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Résumé de la These

Différents travaux de recherche ont été décrits dans cette thése. Les travaux de recherche peuvent
étre résumés comme suit. Le premier chapitre a porté sur l'identification d’inhibiteurs puissants
efficaces vis-a-vis de de l'isoenzyme anhydrase carbonique humaine I (hCAI). Considérant
I'importance pharmacologique de trouver des inhibiteurs (CAls) et des activateurs (AACs)
sélectifs aux isoformes de I’anhydrase carbonique ), 'anhydrase carbonique humaine I (hCAI) a
¢été confrontée en parallele a diverses bibliotheques dynamiques constitutionnelles (CDL). Dans le
deuxiéme chapitre, des réseaux constitutionnels dynamiques ont été préparés sous forme de
systémes membranaires liquides et solides agissant comme un réseau pour le transport spécifique
des ions lanthanides. Le transport est basé¢ sur la capacité de complexation des lanthanides
(La”, Lu”, Eu™) avec les groupes polyéther fonctionnels situés dans les matériaux
membranaires. Dans le troisiéme chapitre, l'approche proposée consiste en l'utilisation de
membranes liquides ioniques supportées (SILMs) comprenant deux enzymes différentes de
I'anhydrase carbonique, I’enzyme thermo-résistante SspCA et 1'enzyme bovine-CA, qui catalysent
la réaction de conversion réversible du CO, en bicarbonate en favorisantla force motrice vers le
transport de CO,. La stabilité des membrane, leur perméabilité vis-a-vis de CO, et de N ainsi que
la selectivité idéale (CO,/N,) ont été déterminées pour les membranes développées. Le quatriéme
chapitre porte sur la synthése et la caractérisation de membranes polymeéres denses pour une
application en séparation de gaz. Les mesures de perméabilité aux gaz des membranes polymeres
synthétisées ont montré que la perméabilit¢ de CO, est supérieure a celle des autres gaz testés
(CH4 et N»). Dans le dernier chapitre, des membranes de PVDF ont été fonctionnalisées avec une
enzyme, la phosphotriestérase (PTE), selon deux méthodes différentes pour construire un réacteur
a membrane biocatalytique (BMR) avec pour finalité la bioconversion et la séparation sélective
du substrat paraoxon. La premiére méthode met en ceuvre une dispersion réversible de
nanoparticules magnétiques de PTE qui estimmobilisée a la surface de la membrane de PVDF
sous l’effet d'un champ magnétique externe . A l’inverse, la seconde méthode porte sur le
greffage chimique de l'enzyme PTE, aprés modification de la surface de la membrane de PVDF
native (DAMP-GA-enzymatique). Les deux techniques d'immobilisation d'enzymes ont montré
une bonne efficacité et une sensibilit¢ a I'égard de la bioconversion du paraoxon dans les

différentes conditions appliquées dans un réacteur a membrane biocatalytique (BMR).
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De facon globale, les concepts développés dans ce travail de thése permettront d’ouvrir de
nouvelles pistes de recherche allant vers le développement d'une membrane polymere sélective au
transport d’ions, de gaz mais aussi active dans les réactions catalytiques enzymatiques grace a un

controle bio-moléculaire au niveau des matériaux membranaires.

Mots clés:

Membrane polymére; Fonctionnalisées; Séparation de gaz; Contrdle bio-moléculaire; Réactions
catalytiques enzymatiques ; Transport sélectif d’ions ; Bioconversion du paraoxon ; Membranes
liquides ioniques supportées (SILMs); L'anhydrase carbonique (CA) enzyme;

Phosphotriestérase (PTE) enzyme ; Un réacteur 8 membrane biocatalytique (BMR).
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Abstract

Different research works have been described in this thesis. The research works can be
summarized as the following. The first chapter deals with the identification of effective potent
inhibitors for the human carbonic anhydrase I (hCAI) isozyme. Considering the pharmacological
importance to find selective CA inhibitors (CAls) and CA activators (CAAs), human carbonic
anhydrase I (hCAI) has been subjected to a parallel screening of various constitutional dynamic
libraries (CDL). In the second chapter, constitutional dynamic networks have been used in liquid
and solid membrane systems as a carrier network for transporting lanthanides. The transport is
based on the complexing ability of lanthanides metals (La+3, Lu®™, Eu+3) with the functional
polyether groups in the membrane materials. In the third chapter, the proposed approach consists
in using supported ionic liquid membranes (SILMs) comprising two different carbonic anhydrase
enzymes, the thermo-resistant SspCA enzyme and the Bovine-CA enzyme, which catalyze the
reaction of reversible conversion of CO, to bicarbonate, enhancing the driving force for CO,
transport. Membrane stability, CO, and N, permeability and (CO,/N;) ideal selectivity were
determined for the membranes developed. In the fourth chapter, the research work consists in the
synthesis and characterization of dense polymeric membranes for gas separation application. The
gas permeability measurements for the synthesized polymeric membranes showed that the
permeability of CO; is higher than other used gases (N, and CHj). In the last chapter, two
different methods of PVDF membrane functionalization with a phosphotriesterase (PTE) enzyme
have been developed to construct biocatalytic membrane reactor (BMR) for bioconversion and
selective separation of paraoxon substrate. The first method employs reversible dispersion of
magnetic nanoparticle immobilized with PTE using an external magnetic field on the surface of
native PVDF membrane. On the contrary, the second method comprises chemical grafting of the
PTE enzyme after surface modification of the native PVDF membrane (DAMP-GA-Enzyme).
Both methods of enzyme immobilization showed good efficiency and sensitivity towards the
bioconversion of paraoxon substrate at different conditions applied in a biocatalytic membrane

reactor (BMR).

In general, the concepts developed in this thesis research work will help bring new tracks on the
way to the development of a polymeric membrane for selective ion and gas separation but also for

selective catalytic reaction under bio(molecular) control.
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Keywords:

Polymeric membrane; Functionalized; Gas separation; Bio-molecular control; Enzymatic catalytic
reactions; Selective ion transport; Bioconversion of paraoxon; Supported ionic liquid membranes
(SILMs); Carbonic anhydrase (CA) enzyme; Phosphotriesterase (PTE) enzyme; Biocatalytic

membrane reactor (BMR).
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General Introduction

Different research works have been described in this research thesis, the general

introduction of the research thesis can be summarized as the following:

Constitutional Dynamic Chemistry (CDC) and its application Dynamic Combinatorial
Chemistry (DCC) are new evolutional approaches to obtain chemical diversity. By virtue
of the reversible interchanges, a Dynamic Combinatorial Library (DCL), virtually
forming all possible combinations of building components, can adapt to a biotarget that
can be used to select an active ligand. Carbonic Anhydrases (CAs) are one of the early
addressed biotargets for DCC. The pioneering work of Lehn et al. demonstrated that a
known inhibitor of the bovine CA (bCA II, EC4.2.1.1) was amplified from a DCL and
the feasibility has been further proven by other groups. Various DCLs generated under
thermodynamic control have been evaluated by our groups for their relative inhibition
toward the physiologically relevant human CAs, hCA I and hCA II, the most active
isoforms and studied as drug targets. They are able to differentiate amplified binders,
under the specific binding effect of the two isozymes. The literature survey allows the
following conclusions to be made: (a) important progress has been achieved in the past
two decades for identifying CAls by using DCLs; (b) no DCL studies were dedicated to
the chemistry of CAAs so far; (c) the use of DCC for the discovery of CAIs/CAAs might
provide insights into the discovery of efficient classes of active compounds, against 16
CA isoforms known nowadays in humans. In the first part of this manuscript, we report
DCLs of components susceptible to selective binding to the hCA 1, both as inhibitors or
as activators, subjected to a parallel screening by using aminocarbonyl-imine reversible
chemistry. We investigate whether the competitive generation of potent CAls and CAAs
could be selectively expressed as an independent (linear), an interfering (crossover) or a

dominant behaviour of the above-mentioned events.

On the other hand, supramolecular chemistry is by nature a dynamic chemistry in view of
the reversibility of the non-covalent interactions connecting the molecular components of
a supramolecular system. The dynamic self-assembly of the components may allow the

flow of structural information from the molecular level toward nanoscale dimensions.
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Understanding and controlling such upscale propagation of structural information might
offer the possibility of imposing a further precise order at the mesoscale and new routes
to obtain highly ordered ultradense arrays over macroscopic distances. DYNAMERS
(dynamic polymers) are polymeric materials exhibiting reversible formation and
component exchange. They comprise both the supramolecular polymers that are dynamic
by nature and molecular polymers that are dynamic by intent, due either to the presence
of a non-covalent or to the introduction of a covalent reversibility cassette. Their
formation and dynamic character result either from recognition-directed reversible poly-
association of components through complementary interactional groups (supramolecular,
non-covalent, physical, interactional recognition) or from reversible polycondensation of
components through complementary functional groups (molecular, covalent, chemical,
functional recognition), respectively. In view of the ability of dynamers to build up by
self-assembly and to select in principle their components in response to external stimuli

or to environmental factors, they behave as adaptive materials.

Membrane-mediated separations are an attractive alternative to other chemical methods
for purification, recovery (i.e., ion exchange, extraction, or chromatographic processes),
etc. Numerous artificial membrane systems using molecular components have been
developed in the past decades. The supramolecular design and application of receptors
for recognition of cations, anions, or molecular species have attracted a great deal of
interest as these systems have many potential functions such as solubilization, extraction,
and membrane transport. For all these reasons, functional dynamic polymers “dynamers”
may be used to conceive novel membrane materials. Our efforts in the second part of the
manuscript, involve the synthesis and the fabrication of novel “dynameric” membranes
designed to transport ionic salts of lanthanides metal ions (La’", Lu®", Eu®") based on
encoded molecular features of the monomeric subcomponents. Their transport
performances (permeability and selectivity) are evaluated by using the solution-diffusion
model. The membrane performances are exploited via dynamic reversible covalent
exchange processes of variable composition of subcomponents in solution during the
membrane synthesis. The resulting polymeric membranes are stable and are conserved

during and after the membrane transport experiments.



EUDIME (2012-2015) General Introduction

Membrane is a semi-permeable active or passive barrier which, under a certain driving
force, permits preferential passage of one or more selected species or mixtures of
components (molecules, particles or polymers) in a gaseous phase and /or liquid solution.
Membranes have been investigated for over 150 years, and since 1980 gas separation
membranes have been used commercially. Gas separation membranes are used in a
number of industrial processes; such as the production of oxygen enriched air, separation
of CO; and H,O from natural gas or of CO, from N, in flue gas streams, purification of
H,, and recovery of vapors from vent gases. Different strategies towards the construction
of more efficient membranes have suggested. Polymeric membranes perform their
process by different mechanisms which are based upon the properties of membrane
means physical and chemical structure, also interaction between membrane, components

and nature of gas.

In spite of the large number of different membrane materials and operating conditions
described for the separation of CO; from flue gas and natural gas, the performance of
existing processes to effectively separate CO, are not yet satisfactory. The applications
developed so far have been compromised mainly by the CO, permeability and membrane
selectivity. For this specific application, it is therefore mandatory to develop membranes
with a high CO, permeability, a high (CO,/N;) selectivity, thermally and chemically
resistant to be used at high temperatures. They should also be resistant to plasticization
effects which normally occur due to absorption of CO, and may have negative

implications on process selectivity.

One possible approach for enhancing the flux is the use of liquid membranes, due to the
high diffusivity of gases when compared with solid membranes, which will lead to higher
permeability values. In particular, supported liquid membranes (SLM) in which a solvent
is immobilized inside the porous structure of the supporting membrane by capillary
forces, have been considered one of the most attractive membrane configurations to be
used in gas separation applications. However, operating conditions such as high
temperature and moderate pressure, as well as lack of differentiated selectivity towards

specific gases is still limiting its application. High temperatures may lead to the
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evaporation of the solvent contained within the membrane pores and moderate pressures
may lead to the displacement of the liquid from the membrane pores. The properties of
ionic liquids such as viscosity and non-volatility can stop the membrane solvent flowing
out from porous membrane, which prolongs the life of the SILM greatly without
diminishing the ability and selectivity of separation. The high-thermal stability and non-
flammation of IL is suitable for capturing CO, from the flue-gases at high temperature,
and SILM can enhance the contact area between gas and ionic liquids. There are several
works available in the literature where supported ionic liquid membranes (SILMs) were
studied for potential applications in gas separations. The pure gas permeability of N,
CH4 and CO, and the corresponding ideal selectivities through a porous hydrophilic
polyethersulfone support with different immobilized RTILs showed that the
permeabilities/selectivities of SILMs were competitive or even superior to other
membrane materials. The facilitated transport of CO, and SO, through SILMs showed
that SILMs can be very selective to CO; and SO».

An important potential avenue for improvement in CO; capture is based on biologically
assisted membrane systems, with the use of a Carbonic anhydrase enzyme. This enzyme
catalyzes the reversible reaction of carbon dioxide with water to produce bicarbonate.
The first proposed for this approach, where the carbon dioxide presents in the flue gas
stream contacts with carbonic anhydrase aqueous solution and produces bicarbonate. The
bicarbonate diffuses across the liquid membrane and it is converted back to carbon
dioxide upon desorption in the presence of vacuum or a sweep gas in the permeate side.
The main problem with this technology is water management, since water evaporates
even at relatively low temperatures. Therefore, in order to prevent liquid loss, the feed
and sweep gases have to be humidified. Although enzymes in ionic liquids (ILs) have
presented enhanced activity, stability, and selectivity, the practical obstacle of using ILs
is that many enzymes do not dissolve readily in most ILs, which has ruled out many
potential biotechnological applications. In fact, enzymes that show catalytic activities in
ILs normally do not dissolve in ILs. When enzymes become active in ILs, they remain
suspended as a powder. Although some ILs can dissolve enzymes through the weak

hydrogen bonding interactions, they often induce enzyme conformational changes
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resulting in deactivation of enzyme. To improve the enzyme solubility as well as activity
in ILs various attempts have been made by modifying the form of enzymes in which it is
used, including immobilized enzymes, the use of microemulsions, and the use of whole
cells. According to that many research groups have modified the enzymes through the
immobilization to improve the enzyme solubility as well as activity in ILs. All these
strategies provide more robust, more efficient, and more enantioselective biocatalyst
suitable for biotransformation with ionic liquids. Luisa Neves et al. 2012 provided an
innovative concept for the removal of CO, from flue gas streams using supported liquid
membranes with non-volatile ionic liquids (or solvents), comprising an enzyme that

enhances the selective transport of CO,.

The approach proposed in this research work consists on using supported ionic liquid
membranes (SILMs) comprising two different carbonic anhydrase enzymes, the thermo
resistant SspCA enzyme and the Bovine-CA enzyme, which catalyze the reaction of
reversible conversion of CO, to bicarbonate, enhancing the driving force for CO,
transport. Membrane stability, CO, and N, permeability and CO,/N, ideal selectivity
were determined for the membranes developed. To validate this hypothesis, the present
work proposes to investigate the following aspects: 1- Design of supported liquid
membranes by immobilization of an ionic liquid in a polymeric hydrophobic support; 2-
Evaluation of the stability of the SLMs at high temperatures; 3- Determination of CO;
and N, pure gas permeabilities and assessment of the potential of the membranes for the
COy/N, separation; 4- Determination of the effect of water activity present in the selected
solvent on the improvement of CO, transport and selectivity. To validate this hypothesis,
the present work proposes to investigate the following aspects: 1- Design of supported
liquid membranes by immobilization of an ionic liquid in a polymeric hydrophobic
support; 2- Evaluation of the stability of the SLMs at high temperatures;
3- Determination of CO; and N, pure gas permeabilities and assessment of the potential
of the membranes for the CO,/N, separation; 4- Determination of the effect of water
activity present in the selected solvent on the improvement of CO, transport and

selectivity.
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Numerous polymeric membranes that have excellent physical and chemical bulk
properties do not possess the appropriate surface properties required for particular
applications. For this reason, surface modification of polymeric membranes has been of
prime importance in various applications from the advent of membrane-involving
industries. Incorporation of novel functionalities is a versatile means for surface
modification of polymeric membranes. Functionalized membranes are used for
immobilization of enzymes, for improvement of biocompatibility, preparation of
biosensors and application in membrane bioreactors due to their interesting properties of
high specific surface area and the possibility to combine separation with chemical
reaction. For example, biocatalytic membrane reactors (BMR) combine selective mass
transport with chemical reactions. The selective removal of products from the reaction
site increases the conversion of product-inhibited or thermodynamically unfavourable
reactions. Membrane reactors using biological catalysts can be used in production,

processing and treatment operations.

