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The major objective of this research is a systematic experimental exploration of
hydrophilic materials that can be applied as coating materials for conventional
ultrafiltration (UF) membranes to improve their fouling resistance against organic
components. This objective is achieved by developing new, fouling-reducing membrane
coatings and applying these coatings to conventional UF membranes, which can provide
unprecedented reduction in membrane fouling and marked improvements in membrane
lifetime.
Novel polymeric materials are synthesized via free-radical photopolymerization
of mixtures containing poly(ethylene glycol) diacrylate (PEGDA), photoinitiator, and
water. PEGDA chain length (n=10-45, where n is the average number of ethylene oxide
units in the PEGDA molecule) and water content in the prepolymerization mixture (0-80
wt.%) were varied. Crosslinked PEGDA (XLPEGDA) exhibited high water permeability
and good fouling resistance to oil/water mixtures. Water permeability increased strongly
with increasing the water content in the prepolymerization mixture. Specifically, for
vii

XLPEGDA prepared with PEGDA (n=13), water permeability increased from 0.6 to 150
L µm/(m2 h bar) as prepolymerization water content increased from 0 to 80 wt.%. Water
permeability also increased with increasing PEGDA chain length. Moreover, water
permeability exhibits a strong correlation with equilibrium water uptake. However, solute
rejection, probed using poly(ethylene glycol)s of well defined molar mass, decreased
with increasing prepolymerization water content and increasing PEGDA chain length.
That is, there is a tradeoff between water permeability and separation properties:
Materials with high water permeability typically exhibit low solute rejections, and vice
versa.
The fouling resistance of XLPEGDA materials was characterized via contact
angle measurements and static protein adhesion experiments. From these results,
XLPEGDA

surfaces

are

more

hydrophilic

in

samples

prepared

at

higher

prepolymerization water content or with longer PEGDA chains, and the more hydrophilic
surfaces generally exhibit less BSA accumulation. These materials were applied to
polysulfone (PSF) UF membranes to form coatings on the surface of the PSF membranes.
Oil/water crossflow filtration experiments showed that the coated PSF membranes had
water flux values 400% higher than that of an uncoated PSF membrane after 24 h of
operation, and the coated membranes had higher organic rejection than the uncoated
membranes.
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Chapter 1: Introduction
1.1

WATER CRISIS
Even though 70% of the earth is covered by water, less than 3% of the water is

freshwater, and glaciers and icecaps account for approximately 70% of that freshwater
[1]. Thus, the available water resources are limited to all living beings on this planet. In
the 21st century, humans are facing a more severe water crisis problem than ever: more
than one in six people has no access to safe drinking water and more than two in six
people are lacking adequate sanitation [2]. The World Health Organization reports that
over 1 billion people currently cannot access clean, drinkable water [2]. As shown in
Figure 1.1, the water shortages are expected to spread globally at a significant rate [3].
Water shortages also frequently occur in the arid western and mid-western states
of the United States. In these states, where freshwater is scarce, the current water
treatment facilities are aging, and fast-growing populations are in great need of new water
supplies. Estimates by the Bureau of Reclamation have shown that several areas of these
states will become “hot spots” by 2025, where adequate water cannot be supplied to meet
water demands for the population, the agriculture sector, etc. [4]. Consequently, water is
an extremely valuable commodity for these arid states, and new water resources and
water supplies must be developed to confront the severe water shortage problem.

1

Figure 1.1

1.2

Illustration of spreading water shortages. Source: Global Environment
Outlook-2000, United Nations Environment Programme (UNEP)

MEMBRANE TECHNOLOGY FOR WATER PURIFICATION
A palette of treatment technologies is available for removing contaminants (e.g.,

organic compounds, suspended solids, salts, etc.) from wastewater. These technologies
include reverse osmosis (RO) and nanofiltration (NF) membranes, freeze/thaw
evaporation, ultraviolet radiation, chemical treatment with chlorine and other biocides,
ion exchange membranes, electrodialysis, distillation, and capacitive desalination.
2

Among these technologies, polymeric RO or NF membranes could present the most
flexible and viable long-term strategy [5]. For example, in water containing up to 45,000
mg/L of total dissolved solids (TDS), primarily in the form of salt ions, RO membranes
are used commercially to remove contaminants to levels that meet or exceed
requirements for human consumption [5,6].
Polymeric membranes are rapidly becoming the technology of choice for water
desalination, because they are cost-effective, small, and simple to operate and maintain
[5]. RO membranes have been optimized over the past 3 decades for high water flux and
high salt rejection. Current commercial RO membranes can reject 99.5% or more of even
small ions such as Na+, and a single commercial membrane element (8 inches in diameter
and 40 inches long) operating at a feed pressure of 55 bar can produce 9000 gal/day (34
m3/day) of drinking water from seawater [7]. This process typically recovers
approximately 35% of the water from the feed as drinking water and leaves the remaining
65% as a concentrated brine [6]. However, if the TDS concentration in the feed water is
lower, the fraction of the feed water that is purified (i.e., the recovery) can be higher. The
brine is suitable for subsurface injection or further treatment using processes, such as
evaporation, crystallization, etc., to further reduce the amount of brine for injection. In
this manner, beneficial use is derived from the purified water. If less salt removal is
required for other potential uses (e.g., agricultural or landscape watering, etc.), then less
selective, higher flux NF membranes provide even higher production rates of purified
water, higher recovery, and treat wastewater with TDS levels in excess of 50,000 mg/L.
Furthermore, if only emulsified oil and suspended solids removal is required,
porous ultrafiltration (UF) membranes could be used [6]. UF membranes generally are
capable of removing particles ranging in size from 0.01 to 0.1 µm [8]. UF membranes
typically have higher water fluxes but lower rejection than NF or RO membranes because
3

they are porous [9,10]. UF membranes have effective pores large enough to permit
passage of mono- and divalent salts, but small enough to prohibit passage of large macrosolutes, such as proteins, bacteria and most emulsified oil droplets [10,11]. Thus, such
membranes are emerging as viable technologies for groundwater pollutant remediation
and drinking water purification [12]. Moreover, UF membranes are used to pre-filter
water being fed to NF and RO membranes in an attempt to remove fouling components
from the feed water before it reaches the NF and RO membranes, resulting in improved
NF and RO membrane performance [13-16].
Recently, self-contained membrane bioreactors (MBRs) have emerged as a means
to biologically treat and recycle blackwater, graywater, oily wastewater, etc. [17]. MBRs
are highly effective systems for purifying wastewater that use micro-organisms to
biologically degrade organic contaminants in the water phase and UF membranes to
separate the micro-organisms and resulting solid sludge from the purified water [18-20].
MBRs have a relatively small footprint, and they do not require synthetic chemicals for
operation, which simplifies operational logistics. MBRs also permit a higher degree of
biodegradation efficiency and produce higher quality purified water than conventional
activated sludge plants, which do not employ an active separation process [19].
Unfortunately, a major challenge in applying membrane technology to wastewater
purification is fouling of the membranes. Fouling is the most significant roadblock to
wider adoption of membrane technology for water purification [22]. When commercial
UF, NF, and RO membranes are exposed to a mixture of salt, emulsified oil droplets, and
other particulate matter, their life decreases catastrophically due to dramatic and largely
irreversible permeate flux reduction, i.e., fouling of the membranes, caused by organic
components. In MBRs, the accumulation of proteins, polysaccharides, nucleic acids,
lipids, and other biological macromolecules on membrane surfaces produced during the
4

biodegradation process encourages the growth of bio-films that effectively reduce flux
[19,20]. Membrane fouling causes the flux to decrease to the point where MBRs can
become uneconomical to operate in less than six months [17].
Figure 1.2 presents the effect of membrane fouling on membrane performance
using an example based on UF membranes. The concept also applies to NF and RO
membranes. In an aqueous saline solution containing emulsified oil, for example, a UF
membrane would remove most of the emulsified oil but allow water and salt to permeate
through the membrane. All current commercial UF membranes are finely porous and are,
therefore, subject to fouling by particulates, organics, proteins, polysaccharides, and other
biological macromolecules, resulting in dramatic water flux declines. Figure 1.2
illustrates two types of fouling, surface and internal, occurring during UF membrane
operation. Surface fouling is caused by deposition of a precipitated layer of particulates
on the membrane surface, which reduces permeation through the membrane. Surface
fouling, therefore, is affected by the hydrodynamics (e.g., shear rate) of the bulk feed
solution as well as membrane chemical composition and structure [23]. Internal fouling is
caused by penetration of particulates or colloidal material into the membrane interior,
where foulants block pores, thereby reducing water flux through the membrane. Since
particles entering membrane pores accumulate and cannot be easily removed, internal
fouling is essentially irreversible even after prolonged, aggressive chemical or
hydrodynamic cleaning steps.
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Figure 1.2

A representative porous UF membrane being fouled by colloidal and
particulate matter in wastewater.

Enhancing fouling resistance of conventional membranes, therefore, is important
for increasing membrane lifetime in wastewater treatment. Numerous studies have been
conducted on reducing or even eliminating fouling of membranes. Because membrane
surface chemistry and structure strongly affect membrane fouling [24,25], most current
research on fouling resistance focuses on surface modification of existing membranes. A
variety of methods, including surface modification and nonporous surface coating, are
used to increase the fouling resistance of conventional UF, NF, and RO membranes [2633]. In particular, the surface grafting method usually grafts hydrophilic polymers onto
membrane surfaces to sterically hinder deposition and/or penetration of particulates,
resulting in an improvement of membrane fouling resistance, while the surface coating
approach focuses on improving membrane fouling resistance by coating a foulingresistant polymer layer on the membrane surface.
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In this study, the surface coating approach is of key interest, because the coating
often provides fouling resistance, without markedly compromising water flux, by
reducing internal fouling by protecting the underlying membrane pore structure from
exposure to foulants that could block pores and by being highly resistant to adhesion of
fouling particles on the membrane surface, thus limiting surface fouling. Such membrane
coatings could be applied to finely porous UF membranes, which can remove suspended
solids and emulsified oil droplets from wastewater. If more rigorous removal of dissolved
solids is required, the purified water from UF membranes could feed NF or RO
membranes for desalting and removal of dissolved organics. A more intriguing possibility
is direct coating of commercial NF and RO membranes to provide a single membrane
that could simultaneously remove emulsified oil droplets, salt, and exhibit high flux and
long lifetime (i.e., high fouling resistance). No such membrane is currently available.
Prior research along these lines applied hydrophilic coatings to poly(vinylidene
fluoride) (PVDF) UF membranes and observed a marked improvement in fouling
resistance to oil/water emulsions [34]. These coatings were block copolymers of
hydrophilic poly(ethylene oxide) (PEO), for high water throughput, and aliphatic
polyamides (e.g., nylon 6), for excellent strength. Figure 1.3 compares the separation
performance of both coated and uncoated PVDF membranes in an oil/water emulsion
filtration study. The uncoated membrane flux decreases more than 40 times over 50
hours, but the coated membrane flux decreases by only a factor of two, indicating a high
fouling resistance for the coating membrane. Clearly, these membrane coatings could
eliminate internal fouling and, due to their hydrophilic nature, reduce external fouling by
hydrophobic substances (i.e., oil and grease).
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1.3

Comparison of permeate flux decline during oil/water emulsion filtration
between a PVDF UF membrane and the PVDF membrane coated with block
copolymers. The oil/water emulsion fed to the membranes contained
900 ppm soybean oil, 100 ppm surfactant (DC-193, Dow Chemical), and
water. The experiment was performed at 10 bar feed pressure and at ambient
temperature [34].

GOALS AND ORGANIZATION OF THE DISSERTATION
The block copolymers (i.e., Pebax®) used previously to coat PVDF membranes

are commercially available and not optimized for membrane applications. Because these
block copolymers are soluble only in rather aggressive organic solvents, many of which
dissolve commercial UF membranes, the ability to apply them to other membranes is
limited. Novel, water permeable and fouling-resistant materials are still in great demand.
Thus, a major objective of this project is to systematically explore hydrophilic
polymeric materials chemistry that can be applied as coating materials to conventional
UF membranes to optimize water throughput and resistance to organic fouling. This
project also seeks to develop the relationship between polymer structure, water
throughput and resistance to organic fouling. These coating materials are based on
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crosslinked poly(ethylene oxide) (XLPEO) networks that are applied to conventional UF
membranes from aqueous solutions and are crosslinked by mild UV radiation, thereby
rendering them insoluble. Subsequently, coating techniques that can produce a thin,
defect-free coating with good adhesion to the membrane substrate are presented. Finally,
the separation performance of coated membranes is characterized using oil/water
emulsion filtration, which is a very demanding separation.
This dissertation includes 8 chapters. This introduction chapter provides an
overview of the project. Chapter 2 presents related background theories for characterizing
and modeling structures and transport properties of XLPEO materials, UF membranes,
and composite membranes. Membrane fouling in UF is also addressed in Chapter 2.
Chapter 3 presents the materials and experimental methods used in this project. Chapter 4
describes the characterization studies on oil/water emulsions that are used for filtration
tests. Understanding the properties of the feed oil/water emulsions is a prerequisite for
precisely evaluating membrane performance during filtration.
Chapter 5 reports water uptake, water permeability, and solute sieving properties
of crosslinked poly(ethylene glycol) diacrylate (XLPEGDA) (n=13) free-stranding films.
This network system serves as the basis for new coating materials incorporating
controlled variations in branch length, crosslinker, and crosslink density. Furthermore,
Chapter 5 compares the oil/water separation performance of UF composite membranes
employing XLPEGDA (n=13) as the coating material to those of uncoated porous PSF
membranes in crossflow filtration studies. Chapter 6 describes a family of potential
fouling-resistant XLPEGDA coating materials synthesized by UV-photopolymerization
of aqueous solutions of poly(ethylene glycol) diacrylate (PEGDA) having various chain
length (i.e., n=10-45). The effects of variations in PEGDA chain length on transport
properties and fouling resistance of XLPEGDA materials are presented. Chapter 6 further
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presents the transport properties of various XLPEGDA materials using a permeabilityselectivity plot. Chapter 7 describes salt solubility, diffusivity, and permeability in three
series of XLPEO materials. The effect of XLPEO network structure on salt transport
properties is discussed. Finally, Chapter 8 presents the conclusions from this project as
well as recommendations for future work.
1.4
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Chapter 2: Background
2.1

STRUCTURE CHARACTERISTIC OF HYDROGELS
Hydrogels are often crosslinked hydrophilic polymer networks that can absorb

significant amounts of water, but they are insoluble in water due to the presence of
crosslinks [1]. Structural characteristics such as the molecular weight between crosslinks
and the mesh size of hydrogels are strongly correlated with their swelling behavior in
water, and determine water and solute transport through the hydrogels [2-4]. The Gibbs
free energy change associated with the swelling process of a hydrogel in water is given
by the Flory-Rehner model [5,6]:
∆G = RT (n1 ln υ1 + n 2 ln υ 2 + χn1υ 2 ) + RT

ve
2

 − 23

 3υ 2 − 3 + ln υ 2 





2.1

where R is the gas constant, n1 and n2 are the moles of water and polymer, υ1 and υ 2
are the volume fraction of water and polymer in the hydrogel, χ is the Flory-Huggins
interaction parameter, and ve is the number of crosslinks. Specifically, χ is estimated as
0.426 for the PEO-water system [7,8].
The activity of water in the hydrogel is defined as:
 v  1 υ 
1  ∂∆G 


ln a1 =
= ln υ1 + υ 2 + χυ 22 + V1  e υ 23 − 2 
RT  ∂n1  T , P ,n
2 
 v0 
2

2.2

where V1 is the molar volume of water (18 cm3/mol) and v0 is the volume of the waterfree polymer. At swelling equilibrium, the water activity in the hydrogel is equal to 1.
Therefore, Eq. 2.2 becomes:

[

V0
ln(1 − υ 2, s ) + υ 2, s + χυ 22, s
V1
1
2
=
−
1
Mc Mn

( υ 2,s )3 − υ 2,s 
2 
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]
2.3

where M c is the average molecular weight between crosslinks, M n is the molecular
weight of the starting, uncrosslinked polymer, V0 is the specific volume of the polymer,
and υ 2, s is the equilibrium polymer volume fraction of the fully swollen hydrogel,
generally determined experimentally by measuring equilibrium water uptake. The FloryRehner model applied only to the situation where hydrogels are crosslinked in the
absence of solvent.
When hydrogels are crosslinked in the presence of a diluent (e.g., water), the
average molecular weight between crosslinks should be calculated using the following
model derived by Peppas and Merrill [1,4,9]:
V0
ln(1 − υ 2, s ) + υ 2, s + χυ 22, s
V
1
2
=
− 1
1
Mc Mn


3


 υ 2,s 
υ
1
2, s

 − 

υ 2, r 

 υ 
υ
2
 2,r  
 2,r 


[

]
2.4

where υ 2,r is the polymer volume fraction after crosslinking but before swelling. For
homogeneous hydrogels, υ 2,r can be approximated as the polymer volume fraction in the
prepolymerization mixture [7], while for phase-separated hydrogels (i.e., in cases where

υ 2, s is greater than the prepolymerization polymer volume fraction), υ 2,r is essentially
equal to υ 2, s [10,11].
Once M c is determined, the crosslink density, ρ c (mol/cm3), can be calculated as
follows:

ρc =

1
V0 M c

2.5

The root-mean squared end-to-end distance, (ro2 )1 / 2 , of polymer chains between
crosslinks in the unperturbed state is given by [3]:
2 1/ 2
o

(r )

 M
= l 3 c
 Mr
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1/ 2

Cn

2.6

where l is the average bond length, M r is the molar mass of the polymer repeating unit,
and Cn is the characteristic ratio for polymer. The mesh size, ζ , of swollen hydrogels is
then calculated as:

ζ = (ro2 )1/ 2υ 2−,1s/ 3
2.2

FUNDAMENTALS OF WATER PERMEATION IN POLYMER MEMBRANES

2.2.1

Ultrafiltration membrane

2.7

The transport in UF membranes is commonly ascribed as pressure-driven
convective flow through pores, because UF membranes generally have pore sizes in the
10-100 Å range. A pore flow model (e.g., Darcy’s law), therefore, is often used to
describe water flux through UF membranes. However, no generalized model has been
developed to describe the transport in UF membranes, mainly due to the broad variation
in pore morphologies and the difficulty of characterizing pores. Thus, many studies have
focused on modeling the UF process, mainly to predict the permeate flux under various
operating conditions.
Based on the relationship of transmembrane pressure and permeate flux, some
researchers separate the UF process into two regions: the pressure controlled region and
the mass transfer controlled region [12]. As shown in Figure 2.1, the UF process is
normally in the pressure controlled region, when it is operated at relatively low
transmembrane pressure differences, at low feed concentrations, or at high crossflow
flow rates. In this region, permeate flux is linearly related to transmembrane pressure
difference. As the feed pressure increases, deviations from the linear pressure-flux
relationship are observed due to the consolidation of a concentration polarization layer on
membrane surfaces. This polarization layer is further consolidated as the feed pressure
continuously increases. Eventually, increasing the feed pressure only increases the
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thickness of the polarization layer, and it essentially has no effect on permeate flux. In
this regard, the UF process becomes mass transfer controlled, and concentration
polarization is substantial.

Figure 2.1

Correlation between permeate flux and operating parameters for UF,
reproduced from [12].

One common model to describe fluid flow through porous UF membranes is
based on the Hagen-Poiseuille law [13,14]. This model treats the membranes as a series
of cylindrical capillary pores of diameter d , and the fluid flow through a pore is given by
the Hagen-Poiseuille law as follows:

q=

πd 4
⋅ ∆p
128µl

2.8

where q is the flow rate through the pore, ∆p is the transmembrane pressure difference,

µ is the permeate viscosity, and l is the pore length, which is generally proportional to
the observed membrane thickness. The tortuosity of the pore is a proportionality constant
between l and the membrane thickness [13]. For asymmetric UF membranes, l , is
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defined as the dense layer thickness [13]. The flux J , that is, the flow rate per unit
membrane area, is the sum of the flow through all of the individual pores [13]:
εd 2 ∆p
J=
⋅
32 µ l

2.9

where ε is the membrane surface porosity. The permeability of the membrane, Pw , can
be defined as follows [13]:

Pw = J ⋅

l
εd 2
=
∆p 32 µ

2.10

As shown in Eq. 2.10, Pw is a physical characteristic of UF membranes.
This correlates flux with transmembrane pressure difference, membrane
properties (i.e., pore size and density, membrane thickness), and fluid viscosity, which
has been successfully applied to pressure controlled UF processes [12]. According to the
model, flux is directly proportional to transmembrane pressure difference and inversely
proportional to fluid viscosity. The actual net driving force, ∆p t , for the UF process is the
difference between the transmembrane pressure difference and the osmotic pressure
difference, ∆π , expressed as:
∆p t = ∆p − ∆π

2.11

Osmotic pressure, by definition, is the hydrostatic pressure required to prevent pure water
permeate through a selective membrane into a solute solution [13]. The osmotic pressure
of ideal solute solutions is often calculated as [13]:

π = CRT

2.12

where C is the solute concentration in units of mol/cm3, R is the ideal gas constant, and
T is the solution temperature. In most UF applications, rejected solutes (e.g., proteins

and other organic matters) are of high molecular weight [12], resulting low mole
concentration of these solutions. Thus, the osmotic pressure of these feed solutions is
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often negligible; the transmembrane pressure alone is typically considered as the net
driving pressure for UF [12,14].
The previous model is obeyed at low transmembrane pressure differences. The
linear pressure-flux relation described by the model fails at high transmembrane pressure
differences, where the UF process is often mass transfer controlled. A so-called film
theory or gel layer model is widely used for modeling flux in the mass transfer controlled
region [12-14]. As illustrated in Figure 2.2, extensive amounts of solutes or particles are
carried toward a membrane surface by convective flow during UF. Since these solutes
and particles are rejected by the membrane, they accumulate at the membrane surface. At
steady state, the solute brought to the membrane surface by convection is balanced by the
solute diffusion back to the bulk solution, driven by the solute concentration gradient.
Because the diffusion rate of the solutes rejected by UF is relatively low due to their large
size, the solute concentration could reach to 20-50 times higher than that in the bulk
solution [13]. The concentrated solutes on the membrane surface, consequently, form a
gel layer, which becomes another barrier to flow through the membrane.
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Figure 2.2

A schematic illustration of the formation of a gel layer on the surface of UF
membranes, reproduced from [12].

