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Membrane technology has been used in water purification for decades.  However, 

membrane fouling remains a limiting factor.  One way to control fouling is through 

surface modification.  Several studies report that increasing surface hydrophilicity can 

reduce membrane fouling.  Surface modification via physical coating (i.e., thin-film 

composite membrane) was explored in this research to prevent membrane fouling.  

Before making thin-film composite membranes, it was important to study 

structure/property relations in a series of potential coating materials.  This research aims 

to contribute to a better fundamental understanding of the structure/property relations 

which govern water transport, rejection of model foulants (i.e., emulsified oil droplet or 

protein), and fouling characteristics in hydrogels based on poly(ethylene glycol) 

diacrylate (PEGDA) and N-vinyl-2-pyrrolidone (NVP)).   

 

Crosslinked poly(ethylene glycol) (PEG) free-standing films were prepared by 

UV-induced photopolymerization of PEGDA crosslinker in the presence of varying 

amounts of water or monofunctional poly(ethylene glycol) acrylate (PEGA).  The 
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crosslinked PEGDA films exhibited polymerization induced phase separation (PIPS) 

when the water content of the prepolymerization mixture was greater than 60 wt%.  

Visible light absorbance measurements, water uptake, water permeability, and salt kinetic 

desorption experiments were used to characterize the structure of these phase-separated, 

crosslinked hydrogels.  The films with PIPS exhibited a porous morphology in cryogenic 

scanning electron microscope (CryoSEM) studies.  Dead-end filtration experiments using 

deionized water and bovine serum albumin (BSA) solutions were performed to explore 

the fundamental transport and fouling properties of these materials.  The total flux of pure 

water through the films after prior exposure to BSA solution was nearly equal to that of 

the as-prepared material, indicating that these PEGDA films resist fouling by BSA under 

the conditions studied. 

 

Crosslinked NVP free-standing films were prepared by UV-induced 

photopolymerization in the presence of water, with NVP as the monomer and 

N,N’-methylenebisacrylamide (MBAA) as the crosslinker.  A series of crosslinked films 

were polymerized at various prepolymerization water contents, NVP/MBAA ratios and at 

various levels of UV light intensity in the polymerization.  Like PEGDA, the NVP films 

also underwent phase-separation during polymerization.  The influence of monomer/ 

crosslinker ratio, prepolymerization water content, and UV intensities on membrane 

morphology and water transport was characterized with CryoSEM, bio-atomic force 

microscope (Bio-AFM) and dead-end filtration.  Molecular weight cutoff (MWCO) 

measurements were used to characterize the sieving property of crosslinked NVP films 

polymerized at different UV intensities.  UV intensity was found to have an impact on the 

interconnectivity of crosslinked membranes.  Finally, tests of fouling resistance to protein 
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solution (bovine serum albumin) and oily water emulsion were performed.  The NVP 

crosslinked films had good protein and oily water fouling resistance. 

 

Overall, both crosslinked PEGDA and NVP films exhibit fouling resistance to 

oily water emulsions or protein solution.  NVP films had more porous structure and 

higher water permeability than did PEGDA films, while the more compact structure of 

PEGDA films led to better rejection of model foulants (e.g., protein) than in NVP films.  

Based on different applications (e.g., oil/water separation, protein filtration), different 

coating materials must be chosen according to the membrane morphology, transport 

property, and rejection of model foulants to achieve the highest water flux and foulant 

rejection in membranes used for water purification.  
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Introduction 

 



 2

1.1        WATER SHORTAGE 

According to the World Health Organization (WHO, 1984), total dissolved solids 

(TDS) in drinking water should be less than 1000 mg/L [1].  The U.S. Environmental 

Protection Agency (EPA, 2002) set a secondary standard for TDS in drinking water of 

500 mg/L [1].  Because seawater has an average TDS of about 35,000 mg/L, the majority 

of the earth’s readily available water is too saline for potable use, and much of the 

world’s fresh water is trapped in polar icecaps or located far underground.  Thus, less 

than 0.5% of the world’s water is easily accessible and has acceptable salinity levels [1].  

Finite quantities of potable water exist, but growing demand has outstripped supply in 

many regions of the world [1].  Although water supply issues in the United States are 

primarily local or regional in nature, the wide distribution of anticipated water shortages 

has elevated concern to a national level [1].  

 

Worldwide, water shortages are becoming more severe [2].  NASA, the World 

Health Organization and other agencies report that serious water shortages affecting at 

least 400 million people today will affect 4 billion people by 2050 [3].  Not only do 1.2 

billion people lack access to safe water, but 2.6 billion people in the world also 

desperately need access to improved sanitation, according to a United Nations Human 

Development report in 2006 [4].  These stark statistics illustrate the problem of 

worldwide water management.  Water reuse and purification are growing ever more 

important; needs in this area are exemplified by the applications described below. 

 

Navy ships generate large volumes of wastewater (about 20-70 gal/day of water 

per crew member), including blackwater (the sanitary water from commodes, urinals, and 
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garbage grinders), graywater (galley water, turbid water, drainage water, drinking 

fountains and interior deck drains) and secondary oily wastewater from parallel-plate 

separation of oil/water mixtures that accumulate in the bilge of a ship [5].  All Navy ships 

require onboard wastewater treatment technology to meet discharge wastewater 

regulations and minimize the environmental impact of shipboard wastewater [5].  So far, 

membrane technology provides the most promising way to treat certain types of 

shipboard wastewater, such as bilgewater and graywater. 

 

Produced water is the largest single wastewater stream in oil and gas production 

[6], often containing salts, heavy metals, emulsified oil and other organics.  The most 

viable disposal option today is subsurface injection [7].  Subsurface injection costs vary 

from $0.50 to $1.75 per barrel [7], representing over 7 billion dollars per year in 

operating costs for U.S. oil and gas operators.  If the organic content and salinity of 

produced water could be reduced to acceptable limits, it could potentially serve as a new 

water source for a wide variety of uses.  Membranes may be an effective tool for treating 

water produced during oil and gas production. 

 

1.2        MEMBRANE TECHNOLOGY IN WATER PURIFICATION 

Traditional solutions to water scarcity have focused on developing additional 

supplies, e.g., drilling wells and building dams to store water [1].  These practices can 

damage the environment and are irreversible.  Appropriate water treatments that 

transform non-usable water to usable water will increase the amount of available water 

with far less environmental impact.  Thermal processes such as distillation and multi-

effect evaporation have been used to desalinate water, but these techniques are more 

energy intensive [1].  By comparison, membrane based separation processes can offer 
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lower energy consumption [1].  Moreover, membrane technologies have enabled 

alternative water reclamation.  All of the water sources mentioned above, e.g., 

wastewater, brackish water, and seawater, present opportunities to address the growing 

global water scarcity.  Membrane technologies also have great potential for meeting 

increasingly stringent regulatory requirements for potable water production. 

 

Membrane technology in water treatment, wastewater treatment, reclamation, and 

desalination applications has gained acceptance in industry.  Reduction in cost is not the 

only reason.  The improvement of membrane system efficiency and the system 

development to fit a wide range and size of applications contribute to the large increase in 

membrane technology sales.  According to the online report “RO/UF/MF World 

Markets,” released by the McIlvaine Co., sales of filtration membranes and equipment is 

expected to reach $11 billion by 2011, with reverse osmosis membranes representing 

45% of the total sales, ultrafiltration and nanofiltration accounting for 20% of the market, 

and microfiltration comprising 30% of the market [8].   

 

Although the use of membrane technologies in both drinking water and 

wastewater treatment is increasing, membrane fouling remains a limiting factor [9].  

Membrane fouling can significantly reduce membrane performance, increase operating 

costs, and shorten membrane life [10].  Figure 1.1 presents a typical fouling curve.  The 

commercially available 0.2 μm PSF UF membrane was used to permeate the 1500 ppm 

oily water emulsion (9 parts oil (Wesson) : 1 part surfactant (Dow Corning 193)) in a 

crossflow filtration system with a transmembrane pressure difference of 150 psig and a 

crossflow rate of 136 L/h.  In a very short time, less than 1 hour, the flux decreased 
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sharply due to serious membrane fouling.  Thus, fouling-resistant improvement of 

commercial membranes is critical for the membrane technology in water purification.    

 

Figure 1.1     Flux as a function of operation time for an ultrafiltration (UF) 
membrane (polysulfone, PSF).  This measurement was conducted in a crossflow 
filtration system, using 1500 ppm oily water emulsion (1350 ppm Wesson vegetable 
oil and 150 ppm Dow Corning 193) as the model foulant. The operation conditions: 
transmembrane pressure = 150 psig, crossflow rate = 136 L/h, temperature = 25 oC, 
Reynolds number = 2600.    

 

1.3        APPROACHES TO ENHANCE MEMBRANE PERFORMANCE  

For ultrafiltration (UF) membranes, membrane fouling can occur either inside the 

membrane (internal fouling) due to particulate penetration into the membrane interior or 

outside the membrane (surface fouling or external fouling) due to deposition of retained 

colloidal and macromolecular material on the membrane surface [11].  Typically, internal 

foulants cannot be completely removed even after substantial chemical or hydrodynamic 
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cleaning [11,12].  Understanding fouling mechanisms and developing ways to control 

fouling are critical for the advancement of water treatment technologies [11-16].   

 

One way to control fouling is via membrane surface modification (i.e., altering  

hydrophilicity, surface roughness and charge) [14].  Modification of membrane surface 

chemistry has led to various “low-/anti-fouling” membranes.  For example, ultrafiltration 

(UF) membranes formed from poly(ether sulfone) (PES) were modified by ultraviolet 

(UV)–assisted graft polymerization of N-vinyl-2-pyrrolidone (NVP) [17].  The surface of 

a porous PES membrane, modified by graft polymerization of NVP, was fouled less than 

that of an unmodified PES control membrane by natural organic matter (NOM) 

containing ~3 mg/L organic carbon content.  The improved fouling behavior was 

ascribed to the increase in hydrophilicity of the membrane due to NVP grafting [17].  

Also, plasma polymerization of NVP on polypropylene microfiltration (MF) membranes 

enhanced the hydrophilicity and fouling resistance of poly (NVP) modified membranes 

[18].  In this case, the foulant solution was 1 g/L of bovine serum albumin (BSA) in 

water. 

 

Even though surface fouling could be eliminated via surface modification by graft 

polymerization, internal fouling still occurred during filtration; in addition, organic 

rejection of surface-modified membranes prepared via graft polymerization did not 

improve [19,20].  For long-term use of membranes, internal fouling could be a key issue.  

To overcome the problems of both surface and internal fouling, a new type of composite 

membrane, based upon a thin, highly water-permeable polymer coating, was used in this 

study to eliminate internal membrane fouling and significantly reduce surface fouling.  

While there are many studies of surface modification via graft polymerization to reduce 
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the effects of membrane fouling [13,17,18,20,21], surface modification via physical 

coating is less often reported.   

  

1.4        GOALS AND ORGANIZATION OF THE DISSERTATION 

This research project focused mainly on an examination of potential fouling-

reducing coating materials and development of a fundamental understanding of 

structure/property relations in selected hydrogel based materials (i.e., poly(ethylene 

glycol) (PEG) and N-vinyl-2-pyrrolidone (NVP)) as they relate to the preparation of 

fouling-resistant coatings for conventional porous UF membranes.  A systematic series of 

hydrogel-based polymers was prepared and studied.  Free-standing films of hydrogel-

based materials were studied before these materials were used to coat commercially 

available UF membranes. Key issues addressed in the study include the influence of 

monomer, crosslinker, solvent content, and synthesis conditions on transport properties, 

membrane morphology, rejection of model foulants such as emulsified oil droplets or 

protein, and fouling characteristics.   

 

The dissertation is comprised of seven chapters, including this introductory 

chapter, and one appendix.  Chapter 2 outlines the background and theories of fouling 

and fouling control, membrane formation, and water transport in polymeric membranes 

and describes approaches to improve membrane fouling resistance.  Chapter 3 presents 

material preparation and experimental methods.    

 

Chapter 4 presents results on water uptake, transport and structural 

characterization in poly(ethylene glycol) diacrylate (PEGDA).  This study explored the 

influence of monomer, crosslinker and water content in the prepolymerization mixture on 
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membrane morphology and transport properties.  Polymerization induced phase 

separation (PIPS) was found in this crosslinked PEGDA system.  

 

Both Chapter 5 and Chapter 6 present the structure, water sorption and transport 

properties in crosslinked N-vinyl-2-pyrrolidone (NVP)/ N,N’-methylenebisacrylamide 

(MBAA) membranes.  Chapter 5 explores the influence of monomer, crosslinker and 

water content in the prepolymerization mixture on membrane properties, while Chapter 6 

focuses on the effect of polymerization conditions (i.e., UV light intensity) on transport 

properties.  

 

Finally, Chapter 7 presents the conclusions and recommendations for future work. 

Some initial studies of fouling resistant coatings for oil/water separation are reported in 

the Appendix.  The selected hydrogel based materials were coated on the UF support 

membrane, and the resulting thin-film composite membranes were used to separate an 

oily water emulsion.   

 

        



 9

Chapter 2    

 

 

Background and Approaches  
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2.1        BACKGROUND 

2.1.1   Water Transport in Polymer Membranes 

The membrane itself is often the principal factor in determining selectivity and 

flux.  For pressure-driven membranes, depending on variations in pressure range and pore 

size, the applications include microfiltration membranes (MF), ultrafiltration membranes 

(UF), nanofiltration membranes (NF), and reverse osmosis membranes (RO) [14]. 

 

For a nonporous membrane, the water permeation rate through a membrane is 

proportional to the driving force, as follows [14]:  

 dCJ D
dx

= −  (2.1) 

where J  is the flux, D  is the diffusion coefficient, and dC
dx

 is the driving force, 

expressed as the gradient of concentration along a coordinate, x , perpendicular to the 

transport barrier.  For porous membranes, the flux is expressed as follows [14]:  

 P
dpJ L
dx

= −  (2.2) 

where PL  is the Darcy’s Law permeability coefficient, and p is pressure. 

 

Molecular transport through membranes can be described by the solution-

diffusion or pore-flow mechanisms [11].  The difference between these mechanisms lies 

in the relative size and permanence of the membrane pores.  As a rough rule of thumb, 

the transition between transient (solution-diffusion) and permanent (pore-flow) pores is in 

the range of 5-10 Å [11]. 
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The solution-diffusion model applies to nonporous membranes.  In this model, 

fluids on either side of the membrane are in equilibrium with the membrane material at 

the interface.  When pressure is applied across a dense membrane, the pressure 

throughout the membrane is constant at the upstream value.  Integrating Fick’s law over 

the thickness of the membrane gives [11]:  

 
( )( ) ( )io m il m

i

D c c
J

l
−

=  (2.3) 

where iJ (g/cm2 s) is the flux of component i , D  is the concentration averaged, effective 

diffusion coefficient, )(mioc  (g/cm3) is the concentration of component i  in the membrane 

at the feed side, )(milc  is the concentration of component i  in the membrane at the 

permeate side, and l  is the membrane thickness.   

 

In the simplest case, at the feed/membrane interface, the chemical potential of the 
feed fluid is in equilibrium with that in the adjacent membrane surface, so )(mioc  and ioc  

are related as follows [11]:  
 ( )io m ioc K c= ⋅  (2.4) 

   

 
( )

io m

io m o

K γ ρ
γ ρ

=  (2.5) 

 

where K  is the sorption coefficient, γ  is the activity coefficient, and ρ  is the molar 

density.  The subscripts i , o  and )(m  represent component i , the feed interface (i.e., o ), 

and the membrane surface, respectively.  At the permeate side, a similar relationship 
exists between )(milc  and ilc  [11]:  

 ( )
( )exp i o l

il m il
v p pc K c

RT
− −⎡ ⎤= ⋅ ⋅ ⎢ ⎥⎣ ⎦

 (2.6) 
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where iv  is the molar volume of component i , p  is the pressure, R  is the gas constant 

and T  is the temperature (K).  The subscript l  represents the permeate interface. 

Substituting equations (2.4) and (2.6) into equation (2.3) yields: 

 ( )exp i o l
i io il

v p pDKJ c c
l RT

⎧ ⎫− −⎡ ⎤= −⎨ ⎬⎢ ⎥⎣ ⎦⎩ ⎭
 (2.7) 

Under certain conditions [11], equation (2.7) can be written as 

 ( )iJ A p π= Δ −Δ  (2.8) 

where pΔ is the difference in hydrostatic pressure across the membrane, πΔ  is the 

osmotic pressure difference between the feed and permeate solutions, and A  is io iDKc v
lRT

, 

which is the permeance. 

 

For porous microfiltration (MF) and ultrafiltration (UF) membranes, a different 

transport model is used [14].  The cartoons of idealized porous networks are presented in 

Figure 2.1.  In Figure 2.1 (a), the length of each cylindrical pore is equal or almost equal 

to the membrane thickness.  The flux through the membrane is the flux through a pore 

multiplied by the pore area per unit area of membrane, ε , and corrected by a factor, τ , 

that accounts for the fact that the pores may be tortuous in nature, which tends to make 

their effective length greater than the membrane thickness.  The flux through pores of MF 

and UF membranes may then be described by the following extension of the Hagen-

Poiseuille equation [14]:  

 
2

8
r pJ

l
ε
ητ

Δ
=  (2.9) 

where r  is the pore radius, η  is the solution viscosity, pΔ  is the pressure difference, and 

l  is the membrane thickness.  Transport through randomly packed spheres, as shown in 

Figure 2.1 (b), also constitutes the basis of models for transport in porous materials.  The 

flux in such a structure can be described by the Kozeny-Carman relationship [14]:  
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3

2 2(1 )
pJ
lK S

ε
η ε

Δ
=

−
 (2.10) 

where S  is the internal surface area and K  is the Kozeny-Carman constant, which 

depends on pore shape and tortuosity.  The system of sponge-like structures can be 

described by either the Hagen-Poiseuille equation or the Kozeny-Carman relationship. 

 

 

      Figure 2.1     Idealized pore geometries in porous membranes. 

 

2.1.2   Fouling and Fouling Control 

A concern in removal of macromolecules, particles, and colloidal material from 

water using membrane technology is fouling, a term used to describe any phenomenon 

that results in reduced production rates or irreversible blocking of membrane pores by 

particulate and colloidal matter [22].  Foulant and fouling layer are general terms for 

deposits on or into a membrane that affects filtration.  Oily water emulsions [23,24] and 

proteins [25-27] are common foulants.   

 

Fouling can occur either on the surface or in the membrane pores, as shown in 

Figure 2.2 [24,28,29].  Oil droplets may be rejected by the pores in UF and other types of 

membranes due to size discrimination.  The rejected oil droplets accumulate near the 

pores, and eventually a porous oily layer covers the entire membrane [24,28].  The oily 

(a) (b)
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droplet cake layer built on the membrane surface extends outward into the feed channel. 

According to Tracey and Davis [29], because most protein molecules are more than an 

order of magnitude smaller than the pore radius of MF membranes, fouling is both 

internal and external: External fouling occurs on the membrane's top surface due to the 

accumulation of large particles or cells that do not enter the pores, whereas internal 

fouling occurs within the membrane's internal pore structure due to deposition and 

adsorption of small particles and proteins or other macromolecules that are able to pass 

into the pores [29].   

   

Internal 
membrane 

fouling

Surface 
fouling

BULK SOLUTION

Colloidal or 
particulate material

 

Figure 2.2     Porous UF membrane being fouled by colloidal or particulate matter 
in wastewater. 

 

For UF and MF membranes, the membrane's physico-chemical properties [26], 

porosity, and surface morphology [30,31] influence fouling.  Several fouling control 

methods have been employed, such as using asymmetric membranes [27], physical 

cleaning (e.g., backflushing [32] and crossflow filtration [24]), chemical cleaning, and 
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modification of the membrane surface.  Surface modification effective against oil/water 

fouling [5,33] or protein fouling [19,21], was ascribed to the increase in hydrophilicity of 

the membrane.  Most commercially available UF or MF membranes have hydrophobic 

surfaces, but their porous structure gives the membrane high flux.  Surface modification 

of hydrophobic membranes via introduction of hydrophilic segments on the surface may 

combine the advantages of hydrophilic and hydrophobic membranes.   

 

2.1.3   Membrane Formation 

Polymerization induced phase separation (PIPS) influences the film morphology 

and transport properties of crosslinked hydrogels that have been considered as fouling-

reducing coatings.  PIPS, a process by which an initially homogeneous solution of 

monomer and solvent becomes phase separated during polymerization, has been studied 

previously [34,35].  PIPS is a kinetic phenomenon, reflecting the competition between 

the rate of polymerization, which is forming the network, and the rate of phase separation 

[36].  During polymerization, once the polymerizable species in an initially homogeneous 

solution undergo sufficient polymerization such that the growing chains are long enough 

to decrease solvent solubility below the prepolymerization solvent content, phase 

separation occurs.  The final structure of the hydrogel is a result of the balance between 

these two competing rate processes (polymerization and phase separation). 

