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Isoporous Block Copolymer Membranes with Charged Nanochannels

1.1 Objective

Two of the greatest challenges afflicting people throughout the world are to provide sustainable
supplies of clean water and energy. The lack of clean water is a well-known problem in several
regions of the world. According to a 2017 World Health Organization (WHO) report, 2.2
billion people lack access to safe and reliable drinking water; millions of people are suffering
from diseases linked to contaminated water, inadequate sanitation and hygiene. Each year
approximately 829000 people die from diarrhoea, including around 300000 children aged
under five. Yet waterborne diseases are largely preventable by the improvement of drinking
water, sanitation and hygiene. Water scarcity is expected to grow worse in the coming decades
with the growth of population, climate changes, demographic changes, industrialization and
urbanization. By 2025, half of the world’s population will be living in water scarce areas.!
Therefore, effective, lowcost and robust technologies to decontaminate water are of utmost
importance,.2 Membrane technology represents an advanced and sustainable solution, due to
its energy efficiency, low carbon foot print, environmental friendliness, compared to other

separation technologies, e.g. thermal separations.

The overarching goal of water treatment is to effectively remove the undesirable contaminants
and to make it suitable for a variety of applications, e.g., drinking and domestic uses, irrigation,
chemical, medical, petroleum, food processing and textile industries, or discharging the water
into the environment.® A wide range of contaminants is involved in the water purification. For
example, macroscopic waterborne pathogens are linked to the transmission of diseases with a
devastating effect on public health, e.g., parasites, bacteria, protozoa, fungi, viruses and prions.?
% Organic micropollutants (e.g., pharmaceuticals, hormones, personal-care products, pesticides,
textile dyes, disinfection by-products) are closely associated with potentially negative effects

on aquatic ecosystems and human health, including bacterial resistance, the feminization of
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fish, endocrine effects.*® Sub-nanometer toxic ions also present acute health risks, such as lead,
arsenic, mercury, copper, manganese, nitrites, phosphates, and so on.® Besides the water
treatment, membranes also play a significant role in many other applications.® ' For example,
hemodialysis (artificial kidney) for the treatment of chronic kidney failure in biomedicine, is
the single largest market for membranes.!* Separation of valuable biomolecules,
pharmaceutical/chemical molecules are holding a huge potential market for membranes, e.g.,
in the purification and fractionation of proteins,*? peptides, amino acids,** ** antibiotics,* drugs,
and nutraceuticals.'® 1’ Porous membranes can act as the support of catalytic membrane
reactors where the catalytic reaction and separation can be integrated in one single unit. Due to
these applications dealing with different sized molecules from micro- to sub-nanometers, there
is a pressing need to further develop membrane technology by material design and improved

fabrication processes.

Although the liquid membranes with high selectivity and inorganic membranes (e.g., ceramics,
metal/metal oxide) with high tolerance towards harsh operational conditions play a role in
membrane technology, polymer-based membranes have been gaining more importance as they
are less expensive and easy to scale up. Notably, polymer membranes possess the wide
tunability of the membrane structures and properties, which is attributed to chemical flexibility
of polymer materials.*® However, their separation efficiency is still often limited, e.g., in the
separation of sub- to few nanometer molecules or similarly sized molecules, due to less ordered
pores with random pore size and orientation on the selective layer, and the lack of tunable pore
structure and functionalities. It is clear that membranes with uniform pores and a high pore
number density can facilitate the efficient separation with high flux and good selectivity.*®
Furthermore, the isoporous membranes combining pore functionality with controllable pore
size are underdeveloped and demand further improvement of their performance and extend

different potential applications with lower energy consumption, which can be achieved from
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the molecular design of polymer materials. The aim of this PhD work is to contribute to the
development of the isoporous membranes with tailored pore size and pore functionalities which

are promising candidates as next generation membranes.

1.2 Isoporous Block Copolymer Membrane with Charged Nanochannels

The available techniques to fabricate isoporous membranes include track-etching,?® ! aperture
array lithography,?? phase separation micro-moulding,? 2* pillar template technique,? etc. Due
to the complexity of the manufacturing processes, these fabrication techniques are limited for

scalable production at low cost.

Self-assembled block copolymers (BCPs) offer a very strong platform to fabricate the
membranes with high pore number density and pore uniformity.?63! Such membranes based
on BCP self-assembly have been generated through selective removal of the minority blocks®*
3 or blend partners® % from bulky BCP thin films with multiple treatment steps. A fascinating
straightforward one-step scalable approach to translate the periodically ordered nanostructure
of BCPs into high-performance membranes employs the evaporation induced self-assembly
together with the non-solvent induced phase separation (SNIPS), which has been received great
attention over the past decade.'® 3% Current research efforts have been mainly focusing on
the tunability of pore size and the functionalization of the pore structure in order to address
different applications. For example, a few relationships have been found to tailor the pore size
of SNIPS membranes. One rather straightforward approach is to vary either the molecular
weight or the composition of BCPs.>" 2 Binary blending of polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) with different molecular weights and compositions has also shown
to tailor the pore size according to the different ratio of the blend partners.>® In order to endow

the membrane pores with different chemical properties, it is important to synthesize the well-
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designed BCPs with new functional groups within the pore-forming blocks, such as
polystyrene-block-poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-P2VP-b-PEO),*
polystyrene-block-poly(4-vinylpyridine)-block-poly(solketal methacrylate) (PS-b-P4VP-b-
PSMA),® polyisoprene-block-polystyrene-block-poly(N,N-dimethylacrylamide) (P1-b-PS-b-
PDMA),*? poly(styrene)-block-poly(4-vinylpyridine)-block-poly(propylene sulfide) (PS-b-
P4VP-b-PPS).* Another strategy is to begin with a given porous membrane and alter its pore
properties or pore size by post-treatments, which do not destroy the basic membrane structure,
e.g., electroless gold deposition®* and atomic layer deposition (ALD)°. Post-treatment of a PS-
b-P4VP SNIPS membrane with dopamine and poly(N-isopropyl acrylamide) led to a
temperature and pH-responsive membrane.>® Based on a dopamine functionalization also atom
transfer radical polymerization (ATRP) of poly(2-hydroxylethyl methacrylate) (PHEMA) was
carried out on a PS-b-P4VP SNIPS membrane.®® Physical and chemical routes of post-
treatment were also introduced to reduce the pore size of a polystyrene-block-poly(2-
hydroxylethyl methacrylate) (PS-b-PHEMA) SNIPS membrane by thermal treatment or

reaction of the hydroxyl groups with an alkyl isocyanate, respectively.3®

A recent promising trend is to reduce the pore size by taking advantage of the swelling of the
charged pore-forming block at the hydrated state that are confined within the mesopores of a
SNIPS membrane. As P4VP and poly(2-vinylpyridine) (P2VP) are pH responsive, the nitrogen
moieties are protonated at low pH which leads to stretching of the P4VP and P2VP block in
corresponding BCPs.*3 445557 Gy et al. demonstrated that the pore size of a polyisoprene-
block-polystyrene-block-poly(4-vinylpyridine) (PI-b-PS-b-P4VP) membrane can be reduced
to 5 nm using an additive driven pore expansion together with chain stretching of the P4VP
block at pH 3.6.%8 Similarly, Mulvenna et al. reported the pore size of a polyisoprene-block-
polystyrene-block-poly(acrylic acid) (PI1-b-PS-b-PAA) membrane can be reduced to 3.4 nm at

pH 5.5.% Later, Zhang et al. attached sulfonic acid moieties to the pore wall of a PI-b-PS-b-
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PAA membrane using carbodiimide coupling. The resulting membrane exhibited a smaller
effective pore diameter and lower degree of ionic strength response compared to the PI-b-PS-
b-PAA counterpart.>® Overall, this intriguing approach can not only tune the pore size but also
introduce the charge function for transport nanochannels. It is highly desirable to fabricate the

isoporous BCP membranes with controlled pore size and charged pores.

1.3 Strategy of the Research and Outline of the Thesis

The prerequisite of fabrication of the isoporous BCP membrane with charged nanochannels
and tunable pore size via SNIPS and subsequent post-functionalization is the synthesis of the
asymmetric BCPs having high-segregation strength and reactive functional groups. The
functional groups should be in the pore-forming blocks (i.e. minor blocks), which provide the
capability for further post-functionalization to integrate the charged moiety within the
nanochannels. Therefore, the synthesis of BCPs having the desired composition and molecular
weight is the first issue to be addressed. The next challenge is to experimentally optimize the
casting parameters, e.g., polymer concentration of the casting solution, composition of binary
or ternary solvent mixture, solvent evaporation time, content of the additives (if required) in
the casting solution, etc. to obtain the desired integral asymmetric isoporous membrane.®
Another issue is to post-functionalize the pore structure of the prepared SNIPS membranes
without damaging the already formed porous structure. Therefore, it is crucial to perform the
post-functionalization effectively under mild heterogeneous conditions, for instance, by using
a non-solvent of the membrane as the reaction medium or a vapour-phase reaction without any
solvent. This requirement also limits the selection of functional groups of the well-designed

BCPs.
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The membranes with charged nanochannels can be categorized as positively charged
membranes, negatively charged membranes, zwitterionic membranes, and charge-mosaic
membranes with discrete oppositely charged nanochannels. The aim of this work is assigned
to achieve different charged isoporous membranes for different applications. Taking into
account the above mentioned concerns, three triblock copolymers were initially designed to
prepare  the  charge-mosaic  membranes  (Figure 1.1), i.e.,  poly[5-(N,N-
dimethylamino)isoprene]-block-polystyrene-block-poly(tert-butyl methacrylate) (PDMAI-b-
PS-b-PtBMA), poly(tert-butyl methacrylate)-block-polystyrene-block-poly(4-vinylpyridine)
(PtBMA-b-PS-b-P4VP), poly(4-(2-hydroxyethyl-thio)-2-methyl butene-random-4-(2-
hydroxyethyl-thio)-3-methyl butene-random-isoprene)-block-polystyrene-block-poly(4-
vinylpyridine) (P(HTMB-r-1)-b-PS-b-P4VP). They contain the predetermined functional
groups in minor blocks, respectively, i.e., tertiary amine groups, tert-butyl ester groups,
pyridine groups, and hydroxyl groups (-OH), which are highly reactive and accessible to
charged groups. Due to the morphological diversity of the triblock copolymers and delicacy of
the casting parameters and the subsequent post-functionalization reactions, three diblock
copolymers were thoroughly investigated in order to gain the initial knowledge and experience
to choose one triblock copolymer for membrane fabrication. These are polystyrene-block-
poly(tert-butyl methacrylate) (PS-b-PtBMA), PS-b-P4VP, polystyrene-block-poly(4-(2-
hydroxyethyl-thio)-2-methyl  butene-random-4-(2-hydroxyethyl-thio)-3-methyl  butene-

random-isoprene) (PS-b-P(HTMB-r-1)) (Figure 1.2).

Post-

SNIPS functlonallzatlon oo S
S o o
> S2oc o
ABC trlblock terpolymers QQ <2

Figure 1.1. The schematic representation of the approach to achieve the charge-mosaic

isoporous membrane derived from triblock copolymers.
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Initial exploratory investigations (around 1.5 years) were performed on triblock terpolymers
PtBMA-b-PS-b-P4VP (synthesized by Atom Transfer Radical Polymerization, ATRP) and
PDMAI-b-PS-b-PtBMA (synthesized by Dr. Ruth Bieringer using living anionic
polymerization), and diblock copolymer PS-b-PtBMA (prepared by Brigitte Lademann using
living anionic polymerization), as PtBMA-b-PS-b-P4VP and PDMAI-b-PS-b-PtBMA both can
microphase separate into three-phase morphologies.®® ! The functional groups (i.e. tert-butyl
ester groups and tertiary amine groups) were transformed into the desired distinct charged
moieties by proposed post-functionalization methods successfully. However, the difficulties
associated with the synthesis of PtBMA-b-PS-b-P4VP by ATRP and the preparation of the
desired SNIPS membrane from the small amounts of available PDMAI-b-PS-b-PtBMA and
PS-b-PtBMA was not overcome (the detailed information is supplied in Chapter 10 Appendix).
Therefore, the goal of this PhD work was to fabricate integral asymmetric isoporous
membranes having positively charged, negatively charged and charge mosaic (having
distinctly separate positively and negatively charged pores) moieties using PS-b-P4VP, PS-b-
P(HTMB-r-1) and P(HTMB-r-1)-b-PS-b-P4VP, respectively. However, regarding the triblock
quaterpolymer P(HTMB-r-1)-b-PS-b-P4VP, the two end blocks P(HTMB-r-1) and P4VP
formed one mixed domain instead of discrete domains in the PS matrix during membrane
fabrication via SNIPS. Therefore, eventually the triblock quaterpolymer P(HTMB-r-1)-b-PS-
b-P4VP was used to prepare an isoporous membrane with two distinct functional groups on the

interior of the same pore walls (called as the multifunctional isoporous membrane).



Chapter 1 Introduction
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Figure 1.2. Schematic outline of the thesis.

The thesis is organized as follows:

-In Chapter 2, a theoretical background is presented in short on microphase separation of block
copolymers, membrane and membrane preparation, integral asymmetric isoporous BCP

membranes, and membrane separation processes.

-In Chapter 3, the materials used in this work are given. The experimental procedures are
summarized including synthesis of block copolymers, membrane preparation, post-
functionalization of membranes, and specification of the equipment for various

characterization.

-Chapter 4 reports a PS-b-P4VP isoporous membrane with tunable positively charged

nanochannels. This chapter highlights that the nanochannels can be tailored by using different
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reaction agents. The effective pore sizes of the resulting membrane in a hydrated state are

gradually tuned in a wide range from ultrafiltration toward nanofiltration.

-Chapter 5 presents a high-performance isoporous nanocomposite membrane with negatively
charged amphiphilic nanochannels, which is prepared from a tailor-made PS-b-P(HTMB-r-1I)
diblock terpolymer. The prepared negatively charged membrane displays the potential to

separate small molecules with high permeance and excellent antifouling properties.

-1t is intriguing to decorate the pore-forming block with different functional groups which can
endow more possibilities to functionalize the pore structure, Chapter 6 reports a novel
multifunctional asymmetric isoporous membrane with different functional groups embedded
on the interior of the pore wall, which is derived from a well-designed P(HTMB-r-1)-b-PS-b-
P4VP triblock quaterpolymers with two miscible functionalized end blocks. We readily post-
functionalized the membrane to decorate nanochannels with positively or negatively charged

moieties, respectively. The selective transport properties are elaborated in different systems.

-Chapter 7 potrays some preliminary results obtained on the development way towards an

enzymatic membrane reactor based on PS-b-P4VP.

-Chapter 8 depicts the summary of the whole thesis.

-Chapter 9, 10 and 11 are references, appendix and acknowledgement, respectively.
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2.1 Microphase Separation of Block Copolymers

BCPs are macromolecules, consisting of two or more chemically distinct polymeric blocks via
covalent bonding. The BCP properties depend on chemical composition, sequence and
topology of the blocks, the strength of incompatibility between different blocks, and the
molecular weights of the blocks.®? Various synthetic strategies have been built up to prepare a
remarkable range of well-defined BCPs with a high degree of molecular, compositional and
structural homogeneity, such as living anionic polymerization, nitroxide-mediated radical
polymerization (NMP), atom transfer radical polymerization (ATRP), reversible addition-
fragmentation chain transfer (RAFT) polymerization, etc.®® BCPs with different molecular
architectures and functionalities have myriad of applications ranging from, for example,
thermoplastic elastomers to nanolithography and nanofabrication, controlled delivery of drugs
and diagnostic agents, and fuel cell.®*% A rich variety of well-defined self-assembled

structures of BCPs are the basis for their applications.

To determine the miscibility of a multicomponent system, e.g., two components of
homopolymers A and B, the thermodynamic enthalpic and entropic energy contributions must
be taken into account, as shown in Equation 2.1. When the Gibbs free energy of mixing 4Gmix

IS negative, two components A and B are miscible.

AGmix = AHmix - TASmix 21

where 4Hnmix is the enthalpy of mixing, 4Smix is the entropy of mixing, and T is the absolute

temperature.

-12 -
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Based on the Flory-Huggins-Staverman Theory under assumption of random mixing of
polymer chains (e.g., A and B), 4Smix and 4Hmix can be expressed as Equation 2.2 and 2.3,

respectively.5” %8

ASpix = —R[z—j Inp, + z—iln(pB] 2.2

AHpix = RTQa0pX a5 2.3

where Ni, ¢i, and R are the degree of polymerization of the component i, the volume fraction
of the component i, and the universal gas constant, respectively. The Flory-Huggins-Staverman
segmental interaction parameter yag is determined by the selection of the repeating unitpair (A

and B), as shown in Equation 2.4:%

1
XaBp = (,;7) [eap — 2 (€44 t+ €8B)] 2.4

where z is the number of nearest neighbours per repeat unit in the polymer, kg is the Boltzman
constant, ksT is the thermal energy, and eas, eaa and egg are the interaction energies per repeat
unit of A-B, A-A, and B-B, respectively. For typical BCPs with dissimilar monomer pairs but
no strong specific interactions (e.g. hydrogen bonding, ionic charges), yag is positive and small,

and usually changes inversely with temperature.5® 7

In a polymer system, the gain of mixing entropy ASmix is very small due to the large
configurational entropy of long macromolecular chains. Therefore, relatively weak repulsive
interactions between segments of different chains are sufficient to yield the phase separation.
The macroscopic phase separation occurs in the polymer blends (e.g. the mixture of two
homopolymers). A BCP can only undergo the microphase separation due to the connectivity
of different blocks. Therefore the entropic contribution to the free energy cannot be described

by the Flory-Huggins-Staverman theory. In the case of BCPs with sufficiently strong

-13 -
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incompatible segments, the self-assembled structure can be formed with a characteristic lattices

size from approximately 10 to 100 nm.”*

The simplest and most studied BCPs are the linear diblock copolymers having two dissimilar
blocks A and B. The thermodynamic equilibrium phase behaviour of BCPs is the result of a
“competition” between the interfacial energy and the entropic penalty owing to the chain
stretching . It is well recognized that the phase behaviour of AB diblock copolymers is
determined by three experimentally controllable factors: the overall degree of polymerization
N, the volume fraction ¢ of the A and B blocks (¢aand ¢g), and the Flory-Huggins-Staverman
segmental interaction parameter yas. The factors N and ¢ are regulated through polymerization

stoichiometry and affect the translational and configurational entropy.

The phase diagram of a conformationally symmetric diblock copolymer with equal statistical
segment length has been obtained by Matsen and Bates using the standard Gaussian chain
model and self-consistent field theory(SCFT) (Figure 2.1).”? The degree of segregation
between different blocks is determined by the product of yN. When either y or N is sufficiently
decreased, the entropic contribution to the free energy is predominating, and BCPs chains are
in a disordered phase with unperturbed random coil conformations. By increasing yN to a
critical point, disordered diblock copolymers show order-disorder transition (ODT), leading to
a microphase separation between dissimilar blocks. At a fixed yN above the critical point of
ODT, order-order transition (OOT) between different microphase structures undergoes by

varying ¢ (Figure 2.1).%°
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Figure 2.1. (a) Theoretical phase diagram of a linear diblock copolymer composed of
components with similar statistic segment lengths and flexibility from SCFT (Scp: close packed
spheres, S: spheres, C: cylinders, L: lamellae, G: gyroid). (b) Equilibrium morphologies of a
diblock copolymer. From left to right the volume fraction of the dark-colored component

increases: spheres, cylinders, double gyroid, and lamellae. Adapted from the references.”? "

According to the degree of segregation N, the phase behavior of BCPs consists of three distinct
regimes: the so-called weak segregation limit (WSL), intermediate segregation regime (ISR)
and strong segregation limit (SSL). The WSL approach based on the works of Leibler’* and
Yerukhimovich is used to map out the phase diagram of a diblock copolymer near the ODT.
In the WSL regime (10 < yN < 15), due to the weak repulsive interaction between different
blocks, the connected blocks interdiffuse more with each other, leading to a broad interface

between neighbouring microdomains. The local compositional fluctuation changes smoothly

-15-
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across the domain boundary in a small deviation as a sine function and the macromolecules
behave like Gaussian chains. For symmetric diblock copolymers (¢ = 1/2), the transition from
the disordered to the lamellar phase occurs at the critical point of yN = 10.5 based on mean-
field theory. Due to the Gaussian nature of the block copolymer chains, the microdomain period
scales as D ~ NY/2.5% 74,76 Wijth increasing the y, the conformations of polymer chains become

significantly perturbed from the ideal Gaussian distribution, the crossover regime ISR (15 <
N < 100) from WSL to SSL was developed by Matsen and Bates based on a SCFT.”? Within

ISR, the phase behaviour is the result of a delicate balance between interfacial area, chain
stretching, spontaneous mean curvature, packing frustration, segment distribution. The scaling

regime is characterized by D ~ N°8.,72 77 Within the SSL regime (yN = 100), the strong

interfacial tension between the incompatible blocks tends to minimize the interface while the
conformational entropy favours a larger interface. As a consequence, the minimum free energy
configuration is adopted with strongly stretched polymer chains and a well-defined sharp
interface. The ordered-state composition profile endows an abrupt change of the composition
across the domain boundary. The microdomain period scale as D ~ aN?3,'/® (a is the statistic

segment length).5® 78

Under the assumption of similar segmental lengths of the different components, the parameters
x~eN and ¢a are sufficient to specify the morphology of AB diblock copolymers, however, at
least there are three interaction parameters yas, yec, yac and two independent composition
variables (e.g. ¢a, @) required to determine the morphology of ABC triblock terpolymers.
Therefore, it is clear that triblock terpolymers show a much richer variety of morphologies than
diblock copolymers. Additionally, the architectural parameters also play the crucial role in the

phase behaviour of ABC systems, e.g. block sequence (A-B-C, B-C-A, or C-A-B), linear or
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branched topology, which further increase the complexity and number of their self-assembled

microphase structures.’® 3

Figure 2.2. Microphase separation structures of linear ABC terpolymer copolymers with yas
~~ yBc > yac: @A == @c With increasing ¢g (a-c), increasing ratio gs/pc (e-g), and increasing ratio
osloa (h-]). The blocks A, B and C are coloured grey, dark and white, respectively. The figure

is adapted from reference.”
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Figure 2.3. Microphase separation structures of linear ABC terpolymer copolymers with with
xrB =~ yec < yac and pa =~ ¢c. The blocks A, B and C are colored black, white and grey,

respectively. The figure is adapted from reference.” 8

For example, the simplest system is a linear ABC triblock terpolymer. With the similar
compositions (pa = g8 = ¢c = 1/3) and also similar interaction parameters (yas = ysc = yac),
ABC triblock terpolymers self-assemble into lamellar morphology (Figure 2.2c). If pa= @B =
@c = 1/3, but yas << ysc, the configuration minimizes the contacts between B and C blocks
with a core-shell hexagonal cylindrical structure (Figure 2.2g). A number of spectacular self-
assembled morphologies were discovered by Stadler et al. based on the ABC triblock
terpolymers with yas =~ ysc >> yac, €.9., the B blocks were embedded in the AC interfaces in
the form of spheres, cylinders, helices, rings, lamellar, etc. (Figure 2.2). The middle B block is
strongly segregated by two end blocks A and C and tends to be discontinuous, resulting in more
AC contacts.” 882 Another series of delicate structures was observed using the systems with
xrB = yBc < yac and pa =~ ¢c. By increasing ¢g, the lamellae, double gyroids, cylinders, and
spheres from A and C blocks are formed separately to avoid AC contacts and reduce the B
chain extension (Figure 2.3).7% 8 Overall, the richness of self-assembly behaviour of ABC
triblock terpolymers has been indeed demonstrated, however, the current theoretical and

experimental exploitation for such systems is still limited.
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2.2 Membrane and Membrane Preparation

2.2.1 Types of Membranes

A membrane, the permselective barrier or interface between two phases (feed/upstream side
and permeate/downstream side), has the ability to transport one component from the feed
mixture more readily than other components. According to their morphology or structure,
membranes can be classified into symmetric and asymmetric membranes, as shown in Figure

2.4.8%.84

[a] Symmetric membranes

Nonporous dense membrane

Isotropic porous membrane

b] Asymmetric membranes

Asymmetric membrane Composite membrane

O LA Y NP0
- . oS & ®P © (YY)
s.,...‘. .Q' )

w@
=08l ® ot wod

Figure 2.4. Schematic representation of different types of membranes: (a) symmetric

membranes, (b) Asymmetric membranes. The figure is adapter from reference®?,
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Symmetric membranes can be subdivided further into isotropic porous membranes and
nonporous or dense membranes (Figure 2.4a). The isotropic microporous membranes are
similar to the conventional filters in the structure and function. However, the pore sizes in the
range of 0.01-10 um in diameter are much smaller than those of the filters. The components
are separated as function of the molecular size of components and the pore size distribution.
While in the dense membranes, the separation of components is based on solubility and
diffusivity within the membranes. The permeation rate through a symmetric membrane is

inversely proportional to the membrane thickness.®® 84

The breakthrough of the membrane technology was the development of the asymmetric
membranes by Loeb and Sourirajan.2> Asymmetric membranes consist of a very thin top layer
supported by a much thicker porous sublayer (Figure 2.4b). The top layer and its sublayer can
be formed in a single step or separately. In composite membranes, the layers are usually
fabricated by different materials and optimized independently. The separation properties are
determined mainly by the thin top layer while the porous sublayer serves as a mechanical

support.83. &

2.2.2 Membrane Preparation

A number of different technigues can be used to prepare the synthetic polymer membranes, for
example, sintering, stretching, track-etching, template leaching, phase inversion, dip-coating,
plasma polymerization, interfacial polymerization. Among these techniques, the phase
inversion process is one of the foremost and versatile approaches to produce large varieties of

porous as Well as dense integral asymmetric membranes.®

Phase separation is a process whereby a one-phase casting solution is precipitated into two

separate phases: a polymer-rich phase that forms the solid matrix of the membrane and a
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polymer-poor phase that forms the membrane pores. The phase separation process includes
several different techniques. In the nonsolvent induced phase separation (NIPS), which was

firstly developed by Loeb and Sourirajan.®®

a cast polymer solution is immersed into a
nonsolvent (mostly water) bath, and the exchange of solvent and nonsolvent induces the
precipitation and formation of the membrane. If a cast polymer solution is precipitated by
adsorption of nonsolvent from a nonsolvent atmosphere (vapour), this is called as vapour
induced phase separation (VIPS). A polymer solution can also be phase separated via changing
the temperature, normally cooling, which is termed as thermally induced phase separation
(TIPS). When the polymer solution is prepared in a mixture of a volatile solvent and less
volatile nonsolvent, the evaporation of the volatile solvent leads to a higher content of
nonsolvent and polymer leading to phase separation. This process is called evaporation induced
phase separation (EIPS). Combinations of different techniques have also been developed to
fabricate desired membranes.®® & However, the NIPS process is most widely employed in the

fabrication of most commercially available membranes. Also within this study the membrane

formation via NIPS is studied and therefore introduced in more detail.

2.2.3 Integral Asymmetric Membrane by Nonsolvent Induced Phase Separation (NIPS)

In the NIPS process, a homogenous (thermodynamically stable) solution with a polymer, a
solvent or solvent mixture is cast and then immersed in a coagulation bath with nonsolvent
(mostly water). Here solvent and nonsolvent must be miscible with each other. After plunging
into the coagulation bath, the system becomes thermodynamically unstable due to the outflow
of the solvent from the polymer solution film and the inflow of the nonsolvent into polymer
solution film. At this stage, the system phase separates into two coexisting phases to minimize
the Gibbs free energy. As a result, the membrane with an integral asymmetric structure is

formed with a rather thin selective layer on top of a rather coarse porous sublayer.® &8
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In general, for a ternary system, the Gibbs free energy of mixing AGmix can be given by

Equation 2.5 from the Flory-Huggins theory®®.

AGpix = RT(ny Ingy + ny Ingy + 3 In@s + x12m19; + X13n193 + X23Nn2¢03) 2.5

Where nj and g; are the number of moles and the volume fractions of componenti (i =1, 2, 3).
The subscripts refer to nonsolvent (1), solvent (2), and polymer (3). yijare the Flory-Huggins
interaction parameters of the component i and j. When the chemical potentials in each formed
phase are equal for all components, a thermodynamical equilibrium state is reached. The

chemical potential of the components i (4ui) can be derived using the Equation 2.5 and 2.6.

Ay = (i) 2.6

o Jprn;

The ultimate membrane structure prepared via NIPS process is governed by the interplay
between thermodynamics (demixing) and kinetics (diffusion/mass transfer). The formation of
NIPS membranes can be rationalized using the three-component phase diagram through which
the composition change of the solution-cast film is tracked as a path (Figure 2.5). In this typical
triangular phase diagram as shown in Figure 2.5, the corners represent the three pure
components, i.e. polymer, solvent, and nonsolvent, while any point represents a mixture of
three components. The diagram consists of two main regions: a one-phase region and a two-
phase region. In the one-phase region all the components are miscible, whereas in the two phase
region the system separates into polymer-rich (solid) phase and polymer-poor (liquid) phase.
The one-phase region is homogeneous and thermodynamically stable (4Gmix < 0), which can
be subdivided into different regions based on the polymer concentration, i.e. liquid polymer
solution, polymer gel and glassy solid polymer. The boundary between the stable one-phase
region and two-phase region is the coexistence curve (so-called binodal curve in binary system)

where chemical potentials of component i are the same in two coexisting equilibrium phases,
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i.e., duil = Aui” (I: polymer-poor phase; II: polymer-rich phase). Tie lines link a pair of
equilibrium compositions in the polymer-rich and polymer-poor phases. Two-phase region can

be separated by the spinodal curve (8*°AGnmix/d%pi = 0) into metastable region and unstable

region. %6 87.8
Polymer
Glassy region
Binodal curve

One-phase .
gel region Metastable region

/ Spinodal curve

Typical Initial 1

casting solution N Poi-;'\tof

solidification

Critical point S oon : : .
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Figure 2.5. Schematic illustration of a three-component phase diagram typically used to
rationalize the membrane formation via NIPS (water precipitation). A path from initial polymer
casting solution A to the final membrane D can explain the membrane formation process. The

figure is adapted from reference®. .