The mathematic description of the balance between convective flow and backdiffusive flow is expressed as follows [14]:
J ⋅ Cx = D ⋅

dC x
dx

2.13

where C x is the solute concentration at position x , D is the solute diffusion coefficient,
dC x
and
is the solute concentration gradient in the boundary layer. Integration of
dx
Eq. 2.13 over the boundary layer yields:
D  Cg
J = ln
δ  Cb


C
 = k ln g

 Cb





2.14

where δ is the boundary layer thickness, C b is the solute concentration of the bulk
solution, C g is the solute concentration in the gel layer (i.e., the solution concentration at
the membrane surface), and k =

D

δ

is the mass transfer coefficient. The gel layer model

implies that the flux is controlled by the rate of diffusion bringing the solute back into the
19

bulk solution from the membrane surface. In most UF applications, C b and C g are
determined by properties of the feed solution. Thus, the flux can be only improved by
increasing the mass transfer coefficient as a way of reducing the boundary layer
thickness.
The mass transfer coefficient for a UF process can be estimated through
experimental correlations with the filtration system dimensions and flow conditions.
Particularly, a general correlation obtained by dimensional analysis is given as [14,15]:
c
a
b  dh 
(
)
(
)
Sh = K Re Sc  
2.15
 L
kd
ρUd h
where Sh = h is the Sherwood number, Re =
is the Reynolds number,
D
µ
Sc =

µ
is the Schmidt number, d h is the hydraulic diameter of the flow channel, L is
ρD

the flow channel length, ρ is the fluid density, and U is the fluid velocity. The
parameters, K , a , b , and c for different flow conditions are provided in the literature
[12,14,15].
The two models previously mentioned, however, are only valid under certain
circumstances, and they cannot describe the entire pressure-flux behavior for UF. For
example, in the gel layer model (c.f. Eq. 2.14), flux is not dependent on feed pressure,
and this characteristic is incorrect at low operating pressures where flux is strongly
influenced by transmembrane pressure difference. Several models have been developed
to describe the entire UF process [16,17]. The resistance model accounts for the effect of
operating conditions on flux as an additional resistance to the flux through the membrane.
The resistance model can be expressed as [12]:
∆p
J=
µ ⋅ (Rm + R g )
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2.16

where Rm is the intrinsic membrane resistance, which can be determined using pure
water as the feed solution and R g is the gel layer resistance due to concentration
polarization. Clearly, R g depends sensitively on operating conditions and feed solution
properties. All these effects on R g are attributed to the transmembrane pressure
difference and are expressed as [12]:
R g = φ ⋅ ∆p

2.17

where φ is a function of the mass transfer coefficient ( k ) and the feed solution
concentration ( C b ). Consequently, combining Eq. 2.16 and Eq. 2.17 yields:
∆p
J=
µ ⋅ (Rm + φ∆p )

2.18

Eq. 2.18 can be generally used to model flux for UF processes.
2.2.2

Hydrogel
The most widely used model to describe the permeation through nonporous films

is the solution-diffusion model [13,18,19]. This model has been successfully applied to
many membrane separation applications, such as pervaporation, gas separation, and
reverse osmosis. Water transport through homogeneous hydrogels often follows the
solution-diffusion mechanism, stating that water and solutes first dissolve into a hydrogel
and then diffuse through the hydrogel due to a pressure and solute concentration gradient,
respectively. The solute and water are separated based on the differences in their
solubility in the hydrogel and their diffusivity through the membranes.
In this study, the solution-diffusion model is adopted to analyze the solute and
water flux through hydrogels. The water flux across a hydrogel is expressed as [13]:
J w = Α(∆p − ∆π )
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2.19

where Α is the permeance (or pressure-normalized flux), which is a characteristic of the
hydrogel. For homogeneous hydrogels, the permeance is inversely proportional to film
thickness, l . The product of Α and l is the hydraulic water permeability of the hydrogel:
Pw = Α ⋅ l

2.20

The osmotic pressure of solutions containing large solutes (e.g., proteins and oil droplets)
is generally negligible; however, the osmotic pressure of salt solutions has to be
considered. For example, the osmotic pressure for seawater is approximately 23 bar [13].
The solute flux across a hydrogel can be expressed as follows [13]:
J s = Β(C f − C p )

2.21

where C f and C p are the solute concentrations in the feed and the permeate,
respectively, and Β is called the permeability constant. Similarly, the product of Β and
l is the solute diffusive permeability, Ps :
Ps = Β ⋅ l

2.22

Consequently, the solute rejection coefficient can be derived using Eq. 2.19 and
Eq. 2.21, which is expressed as [13]:
R=

Cf −Cp
Cf

Α
(∆p − ∆π )
Β
=
Α
1 + (∆p − ∆π )
Β

2.23

Eq. 2.23 is used to model solute rejection properties of hydrogels.
2.2.3

Composite membrane
The water permeation in composite UF membranes is described using the

resistance model (c.f., Eq. 2.16) in this study. The feed solution first diffuses through the
hydrogel coating layer and then flows through the underlying UF support membrane.
Because the hydrogel layer exhibits essentially complete rejection to most macro solutes
(e.g., emulsified oil droplets), only pure water diffuses through this layer and reaches the
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support membrane. The support membrane resistance, therefore, is the intrinsic
membrane resistance itself. Thus, the water flux for composite membranes can be
expressed as:
J=

∆p
1
+ µRm
Α

2.24

Eq. 2.24 can be used to model the flux through composite membranes or estimate the
resistance of the hydrogel coating layer after experimentally measuring the flux [20,21].

2.3

MEMBRANE FOULING
Many membrane researchers have observed severe flux decline during the

ultrafiltration of protein solutions, oil/water emulsions, or other wastewaters [22-25].
Several researchers describe this flux decline process in 3 different stages, as shown in
Figure 2.3, featuring a sharp flux decline within few minutes, a slow decline over the next
few hours, and a long-term flux decline, respectively [25]. Marshall et al. suggests that
the initial rapid flux drop is mainly due to concentration polarization. Afterwards, the
flux continues to decrease due to particle deposition (i.e., fouling), and, still later, flux
slowly declines due to further particle deposition or to consolidation of the fouling layer
[25].
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Stage1: Concentration polarization

Flux, J

Stage 2: Particle deposition

Stage 3: Further particle deposition
or consolidation

0

100

200

300

Time (min)

Figure 2.3

Flux decline schematic during UF, reproduced from [25].

Concentration polarization is the phenomenon of solute or particle enrichment
adjacent to the membrane surface [13,14,26]. The solute or particles are brought to the
membrane surfaces by convective flow where they are largely rejected by the membrane,
causing formation of a polarization layer on the membrane surface. This polarization
layer can greatly contribute to flux decline. Concentration polarization is different from
membrane fouling, even though they usually show similar effects on the flux and solute
sieving properties during UF. Concentration polarization is dependent on the
hydrodynamic conditions in the membrane system and independent of the physical
properties of the membrane. Membrane fouling, on the other hand, is the deposition of
solutes or particles on the membrane surface or in its pores, resulting in changes in
membrane properties. Hence, membrane properties (e.g., surface hydrophilicity,
topology, charge, pore size, etc.) can significantly affect fouling behavior. Because the
aim of this study is to evaluate the fouling resistance of surface modified UF membranes,
filtration studies of these membranes are conducted at conditions where concentration
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polarization has less effect on flux decline relative to membrane fouling (e.g., low
transmembrane pressure difference and/or high crossflow flow rate) [12,14].
Clearly, membrane fouling is an important factor that causes flux decline during
UF. Membrane fouling arises from physical or chemical interactions between a
membrane and solutes or other components in the feed solution, resulting in an
irreversible change in membrane properties (i.e., surface pore size and size distribution
and porosity) [24,25]. The interaction between solutes and a membrane mainly
determines the membrane’s fouling rate and extent [14,24,25]. Although membrane
fouling is still poorly understood, significant progress has been made over the last 20
years in understanding and modeling different membrane fouling mechanisms [12,14,2630].
Specifically, the pore blockage model considers that open pores are completely
blocked by solutes during fouling, and the portion of the pores blocked is proportional to
the amount of the solute carried toward the membrane surface [14], while the pore
constriction model assumes that the decreasing rate of the pore diameter is proportional
to the amount of solute carried toward the membrane. Thus, this pore constriction model
applies when solutes can easily get into the pores and deposit onto the inner pore walls,
resulting in a decrease in effective pore size. Furthermore, the cake formation model
describes the fouling mechanism when solutes form a deposited cake layer on the
membrane surface, which contributes to an increase in flow resistance. The resistance of
the cake layer is related to the cake mass, which is proportional to the amount of the
solute carried toward the membrane [14].
Practically, the pore blockage model and the pore constriction model are used to
model the flux for UF when internal fouling is the major fouling mechanism [30], where
the total flow resistance increases with an increasing slope in a total resistance versus
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time plot, as shown in Figure 2.4 [30]. The total resistance is calculated based on
Eq. 2.16. In contrast, the cake formation model depicts UF in which surface fouling
dominates, and in this situation the total flow resistance increases with a decreasing slope
[30]. The total resistance versus time curve, therefore, could be a useful tool to determine

Total resistance

the major fouling mechanism for UF.

Surface fouling

Internal fouling
R

m

Fitration time

Figure 2.4

A representative the total resistance versus time plot for UF with surface and
internal fouling as major fouling mechanisms.

2.4
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Chapter 3: Materials and Experimental Methods
3.1

MATERIALS
Polysulfone (PSF) UF membranes (Type A-1), kindly provided by General

Electric (Fairfield, CT), were supplied on non-woven fabric supports approximately 50
µm thick. Polyvinylidene fluoride (PVDF) UF membranes, with a nominal pore size of
0.02 and 0.1 µm, were obtained from Pall Corporation (East Hills, NY). The PVDF
membranes were chemically modified to be hydrophilic by the manufacturer.
Deionized water was produced by a Milli-Q water purification system (Millipore
Corporation, Bedford, MA) and used throughout this study. Vegetable oil (Wesson) was
purchased from a local grocery store. DC193 surfactant was obtained from Dow Corning
(Midland, MI). Methanol, n-heptane, n-decane, phosphate buffered saline (PBS, pH=7.4),
and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Milwaukee,
WI). Powdered bovine serum albumin (BSA) was also purchased from Sigma-Aldrich
(catalog number A7906, >98% albumin), and BSA solutions were prepared by slowly
dissolving 1 g BSA powder in 1 L PBS at ambient conditions. Linear poly(ethylene
glycol) (PEG: M n =1,000~10,000 g/mol) and PEG ( M n =20,000 and 35,000 g/mol) were
obtained from Sigma-Aldrich and Fluka Chemical Corp. (Milwaukee, WI), respectively.
All chemicals were used as received without further purification.
Poly(ethylene glycol) diacrylate (PEGDA: n=10 and 13, where n is the average
number of ethylene oxide units in the PEGDA molecule, based on the manufacturer’s
reported molecular weight), were purchased from Aldrich Chemical Company
(Milwaukee, WI), and PEGDA (n=23 and 45) were purchased from Monomer-Polymer
& Dajac Lab, Inc. (Feasterville, PA). Poly(ethylene glycol) acrylate (PEGA: n=7) and
1-hydroxycyclohexyl phenyl ketone (HCPK) were purchased from Sigma-Aldrich. The
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chemical structures of PEGDA, PEGA, and HCPK are presented in Table 3.1. PEGDA,
having two acrylate groups per molecule, serves as a crosslinker, while PEGA is a
monomer that has one polymerizable acrylate group and one non-reactive hydroxyl
group. In this study, five series of polymers have been synthesized with controlled
variations in structure and crosslink density using aqueous solutions containing (1)
PEGDA (n=10), (2) PEGDA (n=13), (3) PEGDA (n=23), (4) PEGDA (n=45), and (5)
PEGDA (n=13) and PEGA (n=7), and they are named as XLPEGDA10, XLPEGDA13,
XLPEGDA23, XLPEGDA45, and XLPEGDA/PEGA, respectively.

Table 3.1

Chemical structures of PEGDA, PEGA, and HCPK used in this study
Name

Structure
O

Poly(ethylene glycol) diacrylate

H2
C

O
C

(PEGDA, crosslinker)

C
H2

O
n=10,13,23,or 45

O

H2
C

O

Poly(ethylene glycol) acrylate

C

(PEGA, monomer)

O

C
H2

OH
n=7

O

OH

1-Hydroxycyclohexyl phenyl ketone

C

(HCPK, photoinitiator)

3.2

POLYMER SYNTHESIS
Crosslinked poly(ethylene oxide) (XLPEO) polymer films were formed via free-

radical photopolymerization of a prepolymerization mixture, initiated by UV-light.
Generally, the prepolymerization mixture contained PEGDA, water, and 0.1 wt.% HCPK
photoinitiator based on PEGDA (i.e., 10-3 g HCPK/(g PEGDA + HCPK)), and the water
content was varied from 0 to 80 wt.%. PEGDA of various chain lengths (n=10, 13, 23,
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and 45) was used in the prepolymerization mixture. The prepolymerization mixture of
PEGDA (n=23 and 45) and water was purified by filtration through a 7 µm steel filter
before polymerization to remove any particle impurities, but the filtration was not
required for the PEGDA (n=10 and 13) prepolymerization mixtures because no particles
were visibly present in these mixtures. When preparing XLPEGDA/PEGA, equal
amounts of PEGA (n=7) and PEGDA (n=13) were added to the prepolymerization
mixture (i.e., 0.5 g PEGA/(g PEGA+PEGDA)), resulting in essentially an equivalent
amount of PEDA and PEGDA in the synthesized XLPEGDA/PEGA films. Then, the
prepolymerization mixture was sandwiched between quartz plates separated by spacers
and polymerized in a Fisher Scientific UV chamber (Model FB-UVXL-1000) under 312
nm UV irradiation for 90 seconds at intensity of 3.0 mW/cm2. Under these conditions,
essentially 100% conversion of PEGDA and PEGA was achieved. Consequently, solid
polymer films were obtained, the thickness of which was controlled by choosing an

O

C

O

O

C

7

appropriate spacer. Figure 3.1 represents a representative scheme of XLPEO polymers.

O

C
O

OH

CH2

CH2

CH2

CH2

CH2

CH2

CH2

CH2

OH

O

O

7

O

O

13

13
O

Figure 3.1

O

C

C

O

C

Representative scheme of crosslinked poly(ethylene oxide) polymers.
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After synthesis, XLPEO polymers were stored in deionized water over 24 hours
before using, and no measurable mass loss was found after soaking, indicating that the sol
fraction is negligible in XLPEO polymers. To obtain dry polymers, the hydrated XLPEO
polymers were kept in air for 24 hours and were further dried under vacuum overnight.
The film thickness of dry and hydrated XLPEO polymers was measured at a
resolution of 1 µm using a Litematic VL-50A digital micrometer (Mitutoyo Corporation,
Japan). The digital micrometer, exerting a measuring force of 0.01 N, is specially
designed for soft, rubbery materials such as the hydrogels considered in this study. At
least 10 measurements were taken at different locations on the film surface to determine
the average film thickness.
3.3

DENSITY AND THERMAL CHARACTERIZATION
The density of dry polymer films was determined using a Mettler Toledo

analytical balance (Model AG204, Switzerland) with a Mettler Toledo density
determination kit (Part #238490). The measurements were conducted at ambient
temperature. In this hydrostatic weighing method [1-3], the polymer density, ρ p , is
calculated as follows:

ρp =

Wd
⋅ ρl
Wd − Wl

3.1

where Wd and Wl are the dry polymer film weights measured in air and in an auxiliary
liquid (i.e., non-solvent for PEO), respectively, and ρl is the density of the auxiliary
liquid. n-Heptane was selected as the auxiliary liquid because PEO shows little affinity
for such alkanes [1,3-5]; the density of n-heptane is 0.683 g/cm3 at 22 oC.
Thermal transitions of dry XLPEO polymer films were determined using a Q-100
differential scanning calorimeter (DSC), TA Instrument (New Castle, DE). The polymer
samples were dried in air for 24 hours followed by drying under vacuum overnight at
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ambient conditions. Prior to DSC measurements, polymer samples weighing
approximately 20 mg were sealed in aluminum hermetic pans. These samples were
loaded into the instrument and initially cooled to -90 oC from ambient at a cooling rate of
20 oC/min. The sample was held at -90 oC for 5 min and then heated to 90 oC at
20 oC/min. During the entire operation, a N2 purge rate of 50 mL/min was employed.
Thermal transitions were determined during the heating scan. The glass transition
temperature was determined as the midpoint of the heat capacity step change, and the
crystalline melting temperature was taken as the peak in the melting endotherm.
3.4

SCANNING ELECTRON MICROSCOPY
The top surface and cross-section of membrane samples were characterized using

a conventional LEO 1530 scanning electron microscopy (SEM) operated at 10 kV and
around 10.0 mm working distance. To expose the cross-section of the composite
membrane, the membrane was fractured in slush liquid nitrogen, and the exposed crosssection was coated with gold prior to SEM imaging.
A cryogenic scanning electron microscope (CryoSEM) was used to determine
structure characteristics of hydrated XLPEO free-standing samples. Hydrated XLPEO
samples were first frozen in slush liquid nitrogen, and the frozen samples were then
transferred to a GATAN CT2500 pre-chamber (Pleasanton, CA). The pre-chamber
temperature was -160oC. A scalpel fractured the samples under vacuum to expose the
cross-section to be imaged. The cross-section was platinum coated before transferring to
a microscope cryostage, which was controlled at -120oC. A FEI NOVA field emission
SEM (Hillsboro, Oregon) imaged the coated cross-section at 5 kilovolts and around 4.0
mm working distance.
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3.5

WATER TRANSPORT CHARACTERIZATION
Equilibrium water content in XLPEO films was measured by liquid sorption [6,7].

Typically, a sample film was first immersed in and equilibrated with deionized water.
The hydrated sample film was blotted with filter papers and quickly weighed. The
hydrated polymer film was then dried at ambient conditions for 24 hours and was further
dried under vacuum overnight prior to determining the weight of the dry film. Pure water
uptake, U , was calculated as follows:

U=

W s − Wd
⋅ 100%
Wd

3.2

where Ws and Wd are the weights of a water-swollen crosslinked polymer film at
equilibrium and a dry polymer film, respectively.
The weight fraction of water in hydrated films, ω H 2O , was calculated as follows:

ωH O =
2

Ws − Wd
Ws

3.3

Since ideal mixing behavior of water and PEO polymer was observed previously for
similar polymers [8], the volume fraction of water in the hydrated films, υ H 2O , can be
estimated as follows:
W s − Wd

υH O =
2

ρH O
2

Ws − Wd

ρH O
2

+

Wd

3.4

ρp

where ρH 2O is the density of water (1.0 g/cm3).
Hydraulic water permeability through polymer films was measured using a deadend filtration system at ambient temperature, with deionized water as the feed solution.
For samples having relatively high water permeability (i.e., Pw >10 L µm/(m2 h bar)), a
stirred UF cell obtained from Advantec MFS, Inc. (Model UHP-43, Dublin, CA), which
has a maximum feed pressure rating of 3.5 bar, was used. For low permeability samples
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(i.e., Pw <10 L µm/(m2 h bar)), a high-pressure stirred cell (HP4750, Sterlitech Corp.,
Kent, WA), which can perform flux experiments at feed pressures up to 69 bar, was used.
The amount of permeate collected in a graduated cylinder was recorded as a function of
time, and water permeability was calculated as follows:
∆V
Pw =
⋅l
A ⋅ ∆t ⋅ ∆p

3.5

where ∆V is the permeate volume accumulated during a time interval ∆t , A is the
active surface area of the polymer film, and ∆p is the pressure difference across the film.
The permeate pressure was atmospheric in all cases. For each film, several permeability
measurements were performed at various feed pressures (up to 7 bar) as a function of
filtration time to insure that steady state had been achieved. The average water
permeability value and the standard deviation in the water permeability are reported.
3.6

MOLECULAR WEIGHT CUTOFF DETERMINATION
The solute or organic sieving ability of polymer films is typically evaluated using

molecular weight cutoff (MWCO) measurements, which is well-documented in literature
[9-11]. Briefly, aqueous solutions of PEG were filtered through membranes using the
dead-end UF cell mentioned earlier. These PEG solutions were prepared from
poly(ethylene glycol)s having molecular weights from 200 to 35,000 g/mol at a
concentration of 0.5 wt.% in deionized water. Permeate and retentate samples were
analyzed by a total organic carbon analyzer (Model TOC5050A) from Shimadzu (Japan),
and the organic rejection was calculated as follows:
 C 
R = 1 − P  ⋅ 100%
 CF 

3.6

where C P is the permeate concentration and C F is the feed concentration. The rejection
values of different molar mass PEG molecules were measured and the rejection curves
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were obtained for XLPEO films. The MWCO value is defined as the PEG molar mass at
which the rejection is 90%.
3.7

CONTACT ANGLE MEASUREMENT
The pendant drop contact angle of membrane samples was measured using a

goniometer (Camera: Model CV-M30, JAI Corp, Japan; Software: Model 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. An n-decane
droplet was placed onto the inverted membrane surface. The contact angle between the
membrane surface and the n-decane droplet 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 in the contact angle.
3.8

PROTEIN ADHESION
In this study, protein adhesion on polymer surfaces was measured using the

following procedure: XLPEO polymer films were cut into 2.5 cm diameter disks and
soaked in deionized water overnight. These disk samples were then transferred to a 6well plate, and each well was filled with 5 mL of 1 g/L BSA solution in PBS (pH 7.4).
The BSA was allowed to adsorb for 1 hour at ambient temperature while the 6-well plate
was stirred on an orbital shaker at 90 rpm to ensure good contact of the BSA with the
sample surface. Next, the film sample was carefully removed from the BSA solution,
rinsed 3 times with deionized water, and placed into 1 wt.% SDS solution for 24 hours to
thoroughly detach BSA from the film surfaces. The BSA concentration in the SDS
solution was analyzed using a Micro BCA™ protein assay kit (Pierce Biotechnology,
Inc., Rockford, IL).
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3.9