The recent trend towards environmentally friendly technologies makes these membrane
reactors particularly attractive because they do not require additives, are able to function
at moderate temperature and pressure, and reduce the formation of by-products. The
catalytic action of enzymes is extremely efficient and selective compared with chemical
catalysts; Enzymes demonstrate higher reaction rates, milder reaction conditions and
greater stereo specificity. Their potential applications have lead to a series of
developments in several technology sectors: (1) the induction of microorganisms to
produce specific enzymes; (2) the development of techniques to purify enzymes; (3) the
development of bioengineering techniques for enzyme immobilization; and (4) the design
of efficient productive processes. In this research work, two different kind of modified
membranes with a phosphotriesterase (PTE) enzyme have been developed for
bioconversion of paraoxon substrate to P-nitro phenol as a product. One of these
membranes was modified with MNPs-Enzyme, while the other one was modified with
DAMP-GA-Enzyme. Both of these two membranes showed good efficiency and
sensitivity towards the bioconversion of paraoxon substrate to p-nitrophenol product at

different conditions applied to the biocatalytic membrane reactor (BMR).
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There are various parameters that had significant effect on the efficiency and
performance of the developed polymeric membranes with immobilized PTE enzyme.
There parameters are the loaded amount of Enzyme, paraoxon concentration, pressure
applied to BMR reactor, and the residence time between the paraoxon substrate and

enzyme.

In general, the concepts developed in this research thesis will help bring new tracks
on the way to the development of polymeric membrane with bio(molecular)
materials to create membrane materials for different application (Ion selective
membranes, gas separation, and biological applications). Indeed, it is quite possible
to translate these principles to other traditional membrane systems to improve their
properties and make them more efficient and selective towards membrane

industrial applications.
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Abstract

Here we describe the screening via Dynamic Deconvolution of constitutional dynamic libraries
(DCLs) of inhibitors (CAls) and activators (CAAs) of human carbonic anhydrase I (hCAI)
1sozyme. The inhibitory effects dominate over the activating ones, while the CAAs may be
identified in the absence of CAls. Our findings show that the DCL-Carbonic Anhydrase story
may hold novel surprises, relevant to the general drug design research, especially with enzyme
families like CAs with a multitude of members. The present study revealed a new paradigm: if
compounds of agonistic inhibitor and activator activities are formed, the Dynamic Deconvolution
may lead to the discovery of the inhibitory set of components expressed at the expense of the
activator ones. This sheds light on the dominant mechanistic inhibition behaviours. Moreover the
simplicity of the Dynamic Deconvolution strategy and of its analysis can easily lead to valuable
simple mechanistic insights into inhibitory—activatory relative synergistic affinities toward the
hCAs. This contribution adds several new behaviours to the systematic rationalization and
prediction of novel CA active compounds.

Keywords:

Constitutional dynamic libraries (DCLs); Inhibitors; Activators; Dynamic Deconvolution;

Synergistic affinities; Human carbonic anhydrase I (hCAlI).
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The Aim of the research work

The goal of the work described in this chapter is the identification of effective potent inhibitors
for the human carbonic anhydrase I (hCAI) isozyme. Considering the pharmacological
importance to find isoform-selective CA inhibitors (CAls), human carbonic anhydrase I (hCAI)
has been subjected to a parallel screening of various constitutional dynamic libraries (CDL). The
use of parallel constitutional screening of CDL chemistry for the discovery of enzyme inhibitors
is straightforward and it might provide initial insights toward the generation of efficient classes
of selective and high affinity inhibitors. The originality of this work depend on using human
isozymes than the studies described in Dynamic Combinatorial Libraries-DCL for bovine

isozyme, as human isozyme may have better specificity with respect to certain inhibitors.

The introductory bibliographic part is divided into two parts: The first part provides an
introduction to Supramolecular and Dynamic combinatorial chemistries and their various aspects
and the methods used for the identification of the active components of biological interest. We
define subsequently the role of Carbonic Anhydrase as a target potential for inhibitors such
sulfonamides. The last part focuses on the synthesis and the screening of four DCLs to assess
their inhibitions properties with human isozymes CAI by spectrophotometric studies using UV-

Vis Spectrophotometer to identify the best inhibitors of each library.

10
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1. Introduction

1.1. Supramolecular Chemistry toward Constitutional Dynamic Chemistry

Supramolecular chemistry has developed over the last forty years as “chemistry beyond the
molecule”. Starting with the investigation of the basis of molecular recognition, it has explored
the implementation of molecular information in the programming of chemical systems towards
self-organization processes that may occur either on the basis of design or with selection of their
components. Supramolecular chemistry deals with the complex entities formed by the
association of two or more chemical species held together by non-covalent intermolecular forces,
whereas molecular chemistry concerns the entities constructed from atoms linked by covalent
bonds. Subsequently, the area developed into the chemistry of "self-organization" processes and
more recently into "constitutional dynamic chemistry" as represented in

Fig.1. Molecular chemistry has, over about two centuries, developed a wide range of very
powerful procedures for creating ever more sophisticated molecules and materials from atoms
linked by covalent bonds. Beyond molecular chemistry, supramolecular chemistry aims at
constructing highly complex, functional chemical systems from components held together by
intermolecular forces [1].

Supramolecular entities are by nature constitutionally dynamic by virtue of the liability of non-
covalent interactions. Importing such features into molecular chemistry, through the introduction
of reversible bonds into molecules, leads to the emergence of a Constitutional dynamic
chemistry, covering both the molecular and supramolecular levels. It considers chemical objects
and systems capable of responding to external solicitations by modification of their constitution
through component exchange or reorganization. It thus opens the way towards an adaptive and

evolutive chemistry, a further step towards the chemistry of complex matter [1].

PREORGANISATION SELF-ORGANISATION
Information Diversity
Programming \Dynamics
/ Q \

DESIGN DESIGN SELECTION
MOLECULAR . SUPRAMOLECULAR p— CONSTITUTIONAL
CHEMISTRY ’ CHEMISTRY N DYNAMIC

Constituth CHEMISTRY
onstitutional
ﬂnynamiw I

Fig.1: From molecular, to Supramolecular and to Constitutional Dynamic Chemistry under Preorganisation and Self-
organisation by design and with selection [1].

11
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Supramolecular chemistry has thus progressed over the years along three overlapping phases.
The first is that of molecular recognition and its corollaries, supramolecular reactivity, catalysis,
and transport; it relies on design and preorganization and implements information storage and
processing. The second concerns self-assembly and self-organization, i.e., self-processes in
general; it relies on design and implements programming and programmed systems, which
involve messages in molecules controlling the generation of specific entities in complex
mixtures. The third concerns constitutional dynamics of both molecular and supramolecular
entities, defining constitutional dynamic chemistry as a unifying concept; it allows for adaptation
and evolution; it relies on self-organization with selection in addition to design, and implements
chemical diversity and’ informed dynamics [2]. However, most biological phenomena do not
involve formation or destruction of covalent bonds Biological structures are usually made from
simple molecular aggregates that are associated with weak non - covalent interactions. These
interactions are responsible for most processes in living systems, recognition antibody / antigen,
ion transport across cell membranes, Recognition RNA / DNA, etc...). Located at the interface of
chemistry, physics and biology, chemistry supramolecular can be defined as “chemistry beyond
the molecule" in based on poly - organized molecular entities with a level of complexity
growing. It results from the combination of several molecular species maintained together by

non-covalent interactions and intermolecular forces [3].

Inspired by biological models and controlling non- interactions covalent artificial supramolecular
systems highly structured and functionalized have been developed and used in the field of
biology and medicine. Nature teaches us that the “molecular recognition” is a step important of
all biological process: it is the property of a molecule to recognize and restrain or hold a
substrate, by structural complementarily. Paul Ehrlich (Nobel Medicine in 1908) introduced the
concept of studying receptor affinity between dyes according to body tissues and the immune
response between antigens and antibodies. Then the concept of selectivity was stated by Emil
Fischer [4] through the image "Lock and key ", that represented in (Fig. 2). Selectivity involves
geometric and functional complementarity wherein based on molecular recognition. The
selective binding also requires interaction between partners in coordination made by Alfred
Warner (Nobel Prize 1913). Fixation, recognition and coordination are the basis of chemistry

supramolecular [3].

12
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Fig.2: Concept of complementarity schematically represented by Image (key and lock) [3].
Molecular recognition involves the energy and information in molecular fixing a substrate with a
receptor. The molecular information is incorporated in the architecture of a receptor and its
functional groups that will interact selectively with a substrate that will read the information by
structural complementarity. The molecular receptors are organic structures or metal-organic
compounds (e.g. protein zinc: the carbonic anhydrase), by which the intermolecular interactions
occur with the binding site of the substrate. Binding sites involve various interactions (hydrogen
bonding, ion dipole, dipole-dipole, ionic Van der Waals, etc.). Recognition may be coupled with

other chemical processes such as oxidation / reduction, and protonation/deprotonation [3].

The substrate is adapted to be set by a receptor through a coupling site for potential recognition it
is necessary that the two species are functionally and compatible. This leads to the principle of
double complementarity covers the energy and geometrical properties always represented by the
concept “lock and key”. Another important idea is to consider the supramolecular syntheses are
appeal to non-covalent associations which means that the construction of entities supramolecular
itself, based on the creation and destruction of non-links covalent. These routes programmed and
incorporated into the "design" of molecular components may also be subject to change and adapt
in relation with their relative, so as to obtain the properties and effects entities environment
remarkable. However they can also be stabilized by fixing and / or immobilization with cross
functional groups present in the supramolecular architectures, this is carried out by conventional
chemical means (crystallization, polymerization, absorption, and precipitation) while introducing
the concept of supramolecular material. The concentration and fixing of supramolecular
nanoscale systems can be the development of a new material organized from the microscopic

level to macroscopic objects.

13
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1.2. Dynamic combinatorial libraries (DCLs) concepts

1.2.1. Aspects of Dynamic Combinatorial Chemistry (DCC)

Combinatorial chemistry has been extensively used in drug-discovery processes as a powerful
tool to explore functional compounds, individually synthesized in parallel through high-
throughput methods [5]. Dynamic combinatorial chemistry (DCC) is a new paradigm in drug
discovery, that gives access to rapid ligand identification based on simultaneous implementation
of reversible molecular assembly and supramolecular recognition processes [6-9]. The DCC
screening is based on a shift of chemical equilibrium in mixtures of reversibly connected
components driven by a biomolecular target, resulting in the preferred amplification of one or a
few components. DCC has been used in a variety of biomolecular systems, non-exhaustively
including lectins [10,11] , acetylcholine-esterase [12], neuramidase [13], galactosyltransferase

[14], glycosidase [15], DNA [16], etc.

The lines of the search for bioactive substances, including molecules with properties targeted for
a specific therapeutic application, are based on the synthesis series of individual molecules to test
their potential activities with given biological target [17]. The aim to obtain quick and efficient
molecules with useful properties, combinatorial chemistry has been initiated [18-23]. During the
past 20 years, several publications and reviews have appeared demonstrating the success of this
multidisciplinary field. Currently, pharmaceutical companies are certainly interested in this
powerful and efficient tool to find molecules with a biological activity. The combinatorial
approach is characterized by two main steps: the synthesis of library and identification of the

active component by screening [24].

1.2.2. The synthesis of combinatorial libraries

The basic idea of combinatorial chemistry is to carry out reactions with several starting reagents
or with small libraries, or with mixtures (high Library > 10000 components). Thus, all possible
combinations are formed each step, generating a library with a wide variety of components from
a limited number of starting reagents. The number of components increases so exponentially
with the number of initial reagents and steps put in. The synthesis combinatorial synthesis also
called high-capacity (high —throughput synthesis), has stimulated the development of powerful
new tools, including heterogeneous synthesis solid support [25]. It boasts of new synthetic

methods such as “divided couple and recombine” (split method) [26], (Fig. 3).

14
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Isolation and purification of products, and thereby generate libraries with statistical distribution.
Synthesis of defined mixtures requires procedures that deliver a large number of structurally
defined compounds in equal molar amounts with as few reaction steps as possible. Thus mixtures
of reactants could be used in each reaction step so that many reaction products are formed in one
reaction vessel at the same time. This is the usual procedure for combinatorial synthesis of
mixtures in solution. Combinatorial chemistry requires small amounts of reagents, and
methodologies for efficient synthesis selectivity, and it’s possible for using the automatic robots

synthesis to increase productivity [27].

e ]
B P 3R (20)
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Fig.3: Split method, Sphere = polymeric support; R gives the number of reactions performed in parallel; P is the
number of different products [26].

1.2.3. Design of Dynamic combinatorial libraries-DCLs and generation of diversity

The choice of the components of the DCLs is made with respect to the initial reactants supposed
to lead to active products. The probability of finding an active compound increases with diversity
and the dissimilarity of the components of the library. There is a difference between diversity
variety and library in the expense variety of critically molecular site interaction. A combinatorial
library can have a wide range for a given target, but no variety to another target [27].

Know the structural information on the active site of the target, the modeling computer-aided
design can effectively targeted library rational design and structure based combinatorial
synthesis. Unfortunately, information structural are not yet available for majority biological

targets, thus the trial and error methods (random design) become interesting.
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The success of such an approach requires a good balance between the number and diversity of
compounds tested. The composition of the libraries varies depending on the purpose: looking for

a track (active), or optimization of a track that represented at table 1.

Table 1: Features of combinatorial libraries [28].

Search track Optimization track
1. Random libraries. 1. Targeted libraries.
2. Several targets 2. A target/ A target family
3. Synthesis on a solid support: (synthesis | 3. Synthesis in solution/ solid support (the
of libraries of small molecules) structure of the track determines the
4. Syntheses "split" chemistry).
Mixtures of individual components | 4. Automated parallel synthesis individual
("One-bead, one compound"). components.
5. >>10000 components, <l mg product 5. <<10000 components, 1 mg product.
6. Screening mixtures (with convolution) | 6. Screening of individual components (with
decoding)

1.2.4. Principles of dynamic combinatorial chemistry

Dynamic combinatorial chemistry (DCC) exploits reversible covalent chemistry to generate
combinatorial libraries that are under thermodynamic control [29,30]. The use of DCC has
enabled combinatorial pools of candidates to be established through reversible connections,
either by using covalent or noncovalent chemistry. Such a collection of molecules is termed a
dynamic combinatorial library (DCL) [31-38] and may be viewed as a collection of reversible
combinations of a series of building blocks which undergo thermodynamic exchange with each

other as represented in (Fig. 4).