When the casting solution crosses the coexistence curve (binodal curve) into the metastable
region (6°AGn/0%pi > 0), there is no driving force for spontaneous phase separation and
demixing can only proceed if the concentration fluctuations generate a stable nucleus. After
nucleation, the dispersed nuclei grow further in size while the composition of the continuous

phase gradually moves towards that of the other equilibrium phase. By nucleation and growth
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(NG), the type of formed structure depends on the initial concentration of the casting solution.
In the case of a very diluted casting solution, a latex type of structure is obtained with polymer-
rich nuclei dispersed in a continuous polymer-poor phase, which is not suitable for membrane
application. Starting with a more concentrated solution, the nucleation of the polymer-poor
phase occurs. Consequently, liquid droplets with a mixture of solvent and nonsolvent are
dispersed in the continuous polymer phase. If coalescence of the droplets occurs before
solidification, an open interconnected porous structure can be formed. In a ternary phase
diagram, the entry point from the one-phase region to the metastable region above the critical
point (the intersection of coexistence and spinodal curves) brings about the dispersed liquid
phase in the continuous solid phase, otherwise, a latex structure is formed. In the unstable
region (0°AGm/0%pi < 0), the solution is thermodynamically unstable with respect to even very
small concentration fluctuations and demixing occurs spontaneously. The amplitude and
wavelength of the local concentration fluctuation increase with time, leading to two
interconnected coexisting regions with equilibrium compositions (so-called spinodal

decomposition, SD).86 88,90 31

The membrane formation process is a series of steps, followed by a pathway in the phase
diagram, e.g. the path A-D, as shown in Figure 2.5.%%:87:8° During the precipitation process, the
composition changes from the initial casting solution composition A to the final membrane
composition D by losing solvent and gaining nonsolvent. First, just after the initial casting
solution (A) contacts with nonsolvent, simultaneously the exchange of solvent and nonsolvent
occurs. When nonsolvent inflow and solvent outflow reach to a certain extent, the composition
of casting solution reaches the coexistence curve, enters the two-phase region, and initiates the
phase separation, i.e., the precipitation point B. At this stage, the polymer-rich phase (the
precipitation domain) may still be able to flow or agglomerate. Upon further desolvation and

nonsolvent imbibition of the polymer-rich phase, the viscosity of the precipitated polymer
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phase is sufficient to be considered as a solid phase. The corresponding composition point is
C. The solid polymer phase finally forms the matrix (S) of the final membrane whereas the
liquid solvent-nonsolvent phase forms the pores (L) at the composition D. The overall porosity

of the membrane is determined by the position of composition D on the S-L line.86:87.&

Polymer

Precipitation pathway
membrane top surface

Precipitation pathway
membrane bottom surface

Initial casting
solution

~
-~
~
-
---------

Solvent Nonsolvent

Figure 2.6. Different layers of a phase inversion precipitation membrane follow different

precipitation pathways through ternary phase diagram. The figure is adapted from reference3

87

The precipitation path A-D is a single line representing the average composition of the whole
membrane. Different layers in the casting solution follow the different pathways through the
phase diagram as shown in Figure 2.6. The precipitation path, the delay time between
immersion and the onset of demixing, and precipitation rate have a significant effect on the
membrane structure. The top surface layer of the cast film first starts the phase separation due

to immediate precipitation upon direct contact with the nonsolvent. This precipitated thin layer
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becomes a barrier for further solvent/nonsolvent exchange in the cast film. The phase
separation proceeds at a reduced rate across the top surface toward the bottom of the cast film.
The precipitation rate is increasingly slower in the deeper layers of the cast films, providing
more time for phase separation. As a result, an asymmetric structure with pore gradient along
the cross-section of the ultimate membrane is generated.'® 8791 Additionally, the instantaneous
demixing (fast precipitation rate) normally renders an asymmetric structure with a thin skin top
layer and finger-like substructure with macrovoids, while the delayed demixing (slow
precipitation rate) forms a relatively skinless top layer on the sponge-like sublayer.8 8 The
ultimate membrane structure can be tuned by changing the parameters of membrane forming
system, e.g. composition of nonsolvent and polymer solution, the choice of solvent/nonsolvent,

polymer concentration.®

2.3 Integral Asymmetric Isoporous Block Copolymer Membrane

A precise control of the pore size during the membrane fabrication process is a prerequisite to
achieve a high performance of separation using a porous membrane. The well-known self-
assembly of BCPs can endow the uniformly sized microdomains in the microphase separation
structure. Therefore, the combination of self-assembly of BCPs with the nonsolvent induced
phase separation (SNIPS) is a promising scalable method to fabricate an integral asymmetric

membrane with an isoporous surface.®

Figure 2.7a depicts a typical SNIPS process.®” A concentrated polymer solution is typically
prepared using a binary or ternary mixture of solvents with different volatility and selectivity
towards the blocks. After casting of the solution film, solvent evaporation follows, which is a
key step to induce the microphase separation of BCPs at the surface of the film. Thus, the

SNIPS process is principally a dry/wet phase inversion. During solvent evaporation, the solvent
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concentration in the top layer decreases to a value below the order-disorder solvent
concentration. The directional growth of ordered periodic microdomains is initiated. The
orientation of the microphase separation is determined by the rate of variation of the polymer
chain relaxation rate and the rate of variation of the effective segregation strength as a function
of the solvent concentration. A perpendicularly oriented microphase separation is generated by
a sufficiently steep solvent concentration gradient with a solvent concentration at the surface
below a critical concentration.®? The perpendicularly oriented ordered periodic structure can
only grow a finite distance into the film, whereas the sublayer is closer to the initial
concentration of the casting solution. The formed perpendicularly ordered structure occurs in
a highly swollen state due to the different volatility of the different selective solvents in the
mixture, and can still rearrange to a thermodynamically more favourable parallel structure.
Therefore, at a certain evaporation time, the cast film needs to be plunged into the nonsolvent
bath. Upon the exchange of solvent/nonsolvent, the ordered vertically aligned structure in the
top layer is quenched while the sublayer is transformed into an unstable state and forms the
spongy or finger-like structure by spinodal decomposition similar to the mechanism of the
NIPS process. However, the SNIPS process generates an integral asymmetric membrane,
which possesses a rather thin selective layer having high number density (>10%* pores m) of
densely packed vertically-aligned cylindrical pores with a very narrow pore size distribution

above a macroporous sublayer, as shown in Figure 2.7b.1°
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Figure 2.7. (a) Schematic representation of the SNIPS process: casting of the BCP solution on
the substrates (e.g. glass plate or non-woven support), evaporation of volatile solvent from the
cast film surface within a certain time, immersing the cast film in the nonsolvent bath (e.g.
water), drying of the membrane. (b) Top and cross-section view of a representative integral
asymmetric isoporous BCP membrane prepared via SNIPS process. The figure is adapted from

references 3744 93,

The first reported and most studied SNIPS membrane system is prepared from PS-b-P4VP
diblock copolymer.®” On the basis of PS-b-P4VP, to data various diblock copolymers and
triblock terpolymers have been exploited for the fabrication of SNIPS membranes, e.g.
poly(tert-butylstyrene)-block-poly(4-vinylpyridine), poly(4-trimethylsilylstyrene)-block-
poly(4-vinylpyridine),*®  poly(a-methylstyrene)-block-poly(4-vinylpyridine) and poly(4-
methylstyrene)-block-poly(4-vinylpyridine),* polystyrene-block-poly(2-vinylpyridine) (PS-b-
P2VP),* PS-b-PHEMA,*® polystyrene-block-poly(glyceryl methacrylate),*” polystyrene-

block-poly(ethylene oxide), polystyrene-block-poly(2-hydroxyethyl methacrylate-ran-2-
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(succinyloxy)ethyl methacrylate,®* PS-b-P2VP-b-PEO,* PI-b-PS-b-P4VP,** PI-b-PS-b-
PDMA,*? PS-b-P4VP-b-PPS,* and PS-b-P4VP-b-PSMA.%° The most common solvent system
used for preparation of some SNIPS membranes is the mixture of tetrahydrofuran (THF) and
N,N-dimethylformamide (DMF). The more volatile THF has a preferential affinity for matrix-
forming blocks (e.g. PS), whereas the less volatile DMF shows selectivity for the hydrophilic-

pore forming blocks (e.g. P4VP).1°

Besides the development of the diversity of BCP materials and functionalities of SNIPS
membranes, there have been many efforts for the fundamental understanding of the structure
formation of SNIPS membranes. One issue is to determine the BCP phase behavior in the
casting solution. The casting solutions for the formation of isoporous membranes are primarily
disordered or only weakly segregated or can be sometimes ordered micellar solutions
depending on the solvent system, solvent concentration and addition of additives.> %101 The
geometry of the ordered structure in the casting solution can be similar to the pore geometry in
the final membrane, e.g. a hexagonal order of PS-b-P4VP,% 97100 while a transition can occur
during the solvent evaporation, e.g. a transition from body-centred cubic (BCC) to simple cubic
(SC) lattices in the case of PI-b-PS-b-P4VP.*° Another issue is to define the micellar structure
of BCP in the casting solution, e.g. the widely studied PS-b-P4VP. In some studies, the
formation of crew-cut micelles with major block PS in the core was presumed.>” 192104 On the
contrary, the hydrophilic minor block P4VP self-assembled within the core of the highly
swollen spherical micelles even in the pure DMF, verified by the investigation of cryo-scanning
and cryo-transmission electron microscopy combined with small-angle neutron scattering
(SANS).1% The structure formation pathways and the characteristic transient structures
involved in the formation of the SNIPS membrane were investigated using atomic force
microscopy (AFM), scanning electron microscopy (SEM) and in situ synchrotron small-angle

X-ray scattering (in situ synchrotron SAXS) based on PS-b-P2VP and PS-b-P4VP system.%
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Furthermore, the mechanism of the structure formation on the surface of the SNIPS membrane

was clarified by V. Abetz, illustrated as shown in Figure 2.8.1°
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Figure 2.8. Schematic representation of isoporous structure formation on the top of SNIPS
membrane from the casting solution. (a) disordered or weakly segregated diblock copolymer
in a mixed selective solvent (red: polystyrene rich domains, blue: poly(4-vinylpyridine) rich
domains), (b) microphase separation with polystyrene rich matrix after film casting, (c)
solidification of the matrix due to solvent evaporation, (d) open pores in the poly(4-
vinylpyridine) rich domains after non-solvent induced phase separation, (e) isoporous structure

of the dried membrane. This figure is adapted from reference®®.

The formation of an isoporous top layer in the SNIPS membrane starts with a disordered or
weakly segregated initial solution in the mixture of THF and DMF (Figure 2.8a). After casting
the liquid film, the more volatile THF evaporates, leading to the formation of spherical micelles
with a swollen PS corona and highly swollen P4VP cores (Figure 2.8b). Upon the fast
evaporation of THF, the P4VP spheres grow into cylinders perpendicular to the film surface,
due to shrinkage of the swollen PS matrix and the simultaneous connection of the highly
swollen P4VP spheres (Figure 2.8c). By quenching into the nonsolvent bath, the solvent and
nonsolvent exchanges with each other, consequently the highly swollen P4VP chains within
cylinders collapse to form the open pores while the major PS block collapses around the

cylinders and forms the matrix (Figure 2.8d).*°
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The formation of SNIPS membranes requires the right choice of a considerable number of
parameters, e.g., block structure and architecture, composition and molecular weight of the
BCP, polymer concentration of the casting solution, solvent system and its composition,
nonsolvent system and its composition, solvent evaporation time and the additives, etc.'®
Significant advances have been made during SNIPS membrane studies for more than one
decade, which can guide the fabrication of SNIPS membrane in a more qualitative rather than
quantitative way. Therefore, in practice these corresponding parameters have to be optimized

for a new BCP system empirically.

2.4 Membrane Separation Process

The most important property of membranes is their ability to selectively transport/reject
specific components from a multi-component system. Transport through the membranes occurs
as a result of a driving force, which can be a gradient in pressure, concentration, electrical
potential or temperature between the feed and permeate side.2% In this study, all the membrane
separations are pressure-driven. According to the size of the retained solutes, the pressure-
driven separation process typically can be classified into microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO) and forward osmosis (FO) as shown in Figure
2.9. Different from other processes driven via hydraulic pressure, the FO is driven by an
osmotic pressure difference between the feed phase and the permeate phase with a draw

solution of high osmotic pressure.1%’
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Figure 2.9. Membrane processes that are driven by pressure typically can be classified into
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) and
forward osmosis (FO) based on the size of the retained solutes. The figure is adapted from the

referencel®’.

Two fundamentally different models are used to describe the transport mechanisms for above
membranes process: solution-diffusion model and pore-flow model as depicted schematically

in Figure 2.9.108

In the solution-diffusion model, the permeants traverse the membrane through the free-volume
elements (pores) which are tiny spaces between polymer chains caused by the thermal motion
of the polymer segments. The free-volume elements appear and disappear on the almost same
time scale as permeants motions, which are not fixed. Briefly the transport behaviour involves
three steps: adsorption or dissolving of a penetrant molecule at the feed side of a membrane,
diffusion through the membrane down a concentration gradient, and ultimately desorption or
release from the permeate side of the membrane. The transport of uncharged small solutes and

ions through nonporous RO and FO membranes is described by the solution-diffusion model.
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Current RO and FO membranes for water purification and desalination can remove almost all
the ions and uncharged solutes of molecular weights larger than ~100 Da. The separations are
governed by the differences in the solubility and diffusivity of the solutes in the membrane

selective layer,107-109

In the pore-flow model, the free-volume elements (i.e. fixed pores) do not fluctuate in position
or volume on the time scale of the permeant motions. The free-volume elements are the
connected relatively large pores. The separation is predominantly accomplished based on the
molecular size exclusion mechanism. Transport through porous MF and UF membranes is
primarily described by the pore-flow mode. MF membranes are proposed to remove the
suspended particles and microbial pathogens while UF membranes are designed to retain the
macromolecules and small pathogens with a molecular weight cut-off in the range of 5-500
kDa. While NF membranes are intermediate between UF and RO membranes with effective
pore sizes of 0.5-2 nm. Separation of uncharged molecules through NF membranes is mainly
based on a size exclusion mechanism, while for charged molecules, both steric (size-sieving)
effect and electrical (e.g. Donnan equilibrium) effect have an influence on the separation
behaviour.8” 110 111 NF membranes are mainly used for water softening and removal/separation

of natural/synthetic organic matter(e.g. textile dyes).1%" 112

Two important parameters for membrane performance are the permeability and selectivity .
Flux of water through porous and non-porous membranes can be often described by the

following phenomenological equation®’:

J, = A(AP — Amy,) 2.7

where Jy is the volumetric water flux, A is the water permeability coefficient, 4P is the applied

hydraulic transmembrane pressure, Azm is the osmotic pressure difference across the active
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layer, which is negligible for MF and UF membranes. The water flux can be experimentally
determined by measuring the volume flow (v) through the membrane per unit area (Am) and

time (t) as Equation 2.8:

__av
T dt-Ap

2.8

J

Therefore the water permeability coefficient (or water permeance) can be determined from the

slope of the flux-pressure curve.1%

As in this work, all the studies are based on the porous membranes, the transport phenomena
through the porous membranes are given in more detail. The water flux and solute rejection in
porous membranes are primarily governed by the pore size and its distribution, porosity and

pore tortuosity of membranes.

The simplest and ideal representation of a porous membrane is the one with uniformly sized
cylindrical pores perpendicular or obligue to the membrane surface in the active layer. The
volume flow through cylindrical channels can be modelled as laminar flow derived by the

Hagen-Poiseuille law, as shown in Equation 2.9:

emr? AP
j=mr 2R 2.9
8Nt Ax

where J is the solvent flux, # is the solution viscosity, r is the pore radius, em is the surface
porosity (the fractional pore area), 4x is the thickness of the membrane active layer, 7 is the

pore tortuosity (for the cylindrical perpendicular pores, 1=1).1%

The Hagen-Poiseuille Equation can best describe the transport through the active layer of
membranes with perfectly aligned uniform pores (e.g. an isoporous membrane). However, only
few membranes possess such a structure, following Hagen-Poiseuille Equation. Current

membranes prepared by the most common technique (e.g. phase inversion or sintering)

-34-



Chapter 2 Theoretical Background

normally are characterized by an irregular pore geometry and tortuosity. Such membranes can

be described by the Kozeny-Carman relationship:

_ & Ap
J= KnS2(1-§)2 Ax 2.10

where ¢ is the volume fraction of pores, S is the internal surface area of pores, and K is the

Kozeny-Carman constant which depends on the shape of the pores and the tortuosity. % 113

The pore size distribution largely governs the rejection of solutes Ra in the feed solution. The
rejection R, for a solute with radius a by a membrane pore of radius r (r>a) was evaluated as a

function of A = a/r, based on a mechanical exclusion model, as shown in Equation 2.11:

Ry=1-[2(1=2)2%—= (1 - )*exp[—0.714612] 2.11

This relation is obtained based on some assumptions. For example, the solute transport is
dominated by the convection whereas diffusional contribution is negligible. The concentration
polarization and membrane—solute interaction are not present.*'* The rejection Ra is generally
called as the actual rejection. In practice, the rejection experimentally measured is considered
as the observed rejection Ro, which is defined as Ro=1-2cp/(ct + ¢cr) (Cp, Cfand cr are the
concentrations of the permeate, feed, retentate solutions, respectively). The actual rejection Ra
can be determined from the observed rejection Ro by including the influence of concentration
polarization on the local feed concentration of rejected solutes.!'® In general, the concentration
polarization can be minimized by the optimization of the measurement procedure, e.g. vigorous
stirring in dead-end filtration (the feed flow perpendicularly passes through the membranes),

or cross-flow filtration (the feed flow travels tangentially across the surface of membranes).

When the charged solutes pass through a charged porous membrane, the separation mechanism

is remarkably related to the steric and electrostatic partitioning effects (e.g. Donnan equilibrium)
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between the membrane and external solution.**® Mass transfer of the electrolytes and neutral
solutes through charged membranes can be described via different models, e.g. Donnan steric
pore model (DSPM), Donnan steric pore model & dielectric exclusion (DSPM&DE), and
Steric Electric and Dielectric (SEDE) model. Basically, each model can well describe the
separation behaviour of charged membranes in some certain cases, but a generalized model is
not yet well developed.*1% 111116 However, in essence all the variations of the models are related
to the extended Nernst-Planck equation, which defines the mass transport of charged solutes
through the membrane by three different contributions: diffusion, convection, and
electromigration (down the potential gradient arising from unequal diffusion rates).' The

transport equation for a solute i can be written as

dc;
Lp dx

—ZiCl'D ul @4‘ Ki,CCIJv 2.12

]i:_D i'pde

where Ji is the flux of solute i, ci and zj is the concentration and the valence of the solute i,
respectively, F is the Faraday constant, ¢ is the membrane potential, Dip denotes the diffusion
coefficient inside the confined pores, Dip = K dD;« (D;« iS the diffusion coefficient of the solute
I in water at infinite dilution), Kigq and Ki are hindrance factors to account for the diffusion and

convection of the solutes in the confined pores, Jy is the water flux, 110116117
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3.1 Materials

Styrene, 4-vinyl pyridine (4VP), isoprene, tert-butyl methacrylate (tBMA), di-n-butyl
magnesium (MgBuz, 1.0 M solution in heptane), ethylaluminium dichloride (1M in hexane),
calcium hydride (CaH>), n-butyl lithium (n-BuLi, 1.6 M solution in hexane), sec-butyl lithium
(s-BuLi, 1.4 M solution in cyclohexane), p-toluene sulfonyl chloride (pTsCl), methyl-2-
bromopropionate (MBrP), N,N,N’,N”",N ”-pentamethyldiethylenetriamine (PMDETA), CuCl,
CuBr, aluminium oxide (Al.Oz) were purchased from Sigma-Aldrich. Tetrahydrofuran (THF),
toluene, N,N-dimethylformamide (DMF), chloroform (CHClz), 1,4-dioxane (anhydrous 99.8%,
DOX), dimethylacetamide (DMACc), methanol (MeOH), dichloromethane, diethyl ether and n-
pentane were purchased from Merck KGaA (Germany), Sigma-Aldrich or Th. Geyer. 2-
mercaptoethanol, 2,2-dimethoxy-2-phenyl acetophenone (DMPA), methyl iodide (Mel), ethyl
iodide (Etl), 1-propyl iodide (1-Prl), 1,3-propane sultone, trimethylchlorosilane (TMCS),
trimethyloxonium tetrafluoroborate ((CH3)3O(BF4)), methylene blue (MB+), riboflavin (RBO),
Orange II (OR-), naphthol green B (NG3-) and reactive green 19 (RG6-) were obtained from
Sigma-Aldrich. Titanium tetraisopropoxide (TTIP), poly(ethylene glycol) with molecular
weight 400 g mol! (PEG400) and magnesium acetate (MgAcz) were purchased from Sigma-
Aldrich. Sodium hydroxide and hydrochloric acid (37 %) were obtained from Merck KGaA
(Germany). All materials were used as received without further purification unless described
specifically. Isoprene was distilled twice from CaH. and twice from n-BuLi. Styrene was
purified from a basic Al2Os column and subsequently distilled from MgBuz. 4-vinylpyridine
(4VP) was distilled under reduced pressure after being treated twice with ethylaluminium
dichloride. tBMA was purified by passing through a basic AloO3 column. The solvent used for

polymerization was THF, purified from sodium metal, titrated with s-BuL.i.
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3.2 Synthesis of Block Copolymers
3.2.1 Synthesis of PS-b-P4VP Diblock Copolymer

PS-b-P4VP diblock copolymer was synthesized by sequential living anionic polymerization
following a previously published procedure,®? as shown in Scheme 3.1. The polymerization of
styrene was initiated by s-BuLi in THF at =78 °C for approximately 2 h. Afterwards, the
purified 4VP was added to the reactor via a syringe and polymerized onto the living polystyrene
for approx. 14 h. The polymerization was terminated with methanol/acetic acid (90/10 by
volume,v/v). After removal of THF under reduced pressure and precipitation in water, the PS-

b-P4VP diblock copolymer was obtained.

P
THF, -78 °C % THF, -78 °C %

Scheme 3.1. Synthesis route of PS-b-P4VP diblock copolymers by living anionic

polymerization.
3.2.2 Synthesis of PS-b-P(HTMB-r-1) Diblock Terpolymers

PS-b-P(HTMB-r-1) diblock terpolymers were prepared by living anionic polymerization with
subsequent thiol-ene click chemistry, as shown in Scheme 3.2. First, a PS-b-PI diblock
copolymer was synthesized by sequential living anionic polymerization following a previously
published procedure.!!® 11° The synthesis started with the polymerization of styrene using s-

BuL.i as the initiator in THF at -78 °C for approximately 2 h. Afterwards, the purified isoprene
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was added to the reactor and subsequently the reaction temperature was increased up to -10 °C
for further 4-5 h. After termination with methanol/acetic acid (90/10 v/v) and precipitation in
methanol, the PS-b-PI diblock copolymer was obtained. The polyisoprene (PI) block of PS-b-
Pl was subsequently hydroxylated by a thiol-ene click reaction to obtain the poly(4-(2-
hydroxyethyl-thio)-2-methyl  butene-random-4-(2-hydroxyethyl-thio)-3-methyl  butene-
random-isoprene) (P(HTMB-r-1)) with various degrees of hydroxylation (DH). Specifically,
2-mercaptoethanol and the photoinitiator DMPA (molar ratio [RSH]o/[C=C]o/[DMPA]o =
30:1:1) was added to a ~6% by weight (wt%) solution of PS-b-PI in anhydrous THF (Sigma-
Aldrich). The mixture was degassed by three freeze-pump-thaw cycles, put under an argon (Ar)
atmosphere, and irradiated by ultraviolet (UV) light at room temperature for 2 h (light source:
200W DC super pressure short-arc mercury lamp, LUMATEC, Superlite SUV-DC, Germany,
wavelength A = 365 nm). Afterwards, the polymer solution was concentrated, precipitated into
methanol, and dried under vacuum. The polymer was redissolved into THF and the
precipitation was repeated several times, in order to remove the excess reagents completely.

The thiol-ene click reaction was repeated to obtain the different desired DH of polymers.

OH

/
SH
//W(//W ~—"oH /%//W/ /
THF, -78 °C THF, -10 °C 2,2-Dimetho y2
phenylacetophen
(DMPA), THF
UV, 365 nm

Scheme 3.2. Synthesis route of PS-b-P(HTMB-r-1) diblock terpolymer by living anionic

polymerization and subsequent thiol-ene click chemistry.

3.2.3 Synthesis of PIl-b-PS-b-P4VP Triblock Terpolymer and P(HTMB-r-1)-b-PS-b-

P4VP Triblock Quaterpolymers
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A PIl-b-PS-b-P4VP triblock terpolymer was synthesized by sequential living anionic
polymerization (Scheme 3.3). The synthesis started with the polymerization of isoprene using
s-BulLi as the initiator in THF at -10 °C for a minimum of 4 h. A 5 ml aliquot was collected
from the reactor and terminated with degassed methanol for *H NMR and GPC analysis of the
PI. The temperature of the reactor was then decreased to -78 °C and the purified styrene was
added to the reactor for approximately 2 h polymerization. Once more a small aliquot was
collected from the reactor and terminated with degassed methanol for *H NMR and GPC
analysis of the PI-b-PS. The distilled 4VP was subsequently added to the reactor and
polymerized onto the PI-b-PS for approx. 14 h. After the termination with degassed
methanol/acetic acid (90/10 v/v) and precipitation in water, Pl-b-PS-b-P4VP triblock

terpolymer was obtained.

The PI block of PI-b-PS-b-P4VP was subsequently hydroxylated by thiol-ene click reaction
with mercaptoethanol to obtain P(HTMB-r-1)-b-PS-b-P4VP with various DH (Scheme 3.3). 2-
mercaptoethanol and the photoinitiator DMPA (molar ratio [RSH]o/[C=C]o/[DMPA]o = 30:1:1)
was subsequently added to a ~6 wt% solution of PI-b-PS-b-P4VP in anhydrous THF. The
mixture was degassed by three freeze-pump-thaw cycles, put under an Ar atmosphere, and
irradiated by UV light at room temperature for 2 h (light source: 200W DC super pressure
short-arc mercury lamp, LUMATEC, Superlite SUV-DC, Germany, wavelength A = 365 nm).
Afterwards, the polymer solution was concentrated, precipitated several times into n-
pentane/diethyl ether (50/50 v/v) and dried under vacuum. The thiol-ene click reaction was

repeated to obtain the different desired DH of polymers.
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THF, -78 °C

yL. p— }I/«?/«)\Jr <5 Ji/«?/ ~ o
§°H e e [

*I/Xr/j# S *1/4/

phenylacetophenone
§
[o]

(DMPA), THF
Scheme 3.3. Synthesis route of Pl-b-PS-b-P4VP triblock terpolymers by living anionic

UV, 365 nm

H

polymerization and thiol-ene click chemistry of P1-b-PS-b-P4VP to obtain P(HTMB-r-1)-b-PS-

b-P4VP triblock quaterpolymer.

3.3 Preparation of Block Copolymer Membranes via SNIPS

Membranes were prepared via a SNIPS process. As shown in Figure 3.1, in general, BCP was
dissolved in a solvent mixture of THF/DMF or THF/DMF/DOX (The solvent mixtures used
for casting solutions are given in relative weight amounts) to prepare the solutions of different
concentrations and compositions. After stirring for 24 h at room temperature, the solutions
were directly cast on a glass plate or polyester nonwoven support using a doctor blade with a
gap height of 200 um. The cast films were left for a certain time under air before immersing
them into a non-solvent bath (water bath). After immersing in the non-solvent bath for several

hours, the membranes were dried at 60 °C in a vacuum oven for 3 days.

Regarding the inorganic-organic hybrid nanocomposite membrane, the casting procedure is
similar to the aforementioned process. Titanium dioxide (TiO) sol nanoparticles (NPs) were

in situ prepared by hydrolysis of TiO2 precursor (titanium(IV) isopropoxide, TTIP) in an
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aqueous environment, following a reported procedure.'?® 12 After the polymer solution was
kept stirring for 24 h, different amounts of TiO2 sol solution were added into the polymer

solution to form the final casting solution.

Doctor blade Substrate

% 7

Solvent A A
evaporation

>

Cast film

RS e =

Block copolymers

Precipitation

Figure 3.1. Schematic representation of membrane casting via SNIPS.

3.4 Post-functionalization of Block Copolymers

3.4.1 Quaternization of P4VP Blocks with Mel

The Mel treatment was accomplished by placing the membranes into Mel vapour (e.g., ca. 60
pl Mel (1)/500 ml vessel) at room temperature for 2 days. The resulting membranes were dried

at 60 °C under vacuum for several days to remove any unreacted Mel.

3.4.2 Sulfonation of P(HTMB-r-1) Blocks with 1,3-Propane Sultone

The 1,3-propane sultone treatment was performed by placing the membranes into a desiccator
with a predetermined amount of 1,3-propane sultone. The desiccator was evacuated by a

diaphragm vacuum pump (Vacuubrand, Wertheim, Germany) and then placed in an oven
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maintained at 50 °C for a certain time (14-18 h). The resulting membranes were immersed into
the non-solvent bath of methanol/water (50/50 v/v) under shaking at 90 rpm for 10-14 h at
25 °C, in order to remove the unreacted 1,3-propane sultone, and then dried at 60 °C in a

vacuum oven for several days.

3.5 Characterization

3.5.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

The synthesized block copolymers were characterized by using *H NMR spectroscopy in pure
deuterated chloroform (CDClz) or deuterated N,N-dimethylformamide (DMF-d7) or in a
mixture of CDCIls and deuterated dimethyl sulfoxide (DMSO-d6) (92/8 v/v) on a Bruker

Avance 300 NMR spectrometer at 300 MHz.

3.5.2 Gel Permeation Chromatography (GPC)

Molecular weights and dispersity indices of the polymers were determined by gel permeation
chromatography (GPC). The measurements were performed at 50 °C in THF or DMAc with
LiCl using 3 um PSS SDV gel columns at a flow rate of 1.0 mL-min™! (VWR-Hitachi 2130
pump, Hitachi, Darmstadt, Germany). A Waters 2410 refractive-index detector (A = 930 nm)

with a polystyrene (PS) calibration was used.

3.5.3 Transmission Electron Microscopy (TEM)

The morphology of the bulk samples and porous membranes was characterized by transmission
electron microscopy (TEM). A Tecnai G? F20 transmission electron microscope (FEI,
Eindhoven, The Netherlands) was operated at an acceleration voltage of 120 kV in bright-field

mode. The bulk samples were cast from the solution (around 5 wt%) of the respective block
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copolymers in pure CHCls, a mixture of CHCI3 and DMF (95/5 v/v) or a mixture of CHClz and
methanol (95/5 v/v). The solvents were slowly evaporated in a desiccator over a period of 2
weeks followed by thermal annealing in a vacuum oven to obtain morphologies as close as
possible to equilibrium. The porous membranes were embedded in epoxy resin (Epo-Tek 301,
two components, curing at room temperature for 3 days) before cutting into ultrathin sections.
The samples of dense films and the embedded porous membranes were cut at room temperature
to approx. 50 nm thin sections using a Leica EM UCT ultra-microtome (Leica Microsystems,
Wetzlar, Germany) equipped with a diamond knife (Diatome AG, Biel, Switzerland). The
ultrathin sections of embedded porous membranes were tested without further staining. The
staining of the ultrathin sections of dense films was achieved by their exposure to iodine (12)
vapour for 30 min or 1 h and/or to osmium tetroxide (OsOa) vapour for 30 min or 1 h or to

ruthenium tetroxide (RuOas) vapour for 20 min.