SALT TRANSPORT CHARACTERIZATION
Salt (i.e., NaCl) transport in XLPEO polymers was characterized using well-

established methods: kinetic desorption [6,7,12,13] and direct permeation measurements
[7,12,13].
In kinetic desorption measurements, a hydrated film sample with a thickness of
approximately 300 µm was cut to a disk with a diameter of 2.5 cm, and the disk was
soaked in 60 mL of 0.1 M NaCl solution for 48 hours at ambient temperature to insure its
equilibrium with the NaCl solution. After that, the disk was removed from the NaCl
solution, and the excess salt on surfaces was blotted with filter paper. The disk was then
quickly transferred to a beaker, filled with 60 mL of deionized water (the extraction
solution), and the salt began to diffuse from the interior of the disk to the surrounding
deionized water. The extraction solution was air-saturated before adding the disk samples
to minimize solution conductivity changes arisen from CO2 adsorption. The solution in
the beaker was stirred vigorously using a stir bar to achieve a uniform distribution of
NaCl in the extraction solution during the desorption process, and the temperature of the
solution was maintained at 25oC by circulating thermostated water through a surrounding
water jacket. The NaCl concentration in the extraction solution as a function of time was
determined via measuring the solution conductivity using an Inolab WTW 730
conductivity meter (WTW, Woburn, MA) as a function of time. The desorption results
were fitted with the following Fickian diffusion model to calculate the NaCl diffusivity,

Ds , in the polymer [6,7,14]:
Ds =

π ⋅ l 2  d(M t /M ∞ ) 
16  d(t1 / 2 ) 

2

3.7

where M t is the amount of NaCl in the water solution at time t , M ∞ is the total amount
d(M t /M ∞ )
of NaCl in the extraction solution at equilibrium, and
is the slope of the linear
d(t 1/ 2 )
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portion of

Mt
Mt
as a function of t 1/ 2 , when
is smaller than 0.6 [14]. The NaCl
M∞
M∞

solubility, K s , by definition, was the ratio of the amount of NaCl in the film ( M ∞ ) per
unit hydrated film volume to the NaCl concentration in the solution that the film was
originally equilibrated with (i.e., 0.1 M NaCl). With the framework of the solutiondiffusion model, the product of Ds and K s is the NaCl permeability Ps as shown in
Eq. 3.8 [6,7,13,15]:
Ps = Ds ⋅ K s

3.8

In direct permeation measurements, a film sample was clamped between two
glass diffusion chambers (PermeGear, Inc. Hellertown, PA), which have an orifice
diameter of 1.5 cm and a chamber volume of 35 mL. The donor and receptor chambers
were filled with 0.1 M NaCl solution and deionized water, respectively, to initiate the salt
permeation. The solutions in both chambers were stirred vigorously and were maintained
at 25oC. The receptor solution conductivity was monitored using a WTW conductivity
meter as a function of time, and subsequently converted to NaCl concentration as a
function of time using a calibration curve. The NaCl permeability was calculated as
follows [7,12,14]:


M
Ln1 − 2 t
M0



2A 
 = Ps ⋅  −
⋅t
 Vl 


3.9

where M t is the receptor NaCl concentration at time t , M 0 is the donor initial NaCl
concentration (0.1 M), V is the donor and receptor chamber volume (35 mL), and A is
the area of the sample that is exposed to the donor and receptor solutions.
3.10

CROSSFLOW FILTRATION
Crossflow filtration experiments were conducted using a commercial crossflow

membrane filtration system (Separation Systems Technologies, San Diego, CA) that can
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test three membranes simultaneously at pressures up to 20 atm. The fouling
measurements were conducted by contacting membrane samples in crossflow filtration
cells with an aqueous solution containing solutes. Permeate flux was recorded by digital
balances connected to a computer, and the solute concentration in the feed and permeate
streams was analyzed by TOC analyzer to calculate the organic rejection. All tests were
conducted at 25oC, and the crossflow rate was varied from 68 to 200 L/h. The crossflow
rate of 68 L/h corresponds to a Reynolds number of 1300 in this system. Reynolds
number was calculated as follows:

Re =

d h ⋅ u ⋅ ρ H 2O

µ

3.10

where u is the crossflow rate, µ is the feed viscosity, and d h is the hydraulic diameter,
defined as:
dh = 4 ⋅

S
Z

3.11

where S is the cross-sectional area of the filtration cell and Z is the wetted perimeter of
the cross-section. d h was approximately 6.9 × 10 −3 m for the filtration cell used in this
study. A schematic diagram for the commercial filtration system is presented in Figure
3.2.
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Figure 3.2
3.11

A schematic diagram of the crossflow filtration system used in this study.

POSITRON ANNIHILATION LIFETIME SPECTROSCOPY
Positron annihilation lifetime spectroscopy (PALS) measurements were

performed at ambient temperature using an automated EG&G Ortec fast-fast coincidence
system, the timing resolution of which was 240 ps. A radioactive isotope 22Na, which was
embedded in Mylar films, was used as the positron source. The Mylar source was placed
in between dry or hydrated polymer films, and the polymer films on each side were
stacked to a thickness of at least 1 mm. The polymer films and the source were then
wrapped in aluminum foil to exclude the electrical charge interference from the
measurements. The measurements for dry films were performed in a dry N2 atmosphere,
while the aluminum foil that contains the film samples and the positron source was
immersed in deionized water for hydrated film measurements. At least 5 spectra of
30,000 peak counts were collected for each sample. The spectra were modeled using
finite-term analysis as a sum of three decaying exponential components (i.e., three
lifetimes), and the analysis was achieved using the PAScual program [16]. The shortest
and the intermediate lifetimes were characteristic of para-positronium (p-Ps) self40

annihilation and free and trapped positron annihilations, respectively. The p-Ps selfannihilation lifetime was fixed at 0.125 ns, and the free and trapped positron annihilation
lifetime was typically between 0.35 to 0.45 ns for polymers [17,18]. The longest lifetime,

τ 3 , and its intensity, I3 , were ascribed to ortho-positronium (o-Ps) annihilations occurred
in the free volume elements of polymers and, therefore, were used to characterize the free
volume in this study [17,19]. The PALS measurements were conducted at CSIRO
Manufacturing Science and Technology in Clayton, Victoria, Australia.
3.12
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Chapter 4: Preparation and Characterization of Oil/Water Emulsions
4.1

INTRODUCTION AND BACKGROUND
One promising application for membrane technologies is produced water

purification. Produced water is the largest single wastewater stream and the major
byproduct in oil and gas production [1]. “For every barrel of oil produced, approximately
10 barrels of produced water is generated.” [2] In 2002, more than 1.6 billion m3 (14
billion barrels) of produced water were handled in the U.S. alone [3,4]. This water often
contains salts, heavy metals, emulsified oil and other organics, rendering it unsuitable for
human or animal consumption, or even agricultural use [1,3]. However, produced water
could provide a valuable source of irrigation, industrial and even potable water if the
organic content or salinity could be reduced to acceptable limits [4]. For example, in
West Texas, it would be highly desirable to purify produced water for drinking or other
beneficial alternative uses, such as wildlife and livestock water impoundments,
recreation, fisheries, evaporation ponds, wetlands, and other agricultural and industrial
uses [3,5].
Produced water, therefore, represents an immense opportunity as a new water
resource for a wide variety of uses. The use of produced water for these applications
requires meeting strict guidelines for water standards through the Clean Water Act
(CWA) established by the Environmental Protection Agency (EPA) [6,7]. Consequently,
suspended materials such as solids and emulsified oil need to be removed before using
produced water.
Porous UF membranes are capable of removing emulsified oil and suspended
solids, and developing composite UF membranes with excellent performance for
produced water purification is the primary goal of this project. Thus, understanding the
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properties of produced water is quite necessary for evaluating membrane performance for
produced water purification, because the filtration and fouling properties are expected to
depend on the size of produced water emulsions used to characterize the membranes.
However, produced water emulsions vary greatly in compositions and properties.
In this study, oil/water emulsions were prepared to simulate produced water in crossflow
filtration tests, and, more importantly, the size of oil droplets in these oil/water emulsions
were controlled using various preparation conditions. Furthermore, the impact of the
properties (e.g., droplet size and size distribution) of the oil/water emulsions on the
removal of organics was studied.
4.2

PREPARATION OF OIL/WATER EMULSIONS
An appropriate amount of vegetable (e.g., soybean or canola) oil (Wesson) and

surfactant DC 193 (Dow Chemical Company) were combined in a ratio of 9:1
(oil/surfactant, w/w), added to 3 liters of deionized water, and blended together in a steel
vessel. To ensure a stable emulsion, the mixture of water, surfactant, and oil was
emulsified for 3 minutes at the highest rotational speed (~ 20,000 rpm) of the blender
(Warning LBC15, Torrington, CT). The emulsions were then stored at room temperature
and used within 24 hours. The concentration of organics in the water (i.e., oil plus
organic compounds of the surfactant) was varied from 30 to 15,000 ppm by adding
different amounts of oil/surfactant mixture to the water. The total organic carbon content
in these oil/water emulsions was determined using a total organic carbon analyzer (Model
TOC5050A) from Shimadzu (Japan).
4.3

CHARACTERIZATION OF OIL/WATER EMULSIONS
In this study, oil/water emulsions were prepared using various combinations of

organic concentration, oil: surfactant ratio, and agitation time, and were subsequently
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characterized by optical microscopy and by a Coulter counter (located in the Civil and
Environmental Engineering Department at the University of Texas at Austin),
respectively. Both techniques are capable of measuring the oil droplet size and size
distribution in the oil/water emulsion samples.
Briefly, in the optical microscopy experiment, an optical microscope was used to
observe the oil/water emulsion samples at a magnification of 2475×. Images were taken
from the top to the bottom of the oil emulsion sample by varying the focus depth of the
microscope. Oil droplets in the images were counted and measured to determine their
size.
The Coulter counter drew an oil/water emulsion sample through an aperture
across which a current existed. The emulsion sample was diluted 25-fold with deionized
water before testing. As the sample passed through the aperture, oil droplets in the sample
caused an increase in voltage proportional to the droplet volume. In this way, the Coulter
counter generated data related to the number of droplets in the sample and the size of
those droplets. A 30 µm aperture tube was calibrated to accurately measure droplets with
a diameter or equivalent spherical diameter between 0.8 and 16 µm. The measurement
was conducted at ambient conditions. The droplet diameter and diameter distribution
were calculated from a minimum of three separate tests using the same sample.
Representative optical microscope photographs of oil/water emulsions are
presented in Figure 4.1. The scales in the photographs were determined by comparing
with the standard photographs of mono-dispersed 1 and 2 µm latex particles that were
taken at the same magnification (i.e., 2475×). The oil droplets shown on the graphs were
then counted, and their sizes were determined. The number average size, Dn , of the
droplets was calculated as follows:
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∑N ⋅d
=
∑N
i

Dn

i

i

4.1

i

i

where N i is the number of droplets with a diameter of d i .

Figure 4.1

Optical microscope photographs of oil/water emulsions prepared at (a) 1500
ppm (organic concentration), 9:1 (oil:surfactant ratio), and 180 seconds
(agitation time), and (b) 15,000 ppm, 9:1, and 180 seconds.

Figure 4.2 presents the Coulter counter results for the oil/water emulsion prepared
at the standard formulation, which is 1500 ppm oil and surfactant, 9:1 oil:surfactant ratio,
and 180 seconds agitation time. Moreover, the number and volume droplet size
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distributions for emulsions prepared with other organic concentrations, oil:surfactant
ratios, and agitation times exhibit similar trends. As shown in Figure 4.2, most oil
droplets in the emulsion samples have a diameter between 0.8 and 3 µm. The Coulter
counter has a particle size cutoff at about 0.7 µm, which is why there are no data at or
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(a) Number and (b) volume droplet size distribution of the standard soybean
oil emulsion (1500 ppm, 9:1, 180s) measured using a Coulter counter. The
Coulter counter results from 3 separation tests for the oil emulsion sample
are plotted.

Figure 4.3 compares the number average droplet diameter values for the same
oil/water emulsion sample obtained via optical microscopy and Coulter counter
measurements, respectively. The dashed line in the Figure 4.3 is the parity line, which
presents the case where both measurements give the same droplet diameter value.
Generally, the diameter results for an emulsion sample given by these two methods are
well-correlated; however, the points in Figure 4.3 are away from the parity line
suggesting that the absolute values reported by each technique are different, probably due
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to different detection ranges of the measurement methods. Nonetheless, the comparison
results indicate that each measurement method can effectively study the influence of
organic concentration, oil: surfactant ratio, and agitation time on emulsion droplet size
and size distribution. Reasonably, the Coulter counter method would provide more
accurate diameter values than those from optical microscopy, because the Coulter counter
essentially surveys every oil droplet in the emulsion sample (e.g., >107/ml), while the
optical microscopy method only considers the droplets (~1000/ml) shown in the images
(c.f., Figure 4.1). Thus, only the Coulter counter results are presented and discussed
hereafter.
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Figure 4.3

Correlation of the number average diameter values for prepared oil/water
emulsion samples determined using optical microscopy (X-axis) and Coulter
counter (Y-axis) measurements. The dashed line is the parity line, which
corresponds to the case in which both techniques report exactly the same
average diameter for a given sample.
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Oil emulsions are mainly used as feed in filtration tests for evaluating membranes.
Unless otherwise noted, these filtration tests are often performed within 24 hours after
emulsion preparation; therefore, it is important to verify the stability of oil/water
emulsions over this time period. In this regard, the stability of oil/water emulsions was
evaluated via measuring and comparing the droplet size and size distribution as a
function of time for emulsion samples prepared at the same conditions. Specifically, the
droplet size and size distribution were monitored at 0 and 24 hours after preparation by
the Coulter counter, and the results for representative emulsion samples are presented in
Figure 4.4. As Figure 4.4 shows, no measurable change in the droplet size distribution is
observed over the 24 hour time period for the emulsion samples. The total number of
droplets per unit volume and Dn are sensibly equivalent for the 0 and 24 hour aged
samples. The trends for other emulsion samples are essentially the same. Based on these
results, the emulsions are stable for at least 24 hours after preparation.
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Droplet size number distribution for 0 (■) and 24 (○) hours aged soybean oil
emulsion samples prepared at (a) 150 and (b) 1000 ppm oil concentration,
9:1 oil:surfactant ratio, and 180 seconds agitation time.
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The number average droplet size were calculated based on the droplet size
distribution curves (c.f., Figure 4.2(a)) using Eq. 4.1. In addition, the volume average
droplet size, Dv , can be calculated using the following expression:
Dv

∑N
=
∑N

i

⋅ d i4

i

⋅ d i3

i

4.2

i

The polydispersity, therefore, is defined as the ratio of the volume average diameter ( Dv )
to the number average diameter ( Dn ).
The Dn and polydispersity values for emulsions prepared with varying organic
concentrations and oil:surfactant ratios are presented in Figures 4.5 and 4.6, respectively.
These emulsion samples were prepared at fixed agitation times, 180 seconds. The
calculated average oil droplet size and polydispersity of emulsion samples are compared
with the values of our standard recipe, which is 1500 ppm oil and surfactant, 9:1
oil:surfactant ratio, and 180 seconds agitation time. The results indicate that all these
factors affect the emulsion droplet size and size distribution in a certain range. As Figure
4.5 shows, the average droplet size gradually increases with increasing the organic
concentration, and also increases as the oil:surfactant ratio increases when the organic
concentration is held as constant. In other words, lower organic concentration and more
surfactant (i.e., lower oil: surfactant ratio) yield smaller droplets.
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Figure 4.5

Relationship between Dn and organic concentration for various oil/water
emulsion samples. The Dn values are determined based on the Coulter
counter results. The numbers in the graph indicate the oil:surfactant ratio for
preparing these emulsions, and the agitation time is fixed at 180 seconds.

Furthermore, polydispersity ( Dv / Dn ), as shown in Figure 4.6, exhibits a similar
behavior to the droplet size as corresponding to the organic concentration or the
oil:surfactant ratio changes. Briefly, polydispersity increases with increasing the organic
concentration and with increasing the oil:surfactant ratio, suggesting that that welldispersed emulsions could be obtained at reduced organic concentration or in
formulations containing more surfactant.
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Figure 4.6

Relationship between polydispersity and organic concentration for various
oil/water emulsion samples. The numbers in the graph indicate the
oil:surfactant ratio for preparing these emulsions, and the agitation time is
fixed at 180 seconds.

Figure 4.7 presents the effect of agitation time on Dn and polydispersity for
emulsions prepared at 1500 ppm organic concentration and 9:1 oil:surfactant ratio. As
shown in Figure 4.7, the number average droplet size remains essentially unchanged as
the agitation time increases from 30 to 180 seconds. However, agitation time significantly
affects polydispersity (i.e., droplet size distribution); longer agitation time yields more
well-dispersed emulsions.
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4.4

Effects of agitation time on Dn and polydispersity as measured by the
Coulter counter. The organic concentration (1500 ppm) and oil:surfactant
ratio (9:1) are fixed.

CONCLUSIONS
Emulsions with a variety of average droplet sizes can be prepared using different

combinations of organic concentration, oil:surfactant ratio and agitation time. The droplet
size of the emulsions was characterized by optical microscopy and by a Coulter counter,
and good agreement between these two methods is observed. The droplets in the
emulsions have diameters ranging from 0.8 to 3 µm, which are considerably large
compared with the typical pore diameter of conventional UF membranes.
Organic concentration is the major variable influencing the droplet size and size
distribution of the emulsions. Specifically, emulsions with smaller droplet sizes and
narrower distributions can be achieved by decreasing the organic concentration, adding
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more surfactant, or increasing the agitation time. Additionally, these emulsions are stable
for at least 24 hours after preparation.
4.5
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Chapter 5: Preparation and Characterization of Composite UF
Membranes for Oil/water Separation
5.1

SUMMARY
Potential fouling reducing coating materials were synthesized via free-radical

photopolymerization of aqueous solutions of poly(ethylene glycol) diacrylate (PEGDA,
n=13). Crosslinked PEGDA (XLPEGDA) exhibited high water permeability and good
fouling resistance to oil/water mixtures. Water permeability increased strongly with
increasing the water content in the prepolymerization water mixture, going from 10 to
150 L µm/(m2 hr bar) as prepolymerization water content increased from 60 to 80 wt.%.
However, molecular weight cutoff decreased as prepolymerization water content
increased. These materials were applied to polysulfone (PSF) UF membranes to form
coatings on the surface of the PSF membranes. Oil/water crossflow filtration experiments
showed that the coated PSF membranes had water flux values 400% higher than that of
an uncoated PSF membrane after 24 hours of operation, and the coated membranes had
higher organic rejection than the uncoated membranes.
5.2

INTRODUCTION
Porous UF membranes generally are capable of removing emulsified oil and

suspended solids from produced water [1]. Additionally, UF membranes are used to
remove fouling components from feed water before further treatment by NF and RO
membranes, resulting in improved NF and RO membrane performance [2-5]. Together,
such membrane technologies could enable the use of produced water as a valuable source
of irrigation, industrial and perhaps even potable water [6,7]. However, many commercial
UF membranes experience substantial and largely irreversible permeate flux declines
when they are exposed to a mixture of salt, emulsified oil droplets, and other particulate
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matter [1,8]. These contaminants in the water cause membrane fouling, which decreases
the UF membrane lifetime and represents a major roadblock to wider adoption of
membrane technology for water purification [8,9].
The non-porous surface coating approach can, in principle, completely eliminate
internal fouling if the coating prevents the passage of foulants from the feed mixture into
the underlying porous membrane. One requirement for selecting coating materials is that
they must have high water permeability, so hydrophilic materials are often considered.
Hence, highly hydrophilic materials, such as poly(vinyl alcohol) or poly(ethylene oxide),
have been considered as candidates for preparing UF composite membranes. In prior
studies, applying a thin (0.2-0.5 µm) polyether-polyamide block copolymer layer to
poly(vinylidene fluoride) UF membranes resulted higher water fluxes than those of the
porous UF membranes when tested with oil/water emulsions [9,10].
This chapter focuses on hydrogel coating materials based on crosslinked
poly(ethylene glycol) diacrylate (n=13, where n is the average number of ethylene oxide
units in the PEGDA molecule) (XLPEGDA13). Water serves as a solvent in the
prepolymerization mixture and, by varying the water content in the prepolymerization
solution, crosslink density may be varied [11,12]. This chapter reports water uptake,
water permeability, and solute sieving properties of XLPEGDA13 free-standing films.
PSF UF composite membranes employing XLPEGDA13 as a coating material were also
prepared. The oil/water separation performance and fouling characteristics of these
composite membranes are compared with those of uncoated porous PSF membranes in
crossflow filtration studies.
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5.3

XLPEGDA FREE-STANDING FILMS

5.3.1

Structural characteristic
Morphologies of XLPEGDA13 free-standing films were investigated using

CryoSEM. Figure 5.1(a) presents the CryoSEM image of an XLPEGDA13 film prepared
with no water in the prepolymerization mixture. While this film shows essentially a
nonporous structure, the CryoSEM image of an XLPEGDA13 film prepared with
80 wt.% prepolymerization water content, Figure 5.1(b), reveals a lacy morphology with
small pores. These images indicate that as prepolymerization water content increases, a
porous structure is created that should facilitate water transport. The mixture of PEGDA
and water is homogeneous, and it undergoes polymerization induced phase
separation [13-15]. A more detailed study of this phenomenon is provided elsewhere
[13,14,16].

(a)
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(b)

Figure 5.1

5.3.2

CryoSEM images of cross-section of XLPEGDA13 free-standing films
prepared at (a) 0 wt.% and (b) 80 wt.% water in the prepolymerization
mixture.