A =— B =— C =— D =— E

J1 s (1)

A =/ B — C =—™ D — E

| T
B-T

Fig.4: Schematic representation of the interconversion of library members by equilibrium processes. The letter sizes
are representative of product concentration [29].
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Since the library members interconvert by equilibrium processes, any stabilization of a given
member of the library will result in the thermodynamic redistribution of the equilibrium to yield
a new thermodynamic equilibrium. The result, which is in accordance with the Le Chatelier
principle, is amplification of the stabilized library member, whose formation is, favored above all
other possible members that might co-exist in solution. Indeed, those other possible members are
“proof-read” and consumed to produce more of the favored member. Stabilization of a library
member may be achieved by introducing a template into the DCL. Templating methods for
DCLs has been considered [39] into two classes (Fig. 5) “casting” and “molding”. In casting, a
macromolecule provides a cavity within which the optimum ligand may be trapped, whereas, in

moulding, the ligand collects the optimum receptor around itself.

Components Dynamic Library %/4 CASTING
/ of a substrate
o
D / & 2
< . - .
- DQ‘ :-? D
Q o)

J of a receptor

=
Y
1l

Fig.5: Diagrammatic representation of casting and moulding in DCLs [39].

Dynamic combinatorial/covalent chemistry (DCC), that relies on the dynamic generation of
interconverting “keys” resulting from all the possible combinations of “fragments of keys”, with
the goal that this virtual set of potential keys may contain one (or more) that fits the lock, under
either thermodynamic selection, expressing the constituent/key that presents the strongest
interaction with the target/lock, or kinetic selection, giving the key that forms fastest within the
lock. In both cases, the supramolecular lock/key recognition interactions direct the process (Fig.
6). A dynamic library of constituent keys is generated from reversibly connecting fragments of
the keys. The receptor/lock amplifies/favours the expression of the constituent/key that binds
best to it (thermodynamic selection) or that forms fastest within it (kinetic selection). The library
constituents/keys do not need to be formed before the addition of the receptor/lock, illustrating

the notion of virtual dynamic library.
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DYNAMIC Constituents

LIBRARY ﬂ m
Library
generation % %

Components /

CONSTITUENT
EXPRESSION

. Library of interchanging \
.’ ' species
pe 0 Lock/Key
Initial building
-

Fig.6: Schematic representation of the principle of dynamic combinatorial/covalent chemistry (DCC) as applied in
particular to the discovery of leads for bioactive compounds [40].

Supramolecular chemistry as previously defined as the chemistry of non-covalent interactions is
a part of a dynamic chemistry. Indeed, its principles are based on the recognition and assembly
natural or synthetic molecular entities through reversible interactions covalent or non-covalent.
The dynamic materials, as materials whose components are linked through reversible covalent or
noncovalent connections and undergo spontaneous and continuous change in constitution by
assembly/dis-assembly processes in a given set of conditions via recognition directed association
and self-organization processes, supramolecular chemistry has opened new perspectives in
materials science towards the design and engineering of supramolecular materials. These, again,
are dynamic by nature, whereas molecular materials must be rendered dynamic by introduction
of reversible covalent connections between building blocks. Because of their intrinsic ability to
exchange their components, they may in principle select them in response to external stimuli or
environmental factors and therefore behave as adaptive materials of either molecular or

supramolecular nature [1, 4, 41, 42].

1.2.5. The Peculiarities of DCLs and VCLs

The reversibility is the fundamental characteristic of the CCD, allowing the approach dynamic
and allows the creation of VCLs through continuous and spontaneous interconversion these
components ensure the adaptive nature of libraries thus formed. The VCLs are dependent on the
mechanism of formation and connections. i.e. if the process assembly occurs via reversible

covalent connections, Molecular recognition resulting in a VCL, if such interactions are non-
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covalent, the VCL is called supramolecular. The dynamic process is conducted in the presence of
a target. This target allows direct the system to the highest molecular recognition, and thus
towards the highest system thermodynamically stable. The development of supramolecular from
dynamic combinatorial libraries therefore rests on two foundations of supramolecular chemistry.
On the one hand, the recognition Molecular selective pre-arranged and the other self-assembly
via their species intermolecular connections. Stability and evolution of these structures can be
modulated not only by the dynamics of weak connections in play , that is to say, the existing
reversibility between molecular building blocks, but also by external factors such as temperature,
concentration , or solvents. The comparative features between Virtual Combinatorial Libraries
(VCL) and Dynamic Combinatorial Chemistry (DCL) can be represented in Table 2.

Table 2: Static and dynamic combinatorial chemistry; comparative basic features of real and dynamic virtual
combinatorial libraries.

Dynamic Combinatorial Library (DCL). Virtual Combinatorial Library (VCL).
1. Molecular constitutions 1. Molecular or supramolecular constituents
2. Real set 2. Virtual set
3. Collection of molecules 3. Collection of components
4. Covalent 4. Covalent or non-covalent
5.Non reversible 5. Reversible
6. Neutral, uninformed 6. Instructed

a) Internally (self-recognition)
b) Externally (species binding)

Adaptive
7. Systematic 7. Recognition-Directed
8. Preformed by synthesis 8. self assembled
9. In absence of the target 9. In presence of the target.

1.3. Definition and role of carbonic anhydrase

Carbonic anhydrases (CA) represent an important class of ubiquitously expressed zinc metallo-
enzymes, catalyzing the reversible hydration of carbon dioxide to bicarbonate and a proton [43-

45].

CA
CO,+ H0 HCO5 + H*

Equation 1: Hydration of CO, in the presence of CA

The active form of the enzyme is the basic one, with hydroxide bound to Zn(Il). This strong
nucleophile attacks the CO, molecule bound in a hydrophobic pocket in its neighborhood leading

to formation of bicarbonate coordinated to Zn(II).
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As represented in (Fig. 8), the bicarbonate ion is displaced by a water molecule and liberated into

solution, leading to the acid form of the enzyme, then coordinated with water to Zn(Il), which is

catalytically inactive [44-46].

a4 HIS/

an:
N THi
His glg’ 119

+CO,

+H,0

-HCO;"
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H
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His 6

His 119
9

O

o)
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~~

N THi
1 IS 119
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Fig.8: Schematic representation of the catalytic mechanism for the CA catalyzed CO, hydration [47].

In order to regenerate the basic form, a proton transfer reaction from the active site to the

environment takes place, which may be assisted either by active site residues (such as His 64) or

by buffers present in the medium. The process may be schematically represented by equation (2)

and equation (3).

EZn**-OH + CO* < EZn**-HCO* < EZn**-OH, + HCO™ (2)

EZn**-OH, < EZn**-HO +H' (3)

In addition to the physiological reaction, the reversible hydration of CO2 to bicarbonate (reaction 1),

CAs catalyze a variety of other reactions, such as: the hydration of cyanate to carbamic acid, or of

cyanamide to urea (reactions 2 and 3); the aldehyde hydration to gem-diols (reaction 4); the

hydrolysis of carboxylic, sulfonic or phosphoric acids esters (reaction 5-7), as well as other less

investigated hydrolytic processes, such as those described by reactions 8-10 (Fig. 9) [48-51].

20



EUDIME (2012-2015) Chapter (1)

0=C=0+H20 < HCO3 +H" )
O=C=NH + H70 < HyNCOOH @
HN=C=NH + H;0 = H;NCONH2 8
RCHO +H;0 = RCH(OH); @
RCOOAr + H20 < RCOOH + ArOH &)
RSO3Ar + H20 = RSO3H + ArOH ©)
ArOPO32- + H;0 < HPO32- + ArOH (M
AT + 1,0 < HF + ArOH @®
(Ar = 2, 4-dinitrophenyl)
PhCH,0COCI + H>0 < PhCHyOH + CO5 + HCl @)
RSO,C1 + H>0 < RSO3H + HCI o
(R = Me; Ph)

Fig.9: Reactions catalyzed by a-CAs [48-51].
1.3.1. Catalytic and inhibition mechanisms of carbonic anhydrase

The clinically available pharmacological agents known to date, present weak inhibition
selectivity toward of different CA isoforms, inducing important side effects. Thus, the
development of isozyme-specific inhibitors is currently a great challenge for obtaining novel
types of drugs acting in specific physiologic/pathologic processes [43]. Much progress has been
achieved in the past decade for identifying selective CA inhibitors (CAls) by means of rational
drug design [44,45]. The emergence of numerous families of selective CA inhibitors against
several pharmacologically relevant isozymes is based on specific strategies including X-ray
crystal structures for some enzyme-inhibitor complexes [51]. They mostly address major basic
structural elements such as the zinc coordinating function [52,53] or the nature of the
hydrophobic residue [54-56] lying to the hydrophobic pocket standing above active metal ion
binding site. Among the 13 catalytically active R-CA isozymes currently known and studied as
the drug targets, human carbonic anhydrases hCA I and hCA II are considered the most selective
isoforms. Their inhibition has already offered important biomedical options in the development
of antiglaucoma, antiepileptic, antiobesity, or anticancer drugs. The Zn(II) ion of CAs is essential
for catalysis [43-46]. X-ray crystallographic data showed that the metal ion is situated at the
bottom (Fig.10), being coordinated by three histidine residues (His 94, His 96 and His119) and a
water molecule/ hydroxide ion [44, 46, 56]. The zinc-bound water is also engaged in hydrogen

bond interactions with the hydroxyl moiety of Thr 199, which in turn is bridged to the
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carboxylate moiety of Glu 106; these interactions enhance the nucleophilicity of the zinc-bound
water molecule, and orient the substrate (CO,) in a favorable location for the nucleophilic attack

[56-58].

Fig.10: hCA 1II active site, with the Zn(II) ion (pink sphere), its three histidine ligands (His 94, His 96 and His 119, in
green), the proton shuttle residue His 64 as well as the histidine cluster extending from the rim of the active site to the
surface of the protein, comprising residues 3, 4, 10, 15 and 17 — in orange) [56].

Table 3: CA isozymes, their catalytic activity in CO, affinity for sulfonamides, and their subcellular localization [60].

Isozyme Catalytic activity (CO2 hydration) | Affinity for sulfonamides | Sub-cellular localization
CAI low (10 % of that of CA II) medium Cytosol
CATI high very high Cytosol

CA1III very low (0.3% of that of CA II) very Cytosol

low

CA IV high high membrane-bound

CAV moderate-high * high Mitochondria

CA VI moderate medium-low secreted into saliva

CA VII high very high Cytosol

CARP VIII a catalytic HE probably cytosolic

CAIX high high membrane-bound
CARP X a catalytic *x unknown
CARP XI a catalytic rox Unknown

CA XII active (no quantitative data) unknown membrane-bound
CA XIIT* probably high unknown Unknown
CA XIV low unknown membrane-bound

Notes: # Moderate at pH 7.4, high at pH 8.2 or higher.

* CA XIII has not been isolated as a protein but has been identified from an expressed sequence tag (EST) derived from a mouse mammary gland
cDNA library.

** The native CARP isozymes do not contain Zn(II), so that their affinity for the sulfonamide inhibitors has not been measured. By site-directed
mutagenesis it is possible to modify these proteins and transform them in enzymes with CA-like activity which probably is inhibited by
sulfonamides, but no studies on this subject are available presently.

The CA is mainly involved in different processes, linking the breathing and transfer between
COy/bicarbonate tissues and lungs and pH homeostasis and CO,. It also occurs during the
secretion of electrolytes in various tissues and organs and also plays a role in different

biosynthetic reactions such as triglyceride synthesis (lipogenesis), but also the formation of urea
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and calcification [59]. In mammals, at least fourteen different isoforms of CA have been
described. Table 3 represents different isozymes of carbonic anhydrase: catalytic activity
(hydration CO,), the affinity inhibitors sulfonamides types and their subcellular localization and
tissue distribution [59, 60]. The crystallographic structures of these seven isozymes (CA I, II, III,
IV, V, XII and XIV) were determined in the presence and absence of inhibitors [61-68].

The enzyme inhibition is also a physiological approaches used in the treatment and prevention of
many diseases such as osteoporosis, ulcers, altitude sickness, epilepsy, neurological disorders,
Parkinson disease, neuromuscular diseases, and treatment of glaucoma [60,68]. The use
of carbonic anhydrase inhibitors in the treatment of certain cancers 1is also
the focus of attention particular [69,70]. Recently, a study showed that the activation of
isozymes I and II represents a new treatment for Alzheimer's disease, as the rate of
hCA T and hCA II in the patient’s brains has low affect by Alzheimer's disease. The dysfunction
activity of hCA I and hCA II causes extra pH imbalance and intracellular protein aggregation
and contribute to the progression of disease [63].

E-Zn**-OH, + I < E-Zn*" -1+ H,0  (Tetrahedral adduct) (substitution) (4)
E-Zn’"-OH; + I < E-Zn**-OH, (I) (Trigonal-bipyramidal adduct) (addition) (5)

S

O\\S”R \\c

-H'\\]/ \\O \\ ) OH2

N
2+ \ 34
n
N Zn
Hisgq | HST19 o \“His 119

His 96 His 94 His 96

Tetrahedral adduct (sulfonamide) (A) Trigonal-bipiramidal adduct (thiocyanate) (B)

Fig.11: CA inhibition mechanism by sulfonamide and anionic inhibitors [60].

Two main classes of CA inhibitors (CAls) are known: the metal complexing anions, and the
unsubstituted sulfonamides, which bind to the Zn(II) ion of the enzyme either by substituting the
non-protein zinc ligand (equation 4 in Fig. 11), or add to the metal coordination sphere (equation
5 in Fig. 11) generating trigonal-bipyramidal species [46,47,71,72]. Sulfonamides, which are the
most important CAls bind in a tetrahedral geometry of the Zn(II) ion (Fig. 11A), in deprotonated
state, with the nitrogen atom of the sulfonamide moiety coordinated to Zn(II); anions may bind
either in tetrahedral geometry of the metal ion, or as trigonal-bipyramidal adducts, such as for

instance the thiocyanate adduct shown in (Fig. 11B) [73].
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1.3.2. Sulfonamides as carbonic anhydrase inhibitors: Sample application in the treatment
of glaucoma.

Sulfonamides (R-SO,-NH,) are a class of important pharmacological agents for the inhibition of

carbonic anhydrase (Fig. 12). Heterocyclic sulfonamides have been operating for many years in

medicine, mainly as a diuretic, and in the treatment of neurological disorders and glaucoma.

A
(iJH HN ©
|
Zn 2+ 2+
sl ‘ R-SO,-NH, /Zn\
94 MIS . His 449 o4 His | His 119
His gg His gg

Fig.12: CA inhibition mechanism with sulfonamides [47].

The glaucoma poses a significant public health problem, this chronic disease and degenerative
affects 1% of the French population and represents 10 to 15% of cases of blindness in
industrialized countries. The open-angle glaucoma is an eye disease that causes impaired
visual field, optic nerve damage, and loss of visual acuity leading to blindness. This disease is
characterized by high elevated intraocular pressure (IOP), and it depends on the balance between
two factors: The secretion of aqueous humor, and the resorption of aqueous humor through the
trabecular meshwork scleral pores. Four systemic sulfonamide drugs have been used clinically
mainly as antiglaucoma agents, for a long time: acetazolamide, methazolamide , ethoxzolamide
and dichlorophenamide [44,59]. Systemic inhibitors are useful in reducing elevated intraocular
pressure (IOP) characteristic of this disease, as they represent the most physiological treatment of
glaucoma, since by inhibiting the ciliary process enzyme (the sulfonamide susceptible isozymes
CA II and CAIV), a reduced rate of bicarbonate and aqueous humor secretion is achieved, which
leads to a 25 —30 % decrease of IOP, but the inhibition of various CA isozymes present in other
tissues than the eye, leads to an entire range of side effects [35,50]. The first sulfonamides used
as anti-glaucoma are the Acetazolamide, and Methazolamide represented in (Fig. 13). These
drugs administered Oral cause many side effects (gastrointestinal irritation, fatigue, malaise,
decreased libido, kidney stones, etc.) due to their action on different carbonic anhydrase present

in other tissues and organs.
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Fig.13: Antiglocaumes drugs administered orally [47].

