membranes such as cellulose acetate and biopolymer based membranes, 

however, have several drawbacks such as weak mechanical strength, thermal and chemical 

resistance, and microbial attack. Hydrophilic surface modification of the existing 

membrane material is the most practical solution to reduce membrane fouling while 

maintaining its mechanical and resistant properties (Wavhal and Fisher, 2002; Reddy et al., 

2003) because the hydrophobic nature of polymer backbones can maintain its properties, 

while the hydrophilic thin skin can reduce the protein adsorption. 

Surface modification of membrane can be classified into two main categories; 

physical modification and chemical modification. Physical modifications involve exposure 

to radiation (Inchinose and Kawabushi, 1996; Hollander and Behnish, 1998), plasma 

(Gerenser, 1987; France and Short, 1998; Song et al., 2000; Kim et al., 2002), and ion 

beams (Dong and Bell, 1999). But one of the major drawbacks of these physical 

modifications is that the physicochemical characteristics of the modified surfaces can be 

time dependent which means the surface reactivity can be gradually deteriorated (Wavhal 

and Fisher, 2003). On the other hand, chemical modification is not time dependent because 

the membrane surface reacts directly with chemical agents. Higuchi et al. (2004) 

introduced aspartic acid onto the polysulfone membranes and revealed that the protein 
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adsorption was reduced on the modified membrane surface. Yang and Lin (2003) 

improved the hydrophilicity of polysulfone membrane by immobilization with chitosan 

and heparin and then showed the reduction of the protein adsorption on the chitosan and 

heparin immobilized polysulfone membranes. Taniguchi et al. (2003) investigated that the 

low protein adsorption and low irreversible membrane fouling was exhibited by 

UV-assisted graft polymerization of N-vinyl-2-pyrrolidine (NVP) onto PES membrane.  

 Thin film composite (TFC) polyamide (PA) membranes have become the main 

type of membranes used for reverse osmosis and nanofiltration due to their excellent 

membrane performance and favorable economics (Zhzng et al., 2006). Interfacial 

polymerization (IP) has been a well-established method to prepare the thin active layer for 

thin film composite membranes. This technique is based on the polycondensation reaction 

between two immiscible solvents including dissolved monomers such as polyacyl 

chlorides in organic solvent and polyamine in water phase. Very thin active layer is quickly 

formed at the interface and remains attached to the substrate (Petersen, 1993; Freger, 

2003). 
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CHAPTER III. STATIC AND DYNAMIC ADSORPTION OF 

β-LACTOGLOBULIN ON POLYETHERSULFONE MEMBRANE SURFACE 

 

3.1. Introduction 

Most proteins have propensity to spontaneously and irreversibly adsorb at the 

solid-liquid interfaces because proteins have amphiphilic (both hydrophilic and 

hydrophobic) properties. They are generally soluble in aqueous solutions and several 

interactions such as van der Waals interactions, hydrogen bonds, hydrophobic interaction, 

and electrostatic interactions occur when they are dissolved in aqueous solutions. Protein 

adsorption phenomenon at interfaces is also an important issue in many research areas such 

as biotechnology, pharmaceutics, and biosensors (Norde, 1992 and 2003; Haynes and 

Norde, 1994). The adsorption of proteins involved in the above-mentioned areas, however, 

does not always play a positive role in these processes. For example, although the increase 

in protein concentration at interfaces is usually an advantage in biosensor applications, it is 

undesirable in causing fouling in the medical device (Werner et al., 1999) and in the food 

industry using stainless steel or plastic containers/pipings and employing membrane 

separations for food processing (Visser and Jeurnink, 1997; Murray and Deshaires, 2000). 

In this study, the protein adsorption on the polymeric membrane surface at various solution 

conditions such as protein concentration, pH, and salt concentration was investigated by 

static adsorption experiment and dynamic adsorption experiment.  
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3.2. Experimental Rationale and Design 

In order to better understand the fouling mechanism of whey proteins on the 

polymeric membrane surface and develop new strategies and/or optimize the process 

conditions to minimize the membrane fouling, it is necessary to study the protein 

adsorption process and viscoelastic properties of the protein layer adsorbed on the 

polymeric membrane surface. The adsorption capacity of the surface, which depends on 

adsorption conditions such as the concentrations and the pHs of the protein solution, was 

investigated through the adsorption isotherm models in the static adsorption study. 

QCM-D technique was also used for the dynamic adsorption study. Quartz crystal 

microbalance with dissipation monitoring (QCM-D) technique can provide the unique and 

quantitative information on the viscoelastic properties of the adsorbed protein layer as well 

as monitor the protein adsorption process in real time by the simultaneous measuring of 

frequency shifts (Δf) and dissipation shifts (ΔD). In order to study protein adsorption on 

polymeric membrane surface, polyethersulfone (PES) and β-lactoglobulin were used as a 

membrane polymer and as a standard protein, respectively. β-Lactoglobulin is the most 

abundant whey protein (over 50% of total whey proteins) in milk and the principal 

component in fouling deposits on the membrane surface and inside the pores (Fennema, 

1996; Murray and Deshaires, 2000; Elofsson et al., 1996). PES is the most common and 

lesser prone to protein fouling in ultrafilatration of protein solutions; it also has excellent 

mechanical properties and resistant properties to high temperature, a wide range of pH, and 

various chemical agents (Cheryan, 1998). 
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3.3 Materials and Methods 

   3.3.1. Materials 

Polyethersulfone (PES) polymer was kindly provided by Solvay Advanced 

Polymers, L.L.C. (Alpharetta, GA) under the trade name of RADELRM H-2000P NT. Flat 

sheet PES membrane was purchased from Sterlitech (Kent, WA). MWCO of flat sheet PES 

membrane is 20,000. Bovine milk β-lactoglobulin, which is a mixture of A and B variants 

crystallized and lyophilized three times (Lot No. 033K7003), phosphate-buffered saline 

(PBS), and N, N-dimethylformamide (DMF) were purchased from Sigma-Aldrich (St. 

Louis, MO). Deionized water was obtained from a Millipore Milli-Q filtration system 

(Millipore Corporation, MA, USA) with a resistivity of 18.2 MΩ cm. 

 

   3.3.2. Experimental Procedure 

      3.3.2.1. Static Adsorption Experiments 

Static adsorption experiments of β-lactoglobulin on virgin PES membranes and 

modified PES membranes were carried out by shaking 2ⅹ2 cm2 pieces of membrane with 

50 ml aqueous solution of β-lactoglobulin of desired concentrations (0.5 to 2.5 mg/ml) and 

pHs (pH 3.0, 5.2, 7.0, and 9.0) at room temperature for 24 hr to reach the equilibrium state. 

At the end of the adsorption period, the concentration of the residual protein solutions was 

determined with a UV-Vis spectrophotometer (UV-1700, Shimadzu) via the absorbance at 

280 nm. By comparing the initial and final concentrations, the adsorption amounts can be 

calculated. The calibration curves and equations of absorbance versus β-lactoglobulin 
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concentrations from 0.5 mg/ml to 2.5 mg/ml in working condition were obtained by linear 

regression. 

 

      3.3.2.2. Dynamic Adsorption Experiments 

Dynamic adsorption experiments were carried out with a quartz crystal 

microbalance with dissipation monitoring (QCM-D). 1% (w/v) solution of PES was 

prepared by blending 1g of PES with 99ml of DMF. After PES was completely dissolved, 

this solution was filtrated with a 0.45µm syringe filter to remove the impurities. 

β-Lactoglobulin solutions were prepared as stock solution of 10% (w/v) concentration, and 

stored in a freezer until their uses. Protein-free PBS buffer was used to obtain the baseline 

and in the rinsing steps to wash out the reversible proteins after the protein adsorption 

processes occurred.  

QCM-D measurements were performed with the Q-Sense D 300 system (Q-Sense, 

Goeteborg, Sweden) equipped with a QAFC 302 axial flow chamber (Figure 3.1). Since 

this chamber has a heating/cooling system and a control valve, the experimental 

temperature and flow rate could be maintained constantly. Quartz crystals with a 

fundamental resonant frequency of 5 MHz, 0.3mm thickness, and 14 mm diameter 

(QSX301; Q-Sense) were spin-coated with a spin coater (Headway Research Inc., Garland, 

TX) using 1% (w/v) PES solutions in DMF and evaporated at the room temperature for at 

least 24 hrs. The polymer-coated crystal was inserted into the QCM-D chamber. Frequency 

and dissipation shifts versus time curves induced by the addition of β-lactoglobulin 

solutions were recorded. The QCM-D chamber was stabilized at temperature of 24.75 ± 

0.1℃. When frequency and dissipation shift were at equilibrium state, protein-free PBS 
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buffer was injected to remove the reversible protein. Four times of rinsing step were 

accomplished for each experiment. All experiments were duplicated at least three times 

and normalized to the fundamental resonant frequency of the quartz crystal (5 MHz). Data 

were modeled using the software, Q-Tools, (Q-Sense, Goeteborg, Sweden) and 

quantitative information on the viscoelastic properties of the adsorbed protein layer was 

obtained. To clean the used crystals, the used crystals were immersed in the solvent for 48 

hrs, sonicated for 5 mins, rinsed with deionized water, and dried with nitrogen. The crystals 

dried by nitrogen were immersed in a 1:1:5 mixture of H2O2 (30%), NH3OH (25%), and 

deionized water at 80℃ for 15 mins. After rinsing with deionized water and drying with 

nitrogen, the crystals were exposed to UV/Ozone for 10 mins by a UVO cleaner (Jelight 

Company, Irvine, CA). 
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Figure 3.1. The schematic of QCM-D chamber, QAFC 302 axial flow chamber 
(Q-Sense). 
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      3.3.2.3. Contact Angle Measurement 

The measurement of contact angle between water and a membrane surface is the 

easiest and the most commonly used method to characterize the hydrophilicity of a 

membrane surface because contact angel is determined by the interaction between water 

and the outermost atomic layers of a membrane surface. When a drop of liquid is placed on 

a solid surface, the triple interface formed between solid, liquid, and gas will move in 

response to the forces arising from the three interfacial tensions until equilibrium is 

reached. The situation is illustrated in Figure 3.2 which shows a drop of liquid (L) on a flat 

solid surface (S) with air (G) as the third phase. A hydrophobic surface allows high contact 

angle due to the low free energy, whereas a hydrophilic surface allows low contact angle as 

following the Young’s equation; 

 

θγγγ cos⋅+= LGSLSG     (3-1) 

 

where SGγ  is the solid-gas interfacial energy, SLγ  is the solid-liquid interfacial energy, 

LGγ  is the liquid-gas energy, and θ  is contact angle of the surface. 

The contact angles of the PES modified and unmodified quartz crystal, and 

commercial flat sheet PES membrane were measured using the sessile drop method on a 

VCA Optima surface analysis system. A 28 gauge blunt-tip needle was attached to a VCA 

Optima mechanically controlled micrometer for dispensing a 2 µL deionized water droplet 

onto the surface of a sample. Five measurements were made for each sample and used to 

determine the average and standard deviation for the data. 
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Figure 3.2. The contact angle at the triple interface for a drop of liquid on a solid 
surface. 
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      3.3.2.4. ATR/FTIR Measurements 

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

is a useful tool for studying protein adsorption because it is a non-invasive 

surface-sensitive technique that provides a lot of information (Fontyn et al., 1991). 

