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ABSTRACT

Nanocomposite Membranes for Complex Separations. (August 2009)
Seung Uk Yeu, B.S., Seoul National University;
M.S., Seoul National University

Chair of Advisory Committee: Dr. Daniel F. Shantz

Over the past few decades there has been great interest in exploring alternatives
to conventional separation methods due to their high cost and energy requirements.
Membranes offer a potentially attractive alternative as they potentially address both of
these points. The overarching theme of this dissertation is to design nanocomposite
membranes for processes where existing separation schemes are inadequate. This
dissertation focuses on three challenges: 1) designing organic-inorganic hybrid
membranes for reverse-selective removal of alkanes from light gases, 2) defect-free
inorganic nanocomposite membranes that have uniform pores, and 3) nanocomposite

membranes for minimizing protein fouling in microfiltration applications.

Reverse-selective gas separations that preferentially permeate larger/heavier
molecular species based on their greater solubility have attracted considerable recent
attention due to both economic and environmental concerns. In this study, dendrimer-
ceramic hybrid membranes showed exceptionally high propane/nitrogen selectivities.
This result was ascribed to the presence of stable residual solvent that affects the

solubility of hydrocarbon species.



Mesoporous silica-ceramic nanocomposite membranes have been fabricated to
provide defectless mesoporous membranes. As mesoporous silica is iteratively
synthesized in the ceramic macropores, the coating method and the surfactant removal
step significantly affected permeance and selectivity. It was also shown that support

layers can cause a lower selectivity than Knudsen limit.

Membrane fouling which results from deposition and nonspecific adsorption of
proteins on the membrane surface is irreversible in nature, and results in a significant
decrease in the membrane performance. To address this problem, two approaches were
explored: 1) control of the surface chemistry tethering alumina membranes with organic
components and 2) development of a novel photocatalytic membrane that exhibits
hydrophilicity and can be easily regenerated. Both approaches can offer a viable route to
the synthesis of attractive membranes, in that 1) the density of protein-resistant organic
groups such as PEG is controllable by changing scaffolds or synthesis conditions and 2)
the photocatalytic nanocomposite membranes can open the way for a new regeneration

method that is environmentally benign.
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CHAPTER I

INTRODUCTION

1.1 Overview

Membrane-based separations are emerging as a viable technology in a wide
variety of industrial applications from petrochemical to pharmaceutical since membrane
processes generally have low capital investment, low energy consumption and potential
ease of operation [1, 2]. Membrane processes typically involve transport of components
from an upstream (feed) to a downstream (filtrate, permeate), which is caused by diverse
driving forces such as pressure, temperature, concentration, or electric potential. Among
them, pressure difference is used as a driving force source in many membrane types such
as microfiltration (size range of entities: 100 - 20,000 nm), ultrafiltration (1 - 10 nm),
and gas separations (0.2 - 0.5 nm) [3]. While microfiltration is generally used for
sterilization of pharmaceutical and medical products [4, 5], ultrafiltration is used to
concentrate macromolecules such as proteins [4, 6], and gas separation membranes are
used commercially in applications including hydrogen recovery, enrichment of refinery

gas, and olefin/paraffin separations [7].

Despite the strong potential of membrane processes, there are still several hurdles

to overcome such as development of high-efficiency modules and creation of advanced

This dissertation follows the style and format of the Journal of Membrane Science.



materials with tunable capabilities to enhance separation efficiency [3]. To date, several
studies focused on finding satisfactory membrane materials from polymers to inorganic
materials such as glasses, zeolites and ceramics [3, 8-12]. Polymers in general can offer
processability and flexibility while lacking rigidity to ensure high free volume. On the
contrary, inorganic materials tend to be brittle and it is difficult to control their surface
properties. For this reason, hybrid or composite materials are potentially attractive to
overcome limitations of any specific material. However, less work has been performed
on hybrid membranes with the notable exception of a few hybrids containing thin film
zeolite or fumed silica dispersed phases in polymer matrix [3, 9, 13]. Thus, more
exploration of composite materials is necessary to meet the demanding requirements of

membrane performance.

The overarching theme of this dissertation is to design nanocomposite
membranes for processes where existing materials are inadequate. My dissertation
focused on two problems: 1) organic-inorganic hybrid membranes for reverse-selective
separation of heavy hydrocarbons from light gases, and 2) designing nanocomposite
membranes for minimizing protein fouling in microfiltration. These problems, while
seemingly different, were approached in a similar way. The main underlying theme is
that by judiciously modifying the ceramic membrane surface with organic groups

superior materials are obtained.



1.2  Gas Separation

Application of membranes for gas separation is one of the techniques that is
expected to replace conventional separation methods [7], and membranes have found a
few commercial applications in gas separations (e.g. hydrogen purification) [8, 14].
Since traditional separation methods such as distillation and/or absorption are highly
energy-intensive, membrane-based separation processes are attractive on the basis of

their inherent advantages such as low energy requirement and operating cost [7].

1.2.1 Gas Transport Mechanism

Gases can transport through membranes via diverse mechanisms depending on
the properties of the gas (viscosity, molecular weight, compressibility, and solubility

etc.) and membrane (pore size and its distribution, porosity, and surface property etc.).

The permeability, the inherent ability of membrane for gas transport, is defined

from Darcy’s law at steady state [2, 7]:

P= (1-1)

Ap

I
where J is the gas flux through the membrane, Ap is the transmembrane pressure drop,
and | is the thickness of the membrane. The ‘Barrer’ (1 Barrer = 10%° cm®

(STP)-cm/(cm?-s-cmHg)) is often used as the unit of gas permeability for convenience.

Along with the permeability, the permeance is also conveniently used to express the



membrane performance when the thickness of the active layer of membrane is not

accurately known:

J
- (1-2)

P-1

Transport of gases through porous membranes is known to occur by Poiseuille
flow (viscous flow), Knudsen flow, surface diffusion, or capillary condensation. The
occurrence of Poiseuille flow or Knudsen flow is generally determined by the pore size
because the transport mechanism depends on whether molecule-molecule or wall-
molecules collisions occur more frequently. The mean free path of the gas molecules, as
given by A in Eq. (1-3), can be compared to the pore radius as a guideline to predict

which flow mechanism should be dominant [15]:

43 |RT (1-3)
2p \ 2M

where 7 is the gas viscosity, p is the pressure, R is the universal gas constant (8.314 J
mol™ K™), T is the temperature, and M is the molecular weight of a gas. For membranes
with pores large enough that the mean free path is much smaller than the pore radius, gas
molecules will collide with each other more frequently than with the pore walls. In this
case, the flow is governed by Poiseuille behavior [2, 16]:

J - (EJM (1-4)
Y \r 8nIRT

where J, is the flux, ¢ is the membrane porosity, 7 is the pore tortuosity that is assumed

as unity in parallel and uniform capillaries, r is the pore radius, po is the pressure of the



feed side, and p; is the pressure of the permeate side. If the pressure of the feed side is
much higher than that of the permeate side, po> p® = Ap®. Then from Eq. (1-1) and (1-

4), the permeability can be given as:

2
P, = (fj rAp (1-5)
7 )8yRT

When the pores are small compared to the mean free path, most of the collisions will be
made between the gas molecules and the pore walls. This flow mode is called Knudsen

diffusion, and the flux and the permeability of this regime are given by [2, 15]:

J. _2r fj 8RT Ap (1-6)
3\ )V M IRT
2r( ¢ 8
P ="—| 2| | —— 1-7
« 3(1’) AMRT (-7

Fig. 1-1 [15] shows the change of the permeability from Knudsen flow to Poiseuille flow
with an increase of ratio of the pore radius to the mean free path of gas molecules.
Typically membranes with pore sizes of hundreds of nanometers (/4 > 5) have strong
characteristics of Poiseuille flow whereas Knudsen flow is observed in the membranes
with pore sizes less than tens of nanometers (/4 < 0.5). For this reason, the slope of the
permeability (or permeance) as a function of pressure is often regarded as an evidence of
the presence of defects in mesoporous membranes, as Poiseuille flow shows a pressure
dependence while Knudsen flow is independent of pressure as given in Eq. (1-5) and (1-

7).
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Fig. 1-1. Contributions of Poiseuille flow and Knudsen flow to total flow as a function

of the ratio of the pore radius to the mean free path of gas molecules [15].



Surface diffusion can occur when the gas molecules have a strong affinity for the
membrane surface so that they adsorb to the pore walls. The driving force in this
mechanism is the surface concentration gradient along the pore walls. The flux of the

adsorbed molecules may be described by Fick’s law [17]:

3, =-up, 1 (1-8)
dz

where u is a geometric coefficient and related with porosity and tortuosity, Ds is the
Fickian surface diffusivity, q is the surface concentration of adsorbed molecules, and z is
the distance. If the Fickian surface diffusivity is constant, the permeability may be given

as.
p, = uD, 20 (1-9)

where p is the pressure and the term dg/dp can be obtained from the adsorption isotherm.
The actual mechanism, however, is rather complicated because the Fickian surface
diffusivity in general is not constant with the surface concentration of adsorbed
molecules due to the interactions between the adsorbates. The general expression of the
Fickian surface diffusivity can be given by Darken’s equation, which is derived from the
assumption that the chemical potential gradient is the driving force for transport of the

adsorbed gases [18]:

olnp

D, =D.I =D,
olng

(1-10)



where Ds is the Fickian surface diffusivity, D. is the corrected diffusivity, and I" is the
thermodynamic factor. It has been observed experimentally that the corrected diffusivity
is generally independent of the surface concentration with some exceptions [19]. The
sorption of non-condensable gases such as nitrogen may follow Henry’s regime at low

pressures [20]:

q=Kyp (1-11)

where Ky is the Henry constant. From Eqg. (1-8), (1-10), and (1-11), Js can be calculated

as:

D.K
J, = ’”%Ap (1-12)

Thus, the permeability by surface diffusion in Henry’s regime is given as:
Ps = IUDC K H (1'13)

If the sorption of gas is well described by a Langmuir isotherm, the surface

concentration and the flux may be expressed as [20, 21]:

— quLp
1+K. p

q (1-14)

Js — tuquc |n 1+ KL pO (1_15)
I 1+ K. p,



where g Is the saturated surface concentration, K is the Langmuir sorption constant, po
is the feed pressure, and p; is the permeate pressure. For mesoporous membranes, the

total flux may be the sum of the Knudsen flow and surface diffusion [22].

Capillary condensation is an extreme form of surface flow that may take place
during the transport of condensable gases. When the gas pressure exceeds a certain
critical point, the pores may be completely filled with the condensed gas, as given by the

Kelvin equation:

. 2y M
=pn exp(=£X— 1-16
p=p exp( : RTp,) (1-16)

where p is the equilibrium vapor pressure of a liquid when it is dispersed as droplets of
radius r, p~ is the equilibrium vapor pressure over a plane surface, is the surface tension
of the liquid, o is the densities of liquid, M is the molecular weight, R is the universal
gas constant, and T is the temperature. The driving force of this mechanism is the
capillary pressure difference caused by the formation of menisci at pore ends. In theory,
capillary condensation can be a route to achieve high selectivity, as the condensed gas

will block the pores and prevent the flow of the non-condensable gases.

As the pore size becomes comparable to the molecular size as in microporous
zeolite membranes and carbon molecular sieves, a molecule begins feeling the potential
field of the wall. Thus diffusion in this mechanism is an activated process and is
referred to as gas translational diffusion or activated Knudsen model [19]. When the

pore size is almost the same as the molecular size, permeation behavior shows strong
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similarities with that based on solid state diffusion, which is called configurational

diffusion [21].

The gas transport mechanism through nonporous membrane is different from that
of porous membrane. Typically, polymeric membranes fall into this category where the
transport of gas is known to follow the solution-diffusion mechanism [23]. This model

can be derived from Fick’s first law:

dc
J=-D (aj (1-17)

where J is the flux, D is the diffusion coefficient, and dc/dz is the concentration gradient
of the gas across the membrane. From Eq. (1-1) and Eq. (1-17), the permeability can be
given as:

efyeriaos  ww

where D is the average diffusion coefficient, and S is the average solubility coefficient
of the gas species. For rubbery polymers, the sorption of low molecular penetrants is
usually very low under moderate pressures. Thus, the concentration of a gas in the

membrane may be expressed by Henry’s law [15]:
c=K,p (1-19)

where Kp is the Henry’s law solubility coefficient. If the diffusion coefficient is

constant, the permeability is given as:
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P =DK, (1-20)

For glassy polymers where the solubility of a gas is not constant, the permeability can be
described by the dual mode sorption theory [7], in which it is assumed that the sorption
of gases occurs according to Henry’s law and Langmuir isotherm simultancously. The

permeability in this theory is expressed by:

FK
P=K,Dpl|1 1-21
D D( +1+pr (1-21)

where Dp is the diffusion coefficient in the Henry’s law regime, F is the ratio of
diffusion coefficients (Langmuir/Henry), and b is the Langmuir affinity constant.
Another approach to explain the deviation from an ideal permeability behavior is the free
volume theory. This model assumes that the movement of molecules depends on the
free volume in polymer and needs energy sufficient to overcome polymer-polymer

attractive forces [7]. The flux in the theory is given as [24]:

J=—— =2 (1-22)

where ¢ is the local volume fraction of penetrant in the polymeric membrane. The

diffusion coefficient here is modeled as [9]:

D= Aexp[— BVLJ (1-23)

f

where A and B are positive constants, v is the minimum volume required for a penetrant

to execute a diffusion step and hence is a measure of penetrant size, and V; is the average
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polymer free volume. The free volume may change by the solubilization of the
penetrants in polymer as well as the change of temperature and pressure, which is given

by [24]:
Vi =V +Aa(T -T,)-AB(p—p,) +rp (1-24)

where Vi is the free volume of pure polymer at standard state, Aa is the thermal
expansion coefficient, Ag is the compressibility, y is the concentration coefficient related
with the ability to plasticize polymer, and Ts and ps are the temperature and the pressure

respectively at standard state.

1.2.2 Reverse-Selective Separation

In any membrane separation the selectivity of one component (A) over another
(B), defined as the ratio of permeabilities, contains contributions from both diffusivity

and solubility as shown by:

P, D, S
Upp=—"=—ExH (1-25)
PB DB SB

In general, a gas that exhibits high diffusivity tends to have low solubility, which makes
it difficult to achieve high selectivity. For example, gases with low molecular weight
such as helium and nitrogen have very high diffusivity and low solubility, and vice versa
for condensable gases such as propane and carbon dioxide. As to membranes, porous
membranes such as zeolites typically show the separation ability based on the diffusivity

difference of the gases (size sieving effect). In fact, most membrane separations are
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currently based on diffusivity differences, which is the concept we usually have for the
membrane separation. This diffusivity-based gas separation usually shows a trade-off
relationship between the permeability and the selectivity, as shown in Fig. 1-2 [25]. To
gain commercially attractive membrane performance, indeed, means overcoming of the
Robeson’s upper bound. Besides, another challenge with respect to the practical
membrane system exists. Hydrogen recovery by membrane separation, for example,
may require the recompression of the hydrogen after separation [8, 14]. Competing
systems such as cryogenics generally deliver the purified hydrogen at high pressure [7].
However, the hydrogen product (permeate) from the diffusivity-based membrane
process is at a pressure lower than that of the feed, which means that hydrogen must be
recompressed before it can be reused. Moreover, hydrogen content in the feed can reach
up to 80 mol% with C1 — C5 as the balance in some cases such as hydrogen recovery
from refinery waste gases, and the volume of hydrogen can even represent 20 — 30%
more because of its small molecular weight [26, 27], which potentially makes the
membrane system less efficient. This problem cannot be overcome by conventional

diffusivity-based separation.

Reverse-selective gas separations (or solubility-based gas separations), which
preferentially permeate larger/heavier molecular species based on their greater solubility,
have attracted considerable recent attention due to both economic and environmental
concerns [28]. This mode is particularly attractive in applications where the heavier
species are present in dilute concentrations, such as the removal of volatile compounds

(VOCs) from effluent streams [26, 29] or the removal of higher hydrocarbons from
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natural gas or hydrogen [27]. Reverse-selective membranes would have great
advantages over diffusivity-based membranes in that they can be designed to permeate
the hydrocarbons and leave purified hydrogen on the high pressure (retentate) side,
which will significantly reduce the recompression cost and enhance the membrane

efficiency.

Freeman and Pinnau [28] point out that to achieve solubility-based separation,
the membrane needs not only a high solubility ratio but also a large free volume to drive

the diffusivity ratio of the permeating species as close to unity as possible:

D, S, S
Uppg =X m—h (1-26)
DB SB SB

Such a membrane will be reverse-selective, preferentially permeating the larger and
more condensable species than light gases. Solubility-selective materials can enable a
positive correlation between permeability and selectivity, which is in contrast to the
conventional Robeson trade-off rule [25, 30] that suggests an upper bound in diffusivity-

based separations.

Polymeric membranes are commercially dominant in this application mainly due
to low cost and ease of fabrication as well as their high solubility-selectivity.
Polysulfone, polyimine, polyimide, cellulose acetate, silicone rubber, and
polydimethylsiloxane (PDMS) are examples for this category. Polymeric membranes,
however, have significant problems not only with plasticization when exposed to
adverse conditions such as high pressure and temperature, but also with fouling by

highly sorbing components [14]. Moreover, the permeabilities of most of polymeric
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membranes are significantly lower as compared to inorganic membranes. Inorganic
porous membranes generally exhibit high permeabilities, and even very high selectivities
in some cases. However, their transport mechanisms such as surface diffusion and/or
capillary condensation are often sensitive to process variables. Thus it is difficult to
obtain consistent separation performance from inorganic porous membranes. In these
respects, nanocomposites may be a viable route to improved membrane materials for

solubility-selective separations.