   

A thermodynamic analysis of this phenomenon was reported by Dušek in 1967 

[35].  Dušek built a model for phase separation during the formation of three-dimensional 

polymers in the presence of inert diluents by crosslinking of linear polymers or by the 

polymerization of multifunctional monomers.  His model was based upon Flory’s theory 

of swelling equilibria and rubber elasticity [35].  Phase separation is postulated to begin 
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when the maximum possible diluent uptake of the network in the diluent or diluent-

monomer mixture decreases, during polymerization, to the degree of dilution of the 

network.  It can be caused by an increase in the degree of crosslinking (ν -induced 

syneresis) or by changes in polymer-diluent interactions ( χ -induced syneresis), and it 

takes the form of macrosyneresis (deswelling of the gel being crosslinked and formation 

of continuous liquid and gel phases) or microsyneresis (e.g., formation of a dispersion of 

liquid in a gel phase) [37].  In many cases, PIPS leads to the formation of dispersions 

rather than to deswelling [37].  Boots and co-workers presented a modified 

thermodynamic model, based on Dušek's 1967 model [35], for phase separation induced 

by the increase of network elasticity during free-radical crosslinking polymerization.  

Their research emphasizes the importance of elasticity in the thermodynamics of PIPS, 

and the models are presented in terms of conversion-phase diagrams [38]. 

 

Phase separation in free-radical crosslinking copolymerization has been studied 

by using vinyl/divinyl monomers in the presence of inert diluents [39].  When the diluent 

remained in the gel throughout the copolymerization, an expanded network structure was 

obtained.  Heterogeneities appeared in the network structure if the diluent separated out 

of the gel phase during polymerization.  Complete conversion of the monomers yielded a 

heterogeneous network consisting of network and diluent phases.  In such vinyl/divinyl 

systems, phase separation during free-radical crosslinking copolymerization was 

promoted, i.e., the pore volume of the final network increased with increasing 

concentration of divinyl monomer or diluent or with a decrease in diluent solvating 

power [39].  In addition, the pore structure inside a crosslinked copolymer was varied by 

changing the type and amount of the diluent, the crosslinker concentration, the 

polymerization temperature and the type of initiator [34].  Good solvents created small 
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pores, whereas poor solvents or linear polymers (i.e., non-reactive polymers added to the 

solution as diluent) produced materials with irregularly shaped large pores [39].  

Hydrophilic polymers, such as acrylamide hydrogels, undergo PIPS [40].  Pore size can 

be changed by varying the experimental parameters, such as hydrophilic polymer 

concentration and crosslinker content [40].   

 

2.2        APPROACHES 

2.2.1   Surface Modification 

There are several ways to reduce fouling.  One way to control fouling is via 

membrane surface modification (i.e., altering hydrophilicity, surface roughness and 

charge) [14].  Significant improvements in membrane fouling after surface modification 

were found and ascribed to the increase in the membrane’s hydrophilicity [13,15,16,19-

21,41].  Graft polymerization and physical coating are commonly used to modify 

membrane surfaces.  Several studies reported fouling improvement via surface 

modification by graft polymerization, but with no improvement in organic rejection of 

the surface-modified membrane [19,20].  Surface modification simply via graft 

polymerization effectively decreases the incidence of surface fouling, due to the increase 

in membrane hydrophilicity, but severe internal fouling still occurs after long-term use.  

Although many reports describe surface modification via graft polymerization to reduce 

membrane fouling effects [13,17,18,20,21], surface modification via physical coating is 

less often reported. 

 

Some recent studies have focused on the use of hydrogel coatings to enhance 

fouling resistance of ultrafiltration and desalination membranes [12,15,33,42].  In a 
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previous study [5], PEBAX® (polyether-b-polyamide copolymer) was coated onto PVDF 

(poly(vinylidene fluoride)) ultrafiltration membranes.  The composite membranes 

exhibited markedly reduced fouling by oil/water mixtures relative to their uncoated 

PVDF precursors [5], demonstrating the utility of such coating layers to mitigate fouling 

of porous ultrafiltration membranes.  The improved fouling behavior was ascribed to the 

increase in hydrophilicity of the membrane surface due to the PEBAX® coating.  By 

applying a very thin coating of a hydrogel to an ultrafiltration or desalination membrane, 

researchers have achieved good fouling control in certain applications (e.g., purification 

of oily wastewater), as well as higher permeate flux and better organic rejection in the 

coated membranes than in uncoated analogs exposed to the fouling solution 

[12,15,33,42].   

 

This research is aimed at making better coatings for commercial UF membranes, 

seen in Figure 2.3, which shows a protective hydrophilic layer coated on top of a porous 

UF membrane.  In principle, the coating layer could prevent internal foulant penetration, 

and the coating layer’s hydrophilic nature could effectively reduce surface fouling.  

Before coating layers are applied to the top of a porous UF membrane, certain 

fundamental knowledge is needed.  Important steps toward facilitating development of 

polymeric coatings as fouling-reducing top coatings for conventional filtration 

membranes include studies of candidate coating materials to characterize their 

structure/property relationships governing water transport, their rejection of model 

foulants (such as emulsified oil droplets or protein), and their fouling characteristics. 
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Figure 2.3     A protective hydrophilic layer coated on top of a porous UF 
membrane.  

 

2.2.2   Polymer Selection  

Published studies describe the importance of membrane surface hydrophilicity in 

reducing oil/water fouling [15,16] and protein fouling [19,20].  The use of biomaterials, 

especially hydrogels, is a good approach for accessing highly hydrophilic materials [43].  

Hydrogels can be fixed to porous membranes by coating, grafting, or chemical 

modification, as mentioned above.  The required mechanical strength is achieved by 

crosslinking, but this method decreases the swelling and water content of the hydrogels 

[43], which would, in principle, lead to lower water permeability.  Thus, a fundamental 

understanding of the structure/property relationships in hydrogel-based coating materials 

is a critical step in facilitating the development of polymeric coatings that reduce fouling 

when applied on conventional filtration membranes.  The candidate hydrogels to be 

considered are listed in Table 2.1.  
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Because of their amphiphilic nature, good biocompatibility and anti-protein 

fouling properties, poly (ethylene glycol)s (PEG) and PEG-based materials are well-

known hydrophilic polymers with properties suitable for applications in the medical, 

pharmaceutical, chemical, biotechnology, and membrane filtration fields [21,44-46].  

Poly(ethylene glycol) was selected for this study due to its good solubility in both polar 

and non-polar solvents (i.e., in water and many organic solvents) and its ability to reduce 

protein adsorption on a variety of hydrophobic substrates [47].  

 

Poly (ethylene glycol) diacrylate (PEGDA) is a commercially available PEG-

related material.  Sold by Sigma-Aldrich, it is available in average molecular weights of 

258, 575 and 700.  PEGDA can be polymerized easily and quickly in the presence of 

water by free-radical polymerization with ultraviolet light in air at ambient conditions, 

the proper photoinitiator, and a UV crosslinking apparatus to yield a highly crosslinked 

PEG network [48].  Copolymerization of PEGDA with poly(ethylene glycol) acrylate 

(PEGA) changes the crosslink density [49], which, in principle, could also influence 

water transport.  Presumably, variations in water content and PEGA content in the 

prepolymerization mixture could be useful, accessible variables for controlling the final 

properties of the films. 

 

N-vinyl-2-pyrrolidone (NVP) is a hydrophilic, non-ionic monomer that is soluble 

in water and many other polar and non-polar solvents [43].  Because NVP is easily 

polymerized both thermally and photolytically [50], it can be used in UV-curable 

systems, and NVP-based hydrogels with good mechanical properties can be polymerized 

using crosslinkers such as N,N’-methylenebisacrylamide (MBAA), ethylene 

dimethacrylate, and divinylbenzene [43,51].  NVP-based materials have been explored 
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for various applications.  For example, the high water uptake and good physical 

properties of poly(N-vinylpyrrolidone) (PNVP) hydrogels make crosslinked (PNVP) 

useful in cosmetics and biomedicine [52].  NVP is also used to modify membrane 

surfaces for water purification and reduce membrane fouling [13,17].   

 

Hydrogels containing only NVP have not been described in the literature because 

high crosslinker concentrations (5-20%) are needed to produce a material with useful 

mechanical properties [51].  NVP-based hydrogels with good mechanical properties can 

be polymerized with crosslinker, N,N’-methylene bisacrylamide (MBAA), due to its 

good solubility in water/NVP co-solvent.  Presumably, variations in the NVP/MBAA 

ratio and water content in the prepolymerization mixture would influence the membrane 

morphology, which, in principle, would also alter the films’ final properties (i.e., water 

transport, rejection of model foulants, and fouling characteristics).  Because of the 

characteristics of NVP (given above), NVP/MBAA copolymers are another potential 

family of fouling-resistant coating materials. 
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            Table 2.1       Candidate hydrogel components. 

Name Structure 

Poly(ethylene glycol) 

diacrylate, n = 13 (PEGDA) 
H2C C

H
C
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CH CH2

 

Poly(ethylene glycol) 

acrylate, n = 7 (PEGA) 
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H
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O CH2 CH2 OH
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N-vinyl-2-pyrrolidone  

(NVP) 
N O

 

N,N’-methylenebisacrylamide 

(MBAA) 

H2C C
H

C

O

NH CH2 NH C

O

CH CH2
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Chapter 3    

 

 

Materials and Experimental Methods 
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3.1        MATERIALS 

Ultrapure deionized water produced by a Milli-Q water purification system 

(Millipore Corporation, Bedford, MA) was used throughout this study.  Poly(ethylene 

glycol) diacrylate (PEGDA, Mn = 700 g/mol), poly(ethylene glycol) acrylate (PEGA: Mn 

= 375 g/mol), and 1-hydroxylcyclohexyl phenyl ketone (HCPK) were purchased from 

Aldrich Chemical Co. (Milwaukee, WI) and used as received.  These molecular weights 

of monomer (PEGA) and crosslinker (PEGDA) correspond to 7 and 13 ethylene oxide 

units, respectively.  The PEGA and PEGDA were mixed with deionized water and 0.1 

wt% photoinitiator (i.e., 0.1g HCPK/ (100g of monomer + crosslinker)) to form the 

prepolymerization mixtures.  The monomer, N-vinyl-2-pyrrolidone (NVP), and 

crosslinker, N,N’-methylene bisacrylamide (MBAA), were purchased from Sigma-

Aldrich, Inc. and used as received.  The NVP and MBAA were mixed with deionized 

water and with 1 wt% (based on the total mass of NVP and MBAA) photoinitiator 

(HCPK) to prepare prepolymerization mixtures.  All chemicals were used as received 

unless otherwise indicated. 

 

3.2        NOMENCLATURE 

In the study of PEG-based hydrogels, PEGDA was polymerized in the presence of 

water, or PEGA and water, by free-radical polymerization using ultraviolet light (i.e., 312 

nm, 3000 μW/cm2) in air at ambient conditions to yield a crosslinked PEG network.  Two 

series of polymers, XX/YY PEGDA/H2O and XX/ZZ/YY PEGDA/PEGA/H2O, were 

prepared using prepolymerization solutions that contained PEGDA/water, and 

PEGDA/PEGA/water, respectively.  “XX”, “YY” and “ZZ” represent the weight percent 

of PEGDA, water and PEGA in the prepolymerization solution, respectively. 
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In the study of NVP-based hydrogels, two independent variables were used to 

vary properties of the hydrogels: (1) water content in the prepolymerization mixture (with 

the NVP/MBAA ratio fixed at 85/15 (w/w)), and (2) the NVP/MBAA ratio (with the 

prepolymerization water content fixed at 70 wt%).  An NVP/MBAA ratio of 85/15 

indicates that there are 85 parts (by weight) of NVP for every 15 parts (by weight) of 

MBAA.  To explore the influence of these variables on the water uptake and transport 

properties, two series of films were prepared.  For films prepared at an NVP/MBAA ratio 

of 85/15, the water content in the prepolymerization mixture was set to 50 wt%, 60 wt%, 

65 wt%, 67.5 wt% and 70 wt%, and the resulting films were designated as 50H, 60H, 

65H, 67.5H and 70H, respectively.  From a prepolymerization mixture containing 70 wt 

% water, films having NVP/MBAA ratios of 85/15, 82.5/17.5, 80/20, 75/25 and 70/30 

(designated as 85N, 82.5N, 80N, 75N, and 70N, respectively) were prepared. 

 

3.3        POLYMER PREPARATION 

For PEG based free-standing films, photopolymerization was conducted in air at 

ambient conditions using a UV crosslinking apparatus (Fisher Scientific, model FB-

UVXL-1000, 312 nm, 3000 μW/cm2).  The prepolymerization mixture was sandwiched 

between 2 quartz plates separated by 3 feeler gauges (used as spacers) to fix the 

thickness, then irradiated with UV light for 90 seconds at room temperature.  The 

resulting polymer films for gel fraction determination and FTIR-ATR experiments were 

dried under vacuum for 24 hours at room temperature and were not subjected to any 

diluent extraction procedure.  After the drying procedure, the samples were ready to test.  

The polymer films for all other experiments were soaked in deionized water for several 

days following polymerization.  The water was changed 3 times on the first day and once 

a day thereafter to remove any residual components not bound to the network.  Some 
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films were dried and then rehydrated in deionized water to determine the influence of 

drying and rehydration on water sorption. 

 

For NVP based free-standing films, photopolymerization was achieved in air at 

ambient conditions by using a UV crosslinking apparatus (Fisher Scientific, model FB-

UVXL-1000, 312 nm, ~1000 and ~3000 μW/cm2).  The prepolymerization mixture was 

sandwiched between 2 quartz plates separated by 3 feeler gauges (as spacers) to fix the 

thickness (generally about 450 μm) and irradiated with UV light for 300 seconds at room 

temperature.  After 300 seconds reaction time, the C=C double bonds of both NVP and 

MBAA in the FTIR spectra disappeared.  The polymer films for FTIR-ATR experiments 

and gel fraction were dried under vacuum at ambient temperature for 24 hours and, after 

drying, the samples were ready to test.  The polymer films for other characterization 

studies were soaked in deionized water for several days.  The water was changed 3 times 

on the first day and once a day thereafter to remove any residual components not bound 

to the network.  Some films were dried and then rehydrated in deionized water to 

determine the influence of drying and rehydration on water sorption. 

 

3.4        FOURIER TRANSFORM INFRARED SPECTROSCOPY 

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

was used to determine the conversion of acrylate (PEGDA, PEGA), acrylamide (MBAA) 

and vinyl (NVP) groups following photopolymerization.  The instrument, a Thermo 

Nicolet Nexus 470 (Madison, WI), was equipped with a MIRacleTM single reflection 

ATR (Pike Technologies).  For each measurement, 128 spectra were accumulated at a 

resolution of 1 cm-1.  Samples were dried under vacuum for 24 hours before testing. 

 



 27

3.5        GEL FRACTION 

The gel fraction of each sample was measured by placing 0.1 ~ 0.15 g of sample 

in a large volume of deionized water.  The sample was subjected to Soxhlet extraction in 

deionized water for 48 hours.  After the crosslinked films were dried under vacuum at 25 
oC for 24 hours, the remaining polymer was weighed, and the mass of this residual 

polymer was taken to be the mass of gel in the sample.  The gel fraction was calculated 

by dividing the weight of the gel by the initial weight of the dry sample just after 

polymerization. 

 

3.6        CRYOGENIC SCANNING ELECTRON MICROSCOPE 

Samples for CryoSEM were fully hydrated prior to the preparation and 

measurement steps described here.  First, a film sample was frozen in slush liquid 

nitrogen.  Vacuum was applied, and the sample was transferred to a GATAN CT2500 

(Abingdon, Great Britain) pre-chamber, which was cooled to -160 oC.  A free-break 

surface was achieved by fracturing the sample with a cooled scalpel.  The sample was 

sublimed at -85 oC for 60 minutes, then sputter coated for 120 seconds with platinum and 

transferred to the microscope cryostage (~ -120 oC).  The microscope used was an FEI 

NOVA nanoSEM field emission SEM (Hillsboro, Oregon), and images were recorded 

using the TLD (Through-the-Lens) or ET (Everhart-Thornley) detector operating at 5 kV 

accelerating voltage and ~4.0-4.5 mm working distance.  Pore sizes were measured 

manually for each image, and the average pore size was calculated from these 

measurements. 
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3.7        VISIBLE LIGHT TRANSMISSION MEASUREMENT  

The transmission of visible light through crosslinked PEGDA samples was 

measured with a BioSpec-mini UV-visible spectrophotometer (Shimadzu Corp., Japan).  

The absorbance of the crosslinked PEGDA matrices was used as a qualitative indicator of 

phase separation in the crosslinked PEGDA films.  The prepolymerization mixture was 

placed in a disposable plastic cuvette (Fisherbrand, 10 mm pathlength cuvette, Fisher 

Scientific, Inc.) that was transparent in the visible region (340 nm to 750 nm).  Initially, 

the samples were irradiated with UV light (312 nm, ~3000 µW/cm2) at times ranging 

from 90 seconds to 360 seconds.  The absorbance of each sample at the wavelength 

considered in this study, 600 nm, was independent of irradiation time when the 

irradiation time was greater than 300 seconds.  That is, because these samples were 

considerably thicker than the samples used for transport property characterization, longer 

irradiation times were required to insure that the resulting properties were independent of 

irradiation time.  Therefore, all cuvettes containing prepolymerization mixtures were 

irradiated with UV light for 360 seconds at room temperature to polymerize the monomer 

and crosslinker completely.  In addition, based upon FTIR-ATR scans of the front (i.e., 

face of the sample closest to the UV source), back and middle of samples (in samples that 

were sliced open), the conversion of acrylate linkages was complete in these cuvette 

studies. 

 

Immediately after polymerization, the light absorbance at 600 nm was measured, 

with deionized water used as a baseline.  After the first measurement, the PEGDA 

samples in the cuvette were dried in air for 24 hours, removed from the cuvette and 

stored under vacuum for another 24 hours.  The samples were returned to the cuvette and 

soaked in deionized water for 24 hours to determine the influence of drying and 
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rehydration on the absorbance at 600nm.  The absorbance of the sample at 600 nm ( A ) 

per unit thickness ( L ) of crosslinked PEGDA samples was calculated as follows [53]: 

 log( )oI IA
L L

ψ = =  (3.1) 

where oI  is the intensity of radiant energy striking the sample, and I  is the intensity of 

the radiation transmitted through the sample. 

 

3.8        WATER SORPTION/UPTAKE AND HYDRATION OF MEMBRANE 

To assess water sorption at ambient temperature (~25 oC), samples were soaked in 

deionized water for several days, their surfaces were wiped with filter paper, and the wet 

weight, swollenW , was measured using a digital balance.  The samples were then dried in air 

for 24 hours, stored under vacuum for another 24 hours, and their apparent dry weights, 

dryW , were measured.  Some samples were soaked again in deionized water to determine 

their water uptake after drying and rehydration.  Water sorption ( sorptionW , g-H2O/100g-

wet polymer) and water uptake ( uptakeW , g-H2O/100g-dry polymer) were calculated as 

follows:  

 100 swollen dry
sorption

swollen

W W
W

W
−

= ×  (3.2) 

 

 100 swollen dry
uptake

swollen

W W
W

W
−

= ×  (3.3) 

where swollenW  and dryW  are the weights of an equilibrated water-swollen film and a dry 

film, respectively. 

 

The hydrations of all samples in both deionized water and 5 wt% sodium chloride 

solution are given in terms of grams water/gram hydrated polymer [54], the same as for 
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the water sorption calculation.  The weight fraction of water was used as an 

approximation of the hydration, H [54].  The procedure for determining membrane 

hydration is based on a technique described by Yasuda et al. [54].  All reported 

hydrations were measured in deionized water unless otherwise noted. 

 

3.9        MEMBRANE THICKNESS MEASUREMENT 

For various experiments, membranes ranging from 150 µm to 900 µm in 

thickness were used.  Thickness was measured with a micrometer (Litematic VL-50A, 

Mitutoyo Corp., Japan), and the measurement procedure followed ISO 9339-2:1998, 

designed for the measurement of soft materials such as water-swollen hydrogels.[55].  

 

3.10      PERMEATION AND FOULING CHARACTERIZATION  

Dead-end filtration was conducted at ambient temperature (~25 oC) by using  

deionized water from a Milli-Q Ultrapure water system (Millipore)  The filtration cell 

(UHP-43 from Advantec MFS, Inc., Dublin, CA) was filled with feed solution and 

pressurized with nitrogen on the upstream side of the film.  The cell was stirred by 

magnetic stirring bar at 300 rpm.  Permeate was collected in a graduated cylinder, and a 

stopwatch was used to measure the time required to collect a given volume of permeate.  

The flux, J , was calculated as follows: 

 p

m

V
J

t A
=

×
 (3.4) 

where pV  is the volume of permeate collected during a time period t , and mA is the 

membrane area.  Permeability, P , was calculated as follows [56]:  

 
( )o l

JlP
p p

=
−

 (3.5) 
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where op is feed pressure, lp  is permeate pressure (i.e., atmospheric pressure), and l  is 

the swollen membrane thickness measured when the film was freely swollen in deionized 

water.  The thicknesses of the samples used in this study were nominally the same (or 

very close).  Moreover, for PEGDA or NVP based crosslinked films, the thickness 

change due to the hydraulic permeation is negligible when the transmembrane pressure 

(ΔP) is lower than 2 atm, based on Paul’s model [57].  Thus, under these permeation 

conditions, the freely swollen thickness was essentially equal, within the uncertainty of 

the measurement, to the thickness of the sample while it was undergoing permeation 

measurements. 