Principle of FTIR measurement is that the gas to be analyzed is led through a cuvette with 

an infra red (IR) light source at one end that is sending out scattered IR light, and a 

modulator that “cuts” the infra red light into different wave lengths. At the other end of the 

cuvette a detector is measuring principle it is the absorption of light at different wave 

lengths that is an expression of the concentration of gasses to be analyzed. Fourier 

Transformation mathematics is used as a data processing to turn the measured absorption 

values into gas concentrations for the analyzed gasses.  

In fact, in ATR-FTIR spectroscopy, the varying parameters such as the beam 

incidence angle, allow the analysis of the surface layer only. For the ATR-FTIR spectral 

measurements of membrane surfaces, a Thermal Nicolet Nexus 670 FTIR system with an 

ATR accessory was employed. The ATR accessory contained a ZnSe crystal (25 mm x 5 

mm x 2 mm) at a nominal incident angle of 45°, yielding about 12 internal reflections at the 

sample surface. All spectra were recorded with 256 scans at 4.0 cm-1 resolution at room 

temperature.  
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Figure 3.3. Schematic diagram of ATR-FTIR measurement. 
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      3.3.2.5. Atomic Force Microscopy (AFM) 

 In order to obtain the image of the protein adsorption on the PES surface, a 

multimode AFM with Nanoscope IIIa Controller (Digital Instruments, Veeco, Santa 

Barbara, CA) was used. AFM provides capabilities and advantages over other microscopic 

methods such as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) in studying of solid surfaces and micro structures by providing reliable 

measurements at nanometer scale (Göken and Kempf, 1999). A typical AFM system 

consists of a cantilever probe with a sharp tip mounted to a Piezoelectric actuator and a 

photo detector for receiving a laser beam reflected off the end point of the beam to provide 

cantilever deflection feedback (Figure 3.4). The principle of AFM is as follows: during the 

AFM tip scans the sample surface by moving up and down with the contour of the sample 

surface, the cantilever provides measurements of the difference in light intensities between 

the upper and lower photo detectors while Piezoelectric scanners maintain the tip at a 

constant force or constant height above the sample surface (Jalili and Laxminarayana, 

2004).  

 AFM system can be operated in three different modes: i) non-contact mode, ii) 

contact mode, and iii) tapping mode. The non-contact mode is acquired by moving the 

cantilever tip slightly away from the sample surface and oscillating the cantilever at its 

resonance frequency. In non-contact mode, the cantilever tip can detect the attractive van 

der Waals forces between the tip and the sample surface. The topography of the sample is 

constructed by scanning the tip above the sample surface. The contact mode is utilized by 

monitoring interaction forces while the cantilever tip remains in contact with the target 

sample. In this mode, the interaction forces between the cantilever tip and the sample 
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surface are mainly repulsive forces. The tapping mode AFM combines both the contact and 

non-contact modes by gleaning sample data and oscillating the cantilever tip at its 

resonance frequency while allowing the high resolution imaging of soft samples that are 

difficult to examine using the contact mode AFM. 

 In this study tapping mode AFM was used to characterize the surface topography 

and roughness of PES modified quartz crystal surface and protein adsorbed surface. In 

order to obtain these surface images, the PES modified quartz crystal and protein adsorbed 

crystal surfaces were glued onto metal disks and attached to a magnetic sample holder, 

located on top of the scanner tube. 
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Figure 3.4. Schematic diagram of AFM measurement. 
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3.4. Results and Discussion 

   3.4.1. Static Adsorption Studies 

The adsorption isotherms of β-lactoglobulin on PES membrane were obtained at 

various pHs of 3.0, 5.2 (isoelectric point), 7.0, and 9.0 (Figure 3.5). During the protein 

adsorption process on the polymeric membrane surface, many interactions between the 

membrane and the protein as well as among proteins themselves might affect on the 

amount of protein adsorption. Hydrophobic PES membrane is negatively charged in 

aqueous solution due to the ionization of polar groups at the membrane surface and/or the 

selective adsorption of anions from the surrounding solution onto the membrane surface 

(Pujar and Zydney, 1997). Therefore, the protein adsorption can be affected by the charge 

and density of the polymeric membrane surface as well as the protein charge which is 

dependent on the pH of the protein solution. The native structure of β-lactoglobulin is 

predominantly a dimer structure at room temperature and at neutral pH but it can be 

dissociated into the monomer structure depending on the pH of the solution. Below pH 3.5 

and above pH 7.5 the dimer structure of β-lactoglobulin can be usually dissociated into the 

monomer structure (Verheul et al., 1999; McKenzie and Sawyer, 1967). 

 

      3.4.1.1. Effects of pHs 

As shown in Figure 3.5 the amount of β-lactoglobulin adsorbed on the PES 

membrane surface was the lowest at the neutral pH (pH 7.0). The maximum adsorption of 

β-lactoglobulin on the PES membrane surface was obtained at the acidic condition (pH 

3.0), which was below the isoelectric point (pH 5.2) of β-lactoglobulin. In this acidic 

condition, the protein adsorption might be affected by the electrostatic attraction between 
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the protein and the PES membrane surface because β-lactoglobulin had positive charges 

below its isoelectric point (pI) and hydrophobic PES membrane had negative charges in an 

aqueous solution due to the selective adsorption of anions from the surrounding water or 

due to the ionization of polar groups at the membrane surface (Pujar and Zydney, 1997). In 

addition, the hydrophobic interaction between protein and membrane can increase the 

amount of the protein adsorption. At the pH 3.0, the dimer structure of β-lactoglobulin can 

be dissociated into the monomeric units which expose the hydrophobic sites as shown in 

Figure 3.6. These monomeric units are inclinable to interact with the hydrophobic PES 

surface. Although some other interactions might affect on the protein adsorption, both 

hydrophobic interaction by the dissociation of dimer structure of β-lactoglobulin and 

electrostatic attraction between protein and PES membrane are the principal factor to show 

the higher adsorption than at higher pHs. 

 

At the pI (pH 5.2) where β-lactoglobulin structure was more hydrophobic and 

compact because β-lactoglobulin aggregates strongly to a tetramer which is cyclic structure 

and involving four bonds between pH 3.7 to pH 5.2, the protein adsorption was occurred 

due to the mainly hydrophobic interaction between protein and PES membrane surface 

(Timasheff and Townend, 1964). The amount of β-lactoglobulin adsorbed at the pI was 

higher than that at the neutral pH where the electrostatic repulsion existed because both 

β-lactoglobulin and the PES membrane surface had negative charges above the pI of the 

protein solution. Also, hydrophobic interaction at pH 7.0 might be weaker than at the pI 

because β-lactoglobulin is less hydrophobic at neutral pH. 
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The higher adsorption of β-lactoglobulin, however, was observed at the pH 9.0 

comparing with pH 5.2 and pH 7.0 even if the electrostatic repulsion was much stronger in 

this alkaline condition than in the neutral pH. Because β-lactoglobulin also could be 

dissociated into monomeric units above pH 7.5, the hydrophobic interaction between the 

PES surface and the monomeric units of β-lactoglobulin might increase the amount of 

adsorption at the pH 9.0. This hydrophobic interaction might be much stronger than the 

electrostatic repulsion so the protein adsorption is much higher at pH 9.0 than at pH 7.0 and 

at pH 5.2. These results support the earlier explanation that the protein adsorption is not 

only due to the electrostatic interactions but also due to the change of protein structure and 

hydrophobic interaction between the protein and the PES membrane as well as among the 

proteins themselves. Also, hydrophobic interaction by dissociation of dimer structure to 

monomer structure shows the more adsorption than the electrostatic interactions. 
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Figure 3.5. Adsorption isotherm for β-lactoglobulin on PES membranes at different 
pHs: pH 3.0, 5.2, 7.0 and 9.0. 
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Figure 3.6. Dissociation of dimer structure of B-lactoglobulin to monomer structure 
depending on pH of protein solution. 
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The adsorption equilibrium curves of β-lactoglobulin on the PES membrane 

surface were obtained by plotting ln qe versus ln Ce. The parameters of the Freundlich 

isotherm were determined from the intercept and slop of a linear regression, and then the 

results were given in Table 3.1. It can be seen clearly that the Freundlich constants such as 

adsorption capacity, KF, and adsorption intensity, 1/n, for β-lactoglobulin were depended 

on the pH of the protein solution. The adsorption capacity, KF, which is the measure of 

bonding energy and indicates the quantity of the adsorbate on the adsorbant, increased with 

away from the neutral pH (pH 7.0). The KF values increased about 65% at pH 3.0, 20% at 

pH 5.2, and 38% at pH 9.0 compared with that at pH 7.0. This result supports that the pH of 

protein solution is one of the important factors for the protein adsorption process and the 

amount of protein adsorption would be higher at the acidic (pH 3.0) and the alkaline (pH 

9.0) conditions where the hydrophobic interaction by dissociation of dimer to monomer 

structure is occurred. The intensity constants, 1/n, were just opposite to the trend of KF. The 

intensity constants (1/n) decrease with the increasing the adsorption capacity value (KF). 

The lower intensity constant means that the protein adsorbed surface is more 

heterogeneous. As shown in Table 3.1, the more protein adsorbed on the membrane surface 

(increase the adsorption capacity, KF), the more heterogeneous surface can be formed on 

the membrane surface. 
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Table  3.1. Freundlich constants of β-lactoglobulin adsorbed on PES membrane at 
different pHs. 
 

 

pH KF 1/n R2 

3.0 26.64 0.551 0.998 

5.2 19.41 0.634 0.996 

7.0 16.16 0.709 0.972 

9.0 22.16 0.596 0.995 
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      3.4.1.2. Effects of NaCl Concentration  

Figure 3.7 shows the salt effects on the β-lactoglobulin adsorption on the PES 

membrane at pH 3.0 where the maximum adsorption was obtained. The increase in ionic 

strength provided by NaCl reduced the amount of adsorption for β-lactoglobulin on PES 

membrane at pH 3.0. Although the hydrophobic interaction by the change of 

β-lactoglobulin structure from dimer to monomer increases the amount of adsorption, the 

electrostatic attraction between positive charged protein and negative charged PES 

membrane in acidic condition is also the major factor in the increasing of β-lactoglobulin 

adsorption on the PES membrane surface. The salt ions, however, can interact to the 

charged protein molecules and PES membrane surface so the electrostatic attractions 

between protein molecules and membrane surface could be reduced by the salt addition. 

Therefore the amount of β-lactoglobulin adsorption on the PES membrane surface was 

reduced with salt concentration. As shown in table 3.2, the adsorption capacity (KF) 

decreases with NaCl concentration. Although the amount of β-lactoglobulin adsorption 

decreases with salt concentration, the intensity constants (1/n) also decrease with salt 

concentration. This result reveals that the protein adsorbed layers are more heterogeneous 

with salt concentration. 
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Figure 3.7. NaCl effect on the adsorption isotherm of β-lactoglobulin at pH 3.0. 
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Table  3.2. Freundlich constants of β-lactoglobulin adsorbed on PES membrane at 
pH 3.0 depending on the concentration of NaCl. 
 

