


Charged Porous Membrane Structures

For Separation Of Biomolecules



This work was financially supported by the Netherlands Organization for Scientific Research
(NWO).

Graduation committee

Chairman

Prof. Dr. G. van der Steenhoven University of Twente

Promotor

Prof. Dr.-Ing. M. Wessling University of Twente

Assistant promotor

Dr. D. Stamatialis University of Twente

Prof. Dr. Ir. R.G.H. Lammertink University of Twente

Prof. Dr. J. Engbersen University of Twente

Prof. Dr. G. Belfort Rensselaer Polytechnic Institute,
USA

Dr. Dipl.-Ing. Bernd Krause Gambro Dialysatoren GmbH,
Germany

Charged porous membrane structures for separation of biomolecules
Karina Kope¢, PhD Thesis, University of Twente, The Netherlands
ISBN: 978-90-365-3146-7

Cover design by K. Kope¢, Pictures by K. Kope¢

On the front cover: Cross-section of a PES/SPEEK blend hollow fiber membrane
©2011 Karina Kope¢, Enschede, 2011

All rights reserved

Printed by Ipskamp Print Service



CHARGED POROUS MEMBRANE STRUCTURES

FOR SEPARATION OF BIOMOLECULES

DISSERTATION

to obtain
the degree of doctor at the University of Twente,
on the authority of the rector magnificus,
Prof. Dr. H. Brinksma,
on the account of the decision of the graduation committee,
to be publicly defended
on Friday the 28" of January 2011 at 16.45

by

Karina Katarzyna Kopec¢

born on 13" of October 1981
in Sosnowiec, Poland



This dissertation has been approved by:
Prof. Dr.-Ing. M. Wessling - Promotor
Dr. D. Stamatialis - Assistant Promotor



If you can find a path with no obstacles, it probably does not lead anywhere...

For my parents
Thank you for supporting all my decisions

Dla moich rodzicow

Dzigkuje, ze wspieraliScie wszystkie moje decyzje






Table of Contents

CHAPTER 1 1

INTRODUCTION 1

L. BIOMOLECULE. ..ottt ettt sttt st ettt st sae ettt besae e bt sbeeas e s et e s e st e e bt saeeue st ennensensennesaees 3

2. TECHNIQUES FOR SEPARATION OF BIOMOLECULES ........cceiiutiiiiiuiieeeitieeeeeteeeeeeieeeeeeiveseeeseeseeaseeeeesaeeeeeasseseennns 3

3. WHY MEMBRANE TECHNOLOGY? ....cutiiiitiiiiiieuietetente sttt sttt et te st saesae st eatesa et esaensesaesbesueeneessennensensensesaeas 5

4. WHY USING A CHARGED MEMBRANE? ..ottt ettt st sttt s et 8

5. SCOPE OF THE THESIS .....ccutiuiiiiiiitiiiiitieiietetet et sttt et ettt sae st b e sttt aesae s be e bt et aeaesnesaeeneeaeene 12

6. OUTLINE OF THE THESIS .....euiiuiiiiiiiiiieite ettt ettt sttt et sae st e et sn et be b b s et enesnesae v 14

REFERENCES ..ottt ittt sttt st sa e s e s et a e sa e b sa s es et saea e e e snesae e 16

CHAPTER 2 19
TAILORING THE SURFACE CHARGE OF AN ULTRAFILTRATION HOLLOW FIBER BY

ADDITION OF A POLYANION TO THE COAGULATION BORE LIQUID 19

L. INTRODUCTION......cetititenueettentetetesteste sttt eet et et et e sbe st ebeeatees et et e bt sa e e bt eaeeusemtemsensenae bt sueebeemeenaensentenbesueeueens 21

2. EXPERIMENTAL ...cutiutitintieteiteett ettt sttt st eet ettt st bt sae et et est et et e et saeeb e eates s et et e bt saeebeemeessemtentensesaeeueeueen 23

2.1. MALEFTALS ...ttt ettt ettt ettt 23

2.2. Preparation of hollow fiber MEMBIANES. ..............ccccoecuioiiiiiiiieieeee ettt 24

2.3. Scanning electron microsScopy characterization ................cccccoeceeeeeeeeoesieieeeeee e 25

24. Zeta-potential MEASUFEIMEILS .............c..cc.eoveerueeieeieeeeeeteeeseeseeseesee et esseeseesseetsesteesseesseesseesseseeeees 25

2.5. Pure water flux deterMinalion.................c.cccueceecueiiueieeiiiiieeeeeie ettt ae e e 26

2.6. FUltFQUION SYSEOML. ..ottt ettt ettt ebe et seebe e e enseenae s e 26

3. RESULTS AND DISCUSSION .....utiuiiiiiiiiitiiniiiieiietete sttt st sbe et sa e st ae e ene s et aesae e ne s 27

3.1 Morphology and permeance of the MEMDBIANES .............cccccoeriiriiiiiiiiiiiiiieieneee e 27

3.2. MEMDIANE CRATZE ... ettt ettt et et nae e e 29

3.3. Protein SEPATALION. .............ccoeoiii ettt 30

4. CONCLUSIONS .....ooutiutetentinteeteeutentetente st e bt sutett et eatete st eabesaeeueeatess et e st e abesae et e eatensenset e besaeebeeueensensensenbenaeeneeneen 35

REFERENCES ..ottt sttt ettt st st st ettt ees et et e beshe e bt eat s s et enaesa e e bt sateb e e st et e s e st e ebesueeueeneensensensensesaeas 36

CHAPTER 3 39
CHEMISTRY IN A SPINNERET - ON THE INTERPLAY OF CROSSLINKING AND PHASE

INVERSION DURING SPINNING OF NOVEL HOLLOW FIBER MEMBRANES 39

L. INTRODUCTION. ..ottt ettt ettt ettt s et b e sh e bt e bt e e et e b e st e bt saeessestesaeaesaesbesueenens 41

2. EXPERIMENTAL ...ttt ettt st ettt st sttt st sttt sa e be b e bt et essene s e sbesaeeneeneen 42

2.1. MAECFTALS ... ettt 42

2.2. Fabrication of a hollow fiber MEembDIANE. ..................ccccoceiiiiiiiiiioiiiiiiieie st 43

2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)................. 45

24. Scanning Electron MICIOSCODY ..........c.cccueiieuiiieieeee ettt 45

2.5. Zeta-potential deterMilaIiON..............c.cccueiiiiiie ittt ettt 46

2.6. MiXed GAS MEASUFEIMEIILS ...........cceeiieeieeeie ettt ettt ettt e et e bt e et eteaneesaeeaneenneenee e 46

2.7. Pure water fIUx MEASUFEIMENLS .............c.cccoiiioiiiei ettt ettt ettt eee e neeeens 46

2.8. PPOLEIN fIIIFQLION. ..o ettt 46

3. RESULTS AND DISCUSSION .....uteuiiuiiiinientietteutentestetentestessesueeseestensessessessesaeeseeseensensensensesaeesesueensensensensensensenns 49

3.1 Effect of PELin the bore LIQUId...................c..ccoovveiieiiiiiiiiecieeeie ettt 49

3.2. Interplay of crosslinking and phase INVErSiON................c..cc.ccveviiieiieeieeieiee e, 51

4. CONCLUSIONS AND OUTLOOK .....ccoutiuiiiiiiiiiinieiiiiieteteite st enc st ss et saesas s sas st e e saesas s sasens et esaesaesaesnesaeas 57

REFERENCES ...ttt oottt ettt e ettt e e e e e e et e e e e e e e eeeataaaeeeeeeeaataraeeeeeeeeetassaaeaeeeeesttsreeeeeeeennnnrreeens 59



CHAPTER 4 61

SOLVENT-RESISTANT MIXED MATRIX MEMBRANE ADSORBERS 61

L. INTRODUCTION. ..ottt sttt sttt ettt s b et ebe et ess e e et e b sb e e bt e bt eas e e e s e b e st e e besueeseeneennenentenbesueennens 63

2. EXPERIMENTAL «.cciuiititiitteie ettt sttt ettt et ae ettt sa e beeat et s et e b e sa e besaeeae et enseaesaenbesueennens 64

2.1 MAECFIALS ...t ettt ettt bt 64

2.2. MEMBIANE PFEDAVALION ...ttt ebe ettt e e enaeenee e 65

2.3. Membrane CRAFACIEFIZATION ...............c..cocueueeiiieei ettt 66

3. RESULTS AND DISCUSSION .....ctiuiiiiiiiiiiiiniiiieiietete st ene st sa s b et sa e st ae e ne s et aesae e ne s 68

3. AGUEOUS SYSTEIILS ...ttt ettt ettt 68

3.2, NOR-QQUEOUS SYSTOINS ...ttt ettt ettt ettt ettt 73

4. CONCLUSIONS = OUTLOOK ...c..euteuteutententententeeteeueeusentensensessesuesueessessensensesstesesueeseentensensensensesuesseemeensensensensensens 76

REFERENCES ..ottt ittt ettt ettt et st st s a e e et et e e e et e e ae e e b e e b e e st ease e e e saeesaeesaeenseenneenneennesnnens 77

CHAPTER 5 79
POROUS MEMBRANE STRUCTURES AS STATIONARY PHASE FOR CAPILLARY

ELECTROCHROMATOGRAPHY 79

L. INTRODUCTION. ..ottt ettt ettt ettt sttt et b e sh e bt e bt e e st et e b e st e b e saeen s estesaesae st e ebesueenens 81

1.1. BACKGrOUNA ...ttt ettt ns 81

1.2. CEC COMUMMN tECANOLOZY..........c.oocveiieiieeeie ettt be e ees 84

2. EXPERIMENTAL ..ottt sttt st st b e s e n et a et sb e saeeneenean 88

2.1. MAECFTALS ... e ettt ettt ettt 88

2.2. Fabrication of the fibrous CEC StQtiONAry PRASE .............ccccocoueeuioiiniiiiiiiiiiieeeseee sttt 89

2.3. Sealing of the fibrous SIAtIONATY PRASE ............ccoooiiiiiiiiiiii et 92

24. Characterizaction of the CEC COIUMM ............cc..ccoooieiiieiiiieeeeeeee ettt 93

3. RESULTS AND DISCUSSION .....cutiiiiuiiiuientietietteteeieesueesteesseeseeneseesaeesaeesaeesseesneeseesseesseeseeseeanesanesaeesaeenneenns 95

3.1. ZEA-POLEILIAL ........ccoeei ettt ettt et e et e e ba e e st e e sabeeeabeessbeessbeesnbeesseenssaensnas 95

3.2. Morphology and separation performance of CEC COIUMNS.............c.cocueoeioeiiniiiiiiieeieeen, 96

REFERENCES ....eutiutiuteitetesteete sttt ettt ettt sttt ettt sa e b sae bt et oot e b e b s et e bt euees et et eae st e ebesueese et enaensenaenenae 107

APPENDIX TO CHAPTER 5 113

DESIGN AND EVALUATION OF THE CE/CEC UNIT 113

1. Design of the capillary electrophoresis/capillary electrochromatography unit................cc..cccccoeeuven... 114

2. RePrOAUCTDITILY SHUCY ..ottt ettt 116

3. Evaluation of the CE/CEC URIL.............cccccouiiiiiiiiiii ettt 116

B e el TR 1o/ R ST 120

REFERENCES ....eutittiutetetenteete sttt ettt sttt sttt et eat et et e s bt saeeae e st eat et et e bt sa e e bt eaeeae et emteae st e ebesaeeseeneennensenaennenee 121

CHAPTER 6 123

EVALUATION AND OUTLOOK 123

1. DEVELOPMENT OF CHARGED MEMBRANES FOR BIOMOLECULE SEPARATION .......ccuutiieiiiieeeiiieeeeeiieeeeeieee e 125

1.1. Polyelectrolyte in the bore [iQUId ...................ccccooviiiiiiiiiiiiiiie et 126

1.2. Polyelectrolyte/crosslinker in the bore liquid (gas and liquid/solute separation).............................. 126

1.3. Mixed matrix membranes (S0lid phaSe eXtrACtION)................c.ccovevueecuiiieeieeniecieeeeeeeeeere e 130

1.4. Capillary electroChromMAtOQUAPAY ...........c..ccoccieiuiiiiiiiieiecie ettt sae et sve s s 130

REFERENCES ..ottt ittt et st st a e s b s et ae s 139

SUMMARY 141

SAMENVATTING 145

PODSUMOWANIE 149

ACKNOWLEDGMENT 153




Chapter 1

Introduction






1. Biomolecule

In modern biotechnology and biomedical engineering, the ability to identify and
separate different biomolecules accurately and efficiently out of complex biological samples
is of utmost importance. Proteomics, cancer diagnostics or understanding of biomolecular
signatures involved in human diseases are the new challenges of science — science which
makes biologist, physicians and chemical engineers work together. The eyes of the scientists
are directed towards the mysterious Biomolecule...

The biomolecule is any organic molecule that is produced by a living organism. It
can be also named a biogenic substance — a substance produced by life processes.
Biomolecules are commonly categorized in three subgroups, with regard to their size [2, 3]:

a) small molecules, include lipids, phospholipids, glycolipids, sterols, glycerolipids,
carbohydrates, sugars, vitamins, hormones, neurotransmitters, metabolites

b) monomers, like aminoacids, nucleotides, monosaccharides

c) polymers: peptides, oligopeptides, polypeptides, proteins, nucleic acids, DNA, RNA,
plasmids, oligosaccharides, polysaccharides (e.g. cellulose), lignin, hemoglobin.

Table 1 presents characteristic magnitudes of some of the biomolecules together with cells,
bacterias and viruses. The “particle size” of the desired product to be separated can range
from a single molecule to particles of nearly a millimeter in diameter. Moreover, the viscosity
of fluids can range over three orders of magnitude from 1 mPa's to 1 Pa's [4].

Table 1 Characteristic magnitudes of biomolecules, cells, bacterias and viruses [5]

Entity Mole.cular Characteristic Densit}y, Mass,
Weight Length g/cm g
Mammalian cells - 10 pm
Escherichia coli - 1x1x3um 1.07 2410
Viruses 50 nm
DNA 10°
RNA 10°
Plasmids 3.3-13.2:10° 150- 250 nm
Proteins 10-3000 kDa 5 nm 1.34 5.64-107°

2. Techniques for separation of biomolecules

Bioseparation processes require different approaches than those used in traditional
chemical industries. Most biological molecules, and particularly proteins, are destroyed by
heat, cannot be evaporated or distilled, because they would change their specific structure
which would lead to the loss of their function. Therefore biomolecules are processed by
techniques that do not require heat or extreme pH. Another difference between the



biomolecules and chemicals is the produced amount. For example, in the pharmaceutical
industry, only a few kilograms of a protein might be produced per year, but the total selling
price can be in million of dollars [4]. The biomolecule, before it is received as a high purity
substance, it is processed in a long way of sequential steps applied to bring it from its natural
state as a component of a tissue, cell or fermentation broth, through progressive
improvements in purity and concentration. Some biomolecules can be directly isolated from
its natural source (and they can be directly taken to the downstream processing), others have
to first be grown by bacterial or mammalian cell lines in bioreactors (so called upstream stage
of the bioprocess) and afterwards moved to the downstream section.

All the bioseparations are then a part of the downstream processing which is a
recovery and purification of the biomolecules. This essential step in the manufacturing of
pharmaceuticals and food ingredients (usually considered a specialized field in biochemical
engineering) can be broadly considered as consisting of four sequential steps [1, 3]:

a) removal of insolubles

b) isolation of the product

c¢) purification of the product
d) polishing of the product.

Removal of insolubles is the first step and involves the capture of the product as a solute in a
particles-free liquid, for example the separation of cells from fermentation broth containing an
antibiotic. Typical operations at this stage are filtration, centrifugation, sedimentation,
flocculation, electroprecipitation.

Product isolation is the removal of the components whose properties differ to a large extent
from the desired product. For most products, water is the main impurity and at this stage most
of it is removed leading to the reduction of the product volume and its concentrating. The
product isolation involves solvent extraction, adsorption, ultrafiltration and precipitation.
Product purification is the separation of those contaminants which physical and chemical
properties are very similar to those of the final product. Consequently, this part of the
downstream processing is the most time consuming and expensive to carry out requiring
sensitive equipment. The product purification is wusually accomplished by various
chromatographic techniques, but crystallization or fractional precipitation are also used.
Product polishing is done as a final processing step and ends up in packaging of the product
in a form that it is stable and easily transportable. The typical unit operations are
crystallization, desiccation, lyophilization and spray drying. For some products this stage is
finished with sterilization.

Certainly, the isolation and purification steps play the most important role in the downstream
processing. The cost of the final product, independently of the purification technique, is
dominated by its concentration in the initial feed (see Figure 1). The cost of recovering a pure
component from a dilute mixture increases significantly with dilution [1, 5].

Bioseparations are generally difficult. The products of interest are labile and thus
require mild processing conditions. They arrive at downstream processing contaminated with
closely related species, and the required product purity is usually very high [5]. These
demands dictate a large number of processing steps in series.



Regulatory considerations state that the basic separation scheme must be fixed very
early in the overall development process. Apart from the strict standards on the purity of a
product, the Food and Drug Administration (FDA) requires validating the removal of various
contaminants: host cell-related (DNA, endotoxin, protein, virus), product-related (oxidation,
deamidation, acetylation, dimerization), and process-related (antibiotic, antiform, inducing
agent) [5].
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Figure 1 Relation of the initial product concentration and the cost [1]

3. Why membrane technology?

During the last three decades, membranes attracted the attention of chemists,
chemical and biological engineers due to their unique separation principle, i.e. the selective
transport and efficient separation comparing with other unit operations. Separations with
membranes do not require any additives and they can be carried out at low temperatures with
less energy consumption to other thermal separation processes. Due to these advantages of
membrane processes, upscaling and downscaling of membrane separations as well as their
integration into other separation or reaction processes are simple.

The first application of a membrane — a semipermeable barrier - for separation of
biomolecules dates long back. In 1913 John J. Abel built the first artificial kidney which was
supposed to clean the blood from metabolic toxins in case of end-stage kidney failure.
Essential part of this unit was a membrane made of Collodion, a material based on cellulose
[6]. Together with coworkers Abel performed the first hemodialysis on animals. The major



breakthrough, however, in the treatment of patients with kidney disease was thanks to Willem
Kolff, a Dutch physician who in 1945 performed the first successful hemodialysis on a human
using a separation unit he designed [7, 8]. Kolff’s rotating drum kidney used membranous
tubes made of a new material known as cellophane that was actually used in the packaging of
food (Figure 2). During the treatment, the blood-filled tubes were wrapped around a wooden
drum that rotated through an electrolyte solution known as “dialysate”. As the membranous
tubes passed through the bath, the uremic toxins would diffuse into this rinsing-liquid.

Figure 2 Kolff’s artificial kidney

Nowadays, hemodialysis is the dominant therapeutic application of membranes with more
than 46 000 dialysis machines and about 150 million dialyzers sold in 2006 [9]. Table 2
presents different medical applications of membranes [9, 10].

Table 2 Medical application of membranes (UF = ultrafiltration, GS=gas separation,
NF = nanofiltration, MF = microfiltration)

Medical application Membrane type Volumgvll)iﬁ\igfss/Year rrlrg/?{r;z;a(rll\iiﬁir(fi)
Hemodialysis UF, dialysis 110 (150 *) 230 (314 *)
Oxygenation GS, NF, UF 0.75 2
Infusion UF, MF 1-2 <1
Liver support UF, MF Unknown Unknown
Pancreas UF Unknown Unknown
Therapeutic apheresis MF 0.3 ~0.1
Plasma donation MF <12 <0.1

Data marked with (*) as for 2006 [9]; other data as for 2002 [10]

The next stage of bioseparations started in 1936 when John. D. Ferry described the
use of membrane technology for enzyme concentration, analysis of bacteriophages and
viruses, preparation of cell- and protein-free ultrafiltrates from biological solutions [11]. He
mentioned, however, the system limitations due to the availability of membranes and
modules.



The first large—scale industrial application of membranes in bioseparations was in
New Zealand in 1971 in a whey-processing unit [1]. Since then, membrane separation
processes contributed widely in many sectors of bio-industry which could be divided into two
groups:
(i) biotechnology, pharmacy, medicine
(i1) food and drink industry (beverages, dairy products, oils and fats, fruit and vegetables,
meat and sugar).

Figure 3 compares the size of biomolecules with other molecules, microorganisms and
particles showing membrane separation techniques applicable for each size.

Scanning electron microscope  Optical microscope Visible to naked eye
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Figure 3 Classification of particles by size and applicable membrane processes

Membranes have been traditionally used for size-based separations with high-
throughput, but low-resolution outcome. Current research and development of membrane
processes in order to become techniques of choice for biotechnology, focuses on
improvements in selectivity while maintaining the inherent high throughput characteristics of
membrane [12].

Essentially, all the membrane processes are used nowadays for bioseparations, but the greatest
interest is in the application of microfiltration, ultrafiltration, nanofiltration and membrane
chromatography.

Membrane microfiltration competes with centrifugation, depth filtration and expanded-bed
chromatography for the initial harvest of therapeutic products from mammalian, yeast and
bacterial cell cultures and sterilizing liquids [2, 13]. In contrast to centrifugation,
microfiltration when using 0.2 um pore size membranes results in a particle-free harvest
solution which does not require any additional clarification. Microfiltration membranes are
extensively used for sterile filtration of almost all biotherapeutics since the thermal stability of
these molecules prohibits the use of alternative sterilization methods [14]. Sterile filters
operate using normal flow filtration retaining bacteria, cell debris and insoluble aggregates.



Membrane ultrafiltration largely replaced size-exclusion chromatography in protein
concentration, buffer exchange and virus filtration [15]. Work has been demonstrated on the
use of ultrafiltration for the purification of plasmid DNA [16] and virus-like particles [17].
Affinity separations of proteins were performed on ultrafiltration membranes with linked
ligands [18, 19]. Fractionation of dairy wastewater into lactose-enriched and protein enriched
streams was also studied [13].

Membrane nanofiltration is used for separation of peptides, with the main application in
treating cheese whey: enriching peptides with antibacterial properties and desalting the
peptide fractions [20, 21].

Membrane chromatography uses membranes that contain functional ligands attached to the
inner pore surface throughout the membrane structure providing highly selective separation
via adsorption/binding interactions. The target biomolecules are adsorbed on these binding
sites during the convective flow through the membrane pores. Ion exchange, affinity,
reversed-phase, and hydrophobic interaction membranes have been developed [14, 22].
Although the equilibrium binding capacity is rather low, the convective flow through the
pores reduces the mass transfer resistance compare to column (bed) chromatography [12, 14,
23]. This offers great advantages for purification of large biomolecules that have significant
diffusion limitations in conventional chromatographic media. Moreover, membrane
chromatography has higher flow rates, lower pressure drop, shorter processing time and is
less expensive than chromatography [5, 24, 25]. The pore size, membrane chemistry,
membrane thickness and/or the number of membrane layers, however still need to be
optimized to improve the binding capacities. Recently, particle loaded porous sheets and
particle-embedded porous fibers (mixed matrix membrane adsorbers) were developed and
optimized for separation of proteins [22, 25-31]. The incorporation of functional particles into
porous polymeric matrix results in adsorptive structures, which can be applied to isolate
peptides and proteins from complex mixtures, e.g. lysozyme from chicken egg white [30] or
creatinine and endotoxin from blood [28]. The particles incorporated into polymeric matrix
display rapid adsorption kinetics, high capacity and selectivity, and allow fast desorption of
targeted molecules.

In most of the lab-scale and industrial-scale applications membranes are used in
form of the hollow fiber membranes with a small field of flat sheets membranes. Hollow fiber
membranes are made from a variety of polymers including polyethersulphone, polysulphone,
polypropylene, polyacrylonitrile, polyvinylidene fluoride, regenerated cellulose, cellulose
acetate [13, 14]. These fibers typically have inner diameters of 0.2-1.8 mm, they are self
supporting and they do not need spacers or multiple sealing procedure [14]. The main
advantage of using hollow fiber configuration is the high ratio of membrane surface area to its
volume.

4. Why using a charged membrane?

Generally, in the membrane technology, charged membranes are applied in
processes that can be divided into two groups. The first group are membrane processes that



use pressure or concentration difference as a driving force and then, the electrical properties
of the membrane are exploited at the interface membrane-solution or membrane-solute. In this
type of separations (microfiltration, ultrafiltration, nanofiltration, reverse osmosis, dialysis,
gas separation) the advantages of charged membranes are underlined as higher
selectivity/retention or reduction of fouling phenomena. The other group are membrane
processes which use external electrical field as driving force (electrodialysis, electrolysis,
electrofiltration) [32].

As most of the biomolecules have their own charge, using charged membranes will
provide additional flexibility to improve the selectivity of separation. A positively charged
membrane will give higher retention of a positively charged biomolecule than will a
negatively charged or neutral membrane of the same pore size [33]. The most applicable
group of biomolecules to use with charged membranes are proteins and this thesis is focused
on them.

Proteins are heterogeneous, amphoteric polymers of acidic, basic and neutral amino
acids and carry both negatively and positively charged groups on their surface. Amino acids
with basic and acidic side chains are almost always found on the outer surface of proteins
dissolved in water since these side groups are highly polar. Amino acids with uncharged polar
side chains are frequently also exposed to the outer protein surface because of their
hydrophilic nature. The side chains of nonpolar amino acids are nearly always found inside
because they tend to cluster together in a hydrophobic pocket [3]. The net charge of a protein
is determined by the sum of positively and negatively charged amino acids residues on the
protein surface, which is a function of the buffer pH in which the protein is dissolved. The
isoelectric point (pl) of a protein is the pH at which a protein has an equal number of positive
and negative charges (the charge is zero) (structure b, see below). The isoelectric point is a
specific characteristic of each protein and different proteins have different isoelectric point.
Proteins in a solution at pH below their pl will have a net positive charge (structure a) and
proteins above their pl will have a net negative charge (structure c).

"H;NCRCOOH <« "H3NCHRCOO <« H,NCHRCOO
(a) (b) (©)

A solid surface, in this case a membrane surface, in contact with a solution of an
electrolyte usually carries an electric charge. This charge gives rise to an electrical potential,
v, which is the highest at the surface (y() and decreases as we move through the liquid away
from the surface, thus affecting the distribution of ions in the liquid. Ions from the liquid that
have opposite charge to the charge of the membrane surface adsorb on the membrane and
completely neutralize its charge (Figure 4). The ions immediately adjacent to the surface are
nearly immobile, since the opposite charges are strongly interacting. These counterions form
the so called Stern layer. [34]. Further from the solid surface, the electric attraction of the
solid decreases and the ions are more mobile thus forming the diffuse layer which is
composed of both co- and counterions. In bulk solution the ions of both signs are in a random
motion. The Stern layer and diffuse layer are the principle of the electrical double layer model
that describes the distribution of charges at the solid-liquid interface. Because of the
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Figure 4 Schematic of the double layer at the charged solid-liquid interface: (a) the distribution of
ions, (b) a graph of the electrical potential, (c) the concentration of ions

difference in charge between the diffuse layer and the solid surface, movement of one relative
to the other will cause charge separation and generate a potential difference, or alternatively,
application of an external electrical potential will cause movement of one relative to the other.
This relative movement of the solid surface and the liquid occurs at the surface of shear and
the potential at this surface of shear is known as zeta-potential, &. Its value can be determined
by measurement of one of the electrokinetic phenomena listed in Table 3. The importance of
the & potential comes from the postulate that the surface of shear is almost identical with the
surface of the Stern layer. The zeta-potential gives the measure of the potential at the
beginning of the diffuse layer and hence corresponds to . It is a function of the solid surface
charge, any adsorbed layer at the interface, and the nature and composition of the liquid
electrolyte. The characteristic thickness of the double layer is the Debye length, k', which is

10



reciprocally proportional to the square root of the ion concentration. In aqueous solution it is
typically on the scale of a few nanometers and the thickness decreases with increasing
concentration of the electrolyte.

Table 3 The electrokinetic phenomena

Stationary phase Solid Liquid

Mobile phase Liquid Small particles
Movement by electric field Electroosmosis  Electrophoresis
Mechanical movement Streaming Sedimentation

Charged membranes that carry exchangeable cations or anions are called ion-
exchangers. A cation exchanger has a negatively charged surface and replaces one positively
charged cation with another. An anion exchanger is positively charged and exchanges
negatively charged anions. The ion exchangers can be ionized over a small pH range (see
Figure 5) and they are called weak ion-exchangers or can be charged over a broad pH range
and then they are called strong cation-exchangers. Table 4 presents the common functional
groups of ion exchangers.