 

The fouling properties of free-standing films were characterized by dead-end 

filtration conducted at ambient temperature (~25 oC).  The model foulant solution 

contained 1 L of phosphate buffered saline (PBS) (pH 7.4, Sigma, P-3813) mixed with 1 

g of bovine serum albumin (BSA, Sigma A7906) [58].  BSA concentrations in both the 

feed and permeate were calculated based on the absorbance at 280 nm, measured with a 

BioSpec-mini UV-visible spectrophotometer (Shimadzu Corp., Japan) [59].  A second 

model foulant solution was an oily water emulsion prepared by mixing deionized water 

with vegetable oil (Wesson) and a neutral surfactant (Dow Corning 193) (9 parts oil:1 

part surfactant) in a high speed (~20,000 rpm) Waring blender (Waring LBC 10, 

Torrington, CT) for 180 seconds.  The oil plus surfactant content of this mixture was 

1,500 ppm.  Oily water emulsion concentrations in the feed and permeate were calculated 

from total organic carbon measurements with a total organic carbon analyzer (Model 

TOC5050A, Shimadzu Corp., Japan).  BSA or oily water emulsion rejection, R , was 

defined by [20]: 
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where fC is the feed concentration, and pC is the permeate concentration. 

 

3.11      SODIUM CHLORIDE DIFFUSIVITY AND PARTITION COEFFICIENT 

Transport of a marker small molecule, such as sodium chloride, through polymer 

films provides another tool to characterize the structure of crosslinked hydrogels.  In 

principle, the diffusion coefficient ( D ), partition coefficient ( K ), and water content in 

the prepolymerization mixture could provide indicators, at least qualitatively, of the 

PIPS-induced development of heterogeneous structures in film samples.  However, we 

are not aware of any studies where transport properties have been used to probe PIPS in 

hydrogels. 

 

The sodium chloride diffusivity and partition coefficient were determined from 

kinetic desorption experiments [54].  Each film’s NaCl diffusivity was determined from 

the rate of NaCl elution into a deionized water bath from a film previously equilibrated 

with a salt solution.  The changes in salt concentration of the elution bath with time were 

measured with an InoLab® Cond 730 conductivity meter (Wissenschaftlich-Technische 

Werkstätten, GMbH&Co. KG, Germany). 

 

In this study, films for kinetic desorption experiments were soaked in a 5 wt% 

aqueous sodium chloride solution for at least 48 hours to achieve equilibrium partitioning 

of the salt between the polymer and the contiguous salt solution.[54]  The length of this 

equilibration step was long enough that the results did not change even with longer 

soaking times.  The film was removed from the salt water solution and wiped with 
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Kimwipes® to eliminate excess surface NaCl solution.  Then, the film was transferred to 

a jacketed beaker (the water jacket maintained the liquid temperature at 25 oC) containing 

50 ml of deionized water (i.e., the receiving solution), previously equilibrated to 25 oC 

and saturated with CO2 by stirring vigorously in air with a stir bar.  The conductivity of 

the receiving solution was measured as a function of time with the InoLab® Cond 730 

conductivity meter specified above. 

 

The sodium chloride diffusion coefficient, D , was calculated from the rate of the 

conductivity rise in the receiving water solution surrounding the film being tested.  The 

data were interpreted using the following model of Fickian release from a plane film [54]: 

 
2

1/ 2

( / )
16 ( / )

td M MD
d t l

π ∞⎡ ⎤
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⎣ ⎦
 (3.7) 

where tM  and ∞M  are the masses of salt released at time t  and equilibrium, and l  is the 

swollen film thickness.  tM  and ∞M  were measured from the conductivity of the water in 

the receiving cell at time t  and at long times, respectively.   

 

A calibration curve relating conductivity to salt concentration in the water was 

used to convert measured conductivity values to NaCl concentration in the water.  Then, 

Equation 3.7 was applied to the resulting data in the region where tM
M∞

 was a linear 

function of t1/2, which, based on theory, should encompass data taken at times 

corresponding to tM
M∞

<0.6 [60].  In all cases, only those data corresponding to the 

condition where tM
M∞

 was less than 0.6 and increased linearly with 1 2t  were used to 

estimate diffusion coefficients [60].  Following the procedure set forth by Yasuda [54] 

and Merten et al. [61], the NaCl partition coefficient, K
3

3
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, 
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was calculated as the ratio of the total amount of salt extracted into the receiving solution 

per unit volume of the hydrated film, divided by the concentration of the original soaking 

solution (5 wt% NaCl in water) [54]. 

 

3.12      DIFFERENTIAL SCANNING CALORIMETRY  

Differential scanning calorimetry (DSC) measurements were performed using a 

Q100 thermal analyzer (TA Instruments, New Castle, DE, USA) equipped with a cooling 

apparatus.  The glass transition temperature (Tg) of all dry samples was taken as the 

midpoint of the heat capacity step change.  All samples, ~3 mg in size, were heated to 

350 oC, then cooled down to 0 oC, and rescanned to 350 oC with a heating rate of 10 
oC/min.  Before DSC measurements, samples were dried in vacuum for at least 24 hours 

with nitrogen as the carrier gas and a flow rate of 50 ml/min.  Three DSC runs of each 

sample composition were made by using different DSC samples to ensure the 

reproducibility and reliability of the data.  The second heating cycles of these three runs 

were used to determine the average Tg value of each sample composition and the standard 

deviation. 

 

Four different sample compositions were prepared and tested by DSC.  

Polyvinylpyrrolidone (PVP) with a molecular weight of 1.3x106 was used as a control.  

Samples containing NVP/water (60/40 (w/w)) or MBAA/water (2/98 (w/w)) and 1 wt% 

HCPK (based on the total mass of monomer or crosslinker) were polymerized under the 

conditions described in the section on polymer film preparation, characterized by DSC, 

and are referred to as P(NVP) and P(MBAA), respectively.  Crosslinked NVP samples 

containing 70 wt% water and NVP/MBAA ratios of 85/15 (85N), 80/20 (80N), and 70/30 
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(70N) were prepared to study the relationship between MBAA/NVP ratio and film 

structure. 

 

3.13      BIO-ATOMIC FORCE MICROSCOPY 

The surface morphology of the films in water was examined using bio-atomic 

force microscopy (Bio-AFM).  30 μm by 30 μm AFM tapping-mode height profiles were 

acquired with a JPK Instruments AG multimode NanoWizard (Germany).  The 

instrument was equipped with a NanoWizard scanner and was operated in water.  For 

tapping-mode AFM, a commercial Si cantilever (TESP tip) of about 320 kHz resonant 

frequency from JPK was used.  These height profiles were used to characterize the 

surface morphology of various compositions and synthesis conditions of crosslinked 

NVP films in water.  Samples were scanned at 320 kHz.  Each image contained 512 lines, 

and the resolution was 3.43 nm per line. 

 

3.14      MOLECULAR WEIGHT CUTOFF  

Molecular weight cutoff (MWCO) is the molecular weight of a solute at which 

90% rejection can be achieved [14].  Following techniques from several sources 

[14,41,62] and the American Society for Testing and Materials (ASTM) Publication E 

1343-90 [63], molecular weight cutoff was determined at ambient temperature and 5 psig 

feed pressure in the dead-end filtration cell mentioned earlier.  The solutes used for this 

determination were various molecular weights of monodisperse poly(ethylene glycol) 

(PEG; molecular weight up to 35,000 g/mole) and poly(ethylene oxide) (PEO; molecular 

weight between 35,000 g/mole ~ 1,000,000 g/mole).  The feed concentration was 0.5 

wt% polymer in deionized water.  Each molecular weight solute was studied individually.  
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These experiments began with higher molecular weight solutes; the system was 

thoroughly flushed with deionized water between experiments involving solutes of 

various molecular weights.  The PEG or PEO concentration in the feed and permeate 

solutions was determined from total organic carbon measurements provided by a total 

organic carbon analyzer (TOC) (Model TOC5050A, Shimadzu Corp., Japan), and 

rejection ( R ) was calculated as follows [14]: 

 (%) 100%f p

f

C C
R

C
−

= ×  (3.8) 

where fC  is the feed solute concentration, and pC  is the permeate concentration of 

solute.  The Stokes radii of PEG and PEO molecules can be obtained (in cm) [62] from 

their molecular weight and were calculated using the equations listed in Table 3.1. 
    

           Table 3.1       The calculation of PEG/PEO solute radii. 

PEG [62],[64] PEO [62],[65] 
557.0101073.16 Ma −×=  587.0101044.10 Ma −×=  

a  is Stokes radius (cm), and M is the molecular weight (g/mol). 
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Chapter 4    

 

 

Water Uptake, Transport and Structure Characterization in 
Poly(ethylene glycol) Diacrylate Hydrogels 1 

 

                                                 
1 Reduced in part with permission from the Journal of Membrane Science, submitted for publication. 
Unpublished work copyright 2009 Elsevier. 
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4.1        SUMMARY 

This study focused on the preparation and characterization of hydrogel-based 

coating materials to serve as fouling-resistant coatings for water purification membranes, 

such as those used in ultrafiltration, nanofiltration, and reverse osmosis applications.  

Crosslinked poly(ethylene glycol) (PEG) free-standing films were prepared by UV-

induced photopolymerization of poly(ethylene glycol) diacrylate (PEGDA) crosslinker in 

the presence of varying amounts of water or monofunctional poly(ethylene glycol) 

acrylate (PEGA).  The crosslinked PEGDA films exhibited polymerization induced phase 

separation (PIPS) when the water content of the prepolymerization mixture became 

greater than 60 wt%.  Visible light absorbance measurements, water uptake, water 

permeability, and salt kinetic desorption experiments were used to characterize the 

structure change of these phase-separated, crosslinked hydrogels.  The films with PIPS 

exhibited a porous morphology in CryoSEM studies.  Dead-end filtration experiments 

that used deionized water and 1 g/L bovine serum albumin (BSA) solutions were 

performed to explore the fundamental transport and fouling properties of these materials.  

The total flux of pure water through the films after prior exposure to BSA solution was 

nearly equal to that measured for the as-prepared material, indicating that these PEGDA 

films resist fouling by BSA under the conditions studied.   

 

4.2        INTRODUCTION 

This study reports water uptake, water permeability and structural characterization 

of crosslinked poly (ethylene glycol) diacrylate (PEGDA) films.  The amount of water 

and monofunctional acrylate co-monomer (i.e., poly (ethylene glycol) acrylate (PEGA)) 

in the prepolymerization mixture influences the film microstructure, which, in turn, 



 39

changes the water uptake and transport properties.  If the water content in the 

prepolymerization mixture exceeds the maximum equilibrium water uptake of the 

crosslinked polymer during polymerization, phase separation will occur, forming a 

polymer-rich phase and a water-rich phase [35,37].  In some cases, the water-rich 

domains are dispersed in the film in micron sized regions [35,66-68].  These regions (i.e., 

pores) scatter light, resulting in a loss of transparency.  Thus, optical transmission 

provides a convenient marker to track and characterize polymerization-induced phase 

separation (PIPS) in such systems. 

 

The objective of this research is to explore the utility of exploiting PIPS to alter 

transport properties in crosslinked PEG-based materials being considered as fouling-

resistant coatings for conventional porous UF and other membranes.  Presumably, 

variations in prepolymerization water content can affect crosslink density of the polymer 

network, which can, in principle, also influence PIPS [48].  Additionally, 

copolymerization of PEGDA with PEGA, which changes the crosslink density via 

stoichiometric control, could also influence PIPS [49].  Thus, both water and PEGA 

content in the prepolymerization mixture could be useful, accessible variables to control 

the final properties of the films.  This study focuses on the characterization of free-

standing films.  Additional studies are underway to characterize the fouling properties of 

UF membranes coated with thin layers of this family of materials [16].  
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4.3        RESULTS AND DISCUSSION 

4.3.1   Extent of Reaction - FTIR and Gel Fraction  

PEGDA was polymerized in the presence of water or water and PEGA by free-

radical polymerization using ultraviolet light (i.e., 312 nm, 3000 μW/cm2) in air at 

ambient conditions to yield a highly crosslinked PEG network.  FTIR-ATR was used to 

characterize the extent of reaction.  Examples of the FTIR-ATR spectra obtained for the 

monomer, crosslinker, a crosslinked 20/80 PEGDA/H2O film and a crosslinked 10/10/80 

PEGDA/PEGA/H2O film are presented in Figure 4.1.  The disappearance of acrylate 

double bonds due to polymerization leads to a decrease in the absorptions at 810 cm-1 

[69], which arises from the twisting vibration of the acrylic CH2=CH bonds, 1410 cm-1 

[70,71], which is from the deformation of CH2=CH bonds, and 1190 cm-1 [71], which is 

from the acrylic C=O bonds.  The IR absorptions of 20/80 PEGDA/H2O and 10/10/80 

PEGDA/PEGA/H2O films at 810 cm-1, 1412 cm-1, and 1190 cm-1 disappear due to 

polymerization.  The spectra for other film compositions are similar to those of the 20/80 

PEGDA/H2O and 10/10/80 PEGDA/PEGA/ H2O films; for brevity’s sake, they are not 

shown.  Based on these results, the double bonds in the samples appear to be completely 

reacted using the polymerization conditions set forth above. 
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Figure 4.1     FTIR-ATR spectra of (a) monomer (PEGA), (b) crosslinker (PEGDA), 
(c) crosslinked 10/10/80 PEGDA/PEGA/H2O films, and (d) crosslinked 20/80 
PEGDA/H2O films. 

 

The gel fraction of the network can be used as an indicator of the extent of 

crosslinking [72].  Table 4.1 records the gel fractions of various crosslinked 

PEGDA/(PEGA)/H2O films.  As prepolymerization water content increases from 0 to 80 

wt%, the gel fraction of the crosslinked PEGDA/H2O films remains high (>97%).  As the 

PEGDA (i.e., crosslinker) content decreases from 20 wt% to 5 wt% (or, equivalently, as 

the monomer (i.e., PEGA) content increases from 0 wt% to 15 wt%) at fixed water 

content (80 wt%), the gel fraction decreases from 97% to 82%.  A fraction of the polymer 

formed during the crosslinking step is not incorporated into the hydrogel network.  This 

phenomenon has been seen with other hydrogel systems [73]. 
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          Table 4.1       Gel fractions of crosslinked PEGDA/(PEGA)/H2O films. 

Sample Gel Fraction (%) (± 5%) 

100/0 PEGDA/H2O 99 
50/50 PEGDA/ H2O 99 
20/80 PEGDA/ H2O 97 
  
20/0/80 PEGDA/PEGA/ H2O 97 
10/10/80 PEGDA/PEGA/ H2O 89 
5/15/80 PEGDA/PEGA/ H2O 82 

 

4.3.2   Photographs of Crosslinked PEGDA Films  

The appearance of these crosslinked hydrogels varies depending upon the PEGA 

concentration and the amount of water in the prepolymerization mixture.  Figure 4.2 

presents photographs of films made from the following polymerization mixture 

compositions: (a) 100/0 PEGDA/H2O, (b) 10/10/80 PEGDA/PEGA/H2O, and (c) 20/80 

PEGDA/H2O.  All compositions are expressed in weight percent of components in the 

prepolymerization mixture, unless otherwise noted, and all samples were tested before 

drying and in their swollen states.  While the 100/0 PEGDA/H2O film is transparent, the 

20/80 PEGDA/H2O sample is highly translucent, and the 10/10/80 PEGDA/PEGA/H2O 

film is moderately translucent.  Thus, the 20/80 PEGDA/H2O film contains pores, 

presumably formed during polymerization induced phase separation, at least roughly the 

size of the wavelength of visible light, which results in scattering of the light and renders 

the films translucent.  Gulsen et al. [66] reported similar phenomena in 

poly(hydroxyethyl methacrylate) (p-HEMA) gels. 
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Crosslinked PEGDA films that are translucent following polymerization are 

transparent when dry.  After soaking in deionized water for at least 1 day, they become 

translucent again.  The pores in the film are probably small enough in the dry state that 

they scatter little light, resulting in highly transparent films.  As the films soak in 

deionized water after drying, they absorb water, which leads to significant dilation of the 

polymer matrix and, presumably, also the pores, so the film transparency decreases as the 

sample rehydrates.  Before polymerization, the mixture of monomer, crosslinker, and 

water are transparent at all compositions considered.  After polymerization, the 

crosslinked PEGDA film with 80 wt% water in the prepolymerization mixture is 

translucent/semi-opaque.  The loss of transparency, an indicator of morphological 

changes in film structure, is attributed to polymerization induced phase separation (PIPS) 

occurring between the crosslinker (PEGDA), monomer (PEGA), and water, which results 

in the decreased solubility of water in the forming network as polymerization proceeds 

[74]. 

 

 
 

(a)100/0 PEGDA/H2O 
 

(b)10/10/80 
PEGDA/PEGA/H2O 

 
(c)20/80 PEGDA/H2O 

Figure 4.2     Photographs of PEGDA/(PEGA)/H2O films.   
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4.3.3   Cryogenic Scanning Electron Microscopy  

Cryogenic scanning electron microscopy (CryoSEM) was used to investigate the 

hydrogel structure.  It permits the observation of frozen, hydrated polymer samples 

without critical point dehydration, as required by conventional SEM [75].  Figure 4.3(a), 

(b), (c), (d) and (e) present CryoSEM images of cross-sections of 20/80 PEGDA/H2O, 

50/50 PEGDA/H2O, 100/0 PEGDA/H2O, 10/10/80 PEGDA/PEGA/H2O and 5/15/80 

PEGDA/PEGA/H2O films, respectively.  The 20/80 PEGDA/H2O film, a phase-separated 

sample, has a fairly regular pore size of 150nm – 250nm, consistent in appearance 

throughout.  As the water content in the prepolymerization mixture decreases to 50 wt% 

(50/50 PEGDA/H2O) or 0 wt% (100/0 PEGDA/H2O), both are transparent, non-phase 

separated films and exhibit essentially a nonporous structure.  As the PEGA content 

increases from 10 wt % (10/10/80 PEGDA/PEGA/H2O) to 15 wt% (5/15/80 

PEGDA/PEGA/H2O) at 80 wt% water in the prepolymerization mixture, the sample 

morphology goes from porous to essentially nonporous.  The 10/10/80 

PEGDA/PEGA/H2O sample has many smaller pores and significantly larger regions with 

no porosity than does the 20/80 sample.  In contrast, the 5/15/80 PEGDA/PEGA/H2O 

film has a non-porous structure.   

 

After drying and rehydration, at least some of the pores formed during PIPS had 

collapsed; this trend is shown by comparing Figure 4.3(f) with Figure 4.3(a).  The 

collapse of the porous structure is ascribed to cohesion forces when the polymer chains 

approach one another due to the loss of solvent during drying; these forces are apparently 

not completely overcome upon rehydration, so the film does not return to its original (i.e., 

before drying) morphology [76,77].  However, for the samples without PIPS (e.g., 50/50 
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PEGDA/H2O), no structural differences were observed in the material before and after 

drying and rehydration (cf., Figure 4.3(g) and (b)). 
   

Figure 4.3     CryoSEM micrographs of (a) 20/80 PEGDA/H2O, (b) 50/50 PEGDA/ 
H2O, (c) 100/0 PEGDA/H2O, (d) 10/10/80 PEGDA/PEGA/H2O, (e) 5/15/80 
PEGDA/PEGA/H2O, (f) 20/80 PEGDA/H2O after drying and rehydration, and (g) 
50/50 PEGDA/H2O after drying and rehydration. 
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Figure 4.3     (Continued) CryoSEM micrographs of (a) 20/80 PEGDA/H2O, (b) 
50/50 PEGDA/ H2O, (c) 100/0 PEGDA/H2O, (d) 10/10/80 PEGDA/PEGA/H2O, (e) 
5/15/80 PEGDA/PEGA/H2O, (f) 20/80 PEGDA/H2O after drying and rehydration, 
and (g) 50/50 PEGDA/H2O after drying and rehydration. 
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4.3.4   PIPS Characterization - Visible Light Transmission Measurement of 
Crosslinked PEGDA  

To provide a more quantitative assessment of the change in visual properties of 

the films as the monomer and water content changed, the light transmitted through the 

samples at 600 nm was measured and reported in terms of the absorbance, as described in 

the experimental section.  Figure 4.4 presents the absorbance per unit thickness of 

crosslinked PEGDA samples as a function of prepolymer water content [74].  The strong 

increase in absorbance when the water content is greater than 60 wt% indicates that 

crosslinked PEGDA samples with 60 wt% or more water in the prepolymerization 

mixture are translucent, suggesting that, after polymerization, they contain pores large 

enough to scatter significant amounts of visible light.  Based upon the sharp increase in 

absorbance, PIPS appears at least in samples containing more than about 60 wt% water in 

the prepolymerization mixture.   

 

Upon drying and rehydration, the absorbance decreases, particularly when the 

water content in the prepolymerization mixture is greater than 60 wt% (i.e., in the 

samples that are most strongly phase-separated).  Additionally, samples that exhibit 

decreases in absorbance following drying and rehydration were visibly less opaque 

following the drying and rehydration process.  Therefore, some pores formed during PIPS 

apparently collapsed during drying and did not fully reform during rehydration, in 

agreement with the CryoSEM results discussed earlier (cf., Figure 4.3(f)).  Samples 

containing higher PEGDA content (i.e., when the water content in the prepolymerization 

mixture was less than 40 wt%) exhibit no visible evidence of PIPS. 
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Figure 4.4     Effect of prepolymer water content on absorbance per unit thickness, 
ψ , for crosslinked PEGDA/H2O films.  

