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ABSTRACT

INVERSE COLLOIDAL CRYSTAL MEMBRANES: FORMATION, SURFACE

MODIFICATION AND APPLICATIONS

Inverse colloidal crystal (ICC) membranes have many advantages, such as highly
uniform pore size, fully interconnected pores, and high porosity, over commercially
available porous membranes as a selective barrier for ultrafiltration and microfiltra-
tion. However, making a ICC membrane which is applicable in separations using
reported ICC membrane formation methods has been still not successful yet. we
describe here a new ICC membrane formation method, vertical cell (VC) assembly
method, to make ICC separation membranes in a simple, low-cost way. The VC as-
sembly method is a versatile colloidal crystal assembly method which is specifically
designed for making ICC membranes.

Formation of colloidal crystal films(CCF), which is the first step in formation of
the inverse colloidal crystal membrane, to large extent determines how good the fi-
nal membrane properties. The vertical cell assembly method is described that yields
CCFs with surface areas up to 5 cm? and thicknesses up to 100 gum. The thickness
of the CCF can also be easily controlled by the spacer which is used.

Based on the new ICC membrane formation method, the ICC membranes have
been fabricated with a variation of pore-sizes and thicknesses. The membrane cast-
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ing cell facilitates easy variation of membrane thickness. The membrane pore size
is varied by changing the diameter of the silica spheres used to prepare the colloidal
crystal template. By changing the composition of the reactive monomer solution,
membranes have been fabricated with different hydrophobicities. The ICC mem-
branes were tested in a commercially available stirred cell. Particle fractionation was
studied in normal flow filtration experiments. The membrane produced from 835 nm
particles and 100 pum spacer gives a good passage for 60 nm particles in 60-835nm
bidisperse particle suspension while gives poor passage for the same size paritcles in
60-440 nm bidisperse particle suspension.

Fabrication of a UF membrane requires a much smaller pore size. However, for
making the ICC membranes with pore size in UF range , it is hard to produce them
relying on using small Si0, particles. This would lead to poor membrane mechanical
strength. Here, I described a way to reduce the ICC membrane pore size by growing
a unform poly (poly ethylene glycol methacrylate) (PPEGMA) nano-layer from the
membrane surface using surface initiated atom transfer radical polymerization. The
grafted membranes were characterized with SEM, XPS, ATR-FTIR and water contact
angle measurement. Dextran rejection test was conducted on the modified membrane
with modification time of 3hr. The rejection rate was obtained for dextran with Mw
from 1 kDa through 2000 kDa. the tested membrane shows more than 80% rejection
for Dextran with MW more than 100 kDa, and a partial rejection for Dextran with
Mw from 10 kDa to 100 kDa, and a less than 20% rejection for Dextran with MW

smaller than 10kDa.
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1. BACKGROUND INTRODUCTION

Abstract

In this chapter, an overall introduction is given to inverse colloidal crystal materials.
In the first section, inverse colloidal crystal material formation procedures are intro-
duced including assembly of colloidal crystal template, infiltration of precursor, solid-
ification of precursor, and removal of the template. The template assembling methods
reported for ICCs and their precursors are summarized. In the second section, the
reported ICC applications are described. In the following section, the reported ICC
membrane formation methods are described in detail and their advantages and dis-
advantages for making ICC membranes are summarized. Finally, the motivation is
stated for developing ICC membranes as separation membrane. My contributions to

this work is described.
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1.1 Introduction to the inverse colloidal crystal (ICC)

An inverse colloidal crystal (ICC) is a macro-porous material that has a three-
dimensional ordered pore structure. The first report of making ICC material using
colloidal crystal as template was in the late 1990’s.! Since then, ICC has been exten-
sively studied due to its special structures, including its highly periodical structure,
high volume pores and uniform pore size.? Generally, making ICCs includes four
steps, which are assembly of colloidal crystal template, infiltration of reactive precur-
sor solutions, polymerization or solidification of the precursors, and the last, removal
of colloidal crystal template. Some new publications give three steps in which assem-
bly of template and infiltration of precursor are combined as one step. Figure 1.1
gives the illustration of the four steps for making ICCs. Every step has the flexibility

to modify to make ICCs with desired properties.

Colloidal crystal template assembly, which is the first step to make ICCs, is the most
important step among the four making steps because it determines the quality of the
ICC structure. There are a variety of methods available to make colloidal crystal
templates. The method classification is mainly based on the driving forces driving

the colloidal particles close-pack together to form a colloidal crystal.

Table 1.1 summarizes the driving forces and their derived template assembling meth-
ods. The template assembly methods try to make colloidal crystals with long range

ordered structure on which the ICC structure is based. Since the ICC was first made
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from colloidal crystal template, the template assembly methods have been contin-
uously updated. At the early stage, there were a few template formation methods

L7 8 9%hich were only for 3D

available, such as gravitational and filtration assembly
templates. As a result, only 3D ICC can be produced from them. The new methods

developed afterwards were much more versatile in making ICC and they are mostly

to assemble 2D templates, which were mainly for making 2D ICCs.

The colloidal particles for making template are either inorganic or polymeric. The
particles have to meet the following requirements before they can be served to make
templates. First, the particle size needs to be uniform. Size derivation should be less
than 5%.! Second, the particles need to be easily etched away physically or chem-
ically. Based on the requirements, the most commonly used inorganic particles are
silicon dioxide particles. They are able to be easily made through Stober method and
be easily etched away by hydrofluoric acid. For polymeric particles, the most com-
monly used particles are polystyrene or poly methyl methacrylate(PMMA) particles

which can be easily removed by solvent extraction or burning.

Subsequent to assembly of the colloidal crystal template, the following steps are infil-
tration of a fluid or a vapor precursor, solidification of the precursor, and removal of
the template. Precursors determine the final ICC materials. So far, there are a va-
riety of ICCs prepared using corresponding precursors. Table 1.2 gives the summary
of ICCs and their precursors. The solidification of precursor is highly dependent on

the precursor being used. For making metal oxide ICCs, precursors are usually metal
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alkoxides, salt solution, and nano particles suspension. All these precursors can be
solidified by hydrolyzing and heating. Thermo or UV initiated polymerization is the
way to solidify monomer precursors to make polymer or hydrogel ICCs. Calcination
of metal oxide precursors under H, flow is a way to make semiconductors and metal

ICCs.

Template removal, the last step for making ICC membrane, is either by solvent ex-
traction, calcination for polymer particles or etching away using hydrofluoric acid
solution for silicon dioxide particles. Based on the application of the final ICCs, the
four ICC production steps are specifically grouped together to produce the ICC with
desired properties. In the following section, the applications of the ICCs are summa-

rized

1.2 Applications of the ICCs

A number of applications for ICC materials have been reported so far and new ap-
plications are still emerging. The earliest application reported for ICC was in the
optical area. The periodical structure of ICC causes it to be considered as a rela-
tively inexpensive photonic crystal material that can be used to make optical devices.
Photonic crystals are materials that show similar functions to photons as semicon-
ductor to electrons. In a semiconductor, the periodic potential affects electron motion
by defining allowing and forbidden electronic energy band. In photonic crystal, the

periodic structure provides a diffraction grating for light with wavelength comparable
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to the repeating unit size. Based on the application of ICC in optical area, ICC sen-
sors for sensing temperature, humidity, pH etc have been fabricated. More and more
new applications are still developing taking advantage of ICC’s special structures. A

summary is made in Table 1.3 for all reported applications of ICC.

As seen from Table 1.3, no report is found about ICC applied in separation area.
As ICC is a macroporous material with fully interconnected and uniform pores, it is
ideal for use as a selective barrier for size exclusion separation. However, there are
several challenges for ICC materials to be made into a flat sheet membrane applicable
in separations. First, the integral ICC membrane size needs to be big enough to fit
the commercially available membrane holder with a size usually more than 10 mm
in diameter. Second, the membrane mechanical strength needs to be strong enough
to bear at least several psi pressure. Last, but not the least, pores on both sides of
the membrane should be open because most ICC materials have closed pores on the
surface due to the formation process. There are also a few ICC membrane formation
methods reported to make ICC membranes. However, the membranes formed from
the reported methods are hard to meet the requirements mentioned above. Therefore,
no successful separation applications of the ICC membranes have been reported so far.

In the following, I will summarize the reported ICC membrane formation methods.
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1.3 Reported ICC membrane formation methods

1.3.1 Vertical deposition assembly

The vertical deposition assembly method to make ICC membrane was first reported
by Jiang et.al.® In this method, a piece of glass slide is vertically placed into a beaker
which contains particles suspension. As solvent, usually water, is vaporizing, parti-
cles will deposit onto the glass slide and assemble to form a colloidal crystal film by
capillary force (see figure 1.2 (A)). Colloidal crystal film thickness can be controlled
by the particle concentration in suspension. The formed colloidal crystal film is then
covered by another slide to form a colloidal crystal 'sandwich’ (figure 1.2 (B)) for
monomer infiltration. As the distance between the two slides is only about 10 pm,
the monomer solution can infiltrate colloidal film by capillary force in a very short
time (in minutes). After infiltration, the monomer will be polymerized thermally or
by UV irradiation. Afterwards, both slides are carefully separated to get the free
standing composite film. To obtain the ICC membrane, the film is then soaked into
a hydrofluoric acid solution to etch away the SiO, particles. Figure 1.2 (C) shows
the SEM image of one side of ICC membrane obtained by VD method. As seen from
the image, the surface and the cross section are highly porous. However, the other
side of the membrane has always a condensed polymer layer ( see figure 1.2 (D)) due

to the space between the colloidal crystal film and the covering slide.
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1.3.2  Physical confinement cell assembly

In this method, a confinement cell is first fabricated.*? Figure 1.3(A) shows the
setup of the cell. It is composed of two pieces of glass substrates and a square frame
as a spacer. The frame is treated by a photolithographic procedure to create micro-
channels on its surface to allow the solvent to flow out while keeping the particles
in place. A glass tube is attached to a hole on the top glass substrate using epoxy
adhesive. The cell is held together with clip binders. Subsequent to cell fabrication,
the particle suspension is injected in through the tube by a syringe. Pressurized ni-
trogen is then applied to the tube to press out the solvent while keeping the particles
inside of the cell. The particles will assemble to be a colloidal crystal film. After the
template is obtained, monomer solution is injected through the same glass tube for
monomer infiltration. The monomer solution is polymerized thermally or by UV ir-
radiation. Subsequently, the template is etched away either by HF solution or solvent
depending on the particles used. This method provides a way to make ICC mem-
branes quickly. Figure 1.3(B) gives the published picture of ICC membrane produced
from this method. As seen, the membranes made from this method are small and are

not integral.

1.3.3 Particle assisted wetting method

Particle assisted wetting method is a way to make very thin ICC membranes.® In this

method, a mixture of surface hydrophobic Si0, colloidal particles and non volatile
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monomer which is trimethylolpropane trimethacrylate were suspended on water sur-
face. The SiOy colloidal particles are embedded in the monomer layer. After the
assembly, the monomer layer is polymerized under UV irradiation. Subsequently,
the particle-polymer composite film is transfered into an HF solution for template
removal. The resulting membranes have a regular porous structure. The membrane
area can be made up to 23 cm? surface area. However, the thickness of the membrane
is very hard to control. The maximum thickness of the membrane reported is 10 pm,
which gives a poor mechanical strength for separation. Even worse, in the template
assembling step, as particles tend to settle out of the film, stabilizing the particles
requires great skill. Thus the particle assisted wetting method provides a method to
make ICC membranes. However, Making ICC membrane is not easy and the ICC

membranes obtained are not good enough to be used for separations.

1.3.4 Spin coating method

The spin coating method provides a method to make wafer sized ICC membranes
quickly.’® In this method, a spin coater is employed for assembly of the colloidal
crystal template. Like the particle assisted wetting method, a mixture of SiOs col-
loidal particles and monomer solution are used. The mixture is dropped to the center
of a silicon wafer which is placed on the spin coater. As the coater is rotating, the
mixture will spread over the wafer and form a film. Figure 1.4 (A) is an illustration
for this process. The thickness of the film is controlled by rotation speed. After

the colloidal crystal film is formed, the monomer is polymerized by UV irradiation.



1.Background Introduction 9

Then the ICC membrane is obtained after removal of the particles. However, the ICC
membrane made from this method has a thin non-porous layer covering upper surface
of the membrane. Thus plasma treatment is needed to get rid of the polymer layer.
The spin coating method provides a way to make ICC membranes with wafer size
quickly. The pore structure is very regular. However, membrane thickness control
is still a problem. The maximum thickness reported for ICC membranes produced
from this method is about 10 pm which will gives a poor mechanical strength. Some

damages can even be seen in the ICC membrane picture published (figure 1.4 (B)).