- K Strongly acidic + Strongly basic ~
Capacity Capacity
(charge) I (charge) X’
Weakly acidic Weakly basic
———1—1+— ———1——
0 2 4 6 8§ 10 12 0 2 4 6 8§ 10 12
pH pH

Figure 5 Charge of ion-exchange membranes vs. pH [3]

Charged proteins can be fractionated based on their charge, even though they have
similar sizes. It may be even possible to exploit electrostatic interactions for molecules with
identical isoelectric point due to the different charge-pH profiles. The protein
separation/fractionation will depend not only on the protein net charge, but also on the
manner in which the charges are clustered on the protein’s surface. Charged amino acids
residues may be distributed uniformly on the surface forming regions of positive or negative
charges. Hence the net charge of a protein can differ from its binding charge. Figure 6 shows
the expected adsorption of a protein on a charged membrane depending on the pH. The
retention properties of membrane are difficult to predict, because while changing the pH, both
the protein net charge and the charge of the membrane will alter. In designing the separation
of charged biomolecules with charged membranes, one must consider pH, ionic strength of
the buffer, and what influenced by these — the charge of membrane and the charge of protein.
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Table 4 Functional groups of ion exchanger membranes [3]

Type of ion exchangers Name pK
Weak anion
-C,H,N'H; Aminoethyl 9.0-9.5
-C,H,NH'(C,Hs), Diethylaminoethyl
Weak cation
-COO Carboxy 3.5-4.0
-CH,COO® Carboxymethyl
Strong anion
-CH,N"(CH3); Trimethylaminoethyl 95
-CH,H,N'(C,H5); Triethylaminoethyl
-C,H,N"(C,H;),CH(OH)CH; Diethyl-2-hydroxypropyl-aminoethyl
Strong cation
-SO5 Sulphonate ~2
-CH,SO5 Sulphomethyl
-C3H4SO5 Sulphopropyl 2.0-2.5
+ | Adsorption
«— toanion —»
E exchanger
Net protein | | i |
charge I I ! I I
2 4 ! 8 10
Adsorption |
€— tocaton — >
— exchanger b
Isoelectric

point

Figure 6 Protein charge vs. pH for protein [3]

5. Scope of the thesis

This thesis presents various membrane techniques for biomolecules separation. In all
cases new charged membranes and new methods to introduce charge into the membranes are
demonstrated. Table 4 presents “the summary of the thesis” and underlines the main subject
matters of each chapter. In all chapters hollow fiber membranes were produced in the
laboratory via the immersion precipitation dry-wet spinning [32, 35]. Figure 7 shows the
schematic of the spinning procedure. The dope solution along with the bore liquid are pumped
simultaneously by means of gear pumps (2, 4) through a double orifice spinneret (5). The
spinneret, shown in Figure 8, shapes the fiber — it determines its initial inner and outer
diameter and the wall thickness. After a short residence time in the air (so called air gap) the
still fluid-like fiber (6) is immersed in the coagulation bath containing nonsolvent, where the
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Figure 7 Schematic of the dry-wet spinning set-up. (1) tank with the polymer solution (2) gear pump
for the polymer solution (3) tank with the bore liquid (4) gear pump for the bore liquid (5)
spinneret (6) liquid fiber (7) coagulation bath with nonsolvent (8) guiding roll (9) rinsing
bath (10) pulling wheel (11) collection bath.

Bore liquid
Dope solution

Figure 8 Spinneret; A: picture of 2 spinnerets with a 1Euro coin; B: schematic of the spinneret

solvent/nonsolvent exchange takes place and the precipitation occurs. The fiber being pulled
by the wheel (10) at controlled speed is guided on the up-take rolls (8). In the second bath (9),
the coagulation is completed and the fiber is collected in the final bath (11).

The main spinning parameters which determine the morphology of the fiber
(average pore size, pore size distribution, porosity, pore tortuosity, thickness of the dense
skin, inner and outer diameter) are: (i) extrusion rate of the polymer solution; (ii) bore liquid
flow rate; (iii) pulling speed; (iv) residence time in the air gap; (v) temperature of the polymer
solution; (vi) temperature of the coagulation bath; (vii) dimensions of the spinneret. The
spinning parameters interfere with the membrane-forming factors such as the composition of
the polymer solution, composition of the bore liquid and coagulation bath.

The spinning technique was not the only method of membrane production used in
this work (although the leading one) as it can be seen in Table 5. The phase separation in-situ
and polymer foaming were explored, too. A model protein or a model protein mixture was
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investigated in each chapter to give a proof of concept of the new method. Bovine serum
albumin was used in all chapters as this protein is known of its stability, lack of effect in
many biochemical reactions and low cost.

Table 5 Overview of the experimental work described in the thesis

Chapter 2 Chapter 3 Chapter 4 Chapter 5
Model Bovine serum  Bovine serum Bovine serum albumin
Lode albumin albumin Lysozyme Bovine serum albumin
biomolecule ) .
Hemoglobin =~ Hemoglobin  Cholesterol
Technique Ultrafiltration  Ultrafiltration Adsorption Capillary
electrochromatography
Membrane charge Negative Positive Negative Negative
Hollow fiber
Membranq Hollow fiber ~ Hollow fiber = Hollow fiber Full fiber
configuration

Monolith (phase separation
in-situ) (Chapter 6)

Polyelectrolyte dissolved in

the bore liquid
Technique of Polyelectrolyte Polyelectrolyte Charged particles Polyelectrolyte blended
charge . ) ) ) . . . .
. L dissolved in dissolved in  dispersed in matrix with the membrane
introduction into S —_ .
the bore liquid the bore liquid polymer forming polymer

the membrane
Charged particles dispersed
in matrix polymer

6. Outline of the thesis

Chapter 2 describes a new in-line method of introduction charge onto the bore
surface of the hollow fiber membrane in a one-step spinning process. A negatively charged
polyelectrolyte sulphonated poly(ether ether ketone) (SPEEK) is dissolved in the bore liquid
and during the membrane formation deposited on the bore surface. The improved
performance of such membrane is demonstrated by an ultrafiltration of binary mixture of
proteins with similar molecular weights (bovine serum albumin and hemoglobin), which
results in a very high selectivity.

Chapter 3 focuses also around the technique of dissolving a charged polymer in the
bore liquid, but here, this polymer (polyethyleneimine, PEI) is at the same time a crosslinking
agent for the membrane forming polymer. This chapter explores a new method of
simultaneous membrane formation and chemical modification in a one-step spinning process.
It is shown that two types of membranes: either a completely crosslinked and porous fiber (for
ultrafiltration), or a porous fiber with crosslinked dense inner layer (for gas separation), can
be produced via the same spinning procedure, only by changing the composition of the bore
liquid and/or shell liquid and dope solution. The performance of this positively charged fiber
is again proven by a separation of binary mixture of bovine serum albumin and hemoglobin.
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Chapter 4 explores application of mixed matrix membranes for adsorption of
biomolecules. These membranes are produced by dispersion of negatively charged particles in
the matrix polymer. The novelty of this work is that the membranes are crosslinked and for
the first time applied for the adsorption of biomolecules (lysozyme and cholesterol) from
organic solvents, rather than from aqueous solutions.

Chapter 5 introduces membrane technology in a completely new field, capillary
elelectrochromatography (CEC) — a hybrid analytical separation technique. In this chapter,
membrane fabrication methods described in previous chapters together with new methods are
applied for preparation of novel stationary phases for CEC columns, which are tested in a
laboratory-designed and laboratory-built CEC unit.

Ultimately, Chapter 6 summarizes this work and provides and outlook on the future
of membrane bioseparations.
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Chapter 2

Tailoring the surface charge of an ultrafiltration
hollow fiber by addition of a polyanion

to the coagulation bore liquid
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Abstract

In this chapter, we report a new in-line method to tailor the surface properties of
porous ultrafiltration membranes in a one-step spinning process. A highly charged polyimide
P84 hollow fiber membrane can be obtained by dissolving as less as 3% of sulphonated
poly(ether ether ketone) (SPEEK) in the bore liquid. The zeta-potential of the lumen surface
of this new P84/SPEEK membrane is independent of pH in the range 4.5 to 10 and around
three times higher than for pure P84 hollow fiber membrane (-58mV vs. -21.5mV). The
P84/SPEEK membrane has uniform sponge-like structure and water permeance of 6.5
1/(m*h-bar).

Filtration of a mixture of proteins with similar molecular weights: Bovine Serum
Albumin (BSA, MW =66.4 kDa) and Hemoglobin (Hb, MW =64.5 kDa), but differing in
electrostatic properties, through the pure P84 and P84/SPEEK membranes demonstrates an
improved separation performance of the P84/SPEEK hollow fiber. In fact, this membrane
separates the binary mixture of BSA and Hb at the highest selectivity of around ~200 at pH
7.5. Moreover, at the same pH the flux decline for the P84/SPEEK membrane is significantly
reduced in comparison to the pure P84 membrane.

Surprisingly, surface charge modifications can be introduced during the coagulation
process by adding polyelectrolytes to bore liquid. This will offer new opportunities for in-line
membrane modification during the spinning process.
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1. Introduction

In recent years, modification of membranes by introduction of charge gained a lot of
interest in the membrane field. Particularly, incorporation of negative charge became a focus
point in many areas of membrane technology, with attention concentrated on sulphonated
polymers. The sulphonation of materials is straightforward and effective method to enhance
the negative charge and hydrophilicity of the membrane. The sulphonation degree can be
easily tuned during the sulphonation reaction and materials with different ion exchange
capacity (IEC) can be produced, which posses properties of strong cation exchangers.
Polymers like polysulphone, polyethersulphone and poly(ether ether ketone) were
successfully sulphonated and used in membrane formation [1-23].

Various techniques have been developed to introduce the polyelectrolyte into the
membrane however blending is mostly used for both dense and porous membranes. Dense
cation permeable membranes are mainly used for fuel cells and electrodialysis. Examples are
blends of sulphonated poly(ether ether ketone) (SPEEK) with polyethersulphone [8] [14] [2]
or polyimide [20, 23]. Among porous membranes, a blend of SPEEK and polysulphone is
used for nanofiltration for salt rejection [7], water purification [9, 10] as well as for non-
aqueous nanofiltration of dyes from alcohol based feeds [17]. Lau et al. [21] investigated
SPEEK blended with polyethersulphone as a nanofiltration membrane and presented
theoretical study on the morphological and electrical properties of the membranes using
different sulphonation degrees, while Arthanareeswaran et al.[22] showed a practical
application of such blends for protein ultrafiltration. The blending properties of SPEEK with
emphasis on the polyelectrolyte content was studied for other polymers, like polyetherimide
[13], cellulose acetate [15] and poly(methyl methacrylate) [19]. Most of the membranes
prepared from blends with polyelectrolyte suffer, unfortunately, from extensive swelling and
compaction. Moreover, adding a second polymer, in this case, the polyelectrolyte to the first,
membrane forming polymer, changes the miscibility of the membrane components. The
kinetics of the demixing is altered and a modified membrane structure is obtained. Also, the
added polymer is found throughout the whole membrane structure, a phenomenon that is
highly undesirable when the polymer to be blended in is very expensive and difficult to
synthesize.

Other methods to introduce the polyelectrolyte into the membrane include coating of
a polyelectrolyte on an existing support membrane. For example, polyethersulphone support
hollow fiber membrane was coated with sulphonated poly(ether ether ketone) (SPEEK) and
applied for nanofiltration [18], flue gas dehydration and gas separation [24] whereas a
polypropylene fiber coated with SPEEK was applied as a membrane contactor for
olefin/paraffin separation [12] and polysulphone hollow fiber membrane coated with layer of
SPEEK was used to stabilize a liquid membrane for metal ion transport [25]. Polyelectrolyte
was also used for a bilayer membrane for fuel cell applications [23] by casting a layer of
SPEEK solution on a polyimide membrane. Kochan et al.[26] explored the layer-by-layer
(LbL) technique in which polyelectrolytes poly(ethylene imine) and poly(sodium 4-styrene
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sulphonate) are assembled by electrostatic adsorption directly onto the support
polyethersulphone ultrafiltration membranes. As a result a thin dense polyelectrolyte film is
created on the surface of the support membrane.

Efforts were also made to fabricate membranes with a porous layer of charged
polymer in one step. Special triple orifice spinnerets were used for the co-extrusion of a dual
layer hollow fiber composed of an inner layer of uncharged polymer of polysulphone for salt
rejection [3] or polyethersulphone for protein ultrafiltration [4] and an outer layer of
sulphonated polyethersulphone. Nevertheless, rather bad adhesion between the two layers
hampered further development of these membranes.

The present study explores a novel approach to prepare in a one step process an
integrally asymmetric highly charged hollow fiber membrane by dissolving the SPEEK
polymer in the bore liquid. This in fact represents an in-line modification of the emerging
membrane during the initial membrane formation steps. Polyimide P84 (Fig. 1), a polymer
with high temperature stability up to 260°C, chemical resistance to most organic solvents,
acids, fats and fuels, high compressive and mechanical strength, is extruded through a
spinneret. SPEEK (Fig. 1) is dissolved in a very small concentration in the bore liquid and
pumped through the inner die of the spinneret.

Figure 1 Chemical structure of P84 and SPEEK

To proof the effect of surface charge modification, a binary mixture of bovine serum
albumin (BSA) with molecular weight (MW) of 66.4 kDa and hemoglobin (Hb) with MW of
64.5 kDa is chosen as the model solution (MW ratio of the proteins is 1.03) to investigate the
membrane separation performance. The electrostatic interactions between charged protein
molecules and charged membrane material play an important role in protein separation. It was
documented [27] that the acceptable separation of proteins cannot be obtained based on the
size-exclusion ultrafiltration unless the ratio of protein molecular weights MW is larger than
7. Hence, with a MW ratio of 1.03 effective separation during the filtration can only be
achieved based on the electrostatic interactions between the proteins and the membrane.
Proteins have zwitterionic character so that the same protein can carry positive or negative net
charge depending on the pH of the medium in which it is dissolved. At the isoelectric point
the protein net charge equals zero. Fig 2 presents the net charge of the two investigated
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proteins, BSA and Hb, vs pH [28] [29] . The grey lines show the pH of the protein solution at
which the produced membranes were investigated. At pH 4.8, the adsorption of positively
charged hemoglobin on the negatively charged membrane is expected, while the BSA should
not interact electrostaticaly with the membrane, since it is at the isoelectric point. At pH 6.8,
we anticipate the repulsion of negative BSA by negative membrane and no electrostatic
interactions between neutral Hb and the negative membrane. At pH 7.5 both proteins, as well
as the membrane, carry negative charge and so the proteins should be repulsed by the
membrane. The interactions between proteins and membranes and their effect on membrane
transport properties are systematically investigated in the paper.

80

60 Hb

40 |
BSA

N

Protein net charge

pH

Figure 2 Zeta-potential of BSA and Hb as a function of pH plotted with data from Ref [28] and [29].
The grey vertical lines mark the pH at which the membranes were investigated

2. Experimental

2.1. Materials
Hollow fiber membrane and module preparation

Polyimide, type P84 was purchased from HP Polymer GmbH (325 mesh, STD).
Poly(ether ether ketone) powder PEEK 450 PF was purchased from Victrex PLC. Glycerol,
ethanol, both of analytical grade and concentrated sulphuric acid (96-98%, extra pure) were
obtained from Merck. 1-methyl-pyrrolidone (NMP), extra pure, was purchased from Across
Organics. Two component polyurethane (PUR System, Rohm & Haas) consisted of
components 634A and 725B was used for making the modules for clean water flux
measurements, filtration experiments and zeta-potential measurements.
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Buffers and protein solutions

The permeation of mixture of proteins through the membranes was studied using
buffered solutions of BSA, fraction V from Fluka, and Hb from bovine blood, a lyophilized
powder from Sigma Aldrich. The properties of these two proteins are listed in Table 1 [28,
30]. The experiments were carried out at three pH (4.8, 6.8, 7.5) with a binary mixture of
BSA and Hb (concentration 0.5g/l each protein) in 10mM buffers. Their ionic strength was
adjusted to 15mM with sodium chloride, 99.5%, purchased from Across Organics. The
protein solutions were filtered through the filtration paper (Rotilabo Faltenfilter, Roth) prior
to use in the filtration set-up. For pH 4.8 the acetate buffer was used and obtained by
dissolving in water the acetic acid (glacial 100%, anhydrous) from Merck and sodium acetate,
anhydrous from Across Organics. For pH 6.8 and 7.5 phosphate buffers were used and
prepared by dissolving in water monobasic sodium phosphate, monohydrate and dibasic
sodium phosphate, anhydrous, both obtained from Across Organics. Potassium chloride, as
well as, nitric acid 0.1mol/L, volumetric solutions for the zeta-potential measurements were
purchased from Fluka. Sodium hydroxide 0.1mol/L in ampoules (Titrisol) was obtained from
Merck. All these chemicals were of analytical grade and used as received. Water for pure
water flux experiments and for preparing the buffers was obtained from Millipore water
purification unit.

Table 1 Characteristics of albumin (BSA) and hemoglobin (Hb) [28,30]

Property BSA Hb
Molecular Weight, kDa 66.4 64.5
Number of aminoacids 583 574
Ratio of aminoacids 1:1.27 1:0.80
Nonpolar contact area, A? 1930 2300
Isoelectric point 4.8 6.8
Total surface area, A> 9500 9200
Contact Area as % of total surface area 20 25
Dimensions, A 140x40%x40 70x55%55

2.2. Preparation of hollow fiber membranes

PEEK was sulphonated in our laboratory according to the procedure described
elsewhere [14]. The sulphonation degree (SD) of SPEEK was calculated [8, 14] to be ~65%
from the ion exchange capacity measurements (IEC) corresponding to the IEC of around 1.88
mequiv/g. The polymers (P84 and PEEK) were used as received after drying them in the
vacuum oven at 30°C for 24 hours. The polymer dope solution (see composition in Table 2)
was stirred at room temperature for 48 hours; next it was filtrated through a metal filter with a
25um mesh and left for degassing for at least 24 hours. SPEEK was dissolved in a
concentration of 3% (w/w) in a mixture of NMP and water and left for degassing for 24 hours
before it was used as a bore liquid in the spinning process.

All membranes were obtained by dry-wet immersion precipitation spinning. The
dope solution along with the bore liquid were pumped simultaneously through a double
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orifice spinneret and after short residence time in the air, immersed into the water coagulation
bath. Two different spinnerets (but of similar dimensions, see Table 2) were used due to the
practical reasons. The take-up velocity of around 8m/min was controlled by a pulling wheel,
which enabled also stretching the fiber. All prepared membranes were washed out for 48 h in
water to remove the additives and solvents and afterwards impregnated with glycerol by
placing in the 20% (w/w) glycerol in water for 24 h. Finally, the membranes were dried in the
air. Two types of hollow fiber membranes were produced from the same dope solution, but
with different bore liquid compositions: a membrane prepared without SPEEK in the bore
liquid, will be referred as a P84 membrane, and the membrane prepared with SPEEK in the
bore liquid will be referred as P84/SPEEK membrane in the following sections of this paper.
Table 2 summarizes the spinning parameters of the two types of the investigated membranes.

Table 2 Spinning conditions of the investigated hollow fiber membranes

Parameter P84/SPEEK P84
Dope composition, % P84 22 22
NMP 66 66
Glycerol 12 12
Bore liquid composition, % NMP 87 -
Water 10 -
SPEEK 3 -
Ethanol - 100
Dope flow rate, ml/min 3.1 2.9
Bore liquid flow rate, ml/min 2.0 2.0
Air gap, cm 5.0 5.0
External coagulant Water Water
Spinning temperature 20°C 20°C
Spinneret, mm i.d. 0.8 0.6
o.d. 1.5 1.5

2.3. Scanning electron microscopy characterization

Samples for scanning electron microscopy (SEM) were prepared by freezing the
fresh wet fibers in liquid nitrogen and breaking them in order to expose the cross-sectional
area. Samples were allowed to dry under vacuum at 30°C overnight and subsequently they
were coated with a thin layer of gold using Balzer Union SCD 040 sputtering device.
Membranes were examined using Jeol JSM-5600 LV Scanning Electron Microscope with
Semaphore software for the determination of fiber dimensions.

2.4. Zeta-potential measurements

The zeta-potential of membranes was determined with a SurPAAS Electrokinetic
Analyzer (Anton Paar GmbH, Austria) based on the measurement of streaming potential or
streaming current. Modules were prepared with 1-3 fibers each, with length of around 4cm
and the space between the fibers completely filled with glue at the entire length of the
module. ImM KCI was used as the electrolyte circulating through the measuring cell
containing the membrane sample. The electrolyte was flowing through the lumen of the fiber
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and the zeta-potential of the lumen surface was determined assuming that the electrolyte
flows only in one direction along the fiber without entering the porous structure. The pH was
adjusted by automatic titration with 0.1 M solution of nitric acid and 0.1M solution of sodium
hydroxide in water. The electrolyte conductivity, temperature and pH value were measured
simultaneously.

The zeta-potential was determined in the pH range 3-11 with taking into account the
correction for the surface conductivity of the membrane [31]. When measuring the streaming
potential of samples with significant surface conductivity (like in case of polyelectrolytes),
the overall specific electrical conductivity is comprised of the conductivity of the bulk
electrolyte and the surface conductivity of the membrane. In such case the zeta-potential is
measured based on the streaming potential with a 100 M KCI solution. Due to the high
electrical conductivity of such concentrated solution, the surface conductivity can be
neglected and zeta-potential can be determined with known resistance of the measuring cell
with ImM and 100 mM KCI. Alternatively, the zeta-potential can be determined by
measurement of the streaming current which is insensitive to the surface conductivity
measurements. Here, the measurements were done with the streaming current method.

2.5. Pure water flux determination

The modules for the pure water flux measurements consisted of one fiber with an
effective length of around 16 cm. The flux was determined using a dead-end ultrafiltration
cell connected to a gas cylinder of compressed nitrogen to apply the feed pressure. The pure
water flux (J), 1/(m*h) was determined at different pressures up to 6 bar after the glycerol was
removed from the membrane (by flushing the membrane with pure water) and steady state
conditions were reached. The membrane permeance (P) was obtained from the slope of the
flux (J) vs. transmembrane pressure (Ap).

2.6. Filtration system

The experimental set-up for protein separation is shown in Figure 3.
Three modules with hollow fiber membranes were tested at each pH at room temperature. The
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Figure 3 Schematic of the filtration set-up
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membrane modules were prepared in the same way as for the pure water flux determination.

The membrane was conditioned by first flushing with pure water for 24 h, and subsequently
with the appropriate buffer for 2 h. The feed of 500 mL, composed of a binary mixture of
BSA and Hb in the buffer, was pumped (Waters 590 Programmable HPLC Pump) into the
lumen of the fiber, and the permeate solution exited from the shell (inside-out system), (cross-
flow filtration mode). Samples of feed, permeate and retentate were collected at various
intervals for testing the concentration and flux. Both retentate and permeate were recycled
back to the feed reservoir to keep the concentration of the feed solution constant during the
whole experiment. Samples were taken every 30 min for 4 h in the volume of max. 3 mL per
sample. The flow-rate of the feed was set at 9.0 mL/min and the pressure was regulated
manually by means of the ball valve at the retentate line to keep the feed pressure at
6.0 = 0.2 bar. The transmembrane pressure was monitored by pressure manometers placed at
the feed and retentate lines. Permeate and retentate fluxes were determined by measuring the
volume collected in time. The protein concentration in feed, retentate and permeate was
verified by an UV-Visible Spectrophotometer Cary 300 Scan (Varian). Hemoglobin solution
displays 2 absorbance maxima at 280 nm and 406 nm, whereas the BSA solution exhibits
only one absorbance maximum at 280 nm. Therefore, the Hb concentration in the protein
mixture was calculated from the absorbance at 406 nm and the BSA concentration was
assessed from the absorbance at 280 nm after subtracting the Hb contribution at this
wavelength [4, 32]. The permeation of each protein was expressed as sieving coefficient (SC):

2
N e——"

x100% (1)
Cp +Cp
where c is the protein concentration (g/L) and the subscripts P, R and F denote permeate,
retentate and feed, respectively.
The separation performance of the membrane is expressed by the separation factor o g, 4y

2)

Olgga/mp =

where SCpga is the sieving coefficient of BSA and SCyy is the sieving coefficient of Hb.

3. Results and discussion

3.1. Morphology and permeance of the membranes

Figure 4 shows SEM images of the two types of spun hollow fiber membranes: pure
P84 and P84/SPEEK. Both have a uniform sponge-like structure without macrovoids. The
inner layer of the P84 membrane looks much denser than in case of the P84/SPEEK
membrane. However, the P84 fiber has much higher pure water flux. The calculated
permeance of P84 hollow fiber membrane, P, is 43.3 1/(m*hourbar) and of P84/SPEEK is 6.5
I/(m*hourbar). The measurements were carried out for at least 6 h at single pressure and
through this time the flux was constant. Both membranes did not show any compaction within
the studied transmembrane pressure range (Fig. 5). From the SEM images, it seems that the
P84/SPEEK membrane has bigger pores than pure P84 membrane. However, the pure water

27



flux through the P84 membrane is higher. Probably, it is the overall porosity and pore
connectivity which determine the pure water flux. Besides, there is no visible, distinct layer of
SPEEK on the lumen side of the P§4/SPEEK fiber.

Figure 4 Cross-sections of the hollow fiber membranes prepared with (A, B) pure P84 and (C, D)
P84/SPEEK; (B, D) show at higher magnification the bore side of the hollow fiber
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Figure 5 Clean water flux vs. pressure for P84 and P84/SPEEK membrane
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3.2. Membrane charge

Figure 6 shows the zeta-potential results of the two membranes. The P84 membrane
has an isoelectric point (the pH where the measured zeta-potential is zero) at pH 3.75 and it is
negatively charged above this pH with the maximum negative charge of -21.5mV at pH 6.5.
The P84/SPEEK is negatively charged through the entire pH range and its zeta-potential is on
average 3 times higher than that of the P84 membrane, reaching -58.0 between pH 4.9 and
9.0. The zeta-potential is an indirect proof of the existence of SPEEK layer on the lumen
surface of the P84/SPEEK membrane. We propose two hypothetical mechanisms of
incorporating the polyelectrolyte to the membrane by this technique. One tentative
explanation is that the polyelectrolyte is physically bound in the inner separation layer of the
membrane forming polymer. The polyelectrolyte maybe anchored by interlocking and
entanglements between the chains of the membrane forming polymer and the polyelectrolyte.
The second possible explanation is that there exists a bond between the polyimide P84 and
SPEEK since they are acid-base pair. In any case (physical/chemical bound) the SPEEK layer
seems to be stable and is not removed during the spinning nor during the subsequent washing
step. The results of protein separation experiments suggest that the P84/SPEEK has higher
negative charge than for P84 membrane. The long term stability of the SPEEK layer could be
the subject of a future study.
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Figure 6 Zeta-potential as a function of pH for the P84 and P84/SPEEK membranes

The constant charge throughout a wide pH range permits a more controllable protein
separation, where the charge of the proteins can be adjusted by changing the buffer pH
without exceeding the limitations of the electrical properties of the membrane itself. It is
important to note that tests were made to investigate the chemistry of the P84/SPEEK
membranes by other analytical techniques such as Fourier Transform Infrared Spectroscopy
(FTIR), Scanning Electron Microscopy Combined with Energy-Dispersive X-ray
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Spectroscopy (SEM/EDX) without success. It seems that the sensitivity of these techniques is
not sufficient to detect the very small amount of SPEEK in the membrane.

3.3. Protein separation

Protein ultrafiltration of a binary mixture (BSA and Hb) was performed with the two
types of membranes, pure P84 and P84/SPEEK. Sieving coefficients for each protein, the
selectivity with respect to the two proteins and the filtrate flux, were determined and the
values shown are the average for three membrane modules tested at each pH (Fig. 7-10); lines
connecting the symbols are there to guide the eye). The average standard deviation of the
BSA sieving coefficient is 5% and of Hb sieving coefficient is 1%. Hence, the fluctuations of
the sieving coefficients do not represent changes in SC, but fall within the experimental error
(maxima and minima in Fig.7a and Fig.7b). Higher SC of BSA and lower SC of Hb mean
better separation performance of the membrane (higher selectivity). At all pH the ionic
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Figure 7a Sieving coefficient of BSA (full symbols) and Hb (open symbols) in time at different pH
for P84/SPEEK membrane. The lines connecting the points are used to guide the eye

strength of the buffers was low concentration (15 mM) to avoid shielding of the electrostatic
interactions between the proteins and the membrane. At a sufficiently high salt concentration
(typically above 200 mM) the salt will screen all the charged sites and the protein will not
experience the surface charge of the membrane [28].

Figure 7a shows the evolution of sieving coefficient of BSA and Hb in time at
different pH for P84/SPEEK membrane. Almost through the entire experiment, the SCpga 1S
the highest at its isoelectric point of pH 4.8. This is in agreement with literature [33]: the
highest sieving coefficient is observed when a protein is uncharged (in case there are no
strong electrostatic interactions with highly charged membrane). When a protein is charged
(either has a positive or negative charge) an electrostatic double layer is formed around the
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protein molecule by the counter-ions and co-ions present in the solution. This double layer
increases the effective size of the biomolecules, which can decrease the transmission of the
protein through the porous membrane. When a protein carries zero net charge, the electrical
double layer is absent and the protein size is the smallest. At higher pH the sieving coefficient
of BSA decreases, because the protein becomes more negative (Fig. 2) and it is rejected by
the negatively charged P84/SPEEK membrane (intrinsic electrostatic rejection).

In contrast to BSA, at pH 4.8, Hb is positively charged (Fig.2) and it is attracted by
the P84/SPEEK membrane. In fact, the Hb does not pass through the membrane, but it is
adsorbed on the membrane and its sieving coefficient is low. The adsorption of Hb can be
seen during the experiment with a bare eye — the hollow fiber membrane changes color and
becomes red due to Hb. After about 100min, when all the charged adsorption sites are
covered by Hb, a “dynamic membrane” is formed due to the selective (reversible) adsorption
of the protein molecules on the membrane. This “dynamic membrane” shields the negative
charge of the P84/SPEEK membrane and the Hb goes to the permeate side. Although the sign
of the “dynamic membrane” should be positive as the sign of Hb (see Fig. 2), it seems that the
electrostatic protein-protein interactions are less pronounced than the interactions membrane-
protein. The adsorption of Hb at pH 4.8 to the P84/SPEEK membrane can also be traced by
the dramatic decline of the filtrate flux in time (Fig. 8a; the flux was normalized by the initial
filtrate flux (Jp), which was evaluated within the first 4 min after start of the filtration). For the
P84/SPEEK membrane, at pH 4.8 the flux decreases to less than 20% of its initial value
reaching a quasi-steady value after 150 min. The Hb adsorption at the membrane surface at
this pH seems to be responsible for the slight decrease of the BSA sieving coefficient in the
later stage of the experiment, too (see Fig. 7a). At higher pH, when Hb and membrane are
both negatively charged, the flux decline is lower (~75% of Jy). The repulsion between
membrane and protein at pH 6.8 and 7.5 results in reduction of protein adsorption.
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Figure 7b Sieving coefficient of BSA (full symbols) and Hb (open symbols) in time at different pH
for P84 membrane. The lines connecting the points are used to guide the eye
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Figure 8a Normalized filtrate flux for the filtration of BSA/HDb solutions in time through the P84/SPEEK
membranes

At pH 6.8, although it is the isoelectric point of Hb, its transport through the
membrane stays lower than at pH 4.8, where after the “dynamic membrane” was formed, Hb
started “leaking” to the permeate, (SCpyp increased and opsamp decreased). Hb sieving
coefficient becomes even lower at higher pH, where Hb gains the negative charge and it is
rejected by the negatively charged membrane.