 

NaCl KF 1/n R2 

Control 26.64 0.551 0.998 

0.01 M 24.96 0.538 0.997 

0.05 M 22.55 0.516 0.993 

0.10 M 20.15 0.496 0.987 
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   3.4.2. Dynamic Adsorption Studies 

      3.4.2.1. Characterization of PES Modified Surface 

In order to study the dynamic adsorption processing of protein onto the PES surface 

using QCM-D instrument, the PES surface should be created onto the quartz crystal 

surface. Quartz crystals were spin-coated at 2000 rpm to 4000 rpm with 1% (w/v) PES 

solution in DMF and evaporated at the room temperature. After crystals were spin-coated 

some surface properties were characterized to make sure the PES modified crystal surface. 

Contact angle and FT-IR spectra were measured for the 1% PES solution coated quartz 

crystal surface and compared with those of the commercial PES membrane. The contact 

angles measurement using deionized water is the easiest way to characterize the surface 

hydrophilicity. As shown in Table 3.3, the contact angle of 1% PES modified crystal 

surface 74.08 ± 1.61 which is similar to that of the commercial PES membrane (71.49 ± 

2.57). FT-IR spectra show the exactly same pattern in both PES modified surface and 

commercial PES membrane (Figure3.8). Aromatic bands of PES are present at 1578 and 

1486 cm-1. The peaks at 1322 and 1298 cm-1 represent the sulfone groups (S=O) of PES 

membrane. The possible assignments of spectra of Figure 3.8 are summarized in Table 3.4.  
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Table 3.3. Contact angles of PES-coated crystal and commercial PES membrane. 
 

 

Surfaces Contact angle 

PES coated crystal 74.08 ± 1.61 

Commercial PES membrane 71.49 ± 2.57 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 62

 

 

Wavenumbers (cm-1)

800100012001400160018002000

A
bs

or
ba

nc
e Commercial PESf

PESf coated crystal

A

B

 

 
 
Figure 3.8.  ATR-FTIR spectra of (A) the commercial PES membrane and (B) the 
PES-coated quartz crystal. 
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Table 3.4. Possible assignments of the FTIR spectra of PES membrane. 

 
 

Peak (cm-1) Possible assignments 

1577 C=C aromatic ring stretching vibrations 

1486   C=C aromatic ring stretching vibrations 

1412 C=C aromatic ring stretching vibrations 

1322 Ar-SO2-Ar asymmetric stretching vibrations 

1298 S=O stretching vibrations 

1240 Ar-O-Ar stretching vibrations 

1150 Ar-SO2-Ar symmetric stretching vibrations 

1105 C-C stretching vibrations 

1072 C-C stretching vibrations 

1012 C-C stretching vibrations 

872 C-C stretching vibrations 

836 C-H rocking vibrations (aromatic) 

 

 

 

 

 



 64

 

 

         

 

 

 
Figure 3.9.  AFM images of 1% PES coated crystal surface using spin coater (A) at 
2,000 rpm and (B) at 4,000 rpm. 
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Figure 3.9 shows the surface topography of 1 % PES coated quartz crystal using a 

spin coater by tapping mode AFM. The rpm of spin coater was changed from 2,000 to 

4,000.  The root mean square roughness (Rq) of PES coated crystal surface decreased with 

increasing rpm of spin coater, from 12.176 to 3.850 nm for a scan area of 10 x 10 μm2 while 

the root mean square roughness (Rq) of commercial PES membrane was 2.067 nm. The 

shading intensity shows the vertical profile of the membrane surface with the light regions 

being the highest points and the dark regions being depressions. As shown in Figure 3.9.A, 

the surface of PES coated crystal was rough and heterogeneous when the rpm of spin coater 

was 2,000. On the other hand, the roughness of PES coated surface at 4,000 rpm was close 

to that (2.067 nm) of the commercial PES membrane.  

 

      3.4.2.2. Adsorption of β-Lactoglobulin on PES-Coated Surface 

The typical adsorption process of β-lactoglobulin on the PES-modified crystal 

surface was monitored in real time by simultaneously measuring of frequency shifts (Δf) 

and dissipation shifts (ΔD). Figures 3.10.A and 3.10.B show the Δf and ΔD of 1% 

β-lactoglobulin at pH 5.2 as a function of time, respectively. Because viscous layers like 

protein layers adsorbed on the interfaces exhibit different penetration depths of harmonic 

acoustic frequencies, Δf and ΔD induced by the adsorbed protein layer were measured 

simultaneously at three different overtones (n=3, 5, and 7). These multiple frequency and 

dissipation data can be used to calculate the viscoelastic properties of the adsorbed protein 

layer. The Δf obtained at three overtones were normalized by their overtones. The arrows 

indicate the injection time of β-lactoglobulin solution (t1), and several times of rinsing 

solutions (t2, t3, t4 and t5), respectively. The adsorption process of β-lactoglobulin on PES 
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surface consisted of reversible and irreversible adsorption, as shown in Figure 3.10.A. The 

Δf remained after rinsing steps indicates the irreversible adsorption and the Δf recovered by 

rinsing steps indicates the reversible adsorption. Although the reversible adsorption can 

cause membrane fouling, it can be removed by the high shear stress in the membrane 

filtration process. The irreversible adsorption, however, was caused by the strong 

interactions between protein and the membrane surface and between protein molecules, 

and it could not be removed in the rinsing steps. Therefore, the irreversible adsorption was 

the principal factor to cause the permanent membrane fouling. The frequency and 

dissipation data obtained after four times of rinsing were used to explain the permanent 

adsorption and the viscoelastic properties of the adsorbed protein layer. If the adsorbed 

protein layers were completely rigid and the energy could not be dissipated, all normalized 

Δf would be the same (Δf3/3 = Δf5/5= Δf7/7). In our study, all the normalized Δfn/n curves 

coincided when the concentration of β-lactoglobulin was below 0.1% (w/v) (data are not 

shown).  However, when the concentration of β-lactoglobulin was higher than 1.0% (w/v), 

the normalized Δfn/n curve at the smaller overtone was usually larger than those at the 

larger overtones (Δf3/3 > Δf5/5 > Δf7/7), as shown in Figure 3.10.A. Similar observations 

were also reported by Zhou et al. (2004) and Hook et al. (2001). Dissipation shift at smaller 

overtone was also larger than those at the larger overtones (ΔD3 > ΔD5 > ΔD7) until it was 

rinsed, as shown in Figure 3.10.B. After several times of rinsing steps, there were no 

significant differences in Δf and ΔD at all overtones because most viscous layers have been 

removed after rinsing four times. 
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Figure 3.10. (A) Frequency shift (Δf) and (B) dissipation shift (ΔD) induced by the 
adsorption of 1% β-lactoglobulin at pH 5.2 on the PES coated-surface as a function of 
time. Δf and ΔD are measured simultaneously at three overtones  (n=3, 5, and 7) and 
normalized by their overtone numbers. The arrows indicate the time for the injection 
of protein solution (t1) and four times of rinsing steps (t2, t3, t4 and t5). 
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      3.4.2.3. Effects of Concentration and pH     

The adsorption process of β-lactoglobulin was investigated at various 

concentrations (0.1, 1.0, and 2.0 % (w/v)) and pHs (3.0, 5.2, and 7.0). The adsorption 

profiles of β-lactoglobulin at each concentration on 1% PES coated-gold crystal are shown 

in Figure 3.11. The magnitudes of Δf and ΔD increase with increase in protein 

concentration, as shown in Figure 3.11.A and 3.11.B. The adsorption processes of 

β-lactoglobulin on the PES surface in Figure 3.11 were very similar in their patterns 

irrespective of the protein concentration. The Δf and ΔD changed rapidly and greatly after 

the injection of β-lactoglobulin solution, and followed by minor changes over the 

adsorption time until the rinsing steps were reached. During the rinsing steps, some 

recoveries of Δf and ΔD were observed in 1% and 2% (w/v) protein concentrations. The Δf 

and ΔD at the lowest protein concentration (0.1% (w/v)), however, were rarely recovered 

during the rinsing steps. This result revealed that the most adsorbed layer of 0.1% (w/v) 

β-lactoglobulin solution was irreversible adsorption even if the amount of Δf and ΔD were 

small compared with those of higher concentrations. Figure 3.11.B shows that ΔD 

increases with β-lactoglobulin concentration of β-lactoglobulin solution. The more 

proteins were adsorbed on the polymer surface, the more energy was dissipated. In 

addition, in 0.1% (w/v) β-lactoglobulin solution, the mono-layers of protein layers might 

be formed on the polymer surface because the β-lactoglobulin solution concentration was 

too low to form multi-layers. This pattern was close to the pattern described by the 

Sauerbrey equation because most protein adsorption was occurred by the strong 

interactions between the proteins and the polymer surface. The amount of proteins on the 

reversible protein layer depends on the protein concentration. In the case of the adsorption 
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of 2% (w/v) β-lactoglobulin on the polymer surface, about 15% of Δf and 50% of ΔD were 

reversed by rinsing four times. Thus, in the case of adsorption at higher protein 

concentrations, β-lactoglobulin multi-layers originating from self-association among 

β-lactoglobulin molecules may also form. Although these protein multi-layers may cause 

significant energy dissipation, they were reversible, causing the lost of the mass of protein 

adlayers during the rinsing steps.  
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Figure 3.11. (A) Frequency shift (Δf) and (B) dissipation shift (ΔD) induced by the 
adsorption of β-lactoglobulin solutions with three concentrations (0.1, 1.0, and 2.0 %) 
at pH 7.0 as a function of time. The Δf was obtained at third overtone (f3=15 MHz) 
and normalized (f3/3). (C) ΔD - Δf plots using the data from (A) and (B). 
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To illustrate the correlation between ΔD and Δf, the ΔD - Δf plots of 

β-lactoglobulin adsorption on PES surface at different protein concentrations were drawn 

in Figure 3.11.C using the data from Figures 3.11.A and 3.11.B. From the ΔD - Δf plots, we 

know the protein adsorption kinetic processes from the different dissipation shift per unit 

frequency shift (ΔD/Δf). The different slopes in ΔD - Δf plots suggest that there exist at 

least two different processes during protein adsorption on the PES coated-surface. At the 

initial stage, protein molecules in solution diffuse rapidly to the interface and the 

conformation of protein molecules on the polymer surface might be occurred at the second 

stage. The initial slopes in ΔD - Δf plots are 0.020 for 0.1%, 0.111 for 1.0%, and 0.155 for 

2.0% of β-lactoglobulin solution, whereas second slopes close to zero for all protein 

concentrations. These different slopes in ΔD - Δf plots may arise from protein adlayers of 

different viscoelastic properties, which were affected by the interactions between protein 

and polymer surface as well as the interactions between protein and protein. The amount of 

β-lactoglobulin adsorbed and the adsorption rate were higher at the higher concentration. 
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Figure 3.12. (A) Frequency shift (Δf) and (B) dissipation shift (ΔD) induced by the 
adsorption of 1% β-lactoglobulin solutions at three pHs (3.0, 5.2, and 7.0) as a 
function of time, and (C) ΔD - Δf plots using data (A) and (B).  
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     Figure 3.12.A and B show the plots of Δf and ΔD as a function of time for the pH 

dependent adsorption of 1% β-lactoglobulin solution. The magnitude of Δf in the 

adsorption of 1% of β-lactoglobulin increased with the decrease of pH of the protein 

solutions. However, the effects of pH on the dissipation shifts at saturation point were not 

different significantly, as shown in Figure 3.12.B. From Figure 3.12.A, one notes that the 