1.4 Motivation for developing ICC membranes and our contributions

Membrane technologies have been widely used in producing protein products such
as food, additives, enzymes, antibodies etc. Based on the applications of protein
products, the protein purity requirements are different. The higher the protein pu-
rity requirement is, the higher the production cost is, and the higher percentage of
cost goes to separation and purification step. For example, therapeutic protein prod-
ucts have an extremely strict purity requirement as they are injected into human
body. As a result, the cost of producing such protein drugs is very high and up to
80% of its cost goes to the separation and purification step in which there may be
a big space for membranes technologies applied to cut down the cost.® Therefore,
the membrane possesses a high separation efficiency, in other words, the membrane
has narrow pore size distribution, high porosity, fully interconnected pores and large

surface area will largely cut down the protein drug production cost. However, most of
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commercially available porous membranes which are produced from phase inversion
method are suffering of broad pore size distribution and low porosity. The remaining
porous membrane products, which are made from other methods such as sintering,
stretching, and track etching method, may have high porosity, yet, at the same time
they will lose pore uniformity, or have pore uniformity traded with porosity and pore

interconnectivity.

Inverse colloidal crystals, introduced in previous sections, is a macroporous material
with very uniform and fully interconnected pores, high porosity (up to 74% the-
oretically) and large surface area, which make it an ideal material for membrane
chromatography, ultrafiltration and microfiltraion, all of which is very important in
bioseparation. A number of applications for ICC material have been reported due
to its unique structures. Nevertheless, no report for ICC material used in separation
process exists because the ICC membranes made from the reported ICC membrane

formation methods have problems being used as separation membranes.

In this work, the ICC membranes which are applicable in separation applications
have been developed. The first step is making the colloidal crystal template which
is very important in determining the properties of the ICC membrane. Chapter 2
focuses on making colloidal crystal template. Large-area colloidal crystal films with
different thicknesses assembled from different size of polystyrene particles using a

new-developed assembly method are investigated in this chapter.
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Chapter 3 gives the details about making ICC membranes using the newly developed
ICC membrane formation method. ICC membranes with a variation of thicknesses
and pore sizes, and made of a variety of polymers are produced successfully. The ap-

plication of ICC membrane in particles fractionation is also discussed in this chapter.

Chapter 4 describes the surface modification of [CC membranes using surface initi-
ated atom transfer radical polymerization. The pore size of the membrane can be
well controlled by the modification time. Dextran rejection test shows that the modi-
fication achieves the goal of decreasing membrane pore size and improving membrane

surface hydrophocility.
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List of tables

Tab. 1.1: Summary of the driving forces and their derived template assembling method

Driving Force Assembling method dimension
Gravitational force Sedimentation assembling” ® 3D
External pressure Filtration assembling® 3D
Confinement cell assembling? 2D
Centrifuge Spin coating!® 2D
Capillary force Vertical deposition'? 2D
Capillary cell 2D
Electric static force Electric field driving assembly'® 2D
Buoyancy Floating assembling!4 3D
Surface tension Particles assisted wetting!® 2D
Temperature gradient Thermally driven assembly!® 2D
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Tab. 1.3: Summary of reported applications for ICCs

ICC structure

Field

Application

Periodical pore

structure

High surface
area and
fully interco-

nnected pores

Optical application

Sensors

Catalysis

Bioactive materials

Electrode and Battery

Sorption media

Photonic bandgap material**
Pigments®?

Roman Spectroscopy?®
Protein sensing®’

Humidity sensing?

pH sensing*’

Temperature sensing®

Gas sensing®

Catalysi'® 31

Catalyst scaffold®?
Cell culture scaffold®?

Tissue engineering®

Electrode®

Gas adsorption®®

Metal adsorption®”
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Fig. 1.1: Tllustration of the four steps making ICCs
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Fig. 1.2: Tllustration of vertical deposition assembly method (A) template assembly process
(B) template ’sandwich’ for monomer infiltration (C) SEM image of top side of
ICC membrane (D) SEM image of the bottom side of ICC membrane made from
vertical deposition assembly method )
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Fig. 1.3: (A)Illustration of particle assisted wetting assembly method (B) Picture of ICC
membrane made from particle assisted wetting assembly method (F. Yan, W. A.
Goedel, Adv. Mater. 16, 911 Copy right, John Wely)
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(B)

Fig. 1.4: (A)Illustration of confinement cell (B) Picture of ICC membrane made from con-
finement cell assembly method (B. Gates, Y. Yin, Y. Xia, Chem. Mater. 11, 2827,
Copy right ACS)
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2cm (B)

Fig. 1.5: (A)Illustration of spin coating assembly method (B) Picture of ICC membrane
made from spin coating assembly method (P. Jiang, M.J. Mcfarland, J. Am. Chem.
Soc. 126, 13778, Copy right ACS)
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2. COLLOIDAL CRYSTAL TEMPLATE ASSEMBLY

This chapter is based on the following published paper:
Xinying Wang, Scott M. Husson, Xianghong Qian, S. Ranil Wickramasinghe,
Vertical cell assembly of colloidal crystal films with controllable thickness, Materials

Letters, 63 (2009) 1981-1983

Abstract

Formation of colloidal crystal films (CCF's) is the first step in the fabrication of inverse
colloidal crystals, a class of three-dimensionally ordered, macroporous materials. A
new vertical cell assembly method is described that yields CCFs with thicknesses
up to 100 pm. The cell consists of two microscope cover glasses separated by a
thin polymeric spacer. The lower edge of the cell is placed in a colloidal dispersion.
Particles are transported to the top of the cell by capillary force and self-assemble into
CCF as the solvent evaporates. This novel vertical cell assembly method is well suited
for fabrication of large-area CCFs with controllable thickness that could be further

processed into ICC filters for size-based separations of molecules and particles.
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2.1 Introduction

Colloidal crystals (photonic crystals) are highly-ordered, three-dimensional structures
of close-packed, uniform spheres. Natural opals are an example of colloidal crystals.
Photonic crystals display a dielectric constant that varies with a periodicity similar to
that of visible light resulting in a partial photonic band gap.! Consequently, they are
of great interest as photonic band gap materials.> 3 Colloidal crystal films (CCFs)
may be processed into inverse colloidal crystals (ICCs), which are three-dimensionally
ordered macroporous structures, where air fills the spaces originally occupied by the
colloidal particles. ICCs could potentially display a complete photonic band gap, as
they meet the theoretical requirement that the ratio of the maximum to minimum re-
fractive index within the material be more than 2.9 for materials with high refractive
indices such as Si and Ge . Thus, ICCs are also of great interest in photonics.? % % 67
Here, I focus on the fabrication of CCFs. Production of defect-free CCF's is essential

in order to fabricate ICC films that are suited ideally for size based filtration applica-

tions. Unfortunately, fabrication of large area, defect-free CCFs is often problematic.®

Numerous methods have been described for fabrication of CCFs. Sedimentation in a
gravitational field or assisted by an additional force,e.g. an oscillatory shear,” suction
due to filtration,' has been used frequently. However, sedimentation methods suffer
from lack of control over the surface morphology and the thickness of the film, both

essential for filtration media. Other methods include spin coating,'' floating self-

13, 14 15, 16, 17, 18

assembly,!? electric field-induced self-assembly, vertical deposition and
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injection cell based methods.® 1% 20: 21 22,23 Controlling CCF thickness using these
methods is difficult. The vertical cell method I describe allows simple control over

the CCF thickness.

2.2 Material and methods

2.2.1 Fabrication of the CCF

Uniform polystyrene spheres with diameters of 0.42, 1 and 2 um were used to fabri-
cate CCFs. The 0.42 pum particles with size derivation less than 5% were prepared
according to Ceska et al.?* Typically, 20mL styrene (aluminum oxide column pu-
rified), 1g acrylic acid (vacuum distilled), 0.2g potassium persulfate and 100mL DI
water were charged into a 250 mL flask. The reaction was conducted at 60°C for 5hrs
under agitation. The resulting particles were centrifuged for 10 min at 10,000 rpm.
The solvent was decanted and DI water was added to resuspend the particles using
ultrasonic bath. The particles were washing for three time using the centrifugation
cycles. Then the particles were dispersed in water. The 1 and 2 um particles with size
derivation of 1% were purchased from Duke Scientific. All particles were produced
or received as an aqueous suspension. Prior to use, they were centrifuged at 10000
rpm for 10 min and washed with ethanol three times. Particles were resuspended in

ethanol.

The vertical cell used to form the CCFs comprised two microscope cover glasses

separated by two strips of Mylar film (Grafix, USA) (shaded strips in Fig. 2.1 (A)).
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The cell was held together by a clip at the bottom and placed vertically in a beaker (30
mL) that contained the dispersion (20 mL) of polystyrene spheres in ethanol. Three
dispersions were used: 15, 4 and 6 wt % for 0.42, 1 and 2 um spheres, respectively.
The spheres were transported to the top of the vertical cell by capillary forces (Fig.
2.1 (A)). As the ethanol evaporated, the particles self assembled in the vertical cell
over a 5-7 day period. For making CCFs with heterostructures, the vertical cell was
first placed in one beaker which contains one size of particles suspension. After certain
time, a strip of CCF was obtained. Subsequently, the film dried and then put into
another beaker in which suspension of particles with different size to the previous
assembling particles. The new particles will be assembled into CCF alone the old

strip of CCF. Finally, the complex CCF structure was obtained.

2.2.2 Characterization

CCFs were characterized by field emission scanning electron microscopy (FESEM;
Model JSM-6500F, JEOL, Japan) equipped with an in-lens thermal field emission
electron gun. All samples were coated with 10nm gold layer before they were imaged
at a voltage of 15kV. The UV-Vis absorption spectra of the CCF's were recorded using
a UV-visible-near infrared double beam spectrometer (UV-Vis, Cary 500, Varian,
USA)and unpolarized light at nearly normal incidence in the 700C3300 nm spectral

range.
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2.3 Results and discussion

Using the vertical cell shown in Fig. 2.1 (A) I fabricated CCFs ranging from 25-100
pm in thickness by varying the thickness of the polymer spacer. Fig. 2.1 (B-D) are
photographs of CCFs fabricated from 0.42, 1 and 2 pm spheres with spacer thickness
of 25, 50 and 100 pm, respectively. The CCFs in Fig. 2.1 (B-C) appear colored under
white light illumination due to the presence of a partial photonic band gap. The CCF
in Fig. 2.1 (D) appears white, suggesting that the larger particle size yields a less

ordered structure lacking a well-defined photonic band gap.

Fig. 2.2 gives FESEM images of top view of of the CCFs made from particle with
different sizes. Fig. 2.2 (A-C) shows the surface and a high magnification inset of 25
pm thick CCFs consisting of 0.42, 1, and 2 pm spheres respectively. Since the 0.42 m
particles gave the most regular CCF, these films were studied in more detail. Fig. 2.3
(A-C) gives cross-sectional views of CCF's fabricated using 25, 50 and 100 pm thick
spacers, fabricated with 0.42 pm particles. The FESEM images indicate that the film
thickness is similar to the spacer thickness. Thus, the thickness of the CCF can be
adjusted easily. Finally, Fig. 2.4 (A-B) shows the bottom edge of the CCF obtained
using 0.42 pm particles and a 100 gm spacer. Fig.2.4 (B) is a higher magnification
image of Fig. 2.4(A). The surface and the cross sectional images show that the CCF

has essentially close-packed face-centered cubic (fcc) structure.

Analyzed together, images in Fig. 2.2 indicate that larger particles yield more de-
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fects in the CCF. Previous investigators also note that obtaining defect-free colloidal
crystals using micron-sized particles is difficult?® . Formation of a defect-free CCF
depends on uniform self-assembly of the spheres, which depends on a balance between
capillary and gravitational forces, as well as Brownian motion. While colloidal crys-
tals with particle sizes ranging from < 1 nm to 10 um have been described,® using
large or very small particles is problematic. In the case of large particles, sedimenta-

tion often leads to defect formation.