Figure 7b shows the sieving coefficient of BSA and Hb in time at two different pHs
for the P84 hollow fiber membrane. For both proteins the sieving coefficients are lower than
the ones obtained with membrane P84/SPEEK. In fact, Hb is almost completely retained by
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Figure 8b Normalized filtrate flux for the filtration of BSA/HDb solutions in time through the P84
membranes
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P84 membrane. This is most likely due to the higher hydrophobicity of the P84 membranes
which causes higher non specific adsorption of the proteins on the membrane, than for the
P84/SPEEK membrane, which is more hydrophilic due to SPEEK. The difference in the
SCgsa and SCpy, between pH 4.8 and 7.5 is not significant and within the experimental error.

In contrast to the P84/SPEEK membrane, the flux decline measured for P84
membrane (Fig. 8b) is much less dependent on the pH, which indicates less electrostatic
interactions membrane — protein than for P84/SPEEK membrane. At pH 4.8 higher membrane
fouling is observed for P84/SPEEK membrane due to the adsorption of positively charged Hb
on the highly negatively charged membrane. At this pH the electrostatic interactions
deteriorate the performance of the membrane. The effect of the charge seems to be dominant
at this pH over the increased hydrophilicity of the membrane, which should lower the protein
adsorption to the membrane. At pH 6.8 and 7.5 the situation is reversed and the P84/SPEEK
membrane shows less fouling than P84 membrane. Here, the electrostatic repulsion of
negative proteins by the negative membrane and the hydrophilicity act together against
specific and non-specific adsorption and both these properties are more pronounced for the
P84/SPEEK membrane. It seems that the slight negative charge of P84 is not as effective in
fouling reduction as the charge obtained by introduction of SPEEK into the membrane.

Figure 9 presents the overall selectivities of BSA/Hb obtained with P84 and
P84/SPEEK membranes. The agsa/mp increases with pH for both membranes; however for the
P84/SPEEK membrane the increase is more dramatic. There, at pH 4.8 the selectivity
decreases in time tending to zero due to the increase of SCyp, in time (see Fig.9). The
hemoglobin probably “leaks” to the permeate after formation of the “dynamic membrane”. At
pH 7.5 the average apsamb of the P84/SPEEK membrane is about 200 mainly due to the very
low Hb sieving coefficient (at this pH the Hb is almost completely rejected by the membrane).
As expected, for pure P84 membrane the dependence of BSA/Hb selectivity on pH is less
pronounced due to the lower charge on the membrane surface and the high non specific
interaction with the membrane.
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Figure 9 Selectivity BSA/HDb in time at various pH for P84/SPEEK (full symbols) and P84 (open
symbols) membrane. The lines connecting the points are used to guide the eye
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The higher transmission of BSA over Hb found in our work is consistent with the
results reported by Li and Chung [4] who studied mixture of the same proteins through a dual
layer hollow fiber composed of a polyethersulphone (PES) layer and a layer made of blend of
sulphonated polyethersulphone and PES. There the separation was performed at pH 6.8 and
the obtained BSA/Hb selectivity was less than 30 (in this work, it is 42 at the same pH). In
other work [34], a binary mixture of cytochrome c (isoelectric point at pH 9) and myoglobin
(isoelectric point at pH 7) with the ratio of MW 1.3 was separated using negatively charged
hydrolyzed polyacrylonitrile membrane with the highest selectivity 40 at pH 5. Similar
selectivity to the one found in this work was obtained by Van Reis et al. [35]. There a
separation of BSA and antigen binding fragment Fab (isoelectric point 8.5) with a ratio of
MW 1.5 through commercial Biomax'™ 100 negative membrane was found to have the
selectivity of 200 at pH 8.4. The BSA/Hb selectivity of 216 obtained in this work with
P84/SPEEK membrane is higher than the selectivities reported so far for the separation of
proteins with similar molecular weights.

It is also important to note that generally the transport behavior of a protein is altered
by the presence of other proteins in the solution. Due to the protein-protein interactions,
protein coupling often occurs which is more pronounced when proteins with opposite charge
are present in the solution. This results in lowering of transport of both proteins through the
membrane in the mixture solution in comparison to single protein solution [33, 36, 37]. All
the results of this work were obtained using binary mixture of BSA/Hb. We anticipate that SC
of the single BSA and single Hb through the membranes would be higher than those reported
here for the binary mixture.

An explanation should be made why BSA permeates through the membrane while
Hb is retained, even though they have similar molecular weight and at pH when they both are
negatively charged. Molecular weight and the net charge of a protein are not the only factors
which determine the protein permeation through a porous membrane. The other parameters
are shape, the binding charge and the ratio of hydrophilic to hydrophobic aminoacids. Neither
BSA nor Hb is a regular sphere (see Table 1). Although BSA has a slightly higher molecular
weight and larger total surface area, it is hemoglobin which possesses larger contact surface
area (calculated as the % of the total surface area which can interact with the solid surface, in
this case, a membrane). Moreover, Hb has more hydrophobic than hydrophilic aminoacids
(unlike BSA), which can contribute as the non-selective adsorption to the overall membrane
performance. As the result one can expect that, the Hb transport through the membrane is
lower than for BSA and this effect should be more pronounced in the case of P84 membrane
because of its higher hydrophobicity in comparison to the P84/SPEEK membrane.

Figure 10 presents the final protein selectivities determined after 4 hours of
experiment at various pH for both membranes. The final selectivities are chosen (and not the
average values within the time of experiment), because the influence of the membrane charge
on the separation efficiency is changing in time and the effects are most pronounced at the
end of the experiment. The P84 membrane shows a slight increase in selectivity from 36 at
pH
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4.8 to 62 at pH 7.5, while the P84/SPEEK membrane demonstrates an improvement in
protein selectivity from 4 to 216 in the same pH range. These results clearly show the effect
of the membrane charge and its influence on the separation performance.

4. Conclusions

This work presented a novel one-step technique to produce highly charged hollow
fiber membranes by dissolving a polyelectrolyte in the bore liquid. This technique might be a
new alternative for blending or co-extrusion, because it offers the advantage of the reduced
amount of the required polyelectrolyte with the simplicity of fabrication.
The produced P84/SPEEK hollow fiber membrane is negatively charged at the wide pH range
with the maximum zeta-potential of -58 mV (pH 4.9 to 9.0). In comparison, pure P84
membrane has isoelectric point at pH 3.75 and the highest zeta-potential of -21.5 mV. The
P84/SPEEK membrane has a uniform sponge-like pore structure with no macrovoids and pure
water permeance of 6.5 1/(m*h-bar).

The P84/SPEEK membrane produced by addition of SPEEK to the bore liquid
shows an improved performance concerning protein separation in comparison to the pure P84
membrane. While varying the pH, the selectivity of BSA/Hb for the P84/SPEEK membrane
increases from 4 to 216. At the same time fouling is notably reduced. Two properties of the
P84/SPEEK play a role in the improvement of the membrane performance: higher charge (in
comparison to the P84 membrane) and increased hydrophilicity. The P84/SPEEK membranes
might find application not only for protein separation, but also for salt rejection and other
fields of membrane technology where charged solutes need to be separated.
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Chapter 3

Chemistry in a spinneret
- On the interplay of crosslinking and phase inversion

during spinning of novel hollow fiber membranes
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Abstract

This work explores a new method of simultaneous membrane formation and
chemical modification in a spinning process for fabricating asymmetric composite hollow
fiber membranes. This method is based on controlled crosslinking reaction between the
membrane forming polyimide P84 and the chemically modifying poly(ethylene imine) (PEI)
dissolved in the bore liquid. We study the interplay between phase inversion and crosslinking,
which determines the final morphology and chemistry of the hollow fiber membrane.

Depending on the composition of chemically active bore liquid, two different types
of membranes can be fabricated. The first type is a membrane with a dense, crosslinked, gas
selective inner layer (thickness in the range 1.4-6.1 um) having a mixed gas CO,/N,
selectivity ~12 in presence of water vapor. The second type is an entirely crosslinked
membrane which is not soluble in NMP; it is porous (pure water flux 44.4 + 1.2 1/(m*bar-h))
and selective for the separation of similar size proteins, bovine serum albumin (BSA) and
hemoglobin (Hb), due to the charge of the membrane. The isoelectric point of the new
membrane is basic (pH 9.3), much higher than that of the P84 membrane (pH 3.75).

The ease of process operation (only the bore composition needs to be modified)
opens new perspectives towards applications in the area of gas separation and/or liquid
filtration, the latter especially in harsh solvent environments.
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1. Introduction

A major breakthrough in the history of membrane technology was the development
of an asymmetric membrane obtained by phase inversion by Loeb and Sourirajan in the
beginning of 1960s [1]. Another breakthrough was the development of asymmetric composite
membrane where an ultrathin different material layer is applied on top of a supporting porous
layer. In fact, several techniques to fabricate such composite membranes were explored over
the last decades. They can be classified in three groups [2, 3]:

(1) Solution coating, first used by Forester and Francis [4] and Ward and Browall [5].
Currently, this technique is used as a dip coating, spray coating or spin coating for
reverse osmosis, pervaporation and gas separation membranes. The dense selective layer
produced with this technique has a thickness in range of 0.5-2 um [2].

(i1) Polymerization reactions include interfacial polymerization and plasma
polymerization methods. The interfacial polymerization membranes are widely used in
reverse osmosis and nanofiltration, but not for gas separation because of the water-
swollen hydrogel that fills the pores of the support membrane. The method was
developed by Cadotte [6] and refined by Riley [7] and Kamiyama [8]. Plasma
polymerization was first used to produce electrical insulation and protective coating, but
selective membranes were prepared as well [9, 10]. Both polymerization techniques
result in an extremely thin dense film of thickness within the 50 nm range [3].

(ii1) Dynamical coating, technique developed by Johnson and Kraus [11, 12], in which
the selective layer is formed on the surface of a microporous support membrane by
filtering a solution containing suspended colloid. Membranes produced by this
technique found an application in reverse osmosis but proved to be unstable and difficult
to reproduce due to the loss of the colloidal surface in time [2].

The advantage of the composite membrane over integrally asymmetric membrane is
that each layer can be optimized independently to obtain the optimal properties with regard to
the membrane selectivity, permeation and chemical and mechanical stability. However, the
drawbacks are also obvious — these membranes have to be fabricated in many steps, which are
time and energy consuming. In some cases, the membranes have also poor stability [2, 3].

In this work, we describe a novel method to fabricate a composite hollow fiber
membrane in a one-step regular immersion precipitation dry-wet spinning by controlling the
interplay between phase inversion and crosslinking. The crosslinking takes place between the
amine groups of the poly(ethylene imine) (PEI) (Fig. 1) that is present in the bore liquid, and
the carbonyl groups of the imide rings of polyimide P84 (Fig. 1), the membrane forming
polymer. In contrast to the existing polyimide crosslinking as a post-treatment method [13-
21], and thus a second additional step of membrane modification, our method includes the
crosslinking in the spinning process.

We demonstrate that the interplay between crosslinking and phase inversion can be
controlled to obtain either porous completely crosslinked, solvent resistant hollow fiber
membranes, or membranes with a dense, gas selective crosslinked inner layer. The
crosslinking and phase inversion can take place simultaneously or one after each other. The
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thickness of the dense selective inner layer can be easily controlled by changing the
concentration of PEI in the bore liquid and/or the ratio of solvent/nonsolvent in the bore
liquid, shell liquid or polymer dope. Not only the crosslinking and formation of a dense layer
takes place, but also the membrane surface charge is altered and a new positively charged
membrane is obtained.
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Figure 1 Proposed crosslinking reaction between polyimide P84 and polyethyleneimine

2. Experimental

2.1. Materials

Hollow fiber fabrication

Polyimide, type P84 was purchased from HP Polymer GmbH (325 mesh, STD) and
poly(ethylene imine) PEI, high molecular weight (MW~25 000; Mn~10 000; containing 34%
primary amines, 40% secondary amines, and 26% tertiary amines), water-free, was obtained
from Aldrich. Glycerol, ethanol, both of analytical grade and 1-methyl-pyrrolidone (NMP),
extra pure, was purchased from Across Organics.
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Hollow fiber characterization

The transport of mixture of proteins through the membranes was studied with
buffered solutions of BSA, fraction V from Fluka, and Hb from bovine blood, a lyophilized
powder from Sigma-Aldrich. The properties of these two proteins are listed in Table 1 [22].
The experiments were performed at pH 4.8 and 7.5 with a binary mixture of BSA and Hb
(concentration 0.5 g/l each protein) in 10 mM buffers. The ionic strength of the buffers was
adjusted to 15 mM with sodium chloride, 99.5%, purchased from Across Organics. The
protein solution was filtered through the filtration paper (Rotilabo Faltenfilter, Roth) prior to

Table 1 Characteristics of albumin (BSA) and hemoglobin (Hb) [22]

Property BSA Hb
Molecular Weight, kDa 66.4 64.5
Number of aminoacids 583 574
Ratloof aminoscds e 1 s
Isoelectric point 4.8 6.8
Dimensions, A 140x40x40 70x55%55

use in the filtration set-up. For pH 4.8 the acetate buffer was used, obtained by dissolving in
water: acetic acid (glacial 100%, anhydrous, from Merck) and sodium acetate (anhydrous
from Across Organics). Phosphate buffer was used for pH 7.5, prepared by dissolving in
water monobasic sodium phosphate, monohydrate and dibasic sodium phosphate, anhydrous,
both obtained from Across Organics. Potassium chloride and nitric acid 0.1 mol/L, volumetric
solutions, for the zeta-potential measurements were purchased from Fluka. Sodium hydroxide
0.1 mol/L in ampoules (Titrisol) was obtained from Merck. All these chemicals were of
analytical grade and used as received. Water for pure water flux experiments and for
preparing the buffers was obtained from Millipore water purification unit.

2.2. Fabrication of a hollow fiber membrane

The polyimide P84 was used as received after drying in the vacuum oven at 30°C for
24 h. The polymer dope solution was stirred at room temperature for 48 h; next it was filtrated
through a metal filter with a 25 pm mesh and left for degassing for 48 h. Bore liquid and shell
liquid were left for degassing for at least 16 h.

All membranes were obtained by dry-wet immersion precipitation spinning. The
dope solution along with the bore liquid, and optionally with the shell liquid, were
simultaneously pumped through a triple orifice spinneret and, after short residence time in the
air, immersed into the water coagulation bath. The take-up velocity was controlled by a
pulling wheel, which enabled also stretching of the fiber. All prepared membranes were
washed out for 48 h in water to remove the additives and solvent. Membranes for pure water
flux measurements and protein filtration were impregnated with glycerol (by placing in the
20% (w/w) glycerol in water) to prevent the porous structure from collapsing upon drying.
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Afterwards, the hollow fiber membranes were dried in the air. Membranes for gas transport
experiments were directly dried in the air without impregnation.

The stability of membranes in NMP was evaluated by immersing pieces of hollow
fibers in NMP for 48 h and visual inspection of the fibers appearance afterwards.

Sixteen batches of hollow fiber membranes were produced by varying the
composition of polymer dope, bore liquid (mainly concentration of PEI from 0% to 20%) and
shell liquid. Ten representative batches were chosen and are presented in this work to show
the proof of concept and trends in the membrane fabrication. In each batch several meters of
fibers were produced (see Table 2). The categories of membranes designated as I and II were

Table 2 Parameters of the spun fibers

Shell liquid, Bore liquid, Inner layer Stability
No.  Batch % % density, pm in NMP*
Polymer dope: 22 % P84, 12 % glycerol, 66 % NMP
Ref. I-0 - 100 % ethanol - D
20 PEI Dense
1 I-1 - 70 NMP LND
10 H,0 2.6+0.2
10 PEI D
2 12 - 80 NMP | 4?;5061 LND
10 H,O ) ’
10 PEI
3 1-3 - 10 NMP - ND
80 H,O
10 PEI
4 1-4 - 45 Glyc - ND
45 EtOH
20 PEI
5o 2RV 70 NMP Jhemse LND
2 10 H,O ) )
10 PEI
75 NMP Dense
6 1I1-2 79 NMP LND
25 H,O 11 H,0 23+0.2
75 NMP 10 PEI Dense
73 95 h,0 90 NMP 3.6+02 LND
Polymer dope: 30 % P84, 70 % NMP
20 PEI
g 1 2R 70 NMP sl LND
2 10 H,O A EUAN
10 PEI
75 NMP Dense
9 -2 H5H,0 [ E%P 46+03um NP

D: Dissolved
ND: Not dissolved
LND: Layer not dissolved



spun from a solution containing 22% of P84, 66% NMP and 12% glycerol, while for the
fabrication of membranes marked as III a polymer solution of 30% P84 in NMP, without
glycerol, was used. Shell liquid was only used in preparation of fibers II and III.

Figure 2 presents schematic of the spinnerets which represent the three main
categories (I-III) of spun fibers together with the compositions of the dope solution, bore
liquid and shell liquid. Fiber I-0 was spun as a reference, with bore liquid containing no PEI.
The fibers spun with addition of PEI in the bore liquid will be referred as P84/PEI in the
following sections of this paper.

PEI/

nonsolvent

(water/Glyc/EtOH)/ PEI/NMP/ PEI/NMP/

(NMP) (water) water
22% P84 — 22% P84 — —
66% NMP 66% NMP 75% NMP 30% P84 75% NMP
12% Glyc 12% Glyc 25% H,0 70% NMP 25% H,0

Figure 2 Schematic of triple orifice spinneret with the compositions of the polymer dope, bore liquid
and shell liquid; (I) Fibers of category I, (II) Fibers of category II, (III) Fibers of category
111

2.3. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR)

PerkinElmer Spectrum 100 FTIR spectrometer equipped with universal ATR
polarization accessory was used to identify the chemical changes of the fiber. For these
measurements, the fiber I-1 was placed in NMP for 48 h. The undissolved part of the fiber
was rinsed for few times with fresh NMP and dried at 30°C in vacuum oven for 1 week.
Afterwards it was ground to powder in liquid nitrogen. The fiber I-0 (used as a reference) was
also ground and analyzed in the powder form. The typical imide bands and amide bands of
the crosslinked imide were used to identify the changes of the polymer structure.

2.4. Scanning Electron Microscopy

Samples for scanning electron microscopy (SEM) were prepared by freezing the
fibers in liquid nitrogen and breaking them in order to expose the cross-sectional area.
Samples were dried under vacuum at 30°C overnight and afterwards coated with a thin layer
of gold using Balzer Union SCD 040 sputtering device. Membranes were examined using Jeol
JSM-5600 LV Scanning Electron Microscope with Semaphore software for the determination
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of fiber dimensions. The thickness of the dense inner layer was determined by evaluating
three pieces of fiber from the same batch.

2.5. Zeta-potential determination

The zeta-potential of membranes was determined with a SurPAAS Electrokinetic
Analyzer (Anton Paar GmbH, Austria) based on the measurement of streaming potential or
streaming current. For this determination, we used modules having 1-3 fibers each, with
length of around 4 cm and the space between the fibers completely filled with glue at the
entire length of the module. 1 mM KCI was used as the electrolyte circulating through the
measuring cell containing the membrane module. The pH was adjusted by automatic titration
with 0.1 M solution of nitric acid and 0.1 M solution of sodium hydroxide in water. The
electrolyte was flowing through the lumen of the fiber and the zeta-potential of the lumen
surface was determined in the pH range 3-11, assuming that the electrolyte flows only in one
direction along the fiber without entering the porous structure. The electrolyte conductivity,
temperature and pH value were measured simultaneously.

2.6. Mixed gas measurements

The gas permeability of the hollow fiber membranes was measured with mixture of
carbon dioxide/nitrogen and water vapor in the set-up described elsewhere [23] [24]. The
modules containing 1-3 fibers with length of around 20 cm were tested in the inside-out mode
with a mixture of 10% CO, and 90% N, at 30°C with feed pressure 4 bar, first with dry gases
(water vapor activity aw = 0%), and subsequently with addition of water vapor (ay= 98%).
The average permeance (P) for three membranes was calculated and expressed in the gas
permeation unit (GPU), 10%m® (STP)/(cm*s-cm ng). The selectivity CO»/N, (0coanz) Was
also determined. For the hollow fibers having the selective layer inside, sealing of the fiber
cross-section at the inlets of the module is required otherwise the gases permeate through the
porous wall of the fiber without selective separation. To avoid this, after potting and cutting
the modules, pieces of 1 cm long silica capillaries were inserted into the fibers to the half of
the capillary length and the cross-sections of the fibers were covered with glue fixing the
capillary in place. After solidifying of the glue, the part of the capillary protruding of the fiber
was cut off.

2.7. Pure water flux measurements

The modules for the pure water flux measurement contained one fiber with an
effective length of about 16 cm. The flux was determined using a dead-end ultrafiltration cell
connected to a gas cylinder of compressed nitrogen to apply the feed pressure. The pure water
flux, J in 1/(m*h), was measured at different pressures up to 6 bar after the glycerol was
removed from the membrane and the steady state conditions were reached. The membrane
permeance (P) was obtained from the slope of the flux (J) vs. transmembrane pressure (Ap).

2.8. Protein filtration

The experimental set-up for protein filtration is presented in Figure 3. Three modules with
hollow fiber membrane were tested at each pH. The hollow fiber was conditioned by flushing
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with pure water for 24 h, and subsequently with the appropriate buffer for 2 h. The feed
(volume of 500 mL), composed of a binary mixture of BSA and Hb in the buffer, was

T A, BV Wa
HPLC Feed |-ty
Pump Reservoir [kt
Feed Retentate
Manometer Manometer

Hollow Fiber Backpressure
Membrane Module Valve

Figure 3 Scheme of the filtration set-up

pumped (Waters 590 Programmable HPLC Pump) into the lumen of the fiber and the
permeate solution excited from the shell (inside-out system, cross-flow filtration mode). All
the experiments were carried out in the laminar flow regime. Samples of feed, permeate and
retentate were collected at various intervals for measuring the concentration. Both retentate
and permeate were recycled back to the feed reservoir to keep the concentration of the feed
solution constant during the entire experiment. Samples were taken every 30 min for 4 h
(max. 3 mL per sample). The flow-rate of the feed was set at 14.0ml/min and the pressure was
regulated manually with a ball valve at the retentate line to keep the feed pressure at
6.0 = 0.2 bar. The transmembrane pressure was monitored by means of pressure manometers
placed at the feed and retentate lines. The protein concentration in feed, retentate and
permeate was verified by an UV-Visible Spectrophotometer Cary 300 Scan (Varian).
Hemoglobin solution displays 2 absorbance maxima at 280 nm and 406 nm, whereas the BSA
solution exhibits only one absorbance maximum at 280 nm. Hence, the Hb concentration in
the protein mixture was calculated from the absorbance at 406 nm and the BSA concentration
was assessed from the absorbance at 280 nm after subtracting the Hb contribution at this
wavelength. The permeation of each protein was expressed as sieving coefficient (SC):

2
SC=—25" _ %100% (1)
Cp +Cp
where c is the protein concentration (g/L) and the subscripts P, R and F denote permeate,
retentate and feed, respectively.

The separation efficiency of a membrane is expressed by the separation factor oy,

SCBSA

Olgga/mp =
SC
Hb

2)

where SCpgsa is the sieving coefficient of BSA and SCy is the sieving coefficient of Hb.
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Figure 4 SEM images of the hollow fibers of category I (polymer dope: 22% P84, 12% glycerol, 66%
NMP; no shell liquid); composition of bore liquid: (I-0) 100% ethanol; (I-1) 20% PEIL, 70%
NMP, 10% H,0; (I-2) 10% PEI, 80% NMP, 10% H,O; (I-3) 10% PEIL, 10% NMP, 80%
H,0; (I-4) 10% PEI, 45% Glyc, 45% EtOH
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3. Results and discussion
3.1. Effect of PEI in the bore liquid

Membrane morphology

Figure 4 shows the SEM images of the reference pure P84 fiber (I-0) and the
P84/PEI (I-1) fiber spun with 20% PEI in the bore liquid (for the exact compositions of
spinning solutions see Table 2). The bore side of the pure P84 fiber has a porous structure,
while for the fiber I-1, there is no gradient in porosity, but a dense layer of ~ 2.6 pm is
obtained. When this fiber is placed in NMP, the outer porous layer is dissolved, while the
inner layer stays intact and remains as a green, flexible gel-like capillary.

Membrane chemistry

The inner dense layer of the P84/PEI (I-1) hollow fiber was further investigated by
ATR-FTIR analysis. Figure 5 compares its spectra with the P84 (I-0) reference membrane
fabricated without PEI. For the pure P84 membrane, characteristic absorption bands for the
imide groups are observed: at 1779 cm™ (symmetric C=O stretching), 1721 cm™ (asymmetric
C=O0 stretching) and 1357 cm™ (C-N stretching). For the dense layer of the P84/PEI fiber,
peaks at the wavelengths characteristic for the imide groups are also detected, but of lower
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Figure 5 FTIR spectra of the P84 (I-0), fiber and the cross-linked layer of the P84/PEI (I-1) hollow
fiber; (I-0): bore liquid: 100% ethanol, (I-1): bore liquid: 20% PEI, 70% NMP, 10% H,0;
both fibers have the same composition of dope solution (22% P84, 12% glycerol, 66%
NMP); shell liquid was not used

intensity. Furthermore, the typical peaks of amide groups, being a result of crosslinking
between imide groups of P84 and amine groups of PEI are visible (Figure 5): at 1656 cm™
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(C=0 stretching) and 1547 cm™ (C-N stretching). The presence of imide groups suggests that
degree of crosslinking is below 100%. The multiply broad peaks between 2600 cm™ and 3200
cm” (N-H stretching) indicate the existence of tertiary amine groups, while the weak bands
above 3150 cm™ of a very low intensity are a sign of residual free secondary and primary
amines. This ATR-FTIR data of the inner layer of the P84/PEI (I-1) fiber together with the
fact that this layer does not dissolve in NMP suggests that crosslinking of P84 with PEI
occurs in this dense layer of the fiber.

Zeta-potential

Figure 6 shows the zeta-potential of the I-1 hollow fiber membrane with 20% of PEI
in the bore liquid in comparison to the P84 membrane produced without PEI (I-0). The P84
membrane has the isoelectric point (IP, the pH where the zeta-potential is zero) at pH 3.75
and it is negatively charged above this pH with the maximum negative charge of -21.5 mV at
pH 6.5. The P84/PEI crosslinked membrane has IP at pH 9.3. These results are consistent
with work done by Trimpert et al. [25] who modified the poly(ether imide) with two types of
poly(ethylene imine): a linear low-molecular weight PEI Mn=600 resulting in the IP of 8.3,
and a branched high-molecular weight PEI Mn=60 000 resulting in the IP of 10.1. The
positive charge at the membrane surface may be attributed to the free amine groups (detected
also with the ATR-FTIR) remaining after the crosslinking reaction between P84 and PEI.
Most of the work done on crosslinking polyimide membranes with amines aims at increasing
the chemical resistance of membranes e.g. for the organic solvent filtration. Only recently, the
efforts were done to show the possibility of influencing the membrane charge with amine
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Figure 6 Zeta potential of the P84 (I-0) and the P84/PEI (I-1) hollow fiber membranes; (I-0): bore
liquid: 100% ethanol, (I-1): bore liquid: 20% PEIL, 70% NMP, 10% H,0; both fibers have
the same composition of dope solution (22% P84, 12% glycerol, 66% NMP); shell liquid
was not used
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crosslinking. Trimpert et al. [25] suggested the poly(ether imide) membranes modified with
PEI as a promising material for in vitro cell culture for epidermal transplants and Ba et al.
[21] reported the improved salt rejection for the positively charged P84 membrane crosslinked
with PEIL. The benefit of the method suggested here is to eliminate subsequent modification
steps. Our chemistry-in-a-spinneret approach requires the tuning of a liquid flow in an already
existing spinning process.

Gas vs liquid transport

The reference P84 (I-0) and P84/PEI (I-1) hollow fibers were tested using mixture of
CO; and N; to determine the gas transport through the membranes and their selectivity. The
tests with dry gases (ay=0) did not show a CO,/N; selectivity for any of the membranes.
However, introduction of water vapor into the system (ay=98%) revealed a CO,/N;
selectivity (the flux of CO, increased compare to the dry state, the N, flux did not change) for
the P84/PEI membrane with dense inner layer. The acoanz up to 11.6 was obtained with the I-
1 hollow fiber membrane. Perhaps, in the presence of water vapor facilitated CO, transport
takes place in the crosslinked membranes due to the presence of PEIL. As it is known [26-28],
in presence of water vapour CO; has high solubility in tertiary amines (here, the functional
groups of PEI). The low gas permeance of the membrane (less than 2 GPU) may be attributed
to the decrease in gas diffusivity due to the crosslinking (reduction in free volume, chains
mobility and interstitial space among chains) [15, 17, 29]. Ideal selectivity CO,/N; of around
40 and CO, permeance of 4.9 GPU (for skin layer average thickness of 0.45 um) have been
reported in the literature for P84 membrane at the same experimental conditions [30]. This
verifies that in this work we prepared modified P84 membranes.