1.3 Protein Microfiltration

Effectively separating biomacromolecules is essential for modern biotechnology,
due in part to the costs of attaining high purity materials [1, 4]. It is widely accepted that
protein  purification involves three operations: biomacromolecular capture
(concentration), separation (fractionation), and polishing [4]. Even though membrane
filtration plays an important role in the concentration step, packed-bed chromatography
has long dominated purification processes despite several limitations, including high
cost, high pressure drop, low throughput and complex scale-up [1, 31]. In recent years, a
great deal of attention has been paid to micro/ultrafiltration for protein purification [5,
32-41] because it is expected to ultimately have lower cost, higher throughput, and, for
ultrafiltration, size exclusion effects (generally proteins have effective particle sizes
between about 2 to 15 nm). However, satisfactory throughput and resolution (or
selectivity) have yet to be obtained mainly due to membrane fouling and the broad pore

size distribution inherent in many membranes. Three issues are particularly crucial to
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the success of membrane filtration. First, protein-membrane interactions significantly
affect fouling, resolution, and protein stability [32, 33, 35, 36, 40, 42]. Second,
membranes must be chemically and mechanically stable [43]. Third, membranes should
possess narrow pore size distributions and the pore size should not change with filtration

conditions [43, 44].

1.3.1 Fouling Models

Given the driving force in microfiltration is pressure difference, the membrane

hydraulic permeability can be expressed as [32]:

_ M ]
Lp—-Ap (1-27)

where J is the filtrate flux, W is the solution viscosity, and Ap is the pressure drop. Since
the resistance is defined as the reciprocal of hydraulic permeability, the volumetric flow
rate is:

Q=JA= 2—Rp A (1-28)
t

where J is the flux of the protein solution through the membrane, A is the surface area of
the membrane, and R; is the total resistance. Although the hydraulic permeability is
useful for measuring the initial membrane performance, the flux decline by the fouling

during filtration makes it difficult to use this concept for microfiltration evaluation.
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Flux behavior during microfiltration has been discussed in many studies [45-48],
which generally can be described by four classical fouling models: complete pore
blocking, intermediate pore blocking, pore constriction (standard blocking), and cake
filtration. The complete pore blocking model ascribes the flux decline to the decrease of
the number of open pores or unblocked surface area, which is caused by the deposition
of large particles or protein aggregates to the pore entrance. The governing equation of
this model assumes that the decreasing rate of unblocked surface area (or the number of

open pores) is proportional to the convective flow rate:

dA
2 _q0C 1-29
o =—oQC, (1-29)
where A is unblocked surface area, t is the filtration time, a is the pore blockage
parameter that may be related to protein aggregates, Q is the volumetric flow rate, and
Cy, is the bulk concentration of the solution. The normalized flow rate can be calculated
from Eq. (1-28) and (1-29):

Q _expl —a 2P i
0 —exp( a A CbtJ (1-30)

0 m

where Qq is the initial volumetric flow rate, and Rn is the resistance of the clean

(unfouled) membrane.

In the intermediate pore-blocking model, the superposition of deposited particles
is considered on the basis of the complete pore-blocking model. The governing equation

and normalized flow rate are given by Eq. (1-31) and (1-32) respectively:
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A A _
@=Ly (1-31)

Q_ (1+ a'ﬂCbtj_ (1-32)
0 ﬂRm

where o’ is the pore blockage parameter of this model, and Ao is initial (unblocked)

surface area of the membrane.

The pore constriction model is often called the standard model. The model
assumes that pores are cylindrical and straight, and the flux declines as pore volume

decreases due to the deposition of particles on the internal pores:

d(Noar?s,) .

— =/, (1-33)
Q_ Q% ) _
o " (1+ B - cbtj (1-34)

where Np is the number of membrane pores, ry, is the radius of membrane pores, dy, is the
membrane thickness, g is the pore constriction parameter, and ro is the initial radius of

the membrane pores.

The cake filtration model describes protein cake formation on the front surface of

the membrane and assumes that the resistance increases as a cake layer grows:

R, _ f'R'JC (1-35)
dt b
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-1/2
Qg _ (1+ f'R fﬁf CbtJ (1-36)

where R, is the resistance of the cake deposit, f” is the fraction of the proteins that

contribute to the growth of the deposit, and R is the specific protein layer resistance.

Although all of the fouling mechanism above mentioned could contribute to the
flux decline during filtration, one or two fouling models may occur primarily depending
on the sizes and the fraction of protein aggregates and the membrane properties such as
electrostatic charge and hydrophilicity of the membrane surface as well as the sizes,
distribution, and morphology of the pores. One of the common methods to determine
which fouling mechanism is dominant during filtration is to plot the general governing

equation [38, 49]:

d _ k[ﬂ)n (1-37)

where V is the total filtered volume, k is the constant, and the exponent n characterizes
the fouling model, with n = O for cake filtration, n = 1 for intermediate blocking, n = 1.5
for standard blocking, and n = 2 for complete pore blocking. The required derivatives

can be evaluated in terms of the filtrate flow rate (Q) and the rate of flux decline (K):

dt 1

&0 (1-38)
dt K

av?: Q2 (1-39)
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where the rate of flux decline can be evaluated directly from the filtrate flux data as:

K = —l(d—Qj (1-40)
Ql dt

This analysis method has the merit of showing if the mechanism of fouling changes with
time. However, the analysis often leads to some ambiguity in the value of n as
compared to theory. Moreover, a quantitative description of the membrane performance

is not directly obtained from this method.

An alternate approach is to plot the linear relationship of each model to
determine the dominant mechanism. This represents analysis of the problem in terms of
limiting cases. In the case where the fouling behavior is dominated by one mechanism,
this analysis is straightforward and quite insightful. Table 1-1 shows the relationships
for four classical fouling models [47]. This method should be approached carefully
since oversimplifying may be misleading and sometimes disregard other fouling

mechanisms that are not negligible.

In many cases, indeed, interpretation of fouling is not easy because the fouling
behaviors described above may occur simultaneously during filtration. In fact, many
studies [38, 46, 50] reported the transition of the fouling mechanism with time. Most of
them showed that either a pore blocking or a pore constriction mechanism governs the
initial flux decline whereas cake filtration can account for the flux behavior at long
times. Thus, two or more fouling mechanisms are often employed to explain the flux
data. For example, Tracey and Davis [46] showed that both the complete pore blocking

model and the pore constriction model fit the flux data of bovine serum albumin (BSA)
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Table 1-1. Linear equations for the various fouling models. Q is the volumetric flow

rate, t is the filtration time, and V is the filtrate volume at t.

Model Equation
Compl locki I | _ t+b
omplete pore blocking n 6 =a,t+b,
. . 1
Intermediate pore blocking 6 =at+h
. t
Pore constriction (Standard blocking) via at+b,

Cake filtration \% =a\V +b,
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depending on the protein concentration and the pore size of the membranes that were
used, which was thought to be due to the presence of protein aggregates. In an effort to
explain complicated flux behavior, Ho and Zydney [38] have developed a combined
pore blockage and cake filtration model which accounts for the transition of fouling

models during microfiltration:

Q_ exp| — aApC, t |+ Ry 1-exp —%t (1-41)
QO IURm Rm + Rp IURm

21 R'APC,
u(R, +R,)?

-R (1-42)

m

R,=(R, + Rp)\/1+

This combined model showed very good agreement with the results of BSA filtration
through 0.2 pm polycarbonate track-etched (PCTE) membranes. More recently a
complicated model accounting for internal fouling as well as external fouling and cake
filtration has been developed by Duclose-Orsello et al [51]. They suggested that the
hydrophilicity of membrane may alter the fouling mechanism during filtration from the
study of BSA filtration through 0.22 pum hydrophilic and hydrophobic Durapore

membranes.

All the studies given here offer some perspective description of the fouling
behavior. However, a simple but comprehensive model has not been developed yet
possibly since the fouling behavior is not so simple and differs depending on the

properties of proteins and membranes.
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1.3.2 Membrane Materials

Proteins can bind to membrane surfaces by a variety of mechanisms including
electrostatic attraction, hydrophobic interactions, hydrogen bonding, and van der Waals
forces, which in turn result in membrane fouling. Many publications [6, 36, 42] have
reported that the electrostatic repulsion between the protein and the membrane results in
an increase in selectivity with decreased fouling. Besides electrostatic repulsion,
hydrophilicity of the membrane plays a key role in reducing adsorption of proteins [52-
54]. Salgin et al. [53], for instance, demonstrated by comparing hydrophilic cellulose
membranes with hydrophobic polyethersulfone (PES) membranes under various
conditions that hydrophobic forces were the determinative factor in protein adsorption
on the membrane surfaces. Indeed, fouling is the biggest obstacle to commercialization

of membranes because it significantly lowers throughput.

A wide variety of materials have been employed as membranes, from polymeric
materials such as poly(vinylidene fluoride) (PVDF), polycarbonate, PES, and cellulose,
to inorganic materials such as alumina [5, 32, 38, 42, 55]. However, since most
membranes are not hydrophilic, surface modification has been shown to be a promising
approach in membrane development [56]. Among the most promising low-protein-
adsorbing materials, poly(ethylene glycol) (PEG) has shown extraordinary resistance to
non-specific protein adsorption as demonstrated by a number of publications [57-60].
This property has been attributed to the steric repulsion, excluded volume, and
hydrophilicity of PEG [61, 62]. Although previous studies have demonstrated the

feasibility of performing protein purification using micro/ultrafiltration under certain
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conditions, there has been no breakthrough with respect to the membrane itself, in that
there has been no membrane that has excellent performance (low fouling and high
resolution) as well as good stability. For example, even though cellulose and its
derivatives, such as cellulose ester, result in less fouling and have excellent mechanical
strength [5], they may swell in water and their pore size changes with temperature and
pressure [43]. Moreover, polymeric membranes generally have a broad pore size
distribution [55] with a few exceptions such as track-etched polycarbonate. In this
respect, inorganic membranes may be an attractive alternative to polymers. The few
literature reports of inorganic membranes for protein purification [42, 55, 63-65] have
been limited to commercial alumina membranes. These alumina membranes exhibit
more rapid fouling as compared to their polymeric counterparts. Thus, it seems one
route forward would be to design hybrid membranes wherein the desirable features of
both ceramic membranes (high pore size uniformity, resistance to swelling) and organic

membranes (potential diversity in surface chemistry) could be retained.

1.4 Melamine-based Dendrimers

The dendritic polymers are a promising class of organic molecules for hybrid
membranes due to their wide range of structural and chemical diversity [66, 67].
Dendrimers are a class of hyperbranched polymers that possess a core, repeating
branching units (generation) and peripheral groups at the edges [68]. As mentioned in
section 1.3.2, high permeabilities and selectivities can be achieved in solubility-based

separations if a diffusivity-selectivity is close to unity while a solubility-selectivity is
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kept high. Thus, well-defined hyperbranches of dendrimers are very attractive when
applied for gas separations, in that they may offer large free volume. Also, the density
and chemistry of peripheral groups can be controlled by changing dendrimer generations

and functionality when dendrimers are used as a scaffold for further functionalization.

Melamine-based dendrimers have been developed by Dr. Simanek’s laboratory
[67]. Melamine is a 1,3,5-triazine substituted with three amines, and also known as
cyanuramide or triaminotriazine. Melamine-based dendrimers are synthesized by using
differential reactivity of triazines as shown in Fig. 1-3 [67]. High generation dendrimers
are synthesized by the iterative synthesis of triazine ring and diamine linker molecules.
The linker groups with different polarities, hydrophobicities, and rigidities may be
employed for the particular applications. The different peripheral functional groups can
be attached finally for the specific applications such as surface sorption or chemical

reaction.

1.5  Ordered Mesoporous Silica

Porous materials can be categorized into three classes: microporous (< 2 nm),
mesoporous (2 — 50 nm), and macroporous materials (> 50 nm) [69]. Since the
discovery of MCM-41 by Mobil scientists in 1992 [70], surfactant-templated ordered
mesoporous silica (OMS) has attracted much attention because of their potential
applications in catalysis, separations, adsorption, and insulator materials [69]. Important

features of OMS are : (1) their pore size and pore structure are controllable simply by
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Fig. 1-3. Melamine-based dendrimers. (A) Structural diversity by the interconnection

between triazine core and diamine linker. (B) Differential reactivity of triazine.
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modifying surfactant concentration or reaction condition such as temperature, (2) their
pore size distribution is very narrow, and (3) they can be synthesized as particles or

films, which broadens their potential for diverse use.

The structures of OMS can be broadly classified into hexagonal, cubic, and
lamella structure, which depends on the amounts and the type of surfactants, reaction
temperature, ionic strength, acidity, aging temperature and time. The most common
structure of OMS is the two-dimensional hexagonal phase with P6mm symmetry,
consisting of close-packed hexagonal arrays of cylindrical surfactant micelles. This pore
structure can be obtained from either cationic surfactants [70] or non-ionic block

copolymer surfactants [71]. Various cubic phases have also been reported. For

example, bicontinuous cubic gyroid phase with la3d symmetry can be made using
Pluronic P123 (a non-ionic block copolymer) and n-butanol at low acid conditions [72].

The variation of phases may be predicted by the surfactant packing parameter [73]:

g (1-43)

N
aolc
where V is the effective volume of the hydrophobic chain, ao is the mean aggregate
surface area per hydrophilic head group, and I. is the kinetic hydrophobic chain length of
a surfactant. The surfactant packing parameters and their expected structures are given

as follows: (1) when g < 1/3, spherical micelles are favored, (2) when g = 1/3, cubic

(Pm3n) phase appears, (3) when g = 1/2, infinite rod-like micelles (hexagonal phase, P6)

are preferred, (4) when g = 1/2 — 2/3, cubic (Iaf_id) structure favored, and (5) at g = 1,

lamellar structure becomes dominant. As the packing parameter increases, the
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aggregates curvature becomes low [74]. Since ap can be affected by temperature, pH,
and the concentration of surfactant and electrolytes, the mesoporous phase is a function

of various synthesis parameters.

The formation mechanism of OMS has been studied in a number of works [75,
76]. It is generally accepted that the formation of mesoporous materials occurs in two
steps [74]. The initial stage involves preferable adsorption of silicate ions at the micellar
interface, which is driven by charge density matching or hydrogen bonding between the
surfactant headgroups and silicate ions. As a second stage, two possibilities are
proposed: (1) as silicates adsorb, thereby changing the surface energy, the rearrangement
of micelles and condensation of silicates sequentially occur into ordered or disordered
collapsed phases. This process is often referred to as cooperative self-assembly
mechanism [77]. Otherwise, (2) instead of the rearrangement of micelles, aggregation
into disordered phase initially occurs due to the reduction of the intermicellar repulsion
as silicates adsorb to the surface of micelles, and then may be rearranged into ordered
phase [78]. The schematic summary of the proposed formation mechanism of OMS is

shown in Fig. 1-4.

Evaporation-induced self-assembly (EISA) [79, 80] is a useful technique for the
synthesis of thin mesoporous films. In this method, a coating solution containing the
solvent, surfactant and silica precursor is applied on substrates by dip-, spin-coating or
film casting, followed by evaporating solvent at the conditions such that form desired
OMS. As well as the composition of coating solution, humidity and temperature in the

drying step are important factors because ordering and orientation of the OMS phase
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may be significantly altered during condensation [81]. The formation of OMS thin films
by EISA on porous substrates recently has been studied in many works [82-84] as a
viable route to the synthesis of membranes with uniform pore size and controllable pore
structure. This method, however, requires high temperature calcination or solvent
extraction to remove surfactants inside the mesopores after forming OMS. These harsh
treatments may cause a phase collapse or a pore shrinkage, which, in turn, can result in
defect formation in the membranes. For this reason, multiple coatings can be applied to

make the defect-free membranes [84].

1.6 Photocatalysis and Superhydrophilicity

Photocatalysts have been extensively studied for many applications including
photodecomposition and photoantibacterial treatments for environmental purification,
dye-sensitized films for solar cells, chemical sensing, and advanced batteries [85-89].
The photocatalytic activity typically takes place via oxidation by the valence-band holes,
which, along with the excited electrons at the conduction band, are generated when the
photons with energy matching or exceeding the bandgap energy of photocatalysts are
absorbed. These photogenerated electrons and holes may avoid recombination and
participate in redox reactions in the presence of available scavengers of electrons and
holes. Oxidative hole-transfer is generally accepted to occur via surface-bound hydroxyl

radicals, with some reports of direct transfer of the valence-band holes [90].

Titanium dioxide (TiO,) is one of the most promising photocatalytic materials

owing to its long-term stability, nontoxicity, high oxidative capacity, good compatibility
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with various substrates [91-93], and the excellent film properties such as controllability
of refractive index and high thermal stability [94]. The photocatalytic activity of TiO, is
known to be strongly dependent on crystallinity and surface properties such as surface
hydroxyl density and surface area [92]. As to the effect of crystal structure of TiO,,

anatase phase in general shows much higher photocatalytic activity than rutile form [95].

Another interesting property of TiO, is the photogeneration of surface
amphiphilicity. Wang et al. [96, 97] discovered that the surface of a TiO, thin film
becomes highly hydrophilic and highly oleophilic simultaneously by ultraviolet (UV)
illumination regardless of photocatalytic activity, where the film showed a change in the
water and glycerol trioleate contact angles from 72° to 0° and 10° to 0° after UV
illumination, respectively. Such highly amphiphilic surfaces were attributed to the nano-
scale separation between the hydrophilic and the oleophilic phases due to
photogenerated Ti®* defects, which are favorable for dissociative water adsorption. This
unique property opened the way to the application of TiO, coating in antifogging and
self-cleaning systems since under UV illumination both hydrophilic and oleophilic

contaminants can be easily removed from TiO, surface [97-99].