 

PIPS is influenced not only by water content in the prepolymerization mixture but 

also by the amount of monomer (i.e., PEGA) in the prepolymerization mixture.  Figure 

4.5 presents absorbance as a function of the PEGA content in the total mixture of 

PEGDA and PEGA.  In this example, the water content of the prepolymerization mixture 

was fixed at 80 wt%, and the ratio of PEGDA and PEGA was varied.  Increasing the 

proportion of PEGA decreases the absorbance both before and after rehydration.  That is, 

more PEGA in the prepolymerization mixture leads to less PIPS.  At ~75 g PEGA per 

100 g of total PEGA and PEGDA, the absorbance is less than 0.008, suggesting that little 

or no PIPS occurs at or above this composition.  Based on Figure 4.3(e), at ~75 g PEGA 

per 100 g of total PEGA and PEGDA, the sample is nonporous, in agreement with the 

CryoSEM images and absorbance measurements.   
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After drying and rehydration, the absorbance decreases for most of the samples, 

indicating partial irreversible pore structure collapse, consistent with the CryoSEM 

results (cf., Figure 4.3(f)).  However, at ~75 g PEGA per 100 g of total PEGA and 

PEGDA, the absorbance of the sample before and after rehydration is very low and 

similar, suggesting that this sample is nearly nonporous—further evidence that PIPS does 

not occur when the PEGA concentration is sufficiently high.   

 

Figure 4.5     Effect of PEGA content on absorbance per unit thickness, ψ , for 
PEGDA/PEGA/ H2O films. The prepolymer water content was 80 wt% in each 
sample. 

 

Generally speaking, polymer solubility in solution decreases as polymer 

molecular weight increases [78].  Therefore, in a mixture containing monomer, 
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content, phase separation occurs [34].  Phase separation (i.e., χ -induced syneresis) can 

occur due to the incompatibility between polymer and solvent when the polymer-diluent 

interaction parameter χ  is greater than 0.5 [78].  When the interaction parameterχ  is less 

than 0.5 (that is, when the diluent is a good solvent for the polymer), phase separation can 

occur due to an increase in crosslink density (i.e., v -induced syneresis) [34,35,37].  

Therefore, phase separation can be promoted by increasing either the concentration of 

crosslinker or the polymer-diluent interaction parameter [34,35,37,78]. 

 

Based on Lin et al., the χ  parameter of crosslinked 20/80 PEGDA/H2O film and 

water is 0.626 [48].  Since χ  is greater than 0.5, the observed phase separation may be 

driven by the incompatibility between the polymer and the diluent (i.e., χ -induced 

syneresis) [34,35,37].  For linear PEO in water, two χ  values have been reported in the 

literature: 0.426 [79] and 0.45 [80].  Since monofunctional PEGA has one hydroxyl end 

group (which, in principle, is more hydrophilic than an acrylate group), and one acrylate 

end group, the χ  value should be between that of linear PEO and crosslinked PEGDA.  

Increasing the PEGA content in the crosslinked PEGDA/PEGA/H2O film should 

decrease the value of the polymer-diluent interaction parameter, χ .  Based on absorbance 

results (cf. Figure 4.5), higher PEGA content in the PEGDA/PEGA/H2O films led to a 

decrease in the extent of PIPS, probably due to an increase in compatibility between the 

polymer network and diluent (i.e., unreacted monomer/crosslinker-solvent mixture) in the 

reaction.  However, addition of PEGA lowers the overall crosslink density of the 

network, and crosslink density has also been identified as an important variable in PIPS 

in some cases [34,35,37]. 
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4.3.5   PIPS Characterization – NaCl Diffusion and Partition Coefficient in 
Crosslinked PEGDA  

To further probe the influence of prepolymer water content on structure and 

transport properties, salt kinetic desorption experiments were performed to determine the 

NaCl diffusion coefficient ( D ) and salt partition coefficient ( K ) as a function of 

prepolymer water content.  The results of these experiments are presented in Figure 4.6 

and Figure 4.7.  The NaCl diffusion coefficient increases with increasing water content in 

the prepolymerization mixture.  At prepolymerization water contents above 60 wt%, the 

diffusion coefficient increases sharply with prepolymerization water content.  This 

concentration (i.e., 60 wt % water) also marks the onset of significant absorbance in 

crosslinked PEGDA/H2O films (cf., Figure 4.4), which indicates the appearance of PIPS.  

The reported NaCl diffusion coefficient in water is 51.485 10−×  cm2/sec at 25 oC and an 

NaCl concentration of 1 ± 0.2 g mole/l [81,82].  The NaCl diffusion coefficient of a 

crosslinked PEGDA film polymerized with 90 wt% water in the prepolymerization 

mixture is near that of NaCl diffusion in water, suggesting that, in this case, the polymer 

offers little hindrance to NaCl diffusion. 

 

The NaCl partition coefficient is a measure of the concentration of NaCl dissolved 

in the film.  Often, the amount of salt dissolved in a hydrogel film is closely connected 

with the amount of water in the film [83].  Figure 4.7 presents the relationship between 

NaCl partition coefficient and prepolymerization water content.  As the water content 

increases, the partition coefficient increases.  Consistent with experimental results 

reported above, a discontinuity in this relationship appears at approximately 60 wt% 

water content, which is another indicator of the effect of PIPS on film properties. 
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Figure 4.6     Effect of prepolymer water content on NaCl diffusion coefficients in 
crosslinked PEGDA/H2O films. The NaCl diffusion coefficient in water at 25 oC is 
1.485×10-5 cm2/sec [81,82]. 

Figure 4.7     Effect of prepolymer water content on NaCl partition coefficient in 
crosslinked PEGDA/H2O films. 
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The free volume theory of diffusion anticipates a strong correlation between the 

salt diffusion coefficient in a hydrogel and the amount of water in the sample, typically 

characterized by the hydration, H, of the sample [54].  Hydration, H, is defined as the 

mass of water in a hydrated polymer film per unit mass of hydrated polymer film [54].  In 

fact, Yasuda’s model, which is based on free volume theory, predicts an exponential 

variance of NaCl diffusion coefficients with changes in 1/H, assuming a linear variation 

of the free volume with the hydration [54].  The weight fraction of water was used as an 

approximation of H, although strictly speaking, the volume fraction is more appropriate.  

As shown in Figure 4.8(a), a plot of log D  vs. 1/H is linear and converges to the diffusion 

constant of NaCl in pure water, 51.485 10−×  cm2/sec, as the hydrogel water content goes 

to that of pure water (i.e., H=1).  Thus, even in these heterogeneous films, the NaCl 

diffusion coefficients in crosslinked PEGDA obey the free volume theory [54]. 

 

The NaCl partition coefficient, K , is plotted as a function of hydration, H, in 

Figure 4.8(b).   Here, hydration was measured at 5 wt% NaCl solution, as discussed by 

Yasuda [54], and the resulting plot of K  vs. H is linear.  The dashed line in Figure 4.8(b) 

is representative of highly hydrated membranes, where the concentration of membrane 

solution (g NaCl in membrane phase/g water in membrane phase) matches the outside 

NaCl solution concentration ( K = H) [54].  In a highly hydrated membrane, the water 

would be distributed in clusters large enough to solvate the salt ions and shield them from 

interaction with the polymer [54].  As the membrane hydration decreases, increased 

polymer/water and polymer/ion interactions exclude salt from the membrane and thus, 

K /H is smaller than unity [54].  In the crosslinked PEGDA films of various hydrations, 

the slope of K /H is smaller than unity, indicating that these films do screen salt out of 

the samples, to a limited extent. 
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Figure 4.8     (a) NaCl diffusion coefficient, D , as a function of reciprocal hydration, 
H, (b) NaCl partition coefficient, K , as a function of hydration, H, in crosslinked 
PEGDA/H2O films. NOTE: The NaCl diffusion coefficient in water (here H=1) at 25 
oC is 1.485×10-5 cm2/sec [81,82]. Hydrations in Figure 4.8(b) are those measured at 5 
wt% NaCl solution. 
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4.3.6   Water Sorption 

The influence of prepolymerization water content and monomer composition on 

equilibrium water sorption is presented in Figure 4.9 and Figure 4.10.  The definition of 

water sorption is the same as that of hydration in this study.  In Figure 4.9, water sorption 

increases as prepolymerization water content increases.  Before the apparent onset point 

of PIPS at 60 wt% water content, the equilibrium water sorption is higher than the 

prepolymerization water content.  That is, following polymerization, the film can sorb 

more water than was present during polymerization (i.e., the water sorption is well above 

the parity line between water sorption and prepolymerization water content).  However, 

once the prepolymerization water content is above 60 wt%, the water sorption of never-

dried samples is practically the same as the initial water content (i.e., the water sorption is 

near the parity line between water sorption and prepolymerization water content).    

 

However, water sorption of samples containing more than 60 wt% water in the 

prepolymerization mixture decreases after the sample is dried and then rehydrated.  In 

these samples, the prepolymerization water content was above the water uptake limit of 

the polymerized films, so the excess water formed another phase, which presumably is 

the locus of the pores observed in CryoSEM and in the visible light absorption studies.  

During the drying process, some pores collapsed due to cohesion forces and could never 

be fully recovered, leading to the observed decrease in water sorption.  For samples 

without PIPS (i.e., less than 40 wt% water content in the prepolymerization mixture), the 

water sorption before and after rehydration are the same.  In such samples, there was no 

hysteresis in water uptake, light absorbance, or other properties, suggesting that these 

samples are dense, homogeneous structures.  
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Figure 4.9     Effect of prepolymerization water content on water sorption in 
crosslinked PEGDA/H2O films at ~25 oC. The straight line indicates the case where 
equilibrium water sorption would be equal to prepolymerization water content. 

 

The effect of PEGA content on water sorption is presented in Figure 4.10.  As 

PEGA content increases (at 80 wt% prepolymerization water content) water sorption 

increases, presumably because of the lower crosslink density at higher PEGA contents.  

After drying followed by rehydration, not all of the pores fully rehydrate, leading to a 

small but reproducible decrease in water sorption.  For the sample containing ~75 g 

PEGA per 100 g of total PEGA and PEGDA, water sorption before drying and following 

drying and rehydration are essentially the same, suggesting that PIPS was not a 
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Figure 4.10     Effect of monomer (i.e., PEGA) content on water sorption in 
PEGDA/PEGA/H2O films at ~25 oC. All samples were prepared with 80 wt% H2O 
in the prepolymerization mixture. 
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decreases somewhat at pressures ranging from 0 to 25 atm due to pore collapse during 

drying, as discussed earlier.  However, at pressures above 25 atm, the flux of the never-

dried and dried-then-rehydrated samples is similar.  These data suggest that samples that 

have undergone PIPS exhibit some compaction (i.e., pore collapse) at high feed 

pressures, which decreases the water permeability of the samples and results in the 

observed non-linear relation between flux and feed pressure. 

 

Figure 4.11     Effect of transmembrane pressure difference (ΔP) on water flux in 
crosslinked 50/50 PEGDA/H2O films before drying and then dried followed by 
rehydration. The filled and unfilled symbols represent data obtained as feed 
pressure was increased and decreased, respectively. The circle and square symbols 
correspond to data recorded on samples before drying and then after drying 
followed by rehydration. Film thickness before and after drying was ~450 μm. The 
permeate pressure was 1 atm in all cases. 
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Figure 4.12     Effect of transmembrane pressure difference (ΔP) on water flux in 
crosslinked 20/80 PEGDA/H2O films before drying and then dried followed by 
rehydration. The filled and unfilled symbols represent data obtained as feed 
pressure was increased and decreased, respectively. The solid and dashed lines 
correspond to data recorded on samples before drying and then after drying 
followed by rehydration. Film thickness before drying was ~420 μm, and film 
thickness after drying was ~400 μm, based on CryoSEM images. The permeate 
pressure was 1 atm in all cases.   

 

Steady, one-dimensional flow of an incompressible fluid through a deformable 

porous material, polyurethane foam, was studied theoretically and experimentally by 

Parker et al. [84].  The deformation of polyurethane foam during the flow of fluid under a 

pressure difference was caused by applying fluid pressure to the foam: up to 40% 

thickness reduction was observed due to an increase in feed pressure [84].  A non-linear 

pressure-flow relationship due to the deformation of the foam was also reported.  Persson 

et al.[85] studied the influence of membrane compaction on water permeability and 

thickness of porous UF membranes (i.e., polyamide, polysulfone and cellulose acetate).  

Compaction caused a significant change in the membrane thickness of polysulfone after 
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compression at ~2 atm, and a 60% reduction in water permeability.  When a porous 

polymeric membrane is exposed to high pressure, the polymer structure can be changed, 

resulting in reduced porosity, increased membrane resistance, and lower flux [14,85].  

According to Persson et al. [85], a membrane with lower porosity is less sensitive to 

compression.   

 

A crosslinked PEGDA film with PIPS has a more open structure than one without 

PIPS, as indicated by the CryoSEM images.  PEGDA films with PIPS have a sponge-like 

structure that might be expected to compress under high pressure, thus resulting in 

membrane flux loss.  Paul et al. [57] studied the transport of organic liquids through 

highly swollen, homogeneous rubbery films and found that flux was a non-linear function 

of feed pressure.  Thermodynamic and diffusion theories were proposed to describe the 

transport in terms of the pressure-induced concentration gradient of the swelling liquid 

within the membrane.  The theories predict the flux to be directly proportional to the 

difference in volume fractions ( 10 1lV V− ) of solvent at the upstream ( 10V ) and downstream 

surface ( 1lV ) [57].  Thus, flux would reach a finite plateau when the solvent concentration 

in the membrane at the downstream surface is forced to zero at very high pressure, 

indicating that there is a maximum flux that cannot be surpassed, no matter how great the 

upstream pressure.  The volume fractions at the two surfaces can be calculated from the 

activity of solvent via swelling theory. 

 

Moreover, Paul et al. proposed reasons for the nonlinearities in the flux-pressure 

relationship [86].  Among all causes, partial molar volume of the solvent is the most 

important.  For example, for water with a partial molar volume of 18 cm3/mole, the 

applied feed pressure must be as high as 2000 psi (136 atm) for one to observe the 
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nonlinearity, while an organic solvent with high partial molar volume (100 cm3/mole) 

requires a much lower feed pressure of 360 psi (24.5 atm) [86].  In our case, the 

nonlinearity was observed when the pressure difference was greater than 200 psi (13.6 

atm), indicating that the nonlinearity is not derived primarily from the thermodynamic 

considerations discussed by Paul, and the Paul theory does not apply in this case.  In all 

subsequent permeability tests, the ΔP was fixed at 2 atm for easy comparison, except 

where noted otherwise.   

 

4.3.8   Thickness Effect  

The thicknesses of the samples used in the experiments above were nominally the 

same or very similar.  Moreover, the thickness change due to the hydraulic permeation is 

negligible at ΔP of 2 atm, based on Paul’s model [57].  However, given the influence of 

PIPS on film morphology, one might wonder whether the extent of PIPS would depend 

on film thickness.  Figure 4.13 presents the influence of thickness on water permeability 

in: (a) non-phase separated, crosslinked 50/50 PEGDA/H2O films and (b) phase separated 

crosslinked 20/80 PEGDA/H2O films.  In Figure 4.13(a), as the thickness of the non-

phase separated film increases from 200 to 500 µm, water permeability remains constant.  

However, in Figure 4.13(b), as the thickness of the phase separated film increases from 

200 to 500 µm, water permeability increases.  Once thickness exceeded 500 µm, the 

water permeability became essentially independent of thickness.  That is, water 

permeability depends on film thickness over a certain thickness range (0-500 µm) in this 

sample, suggesting that the film morphology depends on film thickness. 
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Figure 4.13     Influence of thickness on water permeability of (a) non-phase 
separated, crosslinked 50/50 PEGDA/H2O films, and (b) phase separated, 
crosslinked 20/80 PEGDA/H2O films. The measurements were conducted at ambient 
temperature and ΔP ~ 2 atm. 
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might vary from the top to the bottom of the solution, leading to differences in 

polymerization rates and, in turn, differences in structure.  As mentioned in the 

introduction, PIPS is a kinetic phenomenon, reflecting the competition between the 

polymerization rate and the phase separation rate.  Changes in either polymerization rate 

or phase separation rate would result in structural differences in the final hydrogel 

network, and, therefore, differences in transport properties.  For the samples without 

PIPS, membranes of different thickness have the same water permeability, indicating the 

independence of UV light intensity on membrane structure.  Based on these results, PIPS 

provides another degree of freedom for tailoring membrane properties. 

   

Figure 4.14(a) and (b) present further evidence of the influence of film thickness 

on the structure of a sample (20/80 PEGDA/H2O) that is known to undergo PIPS.    The 

thickness values in Figure 4.14 were determined from CryoSEM images.  Images from 

the top (i.e., closest to the UV source), middle, and bottom (i.e., furthest away from the 

UV source) of two samples of different thicknesses, 870 and 335 µm, are presented for 

comparison.  From the CryoSEM images, both samples have bigger pores at the top and 

bottom of the sample and smaller pores in the center.  The 870 µm sample has bigger 

pores than does the 335 µm sample at the top, center and bottom areas, particularly at the 

top and bottom, indicating that different degrees of phase separation occur during 

polymerization at different thickness.  This result agrees qualitatively with the results 

presented in Figure 4.13(b), where samples thinner than 500 µm had lower permeability 

coefficients than did thicker samples. 
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Figure 4.14     CryoSEM cross-section micrographs of crosslinked 20/80 PEGDA/ 
H2O films with thicknesses of: (a) ~ 870 μm and (b) 335 μm. The images are from 
the top, center, and bottom regions of the crosslinked films. 
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Figure 4.14     (Continued) CryoSEM cross-section micrographs of crosslinked 20/80 
PEGDA/H2O films with thicknesses of: (a) ~ 870 μm and (b) 335 μm. The images are 
from the top, center, and bottom regions of the crosslinked films. 
 

 

4.3.9   Water Permeability  

Dead-end filtration results for the free-standing films prepared from PEGDA with 

water contents varying from 40 to 80 wt% are presented in Figure 4.15.  These 

crosslinked PEGDA/H2O samples were 250 µm thick.  The permeability increases 

sharply at prepolymerization water content values greater than approximately 60 wt%.  

Similar trends were observed for the absorbance, NaCl diffusion coefficients, and 

partition coefficients.  These curves signal a change in internal structure as PIPS occurs.  

When the water content in the prepolymerization mixture is greater than approximately 

60 wt%, the intrinsic membrane properties change significantly due to PIPS.  Films 
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prepared from 80 wt% H2O have much higher permeability than do films prepared from 

60 wt%, due to the higher water sorption and more open internal structure in the former 

sample. 

 

Figure 4.15     Effect of prepolymer water content on water permeability of 
crosslinked PEGDA/H2O films (before drying) determined in dead-end filtration 
cell using pure water at ΔP ~ 2 atm. Film thickness (before drying) was ~250 μm. 

 

The monomer content also influences water permeability.  In Figure 4.16, higher 

concentrations of PEGA monomer reduce water permeability somewhat.  These 

crosslinked PEGDA/PEGA/H2O films were 400 µm thick.  From the absorbance 

measurements (i.e., Figure 4.5), a greater proportion of PEGA monomer leads to less 

PIPS.  Moreover, the CryoSEM images (Figure 4.3(a), (d) and (e)) show the same trend 

of decreases in both pore size and the number of pores as PEGA content increases.  Less 

PIPS creates smaller and fewer pores, leading to lower water permeability, even though a 

film prepared with more PEGA will have a lower crosslink density and higher water 
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uptake, which, in principle, might be expected to increase permeability.  After the sample 

is dried and rehydrated, the permeability decreases due to the collapse of at least some of 

the pores inside the PEGDA/PEGA/H2O films.  Due to the mechanical fragility of the 

PEGDA/PEGA/H2O films when the prepolymerization water content was greater than 80 

wt% and when the samples contained more than 15 wt% PEGA (based on the PEGDA 

and PEGA content of the sample), some samples were difficult to dry and rehydrate. 

 

Figure 4.16     Effect of PEGA content on water permeability of crosslinked 
PEGDA/PEGA/H2O films determined in dead-end filtration cell using pure water at 
ΔP ~2 atm. All samples were prepared with 80 wt% H2O in the prepolymerization 
mixture. Film thickness (before drying) was ~400 μm.   

 

4.3.10 Fouling Characteristics   

Much of the previous work on protein fouling has been reviewed by Belfort et 

al.[87] and Marshall et al.[88].  The flux decline observed during the microfiltration (MF) 

or ultrafiltration (UF) of protein (BSA) containing solutions can be attributed to protein 
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adsorption, protein deposition, or protein mass-transfer limitations (i.e., concentration 

polarization) [29,58,87,89].  In general, hydrophilic membranes adsorb less protein and, 

consequently, have higher flux [21,90].  Crosslinked PEGDA films have excellent anti-

protein fouling properties, as Figure 4.17 shows.  Water permeability was almost constant 

after treatment with BSA solution and was not affected by BSA at a concentration of 

1g/L.  The BSA rejection was around 96%.     