3.2. Interplay of crosslinking and phase inversion

Ten different batches with various compositions of dope solution, bore liquid and
shell liquid were used to evaluate the spinning process. Figures 4,7,8 present SEM images of
the fibers grouped in three categories, I, II, and III, respectively. Only one fiber, II-3, spun
without addition of water in the bore liquid has finger-like macrovoids around the bore (for
the proposed explanation see next sections). All the other fibers have no macrovoids and have
centrally placed bore. Table 2 summarizes the results of the interplay between phase inversion
and crosslinking for these fibers. The thickness of the dense inner layer (when visible) was
estimated with help of the SEM software. Three different membrane structures are
distinguished: Membranes that are completely dissolved in NMP (designated as D, dissolved),
membranes that are intact in NMP (designated as ND, not dissolved), and membranes where
the inner layer is not dissolved in NMP (designated as LND, layer not dissolved).

Effect of PEI concentration in the bore liquid

Fibers II-1 and II-2 were fabricated with the same ratio of NMP/water (~7:1) in the
bore liquid, but different PEI concentration. The fiber II-1 spun with 20% PEI has a dense
layer of 4.1 um, while fiber 1I-2 spun with 10% PEI has a dense layer of 2.3 um. When
increasing the concentration of PEI in the bore liquid, the thickness of the dense layer

increases, too. For both fibers, only the dense layer is crosslinked and it is not dissolved in
NMP.
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Figure 7 SEM images of hollow fibers of category II (polymer dope: 22% P84, 12% glycerol, 66%
NMP; shell liquid; 75% NMP, 25% H,0); composition of bore liquid: (II-1) 20% PEI, 70%
NMP, 10% H,O0; (I11-2) 10% PEI, 79% NMP, 11% H,O; (II-3) 10% PEI, 90% NMP

Effect of solvent / nonsolvent ratio in the bore liquid

The important aspect to study here is how the ratio solvent/nonsolvent in the bore
liquid influences the final structure of the membrane. Fibers [-2 and I-3 were fabricated with
the same concentration of PEI in the bore liquid, but different ratios of NMP/water. Fiber I-2
(NMP/water ratio 8:1) has a dense inner layer of 1.4 um, while fiber I-3 produced with
NMP/water ratio 1:8 in bore liquid is fully porous. This suggests the existence of interplay
between the phase inversion and crosslinking. Higher amount of NMP in the bore liquid
delays phase inversion giving time for crosslinking with PEI. This results in the formation of
dense crosslinked skin which hinders the flow of PEI further through the wall of the fiber. As
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a result, we obtain a hollow fiber having a crosslinked inner layer not soluble in NMP,
whereas the rest of the membrane is basically P84 soluble in NMP.

When the ratio of NMP/water is low in the bore liquid (fiber 1-3), the phase
inversion happens fast and the membrane porous structure is formed before the crosslinking
can occur. In this case, PEI transport across the wall takes place and the entire fiber is
crosslinked (the entire fiber is not dissolved in NMP and there is no dense inner layer, see
Table 2). When bore liquid without NMP is used (fiber 1-4) but with glycerol and ethanol
instead, no distinctive layer is noticed: the fiber is porous and entirely crosslinked. Glycerol
and ethanol are soft nonsolvents for P84 and were used as water replacement for the practical
reasons. 100% water in the bore liquid makes the spinning process very difficult (pulling and
stretching of the fiber) as the phase inversion occurs very rapidly, while glycerol and ethanol
slow down the coagulation process: they are soft coagulants.

One can also compare fibers II-2 and II-3. Both had the same concentration of PEI
in the bore liquid (10%), but fiber II-2 spun with addition of water in the bore liquid has a
dense skin of 2.3 pm, while fiber II-3 spun with no water has a thicker skin of 3.6 um. After
placing these fibers in NMP, only the outer layer is dissolved.
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Figure 8 SEM images of hollow fibers of category III (polymer dope: 30% P84, 70% NMP; shell
liquid: 75% NMP, 25% H,0); composition of bore liquid: (III-1) 20% PEI, 70% NMP, 10%
H,0; (111-2) 10% PEI, 79% NMP, 11% H,0

Fiber II-3 spun without water in the bore liquid has macrovoids. Generally,
macrovoids appear in polymer/solvent/nonsolvent systems when instantaneous demixing
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occurs. They are however absent in systems where delayed demixing occurs [3]. Since there
is no water in the bore liquid, crosslinking happens most likely instantaneously and
completely before the phase separation is completed. The dense crosslinked inner layer
hinders diffusion of solvent out of the membrane resulting in growth of macrovoids close to
the bore side. Generally, macrovoids are not favorable as they may lower the mechanical
strength of the fiber and compromise the selectivity. However, the macrovoids in II-3 fiber do
not traverse the dense inner layer (the selective layer) and no loss of mechanical strength of
this fiber in comparison to the other fibers is noticed.

Effect of solvent / nonsolvent ratio in shell liquid

The thickness of the dense layer can be also controlled by the shell liquid. Fibers I-1
and II-1 were spun with the same composition of the polymer dope and bore liquid, but for
the fabrication of fiber II-1 shell liquid consisted of 75% NMP was used (dense skin of
4.1 um was obtained), while the fiber I-1 was spun without a shell liquid but directly into the
water coagulation bath (dense skin of only 2.6 um). It seems that NMP in the shell liquid
delays the phase inversion and allows a deeper penetration of the PEI into phase separating
polymer solution. As a result, thicker dense skin is formed.

Effect of nonsolvent in the dope solution

The morphology and chemistry of the fiber are influenced not only by the
concentration of the nonsolvent in the bore and shell liquid, but also by the amount of
nonsolvent in the polymer dope. This effect can be seen when comparing two pairs of fibers:
II-1 with III-1 and II-2 with III-2, which were fabricated with the same compositions of bore
liquid and shell liquid, but for fibers II the glycerol was added in the polymer dope. The fibers
I prepared without the glycerol in the dope have a thicker dense layer than fibers II: 1.4
times for the 20% PEI and 2.0 times for the 10% PEI in the bore liquid. In this case (as also
shown earlier), lowering the amount of nonsolvent in the dope solution (here removing the
glycerol) causes delayed demixing. As a result crosslinking occurs and a thicker dense skin is
formed. It should be mentioned that for fibers of category III the polymer concentration was
increased, which can also have an effect on the final membrane structure, particularly by the
increase of the dense layer thickness.

The above systematic study demonstrates that two different types of fibers can be
fabricated in one step spinning depending on the composition of the bore liquid. When using
no or very small amount of nonsolvent together with PEI as crosslinking agent, a fiber with a
dense crosslinked inner layer is obtained. When using higher amount of nonsolvent in the
bore liquid — porous and fully crosslinked porous fiber is obtained. Moreover, the thickness of
the dense inner layer can be easily controlled and tuned by changing the ratio
solvent/nonsolvent in the bore liquid, shell liquid and polymer dope. The difference between
the two types of membranes can be seen with a naked eye — the fully crosslinked hollow
fibers are entirely green, while the fibers with a dense layer have two colors: green on the
inside (dense layer) and yellow (as pure P84) on the outside.
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Gas vs liquid transport

Four representative batches of fibers (out of the ten batches fabricated) were further
investigated concerning gas and liquid transport. The results are presented in Table 3.
Membranes with dense skin have gas selectivity and no water transport, while the porous
membranes are permeable to water and have no gas selectivity.

The higher selectivity of I-1 membrane (11.6) than that of membrane I-2 (2.8) can
be attributed to the lower nitrogen permeance through the I-1 membrane. This membrane was
produced with higher concentration of PEI in the bore liquid and therefore has thicker dense
skin of probably higher degree of crosslinking. Both factors may cause decrease of the
nitrogen permeance (decrease of the diffusivity). However, permeance of carbon dioxide is
not affected by the higher PEI concentration. Perhaps the decrease of CO; diffusivity due to
the crosslinking is balanced by the increase of its solubility.

Table 3 Characteristics of the hollow fiber membranes

Bore liquid, Tnner layer, Pure water Mixed gases with Ao
Batch o m permeance water vapor permeance Mixed gases
° H 1/(m>h-bar) GPU ay=98%
I-0 100 EtOH - 433 +3.1 - -
20 PEI
Dense (N;) =0.08+0.01
I-1 70 NMP 0* . 11.6
10 H,0 2.6 (CO,)=0.93 +£0.03
10 PEI
Dense (N,) =0.35+0.01
I-2 80 NMP 0* . 2.8
10 H,0 1.4 (CO,)=0.98 +£0.05
10 PEI
-4 45 Glyc - 444 +£1.2 - -
45 EtOH

Up to TMP = 6bar no water transport was noticed over 12 h

The porous fully crosslinked membrane P84/PEI (I-4) and the reference membrane
P84 (I-0) without PEI have similar pure water flux (44.4+1.2 1/(m*h-bar) and 43.3 +3.1
1/(m*h-bar), respectively, Fig. 9). The ability of the porous P84/PEI (I-4) membrane to
separate solutes in liquid system was tested with a binary mixture of similar size proteins
BSA and Hb (see Table 1, [22]) and compared with the reference P84 (I-0) membrane (Fig.
10). As the zeta-potential measurements demonstrated, the P84/PEI membrane carries
positive charge in the range of the investigated pH (4.8 and 7.5), while the pure P84 is slightly
negatively charged. The interactions of charged membrane should vary with pH due to the
change of the proteins charge (see Table 4). The ionic strength of the buffers was low
(concentration 15 mM) to avoid shielding of the electrostatic interactions between the proteins
and the membrane. Figure 10 presents the results of the proteins filtration at two different pH
for both membranes (lines connect the symbols to guide the eye). For both pH, the separation
of proteins is due to the permeation of BSA and almost complete retention of Hb, and
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Figure 9 Pure water flux vs transmembrane pressure for P84 (I-0) and P84/PEI (I-4) hollow fiber
membranes; (I-0): bore liquid: 100% ethanol, (I-4): bore liquid: 10% PEI, 45% glycerol,
45% ethanol; both fibers have the same composition of dope solution (22% P84, 12%
glycerol, 66% NMP); shell liquid was not used
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Figure 10 Sieving coefficient of BSA and Hb in time at various pH for P84/PEI (I-4) (full symbols)
and P84 (I-0) (open symbols) hollow fiber membrane (lines connect the symbols to guide
the eye); Reynolds number: for P84/PEI (I-4) fiber: 600 at the feed stream, 350 at the
retentate stream; for P84 (1-0) fiber: 415 at the feed stream, 230 at the retentate stream

therefore only the BSA sieving coefficient is discussed further. For P84 membrane, SCgsa is
constant in time at both pH, but slightly higher at pH 4.8, which is the isoelectric point of
BSA and no electrostatic interactions membrane-protein are expected (see Table 4). At pH
7.5, the membrane, as well as the BSA, carry negative charge and due to the repulsion, the
SCgsa 1s lower. For the P84/PEI membrane, the situation is opposite: at pH 7.5 the membrane
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carries positive charge, while the BSA is negatively charged and therefore attracted by the
membrane resulting in higher sieving coefficient, in agreement with others [31]. At pH 4.8,
the SCgsa is rather constant in time (no electrostatic interactions between the positively
charged membrane and neutral protein), while at pH 7.5, SCgsa decreases, most probably due
to the adsorption of the negatively charged BSA on the positively charged membrane.

Table 4 Charge of the membranes and proteins at investigated pH

Charge of membrane Charge of protein
pH P84 P84/PEI BSA Hb
4.8 - + 0 +
7.5 -- + - -

In conclusion, the results of the protein filtration experiments show that these
proteins can be separated with the I-4 P84/PEI membrane. Moreover, there is an evidence of
the positive charge carried by the membrane, which influences the protein separation.

It is finally worth to note that crosslinked P84 membranes have been reported in the
literature for the use in liquid systems, mainly for the solvent resistant nanofiltration, as the
crosslinking gives the chemical resistance against some organic solvents [18-21, 32]. This
could be a potential application for the developed membranes, too.

4. Conclusions and outlook

This work presented a novel method to produce a composite hollow fiber membrane
in a one-step immersion precipitation spinning, based on the crosslinking of the polyimide
P84, the membrane forming polymer, with PEI dissolved in the bore liquid.

In fact, two different types of membranes were fabricated by the interplay of phase
inversion and crosslinking. By increasing the concentration of solvent (here NMP) in the bore
liquid, hollow fiber membrane with dense inner gas selective layer was produced. The
thickness of the layer can be tuned by changing the ratio solvent/nonsolvent in the bore liquid,
shell liquid and dope solution. By increasing the concentration of nonsolvent in the bore
liquid, entirely crosslinked ultrafiltration membrane was produced with pure water flux of ~
40 1/(m*-bar-h). The free tertiary amine groups of PEI, which are not used for crosslinking,
induce a positive membrane charge which can be used for separation of similar size proteins
BSA and Hb. In case of the hollow fiber membranes with dense, crosslinked inner layer, a
CO,/N; selectivity up to 11.6 is observed in presence of water vapor.

Further research to improve the performance of the hollow fiber membranes
prepared with this novel technique should focus on formation of very thin dense skin for the
gas separation as well as tailoring the fiber crosslinking to achieve stability in various
solvents.
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The new method of fabricating composite hollow fiber membrane via the interplay
of phase inversion and crosslinking is simpler and less time consuming in comparison to other
multi-step techniques. Moreover, it is less expensive and more environmental friendly as it
does not require large amounts of solvents, normally involved in the post-treatment
crosslinking. This new method may open the perspectives towards fabrication of novel gas
separation membranes, nano- and ultrafiltration, as well as, solvent resistant membranes.
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Chapter 4

Solvent-resistant mixed matrix membrane adsorbers
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Abstract

This work reports new mixed matrix hollow fiber membranes for adsorption of
biomolecules from organic solvents. The membranes are composed of polyimide P84, the
porous matrix forming polymer, and cation exchange particles incorporated in this matrix.
These macroporous membranes, having a homogenous structure with a uniform distribution
of particles, are crosslinked with ethylene diamine (EDA) and they are therefore resistant in
organic solvents such as dimethyl sulphoxide (DMSO) and N-methyl pyrrolidone (NMP). The
crosslinked mixed matrix membranes have very high water flux, but lower fluxes of the
organic solvents, most likely due to the swelling.

In aqueous solutions, the membranes have high static adsorption capacity for bovine
serum albumin (BSA) (125.3 mg BSA/ g particles) and lysosyme (Lys) (139.2 mg Lys/g
particles) due to the electrostatic interactions between the positively charged proteins and
negatively charged particles of the mixed matrix membrane. There is no loss of the adsorption
capacity due to the membrane formation which suggests good accessibility of the adsorptive
particles inside the mixed matrix membrane.

The static adsorption capacity of lysosyme in DMSO and cholesterol in NMP is lower
than in the aqueous systems. Here, adsorption is due to the hydrophobic interactions and is
also lowered by the membrane swelling. The advantage is, however, the better accessibility of
the particles in the membrane in comparison to the suspension of particles, which undergo
aggregation in organic solvents.

The ease of preparation of these membranes opens new perspectives in the field of
biomolecules processed or isolated from non-aqueous media.
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1. Introduction

Proteins dissolved in neat organic solvents (as opposed to their natural aqueous
environment) offer interesting biotechnological opportunities. They are an alternative
approach to downstream processing, particularly for hydrophobic proteins [1, 2] and a novel
strategy for transdermal delivery of pharmaceutical proteins [3]. Enzymes can catalyze
processes that are not possible in water but in organic solvents [4]. The area of industrial
bioconversions, e.g. production of specialty chemicals and polymers is limited currently to
aqueous media. However, most of the enzymes and biomolecules are not soluble in water,
moreover water often promotes unwanted side reactions and degrades common organic
reagents [4]. Furthermore, the thermodynamic equilibrium of many biological processes is not
favorable in water. Thus, the catalysis in organic solvents as well as the mapping of protein
surfaces with solvent crystal structures have been developing very fast over the last decades
[5, 6].

Enzymes are often thermally labile in water which promotes the conformational
mobility of protein molecules, as well as deleterious reactions as deamidation or hydrolysis of
peptide bonds [7-9]. In organic solvents, however, the stability of enzymes seems to be
improved as it was documented for ribonuclease [10] and lipase [11] with their half-lives of
several hours in anhydrous solvents at 100°C in comparison to few seconds in water at this
temperature. Moreover, in organic solvents enzymes are more stable against proteolysis, since
most of the proteases (excreted by contaminating microorganisms) are insoluble in such
media and thus cannot interact [12].

The employment of solids for the removal of specific (also solid) components from
liquid mixtures based on their physical and chemical properties (known as solid phase
extraction) has been widely used in the past [13-17]. The affinity of the adsorptive solid for
specific molecules can be classified in terms of hydrophobic, hydrophilic or charged
functionalities, in particular ion exchange effects, molecular (imprinted) recognition or other,
specific interactions.

Recently, mixed matrix adsorber membranes entered the field of solid phase
extraction, offering the advantages of the membrane technology: easy scale-up, high
throughputs and low pressure drop [18-24]. This adsorption-based separation involves the
preferential partitioning of the adsorbate molecules from the liquid phase onto the surface of
substrate, here the ion exchange particles incorporated in the polymeric porous matrix, based
on the electrostatic interactions between the charged biomolecules and particles. Mixed
matrix adsorber membranes can be produced with any type/size of entrapped particles and
many types of polymeric materials, all together shaped either in flat or fiber form. So far,
however, the mixed matrix membranes were applied only in aqueous systems.

In this work, we demonstrate new solvent resistant mixed matrix membranes than
can be applied for solid phase extraction of biomolecules from organic solvents. For this, a
polyimide P84 is chosen as it can be easily crosslinked with amines and thus become resistant
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to some organic solvents. A solution of polyimide P84 with dispersed cation exchange
particles is spun into microporous hollow fiber membranes in a dry-wet immersion
precipitation spinning via a phase inversion process. As a post-treatment, the fibers (in fact,
only the membrane forming polymer P84; the particles are composed of solvent resistant
crosslinked polystyrene with sulphonic acid functionalities) are crosslinked with
ethylenediamine (EDA). The reaction takes place between the amine groups of EDA and the
carbonyl groups of the imide rings of polyimide P84 [25, 26]. The prepared hollow fiber
membranes are tested with three biomolecules, bovine serum albumin (BSA), lysozyme (Lys)
and cholesterol (Chol).

Bovine serum albumin is only used as a model protein in aqueous systems. The
isoelectric point of BSA is 4.8 and to keep the positive charge in order to interact with
negative particles, it is investigated at pH below its isoelectric point. Lysozyme (isoelectric
point at pH 11.0) is a hydrolase, an enzyme that damages bacterial cell walls. It dissolves well
in DMSO (up to 50 mg/ml at 30°C, [1]), a neat organic solvent with high stability, low
toxicity and infinite miscibility with water. Lysozyme is extensively used in pharmaceutical
and food industry, mainly for extraction of bacterial intracellular components, or as an anti-
microbial or preservative agent. It possesses also antibiotic, anti-inflammatory, antihistaminic
and antitumor effects [24]. Cholesterol is a biologically important steroid metabolite being a
component of cell membranes and serum lipoproteins [27]. Investigation on cholesterol is
done not only in terms of its fast and reliable detection in blood, but also in biotechnology for
cell culturing [28], and as an intermediate for pharmaceutical and biotechnological synthesis
[29]. As a hydrophobic and polar molecule, and thus not soluble in water, it has to be
processed in organic solvents. These molecules, both playing important roles in the
mammalian bodies and widely used in biotechnology, are used in this work to demonstrate
the adsorption properties of the solvent resistant mixed matrix membranes which are
characterized in terms of static adsorption capacity, adsorption and desorption kinetics, and
adsorption isotherm. First, the behavior of BSA and Lys is tested in the aqueous systems,
subsequently followed by investigation of Lys and Chol in organic solvents: dimethyl
sulphoxide (DMSO) for Lys and N-methyl pyrrolidone (NMP) for Chol.

2. Experimental
2.1. Materials

2.1.1. Hollow fiber fabrication

Polyimide, type P84 was purchased from HP Polymer GmbH (325 mesh, STD) and
used as membrane material without further modification. Glycerol of analytical grade and N-
methyl pyrrolidone (NMP), extra pure, were obtained from Across Organics. The strong
cation exchange resins SCX Lewatit Monoplus112 WS with sulfonic acid group as the
functional group (ion exchange capacity 1.75 eq/L), and mean particle diameter 680 pm, were
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kindly supplied by Caldic Belgium. Methanol and n-hexane, both of analytical grade, were
purchased from Merck and ethylenediamine (EDA) was obtained from Sigma-Aldrich.

2.1.2. Hollow fiber characterization

Dimethylsulfoxide (DMSO) and acetone, both of analytical grade, were purchased
from Merck. Bovine serum albumin (BSA), fraction V (Fluka), lysozyme from chicken egg,
(Sigma-Aldrich)), and cholesterol, 95% (Sigma-Aldrich) were employed as adsorbates. For
pH 4.5 acetate buffer was used, obtained by dissolving in water: acetic acid (glacial 100%,
anhydrous, from Merck) and sodium acetate (anhydrous from Across Organics). Phosphate
buffer was used for pH 7.4, prepared by dissolving in water monobasic sodium phosphate,
monohydrate and dibasic sodium phosphate, anhydrous, both obtained from Across Organics.
Bradford reagent was prepared according to the procedure described elsewhere [30] using
Coomassie Brilliant Blue G250, ethanol and orthophosphoric acid 85%, all chemicals from
Merck. Water for pure water flux experiments and for preparing the buffers was obtained
from Millipore water purification unit.

2.2. Membrane preparation

2.2.1. Adsorbent preparation

The ion exchange particles were milled and sieved through a 20 um sieve. The
particle size distribution was measured using a Microtrax X-100 from Leeds & Northru, after
ultrasonification treatment with Branson Sonifier 450 to break down the formed
agglomerates. The average diameter of the particles used for the mixed matrix membrane
preparation was estimated to be 7.9 um. In fact 50% of particles are of this diameter.

2.2.2. Membrane fabrication

The polyimide P84 and ion exchange particles were dried in the vacuum oven at
30°C for 24 h. The polymer dope solution was stirred at room temperature for 48 h, then the
ion exchange particles were added. The solution was stirred for another 12 h and left for
degassing for 24 h. Bore liquid was left for degassing for at least 12 h. The compositions of
dope solution and bore liquid are shown in Table 1. The particles loading was 60%. All
membranes were obtained by dry-wet immersion precipitation spinning. The dope solution
along with bore liquid were simultaneously pumped through a double orifice spinneret and,
after short residence time in the air, immersed into the water coagulation bath. The take-up
velocity was controlled by a pulling wheel, which enabled also stretching of the fiber. All
prepared membranes were washed out for 48 h in water to remove glycerol and solvent. As a
reference, pure P84 hollow fiber membrane, without ion exchange particles, was spun in the
same way as mixed matrix hollow fiber membranes (compositions of the spinning solutions
are given in Table 1).
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Table 1 Composition of the spinning solutions

. Mixed Matrix Membrane Particle-free membrane
Solution Component
% %
P84 12.4 22
NMP 77.6 66
Dope
Glycerol 10.0 12
Lewatit particles 60 (loading) -
NMP 90 90
Bore
water 10 10

2.2.3. Fiber crosslinking procedure

The spun hollow fiber membranes were taken from water washing bath and directly
placed in methanol for 24 h to swell the polymer and make the chains more accessible to the
crosslinking agent. Next, the fibers were immersed in the crosslinking solution: 10% (w/w)
EDA in methanol for 24 h, and subsequently washed in methanol for another 48 h to remove
the residues of the crosslinking agent. Finally, the fibers were soaked in n-hexane for 24 h.
The drying procedure was dependent on the fiber characterization method. Fibers for
permeance measurements were impregnated with glycerol (24 h in 20% (w/w) glycerol in
water) to improve the mechanical strength of the fibers, and afterwards dried in the air. Fibers
for static adsorption and desorption were dried for 4 h in the air and for 12 h in the vacuum
oven at 30°C. The glycerol was not used for these fibers, since for these experiments the fiber
mechanical strength was not of primal importance. Furthermore, we avoid the risk of having
residues of glycerol in the fiber which would compromise the biomolecule adsorption to fiber.

2.3. Membrane characterization

2.3.1. Scanning electron microscopy

Samples for scanning electron microscopy (SEM) were prepared by freezing the
fibers in liquid nitrogen and breaking them in order to expose the cross-sectional area.
Samples were dried under vacuum at 30°C overnight and afterwards coated with a thin layer
of gold using Balzer Union SCD 040 sputtering device. Membranes were examined using Jeol
JSM-5600 LV Scanning Electron Microscope with Semaphore software for the determination
of fiber dimensions.

2.3.2. Stability in organic solvents

The resistance of the crosslinked and uncrosslinked mixed matrix hollow fiber
membranes against organic solvents was tested by immersing pieces of the fiber in NMP and
DMSO for 24 h, drying in the air for 12 h and vacuum oven at 60°C for 5 days, and
comparing the mass of the fibers before and after immersion in the solvents.
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2.3.3. Permeability

The modules for pure water, NMP and DMSO flux measurements contained one
crosslinked mixed matrix hollow fiber with an effective length of about 16 cm. The flux was
determined using a dead-end filtration cell connected to a gas cylinder of compressed nitrogen
to apply the feed pressure. The flux, J in 1/(m*h), was measured at different pressures up to
3 bar after the glycerol was removed from the membrane and the steady state conditions were
reached. The membrane permeance (P) was obtained from the slope of the flux (J) vs
transmembrane pressure (Ap). The fluxes of various solvents were normalized for the solvent
viscosity (see results later). Three membrane samples were tested to determine the average
flux for each solvent.

2.3.4. Static adsorption/desorption

Aqueous systems

The adsorption capacity, adsorption kinetics and adsorption isotherms of the
crosslinked mixed matrix membranes were determined with BSA in acetate buffer at pH 4.5
and with lysozyme in phosphate buffer at pH 7.4 (the physiological pH of blood). Both
buffers had concentration of 50 mM and the ionic strength adjusted to the physiological
154 mM. A known amount of membrane was first equilibrated for 24 h in an appropriate
buffer, which was subsequently exchanged with the protein solution. The membrane samples
were kept during the adsorption period in a shaking machine at constant temperature of 25°C.
The protein was adsorbed onto the mixed matrix membrane reducing the concentration in the
bulk solution which was verified by an UV-Visible Spectrophotometer Cary 300 Scan
(Varian) at 595 nm using the Bradford method [30]. For the adsorption capacity and kinetics
experiments, protein solutions of 1 mg/mL were used, while for the determination of
adsorption isotherms, concentrations between 0 mg/mL and 6 mg/mL were employed. The
adsorption capacity of uncrosslinked mixed matrix membranes, crosslinked and uncrosslinked
reference pure P84 membranes, and of ion exchange particles was tested, too.

Non-aqueous systems

The adsorption capacity, adsorption kinetics and adsorption isotherms of the
crosslinked mixed matrix membranes were determined with lysozyme in DMSO and
cholesterol in NMP. A known amount of membrane was first equilibrated for 24 h in an
appropriate solvent, which was subsequently exchanged with the biomolecule solution. The
membrane samples were kept during the adsorption period in a shaking machine at constant
temperature of 25°C. The biomolecule was adsorbed onto the mixed matrix membrane
reducing the biomolecule concentration in the bulk solution which was verified by an UV-
Visible Spectrophotometer Cary 300 Scan (Varian). Lysozyme concentration in DMSO was
measured at 595 nm with Bradford reagent. For the measurement of cholesterol concentration
in NMP, the extraction method, using the fact that cholesterol is almost insoluble in water,
was employed. Equal volumes of cholesterol/NMP solution and water were shaken out until a
precipitate was extracted. The liquid above the precipitate, NMP/water mixture with dissolved
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Figure 1 SEM images of the mixed matrix hollow fiber adsorber membranes; left: before
crosslinking, right: after crosslinking

cholesterol (the amount that did not precipitate), was measured at 600 nm. For the adsorption
capacity and kinetics experiments, biomolecule solutions of 1 mg/mL were used, while for the
determination of adsorption isotherms, concentrations between 0 mg/mL and 6 mg/mL were
employed. The adsorption capacity of crosslinked mixed matrix membranes, crosslinked pure
P84 membranes, and of ion exchange particles was tested, too.

3. Results and discussion
3.1. Aqueous systems

Morphology of the adsorber membrane
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Figure 1 presents the structure of P84 mixed matrix hollow fiber membranes
prepared by incorporation of 60% Lewatit 112 WS cation exchange particles. The hollow
fibers are typically 900-1000 um in outer diameter with a wall thickness of approximately
300 um. The fibers have an open, interconnected porous structure, with narrow and long
finger-like macrovoids across the wall thickness. The ion exchange particles are tightly held
together in the porous matrix. The loading of the particles was chosen as 60%, based on
earlier experiments in our group [18-21, 24]. In fact, for particles loading below 50%,
significantly larger macrovoids appear across the membrane structure, while for loading
higher than 80% the mechanical strength of the fibers is poor. In this work, ion exchange
particles with diameter below 20 pm were used. Particles larger than 20 pm cause formation
of big macrovoids and have lower adhesion with the polymer matrix, resulting in falling out
of the particles [18]. Our fibers have a homogenous porous structure and no significant loss of
particles was observed during the membrane formation. There is no change in fiber
dimensions (outer and inner diameter) between uncrosslinked and crosslinked fiber, but the
particles and the membrane pores seem to be slightly larger for the crosslinked fiber (see Fig.