While many studies on TiO, are still focusing on the applications either as a
photocatalyst or as a self-cleaning material, a few works have found comprehensive
utilization of the properties of TiO,, that is, both photocatalytic activity and
superhydrophilicity. One of these works is to use TiO, for the prevention of biofilm
formation in which Ciston et al. [86] observed a significant reduction of bacterial

attachment to a zirconia disc coated with Degussa P25 (80% anatase and 20% rutile)
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particles under UV illumination. In the work of Rahimpour et al. [100],
polyethersulfone ultrafiltration membranes modified with TiO, nanoparticles showed
much less flux decline with UV irradiation than before modification. This concept has
also been extended beyond TiO; particles to thin films. Choi et al. [101], using a sol-gel
dip-coating process, synthesized a TiO, membrane with a hierarchical mesoporous
multilayer structure for organic photodegradation and observed an anti-fouling effect.
Zhang et al. [102] synthesized a TiO, nanotube membrane in an alumina support, which
exhibited good photocatalytic activity on degradation of humic acid with less fouling.
Also, Madaeni and Ghaemi [103] dispersed TiO, particles (P-25) on polymeric
membranes for reverse osmosis application. All of these works have demonstrated that

TiO, can be effectively used for diverse applications.
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CHAPTER 11

EXPERIMENTAL PROCEDURE

In this chapter, general information about the materials and the synthesis
procedure for the nanocomposite membranes are described. More detailed or additional

explanations are given in each chapter.

2.1  Synthesis of Reverse-Selective Nanocomposite Membranes

Dendrimer-ceramic hybrid membranes for gas separations were prepared by
synthesizing melamine-based dendrimer in the mesopores of Membralox® membranes.
The goal was to obtain composite membranes processing high reverse selectivities (i.e.
for the heavy component) by controlling free volume and solubility by changing

dendrimer generations and functionalizing the dendrimer surface.

2.1.1 Materials

Ethanol and toluene (ACS reagent grade) were purchased from EM Science. 3-
aminopropyldimethyethoxysilane (APDMES, 99%) was purchased from Gelest Inc.
Piperazine (P, 99%) and N,N-diisopropylethylamine (DIPEA, 99%) were purchased
from Aldrich.  Cyanuric chloride (CC, 99%) was purchased from ACROS.

Tetrahydrofuran (THF), methanol, and dichloromethane (DCM) (all ACS reagent grade)
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were purchased from EMD. All chemicals were used as received. Water was purified

using a Barnstead EASY pure water purification system.

The membranes used in this research were Membralox® T1-70-25G, tubular
alumina membranes obtained from Pall Co., DeLand, Florida (Part# S700-01227). This
membrane is an asymmetric membrane that consists of an inner mesoporous y-alumina
layer deposited on the inside of a macroporous a-alumina support tube. The mesoporous
layer of this membrane is reported to have a distribution of pore sizes between 2 and 5.5
nm, with a maximum near 4 nm, and a thickness of 3 - 5 um [104]. The macroporous
support has an outer diameter of 1.0 cm and an inner diameter of 0.7 cm. The original
tube length was 25 cm. Fig. 2-1 shows a scanning electron micrograph (SEM) image of
the membrane cross-section [105]. For our experiment, we cut the tubes into 1 in. pieces
using a laboratory glass cutter. After cutting, the membranes were cleaned by soaking in
2:1 ethanol/water solution for 24 hours at ambient temperature. The membranes were
then dried at 100 °C for at least 4 h, and stored in the laboratory environment until used
for the RCA (Radio Corporation of America) treatment and hybrid synthesis. RCA
treatment was performed just before amine functionalization using base and acid
solutions. A base solution was prepared by mixing 11 ml of NH,OH (28-30 wt% NHj3),
11 ml of H;O, (30 wt%), and 53 ml of deionized water at room temperature. A
membrane was added and this solution was kept in an oil bath at 70 °C for 15 minutes,
followed by washing the membrane 5 times with 100 ml of de-ionized water, while
gently rocking, for 5 minutes each. The acid rinse was performed using 10 ml of HCI

(35 wt%), 10 ml of H,0O, (30 wt%) and 56 ml of deionized water. After final rinse,
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Fig. 2-1. Scanning electron micrograph image of a 5 nm Membralox® alumina

membrane [105].
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the membrane was placed in an oven at 100 °C for 4 h before amine functionalization.

2.1.2 Membrane Synthesis

Dendrimers were grown directly off the surface of mesoporous alumina
membranes by the  stepwise  synthesis  [106,  107]. First,  3-
aminopropyldimethylethoxysilane (APDMES) was grafted to the support to provide an
amine center from which the dendrimers can be grown. Amine functionalization was
performed by immersing the RCA treated membrane for 24 h at 70 °C in a solution
prepared by mixing 50 ml of toluene and 0.8 g of 3-aminopropyldimethylethoxysilane
(0.1 M), followed by rinsing this membrane 3 times with 20 ml of toluene and 4 times

with 20 ml of THF.

The surface amines were then reacted with cyanuric chloride (trichlorotriazine)
to generate the dichlorotriazine intermediate. The dichlorotriazine was then allowed to
react with either a monoamine or a diamine. The monoamine acted as a capping group
that provided function to the membranes, while the diamine acted as a reactive spacer
that continued the polymerization process. As an example, a silane treated membrane
was inserted into a solution prepared by dissolving 1.4 g (7.5 mmol) of cyanuric chloride
in 50 ml of THF (0.15 M) with 1 ml (6 mmol) of diisopropylethylamine, and the solution
was slowly rocked (approx. 30 rpm) at room temperature for 10 h. The membrane was
then rinsed 3 times with 20 ml of THF, 2 times with 20 ml of methanol, 2 times with 20

ml of dichloromethane, and 2 times with 20 ml of THF. The final THF rinse was
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checked by TLC (Thin Layer Chromatography) for trace amounts of triazine and amine.
Immediately after this treatment the diamine was reacted with the dichlorotriazine group.
Piperazine was reacted with the dichlorotriazine by dissolving 1.3 g (15 mmol) of
piperazine in 50 ml (0.3 M) of THF. A triazine treated membrane was submerged in the
solution and the solution was kept at 60 °C for 14 h. The treated membrane was rinsed 3
times with 20 ml of THF, 2 times with 20 ml of methanol, 2 times with 20 ml of
dichloromethane, and 2 times with 20 ml of THF. The final THF rinse was checked by
TLC for trace amounts of triazine and amine. The treatment with triazine and diamine
linker (piperazine) was repeated alternately to generate dendrimers of different

generations.

In the final reaction step dodecylamine was attached to a triazine treated
membrane to provide the specific chemical diversity. The dodecyl-functionalized
membrane was synthesized by immersing a triazine treated membrane in a solution that
was prepared by dissolving 1.8 g (10 mmol) of dodecylamine in 50 ml of THF (0.2 M)
and keeping the solution at 60 °C for 14 h. The treated membrane was then rinsed 3
times with 20 ml of THF, 2 times with 20 ml of methanol, 2 times with 20 ml of
dichloromethane, and 2 times with 20 ml of THF. The final THF rinse was checked by
TLC for trace amounts of triazine and amine. The cleaned membranes were then dried in

ambient condition for 12 h and stored in a vial until use.

In this manner, generation 1, 2 and 3 dendrons capped with dodecyl amine

groups were produced as shown in Fig. 2-2. Previous work in the Shantz lab [106, 107]
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has proved the feasibility of stepwise dendrimer synthesis via model studies of
dendrimer/SBA-15 hybrids. Dodecyl chains are expected to increase the solubility for
the target component, propane, to enhance propane/nitrogen gas separation. The organic
molecule size is controlled based on dendrimer generation. The number of the
functional groups per dendron doubles as the dendrimer generation increases. These
rational modifications on the molecular architecture and chemistry by using the
structural and chemical diversity of dendrimers finally lead to the development of a

membrane that is customized for its application.

2.2 Synthesis of Mesoporous Silica-Ceramic Nanocomposite Membranes

In an effort to prepare for defect-free membranes, mesoporous silica (MS)-
ceramic nanocomposite membranes were synthesized. For this, mesoporous silica was
iteratively synthesized by evaporation-induced self-assembly (EISA) in the macropores

of Membralox® membranes.

2.2.1 Materials

Brij-56 (polyethylene glycol hexadecyl ether, Ci6H33(OCH,CH,),OH, n ~ 10)
and tetraethyl orthosilicate (TEOS, 98%) were purchased from Aldrich. HCI (Aldrich,
37 wt%) was diluted to 0.032 N stock solutions for subsequent use.

For a support material, Membralox® T1-70-25A was obtained from Pall Co.,

DeLand, Florida (Part# S700-01133). This tubular alumina membrane has an
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asymmetric structure and the nominal pore size of the active layer is 200 nm. To use
this membrane as a support for mesoporous silica synthesis, the membrane tube was cut
into 1 in. pieces and cleaned by soaking in 2:1 ethanol/water solution for 24 hours at
ambient temperature. The membrane pieces were then dried at 100 °C for at least 4 h,

and stored in the laboratory environment until use.

2.2.2 Membrane Synthesis

Dip-coating was employed to synthesized nanocomposite membranes, and the
precursor solution for coating was prepared based on previous work by Hayward and
coworkers [108]: 1.15 g of Brij-56 was dissolved in 2.0 g of ethanol for 2 h. 3.0 g
ethanol, 2.6 g TEOS, and 1.35 g of HCI (0.032 N) were mixed together for 20 min. The
two solutions were then combined and mixed for 10 minutes. All the procedures were
performed in ambient condition. Two different dip-coating methods were used as shown

in Fig. 2-3.

2.2.2.1 Membrane Synthesis by Simple Dip-Coating

Cubic (1a3d) mesoporous silica was synthesized in Membralox® by conventional
dip-coating with evaporation induced self assembly (EISA) [80]. All the procedures are
based on previous work in the Shantz lab [84]. A Membralox® membrane piece was
immersed into the precursor coating solution for 5 min and then was drawn out slowly

from the solution. The solution-swollen membrane piece was immediately transferred to
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(a) (b) Coating solution

Coating solution

Fig. 2-3. Synthesis methods for forming OMS-ceramic nanocomposite membranes: (a)

simple dip-coating, and (b) inside dip-coating.
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an oven at 45 °C and was kept at that temperature for 1 h for EISA. After cooling down
to room temperature, Soxhlet extraction was performed with ethanol for 48 h to remove
the surfactants from the inorganic matrix, followed by drying in ambient condition.
Multiple dip-coating/surfactant extraction cycles were carried out to minimize the

defects in the membrane.

2.2.2.2 Membrane Synthesis by Inside Dip-Coating

Another method was also used to incorporate mesoporous silica into
Membralox® membrane supports rather than simple dip-coating. In this method, the
precursor coating solution was poured inside the membrane tube that had been kept in
the oven at 45 °C at least for 30 min, and was left for 15 min in the oven at the same
temperature. After the remaining coating solution was emptied out of the membrane, the
membrane was kept in the oven for 1 h for drying. To remove surfactants, ethanol
extraction for 48 h and/or calcinations at 500 °C in air for 5 h (heating rate of 1 °C/min)

was performed. Inside dip-coating and surfactant removal step were repeated as needed.

2.3 Synthesis of Surface-Modified Anopore™ Membranes

In order to reduce the fouling of the protein microfiltration, Anopore™ alumina
membranes were modified by the organic moieties that can endow the surface with

electrostatic repulsion or hydrophilic property.



44

2.3.1 Materials

Anopore™ membranes (25 mm diameter membranes with 200 nm cylindrical
macropores) were purchased from Whatman and used as received without any cleaning.
Tetraethylorthosilicate (TEOS, 99%) was purchased from Fluka. 3-
aminopropyltriethoxysilane (APTES, 99%), piperazine (99%), N,N-
diisopropylethylamine (DIPEA, 99%), and toluene (ACS reagent grade) were purchased
from Aldrich.  Cyanuric chloride (CC, 99%) was purchased from ACROS.
Tetrahydrofuran (THF), methanol, ethanol, and dichloromethane (DCM) (all ACS
reagent grade) were purchased from EMD. Octadecyltrichlorosilane (OTS, 98%) was
purchased from Gelest. Pluronic F108 (EO13,POssEO;3,) was obtained as a gift from
BASF. Succinimidyl ester of methoxy poly(ethylene glycol) propionic acid (mPEG-
SPA, 5kDa) was purchased from Nektar. Toluene was stored over activated molecular

sieves; all other solvents and chemicals were used as received.

2.3.2 Membrane Synthesis

Three strategies were used to functionalize the membrane surface and are shown

in Fig. 2-4.

2.3.2.1 Amine-Functionalized Membranes

Amine-functionalized membranes were synthesized by immersing a membrane

into a solution of 440 mg of APTES in 200 mL toluene (10 mM) at room temperature for
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24h. The membrane was removed from the solution and repeatedly rinsed with toluene,
THF, and water to remove excess APTES (samples denoted as AAM). Given that
previous work has shown the difficulty of achieving high graft densities on alumina
surfaces using this approach [109], amine-functionalized membranes were also prepared
wherein prior to APTES grafting a silica layer was deposited on the surface of the
Anopore™ membrane [110] (samples denoted as ASM). The coating solution was
prepared by mixing 100 mg of TEOS with 50 mL of ethanol (10 mM) that contains 1.3
mL of HCI (0.032 N). The silica layer was deposited by immersing a membrane in the
solution at room temperature for 2 h, removed from the solution and dried at 95 °C for
15 min. After cooling the membrane to room temperature, amine functionalization was

performed using the above procedure.

2.3.2.2 Pluronic-Functionalized Membranes

Membranes were also prepared with Pluronic F108 (EO;3,POsEO132) coatings.
First, the bare membrane was reacted with an octadecyltrichlorosilane (OTS) solution
prepared by mixing 780 mg of OTS with 200 mL toluene (10 mM) containing 3.1 mL
DIPEA. The membrane was immersed in the OTS solution at room temperature for 10 h
then rinsed with toluene, THF, and water. The OTS-functionalized membrane was then
treated with a water/methanol solution of Pluronic (samples denoted as PCM). As a
representative example, 200 mg of Pluronic were dissolved into 200 mL of a 1/1 (by
volume) water/methanol mixture. The Anopore™ membrane was then placed in this

solution for 2 h, removed, and then dried at room temperature.
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2.3.2.3 PEG-Functionalized Membranes

PEG functionalization was performed by covalently attaching mPEG-SPA to
melamine-based dendrimers synthesized on the Anopore™ membranes (samples denoted
as PDGxM). The dendrons were grown by first attaching APTES to the silica-coated
membrane surface as described above (samples denoted as DGxM). The melamine-
based dendrimer was synthesized with slight modifications to a previous protocol [107].
An amine-functionalized membrane was placed into a solution of 1.4 g of cyanuric
chloride (CC) in 50 mL of THF (0.15M) with 1 mL of DIPEA. The solution was then
slowly rocked (approx. 30 rpm) on a shake plate at room temperature for 10 h. The
treated membrane was then rinsed three times with 20 mL of THF, two times with 20
mL of methanol, two times with 20 mL of DCM, and two times with 20 mL of THF.
The membrane was then submerged in a solution of 1.3 g of piperazine in 50 mL (0.3 M)
of THF. The solution was then heated to 60 °C for 14 h. This membrane was rinsed
three times with 20 mL of THF, two times with 20 mL of methanol, two times with 20
mL of DCM, and two times with 20 mL of THF. The final THF rinse in both steps was
checked by TLC (Thin Layer Chromatography) for trace amounts of triazine and amine.
The membrane was subsequently immersed in a PEG solution (250 mg of mPEG-SPA in
50 mL of water (1 mM) or 500 mg of mPEG-SPA in 50 mL of water (2 mM)) for 2 h to
react with mPEG-SPA. For comparison mPEG-SPA was also grafted to an amine-
functionalized membrane (with silica deposition, denoted as APM). In this case, the
amine-functionalized membrane was immersed in a 2 mM PEG solution at room

temperature for 2 h.
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2.4 Synthesis of UV-Regeneratable Hydrophilic Membranes

TiO, or TiO4/SiO, layers were coated onto Anopore™ alumina membranes to
reduce the flux decline and regenerate the membranes by UV irradiation, without severe

acidic or basic conditions.

2.4.1 Materials

Anopore™ membranes (25 mm diameter with pore size of 200 nm) were used
after overnight cleaning in ethanol. Tetraisopropylorthotitanate (TPOT, 98%) and
hydrochloric acid (ACS reagent grade, 37%) were purchased from Aldich.
Tetramethylorthosilicate (TMOS, 99%) and 2-propanol (ACS reagent grade, > 99.5%)

were purchased from Fluka. All chemicals were used as received.

2.4.2 Membrane Synthesis

Sol-gel process was employed to form a thin layer of photocatalytic metal oxides
on Anopore™ membranes. A TiO, precursor solution (30 mM) was prepared by
dissolving 450 pl of TPOT in 50 ml of 2-propanol containing 180 pl of hydrochloric
acid while stirring. After the solution was stirred for 1 h in a capped Teflon container,
an Anopore™ membrane was immersed in the solution for 20 min and then was drawn
out slowly from the solution. After dried in ambient condition for 1 h, the membrane
was transferred to an oven at 120 °C and was kept at that temperature for 6 h for

annealing. For comparison, spin-coating was carried out using a spin rate of 2000 rpm
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for 1 min solely (without dip-coating) or after the drying of the dip-coated sample for 1 h

in ambient condition.

TiO,-SiO; coated membranes were also synthesized following the same protocol
as described above. For a precursor solution (30 mM), 45 ul of TMOS (0.3 mmol) was
prehydrolyzed in 50 ml of 2-propanol containing 180 ul of hydrochloric acid for 2 h.
Then, 360 pl of TPOT (1.2 mmol) was added to the TMOS solution while stirring. A
membrane was first dip-coated and then spin-coated to achieve a uniform and defectless

coating, and annealed at 120 °C for 6 h.