 

Figure 4.17     Permeability as a function of time for a 20/80 PEGDA/ H2O film. 
These measurements were conducted in a dead-end filtration cell. The sample was 
first exposed to DI water, then a BSA solution, and, afterwards, pure water again. 
The measurements were conducted at ambient temperature and ΔP ~2 atm. Film 
thickness (before drying) was ~250 μm. 
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4.4        CONCLUSIONS 

The amounts of monomer (PEGA), crosslinker (PEGDA) and water in the 

prepolymerization mixture significantly influence film morphology and, in turn, transport 

properties in crosslinked PEG hydrogels.  Polymerization induced phase separation was 

observed when the prepolymer water content was greater than 60 wt% as characterized 

by several methods (i.e., visible light absorbance, NaCl diffusion coefficient and NaCl 

partition coefficient).  CryoSEM images demonstrate the porous structure of PEGDA 

films formed due to PIPS.  As the water content exceeds the onset point of PIPS 

(approximately 60 wt% in these samples) or the PEGA content decreases at a fixed water 

content (80 wt%), PIPS occurs to a greater extent.  Crosslinked 20/80 PEGDA/H2O films 

with PIPS and before drying have a non-linear pressure-flux relationship due to 

membrane compaction under high pressure.  In a sample that does not undergo PIPS 

(e.g., 50/50 PEGDA/H2O), the water flux is a linear function of pressure over a wide 

range of pressure, indicating a lack of membrane compaction.  Lower crosslink density 

(i.e., more monomer, less crosslinker or higher prepolymerization water content) leads to 

higher water sorption.  More open structure or more PIPS (i.e., less monomer, less 

crosslinker, or higher prepolymerization water content) leads to higher water 

permeability.  The dead-end filtration results for a crosslinked 20/80 PEGDA/H2O film 

using BSA solution confirm the fouling-resistance and strong rejection character of these 

materials, and underscores their potential utility as coating materials for reducing fouling 

in UF membranes.    
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Chapter 5    

 

 

Structure, Water Sorption, and Transport Properties in Crosslinked N-
vinyl-2-pyrrolidone/N,N’-methylenebisacrylamide Films. Part I: The 

Effect of Monomer, Crosslinker, and Solvent 1 

 

                                                 
1 Reduced in part with permission from the Journal of Membrane Science, submitted for publication. 
Unpublished work copyright 2009 Elsevier. 
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5.1        SUMMARY 

As part of a study to prepare and characterize potential fouling-reducing coatings 

for membranes, crosslinked N-vinyl-2-pyrrolidone (NVP) free-standing films were 

prepared by UV-induced photopolymerization in the presence of water using 

N,N’-methylenebisacrylamide (MBAA) as the crosslinker.  A series of crosslinked films 

were polymerized at various prepolymerization water contents and NVP/MBAA ratios.  

High gel fraction was obtained as the crosslinker content (MBAA) increased to 30 wt% 

solids (i.e., 30 g MBAA/(100 g NVP+MBAA)) at fixed water content (70 wt%).  The 

films underwent phase-separation during polymerization.  Cryogenic scanning electron 

microscopy (CryoSEM) was used to characterize the morphology of these phase-

separated NVP films.  The influences of monomer/crosslinker ratio and 

prepolymerization water content on morphology and water transport were characterized.  

Higher water content or higher monomer content in the prepolymerization mixture led to 

more open structures and, in turn, higher water permeability.  The ability of these 

materials to resist fouling by protein solution (bovine serum albumin) and oily water 

emulsions was characterized, and these NVP crosslinked films proved resistant to protein 

and oily water fouling. 

 

5.2        INTRODUCTION 

N-vinyl-2-pyrrolidone is easily polymerized and has high water uptake, and thus, 

NVP-based materials have applications in, for example, biomedicine [52,91].  NVP is 

also used to modify membrane surfaces for water purification and reduce membrane 

fouling [13].  Because of NVP’s high water uptake [52,91] and good protein [13] and 

NOM fouling resistance [17], crosslinked NVP films might be of interest as coating 
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layers on ultrafiltration membranes used for water purification.  To better understand the 

fundamental properties of such materials for this application, we evaluated NVP-based 

free-standing films synthesized via free radical polymerization with N,N’-

methylenebisacrylamide as the crosslinker.  The water sorption and transport properties 

of the resulting films were characterized and correlated with the film morphology and 

with the amount of water, monomer, and crosslinker in the prepolymerization mixture. 

 

5.3        RESULTS AND DISCUSSION  

In this study, two independent variables are used to vary properties of the 

hydrogels: (1) water content in the prepolymerization mixture (with the NVP/MBAA 

ratio fixed at 85/15 (w/w)), and (2) the NVP/MBAA ratio (with the prepolymerization 

water content fixed at 70 wt%).  An NVP/MBAA ratio of 85/15 indicates that there are 

85 parts (by weight) of NVP for every 15 parts (by weight) of MBAA in the mixture of 

monomer and crosslinker prior to polymerization.  To explore the influence of these 

variables on the water uptake and transport properties, two series of films were prepared.  

For films prepared at an NVP/MBAA ratio of 85/15, the water content in the 

prepolymerization mixture was set to 50 wt%, 60 wt%, 65 wt%, 67.5 wt% and 70 wt%, 

and the resulting films were designated as 50H, 60H, 65H, 67.5H and 70H, respectively.  

Using 70 wt % water in the prepolymerization mixture, films with NVP/MBAA ratios of 

85/15, 82.5/17.5, 80/20, 75/25 and 70/30 (designated as 85N, 82.5N, 80N, 75N, and 70N, 

respectively) were prepared.   

 

The above-mentioned monomer, crosslinker and water concentration ranges were 

selected for the following reasons.  If the prepolymerization water content was less than 

about 50 wt%, the water permeability of the resulting films was too low to measure.  If 
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the prepolymerization water content was greater than about 70 wt%, the crosslink density 

was so low that the films were too fragile to handle and test.  Literature reports suggest 

that hydrogels containing NVP require high concentrations (5-20 wt%) of crosslinker to 

produce a material with useful mechanical properties [51,92].  In this regard, if the 

MBAA content was less than about 15 wt% of the NVP/MBAA mixture in 

prepolymerization mixtures containing 70 wt% water, the resulting films were too fragile 

to handle and characterize in the permeability experiments.  Ordinarily, higher 

crosslinker concentrations would lead to higher crosslink density and, thus, better 

mechanical properties [93].  However, prepolymerization solutions containing 70 wt% 

water became heterogeneous, due to the limited solubility of MBAA in water/NVP 

mixtures, if the MBAA content was greater than about 30 wt % based on NVP and 

MBAA. 

 

In the concentration ranges considered, all samples are visually homogeneous 

prior to polymerization.  This observation is of interest since, once polymerized, the 

samples are heterogeneous, having undergone polymerization induced phase separation. 

 

5.3.1   Extent of Reaction - Fourier Transform Infrared Spectroscopy   

Fourier Transform Infrared Spectroscopy (FTIR-ATR) can be used to monitor the 

conversion of the C=C double bonds during crosslinking.  Száraz et al. [94] reported two 

very strong bands in the IR spectrum of pure liquid NVP that are sensitive to extent of 

reaction.  The first, at 1629 cm-1, is ascribed to C=C bond stretching vibrations, which are 

usually found in the region of 1680-1630 cm-1 [94].  The second band is attributed to 

carbonyl stretching (C=O), and it is located at 1706 cm-1 [94].  Greever et al. [95] also 

identified characteristic IR absorptions for NVP at 1623 cm-1 (C=C) and 1700 cm-1 
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(C=O).  The disappearance of the C=C bond at 1623 cm-1 and the C=O bond at 1700 cm-1 

indicates polymerization of the NVP monomer, and a broad C=O bond appears at 1650 

cm-1 in polyvinylpyrrolidone (PVP) [94,95].  The characteristic IR absorption at ~1630 

cm-1 [53,96] is assigned to the C=C bond stretching vibration of the MBAA crosslinker.  

In addition, the characteristic IR absorption in the region of 1660 cm-1 is assigned to the 

C=O stretching vibration (amide I band).  The 1550 cm-1 band is assigned to the N-H 

bending vibration (amide II band) of the MBAA crosslinker and indicates whether the 

MBAA has crosslinked with NVP during polymerization [53,96]. 

 

Figure 5.1 compares a typical FTIR spectrum of a crosslinked NVP film (70N) 

prepared from 70 wt% water and a fixed ratio (70/30) of NVP/MBAA with that of 

unreacted liquid NVP and solid MBAA.  The spectra for other polymers are similar to 

that of 70N and are not shown for brevity.  Consistent with the literature cited above, the 

characteristic IR absorptions of NVP are found at 1623 cm-1 and 1700 cm-1, and that of 

MBAA is observed at 1630 cm-1.  Both the disappearance of the characteristic NVP and 

MBAA absorptions in the FTIR spectra of the crosslinked NVP films and the appearance 

of a broad C=O absorption, characteristic of PVP, at 1650 cm-1 suggest that the 

polymerization conditions were sufficient to essentially completely react the double 

bonds in the NVP and MBAA.  Although it is small, due to the low concentration of 

MBAA in the prepolymerization mixtures, the appearance of an absorption in the region 

of 1550 cm-1 (amide II band) suggests that the MBAA was successfully crosslinked with 

NVP during polymerization. 

 

Akyűz et al. calculated the reactivity ratio of acrylamide–NVP undergoing free 

radical polymerization in water at 60 oC [97].  The reactivity ratio of acrylamide is 2.03 ± 
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0.14, and that of vinyl pyrrolidone is 0.09 ± 0.02 [97].  Even though the reaction 

temperature in our system (25 oC) was different from that (60 oC) of Akyűz et al., the 

reactivity ratio of acrylamide and NVP in the system of Akyűz et al. should be a 

reasonable indicator of the reactivity ratio of MBAA and NVP [98].  MBAA, the more 

reactive component, prefers to react with itself; however, NVP prefers to react with 

MBAA. 

 

Figure 5.1     FTIR-ATR spectra of monomer (NVP), crosslinker (MBAA), and 
crosslinked NVP film prepared from 70 wt% water and a fixed ratio of NVP/MBAA 
(70/30) (70N). 

 

Due to the large difference in reactivity ratio between NVP and MBAA, during 

the early stages of the copolymerization, much more MBAA is incorporated into the 

copolymer than is expected based on the initial composition of the prepolymerization 

mixture.  This situation results in the polymer network containing areas highly 
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concentrated in MBAA units and creates a number of highly crosslinked loci. 

[34,99,100].  Once the MBAA is consumed, the remaining NVP will continue to react 

and build relatively linear polymer chains branching away from these crosslinked loci, 

linking them together and forming the three-dimensional polymer network [99].  

Therefore, the gel regions formed early in the polymerization process are highly 

crosslinked (MBAA-rich regions) whereas those formed later are more loosely 

crosslinked (NVP-rich regions) [34,99,100].  The polymerization conditions lead to a gel 

network that is expected to have a range of crosslink densities and chemical 

compositions. 

 

5.3.2   Glass Transition Temperature 

Table 5.1 presents the glass transition temperature (Tg) of high molar mass, linear 

PVP (which is used as a control), P(MBAA), P(NVP) and crosslinked 85N, 80N and 70N 

films.  The glass transition temperature of each sample was calculated by the midpoint of 

the transition.  Three DSC runs of each sample were taken to determine the average Tg 

value and the standard deviation.  In the literature, the Tg of PVP having an Mw value of 

1.2x106 is 178 oC [101]; the experimental value of the control sample, which has an Mw 

of 1.3x106, is 176 ± 1 oC, which agrees well with the literature value.  Over the 

temperature range considered, there was no observed Tg in the polymerized MBAA 

sample, P(MBAA), probably due to the very high crosslink density.  Generally, in highly 

crosslinked polymers, Tg may be difficult or impossible to observe due to the restriction 

of main-chain motion by the crosslinks [102].  A polymerized NVP sample, P(NVP), 

prepared using the techniques outlined in this paper, has a Tg of 175 ± 1 oC, similar to 

that of the high molecular weight, linear PVP. 
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Crosslinked NVP film containing 70 wt% water content and a fixed NVP/MBAA 

ratio of 85/15 (85N) has only one Tg, at 175 ± 2 oC, which is similar to the Tg of P(NVP).  

Based upon these results and the large difference in reactivity ratio between NVP and 

MBAA, we hypothesize that two regions (NVP-rich and MBAA-rich) were formed 

during membrane formation as discussed above.  Due to the dense crosslinking of 

MBAA-rich regions, there was no Tg related to crosslinked MBAA observed in the 

polymer network, and only one Tg, corresponding to that of the NVP-rich regions, was 

observed.  Because the films are optically heterogeneous (i.e., phase-separated), as will 

be described below, and because the Tg is unaffected by the presence of the crosslinker 

(e.g., MBAA concentration changes from 15 wt% (85N) to 20 wt% (80N) or 30 wt% 

(70N)), the hypothesis regarding the chemical heterogeneity in the system seems 

reasonable. 

 

Therefore, the majority of the MBAA added to the prepolymerization mixture 

(from 15 wt% to 20 wt% or 30 wt% MBAA) is believed to have polymerized with other 

MBAA units, forming MBAA-rich regions as discussed in the literature [34,99,100].  

Probably due to the dense crosslinking, the Tg of MBAA-rich regions of crosslinked NVP 

films was not observed by DSC.  Therefore, presumably, the only Tg observed in the 

crosslinked NVP films (i.e., 85N, 80N and 70N) is representative of NVP-rich regions in 

the polymer network, providing indirect evidence that the gel regions formed early in the 

polymerization process are highly crosslinked, MBAA-rich regions whereas those formed 

later (i.e., the NVP-rich regions) are more loosely crosslinked. 
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Table 5.1       Glass transition temperature (Tg) of PVP, polymerized MBAA 
(P(MBAA)), polymerized NVP (P(NVP)), and crosslinked 85N, 80N and 70N films. 

Sample  Tg (oC) (second heating scan) 
PVP (Mw = 1.3×106) 
P(MBAA) 
P(NVP) 
85N 
80N 
70N 

176 ± 1   
No observed Tg 
175 ± 1 
175 ± 2 
178 ± 1 
177 ± 1 

NOTE: Heating rate of all samples was 10 oC/min. 

 

5.3.3   Gel Fraction   

 The gel fraction of the network can be used as an indicator of the extent of 

crosslinking or, more accurately, the fraction of the initial monomer and crosslinker that 

are ultimately bound to the network [72].  Table 5.2 presents gel fractions of different 

crosslinked NVP films, polymerized at a fixed NVP/MBAA ratio of 85/15 with various 

water contents (i.e., 70H, 67.5H, 65H, 60H, and 50H) and polymerized at fixed water 

content (70 wt%) but having NVP/MBAA ratios varying from 70/30 to 85/15 (i.e., 70N, 

75N, 80N, 82.5N, and 85N).  As the water content increases in the prepolymerization 

mixture at a fixed NVP/MBAA ratio of 85/15, the gel fraction is constant at about 82%.  

As the NVP content decreases from 85 wt% to 70 wt% of the total NVP/MBAA mixture 

(or, equivalently, as the MBAA content increases from 15 wt% to 30 wt%) at fixed 

prepolymerization water content (70 wt%), the gel fraction increases from 82% to 99%.  

Thus, as crosslinker (i.e., MBAA) content increases, perhaps the monomer (i.e., NVP) 

has more opportunity to react with MBAA during the early stages of the 

copolymerization, leading to higher gel fraction.   
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Table 5.2       Gel fraction of crosslinked NVP films. 

Sample Gel fraction (%) (±5%) 
NVP/MBAA = 85/15 (w/w) 

70H  82 
67.5H 83 
65H 82 
60H 84 
50H 82 

70 wt% H2O 
85N 82 

82.5N 88 
80N 91 
75N 98 
70N 99 

 
Note: Samples were polymerized using a UV intensity of ~1000 μW/cm2 for  
300 seconds at room temperature. 

 

5.3.4   Cryogenic Scanning Electron Microscopy   

Cryogenic scanning electron microscopy (CryoSEM) was used to investigate 

hydrogel structure.  CryoSEM permits the observation of frozen, hydrated polymer 

samples without the critical point dehydration required by conventional SEM [75].  

Figure 5.2 presents cross sectional images of crosslinked NVP films (i.e., 70H, 65H, and 

50H) prepared from prepolymerization mixtures that contain different amounts of water 

and a fixed ratio (85/15) of NVP/MBAA.  70H represents a film prepared with 70 wt% 

water in the prepolymerization mixture.  The CryoSEM images in Figure 5.2 suggest that 

as prepolymerization water content increases from 50 wt% (50H) to 70 wt% (70H), the 

effective average pore size of the resulting crosslinked film increases.   

 

Before polymerization, all prepolymerization mixtures are transparent, 

homogeneous solutions.  After polymerization, the crosslinked NVP films are either 
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semi-opaque (50H) or fully opaque (70H).  Taken together, these data suggest that 

polymerization induced phase separation (PIPS) occurs [37,74].  Higher water content in 

the prepolymerization mixture leads to a more open structure in the final crosslinked film, 

indicating an increasing degree of phase separation during polymerization.  The increase 

in PIPS leads to the higher porosity, which scatters light and renders the resulting film 

more opaque [74].     

 

   

Figure 5.3 presents CryoSEM images of crosslinked NVP films (85N, 80N, and 

70N) prepared from prepolymerization mixtures containing 70 wt% water and 

  

Figure 5.2     CryoSEM micrographs of 
cross-sections of crosslinked NVP films. 
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NVP/MBAA ratios ranging from 85/15 to 70/30.  The designation “70N” represents a 

sample prepared from 70 wt% NVP in the total mixture of NVP and MBAA.  As 

monomer content increases (i.e., as crosslinker content decreases), the apparent pore size 

in the crosslinked film increases.  That is, higher monomer content leads to more open 

structures.  Figure 5.2 and Figure 5.3 show the variety of porous structures obtained 

during crosslinking by altering the water content and the NVP/MBAA ratio in the 

prepolymerization mixture, and our results are consistent with other literature reports of 

the effect of diluent and crosslinker content on the structure of such gels [34,35,37]. 

  

 

Figure 5.3     CryoSEM micrographs of 
cross-sections of crosslinked NVP films. 
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5.3.5   Polymerization Induced Phase Separation   

PIPS, a process by which an initially homogeneous solution of monomer and 

solvent becomes phase separated during polymerization, has been studied previously 

[34,35,37,74].  Phase separation is postulated to begin when the maximum possible 

diluent uptake of the network in the diluent or diluent-monomer mixture decreases during 

polymerization, to the degree of dilution of the network.  PIPS can be caused by an 

increase in the degree of crosslinking (ν -induced syneresis) or by changes in polymer-

diluent interactions ( χ -induced syneresis) and takes the form of macrosyneresis (i.e., 

deswelling or collapse of the growing gel particles being crosslinked, once the critical 

point for phase separation is achieved) or microsyneresis (i.e., formation of a dispersion 

of diluent droplets in a gel phase) [37]. 

 

Based on light scattering measurements during crosslinking of MBAA in aqueous 

solution, Asnaghi et al. [103,104] found that the growth of MBAA-rich polymers 

(aggregates) in crosslinked poly(acrylamide) gels leads to phase separation.  In our 

studies, MBAA aggregates presumably form early in the polymerization process due to 

the difference in reactivity ratio between MBAA and NVP [97].  Because the MBAA-

rich regions are rather hydrophobic, they cause a decrease in the polymer-diluent 

compatibility in the regions where the MBAA aggregates have polymerized [103].  This 

phenomena might lead to the presence of a separate polymer phase (i.e., predominantly 

MBAA aggregates) in a continuous predominantly NVP/water phase in the early stages 

of copolymerization [34].  The MBAA-rich regions produced in the early stages of the 

copolymerization will be hydrophobic, which decreases the compatibility between the 

polymer and diluent and leads to the observed phase separation. The occurrence of phase 

separation during polymerization due to the thermodynamic incompatibility between the 
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network segments (i.e., MBAA-rich regions) and the diluent molecules is χ -induced 

syneresis [35,37], where χ  is the Flory-Huggins polymer-diluent interaction parameter. 

 

5.3.6   Water Uptake  

Figure 5.4 presents the equilibrium water sorption of crosslinked, phase-separated 

NVP films as a function of water content in the prepolymerization mixture for samples 

with a fixed NVP/MBAA ratio (85/15).  Water sorption increases as prepolymerization 

water content increases.  Higher water content in the prepolymerization mixture leads to a 

more porous structure (as the CryoSEM images show), which could retain more water in 

the film.  The dashed line in Figure 5.4 represents the case where the equilibrium water 

uptake would be equal to the prepolymerization water content.  In Figure 5.4, the 

equilibrium water sorption of the films is higher than the water content in the 

prepolymerization mixture.  The difference between the equilibrium water sorption and 

prepolymerization water content is the extra water that is sorbed by the crosslinked, 

phase-separated NVP film when soaking in water following polymerization. 

 

For crosslinked, phase-separated networks, the diluent phase separates partially 

from the network phase due to the decrease in the diluent uptake of the polymer during 

polymerization [37,74].  Thus, the separated diluent acts as a pore forming agent, 

whereas the other diluent remains in the network structure and increases its swelling [34].  

Thus, in principle, the weight percent of water in the prepolymerization mixture should 

be equal, at most, to the total weight percent of water absorbed in the pores and the 

polymer if the crosslinked polymer networks are phase-separated during polymerization.  