Water transport properties
Pure water uptake of XLPEGDA13 dense polymer films was tested as a first step

to characterize the water transport properties of these films. Water uptake measurements
are simple, and the values are often good indicators of water transport in such hydrogels.
Figure 5.2 presents water uptake of XLPEGDA13 free-standing polymer films prepared
at water contents in the prepolymerization mixture ranging from 0 to 80 wt.%. Water
uptake values for several XLPEGDA13 films are reported in Table 5.1. The
XLPEGDA13 film prepared at 80 wt.% water in the prepolymerization mixture has
around 350 wt.% water uptake, while the water uptake is only about 50 wt.% for the film
prepared with 0 wt.% water in the prepolymerization mixture. Clearly, water uptake
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depends strongly on prepolymerization water content, and it increases significantly as
prepolymerization water content increases.
400
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Figure 5.2

Water uptake of XLPEGDA13 free-standing films prepared with various
amounts of water in the prepolymerization mixture. The film thickness of
each sample was approximately 300 µm. The line is drawn to guide the eye.
Water uptake was calculated using Eq. 3.2.

Figure 5.3 presents pure water permeability of XLPEGDA13 free-standing films
as a function of transmembrane pressure difference. XLPEGDA13 films were prepared
with 50-80 wt.% water in the prepolymerization mixture. Water permeability and
resistance values for each film are recorded in Table 5.1. Resistance values are calculated
based on water permeability results using the resistance model (c.f., Eq. 2.16). As shown
in Figure 5.3, water permeability is independent of pressure over the pressure range
explored, and it increases significantly as prepolymerization water content increases.
Specifically, free-standing films with 80 wt.% water in the prepolymerization mixture
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exhibit a water flux almost 30 times higher than those prepared with 50 wt.% water in the
prepolymerization mixture. Moreover, these polymeric materials exhibit high water
permeability, up to around 150 L µm/ (m2 hr bar). These results also indicate that water
uptake and water permeability are related for XLPEGDA13 films. XLPEGDA13 films
with higher water uptake exhibit higher water permeability.
Table 5.1

Water transport properties of XLPEGDA13 free-standing films prepared
with different amounts of water in the prepolymerization mixture

Water content

Water uptake

Water permeability

Resistance

(wt.%)

(wt.%)

(L µm/(hr m2 bar))

( × 1012 m-1 µm-1)

50

112 ± 2

5.3 ± 0.4

70 ± 6

60

140 ± 9

10 ± 0.7

37 ± 3

67

172 ± 6

19 ± 1

19 ± 1

70

196 ± 8

29 ± 5.2

13.1 ± 2.3

75

240 ± 18

61 ± 2.5

6.0 ± 0.2

80

341 ± 5

150 ± 14

2.4 ± 0.2
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Figure 5.3

5.3.3

Water permeability of XLPEGDA13 free-standing films measured at
transmembrane pressure differences from 1 to 3.5 bar. The numbers in the
graph indicate the amount of water in the prepolymerization mixture. The
thickness of these films was approximately 300 µm.

Solute transport properties
Molecular weight cutoff (MWCO) measurements are often used to characterize

solute transport properties of polymeric membranes [17]. Figure 5.4 presents rejection
values of different molecular weight PEG molecules by XLPEGDA13 free-standing
films. Table 5.2 shows the MWCO values, obtained based on the rejection curve, for each
film. The XLPEDA13 film prepared at 60 wt.% prepolymerization water content has a
MWCO value of 1,200 Da, while the corresponding value is 16,600 for films prepared
with 80 wt.% water in the prepolymerization mixture. These results indicate that rejection
properties of XLPEGDA13 films significantly increase as prepolymerization water
content decreases.
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Figure 5.4

Molecular weight cutoff of XLPEGDA13 free-standing films. The numbers
in the graph indicate the amounts of water in the prepolymerization mixture.
The thickness of these films was approximately 300 mm. The dashed line
represents a rejection of 90%, corresponding to the molecular weight cutoff.

Table 5.2

Molecular weigh cutoff values of XLPEGDA13 free-standing films
prepared with different amounts of water in the prepolymerization mixture

Water content (wt.%)

MWCO (Da)

60

1,200

67

1,300

75

3,400

80

16,600

5.3.4

Chlorine resistance
Resistance to oxidizing agents such as chlorine is studied by monitoring solute

sieving property of XLPEGDA13 free-standing films before and after immersing them to
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buffered aqueous solutions (i.e., pH 4) of sodium hypochlorite (NaOCl) at a
concentration of 1000 ppm for 24 hours. As shown in Figure 5.5, the rejection of PEG
molecules

by

the

XLPEGDA13

free-standing

film

(prepared

at

80

wt.%

prepolymerization water content) is essentially unaffected by exposure to even high
levels of chlorine (i.e., 1000 ppm) at a low pH value.
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Figure 5.5

Changes in molecular weight cutoff curves of a XLPEGDA13 free-standing
film after being soaked in a 1000 ppm chlorine solution at pH 4 for 24
hours. The XLPEGDA13 film was prepared at 80 wt.% water in the
prepolymerization mixture.

In contrast, commercial polyamide (PA) RO membranes exhibit poor resistance to
even low levels of chlorine, and are often more sensitive to chlorine at lower pH values
[18,19]. Chlorine chemically attacks PA membranes, resulting in permanent changes in
water permeability and dramatic loss in salt rejection [18,19]. Figure 5.6 presents the
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surface content of the Cl element, measured using x-ray photoelectron spectroscopy
(XPS), for PA membranes and XLPEGDA13 free-standing films after 24 hour exposure
to 1000 ppm Cl solution at pH 4 and 10, respectively. As Figure 5.6 shows, significant
amounts of Cl are detected on PA membrane surfaces, presumably due to chlorine attack
on the amide linkages in PA polymer chains; however, the Cl contents on XLPEGDA13
surfaces are negligible, suggesting that the XLPEGDA13 surfaces are not changed by
exposure to chlorine. In summary, XLPEGDA13 exhibits significantly higher chlorine
resistance than PA, and chlorine exposure has essentially no influence on the transport
properties of XLPEGDA13 free-standing films.
12
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Cl (mol.%)
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XLPEGDA13
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Figure 5.6

pH 10

pH 4

pH 10

Effect of chlorine exposure on surface contents of the Cl element for
XLPEGDA13 free-standing films and commercial polyamide (PA)
membranes. All samples were immersed in 1000 ppm Cl solutions at pH 4
or pH 10 for 24 hours, respectively. XLPEGDA13 films were prepared with
80 wt.% prepolymerization water content.
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5.4

COMPOSITE UF MEMBRANES

5.4.1

Composite membrane formation
The same prepolymerization mixture was used for preparing composite

membranes as for preparing XLPEGDA13 free-standing films, which contains PEGDA
(n=13), water, and HCPK photoinitiator. High molecular weight poly(ethylene oxide)
(PEO) (Mn=1,000,000) is added to the prepolymerization mixture to increase the coating
solution viscosity, thereby reducing its penetration into the pores of the PSF support
membrane. The PEO is 2 wt.% based on water (i.e., 0.02 g PEO/(g PEO + Water)).
Support membranes were soaked in methanol to remove any dust on the top
surface and dried in air before coating. The prepolymerization mixture was spread on the
top surface of the dried support membranes using a Gardco automatic drawdown machine
(Model DP-8201, Pompano, FL) with a coating rod, and the coating speed was set to 2.5
cm/s. The prepolymer coating was polymerized by exposing the coated membrane to UV
light for 90 seconds in an argon environment to inhibit the interference of oxygen with
the polymerization.
The XLPEGDA13 coating thickness could be estimated using two methods, one
based on micrometer readings and the other based on sample weight [20]. In the
micrometer method, the thickness of the coated and uncoated support membrane was
measured using a micrometer with an accuracy of ±1 µm. The difference between the
micrometer readings for the coated and uncoated membranes was recorded as the
nominal coating layer thickness by micrometry. In the weight method, the weights of
fixed areas of uncoated and coated membrane were measured. The apparent coating
thickness was estimated as follows:
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5.1

where L is the apparent coating thickness, Wcoated is the weight of the coated membrane,
S coated is the area of the coated membrane, Wuncoated is the weight of the uncoated
membrane, S uncoated is the area of the uncoated membrane, and ρ p is the density of the
XLPEGDA13 coating, previously determined to be 1.18 g/cm3. Since the value given by
the micrometer method is the thickness of the coating layer on top of the support
membrane and the value given by the weight method is the total thickness of the applied
coating material, the difference between these values indicates the degree of penetration
of the coating solution into the pores of the porous support membrane. If these two
methods give the same result, there is no pore penetration. If the thickness from the
micrometer method is less than that by the weight method, there is pore penetration.
Consistently preparing composite membranes with a target coating thickness is
extremely important to this study. Photoinitiator HCPK content in the prepolymerization
mixture affects the reproducibility of the coating process greatly. Such effects were
studied by coating RO membranes (Series AK membrane, GE Osmonics) using
prepolymerization mixtures at photoinitiator concentrations from 0.1 to 5 wt.% while all
other experimental conditions were kept the same. In this coating formulation, no water is
used in the prepolymerization mixture. A rod of size 20 was selected for coating, which
can provide a nominal coating layer thickness of 51 µm on an impermeable substrate.
Four duplicate coated membranes were prepared for each photoinitiator concentration.
The XLPEGDA13 coating thickness on these RO membranes was measured by both the
micrometer and weight methods, and the results are presented in Table 5.3.
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As shown in Table 5.3, the difference between the thickness values given by the
two methods (micrometer and weighing) is small, so pore penetration is not a severe
problem for coating RO support membrane. Furthermore, as the photoinitiator content
increases above 0.5 wt.%, the deviation in coating thickness values becomes small. Small
deviation indicates high reproducibility of the coating process. Consequently, using more
photoinitiator effectively reduces the oxygen inhibition effect during free radical
polymerization and increases the reproducibility of the coating process. Therefore, the
photoinitiator concentration is set to 1 wt.% based on PEGDA (i.e., 0.01 g HCPK/(g
HCPK+PEGDA)) when water is present in the prepolymerization mixture to achieve a
homogeneous solution.
Table 5.3

XLPEGDA13 coating thickness on composite RO membranes

HCPK concentration (wt.%)

XLPEGDA13 coating thickness (µm)
Micrometer

Weight

0.1

31±30

37±23

0.5

36±6

33±1

1

35±8

40±19

5

53±7

55±8

5.4.2

Selection of support UF membranes

5.4.2.1 Poly(vinylidene fluoride)
Poly(vinylidene fluoride) (PVDF) UF membranes with nominal pore sizes of 0.1
and 0.02 µm were first selected as support membranes for coating. These PVDF
membranes were commercially available from Pall Corporation and were chemically
modified by the manufacturer to be hydrophilic. Surface morphologies of these PVDF
membranes were observed using SEM, as presented in Figure 5.7. As the SEM images
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show, these PVDF membranes all have a lacy surface morphology with a fibrous network
structure of interconnected pores. In addition, these lacy-structured PVDF membranes
have a fairly broad pore size distribution, with the pore size on the upper surface of the
membrane being larger than the nominal pore size, especially for the 0.1µm PVDF
membranes.

Figure 5.7

Scanning electron micrographs of the surface of PVDF membranes with
nominal pore sizes of 0.1 µm (top) and 0.02 µm (bottom).
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Composite membranes on PVDF (0.02 µm) supports were prepared from
XLPEGDA13 that was polymerized with 60 wt.% water in the prepolymerization
mixture. Attenuated total reflection-infrared spectroscopy (ATR-IR) was used to
investigate the composite membrane surface. Data were collected using 128 scans at a
resolution of 4 cm-1 ranging from 600 to 4000 cm-1. The characteristic peak of C=O in the
acrylate group around 1725 cm-1 was monitored. Figure 5.8 compares the ATR-IR
spectra of the bare PVDF support membrane and the composite membrane. The strong
adsorption at around 1725 cm-1 in the spectrum of the coated sample indicates the

Absorbance

existence of the XLPEGDA13 coating layer.

Composite

PVDF
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Figure 5.8

ATR-IR spectra of composite and support PVDF membranes.

Pure water and oil/water emulsion dead-end filtration experiments were
performed on both uncoated and composite PVDF membranes. The pure water
permeance in the uncoated PVDF membranes is measured as 20 L/(m2 h bar), while the
permeance value for the composite membrane drops to 0.1 L/(m2 h bar). Despite the
composite PVDF membrane has much lower water permeance, it exhibits excellent
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fouling resistance. Specifically, the permeance remains unchanged for the composite
membrane throughout the oil/water emulsion filtration test, and is essentially the same as
its pure water permeance. Furthermore, the coating thickness value given by the weight
method is considerably larger than the one estimated using the weight method, suggesting
significant pore penetration during the membrane coating process.
During coating, the initial polymerization mixture apparently wicks into the pores
of the membrane; this phenomenon occurs rapidly due to the relatively large pores on the
top surface of symmetric UF membranes (such as these PVDF membranes, c.f.,
Figure 5.7), and this pore penetration by the coating solution significantly reduces water
flux. Based on these results, symmetric UF membranes are not preferred candidates for
preparing composite membranes for this application.
In addition, pure water flux ( J ) of composite membranes is often related to
transmembrane pressure difference ( ∆p ) with the following resistance model:
∆p
J=
µ ⋅ (Rm + rc ⋅ L )

5.2

where Rm is the intrinsic resistance of the support membrane and rc is the resistance of
the XLPEGDA13 coating per unit thickness, recorded in Table 5.1. Clearly, the total
resistance is contributed by the membrane and coating. If no pore penetration occurs, the
overall resistance is given by two additive parts, the support membrane resistance ( Rm )
and the coating layer resistance ( rc ⋅ L ). Once the coating thickness L is determined
using the micrometer method, the water flux through the composite membrane can be
predicted using Eq. 5.2. Obviously, any pore penetration makes the actual flux lower than
the predicted flux. Consequently, the difference between the measured and calculated
fluxes provides another measure of the degree of pore penetration.
However, the composite PVDF membrane has a higher measured water flux than
the flux value predicted based on the resistance model, mainly due to unevenness or
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defects in the coating layer. This result indicates that the PVDF composite membranes
have rather uneven coatings in most cases, probably because of the low compatibility
between PVDF and XLPEO. PVDF exhibites low compatibility with XLPEO, mainly
due to its hydrophobicity, resulting that the prepolymerization mixture spreads unevenly
and beads up on the top surface of the PVDF support. This incompatibility causes the
coating process to be less reproducible. Clearly, both the support membrane and the
coating material are important for preparing composite membranes. In additional to
having similar chemical properties, the support membrane should adhere well to the
coating material.
This study has attempted to increase the hydrophilicity of PVDF membrane by
exposing the support membrane to an alkaline solution prior to coating, which generates
hydrophilic hydroxyl and carbonyl groups on the polymer chains. Composite membranes
were prepared using these alkaline-treated PVDF membranes, but the filtration studies on
these composite PVDF membranes show that the alkaline treatment only limitedly
improved the reproducibility of the coating process.
In summary, pore penetration and low compatibility between XLPEO materials
and support PVDF membranes are two major challenges encountered during preparation
of composite PVDF membranes. Selected PVDF UF membranes have large pore size on
the upper surface. The relatively large pores on the membrane surface cause severe pore
penetration during preparation of coated membranes, which markedly reduces flux. This
problem suggests that other support membranes with smaller surface pore size should be
considered, and that direction is pursued.
5.4.2.2 Polysulfone
Asymmetric polysulfone (PSF) UF membranes were selected for the preparation
of composite membranes in this study. The PSF UF membranes were supplied on non71

woven fabric supports approximately 50 µm thick; these membranes were used by GE
Osmonics as the substrate for the aromatic polyamide layer in RO membrane
preparations.
SEM images of the top surface of these PSF membranes reveal no apparent pores
on the membrane surface at the magnification shown in these SEM images. Thus, these
PSF membranes have a dense layer at their top surface, and the dense layer has much
smaller pores compared with those at the surface of symmetric PVDF membranes (c.f.
Figure 5.7). Consequently, the small pore sizes at the top surface should markedly reduce
or even eliminate pore penetration during composite membrane preparation.
Additionally, the anisotropic structure of PSF membranes can maintain water flux to a
large extent.
On the other hand, PSF and polyethersulfone (PES) membranes are known to be
photo-sensitive [21-26]; UV-light creates radicals on the PSF backbone during composite
membrane preparation, which could encourage covalent bonding between the coating and
the support, and should markedly increase the adhesion of the coating materials. This
characteristic might be used to help improve the compatibility of the coating material
(i.e., XLPEO) with the PSF support membrane, perhaps leading to chemical bonding of
the XLPEO coating to the PSF membrane surface.
Composite PSF membranes are prepared with the same coating procedure as
mentioned earlier, and the coating process for PSF membranes is relatively easy to
control and reproducible. XPS was first used to characterize the surface of PSF
membranes with and without the XLPEGDA13 coating. Elements carbon, oxygen, and
sulfur were monitored in XPS, and the mole percent of each element was obtained. The
relative amount of these elements should, theoretically, be identical to the actual number
of atoms of each element in a molecule. Because the molecular formulas of PSF and
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XLPEO are approximately (C 27 H 22 O4 S )n and (C 2 H 4 O )n , the C : O : S molar ratio is
27 : 4 : 1 for PSF and 2 : 1 : 0 for XLPEO.
Table 5.4 presents the XPS results of bare and coated PSF membranes. The
XLPEGDA13 coating was prepared without water in the prepolymerization mixture. As
shown in Table 5.4, essentially no sulfur is detected on the surface of composite
membranes, and the molar ratio of carbon to oxygen is approximately 2 to 1. Thus, the
existence of the XLPEGDA13 coating on top of PSF surfaces is confirmed based on XPS
results.
Table 5.4

XPS measurements of uncoated and coated PSF membranes

Membrane

C (mol. %)

O (mol. %)

S (mol. %)

PSF

79.9

16.7

3.4

Composite

68.0

31.7

0.3

SEM was also performed to observe the surface morphology of composite PSF
membranes. Figure 5.9 presents a representative top surface SEM image for composite
PSF membranes. The XLPEGDA13 coating is visible in Figure 5.9, and, consequently,
changes the surface morphology. The coating layer, which has no apparent pores, shows
a significantly different structure from that of porous UF membranes.
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Figure 5.9

Scanning electron micrograph of top surface of a PSF membrane coated by
XLPEGDA13. In this coating formulation, no water was used in the
prepolymerization mixture.

Uncoated PSF membranes were first characterized in dead-end oil/water emulsion
filtration tests. Figure 5.10 presents the permeate flux and the total resistance of uncoated
PSF membranes as a function of filtration time in oil/water emulsion dead-end filtrations
operated at different feed pressures. As shown in Figure 5.10(a), uncoated PSF
membranes exhibit only a slight decrease in flux when the filtration is operated at low
feed pressures (i.e., ∆p =0.7 bar). However, at 3.4 bar transmembrane pressure
difference, the permeate flux of the uncoated PSF membrane drops from 80 to around 15
L/(m2 h) after 10 hours of filtration, while the flux only decreases from 17 to 14 L/(m2 h)
when the transmembrane pressure difference is 0.7 bar. Furthermore, all the uncoated
membranes exhibit similar steady-state permeate flux (i.e., the permeate flux after 24
hours of filtration), suggesting that increasing the feed pressure cannot necessarily
increase the permeate flux of the uncoated PSF membrane in oil/water emulsion
filtration. The total resistance, as shown in Figure 5.10 (b), increases with a decreasing
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slope, which indicates that external fouling (i.e., surface fouling) is the dominant
mechanism for fouling PSF membranes [27]. In other words, the foulants (e.g., oil
droplets and surfactant) are retained on the membrane surface and, subsequently, form
cake layers that causes continuous decreases in the permeate flux and increases in the
total resistance during the filtration.
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Figure 5.10 (a) Flux versus time and (b) resistance versus time in oil/water emulsion
dead-end filtration tests of uncoated PSF membranes operated at 0.7, 2.0,
and 3.4 bar transmembrane pressure difference, respectively. The oil/water
emulsions were prepared at 1500 ppm organic concentration, 9:1
oil:surfactant ratio, and 180 seconds agitation time.
Composite PSF membranes were prepared from XLPEGDA13 that was
polymerized with 60 wt.% water in the prepolymerization mixture. The XLPEGDA13
coating is estimated as around 5 µm thick based on the micrometer method. The pure
water permeance in the composite membrane is 2 L/(m2 h bar), and the measured
permeance is close to the value calculated based on the resistance model, suggesting that
less pore penetration occurred during the coating process. Figure 5.11(a) presents the
permeate flux results for coated PSF membranes as a function of time in oil/water
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emulsion dead-end filtrations. The transmembrane pressure difference ranges from 0.7 to
4.8 bar. As shown in Figure 5.11(a), no reduction in permeate flux is observed for coated
PSF membranes. Unlike to uncoated PSF membranes, the coated membranes exhibit
essentially no fouling, particularly at low feed pressures, since the coated membranes
possess the permeate flux the same as their pure water flux. Figure 5.11(b) plots the
permeate flux as a function of transmembrane pressure difference. A linear relationship is
observed between permeate flux and transmembrane pressure difference at ∆p < 3 bar,
where the filtration is operated in the pressure-controlled region. However, further
increasing feed pressure has little influence on permeate flux, because the filtration
becomes mass-transfer controlled.
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Figure 5.11 (a) Flux versus time and (b) flux versus transmembrane pressure difference
in oil/water emulsion dead-end filtration tests of composite PSF membranes.
The filtration tests were operated at feed pressures ranging from 0.7 to 4.8
bar. In this coating formulation, the prepolymerization water content was
60 wt%. The oil/water emulsions were prepared at 1500 ppm organic
concentration, 9:1 oil:surfactant ratio, and 180 seconds agitation time.