2.5  Membrane Testing
2.5.1 Gas Permeation Test

Permeation measurements of the individual gases were performed using a home-
built unit as shown in Fig. 2-5. Pure nitrogen (99.998%), helium (99.998%) and propane
(99.5%) gases were used as received from Praxair Distribution, Inc. The ambient
temperature ranged from 20 to 22 °C. The pressure was ambient on the permeate side.
The pressure on the feed side was regulated up to 90 psi by a pressure regulator. The
volumetric flow rate was measured at several pressure differences ranging from 5 to 90
psi for reverse-selective membranes and 5 to 40 psi for OMS-ceramic membranes. The
average value of the final four measurements at each pressure was taken in order to get
the reported value for a permeate flow rate after it reached the steady state. We note that

permeance typically required some time to reach steady state for propane. It usually
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Fig. 2-5. Gas permeation test apparatus that was used for this study.
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took a longer stabilization time, up to 1 — 2 days, for the organic treated membrane than
for the bare membrane, which took around 15 min. This is not unusual for solubility-
based separations with polymeric membranes and is attributed to conformational

changes in the polymer over time [111, 112].

The gas permeance was calculated from the volumetric flow rate that was
measured at different pressures:

mol _ 3 o[ Mol (To) [P ]
P[mzsecbar)_Ap ° [22.4Ij (Tj (pOJ/AAp (2-1)

where Q is the volumetric flow rate, To = 273 K, po = 1.01 bar, A is the surface area of
the membrane, and T and p is the ambient temperature and pressure, respectively. Since
the accurate thickness of active layer is hard to be measured for Membralox®

membranes, permeance was used for comparison of the data instead of permeability.

2.5.2 Protein Filtration Test

Bovine serum albumin (BSA, Aldrich (A7906), Mw 67kD, pl 4.7) and lysozyme
(LSZ, Aldrich (L6876), Mw 14kD, pl 11.0) were used as model proteins to investigate
the membrane fouling behavior. The solutions of BSA and lysozyme were prepared by
gently dissolving powdered protein without vortex for 2 h in phosphate buffered saline
(PBS) pre-filtered through a 0.2 um cellulose acetate membrane (VWR) (2 g/L, pH 7.4).
Fig. 2-6 shows the apparatus for protein filtration test in this experiment. All filtration

experiments were conducted with the protein solution within 2 h of preparation, and



Fig. 2-6. Protein filtration test apparatus that was used for this study.
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performed without stirring in a 25 mm diameter stirred cell (Model 8010, Amicon)
connected to a N, pressurized solution reservoir (3 psi) at room temperature. The PBS
flow rate was measured at constant pressure (3 psi) until steady state and was then
replaced by protein solution to measure the protein flux. Filtration flow was measured
by timed collection using a digital balance, which was employed to determine the
fouling and the flux decline during filtration. Normalized flux plots were calculated by

differentiating the permeate and normalizing them by the initial flux.

2.6 Analytical

Nanocomposite materials and membranes were characterized by several

analytical methods.

Electron Microscopy

Field-Emission Scanning Electron Microscopy (FE-SEM) measurements were
performed to determine the pore size and surface morphology of the membranes using a
Zeiss Leo-1530 microscope operating at 1-10 kV. The microscope employs a GEMINI
electron optical column with a Schottky-type field emitter, single condenser, crossover-
free beam path, large specimen chamber with two chamber ports for EDS (Energy
Dispersive X-ray Spectroscopy) adaptation, four accessory ports on the chamber and
three on the door, fail-safe vacuum system, digital image store and processor. Shell

transitions caused by the interaction of an electron beam and the atoms in the sample
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result in a characteristic X-ray emission. EDS can provide qualitative and quantitative
elemental information by detecting the energy of this emitted X-ray, and the available

sample depth is generally several microns.

Transmission electron microscopy (TEM) produces a real space image of the
mesoporous nature that can be used to examine the structural ordering, complementing
PXRD or SAXS results. For this, JEOL 2010 microscope with a lanthanum hexaboride
(LaBg) filament and an excitation voltage of 200 kV was used. The samples were

dispersed in ethanol (100%, Aldrich) and placed on a 400-mesh copper grid.

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed to
determine the surface elemental composition using an Axis His 165 Ultra Kratos
instrument with an Al Ko X-ray source. The scan rate was 300 sec per scan and the

points were collected at every 0.5 eV.

Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) was used to determine structural ordering of
mesoporous silica or crystallinity of metal oxides, and was performed using a Bruker-
AXS D8 powder diffractometer with Cu Ko radiation over a range of 0.8 to 5° 20. Peak
intensities and 20 values were determined using the Bruker program EVA. Powder X-

ray diffraction measurements were also performed using a Bruker NanoSTAR 1070 mm
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small angle X-ray scattering instrument with a rotating anode (FR591) and a copper

target (1.5417 A).

Adsorption (Porosimetry)

Porosimetry experiments give useful information about the pore size distribution,
pore volume, and surface area of the materials. Nitrogen adsorption experiments were
performed on a Micromeritics ASAP 2010 micropore system using approximately 0.1 g
of sample. The samples were degassed under vacuum at room temperature for 2 h, then
at 100 °C for 12 h before analysis. The micropore and mesopore volumes were
determined using the as-method [113]. The mesoporous size distributions were
calculated from the adsorption branch of the isotherm using the Barret-Joyner-Halenda

(BJH) method [114] with a modified equation [115] for the statistical film thickness.

Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) were performed using a TG 209C Iris
Instrument from Netsch over a temperature range of 25 to 600 °C using oxygen and

nitrogen as carrier gases and temperature ramping rate of 2 °C/min.

Infrared Spectroscopy

Infrared spectroscopy was performed on a Thermo Nicolet Nexus 670 FTIR.
Background spectra were collected after 30 min of evacuation. The membrane samples

were analyzed after 30 min of evacuation, and 64 scans were acquired per spectrum.
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Anopore™ membranes (thickness 60 pm) were directly used for the measurement,

without mixing KBr.

Light Scattering

Dynamic light scattering was performed to measure the particle sizes of proteins

using a ZetaPALS from Brookhaven Instrument Corporation.

UV-Vis Spectrophotometer

Optical absorption spectra of the photocatalytic membranes were taken using the
Hitachi U-4100 UV-Vis-NIR spectrophotometer with tungsten and deuterium lamps in
diffuse reflectance mode. Scan speed was 120 nm/min and the sampling interval was 1

nm in the span between 200 and 500 nm.



S7

CHAPTER 111
REVERSE-SELECTIVE MEMBRANES FORMED BY DENDRIMERS

ON MESOPOROUS CERAMIC SUPPORTS *

3.1 Introduction

Solubility-based separations are desired in many applications where heavier
species need to be removed from lighter gases [27]. Moreover, this reverse-selective
property often enables membranes to overcome the trade-off relationship between the
permeability and the selectivity. Nanocomposite membranes have been studied as a
viable route to improved membrane materials for reverse-selective separations.
Polymers doped with inorganic nanoparticles are one way forward [9, 116-122]. For
example, Merkel et al. doped poly(4-methyl-2-pentyne) with silica nanoparticles and
studied the resulting composites for the separation of n-butane from methane [9]. With
increasing weight percent silica, they observed simultaneous increases in n-butane
permeability and n-butane / methane selectivity. The main reason was a change in the
polymer packing, and thus the free volume distribution, due to the presence of

nanoparticles.

" Reprinted with permission from “Reverse-selective membranes formed by dendrimers
on mesoporous ceramic supports” by S. Yoo?, S. Yeu!, R. L. Sherman, E. E. Simanek,
D. F. Shantz, and D. M. Ford, J. Membr. Sci. 334 (2009) 16-22. © 2009 by Elsevier
B.V.
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Another approach employs nanocomposites comprising organic moieties
deposited onto a mesoporous ceramic framework. This approach allows one to design
and build membranes that simultaneously deliver the desired chemistry and the desired
free volume thereby making the membrane formation process quite versatile. This
approach of forming organic-inorganic composites has shown great promise in creating
materials for solubility-based separations [20, 105, 123-126]. Work in the Ford lab [105,
123-125] and that of J.D. Way [20, 127-129] has led to structure-property relationships
for membranes comprising organosilanes attached to porous silica and alumina. This
work demonstrated that it is possible to rationally modify permeation properties by
choosing pore size, and type and amount of organic group deposited. The Martin group
has used similar nanocomposites to carry out enantiomeric separations in the liquid

phase [130].

Here we develop this concept of engineering the membrane nano-architecture by
exploring a new type of organic phase, melamine-based dendrimers. In this study, we
have achieved impressive reverse selectivities by engineering the organic phase and
choosing an appropriate mesoporous substrate. Melamine-based dendrimers were
chosen as a scaffold for functionalization in order to control free volume and solubility
of the membranes. Also, the current work shows that a small residual amount of solvent,
often present in the membranes even after drying, can have significant effects on the

separation selectivity.



59

3.2  Experimental

Generation 1, 2 and 3 dendrimers were iteratively synthesized on mesoporous
ceramic Membralox® supports and capped with dodecyl amine groups, as described in
section 2.1. Membrane permeance was measured for nitrogen, helium and propane as
shown in section 2.5.1. Unless otherwise noted, all data presented here were obtained

using a pressure difference of 20 psi.

3.3 Results

Fig. 3-1 shows representative helium, nitrogen, and propane permeation data on
the bare membranes. The data shows that typical helium/nitrogen selectivities fall in the
range of 2.2 — 2.4, consistent with previous literature indicating that these membranes
likely have some small number of pinhole defects [127]. The propane permeance
exhibits an abrupt increase with pressure due to surface diffusion on the inorganic
surface; the propane/nitrogen selectivities observed are low (~ 2.1 at 20 psi) and

consistent with previous literature [125, 131].

Fig. 3-2 shows helium/nitrogen selectivity versus nitrogen permeance data for a
membrane from bare to G3 functionalization. (Note that the dendrimers grown on these
membranes were capped with piperazine, rather than the long C12 functionality shown
in Fig. 2-2). The data clearly show a significant enhancement in permeance after RCA
treatment, which could be caused by desorption of contaminants from the bare

membranes, a nominal increase in the pore size due to the basic / acidic cleanings, or
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both. The permeance decreases as the dendrimer generation increases while the
helium/nitrogen selectivity remains effectively constant over the different dendrimer
generations shown in Fig. 3-2. The permeance decreases are not as large as those seen

for C12-capped dendrimers, as presented next.

Fig. 3-3 shows the separation performance of our composite membranes in the
usual form of selectivity vs. permeance (i.e. Robeson plot). The first-generation
dendrimer, G1-C12, yields a slightly enhanced permeance with negligible change in
selectivity relative to the untreated support. G1-C12 is too small to have much effect on
transport through the mesopores, except near the pore surface where it may enhance
adsorption and surface flow. The second-generation dendrimer, G2-C12, shows a
reduction in permeance with a slight increase in selectivity. This larger molecule is
starting to fill the pores, which has the simultaneous effects of reducing permeance and
likely solubilizing the propane to enhance selectivity. Finally, the G3-C12 samples
show dramatic increases of selectivity, with values ranging between 5 and 70. By
contrast, a commonly used commercial polymer membrane, polydimethylsiloxane
(PDMS), shows a selectivity of 18 [132]. One of our G3-C12 dendrimer-ceramic
nanocomposite membranes thus shows a selectivity nearly 4 times higher than a standard

industry benchmark, a remarkably promising result.

To view this from another perspective, we estimated the solubility-selectivity
(last term on the right-hand-side of Eq. (1-25)) using correlations based on the vapor
pressures of propane and nitrogen [133] and on the solubilities of these two gases fit

across a wide range of liquids and polymers [134]; the results were 46 and 59
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Fig. 3-3. Robeson plot of the propane/nitrogen separation performance of the
nanocomposite membranes. Each individual point represents the results from one

membrane piece. The PDMS value is from the literature [132].
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respectively. Also, bulk polyethylene exhibits a propane/nitrogen solubility-selectivity
of 55 for HDPE and 93 for LDPE [135]. Our best G3-C12 membranes are thus showing
an overall performance at or near the upper limit of theoretical expectations; presumably
the hyperbranched structure of the dendritic groups brings both high solubility-
selectivity and a high enough free volume so that the ratio of diffusivities of the two

species is driven close to unity.

While the high selectivities observed for some of the membranes in Fig. 3-3 is
very exciting, the dramatic spread in the selectivities needs to be understood. Fig. 3-4
shows the data for the G3-C12 membranes in Fig. 3-3 as propane permeance versus
nitrogen permeance. The diagonal in Fig. 3-4 now corresponds to a selectivity of one
and the most selective membranes are the points that are farthest from the diagonal. The
overall shape is now like a fishhook with the most selective G3-C12 membrane at the
tip. Two possible conclusions can be drawn from this plot. First, the ability of the
organic phase to reduce the light gas (nitrogen) flow appears to be key in making
membranes that are selective for the heavy gas (propane). Only in the region where the
nitrogen permeance drops most sharply does the selectivity become appreciable;
furthermore, the trend of decreasing nitrogen permeance correlates with increasing
physical size of the dendrimers employed. Second, once the light gas (nitrogen) flow is
sufficiently restricted, the ability of the organic phase to solubilize the heavy gas
(propane) appears to be key in creating the most selective membranes. Within the G3-

C12 data on the far left in Fig. 3-3, differences in selectivity correlate more strongly with
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differences in propane permeance than nitrogen permeance; the underlying cause is most

likely based on solubility effects.

This latter conclusion still begs the question of the mechanistic reason for the
large range of selectivities across the G3-C12 group. Initial efforts to address this
focused on the variability of the underlying support, careful examination of the amine
functionalization, etc. Our best assessment, from that work, is that the inherent
differences in the substrate do not cause the large variations in selectivity for the G3-C12
samples observed in Fig. 3-3 and 3-4. For example, even though helium/nitrogen
selectivity and permeance for several membrane pieces did not show large difference
from the behavior and the values in Fig. 3-1 and 3-2 (from bare to dendrimer attached
membranes), the resulting alkyl functionalized membranes showed a wide range of
propane/nitrogen selectivity (2 — 19) without noticeable correlation with membrane
history. This implies that the inherent differences in membrane pieces such as defects
may not be a critical factor in G3-C12 membranes since in all likelihood the selectivities
observed are driven by differences in the solubility of the two molecules. Moreover,
based on previous work from our labs the dendrimer synthesis proceeds cleanly on a
variety of inorganic substrates and thus it seems unlikely that the differences are due to

inherent variability in the dendrimer synthetic chemistry.

These conclusions led us to think about the effects of residual THF solvent in the
membranes, as affected primarily by the details of the rinsing and drying steps in the
synthesis process. We decided to test for solvent effects by taking existing membranes

through a cycle of re-rinsing and heating, and we made several very important
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observations. It was anticipated originally that heating would not be needed remove all
the residual THF. Fig. 3-5 shows the propane/nitrogen selectivity for a membrane that
displayed a very high selectivity (i.e. the point with a propane/nitrogen selectivity of 49
in Fig. 3-3) after a series of rinsing/drying treatments. In Fig. 3-5, Initial is the first
measurement of permeance and the selectivity after synthesis (as shown in Fig. 3-3),
THF soaking is the results measured after rinsing the membrane with THF for 30 min
followed by 2 h drying in ambient condition, and 100°C drying is the measurement after
drying the membrane overnight in the oven at 100 °C. The results in this figure show
the effect of THF on membrane performance. The first THF soaking test (THF soaking
I) showed a decreased selectivity compared to the initial result, which could be ascribed
to the adsorption of moisture in the membrane pores since this test was performed 2
years after the initial test. This conclusion seems reasonable in that Gallaher and Liu
[104] demonstrated from their thermal treatment tests that the adsorption of moisture to
Membralox membrane is very strong. By repeating experiments, the effect of moisture
adsorbed in the pores may be reduced as shown in Fig. 3-5, that is, as drying at 100 °C
and rinsing with THF repeated, the nitrogen and propane permeance after 100°C drying
gradually increased (compare 100°C drying I, Il, and Ill) whereas the nitrogen
permeance decreased and the propane permeance increased after THF soaking (compare
THF soaking I, 11, and Ill). In terms of propane/nitrogen selectivity, while the results
after 100°C drying show low values, the selectivities after THF soaking significantly
increased again even up to 80. This indicates that there is an effect caused by residual

solvent (THF) in the membrane. To understand this solvent effect, the solubility
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coefficients of nitrogen and propane in THF were compared. Since, to the best of our
knowledge, there are no reports on experimental comparison of solubility between
nitrogen and propane in THF at room temperature, we calculated the solubility
coefficient of propane in THF at 20 °C by extrapolating the solubility in Gibanel et al.’s
results [136] as a function of Lennard-Jones constant [137]. This calculation was based
on the relation that log x, (X» is the mole fraction of gas) is linearly proportional to
Lennard-Jones constant for different gases in the same solvent, suggested by Jolley and
Hildebrand [138]. Fig. 3-6 shows that Gibanel et al.’s data are in good agreement with
the observation of Jolley and Hildebrand. The solubility coefficient of propane that was
obtained from calculation is 525.6 mole/(m? bar), which means the ideal solubility-
selectivity is 86 when using the experimental value [136] for the solubility coefficient of
nitrogen. Therefore, some extraordinarily high selectivities could be attributed to
residual THF in membranes provided the solubility difference is dominant compared to

that of the diffusivity.

To attempt to further validate this conclusion, Fig. 3-7 shows the same set of
experiments performed on a membrane that displayed a low propane/nitrogen selectivity
(selectivity of 6 from G3-C12 membranes in Fig. 3-3). Although overall selectivities are
lower than those in Fig. 3-5, the results show very similar behavior to the data of Fig. 3-
5. As to G2-C12 membranes with higher permeance, high selectivities were not
observed even after THF soaking, possibly because the retention of solvent is not as
strong with the smaller organic functionality. Other possible explanations for the

difference in absolute selectivities between Figs. 3-5 and 3-7 could be the variability of
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the substrate, either in terms of surface hydration state or pore size distribution. Slightly
smaller pores, for instance, would likely lead to inefficient capping of the dendrimers
with Cy, chains and presumably change both the propane and nitrogen permeability as

well as the affinity of the residual THF to remain in the membrane.