There are several methods reported to make colloidal crystal heterostructures in which
two or more sizes of particles assembled together.?!: 26 However, using a simple self-
assembly method without preformed templates to make colloidal crystal into a more
complex structure has not been reported yet. Here, the vertical cell method not only
is a versatile method to make monostructure CCFs but also provides a straightfor-
ward way to make such complex structure CCFs. I have made two heterostructure
CCF's using our new developed method. Fig 2.5 (A) and (B) present the pictures for
CCF's made from 1 pm-0.42 pm and 2 pm-0.42 pm, respectively. The top sections
in both pictures are CCFs made from bigger particles, while the bottom sections are
CCFS made from 0.42 pm. Under white light illumination, the CCF regions made
from 0.42 pum demonstrate beautiful iridescence while the region made from 1 um
particles shows a little color and no color for the region made from 2 pm particles.
Fig 2.6 (A) and (B) give the SEM images for the two complex CCFs, 1 pym-0.42 pym
and 2 pum-0.42 pm. From the images, both films show the clear interface for the

regions assembled from different particles.
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Fig. 2.7 gives UV-Vis spectra of CCF's fabricated with 0.42, 1 and 2 pm spheres. A
sharp absorbance peak is observed for the CCF formed with 0.42 pum spheres. The
peak shifts to larger wavelengths and becomes broader for CCFs comprising larger
spheres. A broad peak indicates a less regular, less periodic structure. The hetro-
structure CCF of 0.42-1 pym gives two peaks in the UV-Vis spectra. The positions of

the two peaks appear at the same position as monostructure CCF of 0.42 pym and 1

.

Waterhouse and Waterland! estimate the position of the photonic band gap max for

fce photonic crystals:

Amaz = 1.633Dy/n2,, — sin 62 (2.1)

where D is the sphere diameter; #is the angle between incident light and the normal
to the CCF surface, and ng,,, is the average refractive index. I estimate ng,, =
npsfps + Nair fair, Where fpg and fair denote the volume fractions of polystyrene
spheres and void space. Assuming an fcc structure (see Fig. 2.2(G)), fps=0.74.
At room temperature, npg = 1.589%% and n,4;,=1.000. For =0, the calculated A4z
are 991, 2330 and 4685 nm for CCFs fabricated from 0.42, 1 and 2 pum spheres. The
measured (Fig. 2.7) and calculated max agree well for the CCF's fabricated using 0.42
and 1 um particles. However, the agreement is poor for the CCF fabricated using 2

pm particles, likely due to the disordered structure obtained using large particles.
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2.4  Conclusion

A vertical cell assembly method has been developed for fabrication of large area
CCFs with adjustable thickness. Assembly of CCF's using larger spheres results in less
ordered structures. The resulting CCFs could be used as templates for the production

of ordered, macroporous filtration media.
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List of figures

(©) (D)

Fig. 2.1: (A) Schematic representation of the vertical cell used to fabricate CCFs. (B-D)
photographs of CCF's fabricated from 0.42, 1 and 2 pum spheres, respectively.
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0um sEtess: 10um

Fig. 2.2: FESEM images of colloidal crystal films. Top surface and high magnification inset
of CCFs fabricated using (A)0.42, (B)1 and (C)2 um spheres, respectively.
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Fig. 2.3: Cross-sectional images of CCFs assembled with 0.42 pym spheres with thicknesses
of (A)25, (B)50 and (C)100 um, respectively.
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10um

Fig. 2.4: (A) Bottom edge of CCF fabricated with 0.42 pm spheres and 100 pm spacer. (B)
High-magnification image of (A).
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(B)

Fig. 2.5: Pictures of heterostructure CCFs (A) 1 m-0.42 ym (B) 2 pm-0.42 pm under white
light illumination
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Fig. 2.6: Figure 2.6 SEM images of heterostructure CCFs (A) 1 ym-0.42 ym (B) 2 pum-0.42
pum
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Fig. 2.7: UV-Vis spectra of CCFs fabricated with different size spheres. Absorbance peaks
occur at 1100, 2300 and 2700 nm for CCF's fabricated with 0.42 (red line), 1 (black
line), 2 (blue line), and 0.42-1 (green line) pum spheres, respectively.
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3. INVERSE COLLOIDAL CRYSTAL MICROFILTRATION MEMBRANES

This chapter is based on the following published papers:

Xinying Wang, Scott M. Husson, Xianghong Qian, S. Ranil Wickramasinghe,
Inverse Colloidal Crystal Microfiltration Membranes, Journal of Membrane Sicence,
365(2010) 302-310
Xinying Wang, Scott M. Husson, Xianghong Qian, S. Ranil Wickramasinghe, Highly
Porous Uniform Pore Size Membranes for Ultrafiltration, Am. Chem. Soc., Div.

Fuel Chem. 55(2010) 432-435.

Abstract

Uniform pore size, high porosity membranes are important for applications such as
microfiltration and ultrafiltration, as well as for use as membrane adsorbers. In this
work, uniform pore size, high porosity microfiltration membranes were developed us-
ing three dimensionally ordered macroporous templates. A membrane casting cell
which was described in Chapter 2 was used for self assembly of silica spheres into
a colloidal crystal template. The resulting close-packed colloidal crystal was infil-
trated with a reactive monomer solution. After polymerization, the silica spheres

were etched away, resulting in an inverse colloidal crystal (ICC) membrane with high
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porosity and uniform pores that are highly interconnected.

ICC membranes have been fabricated with a range of pore sizes and thicknesses.
The membrane casting cell facilitates easy variation of membrane thickness. The
membrane pore size is varied by changing the diameter of the silica spheres used to
prepare the colloidal crystal template. By changing the composition of the reactive
monomer solution, membranes have been fabricated with different hydrophilicities.
Following synthesis, the ICC membranes were tested in a commercially available

stirred cell. Particle fractionation was studied in normal flow filtration experiments.

3.1 Introduction

Microfiltration is used frequently for solid-liquid separations involving aqueous streams.*
It is used in the biotechnology, electronics, chemical and food industries to separate
particulate matter from the suspending liquid.? Microfiltration may be run in either
tangential flow or dead-end mode. Typical applications include rejection of bacte-
ria and colloids in the production of drinking water, rejection of microparticles in the
production of ultrapure water and other liquid streams in the semiconductor industry,
rejection of pyrogens in sterile filtration applications, and validation of virus clearance
in the manufacture of biopharmaceutical products. In all of these applications, the

desired product is the permeate stream that passes through the membrane pores.

In addition to particle clearance, particle fractionation by microfiltration has been

studied by several groups. For example, Leivisk et al.® investigated the use of 8, 3,
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0.45 and 0.22 pm nominal pore size membranes for fractionation of wood extractives,
lignin and trace elements in pulp and paper mill wastewater. Gan et al.* investigated
beer clarification by microfiltration. Here the process requirements involve rejection
of colloidal particles such as yeast cells, flocs etc and passage of large macromolecules
such as carbohydrates proteins, flavor and color compounds. Wakeman and Akay®
have investigated concentration and fractionation of latex particles, while Kromkamp
et al.% studied concentration and fractionation of model fluorescent particles. Brans
et al.” have developed micro-machined membranes or microsieves with carefully con-
trolled pore size, geometry and porosity. They indicate that by carefully controlling
pore geometry, size and porosity, one can optimize processes aimed at either com-
plete rejection of particles or fractionation of particles, while maximizing permeate
flux. In a more recent study Brans et al.® investigated transmission and fractionation

of micron-sized particles in both tangential flow and normal flow filtration.

Optimization of microfiltration processes involves maximizing membrane capacity,
productivity and selectivity.” Membrane capacity refers to the maximum volume of
feed that can be treated before the permeate flux drops to unacceptably low values. In
the case of tangential flow filtration, filtration is stopped and the membrane cleaned;
while, for normal flow filtration, the membrane usually is replaced. Membrane produc-
tivity refers to the rate at which the feed can be processed (i.e., maximum sustainable
permeate flux). Selectivity refers to the ability to yield high product recovery and

removal of unwanted particulate matter.
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Here I focus on normal flow microfiltration, as used in the biopharmaceutical industry
for sterile filtration and virus clearance applications.? Ho and Zydney have investi-
gated the effects of membrane morphology on membrane capacity during normal flow
microfiltration.!? 1 12,13, 14 They indicate that membrane morphology can have a
significant effect on flux decline due to membrane lateral permeability. For mem-
branes with non-connected straight through pores, the rate of flux decline tends to
vary inversely with membrane porosity but becomes independent of porosity at higher
porosities due to the possibility of a single particle blocking more than one pore. The
rate of flux decline for isotropic membranes with highly interconnected pores is much
slower than for membranes with non-connected pores, even for membranes with sim-
ilar porosity. Pore interconnections allow fluid to flow around a deposited particle as
it passes through the membrane. Thus, blockage of a pore mouth does not result in
blockage of the entire pore. This result highlights the importance of lateral perme-

ability within the membrane.

Ho and Zydney note that for asymmetric membranes with a tight skin layer, the flux
decline is often similar to a membrane with non-interconnected pores. For a thin,
tight skin layer, the flow has insufficient time to pass around blocked pores resulting
in a behavior similar to a membrane consisting of non-interconnected pores. They
discuss the effect of a membrane support structure in a composite membrane on flux

decline due to the different lateral permeabilities of the different layers.'*

These previous studies highlight the benefits of fabricating microfiltration membranes
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with a high porosity, regular pore structure and high lateral permeability (highly in-
terconnected pore network). This contribution describes the use of colloidal crystal
templates for the development of such a membrane. Colloidal crystals or photonic
crystals are three dimensionally periodic structures formed from monodisperse col-
loids.'® Self-assembly of the colloidal spheres into a close-packed arrangement results
in a colloidal crystal that displays a periodically modulated dielectric constant with
a period similar to that of visible light (380-790 nm), resulting in a partial photonic
band gap.'® 7 Natural opals are an example of a colloidal crystal composed of face-

centered arrays of amorphous silica spheres.

Conceptually, colloidal crystals may be easily converted into inverse colloidal crys-
tals or inverse opals, which are three dimensionally ordered macroporous (3DOM)
materials. The close-packed colloidal crystal is infiltrated with a reactive monomer
solution. After polymerization, the colloidal particles are removed by thermal pro-
cessing, solvent extraction or chemical etching. The resulting 3DOM structure will
have a very regular pore size, high porosity and high level of pore interconnectivity.

Numerous potential application for inverse colloidal crystals have been described!® in-

17, 19, 20 21, 22, 23, 24 25, 26

cluding photonic crystals and optical devices, Sensors, catalysts,

27, 28

magnetic materials, electrodes and batteries? and bioactive materials.3°

Here I have developed inverse colloidal crystal (ICC) microfiltration membranes. Pre-

vious studies report the use of colloidal crystal templates as sieves for separation

31, 32, 33

applications. A few investigators also have described fabrication of ICC mem-
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branes. Though numerous methods have been described for the preparation of very
small surface area colloidal crystal templates, fabrication of ICC membranes requires
self assembly of a large defect-free template that can be fabricated into a defect-free
membrane. Park and Xia,** 35 and Gates et al.3¢ describe the fabrication of ICC
membranes using polystyrene and silica particles. They measured permeabilities of
various solvents and found Darcy’s law to be applicable. However, given the very
small membrane surface areas they were able to fabricate, they needed to custom de-
sign an apparatus to measure membrane permeability. Yan and Goedel®” and Jiang
and McFarland®® describe the formation of much larger surface area ICC membranes.
However their fabrication method leads to very thin membranes that lack the me-
chanical stability for testing in commercially available stirred cells, which limits their

practical applicability.

I have developed a method for fabrication of ICC microfiltration membranes. These
defect-free membranes are mechanically stable and large enough to be tested in a
commercially available stirred cell. Here, I describe a method for self assembly of the
colloidal crystal template and then fabrication of the membrane. Permeate fluxes have
been determined for a number of membranes with different pore sizes and thicknesses.

In addition, particle fractionation using ICC membranes has been investigated.
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3.2 Material and methods

3.2.1 Materials

The following chemicals were obtained from Sigma Aldrich (St Louis, MO): ethylene
glycol dimethacrylate (EGDMA, 98%); hydroxybutyl methacrylate, mixture of iso-
mers (HBMA, 94%); 2-hydroxyethyl methacrylate (HEMA, 97%); benzoin isobutyl
ether (BIE, 90%); hydrofluoric acid (HF, 40%); tetraethylorthosilicate (TEOS, 99%);
hydrogen peroxide (30%); sulfuric acid (95-98%) and ammonium hydroxide (28-30%).
EGDMA, HBMA and HEMA were passed through a neutral Al,O3 column to remove
polymerization inhibitors prior to use. TEOS was vacuum distilled prior to use. BIE

and HF were used as received.