1).
Membrane permeability

Due to the very open structure, the prepared crosslinked mixed matrix hollow fiber
membranes have very high pure water fluxes (Figure 2). At 0.1 bar the pure water flux is
1900 /(m*h). The dependence of the flux on transmembrane pressure is, however, non-linear.
The membranes seem to compact at transmembrane pressures above 0.2 bar.
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Figure 2 Pure water flux vs transmembrane pressure for the mixed matrix crosslinked hollow fiber
membrane
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Figure 3 Adsorption kinetics of the proteins adsorbed on mixed matrix hollow fiber (the lines are
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Static adsorption capacity

The static adsorption capacity of the adsorber membranes was studied batchwise in
triplicate. The adsorption kinetics for a single incubation experiment of Lys in phosphate and
BSA in acetate is shown in Figure 3. The adsorption reaches equilibrium at 24 hours, thus for
all the screening experiments the adsorption capacity of the membranes/particles was
determined after 24 h.
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Figure 4 Experimental data of biomolecule adsorption from various solvents with different initial
concentrations at 25°C (adsorption isotherms)
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Figure 4 presents the adsorption isotherms of Lys in phosphate and BSA in acetate
buffer solutions at 25°C. The maximum adsorption capacity of the adsorbent (q,) is reached
at ~330 mg Lys/g membrane and ~280 mg BSA/g membrane. This compares well with results
reported earlier by Avramescu et al for Lys [24] (210 mg Lys/g PES-based mixed matrix
with 50% loading of CNPS8OWS cation exchange particles) and by the same author et al [19]
for BSA (160 mg BSA/g EVAL-based mixed matrix membrane with 65% loading of 112WS
cation exchange particles).

The adsorption capacities of the membranes and particle suspensions were further
investigated with protein solutions of concentration 1 mg/mL. The BSA adsorption capacity
of the crosslinked mixed matrix membrane is 77.0 £0 .9 mg BSA/g membrane, slightly higher
than for the same uncrosslinked membrane: 66.6 £ 3.6 mg BSA/g membrane (see Table 2).
The higher adsorption capacity of the crosslinked membrane is most likely due to better
accessibility of the particles in the crosslinked membrane. Since the P84 crosslinked
membrane without particles has adsorption capacity of 4.5 + 0.2 mg BSA/g membrane (which
is 2.3% of the total BSA adsorption capacity, taking into account that the P84 occupies 40 %
w/w of the membrane), we can conclude that the incorporated negatively charged particles are
responsible for the high BSA adsorption capacity of the crosslinked mixed matrix membranes
due to the electrostatic interactions with positively charged BSA (pH 4.5, below its isoelectric
point). The adsorption of BSA on the particle-free P84 membrane can be attributed to
hydrophobic interactions and dipole-dipole interactions.

Table 2 Static BSA adsorption capacity of the ion exchange particles and adsorber membranes;
1 mg/mL of protein in 50 mM acetate buffer pH=4.5

BSA adsorption capacity
Adsorber mg BSA/ mg BSA/
g membrane g particles

uncrosslinked 6.4+0.9 -

Membrane P84 )
crosslinked 45+0.2 -

Membrane P84/Lewatit 112 WS particles uncrosslinked ~ 66.6+3.6  106.7 +6.0*
60% loading crosslinked 77.0+09 1253 +1.5%
Lewatit 112 WS particles - 112.6 £ 10.5

* Values are normalized for the adsorption of membrane P84

The accessibility of ion exchange particles inside the porous structure was evaluated
after comparing with the adsorption capacity of the particle suspension investigated at the
same experimental conditions. When normalizing the BSA adsorption capacity of the
crosslinked mixed matrix membrane by the adsorption on the membrane and recalculating the
adsorption capacity per gram of particles, a value of 125.3 £ 1.5 mg BSA/g particles is
obtained (Table 2), while the adsorption capacity of the particle suspension is 112.6 +1 0.5
mg BSA/g particles. The close agreement between the two values suggests that the adsorber
membrane possesses good accessibility for protein to the adsorptive sites, with no loss of ion
exchange capacity due to the membrane formation. Results of BSA adsorption obtained in
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this work are in good agreement with data reported by Avramescu et al. [18] who found
adsorption capacity of 110 =20 mg BSA/g particles for suspension of Lewatit CNP 80 cation
exchange particles (particle diameter <20 um) and 131 + 11 mg BSA/g particles for mixed
matrix EVAL membrane with 65% loading (adsorption capacity of particle-free EVAL
membrane was 3 + 2 mg BSA/g membrane).

For adsorption of lysozyme from phosphate buffer at pH 7.4, (below the isoelectric
point of lysozyme), when the lysozyme is positively charged, the crosslinked mixed matrix
membrane has the adsorption capacity of 85.1 + 4.1 mg Lys/g membrane (Table 3). The value
of adsorption capacity for this mixed matrix membrane normalized by the adsorption on the
membrane material alone (4.1 + 0.3 mg Lys/g of pure P84 membrane) and recalculated per
mass of the ion exchange particles is 139.2 + 6.8 mg Lys/g particles. The adsorption capacity
of the particles suspension is 169.6 = 1.2 mg Lys/g particles, higher than for the crosslinked
mixed matrix membrane. In this case, lysozyme adsorption is higher for the crosslinked
membrane in comparison to the uncrosslinked, indicating some improved accessibility of the
particles in the membrane or higher affinity of the lysozyme towards the crosslinked than to
the uncrosslinked membrane. A similar trend of slightly lower adsorption capacity for the
crosslinked mixed matrix membrane in comparison to the particle suspension was obtained by
Saiful [22], who found a value of ~230 mg Lys/g particles and ~211 mg Lys/g particles for
the mixed matrix membrane (EVAL polymer with Lewatit CNP8OWS weak ion exchange
particles, 65% loading). The absolute values should not be compared to ours because the
initial protein concentrations used are different. Pollio et al. [31] who used the same initial
protein concentration as in our work, reported the adsorption of lysozyme onto resin
Amberlite IRC-5 to be ~137 mg Lys/g particles, quite similar to the results obtained in this
work.

Table 3 Static lysozyme adsorption capacity of the ion exchange particles and adsorber membranes;
1 mg/mL in 50 mM phosphate buffer pH=7

Lysozyme adsorption capacity

Adsorber mg Lys/ mg Lys/
g membrane g particles
uncrosslinked 59+1.5 -
Membrane P84 )
crosslinked 41+0.3 -
Membrane P84/Lewatit 112WS particles 60%  uncrosslinked 70.3+£6.3 113.2 £ 10.5*
loading crosslinked 85.1+4.1 139.2 +£ 6.8*
Lewatit 112WS particles - 169.6 + 1.2

* Values are normalized for the adsorption of membrane P84

The ideal membrane adsorber possesses a low non-selective protein adsorption onto
the polymer matrix and high reversible and selective (here, based on electrostatic interactions)
adsorption onto resin particles. The mixed matrix membrane in this work demonstrates good
performance for both proteins in aqueous solutions.
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Figure 5 SEM images of the mixed matrix hollow fiber adsorber membranes after cross-linking
and immersion in organic solvents; left: NMP, right: DMSO

3.2. Non-aqueous systems

Membrane stability

The stability of produced fibers towards strong organic solvents was tested by
immersing them in DMSO and NMP which are good solvents for the uncrosslinked matrix
polyimide. While the uncrosslinked fibers dissolved in both NMP and DMSO, the crosslinked
fibers stayed intact showing that the crosslinking was successful and solvent-resistant mixed
matrix membranes were produced. In fact, we found no change in the mass of the crosslinked
fiber after immersion in both solvents, but the membrane morphology was slightly altered.
The structure looks more nodular with particles exposed out of the polymer matrix (see Figure
5).

Membrane permeability

Figure 6 presents the fluxes of DMSO and NMP through the crosslinked
membranes, normalized with the solvent viscosity. Both fluxes are much lower than for
water: 19.1 I/(m*h) and 0.5 1/(m*h) at 0.1 bar, for DMSO and NMP, respectively (Figure 6),
in comparison to 1900 1/(m*h) at 0.1 bar for water (Figure 2). In these solvents, membrane
compaction occurs at transmembrane pressure higher than 0.2 bar, too. The crosslinked mixed
matrix membranes although do not dissolve in organic solvents, may undergo swelling
leading to decrease of porosity and therefore lower solvent flux. The previous work of
Borneman [32] on the same type of cation exchange particles (Lewatit 112WS) reports
negligible NMP uptake/ swelling. When these particles were exposed to water, the swelling
was about 100%. In a mixture of water and NMP (similar to the dope composition) water
pre-swells the particles making them accessible to NMP. In our case, there was no water in
the polymer dope and the hollow fiber membranes were not wetted with water before NMP or
DMSO permeability experiments. We attribute the swelling not the particles, but to the matrix
polymer.
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Figure 6 DMSO and NMP fluxes vs transmembrane pressure for the crosslinked mixed matrix
hollow fiber membrane

Static adsorption capacity

The adsorption capacity of the crosslinked mixed matrix membrane and the particle
suspension in organic solvents was screened after 24 h of incubation in the biomolecule
solutions. In fact, the adsorption kinetics experiments (Fig. 3) reveal that in case of Lys in
DMSO the saturation takes place already after around 13 h, much earlier than for the same
biomolecule in the aqueous solution.

Figure 4 compares the adsorption isotherms of Lys in DMSO and cholesterol in
NMP at 25°C. The membrane adsorber reaches maximum adsorption capacity (qm) for both
biomolecules at higher initial concentrations (as it is for the proteins in aqueous systems): ~40
mg Lys/mg membrane and ~15 mg Chol/g membrane, meaning that the surface of adsorber
membrane has a fixed number of adsorption sites.

The adsorption capacity for the particle suspension is much lower (12.8 £ 1.4 mg
Lys/g particles) than that obtained in the aqueous solution. DMSO is a polar aprotic solvent
(dielectric constant is 47, for comparison: the dielectric constant of water is 80) and
electrostatic interactions do not take place in this solvent. Besides, DMSO may compete
strongly for hydrogen bonds between protein atoms leading to the unfolding of Lys and
loosing of its tertiary structure [33]. It is also important to note that massive aggregation of
particles occurs in DMSO (easily seen with a bare eye) which seems to be detrimental to the
overall particle adsorption capacity.

The adsorption capacities of the membranes and particle suspensions were further
investigated with biomolecule solutions of concentration 1 mg/ml. The crosslinked mixed
matrix membrane has adsorption capacity of 27.9 + 6.5 mg Lys/g membrane in DMSO. The
adsorption capacity of the particle-free membrane is 16.4 + 0.8 mg Lys/g membrane, almost
25% of the total adsorption (taking into account that the P84 occupies 40% w/w of the
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membrane) (Table 4), higher than in aqueous solution (4.1 = 0.3 mg Lys/g membrane), which
suggests that there are stronger interactions between lysozyme and membrane in DMSO than
in water. The adsorption capacity of the particles in the mixed matrix membrane
(35.5+10.8 mg Lys/g particles) is almost 3 fold higher than adsorption capacity of the
particle suspension (12.8 + 1.4 mg Lys/g particles), showing that the particles are better
accessible to Lys in the membrane, probably due to the avoidance of aggregation.

Tabela 4 Static lysozyme adsorption capacity of ion exchange particles suspension and adsorber
membranes; 1 mg/mL in DMSO

Lysozyme adsorption capacity

Adsorber .
mg Lys/g membrane mg Lys/g particles
Membrane crosslinked P84 16.4+0.8 -
Membrane crosslinked P84/Lewatit particles 27.9+6.5 35.5+£10.8%
Lewatit particles - 128+ 1.4

* Values are normalized for the adsorption of membrane P84

The adsorption of cholesterol from NMP (polar aprotic solvent, dielectric constant
32) reveals very low interaction of cholesterol with P84 (0.1 £0.1 mg Chol/g membrane)
(Table 5). In the Chol/NMP system the particle aggregation is very limited. As a result the
cholesterol adsorption capacity of the particles in the membrane (8.3 +£5.0 mg Chol/g
particles) is comparable with that in the suspension (7.6 + 5.4 mg Chol/g particles, see Table
5).

Tabela 5 Static cholesterol adsorption capacity of the ion exchange particles suspension and adsorber
membranes; 1 mg/mL in NMP

Cholesterol adsorption capacity

Adsorber

mg chol/g mg chol/g particles
Membrane crosslinked P84 0.1+0.1 -
Membrane crosslinked P84/Lewatit particles 50£3.0 83£5.0
Lewatit particles - 7.6+54

* Values are normalized for the adsorption of membrane P84

In conclusion, the adsorption capacity of the membrane developed in this work is
much lower than in organic solvents in the aqueous systems mainly due to the lack of
electrostatic interactions between particles and biomolecules. In the polar aprotic solvents like
DMSO and NMP, the adsorption takes place only due to the hydrophobic interactions.
Nevertheless, the advantage of the mixed matrix membrane in some organic solvents is
apparent (as shown here for DMSO) with the lack of aggregation. To increase the adsorption
capacity of the crosslinked mixed matrix membranes, other types of particles with specific
affinity to the target biomolecules could be used.
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4. Conclusions - outlook

Crosslinked mixed matrix adsorber membranes were developed for isolation of
biomolecules from organic solvents such as NMP and DMSO. The produced membranes have
a homogenous structure with uniform distribution of the incorporated ion exchange particles
and have high clean water flux and high static adsorption capacity in aqueous systems: 125.3
mg BSA/g particles and 139.2 mg Lys/g particles.

The flux of DMSO and NMP through the membrane is lower than water, probably
due to the membrane swelling. In organic solvents the adsorption capacity of the mixed
matrix membranes is lower: 35.5 mg Lys/g particles and 8.3 mg Chol/g particles, suggesting
that the electrostatic interactions do not play a role in such systems. The particle-free P84
membrane has, however, higher adsorption capacity than in the aqueous systems, which is a
sign of stronger hydrophobic interactions between the biomolecules and the polymer. In the
case of Lys/DMSO, the accessibility of particles in the membrane is much higher than in
particle suspension due to the avoidance of aggregation.

In this work we showed the proof of concept of solvent resistant mixed matrix
adsorber membranes. For further improving the technologyy, various other types of particles
as well as other target molecules / solvent systems should be considered in order to explore
other types of interactions between the target molecules and the mixed matrix membrane.
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Chapter 5

Porous membrane structures as stationary phase for

capillary electrochromatography
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Abstract

This chapter presents application of membrane formation processes for the
fabrication of columns for capillary electrochromatography (CEC) separations using various
techniques, all based on phase inversion of a polymer solution. Different polymers are
processed via immersion precipitation dry-wet spinning into: (i) small-bore polyimide P84
fibers with sulphonated poly(ether ether ketone) (SPEEK) deposited on the bore side, (ii)
small-bore fiber — a blend of P84 and SPEEK, (iii) mixed matrix full fiber poly(ether
sulphone) (PES) with strong cation exchange particles, (iv) full fiber — a blend of P84 and
SPEEK. The zeta-potential, morphology of the porous structure and performance in the CEC
analysis are investigated. Neutral molecules (as markers of the electroosmotic flow) and
proteins are injected into the column, driven under application of voltage, and detected in
form of peaks on the electropherogram. The proof of concept is shown and possible
optimization in order to reduce the low efficiency and selectivity is suggested.
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1. Introduction

Capillary electrochromatography (CEC) is a relatively young separation technique,
but it has the potential to become a high-performance chromatographic method. The interest
in CEC is growing continuously, crossing the border between academia and industry. Since
the publication of the two remarkable for the CEC field papers, first one of Pretorius [1] in
1974 reporting application of electroosmosis in column chromatography, and the second one
of Jorgenson and Lukacs [2] in 1981, describing electroseparations in capillaries, a number of
papers were published on CEC theory [3-6] and factors influencing performance [7-10]. All
of them report the advantages of CEC over high performance liquid chromatography (HPLC)
and capillary electrophoresis (CE), but emphasize that some aspects like the on-line detection
or column technology still have to be improved.

1.1. Background

Capillary electrochromatography (CEC) is an analytical hybrid separation technique
that combines the best features of capillary electrophoresis (CE) and high performance liquid
chromatography (HPLC).

In CE the separation is carried out in a fused silica capillary with an inner diameter
typically between 25-150 pm (outer diameter varies between 150 and 520 um) and length in
the region of 20-100 cm [11]. Fused silica is the material of choice due to its UV
transparency, durability (when polyimide coated), and zeta-potential. The capillary is filled
with running buffer and the sample (typically 2-20 nL) is introduced by dipping one end in
the sample and applying voltage (electrokinetic injection), gas pressure (pressure injection) or
lifting the sample vial above the height of the outlet vial (hydrostatic injection). Next, both
ends of the capillary are immersed in the vials with buffer and high voltage of 10-30 kV
(current up to 300 pA) is applied through the electrodes immersed in the same vials (Figure
1). Migration of the analytes through the capillary is driven by the electric field. The analytes
are detected at the other end of the capillary as they pass through the on-line detector.
Detection takes place on the capillary, normally by absorbance or, less frequently, by
fluorescence, but techniques like mass spectrometry, conductivity, laser-induced fluorescence
or nuclear magnetic resonance (NMR) have been applied, too [5, 11-13].

The migration of the analytes inside the capillary is caused by two phenomena:
electrophoresis and electroosmotic flow.

Electrophoresis

Electrophoresis refers to the migration of charged molecules in the electrical field.
The migration velocity of electrophoresis ue, (cm/s) is dependent on many factors, including
the applied field strength E (V/cm), the dielectric constant of the medium ¢, the viscosity of
the medium 1 (Pa-s), and the zeta-potential of the capillary £ (V) [12]:
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where Ly (cm) is the capillary length from the inlet to the detector and t, (s) is the migration
time of the peak.

High-voltage
power supply

T
Column
:E:::ﬁ— Electrolyte ——
Anode * Cathode =

Figure 1 Principle of the CE/CEC separation

Another term, describing the flow of a molecule, is the electrophoretic mobility pep (cm?*/V-s):

uﬁ_Ld/tm_ q
E U/L, 6mRy

Moy = 2)

where L (cm) is the total length of the capillary, U is voltage (V), q is the net charge and Rg;
(cm) is the Stokes radius of the ion, including the solvatation shell. The last part of the
equation is the approximation of the Debeye-Huckel-Henry theory [14].

The electrophoretic mobility is highly dependent on the buffer composition and pH, as well as
temperature. The molecules move through the capillary at different rates because of
differences in their charge and ionic radius. Small, highly charged ions move faster through
the capillary than bigger and less charged molecules (Figure 2). The cations are attracted to
the negatively charged cathode and the anions are attracted to the positively charged anode.
The difference in the migration velocity is the basis of the CE separation. Here also comes the
drawback of CE - the inability to separate noncharged molecules.

<+« NS, ® @> o>
Anode ® Cathode

Figure 2 Electrophoresis phenomenon
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Electroosmosis

The other phenomenon, caused by the charged surface of the silica, is called
electroosmotic flow (EOF). Many solids have fixed charges on their surface, in case of silica,
the charged group is =Si-O". To preserve the charge neutrality, a layer of cations from the
buffer is attracted by the negatively charged silica surface. These cations are immobilized in
the close proximity of the silica due to the electrostatic attraction, but further from the silica
the attraction is weaker, and in the bulk fluid the cations are free to move (the principle of
electrical double layer and zeta-potential are described in details in Chapter 1: Introduction).
In presence of external electrical field, the cations of the bulk buffer are attracted to the
opposite charge — the cathode. As they move towards the cathode, they drag along water,
generating an electroosmotic flow of the buffer solution. Because of this flow, not only the
positive molecules, but also the neutral and negative ones are dragged towards the cathode
and can be separated in one run together with the cations. The migration velocity of the EOF
is described by the Helmholtz-Smoluchowski equation [11]:

Ee
ueof = _C (3)
47

The EOF is influenced by composition of the electrolyte (the buffer) and depends
strongly on the pH. In case of silica, high pH increases the ionization of the silanol groups and
therefore increases the electroosmotic flow (higher zeta-potential), while increasing the ionic
strength decreases EOF [15]. Addition of organic solvents also affects the EOF, but less
predictably [15].

In capillary electrophoresis, the separation principle is based on electrophoresis,
while the process is driven by the electrical field (electroosmotic flow).

In HPLC, the separation principle is based on a different partitioning of the
molecules between the stationary phase and the mobile phase [12]. Compounds that have
higher affinity (physical or chemical) to the stationary phase migrate slower than those that
“prefer” to stay in the mobile phase. Pressure is the driving force in HPLC which is always
associated with the pressure drop due to the high resistance of the stationary phase. With the
pumped flow, the flow velocity profile is parabolic (Figure 3). This reduces the efficiency of
the column and induces band broadening, because the velocity in center of the channel is

2
; ]

Figure 3 Representation of a pressure-generated parabolic flow profile (A) and an electroosmotic plug
flow profile (B)
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much higher than velocity along the wall, which creates radial mixing and diffusion. In
contrast, the flow velocity profile in the processes driven by electrical field is close to the
ideal plug profile [12, 16].

Capillary electrochromatography (CEC) combines the efficiency of capillary
electrophoresis, because the process uses electrical field rather than pressure to force the
mobile phase, with the selectivity of high performance liquid chromatography, by using a
column with the stationary phase, where also neutrals can be separated from each other.

Although HPLC is the most commercially successful technology in analytical
chemistry, it is CEC which has the peak capacity about 10 times larger than HPLC and can
reach up to 500 000 theoretical plates (the quantity adapted from chromatography and
calculated from the peak width and migration time), while with HPLC separations only up to
100 000 plates were reported [12]. CEC uses also much less mobile phase/solvent than
standard HPLC column and the CEC instrumentation is much simpler [12].

1.2. CEC column technology

Types of CEC columns

Fabrication of CEC columns became recently an independent branch in the CEC
field, but it is still the weakest segment of the technique. Currently, three types of stationary
phases used for CEC can be distinguished: packed capillary, monolith and open tubular
capillary [12, 17-19].

Packed capillary was the first type of column exploited in CEC as it was simply
adopted from the HLPC technology. So far, it is the most commonly used type [20-25] . The
first CEC results were obtained with old HPLC columns packed with particles containing
silanols, and it was found out that most of the electroosmotic flow was originated from the
particles rather than from the silica wall [26]. The resistance to flow effectively limits the
particle diameter in HPLC column to 1.5-3 pm, and below this size the column requires
pressure that is higher than most HPLC pumps can deliver. In contrast, CEC uses
electroosmosis which does not cause resistance, and particles smaller than 1 pm can be used.
Most of the available particles are porous (pore diameter 10-30 nm), but better results were
reported for the nonporous particles [12]. As in HPLC, the reverse phase packing is the most
common in CEC. To provide the electroosmotic flow, these packings need to have charge
carrying groups. If silanols are used as charge carriers, the weak acid strength decreases the
electroosmotic flow as the pH drops below 4.5. Inability to operate below this pH is a serious
impediment to converting methods from reverse phase HPLC to CEC [16].

The two biggest drawbacks of the packed CEC columns are (i) the packing
procedure itself (pressurized, ultrasonic or electrokinetic) which is very time consuming and
costly, and (ii) the frit formation in order to keep the packing in place. In an HPLC column,
sintered metal plugs are placed in the end fitting, but in fused silica capillaries there is no end
fitting. There are several protocols for forming frits, but in all cases it is an additional step in
column fabrication. Moreover, the frits are believed to cause bubble formation and band
broadening by distorted electroosmotic flow at their spot.

84



The second group of CEC columns are continuous beds, also called monoliths [27-
40]. Compare with packed capillaries, they are much easier to prepare. The capillary is filled
with a polymer “cocktail” using a simple syringe, sealed and exposed to the polymerization
initiators. The polymerization takes place in-situ and a porous phase is formed inside the
capillary. After few hours, the capillary is washed to remove the solvent/additives. The
morphology of the monolith can vary over a wide range, mainly the pore size which can be
between 0.1 um and 10 pm, but in each case the monolith is made up of a globular structure.
The disadvantage of a monolith is the reproducibility of the morphologies from column to
column [12].

The third type, the least frequently investigated and applied, is an open tubular
capillary (OTC) [41-45]. This column is produced starting with a small diameter capillary by
etching the surface with caustic reagents and adding a bonded stationary phase, mostly a
reverse phase. A variety of morphologies can be produced in this way ranging from ripples to
coral like rods. These columns have shown to have smaller plate heights due to the lack of
band broadening effects associated with the packing materials and end-column frits [12, 42].
Using small diameter columns brings advantages like high concentration sensitivity and
possibility to use high voltage without significant Joule heating [12, 44].

Each approach (packed, monolith, open tubular) offers advantages along with
certain problems. Monoliths have the lowest cost and high flexibility, since they can be cut to
length. Packed capillaries probably offer the highest efficiencies (plates/meter), but are also
the most expensive to manufacture. Open tubular capillaries have rather low retention and low
sample capacities [12, 18, 19].

Materials for CEC columns

Many polymeric materials have found biomedical use due to their biocompatibility,
easy fabrication into many forms, and possibility of chemical modification, especially on the
surface. Also in the field of CE and CEC the polymers gained much interest over the last
years, mainly due to the better than of silica durability and inertness.

Polymeric capillaries first entered the area of capillary electrophoresis. The high
zeta-potential and fast EOF of the fused silica capillaries is not desirable for some analytes.
One group are the biological samples, especially peptides and proteins. Problems arise from
electrostatic interactions between the positively charge proteins and negatively charged
silanol groups of silica, resulting in the adsorption which leads to the loss of efficiency, poor
reproducibility of migration times, low protein recovery and decreased sensitivity [46-48].
The second group are molecules with very similar electrophoretic mobilities which cannot be
separated due to the very fast EOF. In contract to fused silica, the zeta-potential, and therefore
the EOF of the polymeric materials is much lower, less dependent on pH and addition of
organic solvents [49]. This offers better flexibility of the separation conditions leading to
higher resolution. Various polymeric capillaries were investigated in the CE mode for
separation of both biomolecules and inorganic analytes: ethylene/vinylacetate (EVA) [50],
nylon [50], poly(methyl methacrylate) (PMMA) [47, 50], poly(butylene terephthalate)
(PBTP) [48, 50], poly(ether ether ketone) [46]. The biggest interest was, however, in
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polypropylene, used in both the untreated hydrophobic form [48, 51], as well as hydrophilized
by modification with cellulose [52], sulphonic acid, quaternary amine functionalities [53],
dextran [49] or PMMA [54].

In CEC the polymeric materials have been used as stationary phase from the early
stage, but they were always associated with a silica capillary in all the three types of CEC
columns. There are only few papers which report other column technologies than packed,
monolith or open tubular with silica capillary.

Fujimotto [55] explored a PEEK capillary with inner wall treated with a dilute
chlorosulphonic acid solution, which increased a column surface area. He applied this column
as an open tubular capillary for the electrochromatographic separation of neutral compounds
obtaining very good resolution. Jinno et al. in a series of papers investigated silica capillaries
filled with various fibrous materials such as textile cellulose acetate fibers [56, 57] for
separation of mixtures of neutral compounds like parabens and natural alkaloids (theobromine
and caffeine) with improved resolution in comparison to the CE separation without this
stationary phase, and Kevlar® (para-type aramid) and Zylon® (poly(p-phenylene-2,6-
benzobisoxazole) PBO) fibers [58] for successful separation of parabens, naphthalene
analogues and alkylphenones.

In this chapter we report the application of membranes as stationary phases for the
CEC columns, which is a completely new approach in the current CEC column technology.
The fabrication of polymeric porous morphologies via phase inversion process is much less
time-consuming and less expensive compare to the manufacturing of the packed capillaries,
monoliths or open-tubular columns. Moreover, it offers diversity of polymers to choose from
and the easiness to tailor the porous structure by altering the pore size, tortuosity, pore
connectivity, as well as the dimensions, in case of a hollow fiber — the inner and outer
diameter, and length.

Various techniques and materials are investigated and discussed in view of the CEC
column requirements. Figure 4 presents the types of fibers produced and applied as stationary
phase for the CEC column in this work. The main two categories are:

a) small-bore fibers that resemble open tubular capillaries
b) full fibers that resemble monolithic columns.

As the polymeric fiber has a porous structure, it has to be ,,sealed” from outside — in
case of a CEC column the fluid should not permeate across the fiber wall like in a traditional
membrane filtration, but along the fiber. The sealing is accomplished by enclosing the fiber
either in (i) a silica capillary, or in (ii) a polypropylene (PP) capillary (see Figure 4).

Three different techniques to introduce charge into fibers are presented: two of them
are described in preceding chapters: (i) depositing a charged polymer on the bore surface of a
hollow fiber by dissolving it in the bore liquid, and (ii) dispersing charged particles in a
matrix polymer (mixed matrix membrane). The third technique used, not mentioned
previously, is (iii) blending of the main - membrane forming polymer with a charged polymer.

The produced CEC columns are characterized with various techniques regarding
their morphology, surface charge and chemistry, and finally tested with the laboratory-built
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CEC unit for the separation of proteins and inorganic ions, to prove the concept of application
membrane technology for fabrication of CEC columns.

A. Sealing

B. Fiber form

C. Fiber
material

Figure 4 Scheme of the types of fabricated CEC columns
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2. Experimental

2.1. Materials

Polyimide, type P84 was purchased from HP Polymer GmbH (325 mesh, STD),
poly(methyl methacrylate) (PMMA) MW 350,000 was obtained from Aldrich and poly(ether
sulphone) (PES) Ultrason E6020P was supplied by BASF. Three types of poly(vinyl
pyrrolidone): K15 (MW 10,000), K30 (MW 40,000), K90 (MW 36,000) were purchased from
Fluka.

Table 1 Chemical structures of the polymers used for the fabrication of CEC columns

Name Chemical structure

CH,

Polypropylene (PP)

|
0

Poly(methyl 0
methacrylate) (PMMA) \Pﬁ

Poly(ether sulphone) 2@0%
(PES) & n

e 9 9
c C
/ \ H

Polyimide P84 N, N e O |
c c ¢
5 1 H n

o o)
Sulphonated poly(ether o o OC o @o @C
ether ketone) (SPEEK)
SOH n

Poly(ether ether ketone) powder PEEK 450 PF was obtained from Victrex PLC.
Polypropylene hollow fiber membranes ACCUREL with i.d. ~580 pm, o.d ~920 um and
length of 50 cm were obtained from ENKA AG. The structures of the polymers used for
fabrication of the CEC columns are presented in Table 1.