76

In summary, compared with symmetric PVDF membranes, asymmetric PSF
membranes are better candidates as membrane supports for preparing composite
membranes. The coating process for PSF membranes is reproducible, and pore
penetration is limited. However, the permeate flux of coated membranes is still lower
than that of uncoated membranes. To further increase the permeate flux of composite PSF
membranes, two directions, reducing the coating thickness and increasing the water
content in the prepolymerization mixture, are explored in this study.
5.5

COMPOSITE MEMBRANE CHARACTERIZATION
Composite PSF membranes were prepared using the same coating procedure

except for choosing a coating rod with size of 0, resulting in thin XLPEGDA13 coating
layers. Composite PSF membranes were first prepared using XLPEGDA13 with no water
in the prepolymerization mixture. As shown in the cross-sectional SEM image in Figure
5.12, a XLPEGDA13 coating layer is visible on top of the coated PSF membrane. This
layer has a uniform thickness of less than 2 µm. Furthermore, the coating layer, which
has no apparent pores, shows a significantly different structure from that of the support
PSF membrane. As a result, the surface properties of the PSF membrane are altered by
coating it with XLPEGDA13.
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Figure 5.12 Cross-sectional SEM image of a PSF composite membrane coated with
XLPEGDA13. In the coating formulation, there is no water in the
prepolymerization mixture.
The same procedure was used to prepare composite PSF membranes coated with
XLPEGDA13 containing 80 wt.% water in the prepolymerization mixture. The same
coating procedure should maintain essentially similar structural features and coating layer
thicknesses as those shown earlier (c.f. Figure 5.12). Table 5.5 compares properties of
coated and uncoated PSF membranes, which have a water permeance of 36 and 141
L/(m2 hr atm), respectively. The lower water permeance of the coated membrane is due to
the introduction of the XLPEGDA13 coating layer. In other words, the XLPEGDA13
coating increases membrane resistance from 2.6 to 10 (x1012 m-1). Moreover, the
effective coating layer thickness can be estimated using the resistance model, if the
increased membrane resistance is ascribed solely to the XLPEGDA13 coating layer.
Based on this model, the estimated coating layer thickness is approximately 3 µm, which
is slightly higher than the observed value from the SEM image (c.f., Figure 5.12). The
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difference could be due to a small amount of pore penetration by XLPEGDA13, which
could cause the coating layer thickness calculated from the resistance model to be higher
than that observed via SEM.
Table 5.5

Properties of uncoated PSF membrane and PSF membrane coated with
XLPEGDA13 prepared with 80 wt.% water in the prepolymerization
mixture

Membrane

Water permeance

Resistance

Contact angle

MWCO

(L/m2 hr atm)

(1012 m-1)

(Degrees)

(Daltons)

Uncoated PSF

141 ± 9

2.6 ± 0.2

131 ± 22

92,400

PSF composite

36 ± 2

10 ± 0.6

52 ± 13

9,500

The effective thickness of XLPEGDA13 coating layer is approximately 3 µm based on
the resistance model.
Captive bubble contact angle measurements were used to determine the relative
surface hydrophilicity of coated and uncoated membranes. The surface hydrophilicity is
an important property in membrane fouling resistance, because previous research [28-30]
suggested that organic components and other particulates (e.g., protein) usually exhibit a
lower tendency to foul a more hydrophilic surface. Table 5.5 reports the contact angle in
water between a soybean oil droplet and the PSF membrane surface with and without an
XLPEGDA13 coating in water. The XLPEGDA13 layer was prepared with 80 wt.%
water in the prepolymerization mixture. The coated PSF membrane had a contact angle of
52o, which is much lower than that of the uncoated PSF membrane, 131o. Thus, the
XLPEGDA13 renders the membrane surface hydrophilic. The enhanced hydrophilicity of
the coated membrane should reduce fouling by emulsified oil droplets.
Figure 5.13 presents the MWCO properties of an XLPEGDA13 free-standing film
prepared with 80 wt.% water in the prepolymerization mixture, a PSF membrane coated
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with XLPEGDA13 prepared with 80 wt.% water in the prepolymerization mixture, and
an uncoated PSF membrane. The MWCO values of the coated (9,500) and uncoated
(92,400) PSF membranes are reported in Table 5.5. These results clearly indicate that the
XLPEGDA13 coating layer enhances the rejection properties of the membrane. Because
the coated PSF membrane exhibits essentially the same rejection of PEG molecules as an
XLPEGDA13 free-standing film, the coating layer alone actually determines the rejection
properties of the coated PSF membrane.
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Figure 5.13 Molecular weight cutoff of a () XLPEGDA13 free-standing film prepared
with 80 wt.% water in the prepolymerization mixture, () PSF composite
membrane coated with XLPEGDA13 prepared with 80 wt.%
prepolymerization water content, and () uncoated PSF membrane.
5.6

FILTRATION STUDIES ON COMMOSITE MEMBRANES
The separation performance of coated and uncoated PSF membranes is evaluated

using oil/water emulsion crossflow filtration studies. Crossflow filtration provides the
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bulk of the feed fluid flow tangent to the membrane surface, so that hydrodynamic forces
act as a mechanism to remove external foulants [17,31]. Figure 5.14(a) presents the
permeate flux as a function of operation time in an oil/water emulsion crossflow filtration
experiment where the uncoated and coated PSF membranes are tested side by side. The
coated PSF was prepared using XLPEGDA13 containing 80 wt.% water in the
prepolymerization mixture. The uncoated membrane experiences severe fouling (e.g.,
water flux dropped from 100 to around 15 L/(m2 h) after 5 hours of operation). However,
the coated membrane exhibits less fouling and has almost 4 times higher flux than that of
the uncoated membrane after 24 hours. The coated PSF membrane’s higher fouling
resistance is provided by the XLPEGDA13 layer on its surface.
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Figure 5.14 (a) Flux vs. time and (b) organic rejection vs. time for oil/water crossflow
filtration tests of () uncoated PSF membrane and () PSF membrane
coated with XLPEGDA13 prepared containing 80 wt.% water in the
prepolymerization mixture. The feed contained 1350 ppm canola oil, 150
ppm DC-193 neutral surfactant, and water. The experiments were performed
at a feed pressure of 7 bar and at 25oC. The crossflow rate was 68 L/h, and
the Reynolds number was 1300. The effective thickness of XLPEGDA13
coating was approximately 3 µm based on pure water flux result.
Figure 5.14 (b) presents the organic rejection of the coated and uncoated PSF
membranes as a function of time. The coated PSF membrane possesses a higher organic
rejection than the uncoated PSF membrane, and the organic rejection of the coated
membrane remains unchanged throughout the test. In contrast, for the uncoated PSF
membrane, the organic rejection gradually increases during the first 10 hours of
operation, possibly due to membrane fouling [28].
The filtration experiment was operated up to 3 days. However, after 24 hours of
operation, no significant changes in water flux or organic rejection were seen for both the
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uncoated and coated PSF membranes during this 3 days experiment. Thus, coated PSF
membranes exhibit better separation performance (e.g., higher water flux and higher
organic rejection) than uncoated PSF membranes during oil/water emulsion crossflow
filtration.
The effect of operation conditions (e.g., feed pressure and crossflow rate) on the
separation performance of uncoated and coated PSF membranes was also studied.
Figure 5.15 compares the permeate flux as a function of time in oil/water emulsion
crossflow filtration experiments performed at a feed pressure of 7 and 10 bar,
respectively, while all other operation conditions are maintained the same. As shown in
Figure 5.15, increasing feed pressure from 7 to 10 bar brings a more severe fouling to the
uncoated membrane, indicated by a sharper decline in flux over the first 5 hours of
operation. Since surface fouling is the major fouling mechanism in oil/water emulsion
filtration for uncoated PSF membranes, foulant layers are formed on the membrane
surface. In our case, the foulant layers, once formed, become the dominate resistance to
water flow. Higher feed pressures cause denser foulant layers, and the denser foulant
layers often have higher resistance to water flow, resulting lower steady-state flux. In
contrast, increasing the feed pressure increases the permeate flux for coated PSF
membranes, probably due to no foulant layer forming on the surface of coated
membranes. The XLPEGDA13 coating layer retards and possibly eliminates foulant layer
formation on the membrane surface, because of its hydrophilic nature, so fouling is
significantly reduced.
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Figure 5.15 Effects of feed pressure in oil/water crossflow filtration tests on the
permeate flux of ( and ○) uncoated PSF membrane and ( and ●) PSF
membrane coated with XLPEGDA13 prepared containing 80 wt.% water in
the prepolymerization mixture. The experiments were performed at feed
pressures of 7 and 10 bar, respectively, and at 25oC. The feed contained
1350 ppm canola oil, 150 ppm DC-193 neutral surfactant, and water. The
crossflow rate was 68 L/h, and the Reynolds number was 1300. The
effective thickness of XLPEGDA13 coating was approximately 3 µm based
on pure water flux result.
The influence of crossflow rate on the performance of uncoated and coated
membranes is presented in Figure 5.16. The crossflow filtration experiments are operated
at two different crossflow rates of 68 and 136 L/h, which should generate a laminar and
turbulent flow on membrane surfaces, respectively. Typically, increasing crossflow rate
decreases concentration polarization, because of an increase in hydrodynamic drag forces
that can sweep more foulants away from membrane surfaces, resulting in less membrane
fouling and increased permeate flux. As shown in Figure 5.16, the permeate flux of
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coated PSF membranes increases with increasing the crossflow rate. However, for
uncoated PSf membranes, the increase of crossflow rate essentially shows no influence
on the permeate flux, indicating a strong affinity of oil droplets to the hydrophobic PSF
membrane surface, which cannot be weakened by increasing crossflow from 68 to
136 L/h.
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Figure 5.16 Effects of crossflow rate in oil/water crossflow filtration tests on the
permeate flux of ( and ○) uncoated PSF membrane and ( and ●) PSF
membrane coated with XLPEGDA13 prepared containing 80 wt.% water in
the prepolymerization mixture. The crossflow rate was 68 and 136 L/h, and
the Reynolds number was 1300 and 2600, respectively. The experiments
were performed at feed pressures of 7 bar and at 25oC. The feed contained
1350 ppm canola oil, 150 ppm DC-193 neutral surfactant, and water. The
effective thickness of XLPEGDA13 coating was approximately 3 µm based
on pure water flux result.
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5.7

CONCLUSIONS
A series of XLPEGDA13 free-standing films was synthesized at various

prepolymerization water contents. CryoSEM images revealed that XLPEGDA13 films
are porous at high prepolymerization water contents. The prepolymerization water
content had a strong influence on water transport properties (e.g., water uptake and
permeability). The water permeability of these XLPEGDA13 films significantly
increased with increasing prepolymerization water content, and the MWCO decreased as
prepolymerization water content increased. Such behavior suggests a tradeoff between
water permeability and solute rejection. Water content, therefore, can be used to tune
water permeability and MWCO properties of these XLPEGDA13 films. Finally,
XLPEGDA13 was used as the coating material to prepare PSF composite membranes.
Crossflow filtration results indicate that the PSF membrane coated with XLPEGDA13
has both higher flux and higher organic rejection than an uncoated PSF membrane when
exposed to oil/water emulsions.
5.8
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Chapter 6: Water Transport in Crosslinked Poly(ethylene glycol)
Diacrylate Hydrogels
6.1

SUMMARY
A family of crosslinked poly(ethylene glycol) diacrylate (XLPEGDA) materials

was synthesized via free-radical photopolymerization of poly(ethylene glycol) diacrylate
(PEGDA) solutions in water. These materials are potential fouling-resistant coatings for
ultrafiltration (UF) membranes. PEGDA chain length (n=10-45, where n is the average
number of ethylene oxide units in the PEGDA molecule) and water content in the
prepolymerization mixture (0~80 wt.%) were varied, resulting in XLPEGDA materials
with water permeability values ranging from 0.5 to 150 L µm/(m2 h bar). Generally,
water permeability increased with increasing prepolymerization water content and with
increasing PEGDA chain length. Moreover, water permeability exhibits a strong
correlation with equilibrium water uptake. However, solute rejection, probed using
poly(ethylene glycol)s of well defined molar mass, decreased with increasing
prepolymerization water content and increasing PEGDA chain length. That is, there is a
tradeoff between water permeability and separation properties. Finally, the fouling
resistance of XLPEGDA materials was characterized via contact angle measurements and
static protein adhesion experiments. From these results, XLPEGDA surfaces are more
hydrophilic in samples prepared at higher prepolymerization water content or with longer
PEGDA chains, and the more hydrophilic surfaces generally exhibit less BSA
accumulation.
6.2

INTRODUCTION
Membrane technologies including ultrafiltration (UF), nanofiltration (NF), and

reverse osmosis (RO) may offer a flexible and viable long-term strategy for water
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treatment [1-4]. UF membranes have effective pores large enough to permit passage of
mono- and divalent salts, but small enough to prohibit passage of large macromolecules
and other organic contaminants [5-7]. UF is also applied as a pretreatment for NF and RO
membranes, removing fouling components from feed water and improving NF and RO
membrane performance [8-11]. The UF/RO combination is becoming the water
desalination technology of choice because it is cost-effective, compact, and simple to
operate and maintain [12]. In self-contained membrane bioreactors (MBRs), UF
membranes separate micro-organisms and resulting solid sludge from purified water
more efficiently [13-16] and produce higher quality purified water than conventional
activated sludge plants [14].
Membrane fouling is a major challenge facing this technology. The lifetime of
commercial UF membranes decreases catastrophically when they are exposed to a
mixture of salt, emulsified oil droplets, and other particulate matter that causes surface
and/or internal fouling [1,4], resulting in substantial and irreversible decreases in
permeate flux. In MBRs, UF membranes usually face high concentrations of proteins,
and the accumulation of these proteins and other biological macromolecules on the
membrane surfaces encourages the growth of biofilms that significantly reduce
flux [14,16].
One potential method of improving UF membrane fouling resistance is to apply a
hydrophilic surface coating layer to these membranes [4,17-22]. In ideal circumstances,
such a coating increases fouling resistance without markedly compromising water flux.
With properly tailored hydrophilic coating material properties, the coating layer acts as a
high flux, water selective barrier, thereby eliminating or minimizing foulant contact with
the underlying porous UF support membranes. Consequently, internal fouling is reduced,
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or, ideally, eliminated. Furthermore, its hydrophilic nature makes the coating layer highly
resistant to adhesion of organic contaminants and proteins, thus reducing surface fouling.
Via this composite membrane approach, one may consider using materials, such
as hydrogels, as ultrafiltration-type membranes even though such polymers would not
typically have sufficient mechanical properties, by themselves, to serve as such
membranes. In this way, the potential range of materials considered for such applications
is broadened relative to the current situation, where UF membranes are often prepared via
phase inversion, usually from mechanically robust engineering thermoplastics. In such
membranes, the surface properties, important for controlling fouling, cannot always be
manipulated independently from the mechanical property requirements and the
requirements imposed by the phase inversion process to achieve membranes of desired
pore size and pore size distribution. The composite membrane approach decouples the
preparation of a porous mechanical support from that of a coating layer with tailored
properties to control sieving, permeation, and surface chemistry.
In this study and others, functional materials that are hydrophilic (for high water
throughput) and exhibit good fouling resistance are being explored as coatings for UF
membranes. Because of their amphiphilic nature, biocompatibility, and excellent
resistance to nonspecific protein and other macromolecule adhesion [23-29],
poly(ethylene glycol) (PEG) and PEG-based materials have been considered for many
applications including biomaterials, tissue engineering, drug delivery devices, contact
lenses, implanted sensors, and membrane of various kinds. Additionally, PEG and PEGbased materials have also been proven to increase the fouling resistance of commercial
UF membranes during water purification [4,19,21,22,30,31].
As previous studies have shown [20,32], coating a crosslinked poly(ethylene
glycol) diacrylate (XLPEGDA) (n=13) layer onto the surface of a polysulfone (PSF)
91

membrane significantly improves its fouling resistance against emulsified oil droplets.
PSF membranes coated with XLPEGDA13 exhibited both higher water flux and better
organic rejection than uncoated PSF membranes when tested with oil/water
emulsions [20,32]. However, the XLPEGDA coating materials have not yet been
optimized for wastewater purification purposes (i.e., water flux and fouling resistance).
Hence, a greater understanding of the water transport and fouling properties of various
XLPEGDA materials is needed.
This chapter reports the synthesis and characterization of a series of potential
fouling-resistant coating materials based on XLPEGDA. The materials are synthesized by
UV-photopolymerization of PEGDA aqueous solutions. Varying the water content in the
prepolymerization mixture varies the crosslink density and crosslinked network
structure [33,34]. Additionally, PEGDA chain length (i.e., n=10, 13, 23, and 45) can also
be used to tune XLPEGDA network chemistry and structure, and these XLPEGDA films
are named XLPEGDA10, XLPEGDA13, XLPEGDA23, and XLPEGDA45, respectively.
Variation in PEGDA chain length (i.e., n=10, 13, 23, and 45) changes the ethylene oxide
content in the resulting crosslinked polymer networks, which influences network
structure and material properties. In this study, for each PEGDA chain length,
XLPEGDA free-standing films have been synthesized at various prepolymerization water
contents. The thermal properties as well as water permeability and solute sieving
properties of the materials were determined, and their fouling resistance was
characterized using static protein adhesion and contact angle measurements. Finally, the
effect of XLPEGDA network structure on transport properties is discussed.
6.3

THERMAL CHARACTERIZATION
The thermal properties of various XLPEGDA polymers were characterized using

differential scanning calorimetry (DSC), and thermograms of these dry XLPEGDA
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polymers are presented in Figure 6.1. XLPEGDA10, XLPEGDA13, and XLPEGDA23
polymers were prepared with no water in the prepolymerization mixture, and
XLPEGDA45 polymer was prepared with a prepolymerization water content of 30 wt.%.
XLPEGDA samples prepared at other prepolymerization water contents showed
essentially no influence of prepolymer water content on thermal properties (e.g., Tg and

Tm ), which is consistent with previous results reported by Lin et al. [34].

XLPEGDA45

Heat Flow (exothermic)

XLPEGDA23

XLPEGDA13

XLPEGDA10

-80

-40

0

40

80

o

Temperature ( C)

Figure 6.1

Differential scanning calorimetry thermograms of dry XLPEGDA polymer
films prepared with PEGDA (n=10, 13, 23, and 45). The XLPEGDA10,
XLPEGDA13, and XLPEGDA23 polymer films were prepared with no
water in the prepolymerization mixture, while 30 wt.% prepolymerization
water content was used to prepare the XLPEGDA45 polymer film. The
thermograms are displaced vertically for convenient viewing.

As Figure 6.1 shows, for XLPEGDA prepared with short PEGDA chains (n=10
and 13), the DSC scan shows only the endothermic step change associated with the glassrubber transition. That is, these samples do not exhibit any detectable crystalline order.
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High molar mass, linear polyethylene oxide (PEO) normally contains approximately 73
wt.% crystallinity and exhibits a melting temperature of 65oC [35], but crosslinking short
PEGDA chains (i.e., n<13) results in a fully amorphous PEO network. In contrast, an
XLPEGDA sample prepared from a longer PEGDA starting material (e.g., n=23) exhibits
an exothermic peak above Tg , which corresponds to crystal formation during the DSC
scan (i.e., cold crystallization). Apparently, some of these polymer chains have sufficient
mobility to organize into a crystalline phase during the DSC heating scan. Based on prior
studies [34], the crystalline phase formed in these materials is composed of ethylene
oxide segments. At higher temperature, an endothermic peak is observed in the
XLPEGDA23 sample which is ascribed to crystal melting. The XLPEGDA45 sample,
however, only displays an endothermic melting peak during the DSC scan.
Clearly, XLPEGDA materials prepared with long PEGDA chain (i.e., n=23 and
45 in this study) can crystallize. No cold crystallization exotherm was observed in the
XLPEGDA45 sample, so presumably, all of the crystallization that could take place
occurred either prior to loading the sample in the DSC and/or during the initial cooling
step of the DSC protocol. This sample is the only one to exhibit a crystalline melting
temperature above ambient conditions, so it is reasonable that this sample developed its
maximum level of crystallinity prior to beginning these DSC studies, which would limit
its ability to undergo further cold crystallization during the DSC scan. In contrast, the
XLPEGDA23 sample exhibits a crystalline melting point just below ambient conditions,
so it was likely wholly amorphous, or nearly so, when the DSC scans were started.
During the cooling step, the XLPEGDA23 sample presumably does not have sufficient
mobility to develop its maximum level of crystallinity during the limited time while the
sample was cooled from ambient to below the Tg in the DSC, so the chains vitrify
without forming crystalline structures. As a result, the XLPEGDA23 sample was able to
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undergo cold crystallization during the heating scan in the DSC, as shown in Figure 6.1.
The area under cold crystallization exotherm and the melting endotherm are
approximately the same, which supports the hypothesis that the material did not develop
significant levels of crystallinity during the DSC cooling cycle.
The enthalpy ( ∆H m ) associated with crystal melting can be determined from the
area under the melting endotherm, and the crystallinity in the sample can be estimated as
follows [34,35]:

χc =

∆H m
⋅ 100%
∆H c

6.1

where ∆H c is the melting enthalpy of 100% crystalline PEO, which is 166.4 J/g based
upon previous studies [36].
Table 6.1 records the glass transition temperature ( Tg ), melting temperature ( Tm ),
and estimated crystallinity for the XLPEGDA polymers considered in this study. The Tg
of XLPEGDA45 polymer could not be determined, possibly due to the high level of
crystallinity. Since only the amorphous material would undergo the glass-rubber
transition, the low level of amorphous material in this sample might limit the resolution
of the DSC to observe this transition. In addition, the presence of crystalline segments in
proximity with the amorphous region tends to limit the chain mobility in the amorphous
phase, and results in a less homogeneous response to heating using the DSC.
Consequently, the glass transition of such amorphous phases also tends to broaden [37].
The Tg of this sample is expected to be at approximately -50oC, which is the Tg of high
molar mass, linear PEO [35,38].
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Table 6.1

Thermal properties of dry XLPEGDA polymers prepared with PEGDA
(n=10, 13, 23, and 45)

Polymer

Tg (oC)

XLPEGDA10

-24

XLPEGDA13

-38

XLPEGDA23

-48

XLPEGDA45

Tm (oC)

Crystallinity (wt.%)

19

17

44

51

The results indicate that increasing PEGDA chain length decreases Tg , probably
due to an increase of PEG chain length between crosslinks (c.f., Table 6.2) and,
consequently, an increase in polymer chain mobility. The Tg of the XLPEGDA23
sample, -48oC, is quite close to that observed in high molecular weight, linear PEO
(-50oC), which is reasonable and lends further support to the notion that the Tg of the
XLPEGDA45 sample should also be at approximately this temperature. For XLPEGDA
prepared with long PEGDA chains (n=23 and 45), significant crystallization is observed.
XLPEGDA samples prepared with longer PEGDA chains possess longer runs of PEG
units between crosslinks, and the resulting runs of PEG units are long enough to form
crystals. Moreover, longer PEG chains provide fewer restraints, based on bond
connectivity, to inhibit the ethylene oxide’s participation in the crystal structure, resulting
in an increase in Tm and degree of crystallinity, which is consistent with previous studies
[33,34].
However, when hydrated, XLPEGDA23 and XLPEGDA45 polymers absorb
significant amounts of water. Consequently, the hydrated samples are fully amorphous,
so crystallinity does not influence the transport properties of the hydrated samples.
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The absorbed water in hydrogels is often categorized into two types, and they are
non-freezing and freezing water [39-41]. In XLPEGDA hydrogels, non-freezing water
refers to the water that directly interacts and bounds with the ethylene oxide segments of
polymer chains, and subsequently cannot be detected by DSC. In contrast, freezing water
exhibits behaviors as those of bulk water. Thus, the freezing water in XLPEGDA
hydrogels can be characterized using DSC, the amount of which can be quantitatively
determined by measuring the enthalpy change associated with the freezing/melting of
freezing water [39-41].
Figure 6.2 presents the DSC thermograms of some XLPEGDA10 hydrogel
samples, which were synthesized at 0, 20, and 40 wt.% prepolymerization water contents,
resulting in 25, 34, and 42 wt.% equilibrium water uptakes in the hydrogels, respectively.
XLPEGDA prepared with other PEGDA chain length and with other prepolymerization
water content exhibits similar trends in DSC thermograms as those shown in Figure 6.2.
As Figure 6.2 shows, the hydrated XLPEGDA10 sample exhibits exothermic peaks
around temperatures ranged from -20oC to 5oC, which corresponds to the melting of
freezing water during the DSC heating scan. The observation of multiple endothermic
peaks is due to a distribution of melting points in the XLPEGDA10 samples [40]. The
area under the endothermic peaks is the enthalpy ( ∆H w ) ascribed to the melting of
freezing water in the samples. The samples having less freezing water exhibit smaller
areas under the endothermic peaks, as shown in Figure 6.2. Furthermore, the amount of
freezing water ( wwf ) can be estimated as follows [40]:
∆H w
wwf =
⋅ 100%
∆H f
where ∆H f is the heat of fusion of bulk water, 79.6 cal/g [40].
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Figure 6.2

Differential scanning calorimetry thermograms of hydrated XLPEGDA10
samples prepared at prepolymerization water contents of 0, 20, and 40 wt.%.
A heating rate of 10oC/min was used during the DSC scan. The
thermograms have been rearranged vertically for clarity.