It appeared an interest to try for administering such sulfonamide CAls topically, directly into the
eye [44,59]. Still, none of the clinically used inhibitors or other structurally related
investigational agents proved to be effective when administered topically in reducing elevated
IOP, and thus, for a long period, it was considered that sulfonamide CAls cannot be administered
via topical route. In a classical study, Maren’s group showed that this is principally due to the un
appropriate physicochemical properties of the existing CAls available at that moment, and put
the basis for the discovery of the topically acting sulfonamides: the first such drug dorzolamide
[67] entered in clinics in 1995, and the second one related to brinzolamide [68] entered in clinics
in 1999. Thus drug represented in (Fig. 14). In addition to the systemically acting inhibitors, the
clinical antiglaucoma armamentarium comprises these two new drugs, which show much less
side effects as compared to the first drugs mentioned above, which also basically inhibit all the

physiologically relevant CA isozymes.

EtHN
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o/ \0 O/ \O
Dorzolamide Brinzolamide

Fig.14: Drugs administered topically [47].

Although these two sulfonamides cause the lowering of intraocular pressure acting mainly on the
CA II and CA 1V, they often lead to tingling, burning in eye level or blurred vision and that due
to the acidity (pH = 5.5) of the administered ophthalmic solution in the form of molecules
hydrochlorides [70]. In addition, more serious problems may occur such as allergies, depression,
and see dementia. While conventional sulfonamide inhibitors types were the most used, other
types of inhibitors also showed good affinity to carbonic anhydrase as: sulfamate, sulfamate

phosphorylated, sulfonamides base Schiff, ureas, hydroxyureas.
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Two main approaches were used for the drug design of effective antiglaucoma sulfonamides.
The “‘ring’’ approach, used for the discovery of dorzolamide and brinzolamide, consisted in
exploring a great variety of ring systems on which the sulfonamide group (and eventually other
moieties) have been attached. This approach was really beneficial for the chemistry of this class
of derivatives as a very large number of new ring systems was explored in this way, but
generally led to few effective in vivo IOP lowering agents, and the largest majority of the
obtained derivatives were potent allergens [70]. The “‘tail”’ approach, consisted in attaching
water solubilizing tails to different scaffolds of well-known aromatic/heterocyclic sulfonamides
possessing affinity for the CA active site, assuring in this way the possibility to modulate in
greater details the physico-chemical properties of these pharmacological agents. This approach
did not lead for the moment to a clinically used drug, but led to the development of a very large
number of much more effective antiglaucoma sulfonamides as compared to dorzolamide and
brinzolamide at least in animal models of the disease) in comparison with the ring approach.
One must also mention that these two approaches are both valuable and complementary, since it
was proved for example that dorzolamide may also be further derivatized by the tail strategy,
leading to even more effective IOP lowering compounds [70].

The discovery and development of novel water-soluble CA inhibitors, potentially more active
and less toxic, still represent an important issue. Professor Claudiu T. Supuran group contributed
to the discovery and development of good inhibitors known so far. Inhibitors must have
essentially two distinct parts: 1. A pattern (eg: sulfonamide) capable of binding to the catalytic
site of the carbonic anhydrase and 2. A group (substituted or unsubstituted aromatic) providing
interactions with amino in the enzyme pocket acid residues. In the laboratory of Dr. JeanYves

Winum, new series of potential inhibitor of carbonic anhydrase

@) @)
were synthesized: N-alkyl-N'-hydroxysulfamides. The inhibition \\S/
constants of this series have been determined for the human Ho——HN NH—R
isozymes ( hCAIIl , hCAIX , hCAXII , hCAI). R = Octadecyt. decyl, dodeoyt, benzst, phenyt meth.

The hydroxysulfamide unsubstituted showed a higher affinity (Ki= 473 nM to 4.05 puM)
for isozymes tested against those of their counterparts, sulfonamides and sulfamic acids.
Hydroxysulfamides the substituted derivatives of n-decyl, n-dodecyl, benzyl, biphenyl or methyl
showed smaller affinity for HCAI for the hCAII In fact, affinity for HCAI has decreased from
decyl drifted biphenyl methyl derivative having larger steric genes. The group
hydroxysulfamides deprotonated "ZBF" (Zinc Binding Function) engages in an affair with the
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Zn*" and participates in hydrogen bonds with threonine and glutamate residues (Fig.15).
The R group or "Scaffold" interacts with the hydrophobic and hydrophilic part of enzyme (amino

acid residues) as represented in (Fig. 15).
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Fig.15: Schematic representation of CAI interacting with inhibitor. This presentation shows hydrophilic and
hydrophobic interactions of the inhibitor with the active site of the enzyme, the ZBF "zinc binding function"
interacts with the Zn>" ion and with threonine and glutamate residues [74].

1.3.3. Carbonic anhydrase and Dynamic combinatorial chemistry (DCC)

Carbonic anhydrases (CA) have been one of the early addressed biological targets for which the
DCC [75-79] may offer a complementary route to high-throughput combinatorial methods [80].
The first example in this field has been pioneered by Lehn et al., who reported a library of 12
constituents containing different Zn(II) complexing groups and various aromatic moieties
connected by the reversible imino-bond, generating thus a hydrophobic sulphonamide inhibitor
possessing high affinity toward the bovine carbonic anhydrase (bCA 1II, EC 4.2.1.1) [75].
Then, the feasibility of this concept has been extended by Nguyen et al. [76] and Poulsen et al.
[77-79] including a kinetic approach and a thermodynamic approach based of cross-metathesis
reversible reaction, all of which addressing the same challenge: discovery of small molecule
inhibitors of bCA I, an easily accessible and inexpensive enzyme. One major advantage with
reversible dynamic combinatorial libraries (DCLs) over their irreversible counterparts is their
potential adaptability to express the sorting constituent in response to an external selection
pressure [80,81]. Change in the output constituents of a DCL under the pressure of internal and
external factors (stimuli) based on constitutional dynamics 31express the system adaptation to a
given situation [82,83]. Barboiu et al. reported a such CDL that is susceptible to change its
composition (output expression) through component selection driven by the selective binding to

human hCAI and hCA 1I isozymes [84].
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Considering the pharmacological importance to find selective CAls isozymes for a specific
inhibitor, the human hCAI and hCA II isozymes, known to be more selective (specific) than
bovine carbonic anhydrase (bCA II), are subjected to a parallel screening of the same CDL [85-
90] by using the aminocarbonyl/imine interconversion as reversible chemistry. In particular, the
use of CDL chemistry for the inhibitors discovery might provide initial insights toward the
strategy of generation of efficient classes of selective active compounds, against human carbonic
anhydrases, for instance our group have developed a Dynamic combinatorial library (DCL) of 20
initial constituents that are susceptible to binding to hCA II isozyme using aminocarbonyl/imine
interconversion [91]. The high affinity of hCA II isozyme towards some sulfonamide inhibitors
obtained was used to select from the dynamic library specific inhibitors of this isoform. These
results point out to the possibility of identifying sulfonamide amplified compounds presenting
potent inhibition and high yield of formation in the presence of the isoform(s) towards which the

inhibitors were designed [92].

1.3.4. Esterase activity of Carbonic Anhydrase

It is hard to measure the activity of free enzyme with gas phase substrate such as CO,. For this
reason, in this research work carbonic anhydrase activity could also be measured in aqueous
phase by using nitrophenyl esters. Carbonic anhydrase catalyses the hydrolysis 0

of nitrophenyl esters with different efficiencies depending on the structure of the o ,«JJ\\, .

Kl

acyl part of substrate. But, as shown in Table 4, most efficient ester substrate for

TR
Bovine CA and Human CAII is para-nitrophenyl acetate (p-NPA) because of | P
short and few acyl groups. p-NPA is bound as neutral species to the CA active X

N
site, allowing the strong nucleophilic (Zn*"OH)) attack, without any o =0

electrostatic repulsions, thus effectively hydrolyze it [93]. Fig.16: p-Nitrophenyl Acetate.

Table 4: The apparent rate constants for the CA-catalyzed hydrolysis of various esters [94].

Substrate Rate Constant (kcat/KM, M's™)
Phenyl acetate 3
o-nitrophenyl acetate 100
m-nitrophenyl acetate 240
p-nitrophenyl acetate 960
p-nitrophenyl propionate 68
p-nitrophenyl butyrate 6
p-nitrophenyl caproate 2
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2. Materials and procedures

Materials: Carbonic anhydrase hCA [ isosymes from human erythrocytes (Sigma), p-
nitrophenyl acetate 99% (Sigma), Acetaldehyde 99.5% (1) (Sigma), Benzaldehyde 99.5% (2)
(Sigma), 2-hydroxy-4-methoxybenzaldhye 95% (3) (Fluka), 2-hydroxy-5-nitrobenzaldehyde
99% (4) (Sigma), 3-formylbenzoic acid 97% (5) (Sigma), 2-fluorobenzaldhyde 97% (6) (Sigma),
3.,4-difluorobenzaldhyde 97% (7) (Sigma), 2-formylbenzoic acid 97% (8) (Sigma), 2-formyl
benzenesulfonic acid sodium salt 95% (9) (Sigma), 2-hydroxy-5-methoxybenzaldhye 95% (10)
(Fluka), 4-amino benzenesulfonamide 98% (A) (Sigma), Methyl 4-aminobenzoate 98% (B)
(Sigma), S5-sulfamoyl-1,3,4-thiadiazol-2-aminium chloride 97% (C) (Fluka), 3-methyl-5-
sulfamoyl-1,3,4-thiadiazol-2(3H)-iminium chloride 97% (D) (Fluka) , 4-(2-aminoethyl)aniline
97% (E) (Sigma), benzylamine 99% (F) (Sigma), 4-(aminomethyl)benzenesulfonamide 98%
(G) (Sigma), 4-(2-aminoethyl) benzenesulfonamide 98% (H) (Sigma) , Histamine 96% (I)
(Sigma), 2-phenylethanamine 98% (J) (Sigma), propan-l-amine 98% (K) (Sigma),
4-(aminomethyl)aniline 98% (L) (Sigma).

Methodology: The reactions between DCLs members were performed in water at pH 6.5. A10-
fold excess of the starting amines was used to limit side reactions between the aldehydes and the
terminal amino residues groups of CA. Two reactions were performed with and without enzyme
(hCAI 0.1 mM) in a sodium phosphate solution at pH 6.5 (20 mM phosphate buffer). Stock
solution in DMSO of 5 aldehydes (5 mM) and the 5 amines (50 mM) were added to aqueous
solutions in order to reach the final concentration of 0.05 mM for aldehydes and 0.5 mM for
amines, respectively. The clear mixture was incubated at 25 °C for 3 days before addition 0.1
mM of p- NPA. Then the absorbance of the generated product (p-NP) measured at using UV-Vis
Spectrophotometer at 400 nm, the measurements recorded each min for 2 hr. The slope of
absorbance versus time was defined as the activity gradient. The experimental steps were
performed as the following:

1. Different dynamic combinatorial libraries (DCLs) have been prepared by adding different
mixtures from the aldehydes and amines as the following: 0.05 ml of hCA (I), 0.76 ml phosphate
buffer solution (pH = 6.5), and 0.01 ml from each aldehyde or amine.

2. The prepared solution stored at room temperature for period 3 days minimum, and then 0.1 ml
from Para-nitro phenyl acetate was added to each mixture for measuring the enzyme activity by

the generation of Para-nitro phenol product with time.
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3. Stock solutions of (6.25 x 10™*) g/mL p-NPA were prepared in acetonitrile, which was used to
prevent spontaneous decomposition of p-NPA in air or in water. 10% (v/v) was added into each
sample solution.

4. The absorbance intensity at 400 nm for the yellow product, p-nitrophenol, was followed
versus time with Double Beam UV-Vis Spectrophotometer, the slope of absorbance versus time

was defined as the activity gradient. (See appendix 6.1).
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Fig.17: The chemical structures of the Aldehydes that used for the construction of the Dynamic combinatorial
Libraries (DCLs).
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Fig.18: The chemical structures of the Amines that used for the construction of the Dynamic combinatorial Libraries
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30



EUDIME (2012-2015) Chapter (1)

Instrumental analysis: A UVIKON 923, Double Beam UV-Vis Spectrophotometer has been used to

measure the activity of Carbonic anhydrase enzyme with different dynamic combinatorial library (DCL).

The principle of UV-visible spectroscopy technique: Ultra-Violet and visible spectroscopy
(UV-vis) is a reliable and accurate analytical laboratory assessment procedure that allows for the
analysis of a substance. Specifically, ultraviolet and visible spectroscopy measures the
absorption, transmission and emission of ultraviolet and visible light wavelengths by matter.
Ultraviolet and visible spectroscopy (UV-vis spectroscopy) is used to study molecules and
inorganic ions in solution. In UV/visible spectroscopy, a beam of light is split into a sample and
reference beams. As its name implies, the sample beam is allowed to pass through the target
sample. Alternately, the reference beam passes through the control solvent or a portion of the
solvent that does not contain the actual target. Once the light passes through the target sample of
interest it is measured by a special meter termed a spectrometer designed to compare the
difference in the transmissions of the sample and reference beams. Double beam UV-visible
spectroscopy instruments allow for simultaneous measures of transmissions through the target
sample and solvent. The diagram for the typical UV-vis molecular absorption spectrophotometer

represents in (Fig. 19).
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Fig.19: Diagram for a UV- visible molecular absorption spectrophotometers.
Special instrumentation is used in UV-vis spectroscopy. Hydrogen or deuterium lights provide
the source of light for ultraviolet measurements. Tungsten lamps provide the light for visible
measurements. These light sources generate light at specific wavelengths. The wavelengths of
ultraviolet or visible light absorbed by a substance result in a unique ultraviolet-visible

spectroscopic signature for each substance and can be used as analytical tool.
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3. Results and Discussion

Here we describe the screening via Dynamic Deconvolution of DCLs of inhibitors (CAls) and
activators (CAAs) of hCA 1. The inhibitory effects dominate over the activating ones, while the
CAAs may be identified in the absence of CAls. We report DCLs of components susceptible to
selective binding to the hCA I, both as inhibitors or as activators, subjected to a parallel
screening by using the amino-carbonyl/imine reversible chemistry. We investigate whether the
competitive generation of potent CAls and CAAs could be selectively expressed as an
independent (linear), an interfering (crossover) or a dominant behaviour of the above mentioned
events. The reversible formation of a Schiff’s base is an advantageous reaction for generating
DCLs, because the formation and component interchange processes are faster in slightly acidic

aqueous solutions (PBS buffer, pH=6.5) as represented in Fig. (20).
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Fig.20: Dynamic Deconvolution of DCLs of inhibitors (CAls) and activators (CAAs) of hCA(I) show that the

inhibitory effects dominate over the activating ones.