The strong cation exchange resins SCX Lewatit Monoplus112 WS with sulphonic acid
functionalities (ion exchange capacity 1.75 eq/L), and mean particle diameter 680 pm, were
kindly supplied by Caldic Belgium. Glycerol, dimethylsulphoxide (DMSO), ethanol, all of
analytical grade, and concentrated sulphuric acid (96-98%, extra pure) were obtained from
Merck. 1-methyl-pyrrolidone (NMP), extra pure, was purchased from Across Organics.
Potassium chloride and nitric acid 0.1 mol/L, volumetric solutions, for the zeta-potential
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measurements were purchased from Fluka. Sodium hydroxide 0.1 mol/L in ampoules
(Titrisol) was obtained from Merck.

Buffers were obtained by dissolving the following chemicals in ultrapure water:
a) borate (for pH ~9.5): sodium tetraborate decahydrate (ReagentPlus® >99.5 %, Sigma-
Aldrich)
b) acetate (for pH ~4.5): acetic acid (glacial 100%, anhydrous, Merck) and sodium
acetate (anhydrous from Across Organics)
¢) phosphate (for pH ~7.4): monobasic sodium phosphate, monohydrate and dibasic
sodium phosphate, anhydrous (both from Across Organics)
d) triethylammonium phosphate (TEAP): phosphoric acid, 99% purris (Riedel-de Haén)
and triethylamine (purris, Sigma-Aldrich).
Acetonitrile (LiChrosolv Merck), isocratic grade for liquid chromatography was used as the
organic additive to the mobile phase.
For the separation, the following compounds were employed: trimethylphenylammonium
bromide (Fluka), 4-aminoantypyrine (98%, AcrosOrganics), benzyl alcohol (GR, Merck),
phenol (99%+ for biochemistry, AcrosOrganics), benzoic acid (ACS reagent >99.5%, Sigma
Aldrich), vanilic acid (98.5%, AcrosOrganics), thiourea (GR for analysis, Merck), bovine
serum albumin (BSA), fraction V (Fluka). The structures of inorganic ions are presented in
Table 2).
The mobile phase and the sample (mobile phase with the analytes) were filtered prior to use
through a 0.45 um syringe filter Spartan 30/0.45 RC from Whatman®.

2.2. Fabrication of the fibrous CEC stationary phase

Mixed matrix PES full fiber with SCX particles (see also Chapter 4)

The ion exchange particles Lewatit 112WS were milled and sieved through a 20 pm

sieve. The particle size distribution was measured using a Microtrax X-100 from Leeds &
Northru, after ultrasonification treatment with Branson Sonifier 450 to break down the formed
agglomerates. The average diameter of the particles used for the mixed matrix membrane
preparation was estimated as 7.9 um. Poly(ether sulphone) and ion exchange particles were
dried in the vacuum oven at 30°C for 24 h. The polymer dope solution (composition given in
Table 3) was stirred at room temperature for 48 h, then the ion exchange particles were added.
The solution was stirred for another 12 h and left for degassing for 24 h. The particles loading
was 60%. The dope solution was pumped through a spinneret (without a needle) and, after
short residence time in the air, immersed into the water coagulation bath. The take-up velocity
was controlled by a pulling wheel, which enabled also stretching of the fiber. All prepared
membranes were washed out for 48 h in water.
After spinning and coagulation, the fibers were rinsed with water at room temperature for 2
days to remove the solvent residues. All the fibers were stored in water with addition of boric
acid (0.5 g/L) to prevent formation of microorganisms. For the CEC experiments the fibers
were dried at room temperature.
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Table 2 Analytes used for the evaluation and reproducibility study of the CE/CEC unit

Molar

No. Analyte Regular name mass, Chemical structure Charge
g/mol

. H3C\/CH3

Trimethylphenyl Trlmethylphenyl N\B r Cation

. . ammonium 216.12
1 ammonium bromide . CH,
bromide
4-amino-2,3-

dlmeilzll};l(;lli;llilsl_e(r)lr}lfé-3- 4-aminoantipyrine Cation

by 203.24

OH
3 Benzenemethanol Benzyl alcohol ~ 108.14 ©/\ Neutral
OH
4 Hydroxybenzene Phenoall,cci:callrbohc 94.11 @ Neutral
O
Benzenecarboxylic L )
5 acid Benzoic acid 122.12 OH Anion
|
6 Thiourea Thiourea 76.12 Neutral
77N
H,N NH,
O
4-hydroxy-3- OH
7 methoxybenzoic acid Vanilic acid 168.15 Anion
HO
OCH,

Small-bore P84 fiber with SPEEK deposited at the bore surface (see also Chapter 2)

The polyimide P84 was used as received after drying in the vacuum oven at 30 C.
PEEK was sulphonated in our laboratory according to the procedure described elsewhere
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[59]. The sulphonation degree (SD) of sulphonated PEEK was estimated to be ~65% from the
ion exchange capacity measurements (IEC) corresponding to the IEC of around 1.88 meq/g
[59, 60]. The polymer solution with additives (composition given in Table 3) was stirred at
room temperature for at least 48 h; next it was filtrated through a metal filter with a 25 um
and left for degassing for 24 h. SPEEK was dissolved in a mixture of NMP and water and left
for degassing for 24 h before it was used as a bore liquid in the spinning process.

The dope solution along with the bore liquid were simultaneously pumped through a
double orifice spinneret and, after short residence time in the air, immersed into the water
coagulation bath. The take-up velocity was controlled by a pulling wheel, which enabled also
stretching of the fiber. All prepared membranes were washed out for 48 h in water.

Small-bore fiber - blend of P84 and SPEEK

This fiber was fabricated in the same way as the small-bore fiber with SPEEK deposited at the
bore side, with the difference that SPEEK was not added to the bore liquid, but to the dope
solution forming a blend with P84 (Table 3).

Table 3 Compositions of the spinning solutions of the fabricated membranes

Dope solution Bore liquid

Small-bore P84/SPEEK (3:1) blend fibers
P84 16.3%
SPEEK 5.4% NMP 90%
Glycerol 7.5% Water 10%
NMP 70.8%

Small-bore P84 fibers coated with SPEEK
P84 2.0% SPEEK 3%
Glycerol 12.0% NMP 87%
NMP 66.0% Water 10%

Mixed matrix full fibers
PES 12.6%
NMP 73.0%
Water 4.2%
PVP K15 3.4% )
PVP K 30 3.4%
PVP K 90 3.4%
Thin full P84/SPEEK (3:1) blend fibers

P84 19.5%
SPEEK 6.5%
Glycerol 9.0% i
NMP 65.0%

Full fiber - blend of P84 and SPEEK

This fiber was fabricated in the same way as the small-bore fiber - blend of P84 and SPEEK
(Table 3) with the difference that a spinneret without a needle was used (like in case of mixed
matrix fiber - no bore liquid).
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2.3. Sealing of the fibrous stationary phase

Two types of CEC columns were prepared in regard to the sealing method: enclosed
in a fused silica capillary or in a polypropylene capillary.

Column in a polypropylene capillary

A small-bore polymeric porous fiber with outer diameter 520-560 um and length of
around 30 cm was inserted into a hollow polypropylene fiber (i.d. ~580 um) of length 50 cm.
Thus so prepared fiber-in-fiber was hanged in the oven at 190°C for 10-15 s until the PP fiber
melted (melting temperature of the ACCUREL PP ~186°C) sealing well around the small-
bore fiber as a solid and transparent coating, and thus allowing the UV detection in the empty
part of the column (Figure 5).

Porous fiber PP fiber

o\ "

Oven:
190 C
10-15s

PP coating for
Porous fiber PP coating UV detection

_ ,

Figure 5 Schematic of the CEC column consisted of the small-bore polymeric porous fiber inside
melted polypropylene fiber

Column in a fused silica capillary

Very thin, smaller than 180 um o.d., full fiber with length of around 30 cm was
inserted into a fused silica capillary (i.d. 150 pm or 200 um) of length ~47 cm, leaving around
17 cm of empty capillary (from the UV detection window to the outlet end) (Figure 6).

Porous fiber Silica capillary

\ [

\

Figure 6 Schematic of the CEC column consisted of the polymeric porous full fiber inside a silica
capillary
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2.4. Characterizaction of the CEC column

SEM characterization

The geometry and morphology of the fibers were studied using scanning electron
microscope (SEM) Jeol JSM-5600 LV. Samples were prepared by freeze fracturing in liquid
nitrogen and subsequently by covering with a thin layer of gold using a Balzer Union SCD
040 sputtering device.

Zeta-potential measurement

The zeta-potential of polymeric fibers and the fused silica capillary was determined
with a SurPAAS Electrokinetic Analyzer (Anton Paar GmbH, Austria) based on the
measurement of streaming potential or streaming current. For this determination, modules of
1-3 fibers/capillaries were used, with length of around 4 cm and space between the
fibers/capillaries filled with glue at the entire length of the module. 1 mM KCI was used as
the electrolyte circulating through the measuring cell containing the membrane module. The
pH was adjusted by automatic titration with 0.1 M solution of nitric acid and 0.1 M solution
of sodium hydroxide in water. The electrolyte was flowing through the lumen of the
fiber/capillary and the zeta-potential of the lumen surface was determined in the pH range 3-
11 (assuming that the electrolyte flows only in one direction, along the fiber, without entering
the porous structure). The electrolyte conductivity, temperature and pH value were measured
simultaneously.

The zeta-potential was determined taking into account the correction for the surface
conductivity of the membrane [61]. When measuring the streaming potential of samples with
significant surface conductivity (like in case of a polyelectrolyte), the overall specific
electrical conductivity is comprised of the conductivity of the bulk electrolyte and the surface
conductivity of the membrane. In such case the zeta-potential is measured based on the
streaming potential with a 100 M KCl solution. Due to the high electrical conductivity of such
concentrated solution, the surface conductivity can be neglected and zeta-potential can be
determined with known resistance of the measuring cell with 1 mM and 100 mM KCL
Alternatively, the zeta-potential can be determined by measurement of the streaming current
which is insensitive to the surface conductivity measurements. Here, the measurements were
done with the streaming current method.

UV absorption properties of the PP capillary

The UV absorption of melted PP capillary and fused silica capillary (without the
polyimide coating) were measured with the on-column 240 pum path flow cell from Thermo
Separation Products combined with the model Prostar 340 UV-Vis Detector from Varian (part
of the laboratory-built CE/CEC unit). The absorbance of capillaries filled with air in the
wavelength range of 190 — 290 nm is reported.
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Diameter variation of the PP capillary

The dimensions of the PP capillaries were measured with SEM combined with
Semaphore software. The average i.d. was determined at five spots of a capillary (four
capillaries were tested). The relative standard deviation (RSD, %) was calculated for PP
capillaries and compared with the silica capillary.

CEC separation

The CEC separations were performed on a laboratory-built instrument (Figure 7).
Detailed description of the design and evaluation of this instrument can be found in the
Appendix of this chapter.

The conditioning of the CEC column was based on the standard CEC procedure, but it was
altered and adapted separately to each type of fabricated column, based on trial and error
practice. The column was filled with the mobile phase and flushed for at least 2 h.
Subsequently, the column was exposed to voltage in few sessions, at least 10 min each, in the
following order: 1 kV, 4 kV, 8 kV, 12 kV etc. until stable current was obtained. The injection
was performed by applying voltage or pressure to the inlet vial. The voltage (and optionally
equal pressures at both ends of the column) was applied for the separation to take place. The
UV absorbance, voltage, current and pressure were continuously monitored during the

analysis.

High voltage

/ /— power supply

T en |

CEC
column ]
! [ uv
|| detector
® © Control
Electrode —
— unit Software

Vial with buffer

Pressure Pressurization system
chambers

Figure 7 Schematic of the CEC set-up
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3. Results and discussion

3.1. Zeta-potential

Zeta-potential is a direct assessment of the surface charge of materials. The higher
the negative value, the fastest the electroosmotic flow can be expected towards the cathode.

Zeta-potential is strictly dependent on pH. Negatively charged materials have negative zeta-

potential at pH higher than their isoelectric point and positive zeta-potential at low pH
(weakly acidic or non-ionic) [61]. Choosing the operational pH for the CEC separation one
should consider that at pH around the isoelectric point of the CE capillary or CEC stationary
phase, the EOF is very low and the separation might take long time, while below the

isoelectric point the EOF is reversed — towards the anode. Strongly acidic materials, e.g.

containing the sulphonic acid groups —SO3;H, are ionized over a wide pH range, therefore
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Figure 8 Zeta-potential of the materials used for fabrication of the CEC columns (measured in form of
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giving a significant contribution to the EOF even at low pH. Operation with such materials is
much more flexible, since they depend less on pH having stable EOF.

Figure 8 shows the zeta-potential measured at the bore surface of capillaries and
fibers investigated for fabrication of CEC columns. Zeta-potential of P84, PMMA and PES
materials (Figure 8b and 8c¢) is very similar, with the isoelectric point between pH 3.2 and 3.8
and negative zeta-potential up to -42 mV. Silica (Figure 8a) has the most negative zeta-
potential (up to -87 mV, result of the dissociation of silanol groups), but it varies significantly
with pH. The high negative zeta-potential of polypropylene is believed to come from the
adsorption of hydroxyl and e.g. phosphate ions from the buffer solution [53]. Only the surface
of P84/SPEEK blend fiber and P84 fiber coated with SPEEK (SPEEK dissolved in the bore
liquid) (Figure 8b) does not have isoelectric point and is ionized over wide pH range.
Application of SPEEK for the fabrication of membranes for CEC columns offers stable, pH-
independent EOF, which is particularly important for the separation of biomolecules like
amino acids, peptides and proteins which are zwitterions and also change their net charge
with the environmental pH.

3.2. Morphology and separation performance of CEC columns

Before discussing the performance of CEC columns fabricated by incorporation of
membranes as a stationary phase inside the polypropylene capillary, the performance of the
polypropylene capillary alone is evaluated.

PP capillary

An important consideration with a polymeric column is its diameter variation.
Because of the softness of the polypropylene capillary, the internal diameter might vary
within one capillary, as well as between the capillaries. To investigate that, and also to
confirm the accuracy of the newly developed melting procedure, the RSD of the internal
diameter was estimated and it is shown in Table 3. The RSD of the PP capillary diameter,
4.5%, is not quite as good as that of fused silica reported to be 1.0% [47, 48] or 1.32% for
polypropylene capillary [48], but it is close to the RSD of the PMMA capillary diameter 5.2%
[47].

Table 3 Variation of the internal diameter of the PP capillary

Capillary No. a Averirgne id., RE/OD,

Within one capillary

1 5 356.8 32

2 5 3253 5.8

3 5 358.0 4.5

4 5 340.0 7.6
Between capillaries

Total 4 345.2 4.5
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Figure 9 SEM pictures of the PP hollow fiber membrane (left) and the same fiber after melting (right)

The PP hollow fiber undergoes certain shrinkage during melting. Figure 9 compares
the SEM pictures of as received porous hollow fiber membrane and that of melted, solid
transparent PP capillary. The average shrinkage of the melted fiber was around 40%.

Most polymeric materials absorb UV light to some extend, depending on their
structure. The hydrophilic polymers contain carbonyl, ester or amide functional groups which
absorb UV light at the same wavelengths as proteins and peptides. The polypropylene is
however a hydrophobic material and has low light absorption in the UV range, being
transparent for the visible light. The fabricated PP capillaries have a wall thickness of 110-
115 um, the same as fused silica capillary used in this work, and the magnitude of their
absorbance can be compared (Figure 10). The absorbance of PP capillary below 250 nm is
higher than that of silica, but it is still reasonable and allows reliable on-column detection as
also proven by others [47, 48, 51, 63, 64]. The UV absorbance of PP capillary is assumed to
be caused by residues of the additives used in the production process [51].

300

250 -

Polypropylene

200

150 .~

Absorbance, mAU

100

200 220 240 260 280 300

Wavelength, nm

Figure 10 UV absorption spectra of a polypropylene capillary and a fused silica capillary; wall
thicknesses: PP capillary 111.4 um, fused silica capillary 113.3 pm
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Figure 11 shows the separation of neutral molecule benzyl alcohol, obtained with the
PP capillary. The migration velocity of the electroosmotic flow estimated with benzyl alcohol
has an average value of 13.4:10™ cm?/(V-s) at pH 9.5. This is in good agreement (order of
magnitude) with values found for silica (8.0-10* cm*(V's)) and values reported for
polypropylene at the same pH by others: typically between 4.0-4.5-10™* cm?/(V-s) [47, 53, 63]
having in mind the differences in measuring conditions, eg. the ionic strentgh. The EOF of PP
was measured here with low buffer concentration of 5 mM (concentrations 20 mM or higher
were used for measurements which results are reported above) and it is well known that the
EOF increases with decreasing ionic strength of the buffer [11]. The low buffer concentration
for the CE analysis with PP capillary was used because of the high currents generated with the
PP capillary, which has bigger internal diameter compare to the silica capillary. Big volume
of the buffer produces more Joule heat and the dissipation of this heat is more difficult due to
the worse surface/volume ratio and worse thermal conductivity of the PP, 3.3-10™
cal/(s-cm-°C) compare to fused silica 33.3 -10™ cal/(s-cm-°C) [48]. These heat dissipation
problems may also explain the significant peak broadening. Perhaps there is a radial
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Figure 11 Three consecutive runs of benzyl alcohol with PP capillary; L=31.5/47.5 cm, separation: 8

kV (168 V/cm) 5 bar, UV detection at 214 nm; mobile phase: 5 mM borate pH=9.5;
injection: 5kV 2 s
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temperature gradient inside the capillary, which creates a viscosity gradient that affects the
flow profile. As a result, the solute zone migrates slower in the regions of high viscosity
(capillary wall) than in those of lower viscosity (capillary center). The formation of the
temperature gradient depends strongly on the capillary dimensions, the buffer conductivity,
and the cooling of the capillary. The RSD of the migration times of the three consecutive runs
is 4.1%.

Figure 12 shows three consecutive runs of BSA separation with a PP capillary. The
peaks are broad and the migration times differ significantly between the runs. Moreover, the
baseline becomes less constant with each run. Here, besides the Joule heat generation another
problem arises, namely the adsorption of protein on the PP surface. Polypropylene is
hydrophobic which leads to the strong interactions with biomolecules, and eventually to their
adsorption. The noisy baseline might be due to the partial washing out of the BSA adsorbed
during the previous runs.
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Figure 12 Three consecutive runs of BSA with PP capillary; L=31.5/47.5 cm, separation: 10 kV (210
V/em) 7 bar, UV detection at 278 nm; mobile phase: 5 mM borate pH=9.5; injection: 3 kV
2s
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The following modifications of the hydrophobic PP surface either by dynamic
coating or with chemically bonded layers in order to hydrophilize the PP for the separation of
peptides and proteins were reported: with acrylamide [48], cellulose [52], sulphonic acid and
quaternary amine groups [53], dextran [49], PMMA [47] [54]. This seems to be a good
solution when capillary electrophoresis is performed, but in this work, the PP capillary is used
only to seal the outer surface of the membrane (the stationary phase) and as a window for UV
detection, and there is no large surface area of PP to be in contact with the sample zone. The
temperature problems are, unfortunately, not possible to solve with the investigated system.
An improvement could be obtained by fabrication of thinner fibers which could be inserted in
thinner PP capillaries.

Small-bore P84 fiber with SPEEK deposited at the bore surface and small-bore fiber - blend
of P84 and SPEEK (fibers enclosed in PP capillary)

The concept of small-bore fiber aims to construct a CEC column that resembles an
open-tubular column. Two types of small-bore fibers were fabricated. The first one was
produced from blend of two polymers: polyimide P84 as the base - mechanically strong
polymer and SPEEK, the polymer bringing charge and generating the electroosmotic flow. In
fact, initially full fibers (no bore) were fabricated from the P84/SPEEK blend to resemble the
structure of the monolithic columns. Those fibers were found to be impermeable and
subsequently the small-bore fibers were produced. Figure 13 shows the morphology of the
small-bore fibers. The difficulty was to fabricate a bore smaller than 30 um in diameter which
is a typical dimension for the open tubular columns. The fiber was spun using the smallest
available spinneret with dimensions i.d. 0.13 pm and o.d. 0.5 um. As the flow rate of the bore
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Figure 13 SEM pictures of the small-bore fibers: blend of P84 and SPEEK
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liquid was decreased to create a smaller bore, the fiber lost its cylindrical shape. Bore liquid
consisted of 90% NMP and 10% water was used to create an open porous surface around the
bore and increase the contact surface area.

Figure 14 shows the analysis of a neutral compound thiourea, used very often as a
marker of the electroosmotic flow, performed at pH 4.0 with the silica capillary and with the
P84/SPEEK fiber enclosed in PP capillary. As expected, at this pH the EOF is faster with the
P84/SPEEK fiber, since the zeta-potential of that fiber is higher at this pH compared to silica.
The peak obtained with the fiber is quite narrow with slight tailing. The results were,
however, of very poor reproducibility, both run-to-run for the same fiber (under the same
conditions) and fiber-to-fiber. Similar results — unexpectedly high efficiency, but very low
reproducibility were reported by others when using cation exchange stationary phase for CEC
[64]. The mechanism producing the spectacular results is not understood yet. One of the
possible explanations of the irreproducibility can be that the sulphonated materials are very
hydrophilic and prone to swelling. The progressive swelling is responsible for creating dead
volumes, which might lead to the irreproducibility.
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Figure 14 Separation of thiourea with silica capillary i.d. 75 um and polypropylene capillary packed
with small-bore fiber i.d. 90 um P84/SPEEK blend; L=37/58 cm; separation: 10 kV
(172 V/em), UV detection at 250 nm; mobile phase: 10 mM acetate pH=4.0; injection: 10
kV 10s

When a mixture of 6 analytes (trimethylphenyl ammonium bromide, 4-
aminoantypyrine, benzyl alcohol, phenol, benzoic acid, vanilic acid) was injected into the
CEC column made of P84/SPEEK fiber (Figure 15), the separation was obtained only
between anions, neutrals and cations, but a total separation was not achieved. The poor
resolution and broadness of the peaks can be attributed to a large diameter of the bore. Big
volume of the sample flows in the center of the bore without interacting with the porous
stationary phase. Most probably this leads to formation of a zone that flows at different
velocity that sample zone at the side where it can interact with the membrane. When fibers
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Figure 15 Separation of 6 compounds: trimethylphenylammonium bromide (1), 4-aminoantypyrine
(2), benzyl alcohol (3), phenol (4), benzoic acid (5), vanilic acid (6) with silica capillary i.d.
75 um (left) and polypropylene capillary packed with small-bore fiber i.d. 90 pum
P84/SPEEK blend (right); Conditions: Left: L=32.5/48 cm; separation: 17kV (350 V/cm),
UV detection at 214 nm; mobile phase: 33 mM borate pH=9.5; injection: 10 kV 10 s;
Right: L=30.0/50 cm; separation: 5kV (100 V/cm), UV detection at 214 nm; mobile phase:
4 mM borate pH=9.5; injection: 5kV 5s

with smaller bore were used (like the fiber shown in Figure 13 with a triangular shape bore),
no flow through the fiber was observed, most probably due to fiber swelling.

The second type of the small-bore fibers was produced from a pure P84 dope
solution and SPEEK was incorporated into the membrane by dissolving it in the bore liquid.
The polyelectrolyte is believed to be physically bound at the bore surface to the P84, the
membrane forming polymer. Most likely, the polyelectrolyte is securely anchored in the inner
layer of the membrane by interlocking and entanglements between the chains of P84 and
SPEEK (see also Chapter 2). Incorporation of SPEEK only as a thin layer rather than into the

Figure 16 SEM pictures of the small-bore fiber: P84 with SPEEK at the bore surface

entire fiber may limit the swelling. Figure 16 shows the morphology of such a P84/SPEEK
fiber produced by dissolving SPEEK in the bore liquid. The SEM/EDX analysis (SEM
combined with Energy Dispersive X-ray Spectroscopy) of the inner layer (the bore surface)

102



did not reveal presence of SPEEK. The zeta-potential measurements, however, prove the
presence of SPEEK (Figure 8) - the zeta-potential of the P84 fiber with SPEEK at the bore
surface is much higher than for pure P84 membrane. The SPEEK layer seems to be too thin to
be detected (the sensitivity of the SEM/EDX technique is not sufficient).

The performance, mainly the reproducibility of the P84 fibers with SPEEK at the
bore surface was slightly better than of the fibers made of P84/SPEEK blend. After each
injection, response as a peak of the analyte was present on the electropherogram, which was
not always a case for the P84/SPEEK blend fiber. The reproducibility of the migration time
and peak shape, however, was poor. Figure 17 shows two consecutive runs of the BSA. The
peaks are very broad and their area becomes smaller in time being a sign of protein remaining
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Figure 17 Two consecutive injections of BSA; P84 coated with SPEEK inside PP capillary; L=31/48

cm; separation: 10 kV (208 V/cm), 5 bar; UV detection at 278 nm; mobile phase: 20 mM
TEAP/60% acetonitrile pH=4.0; injection: 2 bar 3 s

inside the column. This is most probably due to the adsorption as the analysis was done at pH
4.0, while the protein is positively charged (isoelectric point of BSA is 4.8) and the fiber
surface carries negative charges. The other reason might be swelling of the SPEEK layer and
of a lesser extent swelling of the pure P84.

Further optimization in order to reduce swelling was done by post-spinning
crosslinking. The fibers were placed for 24 h in a 10% (w/w) ethylenediamine (EDA) solution
in methanol. The crosslinking takes place between the carbonyl groups of the imide ring of
the P84 polymer and the amine groups of EDA forming an amide group [65-68]. The
crosslinking changes unfortunately also the chemistry of the porous morphology and produces
a completely new complex structure. As the amine groups are positively charged, the charge
net value and charge distribution on the bore surface are altered (see Chapter 3). In fact, the
analysis was done with two types of sample injection: to the anode and to the cathode end of
the column, but neither cathodic, nor anodic electroosmotic flow was noticed.
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Mixed matrix PES full fiber with SCX particles (fiber enclosed in PP capillary)

Neither the full fibers, nor the small-bore columns fulfill completely the
requirements of the suitable column morphology. The addition of particles and production of
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Figure 18 SEM pictures of the mixed matrix full fiber membranes: PES with SCX particles; (A,B)
magnification of the mixed matrix structure, (C) cross-section of the fiber, (D) cross-
section of the fiber enclosed in the PP capillary

mixed matrix membrane aimed to open the membrane structure and create a porous matrix
with incorporated negatively charged particles (Figure 18). Although the SEM pictures show
the presence of inter-polymer-particle voids, filling up and flushing the fiber with a mobile
phase took up to 15 h at pressure of 20 bar even for short 10-15 cm columns.

Figure 19 shows a separation of neutral thiourea with a 13.5 ¢cm long column (13.5
cm of the mixed matrix column to the detector). Even for such a short column the migration
time of thiourea is very long with the pieor = 0.44-10™ cm?/(V-s), and severe peak fronting and
tailing are present. It seems that the interactions of analytes with particles are significantly
different than the interactions of analytes with polymer matrix, resulting in a very long sample
zone. The particles incorporated to generate electroosmotic flow, in fact, do not create high
EOF. In order to improve the performance of the mixed matrix membrane as a CEC column,
smaller spherical particles should be used to create a uniform porous structure without big
voids. To generate faster EOF the particles loading should be increased, too.
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Full fiber - blend of P84 and SPEEK (fiber enclosed in silica capillary)

Figure 20 shows the SEM pictures of the thin P84/SPEEK blend fiber before placing it in a
silica capillary. The fiber inserted into the capillary was kept in place without a frit. Attaching
the fiber to the capillary was necessary only at the beginning of flushing, and after swelling,
the fiber filled up the capillary completely not being able to move anymore. Problems with
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Figure 19 Separation of thiourea with PP capillary packed with mixed matrix membrane; L=13.5/46
cm; separation: 4 kV (87 V/cm), 5 bar; UV detection at 214 nm; mobile phase: 5 mM
phosphate pH=6.8; injection: 4kV 30 s

current (breaking down or rising to the maximum) were experienced with these CEC
columns. In cases were a separation was possible to perfrom, the run of a neutral EOF marker
showed no influence of the fiber material, as the EOF was of the same order of magnitude as

Figure 20 SEM pictures of the thin full fibers made of P§4/SPEEK blend

for silica capillary. It was also not possible to separate a group of neutral compounds from
each other as it is common for the silica capillary in the CE mode. It seems that the ratio of
the surface area of P84/SPEEK fiber available for the interactions to the surface area of silica
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is too low and the mobile phase with analytes flows rather around the fiber without entering
the porous structure since this path gives less resistance. It was not technically possible to
insert more fibers into one silica capillary. Using capillaries with i.d. larger than 200 um
created overheating which led even to the evaporation of mobile phase inside the capillary
and drying it off.

4. Conclusions

Membrane technology offers advantages over the traditional fabrication techniques
for CEC columns. Most of all, it is possible to fabricate meters of fibers within few hours in
contrast to the current methods where hours or even days are required to prepare one single
CEC column. Not of a less importance are also the costs of the production which are much
lower when the membrane technology is applied. There are many polymers that can be
processed into porous structures, moreover, they can be easily blended to form new materials
with different chemical and physical properties or chemically modified after the spinning
process.