Quinn et al., however, reported that the heat of fusion of freezing water in
hydrogels varies and is lower than the heat fusion of bulk water [40]. Thus, using Eq. 6.2
inevitably leads to an underestimation of the amount of freezing water. Fortunately, as
proposed by Quinn et al., the amount of freezing water can be more accurately estimated
by correlating the melting enthalpy with water uptake. Particularly, the melting enthalpy
would be linearly correlated with water content in hydrogels, and the slope of the fitting
line indicates the heat of fusion of the freezing water in the hydrogels. In this regard,
Figure 6.3 plots the melting enthalpy (cal/g polymer) as a function of water uptake (g
water/g polymer). As shown in Figure 6.3, the melting enthalpy linearly increases with
water uptake in XLPEGDA hydrogels. Moreover, a general correlation is observed for all
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XLPEGDA hydrogels, suggesting that the amount of freezing water is mainly determined
by the water uptake in the hydrogels and is unaffected by polymer network structure.
This trend is reasonable because XLPEGDA polymers mainly contain ethylene oxide
units (>80 wt.%), and the ethylene oxide unit should exhibit the same interactions with
water that often decide the amount of freezing and/or non-freezing water.
250
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Figure 6.3

Melting enthalpy versus water uptake for XLPEGDA hydrogels prepared
with PEGDA of various chain lengths: (□) n=10, (●) n=13, (○) n=23, and
(■) n=45. The films were prepared at various prepolymerization water
contents. Data fitted: ∆H w = 60.4 ⋅ WH − 22.5 .

The heat of fusion of the freezing water in XLPEGDA is determined as 60.4 cal/g
based on the linear fit presented in Figure 6.3, and the maximum amount of the
non-freezing water in XLPEGDA is around 37 wt.%. In other words, every ethylene
oxide unit in XLPEGDA could maximally interact with one water molecule, and,
consequently, makes the bound water molecule non-freezing during DSC scans. The
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results for XLPEGDA hydrogels from this study are in good agreement with previously
reported data on other hydrogels [39-41].
6.4

TRANSPORT PROPERTIES
Figure 6.4 presents the influence of PEGDA chain length and prepolymer water

content on equilibrium water uptake. The water uptake values are also recorded in
Table 6.2. The dashed line in Figure 6.4 is the parity line, representing the case where the
equilibrium water content in XLPEGDA equals the water content in the
prepolymerization mixture. Points above the parity line indicate that the XLPEGDA film
can sorb additional water (i.e., above and beyond that present in the prepolymerization
mixture) after crosslinking. Points below the parity line correspond to the situation where
the film cannot absorb, at equilibrium, as much water as was present in the initial
prepolymerization mixture. The extra water is forced out of the network, forming a new
phase, during the crosslinking process, in a process known as polymerization induced
phase separation (PIPS) [42-45]. Prior to polymerization, prepolymerization solutions
were completely transparent, except for the PEGDA (n=10) solutions at high water
content (i.e., >60 wt.%), which were cloudy. The polymerized XLPEGDA23 and
XLPEGDA45 free-standing films are transparent at all prepolymerization water contents
considered, but the polymerized XLPEGDA10 and XLPEGDA13 films gradually turned
from transparent to translucent as prepolymerization water content increased from 60 to
80 wt.%, indicating the onset of PIPS [20].
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Table 6.2

Molecular weight between crosslinks and mesh size for XLPEGDA
prepared with PEGDA (n=10, 13, 23, and 45) and various amounts of water
in the prepolymerization mixture

PEGDA Water content in
Equilibrium water
prepolymerization uptake of
mixture (wt.%)
XLPEGDA (wt.%)
n=10

Mc
(g/mol)

Crosslink
density, υ e
(10-3 mol/cm3)

0
25
29
39
20
34
37
31
40
42
42
26
50a
48
45
25
60a
55
54
21
a
63
75
15
67
70a
66
80
14
75a
72
110
10
a
80
78
134
8.3
n=13
0
34
47
24
20
39
51
22
40
48
61
18
50
53
67
17
60a
58
73
15
a
67
63
79
14
70a
66
88
13
75a
72
109
10
a
80
78
145
7.7
n=23
0
67
264
4.2
20
68
241
4.6
30
70
249
4.5
40
74
275
4.1
50
76
288
3.9
60
80
313
3.6
70
83
321
3.5
80
89
392
2.9
n=45
0
74
510
2.2
10
75
512
2.2
20
75
489
2.3
30
78
529
2.1
40
80
547
2.0
50
82
566
2.0
60
83
570
2.0
70
86
622
1.8
80
90
690
1.6
a
These films are somewhat cloudy suggesting that they were heterogeneous.
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ζ
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Figure 6.4

Equilibrium water content in hydrated XLPEGDA free-standing films
prepared with PEGDA of various chain lengths: (□) n=10, (●) n=13, (○)
n=23, and (■) n=45. The films were prepared at various prepolymerization
water contents, and the sample film thickness was approximately 300 µm.
The dashed line represents the parity line, where water content in the film
would be equal to the prepolymerization solution water content.

The water content results present two additional interesting findings. First, for
films prepared with the same PEGDA chain length, equilibrium water content increases
as prepolymerization water content increases. Second, films prepared using longer
PEGDA chains generally have higher equilibrium water content when the
prepolymerization water content is held constant. However, at prepolymerization water
content values of 60 wt.% or more, films prepared with PEGDA (n=10) have essentially
the same water content as those made with PEGDA (n=13) film. In the case of PEGDA
(n=10), at prepolymerization water contents exceeding 60 wt.%, the prepolymerization
mixture is somewhat cloudy, indicating that the solution is heterogeneous, while the
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PEGDA (n=13) prepolymerization mixtures were always optically transparent and were,
therefore, homogeneous. The heterogeneous prepolymerization mixture leads to greater
phase separation in the crosslinked film, which may create voids in the resulting film and
increase its water content above the value that it would have if there were no PIPS.
The number average molecular weight between crosslinks and the mesh size for
XLPEGDA polymers were calculated using the Peppas-Merrill equation (i.e., Eq. 2.17).
This information, which helps characterize the physical nature of XLPEGDA polymers,
is an important parameter in such applications as drug delivery and protein release from
hydrogels [26,27]. The effect of prepolymerization water content and PEGDA chain
length on mesh size of XLPEGDA is presented in Table 6.2. The mesh size and
molecular weight between crosslinks for samples believed to be phase-separated (i.e.,
n=10 at greater than 50 wt.% prepolymerization water content and n=13 at greater than
60 wt.% prepolymerization water content) should be interpreted with caution since the
theory was developed for the situation where the hydrogel does not undergo phase
separation during polymerization. In these cases, the actual water content in the polymerrich phase of the hydrogel is somewhat lower than the value reported for the equilibrium
water uptake in Table 6.2, so the molecular weight between crosslinks and the mesh size
for the polymer-rich phase should be somewhat lower than the values reported in
Table 6.2. Nevertheless, as the results indicate, varying the prepolymerization water
content and PEGDA chain length strongly influences the apparent mesh size of
XLPEGDA. The mesh size increases with increasing prepolymerization water content
and with increasing PEGDA chain length. This trend is reasonable because increases in
either prepolymer water content or PEGDA chain length should reduce crosslink density,
thereby increasing network mesh size. Through careful selection of prepolymerization

103

water content and PEGDA, XLPEGDA samples may be prepared with mesh sizes
ranging from 9 to 87 Å.
Figure 6.5 presents CryoSEM images of cross-section of XLPEGDA films that
were prepared with 50 wt.% water in the prepolymerization mixture. As shown in Figure
6.5, XLPEGDA10 and XLPEGDA13 films exhibit essentially a nonporous structure,
while XLPEGDA23 and XLPEGDA45 films reveal lacy morphologies with small pores.
The pores in XLPEGDA23 films are significantly smaller than those in XLPEGDA45
films. Thus, the CryoSEM images confirm that XLPEGDA films prepared with longer
PEGDA chains generally have a more porous structure. Furthermore, the films with more
porous structures often have higher equilibrium water content and higher water
permeability.

104

Figure 6.5

CryoSEM images of the cross-sections of hydrated XLPEGDA freestanding films prepared with PEGDA of various chain lengths: (a) n=10, (b)
n=13, (c) n=23, and (d) n=45. The XLPEGDA films were prepared with
50 wt.% water in the prepolymerization mixture.

Table 6.3 presents pure water permeability of XLPEGDA free-standing films. The
influence of PEGDA chain length and prepolymerization water content on water
permeability is presented in Figure 6.6. For films prepared at the same PEGDA chain
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length, water permeability increases as prepolymerization water content increases,
probably due to a decrease in effective network crosslink density as prepolymerization
water content increases. Prepolymerization water content exhibits a stronger influence on
water permeability of short-chain crosslinked PEGDA (n=10 and 13) than on long-chain
PEGDA (n=23 and 45). Specifically, water permeability of XLPEGDA13 increases from
0.6 to 30 (L µm/(m2 h bar)) (i.e. 50-fold) as prepolymerization water content increases
from 0 to 70 wt.%. In contrast, water permeability of XLPEGDA23 increases only about
5 times, from 20 to 100 (L µm/(m2 h bar)), when prepolymerization water content
changes over the same range. When prepolymerization water content increases, PIPS
occurs in short-chain PEGDA (n=10 and 13) samples, which creates a separate water
phase in these samples that may contribute to increasing their water permeability.
Moreover, longer PEGDA chain networks generally exhibit higher water permeability
than short-chain networks when both are prepared at the same prepolymerization water
content. However, when the prepolymerization water content exceeds 60 wt.%, a film
prepared with PEGDA (n=10) is more permeable than a PEGDA (n=13) film, probably
due to the higher degree of phase separation in the n=10 sample.
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Figure 6.6

Water permeability of XLPEGDA free-standing films prepared with
PEGDA of various chain lengths: (□) n=10, (●) n=13, (○) n=23, and (■)
n=45. The films were prepared at various prepolymerization water contents,
and the sample film thickness was approximately 300 µm.
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Table 6.3

Water transport properties and molecular weight cutoff values of
XLPEGDA10, XLPEGDA13, XLPEGDA23, and XLPEGDA45
free-standing films prepared with various amounts of water in the
prepolymerization mixture

Prepolymerization water content
Water permeability
MWCO
2
(Da)
(wt.%)
(L µm/(m h bar))
XLPEGDA10
0
0.27 ± 0.05
N/A
20
0.73 ± 0.08
N/A
40
2.0 ± 0.2
N/A
60a
11 ± 3
1,270
a
28 ± 1.4
2,700
67
70a
49 ± 9
4,600
75a
135 ± 12
16,200
XLPEGDA13
0
0.6 ± 0.1
N/A
20
1.3 ± 0.1
N/A
40
2.6 ± 0.3
N/A
50
5.3 ± 0.4
N/A
60
10.0 ± 0.7
1,200
67
19.2 ± 1.3
1,300
70
29 ± 5
2,100
75
61 ± 3
3,400
80
150 ± 14
16,600
XLPEGDA23
0
20 ± 2
1,290
20
24 ± 5
1,350
30
25 ± 2
1,410
40
35 ± 7
1,960
50
39 ± 4
2,820
60
51 ± 3
3,650
70
103 ± 4
4,480
XLPEGDA45
10
28 ± 2
1,320
20
31 ± 5
1,440
30
38 ± 2
1,550
40
46 ± 3
1.720
50
54 ± 6
1,990
60
68 ± 2
2,900
70
107 ± 8
3,760
a
PEGDA (n=10) is only partially miscible with water when the prepolymerization water
content is above 60 wt.%. All other samples are completely miscible prior to
polymerization.
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MWCO values for XLPEGDA free-standing films, reported in Table 6.3,
significantly increase (i.e., rejection decreases) as prepolymerization water content
decreases. MWCO values are also higher for XLPEGDA prepared with longer PEGDA
chains. Generally, XLPEGDA with higher water permeability has higher MWCO values
and, consequently, lower rejection properties. This trend is reasonable since samples with
higher water permeability generally have larger mesh sizes either because they are
prepared from longer PEGDA starting materials or because they were prepared from
prepolymerization mixtures containing more water.
Prepolymerization water content exhibits similar effects on XLPEGDA water
content and water permeability (c.f., Figure 6.4 and Figure 6.6), suggesting that they are
correlated. The correlation between equilibrium water uptake and water permeability is
presented in Figure 6.7. XLPEGDA films prepared with the same PEGDA chain length
but higher water content have higher water permeability. Furthermore, for XLPEGDA
films having the same water content, those prepared with shorter PEGDA chains exhibit
higher water permeability, perhaps due to the increased influence of PIPS on the structure
and, therefore, transport properties of materials prepared from shorter PEGDA
chains [45,46].
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Figure 6.7

Water permeability versus equilibrium water content in hydrated
XLPEGDA for XLPEDA free-standing films prepared with PEGDA of
various chain lengths: (□) n=10, (●) n=13, (○) n=23, and (■) n=45.

Zydney and co-workers introduced a so-called selectivity-permeability trade-off
plot to evaluate the separation performance of commercial UF membranes [47]. In
applying XLPEGDA materials as fouling-resistant coatings for UF membranes, such
selectivity-permeability plots might be useful for comparing the transport properties of
various films. In the selectivity-permeability trade-off, a separation factor ( 1 / S a ) is
plotted against hydraulic permeability of membrane samples [47]. In our case, S a is the
sieving coefficient of model PEG molecules, and it can be estimated from the
experimentally observed sieving coefficient ( S o = C P / C F ) using the following
expression [3,47]:

Sa =

So
(1 − S o ) exp( J / k ) + S o
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6.3

where J is the filtrate flux and k is the mass transfer coefficient of the stirred cell used
in MWCO measurements. Since the filtrate flux was low (i.e., < 1.5 × 10 −7 (m / s ) ) for all
the experiments, the observed sieving coefficient is equal to the actual sieving
coefficient [3].
Figure 6.8 (a) and (b) present the selectivity-permeability tradeoff for materials
prepared with PEGDA (n=10, 13, 23, and 45) using PEGs (3,350 and 1,450 g/mol) as
model molecules. There is a tradeoff between water permeability and the ability of these
materials to remove PEG molecules from solution. The separation factor values are
somewhat higher in all cases for the larger PEG molecules (3,350), and, there is a greater
distinction among the separation properties of the various materials when challenged with
a larger solute. XLPEGDA materials prepared with longer PEGDA chains exhibit better
overall separation performance (i.e., combinations of higher water permeability and
better solute sieving ability), which may be related to less PIPS during material
formation, resulting in a lower degree of heterogeneity in their network structures.
(a)

3

10

PEG (3,350)

a

Separation factor (1/S )

n=10

2

10

n=45

1

10

n=23
n=13
0

10

0

50

100

150

Permeability (L µm/(m h bar))
2

111

200

(b)

2

10

a

Separation factor (1/S )

PEG (1,450)

n=23

1

n=45

10

n=13

n=10

0

10

0

50

100

150

200

Permeability (L µ m/(m h bar))
2

Figure 6.8

6.5

Selectivity versus permeability for XLPEGDA free-standing films prepared
with PEGDA of various chain lengths: (□) n=10, (●) n=13, (○) n=23, and
(■) n=45. Monodisperse PEG molecules with a molar mass of (a) 3,350 and
(b) 1,450 g/mol were used as model molecules for the selectivity
calculation.

FOULING CHARACTERISTICS
Contact angle and BSA adhesion measurements were used to characterize the

potential fouling resistance of various XLPEGDA materials. The contact angle
characterizes the relative surface hydrophilicity: all other factors being equal, a more
hydrophilic surface is often more resistant to the adhesion of organic compounds and
proteins [48,49]. Figure 6.9 presents contact angles between an n-decane droplet and the
surface of XLPEGDA materials: the smaller the contact angle, the more hydrophilic the
surface. For films prepared with the same PEGDA chain length, contact angle decreases
as prepolymerization water content increases. For instance, the contact angle of
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XLPEGDA13 films decreases from over 60o to 40o as the prepolymerization water
content increases from 0 to 80 wt.%. As prepolymerization water content increases,
crosslink density decreases and water content in XLPEGDA film increases. The presence
of more water, therefore, is probably responsible for the lower contact angles in samples
with higher prepolymerization water contents. Moreover, longer PEGDA chain networks
have a more hydrophilic surface than short-chain networks when prepared at the same
prepolymerization water content, because longer PEGDA chains possess higher ethylene
oxide content and, consequently, the resulting polymerized XLPEGDA has a higher
content of hydrophilic ethylene oxide units and a lower content of hydrophobic acrylate
units.
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Figure 6.9

Contact angle in water between an n-decane droplet and the surface of
XLPEGDA free-standing films prepared with PEGDA of various chain
lengths: (□) n=10, (●) n=13, (○) n=23, and (■) n=45. The films were
prepared at various prepolymerization water contents, and the sample film
thickness was approximately 300 µm.
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Figure 6.10 presents the results of BSA adhesion to the surface of XLPEGDA
free-standing films. A lower BSA adhesion value indicates a weaker affinity between
BSA and the XLPEGDA surface, which should reduce the BSA accumulation on the film
surface during water purification processes and improve its fouling resistance [50,51].
The PEGDA chain length and prepolymerization water content influence BSA adhesion
in much the same way as they influence contact angle. For films prepared with the same
PEGDA chain length, BSA adhesion decreases significantly as prepolymerization water
content increases from 0 to 40 wt.%. Afterwards, it remains approximately unchanged
with further water content increases. The results also indicate that longer PEGDA chain
networks generally show lower BSA adhesion than short-chain networks prepared at the
same prepolymerization water content. However, although XLPEGDA23 film surfaces
are more hydrophilic than those of XLPEGDA13 films, XLPEGDA13 exhibits higher
BSA adhesion than does XLPEGDA13 when the prepolymerization water content is
above 40 wt.%. One possible explanation is that XLPEGDA13 has a different surface
structure due to phase separation during polymerization, and the surface structure as well
as surface roughness, in additional to surface hydrophilicity, influence protein
adhesion [52-55].
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Figure 6.10 BSA adhesion to the surface of XLPEGDA free-standing films prepared
with PEGDA of various chain lengths: (□) n=10, (●) n=13, (○) n=23, and
(■) n=45. The films were prepared at various prepolymerization water
contents, and the sample film thickness was approximately 300 µm.
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CONCLUSIONS
XLPEGDA materials were prepared with various prepolymerization water content

and PEGDA chain lengths. Both variables can be used to tune water permeability and
MWCO properties of the resulting films. Their water permeability significantly increased
as prepolymerization water content and PEGDA chain length increases, and the MWCO
decreased as prepolymerization water content and PEGDA chain length increased. The
separation performance of various XLPEGDA materials, compared using a selectivitypermeability plot, indicated a tradeoff between water permeability and solute rejection for
materials prepared with the same PEGDA chain length. XLPEGDA samples prepared
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with longer-chain PEGDA have both higher water permeability and better solute
rejection at the same time relative to XLPEGDA prepared with short-chain PEGDA.
Contact angle measurements indicated that the surfaces of XLPEGDA materials prepared
at higher prepolymerization water content and longer PEGDA chain length were more
hydrophilic, and these surfaces generally exhibited less BSA adhesion.
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6.8

APPENDIX

Table 6.4

Rejection of PEG having molar mass ranging from 1000 to 35,000 g/mol by
XLPEGDA hydrogels

Prepolymer water
content (wt.%)
XLPEGDA10
60
67
70
75
XLPEGDA13
60
67
70
75
80
XLPEGDA23
0
20
30
40
50
60
70
XLPEGDA45
10
20
30
40
50
60
70

PEG rejection (%)
1000

1450

3350

4600

8000

80.0

96.5
78.3
67.6

99.5
94.0
83.8

97.2
89.8
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Chapter 7: Characterization of Sodium Chloride and Water Transport
in Crosslinked Poly(ethylene oxide) Hydrogels
7.1

SUMMARY
Three series of crosslinked poly(ethylene oxide) (XLPEO) hydrogel materials

were synthesized via UV-photopolymerization of aqueous solutions containing (1)
poly(ethylene glycol) diacrylate (PEGDA) (n=10), (2) PEGDA (n=13), and (3) mixtures
of PEGDA (n=13) and poly(ethylene glycol) acrylate (PEGA) (n=7), where n is number
of ethylene oxide groups. The water content in the prepolymerization mixture was varied
from 0 to 80 wt.% and resulted in XLPEO hydrogels having equilibrium water contents
ranging from 0.3 to 0.8 (v/v). These hydrophilic XLPEO hydrogels are highly water
permeable. The NaCl transport properties of XLPEO were studied using direct
permeation and kinetic desorption methods, and good agreement between these two
methods was observed. Generally, NaCl permeability in XLPEO increased from less than
0.1 to 2 (10-6 cm2/s) as prepolymerization water content increased from 0 to 80 wt.%.
NaCl permeability also increased with increasing PEGDA chain length and was higher in
samples prepared with PEGA in the prepolymerization solution, presumably due to
decreases in effective crosslink density. There is a tradeoff between water permeability
and water/salt selectivity: Materials with high water permeability typically exhibit low
water/salt selectivity, and vice versa. NaCl permeability and diffusivity were strongly
correlated with free volume in the hydrogels. Free volume was characterized based on
both equilibrium water content and positron annihilation lifetime spectroscopy (PALS).
In these samples, the equilibrium water content was proportional to the fractional free
volume from the PALS measurements.