However, in Figure 5.4, our phase-separated hydrogels absorb more water than the 

prepolymer water when the hydrogels are soaked in deionized water following 
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polymerization.  The difference between the equilibrium water sorption and 

prepolymerization water content may be due to the swelling of NVP-rich regions in the 

polymer network because of the loose structure formed during polymerization.  Because 

of the very low crosslink density (loose structure) of NVP-rich regions, a high degree of 

post-polymerization swelling of NVP-rich regions can be expected during soaking in the 

bulk water, since swelling increases as crosslink density decreases [105].  The increase in 

swelling of NVP-rich regions with increasing dilution is due to the increasing volume of 

the pores, which are filled by water.  Thus, water sorption of these phase-separated films 

is higher than the prepolymer water content due to swelling of the NVP-rich regions. 

 

Figure 5.4     Influence of prepolymerization water content on equilibrium water 
sorption of crosslinked NVP films before drying and after drying followed by 
rehydration. The NVP/MBAA ratio of all samples was 85/15. The dashed line 
denotes the case where the equilibrium water sorption of the crosslinked hydrogels 
is equal to the water content in the prepolymerization mixture. 
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Figure 5.5 presents the effect of crosslinker content on water sorption.  Adding 

more MBAA to the prepolymerization mixture leads to a more rigid, less open structure 

(as the CryoSEM images show in Figure 5.3), lower hydrophilicity, and, consequently, 

less water sorption.  In Figure 5.5, as MBAA content in the total mixture of NVP and 

MBAA increases from 15 wt% to 30 wt%, the water sorption drops from ~78 wt% to 70 

wt%.  The increase in crosslinker content yields an increase in crosslink density, which 

may contribute to lower water uptake.  Additionally, the decrease in monomer content 

decreases the hydrophilicity of the network, which could also result in lower water 

sorption. 
    

Figure 5.5     Influence of prepolymerization MBAA content on equilibrium water 
sorption of crosslinked NVP films before drying and after drying followed by 
rehydration. The water content in the prepolymerization mixture of all samples was 
70 wt% and is denoted by the dashed line in this figure. 
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water uptake.  In addition, NVP crosslinked films, prepared from a fixed NVP/MBAA 

ratio (85/15) and varying amounts of water in the prepolymerization mixture (cf., Figure 

5.4) or 70 wt% water with various NVP/MBAA ratios (cf., Figure 5.5), have good 

mechanical properties: even after drying and rehydrating, the pore structure remains 

intact, and the equilibrium water uptake is unchanged.  Some studies report hysteresis in 

water uptake in styrene-divinylbenzene copolymers that have been dried and then 

rehydrated [76],[77].  The collapse of the porous structure in styrene-divinylbenzene 

copolymers upon drying is ascribed to cohesion forces between polymer chains that 

approach one another during drying, and these forces are apparently not completely 

overcome upon rehydration, so the film does not return to its original (i.e., before drying) 

morphology and, in turn, its water uptake does not return to its value before drying 

[76],[77]. 

 

5.3.7   Pressure/Permeability Relationship   

Figure 5.6 presents the relationship between water permeability and feed pressure 

in crosslinked NVP films.  Due to PIPS, these films are opaque in the hydrated state.  

70N represents polymerized films prepared from prepolymerization mixtures containing 

70 wt% water and an NVP/MBAA ratio of 70/30.  The highest water content considered 

was 70 wt%; more water in the prepolymerization mixture gives a more open structure, 

but the resulting films were mechanically more fragile. As shown in Figure 5.6, for the 

sample tested in this study, water permeability is independent of pressure over the 

pressure range from 0.7 to 3.5 atm.   
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Figure 5.6     Relationship between water permeability and applied pressure 
difference for crosslinked NVP films of samples 70N. The film thickness was ~450 
μm, and the temperature was ~25 oC. The downstream pressure was atmospheric. 

 

5.3.8   Water Permeability  

Figure 5.7 presents the relationship between water permeability and water content 

for crosslinked films prepared from prepolymerization mixtures containing a fixed 

NVP/MBAA ratio (85/15) and water content varying from 50 to 70 wt%.  As 

prepolymerization mixture water content increases, water permeability increases to ~ 

1300 L μm/(m2 h atm) in a film with 70 wt% H2O in the prepolymerization mixture.  The 

water permeability of the film prepared from 70 wt% H2O is almost 13 times that of the 

film prepared from 50 wt% H2O in the prepolymerization mixture.  Crosslinked films 

with higher prepolymerization mixture water content have a more open structure, as 

CryoSEM images show, leading to higher water permeability. 
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Figure 5.7     Relationship between water permeability and prepolymerization water 
content for crosslinked NVP films prepared at a fixed ratio of NVP/MBAA of 85/15. 
The applied pressure difference, ΔP, was ~0.7 atm, and the downstream pressure 
was atmospheric. The film thickness was ~450 μm. The temperature was ~25 oC. 

      

Figure 5.8 presents the influence of NVP content (based on NVP and MBAA in 

the prepolymerization mixture) on water permeability in films prepared with 70 wt % 

water in the prepolymerization mixture.  As the NVP content increases from 70 wt% to 

80 wt%, water permeability increases slightly, from ~500 to ~580 L μm/(m2 h atm).  

However, as the NVP content increases from 80 wt% to 85 wt%, water permeability 

increases sharply, from ~580 to ~1300 L μm/(m2 h atm).  The CryoSEM images of 70N 

and 80N show small differences in porosity, consistent with the observed small change in 

water permeability.  As NVP increases from 80 wt% to 85 wt%, the CryoSEM images of 

80N and 85N show a significant difference in porosity.  The more open structure of 85N 

correlates with the observed higher water permeability. 
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Figure 5.8     Relationship between water permeability and NVP content in the 
prepolymerization mixture in crosslinked films containing 70 wt% water in the 
prepolymerization mixture. The applied pressure difference, ΔP, was ~0.7 atm, and 
the downstream pressure was atmospheric. The film thickness was ~450 μm. The 
temperature was ~25 oC. 

 

5.3.9   Fouling Characteristics   

Crosslinked NVP films exhibit promising oil and protein fouling resistance, as 
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water emulsion was permeated through the film for another 24 hours.  Finally, the 

experiment was completed by again permeating pure water through the film.  After 80 
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The rejection of the film, based on total organic carbon, was approximately 99% 

during permeation of the oily water emulsion.  The rejection of the film for BSA was 

approximately 50%.  Due to the open structure of sample 70H, the BSA is too small to be 

completely rejected by the crosslinked film.  However, the emulsified oil droplets are big 

enough to be almost completely rejected by the crosslinked 70H film, which has the 

largest pore size among all of the samples considered in this study.  Based upon these 

results, crosslinked NVP films may be considered as a coating material to help improve 

oily water and protein fouling properties of membranes. 

 

Figure 5.9     Permeability as a function of time for a 70H crosslinked NVP film. 
These measurements were conducted in a dead-end filtration cell. The sample was 
first exposed to DI water, then to an oil/water emulsion, then to a BSA solution, and 
finally, to pure water again. The measurements were conducted at T ~25 oC and ΔP 
~0.7 atm using a film having a thickness of ~450 μm. 
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5.4        CONCLUSIONS 

Polymerization induced phase separation was observed in all crosslinked NVP 

films and influenced the film morphology.  Based on CryoSEM results, the crosslinked 

NVP film structure was more open with increasing prepolymerization mixture water 

content or with increasing NVP content.  The more open structure exhibits higher water 

permeability.  Dead-end filtration results for the crosslinked NVP film 70H, using BSA 

solution and oily water emulsion as model fouling solutions, show that the permeability 

after exposure to both a BSA solution and an oil/water emulsion was almost the same as 

the pure water permeability, and the oil rejection was high (~99%), indicating that 

crosslinked NVP films may make good coating materials to reduce fouling of, for 

example, UF membranes. 
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Chapter 6    

 

 

Structure, Water Sorption, and Transport Properties in Crosslinked N-
vinyl-2-pyrrolidone /N,N’-methylenebisacrylamide Membranes. Part II: 

The Effect of UV Light Intensity 1  

 

                                                 
1 Reduced in part with permission from the Journal of Membrane Science, submitted for publication. 
Unpublished work copyright 2009 Elsevier. 
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6.1        SUMMARY  

UV-induced photopolymerization was used to prepare films from N-vinyl-2-

pyrrolidone (NVP) crosslinked with N,N’-methylenebisacrylamide (MBAA).  These 

samples were crosslinked in the presence of water as a diluent.  The influence of UV 

intensity on the crosslinked NVP film structure was characterized using CryoSEM for 

cross sectional imaging and Bio-AFM for imaging surface morphology.  The influence of 

UV intensity on transport properties was characterized using dead-end filtration to 

measure water permeability and molecular weight cutoff (MWCO) to evaluate solute 

rejection.  Samples polymerized at high UV intensity had 2.7 times higher water 

permeability than those polymerized at low UV intensity.  Higher UV intensity also led 

to higher MWCO values, indicating a more porous and interconnected structure. 

 

6.2        INTRODUCTION  

Photopolymerization is widely used to synthesize polymers and hydrogels due to 

its rapid cure rate, low energy consumption, and easy process control [106].  The 

structure of photopolymerized polymers or hydrogels depends on several factors, such as 

monomer/crosslinker concentration, solvent quality, and synthesis conditions (e.g., UV 

intensity, temperature, and reaction time) [34,100].  UV intensity can be an important 

factor influencing the structural properties of hydrogels [107,108].  Increased UV 

intensity leads to high polymerization rates and, often, high conversion [100,107,108].  

He et al. [100] reported the effect of UV intensity (in the range of 2000 – 24000 μW/cm2) 

on properties of methacrylic acid based hydrogels, synthesized using free radical 

photopolymerization in water/ethanol mixtures.  Higher UV intensity provides more 

energy for initiation, leading to higher initial concentrations of free radicals and a faster 
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polymerization rate, resulting in higher relative rates of intramolecular to intermolecular 

reactions [100].  Higher UV intensity facilitates more intramolecular cyclization, leading 

to a more loose structure; while lower UV intensity leads to more intermolecular 

reactions and thus, a more compact structure [100].  

 

In Chapter 5, a series of NVP films, crosslinked with N,N’-

methylenebisacrylamide (MBAA), was prepared using various amounts of water in the 

prepolymerization mixture and systematically varied monomer/crosslinker ratios.  Higher 

water content or higher monomer content in the prepolymerization mixture led to higher 

water permeability.  In addition, these crosslinked films had good protein and oily water 

fouling resistance.  In Chapter 6, we report the influence of synthesis conditions (i.e., UV 

intensity) on the properties of NVP-based hydrogels prepared with various 

monomer/crosslinker ratios and prepolymerization water content.  The structure and 

properties of the resulting hydrogels were probed using a variety of tools, including 

cryogenic scanning electron microscope (CryoSEM), bio-atomic force microscopy (Bio-

AFM), water uptake, water permeation, and molecular weight cutoff measurements.  

Several studies [34,100,107,108] have reported that UV intensity influences hydrogel 

structure.  If the UV intensity influences hydrogel structure, then transport properties of 

such hydrogels should also be affected by UV intensity.  Thus, determining the influence 

of UV intensity on transport properties was the focus of this chapter.  
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6.3        RESULTS AND DISCUSSION  

6.3.1    Extent of Crosslinking   

Gel fraction is a measure of the extent of network formation [72].  In Table 5.2 

(Chapter 5), the influence of monomer, crosslinker and diluent concentrations on gel 

fraction was characterized.  In this study, the influence of UV intensity on gel fraction is 

addressed.  Two series of samples were considered, one containing a fixed amount of 

water in the prepolymerization mixture (70 wt%) and having NVP/MBAA (w/w) ratios 

of 85/15, 82.5/17.5, 80/20, 75/25 or 70/30 (designated as 85N, 82.5N, 80N, 75N, and 

70N, respectively), and a second series where the NVP/MBAA ratio was set at 85/15, and 

the prepolymerization water content was varied to produce samples with 50 wt%, 60 

wt%, 65 wt%, 67.5 wt% and 70 wt% water (designated as 50H, 60H, 65H, 67.5H and 

70H, respectively) in the prepolymerization mixture.  These samples were polymerized at 

either high (~3000 µW/cm2) or low (~1000 µW/cm2) UV intensity.  

 

Table 6.1 presents the gel fractions of crosslinked NVP films polymerized at 

different UV light intensities.  The gel fractions of samples polymerized at a UV intensity 

of ~ 1000 μW/cm2 are from Table 5.2, Chapter 5.  As shown in Table 6.1, UV intensity 

has little influence on gel fraction.  Samples polymerized at a fixed NVP/MBAA ratio 

(85/15) and various prepolymerization water content values (70H, 67.5H, 65H, 60H, and 

50H) have gel fractions of ~84% regardless of UV intensity.  As MBAA content 

increases from 15 wt% of the total NVP and MBAA in the prepolymerization mixture to 

30 wt%, gel fraction increases from ~82% to almost ~99% and is practically independent 

of UV intensity.  While changes in UV intensity are reported to influence reaction rate 

and conversion [100,107,108], we do not observe a significant impact of this variable on 

the gel fraction of the samples considered in this study.   
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Table 6.1       Gel fractions of crosslinked NVP films. 

Sample  UV intensity 
(μW/cm2) 

Gel fraction 
(%) (±5%) 

UV intensity 
(μW/cm2) 

Gel fraction 
(%) (±5%) 

NVP/MBAA = 85/15 (w/w) 
70H 3000 85 1000 82 

67.5H 3000 84 1000 83 
65H 3000 84 1000 82 
60H 3000 86 1000 84 
50H 3000 84 1000 82 

70 wt% H2O     
85N 3000 85 1000 82 

82.5N 3000 89 1000 88 
80N 3000 95 1000 91 
75N 3000 97 1000 98 
70N 3000 98 1000 99 

 
NOTE: These samples were polymerized at UV intensities of ~3000 and ~1000 μW/cm2, 
300 second reaction time, and room temperature. The data for samples polymerized at a 
UV intensity of ~ 1000 μW/cm2 are from Table 5.2, Chapter 5.  
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6.3.2    Cross Sectional Images of Crosslinked NVP Films    

Crosslinked NVP films polymerized at different UV intensities were imaged 

using cryogenic scanning electron microscopy (CryoSEM).  CryoSEM permits the 

observation of frozen, hydrated polymer samples without the critical point dehydration 

required by conventional SEM [75].  With CryoSEM, the hydrated membrane structure 

can be imaged.  Figure 6.1 presents images of the cross sections of the following 

samples: 70H (85N), 65H and 50H.  The second H or L in the nomenclature indicates 

whether the crosslinked film was polymerized at high (~3000 μW/cm2) or low (~1000 

μW/cm2) UV intensity, respectively.  Images of samples polymerized at low UV intensity 

have already been reported in Figure 5.2, Chapter 5.  Based on these images, UV 

intensity has little obvious impact on structure as probed by CryoSEM.  For brevity, 

Figure 6.2 presents the cross sections of only samples 80N and 70N, which were 

polymerized at high UV intensity, ~3000 μW/cm2.  The structures of 80NH and 70NH 

are similar to those of 80NL and 70NL polymerized at low UV intensity (i.e., in Figure 

5.3, Chapter 5).  Thus, UV intensity has little impact on the structure of these samples as 

probed by CryoSEM.    
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Figure 6.1     CryoSEM micrographs of crosslinked NVP films. All images were 
cross sections of sample 70H, 65H and 50H. The second H or L in the nomenclature 
denotes samples polymerized at high (~3000 μW/cm2) or low (~1000 μW/cm2) UV 
intensities, respectively. The images of sample polymerized at a UV intensity of ~ 
1000 μW/cm2 are from Figure 5.2, Chapter 5. 
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Figure 6.2     CryoSEM micrographs of crosslinked NVP films. All images were the 
cross sections of samples 80N and 70N. The second H in the nomenclature indicates 
samples polymerized at a UV intensity of ~3000 μW/cm2. 

 

6.3.3    Topographies of Crosslinked NVP Films  

Topographies of the crosslinked NVP films containing 70 wt% water and a fixed 

NVP/MBAA ratio (85/15) in the prepolymerization mixture (70H), polymerized at UV 

intensities of ~3000 μW/cm2 (70HH) and ~1000 μW/cm2 (70HL), were imaged in water 

by Bio-AFM.  Height images and Z-scales of each sample are presented in Figure 6.3.  

Dark and bright regions of these AFM images represent the surface pore and polymer 

network, respectively.  Both 70HH and 70HL crosslinked films had similar pore size and 

porosity on the surface.  Moreover, the images show similar roughness.   

 

For other sample compositions (65H, 50H and 70N), surface morphologies are 

shown in Figure 6.4.  Again, 65HH/65HL, 50HH/50HL and 70NH/70NL polymerized at 

low and high UV intensities have similar surface morphologies.  In the range of UV light 

intensities (1000 μW/cm2 and 3000 μW/cm2) considered in this study, the structural 
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differences brought about by changing UV intensity are not large, as probed using AFM 

or CryoSEM.  However, as will be shown later, the change in UV intensity does 

influence the transport properties. 

   

Figure 6.3     Topographies of crosslinked 70H NVP films polymerized at UV 
intensities of ~3000 μW/cm2 (70HH) and ~1000 μW/cm2 (70HL). The dimensions of 
the scan images are 30 μm x 30 μm with Z-scales of 500 nm (70HH) and 400 nm 
(70HL). 
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Figure 6.4     Topographies of crosslinked 65H, 50H and 70N NVP films. The second 
H or L in the nomenclature indicates samples polymerized at high (~3000 μW/cm2) 
or low (~1000 μW/cm2) UV intensities, respectively. The dimensions of the images 
are 30 μm x 30 μm, and the maximum Z-scale is denoted beside each image.  
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6.3.4    Water Uptake     

Figure 6.5 presents water uptake of crosslinked NVP films prepared with a fixed 

NVP/MBAA ratio (85/15), polymerized at different UV intensities, as a function of water 

content in the prepolymerization mixture.  Samples polymerized at high and low UV 

intensities had similar water uptake.  Figure 6.6 presents the water uptake of crosslinked 

NVP films polymerized at different UV intensities as a function of the MBAA content in 

the NVP/MBAA mixture before polymerization.  The water content was 70 wt% in all 

cases.  Again, samples polymerized at high and low UV intensities had similar water 

uptake.  The water uptake results, coupled with the AFM and CryoSEM results, suggest 

that samples polymerized at different intensities had similar overall porosity. 
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Figure 6.5     Water uptake of crosslinked NVP films polymerized at different UV 
intensities as a function of water content in the prepolymerization mixture. The 
NVP/MBAA ratio of all samples was fixed at 85/15. The unfilled squares represent 
samples polymerized at a UV intensity of ~1000 μW/cm2; the filled circles represent 
samples polymerized at a UV intensity of ~3000 μW/cm2, T ~25 oC. The data for 
samples polymerized at a UV intensity of ~1000 μW/cm2 are from Figure 5.4, 
Chapter 5. 



 103

Figure 6.6     Water uptake of crosslinked NVP films polymerized at different UV 
intensities as a function of MBAA amount in the total mixture of NVP and MBAA 
before polymerization. The water content of all samples was 70 wt%. The unfilled 
squares represent samples polymerized at a UV intensity of ~ 1000 μW/cm2; the 
filled circles represent samples polymerized at a UV intensity of ~3000 μW/cm2, T 
~25 oC. The data for samples polymerized at a UV intensity of ~ 1000 μW/cm2 are 
from Figure 5.5, Chapter 5. 

     

6.3.5    Water Permeability   

Figure 6.7 presents the influence of UV intensity and prepolymerization water 

content on water permeability in crosslinked NVP films prepared at a fixed ratio (85/15) 

of NVP/MBAA.  As prepolymerization water content increases, water permeability 

increases.  At prepolymerization water contents greater than about 60 wt%, the water 

permeability of a film polymerized at high UV intensity is slightly greater than that of a 

film polymerized at low UV intensity.  As prepolymerization water content rises to 70 

wt%, water permeability of the sample polymerized at high UV intensity is 2.7 times 

larger than that of the sample polymerized at low UV intensity.    
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Figure 6.7     Relationship between water permeability and water content in the 
prepolymerization mixture for crosslinked NVP films polymerized at different UV 
intensities at a fixed NVP/MBAA ratio of 85/15, ΔP ~ 0.7 atm, film thickness ~450 
μm, and T ~25 oC. The data for samples polymerized at a UV intensity of ~1000 
μW/cm2 are from Figure 5.7, Chapter 5. 

 

As indicated previously, the water uptake, CryoSEM, and AFM results were not 

markedly different in samples polymerized at high and low UV intensity, suggesting that 

the overall porosity of the samples was not much impacted by changes in UV intensity.  

However, particularly in samples polymerized with high prepolymerization water 

contents, samples polymerized at high UV intensity exhibit higher water permeability.  

Presumably, in these porous samples, most of the water transport is through the porous 

network of the sample.  If so, then these results suggest that the dominant effect of UV 

intensity may be to change, in a subtle fashion, the interconnectivity of the porous 

structure, which then has a measurable bearing on water permeability. 
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In addition, the impact of UV intensity on polymer morphology was studied.  He 

et al. examined the influence of UV light intensity on the structure of methacrylic 

acid/tri(ethylene glycol) dimethacrylate polymer networks and suggested that gels cured 

at low UV intensity (2000 μW/cm2) had more compact structures, while high UV 

intensity (24000 μW/cm2) led to larger pores, due to the greater extent of intramolecular 

cyclization [100].  A twelve-fold difference in UV intensity changed the pore size 

distribution from 116 ~ 303 nm (high UV intensity) to 54 ~ 212 nm (low UV intensity) 

[100].  Generally, larger pores, which can be produced by polymerizing the samples at 

higher UV intensity [100], are expected to lead to higher water permeability.  Water 

permeability of samples prepared with 50 wt% water in the prepolymerization mixture 

and a fixed NVP/MBAA ratio (85/15) is less sensitive to UV intensity than that of 

samples containing more than 60 wt% prepolymerization water, as the experimental 

result shows. 