3.5.4 Atomic Force Microscopy (AFM)

Polymer thin films were prepared via spin-coating of a 2 wt% polymer solution in CHCI3 or
CHCls/methanol (98/2 v/v) on a silicon wafer at 3000 rpm for 1 min. The prepared films were
used for further analysis without thermal- or solvent-annealing. The topography of the polymer
thin films was monitored by atomic force microscopy (AFM). The images were captured by a
Bruker MultiMode 8 AFM (NanoScope V controller) operated in PeakForce QNM mode or
tapping mode at ambient conditions, using commercial silicon ScanAsyst-Air or RTESPA 150

tips (Bruker, Karlsruhe, Deutschland).

3.5.5 Scanning Electron Microscopy (SEM)

The membrane morphology was investigated by scanning electron microscopy (SEM).

Secondary electron (SE) images of SEM were taken on a LEO Gemini 1550 VP or a Merlin
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(both ZEISS, Oberkochen, Germany) at a voltage of 3 kV or 5 kV. Cross sections of the
membranes were prepared while dipping the membrane in isopropanol, freezing in liquid
nitrogen and cracked. The samples were coated with ca. 1.0 or 2.0 nm platinum using a coating
device Bal-Tec (Capital T) MED 020 (Bal-tec/Leica Microsystems GmbH, Wetzlar, Germany).
Backscattered electron (BSE) images were accomplished on the Merlin (ZEISS) at a voltage
of 3 kV. In this case the samples were coated with 6.0 nm carbon (EM ACEG600, Leica
Microsystems GmbH, Wetzlar Germany or a PECSII, Gatan, Inc., Pleasanton, CA, USA).
Average pore size values were determined using the software analySIS (Olympus) or IMS

(Imagic Bildverarbeitung AG, Opfikon, Switzerland) on the basis of the SEM results.

3.5.6 Energy Dispersive X-rays Analysis (EDX)

Elemental analysis of the membranes was performed by energy disperse X-rays (EDX) with

the Merlin (ZEISS) scanning electron microscope.

3.5.7 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was conducted in an attenuated total
reflectance (ATR-diamond crystal) mode with a Bruker ALPHA FT-IR spectrometer (Bruker,
Karlsruhe, Germany) in a spectral range of 400 - 4000 cm™ with a resolution of 2 cm™ and

average of 32 scans.

3.5.8 Surface Zeta Potential

Membrane surface zeta potential was determined using a SurPASS 3 electrokinetic analyzer
(Anton Paar, Graz, Austria) with a background of 1 mM NaCl solution. The streaming channel

gap height was adjusted at 100 um. The pH values were adjusted using 50 mM HCI and 50
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mM NaOH solutions in a range of 2.5 — 10. Each data point was measured 4 times. The zeta
potential ({) was calculated from the streaming potential (Usy) using the Helmholtz-

Smoluchowski equation:

= Wstr m L 1
¢= dAp g9 Ac Re 31
where Us is the streaming potential, Ap is the hydrodynamic pressure difference across the
streaming channel, # is the viscosity of the electrolyte solution, ¢ is the permittivity of the
electrolyte solution, &o is the vacuum permittivity, | is the length of the streaming channel, Ac
is the cross-section of the streaming channel and Re is the electrical resistance inside the

streaming channel.

3.5.9 Dynamic Water Contact Angle

Dynamic contact angles were measured with 1 pL water droplets on a Kriiss Drop Shape
Analysis System DSA 100 (Kriiss GmbH, Hamburg, Germany). At least 3 samples were

measured.

3.5.10 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a TGA-DSC2 Thermogravimetric
Analyzer (Mettler-Toledo, GielRen, Germany) over the range of 25 to 1000 °C with a heating

rate of 10 K min in an argon atmosphere.

3.5.11 Differential Scanning Calorimetry (DSC)

-47 -



Isoporous Block Copolymer Membranes with Charged Nanochannels

Differential scanning calorimetry (DSC) was carried out with a differential scanning
calorimeter DSC1 (Mettler-Toledo, Giel3en, Germany) in a temperature range between -50 °C

and 200 °C under a nitrogen atmosphere and at a heating rate of 20 K min™.
3.5.12 Membrane Performance Tests
3.5.12.1 Water Permeance Measurements

Water permeance measurements were performed in dead-end mode using a home-made
automatic testing device (Figure 3.2) at transmembrane pressures (4P) up to 1-2 bar at room
temperature. The volume change Av was measured gravimetrically for time slots At of 1-3 min
for 2-24 h. The effective membrane area An was 1.77 cm?. These studies were carried out
employing demineralized water with an electrical conductivity of = 0.055 uS cm™ and a density
of 0.998 g cm™. A minimum of 3 samples was measured. The water permeance (Ju) was

calculated by normalizing the flux by the transmembrane pressure.

%Valve 3
Measurement
Cell E

v

Permeate

Balance
|:v—‘

Figure 3.2. (a) Schematic representation of the home-made automatic testing device. (b)

Measurement cell.
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The water permeance was calculated using the following equation:

_ Av
T ApAtAP

3.2

Jw

3.5.12.2 Retention Measurements

Retention measurements were carried out using a stirred test cell (EMD Millipore™
XFUF04701, Darmstadt, Germany, Figure 3.3a) at a transmembrane pressure of 2 bar at room
temperature. The effective membrane area was reduced to 1.77 cm? by using an in-house
prepared reduction ring, as shown in Figure 3.3b. Before the membranes were challenged with
the solute solutions, ultrapure water was initially passed through the membranes for 0.5 h to
stabilize the porous structure of membrane. Afterwards, all water was removed from the test
cell and also the membrane was dried completely using a tissue (Kimwipe). A series of aqueous
solutions of organic solutes was prepared separately at the concentrations of 0.1mM, e.g.
methylene blue (MB+), riboflavin (RB0), Orange II (OR-), naphthol green B (NG3-) and
reactive green 19 (RG6-). Subsequently, a 70 ml aqueous solution was added to the stirred cell.
To minimize the effects of concentration polarization, the feed solution was stirred at 500 rpm
during measurements. The permeate solution was collected in disposable centrifuge tubes with
screw caps. In the case of the pristine membrane 10, which showed the water flux in the
ultrafiltration regime, 70 ml aqueous solution ran out within 30 min. Two permeate solutions
were collected, e.g., each 10 min one permeate was collected. In the case of post-functionalized
membranes, three permeates were collected successively, i.e., each one hour one permeate was
collected. Meanwhile, 2 ml of retentate solution was also sampled to determine the retentate
concentration for each permeate. All the feed, permeate and retentate samples were sealed
properly with screw cap and refrigerated to prevent water evaporation before determination of

the concentration. The last permeate solution was used as the final retention performance. The
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stirred cell was emptied, and washed with ultrapure water and subsequent acetone between

each test. Measurements were made on a minimum of 3 samples.

bl

Face A: down to fix the membrane by black O-ring.
Face B: up toward the feed solution.

e

W6ser fur individuelles V

>bleml| sser far in p < = " “
' : oo
Figure 3.3. (a)A photo of the employed EMD Millipore XFUF04701 cell, (b) Photos of the in-

house prepared reduction ring to reduce the effective membrane size.

The concentration of the solutes in the feed solutions Cs(mg L), permeate solutions Cp, (mg L
1y and retentate solutions Cr (mg L?) was determined by a UV-vis spectrophotometer
(GENESYS 10S, Thermo Scientific, Dreieich, Germany) and the retention (Ro, %) of the

solutes was calculated using Equation 3.3:

(1%
R, = (1 (Cf%r)/z) x 100 33

Two-solute separation measurements were performed using the same procedure as mentioned
above. For all the mixtures the molar composition between two solutes is 1:1, but the total

solute concentration in the feed was kept at 0.1 mM.
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To quantify the figure of merit for molecular separation, we calculated the selectivity v, defined

as the ratio of transmission of two species using Equation 3.4:

Selectivity = % 3.4
—Ro2

where Ro1 and Ro2 were observed retention values of the two different solutes.
3.5.12.3 Adsorption Measurements

Adsorption measurements were accomplished with different solutes, e.g. MB+, RBO, OR—,
NG3— and RG6—. 2 mL of an aqueous solution of solutes with the concentration of 0.1 mM
were placed on a membrane disc of 0.6-2 cm in diameter in a small closed vial. The vials were
shaken at 90 rpm for 24 h at 25 °C to reach equilibrium. The membrane was rinsed two times
with 2 mL H20 for 10 minutes. The solute adsorption on the membrane was calculated as

follows:

m(ads,solute) — mo—(my+my+my,)

3.5

Solute adsorbed =
membrane area Am

where mo is the mass of the solute in the solution before the adsorption experiment, my is the
mass of the solute in the solution after the adsorption experiment, and mw: and my. are the
masses of solute in the washing solutions and An is the membrane area. The concentration of
the solution was determined by a UV-vis spectrophotometer (GENESYS 10S, Thermo

Scientific, Dreieich, Germany).

3.5.12.4 Dynamic Filtration Measurements for Antifouling Property

The dynamic filtration of 0.1 mM aqueous solutions of individual foulants was performed using

the aforementioned dead-end stirred test cell (EMD Millipore™ XFUF04701, Darmstadt,
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Germany, Figure 3.3a) at a transmembrane pressure of 1 bar at room temperature. Pure water
initially passed through the membrane for 30 min and the average permeance was calculated
as Jwo. The feed solution was then changed to the model foulant solution (e.g. 0.1 mM OR—
and RG6— aqueous solutions). The filtration of the foulant solution was conducted for 3 h while
the corresponding permeate permeance (Jp) was recorded every 10 min. After filtration of the
foulant solution, the membranes were washed with demineralized water for 20 min, then the
pure water permeance of the cleaned membrane (Jw1) was measured again for 30 min. To
evaluate the antifouling property in details, several ratios were defined, i.e. the flux recovery
ratio (FRR, %) in Equation 3.6, the total flux decline ratio (FDR:, %) in Equation 3.7, the
reversible flux decline ratio (FDRy, %) in Equation 3.8 and the irreversible flux decline ratio

(FDRir, %) in Equation 3.9, as shown below:

FRR = §W—1 x 100% 3.6
wo
FDR, = (1 — ]’—p) x 100% 37
wo
_ ]wl_]p
FDR, = (*2=2) x 100% 3.8
wo
_ ]WO_]Wl
FDR;y = (#0=0) x 100% 3.9
wo
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Chapter4  PS-b-P4VP Isoporous Membranes with

Tunable Positively Charged Nanochannels
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Molecular characterization of polymer used in this chapter.
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Chapter 4 Positively Charged Isoporous Membrane

4.1 Introduction

The introduction of charged functional groups into the pore-forming block can not only tune
the pore size by the swelling of the polyelectrolytes along the pore wall in a hydrated state but
also endow the nanochannels with a charge function. The resulting charged membrane can
separate molecules or particles based on not only their size but also charge features, which may
hold much potential for their applications in the removal/recovery of dyes, water purifications

and separation of valuable molecuales, etc.

In this chapter, positively charged isoporous membranes were prepared based on PS-b-P4VP
diblock copolymer. The previous studies reported that the tailoring of the pore size is dependent
on protonation®3 44:5%:57.8 or deprotonation*? *° of functional groups of the pore-forming block.
Herein the quaternization of P4VP was employed to bring about positively charged
polyelectrolytes along the pore wall. Their swelling behaviour in a hydrated state is not limited
to the acid condition. Alkyl iodides with different sizes of alkyl groups (i.e. Mel, Etl and 1-Prl)
were used as quaternization agent and the degree of quaternization was varied to construct an
adjustable pore size and surface functionality of the positively charged membrane. The
resulting positively charged membranes were evaluated by their capability to reject a small

cationic dye molecule.
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4.2 Quaternization of PS-b-P4VP Membranes

o Pristine membrane { Pristine membrane

Figure 4.1. Secondary electron (SE) images of SEM of the pristine membrane: (a) top surface

and (b) cross section.

A PS-b-P4VP diblock copolymer was prepared by living anionic polymerization with a
molecular weight of 154 kg mol™, a narrow dispersity index of 1.08, and the composition of
82 wt% PS and 18 wt% P4VP. The integral asymmetric isoporous membranes were prepared
using a 26.5 wt% casting solution in THF/DMF 40/60 mixture with a 10 s evaporation time
(Figure 4.1a and b). The average pore size at the top surface of the membrane was 27 nm. To
retain the original integral asymmetric isoporous structure, the quaternization has to be
employed under a mild heterogeneous condition, for instance, by using a non-solvent as the
reaction medium® or a vapor-phase reaction without any solvent.'?> 122 |n this study, a
straightforward in situ scalable gas-solid interface reaction was selected to carry out the
quaternization of a PS-b-P4VP membrane (Figure 4.2a). The comparison of FTIR spectra, *H
NMR spectra and SEM micrographs of the pristine and the quaternized membrane are depicted

in Figure 4.1, Figure 4.2 and Figure 4.3.
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Figure 4.2. (a) Reaction scheme of quaternization of the PS-b-P4VP membrane. (b) ATR-FTIR
spectra of the pristine membrane and the quaternized membranes with Mel, Etl and 1-Prl. The
relative intensities were normalized using the characteristic CHz stretching vibrations (*) of the
unreactive backbone around 2924 cm™. (c) *H NMR spectra of the pristine membrane and the

representative quaternized membrane with 3 days Mel.

In the FTIR spectrum (Figure 4.2b), the pristine membrane shows a characteristic peak at ca.
1600 cm* due to the stretching vibration of C=N and C=C of the aromatic rings. Quaternized
membranes with Mel, Etl and 1-Prl show a characteristic peak for the C=N* stretching
vibration at ca. 1640 cm™.2% Since after quaternization the stretching vibration of C=N has
partially disappeared, the intensity of stretching vibration at ca. 1600 cm™ becomes weaker
than that of the pristine membrane. Moreover, a broad signal appears at ca. 3400 cm™ due to
water molecules associated with the quaternized 4VP groups. In the *H NMR spectrum of the

pristine membrane, the chemical shift at 8.75 ppm (peak a) is ascribed to two protons of
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unquaternized pyridine groups. The characteristic chemical shift at 8.95 ppm (peak a’) appears
from two corresponding protons of quaternized pyridine groups in the *H NMR spectrum of
the quaternized membrane (Figure 4.2c). The results confirm that the quaternization

successfully occurs with the vapour-phase reaction.

E“Quaternized membrane ‘Quaternized membrane

Pristine membrane m Quaternized membrane [l Quaternized membrane

6
3 h0

Figure 4.3. Secondary electron (SE) images of SEM of the representative quaternized
membrane after 3 days exposure to Mel: (a) top surface and (b) the cross section. Back scattered
electron (BSE) images of SEM: (c) top surface of the pristine membrane, (d, €) top surface and

cross section of the representative quaternized membrane after 3 days exposure to Mel.

Furthermore, the membrane clearly retains the integral asymmetric isoporous structure after
quaternization (Figure 4.3a, b). Owing to the extra attachment of alkyl iodide molecules along
the pore walls, the pores on the top surface of the quaternized membrane become 22 nm (Figure
4.3a) while those of the pristine membrane are 27 nm (Figure 4.1a). The back scattered electron
(BSE) imaging mode of SEM was used to determine the distribution of the electron rich iodide
counterion. The BSE image of the top surface of 10 (Figure 4.3c) does not show any contrast

between the matrix-forming block PS and the pore-forming block P4VP as the atomic number
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of C and N are next to each other. Whereas, there are brighter rings with a uniform thickness
along the pore walls of the quaternized membrane, assigned to the electron rich iodide,
indicating the homogeneity of quaternization on the top surface (Figure 4.3d). The cross-
sectional image also displays the uniform distribution of iodide, which confirms the uniform

quaternization of the P4VP block all over the membrane (Figure 4.3e).
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Figure 4.4. 'H NMR spectra of (a) the membranes quaternized with Mel as a function of time,
(b) the membranes quaternized with Etl as a function of time, (c) the membranes quaternized

with 1-Prl as a function of time. (d) Degree of quaternization of P4VP via Mel, Etl, and 1-Prl

as a function of time based on the calculation from *H NMR spectra.

In order to control the degree of quaternization with Mel, Etl, and 1-Prl the duration of reaction

was varied. As shown in Figure 4.4a-c, the peak originating from the quaternized pyridine
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groups increases with the duration of quaternization while that from the unquaternized pyridine
groups decreases simultaneously. Therefore, the degree of quaternization for three series of the
membranes quaternized with Mel, Etl and 1-Prl can be deduced from 'H NMR spectra
precisely (Figure 4.4d). Specifically, the degree of quaternization was estimated from the molar
ratio of the quaternized 4VP repeating units to the whole 4VP repeating units, including both
unquaternized and quaternized 4VP repeating units. In other words, it was calculated from the
ratio of the integrated value of the peak from quaternized 4VP (e.g. peak a’) to the total
integrated value of the peaks from quaternized 4VP and unquaternized 4VP (e.g. peak a and
peak a'). The reaction rate gradually decreases with increasing reaction time. In the case of Mel,
after 72 h reaction, the pyridine groups were totally quaternized. The reaction rates of the three
alkyl iodides follow the sequence Mel > Etl > 1-Prl, in accordance with their alkylation ability,

probably due to the steric hindrance (Figure 4.4d).
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4.3 Quaternized PS-b-P4VP Membranes with Tailored Pore Size in Hydrated

State

4.4 Influence of the Size of Alkyl Groups on the Membrane Morphology and

Performance

(b) M52 (c) E52 (d) P52

t=0s, CA=65° t‘OS CA= 62° t=0s, CA=63° t-Os CA= 64°

t=4s, CA=42° t=40's CA=46° t=40's, CA = 30° t=40s, CA=28°

t=83,CA=16°A t—GOS CA= 38° t=60s,CA= 30° t‘GOS CA'10°

t=80s,CA= 29° t=80s,CA= 20° t-803 CA= 0°

t=100s,CA= 23 t=100s, CA—13° t=100s,CA= 0°

l
!
|
|

= t=120s,CA=0°

,_..
|
—
N
o
»
Q]
>
o
o

t'1203 CA'13° = ,

L —

t-1503 CA 0° t=150s, CA 0° t=150s, CA=0°

I
—
o
o
o
(@)
>
o

o

’

Figure 4.5. Snapshots of dynamic contact angle of a water droplet onto (a) 10 surface (b) M52

surface, (c) E52 surface, (d) P52 surface.
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We have compared the membranes with ca. 52% quaternization of 4VP repeating units by Mel
(M52), Etl (E52) and 1-PI (P52) to investigate the influence of the size of alkyl groups on the
morphology and separation performance of the membranes. The dynamic contact angle of a
water droplet was monitored at the surface of the pristine membrane (10), M52, E52, and P52.
Figure 4.5 shows the snapshots of a sinking water droplet at the surface of 10, M52, E52 and
P52. In case of 10, the water droplet totally sinks into the membrane after ca. 12 s due to the
big open pores. To compare the sinking rate of a water droplet, the contact angle vs time is
provided in Figure 4.6a. The sinking rate of a water droplet is much lower in the quaternized
membranes compared to 10, which follows the sequence, M52 < E52 < P52 < 10. The results
(Figure 4.5, Figure 4.6a) imply that these membranes have different resistance against the

permeation of a water droplet.
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Figure 4.6. (a) The change of contact angles onto 10, M52, E52 and P52 surface with time. (b)
Water flux of 10, M52, E52 and P52 at a transmembrane pressure up to 1 bar at room
temperature. Secondary electron (SE) images of SEM: top surface of (c) M52, (d) E52, (e) P52.

() Schematic representation of 10, M52, E52 and P52 in the hydrated state.

To provide further evidence of this phenomenon, the water flux (Jw) through 10, M52, E52 and
P52 was determined using a dead-end mode filtration device at a trans-membrane pressure of
1 bar. In accordance with the sinking rate of the water droplet, the water fluxes follow the

sequence Jwwvs2 < Juwes2 < Jwps2 << Jwio (Figure 4.6b). The average pore sizes of the isoporous
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layer of M52, E52 and P52 are 22 — 23 nm (Figure 4.6c-e) while that of 10 is 27 nm (Figure
4.1a) according to SEM images. In spite of such small difference, for the first 2 hours of water
flux measurement, Jwwms2 is ca. 52 times lower than Jwio While Jwps2 is ca. 15 times lower than
Jwio. During SEM investigation the pore-forming blocks of the membranes were in a collapsed
state as the membranes were completely dry. Owing to their polyelectrolyte nature, the
quaternized P4VP blocks of M52, E52 and P52 were dissociated in water, making the pore-
forming P4VP block partially charged and significantly swelled during the water flux
measurement. As the hydrophobic PS matrix was fixed in space, the repulsive electrostatic
interaction among the charged 4VP repeating units induced chain stretching toward the centre
of the pore, resulting in the smaller effective pore size. The constrained pore size imposed
resistance to water penetration through the membrane. Moreover, the water flux through P52
is three times higher compared to that through M52, which proves that the stretching of a P4VP
block quaternized by 1-Prl is significantly lower than that quaternized by Mel (Figure 4.6f).
The hydrophilicity of the quaternized P4VP decreases with increasing the size of the alkyl
group of the quaternization agent.!?> The lower hydrophilicity of the pore-forming block of
P52 leads to lower stretching in a hydrated state compared to that of E52 and M52.
Consequently, the effective pore size, the rate of sinking of the water droplet (Figure 4.6a), and
the water flux (Figure 4.6b) are higher in the case of P52 compared to E52 and M52. The water
flux measurements were carried out for 24 h. A gradual decrease of water flux as a function of
time is observed. The average water fluxes during the first 2 h measurement ((Jwmsz2 (13 L m
h™Y) < Jwesz (17 L m2 h) < Jupsz (43 L m2 h'?) << Jwio (675 L m2 h'1))) and during the last 2 h
measurement ((Jwmsz (11 L m? h™?) < Jues2 (13 L m? h™?) < Jups2 (23 L m? ht) << Jwio (375 L
m2 h)) show a similar trend, which proves the quaternization is stable during the water flux
measurement (Figure 4.6b). In previous studies, it was reported that the hydrophilicity of cross-

linked membranes containing amine®?® and 4VP'% moieties can be tuned by changing the size
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of the alkyl group (methyl, ethyl and 1-propyl) of the quaternization agent. Since in a PS-b-
P4VP SNIPS membrane only one end of the pore-forming block (P4VP) was attached to the
matrix-forming block (PS), we utilized this phenomenon to tailor the effective pore size of the
membrane in the hydrated state.
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Figure 4.7. (a) Molecular structure and space-filling model of methylene blue (MB+). (b) The
photography of the feed and permeate solutions of 10, M52, E52, and P52, and the prepared
membranes after MB+ rejection measurements using a 10 mg L feed solution. (c) UV-vis
absorbance of the feed and the permeate solutions of 10, M52, E52, and P52 with feed solution
of concentration 10 mg L. (d) MB+ retention of 10, M52, E52, and P52 with feed solution of

concentration 10 mg L.
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The performance of the membranes was tested by investigation of their separation properties
of the model cationic small molecule methylene blue (MB+) (MB+ structure depicted in Figure
4.7a). The permeability and selectivity of membranes can be assessed via two methods:
concentration-driven diffusion 12632 and pressure-driven flow. We determined the separation
properties of the model molecules from pressure-driven flow of aqueous solutions as it is more
relevant to a realistic application compared to a diffusion cell experiment. Additionally, under
applied pressure, some polymers self-regulate to change their conformation, leading to
significant changes in the effective pore size and rejection behaviour of the membranes.!3® 134
Figure 4.7b shows that the colour of the permeate solution through 10 is similar to the feed
solution. In the permeate solutions through M52, E52 and P52, a substantial reduction of colour
is observed. The concentration of MB+ in the feed solution Ct(mg L) and permeate solutions
Cp (mg L) was determined via UV-vis spectroscopy (Figure 4.7¢). Figure 4.7d shows for a 10
mg L feed solution that the retentions follow the sequence Rwus2 (96%) > Res2 (87%) > Res2
(83%) > Rio (~0). Similar to the permeation of water, P52 has the lowest resistance against
permeation of MB+ while M52 has the highest resistance. In general, the rejection of a charged
solute originates from a combined effect of size exclusion and electrostatic repulsion with a
charged porous membrane.®*® As the retention gradually decreases with increasing effective
pore size, it is clear that the retention of MB+ in M52, E52 and P52 is largely dictated by size
exclusion. Figure 4.7b displays after the dye retention measurement that 10 becomes bluish in
colour, indicating the affinity of the cationic dye MB+ with the 4VP groups of the membrane.
The colour changes of M52, E52 and P52 are significantly lower compared to that of 10. Hence,
we assume that the quaternized 4VP groups repel the cationic MB+ due to electrostatic
repulsion, which also contributes to the high retention of MB+. The colour difference between
10 and the quaternized membranes M52, E52 and P52 are more obvious when the 100 mg L

aqueous solution of MB is used for the retention measurement (Figure 4.8a). For 100 mg L*
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feed solution the MB retentions are Rwvs2 (97%) = Res2 (95%) ~ Rps2 (96%) >> Rio (6%) which
are higher than those for 10 mg L™* feed solution (Figure 4.8b, c). It is well known that the ionic
dyes tend to aggregate in solution which is related to dye concentration.*® It was reported in
the literature that MB+ exists in a single molecular state in aqueous solution up to 30 mg L™,
while at a concentration > 60 mg L™ it tends to form aggregates.'®” 18 This probably is the

reason behind the similar retention efficiency of M52, E52 and P52 for 100 mg L™ feed solution.
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Figure 4.8. (a) The photographs of permeate solutions of 10, M52, E52, and P52, and the
prepared membranes before and after MB+ rejection measurements using a 100 mg L™ feed
solution. (b) UV-vis absorbance of the permeate solutions of 10, M52, E52, and P52 using a
100 mg L feed solution. (c) MB+ rejection of 10, M52, E52, and P52 using a 100 mg L™ feed

solution.

4.4.1 Influence of the Degree of Quaternization on the Membrane Morphology and

Performance

Table 4.1 Preparation of a series of the membranes quaternized with Mel and 1-Prl.

Conversion® (mol%) 12 25 42 52 55° 1009
Mel 0.5 1.3 3.3 7 - 72
Reaction time (h)
1-Prl 4 13.5 72 144 240 --

3 Molar percentage calculated from *HNMR; ® The maximum degree of quaternization with
1-Prl under the optimal condition of this study; © The maximum degree of quaternization with

Mel.
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Figure 4.9. Secondary electron (SE) images of SEM: top surface and cross section of (a, d)

M12, (b, €) M25, (c, f) M42, (g, i) M52, (h, j) M100.

-69 -



Isoporous Block Copolymer Membranes with Charged Nanochannels

Figure 4.10. Secondary electron (SE) images of SEM: top surface and cross section of (a, d)

P12, (b, e) P25, (c, f) P42, (g, i) P52, (h, j) P55.

From Section 4.4, it is evident that M52 and P52 have relatively obvious differences in
hydrophilicity. Therefore, we compare the pure water flux (Figure 4.11a) and MB+ rejection
from 10 mg L aqueous solution (Figure 4.11b) of membranes with a series of different degrees
of quaternization with Mel and 1-Prl (Table 4.1, Figure 4.9 and Figure 4.10), namely M12,

M25, M42, M52, M100, P12, P25, P42, P52 and P55 (the letters M and P stand for Mel and 1-
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Prl while the following number stands for the degree of quaternization, respectively). A
decrease of the pure water flux and an increase of MB+ rejection are observed with the increase
of the degree of quaternization. These results demonstrate that the effective pore size of both
of the series of quaternized membranes can be successfully tailored by controlling the degree
of quaternization in a wide range. For the same degree of conversion (in the range 12 — 52%),
the membranes quaternized by 1-Prl has a higher water flux and a lower MB+ retention
compared to Mel, which proves again that the effective pore size can be tuned by controlling
the size of alkyl groups. A sharp increase of MB+ retention is observed for M25 compared to
M12. A similar increase of MB+ retention is also observed for P42 compared to P25. Moreover,
it is noteworthy that the MB+ retention of M25 is dramatically increased compared to P25.
These results suggest that the effective pore size of the membranes must cross a minimum limit
for high retention of MB+. Hence, Figure 4.11b reconfirms that the retention of MB+ is largely

caused by size exclusion.
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Figure 4.11. (a) Water flux (average value of 0-2 h measurement) of 10 and the membranes
having the series of different degrees of quaternization with Mel and 1-Prl, respectively. (b)
MB-+ retention of 10 and the membranes having the series of different degrees of quaternization

with Mel and 1-Prl, respectively, with feed solution of concentration 10 mg L.
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4.4.2 Limitations of Determination of the Effective Pore Size of the Membranes from

Water Flux Measurements

Efforts have been made to predict the pore size at the surface of the SNIPS membrane from the
ratio of pure water flux using a relationship derived from the Hagen-Poiseuille equation.>® 1%
Under the assumption that the resistance of the spongy substructure of the membrane is
negligible and only the cylindrical ordered top layer of the membrane mainly hinders the
permeance, Hagen-Poiseuille equation can be used to predict the water flux (Jv) of the

membrane as shown in the following Equation 4.1

nd* AP
= N,—— 41
Jw P 128yL

where Np is the number of surface pores per unit area, d is the effective pore diameter, 4P is

the transmembrane pressure, # is the water viscosity (8.94 x 10 Pa - s at 24 °C) and L is the

length of the cylindrical pores.

According to the top surface and cross-sectional images of the pristine membrane and
quaternized membranes (Figure 4.9, Figure 4.10), all the membranes have the similar number

of surface pores (Np) and similar thickness of the top cylindrical layer (L). During the whole

water flux measurement, the same transmembrane pressure (4P) was employed, thus J, would

scale with r.

Assuming that the swelling of the unquaternized P4VP is negligible, the pore size of the pristine
membrane is ca. 27 nm, which was measured based on SEM images in the dry state. The

effective pore size was calculated by relating it to the water flux as Equation 4.2
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Jvo _ 27" 4.2

e

Jvq

where Jvo is the water flux of the pristine membrane, and Jyq is the water flux of the quaternized
membranes. Equation 4.2 is based on the assumption that there is no resistance for the
penetration of water from the substructure of the membrane. However, it is a crude
approximation as the contribution of the spongy substructure to resist water permeation cannot
be completely ignored.'*® We expect the spongy substructure to have much less resistance

against the water penetration compared to the isoporous top layer.
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Figure 4.12. Effective pore size with the degree of quaternization calculated by the Hagen-
Poiseuille equation based on water flux measurements: (a) 0-2 h measurement, (b) 22-24 h

measurement.