Ethanol (200 proof) was obtained from Pharmaco Products (Brookfield, CT) and
used as received. Microscope cover glasses (24x50x0.1 mm) were obtained from
VWR International (West Chester, PA) and cleaned using a mixture of 1:3 hydro-
gen peroxide-sulfuric acid before use. Mylar films with thicknesses of 25, 50 and 100
pum (to produce membranes with thicknesses of 25, 50 and 100 pm) were obtained
from Grafix (Cleveland, OH) and cut into strips (25x10 mm). In some experiments,
polyethersulfone microfiltration membranes (pore size 0.22 pm, thickness 100 um,
Pall Corp., NY) were used instead of Mylar. Silica particles (60 nm, 20% in water)
were obtained from Allied High Tech (Rancho Dominguez, CA). All other silica par-
ticles were made as described below. A Millipore 8010 stirred cell (Millipore Corp.,

MA) was used for normal flow microfiltration experiments.
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3.2.2 Preparation of monodisperse silica particles

Monodisperse silica particles were prepared based on the method by Stober-Fink-
Bohn.?* Ethanol (210 mL) was added to a 500 mL flask. HPLC water (17 mL),
ammonium hydroxide solution (11 mL), and TEOS (11 mL) were added sequentially.
The reaction was conducted at room temperature for 4 hours with agitation of 400
rpm. The contents of the flask were centrifuged at 5,000 rpm for 10 min. The solvent
was then decanted, and a 20 mL 50:50 (v/v) mixture of ethanol-water was added to
each of total 6 centrifugation tubes to resuspend the particles. The suspension in
six tubes was then concentrated into two centrifugation tubes. The suspension was
centrifuged at 5,000 rpm for 10 min. The solvent was decanted and the particles
again resuspended in a 30 mL 50:50 (v/v) mixture of ethanol-water and centrifuged

as before. This procedure was repeated two times to wash the particles.

Laser diffraction light scattering (Beckman Coulter LS 230, Fullerton, CA), was used
to determine the particle size distribution. The resulting mean particle diameters
were found to be 300-500 nm. Though there is batch-to-batch variation in the mean
particle diameter, for a given batch, the standard deviation of the particle size distri-

bution was less than 5% of the mean diameter.

Larger particles were prepared by following the method described above, except that

an additional 11 ml TEOS and 10 ml water were added to the beaker after the initial
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4 hr reaction time. The contents of the flask were again agitated for 4 hours to al-
low further reaction. This procedure was repeated until the desired particle size was
obtained. After washing as described above, the particle dispersions were diluted to

1-5 wt% with absolute ethanol and added to a 30 mL beaker

3.2.3 Self assembly of colloidal crystal template and fabrication of ICC membrane

Self assembly of the colloidal crystal templates was conducted in the 'membrane
casting’ cell. The method developed here involved the use of two microscope cover
glasses cut into 24 x30 mm rectangles separated by two strips of either Mylar film or
microfiltration membrane at the top and bottom (see Fig.3.1). The casting cell was
placed vertically in the beaker containing the colloidal dispersion. This 'vertical cell’
assembly of colloidal crystal films has been described in detail in chapter 2. Briefly,
silica particles are transported to the lower surface of the upper spacer (Fig. 3.1) by
capillary forces. As the solvent (ethanol) evaporates, the particles self assemble into
a close-packed structure. In this work, both Mylar and microfiltration membranes
have been used as spacers. The later yielded a more rapid self assembly of the col-
loidal crystal template due to faster ethanol evaporation through the microfiltration

membrane.

The colloidal crystal template formed in 1 day using fresh-made suspension. The
particle suspension was being reused to get as many as possible membranes. There-

fore, the particle concentration will be getting lower over the time as more membrane
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produced. As the assembly time exceeds more than 24 hours, I will replace the old
suspension with new one. The thickness of the template and, therefore, the corre-
sponding membrane depends on the thickness of the spacer. After formation of the
colloidal crystal template, the template was dried at room temperature for 12 hours

and infiltrated with the monomer solution.

The following monomer solutions were used to cast membranes: 2.0 ¢ HEMA, 0.2
g EGDMA and 0.03 g BIE; 1.5 ¢ HEMA, 0.5 g HBMA, 0.2 g EGDMA and 0.03 g
BIE; 1.0 g HEMA, 1.0 g HBMA, 0.2 g EGDMA and 0.03 g BIE; 0.5 g HEMA, 1.5 g
HBMA, 0.2 g EGDMA and 0.03 g BIE; 2.0 g HBMA, 0.2 g EGDMA and 0.03 g BIE.
The monomer solution within the colloidal crystal template was polymerized using a
UV lamp (30 W with wavelength 254 nm) by irradiating for 15 min. Following poly-
merization, the casting cell was immersed in 10 wt% HF solution to etch away the
template and the microscope cover glasses. The membrane was characterized by field
emission scanning electron microscopy (FESEM; Model JSM-6500F, JEOL, Japan)
equipped with an in-lens thermal field emission electron gun. All samples were coated
with 10nm gold layer before they were imaged at a voltage of 15kV. FESEM gives

qualitative information for membrane surface morphologies.

3.2.4 Membrane testing

Permeate fluxes were determined using the Millipore stirred cell. The stirred cell

also was used for the particle fractionation studies. An ICC membrane was placed
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in the stirred cell. Two bi-disperse particle suspensions were prepared by mixing 60
and 835 nm silica particles, both at 0.36 % (w/w), and 60 nm and 440 nm silica
particles at 0.31 and 0.28% (w/w). Particle fractionation tests were conducted at a
feed pressure of 3.5 kPa using compressed nitrogen. The initial feed volume was 10
mL. Filtration was continued until about 8 mL of permeate were recovered. Laser
diffraction light scattering was used to determine the particle size distribution in the

feed and retentate.

3.3 Results

Figure 3.1 shows our newly designed membrane casting cell used to self assemble the
colloidal crystal template. Features of the casting cell include ability to fabricate
integral membranes that are large enough to be tested in a commercially available
Millipore stirred cell and easy control over the membrane pore size and thickness.
Figure 3.2(a) is a photograph of the colloidal crystal template formed using 400 nm
particles and a 100 pm Mylar spacer. The colloidal crystal template appears colored

under white light illumination due to the presence of a partial photonic band gap.

Figure 3.3 shows the resulting inverse colloidal crystal membrane. The membrane
was formed by reacting 0.5 g HEMA, 1.5 ¢ HBMA, 0.2 ¢ EGDMA and 0.03 g BIE.
Like the colloidal crystal template (Figure 3.2), the membrane also appears colored
under white light illumination due to the presence of a partial photonic band gap.
The FESEM image of the ICC membrane and the higher magnification inset indicate

a very uniform, 3DOM structure where there appears to be a high level of pore in-
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terconnectivity.

Figure 3.4 shows membranes fabricated with various ratios of HEMA:HBMA. Figures
3.4(A-E) show membranes formed from 2.0 g HEMA, 1.5 g HEMA:0.5 g HBMA, 1.0 g
HEMA:1.0 g HBMA, 0.5 g HEMA:1.5 g HBMA and 2.0 g HBMA, respectively. For all
membranes, 0.2 g EGDMA and 0.03 g BIE were used as the cross linker and initiator,
respectively. The corresponding colloidal crystal template was created using 440 nm
silica particles using the microfiltration membrane as a 100y spacer. These FESEM
images of the membrane cross section show the existence of a 3DOM structure. A

high level of pore interconnectivity is evident.

Figure 3.5 shows the effect of varying the spacer thickness and, hence, membrane
thickness. FESEM images are given for membranes cast using 25, 50 and 100um
Mylar spacers. The membranes were formed from 0.5 g HEMA, 1.5 g HBMA, 0.2 g
EGDMA and 0.03 g BIE using 400 nm silica particles. The FESEM images indicate
that the membrane thickness accurately matches the thickness of the spacer used,

thus allowing us to easily control membrane thickness.

The membrane pore size is easily changed by changing the diameter of the silica
particles used to form the colloidal crystal template. Figure 3.6 gives top view and
cross-sectional FESEM images of membranes fabricated from 210, 375, 440 and 835
nm silica particles. Membranes were formed using 0.5 g HEMA, 1.5 ¢ HBMA, 0.2 g

EGDMA and 0.03 g BIE.
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ICC membranes display three characteristic pore sizes. The larger pore size (e.g. see
Figure 3.6) represents the diameter of the silica particles used to create the colloidal
crystal template. The ’smaller’ pore size represents the neck between two primary
pores. It represents the volume between the silica spheres where the reactive monomer
solution does not infiltrate. This smaller pore diameter will control the permeate flux.
The surface pore size represents the volume between the silica sphere and the cover
glass. The diameter of surface pore is in between the smaller pore size and the larger
pore size. Figure 3.7 gives the surface pore and ’smaller’ pore diameter as a function
of the silica particle diameter used to form the inverse colloidal crystal template. The
pore diameter was determined by measuring the pore size of at least 100 pores from

FESEM images of the membrane cross section.

Deionized water fluxes as a function of applied pressure were determined for the mem-
branes shown in Figure 3.4. Though all five membranes were fabricated using 440 nm
silica particles and a common membrane thickness of 100, Figure 3.8 indicates the
water fluxes at a given pressure vary significantly. Increasing the relative amount of
HEMA used to fabricate the membrane leads to a decrease in water flux at a given
pressure. Since HEMA is far more hydrophilic then HBMA, increasing the HEMA
content of the membrane will lead to membranes that swell more in water. This
swelling, in turn, leads to lower pore sizes and explains the observed dependence of
water flux on HEMA content of the membrane.. This result appears somewhat con-

tradictory to the observation that membrane swelling often leads to an increase in



3. Inverse Colloidal Crystal Microfiltration Membranes 55

pore size and a decrease in rejection. However it is important to realize that after
polymerization the membranes are immersed in 10 wt% HF to etch away the tem-
plate. Thus while the template is being etched away, the membrane polymer swells.
This is somewhat different to the observed swelling of other membranes described in

the literature where swelling does not occur during pore formation.

Figure 3.9 shows the variation of denionized water flux with feed pressure for the
membranes fabricated using silica particles with diameters of 375, 440 and 835 nm
(Figure 3.6). Using larger silica particles to form the colloidal crystal template leads
to membranes with larger pore sizes, which, in turn, leads to higher fluxes at a given

feed pressure.

Figure 3.10 gives particle fractionation results for a membrane fabricated using 835
nm silica particles and a 100x microfiltration membrane as the spacer. The reactive
monomer solution comprised 0.5 g HEMA, 1.5 ¢ HBMA, 0.2 g EGDMA and 0.03
g BIE. The percentage by volume of a given particle diameter is plotted against
the particle diameter. Figure 3.10(A) gives the particle size distribution in the feed
and retenate for a feed stream consisting of 60 and 440 nm silica particles. Little
fractionation of the particles appears to take place. Figure 3.10(B) gives the particle
size distribution in the feed and retentate for a feed stream consisting of 60 and 835

nm silica particles. In this case, the retentate is enriched in the larger particles.
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3.4 Discussion

I have developed a membrane casting cell that enables us to fabricate inverse col-
loidal crystal microfiltration membranes that can be tested in a commercially avail-
able stirred cell. In addition, the membrane thickness and pore size can be adjusted
easily by changing the thickness of the spacer (Figure 3.5) and the diameter (Figure
3.6) of the silica particles used to form the colloidal crystal template. Membrane
thickness will affect both the resistance to permeate flow and the mechanical stability
of the membrane. Here isotropic membranes have been fabricated. Thicknesses less
than 25um lead to the formation of membranes that lacked mechanical stability and
could not be tested in a Millipore stirred cell. In addition, the higher magnifica-
tion insets in Figure 3.6 indicate that as the membrane thickness increases, the pore
structure becomes less regular. This loss of order is due to the fact that I rely on capil-

lary forces acting against the gravitational force to form the colloidal crystal template.

Since ICC membranes are 3DOM structures, they display a very regular morphol-
ogy. While the membrane porosity could be has high as 74% for ICC membranes
produced from close packed colloidal crystal templates, actual porosities are typically
around 50-60%. The high porosity of the membrane results from the closed packed
arrangement of the silica particles used to fabricate the colloidal crystal template.
While there is a very high level of pore interconnectivity, as indicated in the FESEM
images, the membranes may be characterized using two pore sizes. The ’smaller’

pore size, due to contact between two silica particles, will control the permeate flow
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through the membrane for a given feed pressure.

The smaller pore size is determined by the size of the silica particle used to form
the colloidal crystal template and the viscosity of the reactive monomer solution. A
more viscous monomer solution will lead to less effective infiltration into the spaces
between the silica particles and will lead to a less mechanically stable membrane.
For the reactive monomer solution used here, use of silica particle less then 200 nm
in diameter led to membranes that were not sufficiently robust for testing in the
Millipore stirred cell. In addition, these membranes contained many defects due to
poor infiltration of the reactive monomer solution into the spaces between the silica
particles. Optimization of the smaller pore size will be essential to maximize flux and

to ensure the membranes are robust enough for practical applications.