Δf of β-lactoglobulin at pH 3.0 didn’t reach the plateau after 50 mins from the onset of the 

adsorption. Instead, it kept decreasing with the adsorption time without changing the 

energy dissipation. This result suggested that the protein layers might be formed 

continuously and completely at the polymeric surface. The magnitude of Δf increases with 

decrease the pH of solution. As shown in Figure 3.12.C, the initial slopes in ΔD - Δf plots 

are 0.110 for pH 7.0, 0.086 for pH 5.2, and 0.062 for pH 3.0 of β-lactoglobulin solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76

 

A) 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.0 
μm 

2.5 0 

0 5.0 
μm 

2.5 



 77

C) 

 

 

 

 

 

 

 

 

 

 
Figure 3.13. Tapping mode AFM images and height distribution of the PES coated 
crystal surface after 1% (w/v) β-lactoglobulin adsorption (A) at pH 3.0, (B) at pH 5.2, 
and (C) at pH 7.0. 
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Figure 3.13 shows the tapping mode AFM images and height distribution of 1% 

β-lactoglobulin adsorbed polymer surface varying with the pHs of protein solutions: A) pH 

3.0, B) pH 5.2, and C) pH 7.0. β-Lactoglobulin adsorption on the PES surface appeared to 

be randomly distributed on the PES modified surface. At pH 7.0, the proteins covered less 

surface area comparing to the case of lower pH where a larger surface area was covered by 

protein molecules. In order to investigate how much surface area was covered by protein 

molecules, the surface coverage was obtained by bearing analysis. Bearing analysis could 

reveal that what percentage of surface area was above and below any arbitrarily chosen 

height. When bearing depth is 70 nm, the surface coverage of the protein adsorbed surfaces 

at pH 3.0, 5.2 and 7.0 were 32.9%, 23.9%, and 22.4%, respectively. The surface coverage 

at pH 7.0 and pH 5.2 are not significantly different but the higher surface coverage at pH 

3.0 supports that more protein molecules were adsorbed on the PES modified surface. 

These AFM images generally supported the QCM-D data that the Δf of β-lactoglobulin at 

pH 3.0 didn’t reach the plateau within 50 min after injection of the protein solution but kept 

decreasing without any more dissipation changes. These results could be explained by the 

structure change of β-lactoglobulin depending on the pH of protein solution. At the acidic 

condition (pH 3.0), the dominant structure of β-lactoglobulin might be monomer structure 

by dissociation of dimer units. The hydrophobic interaction between PES surface and 

monomeric units of β-lactoglobulin might increase the amount of the protein adsorption. In 

this case, the interaction between protein and PES surface is higher than the interaction in 

proteins themselves.  
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      3.4.2.4. Viscoelastic Properties of The Protein Adlayer 

We used the Voigt based viscoelastic model, which imposed specific frequency 

and dissipation on the storage modulus and loss modulus to examine the viscoelastic 

properties of β-lactoglobulin thin layer adsorbed on the PES-coated surface. The 

information on the viscoelastic properties of the adsorbed protein layer can be used in 

assisting the development of cleaning methods and optimizing the processing conditions to 

prevent or reduce protein adsorption and membrane fouling. Table 3.5 shows the 

viscosities and the elasticities of the adsorbed protein layer at three different concentrations. 

The obtained values at various concentrations of β-lactoglobulin ranged from 0.0023 to 

0.01 kg/ms for viscosity, from 0.100 to 0.918 MPa for elasticity, and from 3.171 to 6.213 

nm for thickness of the adlayer. The thickness of the adlayer increased with increase in 

concentration of the protein solution but both viscosity and elasticity of the adlayer 

decreased with increase in concentration. At 0.1% (w/v) of protein solution, the viscosity 

and elasticity of the β-lactoglobulin adlayer were 0.010 ± 0.001 kg/ms and 0.918 ± 0.334 

MPa, respectively. These values were almost twice of those (0.0045 ± 0.0004 kg/ms and 

0.555 ± 0.284 MPa) at 1.0% (w/v) and five to nine times of those (0.0023 ± 0.0001 kg/ms 

and 0.100 ± 0.001 MPa) at 2.0 % (w/v) of protein solution. Even if the adsorbed mass and 

thickness at lower concentrations were small compared with those at higher concentrations, 

the viscosity and elasticity of the protein adlayer were much higher at lower concentrations. 

This indicated that the β-lactoglobulin adlayer at lower concentrations were more 

completely adsorbed and relatively rigid due to the strong interactions between proteins 

and the polymer surface. Therefore, it was hard to remove by the rinsing step. 
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Table 3.5. The viscosities and elasticities of β-lactoglobulin adlayers at various 
concentrations (0.1, 1.0, and 2.0% (w/v)) after four times of rinsing.  
 

 

Concentration Viscosity (kg/ms) Elasticity (MPa) 

0.1% 0.0100 ± 0.0010 0.918 ± 0.334 

1.0% 0.0045 ± 0.0004 0.555 ± 0.284 

2.0% 0.0023 ± 0.0001 0.100 ± 0.001 
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Figure 3.14. The thickness of the β-lactoglobulin adlayers at concentrations (A) and 
pHs (B).  
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Figure 3.14 show the thickness changes of the β-lactoglobulin adsorbed layers as a 

function of adsorption time at various concentrations (A) and pHs (B). In case of (A), the 

solution pH was 7.0 and in case of (B), the concentration of β-lactoglobulin was 1.0%. The 

thickness of protein layer adsorbed on PES modified surface increased from 2 nm to 6 nm 

with the protein concentration from 0.1% to 2.0% after rinsing steps. The thickness also 

increases from 3.6 nm to 6.5 nm with decrease the pHs from 7.0 to 3.0. Although the 

thickness of 2.0% protein at pH 7.0 is a little higher than the thickness of 1.0% protein at 

pH 3.0 before rinsing steps, it is reversed after rinsing four times. As shown in Figure 3.14, 

the amount of reversible protein is depending on the protein concentration but not 

depending on the solution pH. This result support that the major interaction in higher 

concentration is the interaction in proteins themselves which could be recovered easily by 

rinsing steps but the major interaction in acidic condition is the interaction between protein 

and PES surface which could not be recovered easily by rinsing steps. 

 

Figures 3.15 shows the adsorbed masses calculated by the Sauerbrey equation and 

by the Voigt based viscoelastic model at different concentration (Figure 3.15.A) and 

different pH values (Figure 3.15.B). Since the amount of the adsorbed mass was intimately 

related to the decrease the permeation flux in the membrane filtration and to the formation 

of the fouling, the accurate mass of the adsorbed protein layer should be examined. We 

denoted the adsorbed masses calculated by the Sauerbrey equation as Sauerbrey mass 

(S-Mass) which is only based on the frequency change and by the Voigt based viscoelastic 

model as Voigt mass (V-Mass) which is based on both the frequency change and 

dissipation change. The V-Masses are usually higher than the S-Masses because of the 
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dissipation effect. The ratios of V-Mass to S-Mass increased with protein concentration 

because the dissipation changes also increased with protein concentration. As shown in 

Figure 3.15.A, there is a little difference (less than 10%) between S-Mass and V-Mass at 

lower concentrations below 1.0% but the difference between S-Mass and V-Mass at 2.0% 

protein solution is significantly increased by about 50% due to the higher dissipation shift 

in 2.0% concentration. With the higher concentration, the adsorbed protein layers might be 

more hydrated and softer and formed as a multilayer. Although the difference between 

S-Mass and V-Mass increased with decreasing the solution pHs, the ratios of V-Mass to 

S-Mass are not significantly changed with the solution pHs because dissipation shifts were 

not significantly changed with pH changes (Figure 3.15.B).   
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Figure 3.15. The dependence of adsorbed mass on the protein concentration (A) and 
pH (B). S-Mass is the mass obtained by the Sauerbrey equation and V-Mass is the 
mass obtained by Voight based viscoelastic model. 
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3.5. Summary 

 Static and dynamic adsorption of β-lactoglobulin on PES surface was investigated 

using UV-spectrophotometer and QCM-D, respectively. In static adsorption experiments, 

Freundlich isotherm model was used to fit the data and to obtain the isotherm parameters 

such as KF and 1/n. Based on the data of the static adsorption process, the amount of 

adsorption was highest at the acidic pH (pH 3.0) where is below the isoelectric point of 

β-lactoglobulin due to the electrostatic attraction and the interactions by the dissociation of 

β-lactoglobulin from dimer to monomeric unit. On the other hand, the amount of 

adsorption was lowest at the neutral pH (pH 7.0) due to the electrostatic repulsion. 

Although the electrostatic repulsion is still strong, the adsorption at the alkaline condition 

(pH 9.0) was higher than that at the isoelectric point. This result supports that the 

interactions by the dissociation of β-lactoglobulin are higher than the electrostatic 

repulsion so the adsorption of β-lactoglobulin increased in the alkaline condition. 

The addition of salt reduced the adsorption of β-lactoglobulin on PES because the salt ions 

interact with the charged protein molecules. 

 In dynamic adsorption experiments, we have investigated the adsorption process of 

β-lactoglobulin on PES-coated quartz crystal surface and the viscoelastic properties of the 

adsorbed β-lactoglobulin layer using quartz crystal microbalance with dissipation 

monitoring (QCM-D). The QCM-D data in various protein concentrations and pHs showed 

similar trends in the adsorption processes; the frequency shift (Δf) and dissipation shift 

(ΔD) changed rapidly and greatly after the injection of the β-lactoglobulin solutions, 

followed by minor changes with the adsorption time until the rinsing steps. The adsorption 

of protein on the membrane polymer surface consisted of reversible and irreversible 
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adsorptions. Because irreversible adsorption was the main factor that causes permanent 

membrane fouling, the information on the mass and viscoelastic properties of the 

irreversibly adsorbed protein layers were important to optimize the process condition to 

reduce the membrane fouling. AFM images revealed that β-lactoglobulin adsorption was 

not homogeneously but randomly distributed on the PES surface. The protein molecules 

could cover more polymer surface area at acidic condition where the dominant structure of 

β-lactoglobulin is monomer. 

     From the QCM-D results the Δf of β-lactoglobulin depended on both protein 

concentration and pH of the solution, but the ΔD depended only on protein concentration. 

These results suggested that the amount of adsorbed mass could be affected by 

concentration and pH of the β-lactoglobulin solution, but the viscoelastic properties of the 

protein thin layer were mainly altered by the concentration of protein solution. 
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CHAPTER IV. DEVELOPMENT OF NOVEL MEMBRANES TO REDUCE THE 

PROTEIN ADSORPTION BY SURFACE MODIFICATION 

 

4.1. Introduction 

Many researchers have revealed that increasing the hydrophilicity of membranes 

significantly reduced the membrane fouling (Musale and Kulkarni, 1996; Hester et al., 

1999) because of the decrease of the hydrophobic interaction between protein and 

membrane surface. With aqueous feed streams, the ideal membrane to minimize fouling is 

hydrophilic membrane. Unfortunately, the most commercial membranes are relatively 

hydrophobic because hydrophilic membranes have some drawbacks in their mechanical, 

thermal, and chemical stability. Hydrophobic polymeric membranes have been commonly 

used in ultrafiltration system to concentrate and fractionate the protein. 