Figure 4.12 shows the effective pore size estimated using Equation 4.2 based on the average
value of water flux from the 0-2 h measurement and the 22-24 h measurement, respectively. In
both cases, the effective pore size in the hydrated state is gradually tailored from ca. 27 nm to
ca. 9 nm by adjusting the degree of quaternization. It is worth noting that for the same degree
of conversion (in the range 12 — 52%), the effective pore size of the membranes quaternized

by 1-Prl is bigger compared to that of Mel, which fits with the trend of water flux and MB+
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rejection (Figure 4.11). According to MM2 force field calculation (by chem3D software
package in vacuum), the molecular size of MB+ is 1.1 nm which is consistent with the values
reported in the literature.**! 142 Moreover it has been reported the Stokes-Einstein diameter of
MB+ is 0.886nm.*** However, the calculated effective pore sizes of M52 and P52 are 10-13
nm, much bigger than the size of single MB+ molecule (~1.1 nm). As the retention of MB+
from 10 mg L aqueous solution is 96% and 83%, respectively, it is clear that the effective
pore size of the membranes is much smaller than 10 nm, suggesting the limitations of
calculation using Equation 4.2. After the quaternization, there is a significant change of
hydrophilicity of the pore-forming block P4VP, which leads to the dramatic increase of affinity
of water to the quaternized P4VP block. Equation 4.2 does not take into account the parameter
of hydrophilicity which should be one of the biggest limitations to determine the precise
effective pore size. Therefore, at this stage it is not possible for us to predict the absolute
effective pore size of the quaternized membranes in the hydrated state. In spite of the limitation
to determine the absolute value of the pore size in the hydrated state, as we have successfully
tuned the retention of MB+ between 6 — 98% (Figure 4.11), it is evident that the pore size of
the PS-b-P4VP membrane can be successfully tuned into the nanofiltration regime by the

quaternization of pore-forming P4VP blocks.

4.5 Conclusion

The membrane fabrication and post-modification method presented in this chapter is promising
for the production of next generation nanofiltration membranes. The PS-b-P4VP membrane
prepared by SNIPS has an isoporous layer of well-defined cylindrical channels. By using a
scalable heterogeneous gas-solid phase reaction the homogeneity of the quaternization of the
pore-forming blocks can be successfully controlled. The effective pore size of the membrane

in the hydrated state has been successfully tuned in a wide range from ultrafiltration toward
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nanofiltration by changing the size of the alkyl groups of the quaternization agent and the
degree of quaternization. The excellent performance of the membrane to separate the cationic
methylene blue from aqueous solutions demonstrates the potential of these membranes for

nanofiltration applications.
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Chapter 5  High-Performance Asymmetric Isoporous
Nanocomposite Membranes with Chemically-Tailored

Amphiphilic Negatively Charged Nanochannels
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Molecular characterization of polymers used in this chapter.

DH® (mol%)

Mnb) Mwb)
[kg mol]  [kg mol?]

Dispersity indices®

[ el [wts] (W]

PS-b-PI 81 19 0 100 104 1.05 0
76 11 13 113 124 1.06 35
74 10 16 115 125 1.09 44
73 7 20 124 135 1.09 55
71 6 23 132 165 1.25 65

dThe composition of polymers calculated from *H NMR spectra; ®Molecular weight and

dispersity index determined by GPC; ©Degree of hydroxylation (DH) calculated by *HNMR.
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5.1 Introduction

OH

PS-b-P(HTVIB-r-I)

Figure 5.1. Schematic representation of the integral asymmetric isoporous membrane with

amphiphilic pores and the in situ integration of sulfonic acid moieties along the pore walls.

To achieve a wide range of the potential applications related to the separation of anionic
molecules, it is highly desirable to prepare a negatively charged membrane with a high
permeance and good selectivity. For this purpose, a novel tailor-made diblock terpolymer PS-
b-P(HTMB-r-1) was prepared. It consists of a hydrophobic major block PS and a minor block
P(HTMB-r-1) with randomly distributed isoprene (I), 4-(2-hydroxyethyl-thio)-2-methyl butene
and 4-(2-hydroxyethyl-thio)-3-methyl butene (HTMB) units. HTMB units are relatively
hydrophilic due to hydroxyl groups while I units are hydrophobic. Due to this feature, the minor
block P(HTMB-r-1) itself can be considered an amphiphilic block. A SNIPS membrane was
fabricated using the PS-b-P(HTMB-r-1) which has a hydrophobic major block and an
amphiphilic minor block instead of the conventional amphiphilic BCPs used for SNIPS which
have a hydrophobic major block and a hydrophilic minor block. In addition, the often
encountered problem of a rather dense interface between the bottom of the BCP membrane and
the substrate was addressed by introducing a titania sol solution into the BCP solution prior to
membrane casting. The —OH groups of P(HTMB-r-I) along the pore walls were converted to
sulfonic acid moieties using an in situ scalable gas-solid interface reaction (Figure 5.1). The
negatively charged membrane exhibited a high water permeance and the potential to separate

anions having 1-2 nm lateral dimensions from each other. Additionally, antifouling
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performance was assessed in static adsorption and dynamic filtration, respectively,

demonstrating the excellent fouling resistance of the prepared membranes.

5.2 Synthesis of PS-b-P(HTMB-r-1) Diblock Terpolymers

For the synthesis of PS-b-P(HTMB-r-1) diblock terpolymers, first a hydrophobic PS-b-Pl
diblock copolymer was prepared by living anionic polymerization in the polar solvent THF
rather than non-polar solvent (i.e. benenze) used in the previous study.** The polar solvent leads
to a much higher amount of sterically less hindered pendant double bonds in the polyisoprene
(PI) block than a non-polar solvent, which provides more content of accessible double bonds
for the introduction of other functional groups via thiol-ene click reaction. The prepared PS-b-
PI possesses a total molecular weight of 104 kg mol™ and a narrow dispersity index of 1.05,
confirmed by the 'H NMR spectra (Figure 5.2a, b) and GPC measurement (Figure 5.3).
Subsequently, the hydrophobic polyisoprene (PI) block was partially hydroxylated by
mercaptoethanol via thiol-ene click reaction and transformed into the amphiphilic P(HTMB-r-
) block successfully. It is confirmed by *H NMR spectrum of PS-b-P(HTMB-r-I) with the
characteristic signals of the newly formed thioether linkage (-CH2SCH>-) at 8 = 2.5~2.7 ppm
and methylene groups next to —OH groups (-CH2OH) at 6 = 3.7 ppm, and the significant
decrease of double bond signals at & = 4.6~5.8 ppm (Figure 5.2¢).14* 14 To fabricate the desired
SNIPS membrane, four different polymers P1, P2, P3 and P4 were prepared with the degrees
of hydroxylation of 35 mol%, 44 mol%, 55 mol% and 65 mol%, respectively (Table 5.1).
Notably, the narrow dispersity index of the parent PS-b-PI diblock copolymer was always
conserved after functionalization, indicating the good control over thiol-ene click reaction

(Figure 5.3, Table 5.1).
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Figure 5.2. 'HNMR spectra of (a) PS precursor, (b) diblock copolymer PS-b-Pl and (c) PS-b-

P(HTBM-r-I).
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Figure 5.3. Molar mass distribution determined by GPC for the PS precursor (Pre-PS), PS-b-

Plin THF, and P1, P2, P3 and P4 in DMACI/LICI.
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Table 5.1. Molecular characterization of the parent PS-b-PI diblock copolymer and thiol-ene
click reaction modified dibock terpolymers PS-b-P(HTMB-r-1).

Block copolymer [&S(;:] [V\ZLZ] P?\A—;’;i?a) [knggbc))l'l] [kngWkZI'l] Dispersity indices® DH® (mol%)
PS-b-PI 81 19 0 100 104 1.05 0
P1 76 11 13 113 124 1.06 35
P2 74 10 16 115 125 1.09 44
P3 73 7 20 124 135 1.09 55
P4 71 6 23 132 165 1.25 65

dThe composition of polymers calculated from *H NMR spectra; ®Molecular weight and

dispersity index determined by GPC; ©Degree of hydroxylation (DH) calculated by *HNMR.
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5.3 Microphase Separation of PS-b-P1/PS-b-P(HTMB-r-1) Diblock Terpolymers

in Bulk

PS-b-P(HTMB-r-I) PS-b-P(HTMB-r-I)
PS-b-PI 35 mol% Hydroxylation (P1) 44 mol% Hydroxylation (P2)

CHCI3/DMF (95/5 v/v)
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Figure 5.4. TEM images of block copolymer films prepared from different solvent systems —
(@) PS-b-PI, (b) P1, (c) P2, (d) P3 and (e) P4 films prepared from pure CHClIs. (f) PS-b-Pl, (g)
P1, (h) P2, (i) P3 and (g) P4 films prepared from CHCIs/DMF (95/5 v/v) solvent mixture. All
the films were stained by OsO4 vapour for 1 h, where the Pl or P(HTMB-r-1) domains appear

dark in the bright PS matrix.

PS-b-P(HTMB-r-) PS-b-P(HTMB-r-I)
ion (P1) 44 mol% Hydroxylation (P2)

PS-b-P(HTMB-r-I) PS-b-P(HTMB-r-I)
55 mol% Hydroxylation (P3)

65 mol% Hydroxylation (P4)

Figure 5.5. TEM images of block copolymer films prepared from pure CHCIs— (a) PS-b-PlI, (b)
P1, (c) P2, (d) P3 and (e) P4. All the films were stained by RuO4 vapor for 20 min, where the

edge of Pl or P(HTMB-r-I) domains appear dark in the bright PS matrix.

We used TEM to investigate the bulk morphology of the PS-b-PI, P1, P2, P3 and P4 films

prepared from two different solvent systems — CHCIs and CHCIs/DMF (95/5 v/v). The solvent
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was evaporated slowly in a desiccator over a period of two weeks followed by thermal
annealing in a vacuum oven at 120 °C to attain morphologies as close as possible to equilibrium.
TEM images of Figure 5.4a and Figure 5.5a illustrate a cylindrical two-phase morphology of a
PS-b-PI film prepared from the CHCI3, where the Pl blocks form the hexagonally packed
cylinders in the PS matrix. Upon the introduction of hydroxyl moieties, the intrinsic
incompatibility among the blocks and the volume fraction of the blocks of PS-b-P(HTMB-r-1)
change completely. The P1, P3, P4 films prepared from CHCIz show P(HTMB-r-1) spherical
domains in the PS matrix (Figure 5.4b, d, e and Figure 5.5b, d, €), while the mixture of spherical
and cylindrical P(HTMB-r-1) domains are formed in the PS matrix of P2 film prepared from
CHCI3 (Figure 5.4c, and Figure 5.5¢). When the solvent mixture of CHCIls/DMF 95:5 vol% is
employed, a cylindrical morphology of PS-b-Pl is transformed into PI spheres in a PS matrix
(Figure 5.4f), and the P1, P2, P3 and P4 films exhibit an alternating lamellae of PS domain and
P(HTMB-r-1) domain (Figure 5.4g-j). The vapour pressures of CHCIz and DMF at 25 °C are
25.9 kPa and 0.49 kPa, respectively. Thus, the composition of the CHCIs/DMF solvent mixture
is changed gradually to a significantly higher DMF content with the evaporation of the solvents.
At a later stage of evaporation of the CHCIs/DMF solvent mixture, PS-b-PI micelles have a
more collapsed PI core in the PS corona compared to those in the pure CHCI3 system. Upon
solidification, the PI segments form the spheres in the PS matrix instead of cylinders. However,
in case of P1, P2, P3 and P4, DMF is more selective towards the P(HTMB-r-1) compared to
PS, resulting in highly swollen P(HTMB-r-I) domains. Consequently, the morphology is
transformed into a lamellar structure. TEM investigations confirm that despite of the slow
solvent evaporation and thermal annealing, the equilibrium morphologies were not obtained.
The P(HTMB-r-1) blocks swell significantly more in the presence of DMF compared to pure

CHCIs regardless of the -OH group content.
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5.4 Solvent Evaporation Induced Self-assembly of Block Copolymers During

Spin-coating and SNIPS

2] Spin-coating

Polymer ... c(
: 7

solution ...
------ \i}’“

‘ 100.0 nm Phase

Figure 5.6. (a) Schematic representation of the spin-coating process. Atomic force microscopy
(AFM) phase maps of the spin-coated dense films prepared from CHCls: (b) P1, (c) P2, (d) P3,

(e) P4.

Figure 5.6 shows the kinetically trapped surface morphologies of the spin-coated thin films
prepared from P1, P2, P3 and P4, respectively. In the AFM phase maps (Figure 5.6b-¢) of the
spin-coated films, the discrete P(HTMB-r-1) domains appear as bright regions on a darker
continuous PS matrix. The P(HTMB-r-1) domain size is expected to increase with the degree
of hydroxylation as the total P(HTMB-r-I) content increases (Table 5.1). However, the average
sizes of the P(HTMB-r-I) domains gradually decrease with increasing the degree of
hydroxylation. It implies that CHCIz is not a neutral solvent for these polymers i.e., it does not

distribute itself equally between the PS and P(HTMB-r-1) microdomains during the drying of
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the films. In the 2 wt% spin-coating solutions, the polymer chains are rather isolated. During
the evaporation, as the polymer concentration increases, the PS and P(HTMB-r-1) blocks start
to segregate and CHCIs distributes favourably towards the P(HTMB-r-1) domains. Upon
evaporation of CHCIs the PS segments collapse earlier than the swelled P(HTMB-r-1) segments
and the morphology is trapped. With increasing degree of hydroxylation i.e. increasing
hydrophilicity, the P(HTMB-r-1) blocks adopt a less stretched conformation at the point when
PS blocks collapse around them (Figure 5.6a). Consequently, in the completely dried spin-

coated films the sizes of the P(HTMB-r-1) domains follow the sequence of P1>P2>P3>P4.

Figure 5.7. Secondary electron (SE) images of SEM of representative membranes cast from:
(a) 16 wt% P2 solution in THF/DMF/DOX 2/1/1, the evaporation time t = 30 s, (b) 20 wt% P3
solution in THF/DMF 2/3, the evaporation time t = 20 s, (c) 18 wt% P3 solution in
THF/DMF/DOX 2/2/1, the evaporation time t = 20 s, (d) 18 wt% P3 solution in

THF/DMF/DOX 1/1/1, the evaporation time t = 20 s.

Figure 5.8. Secondary electron (SE) images of SEM of representative P4 membranes cast from
(a) 18 wt% solution in THF/DMF 1/1, the evaporation time t = 10 s, (b) 20 wt% solution in
THF/DMF 2/3, the evaporation time t =5 s, (c, d) 24 wt% solution in THF/DMF/DOX 1/1/1,

the evaporation time t = 20 s: (c) overview, (d) higher magnification.
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Figure 5.9. Secondary electron (SE) images of SEM of the most representative membranes cast
from: (a) 28 wt% P1 solution in THF/DMF 1/1, the evaporation time t = 2 s, (b) 20 wt% P2
solution in THF/DMF 3/2, the evaporation time t = 25 s, (¢) 20 wt% P3 solution in THF/DMF
3/2, the evaporation time t = 20 s, (d) 24 wt% P4 solution in THF/DMF/DOX 2/1/1, the

evaporation time t = 10 s.

Formation of the isoporous top layer of a SNIPS membrane also requires the selective swelling
of the minor block due to unequal distribution of solvents and earlier collapse of the major
block of an asymmetric diblock copolymer. Additionally the solvents used for SNIPS must be
miscible with the nonsolvent to ensure a fast quenching of the membrane. A series of the
casting solutions of P1, P2, P3 and P4 in the binary solvent system THF/DMF or ternary solvent
system THF/DMF/DOX were employed to cast the membranes on a neat glass plate or a non-
woven (Figure 5.7, Figure 5.8 and Figure 5.9). The concentration of the polymer solution and
the evaporation time were varied to find out the optimum condition. Figure 5.9 shows the most
representative membrane surface morphology prepared from the four polymers. The membrane

prepared from P1 (Figure 5.9a) has very few pores, while the membrane from P2 (Figure 5.9b)
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has irregular pores with a large size distribution. The pores of the membrane from P3 (Figure
5.9¢) has higher symmetry and relative narrow size distribution compared to those from P1 and
P2. The desired hexagonally packed isoporous morphology is visible for the membrane
prepared from a 24 wt% P4 solution in THF/DMF/DOX 2/1/1 (Figure 5.9d). Among the
solvents THF and DOX are more selective for the matrix-forming PS block and DMF is more
selective for pore-forming P(HTMB-r-1) block.>> 46 After casting the viscous solution the
more volatile THF evaporates and directs the self-assembly of BCP domains perpendicular to
the surface. Upon evaporation of THF the segregation of the blocks becomes stronger and a
preferential swelling of the P(HTMB-r-1) domains takes place due to partitioning of the high
boiling DMF. Eventually the matrix-forming PS chains acquire a rather collapsed conformation
around the highly swollen P(HTMB-r-1) chains. While the solvent evaporation induces BCP
self-assembly at the surface vicinity a gradient of polymer concentration builds up along the
whole thickness of the cast layer. By quenching into a nonsolvent bath, the self-assembled
highly swollen P(HTMB-r-I) chains collapse to form the open pores on a macroporous

sublayerf.

From Figure 5.9 it is clear that the composition of the amphiphilic P(HTMB-r-1) block plays a
crucial role in partitioning of the solvents. Increasing the degree of hydroxylation leads to a
lower partitioning of the hydrophobic CHCIz and higher partitioning of the hydrophilic DMF
towards the P(HTMB-r-1) block. Furthermore, it also demonstrates that the hydroxyl content
of P4 is above the threshold to allow a sufficient partitioning of DMF to bring about the
formation of an isoporous top layer via SNIPS. Therefore, among the synthesized polymers P4
is selected for the fabrication of the desired membrane. P4 endows a highly ordered isoporous
structure in a wide processing window, i.e., the optimum polymer concentration can be tuned
from 22 wt% to 30 wt% and the evaporation time is from 5 s up to 20 s (Figure 5.10 and Figure

5.11).
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Figure 5.10. Secondary electron (SE) images of SEM of P4 membranes cast from 24 wt%
solution in THF/DMF/DOX 2/1/1 using different evaporation time: (a)t=5s, (b) t=10 s, (c)

t=20s,(d)t=30s.

Figure 5.11. Secondary electron (SE) images of SEM of P4 membranes cast from different
concentration solutions in THF/DMF/DOX 2/1/1 with the evaporation time t = 10 s: (a) 22

Wt%, (b) 25 wt%, (c) 28 Wt%, (d) 30 wt%.

5.5 Organic-inorganic Hybrid Nanocomposite PS-b-P(HTMB-r-1) Isoporous

Membrane with TiO2 Nanoparticles

Figure 5.12. Secondary electron (SE) images of SEM: (a) cross section near the top surface, (b)

overview of cross section, (c) bottom interface of P4 membrane cast from 24 wt% solution in

THF/DMF/DOX 2/1/1, the evaporation time t = 10 s.
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The cross section of the membranes prepared from P4 consists of vertically-aligned porous
cylinders connected with the disordered macropores and big caverns of the sublayer (Figure
5.12a, b). During the phase inversion process, a typical integral asymmetric structure with a
coarse porous network substructure under the denser surface is a result of the spinodal
decomposition of the viscous layer having a concentration gradient due to exchange of solvent
and nonsolvent.'® % However, the membranes contain a completely dense interface between
the bottom of the PS-b-P(HTMB-r-1) membrane and the substrate (denoted as bottom interface)
without any open pores (Figure 5.12c). To our knowledge, there is to date no report to discuss

the dense bottom interface structure formed during the SNIPS process.

Figure 5.13. Secondary electron (SE) images of SEM: top surface and bottom interface of the
representative P4 membranes cast by using THF/DMF/DOX (2/1/1): (a, €) in the 4 °C H>O
bath, 28 wt% polymer concentration; (b, f) in the 15 °C H>O bath, 28 wt% polymer
concentration; (c, g) in the 32 °C H20 bath, 25 wt% polymer concentration; (d, h) in the 50 °C

H20 bath, 25 wt% polymer concentration. Evaporation time ist =5 s in all cases.
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Figure 5.14. Secondary electron (SE) images of SEM: top surface and bottom interface of the
representative P4 membranes cast from 25 wt% solution in THF/DMF/DOX 2/1/1: (a, c) in the
non-solvent bath of methanol/H20 (20/80 v/v); (b, d) in the non-solvent bath of methanol/H>O

(10/90 v/v). Evaporation time is t = 5 s in both cases.

In order to solve the problem, at first we investigated the influence of the exchange rate of
solvent and non-solvent on the bottom interface formation. Therefore, the temperature of the
water bath was varied between 4 — 50 °C (Figure 5.13) and the compositions of non-solvent
bath and solvent mixture of casting solution were also changed (Figure 5.14 and Figure 5.15)..
However, no influence on the bottom interface structure is observed (Figure 5.13, Figure 5.14
and Figure 5.15). Water-soluble polymers are often used as pore-forming agents (porogens) for
the fabrication of porous polymeric membranes such as polysulfone (PSF), or polyethersulfone
(PES) via non-solvent induced phase separation (NIPS), like poly(ethylene glycol) (PEG)*"
148 poly(sodium 4-styrene sulfonate)'*® and poly(vinyl pyrrolidone)**® 15!, Therefore, PEG of

molecular weight 400 g mol™ (PEG400) was introduced as a porogen by blending with P4 in

-92 -



Chapter 5 Negatively Charged Isoporous Membrane

the casting solution. However, in spite of varying the PEG400 content between 6 — 20 wt%

with respect to the weight of P4 an open bottom interface was not obtained (Figure 5.16).

Figure 5.15. Secondary electron (SE) images of SEM: top surface and bottom interface of the
representative P4 membranes cast from: (a, c) 25 wt% solution in THF/DMF/DOX 4/3/3; (b,

d) 25 wt% solution in THF/DMF/DOX 1/1/1. Evaporation time ist = 5 s in both cases.
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Figure 5.16. Secondary electron (SE) images of SEM: top surface and bottom interface of the
representative P4 membranes cast from 25 wt% solution in THF/DMF/DOX 2/1/1: (a, c) with
6 wt% (as P4) PEG400 as the porogen; (b, d) with 20 wt% (as P4) PEG400 as the porogen.

Evaporation time ist = 5 s in both cases.

Gu et al. reported that due to the introduction of inorganic titanium dioxide (TiOy)
nanoparticles (NPs), the bottom interface of the PI-b-PS-b-P4VP membranes exhibited big
open pores with diameters in the range of 10-30 um.'?° Therefore, different amounts of a TiO>
sol solution prepared by a hydrolytic sol-gel route were added into the P4 casting solutions, i.e.,
6 wt%, 8 wi%, 10 wt% and 20 wt% with respect to the weight of P4. Figure 5.17 shows a
comparison of the purely organic membrane without TiO> NPs and the membranes with
different amounts of TiO2 NPs. All the membranes were cast from the same concentration of
the polymer solutions, i.e. 16 wt%. The purely organic membrane without TiO> NPs displays
the completely dense bottom interface and an irregular porous top surface (Figure 5.17a, f),

since the polymer solution of 16 wt% is too diluted to microphase separate in a well-ordered
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way in the top layer. Notably, the corresponding hybrid nanocomposite membranes possess an
open porous bottom interface with macroscale structural features, meanwhile maintaining a
highly ordered isoporous top surface except the hybrid nanocomposite membrane with 20 wt%
TiO; as P4 (Figure 5.17b-e, g-j). Through the hydrolytic sol-gel process, the resulting TiO2 sol
NPs have the Ti-OH groups on their surface.*?® Owing to the hydrogen-bonding interactions
among —OH groups, TiO2 sol NPs are expected to preferentially incorporate into the pore-
forming block P(HTMB-r-1), increase the volume fraction of P(HTMB-r-1), and thus drive
BCP-TiO2 co-assembly'? and consequently the formation of an isoporous structure at a
relatively low polymer concentration. It is remarkable that highly ordered isoporous
membranes are achieved by the incorporation of such significant amounts of inorganic TiO>
NPs into the casting solution, i.e. 6 - 10 wt% with respect to the weight of P4. To our knowledge
an isoporous top layer having such hexagonally packed vertically aligned pores has never been

reported in a nanocomposite SNIPS membrane.

Figure 5.17. Secondary electron (SE) images of SEM: top surface and bottom interface of P4
membranes from 16 wt% solution in THF/DMF/DOX 2:1:1 wt% with different amount of TiO>
NPs as the additives: (a, f) without TiO2 NPs, the evaporation time t = 15 s, (b, g) 6 wt% TiO>
NPs, the evaporation time t = 15 s, (c, h) 8 wt% TiO2 NPs, the evaporation timet =15, (d, i)
10 wt% TiO2 NPs, the evaporation time t = 10 s, (e, j) 20 wt% TiO2 NPs, the evaporation time

t=5s.
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Figure 5.18. Secondary electron (SE) images of SEM: top surface and bottom interface of P4
membranes from different concentration of casting solutions in THF/DMF/DOX (2:1:1 wt%)
with 6 - 8 wt% of TiO2 NPs as the additives: (a, e) 14 wt%, the evaporation timet=15s, (b, f)
15 wt%, the evaporation time t = 15 s, (c, g) 16 wt%, the evaporation time t =15 s, (d, h) 18
wt%, the evaporation time t = 15's, (i, m) 19 wt%, the evaporation time t = 10 s, (j, n) 20 wt%,
the evaporation time t = 10 s, (K, 0) 22 wt%, the evaporation time t =10 s, (I, p) 25 wt%, the
evaporation time t = 15 s. The insert images are the overview of the cross section of the

membranes.

To figure out the optimum processing window, different concentrations of polymer solutions
were evaluated in the wide range of 14 - 25 wt%. Overall, the desired membrane with a highly
ordered isoporous top structure and an open macroporous bottom interface can be successfully

obtained in the wide range of 15 - 22 wt% polymer solutions with the content of TiO2> NPs of
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6 - 8 wt% with respect to the weight of P4 (Figure 5.18). Compared to the 22 - 30 wt% optimum
window of the purely organic system, the optimum window of the hybrid nanocomposite
system with TiO2 NPs shifts to a lower polymer concentration range, verifying the hydrogen-
bonding interaction between TiO2 NPs and P(HTMB-r-I) and thus BCP-TiO> co-assembly. As
we know, there is few report to show a BCP SNIPS membrane with such a wide processing

window, e.g. PS-b-P4VP 12

Moreover, the purely organic and hybrid nanocomposite membranes were analyzed by back-
scattered electron imaging of SEM (Figure 5.19). The result indicates that TiO2 sol NPs are

present all over the top surface after immersion in the non-solvent bath.

Figure 5.19. Back-scattered electron (BSE) images of SEM of (a) the purely organic P4

membrane without TiO2 NPs, (b) the hybrid membrane with TiO2 NPs.
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Figure 5.20. (a) TGA curves of the dried purely organic membrane cast from 25 wt% P4
without TiO2 NPs and hybrid nanocomposite membrane cast from 18 wt% P4 with 8 wt% TiO-
NPs. (b) DSC curves of PS-b-PI diblock copolymer, purely organic membrane and hybrid

nanocomposite membrane with 8 wt% TiO> NPs.

TGA curves of a purely organic membrane and a hybrid nanocomposite membrane with 8 wt%
TiO2 NPs are depicted in Figure 5.20a. In both cases, no significant weight loss at temperature
below 200 °C is observed. The main weight loss steps are similar in both cases, which occur
from 200 °C to 450 °C. However, after complete decomposition up to 1000 °C, the retained
mass content of hybrid nanocomposite membrane is 3.71 wt%, while that of purely organic
membrane is 0.03 wt%. Therefore, it is clear that there is the presence of TiO2 NPs in the
prepared hybrid nanocomposite membrane, which is in agreement with the microscopic
investigation. But as the difference in residual mass of the hybrid nanocomposite membrane
and pristine polymer membrane is significantly lower than 8 wt%, some of TiO2 might have

been washed out during membrane fabrication.

Figure 5.20b illustrates the DSC thermograms of PS-b-P1 diblock copolymer, purely organic

P4 membrane and hybrid nanocomposite P4 membrane with 8 wt% TiO2 NPs. The PS block
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exhibits a glass transition temperature T4 of approximately 106 °C in all DSC curves. The Tq
of polyisoprene (PI) block is about -1 °C from the DSC curve of PS-b-PIl. After partial
hydroxylation of Pl into P(HTMB-r-1), there is no detectable glass transition regarding the
purely organic P4 membrane. The DSC thermogram of the hybrid nanocomposite P4
membrane also does not show a glass transition of the P(HTMB-r-1) block. Thus, no influence

on the thermal transitions is observed by the addition of TiO2 NPs.
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Figure 5.21. (a) SEM image of an overview of the cross section of a hybrid nanocomposite
membrane. TEM images of (b, ¢) overview of ultrathin sections of the membrane cross section
by combining the images from different positions, (d) top layer, (¢) middle porous structure, (f)

bottom porous structure.
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The SEM image of Figure 5.21a shows the overview of the cross section of a hybrid
nanocomposite membrane. The distribution of TiO> in the cross-section of the membrane was
investigated by TEM (Figure 5.21b-f). In the TEM images, the TiO2 NPs appear as black dots
due to the electron rich titanium. Finely dispersed TiO2 NPs are visible at the top (Figure 5.21d),
middle (Figure 5.21e) and bottom (Figure 5.21f) part of the membrane. The top selective layer
exhibits a higher content of TiO> than other areas. It is related to the membrane formation by
non-solvent induced phase separation (NIPS) process. During the NIPS process, after casting
the polymer solution, the fast evaporation of solvent from the top layer leads to a polymer
concentration gradient and subsequent asymmetric porous structure. In the case of the polymer
solution with TiO2 NPs, the solvent evaporation results in a concentration gradient of not only
polymer but also TiO2 NPs along the cross section of the layer, which has a much higher
concentration in the top layer than underlying layer. After quenching such casting layer, the
formed integral asymmetric membrane displays a top layer with a richer concentration of TiO>
NPs. In some regions a higher content of the TiO2 NPs is observed along the pore wall. Thus
some of the TiO> NPs might have a tendency to accumulate at the polymer-water interface
during NIPS. It also implies the possibility of washing out of some TiO2 during membrane
preparation, which could explain the lower amount of TiO2 found by TGA. Therefore, although
the P4 membranes (Figure 5.18) were prepared from casting solutions containing 6 - 8 wt%

TiO2 NPs, the final concentration of TiO2 NPs in the obtained membranes might be lower.