122

7.2

INTRODUCTION
Numerous studies have highlighted the application of poly(ethylene oxide)

(PEO)-based materials in biomaterials, tissue engineering, drug delivery devices,
pharmacy, implanted sensors, etc. [1-7], and PEO-based materials are often
biocompatible, highly hydrophilic, and resistant to protein adhesion. In the last decade,
such materials have also gained significant attention for gas [8-11] and liquid [12-14]
separations. Because of their favorable interaction with acid gases, crosslinked PEO
(XLPEO) polymers have interesting performance for separating acid gases (e.g. carbon
dioxide and hydrogen sulfide) from light gases and hydrocarbons [8-11,15,16]. In water
purification, PEO-based materials have been explored to modify the surface of existing
ultrafiltration (UF) membranes, resulting in improved fouling resistance of these UF
membranes [12,13,17-20]. For example, applying a coating layer of XLPEO to a
polysulfone (PSF) UF membrane simultaneously increases water flux and organic
rejection in oil/water emulsion tests, leading to significantly improved fouling resistance
against emulsified oil droplets [21,22]. Additionally, PEO-based coatings enhance
fouling resistance of desalination membranes [23].
As we face a global water shortage in the 21st century, a flexible and viable longterm strategy that can efficiently supply clean water is needed [24,25]. Polymeric
membranes are rapidly becoming the technology of choice for water desalination because
they are cost-effective, small, and simple to operate and maintain [26]. Commercial
reverse osmosis (RO) membranes are capable of rejecting more than 99% of ions such as
Na+ and other contaminants to produce water that meets requirements for human
consumption and other beneficial uses. Commercial RO membranes (e.g. aromatic
polyamides) typically have rough surfaces with high chemical affinities for proteins, oil
droplets, and other organic foulants, making these membranes susceptible to surface
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fouling by organic components [27]. XLPEO polymers are interesting candidates as RO
coatings, because they may reduce surface roughness and control surface chemistry,
rendering the surface more hydrophilic and endowing it with enhanced fouling resistance
towards organic foulants [27,28]. However, the influence of XLPEO coatings on salt
transport properties of RO membranes is not well-known, in part due to a lack of
fundamental studies on salt transport in XLPEO.
This study reports salt (i.e. NaCl) solubility, diffusivity, and permeability in three
series

of

XLPEO

materials.

These

polymers

were

synthesized

via

UV-photopolymerization of aqueous prepolymerization mixtures containing: (1) PEGDA
(n=10) (XLPEGDA10), (2) PEGDA (n=13) (XLPEGDA13), and (3) PEGDA (n=13)
and PEGA (n=7) (XLPEGDA/PEGA), respectively. The prepolymerization water content
was varied from 0 to 80 wt.%. For the XLPEGDA/PEGA series, the PEGA monomer has
essentially the same ethylene oxide content (about 82 wt.%) as that of the crosslinker,
PEGDA [9,28], thereby maintaining polymer chemical composition essentially constant
across this series of materials.
Salt diffusivity and permeability are interpreted using a free-volume model, using
the equilibrium water content as an estimate of free volume, as suggested in the literature
[29,30]. In addition, free volume in hydrated XLPEO samples was also estimated from
positron annihilation lifetime spectroscopy (PALS) measurements, and the PALS results
are compared with the equilibrium water content in these materials.
7.3

WATER TRANSPORT PROPERTIES

Water transport through homogeneous hydrogels is described in terms of the
solution-diffusion mechanism [30]. According to the solution-diffusion model, an applied
upstream pressure generates a water concentration gradient across the hydrogel, which
causes the diffusion of water molecules [31-35]. Hence, the diffusive permeability, PwD ,
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is related to hydraulic permeability determined from permeation tests. The relation is
often expressed as [30,32]:
PwD = Dw ⋅ υ w = PwH ⋅

RT
Vw

7.1

where Dw is the water diffusivity in the hydrogel, R is the ideal gas constant, T is the
temperature of the measurement, and Vw is molar volume of water, which is taken as 18
cm3/mol. Unfortunately, when Eq. 7.1 is applied to highly swollen hydrogels, the
calculated water diffusivity often exceeds the self-diffusion coefficient for pure water
[36,37]. As a result, Paul derived an expression for homogeneous hydrogels based upon a
rigorous application of Fick’s Law of diffusion to a highly swollen hydrogel [36]. Using
Paul’s model, which properly accounts for convection effects on the observed diffusion
coefficient, one can reasonably estimate water diffusivity from hydraulic water
permeability values. Within this framework, water diffusive permeability is given by
[36]:
PwD = PwH ⋅

[

]

RT
2
⋅ (1 − υ w ) ⋅ (1 − 2 χυ w )
Vw

7.2

where χ is the Flory interaction parameter (0.426 for the PEO-water system [4,38]).
Over the range of preparation conditions considered in this study, crosslinked PEO
materials are homogeneous hydrogels that absorb significant amounts of water
[22,28,39], so Eq. 7.2 is more applicable than Eq. 7.1 for estimating water diffusive
permeability.
Polymer density was characterized in order to estimate the water volume fraction
in the samples. The average density values of dry XLPEGDA10, XLPEGDA13, and
XLPEGDA/PEGA polymers were 1.205, 1.186, and 1.185 g/cm3, respectively, with a
standard deviation of 0.004 g/cm3. The measured density results are consistent with
previously reported values [9,28]. Films prepared at various prepolymerization water
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contents have essentially the same density, indicating that prepolymerization water
content has little influence on densities of dry XLPEO films [9,28,39].
Values of υ w , PwH , and PwD for XLPEO hydrogel films are recorded in Table 7.1.
The water uptake, reported as the volume fraction of water sorbed by each sample, was
determined using Eq. 3.4, and diffusive water permeability was calculated from hydraulic
water permeability results using Eq. 7.2. Water diffusivity was computed as the ratio of
PwD to υ w . Calculated water diffusivity values are well below the self-diffusion

coefficient of pure water ( 2.8 × 10 −5 cm 2 /s ) at 25oC, as expected [37,40]. As Table 7.1
shows, for each series of samples (i.e. in films prepared using the same crosslinker and
monomer), the equilibrium water content (i.e. υ w ) increases as prepolymerization water
content increases. Among films prepared at the same prepolymerization water content,
XLPEGDA13 samples generally exhibit higher equilibrium water contents than those of
XLPEGDA10, which is consistent with previous studies [39]. Furthermore,
XLPEGDA13 exhibits lower equilibrium water content than XLPEGDA/PEGA at the
same prepolymerization water content, probably due to a reduction in crosslink density in
the XLPEGDA/PEGA samples relative to that of XLPEGDA13 [9,28]. In summary,
using longer PEGDA chains or adding PEGA to the prepolymerization mixture increases
equilibrium water content.
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Table 7.1

Water transport properties in XLPEGDA10, XLPEGDA13, and
XLPEGDA/PEGA hydrogels

Polymer
XLPEGDA10

XLPEGDA13

XLPEGDA/PEGA

Prepolymerization
water content (wt.%)
0
20
40
60
80*
0
20
40
60
80
0
20
40
60
80*

υw
0.287
0.383
0.466
0.596
0.810
0.379
0.431
0.523
0.621
0.808
0.466
0.534
0.597
0.681
0.825

PwH
(L µm/m2 h bar)
0.27±0.05
0.73±0.08
2.0±0.2
11.0±3.0

PwD
(×10-6 cm2/s)
0.39
0.70
1.3
3.3

0.60±0.10
1.3±0.1
2.6±0.3
10.0±0.7
150±14
1.5±0.2
2.7±0.2
5.5±0.3
20.3±2.1

0.59
1.0
1.2
2.5
6.5
0.97
1.2
1.7
3.3

* Dense films are mechanically unstable for hydraulic water permeability measurements.
Figure 7.1 presents a correlation between equilibrium water content and hydraulic
and diffusive water permeability in XLPEO hydrogels. Water permeability is strongly
correlated with water uptake in these materials, which is consist with previous reports
[21,22,28,39]. Briefly, water permeability increases with increasing prepolymerization
water content, with increasing PEGDA chain length, and with increasing amount of
PEGA in the polymer network. These trends are reasonable since films with higher
equilibrium water content and water permeability normally have lower crosslink density,
which is achieved by preparing samples from prepolymerization mixtures containing
more water, longer PEGDA chains, or a higher content of PEGA.
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7.4

Hydraulic and diffusive water permeability versus equilibrium water volume
fraction in XLPEGDA10 ( and ), XLPEGDA13 ( and ), and
XLPEGDA/PEGA ( and ) hydrogels.

SALT TRANSPORT PROPERTIES
NaCl transport properties of XLPEO films were characterized using direct

permeation and kinetic desorption experiments. In kinetic desorption tests, NaCl
permeability is estimated as the product of NaCl solubility and diffusivity. A comparison
of NaCl permeability coefficients in XLPEO films obtained from these two sets of
independent measurements is presented in Figure 7.2. The dashed line in Figure 7.2 is the
parity line representing the case where both measurements give the same value (i.e.
where the salt permeability is equal to the product of salt solubility and salt diffusivity in
the polymer). As Figure 7.2 demonstrates, the data points are essentially on or near the
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parity line, so the two measurement methods are in good accord with one another.
Hereafter, only results from the desorption experiments are discussed, since both NaCl
solubility and diffusivity in XLPEO films can be determined from the kinetic desorption
measurements, and the resulting calculated permeability coefficients agree with those
measured in the direct permeation studies.
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Comparison of NaCl permeability in XLPEGDA10 (), XLPEGDA13 (),
and XLPEGDA/PEGA () films determined from direct permeation, PsD ,
and kinetic desorption measurements, PsK , respectively. The dashed line is
the parity line, representing the case where PsD = PsK .
permeability

results

in

XLPEGDA10,

XLPEGDA13,

and

XLPEGDA/PEGA hydrogels, determined from kinetic desorption measurements, are
presented in Table 7.2. Consistent with the water permeability and uptake results (c.f.
Table 7.1), NaCl permeability increases as prepolymerization water content increases, as
129

PEGDA chain length increases, and as PEGA content increases. Specifically, as
equilibrium water content increases from 0.3 to 0.8 (v/v), NaCl diffusivity in XLPEO
films increases from 0.3 to over 3.0 × 10-6 cm2/s, tending towards the diffusion
coefficient of NaCl in water, which is 1.5 × 10-5 cm2/s at 25oC [41].
Table 7.2

NaCl permeability, solubility, and diffusivity in XLPEGDA10,
XLPEGDA13, and XLPEGDA/PEGDA hydrogels determined using kinetic
desorption measurements

Polymer

XLPEGDA10

XLPEGDA13

XLPEGDA/PEGA

υH O
2

0.287
0.383
0.466
0.596
0.810
0.379
0.431
0.523
0.621
0.808
0.466
0.534
0.597
0.681
0.825

Ps ( Ds ⋅ K s )
(×10-6 cm2/s)

Ds
(×10 cm2/s)

0.016±0.001
0.086±0.006
0.23±0.02
1.5±0.2
2.3±0.3
0.066±0.005
0.21±0.02
0.46±0.03
1.8±0.2
2.5±0.3
0.33±0.03
0.75±0.06
1.1±0.1
1.8±0.2
2.7±0.3

0.24±0.02
0.75±0.05
1.2±0.1
4.4±0.4
3.2±0.3
0.71±0.05
1.2±0.1
1.9±0.2
4.3±0.4
3.4±0.3
1.8±0.2
2.8±0.2
3.1±0.2
4.2±0.4
3.4±0.3

-6

Ks
g NaCl/cm3 film
g NaCl/cm3 solution
0.067±0.002
0.115±0.004
0.190±0.007
0.345±0.014
0.714±0.032
0.093±0.003
0.169±0.006
0.246±0.009
0.420±0.017
0.742±0.034
0.184±0.007
0.266±0.010
0.343±0.012
0.433±0.018
0.791±0.036

Yasuda et al. have proposed that water and salt diffusion through hydrogels can
be interpreted with the free volume theory of diffusion [29,30,42]. Based on Yasuda’s
version of free volume theory, water or salt diffusion coefficients vary exponentially as
reciprocal free volume varies. Yasuda et al. further assume that the free volume in
hydrogel samples is proportional to their equilibrium water uptake because diffusion is
presumed to be negligible in hydrogels when they are dry. That is, the water in the
hydrogel provides effectively all of the free volume through which other small molecules
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(e.g. NaCl) migrate [29,30,42]. Thus, the logarithm of diffusivity, in the Yasuda picture,
is linearly proportional to reciprocal equilibrium water uptake [29]:
1
log( D ) = log( D0 ) − K ( − 1)

υw

7.3

where D0 is the diffusion coefficient of water or salt in water and K is a parameter
sensitive to the characteristic volume required for water or salt molecules to diffuse
through the sample. Furthermore, water or salt solubility often changes much less in such
samples than water or salt diffusivity. As a result, water or salt permeability will often
depend on equilibrium water uptake in a similar fashion as water or salt diffusivity.
Yasuda’s study encourages the correlation of water and salt permeability
coefficients of our XLPEO films with υ w . Figure 7.3 presents water diffusive
permeability and salt permeability as a function of 1/υ w . The NaCl permeability data are
calculated from the product of NaCl diffusivity ( Ds ) and solubility ( K s ), and they are in
reasonable agreement with previously reported data on methacrylate hydrogels from
Yasuda et al. [29,30], as shown in Figure 7.3 (b). In Figure 7.3, the permeability data are
correlated with the water uptake measured by soaking samples in pure water. In principle,
the salt permeability data should be correlated with water uptake measured in the
presence of the same concentration of salt (e.g. 0.1 M) as that used for the salt kinetic
desorption experiments to account for any osmotic deswelling (i.e. changes in
equilibrium water uptake due to the presence of salt in the water in which the samples are
equilibrated) [29]. However, in these samples, the equilibrium water uptake was not
measurably affected by the presence of salt in the water at the low levels considered in
this study. Therefore, the transport properties of the materials considered in this study are
always correlated with water uptake measured in pure water.
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Figure 7.3

(a) NaCl and water permeability in XLPEGDA10 ( and ),
XLPEGDA13 ( and ), and XLPEGDA/PEGA ( and ) films as a
function of 1/υ w . Diffusive water permeability values were calculated based
on hydraulic water permeability results using Eq. 6, and salt permeability
values were estimated as the product of Ds and K s . The lines were fit based
on the free volume model. (b) Comparison of NaCl permeability in XLPEO
films () with the selected literature data for methacrylate hydrogels
() from Yasuda et al. [29] Yasuda’s data were estimated as the product of
Ds and K s , and they were plotted versus reciprocal water volume fraction in
polymer when it was equilibrated with 5 wt.% NaCl. The effective NaCl
permeability through a hypothetical membrane composed entirely of water
() was estimated as NaCl diffusivity in water, which is 1.5×10-5 cm2/s at
25oC [41]. The line in (b) was fit to Yasuda’s data based on the free volume
model.

As Figure 7.3(a) shows, water and NaCl permeability increase exponentially with
decreasing 1/υ w (i.e. increasing equilibrium water content, υ w ), which is in accordance
with Yasuda’s adaptation of free volume theory [29,30]. In these XLPEO polymers, a
general correlation is observed (c.f., Figure 7.3(a)), suggesting that salt and water
permeability coefficients are mainly governed by υ w and are relatively insensitive to
changes in polymer network topology and structure (e.g. the brush-like structures of the
PEGDA/PEGA materials) among the samples considered.
Interestingly, equilibrium water content ( υ w ) exhibits a stronger influence on
NaCl permeability than on water permeability, since the line through the NaCl data points
in Figure 7.3(a) is steeper than that through the water data. Specifically, as the
equilibrium water content increases from 0.3 to 0.6 (v/v), NaCl permeability increases
almost 100 times, while water permeability increases only 10 times. Thus, increasing free
volume changes NaCl diffusivity much more than water diffusivity, presumably because
hydrated NaCl is larger than water. This result is consistent with free volume theory in
that transport properties of the larger penetrant (hydrated NaCl in this case) should be
more sensitive to changes in free volume than those of the smaller penetrant (i.e. water)
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[43]. Consequently, the ideal permeability selectivity, α p , for water over NaCl
(i.e. PwD / Ps ) decreases with increasing equilibrium water content in XLPEO hydrogels.
These results indicate that a tradeoff between water permeability and water/salt
selectivity is observed for XLPEO hydrogels. In other words, as shown in Figure 7.4,
XLPEO films with higher water permeability generally exhibit lower water selectivity
over salts (e.g. NaCl) and vice versa.

100

αp

XLPEGDA10

10
XLPEGDA13

XLPEGDA/PEGA

1 -7
10
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-5

10

PwD (cm2/s)

Figure 7.4

Permeability selectivity versus diffusive water permeability for XLPEO
films. Permeability selectivity is defined as the ratio of diffusive water
permeability over NaCl permeability (i.e. α p = PwD / Ps ).

NaCl diffusivity and solubility for these materials are presented in Figure 7.5, and
their values are recorded in Table 7.2. Like NaCl permeability, the diffusivity values in
Figure 7.5(a) generally decrease exponentially with increases in reciprocal equilibrium
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water content as expected from free volume theory [29]. However, as shown in Figure
7.5(a), the films with high υ w (~ 0.8 v/v) do not appear to follow the model, probably
because these films undergo phase separation induced by polymerization [22], and the
free volume model might not be expected to apply in the same way to heterogeneous
films as to homogeneous ones. Gratifyingly, the best fit line through hydrogel data goes
quite near the intercept predicted by Yasuda’s model (i.e. Eq. 7.3); that is, the diffusion
coefficient of NaCl in these hydrogels should approach that of NaCl in water as the water
volume fraction in the membrane, υ w , approaches 1.
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Figure 7.5

(a) NaCl diffusivity as a function of 1/υ w and (b) NaCl solubility as a
function of υ w in XLPEGDA10 (), XLPEGDA13 (), and
XLPEGDA/PEGA () films. NaCl diffusivity in water is 1.5×10-5 cm2/s at
25oC [41]. The line in (a) is the best fit of Yasuda’s model through the data
for homogeneous films (i.e. excluding the data for films with high υ w (~0.8
v/v)). The solid line in (b) was drawn to guide the eye.

The dashed line in Figure 7.5(b) represents the parity line, where the NaCl
solubility in the film would equal the equilibrium water content. Yasuda et al. assumed
that, in the absence of water, the polymer in a hydrogel would absorb a negligible amount
of salt. In this picture, NaCl only dissolves in hydrated hydrogels due to the presence of
the water [29]. While this viewpoint is clearly a strong simplification of what could be a
complex situation, it does provide a simple limiting model that can be used to place
experimental data into context. In Yasuda’s framework, if polymer-salt interactions are
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negligible, the NaCl solubility would be equal to the equilibrium volume fraction of
water, υ w ; that is, the polymer would absorb salt in proportion to its water uptake [29].
However, interactions between the polymer and salt often exist and may be more
pronounced for hydrogels containing less water, resulting in NaCl solubility values that
are lower than υ w . The data in Figure 7.5(b) all lie below the parity line, particularly the
samples having lower water uptake, indicating a significant effect of the polymer in
excluding salt from the hydrated polymer matrix.
Figure 7.6 presents the water/salt solubility selectivity ( α s = υ w /K s ) for
XLPEGDA10, XLPEGDA13, and XLPEGDA/PEGA films as a function of υ w . α s is
smaller for XLPEO films having higher equilibrium water content (i.e. higher water
solubility), and approaches 1 as equilibrium water content increases. That is, the more
water absorbed by the hydrogel, the less effect the polymer has on the partitioning of salt
between the polymer and the surrounding aqueous phase. This finding is consistent with
the results of Yasuda et al. [29], indicating that there is a tradeoff between water
solubility and solubility selectivity of water over salt. As Figure 7.6 shows, most of the
XLPEO films have α s values significantly more than 1, indicating that these materials
have favorable solubility selectivity for water over NaCl. Interestingly, the α s values of
some of the XLPEO polymers are in the same range as that of cellulose acetate (e.g. 3.0
[29]), which has been used industrially as a desalination membrane material.
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7.5

H2O/NaCl solubility selectivity ( α s = υ w /K s ) versus water solubility ( υ w ) in
XLPEGDA10 (), XLPEGDA13 (), and XLPEGDA/PEGA () films.
The line was drawn to guide the eye.