Surface modification of polymeric membrane plays an important role in the 

membrane performance such as permeation flux, efficiency, and selectivity. By surface 

modification, two distinct layers were made of two different polymeric materials. The thin 

surface layer governs the selectivity, flux, and adsorption of solute while the thick substrate 

layer provides the mechanical strength and chemical stability. The incorporation of 

hydrophilic polymer through blending (Rajagopalan et al., 2004; Wang et al., 2006), 

coating (Wei et al., 2005), and surface grafting (Ulbricht and Riedel, 1998; Song et al., 

2000; Kim et al., 2002) has been developed to improve the protein adsorption resistance 

and permeation property of polymeric membranes. Surface modification of hydrophobic 

membrane to hydrophilic can reduce the hydrophobic interaction between protein and the 
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polymeric membrane surface, so it can reduce the amount of protein adsorption and 

membrane fouling.  

In this study, poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG), and chitosan 

were used as hydrophilic polymers for grafting due to their excellent hydrophilicity. 

Poly(vinyl alcohol) has been well known for its excellent film forming property, 

emulsifying property, and minimal cell and protein adhesion property (Shukla et al., 2005, 

Peppas and wright, 1998). PVA is also resistant to oil and solvent. Poly(ethylene glycol) 

showed extraordinary antifouling property to protein adsorption due to its hydrophilicity, 

flexible long chains, large exclusion volume, and unique coordination with surrounding 

water molecules in an aqueous solution (Wang et al., 2006). Chitosan is a linear 

polyelectrolyte carrying positive charges and has been identified as a non-toxic, 

biodegradable, biocompatible, and hydrophilic polysaccharide. Chitosan based 

membranes have been used for protein separations (Zeng and Ruckenstein). 

 

4.2. Experimental Rationale and Design 

 The extent of protein adsorption depends on the various types of interactions 

between protein molecules and membrane surface such as van der Waals interaction, 

electrostatic interactions, hydrophobic interaction, dipole-dipole interaction, and hydrogen 

bonding (Hamza et al., 1997). One of the main factors enhancing the protein adsorption on 

the polymeric membrane is hydrophobic interaction between the membrane surface and 

protein molecules. Therefore, protein adsorption on the polymeric membrane can be 

reduced by modification of hydrophobic membrane surface to hydrophilic surface. It is 
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also easy to clean the hydrophilic membrane because the adsorbed protein molecules can 

be easily removed from the hydrophilic surface (Kim et al., 2002).  

The hydrophilic polymer grafting using UV/Ozone and the thin film composite 

(TFC) by interfacial polymerization were studied to improve the hydrophilicity of the PES 

membrane surface. The polymer grafting methods have been shown to be successful in 

increasing the surface hydrophilicity and the permeability and decreasing the membrane 

fouling during the protein filtration (Thom et al., 1998; Kilduff et al., 2000; Pieracci et al., 

2002). Among various physical methods for the initiation, UV/Ozone treatment is very 

easy, fast, and low cost way to activate the polymeric membrane surface. Interfacial 

polymerization is a powerful technique for fabrication of composite membranes having a 

very thin active layer. Although it had been used for the membranes of reverse osmosis, 

interfacial polymerization technique can also be useful for nanofiltration and ultrafiltration 

(Korikov et al., 2006; Zhao et al., 2006). Interfacial polymerization technique is based on a 

polycondensation reaction which takes place at the interface between two immiscible 

phases (one is organic solvent and the other one is water phase). A very fast polymerization 

reaction often occurs between two very reactive monomers at the interface of two 

immiscible solvents each containing one of the monomers (polyamine in water phase and 

polyacyl chloride in organic solvent), and the polymer precipitates quickly, forming a thin 

dense polyamide film (Kemperman et al., 1998; Chu et al., 2005; Song et al., 2005). 

Because the thin active layers formed by interfacial polymerization contain hydrophilic 

polymers, it can reduce the protein adsorption and membrane fouling.  
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4.3. Materials and Methods 

   4.3.1. Materials 

The flat sheet ultrafiltration membrane, polyethersulfone (PES) (YMPWSP3001), 

was purchased from Sterlitech Corporation (Kent, WA). MWCO of flat sheet PES 

membrane is 20,000. Terephthaloyl chloride (TC), m-phenylenediamine, polyethylene 

glycol (PEG) 2000, and poly(vinyl) alcohol (PVA) were purchased from Sigma-Aldrich 

(St. Louis, MO). Chitosan (MW 300,000, DOD 90%) was purchased from Kunpoong Bio 

Co., Ltd. (Jeju, South Korea). UV/Ozone cleaner (Jelight Company, Irvine, CA) was used 

to activate the PES membrane surface for grafting of the hydrophilic polymers on the 

membrane surface. 

 

      4.3.2. Grafting Polymerization Using UV/Ozone 

Hydrophilic polymers grafting using UV/Ozone treatment is the combination of 

physical and chemical modification. Although it is powerful way to improve the 

hydrophilicity of polymeric membrane, physical modification such as plasma and ion 

beams could be recovered the surface property over time. Chemical reaction should be 

followed after physical modification to maintain and improve the hydrophilicity of 

polymeric membrane. UV/Ozone treatment was carried out to initiate and activate the PES 

membrane surface for hydrophilic polymers grafting. The dried small piece of PES flat 

membrane was exposed to UV/Ozone treatment for 1 min to 30 min. Peroxide groups 

could be formed on the activated membrane surface by ozone treatment. The peroxide 

groups generated on the membrane surface can react with hydrophilic polymers such as 
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PVA, PEG, and chitosan. 20% (w/v) PVA, 20% (w/v) PEG 2000, and 1% (w/v) chitosan 

(molecular weight is 300,000) solution were used to react with the activated PES 

membranes. The hydrophilic polymer grafting reaction was performed in a glass ampoule 

at 70℃ for 2 hr and the chemical schemes are shown in Figure 4.1. After grafting reaction 

with hydrophilic polymers, the PES membranes were rinsed with distilled water for 24 hr 

to remove excess hydrophilic polymers from the PES membrane surface. Then, the 

hydrophilic polymer grafted PES membranes were dried at room temperature under the 

vacuum condition. 
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Figure 4.1. Reaction schemes of the hydrophilic polymers grafting onto the PES 
membrane activated by UV/Ozone treatment: (A) PVA, (B) PEG, and (C) Chitosan. 
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      4.3.3. Thin Film Composite by Interfacial Polymerization 

The second surface modification of PES membrane was carried out by fabricating 

hydrophilic polymers/polyamide thin layer on the PES membrane surface by the interfacial 

polymerization method. Interfacial polymerization is a powerful method for fabrication of 

composite membranes with very thin active layer (usually 10 to 20 nm). The schematic of 

the interfacial polymerization is shown in Figure 4.2. The polymeric membranes were 

immersed in 1% (w/v) terephthaloyl chloride (TC) in benzene for 20 min. After 20 min, the 

membranes were exposed in the aerator for one minute to remove the excess TC solution 

from the membrane surface. Then, membranes were then immersed into the aqueous 

solution containing m-phenylenediamine and hydrophilic polymers such as PVA, PEG, 

and chitosan to form a composite membrane surface layer by interfacial polymerization. 

The fabricated PES membranes were rinsed with deionized water and then dried at room 

temperature for 24 hr. 
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Figure 4.2. Reaction scheme for preparation of the composite membranes with 
hydrophilic polymers by interfacial polymerization: (A) PVA/polyamide, (B) 
PEG/polyamide, and (C) Chitosan/polyamide. 
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Table 4.1 Experimental design for surface modification of PES membrane 
 
 
 

Sample NO Description of modification ways 

NO 1 Virgin PES membrane 

NO 2 UV/Ozone for 20 min and 20% PVA grafting 

NO 3 UV/Ozone for 20 min and 20% PEG 2000 grafting 

NO 4 UV/Ozone for 20 min and 1% Chitosan grafting 

NO 5 Interfacial polymerization and 1% PVA 

NO 6 Interfacial polymerization and 1% PEG 2000 

NO 7 Interfacial polymerization and 1% Chitosan 
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   4.3.4. Characterization of Modified PES Membranes 

In order to understand the interactions between the modified membrane surface and 

protein molecules, it is important to have good knowledge of the various surface properties 

of the modified PES membranes. The surface topography, roughness, wettability, and 

chemical composition of modified PES membranes were characterized using AFM, 

contact angle, and XPS. ATR-FTIR was used to characterize the modified functional 

groups on the PES membrane surface. 

 

      4.3.4.1. Contact Angle Measurement 

The contact angles of the unmodified and modified PES membranes were 

measured using the sessile drop method on a VCA Optima surface analysis system. A 28 

gauge blunt-tip needle was attached to a VCA Optima mechanically controlled micrometer 

for dispensing a 2 µL deionized water droplet onto the surface of membrane samples. Five 

measurements were made for each sample and used to determine the average and standard 

deviation for the data. 

 

      4.3.4.2. ATR-FTIR Spectra 

ATR-FTIR spectra of unmodified and modified PES membranes were measured 

using a Thermal Nicolet Nexus 670 FTIR system with an ATR accessory. The ATR 

accessory contained a ZnSe crystal (25 mm x 5 mm x 2 mm) at a nominal incident angle of 

45°, yielding about 12 internal reflections at the sample surface. All spectra were recorded 

with 256 scans at 4.0 cm-1 resolution at room temperature.  
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       4.3.4.3. Electron Spectroscopy for Chemical Analysis (ESCA) 

ESCA (electron spectroscopy for chemical analysis), also known as XPS (x-ray 

photoelectron spectroscopy), is a powerful technique for characterizing the chemical 

composition of the top few atomic layers at the surface of a solid. A beam of X-rays 

impinging on a surface causes the ejection of electrons from core levels in the atoms due to 

the photoelectric effect as shown in Figure 4.3. When a monochromatic source of X-rays of 

known energy (1253.6 eV for Mg Kα and 1486.6 eV for Al Kα) is used, the binding energy 

can be determined if the kinetic energy of the electrons is measured.  The kinetic energy of 

the ejected electrons is equal to the difference between the energy of the X-rays and the 

binding energy, Eb: 

 

bk EhE −= υ       (4-1) 

 

in where v is the wavelength of the incident photons, Eb is the energy of the core level from 

which the electron is ejected. ESCA can not only give the elemental composition of a 

surface (C, O, N, S etc) but also provide insights into the chemical bonding at the surface. 

XPS is a highly surface specific analytical technique used to obtain the chemical structure 

and atomic composition of a material.  

XPS spectra of virgin and modified PES membranes were recorded with a Kratos 

XSAM 800 X-Ray Photoelectron Spectrometer using a monochromatic Al Kα X-ray 

source (1486.6 eV photons) at 350 W and 15 kV. The take off angle was 90°. Analysis of 

the high-resolution XPS spectra for unmodified and modified PES membranes was based 

on the reference (Beamson and Briggs, 1992). In all cases, a Gaussian peak shape was used 
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and the analyses were performed with the binding energies and full-width-at-half-mazima 

(fwhm) of the peaks kept constant at the literature values but with the intensities varied.  

 

       4.3.4.4. Atomic Force Microscopy (AFM) 

The surface topography and phase imaging of modified PES membrane were 

characterized using tapping mode atomic force microscope (Multimode SPM, Nanoscope 

IIIa, Digital Instruments) with a silicon probe. Several specimens were scanned in different 

areas in order to analyze their morphologies.  