However, the quantitative analysis of the final DCL mixture became very complicate and time-
consuming, when using large numbers of building blocks [91, 92]. One more efficient way is the
Dynamic Deconvolution procedure reported by Ramstrom and Lehn [11,12] based on the
sequential, one by one removal of the starting components of a given DCL, followed by the

determination of the enzyme activity.
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Fig.21: Dynamic Deconvolution of the DCL (1-4), containing mixtures of: active strong-inhibitor-components
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and activator (blue) components-DCL3and activator (blue) components-DCL (4). All libraries contain inactive
components represented in black supposed to not bind the active metal site but interact with the hydrophobic pocket
of the enzyme. In the presence of strong metal binding site inhibitors, the low-inhibitors might be located in the

hydrophobic pocket of the enzyme.
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A decrease in the inhibition— activation effects compared with the presence of all components of
the DCL indicates that the removed component is an important part of an active molecule that
can be generated from the DCL. According to that in each library, one aldehyde or one amine
were sort out from the DCL solution one by one to understand the effect of each amine and
aldehyde and compare with the solutions which includes all aldehydes and amines also with
blank. So, the DCL1-4 and the corresponding deconvoluted libraries have been generated in the
presence of hCA I, from all building components and from all except one component,
respectively, and then we measured the enzymatic activity. The choice of the DCL components
has been related to the presence in their structure of various functional moieties such as: strong
and low zinc coordinating function [52, 95, 96] or the nature of the residues [84] lying via donor
and acceptor H-bonding, or hydrophobic interactions within the hydrophobic pocket of the
enzyme [97-98]. The resultant relative activities to the reference samples of hCA I without any
component are presented in Fig. 21. The DCLI, containing active strong-inhibitor-components,
showed 80% relative inhibition of the reference hCA I activity, indicating the presence of active
CAls in the equilibrated mixture (Fig. 21). Upon removal of a specific building block from the
DCLI1, a decrease in inhibition indicates that the component omitted contributed to the inhibition
of hCA 1. For the DCL1 all the aldehyde counterparts showed important effects, but the largest
effects were observed when either 1 or 5 have been removed from the pool. Conversely, the
amine counterparts A or C showed important effects, so that the most active combinations as

CAlsare 1A, 5A, 1C or 5C.
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Scheme 1: Structural similarity between the potent inhibitors discovered herein and clinically used drugs as

inhibitors of hCA 1.
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In fact, compounds 1C and 5C have a structural similarity to two clinically used compounds,
acetazolamide AAZ and benzol-amide BZA (an orphan drug), (Scheme 1) which are highly
effective inhibitors of hCA I [43]. Then, by mixing strong inhibitor-type (G, H) and activator-
type (E, I) components together with hydrophobic (6, 7) and H-bonding (5, 8, 9) counterparts
within DCL2, the hCA 1 activity showed 78% relative inhibition when compared with the
reference one (Fig. 21). As previously observed, most hydrophobic components proved to be
active but the largest effect arises upon removal of the H-bonding components 5 and 9 binding
the hydrophobic pocket. The fluorinated components 6 and 7 are less active, in accordance with
their low inhibition activity towards hCA I (KI = 620 nM) [92]. More importantly, the inhibitor-
components G and H showed, when removed from the pool, dominant effects at the expense of
the activator-ones E and I, see the detailed discussion below (Scheme 2) about mechanistic
behaviours governing this assumption. The most active inhibitors of DCL2 are: 5G, 9G, (KI = 65
nM, for the amino reduced analogue) [92] SH and 9H (KI = 35 nM for a similar 5-
propylaminofuran-2- sulfonate inhibitor) [92,93].

=] Hgo
EM?*-OH + CO; === EM?*-HCO5 === EM**-OH» + HCOs 1)

EM?*-OH, == EM**HO + H* (2)

b
EZn?"-0H,t A == [EZn°"-OH5-A] = [EZn®"-HO- AH'=—= EZn?'-HO + AH" (3)
enzyme - activator COI'I"IPFEKES

c
EMZ'.0H, +1 === EM?*.1 + H,0  substitution (4)

EMZ*-OHg + | === EM?"-OH,(I) addition (5)

Scheme 2: (a) The CO, hydration mechanism with carbonic anhydrase — CA; (b) the activation and (c) the inhibition

CA mechanisms in the presence of activator (A) and inhibitor (I) molecules respectively.

These compounds confirm the strong inhibitory power of the —SO,NH, group combined to
H-bonding interactions of the —COOH and —SO;H groups in the hydrophobic pocket.
Amazingly, upon removal of the strong-inhibitor components G and H, in the DCL3, the data
show less effective, but still inhibition (50%) of the hCA T activity compared to DCL1 and DCL2
(20%) (Fig.21). Within the DCL3 the carboxylic-type 5, 8 and sulfonic-type (9) used as
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hydrophobic components show multiple expression and exhibit within this context differently
low-inhibitory effects, as proved by almost recovery of the reference activity when these
components have been removed from the pool. Moreover their inhibitory activity is still
dominant at the expense of the activator E and I components. Some reports described the low-
inhibition of CAs with carboxylate, acetate or salicylic acid, with inhibition constants in the
range of mM [97]. There are also several cases of compounds containing —COOH moieties the
best studied being furosemide (Scheme 1), which acts as a very effective hCA I (KI of 62 nM)
and hCA II (KI of 65 nM) inhibitor [98]. Upon complete removal of both strong- (G and H in
DCL2) and low-inhibitor (5, 8 and 9 in DCL3) components within DCL4, 10% relative
activation activity of hCA I has been observed (Fig. 21). This is reminiscent of the fact that
components E and I are effective activators of hCA I, only in the absence of the inhibitor-type
components. Upon removal of a component from the DCL4, a decrease in activation indicates
that the omitted component contributed to the activation of hCA 1. For the DCL4 all the aldehyde
counterparts show some effects but the largest effects were observed when components 1, 7 or 8
have been removed from the pool. Similar to the amine counterparts E or I, the fragment L
shows important effects, so that the most active derivatives 1E, 7E, 10E, 1L, 7L, 10L, 11, 71 or
10I combine the activation power of the amine [99] and imidazole [63] groups for which both
hydrophobic and H-bonding effects lead to interactions with the active site as shown by means of

X-ray crystallography for the adduct of hCA I with L-His [63].

The physiological reaction catalysed by the CAs involves the nucleophilic attack of the metal-
bound hydroxide on the CO,, optimally positioned and orientated in a hydrophobic binding
pocket of the enzyme. Bicarbonate formed in this way is then replaced by a water molecule, with
generation of the catalytically inactive (acidic) form of the enzyme EM**~OH, (eqn (1)), where
M?*" is Zn*" for hCA I (a-CAs), the isoform discussed here (Scheme 2a). In order to regenerate
the catalytically active form, a proton transfer reaction occurs from the water bound to Zn**
within the enzyme active site, to the external medium. In most a-CAs this step (eqn (2)) is
assisted by an active site amino-acid residue (e.g. His 64), placed in the middle of the cavity or at
the entrance of the active site [99]. In the presence of activators eqn (2) becomes (3), it has been
demonstrated that they participate in the proton transfer processes (Scheme 2b). The activator-
binding site is placed at the entrance of the active site cavity, in a region exposed to the solvent.
Most CAAs investigated so far showed mM affinity (although some nM CAAs were also
reported) [49, 56, 100]. Differently, the inhibitors bind deep within the active site and coordinate
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to the Zn>" ion (Scheme 2¢, eqn (4) and (5)) [101,102]. This explains why many strong CAls
have low nM affinity. Such a difference in the binding sites of the CAAs compared to the CAls
also explain our present findings why the inhibitory effects dominate over the activating ones in

DCLs containing both inhibitors and activators of the hCA 1.

4. Conclusion

In this research work, our findings show that the DCL-Carbonic Anhydrase story may hold novel
surprises, relevant to the general drug design research, especially with enzyme families like CAs
with a multitude of members. The present study revealed a new paradigm: if compounds of
agonistic inhibitor and activator activities are formed, the Dynamic Deconvolution may lead to
the discovery of the inhibitory set of components expressed at the expense of the activator ones.
This sheds light on the dominant mechanistic inhibition behaviours. Moreover the simplicity of
the Dynamic Deconvolution strategy and of its analysis can easily lead to valuable simple
mechanistic insights into inhibitory—activatory relative synergistic affinities toward the hCAs.
This contribution adds several new behaviours to the systematic rationalization and prediction of

novel CA active compounds.
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6. Appendix

6.1. Appendix I: The estimation of the activity of carbonic anhydrase using Uv- spectroscopy:

3 days- RT
DCL (Aldehydes + Amines) DCL (Aldehydes + Amines) + hCA (I)
p-NPA in acetonitrile

A\

The Absorbance and slope give indication < Activity measurement using UV-

| visible (400 nm).

about the activity gradient

Scheme 3: The determination of human carbonic anhydrase activity using the Uv-Visible spectroscopy at 400 nm.
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Membrane separation and extraction of lanthanides
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Abstract

Dynamic covalent polymers or dynamers, generated from reversibly interacting monomers, offer
the possibility to generate homogeneous molecular networks with addressable domains based on
structural relationships different from the former monomers. Constitutional dynamic networks
have been used in liquid and solid membrane systems as a carrier network for transporting
lanthanides. The transport is based on the complexing ability of lanthanides metals (La’", Lu’",
and Eu’") with the functional polyether groups in the membrane materials. Based on
corresponding dynamic diffusional domains within the solid and liquid bulk membrane phases,
the lanthanides are extracted and selectively transported through the membrane, only in the
presence of constitutional networks, while the former monomers did not show any selectivity.
This would be explained by the formation of a dynamic self-assembly of low-size and
molecularly addressable recognition networks in which the diffusional/selective percolation

pathways might exist.

Keywords:
Constitutional dynamic networks; Liquid and Solid membrane; Dynamers; Lanthanides;

Complexing ability; Exctraction; Selectivity.

Aims of the research work

The main aims of this research work will be as following:

1. Synthesis, characterization, and application of the constitutional dynamic networks as

membrane materials.

2. Selective extraction of lanthanides through the prepared membrane materials.

3. Use of the constitutional dynamic networks (Dynamers) in liquid and solid membrane

systems as a carrier network for transporting lanthanide metal ions.
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1. Introduction

Nowadays, radioactive wastes that are hazardous to environment and human beings represent
one drawback to be overcome since they will still be produced in a near future. These wastes
mainly originate from the civil nuclear power programmes, medical, industrial and research uses
of radioactive materials and in some cases, from military programmes. Radioactive contaminated
residues also result from industrial activities such as oil extraction, where radioactivity is
incidental. In all cases, radioactive waste needs to be managed responsibly to ensure public
safety, protection of the environment, and security from malicious intervention now and in the

future.
1.1. Various Effects of Lanthanides

In this study, some lanthanides are separated and extracted from their aqueous solutions by using

polymeric materials (Dynamers). This is due to three important reasons:

e Their effects on the environment.
e Their effects on human health.

e Their importance in many industrial applications.
1.2. Separation and Preconcentration of Elements

The determination of particular elements is usually proceeded by their separation from the major
components (matrix) of the sample and from other elements. In the trace analysis of high-purity
materials, separation from the matrix involves simultaneous preconcentration of the trace
components. Separation methods often enable a particular element to be determined in a sample
containing no interfering elements [1]. The present section comprises a discussion of some

methods of preconcentration and separation as following [2].

1.2.1. Solvent Extraction

Solvent extraction separation is based on the solubility differences of elements and their
compounds in two immiscible liquid phases. Usually, one phase consists in an aqueous solution
and the second one is an organic solvent immiscible with water. Shaking both phases in a
separating funnel during an extraction or re-extraction must be continued until equilibrium is
attained. The time required for the system to reach equilibrium varies from seconds to several

minutes, depending on the kinetics of the extraction [3, 4]. When the shaking time recommended
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is more than two minutes, it is advisable to use a mechanical shaker. Extraction is equally useful
in the preconcentration and separation of small amounts of elements, and in the separation of
macro components from traces. Extraction methods generally require less time than precipitation
methods. The former also give purer separations of elements owing to the small area of phase

contact. Co-extraction has been little explored in separation methods, though it may be useful.

1.2.2. Precipitation

Precipitation methods for the separation of elements are based on the differences in solubility of
their compounds in aqueous solutions. Precipitation methods are used for separating trace
elements alone, as well as for separating macrocomponents from the traces. Trace elements are
separated quantitatively from the solution by using collectors (scavengers or carriers). When
macrocomponents are precipitated, the aim is to prevent trace elements from co-precipitation
with the large mass of the macrocomponent precipitate. This pre-requisite restricts the
application of the method to cases in which co-precipitation of trace elements with the

macrocomponent precipitate is negligible.

1.2.3. Floatation

Ions of precipitate particles are adsorbed or attached to the surfaces of bubbles rising through the
liquid, and are thereby separated. A substance, which is not surface active itself, can be made so
through union with, or adherence to, a surface active agent (surfactant). Froth floatation involves
separation (preconcentration) by frothing. If an insoluble product results from interaction
between the ion to be separated and a surfactant, the process is called floatation. If the ion is first
precipitated and the precipitate is then floated with or without addition of surfactant, the process
is called precipitate floatation. Floatation is accomplished in a special cylindrical vessel provided
with a sintered-glass disk at the bottom to break the gas (nitrogen, air) stream into small bubbles.

Precipitate floatation is applied in the analysis of natural water.

1.2.4. Electrolysis

In an acid solution, the electrolytic deposition of metal on a solid cathode is limited to noble and
semi-noble metals. For example, anodic dissolution is used to separate macroquantities of copper
in the trace analysis of copper and its compounds. A sample in the form of bar, plate or wire is

the anode in the electrolytic system. When current is passed through the electrolyte, copper is
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deposited on the graphite cathode, while most trace elements are accumulated in the solution. In

the trace analysis of platinum, the matrix was also separated on a cathode.

1.2.5. Volatility

This method for separating elements is based on differences in the vapor pressures of individual
elements and their compounds. Covalent compounds are generally fairly volatile whereas ionic
compounds are not, though polymeric covalent species (e.g. diamond) are non-volatile.
Covalently bonded compounds are also more soluble in non-polar solvents. Therefore, volatile
compounds bear certain resemblances to those soluble in non-polar solvents. Gas

chromatography may be regarded as a special case.

1.2.6. Ion Exchange

Separation and concentration of trace elements can be achieved by using ion-exchangers. lon-
exchange processes are based on the reversal exchange of ions between the solid ion-exchange
resin and a liquid eluent. Separation depends on the differences in stability of complexes, and the
associated differences in distribution coefficients. Generally, ion-exchangers consist of a matrix
of cross-linked polymerized hydrocarbons, which contains ionizable functional groups. The
functional groups in cation-exchangers are —SO3;H, -COOH and —OH; those in anion exchangers
are -NR3", -NR,, -NHR and -NH,. In ion-exchange chromatography, the components retained
by the ion-exchanger can often be separated by treatment with suitable eluents, the separation
being achieved by pH-control and/or use of a complexing agent. lon-exchangers serve to retain
small and trace amounts of ions from solutions. They are often used to isolate trace elements

from matrices (preconcentration of traces).

1.2.7. Adsorption

It is the process in which a specific substance or element is concentrated on a solid stationary
phase. Adsorption is the most used way to concentrate materials at the solid-liquid interfaces.
This type of adsorption can be distinguished into positive and negative adsorption. Positive
adsorption is the concentration of the solute on the adsorbent surfaces. It is also referred to as
specific adsorption. The solute usually decreases surface tension. On the other hand, negative
adsorption is the concentration of the solvent on the adsorbent surface. The solute is then

concentrated in the bulk solution; here, surface tension is increased [5].
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Types of Adsorbents
Adsorbents can be classified according to their nature into inorganic and organic adsorbents.

1.2.7.1.  Inorganic Adsorbents

Inorganic stationary phases receive a good attention in analytical separation method due to their
special physical properties such as high resistance to oxidation and reduction process, high
thermal stability and high radiation stability. The most important inorganic stationary phases are

clay, zeolite and silica gel.

a) Clays

Clays as a natural sorption phase was used in separation of metal ions. Clays consist of two main
units; the first one is a silica matrix in which the silicon atom is surrounded by four oxygen
atoms in a tetrahedral structure, the second unit is an aluminum octahedral unit where aluminum
atom is surrounded by six hydroxyl ions in an octahedral structure [6].