Generated using FESEM images, Figure 3.7 gives the measured smaller pore sizes
and surface pore size for membranes fabricated using 210, 375, 440 and 835 nm silica
particles. Error bars represent the range of values measured. The much larger range
for the membranes fabricated with 210 nm silica particles is due to less efficient infil-
tration of the reactive polymer solution. While colloidal crystal templates have been
self assembled with particle varying from <1 nm to 10um,*® using very large or small
particle often leads to colloidal crystal templates containing many defects. Formation
of an ICC membrane also depends on efficient infiltration of the reactive monomer
solution, which is more difficult for colloidal crystal templates containing very small

particles. In our earlier work, I showed that sedimentation effects lead to less reg-
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ular colloidal crystal templates self assembled using our vertical cell assembly method.

Applications for new membranes often are limited by membrane surface properties
such as hydrophobicity.*! It is therefore important to fabricate ICC membranes from
a variety of monomers using a variety of methods. Here I present results for mem-
brane fabrication using photoinitiated polymerization. I show (Figures 3.4 and 3.8)
that using different ratios of HEMA:HBMA leads to membranes that display different
water fluxes at the same feed pressure. The more hydrophilic membranes were found
to swell more leading to a narrowing of the membrane pore size and lower water fluxes.
One way to limit this response of the membrane and retain membrane hydrophilicity
is to increase the amount of cross linking agent used (EGDMA in this work). Our
results indicated that membranes fabricated from 0.5 g HEMA, 1.5 g HBMA, 0.2 g
EGDMA and 0.03 g BIE gave the best properties in terms of membrane robustness,

hydrophilicity and brittleness.

In this work I focused on membranes fabricated from HEMA, HBMA, and EGDMA
using BIE for initiation. Nevertheless, the method used to cast ICC membranes
may be used for other reactive monomer solutions. For example, I have fabricated
membranes of polyurethane, polystyrene, and poly(methyl methacrylate) and used
azobisisobutyronitrile as initiator. Polymerization was induced thermally at 60 °C for
2 hours, again highlighting the flexibility of our membrane fabrication process. The

details for this work is listed in Appendix.
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Permeate fluxes for feed pressure up to 70 kPa shown in Figure 3.9 indicate that using
larger silica particle to fabricate the colloidal crystal template leads to larger pores
and, hence, higher permeate fluxes at a given feed pressure. Flux data for the mem-
brane fabricated with 210 nm silica particles (Figure 3.6A) are not given in Figure
3.9, as I were not able to test the membrane over the entire range of feed pressures.
As explained above, inefficient infiltration of the reactive monomer solution leads to

the formation of a weak membrane that collapsed at higher pressures.

Barns et al.® have investigated fractionation of bi-disperse particle suspensions in
normal flow filtration. They indicate that, if the smaller particle size is less than the
membrane pore size, transmission depends on the ratio of the larger to smaller particle
sizes. They note that permeate flux and transmission decrease for all combinations
of particle size with time. As a cake layer consisting of rejected larger particles forms
on the membrane surface, it tends to reject smaller particles. In fact, Barns et al.®
indicate that the smaller particles need to be at least 7 times smaller than the larger

particles to move through the cake layer of larger particles.

The particle fractionation results given in Figure 3.10 are consistent with these earlier
observations. Figures 3.10(A) and (B) indicate rejection of 440 and 835 nm particles.
From Figure 3.7 the surface pore size and the smaller pore size for the membrane
fabricated using 835 nm silica particles should be less then 350 nm and 200 nm,
respectively. The ratio of larger to smaller particle size in the feed streams used

in Figure 3.10(A) and (B) are about 7 and 14, respectively. The retentate particle
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size distribution after the feed volume is reduced from 10 to about 2 mL indicates
significant rejection of the 60 nm particles in the presence of 440 nm particles, but

significant passage of 60 nm particles in the presence of 835 nm particles.

3.5 Conclusion

High porosity, uniform pore size microfiltration membranes with highly intercon-
nected pores have been fabricated based on the three dimensionally ordered macro-
porous structure present in inverse colloidal crystals. A membrane casting cell has
been developed that allows self assembly of silica spheres with a range of diameters.
The casting cell also allows easy variation of membrane thickness. Using our casting
cell, inverse colloidal crystal membranes have been fabricated and tested in a com-
mercially available stirred cell. The membrane fabrication method I have developed

may be used to fabricate membranes from a range of monomers.

Permeate fluxes have been determined for membranes with different pore sizes and hy-
drophilicities. Fraction of bi-disperse particle suspensions also has been investigated.
The structure of inverse colloidal crystal membranes could be ideally for microfiltra-
tion applications. A major challenge will be scale up of the membrane fabrication

process.
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(B)

Fig. 3.1: Membrane casting cell used to self assemble the colloidal crystal template: (A)
front view, (B) side view.
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Fig. 3.2: Colloidal crystal template (A) under white light illumination and (B) FESEM
image, formed using 400 nm silica particles and a 100 ym Mylar spacer.
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Fig. 3.3: Inverse colloidal crystal membrane formed from the template shown in Figure 3.2.
(A) Under white illumination the membrane appears colored. (B) FESEM image
of the membrane indicates a 3DOM structure with highly interconnected pores.
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Fig. 3.4: FESEM image of inverse colloidal crystal membranes formed from colloidal crystal
templates containing 440 nm silica particles. The microfiltration membrane was
used as a 100 m spacer. Membranes were fabricated using (A) 2.0 g HEMA; (B)
1.5 g:0.5 g HEMA/HBMA; (C) 1 g:1 g HEMA/HBMA; (D) HEMA/HBMA 0.5
g:1.5 g; (E) 2.0 g HBMA. In all cases, 0.2 g EGDMA and 0.03 g BIE were used as
the cross linker and initiator.
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Fig. 3.5: Effect of spacer thickness on membrane thickness. All membranes were formed
using 400 nm silica particles and 0.5 g HEMA, 1.5 ¢ HBMA, 0.2 g EGDMA and
0.03 g BIE. (A) 25 pm thick membrane using 25 pm Mylar spacer; (B) 50 pum
thick membrane using 50 pm Mylar spacer; (C) 100 pym thick membrane using
100 pm Mylar spacer.
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Fig. 3.6: Effect of silica particle diameter on membrane surface pore and ’smaller’ pore size.
Membranes were fabricated using 0.5 g HEMA, 1.5 ¢ HBMA, 0.2 g EGDMA and
0.03 g BIE. The colloidal crystal template was formed using (A)(B) 210, (C)(D)
375 (E)(F) 440 and (G)(H) 835 nm silica particles. The microfiltration membrane
was used as a 100 pm spacer.
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Fig. 3.7: Variation of the ’smaller’(open square) and surface (open circle) pore diameter
of the colloidal crystal membrane, due to contact among the silica particles in
the colloidal crystal template, with the silica particle diameter used to form the
colloidal crystal template.
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Fig. 3.8: Deionized water fluxes for membranes shown in Figure 3.4. The greater the mass
of HEMA used to form the membrane, the lower the permeate flux.
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Fig. 3.9: Deionized water fluxes for membranes fabricated using 375, 440 and 835 nm silica
particles. Using larger silica particles leads to higher permeate fluxes at a given
feed pressure.
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Fig. 3.10: Percentage by volume of a given particle size for the feed and retentate streams.
(A) Feed stream consisted of 60 and 440 nm silica particles. (B) Feed stream
consisted of 60 and 835 nm silica particles. The membranes used were formed
using 835 nm silica particles and a 100 um microfiltration membrane as the

spacer. The reactive monomer solution consisted of 0.5 g HEMA, 1.5 g HBMA,
0.2 g EGDMA and 0.03 g BIE.
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4. SURFACE MODIFICATION OF ICC MEMBRANES USING ATRP

Abstract

This chapter describes the work of growing a poly(poly ethylene glycol methacrylate)
nano-layer from inverse colloidal crystal membranes using atom transfer radical poly-
merization. The modification decreases the membrane pore size and increases the
membrane surface hydrophilicity. The surface modifications are investigated under
a variety of modification times and variety of monomer concentrations. The grafted
membranes are characterized using SEM, XPS, ATR-FTIR and water contact angle
measurement. The DI water flux measurement is conducted on unmodified mem-
brane and modified membranes with modification time of 0.5, 1, 2, and 3hr. The
Dextran rejection test is conducted on modified membrane with modification time of
3hr. Based on the rejection rate obtained for dextran with Mw from 1 kDa through
2000 kDa, the tested membrane appears more than 80% rejection for Dextran with
Mw more than 100 kDa, and a less than 20% of rejection for Dextran with Mw smaller
than 10kDa. The diameter of the small pores in cross section, which are the limited

pores for separation, can be reduced from 110-130nm to 5-15nm.
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4.1 Introduction

Ultrafiltration(UF), which is a size-exclusion, pressure-driven membrane separation
process, has been widely used in biochemical, biopharmaceutical, food and beverage
industries. UF membranes with pore size in the range of 1-100 nm are mostly made
of polymeric materials which are easily casted into any shape. Traditionally, most of
UF membrane materials are prepared through phase inversion method that can be
divided into four ways. They are precipitation from vapor phase, precipitation by
evaporation, immersion precipitation and thermal precipitation.! Newer membrane
making methods are also developed or under developing to get UF membranes with
narrow pore size distribution. Stretching method make membranes by stretching
a polymer film at normal or elevated temperature in order to produce desired size
pores.? Track etching is a way to make membrane by exposing a polymeric film to
laser beams or to a beam of charged particles to get uniform pores within polymer
matrix.> However, the membranes produced by these new methods have either broad

pore size distribution or low porosity.

Fouling of UF membrane, in particularly, protein fouling, which is foulant readily
adsorbing onto the membrane surface and pore walls leading to the formation of
the secondary barrier resulting in the decrease of membrane performance, is another
concern during the operation.* > Previous study has elucidated that the membrane
fouling is contributed by three factors. They are material properties, the feed char-

acteristics and the operating conditions. Among them, the material properties plays
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a major role in determining how easily the membrane get fouled.® 7> & 9 10 Therefore,
to prevent fouling, new membranes with anti-fouling property have been explored by
either synthesis of brand new membrane materials or surface modification of exist-
ing membranes.!!" 12 The later way, surface modification of existing membranes, has
drawn extensive attention because it is more versatile and easy than exploring a new

membrane material.

In this chapter, I am aiming to develop a new ultrafiltraion membrane which has
narrow pore size distribution, hydrophilic membrane surface, interconnected pores
and controllable pore size. Inverted colloidal crystals (ICC), a porous material, are
composed of high percentage of volume of ordered array of pores or holes which are
left behind after removal of colloidal crystals.!® A detailed introduction to ICC ma-
terials has been discussed in previous chapters. I have developed the ICC membranes
successfully through a new ICC membrane formation method, vertical cell method.
Uniform silicon dioxide particles are self-assembled into colloidal film within a planer
cell which are composed of two cover glasses separated with two strips of spacer. Then
the colloidal film is used as template to get the monomer infiltrated and polymerized.
The ICC membrane is produced after Etching of the silica film together with the

microscope cover glasses.

The ICC membranes made in our group are excellent microfiltration membrane as
they have narrow pore size distribution, fully interconnected pores and high surface

area (5 times higher than PVDF microfiltration membrane with the similar pore size).
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The membranes had been tested with fractionation of micron-size particles. However,
for the application of ICC membrane in UF for bioseparation, membrane pore size
needs to be less than 20 nm to reach the same magnitude as protein or virus. The
pore size of [CC membranes is mainly determined by the silica particles used for mak-
ing templates. The smallest pore size of the ICC membrane I made was about 75nm
which was from the silica particles with particle size of 210 nm. But the mechanical
strength of such membrane were very low due to the high porosity of membranes
made from smaller particles. Therefore making small pore size ICC membranes by

solely using small silica particles is very hard.

Atom transfer radical polymerization (ATRP) has been extensively used to grow poly-
mer brush from the membrane surface. ATRP involves reversible redox activation of
a dormant alkyl halide (I Br Cl) terminated polymer chain end by a halogen transfer
to a transition metal (Cu Ni) complex to keep a low concentration of controlled rad-
icals through the whole polymerization process. Since ATRP was first reported by
Wang, Matyjaszewski and Percec in 1995,'% 1% it has been proven to be an excellent
technique to make well-defined polymer brush on membrane surfaces. So far, exten-
sive work has been done on membrane surface modification based on ATRP either
for improving membrane surface hydrophilicities to prevent fouling or controlling the

membrane pore size.