 

   4.3.5. Protein Adsorption on Modified PES Membranes 

Static adsorption of β-lactoglobulin on the modified PES membrane surface was 

studied using UV-Vis spectrophotometer via the absorbance at 280 nm to compare the 

decrease of the amount of protein adsorption by surface modification. For this study, the 

concentration of β-lactoglobulin was 2.5 mg/mL and solution pH was 3.0 where the 

maximum adsorption was observed in chapter III.  
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Figure 4.3. Photoelectric effect of XPS 
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4.4. Results and Discussion 

   4.4.1. Characterization of Virgin PES Membrane Using ATR-FTIR 

In the commercial polymeric membrane manufacture processing, preservatives 

have commonly been used to stabilize membranes, to prevent the membranes from 

microbial attack, and to extend their shelf life. As shown in Figure 4.4.(A),  preservatives 

present a very strong band at 3313 cm-1 and three bands at 1647, 1037, and 923 cm-1 which 

are the same spectra of the preservatives in previous research (Belfer et al., 2000). 

Preservatives were washed out with DI water and dried at room temperature for several 

days for characterization of the native PES membrane. All PES membranes used for 

surface modification are washed with DI water for 24 hr to remove preservatives and dried 

at room temperature. The spectra of the washed PES membrane have no strong band at 

3400 cm-1, which indicates the aliphatic C-H stretching but two small bands associated 

with aromatic C-H vibration are present at 3095 and 3069 cm-1 as shown in Figure 4.4. (B). 

There is no band at around 3500 to 3600 cm-1 which is associated with the O-H stretching 

vibration of water molecules, so this IR spectrum supports that PES membrane was dried 

completely after washing out the preservatives. 
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Figure 4.4. ATR-FTIR spectra of the PES membrane (A) before washing and (B) 
after washing with DI water. 
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   4.4.2. Surface Recovery of UV/Ozone Treatment 

Before the grafting reaction with hydrophilic polymers, UV/Ozone treatment was 

used to activate the membrane surface. However, physical modifications such as plasma, 

radiation, and ion beams treatments have a major drawback that the surface reactivity can 

be gradually deteriorated over time. To investigate the surface recovery of UV/Ozone 

treated PES membrane over time, the contact angle of PES membrane exposed to UV/Zone 

for 20 min was measured from 0 to 48 hrs. Figure 4.5 shows the recoveries of contact angle 

of UV/Ozone treated PES membrane over time. The contact angle of the PES membrane 

exposed to UV/Ozone for 20 min increased back from 11 degrees to 38 degrees in 48 hr. 

Since the contact angle of original PES membrane was 71 degrees, it could be recovered to 

the about 50 % of the original PES membrane in 48 hr. The rate of surface recovery 

decreased over time. Most recovery was occurred in 5 hr after UV/Ozone treatment. After 

48 hr, the contact angle was rarely recovered anymore over time. Based on this result, all 

surface characterization was conducted after 48 hr with UV/Ozone treatment. 

When the PES membrane treated by UV/Ozone was stored in air condition, the surface 

property like contact angle is not changed significantly after 48 hr. However, if the 

UV/Ozone treated PES membrane was exposed to solution, the contact angle of the PES 

membrane increased up to 60 degrees. So, the hydrophilic polymer grafting is necessary to 

prevent the recovery of the surface properties of PES membrane. 
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Figure 4.5. Contact angle recoveries of UV/Ozone treated PES membrane over time 
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   4.4.3. Effect of UV/Ozone Treatment Time on Contact Angle 

To optimize the UV/Ozone treatment time, contact angle was measured in 48 hr 

after UV/Ozone treatment from 0 min to 30 min. The contact angle of virgin PES 

membrane was about 71 degrees but the contact angle of UV/Ozone treated PES 

membrane decreases greatly with UV/Ozone treatment. As shown in Figure 4.6, the 

contact angle of PES membrane treated by UV/Ozone decreases continuously with 

UV/Ozone treatment time but it does not decrease anymore after 20 min. The contact angle 

of PES membrane decreased greatly within initial 5 min of UV/Ozone treatment and 

followed by slowly decrease with UV/Ozone treatment time. The contact angle of PES 

membrane treated by UV/Ozone for 20 min was almost half of the contact angle of the 

virgin PES membrane. UV/Ozone treatment for 20 min could decrease the contact angle of 

PES membrane to 36 degrees but it could be recovered after it was exposed to any solution. 

In order to prevent the recovery of hydrophilicity and maintain the hydrophilic properties 

of PES membrane activated by UV/Ozone, some hydrophilic polymers such as PVA, PEG, 

and chitosan were grafted after UV/Ozone treatment for 20 min.  
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Figure 4.6. Contact angle of PES membrane in 48 hr after UV/Ozone treatment 
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   4.4.4. Effect of Concentration of Hydrophilic Polymers 

To initiate and activate PES membrane surface PES membrane was exposed to 

UV/Ozone and was followed by reaction with hydrophilic polymers. Since PES polymer 

can be photodegraded and oxidized by UV and ozone treatment (Rivaton and Gardette, 

1999), a new peak was observed at 1728 cm-1 which is associated with C=O group after 

UV/Ozone treatment as shown in Figure 4.7. The intensities of this band at 1728 cm-1 

increased as the UV/Ozone treatment time. This means that more PES membrane structure 

was degraded and could form more aldehyde C=O groups with increasing the UV/Ozone 

treatment time. 

 Figure 4.8 shows the FTIR spectra of Poly(vinyl alcohol) grafted PES membrane 

using UV/Ozone treatment. Pure poly(vinyl alcohol) have exhibited a broad band from 

3600 cm-1 to 3650 cm-1  which may be attributed to stretching hydroxyl (-OH) group of free 

alcohol, a broad band from 2850 cm-1 to 3000 cm-1 which may be attributed to stretching 

alkyl C-H groups, and from 3200 cm-1 to 3570 cm-1  for hydrogen bonds (Peppas and 

Wright, 1996; Mansur et al., 2004). PVA grafted PES membrane have exhibited a broad 

band at 3312 cm-1 and at 2939 cm-1  which are assigned to stretching hydroxyl (-OH) group 

of free alcohol and stretching alkyl C-H group of PVA, respectively. The intensities of 

these bands at 3312 cm-1 and at 2939 cm-1 increased with PVA concentration. These 

observations suggested that hydrophilic PVA polymer should be effectively grafted on the 

PES membrane surface.  
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Figure 4.7 ATR-FTIR spectra of the PES membranes exposed to UV/Ozone for 1 min 
to 20 min. 
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Figure 4.8. ATR-FTIR spectra of PVA grafted PES membrane using UV/Ozone 
treatment. The concentration of PVA was ranged 1%, 5%, 10%, and 20 %. 
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Figure 4.9. ATR-FTIR spectra of PEG 2000 grafted PES membrane using UV/Ozone 
treatment. The concentration of PEG 2000 was ranged 1%, 5%, 10%, and 20 %. 
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Based on some literatures, poly(ethylene glycol) with molecular chemical structure 

(HO-CH2-(CH2-O-CH2)n- CH2-OH) have exhibited important strong absorption bands 

from 1050 cm-1 to 1150 cm-1 for the stretching of ether groups, from 2850 cm-1 to 3000 

cm-1 for stretching alkyl (CH2) groups, and from 3200 cm-1 to 3600 cm-1 for hydroxyl 

(-OH) group from FTIR spectroscopy measurements (Mansur et al., 2004). The major 

characteristic bands of PEG grafted membrane showed some new or intensity increased 

peaks at 961.7 cm-1 and at 2875 cm-1, which were ascribed to C-H rock and C-C stretch, 

and C-H symmetric stretch of PEG, respectively. These observations suggested that the 

PEG chains should be effectively grafted on the surface of modified membrane.  

 

   4.4.5. Interfacial Polymerization 

To optimize the reaction time in the interfacial polymerization processing, contact 

angle changes were measured depending on the reaction time between organic solvent 

(terephtahloyl chloride in benzene) and water phase (m-phenylenediamine). As shown in 

Figure 4.10, contact angle decreased with reaction time and minimum contact angle 

showed at 3 min. After 3 min, the contact angle increased over reaction time. Therefore, all 

interfacial polymerization processing was reacted for 3 min.  

Contact angle of the modified PES membranes was measured and compared to that 

of virgin PES membrane. As shown in Figure 4.13, contact angle of PES membranes was 

reduced from 20% to 50 % by surface modification. Generally, the contact angle of the 

modified PES membranes was more reduced by hydrophilic polymer grafting using 

UV/Ozone treatment than by the interfacial polymerization. UV/Ozone treatment could 

reduce the contact angle of PES membrane to about 36 degrees (as shown in Figure 4.6) 
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but the contact angle could be recovered to about 60 degrees when UV/Ozone treated PES 

was immersed in the solution like DI water. When PES membrane, however, was grafted 

with hydrophilic polymers such as PVA, PEG, and chitosan after UV/Ozone treatment, the 

contact angle of the modified PES membranes was lower than 60 degrees. This proves that 

hydrophilic polymers were grafted successfully onto the PES membrane. PEG and 

chitosan grafted PES membranes showed the lowest contact angle about 35 degrees to 36 

degrees. Based on the contact angle data, these two modified PES membranes were 

expected to show the lowest protein adsorption. The PES membranes modified by 

interfacial polymerization could form the polyamide layers on the membrane surface. 

These modified membranes showed relatively higher contact angles from 40 to 50 degrees 

comparing with the hydrophilic polymer grafted PES membranes using UV/Ozone. Lower 

contact angle means that the modified membrane was changed to more hydrophilic surface 

and it could be expected to lower protein adsorption because the hydrophobic interaction 

might be reduced.  
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Figure 4.10. Contact angle changes by reaction time in interfacial polymerization 
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Figure 4.11. Contact angle of modified PES membranes. 
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Contact angles of modified PES membranes were reduced by 20% to 50% of virgin 

PES membrane. Generally, contact angles of hydrophilic polymer grafted PES membranes 

by UV/Ozone treatment were lower than those by interfacial polymerization because 

UV/Ozone is more powerful to improve the hydrophilicity of polymeric membrane and 

can form free oxygen groups on the membrane surface. Contact angles of modified PES 

membranes are different with the type of hydrophilic polymers. Both PVA modified 

membranes by UV/Ozone and interfacial polymerization showed almost same contact 

angles which is about 52 degrees. But PEG and chitosan modified membranes showed 

significant difference in their contact angle by UV/Ozone and interfacial polymerization.  

Among the modified PES membranes, PEG and chitosan grafted membranes using 

UV/Ozone showed lowest contact angle which is about 36 to 37 degrees. Based on the 

contact angle results, these two membranes (UVO-PEG and UVO-chitosan) can be 

expected to show the lowest protein adsorption.  
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   4.4.6. Electron Spectroscopy for Chemical Analysis (ESCA) 

In order to obtain further information about the composition change of the modified 

PES membrane surface, unmodified and modified PES membranes were subjected to 

X-ray photoelectron spectroscopy (XPS). First of all, the surface compositions and the 

atomic percentages of virgin PES membrane are shown in Table 4.2 and shown in Figure 

4.12. As shown in Table 4.2 the atomic percentages of unmodified PES membrane were 

71.75 % for carbon, 21.99% for oxygen, and 5.32% for sulfur, respectively. The ratio of 

oxygen to carbon is 0.306 and the ratio of sulfur to carbon is 0.074. Figure 4.12 shows the 

high-resolution C1s, O1s, N1s, and S2p XPS spectra of virgin PES membrane surface layer. 