Clays are characterized by negative charges delocalized on their surfaces, so they are electrically
neutral when binding with sodium ions. Thus, clays can be used as ion-exchangers according to
the following equation (1):

M + X-Clay — M-Clay + X (Eq.1)

Where M and X represent the metal ion in solution and metal ion attached to the clay,
respectively.

Clays can be used as adsorbents, catalysts or catalyst supports, ion exchangers, decolorizing
agents, etc., depending on their specifc properties. For example, the high surface area and surface
polarity of some clays determine high adsorption and water-retention capacities. Clays also play
an important role in agriculture, considering that many soils contain large amounts of clay
materials, which determine key soil properties (structure, texture, water retention, fertility, etc.).
Clays may be divided into two broad groups: cationic clays, widespread in nature, and anionic
clays, rarer in nature but relatively simple and inexpensive to synthesize. The cationic clays have
negatively charged alumino-silicate layers, which have cations in the interlayer space to balance
the charge, while the anionic clays have positively charged metal hydroxide layers with
balancing anions and water molecules located interstitially. Cationic clays are generally prepared
starting from the minerals, whereas anionic clays used industrially are synthetic [6].

b) Zeolites

Zeolites are crystalline aluminosilicates of alkali or alkali earth elements, such as sodium,
potassium, and calcium, that are represented by the general chemical composition below:

Myn[(A102)y(SiOy)y 1. ZH,0,
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Where (x) and (y) are integers with y/x equal to or greater than I, n is the valence of cation M,
and z is the number of water molecules in each unit cell. The primary structural units of zeolites
are the tetrahedral of silicon and aluminum, SiO4 and A104. These units are assembled into
secondary polyhedral building units such as cubes, hexagonal prisms, octahedral, and truncated
octahedral. The silicon and aluminum atoms, located at the corners of the polyhedra, are joined
by a shared oxygen. The final zeolite structure consists of assemblages of the secondary units in
a regular three-dimensional crystalline framework. Substitution (i.e., isomorphous substitution)
of other elements for Al and/or Si in the zeolite framework can yield myriad molecular sieves
(which are formally not zeolites). However, the main interest for synthesizing these new
molecular sieve materials was in catalysis for developing (1) large pores or channels and (2)
catalytic sites other than acid sites [7].

¢) Activated Carbon

Activated carbon is the most widely used sorbent. Its usefulness derives mainly from its large
specific surface area. The modern manufacturing processes basically involve the following steps:
raw material preparation, low-temperature carbonization, and activation. Thermal decomposition
of carbonaceous materials such as wood, peat, coals, bones, and coconut shell followed by
activation with steam or carbon dioxide at elevated temperature (700-1100°C) results in activated
carbon. The activation process involves essentially the removal of tarry carbonization products
formed during the pyrolysis, thereby opening the pores [8, 9].

The unique surface property of activated carbon, in contrast to the other major sorbents, is that its
surface is non-polar or only slightly polar as a result of the surface oxide groups and inorganic
impurities. This unique property gives activated carbon the following advantages [10]:

1. It is the only commercial sorbent used to perform separation and purification processes
without requiring prior stringent moisture removal, which is needed in air purification. For the
same reason, it is also widely used as a sorbent for processes of treating aqueous solutions.

2. Because of its large, accessible internal surface, it adsorbs more non polar and weakly polar
organic molecules than other sorbents do.

3. The heat of adsorption, or bond strength, is generally lower on activated carbon than on other
sorbents. This is because only non-specific, van der Waals forces are available as the main forces
for adsorption.

d) Activated Alumina
Activated alumina is a porous high-area form of aluminum oxide, prepared either directly from
bauxite (Al,03.3H,0) or from the monohydrated alumina by dehydration and recrystallization at

elevated temperature. The surface is more strongly polar than that of silica gel and has both
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acidic and basic character, reflecting the amphoteric nature of the oxide. The affinity of activated
alumina for water at room temperature is comparable to that of silica gel with a lower capacity.
At elevated temperatures, the capacity of activated alumina is higher than silica gel and it was
therefore commonly used as a desiccant for drying warm air or gas streams. However, for this
application it was largely replaced by molecular sieve adsorbents, which exhibit both a higher

capacity and a lower equilibrium vapor pressure under most conditions of practical importance

[11].

e) Silica Gel

Silica gel is of particular importance as stationary phase especially in high performance liquid
chromatography (HPLC), because of no swelling and strain properties as well as good
mechanical strength and thermal stability. Silica gel used in purpose of preconcentration of metal
ions from aqueous media is too limited due to the weak interaction between metal ions and silica
gel surface. The physical loading of chelating agent is a disadvantage for silica gel due to
leaching of the loaded reagent. Therefore, the modification of silica gel by chelating agent
chemically bonded on its surface improved its collection and selectivity properties. Many
chelating agents bonded chemically on the silica gel surface such as ethylenediamine [12] and
ninhydrin [13] were prepared.

1.2.7.2. Organic Adsorbents.

Organic adsorbents have received interest because of wide range of application of these phases in
metal ions extraction and preconcentration from different aqueous media over wide range of pH.
The selectivity and capacity of organic adsorbents are improved by incorporation of chelating

reagents. In the last decades, attention has been focused on different types of organic stationary

phases such as polyurethane foam and different forms of chelating organic polymers.

a) Polyurethane Foam

Polyurethane foam is the most widely used cellular plastics in separation and preconcentration of
organic [14] and inorganic [15] species from aqueous and gaseous media. Polyurethane foam is
defined as a plastic material in which a proportion of solid is replaced by gas in the form of
numerous small bubbles. Polyurethanes are conventionally the reaction products of an isocyanate
with an ether or ester and terminated with hydroxyl groups. While these materials are relatively
resistant to hydrolysis, they can be readily cleaved by vigorous hydrolytic reactions. The
polyurethane ether materials are more resistant to simple solution hydrolysis than the

polyurethane esters.
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b) Chelating Polymers

Immobilization of chelating reagent on polymeric materials received special attention for
application in analytical chemistry. Immobilized chelating polymer can be investigated in three
parts, namely: backbone of polymer, cross-linked degree and chelating reagent immobilized on
polymer. In reference [16], authors reported facilitated transport of actinides and lanthanides
from nitrate medium through a hollow fiber-supported liquid membrane using a mixture of
N,N,N',N'-tetraoctyl diglycolamide (TODGA) and N,N-di-n-hexyl octanamide (DHOA) in
normal paraffin hydrocarbon (NPH) as the carrier solvent. Hollow fiber-supported liquid
membrane containing TODGA and DHOA in normal paraffin hydrocarbon (NPH) appeared

promising for the separation of actinides and lanthanides from high-level waste.

¢) Polymer Backbone

The nature of polymer backbone corresponds to the hydrophilic and hydrophobic characters of
resin. For example, the polystyrene has low ability to interact with metal ions in aqueous media.
In contrary, polyacrylamide has hydrophilic character and is highly interacting with water to

adsorb metal ions on its surface.

d) Cross linking Degree in Polymer

The cross linking degree in a polymer is responsible of various properties of the chelating
polymer [17, 18]. The lower cross-linking polymers allow faster diffusion especially of large
ions; however they are very soft and tend to swell and shrink excessively [19]. The higher cross-
linking polymers are harder and less easily deformed. The higher cross-linking degree of
polymer renders its structure sufficiently rigid to be used under moderate or high pressure. The

degree of cross-linking is controlled by the porous character of the polymer.

e) Chelating Reagent Immobilized on Polymer

In recent years, chelating reagent has been widely used in order to enhance the efficiency of
separation of metal ions by polymeric support. An important feature of chelating ion exchanger
is the greater selectivity compared with the conventional type of ion exchanger. The affinity of
metal ions for a certain chelating resin depends mainly on the nature of chelating group and the
selectivity behavior of the resin, which is largely based on the different stabilities of the

complexes formed on the resin. The highly selective properties of chelating polymer rather than
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ion exchanger are attributed to the higher binding energy in chelation process than in ion

exchange process.

Traditional treatment methods employed for separation processes include chemical precipitation
and filtration, chemical oxidation or reduction, electrochemical treatment, solvent extraction,
ion-exchange and evaporation. They present some disadvantages such as their high price,
difficulty of application, incomplete metal removal, low selectivity, high energy requirements

and the generation of toxic slurries that are difficult to be eliminated [20,21].

Adsorption is one of the most respective methods that was successfully applied for removal of
metal ions from hazardous wastes due to low maintenance costs, high efficiency and ease of
operation [22]. According to that, the first objective of this research work will focuse on finding
and contracting new adsorbent materials from the polymeric materials called (Dynamers) for the

adsorption and extraction of lanthanide metal ions (La**, Lu®*", Eu*") from aqueous solution.

1.3.  Scope of constitutional dynamic chemistry

The extension of the concepts and features of supramolecular chemistry [23-25] from discrete
species to polymolecular entities is opening novel perspectives in materials science. It defines a
field of supramolecular materials that rests on the explicit implementation of intermolecular
interactions and recognition processes for controlling the build-up, the architecture and the
properties of polymolecular assemblies emerging from their components through self-
organization [23-26]. Such spontaneous but directed self-assembly is of major interest for the
supramolecular design, synthesis and engineering of novel materials presenting novel properties.
Supramolecular chemistry is by nature a dynamic chemistry [27] in view of the lability of the
noncovalent interactions connecting the molecular components of a supramolecular entity [23—
25], which allows incorporation, decorporation, rearrangement of partners in the supramolecular
species. Importing such dynamic features into molecular chemistry requires shifting from stable
to labile covalent bonds, so as to endow molecular species with the ability to undergo similar
dynamic exchange and reorganization processes by virtue of the reversible formation and
breaking of covalent connections. This change in outlook amounts to take a standpoint opposite
to the traditional one and to consider that the lability resulting from reversible connections rather
than being a drawback, gives access both to the richness of constitutional diversity and to the

benefits of adaptability.
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CDC
CONSTITUTIONAL DYNAMIC CHEMISTRY
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MOLECULAR SUPRAMOLECULAR
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Reversible Reversible
Covalent Mon-covalent
Bonds Interactions

Fig.1: Scope of constitutional dynamic chemistry, covering both molecular and supramolecular entities [28].

One may conjecture that an intriguing line of development of chemistry is thus being fueled by a
basic paradigm shift from a constitutionally static to a constitutionally dynamic chemistry (CDC)
[25], encompassing both covalent molecular [29, 30] and non-covalent supramolecular entities
(Fig.1) [23, 27, 30]. These may be considered as, respectively, chemically dynamic, involving a
reversible chemical reaction, and physically dynamic, based on physical non-covalent

interactions.

1.3.1. Constitutional dynamic chemistry and materials

Feeding-back the dynamic features, characteristic of supramolecular chemistry, into molecular
chemistry implies looking at molecules as labile entities, in contrast to the usual longing for
stability, and opens novel perspectives to covalent chemistry. It requires searching for reversible
reactions that will allow the making and breaking of covalent bonds, preferentially under mild
conditions. These developments are embodied in the recent emergence of dynamic combinatorial
chemistry as a powerful means for generating dynamic, responsive molecular diversity [30, 31].
Thus, dynamic chemistry comprises not only motional dynamics, but also constitutional
dynamics, changes in constitution concerning the nature, number and arrangement of the
components of a molecular or supramolecular entity, generating molecular and supramolecular
diversity through reversibility of covalent bonds and of non-covalent interactions. CDC is
defined by chemical entities undergoing continuous recomposition, recombination,
reorganization, construction and deconstruction by incorporation, decorporation or reshuffling of

components, under the pressure of internal or external factors. The system may respond to such
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effects through selection of the most suitable components among those available by expressing
the constituents presenting best adaptation to a given situation (Fig.2) (28). As supramolecular
chemistry is by nature constitutionally dynamic, supramolecular materials are dynamic materials
(DYNAMATS) [27]. Extending this notion to covalent species, CDC covers constitutional

dynamic materials (CDMs) on both the supramolecular and the molecular levels.

CONSTITUTIONAL DYNAMIC CHEMISTRY
MOLECULAR DYNAMIC CONSTITUTIONAL DIVERSITY
SUPRAMOLECULAR

= chemical systems undergoing continuous
exchange/recombination/reorganization under the
pressure of internal
external

# deconstruction and reconstruction

factors

Z—> SELECTION through
Dynamic Constitutional Diversity responding to the
pressure of internal’external factors

Fig.2: Constitutional dynamic chemistry, constitutional diversity generation and selection [28].

Dynamic materials may be defined as materials whose constituents are linked through reversible
connections (non-covalent or covalent) and are able to continuously reorganize through
assembly/disassembly processes and exchange of components in a given set of conditions,
usually under thermodynamic control [27,30], but eventually involving kinetic bottlenecks or

traps.

1.3.2. Dynamers: constitutional dynamic polymers

Focusing on a specific class of materials, polymers, one may designate under the term
DYNAMERS, dynamic polymers [32, 33], polymeric materials exhibiting reversible formation
and component exchange. They comprise both the supramolecular polymers [33-36] that are
dynamic by nature and molecular polymers that are dynamic by intent, due either to the presence

of a non-covalent or to the introduction of a covalent reversibility cassette (Scheme 1). Their
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formation and dynamic character result either from recognition-directed reversible
polyassociation of components through complementary interactional groups (supramolecular,
non-covalent, physical, interactional recognition) or from reversible polycondensation of
components through complementary functional groups (molecular, covalent, chemical,
functional recognition), respectively (Fig.3). In view of the ability of dynamers to build up by
self-assembly [23-26] and to select in principle their components in response to external stimuli

or to environmental factors, they behave as adaptive materials [27,30,33].

Dynamers may be obtained from hetero- or homo-complementary monomers (Fig.4) by the usual
type of polymerization processes (Fig.5). They may be of either main chain type, as those
pictured below, or involve reversible side-chain attachment. They display a number of

particularly attractive features for polymer chemistry [28].

DYNAMERS
DYNAMIC POLYMERS

= Reversible polymers generated from complementary ditopic monomers by
» polycondensation through reversible covalent reactions ~———  MOLECULAR DYNAMERS

» polyassociation through non-covalent interactions —— SUPRAMOLECULAR DYNAMERS
F-r—K
R=XY » — -y —{FxK-vy—> -
< =RrR—>
*complementary functional groups capable of
undergoing reversible condensation reaction
I: _K * complementary recognition groups undergoing

reversible non-covalent association

scovalent reversible connection/functional group with

E functional recognition

*non-covalent reversible association subunit with
interactional recognition

Fig.3: Dynamers: dynamic (reversible) polymers of molecular (covalent) and supramolecular (non covalent) nature [28].
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Generation of DYNAMIC POLYMERS
by INTERACTIONAL or FUNCTIONAL RECOGNITION Directed POLYMERIZATION of
= Heterocomplementary monomers

GRD> __» HOMOPOLYMERS L X X X
R=XY <

.

FRrRE > COPOLYMERS =YKy

* both homopelymers and alternating copolymers are accessible
= control of initiation and polymerization on mixing of the monomers

= Homocomplementary monomers
<+-R-E ——+* HOMO/COPOLYMERS -<}-R—K}-R-R—>-

* homopolymers and random copolymers are accessible

*no control of initiation and polymerization on mixing of the monomers

= Divalent, Trivalent, Tetravalent monomers : o—0 Q—{

Fig.4: Dynamer chemistry: types of main-chain dynamers [28].

DYNAMER GENERATION —-DYNAMIC MATERIALS

Building blocks :

<—> >H—=<_ Ditopic complementary components for linear polymerization
2@ Tritopic compenent for branching/cross-linking
Q— > Monotopic components for end-capping

Linear polymerization

<+ 3= e <SS

Cross-linking

Control of molecular weight distribution

B =y == gy B
=S

Fig.5: Dynamer generation processes [28].