All the cross sections of the hybrid nanocomposite membranes consist of an isoporous top layer
and underneath finger-like macrovoids instead of a spongy porous support structure (Figure
5.18). It is crucial to assess the mechanical stability of the corresponding integral asymmetric
structure under pressure driven condition. Therefore, the ultrapure water fluxes of the hybrid
membrane were measured at different transmembrane pressures from 0.25-2.9 bar. The

ultrapure water fluxes increase linearly with the transmembrane pressure (Figure 5.22). It
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reveals that our prepared P4/TiO> NPs hybrid nanocomposite isoporous membranes are
mechanically stable up to 2.9 bar pressure, whereas in the study by Gu et al. it was reported
that the P1-b-PS-b-P4VP/TiO2 hybrid membranes were stable in a pressure range of 0.01-0.06

bar 120

' —
00 05 10 15 20 25 3.0

Pressure (bar)

Figure 5.22. Water fluxes of a representative P4/TiO> NPs hybrid isoporous membrane

atvarious transmembrane pressures from 0.25 to 2.9 bar.

5.6 Sulfonation of Organic-inorganic Hybrid Nanocomposite Isoporous

Membranes

The P4/TiO2 NPs hybrid membranes were post-functionalized with 1,3-propane sultone using
a straightforward in situ scalable gas-solid interface reaction. The appearance of two new

characteristic vibrations at ~1036 cm™ and ~ 1181 cm™ in ATR-FTIR spectrum of the
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sulfonated membrane (SM) is ascribed to the stretch vibration of the - HSO3 groups, indicating
the ring opening of 1,3-propane sultone and the successful covalent attachment of the sulfonic
acid moieties (Figure 5.23c).1*° Additionally it is clear that compared to the pristine membrane
10, the content of sulfur (S) and oxygen (O) in the EDX spectrum of SM increases (Figure
5.23d), in agreement with the success of the sulfonation reaction. The comparison of SEM
images confirms that SM retains the kinetically trapped integral asymmetric isoporous structure
of 10 (Figure 5.23a, b). Notably, no big change of the pore size of SM (i.e. 22.5 nm) is observed
compared to the pore size 22.9 nm of 10. The morphology of their cross sections is also rather
similar. Figure 5.23e shows that 10 has a higher initial water contact angle (6o = 94 °) than SM
(60 = 76 °) while the sinking rate of a water droplet through 10 is prominently slower than that
of SM. Our previous study showed that after introduction of the hydrophobic moieties (i.e., 2-
ethylcarbamoyloxy) within the hydrophilic pore walls of a polystyrene-block-poly(2-
hydroxyethyl methacrylate) (PS-b-PHEMA) membrane, the initial contact angle 6o was
changed from 63.8° to 94.5 °, and also the changes of contact angles with time showed a very
slow decrease, similar to the current trend of membrane 10.%° Additionally, the reported PS-b-
P4VP membrane with positively charged nanochannels exhibited a sinking rate of a water
droplet similar to that of SM.53 Therefore, these results reveal that 10 is a strongly hydrophobic
membrane, whereas SM turns into a hydrophilic membrane which is ascribed to the
introduction of the sulfonate groups along the pore wall. The surface zeta potential ({) of 10 is
negative in the pH range of 3.9 — 10, likely due to the hydrophobic character and preferred
adsorption of hydroxide ions. The isoelectric point (around pH 3.9) and the shape of curve fit
with typical hydrophobic polymeric membranes without dissociating groups (Figure 5.23f).1%%
15 Compared to 10, SM displays a much higher negative ¢ in the whole pH range of 2.5 — 10
without isoelectric point, which demonstrates the presence of acidic groups and their

corresponding dissociation (Figure 5.23f).%%’
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Figure 5.23. Schematic representation, chemical structure and SEM images of (a) the pristine

membrane 10, (b) the sulfonated membrane (SM). (c) FTIR spectra of 10 and SM. The relative

intensities were normalized using the characteristic aromatic C-H stretches (*) of the unreactive

polystyrene segment between 3100 and 3000 cm™. (d) Comparison of EDX spectra of 10 and

SM. (e) Dynamic water contact angle of 10 and SM as a function of time. (f) The surface zeta

potential of 10 and SM as a function of pH (2.5 - 10). Experiments were performed with a

background electrolyte of 1 mM NaCl.
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5.7 Membrane Performance

5.7.1 Membrane Permeability and Selectivity

10 exhibits a constant water permeance of 159 L m? h bar? (Figure 5.24a) in the pressure
range 0.25—2.9 bar. Thus the effective pore size of the I0 membrane is big enough to overcome
the unfavorable wetting of the hydrophobic surface of 10 to allow fast water transport even at
0.25 bar transmembrane pressure. The negatively charged membrane SM has a water
permeance of 74 L m? h! bar? (Figure 5.24a), which is significantly higher than reported
SNIPS BCP membranes with swelling polyelectrolyte nanopores (0.6 — 15 L m ht bar?).#>
%5. 58,59 The amphiphilic pore-forming block P(HTMB-r-1) having the randomly distributed
hydrophilic HTMB and hydrophobic | repeating units offers compositional heterogeneity on
the segmental (molecular) scale 8. Due to such molecular-level compositional heterogeneity,
the negatively charged pore-forming block of SM does not assume a fully stretched
conformation but swells to some extent in a hydrated state. Therefore in a hydrated state SM
contains charged nanopores which are significantly smaller compared to those of 10. In spite
of having higher hydrophilicity (Figure 5.23e) the water permeance of SM is significantly

lower than of 10 (Figure 5.24a).
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Figure 5.24. (a) Comparison of water permeance of the pristine membrane 10 and the sulfonated
membrane SM under trans-membrane pressure of 1 bar. (b) The separation behavior of small
organic molecules (i.e. orange IT (OR—) and reactive green 19 (RG6-)) using 10 and SM. (c-d)
Molecular structure and space-filling model of the small molecules, and the corresponding UV-

vis spectra and a color change of the solution: (¢) OR—and (d) RG6—.

-106 -



Chapter 5 Negatively Charged Isoporous Membrane

To demonstrate the separation efficiency of the membranes, we employed two hydrophilic
water-soluble model molecules with negatively charged functional group and different
molecular weights (350.32 and 1418.93 g mol™, respectively) - monovalent orange 11 (OR-)
and hexavalent reactive green 19 (RG6-). According to MM2 force field energy minimization
model calculation (in vacuum) the lateral dimensions of OR— and RG6—are 1.3 nmand 1.9 nm,
respectively. The aqueous solutions of OR— and RG6— permeate through 10 with a similar
moderate extent of retention, i.e. 59% and 64% (Figure 5.24b-d). It presumably arises from the
hydrophilic-hydrophobic repulsive interaction, since hydrophilic molecules (i.e. OR- and
RG6-) are unfavourable to be close to the rather hydrophobic surface of 10 (Figure 5.23e) and
to reach the entrance of the nanochannels. The pH of OR- and RG6- aqueous solutions are 6.4
and 4.6, respectively. Although at pH 6.4 10 has a much stronger negative charge than that at
pH 4.6, the pores are still too big to exert the electrostatic repulsion on OR- and RG6-. The
resulting selectivity wor-rce- is thus only 1.3. In the case of SM, 69% of OR- is retained from
the aqueous solution (Figure 5.24b, ¢). The negative charge at the surface of SM is very strong
at pH 6.4 (Figure 5.23f). Although the hydrophobicity is obviously decreased by sulfonation
(Figure 5.23e), the negatively charged nanochannels of SM endow an additional electrostatic
repulsion between the like charges to reject OR- at a slightly higher extent than 10. At pH 4.6
SM also possesses a strong negative charge and the nanopores of SM are narrow enough to
exert a strong electrostatic repulsion on the bigger hexavalent RG6- molecules leading to a 94%
retention (Figure 5.24b, d). It is clear that RG6- is more hindered to enter the charged soft
nanochannels of SM due to its higher energy barrier of electrostatic repulsion and bigger
molecular dimensions compared to OR-. It is remarkable that the selectivity wor-rce- = 5.2 of

SM is four fold higher than that of 10.

-107 -



Isoporous Block Copolymer Membranes with Charged Nanochannels

5.7.2 Fouling Resistance of Organic Solutes

Pristine membrane 10 Sulfonated membrane SM
Figure 5.25. The photographs of the membranes after adsorption measurements using 0.1 mM

solute aqueous solutions. (a) 10 after OR- adsorption test, (b) 10 after RG6- adsorption test, (c)

SM after OR- adsorption test, (d) SM after RG6- adsorption test.
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Figure 5.26. (a) Time-dependent normalized permeance variations of the pristine membrane 10
and the sulfonated membrane SM during the filtration process using OR- and RG6- as the
permeate solutes, respectively. The operation process included four steps: (1) 30 min pure
water filtration, (2) 3 h filtration of small molecules aqueous solution, (3) 20 min water washing,
(4) 30 min pure water filtration after washing. (b) A summary of the corresponding FRR, FDRt,

FDRr, FDRir values of 10 and SM.
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The model small molecules OR- and RG6- were employed as foulants to evaluate the
antifouling ability of the membranes in static adsorption and dynamic filtration, respectively.
There is no static adsorption of OR- and RG6- onto both 10 and SM. Even after 24 h exposure,
the surfaces of the membranes do not show any colour staining (Figure 5.25). Figure 5.26
displays the time-dependent normalized permeance variations during foulant solution filtration
and several parameters related to antifouling properties, i.e., flux recovery ratio (FRR), total
flux-decline ratio (FDRy), reversible flux-decline ratio (FDRy), irreversible flux-decline ratio
(FDRir). A higher value of FRR and a lower value of FDRy, implies a better antifouling property
of membrane. For 10, the permeate fluxes of OR- and RG6- aqueous solutions are decreased
compared with the initial pure water flux while FDR:is around 23.1% and 25.0%, respectively.
However, the pure water permeance is recovered to a high extent, i.e., FRROR = 93.8%, FRRRC®-
= 97%, indicating a good antifouling property of 10 (Figure 5.26). It was reported that the
incorporation of TiO, NPs on the membrane surface can mitigate fouling.'*°16! Thus, the
addition of TiO2 NPs not only facilitates the formation of the porous bottom interface to the
substrate of the membrane, but it may also impart the fouling resistance. Additionally, the
molecular-scale compositional heterogeneity of the amphiphilic random copolymer may
discourage thermodynamically favorable interactions between foulant and the surface, leading
to a low adsorption of OR- and RG6- on 10. 158162 163 | the case of SM, we observe an enhanced
fouling resistance. The corresponding FRR values of SM are increased to FRRO® = 95.5%,
FRRR®6- = 98.79% while FDR; values are decreased to FDR{*= 21.2%, FDR{®® = 18.6%
(Figure 5.26). Besides the SM possesses a much higher negative charge than 10 at the pH of
foulant aqueous solutions (Figure 5.23f), which induces a strong electrostatic repulsive forces
preventing the adsorption of anionic foulants. Synergistically, a strong hydration layer forms
along the pore walls of SM decorated with sulfonated polyelectrolyte, which acts as a physical

and energy barrier to inhibit the adsorption of the foulants on the pore wall*641%¢, The surfaces
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of all the membranes display almost no colour staining after fouling filtration measurements
(Figure 5.27). It is particularly noteworthy that owing to the excellent antifouling performance,
the SM membrane maintains a rather high permeate flux during filtration, around 60 L m h!
bar?, meanwhile ensuring a good selectivity yor-rcs- = 5.2. Therefore, it is clear that SM is a
very promising membrane for both the high-performance separation of small molecules and

the dye wastewater treatment.

Pristine membrane 10 Sulfonated membrane SM

Figure 5.27. The photographs of the membranes after antifouling filtration measurements using
0.1 mM solute aqueous solutions. (a) Blank 10 without antifouling test, (b) 10 after OR-
antifouling test, (c) 10 after RG6- antifouling test, (d) Blank SM without antifouling test, (e)

SM after OR- antifouling test, (f) SM after RG6- antifouling test.

5.8 Conclusion

In this chapter, we presented a novel asymmetric isoporous membrane having embedded
hydrophilic hydroxyl groups along the amphiphilic pores, which is derived from a well-
designed diblock terpolymer PS-b-P(HTMB-r-1). For the first time, we have demonstrated that
the incorporation of in situ formed TiO> NPs facilitates the formation of macroporous bottom
interface, resulting in an organic-inorganic hybrid nanocomposite integral asymmetric
isoporous membrane. The highly accessible hydroxyl groups on the interior of the pore walls
allow straightforward scalable gas-solid interface post-functionalization to integrate negatively

charged moieties within the pores. The molecular-scale compositional heterogeneity of
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amphiphilic pore-forming block P(HTMB-r-1) results in a moderate swelling of negatively
charged polyelectrolytes along the pore walls. As a result, the membrane with well-defined soft
nanochannels in a hydrated state exhibits a significantly high water permeance in the
nanofiltration regime and also the potential for a good separation of 1 — 2 nm small anionic
molecules (having molecular weights in the range of 300 — 1500 g mol™*) from each other. The
static absorption and dynamic filtration studies demonstrate the excellent antifouling
performance of the prepared membranes. Especially the negatively charged membranes show
a rather low permeation flux decline and a high flux recovery, mainly due to the electrostatic

repulsion and the physical and energy barrier of the hydration layer.
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Chapter 6  Chemically-Tailored Multifunctional
Asymmetric Isoporous Triblock Quaterpolymer

Membranes for Selective Transport
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Molecular characterization of polymers used in this chapter.

1

18.3 1569 = = 0
7.3 12.7 62.6 17.4 164 202 1.23 46
6.8 15.0 60.6 17.6 164 205 1.25 49
6.5 16.0 59.7 17.8 182 210 1.15 54

AThe composition of polymers calculated from *H NMR spectra; ®Molecular weight and
dispersity index determined by GPC; ©Degree of hydroxylation (DH) calculated by HNMR

measurement. ®Molecular weight was calculated based on *H NMR spectra and GPC.

-114 -



Chapter 6 Multifunctional Isoporous Membranes

6.1 Introduction

Figure 6.1. Schematic illustration of the formation mechanism of the SNIPS membranes

featuring positively or negatively charged nanochannels.

On the basis of the successful fabrication of the charged isoporous membranes derived from
PS-b-P4VP and PS-b-P(HTMB-r-1) diblock copolymers, the tailor-made P(HTMB-r-1)-b-PS-
b-P4VP triblock quaterpolymer was expected to be a suitable candidate for the preparation of
the desired charge-mosaic membrane with two discrete nanochannels formed by P(HTMB-r-1)
and P4VP, respectively, as shown in Figure 6.1a. However, TEM and AFM studies
demonstrated that the two end-blocks P(HTMB-r-1) and P4VP in the desired triblock
terpolymer formed mixed microdomains instead of the separate ones. Therefore, we did not
achieve the initial goal of charge-mosaic membrane. Instead an integral asymmetric isoporous
membrane with multifunctional nanopores formed by mixed end blocks was obtained. The
functional moieties within the pore walls were readily converted into positively and negatively
charged polyelectrolytes via two simple in situ one-step functionalization reactions (Figure

6.1b). An unprecedented highly efficient separation of small molecules with lateral dimensions
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between 1 — 2 nm was achieved by taking advantage of the well-defined soft polyelectrolyte

nanochannels.

6.2 Synthesis of P(HTMB-r-1)-b-PS-b-P4VP Triblock Quaterpolymers

(o O
Cunh | pom iy M AT/«@W%
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Figure 6.2. Synthesis route of PIl-b-PS-b-P4VP triblock terpolymers by living anionic
polymerization and thiol-ene click chemistry of PI-b-PS-b-P4VP to obtain P(HTMB-r-1)-b-PS-

b-P4VP copolymers.

To achieve the multifunctional nanopores, a well-designed triblock copolymer with two
miscible functionalized end-blocks is a prerequisite. A polyisoprene-block-polystyrene-block-
poly(4-vinylpyridine) (P1-b-PS-b-P4VP) triblock terpolymer was prepared by sequential living
anionic polymerization in the same polar solvent as Chapter 5(i.e. THF) instead of non-polar
solvent (i.e. benenze) used in the previous study*!, confirmed by the *H NMR spectra (Figure
6.2, Figure 6.3a-c). The P4VP has the ability to form hydrogen bonding with aliphatic'®7-16®
and aromatict’"® hydroxyl groups. Therefore the polyisoprene (P1) block was subsequently
hydroxylated by mercaptoethanol via thiol-ene click chemistry (Figure 6.2) to obtain three

triblock terpolymers P1, P2 and P3 having 46 mol%, 49 mol% and 54 mol% degree of
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hydroxylation, respectively. The success of thiol-ene click reaction was verified by the
corresponding *H NMR spectrum with the characteristic signals of the newly formed
methylene groups next to —OH groups (-CH2OH) at & = 3.7 ppm and the significant decrease
of double bond signals (6 = 4.6~5.8 ppm, Figure 6.3d). The compositions of the resulting
poly(4-(2-hydroxyethyl-thio)-2-methyl butene-random-4-(2-hydroxyethyl-thio)-3-methyl
butene-random-isoprene)-block-polystyrene-block-poly(4-vinylpyridine)  (P(HTMB-r-1)-b-

PS-b-P4VP) are shown in the Table 6.1.

S
.58.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 ﬁi
o (ppm) HO

Figure 6.3. 'THNMR spectra of (a) the precursor PI, (b) the precursor PI-b-PS, (c) Pl-b-PS-b-

P4V/P, (d) P(HTMB-r-1)-b-PS-b-P4VP.
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Table 6.1. Molecular characterization of the triblock terpolymer PI-b-PS-b-P4VP and
hydroxylated triblock quaterpolymers P(HTMB-r-1)-b-PS-b-P4VP with different degrees of
hydroxylation (DH).

Block copolymer [\A'ZI;L I P(?\A;';i?)a) [&So/a:] P[;\l,\tﬁz]a : [kgMn:bc))I'l] [kgan”Vlbc;I'l] Dispersity® DH® (mol%)
Pl-b-PS-b-P4VP 15.8 0 65.9 18.3 1569 -- -- 0

P1 7.3 12.7 62.6 17.4 164 202 1.23 46

P2 6.8 15.0 60.6 17.6 164 205 1.25 49

P3 6.5 16.0 59.7 17.8 182 210 1.15 54

dThe composition of polymers calculated from *H NMR spectra; ®Molecular weight and
dispersity index determined by GPC; ©Degree of hydroxylation (DH) calculated by HNMR

measurement. ®Molecular weight was calculated based on *H NMR spectra and GPC.

6.3 Microphase Separation of PI-b-PS-b-P4VP Triblock Terpolymer and

P(HTMB-r-1)-b-PS-b-P4VP Triblock Quaterpolymers

6.3.1 Microphase Separation of PI-b-PS-b-P4VP and P(HTMB-r-1)-b-PS-b-P4VP with

Different Compositions using Different Solvent Systems

To investigate the microphase separation P1-b-PS-b-P4VP, P1, P2 and P3 films were cast from
two different solvent mixtures — CHCI:/DMF 95/5 (v/v) and CHCls/methanol 95/5 (v/v). The
solvents were evaporated slowly in a desiccator over a period of two weeks followed by thermal
annealing in a vacuum oven at 170 °C to attain equilibrium morphologies as close as possible.
The transmission electron microscopy (TEM) images of Figure 6.4 illustrate a cylinder-sphere
three-phase morphology*® of a P1-b-PS-b-P4VP film prepared from the CHCIs/DMF solvent
mixture. The P4VP blocks form the cylinders and the PI blocks form spheres in the PS matrix.
The P4VP cylinders display a hexagonal symmetry with six cylinders at the corners of a
hexagon and one cylinder at the centre. The Pl spheres are also arranged on a hexagonal lattice

but the centre of that hexagon is occupied by a P4VP cylinder (Figure 6.4a). The intrinsic
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incompatibility among the blocks and the volume fraction of the blocks change completely due
to hydroxylation of the PI block. PS lamellae are observed in the P1, P2 and P3 films prepared
from the CHCIs/DMF solvent mixture (Figure 6.4b-d). The P1 film has a three-phase
morphology as the P(HTMB-r-1) and P4VP domains are not miscible (Figure 6.4b). Two
distinct phases of bright P(HTMB-r-1) and dark P4VP domains are visible between two
successive PS lamellae in the 1> stained P1 film (Figure 6.4b). However, P2 and P3 films
display a two-phase morphology where a PS domain and a mixed P(HTMB-r-I) and P4VP
domain form alternating lamellae (Figure 6.4c, d). The miscibility is determined by the
competing forces of self-association and intermolecular association of the P(HTMB-r-1) and
P4VP blocks.!® The self-association of the P(HTMB-r-1) block is hindered due to the random
distribution of the incompatible HTMB and | repeating units. The intermolecular association
of the P(HTMB-r-1) and P4VP blocks is favoured by the affinity of the hydroxyl moieties and
opposed by the incompatibility of the isoprene moieties with the pyridine rings, respectively.
The degree of hydroxylation of P1 is below the threshold to overcome the repulsion between
isoprene and pyridine moieties. In P2 and P3 the affinity of the hydroxyl groups and pyridine
moiety dominates over the incompatibility of pyridine rings with the isoprene moieties which

results in domains of mixed P(HTMB-r-1) and P4VP blocks.
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P(HTMB-r-1)-b-PS-b-P4VP P(HTMB-r-1)-b-PS-b-PAVP P(HTMB-r-1)-b-PS-b-P4VP
PI-b-PS-b-P4VP 46 mol % Hydroxylation (P1) 49 mol % Hydroxylation (P2) 54 mol % Hydroxylation (P3)
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CHCl3/DMEF (95/5 v/v)

. "o 02"
e
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wort 00

CHCl3/methanol (95/5 v/v)

i rs e [ pavp [ P(HTMB-r-) [ Mixed P(HTMB-r-1)/P4VP

Figure 6.4. TEM images and schematic representation — (a) PI-b-PS-b-P4VP, (b) P1, (c) P2,
(d) P3 films prepared from CHCIs/DMF 95/5 (v/v). (e) PI-b-PS-b-P4VP, (f) P1, (g) P2, (h) P3
films prepared from CHCls/methanol 95/5 (v/v). In the |2 stained films, the P4VP domains
appear dark in the bright PS matrix while the Pl and P(HTMB-r-1) domains are not
distinguishable from PS. In the double-stained films with I, and OsOa, the P4VP, PI and
P(HTMB-r-1) domains are darker than the PS matrix. All the images have the same

magnification.
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A three-phase morphology of PI-b-PS-b-P4VP is transformed into “banana-like” short PI
cylinders and P4VP spheres dispersed in a PS matrix in the film prepared from the
CHCls/methanol 95/5 (v/v) solvent mixture (Figure 6.4e). The vapour pressures of CHCls,
methanol and DMF at 25 °C are 25.9 kPa, 16.96 kPa and 0.49 kPa, respectively. Hence, the
composition of the CHClz/methanol solvent mixture changed less during the drying of the films
than in case of the CHCIs/DMF solvent mixture. At a later stage of evaporation PI-b-PS-b-
P4VP micelles having a rather collapsed P4VP core and a relatively more swelled PS and Pl
corona were formed. Upon solidification the P4VP formed spheres and PI formed short range
cylinders in the PS matrix. The Pl-b-PS-b-P4VP film could not reach thermodynamic
equilibrium as the CHCls/methanol solvent mixture is not a good solvent for the P4VP block.
However, for the films prepared from the CHCIs/DMF solvent mixture the composition of the
solvent changed gradually to a significantly higher DMF content. As a result the P4VP blocks
were not kinetically trapped and the morphology reached thermodynamic equilibrium.
Similarly, during the preparation of P2 and P3 films from the CHCls/methanol solvent mixture
the mixed P(HTMB-r-1) and P4VP blocks formed the collapsed core of the micelles and PS
formed the swelled corona. Consequently, randomly distributed elongated spherical domains
of the mixed P(HTMB-r-I) and P4VP blocks are formed in the PS matrix (Figure 6.4g, h). The
P1 film shows a hexagonal array of lamellar-within-cylindrical'’’ domains of immiscible
P(HTMB-r-1) and P4VP in the matrix of PS (Figure 6.4f). A possible reason for the formation
of symmetrical cylindrical domains with a lamellar substructure could be a gain of
conformational entropy of the PS blocks, as they cannot only form bridges between different
cylinders, but also fold back and have both PS block ends connected to the same cylinder. This
could become possible due to a less repulsive interaction between the two end blocks compared
to their repulsive interactions with the central block, in combination with an overall less

selective solvent mixture compared to the CHCI3/DMF at the moment of freezing in the
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morphology. Thus, the composition of the solvent mixture dictates the morphology of the films

but has no influence on the miscibility of the end blocks.

6.3.2 Influence of Evaporation Speed on the Miscibility of P(HTMB-r-1) and P4VP

Blocks
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1.30N W 3433 pm

Height

il
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e .
Height 200.0 nm

Deformation 200.0 nm

Figure 6.5. AFM height, modulus, adhesion and deformation images of (a-d) blank PI-b-PS-b-
P4VP thin film, (e-h) PI-b-PS-b-P4VP thin film with 3 days methyl iodide (Mel) post-

modification, (i-1) PI-b-PS-b-P4VP thin film with 2 days trimethylchlorosilane (TMCS) post-

modification.
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Figure 6.6. AFM height, modulus, adhesion and deformation images of (a-d) blank thin film
of hydroxylated diblock terpolymer PS-b-P(HTMB-r-1), (e-h) PS-b-P(HTMB-r-1) thin film
with 3 days methyl iodide (Mel) post-modification, (i-I) PS-b-P(HTMB-r-1) thin film with 2

days trimethylchlorosilane (TMCS) post-modification.

In order to investigate the influence of evaporation speed on the miscibility of the P(HTMB-r-
1) and P4VP blocks nonporous P3 thin films were prepared by spin-coating using a CHCIs and
methanol 98/2 (v/v) solvent mixture (Figure 6.7). In this case the evaporation was finished
within 20 seconds. The morphology of the spin-coated film was investigated by atomic force
microscopy in PeakForce QNM (Quantitative Nanomechanical Mapping) mode. Due to the
small distinction of nanomechanical properties of different domains, it is difficult to discern
the morphology of the spin-coated P3 film (Figure 6.7 a, d, g, j). To improve the contrast
between the domains the spin-coated P3 film was post-modified with additional molecules, i.e.,

methyl iodide (Mel) and trimethylchlorosilane (TMCS). Mel can selectively react with P4VP
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segments *°3 but not with P(HTMB-r-1), which is confirmed by the Mel treatments of PI-b-PS-
b-P4VP (Figure 6.5e-h) and PS-b-P(HTMB-r-1) (Figure 6.6e-h). TMCS reacts with both P4VP
and P(HTMB-r-1), as demonstrated by the TMCS treatments of PI-b-PS-b-P4VP (Figure 6.5i-
1) and PS-b-P(HTMB-r-1) (Figure 6.6i-1). Specifically, after post-modification of the PI-b-PS-
b-P4VP films with Mel vapour (Figure 6.5e-h) and TMCS vapour (Figure 6.5i-1) separately,
the height of the discrete domains of P4VP increases. The change of nanomechanical properties
of the discrete P4VP domains is also visible in the modulus, adhesion and deformation maps.
These changes are attributed to the chemical attachment of Mel and TMCS in the P4VP
domains. Regarding the PS-b-P(HTMB-r-I) films, after Mel vapour post-modification, no
obvious change of height difference at the surface and nanomechanical properties is observed,
revealing that no reaction occurred between Mel and —OH groups (Figure 6.6e-h). However,
after post-modification with TMCS vapour, there is an increased height difference at the
surface and also significant changes in the nanomechanical properties, i.e. improved contrast
in the modulus, adhesion and deformation images (Figure 6.6i-1). These results confirm that

TMCS can react with -OH groups of P(HTMB-r-1) under a mild heterogeneous condition.
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Figure 6.7. AFM height, modulus, adhesion and deformation images of (a, d, g, j) blank thin
film of copolymer P3, (b, e, h, k) P3 thin film with 3 days methyl iodide (Mel) post-
modification, (c, f, i, I) P3 thin film with 3 days Mel post-modification and subsequent 2 days
trimethylchlorosilane (TMCS) post-modification. All the post-modifications were employed

on the same piece of the blank thin film.
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Unlike the film prepared by slow evaporation of solvents (Figure 6.4d, h), hexagonally packed
discrete domains surrounded by a continuous PS matrix are observed in the spin-coated P3
films (Figure 6.7). Although the packing of the domains is mostly hexagonal, some
irregularities in the symmetry of the domains (e.g. pentagons, polygons) are also present. The
height of the domains increases at the surface of the P3 film after post-modification with 3 days
Mel (Figure 6.7b), while in the log DMT Modulus, adhesion and deformation maps the contrast
between these domains and the matrix becomes significantly higher (Figure 6.7¢, h and k).
These results confirm that the discrete hexagonally packed domains contain the P4VP segments.
No new (additional) microdomains appear in the AFM images of the film which was post-
modified with Mel for 3 days and then with TMCS for 2 days (Figure 6.7c, f, i and I). The
P4VP blocks were fully quaternized by Mel within 3 days and the further treatment with TMCS
post-modified the —OH groups of the P(HTMB-r-1) block. The sizes of the discrete domains in
the log DMT Modulus, adhesion and deformation maps (Figure 6.7f, i and 1) are bigger and the
height of the domains at the surface are more than those in the film modified only with 3 days
Mel (Figure 6.7c). It is rather likely that the discrete domains consist of both P(HTMB-r-1) and
P4VP blocks. Hence, the fast evaporation of the solvent induces a hexagonal symmetry of the

microdomains without affecting the miscibility of the end blocks.

TEM and AFM investigations indicate that both the solvent composition and the evaporation
rate have no effect on the miscibility of microdomains. Therefore, it is clear that the desired
charged mosaic membranes with P3 was not obtained. However, we achieved the fabrication
of an isoporous membrane with multifunctional nanochannels, which is thoroughly discussed

below.
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6.4 Fabrication of Isoporous Membrane via SNIPS

27 Wt% 25

Figure 6.8. SEM images of the top surface of representative P3 membranes cast from different
solvent systems using different polymer concentrations (indicated in the images) and
evaporation times (indicated in the images): (a-c) THF/DMF 40/60, (d-f) THF/DMF 50/50, (g-

i) THF/DMF/DOX 50/25/25.

Based on the work in Chapter 4 and Chapter 5, THF and DOX can be used as selective solvents
for the non-polar matrix-forming block PS, while DMF is more selective for the polar pore-
forming block P4VP and P(HTMB-r-I). A series of the casting solutions of P3 in the binary

solvent system THF/DMF or ternary solvent system THF/DMF/DOX was used to cast the
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membranes. Compared to binary THF/DMF, ternary THF/DMF/DOX leads to better open

porous structure (Figure 6.8).

22 wt%_4s|
Y b 57,
(oA

THF/DMF/DOX 50 2525 wt% THF/DMF/DOX 55: 22 5:22.5 wt%

Figure 6.9. SEM images of the top surface of representative P3 membranes cast from (a) 23
wit% solution in a THF/DMF/DOX 50/37.5/12.5 solvent mixture, the evaporation timet=5s,
(b) 22 wt% solution in a THF/DMF/DOX 40/30/30 solvent mixture, the evaporation time t = 4
s, () 24 wt% solution in a THF/DMF/DOX 50/25/25 solvent mixture, the evaporation time t
=10s, (d) 22 wt% solution in a THF/DMF/DOX 55/22.5/22.5 solvent mixture, the evaporation

timet=6s.