While in some sense the results in Figs. 3-5 and 3-7 are not encouraging, some of
the selectivities are extremely high and we now have a rational basis for explaining both
the high selectivities and the scatter shown in Fig. 3-3. There is some inherent
variability in the underlying membrane support (pore size, surface hydration, etc.) that
affects the progress of the in situ dendrimer synthesis chemistry, resulting in variable
dendrimer loading in the mesopores under the same reaction protocol. This variability in
dendrimer loading probably accounts for some of the scatter in the permselectivity
measurements for G3-C12 membranes in Figs. 3-3 and 3-4. However, it is also
reasonable to assume that the amount of retained solvent is sensitive to the dendrimer
loading. This provides an additional source of variability, and likely a significant one,
since we have demonstrated that the membrane permselectivity properties can be
tremendously sensitive to soaking/drying cycles with additional solvent. In some cases,
re-solvating the membrane with THF resulted in selectivity higher than that seen in the

original as-synthesized state.

Given the importance of residual solvent in the modified membranes, an issue of
practical importance is the stability of that solvent and how the performance of these
membranes will change with time on stream. Fig. 3-8 shows the nitrogen and propane

permeances and selectivity at 20 psi as a function of time on stream for a G3-C12
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membrane. The membrane was dried at 100 °C overnight, followed by soaking in THF
for 30 min and drying at room temperature for 30 min before the test. The nitrogen
permeance increased by approximately 50% and then stabilized within 20 h, and propane
also showed an increase in permeance after a nitrogen permeation test for 96 h. After a
propane permeation test, the nitrogen permeance in second test almost recovered the
initial value. Selectivity was calculated based on the nitrogen permeance at 100 h. This
result indicates that the residual solvent is so stable in G3-C12 membranes that the stable

selectivity can be obtained after an initial (likely partial) loss of solvent by gas flow.

3.4 Conclusions

We have created dendrimer-ceramic nanocomposite membranes that show
exceptionally high selectivity for a small hydrocarbon species (propane) over a light gas
(nitrogen) with a large scatter in selectivity. Through the repeated drying/rinsing
treatments of the membranes, it was found that the residual solvent in membranes
appeared to be critical to the membrane performance. Although the adsorbed solvent in
membranes is removable at high temperature, the adsorption was strong enough not to

cause the abrupt change of permeance and selectivity during the permeation test.
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CHAPTER IV
ITERATIVE SYNTHESIS OF MESOPOROUS SILICA

IN MACROPOROUS CERAMIC SUPPORTS

4.1 Introduction

Inorganic materials such as zeolites, silica, titania, and alumina have been widely
investigated as porous membranes due to their excellent chemical and mechanical
stability, which is often hard to achieve in polymeric membranes. One of the challenges
of inorganic membranes, however, is to prepare defect-free membranes, and much effort
has been expended toward this end [84, 139-141]. Uniform pore sizes are also highly
desired to achieve high selectivities. For these reasons, ordered mesoporous silica
(OMS) has attracted much interest as a membrane material. Reid et al. [142], for
example, added MCM-41 in polysulfone membranes to increase gas permeability
without losing selectivity. Also, hybrid membranes of OMS grown in macroporous
alumina supports have been explored in an effort to develop membranes with narrow
pore size distributions, which may offer more consistent framework for the synthesis of
nanocomposite membranes. For example, Nishiyama et al. [143] deposited MCM-48 on
a porous alumina support by hydrothermal treatment. McCool et al. [82] compared dip-
coating with hydrothermal deposition for fabrication of a highly permeable, defect-free
membrane. Brinker and coworkers synthesized a thin and uniform mesoporous silica

film on ceramic supports by aerosol-assisted deposition [144], and recently reported the
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synthesis of dual micro-/mesoporous silica-layered membranes exhibiting high
permselectivity [12]. Yoo et al. [84] synthesized defect-free mesoporous silica-alumina
membranes by repeating dip-coating cycles. Although these works have demonstrated
that OMS can be a promising material for the porous membranes with uniform and
defectless framework, more studies on defect and surfactant removal are necessary to
meet the requirements of practical use, in that most of the works for OMS composite
membranes have been made on flat disk-type supports without detailed study on
surfactant removal. In this study, tubular mesoporous silica (MS)-ceramic membranes
have been prepared via multiple dip-coating or inside dip-coating cycles, since currently
most of the membrane modules for gas separations are hollow-fibers [8]. Also, the

effect of the surfactant removal step on membrane performance was investigated.

4.2  Experimental

The membranes synthesized by simple dip-coating and ethanol extraction were
denoted as SD-EtOH. The other membranes were synthesized by multiple cycles of
inside dip-coating followed by ethanol extraction and/or calcination, and are denoted as
ID-EtOH for the samples prepared by ethanol extraction, ID-Calcin for the samples that
were calcined, and ID-EtOH-Calcin for the samples that were first extracted and then

calcined. Detailed procedures are given in section 2.2,

To analyze the microstructure of the membrane, Scanning Electron Microscopy

(SEM), Energy Dispersive X-ray Spectroscopy (EDS), Transmission Electron
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Microscopy (TEM), powder X-ray diffraction (XRD) and nitrogen adsorption
porosimetry were performed as described in section 2.6. All the measurements have
been made after surfactant removal. Also, single gas permeability test was carried out in
the apparatus described in section 2.5.1 using nitrogen, helium and propane in the
transmembrane pressure range of 5 to 40 psi. Unless otherwise noted, all data presented

here were obtained using a pressure difference of 10 psi.

4.3 Results

The characterization was made on the four-time coated ID-EtOH-Calcin samples
to obtain information about the MS-ceramic composite membranes. Fig. 4-1 shows the
SEM and EDS elemental images of cross-section view of a MS-ceramic membrane. The
SEM image clearly shows the active (0.2 um pore size) layer and the support layer of the
alumina membrane. The EDS data indicate that the silicon is well dispersed throughout
the membrane, suggesting that silica has been evenly incorporated into the active layer

of the membrane after the four coating cycles.

Powder XRD was used to study the microstructure of the incorporated silica in
the alumina support. Fig. 4-2 shows the powder XRD patterns of a four-time coated ID-
EtOH-Calcin sample and a bare alumina membrane. Though the MS-ceramic membrane
shows a weak and broad peak in the range of 1 — 2 ° 20, it was not possible to find an
ordered mesopore phase from this data. This could be because the mesoporous silica is

formed with a tortured orientation in the confined macropores of the support [145] or the
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Fig. 4-1. SEM (top) and EDS (Si Ka) (bottom) images for the cross-section of a

MS-ceramic membrane.
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Fig. 4-2. Powder XRD patterns for MS-ceramic membrane and bare Membralox®

membrane.



80

amount of silica phase is too small compared with the ceramic support. The diffraction
data shown is qualitatively consistent with so-called ‘wormhole’ disordered silicas;
these materials possess reasonably unifom pore sizes but have little longer range order.
In a work by Xomeritakis et al. [144], the mesoporous silica films deposited on the
alumina support did not exhibit any distinct peaks when regular XRD was employed,
which was ascribed to the random orientation of the silica mesophases in the films. Yoo
et al. [84] also did not obtain meaningful XRD peaks for OMS from composite
membranes, even though the presence of ordered mesopores was evidenced by TEM and
FFT (Fast Fourier Transform) processed TEM images. In this work, attempts to dissolve
the alumina support and analyze the sole mesoporous silica phases have also been made
by stirring membrane powders for a week in phosphoric acid or the mixture of
hydrochloric acid and nitric acid, which, however, was unsuccessful due to the strong

chemical stability of the Membralox® membrane.

TEM was employed for a four-time coated ID-EtOH-Calcin membrane to probe
the presence of mesopores. Fig. 4-3 shows a representative TEM image of the
nanocomposite. As can be seen the domains are disordered. The ordering of
mesoporous silica synthesized from Brij-56 can be strongly affected by diverse factors
such as the ratio of surfactant/silicate [146], acid concentration [147], and synthesis
temperature [108, 148]. For example, Hayward et al. [108] observed a distorted 6-fold

symmetric pattern in the silica phase at an aging temperature of 37 °C, cubic (l1a3d)

structure at 45 °C, and lamellar structure at 47 °C. Given that the mesoporous silica

phases are formed in the macroporous supports that have a pore-size range of 0.2 — 10



Fig. 4-3. TEM image of a MS-ceramic membrane.
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pm and thickness of 1.5 mm, some inhomogeneity of the synthesis conditions during
EISA may take place. Deviations from the uniform mesoporous structure have also been
observed in the previous reports on OMS membranes templated by Brij-56 [84, 144,

149].

Fig. 4-4 shows a nitrogen adsorption/desorption isotherm and a pore size
distribution determined by the Barrett-Joyner-Halenda (BJH) method for a four-time
coated ID-EtOH-Calcin membrane. Although this isotherm exhibits a very low nitrogen
adsorption, a sharp peak around 2 — 4 nm is clearly seen in the pore size distribution plot.
The BET surface area and the BJH pore size of the MS-alumina membranes are about 20
m?/g and 2.7 nm, respectively, and these values were reproducible. It should be noted
that the nitrogen adsorption measurement for a bare Membralox® membrane showed the
BET surface area of 0.52 m?/g and no appreciable peak in the BJH pore size distribution.
Though the silica pore sizes of 2 — 4 nm are well agreed with the previous studies on
Brij-56 templated OMS [144, 146-148, 150, 151], the pore size of 2.7 nm is more or less
smaller than an observation in the previous work [84] that has used the same coating
solution and conditions but used only ethanol extraction to remove surfactants. This
could be due to the shrinkage of mesoporous silica by high temperature calcination [149,

152], which may not occur to the solvent-extracted samples.

To check if the surface area of the MS-ceramic membrane is reasonable, the
amount and the surface area of the incorporated mesoporous silica were estimated. First,
OMS was synthesized and calcined without support under the same conditions as those

for the MS-ceramic membranes to obtain the BET surface area of OMS (700 m?/g).
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Next, the maximum silica loading was estimated to be 0.088 g-OMS/g-support assuming
the density of the Brij-56 templated OMS and nonporous alumina as 1.1 g/cm® [153] and
3.92 glem® respectively. Then, the maximum surface area of the MS-ceramic
membrane is calculated to be 57 m?/g. Thus, the BET surface area of 20 m?/g is about
35 % of the maximum surface area that can be obtained from our MS-ceramic
membranes. This value is in very good agreement with the actual weight change: the
weight of a membrane piece after the four coating cycles increased about 2.9 wit%,
which corresponds to 33 % of the maximum silica loading. Therefore, it can be
concluded that about 35 % of the pore volume of the alumina support is filled by

mesoporous silica after the four coating cycles.

Fig. 4-5 shows that membrane performance depends on the methods of coating
and surfactant removal. The 0.2 um alumina support exhibits a He/N; selectivity of 1.94
+ 0.03 with a He permeance of 15.9 + 0.9 mol/(sec.m®bar). This He/N, selectivity is
much lower than the ideal Knudsen selectivity of 2.65, caused by the viscous flow

contribution. The gas permeance in a porous layer may be given by Eq. (4-1):

4elr [ 8 1 1(e) r? )1
=S = ==t | —|—<p> (4-1)

3Nz )IVART yM s,z \RTl Jp
where ¢ is the porosity, 7 is the tortuosity, r is the mean hydraulic pore radius, | is the
thickness, M is the molecular weight of a gas, 7 is the gas viscosity, <p> is the mean
pressure inside the membrane, and s; and s; are the shape factors. The first term and the

second term of RHS in Eq. (4-1) account for Knudsen diffusion and viscous flow

respectively. The shape factors are assumed to be s; = 0.8 and s, = 2.5 for consolidated
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media, which have been used in many works [154, 155] since suggested by Carman
[156]. The He permeance and the He/N, selectivity of the alumina support can be
calculated from Eq. (4-1) to be 23.0 mol/(sec.m%bar) and 1.98 respectively, assuming &=
0.35[104], =2.5[157], r = 100 nm, and | = 40 um (the active layer thickness estimated
from the SEM images) at a pressure drop of 10 psi. The calculated values are in very
good agreement with the experimental results, which shows that a reliable model can be

obtained from Eq. (4-1) provided the parameters are reasonably assumed.

In case of mesoporous silica-coated membranes, a viscous flow contribution in
Eq. (4-1) becomes negligible unless there are defects in the mesoporous silica layer. If
the pore size is assumed 5 nm, Knudsen contribution reaches about 99.5 % and the
He/N, selectivity approaches 2.62 from Eq. (4-1). However, it is observed in Fig. 4-5(a)
that the He/N, selectivity of the SD-EtOH membranes is about 2.0 after the one dip-
coating cycle. This could be understood as a result of a defective filling of the pores at
the initial coating cycles [84] or by a partial loss of silica phases during ethanol
extraction. The defects could be healed as the silica coating cycle is repeated, as shown
in Fig. 4-5(a). The four-time coated membranes, however, show a slightly decreased
selectivity with substantially large deviations in both permeance and selectivity, likely
due to non-uniform filling of the pores or incomplete removal of surfactants. The
selectivity drop after the multiple coatings has not been observed in the previous work
[84] where anodic alumina disc membranes were used for support. This difference
could be ascribed to the tortuous and interconnected pore morphology of the a-alumina

membranes compared to the uniform and cylindrical pore structure of anodic alumina
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membranes. Moreover, the Membralox® membrane has a very thick support layer (2
mm) while thickness of anodic alumina membranes is 60 um, which could make the

removal of surfactants from the MS-ceramic membranes more difficult.

To address this problem, inside dip-coating method was used to obtain a uniform
coating layer in the 0.2 um macropores. Fig. 4-5(b) shows the membrane performance
of ID-EtOH samples. Surprisingly, the highest selectivity was obtained after the two-
time coating, and after the three and four coating cycles selectivity dramatically dropped

to levels even lower than that of the alumina support.

Two hypotheses have been suggested and examined to understand these results.
First, defects could be responsible for this low selectivity. This looks plausible in that
even small amounts of defects can have a significant effect on the selectivity when the
permeance becomes very low. 0.7 pm-sized defects can cause the selectivity to drop to
as low as 1.5 at a pressure drop of 10 psi. The effect of defects on permeance can be
expressed by Eq. (4-2), where total permeance (Pr) is given as the sum of the permeance

through the membrane (Pr,) and the defects (Pg) [155]:
P, =1-a)P, +aP, (4-2)

where a is the defect ratio (defect area/membrane area). The presence of defects results
in an increase of permeance with pressure due to the viscous flow contribution. Egs. (4-
1) and (4-2) predict that for the He/N, selectivity of 1.6 the permeance should increase
by 1.4 times for nitrogen and 1.2 times for helium as the pressure increases from 5 to 30

psi. Fig. 4-6(a) shows the normalized nitrogen permeance as a function of pressure (5 to
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30 psi) for an ID-EtOH membrane. The one-time coated membrane shows a sharp
increase of permeance with pressure due to the defective flow. But, for three- and four-
time coated membranes the permeance was almost constant with pressure change, which

disproves the hypothesis that defects caused low He/N, selectivity.

Another possible hypothesis is that the unremoved surfactants in the mesopores
can affect the selectivity. In this case, gas transport could be partly governed by a dense
region in the membrane as well as the anticipated transport through porous media. To
probe this, the membranes were calcined at 500 °C for 5 h after each coating. Fig. 4-5(c)
shows the results for the ID-Calcin membranes. Strikingly, although these membranes
exhibited higher permeance and selectivities than the ID-EtOH samples, they still

showed an abrupt drop in selectivity after the three and four coating cycles.

For a complete removal of surfactants, both ethanol extraction and calcination
were performed. Fig. 4-5(d) shows that the one-time coated ID-EtOH-Calcin
membranes exhibit almost the same performance as the one-time coated ID-Calcin
samples, while the selectivities of multicoated membranes range between 2.3 and 2.5.
These selectivities are much higher than those of the other inside dip-coated samples, but
lower than the ideal Knudsen selectivity (2.65). Nevertheless, defects do not seem to be
the reason for this because the nitrogen permeance of the four-time coated ID-EtOH-
Calcin membranes was almost constant with pressure as shown in Fig. 4-6(b). The
selectivity deviation from the ideal value is often observed even for the defect-free
membranes when the gas transport resistance of the support is too large to be neglected.

Xomeritakis et al. [144] obtained a He /N, selectivity of 2.43 from their 2 nm
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mesoporous silica-alumina membrane, which was ascribed to the effect of the support
resistance. The ID-EtOH-Calcin membranes should also be considered to have strong
resistance in the support layer. As stated earlier, MS-ceramic membranes have gained
weight by 2.9 wt% (33 % of maximum silica loading) after the four coating cycles. This
means that the thickness of the mesoporous silica layer should be at least 500 pm.
However, the He permeance calculated from Eq. (4-1) assuming 500 pum thickness is 6 x
10" mol/(sec.m%bar), which is smaller by 30 times than the experimental result (0.174 +
0.006 mol/(sec.m?bar)). Comparable permeance to the experimental value can be
obtained when the thickness of the mesoporous layer is 10 — 30 um. In fact, this is
reasonable result considering the structure of Membralox® membrane: thickness of the
active layer (0.2 um pores) and support layer (10 um pores) are about 40 um and 1.5
mm, respectively. Actual thickness of the defect-free mesoporous layer, thus, may not
exceed 40 um since the film formation without defect in the coarse pores is very
unlikely. Therefore, significant amounts of the mesoporous silica are likely to make new
defective layers that have much smaller pore sizes than that of the coarse alumina
support layer. This new-formed support layers will significantly increase the resistance,
resulting in lower selectivity than the Knudsen prediction. A resistance in series
approach may be used to estimate how support layer affects the permeance and
selectivity [154, 158]. For example, if the pore size, the porosity/tortuosity ratio (¢/7)
and the thickness are assumed to be 2.7 nm, 0.06 (the product of (¢/z7) of OMS and
alumina support) and 20 pm for the active layer, and 1.5 um, 0.004 ((1.5/10)° - (¢/t)aiumina

support) and 500 pm for the support layer respectively, the pressure drop across the
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support layer is each 1.9 psi for nitrogen and 3.3 psi for helium when a total pressure
drop of 10 psi is applied (gas flow through the mesoporous silica phases in the support
layer can be neglected since the contribution of this region is less than 1 % of the total
flow through the support layer). This results in the He permeance of 0.17
mol/(sec.m?bar) and the He/N, selectivity of 2.35, quite comparable values to the

experimental results (Appendix A).