1.3.3. Molecular dynamers

Molecular dynamers, reversible covalent polymers, open a range of perspectives to polymer
chemistry. Even though exchange reactions have long been known in macromolecular chemistry
[29] and have been put to use even in large scale industrial processes (involving, e.g. trans
esterification), the exploitation of reversible polymerization has been hampered by the
difficulties in controlling the process. The primary focus of polymer methodology has been on

trying to avoid exchange reactions and to produce chemically as well defined as possible, unique
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polymers, in particular for industry. Taking the opposite standpoint consists in deliberately
pursuing constitutional diversity rather than emphasizing unicity. It involves exploring the
generation of diversity through reversibility, which allows component exchange leading to
highly diverse populations, combinatorial libraries of polymeric constituents in dynamic
equilibrium (Fig.6). Reversible reactions are presently receiving increasing attention and provide
a means for developing new materials exhibiting unusual features. Recent covalent polymers
investigated for their reversible properties have included entities based on various reactions such
as: transesterification [37-40], transetherification [41], Diels—Alder reaction [42, 43], [2+2]

photodimerization [44], radical reaction [45] and boronate ester formation [46].

One may distinguish (1) self-contained reversible reactions (holo reactions), where all atoms
present in the starting compounds are also present in the product (e.g. the Diels—Alder reaction
and cyclo additions in general, the Michael addition, hemiketal and aldol condensation, etc. and
their retro processes); (2) exchange reactions, where isofunctional components are exchanged
from starting compounds to products (e.g. transesterification, transimination, etc.); and (3) non-
self-contained reversible reactions, where an ancillary molecule (such as water) is formed (e.g.

carbonyl-amine condensation, ester and amide formation, etc.).

Exchange and non-self-contained reactions may be manipulated or affected (e.g. their
reversibility may be inhibited) by acting upon the ancillary compound or the isofunctional
partner, whereas self-contained reactions respond to physico-chemical parameters (temperature,
pressure, medium). Among the known reversible covalent reactions [29-31], amino/carbonyl
condensations to give C=N products such as imines, hydrazones and oximes (Scheme 2), are
particularly attractive in view of the very wide range of structural variations available, the easy
synthetic accessibility, the control through conditions of yields, rates and reversibility, as well as
their role and potential for application in both biological/medicinal [29,30,46] and materials

sciences.
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DYNAMER EXCHANGE PROCESSES

Fig.6: Component exchange in dynamers [28].

1.3.4. Supramolecular dynamers

Supramolecular polymers are defined as the entities generated by the polyassociation of
molecular monomers bearing complementary binding groups capable of connecting through the
usual non-covalent interactions implemented in supramolecular chemistry: -electrostatic,

hydrogen bonding, donor—acceptor, Van der Waals as well as metal ion coordination.

B atinGR NI \\\ S}/

Scheme 1. Schematic representation of main-chain dynamers in which complementary ditopic monomers are
linked by either supramolecular or molecular reversibility cassettes X, Y, and Z, conferring dynamic character
through reversible connections, non-covalent interactions or reversible covalent bonds, respectively. X,Y, and Z
may be the same or different. In conventional polymers, they represent covalent bonds that are not reversible in

the conditions considered [28].

(0] o]
_NH; * OHC-R; ——— _N R- + H20  Acylhydrazone
ooy 0H0oR oyt

H;N-R; + OHC—R, ReVS-R2 4 H0  Imine

Scheme 2. Reversible condensation reaction in imine and acylhydrazone formation [28].
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1.4. Constitutional dynameric networks for membranes

Membrane-mediated separations are an attractive alternative to other chemical methods for
purification, recovery (i.e., ion exchange, extraction, or chromatographic processes), etc. [48-50].
Numerous artificial membrane systems using carriers or channel-forming structures have been
developed in the past decades. The supramolecular design and application of receptors for
recognition of cations, anions, or molecular species have attracted a great deal of interest as these
systems have many potential functions such as solubilization, extraction, and membrane
transport [49-55]. Concurrently, convergent multidimensional self-assembly strategies have been
used for the synthesis of ion-channel self-organized systems, designed to mimic natural ion-
channel proteins. Crown ethers [49-55], cyclic peptides [56], barrel-stave structures [57], and
bolaamphiphiles [58] illustrate the convergence of molecular recognition and supramolecular
self-organization properties with the supramolecular transport functions. They define the field of
supramolecular membrane materials. Of particular interest is the potential ability of
supramolecular membranes to present multifunctional properties such as molecular recognition
[58-61] and generation of directional diffusion pathways by self-assembling [62—65]. It was
previously showed that the basic molecular information encoded in the molecular precursors
(i.e., crown ethers [58—63], amino acids [64], and nucleobases [63, 65]) results in the generation
of isotropic superstructures in solution and in the solid state, which can be “frozen” in a
polymeric solid membranes. These systems have been successfully employed to design artificial
ion channels and illustrate how a self-organized material performs interesting and potentially
useful transport functions. On the other hand, supramolecular chemistry is by nature a dynamic
chemistry in view of the reversibility of the non-covalent interactions connecting the molecular
components of a supramolecular system [48,66]. During the past decades, constitutional dynamic
chemistry (CDC) and its application in dynamic combinatorial chemistry (DCC) served as new
evolutional approaches that produced chemical diversity, convergent to molecular and
supramolecular systems [66]. The dynamic self-assembly of the components may allow the flow
of structural information from the molecular level toward nanoscale dimensions. Understanding
and controlling such upscale propagation of structural information might offer the possibility of
imposing a further precise order at the mesoscale and new routes to obtain highly ordered
ultradense arrays over macroscopic distances. CDC provides an evolutional approach to the

generation of chemical diversity at both the molecular and supramolecular levels through the
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implementation of reversible covalent reactions and noncovalent intermolecular interactions,
respectively. It confers chemical systems a fifth dimension, that of constitution, in addition to the
4D spatial/temporal chemical space. Within this context, during the past decade, the CDC has
been expressing more and more interest toward dynamic interactive systems (DIS). Networks of
reversibly exchanging and reorganizing connected objects form the core of DIS, operating under
a natural selection to allow structural and functional adaptability in response to internal
constitutional/affinity or to external stimulant factors. In other words, the CDC implements a
dynamic reversible connection between interacting constituents, mediating the self-correlation of
different constitutional domains of the system based on the structural affinity between them.
Importing such dynamic features into the field of molecular and supramolecular polymers
implies looking at dynamic polymers-dynamers [28, 67—71]. Compared with a physical mixture
of classical polymers (Fig.7a), a dynameric mixture gives access via dynamic monomeric
exchanges to new homogeneous entities presenting controllable modulation of their structure at
the molecular level in response to internal structural constraints or to external stimuli and
experimental conditions. They are capable of undergoing exchange, incorporation, or
decorporation of their monomeric subunits (Fig.7b), linked together by labile non-covalent
interactions or reversible covalent bonds. This might play an important role in the ability to more
finely mutate the mechanical or functional properties of such new molecularly tunable materials,
compared with physical mixtures of polymers [69—71]. Using this strategy, specific recognition
domains (e.g., the AAAA signature in Fig.7c) would be more easily generated, giving access to
molecularly controlled membrane materials. With all these in mind, the novel constitutional
concepts previously described might open interesting perspectives for the generation of
membrane materials in which selective transport occurs through molecularly controlled domains.
The more significant challenge is to minimize the size of nanoscopic domains of the membrane
material, which would give the possibility of achieving the molecular limit control for percolated
conductive domains of high diffusional behaviors, specifically of interest in membrane science
(Fig.8) [72,73]. In this context, the dynamic covalent polymers or dynamers (67, 68), generated
from reversibly interacting monomers, offer the possibility of generating homogeneous systems
with addressable domains based on structural relationships within the former monomers. In
dynamers, the components self-assemble reversibly in such a manner that their external hyper

surfaces might be able to maximize all structure/energy combinations via their constitutional

62



EUDIME (2012-2015) Chapter (2)

affinity. In such a scenario, the adaptive self-assembly might override defects and use the
topography only as a guide to the formation/orientation of the segregated domains of different
behaviors. The internal driving force is related to the pressure of internal structural stabilization:
the constitution of or affinity between components. This would mediate the dynamic self-
assembly of low size and molecularly addressable domains toward the macroscopic membrane

films in which the diffusional/selective percolation pathways might exist (Fig.8).

—~AB}~ Al-—B

— c-p~
B~ TAB g~ ~

Physical mixture of copolymers

A I 1
= AF=B~— 0 ~[C}=_" |A AF-B~—D—~
~B~ —1AHAR{BD~

={cbr~=

1

E'== New chemical dynameric structure

Monomers

Fig.7: Structural comparative features between classical mixtures of (a) polymers in which the monomers are
irreversibly connected and of (b) dynamers capable of undergoing reversible exchange of their monomeric subunits,
giving more easy access to specific constitutional superstructures (e.g., the AAAA signature in (c) based on the

enhanced constitutional affinity between the components A)[71,73].
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Block co-polymers Block co-dynamers

Fig.8: Converging the structural behaviors of block copolymers and of ultradense block codynamers controlled at
the molecular level. The different iso-structural domains are represented in light grey and grey; the diffusing
molecules are represented by black circles. The circled area details part of diffusion area within the respective

materials [72,73].

For all these reasons, functional dynamic polymers “dynamers” may be used to conceive novel
membrane materials. Our efforts involve the synthesis and the fabrication of “dynameric”
polymeric membranes. Then, their transport performances (permeability and selectivity) are
evaluated by using the solution-diffusion model. The membrane performances designed to
transport ionic salts of lanthanides metal ions (La’, Lu’*, Eu’") depend and are based on

encoded molecular features of the monomeric subcomponents.

In the present study, we are exploiting the dynamic reversible covalent exchange processes of the
constituent dynameric subcomponents in solution during the membrane synthesis. The resulting
polymeric membranes are stable and are conserved during and after the membrane transport

experiments.
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2. Materials and procedures

2.1. Materials

In our experiments, benzene-1,3,5—tricarbaldehyde (TCA) (98%, Manchester Organics Ltd) ,
Jeffamine D-2000 and Jeffamine T-3000 were used to prepare the dynameric membranes. TCA
was used as the core connectors of the membrane structures. Jeffamine D-2000 and Jeffamine
T-3000 were used as monomers and purchased from Huntsman Holland BV. All the
products were used as recieved without modifications. For all the solutions, chloroform was used
as a solvent and purchased from Sigma Aldrich. Lanthanide (III) chloride (99%, Alfa Aesar),
Lutetium (III) chloride (99%, Sigma Alrdich), and Europium (III) chloride hexahydrate (99%,
Janssen chimica) have been used as the source of the lanthanides ions. Also Ascorbic acid (98%,
Sigma), and Arsenazo III (98%, Fluka) were used for the UV-spectroscopy determination of

lanthanides.

2.2 The synthesis of the polymeric materials

A series of polymeric materials has been prepared by using three main substances
(polyoxypropylenediamine) Jeffamine D-2000, (polyetheramine) Jeffamine T-3000, and
Benzene-1,3,5-tricarbaldehyde (TCA) as reactants. The cross-linking degree of the polymerwas
varied by changing the molar fraction of Jeffamine material (J-D2000 and J-T3000)
incorporated, while the molar fraction of TCA reactant was held constant as shown in the table
(1). The structures and stability of the prepared series (P1-P7) were confirmed by Nuclear
Magnetic Resonance spectrophotometry using a BRUKER NMR ADVANCE 300MHz
spectrophotometer. In addition, the polymeric materials were characterized by
ThermoGravimetric Analysis (Hi-Res TGA 2950,TA Instruments), Differential Scanning
Calorimetry (DSC 2920 Modulated DSC, TA Instruments), FTIR Spectrometry (model Nicolet
710), and UV-visible Spectroscopy (A UVIKON 923, Double Beam UV-Vis
Spectrophotometer), contact angle, Scanning Electron microscopy (SEM) (Hitachi S4800 Field
effect microscope detector), and Energy Dispersive X-ray Spectroscopy (EDX) (Hitachi S4500

Field microscope).
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Polymer Mass TCA, g Mass Jeffamine-D2000, g  Mass Jeffamine-T3000, g

P1 0.1 (mol. frac. 1) 1.86 (mol. frac. 1.5) 0

P2 0.1 (mol. frac. 1) 1.55 (mol. frac. 1.25) 0.32 (mol. frac. 0.17)
P3 0.1 (mol. frac. 1) 1.24 (mol. frac. 1) 0.61 (mol. frac. 0.33)
P4 0.1 (mol. frac. 1) 0.93 (mol. frac. 0.75) 0.93 (mol. frac. 0.5)
P5 0.1 (mol. frac. 1) 0.62 (mol. frac. 0.5) 1.25 (mol. frac. 0.67)
P6 0.1 (mol. frac. 1) 0.31 (mol. frac. 0.25) 1.54 (mol. frac. 0.83)
P7 0.1 (mol. frac. 1) 0 1.86 (mol. frac. 1)

Tablel: Composition of the various prepared polymeric materials P1 to P7

-The polymeric materials were synthesized according to the following procedure

. Weigh the suitable amount of reactant substances according to the above table.

. Dissolve the reactant substances in 50 mL of chloroform.

. Place the dissolved reactants in 100 mL round bottom flask and then reflux the reaction
mixture at 70 C under stirring at around 450 rpm. For how long???

. Keep the reaction running until it is completed. The reaction time for each synthesis was
followed by 'H NMR analysis.

. Use the rotary evaporator at 40 C and 200 rpm to decrease the amount of chloroform solvent.

. Cast the resulting polymeric materials by putting it in a Teflon plate then place it inside an
oven successively at 60 C and 120°C overnight.

. Leave the produced polymeric material inside the oven at 120 "C for more than two days, to
allow the conversion into a very sticky material that do not swell during the extraction

process of lanthanides.
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- The chemical structures of the polymeric materials

Figs. (9, 10, and 11) represent the chemical structure of the prepared polymeric materials that

have been used in the extraction and transportion process of lanthanides metal ions.
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Fig.9: Scheme representing the chemical reaction between TCA and Jeffamine D-2000 leading to the

synthesis of (P1).
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Fig.10: Scheme representing the chemical reaction between TCA and Jeffamine T-3000 leading to the

synthesis of (P7).
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Fig.11: Scheme representing the chemical reaction between TCA, Jeffamine D-2000 and Jeffamine T-

3000 leading to the synthesis of (P2 to P6).

2.3. Adsorption and extraction experiments

The solvent extraction and adsorption techniques are used with the prepared polymers for the
separation processes of lanthanides. Firstly, a trial experiment was performed using a definite
amount of the polymer dissolved in chloroform mixed with the aqueous phase containing the
lanthanide ion. A sample from the aqueous phase was taken and analyzed by UV-
Spectrophotometry using Arsenazo III as coloring agent to determine the remaining amount of

the metal ion in the aqueous solution. On the other hand, adsorption technique can also be carried
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out with the same conditions of the solvent extraction. The lanthanides determination was carried
out according to the procedure proposed by Z. Marczenco (Analytical Spectroscopy Library,
Vol. 10) as following: 1 mL (1% molar, 1 gm dissloved in 100 ml distilled water) of Ascorbic
acid was added to a sample containing lanthanides metal ion, then 1 mL of formate Buffer was
added to the mixture (28 g sodium hydroxide + 60 mL of formic acid/1L distilled water). Finally,
2 mL (0.05 % molar, Dissolve 0.05 g Arzenazo (III) in 100 ml of double-distilled water) of
Arsenazo III solution was added and the total volume of the mixture was completed to 25 mL
with distilled water. The UV absorbance was measured at 655 nm in the presence of the blank

(Marczenko and Balcerzak, 2000).