 

Figure 6.8 presents the relationship between water permeability and NVP content 

for films polymerized at different UV intensities.  The water content in the 

prepolymerization mixture was 70 wt% for each of these samples.  As NVP content 

increases, water permeability becomes more sensitive to UV intensity.  The higher the 

NVP content (i.e., the lower the MBAA content), the higher the water permeability of 

films polymerized at higher UV intensity relative to those polymerized at lower UV 

intensity.  At 85% NVP content, the water permeability of the sample polymerized at 

high UV intensity is 2.7 times higher than that of the sample polymerized at low UV 

intensity.  At an NVP content of 70 wt%, the sample polymerized at high UV intensity 

exhibited only slightly higher water permeability than that of the sample polymerized at 

low UV intensity.     
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Figure 6.8     Relationship between water permeability and NVP (wt%) or MBAA 
(wt%) in the total mixture of NVP and MBAA for crosslinked NVP films 
polymerized at different UV intensities containing a fixed water content 70 wt%, ΔP 
~0.7 atm, film thickness ~450 μm, and T ~25oC. The data for samples polymerized 
at a UV intensity of ~1000 μW/cm2 are from Figure 5.8, Chapter 5. 

 

In summary, when the prepolymerization water content is less than 60 wt% (and 

the NVP/MBAA ratio is 85/15) or when the NVP/MBAA ratio is 70/30 at 70 wt% water 

in the prepolymerization mixture, the effect of UV intensity on water permeability is very 

small.  As water content increases (in samples with an NVP/MBAA ratio of 85/15) or at 

NVP/MBAA ratios higher than 70/30 (at 70% prepolymerization water content), samples 

polymerized at higher UV intensity have higher permeability.  Clearly, there is a complex 

relationship between these variables that will require more study to understand 

completely.     
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6.3.6    Molecular Weight Cutoff   

Molecular weight cutoff (MWCO) measurements were used to characterize the 

sieving properties of the crosslinked NVP films [14].  The MWCO is reported as the 

molecular weight of the PEO or PEG test solute for which the rejection is 90%.  Higher 

MWCO values are generally associated with larger pore sizes.  Figure 6.9 presents 

rejection data for 50H, 65H, and 70H films polymerized at UV intensities of ~1000 

μW/cm2 and ~3000 μW/cm2.  Those samples contain the same NVP/MBAA ratio 

(85/15), but prepolymerization water content ranges from 50 wt% (50H) to 65 wt% (65H) 

to 70 wt% (70H).  The dashed line represents 90% rejection, corresponding to the 

MWCO value.  

 

70H and 65H films polymerized at higher UV intensity have significantly higher 

MWCO values than samples polymerized at lower UV intensity.  These higher MWCO 

values mean that the 70H and 65H films polymerized at higher UV intensity have lower 

solute rejection than the corresponding samples polymerized at lower UV intensity.  The 

lower rejection of the samples polymerized at higher UV intensity correlates with their 

higher water permeability, since water permeability is generally expected to increase as 

rejection decreases [109].  For the 50H film, the MWCO values of samples polymerized 

at high and low UV intensities were very similar, which is consistent with the fact that 

the water permeability values of these samples were quite similar.  
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Figure 6.9     Molecular weight cutoff of crosslinked 50H, 65H and 70H NVP films 
that were polymerized at different UV intensities. The filled symbols represent 
samples polymerized at a UV intensity of ~3000 μW/cm2; the unfilled symbols 
represent samples polymerized at a UV intensity of ~1000 μW/cm2. The thickness of 
these films was ~450 μm. The dashed line represents a rejection of 90%, 
corresponding to the molecular weight cutoff value. 

     

Figure 6.10 presents rejection data for 85N and 70N films polymerized at 

different UV intensities.  85N and 70N have the same water content (70 wt%) in the 

prepolymerization mixture but different NVP/MBAA ratios (85/15 and 70/30, 

respectively).  The MWCO value of 85N polymerized at high UV intensity is higher than 

that of the sample polymerized at low UV intensity, so the rejection properties of this 

sample are lower than those of the analogous material polymerized at low UV intensity.  

This result is consistent with water permeability values, which are higher for the 85N 

sample polymerized at high UV intensity than for the same sample polymerized at lower 

UV intensity.  For 70N, the MWCO value of the high UV intensity sample is only 

slightly higher than that of the sample polymerized at low UV intensity, which is 
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consistent with the similar water permeability values observed for this sample when 

polymerized at either high or low UV intensity. 

 

Figure 6.10     Molecular weight cutoff of crosslinked 85N and 70N NVP films that 
were polymerized at different UV intensities. The filled symbols represent  samples 
polymerized at a UV intensity of ~3000 μW/cm2; the unfilled symbols represent 
samples polymerized at a UV intensity of ~1000 μW/cm2. The thickness of these 
films was ~450 μm. The dashed line represents a rejection of 90%, corresponding to 
the molecular weight cutoff value.  

 

A summary of MWCO values (obtained from the rejection curve of each sample) 

is provided in Table 6.2.  The effective solute (i.e., PEG/PEO) size was calculated using 

the equations listed in Table 3.1, Chapter 3.  The uncertainty of MWCO value and 

PEG/PEO solute size were determined by the propagation of errors [110].  The 

uncertainty in the rejection data, based on the standard deviation of repeated 

measurements, was 5%.  Based on the known variation of rejection, the variation of 

PEG/PEO solute size can be calculated from the linear relationship between rejection and 
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natural logarithm of PEG/PEO solute size by using the propagation of errors.  Once the 

variation of PEG/PEO solute size was determined, the variation of MWCO value as 

calculated using the relationship between PEG/PEO molecular weight and solute size (the 

equations listed in Table 3.1, Chapter 3). 

 

Table 6.2       Molecular weight cutoff values 

Sample Intensity 
(μW/cm2) 

MWCO 
(kDa) 

PEG/PEO 
Size (nm) 
(± 1 nm) 

Intensity 
(μW/cm2) 

MWCO 
(kDa) 

PEG/PEO 
Size (nm) 
(± 1 nm) 

NVP/MBAA = 85/15 (w/w) 
70H 1000 650 ± 3 27 3000 10360 ± 4 137 
65H 1000 50 ± 3 7 3000 960 ± 3 34 
60H 1000 10 ± 2 3 3000 780 ± 3 30 
50H 1000 5 ± 2 2 3000 10 ± 2 3 

70 wt% H2O 
85N 1000 650 ± 3 27 3000 10360 ± 4 137 

82.5N 1000 390 ± 3 20 -- -- -- 
80N 1000 190 ± 3 13 3000  1860 ± 4 50 
70N 1000 140 ± 3 11 3000 360 ± 3 19 

 
NOTE: The effective solute size was calculated using the equations in Table 3.1, Chapter 
3. The error of MWCO value and PEG/PEO solute size were calculated by the 
propagation of errors [110]. The uncertainty in the rejection data, based on the standard 
deviation of repeated measurements, was 5%.   

 

For each sample composition, the film polymerized at higher UV intensity nearly 

always has higher MWCO value or PEG/PEO solute size; the only exception to this trend 

is sample 50H.  For example, 70H had MWCO values of 650 and 10360 kDa when 

polymerized at UV intensities of ~1000 and ~3000 μW/cm2, respectively.  The error in 

the MWCO value of each sample was calculated based on propagation of errors [110].  
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For those samples with similar water permeability at high and low UV intensities, the 

MWCO values and PEG sizes were similar, e.g., 50H.  The MWCO results are consistent 

with the water permeability results, indicating that the interconnectivity of the crosslinked 

films plays a key role in water transport and is influenced by the UV intensity during 

membrane formation.  

 

6.4        CONCLUSIONS  

CryoSEM and Bio-AFM did not reveal any significant structural differences 

between samples polymerized at high and low UV intensities.  Likewise, water uptake 

was similar in samples polymerized at different UV intensities.  However, several of the 

samples polymerized at higher UV intensity showed 2.7 times higher water permeability 

and lower solute rejection, suggesting that permeation properties are more sensitive to the 

fine details of the pore structure in these films than are the CryoSEM, AFM or water 

uptake measurements.  The degree to which permeability and rejection properties were 

affected by UV intensity was influenced by the composition of the prepolymerization 

mixture. 
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Chapter 7     

 

 

Conclusions and Recommendations 
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7.1        CONCLUSIONS 

This dissertation focused on characterizing structure/property relations in 

hydrogel based materials for preparation of fouling-resistant coatings for porous UF 

membranes.  The hydrogel based materials considered were poly(ethylene glycol) 

diacrylate (PEGDA) and N-vinyl-2-pyrrolidone (NVP), which have several applications 

in the medical, pharmaceutical, chemical, biotechnology, and membrane filtration fields 

[43,47].   

 

Although these polymers share certain similarities as coating materials, their 

membrane formations are very different because of differences in reactivity ratio and in 

the hydrophilicity of the crosslinkers and monomers.  The reactivity ratios and 

hydrophilicities of PEGDA (crosslinker) and PEGA (monomer) are fairly close, while 

MBAA (crosslinker) has a much larger reactivity ratio and is less hydrophilic than NVP 

(monomer).  Polymerization induced phase separation was found in systems for both 

crosslinked PEGDA with PEGA and crosslinked NVP with MBAA.  Different membrane 

formations lead to different membrane morphologies, and thus, different transport 

properties.  The differences in membrane structures for crosslinked PEGDA with PEGA 

and crosslinked NVP with MBAA films underlie the fundamental understanding of 

structure/property relations as they relate to the preparation of fouling-resistant coatings.  

The findings from this study for these two coating materials are listed separately below.   
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7.1.1   Poly(ethylene glycol) diacrylate (PEGDA)   

1. As the water content in the prepolymerization mixture of PEGDA/H2O system 

became greater than 60 wt%, the visible light (at 600 nm) absorbance, NaCl 

diffusion coefficient, and partition coefficient in the film sharply increased, 

indicating a significant change in membrane morphology due to PIPS. 

2. As the monomer (PEGA) content increased to 75 g per 100 g of the total 

PEGA/PEGDA mixture at a fixed prepolymerization water content (80 wt%) in 

the PEGDA/PEGA/H2O system, there was almost no visible light absorbance, 

suggesting that little or no PIPS occurred at or above this composition.   

3. CryoSEM images provided visual evidence of PIPS.  Porous phase-separated 

films (e.g., 20/80 PEGDA/H2O) were observed in some cases, while non-porous 

structures were found in films without PIPS (e.g., 50/50 PEGDA/ H2O, 5/15/80 

PEGDA/PEGA/H2O).  

4. Lower crosslinker density (i.e., more monomer, less crosslinker, or higher 

prepolymerization water content) led to higher water sorption.  

5. More open structure or more PIPS (i.e., less monomer, less crosslinker, or higher 

prepolymerization water content) resulted in higher water permeability. 

6. Crosslinked films with PIPS exhibited a non-linear flux-pressure relationship due 

to membrane compaction under high pressure and their water permeability was 

dependent on thickness.  In the absence of PIPS, water flux was a linear function 

of pressure and was independent of the thickness.  

7. Crosslinked PEGDA films have good protein fouling resistance and high rejection 

of BSA up to 96%.  
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7.1.2   N-vinyl-2-pyrrolidone (NVP)   

1. PIPS was found in crosslinked NVP films at all sample compositions.  

2. More monomer, less crosslinker and higher water content led to more open 

structure and thus, higher water permeability.  

3. Samples polymerized at different UV intensities yielded similar crosslinking 

extent, cross sectional images, surface morphologies, and water uptake, indicating 

similar overall porosity.  

4. Samples polymerized at higher UV intensity led to higher water permeability and 

higher MWCO, indicating larger pores or more interconnectivity during 

membrane formation and lower rejection.   

5. Varying UV intensity may change, in a subtle fashion, the interconnectivity of the 

porous structure, which, in turn, has a measurable impact on water permeability 

and MWCO.  

6. Crosslinked NVP films had good protein and oil fouling resistance, and high oil 

rejection (~99%) but low protein rejection (~50%).  

 

7.2        RECOMMENDATIONS 

7.2.1   Other Foulants 

Common foulants include not only oily water emulsions [23,24], but also proteins 

[25-27] and natural organic matter [111].  Membrane morphologies depend strongly on 

NVP/MBAA/water composition and synthesis conditions.  Based on the molecular size 

of different foulants, organic rejection and water transport could be enhanced and the 

membrane morphology could be tailored by altering the sample compositions and 

synthesis conditions.  Protein is an especially interesting foulant, since protein 
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aggregation is sensitive to pH values.  At various pH values, the sizes of protein 

aggregates are changed [112].  In addition, protein aggregation and adsorption on the 

membrane surface reaches a maximum at the iso-electric point (pI = 4.8 BSA) [113,114].    

  

7.2.2   Thin-Film Composite Membrane  

To explore additional practical applications, thin-film composite membranes need 

to be made.  Some initial results are shown in Appendix.  Different compositions of 

coating solution were coated on commercial PSF UF membranes.  Higher water and 

monomer (NVP) content in the coating solution led to more permeable structures but 

lower solute rejection. Composite membranes exhibited better fouling resistance than 

uncoated PSF membranes.  However, NVP was found to be a solvent for PSF support 

membrane.  A new support membrane that will not dissolve in the coating solution is 

needed.  For practical applications, more studies on new support membranes will be 

needed.  

 

Based on the free-standing films results, altering the monomer/crosslinker ratio 

and water content in the coating solution might yield interesting transport performance 

and organic rejection of composite membranes.  In addition, the transport properties of 

NVP-co-MBAA gels depend on UV light intensities.  Changing the UV light intensity 

when making composite membranes might enhance transport properties without altering 

the coating solution compositions.   
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Appendix  

 

 

Fouling Resistant Coatings for Oil/Water Separation 
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A.1        SUMMARY  

Potential fouling resistant coating materials were coated onto commercially 

available polysulfone (PSF) membranes.  Various solutions of water, monomer N-vinyl-

2-pyrrolidone (NVP) and crosslinker N,N’-methylenebisacylamide (MBAA) were used 

for coating.  X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy 

and contact angle measurement were employed in characterizing the coated surface; 

scanning electron microscopy was used to measure the coating layer thickness.  A range 

of coating solution compositions led to variations in coating layer thickness and initial 

pure water flux of the coated membranes.  Higher water content in the coating solution 

resulted in higher initial water flux but lower irreversible fouling resistance.  Overall, 

coated PSF membranes showed good oil fouling resistance, as much as eight times higher 

flux than the long-term flux of uncoated PSF membrane, and better organic rejection (up 

to 99.5%), using 1500 ppm oily water emulsion as the foulant.  However, NVP was 

found to be a solvent for the PSF support membrane.  More studies on other support 

membranes will be needed to utilize NVP/MBAA copolymers as a coating material.   

 

A.2        INTRODUCTION  

In Chapter 5 and Chapter 6, NVP copolymerized with MBAA free-standing films 

were characterized.  For practical applications, thin-film composite membranes were 

prepared in this study using NVP/MBAA copolymers as coating materials and 

poly(sulfone) UF membranes as supports.  NVP/MBAA copolymer coated poly(sulfone) 

UF membranes were characterized using Fourier transform infrared spectroscopy (FTIR) 

to monitor the reaction conversion, X-ray photoelectron spectroscopy (XPS) to detect the 

coated surface, scanning electron microscopy (SEM) to determine the coating layer 



 119

thickness, contact angle measurement to measure the surface hydrophilicity, and dead-

end filtration and crossflow filtration systems to understand the transport properties.  

 

A.3        EXPERIMENTAL SECTION  

Materials 

In the preparation of thin-film composite membrane, PSF UF membranes (type A-

1), kindly provided by General Electric (Fairfield, CT), were supplied on a non-woven 

fabric support approximately 50 μm thick.  The monomer and crosslinker were mixed 

with deionized water from a Milli-Q Ultrapure water system (Millipore) and 1 wt% (of 

the total mixture of monomer and crosslinker) photoinitiator to make the 

prepolymerization mixture (i.e., coating solution).  Polyvinylpyrrolidone (PVP, 
61.3 10wM = × ), glycerol and isopropanol were purchased from Sigma-Aldrich, Inc. and 

used as received. 

Nomenclature 

In the study of thin-film composite membrane, high molecular weight PVP 

( 61.3 10wM = × ) was added to the prepolymerization mixture, which increased the 

coating solution viscosity and, thus, decreased the possible intrusion of the coating 

solution into the porous PSF support.  5.6, 3, and 2.5 wt% PVP were added to 

prepolymerization mixtures containing 70, 60 and 50 wt% water with a fixed 

NVP/MBAA ratio of 85/15; they are designated as C70H, C60H and C50H, respectively. 

Composite Membrane Preparation 

PSF support membranes were pretreated in 40 wt% glycerol in isopropanol to fill 

the PSF membrane pores and reduce the likelihood of intrusion of the coating solution 

into the membrane pores.  The prepolymerization mixture was spread on the top surface 

of the pretreated support membranes using a Gardco automatic drawdown machine 
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(Model DP-8201, Pompano, FL) with a coating rod size of 0, and the coating speed was 

set to 2.5 cm/sec.  Then the PSF membrane coated with the prepolymerization mixture 

(coating solution) was polymerized by exposure to UV light (~1100 μW/cm2) for 300 

seconds in a nitrogen environment to inhibit the interference of oxygen with the 

polymerization.   

X-Ray Photoelectron Spectrometer 

X-ray photoelectron spectrometer was recorded using a commercial X-ray 

phoelectron spectrometer (Axis Ultra DLD XPS, Kratos Analytical Inc.) equipped with a 

hemispherical analyzer and a set of electrostatic and magnetic lenses for photoelectron 

collection.  A monochromatic Al Kα source was used at 150 W (15 kV and 10 mA).  All 

spectra were recorded at 0o take-off angle, measured with respect to the samples’ 

surface.  Linear background subtraction was used for the C1s spectra, and the Shirley 

background subtraction was applied to other peaks [115].  The base pressure of the ultra 

high vacuum chamber was typically 2x10-9 torr during spectrum acquisition. 

Scanning Electron Microscopy  

Scanning electron microscopy (SEM) was performed using a Hitachi S-4500 field 

emission SEM (Hitachi High Technologies America, Inc., Schaumburg, IL) at 

accelerating voltage of 10 keV and around 18 mm working distance.  Prior to the 

experiment, the fractured film was mounted perpendicular (edge-on) to the surface of a 

piece of silicon wafer using conductive carbon tape.  The cross-section to be analyzed by 

SEM was thus parallel to the silicon wafer surface.  To ensure accurate measurement of 

coating layer thickness, the sample must be nearly perpendicular to the electron beam.  

This was achieved by tilting the microscope stage with the cross-section in view until the 

sample top and bottom surface features could not be observed.  For sample preparation, 

the composite membrane was randomly fractured in slush liquid nitrogen to expose its 
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cross-section; the exposed cross-section was then sputter-coated with gold to enhance 

surface contrast and conductivity prior to SEM imaging. 

Contact Angle Measurement 

The captive bubble contact angle of membrane was measured using a goniometer 

(FTA200, First Ten Angstroms, Inc., Portsmouth, VA) at ambient temperature.  

Membrane samples were immersed in a water bath upside down and placed on the 

goniometer.  A droplet of dodecane from Sigma-Aldrich, Inc. was placed on the inverted 

membrane surface and the contact angle was measured.  At least five measurements were 

taken at different locations on the membrane surface to determine the average contact 

angle value and the standard deviation. 

Transport and Fouling Properties of Composite Membrane 

Dead-end filtration was conducted at ambient temperature (~25 oC) using neutral, 

deionized water to get the permeance of coated membrane before and after crossflow 

filtration.  The filtration cell (UHP-43 from Advantec MFS, Inc., Dublin, CA) was filled 

with deionized water and pressurized with nitrogen on the upstream side of the film.  

Permeate was collected in a graduated cylinder, and a stopwatch was used to measure the 

time required to collect a given volume of permeate.  The permeance, P , was calculated 

as follows: 
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where J is the permeate flux, pV  is the volume of permeate collected during a 

time period, t , mA is the membrane area, op is the feed pressure, and lp  is the permeate 

pressure (atmospheric pressure in these studies). 

 

The fouling properties of coated and uncoated PSF membranes were characterized 

using a crossflow membrane filtration system (Separation System Technologies, San 
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Diego, CA) that can test three membranes simultaneously at pressures up to ~20 atm.  All 

tests were conducted at ambient temperature (~25 oC) with transmembrane pressure at 

10.2 atm; the crossflow rate was set to 136 L/h, corresponding to a Reynolds number of 

2600 in our system.  Permeate flux of composite membrane treating oily water emulsion 

(1500 ppm, 9 parts oil (Wesson) : 1 part surfactant (Dow corning 193)) filtration was 

recorded by digital balances connected to a computer and feed/permeate concentrations 

were analyzed by TOC analyzer to calculate the organic rejection. 