Furthermore, to ascertain the optimum composition of THF/DMF/DOX, the content of DMF
(selective solvent for pore-forming blocks) was relatively changed. Among the investigated
solvent systems the best solvent composition is THF/DMF/DOX 50/25/25, as it leads to the

best result with vertically-aligned hexagonally packed open pores (Figure 6.9). However, the
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isoporous structure is imperfect with an elongated cylindrical structure (Figure 6.9c).
According to a previous study based on PS-b-P2VP, this phenomenon should be the typical
transition state from an ordered spherical pore network (PN) to an ordered cylindrical (OC)
structure, attributed to trapping of the ordered micellar array with highly swollen cores in a
continuous matrix at a later time.®® Thus, the fine-tuning of the evaporation time and the
concentration of cast solutions might allow us to eliminate these cylindrical defects. However,
no obvious improvement is observed by varying the parameters (Figure 6.10, Figure 6.11),
implying that the triblock quaterpolymer P3 system possesses a very small stable region of the
desired self-assembled structure. In practice, it is almost not possible to identify the exact
combination of solution composition and evaporation time to obtain a defect free isoporous top

layer.

Figure 6.10. SEM images of the top surface of representative P3 membranes cast from 24 wt%
solution in THF/DMF/DOX 2/1/1 with different evaporation time (a) t=2s, (b)t=4s, (c)t=

6s,(d)t=8s.
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Figure 6.11. SEM images of the top surface of representative P3 membranes cast from ternary
solvent system THF/DMF/DOX 2/1/1 (a) 22 wt% polymer concentration, the evaporation time
t=10s, (b) 23 wt% polymer concentration, the evaporation time t = 10 s, (¢) 25 wt% polymer

concentration, the evaporation time t = 8 s.

It was proven that the addition of metal salts,'°> 18 carbohydrates,*® alcohols and organic
acid*® in the casting solution of PS-b-P4VP membrane broadens the optimal processing
window. These additives generally form the coordination or hydrogen bonding with nitrogen
atoms of 4VP groups. Due to the toxicity of most transition metals (e.g. copper (II)) in
biotechnological applications, in this study, non-toxic magnesium acetate (MgAcz) was used
as an additive to cast P3 membranes. A series of casting solutions with gradually increasing
the amount of MgAc, was employed to define the optimal amount of MgAc., i.e., from 0.75 to
4.75 wt% with respect to BCP (Figure 6.12). In comparison with the blank membrane without
MgAc, the addition of 0.75 wit% MgAc. (Figure 6.12a) does not show a significant
improvement of the membrane morphology, attributed to the weak complexation of
magnesium ions with the pyridine moieties. It can be clearly seen that the membrane with 1.5
wt% MgAcC2 possesses a highly ordered open porous structure without defects, e.g. elongated
spherical pores (Figure 6.12b). Furthermore, after the amount of MgAc> exceeds 1.5 wt% of
BCP, the membrane structure becomes less ordered (Figure 6.12c-e). Therefore the optimum
concentration of MgAc: for this system is 1.5 wt% with respect to the BCP, leading to a typical

integral asymmetric isoporous membrane (Figure 6.13). Meanwhile, the addition of such
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interacting ions, i.e. MgAc, results in the reduction of the required block copolymer

concentration from 24 wt % to 22 wt %, which is advantageous for ecologic and economic

benefit, consistent with the previous studies based on PS-b-P4VP with MgAc,.10% 178
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Figure 6.12. SEM images of top surface of representative P3 membranes cast from (a) 22 wt%
solution with 0.75 wt% Mg(acetate)> (MgAcz) as BCP, the evaporation time t = 10 s, (b) 22
wit% solution with 1.5 wt% Mg(acetate)> (MgAc2) as BCP, the evaporation time t =8 s (c) 21
wt% solution with 2.25 wt% MgAc2 as BCP, the evaporation time t = 4 s, (d) 20 wt% solution
with 3 wt% MgAc. as BCP, the evaporation time t = 6 s, (€) 21 wt% solution with 4.75 wt%

MgAc: as BCP, the evaporation timet=5s.

Figure 6.13. SEM images of P3 SNIPS membrane: (a) cross-section near the top surface, (b)

bottom interface contacting with glass substrates.
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6.5 Post-functionalization of Isoporous Membrane toward Negatively or

Positively Charged Membrane

ﬂ Methyl iodide treated M 1,3-Propane sultone treated
P(HTMB-r-l)-b-PS-b-P4VP membrane (MM) P(HTMB-r-1)-b-PS-b-P4VP membrane (PM)

Figure 6.14. Schematic representation, chemical structure and SEM images of top surface and
cross section of (a) methyl iodide treated membrane MM, (b) 1,3-propane sultone treated

membrane PM.

The P3 membrane was post-functionalized with methyl iodide and 1,3-propane sultone by
straightforward in situ one step gas-solid interface reaction to obtain positively and negatively
charged pores, respectively (Figure 6.14). In the FTIR spectrum of the methyl iodide treated
membrane (MM) a new characteristic peak of the C = N* stretching vibration appears at 1640
cm! due to quaternization of the nitrogen moieties of the pyridine rings, while the intensity of
the characteristic stretching vibration of C =N and C = C of the aromatic rings at ~ 1600 cm™
decreases dramatically (Figure 6.15, blue curve). Based on the work of the quaternization of

PS-b-P4VP membranes in Chapter 4, 2 days exposure to methyl iodide vapour results in a
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complete quaternization. As the C = C stretching of aromatic rings of PS block also contributes
to the peak at ~ 1600 cm™, this peak does not disappear even after complete quaternization of
the pyridine rings .**® In case of the 1,3-propane sultone treated membrane (PM) two new
characteristic vibrations at ~1036 cm™ and ~ 1181 cm™ appear in the FTIR spectrum (Figure
6.15, green curve) owing to the stretching vibration of sulfonate groups. This proves the ring
opening of 1,3-propane sultone and the covalent attachment of the sulfonic acid containing
moieties on the membrane.?> 1 From SEM images it is confirmed that MM (Figure 6.14a)
and PM (Figure 6.14b) retain the kinetically trapped porous morphology of the pristine
membrane (10) (Figure 6.12b, Figure 6.13a). Due to the covalent attachment of the functional
moieties MM and PM show slightly lower surface pore sizes and relatively thicker pore walls
along the cross section compared to those of 10. The average surface pore sizes at the dry state

(calculated from SEM images) of 10, MM and PM are 32 nm, 30 nm and 30 nm, respectively.

I B
I i I

— p—
4000 3500 3000 1500 1000 500
Wavenumber (cm™)

Figure 6.15. FTIR spectra of the pristine membrane 10, MM and PM. The relative intensities
were normalized using the characteristic CH: stretching vibrations (*) of the unreactive

backbone around 2924 cm™.
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Figure 6.16. Comparison of the surface zeta potential as a function of pH of (a) P(HTMB-r-I)-
b-PS-b-P4VP (10) and PS-b-P4VP membrane, (b) methyl iodide treated P(HTMB-r-1)-b-PS-b-
P4VP (MM) and PS-b-P4VP membrane, (c) 1,3-propane sultone treated P(HTMB-r-1)-b-PS-
b-P4VP (SM) and PS-b-P4VP membrane. Experiments were carried out with a background

electrolyte of 1 mM NacCl.

Surface zeta potential measurements were performed to prove the success of post-
functionalization again. Meanwhile in order to corroborate that open isoporous structure of
P(HTMB-r-1)-b-PS-b-P4VP membrane are formed by the mixed P(HTMB-r-1) and P4VP
domains more directly, we also compared the surface zeta potential () of three pairs of
membranes: P(HTMB-r-1)-b-PS-b-P4VP (I0) and PS-b-P4VP membrane (Figure 6.16a),
methyl iodide treated P(HTMB-r-1)-b-PS-b-P4VP (MM) and PS-b-P4VP membrane (Figure
6.16b), 1,3-propane sultone treated P(HTMB-r-1)-b-PS-b-P4VP (SM) and PS-b-P4VP
membrane (Figure 6.16c). The surface zeta potential ({) of 10 is negative at a basic pH which
becomes positive below pH 6.5 due to protonation of the P4VP block. 10 reaches the isoelectric
point at a higher pH compared to that of the PS-b-P4VP membrane (Figure 6.16a). Owing to
quaternization of the nitrogen moieties of the P4VP block, MM and methyl iodide treated PS-
b-P4VP do not show such pH responsiveness, instead a slightly positive (" is observed in the
whole pH range of 2.5 — 10 (Figure 6.16b). But a lower positive (" value of the MM indicates
the presence of additional hydroxyl moieties along the pore walls of the isoporous layer. After

post-treatment with 1,3-propane sultone the vinyl pyridine moieties were converted into a
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zwitterionic structure while the hydroxyl moieties were converted into sulfonic acid groups.
Compared to 10, PM displays a remarkable shift of isoelectric point towards a lower pH and a
plateau of higher negative { in the pH range of 6 to 10. Additionally negative { of PM in the
pH range of 6 to 10 is also significantly higher than that of 1,3-propane sultone treated PS-b-
P4VP membrane (Figure 6.16c¢). This result is attributed to the presence of acidic groups
(sulfonic acid groups) along the pore walls and their corresponding dissociation.®™®” These
comparisons confirm that miscible P(HTMB-r-1) and P4VP are the pore-forming blocks of the

P(HTMB-r-1)-b-PS-b-P4VP membrane.

6.6 Performance of Multifunctional Isoporous Membranes

6.6.1 pH Responsive Behavior and Water Permeance

The pH responsiveness of the P4VP block of 10 has a strong influence on the water permeance.
At pH 7 the water permeance through 10 is 598 L m2h bar! which gradually decreases to 22
L m?h?tbar? at pH 3 (Figure 6.17a). It is a distinct signature of swelling of the protonated
P4VP blocks in response to pH.%® At pH 7 the P4VP blocks exist in a collapsed conformation
as the nitrogen moieties are in a deprotonated and thus hydrophobic state. The P4VP blocks
gradually adopt an extended conformation due to increasing degree of protonation of the
nitrogen moieties with the decrease of pH. Consequently the pores of the membranes become
narrow and the water permeance drops. As such pH responsive behaviour is not undermined
by the mixed P(HTMB-r-1) pore-forming block, it is clear that at low pH the nitrogen moieties
of the P4VP blocks have a higher tendency to be in the protonated state compared to hydrogen

bond formation with the hydroxyl moieties of the P(HTMB-r-1) blocks.
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Figure 6.17. (a) pH responsive behaviour of 10. (b) Water permeance of 10, MM and PM.

The permeance of ultrapure water (pH 5.5, conductivity 0.055 pS cm™) through 10, MM and
PMis515 L m2htbar?, 11 L m2htbar?and 9.5 L m2h?bar?, respectively (Figure 6.17b).
It is worth noting that the water permeance of MM and PM is higher than reported for SNIPS
BCP membranes with charged-induced swelling of nanopores (0.6-4 L m™2 h bar?),4 %
nanofiltration membranes formed by an amphiphilic random copolymer (1.4-7.3 L m2 h bar
1)180-182 and comparable to that of commercially available nanofiltration membranes (3.7-11.4
L m~2 h'lbar?). 183 18 Since at the dry state the pore size of 10, MM and PM are close to each
other, it can be seen that during the measurement of ultrapure water permeance (i.e. at pH 5.5)
the chains of pore-forming block of MM and PM are in a highly swelled state attributed to
strong electrostatic repulsion of positive or negative polyelectrolytes while those of 10 are in a

rather collapsed state.

6.6.2 Charge-based Selective Transport of Small Molecules through Positively Charged

Membrane

To demonstrate the charge selective nature of MM we employed aqueous solutions of three

model molecules having a comparable molecular weight (319 — 377 g mol™) but different
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electrostatic charges — a cationic dye methylene blue (MB+), an anionic dye orange II (OR—)
and a neutral vitamin riboflavin (RB0). According to MM2 force field energy minimization
model calculation (in vacuum) the lateral dimensions of MB+, RB0O and OR— are rather similar,
i.e. 1.1 nm, 1.0 nm and 1.3 nm, respectively.*t We also compared the calculated lateral
dimensions of small molecules with the reported Stokes radius of the molecules in Table 10.3
(Chapter 10 Appendix), the calculated values show a slight deviation compared to reported
values. Based on the reported Stokes diameters, MB+, RB0 and OR— also exhibit a similar size.
The aqueous solutions containing single solutes and mixed solutes were employed to determine

the retention and selectively of the model molecules.
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Figure 6.18. Charge-based selectivity between similarly sized organic solutes (~1 nm) in single
and mixed solute systems based on the positively charged membrane MM. Molecular structure
and space-filling model of three model organic molecules with distinct charges while similar

size of ca. 1 nm, and the corresponding separation behaviour of the pristine membrane 10 and
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the positively charged membrane MM determined by UV-vis spectra and a colour change of
the solution in single solute retention measurement: (a) cationic methylene blue (MB+), (b)
neutral riboflavin (RBO0), (c¢) anionic orange II (OR—), measured with MM close to saturated
adsorption by immersing in a 0.1 mM OR— solution for 30 days. (d) The competitive separation
behavior of 10 and MM in the mixed-solute retention of MB+ and RBO (50/50, molar ratio)

confirmed by UV-vis spectra and the colour change of the solution.

The aqueous solutions of MB+, RB0 and OR— passed through 10 with no rejection of MB+ and
RBO and only 2% rejection of OR— (Figure 6.18a-c). When an aqueous solution of MB+ was
used as a feed solution for MM, a substantial reduction of colour was observed in the permeate
solution. 95.3% of MB+ was retained from the aqueous solution by MM (Figure 6.18a).
Remarkably, neutral RBO permeated through MM completely without any rejection (Figure
6.18b) which proves that MM contains distinct uniform soft nanochannels although the
polyelectrolyte pore-forming block swells in the presence of water. According to these results,
the ideal selectivity of MB+ over RBO, y'reomve-+ is 21.3 (Table 6.2). Unlike MB+ and RBO the
anionic OR— showed strong adsorption on the MM membrane (Table 6.3). It is obvious that
OR— was adsorbed at the positively charged moieties of the MM due to the attraction of two
opposite charges. Such adsorption of molecules on the membrane is undesirable as the
polyelectrolyte pore-forming block would lose its ability to swell due to neutralization. To
confirm this assumption we investigated the retention of OR— using a freshly prepared MM
(Figure 6.19) and MM close to saturated adsorption by immersing in a 0.1 mM OR— solution
for 30 days (Figure 6.18¢). In the first case the membrane retained 62% of the OR— from the
feed solution while the latter allowed complete passage of feed solution without any retention
of OR— (Figure 6.18c). It corroborates that the pore walls of MM are decorated with rather
strong positive charges which repel the MB+ and adsorb the OR— from their aqueous solutions.

However, the surface zeta potential of MM is only slightly above zero (0.5 — 1.1 mV) in the
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pH range 5 — 10 (Figure 6.16b). The discrepancy between the true value of surface zeta

potential and the apparent value of the surface zeta potential from streaming current or

streaming potential measurement has been pointed out in several studies.'® 18 Additionally,

positive charges at the membrane pore wall can influence the retention of MB+ only when the

nanochannel is narrow enough. The pH of 0.1 mM MB+ solution is 5.7 (Table 6.4). At pH 5.7

the pores of 10 also carry a positive charge (Figure 6.16a) while the pore-forming block is

slightly swelled (Figure 6.17a). However, the pores of 10 are too big to retain MB+ from

aqueous solution.

Table 6.2 Retention (R) and separation selectivity () for the pristine membrane 10 and the

positively charged membrane MM in single- and mixed-solute retention experiments.

Retention (R, %)

Selectivity (y)

Membrane Single-solute Mixture-solute Single-solute Mixed-solute
MB+ RBO MB+ RBO Wreome+ W'reoMB+
10 0 0 0 0 1.0 1.0
MM 95.3+0.1 0 97.0+£0.9 15.0+0.6 21.3 28.3
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Figure 6.19. The separation behaviour of OR— of a freshly prepared positively charged

membrane MM determined by UV-vis spectra and a colour change of the solution.
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Table 6.3. Adsorption of five model organic molecules MB+, RB0O, OR—, NG3— and RG6—
onto the pristine membrane 10, the positively charged membrane MM and the negatively

charged membrane PM.

Organic Pristine membrane 10 Positively charged membrane MM Negatively charged membrane PM
molecules (ug cm?) (ug cm?) (ug cm?)
MB+ 0.34 0
RBO 0 0
OR- 37.7+25 533 £5.0 54+16
NG3- 1448 +7.8 - 244+18
RG6- 313.0 £ 26.8 - 108.5 £12.0

Table 6.4. pH of aqueous solutions with 0.1 mM single or mixed organic small molecules.

Single-solute Mixed-solute
Organic molecules
MB+ RBO OR- NG3- RG6- MB+/RBO OR-/NG3-
pH 5.7 6.7 6.4 6.5 4.6 5.9 6.4

To validate the excellent ideal selectivity yw'reoms+ Obtained from single solute retention
experiments, the real selectivity y'rsome+ Of the 10 and MM were determined using a 0.1 mM
aqueous solution containing a 50:50 (molar ratio) mixture of MB+ and RBO ((Figure 6.18d).
As expected, the permeation selectivity through 10 does not show any change in the mixed
solute retention, that is, w'reome+ = W'reome+ = 1. For MM y'reomve+ = 28.3 is significantly

higher than y'reome+ = 21.3 (Table 6.2).

Such enhancement of the real selectivity compared to the ideal selectivity was reported in a
few studies of non-biological systems.**% & |n the single solute retention measurement 100%
of neutral RBO permeated through MM while only 4.7% of cationic MB+ could permeate
through the membrane. MB+ lagged far behind RBO to enter the positively charged
nanochannels of MM as it had to overcome an additional energy barrier (due to electrostatic
repulsion) compared to RBO. Therefore, during the mixed solute retention study the

nanochannels of MM constantly allowed the favorable entrance of RBO molecules rather than
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unfavorable MB+ from the background of a mixture of MB+ and RBO. However, RBO still had
to compete with MB+ to reach the entrance of the nanochannels from the bulk of the solution.®’
As a result 85% of RBO and 3% of MB+ permeated through MM during the mixed solute
retention measurement (y'reoms+= 28.3). A possibility of back diffusion after the entrance of
MB+ and RBO in the nanochannels of MM could be ruled out due to the applied transmembrane
pressure. Overall, these results demostrate the competition-induced enhancement of selectivity

and strong capability of the prepared MM to perform charge based separation of organic

molecules having a lateral molecular dimension of ~1 nm.
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6.6.3 Charge/Size-based Selective Transport of Small Molecules through Negatively

Charged Membrane
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Figure 6.20. Size- and charge-based selectivity between the organic solutes (1-2 nm) in single
and mixed solute systems based on the negatively charged membrane PM. Molecular structure
and space-filling model of three model organic molecules with distinct size and the number of
negative charges, and the corresponding separation behaviour of the pristine membrane 10 and
the negatively charged membrane PM determined by UV-vis spectra and a colour change of
the solution in single solute retention measurement: (a) monovalent orange II (OR—, 350.32 g
mol?, 1.3 nm), (b) trivalent naphthol green B (NG3—, 878.45 g mol?, 1.8 nm), (c) hexavalent
reactive green 19 (RG6—, 1418.93 g mol™?, 1.9 nm). (d) The competitive separation behaviour
of 10 and PM in the mixed-solute retention of OR— and NG3— (50/50, molar ratio) confirmed

by UV-vis spectra and a colour change of the solution.
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To investigate separation efficiency of the negatively charged membrane PM three anionic
dyes having sulphonate functional groups and different molecular weights (350.32, 878.45,
1418.93 g mol, respectively) were used as model compounds — monovalent orange 1T (OR-),
trivalent naphthol green B (NG3—) and hexavalent reactive green 19 (RG6—). The pH of 0.01
mM aqueous solutions of OR—, NG3— and RG6— are 6.4, 6.5 and 4.6, respectively (Table 6.4).
Single solute aqueous solutions of OR— and NG3— permeated through 10 with only 1 — 2%
rejection of the solutes (Figure 6.20a, b). At pH 4.6 the P4VP blocks of 10 swell (Figure 6.17a)
and acquire positive charge due to protonation (Figure 6.16a). 55% of RG6— was retained from
the aqueous solution presumably due to a strong tendency of adsorption of RG6— on 10 (Table
6.3). The pores of PM have strong negative charges in the range of pH 6.4 — 6.5 (Figure 6.16c).
In the single solute retention measurement, 29.3% OR— was retained from the aqueous solution
by PM (Figure 6.20a). In spite of the electrostatic repulsion between the like charges, the
nanochannels of PM are big enough to allow 70.7% of OR— to permeate through the membrane.
But the pores of PM are narrow enough for the bigger NG3— molecules to exert strong
electrostatic repulsion, rejecting 95.2% NG3— (Figure 6.20b). As PM exhibited only a very
slight adsorption of OR— and NG3— after soaking in the aqueous solution even for 24 h (Table
6.3), the solute adsorption might have a very small contribution on the rejection. Although pH
4.6 is pretty close to the isoelectric point of PM, 98.9% of RG6— was retained from the aqueous
solution by PM (Figure 6.20c). RG6— showed a much stronger adsorption on PM compared to
OR—- and NG3—, which would form a negatively charged surface from adsorbed RG6—
molecules and consequently repel the anionic RG6—.1% Such high rejection of RG6- is
presumably ascribed to the combination of charge/size-based separation and also small portion
of the adsorption. Notably the ideal selectivities y'or-ncs- and y'or-ras- are 14.7 and 64.3,

respectively (Table 6.5).
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Table 6.5 Retention (R) and separation selectivity () for the pristine membrane 10 and the

negatively charged membrane PM in single- and mixed-solute retention experiments.

Retention (R, %) Selectivity (@)
Membrane Single-solute Mixed-solute Single-solute Mixed-solute
OR- NG3- RG6- OR- NG3- Worimes  Word/rcs- Wor-NG3-
10 20+0.6 1.4+0.2 55.0+12.8 22+0.3 45+0.6 1.0 22 1.0
PM 29.3+9.1 952+12 989+0.6 33.1+10.1 985+%15 14.7 64.3 44.6

As the pH of NG3— and OR— aqueous solutions are close to each other, we have used this pair
of mixed solutes to investigate the competitive permeation through PM. PM retained 33.1% of
OR— and 98.5% of NG3— from a 0.1 mM aqueous solution of a 50:50 (molar ratio) mixture of
OR-—and NG3— which resulted in the real selectivity y'or-mng3- = 44.6 (Figure 6.20d, Table 6.5).
OR— and NG3— repelled each other while competing to reach the entrance of the pores from
the bulk of the solution. Both OR— and NG3— solutes had to overcome the energy barrier of
electrostatic repulsion to enter the pores of the membrane which was larger for the trivalent
NG3— compared to the monovalent OR—. The entry of NG3— was further hindered due to
higher molecular dimensions in an aqueous solution compared to OR—. The monovalent OR—
was likely to orient in a way so that the non-charged end enters the pore of the membrane first
which was an additional advantage to overcome the energy barrier. Such orientation was not
possible for the trivalent NG3— as each of three arms had a charged end. More strikingly due
to these competing factors the real selectivity y'or-ings- is three fold higher compared to the
ideal selectivity w'or-ncs- The prepared membrane PM can indeed be used to efficiently
separate organic molecules with molecular dimension of 1 — 2 nm by taking advantage of small

differences in size and charge number.
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6.7 Conclusion

In this chapter, we presented a novel multifunctional asymmetric isoporous membrane with
different functional groups embedded on the interior of the pore walls, i.e., -OH and 4VP
groups, which is derived from a well-designed amphiphilic triblock quaterpolymer, P(HTMB-
r-1)-b-PS-b-P4VP, via SNIPS. We have demonstrated that the formation of multifunctional
nanochannels arises from the mixed domain consisting of two end blocks via hydrogen bonding.
These highly accessible functional groups within the pore walls can readily allow
straightforward scalable gas-solid interface post-functionalizations to integrate the positively
or negatively charged moieties along the pore walls. The diameter of the well-defined soft
nanochannels in a hydrated state is within the nanofiltration regime due to swelling of the
polyelectrolyte pore-forming blocks. The single and mixed solute retention studies demonstrate
the ability of the membranes to efficiently retain dye molecules from aqueous solutions as well

as an unprecedented separation of small organic molecules (1 — 2 nm) from each other.
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Chapter 7 Potential of Integral Asymmetric Isoporous

Membrane towards Enzymatic Membrane Reactors
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Molecular characterization of polymers used in this chapter.

Polymer PS P4VP Mn Muw Dispersity
[wt%] [wt%] [kg mol?] [kg mol?] indices
PSa 100 0 -- 113 2.3
P4VPP) 0 100 = ~60 -
PS76-b-P4VP 2,246 ) 76 24 238 246 1.04
PSg1-b-P4V P19t 82 18 143 154 1.08

3 PS was purchased from BASF and the sample information was obtained from BASF. ®) P4VP
was purchased from Sigma-Aldrich who supplied the sample information. © PS7g-b-P4VP2424¢

was synthesized by Ivonne Ternes.
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7.1 Introduction

Except various potential applications of SNIPS membranes in the separation technology,
SNIPS membranes also have intrinsic advantages to act as the support of enzymatic membrane
reactors where enzymes are immobilized for enhanced enzyme/process stability and a
repetitive use.'®® For example, the integral asymmetric structure not only supplies the abundant
surface area for the enzyme immobilization, also maintains the high permeance of the products
for the reduction of the often encountered product inhibition.!8 The isoporous selective layer
endows the excellent contact between the substrates and immobilized enzyme, which is a
prerequisite for the enzymatic reaction. These characteristics are crucial to improve the

productivity and minimize the energy consumption for enzymatic membrane reactors.

Based on these points, a collaborative study was done with the group of Prof. Ulrich
Schwaneberg (DWI — Leibniz-Institut fur Interaktive Materialien e.VV. and Lehrstuhl flr
Biotechnologie, RWTH Aachen University) which is working on the engineering of proteins,
enzymes and peptides for the development of biohybrid materials with tailor-made properties
and functionalities. According to their previous studies materials binding peptides (also known
as anchor peptides (APs)) can act as adhesion promoters to achieve the desired surface
functionalization, e.g., the AP cecropin A (Cec) can bind to polyisobutylene-polyethylene
glycol-polyisobutylene (PIB-PEG-PIB) triblock copolymer,'*° the AP liquid chromatography
peak | (LCI) serves as an adhesion promoter to polypropylene (PP),1*19 the AP Tachystatin
A2 (TA2) is able to bind to PS and polyester-polyurethane.®? 1% Meanwhile, Cec, LCI and
TA2 were investigated to immobilize enzymes on different materials, e.g. gold, stainless steel,
PS, PP and silicon-based materials.’8 Phytases caught major attention due to their ability to
initiate stepwise removal of inorganic phosphate from phytate and also a huge market value of

approximately US $350 million per year, therefore Yersinia mollaretii phytase (YmPh) was
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chosen as a target enzyme.®>% In order to achieve the directed immobilization of YmPh,
different fusion constructs of YmPh with Cec, LCI and TA2 were employed, i.e., Cec-YmPh,
TA2-YmPh, LCI-YmPh, YmPh-Cec, YmPh-TA2, YmPh-LCI. As we know, however, there is
no study on AP binding for PS-b-P4VP block copolymer and also any porous membrane to
date. The hydrophilicity, charge, BCP microphase separation, and pore size (in case of porous
membrane) of the support may likely play a role in the binding ability of the APs on the support.
Herein dense films of PS homopolymer (homo-PS), P4VP homopolymer (homo-P4VP) and
the corresponding quaternized homo-P4VP with different quaternization degrees (homo-
QP4VP) were used for the first preliminary study. Furthermore, two series of membranes
derived from PS-b-P4VP with different pore sizes and different degrees of quaternization were
studied to select the suitable porous membrane for the immobilization of YmPh-AP fusion

proteins. The stability of the immobilized enzyme was also roughly evaluated.!

Table 7.1. Molecular characterization of the polymers used for the sample preparation

Polymer PS[Wi%] PAVP [Wt%]  Ma[kgmol]  Muw[kg mol] Diirfgﬁ:resgy
PS) 100 0 - 113 23
P4VPY) 0 100 . ~60 .
PS176-b-PAVP246 9 76 24 238 246 1.04
PSa1-b-PAVP o154 82 18 143 154 1.08

3 PS was purchased from BASF and the sample information was obtained from BASF. ®) P4VP
was purchased from Sigma-Aldrich who supplied the sample information. © PSzg-b-P4VP24%4

was synthesized by Ivonne Ternes.

! Note that the author of this thesis is responsible for the preparation of all the dense films and SNIPS
membranes and the corresponding morphological investigation before and after the immobilization of enzyme
protein. The fusion proteins of enzyme-AP are prepared and the corresponding characterizations are performed
by the group of Prof. Ulrich Schwaneberg.
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7.2 Preliminary Study of Anchor Peptides Binding on Homo-PS and Homo-P4VP

Dense Films

The dense films of homo-PS and homo-P4VP were prepared by dip-coating on the non-woven
support (the molecular characteristics are shown in Table 7.1). Homo-P4VP dense films were
quaternized by Mel for different reaction times, i.e., 3 h, 14 h and 26 h. Among the series of
homo-P4VP dense films, homo-QP4VP with 14 h Mel quaternization showed a promising
stronger AP binding than the other samples (these preliminary results are not shown in the
thesis). This phenomenon gives us the hint that the charge density of P4VP and the correlated
hydrophilicity may have an effect on the AP binding. The binding results of different YmPh-
AP fusion constructs on the representative dense film samples are provided in Chapter 10
Appendix, Figure 10.22. It implies that compared to the corresponding reference of the wild
type YmPh (YmPh WT), Cec-YmPh shows a stronger binding to homo-QP4VP with 14 h Mel
quaternization, and TA2-YmPh displays a stronger binding to homo-PS which is consistent

with the previous report for PS support.®?

7.3 Preparation of PS-b-P4VP Membranes with Different Pore Sizes and Degrees

of Quaternization

Based on the above results, PS-b-P4VP membranes with different pore sizes were prepared
from two batches of PS-b-P4VP differing in composition and molecular weight (Table 7.1).
Afterwards, two series of isoporous membranes with various degrees of quaternization were
prepared using Mel vapour, namely MOB, M22B, M40B, M76B and M0S, M16S, M39S,
M69S (the letters M, B and S stand for Mel, bigger pore size and smaller pore size, while the
numbers stand for the degree of quaternization roughly evaluated by ATR-FTIR, respectively).