In case of the virgin PES membrane surface layer, the C1s core-level spectrum can be 

deconvoluted into three peak components. Carbon atoms at the PES surface exhibit 

core-level binding energies of 285.16 eV for the C-H and C-C species, 286.57 eV for the 

C-O species, and 292.00 eV for the C-C species on the aromatic benzene rings, 

respectively (Figure 4.12.A). The atom percentages are 50.01% for the C-C species, 

17.47% for the C-S species, and 4.27% for the C-C species in aromatic benzene rings, 

respectively. The O1s core-level spectrum can be deconvoluted into two peaks components 

at 531.79 eV for the O=S species and 533.50 eV for the O-C species. The atom percentages 

are 14.66% for the O=S=O species and 7.33% for the O-C species. The S2p core-level 

spectrum of virgin PES membrane can be deconvoluted into one peak component with 

binding energy at 168.60 eV, this can be associated with the sulfone group of PES 

membrane. The atom percentage of sulfone is 5.18%. 

 

 



 116

 

 

Table 4.2 Relative surface atomic concentration of the virgin PES membrane 
calculated from XPS spectra. 
 

 

Peak Position Assignment Atoms percent 
(%) 

C 1s 285.16 -C-C- 50.01 

 286.57 -C-S- 17.47 

 292.00 Aromatic ring 4.27 

O 1s 531.79 O=S=O 14.66 

 533.50 -O-C- 7.33 

S 2p 168.60  5.18 
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Figure 4.12. High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 
virgin PES membrane (NO. 1). 
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Figure 4.13 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 20% 

(w/v) PVA grafted PES membrane surface layer using UV/Ozone treatment (sample NO. 

2). The C1s core-level spectrum of PVA grafted PES membrane using UV/Ozone can be 

deconvoluted into three peak components with binding energies at 284.69 eV for the C-H 

and C-C species, at 286.16 eV for the C-O species and at 288.91 eV for the C=O species. 

The new peak component at the binding energy of 288.91 eV is assigned to the C=O 

species formed by UV/Ozone treatment. The O1s core-level spectrum of PVA grafted PES 

membrane using UV/Ozone can be deconvoluted into three peak components with binding 

energies at 531.69 eV for the O-S and O-H species, at 532.05 eV for the O=C species, and 

at 533.20 eV for the O-C species. The new peak component at the binding energy of 532.05 

eV is assigned to the O=C species formed by UV/Ozone treatment. PVA grafted PES 

membrane has no peak for sulfur component. This means that PVA grafted layer might 

formed thick layer which could cover the entire membrane surface, so XPS couldn’t 

detected the sulfone groups of PES membrane.    
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Figure 4.13.  High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 20% 
(w/v) PVA grafted PES membrane using UV/Ozone (NO. 2).  
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Figure 4.14 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 20% 

(w/v) PEG 2000 grafted PES membrane surface layer using UV/Ozone treatment. The C1s 

core-level spectrum of PEG 2000 grafted PES membrane using UV/Ozone can be 

deconvoluted into four peak components with binding energies at 284.72 eV for the C-H 

and C-C species, at 286.07 eV for the C-O species, at 287.03 eV for the C=O species, and 

at 291.49 eV for the C-C species on the aromatic benzene rings, respectively (Figure 

4.14.A). The new peak component at the binding energy of 287.03 eV is assigned to the 

C=O species formed by UV/Ozone treatment. The O1s core-level spectrum of PEG 2000 

grafted PES membrane using UV/Ozone can be deconvoluted into three peak components 

with binding energies at 531.69 eV for the O-S and O-H species, at 532.05 eV for the O=C 

species, and at 533.20 eV for the O-C species. The new peak component at the binding 

energy of 532.05 eV is assigned to the O=C species formed by UV/Ozone treatment. Sulfur 

was still observed in the spectrum after PEG 2000 grafting onto the PES membrane surface. 

The S2p core-level spectrum of PEG 2000 grafted PES membrane can be deconvoluted into 

one peak components with binding energy at 167.80 eV, this can be taken as being 

characteristic of the sulfone group of PES membrane. This result indicates that the 

membrane surface was not thoroughly covered by the thick layer of the grafted PEG chains 

but PEG grafting clearly occurred onto PES membrane.  
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Figure 4.14.  High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 20% 
(w/v) PEG 2000 grafted PES membrane using UV/Ozone (NO. 3).  
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Figure 4.15 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 1% 

(w/v) chitosan grafted PES membrane surface layer using UV/Ozone treatment. The C1s 

core-level spectrum of PVA grafted PES membrane using UV/Ozone can be deconvoluted 

into three peak components with binding energies at 284.88 eV for the C-H and C-C 

species, at 286.05 eV for the C-O species and at 288.01 eV for the C=O species. The new 

peak component at the binding energy of 288.01 eV is assigned to the C=O species formed 

by UV/Ozone treatment. The O1s core-level spectrum of chitosan grafted PES membrane 

using UV/Ozone can be deconvoluted into two peak components with binding energies at 

531.82 eV for the O-S and O-H species and at 533.20 eV for the O-C species. The new 

peak in the N1s core-level spectrum of chitosan grafted PES membrane verifies that 

chitosan has been fabricated on the PES membrane surface because chitsan has free amine 

groups. Sulfur was still observed in the spectrum after chitosan grafting onto the PES 

membrane surface. The S2p core-level spectrum of chitosan grafted PES membrane can be 

deconvoluted into one peak components with binding energy at 168.70 eV, this can be 

taken as being characteristic of the sulfone group of PES membrane. This result indicates 

that the membrane surface was not thoroughly covered by the thick layer of the grafted 

chitosan molecules, but chitosan grafting clearly occurred onto PES membrane. Among 

hydrophilic polymer grafted PES membranes, only PVA grafted PES membrane formed 

thick PVA layer which could entirely cover the virgin PES membrane.  
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Figure 4.15. High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 1% 
(w/v) chitosan grafted PES membrane using UV/Ozone (NO. 4).  
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Figure 4.16 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 

polyamide/PVA modified PES membrane surface by interfacial polymerization. The C1s 

core-level spectrum of polyamide/PVA modified PES membrane can be deconvoluted into 

three peak components with binding energies at 284.40 eV for the C-H and C-C species, at 

285.89 eV for the C-O species and at 288.69 eV for the C=O species. The new peak 

component at the binding energy of 288.69 eV is assigned to the C=O species of the 

synthesized polyamide in polyamide/PVA modified PES membrane. The O1s core-level 

spectrum of polyamide/PVA modified PES membrane surface by interfacial 

polymerization can be deconvoluted into three peak components with binding energies at 

531.05 eV for the O-S and O-H species, at 532.02 eV for the O=C species, and at 533.40 

eV for the O-C species. The new peak component at the binding energy of 532.02 eV is 

assigned to the O=C species of the synthesized polyamide in polyamide/PVA modified 

PES membrane. The new peak in the N1s core-level spectrum of polyamide/PVA modified 

PES membrane can be deconvoluted into two peak components with binding energy at 

399.36 eV and at 400.83 eV which are associated with amide groups. The new N1s 

core-level spectrum verifies that polyamide layers have been fabricated successfully on the 

PES membrane surface by interfacial polymerization. Sulfur was still observed in the 

spectrum of polyamide/PVA modified PES membrane surface. The S2p core-level 

spectrum of polyamide/PVA modified PES membrane can be deconvoluted into one peak 

components with binding energy at 168.60 eV, this can be taken as being characteristic of 

the sulfone group of PES membrane. This result indicates that the membrane surface was 

not thoroughly covered by the thick polyamide layer with PVA, but polyamide/PVA layers 

clearly occurred onto PES membrane.  
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Figure 4.16. High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 
PVA/polyamide formed PES membrane by interfacial polymerization (NO. 5).  
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Figure 4.17 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 

polyamide/PEG 2000 modified PES membrane surface by interfacial polymerization. The 

C1s core-level spectrum of polyamide/PEG 2000 modified PES membrane can be 

deconvoluted into four peak components with binding energies at 284.95 eV for the C-H 

and C-C species, at 286.41 eV for the C-O species and at 287.99 eV and at 289.93 eV for 

the C=O species. The new peak components at the binding energy of 287.92 eV and 289.93 

eV are assigned to the C=O species of the synthesized polyamide in polyamide/PEG 2000 

modified PES membrane. The O1s core-level spectrum of polyamide/PEG 2000 modified 

PES membrane surface by interfacial polymerization can be deconvoluted into three peak 

components with binding energies at 531.10 eV for the O-S and O-H species, at 532.52 eV 

for the O=C species, and at 533.60 eV for the O-C species. The new peak component at the 

binding energy of 532.52 eV is assigned to the O=C species of the synthesized polyamide 

in polyamide/PEG 2000 modified PES membrane. The new peak in the N1s core-level 

spectrum of polyamide/PEG modified PES membrane can be deconvoluted into two peak 

components with binding energy at 399.94 eV and at 401.60 eV which are associated with 

amide groups. The new N1s core-level spectrum verifies that polyamide layers have been 

fabricated on the PES membrane surface by interfacial polymerization. Sulfur was still 

observed in the spectrum of polyamide/PEG modified PES membrane surface. The S2p 

core-level spectrum of polyamide/PEG modified PES membrane can be deconvoluted into 

one peak components with binding energy at 168.30 eV, this can be taken as being 

characteristic of the sulfone group of PES membrane. This result indicates that the 

membrane surface was not thoroughly covered by the thick polyamide layer with PEG, but 

polyamide/PEG layers clearly occurred onto PES membrane.  
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Figure 4.17. High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 
PEG/polyamide formed PES membrane by interfacial polymerization (NO. 6).  
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Figure 4.18 shows the high-resolution C1s, O1s, N1s, and S2p XPS spectra of 

polyamide/chitosan modified PES membrane surface by interfacial polymerization. The 

C1s core-level spectrum of polyamide/chitosan modified PES membrane can be 

deconvoluted into three peak components with binding energies at 284.71 eV for the C-H 

and C-C species, at 286.34 eV for the C-O species and at 287.92 eV for the C=O species. 

The new peak component at the binding energy of 287.92 eV is assigned to the C=O 

species of the synthesized polyamide in polyamide/chitosan modified PES membrane. The 

O1s core-level spectrum of polyamide/chitosan modified PES membrane surface by 

interfacial polymerization can be deconvoluted into three peak components with binding 

energies at 531.50 eV for the O-S and O-H species, at 532.67 eV for the O=C species, and 

at 533.34 eV for the O-C species. The new peak component at the binding energy of 532.67 

eV is assigned to the O=C species of the synthesized polyamide in polyamide/chitosan 

modified PES membrane. The new peak in the N1s core-level spectrum of 

polyamide/chitosan modified PES membrane can be deconvoluted into two peak 

components with binding energy at 399.23 eV and at 401.47 eV which are associated with 

amide groups of polyamide layer and amine groups of chitosan. The new N1s core-level 

spectrum verifies that polyamide layers have been fabricated successfully on the PES 

membrane surface by interfacial polymerization. Sulfur was still observed in the spectrum 

of polyamide/chitosan modified PES membrane surface. The S2p core-level spectrum of 

polyamide/chitosan modified PES membrane can be deconvoluted into one peak 

components with binding energy at 168.00 eV, this can be taken as being characteristic of 

the sulfone group of PES membrane. This result indicates that the membrane surface was 
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not thoroughly covered by the thick polyamide layer with chitosan, but polyamide/chitosan 

layers clearly occurred onto PES membrane.  