Propane permeance experiments were also performed on the ID-EtOH-Calcin
membranes to check for diffusion effects (Fig. 4-7). The one and two coating cycle
membranes show a drop in their propane/nitrogen selectivity. However, the C3Hg/N,
selectivity abruptly increases with additional coating cycles. This tendency can be
explained by the change of the gas transport mechanism: i.e. as the coating cycle is
repeated, Knudsen contribution (CsHg/N, = 0.8) becomes more and more dominant
compared to the Poiseuille (viscous) flow (C3Hs/N, = 2.16 in ambient condition), and the
surface diffusion is significantly enhanced with an increase of surface area. This result
suggests that the thickness of the mesoporous silica layer affects the surface flow. Also,
it should be noted that the four-time coated membranes that exhibited low He/N;
selectivity showed C3Hg/N; selectivities between 1.2 and 1.5, which implies that the high
selectivity of the four-time coated ID-EtOH-Calcin membranes is not caused by the

unremoved surfactant, but by clean silica pore surfaces.
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Fig. 4-7. Propane/nitrogen selectivity with propane permeance for ID-EtOH-Calcin
membranes. Blank circle and filled circles from right to left represent bare, one-, two-,

three- and four-time coated membranes, respectively.
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4.4 Conclusions

Mesoporous silica (MS)-ceramic membranes have been synthesized using
multiple cycle conventional dip-coating or inside dip-coating method. Although
diffraction methods indicate the absence of long-range order, uniform mesopore phases
could be observed by TEM and nitrogen adsorption. Membrane permeance test showed
an interesting behavior depending on the coating and solvent-removing methods. The
MS-ceramic membranes prepared by dip-coating exhibited a large variance in both
permeance and selectivity as the coating cycle is repeated. As to the membranes
synthesized by inside dip-coating, multiple coating cycles resulted in an unexpected low
He/N, selectivity, which could be ascribed to the effect of the unremoved surfactants.
Strikingly, this organic moiety could not be thoroughly removed even by calcination at
500 °C for 5 h, and it was demonstrated that after using combined methods of solvent
extraction and calcination clean MS-ceramic membranes can be obtained. These

membranes provided defect-free properties with moderately high permeance.
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CHAPTER V
SURFACE-MODIFIED ANOPORE™ MEMBRANES

FOR PROTEIN MICROFILTRATION *

51 Introduction

Anodized aluminum oxide (AAO) membranes are frequently used for many
applications due to their cylindrical macropores that have a very narrow pore size
distribution. Anopore™ alumina membranes are one class of commercially available
and heavily studied AAO membranes [159, 160]. In the current work they should serve
as an excellent membrane support for protein filtration, for they are expected to exhibit
high reproducibility in flux behavior and thus in a sense are model ceramic membranes
for studying protein fouling. In the current work the synthesis, characterization, and
fouling behavior of a series of Anopore™-organic hybrid membranes are reported. It
was anticipated that by integrating the uniform pore size of the underlying ceramic
membrane with designed organic layers protein fouling could be ameliorated. This is in
fact observed and the results point to the potential of designing hybrid membranes that
could have potentially superior properties to either purely ceramic or purely polymeric

membranes.

) Reprinted with permission from “The effect of surface modifications on protein
microfiltration properties of Anopore (TM) membranes” by S. Yeu, J. D. Lunn, H. M.
Rangel, and D. F. Shantz, J. Membr. Sci. 327 (2009) 108-117. © 2009 by Elsevier B.V.



95

Bowen and Gan [65] studied BSA filtration through aluminum oxide membranes
with a mean pore size of 0.22 um, and suggested that the pore constriction model
explained the observed flux decline. This implies that the surface properties may play a
critical role in reducing fouling. Given the relative complexity of the membranes
investigated here, it was decided to follow simple modeling approaches, which

nonetheless lead to reasonable physical insights about the system.

52  Experimental

Amine, Pluronic, and PEG functionalized membranes were synthesized
respectively, and the detailed procedures are described in the section 2.3 and Fig. 2-4.
Given the numerous functionalization schemes used Table 5-1 summarizes the different

samples made and sample abbreviations that will be used throughout.

Characterization of the membranes and analysis of the organic moiety were
performed by FE-SEM, XPS, IR and TGA. The particle size of BSA was measured

using light scattering. More information about the analysis is given in section 2.6.

Fouling behavior was studied by protein filtration test (section 2.5.2). Flux
decline during filtration monitored to determine the fouling model and fouling
parameters. Normalized flux plots were calculated by differentiating the filtrate and

normalizing them by the initial flux.
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Table 5-1. Composite membrane samples and the abbreviations used in the text to

denote them. Gx refers to a dendrimer of generation Xx.

Composite Membrane Abbreviation
Amine functionalized alumina membrane AAM
Amine functionalized silica-coated membrane ASM
OTS-Pluronic coated membrane PCM
Amine-PEG functionalized membrane APM
Dendrimer (Gx) functionalized membrane DGxM

PEG-Dendrimer (Gx) functionalized membrane PDGXxM
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5.3 Results

The functionalized membranes showed more or less lower initial flux than bare
membranes. While the initial flux of amine-functionalized membranes did not show
significant changes, a large decrease of initial flux was observed in case of Pluronic and
PEG-functionalized membranes. For completeness Table 5-2 shows the initial flux data

for the various samples analyzed.

5.3.1 Amine-Functionalized Membranes

Fig. 5-1 shows FE-SEM images of the parent Anopore™ membranes and a
silica-coated amine-functionalized membrane. As can be seen from the images, the
silica coating does not dramatically alter the pore size as the walls of the pores appear
very similar, if not slightly thicker, than the walls of the parent membrane. Hydraulic
permeability measurements indicate the mean pore size decreases from 242 to 236 nm
upon silica coating. Fig. 5-2 shows the XPS data for the bare, amine-functionalized
(AAM), and silica-coated amine functionalized Anopore™ (ASM) membranes. The
XPS data shows that, as expected, there is in an increase in the carbon, nitrogen, and
silica present on the surface after membrane functionalization. The XPS data also
indicates, at least qualitatively, that the amine-grafting step is more efficient after the
membrane has been silica-coated. While it is tempting to draw quantitative conclusions
from C/N ratios determined by XPS, in our hands this seems suspect. As an example we

show data in Fig. 5-3 that both the bare membranes and silica - coated membranes have



Table 5-2. Initial fluxes for various samples determined in membrane testing.

Membrane sample Protein Jo (M/h)
Anopore BSA 1.82
AAM BSA 1.79
ASM BSA 1.73
Anopore LSZ 1.65
AAM LSZ 1.77
ASM LSZ 1.62
PCM (M:W 0:1) BSA 1.38
APM (2mM) BSA 1.16
PDGIM (1ImM) BSA 0.82

PDG1M (2mM) BSA 0.94
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Fig. 5-1. FE-SEM images of (top) Anopore™ and (bottom) silica-coated amine-

functionalized Anopore™ membranes.
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Fig. 5-2. X-ray photoelectron spectroscopy (XPS) results for (from top left and right to
bottom) Anopore™ membrane, amine-functionalized Anopore™ membrane (AAM),

and silica-coated amine-functionalized Anopore™ membrane (ASM).
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Fig. 5-3. High resolution XPS scans of (from top left and right to bottom) Anopore™
membrane, amine-functionalized Anopore™ membrane (AAM), and silica-coated

amine-functionalized Anopore™ membrane (ASM).
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non-trivial amounts of residual carbon on them. Thus, attempting to draw quantitative

conclusions from the C/N ratios seems unwarranted.

Fig. 5-4 shows the normalized flux data from microfiltration experiments of
Bovine Serum Albumin (BSA) and Lysozyme (LSZ) over amine-functionalized
membranes. Several conclusions can be drawn from this figure. The lysozyme flux for
the bare membrane shows a more significant decline than BSA, which is reasonable
considering low isoelectric point of Anopore™ membranes (pH ~ 4) [42]. For the
amine-functionalized alumina membranes (AAM) the flux data are nearly identical to
those for the bare alumina. This is consistent with the XPS and IR results that indicate
that the amine functionalization of the alumina surface is inefficient. By contrast clear
differences can be observed between the bare Anopore™ membrane and the membranes
that were silica coated and then amine functionalized (ASM). For these samples the
BSA flux decreases compared to the bare membrane and the LSZ flux increases
compared to the bare membrane. This result is consistent with electrostatic effects, as
the pl values of BSA and LSZ are 4.7 and 11.0 respectively [161]. Thus, even for this
case of simple amine functionalization, the results indicate that significant changes in the
flux behavior (+/- 30%) can be realized by modifying the surface chemistry of the

alumina membrane.

IR spectroscopy was used to study the composite surface after the microfiltration
measurements. Fig. 5-5 shows the IR spectra of the materials after microfiltration and is
consistent with the flux data in Fig. 5-4. Consider the membranes used in the BSA

microfiltration tests, which showed a decreased flux upon amine functionalization. The
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Fig. 5-4. Normalized filtrate flux versus filtration time for (top) BSA and (bottom) LSZ.

Anopore™-ATS and Anopore™-SiO,-ATS are amine-functionalized (AAM) and silica-

coated amine-functionalized membranes (ASM), respectively.
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materials exhibit stronger absorption bands in the amide | (1665 cm™) and amide I
(1550 and 1500 cm™) regions, and C-H and N-H stretching regions (~2980 and ~3300
cm™) as compared to the parent membranes [162]. This result is consistent with more
protein deposited on the amine-functionalized silica coated membranes which is
consistent with the flux data. By contrast, the silica-coated amine-functionalized
membranes used in the LSZ microfiltration measurements have weaker absorption bands

in the amide | and 1l regions, again consistent with the microfiltration measurements.

5.3.2 Pluronic-Functionalized Membranes

Membranes were also investigated wherein Pluronic F108 was deposited on the
surface via hydrophobic interactions between the PPO block and octadecyl (OTS)
groups grafted to the membrane surface (samples denoted as PCM). Fig. 5-6 shows the
flux data for BSA for the F108-OTS-Pluronic functionalized nanocomposite membranes.
The key conclusion is that the F108 modified membranes display reduced fouling as
compared to the bare alumina membranes. This can be explained due to the PEO blocks
reducing (though not eliminating) non-specific protein adsorption. However, perhaps
surprisingly the flux data appear relatively insensitive to the solution deposition
conditions; this could be indicating that the effective Pluronic adsorption is quite low.
The effective pore size determined by permeation is 226 nm. This is discussed in more
detail below (vide infra). Samples were also analyzed where two Pluronic dip coating
cycles were performed; essentially no differences were seen in these materials based on

IR and XPS.
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An additional point of note is that when one tries to deposit Pluronic F108 from
methanol rich mixtures (methanol:water > 1:1) the initial flow rates are very low
compared to the other membranes. This can be understood by looking at the flow rate
test results in Fig. 5-7. Fig. 5-7 shows the observed initial flow rates of water and
ethanol through Anopore™ and PCM membranes as a function of pressure. For the
membrane where the Pluronic deposition was performed at a methanol:water ratio of
3:1, water could not penetrate at all through the OTS-modified membrane until 15 psi of
pressure drop, whereas ethanol easily flowed through this membrane. This can be
explained by the inability to deposit Pluronic on the OTS-functionalized membrane in

methanol, which results in a highly hydrophobic (and hence poorly wetted) surface.

Further evidence for this is obtained from IR (Fig. 5-8) and TGA (Table 5-3) data
of the samples. Regarding the IR data, by comparison with the parent Anopore™
membrane, the presence of OTS is evident as OTS has two sharp C-H stretching bands
at 2920 and 2850 cm™. The presence of F108 is manifested by the broadening of bands
at 2900 cm™, due to the C-H stretching band of the Pluronic. This broadening decreases
as the methanol:water ratio increases. The increase in absorption intensity between the
two OTS peaks is consistent with an increase in the amount of deposited F108. The
thermogravimetric analysis results shown in Fig. 5-9 and Table 5-3 are consistent with
the interpretation of the IR data and the trends in the fouling data and initial flow rates.
The data in Table 5-3 focus on the temperature range of 403 — 503 K since over 99% of
F108 decomposes in this range. The membranes where Pluronic was deposited from

methanol rich solutions (methanol: water of 1:1 or greater) show very similar weight loss
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Fig. 5-8. IR spectra of the OTS-F108-Anopore™ composite membranes before
microfiltration testing. From top to bottom: Anopore™ membrane, OTS-Anopore™
membrane, OTS-F108 composite membranes (PCM) prepared using methanol:water

ratios of 0:1, 1:3, 1:1, 3:1, and pure Pluronic F108.
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Table 5-3. Summary of the TGA data over the temperature range of 403 — 503 K for the
OTS-Pluronic / Anopore™ nanocomposite membranes (PCM). Ratio in parentheses in

the left column indicates the methanol:water ratio used in the Pluronic deposition step.

Membrane sample Percent Weight Loss
OoTS 0.58
PCM (1:0) 0.62
PCM (3:1) 0.61
PCM (1:1) 0.97
PCM (1:3) 1.22

PCM (0:1) 1.34
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to the OTS-functionalized membranes without any Pluronic deposited on them. This
similarity is consistent with the data in Fig. 5-7 that showed that these membranes had
poor wettability. Perhaps most significant, however, is that an effective Pluronic loading
of approximately 0.7 weight percent leads to a substantial decrease in fouling. Previous
work has shown that the surface area of an Anopore™ membrane with 200 nm pores is
approximately 7.5 m%g [159]. This number, when coupled with the weight loss
determined by TGA results in the estimate that on average there are approximately 1
mg/m? of Pluronic adsorbed on these membranes. This number is at the low end of the
range reported in a study by Schroen and coworkers [163] which reports between 2 — 1.5
mg/m? of Pluronic F108 adsorbed on hydrophobic modified silica surfaces. Thus, while
in the current work the surface is likely not at saturation coverage, a significant reduction
in fouling is nonetheless observed. Finally, PCM samples were rinsed with 2 L of DI
water and reanalyzed using IR and XPS. This data, as given in Fig. 5-10, shows no
discernable differences in the samples before and after rinsing. Thus, at least by this

test, the deposited Pluronic appears to remain on the membrane.

5.3.3 PEG-Functionalized Membranes

In an effort to increase the loading of EO groups PEG was covalently attached to
the surface [58, 59, 164]. Two approaches were taken. The first was simply to expose a

silica-coated amine functionalized membrane to an mPEG solution (APM). The second
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was to grow melamine dendrons from the surface of a silica-coated amine-functionalized
membrane and react mPEG with the peripheral amine groups of the dendron (see Fig. 2-
4, PDGxM). Fig. 5-11 shows BSA filtration data for these membranes. As can be seen
there is a significant decrease in membrane fouling for these materials as compared to
the bare Anopore™ membranes. Particularly for the membranes functionalized using 2
mM mPEG solutions, there is a significant improvement in the flux properties over the
80 minute period measured. The membranes functionalized with 2 mM PEG solutions
exhibit less fouling than the best OTS-F108 composite membrane (PCM samples). The
PDG1M (2 mM) membrane shows the greatest reduction in fouling. However, the APM
membrane displayed less fouling than the PDG1M membrane with less (1 mM) mPEG
even though the amounts of bound mPEG should be similar for the two membranes.
One possible explanation is that some unreacted amines on the G1 dendron result in
electrostatic interactions with the BSA leading to increased fouling. Permeability
measurements indicate the effective pore sizes of these membranes are 218 nm (APM, 2

mM), 198 nm (PDG1M, 1 mM), and 206 nm (PDG1M, 2mM).

Fig. 5-12 shows the IR data for the pegylated samples. The IR data is consistent
with PEG being successfully grafted onto the surface based on the C-H stretching bands
at ~2900 cm™. For the PEG capped dendron samples (PDG1M), another feature is
observed at ~1550 cm™ due to the C-N stretches of the triazine ring. The increasing
intensity of the bands at ~2900 cm™ is qualitatively consistent with increased PEG on

the surface and correlates well with the filtration data shown in Fig. 5-11.
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Normalized filtrate flux as a function of filtration time for a series of

pegylated Anopore™ composite membranes as well as the parent Anopore™ parent

membrane for comparison.
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Fig. 5-12. IR spectra of PEG-functionalized membranes. From top to bottom

Anopore™ membrane, ASM, APM, DG1M, PDG1M (1 mM), and PDG1M (2 mM).
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5.3.4 Modeling of the Filtration Measurements

Model fitting was performed on flux data to understand which fouling
mechanism is present in our microfiltration system. Fig. 5-13 shows the experimental
data and fitting (solid lines) of BSA filtration through the bare Anopore™ membranes
using the equations for the four models in Table 1-1. The results indicate that the pore
constriction model fits the data most satisfactorily (R*> = 0.997) over the range of data
obtained. An explanation for this was found from the BSA particle size measurements
using dynamic light scattering before and after the filtration test (Fig. 5-14). BSA
solutions exhibited distinct bimodal particle size distributions both before and after the
filtration, which shows the presence of BSA monomer and aggregates. While in our
measurements the particle sizes of monomeric BSA were constant (6 — 13 nm), BSA
aggregates after filtration showed significant reduction in size (20 — 40 nm) compared
with the aggregate size of 35 — 80 nm before filtration, and this pattern was reproducible.
This result is not in agreement with the previous reports from Zydney’s lab [39, 55].
Although they also obtained bimodal particle size distribution of BSA using light
scattering, two studies reported different aggregate sizes (200 — 400 nm [55] and 100 —
1000 nm [39]) with much higher intensity of aggregates than our data. This could be
because aggregation formation of BSA is susceptible to severe mixing condition, since,
in this study, BSA was dissolved in PBS very gently without vortex. Two observations
can be made from the DLS results. First, protein aggregates larger than the pore size of
the membranes were not observed before filtration although clearly aggregates are

present. This observation explains the absence of complete pore blocking. Second, the
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aggregate sizes observed after filtration indicate the removal of large particles by
adsorption on the pore surface and the generation of new protein aggregates from

monomers and/or aggregates under an increased friction in the pores.