The success of quaternization is confirmed by FTIR (Figure 7.1). The SEM images of the
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membrane top surfaces demonstrate that all the quaternized membranes possess the intact
isoporous structure and slightly smaller pore size in the dry state compared to the pristine

membranes (i.e., MOB and MO0S, Figure 7.2).
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Figure 7.1. ATR-FTIR spectra of two series of membranes with different degrees of
quaternization modified by Mel: (a) the series of the membranes with bigger pore size. (b) the
series of the membranes with smaller pore size. The relative intensities were normalized using

the characteristic CH, stretching vibrations (*) of the unreactive backbone around 2924 cm™.

Bigger pore size

Figure 7.2. SEM images of the top surfaces of two series of membranes with different degrees

of quaternization: (a-d) MOB, M22B, M40B and M76B, (e-h) M0S, M16S, M39S and M69S.
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7.4 Immobilization of YmPh-AP Fusion Proteins on Various PS-b-P4VP

Membranes

A series of membranes with bigger pore size
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A series of membranes with smaller pore size

[=]

6.00
5.00
4.00 N
3.00
2.00
1.00
0.00

Relatively improved binding

Non-woven MOS M16S M39S

B TA2-YmPh E LCI-YmPh B Cec-YmPh YmPh-TA2
B YmPh-LCI B YmPh-Cec B YmPh WT mEV

Figure 7.3. Comparison of relative improvement of YmPh-AP binding calculated relative to
wild type YmPh (YmPh WT). (a) the series of membranes with bigger pore size. (b) the series
of the membrane with smaller pore size. Note: The fusion proteins of enzyme-AP are prepared
and the corresponding characterizations are performed by the group of Prof. Ulrich

Schwaneberg.
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The corresponding binding of different YmPh-AP fusion proteins for the different membranes
are depicted in Chapter 10 Appendix, Figure 10.24 and Figure 7.3. Briefly, TA2-YmPh and
Cec-YmPh bind stronger to most of the membranes than the others, in agreement with the
results of the homopolymer dense films. In terms of TA2-YmPh, MOS shows the highest
improved binding, i.e., 4.1-fold compared to YmPh WT, which is much higher than that of
MOB (1.7-fold). When MOB is quaternized to some extent, e.g., M22B, the improved binding
is increased to 3.0-fold, presumably due to decreased pore size from the swelling of quaternized
P4VP. This result implies the membrane pore size may affect the binding of TA2-YmPh. In
the case of Cec-YmPh, the strongest improved binding is obtained by M40B (5.9-fold),
interestingly much higher than M39S with similar quaternization degree. It may suggest that
the effective pore size of M40B and M39S in the hydrated state are likely different, leading to
the different improved binding. Additionally, other membranes (i.e., MOB, M22B, M76B, M0S
and M16S) do not show significantly improved binding as M40B, implying that there is an
optimal degree of quaternization for P4VP. It again means the charge density or hydrophilicity
of P4VP may have an impact on the Cec-YmPh binding. Overall, TA2-YmPh selectively binds
to the PS matrix of M0OS, while Cec-YmPh selectively binds to the quaternized P4VP pore-

forming block of M40B.
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Bigger pore size

Figure 7.4. SEM images of the top surfaces of the representative membranes with the
immobilization of YmPh-AP fusion constructs: (a) MOB_TA2-YmPh, (b) M40B_TA2-YmPh,
(c) MOB_Cec-YmPh, (d) M40B_Cec-YmPh, (€) MOS_TA2-YmPh, (f) M39S_TA2-YmPh, (g)

MOS_Cec-YmPh, (h) M39S_Cec-YmPh.

Figure 7.4 depicts the top surface structure of the representative membranes after the
immobilization of TA2-YmPh and Cec-YmPh. There are visible immobilized fusion proteins
on all the membrane top surfaces, which mostly form aggregates, presumably due to the
denaturization of proteins. Interestingly, more immobilized fusion proteins are detected on the
top surfaces of quaternized membranes (M40B and M39S) compared to the pristine membranes

(MOB and MOS).

Additionally, a rough estimation of the stability of immobilized TA2-YmPh and Cec-YmPh
suggests that the activity of YmPh can be still determined after storage at 4 °C or 25 °C for 3
days, with a higher activity after storage at 4 °C, as shown in Chapter 10 Appendix, Figure

10.26.

-155-



Isoporous Block Copolymer Membranes with Charged Nanochannels

7.5 Conclusion

In this chapter, two series of PS-b-P4VP membranes with different pore sizes and degrees of
quaternization as well as different fusion constructs of YmPh-AP were assessed for the directed
YmPh immobilization. The results suggest that TA2-YmPh selectively binds to the PS matrix
of MOS, while Cec-YmPh selectively binds to the quaternized P4VP pore-forming block of
M40B. This may open the way to selectively bind different functional enzymes or other
molecules in a spatially well-controlled way on the membrane, also offering the possibility of
reaction cascades occurring at the membrane surface with the final product crossing through
the membrane. Overall, the PS-b-P4VP pristine membrane and quaternized membrane with
positively charged nanochannels are indeed promising to prepare the enzymatic membrane

reactor.
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Chapter 8 Summary
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8.1 Summary

The work presented in this thesis was focusing on the fabrication of isoporous membranes with
charged nanochannels and tailored pore sizes, which are promising candidates as next
generation membranes and may hold a huge potential in the applications of water treatment,
purification/fractionation of organic matters as well as catalytic membrane reactors. For this
purpose, several diblock copolymers and triblock copolymers were investigated to fabricate
isoporous membranes. The different types of charged isoporous membranes were thoroughly

explored to satisfy various membrane applications.

A polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) diblock copolymer was employed to
prepare positively charged membranes. For the introduction of positive charges, compared to
the protonation of 4-vinylpyridine units, the quaternization is not limited to acidic condition.
However, the quaternization was a challenge for a kinetically trapped non-equilibrium
isoporous structure, which was addressed by a facile scalable heterogeneous gas-solid reaction.
The isoporous structure was retained as well as the quaternization was homogeneous overall
the membrane. The influence of the size of the alkyl group of the quaternization agents and the
degree of quaternization on the membrane morphology and performance was thoroughly
investigated. The effective pore size of the membrane in a hydrated state was successfully tuned
in a wide range from ultrafiltration toward nanofiltration. The excellent performance of the
membranes to separate the cationic molecule methylene blue (MB+, ~1 nm) from aqueous
solutions demonstrated their potential for nanofiltration. However, we only employed MB+ as
a model molecule to estimate the separation performance. To extend their potential for practical
applications, it is necessary to figure out the substance which can be effectively separated by a

membrane with a given pore size.
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For a negatively charged membrane, a tailor-made polystyrene-block-poly(4-(2-hydroxyethyl-
thio)-2-methyl butene-random-4-(2-hydroxyethyl-thio)-3-methyl butene-random-isoprene)
(PS-b-P(HTMB-r-1)) diblock terpolymer composed of a hydrophobic major block and an
amphiphilic minor block was used. Four PS-b-P(HTMB-r-1) diblock terpolymers with different
content of hydroxyl (~OH) groups were investigated. Increasing content of —OH groups can
enable the formation of the isoporous structure, as the —OH content must be above a certain
threshold to bring about the formation of an isoporous top layer via the evaporation induced
self-assembly together with the non-solvent induced phase separation (SNIPS). The often
encountered issue of the membrane dense bottom interface was addressed by introducing sol-
based titanium dioxide nanoparticles (TiO2 NPs) instead of conventional porogens (e.g.
poly(ethylene glycol)), which did not serve well. The ultimate organic-inorganic hybrid
nanocomposite isoporous membrane with TiO2 NPs was obtained in a wide processing window.
Based on the success of the gas-solid reaction for preparation of quaternized PS-b-P4VP
diblock copolymer membranes, the negatively charged moiety was also introduced via a gas-
solid reaction. The negatively charged polyelectrolyte swelled to a moderate extent in a
hydrated state which was less than the high extent of swelling observed for the quaternized PS-
b-P4AVP diblock copolymer membranes, due to the molecular-scale compositional
heterogeneity of the amphiphilic pore-forming block P(HTMB-r-1). As a result, the membrane
with well-defined soft nanochannels exhibited not only a significantly high water permeance
in the nanofiltration regime but also the potential for a good separation of 1 — 2 nm small
anionic molecules from each other. Due to the combined effect of the electrostatic repulsion,
physical and energy barrier of hydration layer and the addition of TiO, the negatively charged
membrane also showed an excellent antifouling performance. Despite high water permeance

and excellent antifouling properties of the prepared membrane, the separation selectivity of the
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target molecules needs to be further improved in order to minimize the energy consumption of

the separation.

On the basis of the success of PS-b-P4VP and PS-b-P(HTMB-r-1) diblock copolymer
membranes, a tailor-made triblock quaterpolymer poly(4-(2-hydroxyethyl-thio)-2-methyl
butene-random-4-(2-hydroxyethyl-thio)-3-methyl butene-random-isoprene)-block-
polystyrene-block-poly(4-vinylpyridine) (P(HTMB-r-1)-b-PS-b-P4VP) appeared promising
for the fabrication of charge-mosaic membranes. However, regardless of the solvent
composition and evaporation rate, the two end blocks can form mixed microdomains by
hydrogen-bonding of -OH and 4VP moieties in the target polymer. Therefore, a charge-mosaic
membrane with distinctly separated nanochannels was not obtained. Instead another attractive
isoporous membrane with different functional groups on the interior of the pore walls was
obtained (multifunctional isoporous membrane). These highly accessible functional groups
within the pore walls were readily transformed into positively or negatively charged moieties
along the pore walls by straightforward gas-solid interface post-functionalizations. The pores
of the post-functionalized membranes acted as target-specific functional soft nanochannels due
to swelling of the polyelectrolyte blocks in a hydrated state. Five model molecules with
different charge signs and sizes were used to assess the separation performance by single and
mixed solute retention measurements. The positively charged membranes allowed the free
passage of neutral solutes (riboflavin, RB0) while highly rejected the similar sized cationic
ones (MB+) from their mixture with a selectivity of 28.3. The negatively charged membranes
efficiently separated the mixed anionic organic solutes (1-2 nm Orange II (OR-) and naphthol
green B (NGB3-)) with a selectivity of 44.6 based on the charge- and size-exclusion. Such high
selectivity has never been reported before. The prepared positively/negatively charged
membranes showed an unprecedented separation selectivity of small organic molecules (1 — 2

nm) as well as the ability to efficiently retain dye molecules from aqueous solutions.
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Besides their potential for separating ionic molecules from aqueous solutions, another aim of
this thesis was to explore the potential of SNIPS membranes as enzymatic membrane reactors
using the PS-b-P4VP system. Various membrane pore sizes, degrees of quaternization as well
as different fusion protein constructs of Yersinia mollaretii phytase with anchor peptide
(YmPh-AP) were studied for the directed enzyme (YmPh) immobilization. It demonstrated that
the fusion protein construct of YmPh with Tachystatin A2 (TA2-YmPh) selectively bound to
the PS matrix of the pristine PS-b-P4VP membrane with the pore size of 30.5 nm, while the
fusion protein constructs of YmPh with cecropin A (Cec-YmPh) selectively bound to the
quaternized P4VP pore-forming block of the PS-b-P4VP membrane with the degree of
quaternization of 40%. The effectively directed enzyme immobilization onto the membrane
points to the potential of PS-b-P4VP membranes as host structures for enzymatic membrane
reactors. Although we took a first key step, future investigations of the efficiency of catalytic

reactions during the substrate flowing through the membrane still need to prove the concept.

Overall, the fabrication of positively or negatively charged isoporous membranes and
multifunctional isoporous membranes was achieved and some of their corresponding potential
applications were investigated. However, regarding the ambitious goal of charge-mosaic
isoporous membranes, a rational designed triblock terpolymer is still the key point. This work
may give some guidance for possible future research in this diretcion. The concept of
manipulating the functionality of the membrane by a bottom-up molecular design of a block
copolymer provides a strong platform to fabricate next generation membranes for solving on-

demand separation problems.
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8.2 Zusammenfassung

Diese Arbeit konzentriert sich auf die Herstellung isoporéser Membranen mit geladenen
Nanokanalen und mafRgeschneiderten PorengroRen, die vielversprechende Kandidaten fur
Membranen der nichsten Generation sind und ein enormes Potenzial fir Anwendungen in der
Wasseraufbereitung, Reinigung/Fraktionierung organischer Stoffe sowie in katalytischen
Membranreaktoren besitzen. Zu diesem Zweck wurden mehrere Diblockcopolymere und
Triblockcopolymere zur Herstellung isopordser Membranen untersucht. Die verschiedenen
Typen geladener isopordser Membranen wurden griindlich charakterisiert, um verschiedenen

Membrananwendungen gerecht zu werden.

Ein Polystyrol-block-poly(4-vinylpyridin)- Diblockcopolymer (PS-b-P4VP) wurde zur
Herstellung positiv geladener Membranen verwendet. Fur die Einbringung von positiven
Ladungen ist die Quaternisierung im Vergleich zur Protonierung von 4-Vinylpyridin-Einheiten
nicht auf den sauren Zustand beschréankt. Die Quaternisierung war jedoch eine
Herausforderung fir eine kinetisch eingefrorene, nicht im Gleichgewicht befindliche isopordse
Struktur, welche mithilfe einer leicht skalierbaren heterogenen Gas-Festkdrper-Reaktion
angegangen wurde. Die isopordse Struktur blieb erhalten, und die Quaternisierung war in der
Membran insgesamt homogen. Der Einfluss der GroRe der Alkylgruppe der
Quaternisierungsmittel und des Quaternisierungsgrades auf die Morphologie und Leistung der
Membran wurde grindlich untersucht. Die effektive PorengroRe der Membran in einem
hydratisierten Zustand wurde in einem weiten Bereich von der Ultrafiltration bis zur
Nanofiltration erfolgreich eingestellt. Die ausgezeichnete Leistung der Membranen zur
Abtrennung des kationischen Molekiils Methylenblau (MB+, ~1 nm) aus wassrigen Lésungen
zeigte ihr Potenzial fur die Nanofiltration. Wir verwendeten MB+ jedoch nur als

Modellmolekil zur Abschatzung der Trennleistung. Um ihr Potenzial fir praktische
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Anwendungen zu erweitern, ist es notwendig, eine Substanz zu bestimmen, die durch eine

Membran mit bestimmter PorengroRe effektiv getrennt werden kann.

Fur eine negativ geladene Membran wurde ein ma3geschneidertes Polystyrol-block-poly(4-(2-
hydroxyethylthio)-2-methylbuten-random-isopren)- Diblockterpolymer (PS-b-P(HTMB-r-1))
verwendet, das aus einem hydrophoben Hauptblock und einem amphiphilen Nebenblock
besteht. Es wurden vier PS-b-P(HTMB-r-1) Diblockterpolymere mit unterschiedlichem Gehalt
an Hydroxygruppen (OH-Gruppen) untersucht. Ein zunehmender Gehalt an OH-Gruppen kann
die Bildung der isopordsen Struktur ermdglichen, da der OH-Gehalt Gber einem bestimmten
Schwellenwert liegen muss, um die Bildung einer isopordsen Deckschicht durch
verdampfungsinduzierte Selbstorganisation in Kombination mit Nicht-Lésungsmittel-
induzierter Phasenseparation (engl. evaporation induced self-assembly together with non-
solvent induced phase separation, SNIPS) zu bewirken. Das oft auftretende Problem einer
dichten unteren Grenzflache der Membran wurde durch die Einfuhrung von sol-basierten
Titandioxid-Nanopartikeln (TiO2 NPs) anstelle von herkdmmlichen Porogenen (z.B.
Poly(ethylenglycol), PEG) geldst, welche nicht gut funktionierten. Die endgiltige organisch-
anorganische isoporése Hybrid-Nanokomposit-Membran mit TiO2 NPs konnte in einem
breiten Verarbeitungsfenster erhalten werden. Basierend auf dem Erfolg der Gas-Festkorper-
Reaktion zur Herstellung von quaternisierten PS-b-P4VP Diblockcopolymermembranen
wurde der negativ geladene Anteil ebenfalls Uber eine Gas-Festkérper-Reaktion eingebracht.
Der negativ geladene Polyelektrolyt quoll in einem hydratisierten Zustand magig auf. Die
geringere Quellung im Vergleich zu den stark quellenden quaternisierten PS-b-P4VP
Diblockcopolymermembranen war auf die heterogene Zusammensetzung des amphiphilen
porenbildenden Blocks P(HTMB-r-1) auf molekularer Skala zurtickzufiihren. Infolgedessen
wies die Membran mit wohldefinierten weichen Nanokandlen nicht nur eine signifikant hohe

Wasserpermeanz im Nanofiltrationsregime auf, sondern auch das Potenzial fur eine gute
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Trennung von 1 - 2 nm Kkleinen anionischen Molekilen voneinander. Aufgrund der
kombinierten Wirkung der elektrostatischen AbstoRung, der physikalischen und energetischen
Barriere der Hydratationsschicht und der Zugabe von TiO: zeigte die negativ geladene
Membran auch ein ausgezeichnetes Antifouling. Trotz hoher Wasserpermeanz und
ausgezeichneter  Antifouling-Eigenschaften der préparierten Membran muss die
Trennselektivitat der Zielmolekile weiter verbessert werden, um den Energieverbrauch der

Trennung zu minimieren.

Auf der Grundlage des Erfolgs von Diblockcopolymermembranen auf der Basis von PS-b-
P4VP und PS-b-P(HTMB-r-1) erschien ein malRgeschneidertes Triblockquaterpolymer Poly(4-
(2-hydroxyethylthio)-2-methylbuten-random-isopren)-block-polystyrol-block-poly(4-

vinylpyridin) (P(HTMB-r-1)-b-PS-b-P4VP) als vielversprechend fur die Herstellung von
Ladungsmosaikmembranen. Unabhéngig von der Losungsmittelzusammensetzung und
Verdampfungsrate kénnen die beiden Endbldcke jedoch gemischte Mikrodoménen durch
Wasserstoffbriickenbindungen von OH- und 4VP-Anteilen im Zielpolymer bilden. Daher
wurde keine Ladungsmosaikmembran mit deutlich getrennten Nanokandlen erreicht.
Stattdessen wurde eine weitere attraktive isopordse Membran mit verschiedenen funktionellen
Gruppen auf der Innenseite der Porenwande erhalten (multifunktionelle isoporése Membran).
Diese leicht zugéanglichen funktionellen Gruppen innerhalb der Porenwénde konnten durch
einfache Gas-Festkorper-Grenzflachen-Nachfunktionalisierungen leicht in positiv oder negativ
geladene Molekile entlang der Porenwande umgewandelt werden. Die Poren der
postfunktionalisierten Membranen wirkten als zielspezifische funktionelle weiche Nanokanéle
aufgrund der Quellung der Polyelektrolytblocke in einem hydratisierten Zustand. Finf
Modellmolekiile mit unterschiedlichen Ladungsvorzeichen und -gréfien wurden zur
Beurteilung der Trennleistung durch Einzel- und Mischretentionsmessungen von geldsten

Stoffen verwendet. Die positiv geladenen Membranen erlaubten den freien Durchgang von
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neutralen geldsten Stoffen (Riboflavin, RB0), wahrend die &dhnlich groRen kationischen
Molekile (MB+) mit einer Selektivitat von 28,3 aus der Mischung stark abgestof3en wurden.
Die negativ geladenen Membranen trennten die gemischten anionischen organischen gel6sten
Stoffe (1-2 nm Orange Il (OR-) und Naphtolgriin B (NGB3-)) effizient mit einer Selektivitat
von 44,6 basierend auf der Ladungs- und GréRenausschluR. Uber eine derart hohe Selektivitat
wurde noch nie zuvor berichtet. Die préparierten positiv/negativ geladenen Membranen zeigten
eine noch nie dagewesene Trennselektivitét kleiner organischer Molekidile (1 - 2 nm) sowie die

Féahigkeit, Farbstoffmolekile aus wassrigen Losungen effizient zurlickzuhalten.

Neben ihrem Potenzial zur Trennung ionischer Molekile aus wassrigen Ldsungen war ein
weiteres Ziel dieser Arbeit die Untersuchung des Potenzials von SNIPS-Membranen als
enzymatische Membranreaktoren unter Verwendung des PS-b-P4VP-Systems. Verschiedene
Membranporengréfien, Quaternisierungsgrade sowie unterschiedliche
Fusionsproteinkonstrukte von Yersinia mollaretii Phytase mit Ankerpeptiden (YmPh-AP)
wurden fur die gerichtete Enzymimmobilisierung (YmPh) untersucht. Es zeigte sich, dass das
Fusionsproteinkonstrukt aus YmPh mit Tachystin A2 (TA2-YmPh) selektiv an die PS-Matrix
der ursprunglichen PS-b-P4VP-Membran mit der PorengrdfRe von 30,5 nm gebunden war,
wéhrend das Fusionsproteinkonstrukt aus YmPh mit Cecropin A (Cec-YmPh) selektiv an den
quaternisierten  P4VP-porenbildenden Block der PS-b-P4VP-Membran mit dem
Quaternisierungsgrad von 40% gebunden war. Die effektiv gerichtete Enzymimmobilisierung
auf der Membran deutet auf das Potenzial von PS-b-P4VP-Membranen als Wirtsstrukturen fir
enzymatische Membranreaktoren hin. Obwohl wir einen ersten wichtigen Schritt gemacht
haben, werden zukiinftige Untersuchungen die Effizienz katalytischer Reaktionen bei denen

das Substrat durch die Membran fliet am wichtigsten seinzeigen mussen.
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Alles in allem wurde die Herstellung positiv oder negativ geladener isoporéser Membranen
und multifunktionaler isoporéser Membranen erreicht, und einige ihrer potenziellen
Anwendungen wurden untersucht. Im Hinblick auf das ehrgeizige Ziel einer isopordsen
Membran mit Ladungsmosaik ist ein passend konzipiertes Triblockterpolymer jedoch nach wie
vor entscheidend. Diese Arbeit konnte eine Basis flr zukilnftige Arbeiten in jene Richtung sein.
Das Konzept der Manipulation der Membranfunktionalitdit durch ein Bottom-up-
Molekulardesign eines Blockcopolymers bietet ein starkes Fundament flr die Herstellung von

Membranen der nachsten Generation zur Lésung von bedarfsorientierten Trennproblemen.
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10.1 Exploratory Investigation Aiming for Charge-mosaic Isoporous

Membranes

10.1.1 Synthesis of PS-b-PtBMA Diblock Copolymers
S G
0 jov

O T

| h‘c af“‘
»u W\ . Mx/\/ M}KMH

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
o (ppm)

Figure 10.1. (a) Synthesis of PS-b-PtBMA diblock copolymer by living anionic polymerization.

(b) tHNMR spectrum of the prepared PS-b-PtBMA.

PS-b-PtBMA diblock copolymers were prepared by living anionic polymerization as shown in
Figure 10.1a.2 The success of the polymerization was confirmed by *HNMR (Figure 10.1b).

As the molecular weight and block composition of the BCP play an important role in the

2 Diblock copolymer PS-b-PtBMA was synthesized by my colleague Brigitte Lademann, not my own.
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fabrication of SNIPS membranes, two batches of PS-b-PtBMA were prepared with different
molecular weights and block compositions, i.e. PSgs-b-PtBMA15'® and PSgo-b-PtBMA2!>
(Subscripts represent the weight fractions in % of the corresponding blocks, while superscripts
denote the molecular weight with the unit of kg mol™). The detailed molecular characteristics

of PS-b-PtBMA are shown in Table 10.1.

Table 10.1. Molecular characterization of the polymers used for the sample preparation

(Synthesis was performed by Brigitte Lademann)

PS [wi%]?  PtBMA [wt%]® M [kg molt]?  Mw[kg moll]®  Dispersity indices

PSgs-b-PtBMA;5100 85 15 97 100 1.03

PSsgo-b-PtBMA20!%3 80 20 147 153 1.04

3 The composition of polymers was determined from *HNMR.  The molecular weight of

polymers and dispersity index were determined by GPC.

10.1.2 Synthesis of PtBMA-b-PS-b-P4VP Triblock Terpolymers

o~ O o

=
f pTsCl, CuCl J(YC' (5 “
—> o > o p
PMDETA 5 o CuCl, PMDETA )c; o

CuCl, MegTREN

MegTREN: Tris[(2-dimethylamino)ethyllamine

Scheme 10.1. Synthesis route of PtBMA-b-PS-b-P4V/P triblock terpolymers by ATRP.

Synthesis of PtBMA-b-PS-b-P4VP triblock terpolymer is difficult by living anionic

polymerization, as the polyanions of PtBMA and P4VP both cannot initiate styrene
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polymerization. Therefore ATRP was employed to prepare PtBMA-b-PS-b-P4VP where
PtBMA was the first block followed by PS and P4VP, respectively, as depicted in Scheme 10.1.
A typical procedure to prepare macroinitiator PtBMA is reported by Sart et al..®® Specially,
CuX (0.4mmol) was added into a Schlenk flask which was evacuated and backfilled with N>
for three times. Monomer tBMA (84 mmol), ligand PMDETA (0.4 mmol) and solvent toluene
(10 ml) were added into another Schlenk flask and degassed by three freeze-pump-thaw cycles.
The mixture was transferred into a flask with CuX and then degassed once more. The mixture
was stirred for 30 min to form a blue coloured complex. The solvent toluene (3 ml) and initiator
pTsCl (0.4 mmol) were degassed in separated Schlenk flasks. The degassed toluene was
transferred into the flask with pTsCl and the mixture was degassed by three freeze-pump-thaw
cycles. The bluish complex solution was added to the initiator pTsCI solution. The reaction
flask was put into a thermostated oil bath at 60 °C and the polymerization was carried out for
16 h. Afterwards, the mixture was dissolved in THF and passed through a basic Al,Oz column
to remove the cupper species. The polymer solution was concentrated and precipitated into
methanol/H20 (75/25 v/v). This procedure was repeated several times and the polymer was
then dried under vacuum. The copolymerizations of PtBMA-b-PS and PtBMA-b-PS-b-P4VP

can be performed using the same setup as the homopolymerization of PtBMA.

The macroinitiator PtBMA was prepared successfully, as confirmed by *HNMR spectrum with
characteristic signals of the newly formed methylene groups (-CH2C- at 6 = 1.81 ppm) and
methyl groups (-CCHz at 6 = 1.03~1.11 ppm; -C(CH3)3 at 6 = 1.41~1.44 ppm ), as shown in
Figure 10.2.1% 1% |n order to obtain the different end-functionalized PtBMA-X, different
catalysts (i.e. CuCl and CuBr) and initiators (i.e. MBrP and pTsCl) were employed. Compared
to the MBrP/CuX/PMDETA system, the pTsCI/CuCI/PMDETA system results in well-defined
polymers with higher molecular weight and low dispersity index (Table 10.2). Afterwards,

PtBMA-b-PS diblock copolymer was synthesized using the macroinitiator PtBMA-
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X/CuCI/PMDETA system at 100 °C. But there was no polymerization of styrene in the solution
polymerization. Under bulk polymerization, the styrene was polymerized by thermal self-
initiation instead of polymerization on the macroinitiator PtBMA. Therefore, the synthesis of

the PtBMA-b-PS-b-P4VP triblock terpolymer by ATRP was not successful.

a L—“/E/XL
22 20 18 16 14 1.2 10 08
o (ppm)

Figure 10.2. tHNMR spectrum of macroinitiator PtBMA prepared by ATRP.

Table 10.2. Molecular characteristics of the macroinitiator PtBMA prepared using different
initiator and catalyst systems.

Monomer Initiator Catalyst Ligand M, (kg mol) My (kg molt) Dispersity Index
MBrP  CuCl 114 13.2 1.16
tBMA MBrP CuBr PMDETA 10.6 14.2 1.34
pTsCl CuCl 16.6 18.1 1.09

The molecular weight of polymers was determined by GPC.

10.1.3 Fabrication of Isoporous Membrane via SNIPS from PS-b-PtBMA Diblock

Copolymers
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Figure 10.3. SEM images of representative membranes cast from (a) PSgs-b-PtBMA15'%° with
39 wt%, THF/DMF 1/1, the evaporation time is 5 s. (b) PSso-b-PtBMA'** with 33 wt%,
THF/DMF 1/1, the evaporation time is 3 s. (¢) PSgo-b-PtBMA20™* with 33 wt%, THF/DMF 1/1

with 0.05 wt% CuCl: as the casting solution, the evaporation time is 5 s.

Diblock copolymers PSgs-b-PtBMA15'%° and PSgo-b-PtBMA2™* were employed to cast
membranes via SNIPS. Different solvent mixtures in the binary solvent system THF/DMF or
ternary solvent system THF/DMF/DOX wereused, e.g., the solvent mixtures of THF/DMF 2/3,
THF/DMF 1/1, THF/DMF 3/2, and THF/DMF/DOX 1/1/1. The concentration of polymer
solution and solvent evaporation time were also tuned. The surface morphology of the most
representative membranes derived from PSgs-b-PtBMA;5% and PSgo-b-PtBMA'** are shown
in Figure 10.3a and b, respectively. Compared to PSgs-b-PtBMA15:%° membrane, the membrane
of PSso-b-PtBMA20** exhibited a more porous structure with a bigger pore size, presumably
due to its larger pore-forming block PtBMA. In both cases, the best membrane structure was
obtained by the solvent mixture of THF/DMF 1/1. Furthermore, in order to facilitate the
formation of an isoporous structure, the additive was introduced into the casting solution of
PSso-b-PtBMA'®, i.e. CuCl.. No improvement was observed with the addition of CuCl;
(Figure 10.3c) in comparison with the pristine membrane (Figure 10.3b). One possible reason
could be the lack of molecular specific interactions between PtBMA and CuCl, which can
promote BCP self-assembly during the SNIPS procedure. The isoporous membrane from PS-

b-PtBMA was not obtained via SNIPS.
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10.1.4 Hydrolysis of the PS-b-PtBMA Diblock Copolymer Membrane

E HCI
m n — m n o )J\
o~ O O~ "OH

Iy

m Fiy

Gaseous HCI, r.t. 5

,__,A/\../\NJ

3 M HCI in H,O/MeOH, SQ °C

3 M HCl'in H,0/MeOH, 49 °C

3 M HClin H,O, 50 °C,

Intensity (a.u.)

6 M HCl in H,0, 40 °Cy

NN

Pristine membrane

CH,(tBU)  c-O(BuY)
/as T '

1 1
3000 1500 1000 500

Wavenumber (cm™)

Figure 10.4. (a) Acid-catalyzed hydrolysis of PS-b-PtBMA membrane to PS-b-PMAA
membrane. (b) FTIR spectra of the pristine membrane and modified membranes using different
hydrolysis conditions. The relative intensities were normalized using the characteristic CH:
stretching vibrations (*) of the unreactive backbone around 2924 cm™. All the reactions were

performed for 7 days.