 

A.4        RESULTS AND DISCUSSION  

In Chapter 5 and Chapter 6, the relationship between crosslinked NVP film 

structure and water transport was characterized, as shown in Figure A.1.  50H, 60H and 

70H represent the free-standing film containing 50 wt%, 60 wt%, and 70wt% water 

content in the prepolymerization mixture, respectively, with a fixed NVP/MBAA ratio of 

85/15.  As prepolymer water content increases from 50 wt% to 70 wt%, the water 

permeability increases from ~55 to ~1300 L μm/(m2 hr atm).  The corresponding 

CryoSEM cross sectional images of free-standing film 50H and 70H also appear in 

Figure A.1.  The free-standing film with more water in the prepolymerization mixture, 

i.e. 70H, has a more open structure, leading to less resistance to water transport, and thus, 

higher water permeability.  Free-standing films 50H, 60H and 70H have different film 

morphologies and resistance to water transport, and thus, the same prepolymerization 

mixture of each film was used as potential coating solutions on commercial PSF 

membranes.  
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Figure A.1     Water permeability of crosslinked NVP free standing film containing a 
fixed NVP/MBAA ratio of 85/15 and various water contents, 50 wt% (50H), 60 wt% 
(60H), and 70  wt% (70H) in the prepolymerization mixture as a function of 
prepolymer water content. The corresponding CryoSEM cross-section images of 
crosslinked NVP films, 70H and 50H were shown. The water permeability data and 
CryoSEM images are from Figure 5.2 and Figure 5.7, Chapter 5.  

   

A.4.1    Composite Membrane Preparation    

The penetration of coating solution into the pores of the support membrane can be 

a significant issue in composite membrane manufacturing.  Increasing the coating 

solution viscosity can reduce this intrusion [16].  Figure A.2 presents the strategy to 

reduce the penetration of coating solution into the support membrane.  Composite PSF 

membranes were prepared using the same prepolymerization mixture of free-standing 

film 50H, 60H, and 70H, but high molecular weight polyvinylpyrrolidone (PVP) 

( 61.3 10wM = × ) was added to each prepolymerization mixture to increase viscosity and 

reduce penetration into the pores of the support PSF membrane.  2.5 wt%, 3 wt%, and 5.6 
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wt% PVP was added to prepolymerization mixtures of 50H, 60H and 70H; these samples 

were designated as C50H, C60H, and C70H, respectively.  Another way to reduce 

coating solution penetration is to pretreat the PSF support membrane.  PSF support 

membranes were pretreated in 40 wt% glycerol in isopropanol, so that the pores were 

filled with glycerol, before making composite membranes.  This preblocking of the 

support membrane pores not only reduced intrusion of the coating solution but also 

increased the hydrophilicity of the PSF surface for easy coating.  Even with increased 

coating solution viscosity and pre-blockage of support membrane pores by glycerol, some 

penetration by the coating solution still occurs at the very top surface.  This might 

provide a more stable coating layer.   

   

Figure A.2     Methods to reduce the penetration of coating solution.  

   

A.4.2    Fourier Transform Infrared Spectroscopy    

Fourier Transform Infrared Spectroscopy (FTIR-ATR) can be used to monitor the 

existence of coating layer on the top of commercial PSF membranes.  Figure A.3 shows 

the FTIR spectra of a crosslinked NVP film with 70 wt% water and a NVP/MBAA ratio 

of 85/15 in the prepolymerization mixture (free-standing film), uncoated PSF support 

membrane (unPSF), and composite membrane C50H, C60H, and C70H.  The spectra of 
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composite membranes C50H, C60H, and C70H exhibit IR absorptions for both free-

standing film (i.e., 70H) and uncoated PSF support membrane (i.e., unPSF).  The 

absorption at 1650 cm-1 for poly(vinylpyrrolidone) (PVP) indicates the existence of the 

coating layer on all composite membranes [94,95].   

 

Figure A.3     FTIR-ATR spectra of a crosslinked NVP film with 70 wt% water and 
a NVP/MBAA ratio of 85/15 (free-standing film), uncoated PSF support membrane 
(unPSF), and several composite membranes containing 50 wt%, 60 wt% and 70 
wt% water, 2.5 wt%, 3 wt%, and 5.6 wt% PVP, and a fixed NVP/MBAA ratio of 
85/15 in the coating solution, respectively (C50H, C60H, C70H).   

 

However, the PSF absorptions in the composite membrane spectra indicate two 

possibilities.  First, there may be defects in the coating layer that expose the PSF support 

membrane to the IR beam.  Second, the coating layer may be so thin that the IR beam 

penetrates it and detects the PSF support membrane, leading to the PSF absorptions that 
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appear in the composite membrane spectra.  The depth of IR beam penetration ( pD ) is 

calculated as follows [116]:  
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 (A.2)                               

where λ  is the wavelength, Φ  is the effective angle of incidence, cn  is the refractive 

index of crystal, and sn  is the refractive index of sample.  The instrument, a Thermo 

Nicolet Nexus 470 (Madison, WI), was equipped with a MIRacleTM single reflection 

ATR (Pike Technologies) with an effective angle of 45 degrees, and the refractive index 

of the zinc selenide crystal is 2.4 at 1000 cm-1 [116].  The refractive index of the coating 

layer, crosslinked NVP, is 1.53 [117].  The wavelength is the reciprocal of the 

wavenumber in cm-1.  For wavenumbers from 700 to 1800 cm-1, the corresponding 

penetration depth ranges from 3.1 to 1.2 μm.  If the coating layer is thinner than 3.1 μm, 

the IR beam could penetrate through the coating layer and scan the PSF support 

membrane. 
       

A.4.3    X-Ray Photoelectron Spectrometry    

X-ray photoelectron spectrometry (XPS), another useful tool for studying surface 

properties of thin-film composite membranes, quantitatively measures the elemental 

composition, empirical formula, chemical state and electronic state of the elements within 

a material [118].  XPS detects elemental surface composition up to only a few 

nanometers deep [118].  Figure A.4 shows the XPS spectrum of N 1s of composite 

membranes, C50H, C60H, and C70H, and uncoated PSF (unPSF).  For the PSF support 

membrane, there should be no nitrogen element in it; while the coating solutions have 

nitrogen element.  There was no significant nitrogen detected from the uncoated PSF 

support membrane (control sample), but the surface spectra from the thin-film composite 
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membranes, C50H, C60H and C70H, show a strong nitrogen signal, indicating the 

existence of NVP/MBAA coating layers.  

 

Figure A.4     XPS spectrum of N 1s of composite membranes, C50H, C60H, and 
C70H, and uncoated PSF (unPSF). 

         

A.4.4    Scanning Electron Microscopy   

Figure A.5 presents the SEM cross sectional images of different composite 

membranes, C50H, 60H, and uncoated PSF (unPSF) support membrane (as control).  The 

SEM images provide an idea of the coating layer thickness in the dry state.  For each 

composite membrane, at least five different cross sectional images were taken at various 

locations on the membrane cross-section to determine the average coating layer thickness 

and standard deviation.  Figure A.5(A) shows the cross sectional image of uncoated PSF 

support membrane at scale bar 7.5 μm.  A fairly porous structure was observed.  At the 

same scale bar, the cross sectional image of C50H-coated PSF membrane, Figure A.5(B), 

shows a significant coating layer with thickness ~1.3 ± 0.5 μm.  The coating layer 
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thickness was determined by tilting the sample rod of SEM equipment from -10 to 45 

degrees; initially, both surface and cross-section were observed, but once the surface 

image just disappeared, the actual coating layer was detected.  In addition, a dense layer 

was observed at the very top of the cross-section of support membrane in Figure A.5(B).  

Slight penetration by the coating solution occurs during coating; this so-called 

penetration layer provides good adhesion between the coating layer and support 

membrane.   

 

A control cross sectional image of uncoated PSF support membrane at scale bar 2 

μm is shown in Figure A.5(C).  Again, the very porous cross sectional image was 

observed.  At the same scale bar, Figure A.5(D) presents the cross sectional image of 

coated PSF using C60H as the coating solution.  Clearly, C60H yields a very thin coating 

layer, ~0.2 ± 0.05 μm, along with a penetration layer.  As water content in the coating 

solution increases from 50 wt% (C50H) to 60 wt% (C60H), using the same coating 

procedure and conditions, the coating layer becomes thinner.  For C70H, the sample with 

70 wt% water in the coating solution, due to the limitations of SEM, there was no clear 

image of a coating layer.  
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Figure A.5     SEM cross sectional micrographs of (A) uncoated PSF support membrane (unPSF) at 
scale bar 7.5 μm, (B) coated PSF membrane using 50H as coating solution (C50H), (C) uncoated PSF 
support membrane (unPSF) at scale bar 2 μm, and (D) coated PSF membrane using 60H as coating 
solution (C60H).   
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A.4.5    Contact Angle Measurement    

Literature shows that an increase in surface hydrophilicity could enhance 

membrane fouling resistance [15,16].  Also, one reason for putting a coating layer on PSF 

membranes is to change its surface hydrophilicity.  Captive bubble contact angle 

measurements can provide an idea of the relative surface hydrophilicity of coated and 

uncoated membranes.  Table A.1 gives the contact angle in water between a dodecane 

droplet and the PSF membranes with (C50H, C60H, C70H) and without (uncoated) a 

coating of NVP/MBAA copolymer or free-standing film (70H).  The free-standing film 

and uncoated PSF membrane served as control samples.  The composite membranes 

(C50H, C60H and C70H), had very similar contact angles as the free-standing film 

(70H), indicating a coating layer with surface hydrophilicity similar to a NVP/MBAA 

free-standing film, on a PSF support membrane.  The coated membrane has a lower 

contact angle than does the uncoated PSF membrane, indicating a successful change in 

surface hydrophilicity.           
   

Table A.1       Contact angle of free-standing film (70H), coated (C50H, C60H, and 
C70H composite membrane) and uncoated PSF membrane. 

Membrane Contact angle (Degrees) 
Free-standing film (70H) 
C70H composite 
C60H composite 
C50H composite 
Uncoated PSF 

51 ± 6 
52 ± 3 
55 ± 4 
54 ± 5 
120 ± 19 

   

A.4.6    Fouling Resistance and Organic Rejection  

The permeation and separation performance of composite membranes were 

evaluated by crossflow filtration system using oily water emulsion (1350 ppm vegetable 
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oil and 150 ppm DC-193) as foulants.  Figure A.6 presents the permeate flux for different 

composite membranes (C50H, C60H, and C70H) and uncoated PSF as a function of 

operation time, where the coated and uncoated membranes were tested side by side.  

After 24 hours, the flux of uncoated PSF membrane dropped from ~100 LMH to less than 

10 LMH, showing severe fouling; all the composite membranes exhibited better fouling 

resistance than the uncoated PSF.  Composite membrane C70H had almost 8 times higher 

permeate flux than uncoated PSF; composite membrane C50H had almost 4 times higher 

permeate flux than uncoated PSF; and the permeate flux for composite membrane C60H 

fell between those for C50H and C70H.  As the CryoSEM images indicated in Figure 

A.1, higher water content in the coating solution (i.e., C70H) led to more open structure 

and consequently higher permeate flux.    
     

Figure A.6     Flux vs time for oil/water crossflow filtration test of uncoated PSF and 
composite membranes, C50H, C60H and C70H. The feed contained 1350 ppm 
vegetable oil, 150 ppm DC-193 neutral surfactant, and water. The experiments were 
performed at a feed pressure of 10.2 atm and at 25 oC. The crossflow rate was 136 
L/h, and the Reynolds number was 2600. 
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Figure A.7 presents the organic rejection of coated membranes (C50H, C60H, and 

C70H) and uncoated PSF membrane in a crossflow filtration system as a function of 

operation time.  The oil rejection of all coated membranes were excellent, up to 99.5 %, 

and rejection remained constant from beginning to end, indicating that the PSF was well 

coated.  In contrast, the uncoated PSF membrane exhibited organic rejection of 95% at 

the beginning and up to 99% at the end, probably due to the pore blockage of oil droplets 

on the surface finally forming a fouling layer, and thus leading to higher oil droplet 

rejection after 5 hours operation time [11].  
   

Figure A.7     Organic rejection vs. time for oil/water crossflow filtration test of 
uncoated PSF and composite membranes, C50H, C60H and C70H. The feed 
contained 1350 ppm vegetable oil, 150 ppm DC-193 neutral surfactant, and water. 
The experiments were performed at a feed pressure of 10.2 atm and at 25 oC. The 
crossflow rate was 136 L/h, and the Reynolds number was 2600. 
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A.4.7    Irreversible Fouling Index  

Fouling can occur either inside the membrane (internal fouling) or outside the 

membrane (surface fouling) [11].  In principle, the coating layer applied on top of the 

PSF support membrane would prevent internal fouling.  The degree of internal fouling of 

different composite membranes and uncoated PSF is described by the irreversible fouling 

index, which was determined by measuring the pure water permeance of coated and 

uncoated membranes in a dead-end filtration system before (PB) and after (PA) oil/water 

crossflow filtration, and was calculated as PA/PB.   

 

Table A.2 presents the permeance of coated (C70H, C60H, and C50H) and 

uncoated PSF membranes before and after oily water emulsion filtration, and the 

irreversible fouling index.  Permeance data after oily water emulsion crossflow filtration 

(PA) were measured in a dead-end filtration system after 24 hours operation of oil/water 

crossflow.  The uncoated PSF membrane has an irreversible fouling index near 0, 

indicating severe internal fouling.  In contrast, all composite membranes have better 

internal fouling resistance than uncoated PSF.  Composite membrane C50H has the 

highest irreversible fouling index, 0.97.  The permeance before and after oily water 

emulsion filtration are similar, demonstrating an almost total absence of internal fouling.  

C60H and C70H have irreversible fouling indices of 0.66 and 0.53, respectively, 

indicating the occurrence of internal fouling.  In summary, comparing the effects of using 

coating solutions C50H, C60H, and C70H, the C70H composite membrane has the 

highest permeate flux but the lowest irreversible fouling index, while the C50H 

composite membrane has the lowest permeate flux but the highest irreversible fouling 

index, probably due to the difference in coating porosity.         
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Table A.2       The permeance of coated (C70H, C60H and C50H composite 
membrane) and uncoated PSF before (PB) and after (PA) oil/water crossflow 
filtration. The irreversible fouling index was calculated as PA/PB.  

 Permeance (L/m2 h atm) 
Irreversible 

fouling index 

Sample 
before oil/water 

filtration, PB 
after oil/water 
filtration, PA PA/PB 

C70H composite 23 ± 2 12.2 ± 0.7 0.53 ± 0.04 
C60H composite 11 ± 1 7 ± 2 0.66 ± 0.14 
C50H composite 3.6 ± 0.9 3.5 ± 0.9 0.97 ± 0.02 
Uncoated PSF 284 ± 16 0.2 ± 0.1 0.0006 ± 0.0004 

   

A.4.8    Problems of Using PSF as Support Membrane 

Based on the free-standing film results of crosslinked NVP, NVP has a much 

higher water flux and more open structure than PEBAX® [15] and poly(ethylene glycol) 

diacrylate (PEGDA) [16].  Therefore, NVP coated membrane would have higher water 

flux than PEBAX or PEGDA coated membranes.  However, comparing the long-term 

water flux of coated membranes using PEBAX® [15], PEGDA [16] and NVP (when 

purifying oily water emulsions in crossflow filtration system), similar results were 

obtained.     

 

Several factors might result in this phenomenon.  First is the formation of a gel 

layer of oil or emulsified oil droplets at the surface of the coated UF membrane despite 

the hydrophilic coating layer that can reduce surface fouling.  With such a gel layer, a 

limiting flux would be achieved [11].  In this case, the gel layer formed during filtration 

dominates the transport properties.  Thus, different coating materials used in several 

studies might result in similar water flux at the same filtration conditions. 
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Another potential cause is the solubility of PSF in the coating solution.  Table A.3 

presents the solubility parameters and chemical structure of N-methyl-2-pyrrolidone 

(NMP), PSF and NVP.  The solubility parameter of NMP is fairly close to that of PSF, 

showing that NMP is a good solvent of PSF.  In addition, NVP has similar chemical 

structure to NMP, and the solubility parameter of NVP is also close to that of NMP, 

indicating that NVP might be a solvent for PSF.  

 

Table A.3       Solubility parameters and chemical structure of polymer/solvent 
studied.  

Chemical Structure Solubility Parameter      

(MPa1/2) 

N-methyl-2-pyrrolidone (NMP) 22.9 

Poly(ether sulfone) (PSF)  

O C O SO2 *

CH3

CH3

*

n

20.26 

N-vinyl-2-pyrrolidone (NVP) 

 

24.58 

 

 
NOTE: All solubility parameters are from the Polymer Handbook [119] except for NVP, 
which was estimated using the method of van Krevelen and Hoftyzer in the Polymer 
Handbook [119].    
 

N O

CH3

N O



 136

 To verify if NVP can dissolve (or at least swell and possibly alter the structure 

of) PSF, a simple experiment was conducted by soaking a PSF support membrane in pure 

NVP for one hour.  Pure water flux of PSF with and without soaking in NVP was 

measured by dead-end filtration system.  After soaking PSF in NVP for an hour, the 

surface of the PSF became visibly rougher than that of PSF without NVP treatment.  

Furthermore, in Figure A.8, PSF soaked in pure NVP had a lower pure water flux than 

PSF without any soaking treatment, showing that NVP has impacted the PSF membrane, 

leading to lower pure water flux.   

 

Figure A.8     Pure water flux of PSF support membrane with or without soaking in 
NVP for one hour.  
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practical applications, more studies on the development of thin-film composite 

membranes made using other support membranes (e.g., PVDF) are needed. 

 

A.5        CONCLUSIONS 

Different compositions of NVP and MBAA were coated onto commercially 

available polysulfone membranes.  PSF membranes coated with NVP/MBAA 

copolymers, C70H, C60H and C50H, had better fouling resistance than an uncoated PSF 

membrane after 24 hours measurement in crossflow filtration system using oily water 

emulsion as foulants.  C70H showed higher permeate flux but low irreversible fouling 

resistance, while C50H showed a lower initial flux but high irreversible fouling 

resistance, perhaps due to differences in coating porosity.  Higher water content in the 

coating solution led to more open structure and thinner coating layer, resulting in higher 

permeate flux and more internal fouling.  Composite membranes showed good oil fouling 

resistance, at least 4X higher water flux than the long-term flux for uncoated PSF (using 

C50H as coating solution), and higher rejection (up to 99.5%).  Although the thin-film 

composite membranes showed good fouling resistance, NVP was found to have impacted 

the PSF support membrane.  In order to utilize NVP-copolymerized with MBAA as a 

coating material, further experiments using other support membranes will be needed.  
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Nomenclature 

a   stokes radius (nm) 

A   water permeability constant, io iDKc v
lRT

, (m3/m2.s.atm)  

or absorbance of the sample at 600 nm 
mA  membrane area (m2) 

)(mioc   concentration of component i  in the membrane at the feed side (kg/m3) 

)(milc   concentration of component i  in the membrane at the permeate side 
(kg/m3) 

fC  feed concentration (g/cm3) 

pC     permeate concentration (g/cm3) 
dC
dx

  driving force 

D  diffusion coefficient (m2/s) 
pD  penetration depth (μm) 

oI  intensity of radiant energy striking the sample 
I   intensity of the radiation transmitted through the sample 
J   flux (L/m2.h) 

iJ   flux of component i ( L/m2.h)  

K   
Sorption coefficient or NaCl partition coefficient 

3

3

g NaCl/cm  hydrated film
g NaCl/cm  solution

⎛ ⎞
⎜ ⎟
⎝ ⎠

  

K   Kozeny-Carman constant, which depends on pore shape and tortuosity  

l   dry membrane thickness or swollen membrane thickness measured 
when the film was freely swollen in deionized water (μm) 

L  unit thickness (m) 
PL  Darcy’s Law permeability coefficient (g/s.atm.m2)  

M  molecular weight (g/mol) 
tM   mass of salt released at time t  (g) 

∞M  mass of salt released at equilibrium (g) 
cn   refractive index of crystal 

sn   refractive index of sample 
p  (hydraulic) pressure (atm) 
pΔ  difference in hydrostatic pressure across the membrane (atm) 
op   feed pressure (atm) 

lp   permeate pressure (i.e., atmospheric pressure) (atm) 
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P   Permeability (L.μm/h.atm.m2) 
P  Permeance (L /h.atm.m2) 
r  pore radius (m) 
R   gas constant (J/mole.K) or Rejection 
S  internal surface area (m2/g) 
t   time (h) 
T  temperature (K) 

iv      molar volume of component i  (m3/mol) 

pV   volume of permeate collected during a time period t  (m3) 

dryW  weight of a dry film (g) 

sorptionW  water sorption ( g-H2O/100g-wet polymer) 

swollenW   weight of an equilibrated water-swollen film (g) 

uptakeW  water uptake (g-H2O/100g-dry polymer) 
 
Greek symbols: 
ε  porosity 
η  solution viscosity (Pa.s)   
λ   wavelength (m) 
ρ  molar density (mol/m3) 
τ  tortuosity  
γ  activity coefficient 
Φ   effective angle of incidence (degree) 
πΔ  osmotic pressure difference between the feed and permeate solutions 

(Pa) 
 

Subscripts:  
c  crystal  
i  component  
l  downstream side or permeate interface 
m  membrane 

)(m  membrane surface 
o  upstream side or feed interface 
p  permeate or penetration 
s  swollen or sample 
t  time t  
∞  equilibrium 
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