Model fitting on lysozyme filtration data also showed that the pore constriction
model is the most appropriate one (R? = 0.999) that can account for the flux decline in
spite of the presence of large aggregates, and it turned out that the flux data on amine
functionalized and pegylated membranes were also well fitted to the pore constriction
model (R? = 0.993 ~ 0.999), as shown in Fig. 5-15. Although there may be a transition
in fouling models occurring for lysozyme filtration, the pore constriction model was

employed to make quantitative comparisons.

For the pore constriction model a linear relationship [46, 65] can be derived from
Darcy’s law with the assumption that the rate of change in pore volume is proportional

to the convection rate of protein particles:

LI D (5-1)
Vo AN s, ),

where Cs is the pore constriction constant, or the foulant volume deposited on the pore
walls per unit filtrate volume, A is the front surface area of the membrane, N, is the
number of pores per membrane surface area, r, is the pore radius of the clean membrane,
om Is the membrane thickness, and Q, is the initial filtrate flow rate. From FE-SEM

images of the membranes N, was estimated as 1.15 x 10" m2, consistent with the result
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previously reported (1.23 x 10* m?) [159]. r, was calculated by the Hagen-Poiseuille
equation:

_ AN a1 AP

7 (5-2)

Q,

where AP is the transmembrane pressure and p is the solution viscosity. The pore
constriction constants (Cs) obtained by linear regression using Eq. (5-1) and (5-2) are
given in Table 5-4. The results in Table 5-4 quantitatively show the effect of surface
modification of Anopore™ membranes on fouling. For amine functionalized
membranes BSA adsorption on the pores looks less sensitive to the change in
electrostatic interaction than lysozyme. This difference could be due to the low
adsorption of BSA on silica surfaces [165]. For pegylated samples Cs significantly
decreased compared with the bare Anopore™ membrane, consistent with the idea that
by modifying inorganic surfaces inorganic based membranes can broaden their potential

for bioseparations.

5.4 Conclusions

The results described above demonstrate the potential of nanocomposite
membranes for microfiltration. Using a variety of straightforward chemistries, it is
possible to significantly reduce the fouling of ceramics substrates. Experiments wherein
primary amines are grafted to the surface illustrate that electrostatic effects can be used

to moderate fouling. The samples wherein the membranes are rendered hydrophobic and
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Table 5-4. Pore constriction constants (C;) from linear regression of filtration data for

the bare, amine functionalized, and pegylated membranes.

Membrane sample Protein Cs (x 10° m¥/m?)
Anopore™ BSA 12.64 +0.13
AAM BSA 12.33+0.25
ASM BSA 14.94+0.13
Anopore™ LSZ 35.42 £ 0.12
AAM LSZ 32.16 +0.25
ASM LSZ 23.83+0.36
PCM (M:W 0:1) BSA 7.02 +0.07
APM (2mM) BSA 6.30 + 0.10
PDG1M (1mM) BSA 9.93+0.25

PDG1M (2mM) BSA 6.35+ 0.07
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subsequently exposed to Pluronic F108 show a significant reduction in fouling, even
though the deposition of Pluronic on the surface is likely well below saturation coverage.
Finally, the best results are obtained for samples wherein PEG is grafted to the surface.
Modeling results indicate that the fouling can be explained by the pore constriction
model. The modeling results also indicate protein adsorption on the pores depending on
surface chemistries significantly changed the flux behavior. On whole the results show
that functionalizing a ceramic membrane with an organic overlayer has the potential to
provide membranes that possess both a uniform pore size distribution and surface
chemistry that will reduce non-specific adsorption of proteins leading to superior

materials for bioseparations.
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CHAPTER VI
UV-REGENERATABLE HYDROPHILIC MEMBRANES

FOR PROTEIN MICROFILTRATION

6.1 Introduction

Membrane fouling and the subsequent need for membrane regeneration have
been of great interest in protein purification. However, to our knowledge, there has been
no report on protein filtration employing TiO, membranes in order to utilize
photocatalytic activity and superhydrophilicity even though it is very well known that
the protein fouling can be significantly mitigated on hydrophilic surfaces. This could be
because proteins may experience photodecomposition on the photocatalyst membrane
under UV illumination. In fact, in most of the works given in section 1.6, UV is
irradiated during reaction or filtration to use both photocatalytic activity and
superhydrophilicity simultaneously. In protein filtration, however, UV illumination on
TiO, surface should be avoided during filtration to prevent the denaturation of proteins.
Thus, TiO, membranes may be effectively used for this purpose if superhydrophilicity is
maintained without UV irradiation for a long time enough to obtain persistent anti-
fouling effect. Another advantage of using photocatalytic membranes lies in the
potential ability to regenerate them. Since membrane fouling is at some level inevitable,
the feasibility of membrane regeneration is crucial in consideration of industrial

acceptance. Current regeneration procedures often include backflushing, which showed
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its ability to maintain flux in some filtration systems [166]. But, the effectiveness of this
method was reported to vary depending on the membrane pore size and the solution to
be filtered [167]. The most effective way to restore the flux is to clean the membranes in
harsh acidic or basic conditions [167, 168]. Nevertheless, this chemical cleaning is not
desirable in terms of the membrane durability and environmental aspects. Alternatively,
photocatalytic degradation coupled with the self-cleaning effect of TiO, may be used to
remove foulants from the membranes. This method can offer a simple and efficient way
to regenerate the membranes without employing aggressive cleaning conditions.
Therefore, synthesis of a membrane with durable hydrophilicity and strong
photocatalytic activity is essential for successful protein filtration and membrane

regeneration.

Several papers reported that addition of 10 — 30 mol% SiO; to TiO; film resulted
in a significant increase in durability of superhydrophilicity in the dark [98, 169] as well
as shorter time to recover superhydrophilicity by UV illumination than pure TiO; film
[94], which may be ascribed to higher surface hydroxyl density of the mixed oxides
[170]. Moreover, incorporation of SiO, is known to enhance photocatalytic activity of
TiO, in oxidation reactions possibly due to new Brgnsted acid sites generated by Ti-O-Si
bridges [170, 171]. In this respect, TiO,-SiO, mixed oxides seem to be a highly

potential material for protein filtration membranes.

Therefore, in this chapter TiO, and TiO,-SiO, membranes were studied to
develop novel nanocomposite membranes that exhibit low fouling and can be easily

regenerated. Also, a simple and universal plot was developed to see the deviations of the
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experimental results from the classical fouling models at a glance. This is the first
dimensionless plot, to our knowledge, that offers information about fouling behavior

regardless of the fouling parameters.

6.2  Experimental

Membrane synthesis procedures were described in section 2.4. The TiO, coated
Anopore™ membranes synthesized by dip-coating and spin-coating are denoted as TA-
D and TA-S, and TA-DS and TSA-DS are for the TiO, and TiO,-SiO, membranes by
both dip-coating and spin-coating, respectively.  The fouled membranes were
regenerated by irradiating UV (UVP, 254 nm, 1120 pW/cm? at 3 in.) for 12 h in DI
water. During regeneration the water was gently stirred using an impeller and oxygen

was bubbled to enhance photocatalysis.

Protein filtration test was performed using lysozyme (LSZ) as shown in section
2.5.2. Unless otherwise noted (Fig. 6-1), all the filtration tests were performed in the
dark on the membranes that had been irradiated by UV for 3 h in DI water. Dynamic
light scattering was used to measure the particle sizes of proteins, and UV-vis
spectrophotometer was performed to analyze the optical absorption property of the

photocatalysts on Anopore™ (section 2.6).
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6.3  Development of Dimensionless Plot

Although the membrane system is simple, membrane fouling is often difficult to
interpret because various kinds of fouling occur simultaneously. Thus, identifying the
dominant fouling mechanism is essential for understanding and quantitative analysis of
the fouling. A lot of work has been performed to qualitatively and quantitatively
determine fouling behavior (section 1.3.1). Typical methods to determine the fouling
model include the plot of the general governing equations (Eq. (1-38) and (1-39)) and
the linear relationship of each model to determine the dominant mechanism (Table 1-1).
However, there has been no report on dimensionless approach that enables one to
compare the fouling models in a plot. Here, we have developed a simple dimensionless

plot for the classical fouling models.

The dimensionless fouling number was defined as the normalized value:

Vv

where V is the filtrate volume, t is the filtration time, and Qo is the initial volumetric flow
rate. Since the normalized volumetric flow rates or fluxes (J, = J/J, ) are given in Eq.
(1-30), (1-34) and (1-36) for the complete pore blocking, the pore constriction
(standard), and the cake filtration models respectively, Eq. (6-1) can be integrated in
each case. Then, all the unknown fouling parameters can be eliminated and Ng may be

expressed as a function of J,, for the three classical models:
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Nep =7 (6-2)

Neo =43, (6-3)

= o 6-4
TN (6-4)

where Ngp is the dimensionless fouling number for the complete pore blocking, Ngs is
for the pore constriction, and Ng. is for the cake filtration model. Therefore, a
comprehensive dimensionless plot can be constructed by Ng as a function of the
normalized flux, J,. Experimental Ng values are easily obtained from the definition in
Eq. (6-1). This method may reduce the errors that can occur when using the general

governing equation (Eq. (1-37)) due to no need for the evaluation of second derivatives.

6.4 Results

Fig. 6-1 shows the normalized flux data from microfiltration experiments of
lysozyme over bare Anopore™, TiO, and TiO2-SiO, coated membranes. While as-
synthesized TA-DS membrane exhibited a slightly better flux behavior than Anopore™
membrane, UV-irradiated membrane showed much less fouling (Fig. 6-1(a)), suggesting
that UV has induced the membrane surface to be more hydrophilic. Fig. 6-1(b) shows a
comparison of the flux decline for the UV-irradiated photocatalytic membranes, where it
can be seen that the coating method and the composition of metal oxides affected

filtration results. Table 6-1 shows the hydraulic permeabilities and the pore diameters of
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Table 6-1. Hydraulic permeabilities (L) and pore diameters (d,) for various samples.

Membrane sample L, (x 107 m) d, (nm)
Anopore 16.9 244.7
TA-S 11.2 221.1
TA-D 10.1 215.4
TA-DS 8.0 203.3

TSA-DS 8.4 205.3
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the membranes, which were each calculated from Egs. (1-27) and (5-2) based on PBS
filtration test. From these data, if the metal-oxide coating is assumed to be uniform on
the pore surfaces, the coating thickness on TA-S, TA-D, TA-DS and TSA-DS samples is
calculated to be 11.8, 14.7, 20.7 and 19.7 nm, respectively. Thus it seems that the
fouling is mitigated as the coating layer becomes thick and defectless by changing the
coating method. The least fouling was achieved on the TSA-DS membrane that has the
similar thickness as the TA-DS sample, which is consistent with the reports that the

addition of SiO; to TiO, enhances hydrophilicity of the films [98, 169, 172].

The diffuse reflectance UV-vis spectra of the TiO, and TiO,-SiO, coated
membranes are shown in Fig. 6-2(a). The Kubelka-Munk function (F(R)) is defined as
[173]:

K_ (1-R)?

F(R) = S R

(6-5)

where K is the K-M absorption coefficient, S is the K-M scattering coefficient, and R is
the reflectance ratio of the sample to reference (Rsample/Rreference).  Rreference 1S the
reflectance of the bare Anopore™ membrane in this study. Fig. 6-2(a) shows that the
Ti0O,-SiO, coated membrane has lower absorption than TiO, coated membrane in the
wavelength range from 200 to 350 nm. The band gap (Eg) and the absorption coefficient

(o) of an indirect semiconductor near the absorption threshold can be related by [174]:

ahv =C,(hv—E,)? (6-6)
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function).
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where hv is the photon energy and C; is the constant. Since the K-M absorption
coefficient K becomes 2a assuming the ideal scattering, the band gap can be extrapolated
from the plotting of [F(R)hv]l’2 against the photon energy, as shown in Fig. 6-2(b).
From the intercept, the band gap of the TA-DS membrane is calculated to be 3.56 eV,
which is larger than that of the typical anatase TiO; (3.1 — 3.4 eV [174, 175]). In fact,
the absorption edge of TiO; is known to have a wide variation depending on the
synthesis parameters such as temperature [176] and the doping of impurities [177]. For
example, lower annealing temperature causes smaller particle size and poorer
crystallinity, which in turn results in blue shift of the absorption edge due to the quantum
size effect [174, 176, 178]. King et al. [179] have observed that the band gap shifts from
3.4 to 3.7 eV as the film thickness of TiO, changes from 15 to 4.5 nm in a work that
precisely controlled the film thickness employing atomic layer deposition. Thus larger
band gap of the TA-DS membrane is thought to be caused by smaller TiO, grain sizes,
considering low annealing temperature and thin coating layers in this study. As for the
TSA-DS membrane the band gap becomes 3.68 eV, even larger than that of the TA-DS
sample. Blue shifts of band gap by adding SiO, have also been observed in the previous
works [172, 175], which may be attributed to a suppressive effect of SiO, on the TiO,
particle growth [169, 170, 172]. It is worthy of note that pure SiO, exhibits no

absorption in the wavelength range between 200 and 500 nm [175].

As to crystallinity, X-ray diffraction was performed on the membranes but
distinct peaks were not observed. This could be due to the low annealing temperature

that was employed in our study to avoid the destruction of the polypropylene ring around
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alumina membrane. The filtration test cannot be done without this polymer ring.
Moreover, several works reported that the XRD peaks did not appear on the anatase
TiO, thin films below a certain number of coatings [180-182]. For example, Choi et al.
[181] observed the XRD peaks after at least seven coatings, in which the layer thickness

was estimated to be ca. 0.7 pum.

Fig. 6-3 shows typical particle size distributions of lysozyme before and after the
filtration test, and after the cleaning. It was shown that the large lysozyme aggregates
have been removed after filtration, with formation of some small aggregates during
filtration. Once the fouled membranes were regenerated by UV irradiation after the
filtration test, the light scattering was performed on the cleaning solution to check the
sizes of the lysozyme particles removed from the membrane (Fig. 6-3(c)). This data
indicates that most of the foulants are heavily aggregated with sizes that are larger than

the pore size of the membrane.

To evaluate the self-cleaning ability of the membranes, membrane regeneration
tests were performed. As indicated by Guan [98], self-cleaning is considered to occur
via both photocatalysis of the contaminants and recovery of hydrophilicity. However, it
is not clear which mechanism plays a more crucial role in membrane regeneration. So
the effect of UV irradiation and hydrophilic surface on a removal of foulants was
investigated for the TA-DS membrane. First, the membrane pre-irradiated by UV (TA-
DS (UV) in Fig. 6-1(a)) was regenerated by soaking in water for 12 h with a gentle
stirring but without UV irradiation. The PBS flux was measured again, showing that the

membrane hardly recovered the flux. Subsequently, the membrane was regenerated
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under UV irradiation and recovered about 75 % of the initial flux thereafter. On the
other hand, the TA-DS (No UV) sample (Fig. 6-1(a)) showed about 30 % recovery of the
initial flux by UV-regeneration, which implies that the foulants are more strongly
deposited on the less hydrophilic surface. Therefore, it can be concluded that UV
irradiation is essential for removing foulants and the efficiency becomes much higher on

more hydrophilic surface.

Fig. 6-4(a) shows the recycling test results for the TSA-DS membrane. The
recycled membrane, after the UV-regeneration, exhibited 90 % of the initial flux in the
second test, which efficiency was higher than that for the TA-DS membrane. But in the
third test the membrane showed the initial flux that is corresponding to only 35 % of the
first test. To understand these results, flux behavior was analyzed using the general
governing equation (Eq. (1-37)). Fig. 6-4(b) shows that the slopes are different from
each test: i.e. 2.03 £ 0.11, 1.24 + 0.05, and 0.43 + 0.08 for the first, second, and third
test, respectively. Considering each fouling model characterizes the slope as 2.0 for
complete pore blocking, 1.5 for pore constriction, and 0 for cake filtration, the dominant
fouling model appears to change as the filtration test is repeated. The dimensionless plot
shows these results more clearly, as shown in Fig. 6-5. For both TSA-DS and TA-DS
membranes, the pore constriction model looks dominant over the second filtration test
whereas the flux decline of the first test initially follows the complete pore blocking
model and thereafter the pore constriction and/or cake filtration model. Therefore, it is

likely thatan imperfect removal of the foulants in the pores caused a severe internal
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fouling during second filtration test, and then, this in turn resulted in cake filtration in the

third filtration test.

Several possibilities can be considered to explain a decreased efficiency. First, it
IS possible that the defects in the coating layers have been formed by film cracking
during the drying and annealing steps [183]. Second, the photocatalytic activity may not
be high enough to remove all the foulants. It is generally accepted that anatase shows
higher photocatalytic activity than amorphous or rutile TiO, [95, 184]. Also, the
photocatalytic activity shows a steep decline with decrease of film thickness below about
300 — 400 nm [185]. Thus, since our membranes are likely to have amorphous thin
coating layers, the photocatalytic activity of the TA-DS and TSA-DS membranes could
be relatively low. Finally, more hydrophilic surface may be necessary to increase the
recycling efficiency. The regeneration test results described above suggest that the more
hydrophilic the surface, the higher the regeneration efficiency. To meet these
challenges, the optimum synthesis condition and procedure that can achieve both high

photocatalytic activity and superhydrophilicity should be explored.