POSITRON ANNILHILATION LIFETIME SPECTROSCOPY
In this study, PALS was used to characterize the free volume in dry and hydrated

XLPEO films. Free volume is typically characterized using the o-Ps lifetime ( τ 3 ) and
intensity ( I3 ) obtained from the finite-term analysis of PALS spectra [44]. The o-Ps
lifetime characterizes the free volume element size; the o-Ps lifetime is longer in larger
free volume elements [44]. The o-Ps intensity is often taken to be related to the free
volume element density or concentration [44]. If free volume elements are assumed to
have a spherical geometry, the free volume element size can be calculated from the
measured lifetime values using the following semi-empirical equation [44,45]:
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1
R
1
 2πR  
τ 3 = 1−
+
sin
2  R + ∆R 2π  R + ∆R  

−1

7.4

where R is the average radius of the free volume elements, and ∆R is the fitted empirical
electron layer thickness, which is taken to be 1.66 Å. The average volume of the free
volume elements, VFVE , is then calculated as [44]:
4π 3
VFVE =
R
3

7.5

The fractional free volume (FFV) is generally proportional to the product of VFVE (Å3)
and I3 (%), which can be expressed as [44,45]:

FFV = k ⋅VFVE ⋅ I3

7.6

where k is a scaling parameter, which has been empirically determined to be 0.018 nm-3
for several polymers [44-48].
PALS results for dry XLPEO films are presented in Table 7.3. Although the
PALS results for hydrated samples are of most interest for correlating transport
properties, it is of fundamental interest to understand how the PALS parameters change
upon hydration, so we report values in dry samples before turning our attention to the
hydrated samples. The τ 3D values obtained in this study for XLPEGDA13 and
XLPEGDA/PEGA polymers are consistent with the results previously reported by Lin et
D
D
al. [9]. As Table 7.3 shows, τ 3D and the free volume element size (i.e. RFVE
and VFVE
) for

XLPEO films increase slightly as prepolymerization water content increases from 0 to 40
wt.%, but remain essentially unchanged with further increases in prepolymerization water
content. XLPEGDA13 and XLPEGDA/PEGA films have the same τ 3D values, indicating
that the introduction of PEGA into the polymer networks does not have a significant
effect on the free volume element size. However, the average free volume element radius
increases by more than 0.07 Å as the PEGDA chain length is increased by three ethylene
oxide units (compare results for XLPEGDA10 and XLPEGDA13 in Table 7.3).
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Furthermore, the dry XLPEO films exhibit an essentially constant I3D value (c.f. Table
7.3), suggesting that these samples have essentially the same concentration of free
volume elements.
Table 7.3

Polymer

The o-Ps lifetime and intensity, the mean radius of free volume elements,
and the mean volume of free volume elements in dry XLPEGDA10,
XLPEGDA13, and XLPEGDA/PEGA films

Prepolymerization
water content
(wt.%)
XLPEGDA10
0
20
40
60
80
XLPEGDA13
0
20
40
60
80
XLPEGDA/PEGA
0
20
40
60
80

τ 3D
(ns)

D
RFVE
(Å)

D
VFVE
(Å3)

I3D
(%)

2.23±0.02
2.24±0.02
2.27±0.02
2.29±0.02
2.28±0.02
2.32±0.02
2.35±0.01
2.37±0.02
2.37±0.02
2.37±0.03
2.35±0.02
2.35±0.02
2.37±0.01
2.37±0.02
2.38±0.02

3.05
3.07
3.09
3.11
3.10
3.13
3.15
3.17
3.17
3.17
3.15
3.16
3.17
3.17
3.18

119
121
124
126
125
128
131
134
134
134
131
133
133
134
134

19.8±0.2
19.9±0.2
19.1±0.3
19.2±0.1
19.1±0.3
19.5±0.3
18.8±0.2
19.5±0.3
19.1±0.2
18.8±0.2
18.8±0.1
19.3±0.2
19.5±0.2
19.3±0.2
18.9±0.2

PALS-based FFV values in dry XLPEO films were estimated using Eq. 7.6.
These estimated FFV values, ranging from 3 to 4%, are much lower than those (around
12%) estimated from film densities [9]. This trend is reasonable because the PALS
approach to predict FFV values only includes the free volume elements that are probed
over the nanoseconds timescale of the PALS experiment (i.e. dynamic free volume),
while Bondi’s method probes the static free volume and is based on assumptions, largely
untested, about the relationship between the occupied volume, free volume, and density
in polymers. It may reasonably be expected that Bondi’s method gives the correct trend
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in FFV values from one material to another within a given family of materials, but it
should not be expected to give absolute values of FFV. Additionally, the FFV estimate
from PALS is based on an assumption of spherical free volume elements, which is highly
unlikely to be rigorously obeyed. In summary, it is reasonable to expect that PALS and
density-based FFV estimates may correlate with one another, but it is not unlikely, as in
this case, that they may give quite different absolute values for free volume.
Several studies report the free volume in water-swollen films using PALS.
Specifically, Trotzig et al. have shown that the o-Ps lifetimes in PEO films decreased
from 2.08 to 2.03 ns as water content increased from 0 to 30 wt.% [49], and this decrease
was ascribed to the interaction between water molecules and two ether oxygens from
different PEO segments that caused these segments to move closer to one another [49]. In
contrast, Hodge et al. observed that increasing the water content in poly(vinyl alcohol)
films from 8 to 30 wt.% would expand the inter- and intra chain distances due to swelling
of the polymer, resulting in increases in free volume element size [50]. Moreover, once
the film imbibed a large amount of water (e.g. >30 wt.%), the measured τ 3H and I3H
values could be interpreted as the weighted average of τ 3H and I3H values in the polymer
and water [50], and consequently, the τ 3H and I3H values would be essentially equal to
those of water as the water volume fraction in the film increased towards 1.
Table 7.4 reports τ 3H , I3H , and the mean radius and volume of free volume
elements for hydrated XLPEO films, and Figure 7.7 presents the τ 3H and I3H values of
these XLPEO films prepared with 0 to 80 wt.% prepolymerization water content.
Interestingly, the free volume in hydrated films exhibits different trends than those in dry
films. As shown in Figure 7.7 (a), τ 3H and, in turn, the free volume element size decrease
systematically as prepolymerization water content increases, which is opposite to the
behavior in the dry films. For example, as prepolymerization water content increases
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from 0 to 80 wt.%, the free volume element size for XLPEGDA10 films decreases from
around 3.0 to 2.8 Å. However, as shown in Figure 7.7 (b), I3H increases with increasing
prepolymerization water content, whereas it was essentially independent of
prepolymerization water content in the dry samples. For XLPEGDA10, the I3H value
increases from 19% to almost 23% as the prepolymerization water content increases from
0 to 80 wt.%. Moreover, as Figure 7.7 shows, the hydrated films prepared with longer
PEGDA chains or with higher concentrations of PEGA generally have smaller free
volume elements, but higher concentrations of free volume elements.
Table 7.4

Polymer

The o-Ps lifetime and intensity, the mean radius of free volume elements,
and the mean volume of free volume elements in hydrated XLPEGDA10,
XLPEGDA13, and XLPEGDA/PEGA hydrogels

Prepolymerization
water content
(wt.%)
XLPEGDA10
0
20
40
60
80
XLPEGDA13
0
20
40
60
80
XLPEGDA/PEGA
0
20
40
60
80

τ 3H
(ns)

H
RFVE
(Å)

H
VFVE
(Å3)

I3H
(%)

2.15±0.02
2.12±0.02
2.10±0.03
2.03±0.02
1.95±0.02
2.10±0.02
2.07±0.02
2.05±0.01
2.03±0.01
1.97±0.02
2.06±0.02
2.06±0.02
2.04±0.02
2.01±0.02
1.96±0.02

2.99
2.96
2.94
2.88
2.80
2.94
2.92
2.90
2.88
2.83
2.91
2.91
2.89
2.86
2.81

112
109
106
100
92
107
104
102
100
95
103
103
101
98
93

18.7±0.3
19.5±0.2
20.1±0.2
21.9±0.2
22.8±0.2
19.8±0.3
20.6±0.3
20.9±0.3
21.5±0.3
22.7±0.3
20.6±0.2
20.8±0.3
21.5±0.3
22.5±0.3
23.0±0.2
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Figure 7.7

Influence of prepolymerization water content on (a) τ 3H and (b) I3H results
for hydrated XLPEGDA10 (), XLPEGDA13 (), and XLPEGDA/PEGA
() films prepared with prepolymerization water contents varying from 0 to
80 wt.%. Error bars are based on the population standard deviation.
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Figure 7.8 (a) and (b) present τ 3H and I3H , respectively, as a function of
equilibrium water content in XLPEO films. Both τ 3H and I3H exhibit a strong correlation
with υ w . As shown in Figure 7.8, τ 3H linearly decreases as υ w increases, while I3H linearly
increases with increasing υ w . Extrapolating the fitted lines in Figure 7.8 to υ w = 1
provides an estimate of the τ 3H and I3H of water. By this method, the τ 3H and I3H values
for water are estimated as 1.89 ns and 24.5% from this study. Positron studies on pure
water yield values (1.86 ns and 26.9% [51]) in reasonable agreement with the values
estimated by extrapolating our data on hydrogels to the limit of pure water. In summary,
as water uptake increases in these hydrogels, the size of the free volume elements
decrease towards that of a free volume element in pure water, and the concentration of
free volume elements increases towards the value observed in pure water.
(a)
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I3 (%)
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0.4

0.6

0.8

1
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0.8

v
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Figure 7.8

0

H2O

Influence of equilibrium water sorption on (a) τ 3H and (b) I3H PALS
parameters for hydrated XLPEGDA10 (), XLPEGDA13 (), and
XLPEGDA/PEGA () films as a function of υ w . Error bars are based on
the population standard deviation. The lines were linearly fitted to the
results.

144

1

The correlation between FFV and υ w in XLPEO hydrated films is presented in
Figure 7.9. Large error bars are observed for the FFV, indicating the significant
uncertainty in determining the FFV for hydrated XLPEO films from PALS
measurements. This trend is due, in large measure, to the relatively small changes in
PALS-based free volume across this family of materials. As shown in Figure 7.9, the
FFV seems to be linearly proportional to υ w for homogeneous XLPEO films having
lower equilibrium water contents (i.e. υ w <0.8). However, as υ w increases above 0.8,
deviations from the linear relationship are observed, possibly due to changes in film
morphologies resulting from polymerization induced phase separation. The phaseseparated films (i.e. those at the highest water contents in Figure 7.9) generally have
more open structures than non-phase-separated films, and the phase-separated films
contain large pores inside them [22], so the transport of water and salt in these large pores
may be more rapid than through the polymer matrix. Thus, the pore size and density
rather than the free volume would primarily control transport properties in these phaseseparated films.
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Figure 7.9

Correlation between FFV (%) estimated from PALS measurements and
equilibrium water content for hydrated XLPEGDA10 (), XLPEGDA13
(), and XLPEGDA/PEGA () films. Error bars are calculated based on a
propagation of errors analysis.

Figure 7.10 presents the correlation between FFV, based on PALS measurements,
and NaCl diffusivity in XLPEO films. NaCl diffusivity is correlated with FFV in a
similar fashion to that obtained using υ w to characterize the free volume in these films
(c.f. Figure 7.5(a)). Briefly, the diffusion of NaCl in XLPEO exponentially increases as
1/FFV decreases, which is consistent with the free volume model. However, there are
more scatter in this figure than in Figure 7.5(a), probably because of relatively large
uncertainties in estimating the FFV using PALS measurements and the narrow range of
these FFV values. Nonetheless, our results verify that υ w and FFV from PALS
measurements are useful correlating parameters for salt transport properties in hydrated
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XLPEO films. In addition, the PALS analysis gives a measure of both the size and
concentration of the free volume elements. Interestingly, it has been shown that the free
volume size is decreased by increasing prepolymerization water content or volume
fraction of water in the fully hydrated film whilst not decreasing permeability. Thus,
XLPEO coatings on membranes can offer control over surface hydrophilicity as well as
pore size for rejection of solutes.
-5

10

∗
Ds (cm2/s)

XLPEGDA/PEGA

-6

10

XLPEGDA13

XLPEGDA10
-7

10

25

25.5

26

26.5

27

1/FFV

Figure 7.10 NaCl diffusivity in XLPEGDA10 (), XLPEGDA13 (), and
XLPEGDA/PEGA () films as a function of 1/FFV, where FFV is
estimated from PALS data. *This particular point represents a sample that
undergoes obvious phase separation during polymerization.
7.6

CONCLUSIONS
Three series of XLPEO films were synthesized at various prepolymerization

contents, and NaCl transport properties of these films were studied. Increasing
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prepolymerization water content systematically decreases effective crosslink density,
resulting in increasing equilibrium water content in XLPEO films. XLPEO films with
higher equilibrium water content generally exhibit higher NaCl and water permeability,
but lower permeability selectivity for water over NaCl, indicating a distinct tradeoff
between water permeability and water/NaCl selectivity. Furthermore, using a longer
PEGDA or adding PEGA to the prepolymerization mixture decreases the crosslink
density, thereby increasing NaCl diffusivity and permeability. Free volume in hydrated
XLPEO films was characterized using PALS measurements. As equilibrium water
content increases, the free volume element size decreases, but its concentration increases,
leading to an overall increase in FFV based upon PALS measurements. FFV is linearly
proportional to the equilibrium water volume fraction for films having equilibrium water
content below 0.8. NaCl permeability and diffusivity correlate with equilibrium water
content and FFV. Furthermore, NaCl permeability and diffusivity exponentially increase
with decreasing reciprocal equilibrium water content or FFV, consistent with free volume
theory.
7.7
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Chapter 8: Conclusions and Recommendations
8.1

CONCLUSIONS
This dissertation focused on systematically exploring hydrophilic polymeric

materials that exhibit excellent fouling resistance against organic components and other
particulates, and subsequently understanding water and salt transport properties of these
hydrophilic, fouling-resistant materials. The work described in this dissertation further
developed a fundamental understanding of the relationship between polymer structure,
water throughput and resistance to organic fouling. Poly(ethylene oxide) (PEO)-based
materials were chosen for this study, because they are often biocompatible, highly
hydrophilic, and protein resistant [1-7]. Specifically, these potential fouling reducing
PEO-based hydrogels were synthesized via free-radical photopolymerization of aqueous
solutions of poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol) acrylate
(PEGA). Water served as a solvent in the prepolymerization mixture, and by varying the
water content in the prepolymerization, crosslink density could be varied [8,9].
The primary application of these crosslinked PEGDA hydrogels is as coatings for
conventional ultrafiltration (UF) membranes to improve their separation performance in
produced water purification. The coating layer acts at a high flux, water selective barrier,
thereby eliminating or minimizing foulant contact with the underlying porous UF support
membranes. The composite membrane approach, introduced in this dissertation, enables
us to consider using hydrogels as ultrafiltration-type membranes even though such
polymers would not typically have sufficient mechanical properties, by themselves, to
serve as such membranes. The composite membrane approach decouples the preparation
of a porous mechanical support from that of a coating layer with tailored properties to
control sieving, permeation, and surface chemistry.
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A series of crosslinked PEGDA (n=13) films was first synthesized and studied
(c.f., Chapter 5). The crosslinked PEGDA (n=13) film prepared with no water in the
prepolymerization mixture shows essentially a nonporous structure, while the film
prepared with 80 wt.% prepolymerization water content revealed a lacy morphology with
small pores, indicating that crosslinked PEGDA (n=13) films are porous at high
prepolymerization water content. Water permeability in crosslinked PEGDA (n=13) films
increased strongly with increasing prepolymerization water content, going from 10 to 150
L µm/(m2 h bar) as prepolymerization water content increased from 60 to 80 wt.%.
However, the molecular weight cutoff (MWCO) decreased as water content increased.
Thus, prepolymerization water content can be used to tune the water permeability and
MWCO properties of these crosslinked PEGDA (n=13) films.
Composite UF membranes were prepared using crosslinked PEGDA (n=13), and
the preparation procedure was developed and optimized in this study. To control pore
penetration by the coating, UF support membranes having small pores on their top
surface were preferred. Additionally, high molecular weight polymer additives in the
prepolymerization mixture increased its viscosity, thereby reducing its penetration into
the pores of the support membrane during coating. In summary, using asymmetric
polysulfone (PSF) UF membranes as the support membrane resulted in a reproducible
coating process.
The coated PSF membrane exhibited a lower pure water permeance than that of
an uncoated PSF membrane due to the introduction of the crosslinked PEGDA (n=13)
coating layer. In other words, the crosslinked PEGDA (n=13) coating increased the
membrane resistance to mass transfer. The coated PSF membrane had a contact angle
much lower than that of the uncoated PSF membrane, indicating that crosslinked PEGDA
(n=13) rendered the membrane surface hydrophilic. The separation performance of
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coated and uncoated PSF membranes was evaluated using oil/water emulsion crossflow
filtration studies. The oil/water emulsion was prepared by vigorously mixing soybean oil,
surfactant, and water using a steel blender, and the oil droplet size was characterized as
ranging from 0.8 to 3 µm. The uncoated PSF membrane experienced severe fouling
during filtration tests. However, the coated membrane exhibited less fouling and had
almost four times higher flux than that of the uncoated membrane after 24 hours of
operation. Moreover, the coated PSF membrane also possessed a higher organic rejection
than the uncoated PSF membrane. Thus, coated PSF membranes exhibit better separation
performance (e.g., higher water flux and higher organic rejection) than uncoated PSF
membranes during oil/water emulsion crossflow filtration.
This dissertation reports the water transport and fouling properties of various
crosslinked PEGDA materials, which were prepared with various PEGDA chain lengths,
in order to optimize these materials for wastewater purification purposes (c.f. Chapter 6).
Variation in PEGDA chain length (i.e. n=10, 13, 23, and 45) changed the ethylene oxide
content in the resulting crosslinked polymer networks, which influenced network
structure and material properties. Varying PEGDA chain length strongly influenced the
apparent mesh size of crosslinked PEGDA. The mesh size increased with increasing
PEGDA chain length. Moreover, longer PEGDA chain networks generally exhibited
higher water permeability but lower rejection than short-chain networks when both were
prepared at the same prepolymerization water content. Finally, transport properties of
various crosslinked PEGDA films were compared using a selectivity-permeability
tradeoff plot [10]. There is a tradeoff between water permeability and the ability of these
materials to remove PEG molecules from solution. Crosslinked PEGDA materials
prepared with longer PEGDA chains exhibited better overall separation performance (i.e.
combinations of higher water permeability and better sieving ability), probably by having
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more homogeneous network structures. Contact angle measurements indicated that the
surfaces of crosslinked PEGDA materials prepared with longer PEGDA chains were
more hydrophilic, because longer PEGDA chains possessed higher ethylene oxide
content, and, consequently, the resulting polymerized crosslinked PEGDA had a higher
content of hydrophilic ethylene oxide units and a lower content of hydrophobic acrylate
units. These hydrophilic surfaces generally exhibited less bovine serum albumin (BSA)
adhesion.
This dissertation also reports salt (i.e., NaCl) solubility, diffusivity, and
permeability in three series of crosslinked PEO materials. Three series of crosslinked
PEO

polymers

were

synthesized

by

UV-photopolymerization

of

aqueous

prepolymerization mixtures containing: (1) PEGDA (n=10), (2) PEGDA (n=13), and (3)
PEGDA (n=13) and PEGA (n=7), respectively. The NaCl transport properties of
crosslinked PEO were studied using direct permeation and kinetic desorption methods,
and good agreement between these two methods was observed. Generally, NaCl
permeability in crosslinked PEO increased from less than 0.1 to 2 (10-6 cm2/s) as
prepolymerization water content increased from 0 to 80 wt.%. NaCl permeability also
increased with increasing PEGDA chain length and with increasing concentration of
PEGA. There is a tradeoff between water permeability and water/salt selectivity:
Materials with high water permeability typically exhibit low water/salt selectivity, and
vice versa.
The NaCl diffusivity and permeability in crosslinked PEO were strongly
correlated with the free volume in the hydrogels and can be interpreted with a free
volume theory of diffusion, using the equilibrium water content as an estimate of free
volume. In addition, free volume in hydrated crosslinked PEO samples was characterized
using positron annihilation lifetime spectroscopy (PALS) measurements, and the PALS
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results indicated that, as the equilibrium water content increased, the free volume element
size decreased, but its concentration increased, leading to the increase of the fractional
free volume for crosslinked PEO hydrogels.
8.2

RECOMMENDATIONS FOR FUTURE WORK
UF membranes are generally porous and are capable of removing only emulsified

oil and suspended solids. If more rigorous removal of dissolved solids is required, the
permeate water from UF membranes has to be further treated by nanofiltration (NF) and
reverse osmosis (RO) membranes. However, if crosslinked PEO materials can be coated
onto commercial NF and RO membranes, these composite membranes could
simultaneously remove emulsified oil droplets, salt, and exhibit high flux and long
lifetime (i.e., high fouling resistance). No such membrane is currently available.
Furthermore, new coating techniques are needed to apply these crosslinked PEO
materials directly to NF and RO membranes.
Our coating method can satisfactorily prepare composite UF membranes on a
small scale; however it needs to be modified for producing the composite UF membranes
at large scale. More importantly, the modified method should not dramatically affect
current membrane manufacturing practice to promote commercial acceptance of this
crosslinked PEO surface coating approach. Furthermore, the mechanical strength of
crosslinked PEO materials needs to be characterized, since this property is of interest for
industrial applications.
The UF membranes coated with crosslinked PEO have exhibited excellent
performance for oil/water emulsion filtration. These composite membranes are believed
to be useful for other water purification applications, such as protein/water or surface
water purification, where proteins or other organic components (such as natural organic
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matter) are primary fouling agents. Thus, evaluating the performance of coated
membranes in these applications is quite necessary.
Even though transport properties of various crosslinked PEO materials were
studied, only crosslinked PEGDA (n=13) was used to prepare composite UF membranes.
This study has shown that crosslinked PEGDA materials prepared with longer PEGDA
chains generally exhibited better overall separation performance, which is evaluated
using the selectivity-permeability plot. These materials should be subsequently used to
prepare composite membranes, which should theoretically have better performance than
those used in this study. Furthermore, the influence of coating chemistry and structure on
composite membrane performance could be understood.
8.3
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