The proof of principle is shown — inorganic compounds and large proteins like BSA
pass through the porous membrane structures under application of an electrical field and are
detected on-line as peaks on the electropherogram. The membrane morphologies require,
however, further optimization, since the reproducibility, efficiency and selectivity are inferior
compared to the current CEC columns. The optimization should be aimed at fabrication of
more open structures with uniform porosity, smaller outer and inner (in case of small-bore
fibers) diameter to reduce the Joule heat, which will result in more reproducible separation
with narrower peaks. Other techniques should be investigated to seal the outer surface of the
fiber and allow the on-line detection.
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Appendix to Chapter 5

Design and evaluation of the CE/CEC unit
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1. Design of the capillary electrophoresis/capillary electrochromatography unit

Figures 1 and 2 show a picture and a schematic diagram of the laboratory-built
capillary electrochromatography unit (without the pressurization system). High voltage power
supply (10), type CZE30PN 2000 from Spellman (Hauppauge, NY, USA) with maximal
output voltage of 30 kV, maximum current 300 pA and reversible polarity, combined with
platinum electrodes (5) (platinum wire 0.5 mm o.d. from Sigma-Aldrich, Zwijndrecht, The
Netherlands) were used as a voltage source. Model Prostar 340 UV-Vis Detector (12) from
Varian (Walnut Creek, CA, USA) together with a 240 um path flow cell (11) from Thermo
Separation Products (Fremont, CA, USA) were used for on-column detection. An instrument
control unit (14), also home built, equipped with National Instruments (Austin, TX, USA)
data acquisition cards was used as an interface for LabVIEW data analysis software. The glass
vials (2) of the total volume 10 mL for the running buffer or sample were kept inside the
stainless steel chambers (1), which are modified double-end 300 mL cylinders 304-SS-L-
HDF4-300 from Swagelok (Waddinxveen, The Netherlands). The chambers were pressurized
at the bottom and in order to prevent the glass vials from moving during the pressurization,
the vials were kept in place by bottom and top PTFE holding rings (3). The stainless steel lids
(8) of the chambers were modified with threaded ports to introduce and seal in place the
CE/CEC column and the electrode by means of PEEK nuts (6) and PEEK tubings (7), both
from Upchurch Scientific (Oak Harbor, WA, USA). The lids were tightened to the chambers
with clamping rings (9). High voltage power supply, UV detector and the entire pressurization
system (shown in Figures 1 and 2) were controlled via computer (15) using a software
designed in LabVIEW.

Figure 1 Laboratory-built CE/CEC unit
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Figure 2 Schematic of the CEC set-up: (1) stainless steel chamber, (2) glass vial (3) PTFE holding
ring, (4) CE/CEC column, (5) platinum electrode, (6) PEEK nut, (7) PEEK tubing, (8)
chamber lid, (9) clamping ring, (10) high voltage power supply, (11) flow cell, (12) UV
detector, (13) digital pressure controller, (14) instrument control unit, (15) computer, (PS)
pressurization system (shown in details in Fig.2.)

Figure 3 Schematic diagram (top view) of the pressurization system: (13) digital pressure controller,
(14) instrument control unit, (16) pressure barrel, (17) pressure transducer, (18) vent valve,
(19) supply valve, (20) leak valve, (21) relief valve, (22) main valve to the nitrogen source,
(23) nitrogen cylinder

The fully automated pressurization system (Figure 3) allows the pressurization with
nitrogen or helium of both chambers simultaneously, as well as each of them separately, to a
maximum pressure of 20 bar. The very precised performance of the pressurization system
(reaching 5 bar inside the chamber from atmospheric pressure within 0.3 s) was obtained by
use of a “buffer” pressure barrel (16), which was first filled with gas and when the adequate
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pressure was reached, an “injection” of gas to the chambers followed. The simultaneous equal
pressurization of both vials during the separation was performed to suppress the bubble
formation in the buffer due to the degassing, which takes place because of the temperature
increase as an effect of the Joule heating.

2. Reproducibility study

Flexible fused silica capillary tubing (TSP 075375, Polymicro Technologies), i.d.
75 um, o.d. 360 pm, coated with polyimide, was used for the evaluation of the CE/CEC unit,
which was tested in the capillary electrophoresis mode. The window for UV detection was
made by burning off the layer of the polyimide. The length of the capillary was 48 cm, with
32.5 cm from inlet to the detection window. The conditions of the separation and the mixture
of analytes were chosen from the reference paper by Engelhardt [1]. The control mixture
consisted of six analytes: trimethylphenyl ammonium bromide (Fluka), 4-aminoantypyrine
(98%, Acros Organics), benzyl alcohol (GR, Merck), phenol (99%+ for biochemistry, Acros
Organics), benzoic acid (ACS reagent >99.5%, Sigma-Aldrich), vanilic acid (98.5%, Acros
Organics) (see Table 2 in Chapter 5). All the analytes, apart from phenol with concentration 3
mM, were used with concentration 1.5 mM in a buffer. The running buffer was 33 mM borate
pH 9.5 obtained by dissolving sodium tetraborate decahydrate (ReagentPlus® >99.5%, Sigma-
Aldrich) in milipure water. The buffer and the sample were filtered prior to use through 0.45
um syringe filter Spartan 30/0.45 RC from Whatman®.

The mixture of analytes was injected by application of voltage 10 kV for 10 s. The
detection was performed at 214 nm. The separation was done at 17 kV (electrical field
350 V/em of capillary) with pressurization of both ends of the capillary at 5 bar against
bubble formation.

Separation and current-voltage experiments were performed in constant voltage
mode. Two types of silica capillaries (i.d. 90 um and 200 um), and borate buffers with
concentrations 4 mM and 33 mM were tested to determine the current-voltage plots of the
Ohm’s law.

3. Evaluation of the CE/CEC unit

Figure 4 shows five consecutive separation runs. In all the runs the analytes were
separated within less than 5 min in the following order: two cations, trimethylphenyl
ammonium bromide (1), 4-aminoantipyrine (2), two neutrals, benzyl alcohol (3), phenol (4),
two anions, benzoic acid (5), vanilic acid (6). Only the neutrals were not baseline separated
which was also the case in the reference separation [1]. Under these conditions the uncharged
molecules migrate with the same velocity (that of EOF) and cannot be separated from each
other, whereas the ions can be separated because their electrophoretic mobilities differ.

The reproducibility was conformed by repeating the separation in five consecutive
runs with the same injection and separation conditions. Between the runs, the capillary was
flushed with fresh buffer for 200 s by application of pressure of 1.5 bar to the inlet vial. The
calculated relative standard deviation (RSD) of the migration times for all the analytes is
lower than 2% (see Table 2), which proves good precision and reliability of the CE/CEC unit
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[2, 3]. When concentrations of the analytes were doubled, there was an adequate response on
the electropherogram (Figure 5), although the peaks, especially of the slower anions, showed
slight broadening. This overloading phenomena is a very often observed effect, which takes
place when high volumes and/or high concentrations of sample are injected [4]. Since there is
no stationary phase in CE, the overloading effects appear easily.

The velocity of the EOF measured at pH 9.5 with neutral benzyl alcohol was
Ueor= 0.28 cm/s and the electrophoretic mobility was peor = 8.0-10™ cmz/(V~s), which are in
the range reported by others for a fused silica capillary [5-9].

The laboratory-built CE/CEC instrument used in this study had no facilities for
thermostating the column. The production of heat in CE and CEC is the inevitable result of
the application of high field strength. Two major problems arise from heat production:
temperature gradients across the capillary and temperature changes with time due to
ineffective heat dissipation. Operating with narrow-diameter capillaries improves the situation
for two reasons: the current passed through the capillary is reduced by the square of the
capillary radius, and the heat is more readily dissipated across the narrower radial path. Figure
6 shows the increase in the current as a function of the voltage (the Ohm’s plot) for different
inner diameters of fused silica capillaries and different concentrations of an electrolyte (a
buffer). The magnitude of the current depends on the capillary diameter and the specific
conductance of a buffer, which increases with increasing concentration. Equation (1)
describes this relationship [4]:

P=U-I=R~12=U2-d2~g;]{ (1)

t

where P is power, I is current, R is resistance, d is inner capillary diameter, and « is specific
conductance of a buffer.

The conductivity of the buffer in the capillary increases with rising temperature and
causes the current to alter (at constant voltage) at the beginning of an analysis until a steady
state of the temperature gradient is established. In this stationary state the generated Joule heat
is dissipated through the capillary wall. With inefficient cooling, the buffer temperature
continues to rise and the current increases disproportionally with the applied voltage (the
system works outside the range of validity of Ohm’s law). This can be seen at higher voltages
in Figure 6 which, however, does not contribute to the peak broadening at the conditions of
the evaluation and reproducibility tests (Figures 4 and 5). To avoid a destructive temperature
gradient, electric field strengths not higher than 400 V/cm were used in the experiments.
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Table 2 Relative standard deviation of the migration times for the analytes of the control mixture (for
the separation conditions: see text)

No. Analyte RSD, %
1 Trime.thylphenyl 185
ammonium bromide
2 4-aminoantipyrine 1.47
3 Benzyl alcohol 1.46
4 Phenol, carbolic acid 0.96
5 Benzoic acid 0.88
6 Vanilic acid 0.55

4. Conclusions

The laboratory-built set-up for electrically driven separation processes was verified
with the control mixture of six analytes. The compounds were separated with similar
resolution and efficiency as in the reference source. The consecutive analysis runs at the same
conditions proved the reproducibility of the separation and of the operation technique. The
lack of the cooling system was manifested at higher voltages as shown by the nonlinearity of
the Ohm’s plot, but it could be avoided by working at lower voltages and/or lower buffer
concentrations, and/or narrower capillaries. The formation of air-bubbles (degassing of the
buffer due to the raising temperature) was successfully prevented by application of equal
pressures to the inlet and outlet vials.
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1. Development of charged membranes for biomolecule separation

This thesis investigates the potential of membrane technology for separation of
biologically active compounds. It demonstrates that separation of the same biomolecules can
be accomplished by distinctively different membrane processes, like ultrafiltration, membrane
adsorption or capillary electrochromatography, all involving application of charged
membranes. The immersion precipitation spinning was the main membrane fabrication
technique exploited in this thesis. This is a rather complicated procedure with many variables.
It is not possible to become skilled in spinning within one day or one week. Learning the
spinning “tricks” requires months or even years of practice often by trial and error. Figure 1
and Figure 2 present the variables of spinning and membrane post-treatment that can
influence the final morphology and performance of the fiber membrane. Often changing one
of these variables (certainly, the list is not complete yet) might entirely alter the fiber
structure. In this thesis we used some of those variables to create various types of fiber
membranes (hollow, small bore or full fiber membranes) for separation of biomolecules.

Polymer solution Air gap Pulling Shell liquid

Particle additive Ratio

Polymer —) . <— Flow rate
: Height—> Solvent/ —>
cor:\j:entraltlon & Temperature & Temperature nonsolvent
onsolvent . . - .
concentration & Viscosity Humidity — Speed é;1/<§I)(Ijei]ttil\|/?es
High MW additives —\&_~ Flow rate Temperature

Temperature —>, Wal —

Ratio thickness
/<— Solvent/
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rate Inner

diameter

nonsolve Solvent Temperature
Temperature —>, < concentration P % outer
Path —_—, diameter
length
Bore liquid Coagulation bath Spinneret
Figure 1 Spinning variables
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<— (cut in pieces Humidity —> - ¢
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’<— Method: - direct in the air

- nonsolvent exchange
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Figure 2 Post treatment variables
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The following sections describe the novelty and main achievements of each membrane
fabrication technique. Moreover, ideas for future work and some preliminary experimental
results are presented.

1.1. Polyelectrolyte in the bore liquid

This one-step spinning method is an alternative for blending or co-extrusion and has
two main advantages: reduced amount of the required polyelectrolyte and the possibility to
tailor only the surface of the membrane. This method can be used not only to tailor the
membrane charge, but also the hydrophilicity, especially in membrane applications where
there is no need or it is not desired to modify the entire membrane. Introducing only a thin
hydrophilic layer might significantly reduce the overall membrane swelling. This membrane
fabrication technique can be used not only for separation of charged biomolecules, but for all
the fields of membrane technology where charged solutes need to be separated, e.g. in salt
rejection.

The next research step should be, certainly, in direction of investigating the exact
mechanism of polyelectrolyte deposition and measuring the thickness of the charged layer.
Using 3% SPEEK in the bore liquid results in a polyelectrolyte layer that cannot be detected
with FTIR and SEM/EDX (the X-ray photoelectron spectroscopy, XPS, was also considered,
but it is not meant for such porous structures). Increasing the concentration of SPEEK and/or
the sulphonation degree should be carried on. It would be interesting to see how the zeta-
potential is influenced when changing the concentration and properties of the polyelectrolyte.
Another important aspect for the commercialization of this technique is evaluation of the long
term stability of the deposited electrolyte. A systematic study should be done on measuring
the content (or thickness) of the polyelectrolyte after the sequential steps: directly after the
membrane formation, after membrane washing and after the permeation through the
membrane. Such tests could give also better insight into the mechanism of the polyelectrolyte
attachment to the membrane forming polymer.

1.2. Polyelectrolyte/crosslinker in the bore liquid (gas and liquid/solute separation)

The breakthrough of this method is that not only the fiber morphology and charge, but
also the membrane material chemistry can be tuned already during the spinning — inside the
spinneret. The possibility of crosslinking the entire fiber during one-step spinning could open
a new era of the solvent resistant membranes: no more post-treatment steps that require large
amounts of solvents like methanol or isopropanol (when a ready membrane has to be
crosslinked, a membrane preswelling is required to ensure full crosslinking of all the polymer
chains) [1, 2], large amounts of expensive crosslinker, and no time-consuming extensive
membrane washing to remove the residual solvent and crosslinker. These aspects make the
new method less expensive and more environmental benign. Theoretically, other membrane
forming polymers that contain imide rings, like polyimide Matrimid or polyetherimide could
be used instead of P84.

Fabrication of a composite hollow fiber membrane with dense inner layer may open
new perspectives in the field of gas separation. The dense layer on the bore side of the fiber is
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an advantage in case of flue gas treatment where the outer dense selective layer is subject to
damage due to the particles carried on by the feed flue gas (the gas separations are generally
done in the outside-in mode) [3, 4]. Further optimization of this technique for gas separation
membranes should aim at formation of a thinner dense layer to ensure higher permeability and
investigation of different crosslinking degrees.

Studying the degree of crosslinking with FTIR technique for all the membranes
presented in Chapter 3 should be the next step: systematic determination of the membrane
structure-property relations in context of the bore liquid composition should give more
accurate approach of the control between the crosslinking and phase inversion. For the
specific fiber of known crosslinking degree of the dense inner layer, the intrinsic permeance
of the gas of interest could be determined, which would allow evaluation of the exact
thickness of the dense layer via the gas permeation experiments. The degree of crosslinking
should directly influence the zeta-potential (valid for both: dense crosslinked layer and the
entirely crosslinked porous membrane) since the shift of the zeta-potential from negative to
positive is due to the free amines of PEI which did not take part in the crosslinking
(determination of free amine content e.g. by acid orange II assay is another possibility).
Higher degree of crosslinking should result in less positive charge or lower isoelectric point.
As the tertiary amines are not involved in crosslinking, it would be very interesting to use
other types of polyethyleneimine with different ratio of primary, secondary and tertiary
amines, and monitor the structure-property relations of the membranes. Using a linear PEI
which contains only secondary amines, should hypothetically result in no change of zeta-
potential if 100% degree of crosslinking is ensured. The membrane structure-property
relations could be also investigated in terms of molecular weight of PEIL: lower MW PEI as a
smaller molecule will have higher diffusion coefficient which should result in faster
crosslinking.

All the above mentioned suggestions about the direction of future research are part
of the study on the complex kinetics of the crosslinking reaction that takes place next to the
phase inversion process.

Comparison of the ultrafiltration membranes

Two chapters of this thesis are dedicated to the ultrafiltration of biomolecules. The
comparison of various membranes, although meant for separation of the same protein
mixture, is not straightforward when membranes are made of different materials. Very often
ultrafiltration membranes are characterized by their molecular weight cut-off, which is
defined as the molecular weight of a solute that has a rejection coefficient of 90%. However,
this value of 90% is not standardized, because it comes as a result of measurement with
different solutes and at different operational conditions [5]. Two membranes rated with the
same molecular weight cut-off can have very different pore size and performance
characteristics.

In the field of gas separation membranes, Robeson [6] developed simple approach
for comparing membranes made of different materials and by different manufacturers.
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Analogous Robeson Plot for ultrafiltration membranes was developed by Mehta and Zydney
[5].

Theoretical calculations were performed for an idealized ultrafiltration membrane
according to Mehta and Zydney to get a ,critical line” — an upper limit of the membrane
performance (see Figure 3) based on its selectivity and permeability with BSA as the model
protein. This upper limit (the solid line in Figure 3) was obtained from a set of equations (1)-
4).

The hydraulic permeability L, of the memebrane was calculated assuming that the fluid flow
through each pore is described by the Hagen-Poiseuille equation:
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where ¢ is the membrane porosity, d,, is the membrane thickness, x is the solvent viscosity and
n(r) is the pore size distribution.

The selectivity a was asumed to be equal to the ratio of the sieving coeffcients of the small
impurities and of BSA:

S Cimpurities (2 )
SCBSA

a =

Since the small impurities pass freely through the membrane (Siupuriiies) = 1, the selectivity
factor would be equal to the reciprocal of the BSA sieving coefficient.
The actual protein sieving coefficient was evaluted using equation (3):
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and equation (4)
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where A=a/r with a being the protein radius.
The calcuations were performed using a log-normal pore size distribution:
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Figure 3 Selectivity — permeability trade off for ultrafiltration membranes investigated in the thesis
using BSA as the model protein; solid curve represents model calculations using log-
normal pore size distribution; left: pH 4.8; right: pH 7.5

where 7 is the mean distribution and ¢” is the variance of ditribution.

The coefficient of variation was kept at constant value of o/7=0.2. Calculations were
performed by varying the mean pore size (with o/r and /0, fixed) with the separation
factor and the permeability for each value of 7 . Membranes with large mean pore radius have
low separation factor, but high permeability, while membranes with small mean pore radius
tend to have low permeability, but high separation factor. This is the reason why the currently
available ultrafiltration membranes cluster along and below the line being the upper limit. The
ideal ultrafiltration membrane will have high separation factor and high permeability. Such a
membrane would be located in the upper right corner of the plot — a region that is inaccessible
by existing ultrafiltration membranes.

The performance of different membranes can be marked in the selectivity-
permeability diagram and compared to each other using the upper limit refrence.
The hydraulic permeability of various membranes is calculated according to equation (6):

L,=— (6)

where J, is the volumetric filtrate flux (volume flow rate per membrane area) and AP is the

transmembrane pressure.
The actual sieving coefficient (that accounts for differences in concentration polarization
within various modules) which is the intrinsic sieving coefficient is evaluated from equation

(7):

S CO BSA

SC... = 7
B (1=8,)exp(J, k) + S, ™

where SCypsa=Crirae/Creea 15 the sieving coefficient and k is the mass transfer coefficient in a
module.
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Figure 3 shows the model calculations together with the characteristics of the
ultrafiltration membranes investigated in this work: the P84/SPEEK membrane, the P84/PEI
membrane and the reference P84 membrane, presented in two graphs (different pH). All the
membranes are situated below the “critical line”. The higher selectivities of the charged
membranes are not the effect of higher permeabilities which is particularly evident at pH 4.8
(the P84/PEI membrane has the highest selectivity and the highest permeability). The effect of
charge is apparent: the selectivities of the charged membranes with PEI and SPEEK are
greatly affected when changing pH becoming reversed in a reference to the P84 membrane. If
more open membranes could be produced with the same surface chemistry and charge, the
membrane performance on the diagram should move to the right while still having the same
selectivities due to the charge. This should result in crossing the upper limit line.

1.3. Mixed matrix membranes (solid phase extraction)

This thesis presents for the first time application of mixed matrix membrane
adsorbers in non-aqueous solutions. By crosslinking the P84 matrix polymer, solvent resistant
adsorber membranes are produced that can be used in solvents like N-methylpyrrolidone and
dimethyl sulphoxide. The investigated adsorber, strong cation exchange particles, show lower
static adsorption capacity of lysozyme from DMSO and cholesterol from NMP than for the
same biomolecules in aqueous solutions (DMSO and NMP are aprotic solvents), however the
adsorption of particles in the mixed matrix membranes is higher than for particles suspension
due to the better accessibility of the particles (particles in loose suspension undergo
aggregation in the investigated organic solvents).

In order to increase the values of biomolecule adsorption, other combinations:
adsorbing particles — biomolecule — solvent should be investigated to explore other types of
reactions between the target molecule and the mixed matrix membrane.

Some preliminary research was carried on the adsorption capacity of the activated
carbon particles for isolation of lysozyme from DMSO. The value of 9.8 + 0.4 mg Lys/g
particles was obtained which is slightly lower than for suspension of strong cation exchange
particles (12.8 + 1.4 mg Lys/g particles). The problem here might be the high solvent
adsorption by the activated carbon particles which lowers their selectivity for lysozyme.
Further research on the activated carbon particles, e.g. formation of mixed matrix membrane
with these particles, was therefore discontinued. A promising class of particles for this
application could be silica which can be used in the natural hydrophilic and modified
hydrophobic form. When finding the right combination, the next research step should be
evaluation of the dynamic adsorption capacity of the membranes as done by Avramescu for
aqueous solutions [7, 8].

1.4. Capillary electrochromatography

The proof of concept of application membrane technology for fabrication of
stationary phase as capillary electrochromatography (CEC) column is shown in Chapter 5.
The advantages of membranes and advantages of CEC can be merged, but reliable analytical
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separations using porous membrane structure can be obtained only after further optimization.
The membrane structure should be improved in such a way that more open morphology with
interconnected pores and uniform porosity are created, and the fiber itself has smaller
dimensions to enhance the effective heat dissipation.

Other polymers should be investigated for membrane fabrication that have sufficient
zeta-potential and do not undergo swelling. Some research has been done on the poly (methyl
methacrylate) as this polymer has quite high negative zeta-potential (see Chapter 5). Full fiber
membranes were spun using thermally induced phase separation (TIPS). Although the fibers
had homogenous structure (Figure 4), they were not permeable for liquids (water, ethanol).

HIEE 16Bum 7573

Figure 4 SEM pictures of the PMMA hollow fiber membranes spun with the TIPS technique

Apart from the immersion precipitation spinning and the above mentioned thermally
induced spinning of fiber membranes, two other, recently developed membrane fabrication
techniques were preliminary tested for the fabrication of porous stationary phases as CEC
columns: phase inversion in-situ and polymer foaming.

Phase inversion in-situ

This method of fabricating polymeric porous monoliths was first described by de
Jong [9]. It consists of two main steps: first, the porous PP fiber is filled with the polymer
solution, second, it is placed in the water coagulation bath, where phase inversion occurs as a
result of the solvent/nonsolvent exchange through the pores of the PP fiber. Here, to improve
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the water transport through the hydrophobic PP, the fiber was first prewetted by sequential
immersion in three liquids, in each for 24 h: ethanol, mixture 50% (w/w) ethanol/water, pure
water. Thus prewetted fiber was filled using a syringe with a P84 or PMMA solution (see
compositions in Table 1) to certain length, and immediately placed in a water bath (Figure 5).
The polymer solution inside the PP fiber solidified forming a porous structure. After 12 h of
washing, the fiber was dried in the air for 2 h and subsequently in the vacuum oven at 30°C
for another 12 h.

Table 1 Compositions of the solutions used for the preparation of monoliths via phase separation in-
situ

Continuous beds phase separated in-situ

0
b8 11.0% PMMA 11.0 %
Glycerol 12.0 % DMSO 29,0 %
NMP 66.0 % He
Polymer solution Wetted porous PP fiber

=R »

Water

Drying

|

Melting

Figure 5 Schematic of the phase inversion in-situ process

158 QB8 um 1588 FE AU B9

Figure 6 SEM pictures of a PMMA continuous bed (phase inversion in-situ) inside a PP capillary
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This method, altough very simple and fast, has unfortunately few drawbacks. The
main shortcoming is the column-to-column reproducibility. There are many variables during
the fabrication procedure that determine the final morphology of the column, but are difficult
to control, the most important being injection rate of the polymer solution into the PP
capillary, and the time of column transfer into the coagulation bath. The other problem is the
adhesion of the polymer to the PP capillary. During the coagulation and the outflow of
solvent, the porous structure shrinks until it completely solidifies and the solvent is washed
out. Figure 6 shows an example of a fine PP capillary filled with the porous PMMA, while
Figure 7 presents few examples of unsuccessful structures.

Figure 7 SEM pictures showing examples of unsuccessful columns fabricated via phase separation
in-situ (pictures taken before melting the PP capillary)

The CEC performance of a monolithic column is presented in Figure 8. Two
consecutive runs of thiourea were performed at different voltages. The system responds well
to the voltage increase as the migration time is much shorter when doubling the voltage. The
peaks are narrower and the EOF is faster (6.4-10* cm?/(V-s)) than for the column packed with
a mixed matrix membrane. The column-to-column reproducibility is however worse as certain
columns did not give any response after sample injection. Moreover, the current during the
analysis was not stable, either breaking down or rising to the maximum, most likely due to the
nonuniformity of the structure along the column.

30
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Figure 8 Analysis of thiourea at various voltages; P84 stationary phase by phase inversion in-situ;
capillary; L=31/48 cm; separation: 4 kV/8 kV, UV detection at 214 nm; mobile phase:
5 mM phosphate pH=7.0; injection: 8 kV 10 s
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Polymer foaming

All the techniques of membrane fabrication described so far in this thesis were based
on a phase inversion process. A drawback of this process is the presence of organic solvent
during the preparation procedure. In addition to not being environmental friendly, the solvent
contaminates the porous material and even an extensive post treatment membrane washing
does not ensure complete removal of the solvent which is required for some pharmaceutical
and medical applications.

Table 2 Process variables of the foaming technique [11]

Process variable Description
Saturation time Residence time in the CO, pressure vessel
Saturation pressure The CO, pressure in the saturation vessel

Saturation temperature Temperature in the CO, pressure vessel

The time elapsed between removing the saturated
Transfer time polymer sample from the pressure vessel and the
heating step

Residence time of the gas saturated sample in the
heating bath

Foaming temperature The temperature of the foaming bath

Foaming time

Polymer foaming is a solvent free method for membrane fabrication that was
investigated to produce a stationary phase for capillary electrochromatography. It consists of
three sequential steps: (1) saturation of polymer with a gaseous penetrant (blowing agent) at
high pressure, (2) quenching the polymer/gas mixture into a supersaturated state by reducing
the pressure and increasing the temperature, (3) nucleation and growth of gas cells dispersed
throughout the polymer until the thermodynamic forces which drive the mass transport
vanish.

Foaming of high-T, polymers (T,, glass transition temperature) was investigated by
Krause et al. [10-14], who specified the process conditions at which foamed high-T, polymers
with interconnected pores, required for membrane applications, could be obtained. The
disadvantage of foaming in view of the membrane application is the presence of dense un-
foamed skin which hinders the mass transport across the membrane. The polymer flat
membranes and fibers are, however, permeable to gas in the longitudinal direction. The dense
skin is the obstacle for application of foamed polymers in ultrafiltration, but it does not
hamper in case of the membrane chromatography when the transport takes place along the
membrane column, and it may be a real advantage in case of the stationary phase for capillary
electrochromatography column where transport occurs along the column which has to be
sealed from outside.

Preliminary research has been done on the foaming of poly(methyl methacrylate)
thin films, since as already mentioned, this glassy polymer has quite high negative zeta-
potential, transmits visible and UV light up to 300 nm (advantage in case of CEC for the on-
column detection), and foaming of this polymer [15-19] as well as data of carbon dioxide
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Figure 9 SEM pictures of the foamed PMMA (MW=100 000) thin films casted from acetone; (A)
saturation: 35 bar, 3°C, 24 h; (B) saturation: 35 bar, 0°C, 24 h; (C), saturation: 35 bar, 0°C,
41 h; (D) saturation: 35 bar, 0°C, 48 h; (E) saturation: 35 bar, -5°C, 48 h; all films foamed
at 85°C for 30 s; transfer time 30 s; Tg of PMMA =~ 90°C

sorption [20, 21] have been reported. Dense PMMA films of thickness 45-140 um were
prepared by casting of PMMA solutions on a glass plate (3 different solvents were used:
dimethyl sulphoxide, acetone and toluene) and then evaporating the solvent. Following the
procedure proposed by Krause et al [10-13], thin polymer films were placed in a pressure
vessel and saturated with carbon dioxide at elevated pressures. Subsequently, the carbon
dioxide was quickly released from the pressure vessel (within 1s) and the gas-saturated
polymer was immersed in a glycerol bath at the desired foaming temperature. The process
parameters as listed in Table 2 were varied based on the work of Handa [16] and his diagram
of glass transition temperature of the PMMA-CO; mixture vs. CO; pressure. Figure 9 presents
SEM pictures of some PMMA films saturated at various conditions. No pore connectivity was
found for these PMMA films (tested with nitrogen). Further modifications of saturation as
well as of foaming conditions did not change the PMMA morphology in direction of
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Figure 10 SEM pictures of the foamed PMMA (MW=350 000) thin films casted from acetone; (A,B)
saturation: 35 bar, 2°C, 24 h; foaming 80°C; (C) ) saturation: 35 bar, 4°C, 24 h; foaming
85°C; both samples foamed for 30 s, transfer time 30 s

interconnected pores. Saturation at higher pressures (up to 54 bar) did not bring any
improvement, however better results were obtained when increasing the CO; sorption by
decreasing the temperature of the saturation and increasing the saturation time. Better results
were obtained when using higher molecular weight MW=350 000 PMMA (Figure 10).
Regions of open cells smaller than 0.1 pm were found in between completely dense unfoamed
areas. The results obtained with higher molecular weight PMMA foamed at the same
temperature as the lower molecular weight PMMA suggest that the region of bicontinuous
structure might be somewhere in between the foaming temperature of 80°C and 24°C
mentioned by Handa [16], and further research should be focused on investigating this range
of temperature for the pressures of around 35 bar.