6.5 Conclusions

UV-regeneratable hydrophilic membranes have been synthesized by depositing
TiO, or TiO»-SiO, thin films on Anopore™ support. Although no crystalline structure
was observed, significantly reduced fouling has been achieved in lysozyme filtration

test. The TiO,-SiO, membrane showed better performance than TiO, membranes
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regarding both flux decline and regeneration efficiency, supporting the results that the
addition of SiO, enhances photocatalytic activity as well as hydrophilicity. It also has
been shown that the band gap of the coating layers was larger than the typical TiO;

particles, which could be ascribed to the small grain sizes and low thickness of the films.

In recycling tests that have employed UV-regeneration, while TiO,-SiO;
membrane exhibited very high recovery of the initial flux after the first regeneration,
much lower flux was observed after the second regeneration, which could be due to a
decrease of hydrophilicity by the unremoved foulants along with a relatively low
photocatalytic activity. Also, it has been demonstrated that the dimensionless plot
developed in this work can be a useful tool for comparison of the flux behavior in terms

of the fouling models.
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CHAPTER VII

FUTURE WORK AND CONCLUSIONS

7.1  Gas Transport Mechanism

In chapter 11, it was shown that the residual solvent exerted strong influence on
the permeance and selectivity of dendrimer-ceramic nanocomposite membranes.
However, it is not quite clear how the residual solvent enhanced the propane/nitrogen
selectivity. One possibility is that the gases transported through the solvent layers,
which is plausible considering that the solubility-selectivity of propane/nitrogen reaches
about 86 in THF solution. But this does not mean that other possibilities can be
excluded. For example, surface diffusion also can be a good candidate that can explain
high selectivities of the membranes. Moreover, the stable permeance results with time
may be more clearly understood by the existence of surface diffusion. Therefore, it
seems that more studies should be done on the gas transport mechanism through the
dendrimer-ceramic membranes. Depending on the results, it may lead to the synthesis of
very unusual membrane since exceptionally high selectivities have not been observed
based on the surface diffusion mechanism with a few exceptions such as selective
surface flow membranes [186, 187]. This is because at large pore sizes the Knudsen
contribution is very large, and when the pore sizes become small or the pressure is high
capillary condensation occurs. Thus, if the presence of organic moiety can reduce the

Knudsen diffusion and capillary condensation simultaneously, the effect of surface
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diffusion will be significant. In this respect, the dendrimers could be a quite suitable
scaffold to functionalize the inorganic surfaces if they can secure a great deal of free
volume near surface compared to when functionalizing the surface using flexible and

linear hydrocarbons.

Therefore, to explore the possibility of surface diffusion, here is given the surface
diffusion modeling on the preliminary results. Fig. 7-1 shows the normalized propane
permeance as a function of pressure for G1-, G2-, and G3-C12 membranes that were
shown in chapter Ill. As can be seen, the permeance shows different trends with
pressure in the membranes as the dendrimer generation and, more importantly, the
selectivity increase. In fact, similar trends already have been observed in the previous
works in which inorganic membranes were functionalized by oligomeric hydrocarbons
[123, 127]. In an effort to explain these results, a surface diffusion model has been
proposed in Appendix B. This model assumed that the adsorbed molecules exhibit the
viscous flow and that both monolayer and multilayer adsorptions were considered. As
given in Figs. B-2, B-3, and B-4, the modeling results showed very different trends with
increasing pressures by changing the parameters. Interestingly the model predicts an
abrupt increase of the permeance with pressure when a great deal of multilayer
adsorption (BET) is assumed (Fig. B-2), which is consistent with the results for the bare
and G1-C12 membranes (Figs. 3-1 and 7-1). On the other hand, as the monolayer
adsorption becomes dominant, a steep increase in permeance is not observed any more,
and the permeance even decreases when highly favorable adsorption occurs (Figs. B-3

and B-4). This trend is well agreed with the G3-C12 results as shown in Fig. 7-1.
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Fig. 7-2 shows some model fittings using Eq. (B-6). This model fitting was
performed to see how the parameters affect the permeance when the other parameters are
fixed. First, the effect of a on the permeance was shown in Fig. 7-2(a). If the other
parameters (A, K, and c) were assumed constant, a is fitted to be 0.14, 0.73 and 0.98 for
the G1-, G2-, and G3-C12 membranes, respectively (R* = 0.9973). The fitting results of
A, K, and c are each 1.22 mol/(m? sec), 0.12 bar?, and 11.8. It must be noted that
Knudsen contribution was considered in case of the G1- and G2-C12 membranes for
more accurate model fitting. The Knudsen contribution in propane permeance can be
easily calculated from the nitrogen permeance and the Knudsen selectivity. Fig. 7-2(b)
shows the model fitting for the G3-C12 membranes, assuming a =1 (i.e. only monolayer
adsorption occurs). Then, A is fitted to be 0.47 + 0.03 mol/(m? sec), and K is 0.46 +
0.03, 0.23 + 0.01, 0.21 + 0.01, and 0.14 + 0.01 bar™ from top to bottom (R* = 0.9921).
This result implies that as the binding energy of adsorption increases, the selectivity can
be significantly enhanced. Thus, the effect of the residual solvent on high
propane/nitrogen selectivities of the G3-C12 membranes may be reasonably explained
by this surface diffusion model if the residual solvent enhances the solubility of propane
on the surface. However, it seems that comprehensive conclusions on the effect of the
residual solvent should be reached with more study on modeling and experimental

evidence.



146

10

® Gi1-C12 (a)
o G2-C12
v G3-C12

Permeance (mol/(m2 bar sec))

N
Lo
0.1 o .00 O
I T b L Al v
v
0.01 : T . . |
0 1 2 3 4 5 .
Transmembrane pressure (bar)
0.06
A A (b)
005 A L
0}
(]
S & C,H/N, =288
8 004 - o CHMN.—208
Ng/ v GC,H/N,=484
T 003 - A CyHy/N,=66.9
E . .
3 . v
T 002 - =
[1}] : -
E
o] ° . ) .
. O o
0.01 1 [
o}
0.00 : T . . |
0 1 2 3 4 5 s

Transmembrane pressure (bar)

Fig. 7-2. Experimental results of propane permeance and model fittings for (a) the

membranes with different dendrimer generations, and (b) G3-C12 membranes.
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7.2 UV-regeneratable Superhydrophilic Membranes

Although it has been demonstrated in chapter VI that photocatalytic membranes
can be effectively used for protein purification, the satisfactory and stable regeneration
efficiency has yet to be obtained. This challenge may be met by improving
photocatalytic activity and hydrophilicity of the membranes. In chapter V1, it seems that
high TiO, crystallinity has not been obtained due to a restriction on annealing
temperature. Thus, alternative ways to form anatase phase at low annealing temperature

have to be explored.

Many works have demonstrated that the anatase crystalline phases can be formed
even at low temperatures by changing precursor chemicals and/or synthesis procedures.
One of them is using titanium tetrafluoride (TiF4) as a titanium source [102, 188]. This
method enables one to prepare anatase TiO, films even at room temperature, but the
formation of hydrofluoric acid (HF) during reaction may be an obstacle to synthesis of
Ti0,-Si0, membranes since SiO, is soluble in HF. Using acetic acid and tetrabutyl
titanate is another method to obtain anatase TiO, particles at low annealing temperature
[189, 190]. Acetic acid is thought to chelate to the Ti ions and to accelerate the
formation of an anatase gel network. Li et al. [189] have shown that the choice of
solvent could be very important. They argued that diethyl ether anhydrous caused rapid
hydrolyzation so that more Ti** defect sites (oxygen vacancies) were generated. The
oxygen vacancies are considered as the nucleation sites that can facilitate the phase
transition of amorphous to anatase phase [191]. Hydrothermal annealing is also a very

simple route to low temperature synthesis of crystalline [192, 193]. Yanagisawa et al.
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[194] proposed that water acts as catalyst for anatase crystallization by bridging TiO®
octahedra in amorphous phase. Typically in this method anatase phase can be obtained
by keeping the precursor solution and water in an autoclave at 100 — 200 °C for several
hours. However, it turned out from our experiment that this method cannot be used for
Anopore™ support because the hydrothermal treatment results in the phase
transformation of alumina into boehmite (AIOOH), a very fragile material.
Alternatively, it may be worth trying water vapor exposure for milder conditions [195].
Another interesting approach is a microwave treatment of the precursor solution [180],
where it was proposed that a microwave irradiation enhances the growth of TiO;
colloids. Similarly, UV-assisted sol-gel method was developed [191, 196]. In these
works, it was proposed that UV irradiation using high pressure mercury lamp lowered

anatase-forming annealing temperature by inducing oxygen vacancies on TiO; colloids.

To synthesize a photocatalytic membrane, the previous reports mentioned above
can be directly used or combined. However, some modifications may be necessary to
apply the above methods for membrane synthesis since most of these works have been

performed to synthesize TiO, particles rather than thin films.

7.3 Conclusions

This dissertation has explored the synthesis and application of the nanocomposite
membranes for gas separation and protein microfiltration, employing diverse

hybridization on alumina supports. In an effort to overcome the shortcomings of
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polymeric and inorganic membranes, organic-inorganic hybrid membranes have been
synthesized in chapters 11l and V. Chapter Il looked at the effect of the melamine-based
dendrimers in ceramic supports on reverse-selective gas separation. It has been shown
that the free volume can be controlled by dendrimer generations, which significantly
affected the propane/nitrogen selectivity.  For some G3-C12 membranes the
extraordinarily high selectivities were obtained, but with a large variance. This result
was ascribed to the presence of the residual solvent that affects the solubility of
hydrocarbon species. Nevertheless, the adsorbed solvent turned out to be stable enough
not to cause abrupt change in selectivity and permeance during the permeation test. In
chapter V, various organic chemistries have been investigated to reduce the fouling
during protein filtration. The electrostatic and hydrophilic properties provided for the
membranes by functionalizing an alumina membrane with an organic overlayer, has
been shown to have a strong influence on flux behavior. Therefore, this approach can
offer a viable route to the synthesis of a membrane that has a high separation factor as

well as low fouling.

Also, inorganic nanocomposite membranes have been fabricated to enlarge the
arena of inorganic membrane. Chapter IV has studied the surfactant-templated
mesoporous silica-ceramic nanocomposite membranes with the aim of preparing a
uniform pored and defectless mesoporous membrane. It was shown that the defects
substantially decreased through iterative synthesis of mesoporous silica in the ceramic
macropores. But, at the same time, surfactant removal became more difficult as the

coating cycle repeated, which was overcome by combining solvent extraction and
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calcination. A study on UV-regeneratable hydrophilic membranes in chapter VI opened
the way for an application of photocatalyt for bioseparations. Although this work
showed the preliminary results, it demonstrated the potential of TiO,-SiO,/alumina
nanocomposite membranes that not only can significantly reduce fouling, but can be

regenerated by simple UV irradiation without using harsh cleaning solution.

Simple modeling was performed in an effort to explain the data more clearly.
For example, the quantitative analyses of the membrane performance based on the
classical models were provided in chapters IV and V for supporting the results. In
chapter VI, a dimensionless plot has been developed in aid of comparing the data with

the fouling models.

On whole, this dissertation offers diverse information which shows that by
judiciously functionalizing the supports the nanocomposite membranes can be closer to

the practical use for complex separations.
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APPENDIX A

A GAS TRANSPORT MODEL FOR ACTIVE-SUPPORT LAYERS

In general, porous membranes have double layers that consist of active and
support layers, as shown in Fig. A-1. Thus, a gas transport model for double-layered

membrane has been developed based on a resistance in series model.

Pressure Po P2 P2
Active Support
Layer Layer
(2-5nm)
Defects

Fig. A-1. Schematic of gas permeation model for double-layered membrane.

In this model, the total permeance (Pr) may be given as the sum of the
permeance through the membrane (active + support layer) (Pn) and defects (Pg), as

described in chapter 1V:
P, =01-a)P, +aP, (4-2)
where a is the defect ratio (defect area/membrane area).

Gas transport through pores can occur by viscous flow, Knudsen diffusion, and

surface diffusion, but in this model surface diffusion is not considered since it depends
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on adsorption isotherm of a gas. Then permeance of a gas in a layer may be given by Eq.

(4-1):

P —S(EJ(EJL ii_'_i(ij i £< p>—L+E< p> (4_1)
" BN IVART UM s, Lz \RTI g JM 7

where ¢ is the porosity, 7 is the tortuosity, r is the mean hydraulic pore radius, | is the
thickness, M is the molecular weight of a gas, 7 is the gas viscosity, <p> is the mean

pressure inside the membrane, and s; and s; are the shape factors.

The support layer and defects have both Knudsen and viscous contributions
while the active layer can be reasonably assumed to have only Knudsen diffusion
contribution due to its small pore sizes. Thus the fluxes in active layer (J1), support layer

(J2), and defects (J4) may be given by Egs. (A-1), (A-2), and (A-3):

K
lefl\lem (A-1)
kB _
J,=|—=%=+—2<p>|Ap (A-2)
2 _N 77 | 2
‘« & _
J,=| == +—"L<p>|Ap (A-3)
WM g |

where Ap; = po — P1, AP2 = P1 — P2, and Ap = Ap; + Ap; = Po — Pa

If the membrane has tubular morphology, the flux through each layer is not
constant and may be corrected by considering the difference of the surface area between

the layers:
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(A-4)

where djn, din1, and diy2 are logarithmic mean diameters of the membrane layers.

The pressure at the interface between active and support layers (p;) can be

calculated using Egs. (A-1), (A-2), and (A-4), to give Eq. (A-5):

o) (e
[

n

(A-5)

where C = (3"‘1 JKlp0 +K,p, +%(gj p>. Eg. (A-5) shows the dependency of p;

In2

on the molecular weight and the viscosity of a gas, which implies that Ap; and Ap, will

vary depending on the gas species.

Now, the permeance through the active and the support layers is given by Eq. (A-

6), and finally the total permeance can be modeled using Eqg. (4-2):

J d J d K, | Ap
p =1m_ In1 | Y1 _ Inl 1 1 A-6




172

APPENDIX B

A SURFACE DIFFUSION MODEL FOR PROPANE THROUGH

POLYDISPERSE PORES

A simple surface diffusion model has been developed for propane transport
through the Gn-C12 membranes. This model was derived based on a work of Gilliland
et al. [197], where it was assumed that the highly adsorbable gases form the films on the
surface and that the transport of these adsorbed films are subject to the spreading
pressure and the shear stress between the surface and the flowing films. Then, Eq. (B-1)
is obtained for the surface diffusion coefficient in this case, which is different from the

Darken’s equation (Eq. (1-10)):

dinp

D,=D
qdlnq

S c

(B-1)

where Ds is the Fickian surface diffusivity, D. is the corrected diffusivity, g is the
amount of gas adsorbed per unit sorbent, and p is the pressure. The term d In p/d In g

can be obtained from the adsorption isotherm.

The BET and Langmuir adsorption isotherms are commonly used for surface
diffusion modeling [20, 198]. In fact, the Langmuir isotherm that assumes the
monolayer adsorption can be extended to the BET isotherm when a multilayer
adsorption is considered. Thus the membranes that have a broad pore size distribution

may have both of the isotherms depending on the pore sizes and the adsorbate species.
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For example, diverse surface diffusion mechanisms may be exerted, caused by the

difference in organic loading and pore sizes in dendrimer attached membranes, as shown

in Fig. B-1.

(a)

Fig. B-1. (a) Densely and (b) loosely packed pores of dendrimer-C12 membrane.

Thus, if both of the isotherms are considered in Eqg. (B-1), the flux by surface

diffusion is:

3,=0,%9_ _q_;)p g NP dG
dz ding, dz
2 2
:_a_%ﬂ%H&JQ&+£%Jﬂ£}
p, ) dz p, ) dz
9 _ Kp,
qsl 1+ Kpl
q, cX

4, @-x)@+C-1x)’

dinp, dqz}
*dIng, dz
(B-2)
(B-3)
P,
=L B-4
-] B4



174

where & Is the porosity, K is the Langmuir sorption constant, c is the BET constant, gs is
the total amount adsorbed in monolayer at saturation, and ps is the saturation pressure. If
g: (Langmuir) and g2 (BET) in Eq. (B-2) are substituted from Eqgs. (B-3) and (B-4):

—__(1_ 2 K2p1 dp, 2 c’x % ]
Jo=-t g")D{q“((nKpl)zjdz +q‘°‘2[(1—x)2(1+(c—1)x)zjdzzl (B-5)

Then, the permeance by surface diffusion is given by:
P, = Ala’Ly (p) + (1- ) B, (¥)] (B-6)

D,q:

where A=(1-¢,) L

1+ Kp K
L =1In ° 1 /Ap — , and
«(P) (1+|<le/ P ke Kp)

B.(x) = c—2|n A=-x)A+(-Dx,) ) 2+(c-2)x, B 2+(c-2)x, \
e @+C-Dx)A-x,)) (A=x)A+(-Dx) @A-x)A+(c-1)x,) P

where « is q15/Qs, Po is the feed pressure, p. is the permeate pressure, and X, and x_ are

p/ps at the feed and the permeate side, respectively.

Figs. B-2, B-3, and B-4 show the modeling results how the permeance changes
with the parameters. As o changes from 0 to 1, the contribution of the Langmuir

adsorption to the permeance increases.
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Fig. B-2. Modeling results when K = 0.1 bar™ and ¢ = 10.
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Fig. B-3. Modeling results when K = 1 bar™ and ¢ = 50.
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Fig. B-4. Modeling results when o = 1 (Langmuir isotherm only).
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