Ningh et al. grew poly (poly ethyleneglycol)methacrylate (PPEGMA) brush from the

surface of regenerated cellulose UF membranes using ATRP to control the membrane
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pore size.'® Different MW cutoff of the modified membrane under different modifica-
tion times were obtained. Zhu et al. reported the modification of chloromethylated
poly (phthalazione ether sulfone ketone) membranes to prevent membrane fouling.'?
They grew PPEGMA, a hydrophilic polymer, brush from the membrane with ATRP
and membranes showed good anti-fouling property after modification. Chen et al.
grafted poly (methyl methacrylate) and PPEMGA brush from poly (vinylidene fluo-
ride) (PVDF) microfiltration membrane surfaces with reverse ATRP to improve the
anti-fouling property of PVDF membrane.!® The modified membrane showed slower
flux drop than unmodified membrane when testing the membranes with bovine serum

albumin (BSA) solution.

In this chapter, I will use ATRP to graft a PPEGMA layer from the surface of
ICC membranes for two purposes. One is to decrease the membrane pore size to
make the ICC membrane applicable in UF for bioseparation area without trading off
the membrane mechanical strength. The other is to increase the membrane surface

hydrophobicity for anti-fouling.

4.2 Material and methods

4.2.1 Materials and reagents.

The following chemicals were obtained from Sigma Aldrich (St Louis, MO): Cu(I)Cl
(99.995%); Cu(I1)Clsy (99.999%); 2,2 -bipyridyl(99%); triethylamine(99.9%); 4 dimethy-

lamino pyridine (DMAP, 99%); 2-bromoisobutyryl bromide (BIB) ; acetonitrile (99.9%);
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(poly ethyleneglycol)methacrylate (PEGMA hydroxyl-terminated, Mn 360, 97%);
ethylene glycol dimethacrylate (EGDMA, 98%); hydroxybutyl methacrylate, mix-
ture of isomers (HBMA, 94%); 2-hydroxyethyl methacrylate (HEMA, 97%); ben-
zoin isobutyl ether (BIE, 90%); hydrofluoric acid (HF, 40%); tetraethylorthosilicate
(TEOS, 99%); hydrogen peroxide (30%); sulfuric acid (95-98%) and ammonium hy-
droxide (28-30%). PEGMA, EGDMA, HBMA and HEMA were passed through a
neutral Al,O3 column to remove inhibitors prior to use. TEOS was vacuum distilled
prior to use. BIE and HF were used as received. Ethanol (200 proof) was obtained
from Pharmaco Products (Brookfield, CT) and used as received. Microscope cover
glasses (24x50x0.1 mm) were obtained from VWR International (West Chester, PA)
and cleaned using mixture of 1:3 hydrogen peroxide-sulfuric acid before use. Micro-
filtration membrane with pore size 0.22um and thickness 100 ym was obtained from

Pall (New York).

Ethanol (200 proof) was obtained from Pharmaco Products (Brookfield, CT) and
used as received. Microscope cover glasses (24x50x0.1 mm) were obtained from
VWR International (West Chester, PA) and cleaned using a mixture of 1:3 hydro-
gen peroxide-sulfuric acid before use. Mylar films with thicknesses of 25, 50 and 100
pum (to produce membranes with thicknesses of 25, 50 and 100 pm) were obtained
from Grafix (Cleveland, OH) and cut into strips (25x10 mm). In some experiments,
polyethersulfone microfiltration membranes (pore size 0.22 pm, thickness 100 pm,
Pall Corp., NY) were used instead of Mylar. Silica particles (60 nm, 20% in water)

were obtained from Allied High Tech (Rancho Dominguez, CA). All other silica par-



4.Surface Modification of ICC Membranes Using ATRP 81

ticles were made as described below. A Millipore 8010 stirred cell (Millipore Corp.,

MA) was used for normal flow microfiltration experiments.

4.2.2 Fabrication of ICC membrane

Preparation of Si0, particles, assembly of template and fabrication of ICC membrane
has been discussed in chapter 3. The ICC membrane made from 440 nm particles,
100 pm thickness spacer and monomer solution of HEMA /HBMA 1/3 (w/w) is used

through this chapter.

4.2.3 Surface modification of ICC membranes with ATRP

4.2.4.1 Initiator immobilization

The ICC membrane sample was placed into a 50 mL dry beaker after wipe out
water drops on the membrane surface with a tissue. 30 mL acetonitrile was charged
into the beaker containing membrane sample. The membrane was incubated for
10 minutes to extract the water in the sample. After incubation, the acetonitrile
was decanted. Another 30 mL fresh acetonitrile was charged in, and subsequently
the sample was incubated for another 10 minutes. This procedure was repeated for
three times to remove most of the water in the membrane. Because of the residue
water trapped in the membrane after extraction and the noticeable amount water
coming with acetonitrile (0.05wt%), suggested amount of BIB in the literatures used
for initiator immobilization was not working well in this work for the further ATRP

modification. I increased the amount of BIB to compensate the BIB loss to the residue
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water remaining after extraction and the water coexisting with acetonitrile. Following
the extraction, the ICC membrane was placed into a new dry 50 mL beaker. 30 mL
fresh acetonitrile, triethylamine 350mM, DMAP 50mM and BIB 300mM were added
in and the beaker was sealed with parafilm. Subsequently the beaker was placed on
a shaker for 3hr to get the initiator reacted with the membrane. After reaction, the
membrane was washed with 30 mL acetonitrile for three times and then stored in
DI water. After initiator immobilized, the membrane is very brittle and weak due to
the increase in membrane surface hydrophobicity. Thus gentle handling is needed for

keeping the membrane integral.

4.2.4.2 ATRP modification

Figure 4.1 gives the scheme of the ATRP setup. A vacuum trap rather than a flask
as the reaction vessel is needed because the trap has a big neck to introduce the
membrane in without bending the sample as the bending might damage the mem-
brane. As well known, ATRP is very sensitive to oxygen as the living radicals are
easily terminated. Thus, keeping the system oxygen-free is very important for the
successfulness of the modification. In our modification, argon was bubbling through
the reaction solution to remove the oxygen. The outlet of the trap is sealed with
water to keep the oxygen in atmosphere from diffusing back. This setup can modify

3 samples in parallel.

Initiator immobilized ICC membrane was placed in a vacuum trap and then 30 mL

solution of PEGMA (0.05M), Cu(II)C12(0.2mM) and 2,2’-bipyridyl (3mM) in HPLC
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water was charged in. Afterwards, the reaction solution was degassed by bubbling
Argon for 30 minutes before adding Cu(I)Cl 10 mg (3mM) to let the modification
start. The reaction was carrying on for desired time under protection of Argon. After
modification, the membrane was quickly placed in 30 mL 0.3M CuClsy solution, and
incubated for 20 min to terminate the reaction. Then the membrane was rinsed with
HPLC water. The pure water flux was measured right after the wash. After flux
obtained, the membrane was took out from the UF cell and then put into the vacuum
trap for another desired time of ATRP modification with the same modification con-
dition. The procedure was repeated to obtain modified ICC membrane with variation
of grafting time. For better comparison, two initiator immobilized ICC membranes
were modified in the same trap at same time. One membrane sample is for filtration

test and the other is for characterization.

4.2.4 Instrumental characterization of modified ICC membranes

4.2.5.1 Field emission scanning electronic microscope (SEM)

Unmodified and ATRP modified ICC membranes were imaged using field emission
scanning electronic microscope (FESEM, JSM 6500F, JOEL Ltd, Japan) equipped
with an in-lens thermal field emission electron gun. All samples were coated with
10nm gold layer before they were imaged at a voltage of 15kV or 10kV depending on
sample charging condition. FESEM gives qualitative information on the membrane

surface morphologies.
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4.2.5.2 X-ray photoelectron spectroscopy (XPS)

Surface chemistry of unmodified and modified ICC membranes was characterized
using a Physical Electron 5800 ultrahigh vacuum XPS-Auger spectrometer (Chan-
hassen, MN). This system has a monochromatic Al Ka X-ray source (hv=1486.6 eV),
hemispherical analyzer, and multichannel detector. For each measurement, a spot
size of 250 pmx 1000 pm was measured and 10 survey scans over the range 0-1100 eV
were averaged. High resolution Cls spectra were acquired at analyzer pass energy of

23.5 eV with 0.1 eV steps.

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

ATR-FTIR characterization was conducted on non-porous membranes which is pro-
duced from vertical cell without colloidal crystal template. The empty cell was directly
infiltrated with the same monomer solution for ICC membrane. The following steps
are the same as formation of ICC membranes. I use non-porous membranes for
ATR-FTIR characterization because real ICC membranes are very brittle after being
dried. Unmodified and modified non-porous membranes were examined with ATR-
FTIR spectroscopy (Nicolet Magna 760, Thermo Electron Corp., WI) equipped with
a mercury-cadmium-tellurium (MCT) detector with resolution of 4cm™. ATR-FTIR
spectra were recorded over a range of 600-4000 cm™ at room temperature and a total

of 512 scans were averaged for each spectral measurement.
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4.2.5.4 Water contact angle measurement

The water contact angle measurement was also conducted on non-porous membrane
due to the reason mentioned above. The water contact angles of unmodified and
modified membranes were measured using a KRUS DSA10 Drop Shape Analysis
system (Germany). A dynamic measuring method was used and the contact angle
value was calculated using Circle Fitting method. The reported values represent the

average of 100 measurements during 10 seconds.

4.2.5.5 Permeate flux measurement

The DI water fluxes were obtained for unmodified and modified membranes using the
setup showed in figure 4.2. A Millipore 8010 stir cell (Millipore, Billerica, MA)was
used with a membrane holder which fits a membrane with size of 18mm in diameter.
The stir cell was attached to a pressurized nitrogen cylinder which supplies pressures
up to 690 kPa. The fluxes were measured at increasing pressures between 6.9 kPa
and 27.6 kPa. Once reached the desired pressure, the pressure was kept for 5 minutes
for equilibrium and then followed by collecting 3 minutes permeate weighed with a
electronic balance. Then the pressure was set to another point and the procedure was

repeated.

4.2.5.6 Dextran rejection test

The Dextran rejection test was conducted using the same setup as water permeate
flux test. The composition of dextran solution is listed in table 4.1. The composition

of dextran solution is listed in table 1. Zydney and Xenopoulos have reported that
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using the Dextran concentrations listed in table 1 yields a uniform concentration of
dextrans over a wide range of MWs.23 All the solutions were prefiltrated using a 0.22
pm microfiltration membrane.

The modified ICC membrane used for dextran rejection test was the modified mem-
brane with 3hr modification time. Total 10 mL dextran solution was used as feed
solution. Gentle stirring was applied to the feed solution through the rejection test.
The pressure was set at 10 psi. Before taking sample for HPLC analysis, the mem-
brane was equilibrated by circulating 2 mL feed through charging every 0.5 mL col-
lected permeate back to the feed. The total circulat time was about 4 hours. After
the membrane was equilibrated and the tubing was primed, 1 mL permeate and 1 mL
retentate were collected for HPLC analysis. All the dextran samples were analyzed
using an HPLC (Agilent Technologies Model 1050, Palo Alto, CA) equipped with HP
1047A RI detector. A gel permeate column (SB-806M HQ, Showa Denko, Japan)
and a guard column (SB-G, Showa Denko, Japan) were used for analysis. The mobile
phase was 0.05M sodium phosphate buffer with pH 4.5 and flow rate of 0.6 mL/min.

The operation temperature was 40°C.

4.3 Results and discussion

4.3.1 Membrane characterization

Unmodified and modified membranes were characterized using FESEM, XPS, ATR-
FTIR and water contact angle measurement. Figure 4.3 gives the SEM images of

unmodified ICC membrane and modified ICC membranes with a variety of modifica-
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tion time. For better comparison, all modified membrane samples imaged by SEM are
from exactly the same control membrane. Figure 4.3 (A) and (B)) are the top view
and cross-section of unmodified ICC membrane produced from 440 nm particles and
100 pm spacer. As we seen, there are three kinds of pores, pores on the top (POT),
small pores in the cross-section(SPCS) and big pores in the cross-section(BPCS). Here

I only focus on POT and SPCS because they determines the cutoff of the membrane.

Figure 4.3 (C) and (D) gives the SEM images for the top view and cross-section of
modified ICC membrane with modification time of 0.5hr. Compared to unmodified
control membrane (figure 4.3(A) and (B)), the POT (figure4.3(C)) and SPCS(figure
4.3 (D)) show a slight shrink. As the modification is carrying on up to 3hrs, the POT
and SPCS drop apparently (see figure 4.3 (E), (F), (G), (H), (I) and (J)) compared
to unmodified membrane. From figure 4.3 we can see that the POT and SPCS can be
well controlled by the modification time. However the pore shrinking rates for POT

and SPCS are not the same.