Table 4.3 shows the XPS atomic percent and the ratio of O/C, N/C, and S/C for 

modified PES membranes. Generally the carbon composition decreased and the oxygen 

composition increased by surface modification. Polymeric membrane surface might be 

changed more hydrophilic with more oxygen components which could interact with water 

molecules. Because many free oxygen groups could be generated by UV/Ozone treatment, 

the oxygen composition of the modified membranes using UV/Ozone increased but 

chitosan grafted membrane showed a little higher carbon composition and lower oxygen 

composition. The nitrogen composition of chitosan grafted membrane was about 5% and 

sulfur composition was reduced from 5.32% to 1.88%. These results support that chitosan 

molecules were grafted successfully on the PES membrane surface. 
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Figure 4.18. High-resolution (A) C1s, (B) O1s, (C) N1s, and (D) S2p XPS spectra of 
chitosan/polyamide formed PES membrane by interfacial polymerization (NO. 7).  
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Table 4.3. XPS atomic percent for modified PES membranes 

 

XPS atoms percent  
Sample 

NO 
C O N S 

O/C N/C S/C 

NO. 1 71.75 21.99 - 5.32 0.306 - 0.074 

NO. 2 63.63 36.36 - - 0.571 - - 

NO. 3 64.91 31.4 - 3.40 0.484 - 0.052 

NO. 4 72.27 20.79 5.06 1.88 0.288 0.070 0.026 

NO. 5 62.57 34.80 2.11 0.52 0.556 0.034 0.008 

NO. 6 68.15 24.17 6.92 0.76 0.355 0.102 0.011 

NO. 7 57.88 34.69 5.92 1.34 0.599 0.102 0.023 
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   4.4.7. Atomic Force Microscopy (AFM) 

Figure 4.19 to 4.25 represent AFM surface images of virgin PES and all modified 

PES membranes with a projection area of 2 μm x 2 μm, in which the unique and 

characteristic ridge-and-valley structure of the PES membranes is clearly shown. The bar 

at the right side of each image indicates the vertical deviations in the membrane surface; 

the white region indicates the highest level and the dark region indicates the lowest level. 

The surface of virgin PES membrane is not homogeneous but heterogeneous surface. 

Generally, the surface of the modified PES membranes by hydrophilic polymer grafting 

using UV/Ozone treatment has higher roughness while the surface of the modified PES 

membranes by interfacial polymerization has lower roughness than that of the virgin PES 

membrane.  
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Figure 4.19. Tapping mode AFM images of Virgin PES membrane (NO. 1). (A) 
topography, (B) phase image, and  (C) cross-section. Image size 2μm x 2μm. The root 
mean square roughness in (A) is 2.067 nm.  
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Figure 4.20. Tapping mode AFM images of PVA grafted PES membrane using 
UV/Ozone (NO. 2). (A) topography, (B) phase image, and  (C) cross-section. Image 
size 2μm x 2μm. The root mean square roughness in (A) is 7.021 nm.  
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Figure 4.21. Tapping mode AFM images of PEG grafted PES membrane using 
UV/Ozone (NO. 3). (A) topography, (B) phase image, and  (C) cross-section. Image 
size 2μm x 2μm. The root mean square roughness in (A) is 25.695 nm. 
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Figure 4.22. Tapping mode AFM images of Chitosan grafted PES membrane using 
UV/Ozone (NO. 4). (A) topography, (B) phase image, and  (C) cross-section. Image 
size 2μm x 2μm. The root mean square roughness in (A) is 10.107 nm.  
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Figure 4.23. Tapping mode AFM images of thin film composite with PVA formed 
PES membrane by interfacial polymerization (NO. 5). (A) topography, (B) phase 
image, and  (C) cross-section. Image size 2μm x 2μm. The root mean square 
roughness in (A) is 1.187 nm.  
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Figure 4.24. Tapping mode AFM images of thin film composite with PEG 2000 formed 
PES membrane by interfacial polymerization (NO. 6). (A) topography, (B) phase 
image, and  (C) cross-section. Image size 2μm x 2μm. The root mean square 
roughness in (A) is 1.538 nm.  
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Figure 4.25. Tapping mode AFM images of thin film composite with chitosan formed 
PES membrane by interfacial polymerization (NO. 7). (A) topography, (B) phase 
image, and  (C) cross-section. Image size 2μm x 2μm. The root mean square 
roughness in (A) is 2.044 nm.  
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   4.4.8. Protein Adsorption Test on Modified Membranes 

Static adsorption of β-lactoglobulin on the modified PES membrane surface was 

studied to compare the decrease the amount of adsorption on the modified PES membrane. 

As shown in Figure 4.26, the amount of β-lactoglobulin adsorbed on the PES membrane 

was reduced from 20% to 60 % by surface modification. Among the modified PES 

membranes, PEG grafted PES membrane using UV/Ozone showed lowest protein 

adsorption. Because this membrane showed lowest contact angle the hydrophobic 

interaction between protein and modified PES membrane might greatly decrease. However, 

chitosan grafted PES membrane using UV/Ozone showed highest protein adsorption in 

modified PES membranes even if the contact angle of this membrane showed the lowest 

value. But it still showed lower protein adsorption than the virgin PES membrane. 

Although it could reduce the hydrophobic interaction between protein and modified 

membrane, chitosan grafted PES membrane could increase the peptide bond between free 

amine groups in chitosan and hydroxyl groups in protein. Therefore, the protein adsorption 

increased in this chitosan grafted PES membrane. Also the protein adsorption could be 

more increased with more chitosan molecules grafted on PES membrane.  
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Figure 4.26. Mass of the β-lactoglobulin adsorbed on the unmodified and modified 
PES membranes by static adsorption experiment. The concentration of 
β-lactoglobulin was 2.5 mg/mL and the solution pH was 3.0. 
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4.5. Summary 

Surface modification of PES membrane was investigated to improve the 

hydrophilicity and reduce the protein adsorption. Hydrophilic polymer grafting using 

UV/Ozone treatment and thin film composite by interfacial polymerization were used to 

improve the hydrophilicity of the commercial PES membrane. Modified PES membranes 

were characterized by contact angle, FTIR, XPS, and AFM. Contact angles of modified 

PES membranes were reduced by 20% to 50% of virgin PES membrane. FTIR spectrum 

and XPS spectrum supported that PES membrane was successfully modified by 

hydrophilic polymer grafting using UV/Ozone and thin film composite by interfacial 

polymerization. Tapping mode AFM was used to investigate the changes of surface 

topography, phase images, cross section, and root mean square roughness of modified PES 

membranes. Generally, the PES membranes modified by hydrophilic polymer grafting 

using UV/Ozone showed higher roughness (7.021 nm to 25.695 nm) than that of virgin 

PES membrane (2.067 nm). On the other hand, the PES membranes modified by interfacial 

polymerization showed lower roughness (from 1.187 nm to 2.044 nm) than that of virgin 

PES membrane. Although it is not homogeneous, the polyamide thin layers formed by 

interfacial polymerization have a relatively smooth surface.    

Hydrophilic polymer grafted PES membranes using UV/Ozone shows generally 

lower contact angles and lower protein adsorption. These results indicated that the PES 

membrane with more hydrophilic surface could reduce the protein adsorption because it 

could reduce the hydrophobic interaction between protein and membrane. 
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CHAPTER V. CONCLUSION 

 

The adsorption process of β-lactoglobulin on the polymeric membrane surface was 

investigated by static adsorption and dynamic adsorption experiments to understand 

fouling mechanism and optimize the process condition to minimize the membrane fouling. 

Since the major factor to cause the permanent membrane fouling is the irreversible 

adsorption of whey protein on the polymeric membrane, it is necessary to study the 

interaction of whey protein to the polymeric membrane surface at various conditions such 

as protein concentration, pH, and salt concentration. In this study, static and dynamic 

adsorption processes were investigated. In order to optimize the design of the system, it is 

important to establish the most appropriate the correlation of equilibrium data. Static 

adsorption results showed the adsorption properties of the equilibrium state. Dynamic 

adsorption experiments were studied using Quartz crystal microbalance with dissipation 

monitoring (QCM-D) system which can provide the unique and quantitative information of 

viscoelastic properties of the adsorbed protein layer as well as monitor the adsorption 

process in real time by simultaneously measuring of frequency shift and dissipation shift. 

From the dynamic adsorption results, most adsorption was occurred in the initial stage and 

minor adsorption and protein conformation were followed over time.  

Both static adsorption and dynamic adsorption data showed same adsorption 

trends: the protein adsorption increased with protein concentration and at acidic and 

alkaline conditions. Based on these static and dynamic adsorption experiments, the major 

interactions to increase the protein adsorption were the hydrophobic interaction and 

electrostatic interactions. Especially, the hydrophobic interaction by dissociation of dimer 
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structure of β-lactoglobulin to monomer structure at acidic and alkaline conditions showed 

the greatly increasing of the amount of protein adsorption by the protein and membrane 

interaction which might form the strong and rigid protein layer on the polymeric membrane 

surface. The results of this study have clearly demonstrated that the β-lactoglobulin 

adsorption onto the polyethersulfone (PES) surface was mainly affected by the 

hydrophobic interaction between protein and PES membrane.  

 In order to reduce the protein adsorption on polymeric membrane, PES membrane 

was modified by two surface modification methods: hydrophilic polymer grafting using 

UV/Ozone and thin film composite by interfacial polymerization. These two modification 

methods are powerful techniques to improve the hydrophilicity of polymeric membrane. 

PVA, PEG, and chitosan were used as hydrophilic polymers to graft on PES membrane 

because of their excellent hydrophilic property. Surface properties of modified PES 

membranes were characterized by contact angle, FTIR, XPS, and AFM. And static 

adsorption experiment was investigated with modified membranes and compared to that of 

unmodified PES membrane. These results support that modified membranes have more 

hydrophilic surface and could reduce the amount of protein adsorption by 20% to 60%.  
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CHAPTER VI. FUTURE WORK 

 

1.  Based on this research the optimum processing conditions such as pH, salt 

concentration, and protein concentration for the ultrafiltration system should be examined 

to minimize membrane fouling.  

 

2.  Liquid whey filtration processing with modified PES membranes should be investigated 

to compare the degree of membrane fouling.  
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APPENDICES 

Standard Curve at pH 3.0 

Concentration (g/L)

0.0 0.5 1.0 1.5 2.0 2.5 3.0

A
B

S

0.0

0.5

1.0

1.5

2.0

2.5

3.0

y=0.8583x + 0.0159

R2=0.9995

 
 

 

Standard Curve at pH 5.2 
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Standard Curve at pH 7.0 

Concentration (g/L)
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Standard Curve at pH 9.0 
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ATR-FTIR spectrum of 1% poly(vinyl alcohol) 
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XPS widescan spectra at taken off angle of 90 for unmodified and modified PES 

membrane by hydrophilic polymer grafting using UV/Ozone. 
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XPS widescan spectra at taken off angle of 90 for unmodified and modified PES 

membrane by interfacial polymerization.   
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