Work of Krause et al. [13] on foaming polyetherimide fibers was also repeated, and
indeed the fibers were found to be permeable for nitrogen, however no liquid transport (water,
ethanol) was detected through the fibers (pieces of 4 cm long fibers were tested) in the
longitudinal direction (Figure 11).
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Figure 11 SEM pictures of the PEI fibers saturated at 52 bar for 8 h and foamed at 200°C for 30 s
with transfering time of 30 s

2. Reflections and Directions

This thesis, although revolves around biomolecules, presents three very different
techniques for their separation: ultrafiltration, membrane adsorption (also referred as a solid
phase extraction) and capillary electrochromatography.

The application of mixed matrix membranes in solid phase extraction is promising.
The research in this field has been actively going on for the last decade creating new
directions and new applications. The contribution of this work into the subject is reflected in
the application of mixed matrix membrane adsorbers for the first time in non-aqueous,
organic solvents. The developed membranes, successfully made as solvent resistant require
however further optimization, mainly concerning the adsorptive particles.

Capillary electrochromatography, although a very efficient and selective technique
for separation of biomolecules, seems "challenging" in combination with a membrane
stationary phase. Many problems, which have been addressed in this work, have to be solved
before capillary electrochromatography and membrane technology can successfully "work
together".

Ultrafiltration, being a well established technique, let us focus more on membrane
development. Two novel methods to introduce charge into hollow fiber membranes are
described in this thesis. Both of them are based on dissolving a modifying chemical agent in
the bore liquid, a completely new concept in membrane technology. This opens new
perspectives in the world of charged membranes which can now be produced in a one-step
spinning with a small amount of the polyelectrolyte, and what is the most innovative - with a
charged selective layer on the bore surface, in contrast with all other techniques which involve
modification of the outer layer of the hollow fiber membrane.

The most promising research is related to the concept of "chemistry in a spinneret".
Dissolving a nucleophilic agent in the bore liquid which crosslinks the membrane forming
polymer already in the spinneret, in parallel with the phase inversion process, can be the
future not only of the filtrations that are based on charged membranes, but it can offer a great
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potential for many types of membrane processes, such as gas separation or solvent resistant
nanofiltration. Using the “chemistry in a spinneret” concept, it becomes possible to
hydrophilize a membrane, introduce a charge into it, make the membrane solvent resistant or
create a dense gas selective layer, only by playing with the concentration of the crosslinking
agent and solvent/nonsolvent ratio in the bore liquid. Moreover, these properties can be
introduced into the hollow fiber membrane either only as a thin modified inner layer or an
entirely crosslinked membrane can be obtained by changing the ratio solvent/nonsolvent in
the bore liquid, shell liquid and polymer solution. No more membrane post-treatment: large
volumes of wasted solvent, time consuming modification and washing step; everything can
happen now during the spinning, inside a small spinneret - the fiber creator.
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Summary

Bioseparations require different techniques than those used in traditional chemical
industries. Biomolecules, the organic molecules produced by a living organism are labile and
are generally being processed at mild conditions. When heated or placed in environment of
extreme pH for example, they change their structure, lose their function and are eventually
destroyed.

Some of the advantages of membrane processes over other traditional techniques are
the efficient transport, high throughput, no need of additives, low energy consumption due to
operation at low temperatures, the possibility to upscale or downscale, as well as to integrate
into other process lines. Current research and development on membranes in order to become
techniques of choice for biotechnology, focuses on improvement of selectivity while
maintaining the high throughput.

As most of the biomolecules are charged, using a charged membrane for the separation
provides improvement of the separation selectivity. A positively charged membrane gives
higher retention of a positively charged biomolecule than a neutral or negatively charged
membrane of the same pore size. The most applicable group of biomolecules to be used with
charged membranes are proteins and this thesis is focused on them. The net charge of a
protein depends on the sum of positive and negative charged amino acids, which is a function
of the solvent pH. Charged proteins can be fractionated based on charge, even though they
have similar sizes. The separation of biomolecules with charged membranes requires
optimization of various process parameters like pH, ionic strength of the buffer solution as
well as, if possible, tailoring the membrane and protein charge.

This thesis presents various techniques to produce charged membranes. In all cases
polymeric porous fiber membranes are produced via the immersion precipitation dry-wet
spinning and tested for separation of biomolecules.

Chapter 2 and 3 focus on development of ultrafiltration membranes. In both of them
a novel technique of introduction a charge onto the membrane surface by dissolving a
polyelectrolyte in the bore liquid is applied. In Chapter 2, a negatively charged, polyimide
P84-based membrane is produced by dissolving a sulphonated poly (ether ether ketone)
(SPEEK) in the bore liquid, which is deposited on the bore surface of the hollow fiber during
the membrane formation. The zeta-potential of the lumen surface of such a membrane is
almost three times higher than of the pure P84 membrane. Filtration of a mixture of proteins
with similar molecular weights, bovine serum albumin and hemoglobin, but differing in the
electrostatic properties, through a P84/SPEEK membrane results in selectivity of over 210 in
comparison to selectivity of 60 obtained with the pure P84 membrane at the same pH. Such a

141



high selectivity is due to the electrostatic interactions membrane — protein which can be tuned
with pH. This in-line one-step spinning method for introduction charge into the membrane
can be an alternative for blending or co-extrusion, because it has the advantages of reduced
amount of the required polyelectrolyte and the simplicity of fabrication. The P84/SPEEK
membranes might find application not only for the separation of biomolecules, but also for
salt rejection and other areas of membrane technology where charged solutes need to be
separated.

Chapter 3 also explores the technique of dissolving a polyelectrolyte in the bore
liquid, but here, this polyelectrolyte (polyethyleneimine, PEI) is at the same time a
crosslinking agent for the P84 membrane forming polymer. During the spinning process, an
interplay of membrane formation by phase separation and crosslinking occur. It is
demonstrated that this interplay can be controlled by the ratio solvent/nonsolvent in the bore
liquid, shell liquid, and/or in the polymer solution. Depending on the composition of the bore
liquid, two different types of membranes can be produced: either a completely crosslinked,
not soluble in N-methylpyrrolidone and porous ultrafiltration fiber, or a porous fiber with a
crosslinked dense inner layer selective for gases. In fact, by adding PEI into the bore liquid
the membrane morphology, chemistry, charge and hydrophilicity can be tailored. The free
tertiary amine groups of PEI, which are not used for crosslinking, induce a positive charge.
The porous charged P84/PEI membrane has higher selectivity for the separation of the protein
mixture, bovine serum albumin and hemoglobin in comparison to pure P84 membrane. This
new method of fabricating composite hollow fiber membrane is simpler, less time consuming,
less expensive and more environmental friendly in comparison to other multi-step techniques.
It may give perspectives towards fabrication of novel membranes not only in the area of
bioseparations, but also in gas separation and nano- and ultrafiltration, especially in harsh
solvent environments.

The next membrane separation technique presented here is the membrane
chromatography (referred also as a solid phase extraction) that is based on the adsorption of
biomolecules onto the mixed matrix hollow fiber membranes (Chapter 4). The charge is
introduced into these membranes by dispersing negatively charged particles in the P84 matrix
polymer. The novelty is that the membranes are made solvent resistant by crosslinking them
with ethylenediamine and for the first time applied for the adsorption of biomolecules from
organic solvents. In aqueous solutions, the membranes have high adsorption capacity of
bovine serum albumin and lysozyme due to the electrostatic interactions between the
positively charged protein and negatively charged membrane. However, the adsorption of
lysozyme from dimethyl sulphoxide and cholesterol from N-methylpyrrolidone is
significantly lower. In these systems, the adsorption is due to the hydrophobic interactions
(rather than the electrostatic interactions) and is lowered by the membrane swelling. The
advantage is, however, the better accessibility of the particles in the membrane in comparison
to the suspension of particles, which undergo aggregation in organic solvents. In chapter 4,
we show the proof of concept of the solvent resistant mixed matrix adsorber membranes and
we suggest that for further improving this technology, various other types of particles as well
as other target molecule/solvent systems should be considered.
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Capillary electrochromatography (CEC) is the last technique presented in this thesis as
a method for biomolecule separation. In fact, Chapter 5 describes application of membrane
technology for fabrication of a stationary phase as a column for this hybrid analytical
separation technique. Different polymers are processed either via immersion precipitation
spinning into: (i) full fibers being a blend of polyimide P84 and SPEEK, (ii) small-bore P84
fibers with SPEEK by dissolving it in the bore liquid (technique developed in Chapter 2), (iii)
mixed matrix full fibers made by incorporating negatively charged particles into poly(ether
sulphone) matrix, or via phase inversion in-situ as (iv) monoliths of P84 or poly(methyl
methacrylate). All produced membranes are evaluated in terms of the morphology, zeta-
potential and performance in the CEC mode to estimate the electroosmotic flow, selectivity
and efficiency. The proof of concept is shown - inorganic compounds as well as large proteins
like bovine serum albumin pass through the porous charged membrane structure under
application of external electrical field and are detected on-line in form of peaks on the
electropherogram. The separations have, unfortunately, poor reproducibility, selectivity and
efficiency due to the inhomogeneous membrane morphology, membrane swelling and rather
large column dimensions resulting in overheating. Further optimization of these membrane
stationary phases should result in improvement of the column characteristics.

The thesis finishes with the evaluation and outlook (Chapter 6). In this part we
present the main highlights of the research described in the preceding chapters. We suggest
further improvements and directions to explore, and describe some preliminary research.
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Samenvatting

Het scheiden van biomoleculen vraagt andere technieken dan die zoals gebruikt
worden in de traditionele chemische industrie. Biomoleculen, de organische moleculen
geproduceerd door een levend organisme, zijn labiel en dienen daarom te worden verwerkt
onder milde procescondities. Bij verhitting of blootstelling aan extreme pH condities
veranderen ze van structuur, verliezen hun functionaliteit en worden uiteindelijk vernietigd.

Enkele voordelen van membraanprocessen ten opzichte van andere, meer traditionele
technieken, zijn efficiént transport, hoge doorzet, geen behoefte aan additieven, laag
energieverbruik door verwerking op lage temperaturen, modulair, waardoor opschalen of
afschalen eenvoudig is, evenals de mogelijkheid tot integratie in andere proceslijnen.
Onderzoek en ontwikkelingen in de membraantechnologie richten zich tegenwoordig op het
verhogen van de selectiviteit met behoud van de hoge doorzet om zodoende een preferentiéle
techniek in de biotechnologie te worden. Omdat de meeste biomoleculen een lading bezitten
kan, door gebruik te maken van geladen membranen, een hogere scheidingselectiviteit worden
behaald. Een positief geladen membraan heeft een hogere retentie voor een positief geladen
biomolecule dan een neutraal of negatief geladen membraan met dezelfde poriegrootte. De
grootste klasse van biomoleculen, die wordt gebruikt in combinatie met geladen membranen
zijn eiwitten, in dit proefschrift wordt hierop dieper ingegaan. De netto lading van een eiwit is
athankelijk af van de som van de positieve en negatieve ladingen in de aminozuren, deze zijn
een functie van de pH van het oplosmiddel. Daarom kunnen eiwitten, ook al bezitten ze een
vergelijkbare grootte, toch worden gefractioneerd op basis van hun lading. De scheiding van
biomoleculen met geladen membranen vereist optimalisatie van verschillende
procesparameters zoals pH, ionsterkte van de bufferoplossing alsook, wanneer mogelijk, het
instellen van de membraan- en eiwitlading.

In dit proefschrift worden verschillende technieken beschreven voor de productie van
geladen membranen. In alle gevallen gaat het om polymeer gebaseerde poreuze vezel
membranen, die worden geproduceerd door een polymeeroplossing via een droog-nat
spinproces te extruderen in een waterbad. De vezels worden vervolgens getest op de
toepasbaarheid in het scheiden van biomoleculen.

De hoofdstukken 2 en 3 richten zich op de ontwikkeling van ultrafiltratie-
membranen. In deze hoofdstukken worden niecuwe technieken beschreven om een lading op
een membraanoppervlak aan te brengen door het oplossen van een polyelektrolyt in de
lumenvloeistof. In hoofdstuk 2 wordt een negatief geladen, op polyimide P84-gebaseerd,
membraan gemaakt door het oplossen van gesulfoneerd polyetheretherketon (SPEEK) in de
lumen vloeistof, het opgeloste SPEEK slaat tijdens de membraanvorming neer op het
binnenoppervlak van de holle vezel. De zeta-potentiaal van het lumen oppervlak van een
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dergelijk membraan is bijna drie keer hoger dan van een zuiver P84 membraan. Filtratie van
een mengsel proteinen bij de dezelfde pH en met een gelijk molecuulgewicht, runderserum-
albumine en hemoglobine, maar verschillend in de elektrostatische eigenschappen, door een
P84/SPEEK membraan geeft een selectiviteit van meer dan 210 waar een selectiviteit van 60
wordt verkregen met een zuiver P84 membraan. Een dergelijk hoge selectiviteit wordt
toegeschreven aan de elektrostatische interacties tussen het membraan en het eiwitmolecuul
welke kunnen worden ingesteld met de pH. Deze in-line éénstapspinmethode voor het
inbouwen van lading in het membraan is vanwege een lager polyelektrolyt verbruik en door
de eenvoudige fabricage, een alternatief voor het mengen of co-extruderen. De P84/SPEEK
membranen zijn niet alleen toepasbaar voor de scheiding van biomoleculen, maar ook in
ontzouting en andere gebieden binnen de membraantechnologie, waar opgeloste stoffen, die
een lading bezitten, gescheiden moeten worden.

In hoofdstuk 3 wordt een techniek beschreven waarbij het polyelektrolyt
(polyethyleenimine, PEI) dat wordt opgelost in de lumenvloeistof, een crosslinker is voor
P84, het membraanvormende polymeer. Tijdens dit proces treedt er een samenspel van
membraanvorming, door fasescheiding, en crosslinking plaats. Er wordt aangetoond dat dit
samenspel kan worden beinvloed door de verhouding oplosmiddel/niet-oplosmiddel in de
lumenvloeistof, de externe vloeistof en/of in de polymeeroplossing. Afhankelijk van de
samenstelling van de lumenvloeistof, kunnen twee verschillende soorten membranen worden
geproduceerd: hetzij een volledig verknoopt, niet oplosbaar in N-methylpyrrolidone poreuze
ultrafiltratievezel, of een poreuze vezel met een verknoopt, dichte binnenste laag die selectief
is voor gassen. Door het toevoegen van PEI in de lumenvloeistof, kan in feite de gewenste
membraanmorfologie, -chemie, -lading en hydrofiliciteit ingesteld worden. De vrije tertiaire
amine groepen van PEI die niet worden gebruikt voor het verknopen, geven het membraan
een positieve lading. Het poreuze, geladen P84/PEI membraan bezit een hogere selectiviteit
voor de scheiding van het eiwit mengsel runderserumalbumine/hemoglobine in vergelijking
met het zuivere P84 membraan. Deze nieuwe methode voor het vervaardigen van
samengestelde holle vezelmembranen is eenvoudiger, minder tijdrovend, minder kostbaar en
meer milieuvriendelijk in vergelijking met andere meerstap technieken. De methode biedt
perspectieven voor de fabricage van nieuwe membranen, niet alleen op het gebied van bio-
scheidingen, maar ook in de gasscheiding, nano- en ultrafiltratie en in het bijzonder voor
filtraties onder extreme oplosmiddelcondities.

De membraanscheidingtechniek, die wordt beschreven in hoofdstuk 4, is membraan-
chromatografie, ook wel aangeduid als een vaste fase extractie, deze is gebaseerd op de
adsorptie van biomoleculen op de gemengde matrix holle vezel membranen. De lading in
deze membranen wordt geintroduceerd door het dispergeren van negatief geladen deeltjes in
een P84 matrix. De innovatie van dit onderzoek is, dat oplosmiddelresistente membranen
gemaakt worden door verknoping met ethyleendiamine en vervolgens voor het eerst worden
toegepast voor adsorptie van biomoleculen in organische oplosmiddelen. In waterige
oplossingen, laten deze membranen een hoge adsorptiecapaciteit van runderserumalbumine en
lysozyme zien als gevolg van de elektrostatische interacties tussen de positief geladen
eiwitten en het negatief geladen membraan. Echter, de adsorptiecapaciteit van lysozyme in
dimethylsulfoxide en die van cholesterol in N-methylpyrrolidone is aanzienlijk lager. In deze
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systemen wordt de adsorptie bewerkstelligd door hydrofobe interacties (in plaats van de
elektrostatische interacties) en wordt verlaagd door de membraanzwelling. Het voordeel is
echter de betere bereikbaarheid van de deeltjes in het membraan in vergelijking met de in de
oplossing gedispergeerde deeltjes, welke onderhevig zijn aan aggregatie. Ook laten we in
hoofdstuk 4 het concept van oplosmiddelbestendige gemengde matrix adsorber membranen
zien en geven aan dat een verdere verbetering van deze technologie mogelijk is door gebruik
te maken van een ander type deeltje, doelmolecuul of oplosmiddel.

Capillaire elektrochromatografie (CEC) is de laatste techniek die in dit proefschrift is
beschreven als mogelijke methode voor biomolecuulscheiding. In feite wordt in hoofdstuk 5
de toepasbaarheid van de membraantechnologie voor de productie van een stationaire fase
chromatografische kolom voor deze hybride analytische scheidingsmethode beschreven.
Verschillende polymeren verwerkt met enerzijds het droog-nat spinproces in: (i) volle vezels
op basis van een blend van polyimide P84 en SPEEK, (ii) P84 vezels met een klein lumen
bekleed met SPEEK door het oplossen ervan in de lumenvloeistof (de techniek ontwikkeld in
hoofdstuk 2), (iii) gemengde matrix volle vezels gemaakt door het dispergeren van negatief
geladen deeltjes in een polyethersulfon matrix, of anderzijds via in-situ fase-inversieproces als
(iv) monolieten van P84 of polymethylmethacrylaat. Alle gemaakte vezels zijn geévalueerd
op basis van morfologie, zeta-potentiaal en de prestaties in de CEC-modus om zo de
elektroosmotische flow, selectiviteit en de efficiéntie te kunnen afschatten. De proeve van
bewijs wordt geillustreerd door: anorganische verbindingen en grote eiwitten zoals
runderserumalbumine door de poreuze structuur van geladen membraan te permeéren onder
het aanleggen van een extern elektrisch veld waarna ze on-line in de vorm van pieken in een
elektroferogram zichtbaar zijn gemaakt.

De scheidingen laten, helaas, een slechte reproduceerbaarheid, selectiviteit en
efficiéntie zien, als gevolg van een inhomogene membraanmorfologie, membraanzwelling en
de vrij grote membraanafmetingen, die resulteren in oververhitting. Verdere optimalisatie van
deze stationaire fasen moet leiden tot verbetering van de kolomkarakteristieken.

Het proefschrift eindigt met de evaluatie en de vooruitblik (hoofdstuk 6). In dit deel
presenteren we de belangrijkste hoogtepunten uit de voorgaande hoofdstukken. We geven
suggesties voor verder onderzoek en procesverbeteringen en beschrijven enkele inleidende
resultaten.
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Podsumowanie

Bioseparacje wymagaja innych technik niz te uzywane w tradycjnym przemysle
chemicznym. Biomolekuly, organiczne substancje produkowane przez zywe organizmy, sa
nietrwale 1 z reguly przetwarzane w tagodnych warunkach. Jesli zostana poddane wysokim
temperaturom lub umieszczone w $srodowisku o wysokim pH, moga zmieni¢ strukture, straci¢
swoje funkcje 1 ostatecznie ulec degradacji.

Do zalet procesow membranowych, ktore sa przewaga dla tradycyjnych technik,
naleza efektywny transport, wysoka wydajnos¢, brak potrzeby uzywania dodatkdéw, niskie
zuzycie energii dzigki eksploatacji w niskich temperaturach, mozliwo$¢ zwigkszania i
zmniegjszenia skali procesu jak réwniez integrowania z innymi operacjami jednostkowymi.
Obecne badania i rozwdj membran pod katem zwigkszenia ich roli w biotechnologii, musza
zmierza¢ w kierunku poprawy selektywnosci przy zachowaniu dotychczasowej wydajnosci.

Wigkszos¢ biomolekut posiada tadunek elektryczny, dlatego zastosowanie membran
réwniez posiadajacych fadunek elektryczny zapewnia poprawg selektywno$ci. Dodatnio
natadowana membrana zapewnia wyzsza retencj¢ pozytywnie natadowanej biomolekuty niz
membrana nie posiadajaca tadunku lub natadowana ujemnie. Najodpowiedniejsza grupa
biomolekut do separacji przy uzyciu membran posiadajacych tadunek elektryczny sa proteiny,
na ktorych skupia si¢ niniejsza dysertacja. Ladunek netto proteiny jest funkcja pH 1 zalezy od
sumy pozytywnie i negatywnie natadowanych aminokwaséw. Natadowane proteiny moga by¢
frakcjonowane na zasadzie roznic w ich tadunku, nawet jesli maja podobne masy
czasteczkowe. Separacja biomolekul przy pomocy natadowanych membran wymaga
optymalizacji wielu parametréw, z ktorych najwazniejsze to pH i sila jonowa buforu oraz
fadunek membrany i proteiny.

Dysertacja ta przedstawia rozne techniki produkcji natadowanych membran. We
wszystkich przypadkach polimerowe porowate membrany w ksztalcie pustych widkien
produkowane sa w procesie sucho-mokrego spinowania (ekstruzji) poprzez tzw. wytracanie
przez zanurzenie w koagulancie, 1 nastepnie uzywane do separcji biomolekut.

Rozdzialy 2. i 3. skupiaja si¢ na produkcji membran ultrafiltracyjnych. W obu
przypadkach zastosowana jest nowatorska metoda wprowadzania tadunku na powierzchnig
membrany poprzez rozpuszczenie polielektrolitu w cieczy tworzacej otwor witokna (cieczy
wewnetrznej). W Rozdziale 2. ujemnie natadowana membrana poliimidowa (P84)
produkowana jest przez rozpuszczenie sulfonowanego polietereterketonu (SPEEK) w cieczy
wewngetrznej, ktory to polimer osadza si¢ na wewngtrznej powierzchni widkna podczas
formowania si¢ membrany. Zeta-potencjal wewngtrznej powierzchni takiej membrany jest
prawie trzy razy wyzszy niz zeta-potencjal membrany poliimidowej bez SPEEK-u. Filtracja
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mieszaniny protein o podobnych masach molowych, surowiczej albuminy wotowej 1
hemoglobiny, ale r6ézniacych si¢ wiasciwosciami elektrostatycznymi, z uzyciem membrany
P84/SPEEK skutkuje w selektywno$ci ponad 200, w porownaniu z selektywnos$cia 60
otrzymang z membrang P84 bez SPEEK-u w tym samym pH. Tak wysoka selektywnos$¢
spowodowana jest elektrostatycznymi oddzialywaniami membrana-proteina, ktore moga by¢
fatwo modyfikowane poprzez zmiane pH. Ta jedno-etapowa (ang. "in-line") metoda
spinowania prowadzaca do uzyskania natadowanej elektrostatycznie membrany, moze by¢
alternatywa dla mieszanek polimerowych lub dwuwarstwowej ekstruzji dzigki takim zaletom
jak zredukowana ilo§¢ zuzywanego polielektrolitu i prostota procesu fabrykacji. Membrany
P84/SPEEK moga znalez¢ zastosowanie nie tylko w separacji biomolekul, ale rowniez w
usuwaniu soli i innych dziedzinach technologii membranowej, gdzie separacji podlegaja
anality z tadunkiem elektrycznym.

Rozdzial 3. réwniez poswigcony jest technice, w ktorej polielektrolit rozpuszczany
jest w cieczy wewngetrznej, ale w tym wypadku, polielektrolit (polietylenoimina, PEI), jest
réwniez czynnikiem sieciujacym dla polimeru P84 tworzacego membrang. Podczas procesu
spinowania dochodzi réwnocze$nie do separacji faz jak i sieciowania polimeru, ktére to
mechanizmy oddziatywuja na siebie wzajemnie. Wykazano, ze to wzajemne oddziatywanie
moze by¢ kontrolowane poprzez proporcje¢ rozpuszczalnik/nierozpuszczalnik w cieczy
wewngtrznej, cieczy zewngtrznej i/lub w roztworze polimeru. W zaleznos$ci od sktadu cieczy
wewnetrznej wyprodukowane moga by¢ dwa rozne rodzaje membran : catkowicie
zsieciowane, nierozpuszczalne w N-metylpyrolidonie i porowate widkna ultrafiltracyjne lub
porowate wtokna z usieciowana wewngtrzna nieporowata 1 selektywna dla gazéw warstwa.
Poprzez dodanie PEI do cieczy wewngtrznej, mozliwe jest zmienianie morfologii membrany,
jej sktadu chemicznego, tadunku oraz hydrofilowosci. Wolne aminy trzeciorzgdowe od PEI,
ktére nie sa zuzyte podczas sieciowania, indukuja pozytywny tadunek na powierzchni
membrany. Porowata natadowana membrana P84/PEI ma wyzsza selektywno$¢ separacji
mieszaniny protein, surowiczej albuminy wotowej i hemoglobiny, w poréwaniu z membrana
P84 bez PEI. Ta nowa metoda produkcji kompozytowych widkien membranowych jest
fatwiejsza, mniej czasochlonna, mniej kosztowna i bardziej przyjazna dla srodowiska w
poréwnaniu z innymi wielo-etapowymi technikami. Metoda ta otwiera perspektywy w
kierunku fabrykacji nowych membran nie tylko w zakresie bioseparacji, ale rowniez w
dziedzinie separacji gazow, nano- i ultrafiltracji, szczegdlnie w $rodowisku agresywnych
rozpuszczalnikow.

Nastgpna przedstawiona w tej dysertacji technika separacji membranowej jest
chromatografia membranowa (znana réwniez jako ekstrakcja do fazy stalej) oparta na
adsorpcji biomolekut na membranach widknowych o mieszanej matrycy (Rozdzial 4).
Ladunek wprowadzany jest do tych membran poprzez rozprowadzenie negatywnie
natadowanych czastek w matrycy polimeru P84. Innowacja metody prezentowanej tutaj jest
wyprodukowanie membran stabilnych w rozpuszczalnikach poprzez usieciowanie ich
etylenodiaming 1 po raz pierwszy zastosowanie tych membran do adsorpcji biomolekut z
rozpuszczalnikdw organicznych. W roztworach wodnych, membrany te odznaczaja si¢
wysoka pojemnos$cia adsorpcyjna surowiczej albuminy wotowej 1 lizosomu z powodu
interakcji elektrostatycznych pomigdzy pozytywnie natadowana proteing 1 negatywnie
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naladowana membrang. Jednakze adsorpcja lizosomu z dimetylosulfotlenku i cholesterolu z
N-metylpyrolidonu jest znaczaco nizsza. W takich systemach, adsorpcja odbywa sig z
powodu interakcji hydrofobowych (a nie elektrostatycznych) i jest redukowana dodatkowo
przez puchnigcie membrany. Tym niemniej, zaleta jest lepsza dostepno$¢ czastek w
membranie w porownaniu do zawiesiny czastek, ktore ulegaja agregacji w rozpuszczalnikach
organicznych. W rozdziale 4. pokazujemy dowodd koncepcji membran o mieszanej matrycy
stabilnych w rozpuszczalnikch 1 sugerujemy, ze w celu dalszego udoskonalenia tej
technologii, powinny by¢ uwzgledniane inne rodzaje czastek jak rowniez systemow docelowa
biomolekuta/ rozpuszczalnik.

Kapilarna elektrochromatografia (KEC) jest ostatnia technika separacji biomolekut
prezentowana w tej dysertacji. W Rozdziale 5. opisane jest zastosowanie technologii
membranowej do fabrykacji fazy stacjonarnej jako kolumny dla tej hybrydowej analitycznej
techniki separacyjnej. Rozne polimery sa przetwarzane albo w wyniku spinowania
potaczonego z wytracaniem przez zanurzanie w koagulancie jako: (i) widkna peine bedace
mieszanka poliimidu P84 i SPEEK-u, (ii) wldkna o matej $rednicy wewngtrznej, P84 ze
SPEEK-iem osadzonym na powierzchni wtdkna poprzez rozpuszczenie SPEEK-u w cieczy
wewnetrznej (technika opisana w rodziale 2.), (iii) membrany o mieszanej matrycy w
ksztalcie pelnych wldkien otrzymane przez rozprowadzenie negatywnie natadowanych
czastek w matrycy polietersulfonu, albo w wyniku inwersji faz in-situ jako (iv) monolity z
P84 lub z poli(metakrylatu metylu). Wszystkie wyprodukowane rodzaje membran sa
analizowane pod wzgledem ich morfologii, zeta-potencjatu i charakterystyki KEC w celu
oszacowania przeptywu elektroosmotycznego, selektywnosci i sprawnosci. Jest mozliwe do
wykazania, ze nieorganiczne anality oraz duze proteiny jak surowicza albumina wolowa,
przeptywaja przez porowata natadowana struktur¢ membrany pod wptywem przytozenia
zewngtrznego napigeia elektrycznego, 1 wykrywane sa on-line w postaci pikdw na
elektroferogramie.  Separacje charakteryzuja si¢ niestety niska powtarzalnoscia,
selektywno$cia 1 sprawnoscia, glownie z powodu niehomogenicznej struktury membrany,
puchnigcia membrany 1 raczej duzych rozmiarow kolumny prowadzacych do jej
przegrzewania. Dalsza optymalizacja membranowych faz stacjonarnych powinna prowadzi¢
do polepszenia charakterystyki kolumny.

Dysertacja konczy si¢ Rozdzialem 6. zawierajacym oceng przeprowadzonych badan i
perspektywy opisanych innowacji. W czgsci tej prezentowane sa najwazniejsze dokonania z
poprzedzajacych rozdzialéw oraz rekomendowane sa dalsze optymalizacje 1 kierunki badan.
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