The pore diameters of POT and SPCS were measured based on SEM images. At
least 100 pores were sampled. Figure 4.4 gives the pore diameter of POT and SPCS
for unmodified membrane and modified membranes. The decreasing rate for POT
can be estimated from the figure 4.4 to be about 50nm/hr while the rate for SPCS is
about 30nm/hr. The reason is due to the monomer concentration gradient through
the membrane generated during the modification. At the beginning, the monomer

concentration inside and outside of the membrane were the same. As reaction was
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going, the monomer inside of the membrane was exhausting. However, the monomer
molecules outside of membrane were easily captured by the growing sites at the mem-
brane surface and captured before they diffuse into the membrane. Therefore the
monomer concentration inside of membrane was lower than the outside of membrane

as the reaction carrying on.

To further investigate the polymer growing rate variation inside and outside of mem-
brane, I increased the monomer concentration while fix the modification time to be
0.5 hr. Figure 4.5 gives the SEM images of the modified ICC membrane with the
same grafting time but different monomer concentration. Figure 4.5(A) (B) gives the
top view and cross-section of the modified membrane using 0.1M monomer solution.
Compared to the modified membrane from 0.05M monomer, it shows smaller POT

but similar SPCS.

As T increased the monomer concentration to 0.2M (see figure 4.5 (C) (D)), all POT
is closed while some of SPCS are still open. Thus at higher monomer concentration,
the variation of polymer growing rate inside and outside of the membrane is more
obvious. I also tried 0.5M monomer concentration (see figure 4.5 (E) (F)). As we

seen, all the POT and SPCS are closed due to the high monomer concentration.

Figure 4.6 gives the XPS full scan spectra for unmodified ICC membrane (figure 4.6
(A)), initiator immobilized (figure 4.6 (B)), ATRP modified membranes with modifi-

cation time of 0.5 hr (figure 4.6 (C)) 1hr (figure 4.6 (D)) and 3hr (figure 4.6 (E)). For
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unmodified membrane, the XPS full scan spectra shows two strong peaks which are
Ols (543 eV) and Cls (284 eV), respectively. There are two small peaks at 696 eV and
409 eV as well, which are attributed to F1s and N1s respectively. The fluorine element
appearing in spectra is the residue HF from the HF solution which is for removing
templates and cover glasses. The nitrogen element is from the impurities because of
the tiny amount. For initiator immobilized membrane, four new peaks, which are
257eV, 189V, 182eV and 70eV in correspondence to Br3s, Br3pl/2, Br3p3/2 and
Br3d, respectively, appear. The initiator I am using is BIB which supplies bromine

element for initiator immobilized membrane.

The XPS full scan spectra showed successfulness of reacting initiator to the mem-
brane. In the spectra of ATRP modified membrane with modification time of 0.5hr,
the four peaks for bromine have gone. Meanwhile, a tiny peak at 200 eV which is
attributed to Cl2p show up. The penetration depth of XPS is only about 10 nm.
From the SEM images, the thickness of the polymer layer after 0.5 hr modification
has exceeded the penetration limit of the XPS. It attribute most to the disappear-
ance for the four Br peaks. Besides, the replacement of bromine by chlorine over the
time is another reason for the disappearance of the Br perks. However, the relative
molar amount of chorine was too small because one chorine atom caps on the end of
each polymer chain. Yet, the chlorine is becoming less available as the modification
time increases due to the growing polymer chain termination (couple termination and
terminated by trace amount of free radicals in the solution). Therefore, we can see

from the full scan spectra of modified membrane with 0.5hr modification time that
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the peak at 200 eV is very small, and as the modification time increases up to 3hr ,
this peak disappears (see figure 4.6 (D) and (E)) due to the relative amount of the

chorine becomes too small to be detected by the XPS machine.

I also investigated the high resolution Cls peak for the unmodified, initiator immo-
bilized and ATRP modified ICC membranes. The XPS Peak 4.1 software was used
to fit the Cls peaks. Figure 4.7 (A) gives the high resolution of Cls peak for un-
modified ICC membrane. There are three fitted peaks which are attributed to C=0
(288.5 eV), C-O (286 eV) and C-C (284 eV), repectively. Compared to figure 4.7 (A),
figure 4.7 (B), which is the fitted spectra for initiator immobilized membrane, shows
bigger peak area for C=0 and C-C peak while the C-O peak area keeps almost the
same. The reason is that after reacted with initiator, more carbonyl groups from the

initiator molecules are introduced onto the membrane surface.

Figure 4.7 (C) gives the ATRP modified membranes with modification time of 3hr.
Compared to unmodified and initiator immobilized membranes, the C-O peak area
for modified membranes increases dramatically due to the polymer chain has lots of
poly ethylene glycol side chains. The C-C peak area decreases dramatically because
the C-C bonds exist in the polymer backbone which is relative too small comparing

to ethylene glycol side chains.

Figure 4.8 gives the ATR-FTIR spectra for unmodified, initiator immobilized and

ATRP modified membranes with modification time of 0.5hr, 1hr and 3hr. There
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are no characteristic peaks for initiator immobilized membrane due to the low molar
amount initiator molecules. However compared to unmodified membrane, the peak
intensity at 3500 cm™, which attributed to hydroxyl group,?’ get weaker due to part
of the hydroxyl groups on the membrane reacted with the initiator. As the PPEGMA
polymer layer thickness increases, this peak is getting diminish in intensity and a new
peak is showing up around 3400 cm™ which is attributed to non-hydrogen-bonded

hydroxyl groups in poly ethylene glycol side chains.'% 2!

Figure 4.9 gives the water contact angle value for unmodified control, initiator im-
mobilized, ATRP modified membranes for up to 3 hours. The contact angle value for
unmodified membrane is 60 degree. After initiator immobilized, the contact angle in-
creased up to 64 degree. The reason is the molar amount of the hydroxyl group on the
membrane surface becomes lower due initiator immobilization reaction. The increase
in membrane surface hydrophobicity could also be visualized. After the reaction, the
initiator immobilized membrane is always floating on water surface. The water is
hard to spread on the membrane. The contact angle value illustrates the change in

membrane surface hydrophobicity before and after the initiator immunization as well.

After 0.5 hour modification, the contact angle of the surface drops to be 57 degree and
even lower to be 48 degree after 3 hours modification, which means the membrane
surface turns to be more and more hydrophilic as the modification time is getting
longer. The contact angle value of pure PPEGMA was measured as well. The value,

47.4 degree, is presented in figure 4.9 as well. The modified membrane with modi-
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fication time of 3 hr gives a quite similar hydrophobicity with pure PPEGMA. The
trend of the membrane surface hydrophobicity change shows good match with the

investigation by Ningh et al.l¢

4.3.2 Pure water flux

Figure 4.10 gives the pure water fluxes for unmodified membrane and modified mem-
branes with modification time up to 3 hours. As seen from figure 4.10, the fluxes for
both unmodified and modified membranes increase linearly as the pressure increases.
As T expect, the fluxes for modified membranes decrease steadily as polymerization
time increases due to the pore size shrinking. However, as seen, the decrease in flux as
polymerization time increase is not linear. There is a big drop for modified membrane

with 0.5 hour polymerization time.

I did a calculation using Hagen-Poiseuille equation to predict the flux drop for mod-
ified ICC membranes. The equation is showed bellow.

4
_ nymry, AP

o1 (4.1)

Assuming laminar flow through uniform cylindrical non-interconnected pores. Where
n, denotes total number of pores; r, denotes the pore radius; AP denotes the trans-

membrane pressure; i denotes the water viscosity; [ denotes the membrane thickness.
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the pore radius is using SPCS pore size which is approximated to be 55nm and 35nm
for membranes with modification time of 0.5hr and 1hr respectively based on figure
4. The effective membrane surface area in the stirred cell is 4.1 cm? according to the
manufacturer. The n,, is 4.709x10'2. Assuming the viscosity of water is 1x10® Pa.s
for a 100 pgm thick membrane. The pressures are 275760, 206820, 137880, and 68940
pa. The calculated fluxes for membranes with modification time of 0.5hr and 1hr are
plot in the figure (figure 4.10) of experimental fluxes. The solid square dots repre-
sent the fluxes for modified membrane with 0.5 hr modification at various pressures
while the solid diamond dots represent modified membrane with 1 hr. As seen, the
calculated flux value for modified membrane with 0.5 hr modification is little lower
than experimental value. However, the differential is in reasonable range. But for
modified membrane with 1 hr modification time, the calculated flux value is even

lower compared to experimental flux.

In the calculation, the total number of pores n, is actually the total number of pores
on the membrane surface. However, the flux is limited by the SPCS. The number
of SPCS is higher than the number of POT. Nevertheless, the number of SPCS for
the total membrane area in duty is very hard to be approximated because the SEM
images are only able to give a cross section view. Thus I used the total number of
POT instead of SPCS to approximate the flux which would be a little lower than the

calculated flux if using total number of SPCS as n,,.

The calculated flux value for modified ICC membrane with modification time of 0.5 hr
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gives a better approximation than modified membrane with 1 hr modification time.
The reason is not clear, but I think it is due to the fully interconnectivity of the
SPCS. When some pores get too small, the flux will just by pass it by the bigger
pores. However, more future work needs to be proposed to elucidate the mechanism

of flux decrease profile as modification time increase.

4.3.3 Dextran rejection

To investigate if the pore size of the membrane can be reduced to be small enough
for rejection of macromolecules after modification, the Dextran rejection test which
is a widely used method for measuring rejection cut-off of ultrafiltration membranes
was conducted on the modified membrane with modification time of 3 hr . Figure
4.11 demonstrates the HPLC absorption signal strength versus elution time for the
feed solution and the individual Dextrans which have the concentrations the same as

they are in the feed.

Figures 4.12 gives the HPLC absorption signal strength versus elution time for re-
tentate and permeate. As we seen, the Dextran with molecule weight of 2000 kDa
shows significant rejection. The specific rejection rate for dextran with certain Mw
is calculated based on figure 4.12. The result is given in figure 4.13. From 4.13,
significant rejection for the Dextran with Mw higher than 100 kDa can be found.
For the Dextran with Mw between 10 kDa and 100 kDa, the rejection rate shows a

linear increase. From table2?? | which gives the hydrodynamic radius for T10, T40,
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T70, T500, and T2000, respectively, I can estimate the pore size for the modified
ICC membrane with 3 hour modification time to be 5 nm-15 nm. However, the SEM
image for this modified membrane shows closed pores in cross section. The reason
is due the gold coating to make the sample being visible under electron beam. The
thickness of the gold layer deposited on the sample surface is 10 nm. Therefore, if

the pore size smaller than 20 nm, they will not be able to visualized by SEM.

As we seen from figure 4.13, the diameter of SMCS could be decreased from 110-130
nm to 5-15 nm using ATRP modification. It means I can convert a MF membrane
to be a UF membrane by growing a polymer layer from the membrane. However, the
modification does not improve the pore size distribution from the rejection curve. Be-
sides, the water flux drops dramatically due to the dramatic shrinkage pore size. Nev-
ertheless, I developed a protocol for growing a polymer layer from the new-developed
membrane. This way will extend the application of the ICC membrane to UF and

membrane chromatography area.

4.4 Conclusion

A protocol of surface modification of new-developed ICC membrane using ATRP
has been developed. The ICC membranes were surface modified using ATRP under
variation of modification times and variation of PEGMA concentrations. The success-
fulness of the modification was demonstrated by SEM, XPS, ATR-FTIR and water
contact angle measurement. The dextran rejection test was conducted on the modi-

fied ICC membrane with 3 hours modification time. The rejection curve demonstrates
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that the pore size of SMCS could be decreased from 110-130 nm to 5-15 nm.