The porous PS-b-PtBMA membrane was subjected to acid-catalyzed hydrolysis with HCI
under heterogeneous condition to obtain the PS-b-PMAA membrane (Figure 10.4a). The

hydrolysis condition was optimized by changing the HCI concentration in nonsolvent of H20O
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or H.O/methanol (MeOH) and reaction temperature, or by using gaseous HCI. Specifically, the
membrane was placed in the excess amount of 3 M or 6 M HCI in H20 or H.O/methanol
solution (i.e, molar ratio [HCI]o/[tBMA]o = 2000:1) at 40 or 50 °C, or in the HCI vapour
produced by concentrated aqueous HCI (37 wt%) at room temperature (r.t.). After the

predetermined reaction time, the membrane was dried at 60 °C under vacuum for several days.

In FTIR spectra of the hydrolyzed membrane, the most characteristic peaks of tert-butyl groups
(tBu) at ca. 1391 cm™ and 1367 cm™ disappear while the stretching vibration of C=0 at ca.
1722 cm™ broadens and shifts to ca. 1702 cm™, assigned to the formation of carboxylic groups
(Figure 10.4b).2%0-292 Therefore, the hydrolysis reaction was successful under the conditions of
3 M HCI in H20 at 50 °C for 7 days, 3 M HCI in H2O/MeOH at 50 °C for 7 days, or gaseous
HCI at room temperature for 7 days, respectively. We can also see that the reaction temperature
(i.e. 40 and 50 °C) affects the hydrolysis significantly while the nonsolvent system (i.e. H2O or

H>0/MeOH) shows no obvious influence.

On the basis of the success of hydrolysis, another key point is to persist the porous structure of
the membrane. From SEM images, only the hydrolyzed membrane with gaseous HCI retains
the kinetically trapped porous morphology of the pristine membrane (Figure 10.5). Therefore
the optimal hydrolysis condition without destroying the membrane structure is gaseous HCI at

room temperature.
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3 M HCl in H,0

—

7days, 50 °C

Gaseous HCI

| —>

7 days, r.t.

100k

Figure 10.5. SEM images of the membranes: Exemplary PSgs-b-PtBMA15-" membrane (a)

before and (b) after hydrolysis. Exemplary PSgo-b-PtBMA2! membrane (c) before and (d)

after hydrolysis.

10.1.5 Synthesis of PDMAI-b-PS-b-PtBMA Triblock Terpolymer

/

N\ l!l
(W
Li —— 7

q

Figure 10.6. Scheme of synthesis route of the triblock terpolymer PDMAI-b-PS-b-PtBMA by

living anionic polymerization.

The triblock terpolymer PDMAI-b-PS-b-PtBMA was synthesized via sequential living anionic
polymerization by Dr. Ruth Bieringer during her PhD study®?, as shown in Figure 10.6. In this

work, the employed PDMAI-b-PS-b-PtBMA has a molecular weight (My) of 40 kg mol?, a
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dispersity index of 1.5, and a block composition of 17 wt% PDMAI, 57 wt% PS and 26 wt%

PtBMA.

10.1.6 Membrane Fabrication of PDMAI-b-PS-b-PtBMA Triblock Terpolymer

Figure 10.7. (a) Schematic representation of the desired membrane derived from PDMAI17-b-
PSs7-b-PtBMA26*. (b) SEM images of a representative membrane cast from PDMA\i17-b-PSs7-

b-PtBMA6*% with 26 wt% polymer in THF/DMF 1/1 , the evaporation time is 5 s.

From the thorough morphological investigation of Dr. Ruth Bieringer on PDMAI-b-PS-b-
PtBMA it follows that all three blocks show a strong microphase segregation with each other,
leading to three-phase morphologies with three discrete microdomains.5! Therefore, PDMAI17-
b-PSs7-b-PtBMA26*° with a major mid-block of PS and two minor end-blocks of PDMAI and
PtBMA provided the possibility to form the desired membrane with two discrete pore channels
in the PS matrix, as shown in Figure 10.7a. PDMAI17-b-PSs7-b-PtBMA6*® was cast using

THF/DMF 1/1 solvent, as this was the optimal solvent mixture for the PS-b-PtBMA system.
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The representative membrane shows a porous structure with few irregular pores, as shown in

Figure 10.7b.

10.1.7 Post-functionalization of PDMAI-b-PS-b-PtBMA Triblock Terpolymer

(CH3);0 BF4
—b.
r.t., 3-4 days
7F T
b |
Polymer podwer  *
El
L C=0
=, |Homogenous solution
g TRl )
c
2 ‘N-CH,
= &-N-CH, 'CH\3
Pristine polymerj\_\L _J u
T T T T — T T T T
4000 3500 3000 1500 1000 500

Wavenumber (cm™)

Figure 10.8. (a) Post-functionalizaiton of PDMAI-b-PS-b-PtBMA by trimethyloxonium
tetrafluoroborate ((CH3)3O(BF4)). (b) FTIR spectra of the pristine polymer and the modified
polymerrs in the homogeneous or heterogeneous conditions. The relative intensities were
normalized using the characteristic CH> stretches (*) of the unreactive backbone around 2926

cm™,

In order to obtain the distinct charged channels, we explored to transform two end blocks

PDMAI and PtBMA into positively and negatively charged moieties in a one-step reaction by
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using trimethyloxonium tetrafluoroborate ((CHz)3O(BF4)), respectively (Figure 10.8a).Such
one-step reaction was first performed in the homogeneous condition using dichloromethane as
the solvent. Specifically, 0.1 g polymer was dissolved in 5 ml dichloromethane, and a certain
amount of trimethyloxonium tetrafluoroborate (i.e molar ratio [(CH3)3O(BF4)]o/[-N(CH3)2]o =
1.5:1) was added into the mixture. The mixture was stirred for 3-4 days at room temperature.
Afterwards, the polymer solution was precipitated into n-hexane and washed with H.O. The

product was dried at 60 °C under vacuum for several days.

After post-functionalization in homogeneous solution, the characteristic peaks of tBu groups
(ca. 1391 cm™ and 1367 cm™), N-CHz and N-CHs (ca. 2810 cm™ and 2760 cm®) disappear
while the stretching vibration of C=0 at ca. 1722 cm™ broadens and shifts to ca. 1703 cm?,
attributed to quaternization of PDMAI and the formation of carboxylic groups (Figure 10.8b,
blue curve). However, the post-functionalization of the membranes has to be performed under
heterogeneous condition. Thus, the reaction with a similar condition (e.g. the same amount of
reagent) was carried out in the heterogeneous condition, where the polymer powder was
dispersed in the nonsolvent of methanol. In the FTIR spectrum, the intact signal of tBu groups
demonstrates that hydrolysis of PtBMA did not occur while the disappearance of peaks from
N-CH> and N-CHz confirms the success of quaternization of the PDMAI under such
heterogeneous condition (Figure 10.8b, yellow curve).?°%-292 Therefore the so-called “one-step”
reaction with (CHs)3O(BF4) can only introduce the positively charged moieties rather than the
positively/negatively charged moieties together in the heterogeneous condition. However, the
hydrolysis of PtBMA can be achieved with gaseous HCI without the disturbance of membrane
structure. PDMAI block can be protonated with HCI due to tertiary amine groups. Therefore,
it is possible to bring about the positively/negatively charged moieties into membrane via first
quaternization of PDMAI with (CHs)sO(BF4) and subsequent hydrolysis of PtBMA with

gaseous HCI.
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10.2 PS-b-P4VP Isoporous Membranes with Tunable Positively Charged

Nanochannels
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Figure 10.9. ATR-FTIR spectra: (a) the membranes quaternized with Mel as a function of time,

(b) the membranes quaternized with Etl as a function of time, (c) the membranes quaternized

with 1-Prl as a function of time. The relative intensities were normalized using the

characteristic CH; stretching vibrations (*) of the unreactive backbone around 2924 cm™.

The pristine PS-b-P4VP membrane and a series of quaternized membranes were also analyzed

by ATR-FITR, as shown in Figure 10.9. The vibration peak from unquaternized 4-vinyl

pyridine (4VP) groups decreases while the corresponding vibration peak from quaternized 4VP

groups increases as a function of time, in agreement with the results of *H NMR.
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Figure 10.10. Back scattered electron (BSE) images of the top surface of membrane: (a) 10, (b)
M52, (c) E52, (d) P52.
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Figure 10.11. Water flux (average values of 22~24 h measurement) of the membranes having

the series of different degrees of quaternization with Mel and 1-Prl, respectively.
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Table 10.3. Comparison of the calculated lateral dimensions of five model organic molecules

using MM2 force field energy minimization model and the reported Stokes diameters.

MB+ (nm) RBO (nm) OR- (nm) NG3- (nm) RG6- (nm)
Calculated sizes 11 1.0 1.3 1.8 1.9
Stokes diameters 0.8861 0.91220%2 0.89814 1.4381% )

dThe value was measured at 37 °C. P No available reported data.

The calculation of the lateral dimensions of model organic molecules involved in this research
was performed by using MM2 force field energy minimization model (in vacuum), while the
retention measurements were carried out in the corresponding solute aqueous solutions.
Therefore, we compared the calculated lateral dimensions of small molecules with the reported
Stokes radius of the molecules. As shown in Table 10.3, the calculated values show a slight
deviation compared to reported values. Based on the reported Stokes diameters, MB+, RBO

and OR— also exhibit a similar size.
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Figure 10.12. (a, b) The photography of the permeate solutions of the membranes having the
series of different degrees of quaternization with Mel and 1-Prl, respectively, and the
corresponding prepared membranes after MB rejection measurements with feed solution of 10

mg L. (c, d) UV-vis absorbance of the corresponding permeate solutions.

10.3 High-Performance Asymmetric Isoporous Nanocomposite Membranes with

Chemically-Tailored Amphiphilic Negatively Charged Nanochannels

Height 100.0 nm Height 100.0 nm

Figure 10.13. AFM height maps of the thin films of the polymers prepared by spin-coating

procedure from CHClIs solutions: (a) P1, (b) P2, (c) P3 and (d) P4.
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>
=

Height 1000nm Phase 100.0 nm

Figure 10.14. AFM maps of the thin films of PS-b-PI prepared by spin-coating procedure from

CHCIs solutions: (a) height, (b) phase.

Height

Heiht 200.0 nm Height i Height

Phase

0.0 nm  Phase 200.0 nm 200.0 nm 200.0 nm

Figure 10.15. AFM height and phase maps with lower magnification (scalel um) of the thin
films of the polymers prepared by spin-coating procedure from CHCIz solutions: (a, f) PS-b-

P1, (b, 9) P1, (c, h) P2, (d, i) P3 and (e, j) P4.
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Figure 10.16. Comparison of membrane morphology determined by SEM of (a-c) the pristine
membrane 10 and (d-f) the sulfonated membrane SM. Both were cast from 18 wt% solution

with 8 wt% TiO2 in THF/DMF/DOX 2/1/1, the evaporation time t = 15 s.

Table 10.4. Performance comparison of the pristine membrane 10 and the sulfonated membrane

SM, including water permeance, retention and adsorption of OR- and RG6-.

Adsorption
Water permeance Retention (R, %) Selectivity >
Membrane (Mg cm?)
(L m2 ht bar?) (wor-rGs-)
OR- RG6- OR- RG6-
10 159 + 25 59+ 6 64+6 13 0 0
SM 74+ 11 69 + 2 94+6 5.2 0 0
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10.4 Chemically-Tailored Multifunctional Asymmetric Isoporous Triblock

Quaterpolymer Membranes for Selective Transport
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Figure 10.17. Molar mass distribution obtained by GPC for the precursor P, the precursor PI-

b-PS in THF, and triblock terpolymers P1, P2, P3 in DMACI/LICI.

Figure 10.17 shows the GPC data for the precursors P1 and PI-b-PS prepared by living anionic
polymerization. The precursors Pl and PI-b-PS possessed the narrow polydispersities, 1.02 and
1.22, respectively. The triblock terpolymer Pl-b-PS-b-P4VP was not soluble in the polar
solvents, e.g. DMF and DMAc, because of the hydrophobic PI-b-PS segment. Using THF or
CHCl3 as the solvent for GPC, the signal of P4VP block cannot be monitored. In this case, we
cannot obtain the molecular characteristics of the prepared Pl-b-PS-b-P4VP. After thiol-ene
click chemistry, the PI block was converted into hydroxylated P(HTMB-r-1), soluble in the
polar solvent, i.e. DMAc. Figure 10.17 displays the GPC data of the triblock terpolymers P1,
P2, P3 with different degree of hydroxylation. All the dispersity indices are smaller than 1.25.
Overall, the results prove the good control over the living anionic polymerization as well as the

thiol-ene click reaction.
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Pl-b-PS-b-P4VP_ |, +OsO, faei i

17 g g A A .
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Figure 10.18. TEM images of Pl-b-PS-b-P4VP films double stained with |2 and OsOa. Films
were cast from polymer solution in CHCI:/DMF (95/5 v/v). All the images demonstrate the

cylinder-sphere three-phase morphology of P4VP cylinder and P1 sphere in the PS matrix.
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3 & Pl-b-PS-b-PAVP_ OsO,

Figure 10.19. TEM images of PI-b-PS-b-P4VP films: (a) stained with I (only selective for
P4VP (dark domain)), (b) stained with OsOs (strong selective for P1 (dark domain) and weak
selective P4VP (gray domain)). Films were cast from polymer solutions in CHCIs/DMF (95/5
v/v). All the images also demonstrate the cylinder-sphere three-phase morphology of P4VP

cylinder and PI sphere in the PS matrix.
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PN Pl-b-PS-b-PAVP_ 0sO,

CHCls/DMEF (95/5 v/v)

CHCls/methanol (95/5 v/v)

Figure 10.20. TEM images of (a, ) PI-b-PS-b-P4VP, (b, f) P1, (c, g) P2, (d, h) P3 films stained
with OsO4, which is selective for both P4AVP and P(HTMB-r-1). Films were cast from polymer

solutions in CHClz/methanol (95/5 v/v) and CHCIs/DMF (95/5 v/v), respectively.

As OsOq4 can stain both Pl and P4VP blocks in the P1-b-PS-b-P4VP film (Figure 10.18, Figure
10.19b), Figure 10.20 depicts that the OsO4 stained films exhibit the similar results as these of

films double stained with 12 and OsO4 (Figure 6.4).

Pure CHCI3

Figure 10.21. TEM images of films cast from PI-b-PS-b-P4VP and P3 solutions in pure CHCls:
(@) PI-b-PS-b-P4VP film stained with OsO4 (strong selective for P1 (dark domain) and weak
selective P4VP (gray domain)), (b) PI-b-PS-b-P4VP film stained with I2 (only selective for

P4VP (dark domain)), (c) P3 film stained with OsO4 (strong selective for Pl (dark domain) and

-196 -



Chapter 10 Appendix

weak selective P4VP (gray domain)), (d) P3 film stained with 12 (only selective for P4VP (dark

domain)).

Table 10.5. The concentrations of feed (Cs), permeate (Cp), retentate

retention (Ro) employed in single-solute retention measurements.

(Cr) and the calculated

Membrane Permeate solution®
tvpe Solute Replica no. Average retention (Ro,%)
P Cr(mg L) [ ComgL?) [ Ci(mgLy) [ Ro(%)
1 31.59 32.55 32.49 0
10 2 32.58 32.82 32.49 0 0
3 32.25 32.19 32.22 0
MB+
1 30.72 1.465 33.67 95.45
MM 2 32.16 1.536 33.21 95.30 95.3+0.1
3 33.15 1.638 35.52 95.23
1 35.7 36.94 37.94 0
10 2 34.84 35.22 35.65 0 0
3 35.09 35.5 35.66 0
RBO
1 36.63 36.77 36.71 0
MM 2 36.05 36.53 36.82 0 0
3 34.65 34.90 35.14 0
1 34.87 34.35 34.82 1.42
10 2 34.85 34.04 34.98 2.51 20+0.6
3 35.27 34.47 35.23 2.23
OR-
1 34.63 34.55 35.95 2.10
MM 2 35.5 34.54 35.18 2.26 283+x1.1
3 35.01 33.75 35.40 4.13
1 34.87 34.35 34.82 1.42
10 2 34.85 34.04 34.98 2.51 20+0.6
3 35.27 34.47 35.23 2.23
OR- 1 33.80 21.37 35.47 38.30
2 34.48 22.11 34.41 35.81
PM 29.3+9.1
3 34.77 26.70 34.37 22.76
4 34.42 27.38 34.3 20.31
1 84.24 83.28 85.20 1.70
10 NG3- 1.4+0.2
2 85.11 83.62 84.15 1.19
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3 83.28 82.58 84.15 1.36
1 82.05 3.31 83.89 96.01

PM 2 82.75 3.48 84.85 95.85 95.2+1.2
3 83.89 5.23 87.73 93.90
1 135.9 79.04 176.4 49.38

10 2 139.0 51.11 199.1 69.77 55.0+12.8
3 135.5 77.25 150.6 46.00

RG6-

1 136.7 1.682 139.5 98.78

PM 2 139.8 0.544 142.4 99.61 98.9+0.6
3 139.7 2.391 140.0 98.29

dIn the case of pristine membrane 10, the second permeate was used to do the calculation. For
positively charged membrane MM and negatively charged membrane PM, the third permeate

was used.

Table 10.6. The concentrations of feed (Cs), permeate (Cp), retentate (Cr) and the calculated

retention (Ro) employed in mixed-solute retention measurements.

) Permeate solution® Average
Membrane Replica :
tvpe Solute no retention
yP ' CimgLl) | Cpmgl) | Ci(mgL? Ro (%) (Ro,%)
MB+ RBO MB+ RBO MB+ RBO MB+ RBO MB+ RBO
1 1451 | 18.6 | 14.48 | 19.69 | 14.15 | 20.47 0 0
10 2 1431 | 21.38 | 14.11 | 22.28 | 13.69 | 22.76 0 0 0 0
MB+/RB0O 3 14.27 | 21.89 | 14.18 | 22.70 | 14.02 | 23.50 0 0
1 14.65 | 19.66 0.3 16.68 | 15.47 | 19.93 | 98.01 | 15.74
MM 2 1459 | 18.97 | 0.535 | 16.34 | 15.54 | 19.45 | 96.45 | 14.94 EZ)% 1%%i
3 1457 | 18.87 | 0.522 | 16.35 | 15.52 | 19.35 | 96.53 | 14.44
OR- NG3- | OR- NG3- | OR- NG3- | OR- NG3- OR- NG3-
1 17.22 | 41.16 | 16.97 | 39.93 | 17.32 | 41.86 | 1.74 3.81
22+ 45+
10 2 17.30 | 41.51 | 16.70 | 39.23 | 16.95 | 40.81 | 2.48 4.69 0.3 0.6
/NO§3 3 17.22 | 41.24 | 16.68 | 39.06 | 16.91 | 40.89 | 2.26 4.88
1 17.29 | 41.68 | 11.91 | 1.311 | 17.7 | 44.64 | 31.92 | 96.96
331 98.5 %
PM 2 17.15 | 4290 | 9.46 | 0.696 | 16.53 | 45.82 | 43.82 | 98.43 + 1' 5 -
10.1 '
3 17.56 | 40.72 | 13.44 0 17.64 | 44.94 | 23.64 100
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dn the case of pristine membrane 10, the second permeate was used to do the calculation. For
positively charged membrane MM and negatively charged membrane PM, the third permeate

was used.

Table 10.7. Performance comparison among various membranes for charge- and charge/size-

based separation of small molecules.

Molecular Water
Membrane Small . Molecular | Selectivity diffusion S flux (L
weight A Selectivity_filtration 2.1 | Reference
type molecules (g molY) charge m*=h
g bar?)
Rhodamine
NP-Den hybrid 6G 419.02 * 11 _ _ 126
membrane
Calcein 622.53 -4
Self- Rhodamine
assembled 6G 419.02 *
polyelectrolyte 3.5 - - 127
deposited .
PCTE Calcein 622.53 -4
Cationic Calcein 622.53 -4
dendrimer 10 _ _ 128
deposited Rhodamine
PCTE 6G 479.02 +
Single Mixed
solutes solutes
Amphiphilic Riboflavin 376.36 0
random . 263 8.4» 1929 | 42 160
copolymer Acid blue
474.33 -2
membrane 45
Riboflavin 376.36 0
MM - 21.3 28.3 11.0
Methylene 319.85 +
blue
Orange Il 350.32
14.7 44.6 This study
Naphthol 878.45 3
PM green B
9.5
Orange Il 350.32
. 64.3
Reactive 1418.93 6
green 19

% The selectivity based on the diffusion test were determined using a single solute system.

The selectivities are calculated using the reported retention values.
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10.5 Potential of Integral Aysmmetric Isoporous Membrane towards Enzymatic

Membrane Reactors

CH;
X CHs
Phytase
(Yersinia mollaretii) X
o) o 0 y + H;PO,
HO—P—OH HO o 0

Methylumbelliferone (4-MU)
4-Methylumbelliferyl phosphate (4-MUP)

Scheme 10.2. Schematic illustration of the phytase hydrolytic reaction using 4-
methylumbelliferyl phosphate (4-MUP) as the substrate. The product methylumbelliferone (4-

MU) are fluorescent which can be measured with excitation at 360 nm and emission at 465 nm.
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M Quaternized homo-P4VP  ® Homo-PS
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Figure 10.22. (a) Comparison of the fluorescence intensity of the product 4-MU from
enzymatic reaction with different immobilized YmPh-AP fusion constructs on the dense films
of homo-PS and homo-QP4VP with 14 h Mel quaternization. (b) Relative improvement of

YmPh-AP binding calculated relative to the wild type YmPh (YmPh WT).
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The binding of YmPh-AP fusion constructs was evaluated by measuring the fluorescence of
the hydrolysed product 4-MU. All the experiments were carried out at the same conditions,
e.g., 50 ul enzyme containing cell free extracts, support polymer samples with 6 mm diameters,
50 pl 0.5 mM 4-MUP solution (250 mM sodium acetate, pH 5.5, 1 mM calcium choloride,
0.01 % Tween-20). The detection of fluorescence was test after 10 min enzymatic reaction.
Basically, a stronger fluorescence intensity implied a higher binding of the YmPh-AP fusion

proteins.

Bigger pore size

Figure 10.23. SEM images of the cross sections of two series of membranes with different

degree of quaternization: (a-d) M0OB, M22B, M40B and M76B, (e-h) M0S, M16S, M39S and

M69S.
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E A series of membranes with bigger pore size
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Figure 10.24. Comparison of the fluorescence intensity of the product 4-MU from enzymatic
reaction with different immobilized YmPh-AP fusion constructs on two series of PS-b-P4VP

derived membranes: (a) bigger pore size, (b) smaller pore size.
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Bigger pore size
Bl  MoB TA2-YmPh i} M40B TA2-YmPh [l MOB _Cec-YmPh [ff] M40B  Cec-YmPh

Figure 10.25. SEM images of the top surfaces of the representative membranes with the
immobilized YmPh-AP fusion proteins: (a) MOB_TA2-YmPh, (b) M40B_TA2-YmPh, (c)
MOB_Cec-YmPh, (d) M40B_Cec-YmPh, (¢) MOS_TA2-YmPh, (f) M39S_TA2-YmPh, (g)

MOS_Cec-YmPh, (h) M39S_Cec-YmPh.
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Figure 10.26. Stability of the immobilized TA2-YmPh and Cec-YmPh on the representative

membranes was roughly evaluated by comparison of the conversion of substrates 4-MUP

before and after storage at 4 °C or 25 °C for 3 days, respectively: (a) MOB, (b) M40B, (c) M0OS

and (d) M39S.

10.6 Toxicity of Chemicals

Table 10.8. List of chemicals with GHS symbol, H- and P-data.

dimethylformamide

GHS08

Substance GHS symbol Hazard Statement Precautionary statement
Tetrahydrofuran GHS02, GHSO07, | H225,H319,H335,H351, P210, P240, P305 + P351 + P338,
GHS12 EUHO019 P308 + P313, P403 + 233
1,4-dioxane GHS02, GHSO07, | H225, H319, H335, P210, P233, P240, P281, P304 +
GHSO08 H351, EUH019, EUH066 | P340, P308 + P313, P403 + P235
N,N- GHS02, GHs07, | H360D, H226, H312+ P201, P210, P302+ P352, P305 +

H332, H319

P351 + P338, P308 + P313
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Chloroform

GHS02, GHSO07,
GHS09

H302, H332, H315,
H319, H351, H361d
H336, H373

P261, P281, P305+P351+P338

Diethyl ether

GHS02, GHS07

H224, H302, H336

P210, P261

Dimethylacetamide

GHS07, GHS08

H312+H332-H319,
H360D

P201-P280, P305 + P351 + P338,
P308 + P313

Methanol

GHS02, GHS06,
GHS08

H225, H301, H311,
H331, H370

P210, P233, P240, P241, P242,
P243, P260, P264, P270, P271,
P280, P301+330+331, P310,
P302+352, P312, P303+361+353,
P304+340, P311, P305+351+338,
P307+311, P337+313, P361, P363,
P370+378, P403+233

Dichloromethane

GHS07, GHS08

H315-H319-H335-H336-
H351-H373

P261-P281-P305 + P351 + P338

N-pentane

GHSO02, GHS07,
GHSO08, GHS09

H225, H304, H336, H411

P210, P261, P273, P301+310, P331

2-Mercaptoethanol

GHSO05, GHSO06,
GHSO09

H301, H310, H315,
H317, H318, H330, H410

P260, P273, P280, P284, P301+310,
P302+350

Calcium hydride

GHSO02

H260

P223-P231 + P232, P370 + P378-
P422

Ethylaluminium
dichloride

GHS02, GHSO05,
GHSO07, GHSO08,
GHS09

H225, H250, H261,
H304, H314, H336,
H361f, H373, H411,
EUHO014

P210, P231 + P232, P280, P301 +
P310, P302 + P334, P303 + P361 +
P353, P304 + P340 + P310, P305 +
P351 + P338, P331, P422

Sec-butyl lithium

GHS02, GHSO05,
GHSO07, GHSO08,
GHS09

H225, H250, H260,
H304, H314, H336, H410

P210, P222, P223, P231 + P232,
P370 + P378, P422

Styrene

GHS02, GHSO07

H226-H315-H319
H332

P305 + P351 + P338

4-Vinyl pyridine

GHS02, GHSO05,
GHS06

H226-H301-H314
H317

P280-P301 + P310 P305 + P351 +
P338, P310

Tert-butyl
methacrylate

GHS02, GHSO07

H319-H226-H315

P210, P233, P240, P241, P242,
P243, P261, P264, P271, P280,
P302+P352, P303+P361+P353,
P304+P340, P305+P351+P338,
P312, P321, P332+P313,
P337+P313, P362, P370+P378,
P403+P233, P403+P235, P405,
P501

Isoprene

GHS02, GHSO08

H224, H341, H350, H412

P202, P210, P280,
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P303+P361+P353, P308+P313,
P273

Di-n-butylmagnesium

GHS02,GHSO05,
GHS07,GHSO08,
GHS09

H224-H250-H260-H302-
H304-H314-H336-H361f-
H373-H412-H225-H410

P210-P231+P232-P280-
P305+P351+P338-P370+P378--
P422

n-Buty! lithium

GHS02,GHSO05,
GHS07,GHS08,
GHS09

H225-H250-H261-H304-
H314-H336-H361f-H373-
H411-H260-H361d-
H410-H252-H318-H332-
H401-H361

P210-P222-P231+P232-P261-P273-
P422-P223-P370+P378-P280-
P301+P310-P302+P334-
P303+P361+P353-
P304+P340+P310-
P305+P351+P338-P331-P201-
P301+P310a-P405-P422a-P501a-
P262

p-Toluene sulfonyl

GHS05

H314-H315-H318

P260h-P301+P330+P331-

chloride P303+P361+P353-P405-P501a-
P280-P305+P351+P338
Methyl 2- GHS07,GHS02, | H318-H226-H314-H335 P210, P233, P240, P241, P242,

bromopropionate

GHSO05

P243, P260, P261, P264, P271,
P280, P301+P330+P331,
P303+P361+P353, P304+P340,
P305+P351+P338, P310, P312,
P321, P363, P370+P378,
P403+P233, P403+P235, P405,
P501

N,N,N’,N”,N"-
pentamethyldiethylen

etriamine

GHSO05, GHSO06,
GHSO07

H302, H311, H314

P280, P305+351+338, P310

Copper(l) chloride

GHS07, GHS09

H302, H400, H410

P264, P270, P273, P301+P312,
P330, P391, P501

Copper(l) bromide

GHSO07

H315-H319-H335

P261-P305 + P351 + P338

Aluminum oxide

GHSO07, GHS08

H335, H370, H372

P260, P261, P264, P270, P271,
P304+P340, P307+P311, P312,
P314, P321, P403+P233, P405,
P501

2,2-Dimethoxy-2-

GHS07, GHS08,

H302, H373, H400,

P260, P264, P270, P273,

phenylacetophenone | GHS09 H410, H412 P301+P312, P314, P330, P391,
P501
Methyl iodide GHS06, GHS08 | H301, H312, H315, P261, P280, P301+P310, P311
H331, H335, H351
Ethyl iodide GHSO07, GHS08 | H302, H315, H317, P261, P280, P305+P351+P338,

H319, H334, H335

P342+P311

1-Propyl iodide

GHSO03, GHSO07

H226, H302, H315,

P261, P305+P351+P338

-207 -




Isoporous Block Copolymer Membranes with Charged Nanochannels

H319, H332, H335

1,3-Propane sultone

GHS07, GHS08

H302, H312, H350

P201, P202, P264, P270, P280,
P281, P301+P312, P302+P352,
P308+P313, P312, P322, P330,
P363, P405, P501

Trimethyloxonium GHSO05 H314 P260, P264, P280,

tetrafluoroborate P301+P330+P331,
P303+P361+P353, P304+P340,
P305+P351+P338, P310, P321,
P363, P405, P501

Methylene blue GHSO05, GHS07 | H302, H318 P264, P270, P280, P301+P312,
P305+P351+P338, P310, P330,
P501

Riboflavin - - -

Orange I GHSO07 H372-H412 P260-P264-P270-P273-P314-P501

Naphthol green B - - -

Reactive green 19 GHSO07 H319 P305+P351+P338

Titanium(IV)
isopropoxide

GHSO02, GHS05,
GHSO07

H226, H318, H319, H336

P210, P233, P240, P241, P242,
P243, P261, P264, P271, P280,
P303+P361+P353, P304+P340,
P305+P351+P338, P310, P312,
P337+P313, P370+P378,
P403+P233, P403+P235, P405,
P501

poly(ethylene glycol)

Magnesium acetate

Hydrochloric acid GHSO05, GHS07 | H314, H335 P261, P280, P305+P351+P338,
P310
Sodium hydroxide GHSO05 H314 P280, P305+P351+P338, P310
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