97

4.Surface Modification of ICC Membranes Using ATRP

List of tables

Tab. 4.1: Dextran molecular weights, concentrations, manufactures in the test solution

(SLretua q SOR([OH ) ‘SOTS0dRTILIRY ] are 000¢ 0002Z.L
‘Leme)eostJ) d1on) seouardsorg oIed)res 20 006G 006G
[N d D d UHEOH "D L L
‘Keme)edst ) d100) s9ouaIdSOIg a1ed3[edl] €0 0. 0LL
[N d D i )
‘Aeme)edst ) dI00) S9OUSIISOIE] 91RO 7.0 0% 0%
[N d D soryq HEOH "D L
‘Kemeyeost J) d100) SoOUSIISOIE 9IBII[RD : 0T
[N d D soryg UHEOH HD 7<0 0t L
(S[rewrua(] ‘Yor([OH) ‘SOMWSOdRULIRY ] 7.0 1 1L
InjoeNuUeN (1/3) woryenyuoouo))  (eY) MIN URIIXO(]




4.Surface Modification of ICC Membranes Using ATRP 98

Tab. 4.2: Dextran molecular weights and hydrodynamic radius(Rh)

Dextran Mw(kDa) Rh(nm)

T10 10 2.7
T40 40 2.7
T70 70 7.4
T500 500 15.3

T2000 2000 27.2
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Fig. 4.3: SEM images of unmodified and ATRP modified ICC membranes, unmodified ICC
membranes (A) top view and (B) cross-section; ICC membrane modified for 0.5hr
(C) top view and (D) cross-section; lhr (E) top-view and (F) cross-section; 2hr
(G) top-view and (H) cross-section; 3hr (I) top view and (J) cross-section
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Fig. 4.4: POT (open square dot) and SPCS (open circle dot) Pore diameter for unmodified
and modified membrane with modification time 0.5 hr, 1hr, 2hr, and 3hr.
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Fig. 4.5: SEM images of modified ICC membranes for 0.1M monomer concentration (A) top
view and (B) cross-section; 0.2M monomer concentration (C) top view and (D)
cross-section; 0.5M monomer concentration (E) top-view and (F) cross-section;
reaction time 0.5 hour
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Fig. 4.6: Full scan of XPS peak for A)unmodified, B)initiator funcationlized and ATRP
modified membranes from 0.05M monomer concentration and (A) 0.5 hr, (B)1hr,
(C)3hr grafting time
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Fig. 4.7: Cls core level spectra for (A) unmodified control membrane (B) initiator function-
alized membrane; modified membrane from 0.05M monomer concentration (C) 3
hr reaction time
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Fig. 4.8: ATR-FTIR spectra of (A) unmodified; B)initiator functionalized and ATRP mod-
ified membrane with modification time of (C)0.5hr, (D)1lhr and (E)3hr
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Fig. 4.10: Plot of pure water flux versus pressure for unmodified control membrane (open
square), modified membranes with modification time of 0.5hr(open circle),
lhr(open up triangle), 2hr(open down triangle), and 3hr(open diamond); the
calculated fluxes for modified membrane with modification time of 0.5 hr (solid
square) and 1hr (solid diamond)
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Fig. 4.13: Dextran rejection rate versus Dextran elution time for modified membrane with
modification time of 3 hours
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5. CONCLUSIONS AND FUTURE WORKS

5.1 Research synopsis

5.1.1 Summary of vertical cell assembly method and ICC membrane formation

A vertical cell assembly method has been developed for fabrication of ICC membranes
usable in separation field. The new assembly method provides a low cast, simple way
to make such membrane. The colloidal crystal templates with controllable thickness
were formed using the new-developed method. The thickest template was made up to
be 100 pm. Different sizes of polystyrene particles were employed to make template
using VC method. SEM images and UV-Vis spectra results showed that the bigger
the particle was, less periodical the structure of the template was. When 2 um par-

ticles were used, we found that the structures were mostly disordered.

The ICC membranes with controllable thickness were fabricated using the VC method.
The thickness could be easily controlled by the thickness of the spacer. The pore size
of the membrane could be controlled by the size of particles for assembling the tem-
plate. The particles with size more than 1 pym and less than 0.3 pm might not be for
making the ICC membranes. If the particles were too big, gravitational sedimentation

was dominating during assembling, which resulting in no assembling. If the particles
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were too small, the membranes had high porosity which resulted in poor mechanical
strength. The ICC membranes made from different polymers were formed using the
VC method easily. The ICC membranes made from the monomer solutions of HEMA
and HBMA with different weight ratios showed variable water fluxes due to the hy-
drophobicity of the final polymer. The best recipe for making I[CC membrane with
best mechanical strength is HEMA: HBMA 1:3 by weight. The water fluxes were
measured for the ICC membranes with different pore sizes and the ICC membranes

made of different polymers.

5.1.2  Summary of ICC membrane surface modification using ATRP

A poly (poly ethylene glycol) methacrylate nano-layer was grew from the membrane
surface using ATRP to control the membrane pore size and improve the membrane
surface hydrophilicity. The reaction time and the monomer concentration were used
as factors to control the thickness of the grafted polymer layer. The SEM images
showed that the reaction time was a better way than monomer concentration to con-
trol the layer thickness. The water fluxes for modified ICC membrane under different
times were measured. The ATR-FTIR and XPS results showed the successfulness of

the modification chemically.

The membrane surface hydrophilicity for the unmodified, initiator immobilization
and PPEGMA grafted membranes were characterized by water contact angle. The
initiator immobilized membrane appeared more hydrophobic, which gave a higher

contact angle, because of the loss of hydroxyl groups on the membrane surface. As
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the modification time increased, the surface turned to be more hydrophilic.

5.1.3 Summary of the applications for ICC membranes and surface modified ICC

membranes

The applications of the unmodified ICC membranes and modified ICC membranes
focused on microfiltration and ultrafiltration. The ICC membrane was first used as
microfiltration membrane for micro-size particles fractionation. The results showed
that the [CC membrane made from 835 nm particles gives a good passage for the 60
nm particles in the bidisperse particle suspension of 60 nm and 835 nm while poor pas-

sage for the 60 nm particles in the bidisperse particle suspension of 60 nm and 440 nm.

The surface modified ICC membranes were tested as ultrafiltration membranes be-
cause the pore size had been reduced dramatically. The modified membrane with
grafting time of 3 hours was tested using Dextrans with a variety of MW. The re-
jection rate for Dextran with certain MW was obtained. The rejection curve demon-
strated that the pore diameter of the SPCS for ICC membrane produced form 440

nm particles could be reduced from 110-130 nm to 5-15 nm.
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5.2 Future works

5.2.1 ICC Membranes for Hydrophobic Interaction Membrane Chromatography

The IgG antibodies are widely used in monoclonal antibody therapy for numerous
serious diseases such as rheumatoid arthritis, multiple sclerosis and different types of
cancers.’ Q membrane chromatography is currently a widely used purification unit
for commercial manufacture of a therapeutic IgG antibody.? However the disadvan-
tages including the poor inlet flow distribution, broad pore size distribution and low
protein binding capacity increase the antibody production cost dramatically.® Hy-
drophobic interaction membrane chromatography (HIMC) has drawn more and more
attentions for protein® %% and DNA purification” due to its process relatively effi-
cient and gentle. The binding mechanisms for HIMC is the same as hydrophobic
interaction chromatography which have been discussed using several methods such as

Solvophobic theory® and preferential interaction theory.”

By far, the purification of humanized monoclonal antibodies using HIMC has been
discussed by Raja Ghosh who had used commercially available PVDF microfiltration
membranes as membrane support for HIMC.* 5 6 However the broad pore size dis-
tribution and low surface area of the commercially available PVDF membranes has
limited their use in HIMC. The ICC membranes show many advantages over com-
mercially available membranes as a membrane support used in membrane chromatog-
raphy because of their highly uniform and controllable pore size, fully interconnected

pores, and a large surface area. In previous chapters, the [CC membranes applicable
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in MF and UF have been fabricated through a newly developed ICC membrane for-
mation method, vertical cell assembly method. Preliminary tests for [ICC membranes
used as HIMC membrane supports for antibody IgG purification have shown the ICC
membranes developed in our group a great alternative for PVDF membranes. There-
fore, for the future work, application of ICC membranes in HIMC for purification of

proteins could be a promising work.

5.2.2 Scale-up and commercialization

The ICC membranes have been fabricated using a low-cost, simple method. Com-
mercialization of ICC membranes might be a valuable direction for the future work.
Scale-up is one big problem before the commercialization. The biggest ICC mem-
brane been made so far is about 5 cm? which is still too small. So, finding a way to
make larger size membrane is very important for the successfulness of the commer-
cialization.

One way to produce bigger ICC membrane is to customize the cover glass for making
vertical cell. As the membrane size is limited by the cover glass size, obtaining bigger
size cover glasses from manufacture is the first step to make bigger size ICC mem-
brane. The other way to enlarge the membrane size is producing ICC anisotropic
membrane. In this way, a porous support, which has greater pore size, will be used.
A thin film of ICC is spreads on it. However, this way needs to explore a new
membrane formation method to produce such an anisotropic ICC membrane. The
new-developed ICC membrane formation method, VC method, will not be working

in producing such membrane.
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APPENDIX

Fabrication of ICC membranes with various polymers

The ICC membranes fabricated with polystyrene (PS), poly methyl methacrylate
(PMMA), poly butyl methacrylate (PBMA), and polyurethane (NOA-60) are demon-
strated in this section. The silica particle preparation and the colloidal crystal tem-
plate assembly have been described in chapter 3. The silica particles with 440 nm
were used for assembling template. The spacer was 100 gm thick microfiltration mem-
brane. The styrene (Aldrich, MA, AlyO3 column purified) and methyl methacrylate
(MMA, Aldrich, MA, Al;O3 column purified) were used for fabrication of PS ICC
membrane and PMMA ICC membrane, respectively. The styrene and the MMA are
difficult to be polymerized using UV irradiation because the styrene absorbs UV light
and the MMA has low boiling point. Thus, I used thermo-initiating to fabricate PS
and PMMA ICC membranes. Azobisisobutyronitrile (AIBN, Aldrich, MA), which is
a thermo-initiator, was used for initiating the polymerization. The monomer solu-
tion for fabrication of PS ICC membrane was styrene 2g and AIBN 0.04g, while the
monomer solution for fabrication of PMMA ICC membrane was MMA 1.8 g, ethylene
glycol dimethacrylate (EGDMA, Aldrich, MO) 0.2g, and AIBN 0.04g. The polymer-

ization was conducted at 65 °C for 2 hours. The template together with the cover
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glasses were removed using 10% HF solution.

The PBMA ICC membrane was fabricated using butyl methacrylate (1.8 g, Aldrich,
MO, Aly,O3 column purified) as monomer, EGDMA(0.2g) as cross-linker, and ben-
zoin isobutyl ether (0.02 g, BIE, Aldrich, MO) as initiator. The polymerization
was conducted using a UV lamp (30 W with wavelength 254 nm) for 10 minutes.
The template and the cover glasses were removed using 10% HF solution. For the
polyurethane ICC membrane, NOA-60 (Norland Optical, NJ), which is UV curing
polyurethane adhesive, was used as monomer solution. It is a little different with the
monomer solutions for fabrication of other ICC membranes because the NOA-60 is a
polymer already. Under UV irradiation, NOA-60 is cross-linked rather than polymer-
ized. As I mentioned, NOA-60 is polymer. So it has a high viscosity. Therefore, the
infiltration of NOA-60 is not easy. It takes 2 days for thoroughly infiltration. The
UV cross-linking takes longer time (12 hours) as well. The template and the cover

glasses were removed in a same way as fabrication of other ICC membranes.

Figure below shows the SEM images of the cross-section of the ICC membranes fabri-
cated with various polymers. Figure (A)and (B) are ICC membranes fabricated with
polystyrene and poly methyl methacrylate using thermal induced polymerization.
Figure (C) and (D) are ICC membranes fabricated with poly butyl methacrylate using
UV induced polymerization and NOA-60 using UV induced cross-linking. the PS ICC
membrane and the PMMA ICC membrane were fabricated using thermo-initiating.

However, the vaporization of the monomer at the beginning of the polymerization
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was still sever. Therefore, monomer compensation at the beginning was needed. The
way [ did to compensate the monomer loss to vaporization was by adding a monomer

reservoir’.

The reservoir was composed of another two pieces of cover glasses which 'sandwich’
the assembly cell perpendicularly to form a cross. The two pieces of cover glasses
were separated by the assembly cell. The space between the two pieces of glasses was
used as the monomer reservoir which first filled with monomer solution by capillary
force before the polymerization. At the beginning of polymerization, the monomer
vaporization first took place from the reservoir to save time for the polymerization
in the assembly cell. The PS and PMMA ICC membranes could be fabricated using
this setup. But, the membranes were not integral after etched away the template and
cover glasses. The PBMA ICC membrane can be fabricated easily. The SEM image
of the PBMA membrane shows highly porous through the membrane. However, as
seen from figure (D), the polyurethane ICC membrane loses the porosity. The reason
is the softness of the polyurethane material. After removal of the particles, the pores

are collapsed.
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)

FESEM image of inverse colloidal crystal membranes formed from colloidal crystal
templates containing 440 nm silica particles. The microfiltration membrane was
used as a 100 m spacer. Membranes were fabricated using (A)Polystyrene (B)Poly
methyl methacrylate (C) poly butyl methacrylate (D) Poly urethane
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