Three lanthanide (La’*, Lu’", Eu’") standard solutions of the same concentration (200 ppm) were
prepared by dissolving the appropriate amounts of the corresponding chloride forms into distilled
water. Dffernet amounts of the prepared polymeric materials were used for the adsprotion
process for three lanthanide solutions seperatlly as the following (5 mL of lanhainde solutions
were shaked over night with the certain amount of the polymeric materials). Then each sample
was analyzed by spectrophotometry, and the uptake percentage can be calculated from the
absorbance values using the following equation:
% uptake = (ADbs. int. —ADS. fin.) / AbS.int.
Where: (Abs. int.) is the absorbance of the standard solution before contact with polymer, while

(Abs. fin.) is the same but after the sorption experiment.

24. Instrumental techniques
2.4.1. UV-visible spectroscopy

The uptake(%) of lanthanides was measured by UV spectrophotometry using the polymeric
materials and Arsenazo III as coloring agent to determine the remaining amount of the lanthanide
metal ions after the adsorption and extraction process. The detection process has been done at a
wavelength of 655 nm to determine the solution colour. The principle of the UV-visible

spectroscopy has been illustrated, see chapter (1).
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2.4.2. Infrared spectroscopy (FTIR)

FTIR is a very useful tool for the analysis of the chemical structure of a polymer. Vibrational
energies of chemical bonds measured identify the nature of these functional groups in the
sample. The apparatus used in this study is a spectrometer Nicolet Nexus Fourier transform
(speed of mirror = 0.6329 cm s™', iris aperture = 100, detector DTGS) equipped with a diamond
ATR accessory Golden Gate whose resolution is 4 cm™. The swept frequency range covers the
area of the mid-infrared 400 - 4000 cm™. The acquisition of the spectra is performed in
transmittance mode (64 scans). FTIR technique has been used to confirm the complexation
interaction between the polymeric materials and lanthanides metal ions by seeing the possibility
of changes in functional groups of the polymeric materials due to the attachement of metal ions
to the functional groups at the polymeric materials. The FTIR spectra have been taken for
different configurations of the prepared polymeric materials containing different molar fractions
of Jeffamine T-3000 (0, 50, 70 and 100%). The obtained results have been compared before and
after extraction process to see if there were any differences in spectra, which will give indication
about the complexation reaction occuring between the polymers and the lanthanides metal ions.

See Appendix1 for FTIR measurements on other formed polymers.

2.4.3. Proton nuclear magnetic resonance spectroscopy ('"H NMR)

IH NMR spectra of the solutions were taken using a BRUKER NMR ADVANCE
300MHz spectrophotometer. Deuterated chloroform (CDCl;) EURISO-TOP was used as
solvent. Based on the NMR analysis, we could determine if the reaction was complete by
comparing the integration of the aldehyde group R-CHO (present in TCA) at about 10ppm with
that of the secondary aldimine group formed -RC=N-R due to the reaction between the aldehyde
group in TCA and the amine group in Jeffamine, present at about 8ppm. Another alternative
method was to compare the integration of the aldehyde group at 10ppm with that of the
hydrocarbon group in the long chain of the Jeffamine present at about 1ppm. As will be
seen in '"HNMR figure analysis, the aldehyde group at 10ppm was seen to be insignificant in

comparison with the integration at 8ppm and even too small compared to the one at 1ppm.
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2.4.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) involves heating a sample in an oven gradually and
recording its weight loss function by the elevation of its temperature. Thermogravimetric profiles
of polymeric materials have been made on a heat-balance type TGAQS50 Thermal Analysis under
flow of inert gas (nitrogen). A region of 5-15 mg of polymer material was placed in a platinum
crucible, then heated from -80°C to 500°C at a temperature gradient of 10°C/min. TA Universal
Analysis software has enabled us to record and calculate the evolution of the mass and its
derivative as a function of temperature. The plot of the derivative of the weight loss versus
temperature allowed us to distinguish the begining of successive mass loss. Based on samples
analysis, we can observe the thermograms, which represent the dehydration, the denaturation and

degradation of the polymeric materials.

2.4.5. Differential Scanning Calorimetric Analysis (DSC)

This technique was used to determine the temperature of transition of the first order, (melting
and crystallization), the specific heat, the degree of crystallinity in the polymers and their thermal
conductivity. The principle consists in analyzing the recorded enthalpy differences between a
sample and an inert reference each undergoes the same heat treatment. The sample, mass of
about 2-5 mg was placed in an aluminum crimped and sealed vial so that the measurement is
more accurate because the mass of the sample is constant. The measurements were performed on
a TA Instruments DSC2920 machine equipped with a module between 150°C and 400°C at a
heating rate of 10 ‘C/ min. The exploitation of the results was performed using the TA Universal

Analysis software, marketed by TA Instruments.

2.4.6. Scanning electron microscopy (SEM)

The surface structure of the polymeric membranes prepared was analyzed using a Hitachi S4800
Field effect microscope detector secondary and backscattered electron. The acceleration voltage
ranges from 0.1 kV to 30 kV. The maximum magnification is 800000x. The scanning electron
microscope is operated with an electron beam intensity of 10kV. This microscope allows the
observation and characterization of the membrane surface morphology at the scale of micro (10

%) to nano (10™) meters. Cross section imaging can also be done by using the “tilt” facility, which
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allows the sample to be held at an angle of 45 for analysis. The principle of SEM involves the
incidence of an electron beam on the sample surface producing secondary electrons,
backscattered electrons or retro-diffused X-rays that can be analyzed to obtain an image that is
magnified over 200,000 times. 2cm’ pieces of the sample were cut in a liquid nitrogen
environment to avoid distorting the material surface or cross section. The sample was then

coated with a thin layer of gold or platinum particles to make it a good conductor.

2.4.7. Energy Dispersive X-ray Spectroscopy (SEM-EDX)

The surface structure and chemical composition of the polymeric membranes prepared were
analyzed using a Hitachi S4500 Field microscope equipped with secondary electron detector and
backscattered. The acceleration voltage ranges from 0.5 kV to 30 kV. The maximum
magnification is 500000x. The resolution obtained is 1.5 nm at a voltage of 15 kV. This
microscope also has a Thermo fisher EDX detector for chemical analysis of samples from the
boron element. In addition to the analysis at a point or globally, concentration profiles can be
achieved as well as maps showing the distribution of a chemical element in the observed area.
During EDX analysis, the specimen is bombarded with an electron beam inside the scanning
electron microscope. The bombarding electrons collide with the specimen atoms' own electrons,
knocking some of them off in the process. A position vacated by an ejected inner shell electron is
eventually occupied by a higher-energy electron from an outer shell. To be able to do so,
however, the transferring outer electron must give up some of its energy by emitting X-ray, to
balance the energy difference between the two electrons states. The amount of energy released
by the transferring electron depends on from which energy level it has been transferred, as well
as to which level it is transferred. Furthermore, the atom of every element releases X-rays with
unique amounts of energy during the transferring process. Thus, by measuring the amounts of
energy present in the X-rays being released by a specimen during electron beam bombardment,

the identity of the atom from which the X-ray was emitted can be established.
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2.4.8. Contact Angle

The contact angle (©) of a liquid drop on a solid surface is defined by the mechanical
equilibrium of the drop under the action of three interfacial tensions: solid-vapour (ysy), solid-

liquid (ysp) and liquid-vapour (yry) (Fig.12).
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Fig.12: Schematic of a sessile drop, contact angle and the three interfacial tensions are shown [74].
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The contact angle (©) was measured by sessile drop method. A drop of distilled water is
deposited manually on the membrane surface by a Pasteur pipette. Various photographs are
acquired by the software and the tangent is determined by fitting the drop shape to known
mathematical functions. The measurements are performed immediately after the drop falls on the
surface using the software called Imagei. Multiple replicates are performed and the mean contact

angle is reported with its standard deviation.
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2.5. Facilitated transport procedures through the polymeric membranes

The lanthanides metal ions have been transported through the polymeric membranes through two
different ways (solid membranes and liquid membranes). In case of solid membranes, the
membrane transport experiments were performed with a bi-compartmental device, magnetically
stirred at room temperature (Fig.13). It consisted of two PTFE cell devices separated by the solid
membrane oriented with the active dense film facing the feed phase. Nitrogen permeation
measurements were performed to ensure that they were dense and defect free. While in case of
liquid membranes, the membrane transport experiments were performed under magnetic stirring
using a conventional U-tube glass cell, at room temperature. In both cases, the feed phase was an
aqueous solution with a volume of 50 mL and a concentration of 200 ppm of lanthanides metal
ions (LaCls. (H,0)s / LuCls.(H20)6 / EuCls.(H20)s6) solution for the competitive cation transport
experiments. The membrane consisted of supported “dynamer” dense material (S= 5.32 cm?)
while the receiving phase consisted of 50 mL of deionized water. The La’", Lu’", and Eu*"
concentrations were monitored at different time intervals using UV- spectrophotometry. The
permeabilities (P) and the partition coefficient ratio of ions have been determined from

experimental concentration versus time profiles using the solution-diffusion model [59-64].
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Fig.13: Experimental devices used in membrane transport experiments, (a) Solid membrane, (b) Liquid membrane.
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3. Results and Discussion

3.1. Uptake(%) of lanthanides for the Jeffamine polymers

Fig.14 represents the uptake(%) of lanthanides metal ions (La’", Lu**, Eu®") using Jeffamine
polymers as absorbing agents of lanthanides. The experimental work has been done at room
temperature under shaking overnight. The absorption and extraction of lanthanides depend on the
complexing and chelating properties between the amine groups present in these polymers and the
different metal ions. It has been observed that the uptake(%) is higher in case of J-T3000 than J-
D2000 due to the increment in the number of amino groups in J-T3000 compared to J-D2000.
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Fig.14: The uptake(%) of lanthanides for the Jeffamine polymers.

3.2. Effect of contactor towards the Jeffamine structure

The polymerization of TCA cross-linker with both Jeffamine polymers (J-T3000 and J-D2000)
lead to a series of dynameric polymeric materials. These dynameric networks have been used for
the extraction of lanthanide metal ions, and the uptake of lanthanides are shown in (Fig.14)
representing the variation percentage of J-T3000 with the uptake (%) of lanthanide metal ions

(La™", Lu’", Eu™).
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Fig.15: The variation of J-T3000 (%) in the synthesized polymers with the uptake (%) for lanthanides.

The above figure shows that there is a different uptake(%) of lanthanides by using different
polymeric materials (P1-P7); this might be related to the difference in the cross-linking degrees
of each polymer used in the extraction process. The separation by such polymers may be
depending on the availability of the electrons lone pairs of both nitrogen and oxygen atoms
present in the Jeffamine substrates. These free electrons can be donated to the empty orbital of
the metal ions through a coordination bond. Another aspect for the separation mechanism might
be the size of pores of the polymer materials that are suitable for a specific metal ion over the
other one. Additionally, it is obvious from (Fig.15) that Europium ion can be separated from the
other two lanthanides by using P5 or/and P4, this might give indication about the selectivity of
P5 and P4 towards lanthanide metal ions. Fig.16 represents the uptake(%) of lanthanides by
polymer P5 when using different amounts of polymer, and also shows that the uptake(%) of
lanthanides is increasing when the amount of P5 is increasing until the maximum amount of P5

around (400-500)mg, to finally reach a constant value above this amount of uptake(%).
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Fig.16: The variation of P5 dose with the uptake(%) of lanthanides under shaking overnight.

From (Fig. 15) and (Fig.16), we can conclude that changing the J-T3000 (%) in the used
polymeric materials has an effect on the lanthanides uptake(%). The higher uptakes of La’" and
Lu’" have been observed with polymers P5 and P4 and the lower uptake of Eu’" has been
observed with the same polymers. This might be giving an indication about the selectivity of
these two polymers (P4, P5) towards (La3 © Lo’ ) than (Eu3 ). This selectivity may be related to
the stability of lanthanides in the acidic media (ascorbic acid) during the extraction process, as
most of lanthanides metal ions are stable in the hydrated form [Ln(H,O)s]’". The most stable
oxidation state of La and Lu is the oxidation state (+3), while the most stable oxidation state of
Eu is oxidation state (+2). Additionally, the atomic radius of lanthanides metal ions has an effect
on the selectivity as the atomic radius of Eu metal ion is 0.204 nm that is higher than both La

(0.187 nm) and Lu (0.174 nm) metal ions radii.

3.3. Characterization of the polymeric materials

The polymeric membranes have been synthesized by reflux method, and were casted in a Teflon
plate inside an oven at 60 C overnight. After the membranes were dried at room temperature, the
membrane materials and their metal complexes were characterized by FTIR spectroscopy, TGA,
DSC, and "H NMR. Nitrogen permeation measurements were performed to ensure that they were

dense and defect free. SEM analysis allowed the thickness and the quality of the active deposited
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layer to be determined, whereas EDX analysis gave indication on the chemical compositions of
the polymeric materials and their metal ions. In addition, the hydrophilic character of the used
membranes has been measured by contact angle method before and after the transportation of
lanthanides. The results and discussion obtained from these characterizations of polymeric

materials are summarized below.

3.3.1. FTIR analysis technique

FTIR technique has been used to confirm the complexation interaction between the polymeric
materials and lanthanides metal ions by observing the changes in functional groups of the
polymeric materials due to the attachement of metal ions to the functional groups in the
polymeric materials. (Fig.17) represents the FTIR measurements of the P5 polymer and its metal
jons (La®", Lu®", Eu®"). It is obvious that in case of polymers complexed with metal ions, shifting
of the peaks are encountered in the wavelength area of 3400-3700 cm™. Indeed, this range is
related to the amine groups in the Jeffamine compounds present in the polymeric structures. We
also observed a small shift of the wavelength around 1600-1800 cm™ that is related to the
aldehyde groups in the aromatic structure. Both shifts might be due to the interactions between
the functional groups in the polymeric structures after complexation with the metal ions.
Furthermore, the broadness of the shifting might be due to the lanthanides ions interacting in
their hydrated forms with the functional groups in the polymeric structures. Therefore, FTIR
analysis represents a powerful tool to characterize the effect of lanthanides metal ions
complexation with the polymeric materials. See the Appendix (6.1) for the FTIR analysis for the
other selected polymeric materials (P1, P4, and P7).
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Fig.17: The FTIR spectra obtained for P5 upon complexation with lanthanide metal ions (La3+, Lu3+, Eu3+),

3.3.2. 'HNMR analysis technique

The composition of the polymeric membranes was determined by '"H NMR spectroscopy on
the basis of the characteristic bands that appeared in the spectra of P5 and its metal ions (La’",
Lu’", Eu’) are illustrated in (Fig.18). The '"H NMR spectra analysis of polymeric membranes
after the extraction process showed a reasonable shift for definite peaks from their original
chemical shift, which means there is a different electron density occuring due to the presence of
the metal ion and thus to to the transfer of some protons from one peak to another one. The
spectra showed there is a chemical shift occurring for the peak centered at 8.3 ppm
corresponding to aldimine group (-RC=N-R) that are formed upon interaction between the
aldehyde groups in TCA contactor and the amine groups in Jeffamine substrates, during the
extraction process. Similarly, we notice a chemical shift occurring for the peak centered at
10ppmcorresponding to aldehyde groups from the TCA contactor. Finally, the '"H NMR analysis
gives a good evidence for the chelation between P5 and lanthanides metal ions. See the
Appendix (6.2) for the 'HNMR analysis for the other selected polymeric materials (P1, P4, and
P7).
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Fig.18: "H NMR spectra of the membrane P5 after complexation with the lanthanide metal ions (La®",

Lu*", Eu’).
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3.3.3. DSC measurements

(Fig.19) represents the complete data for glass transition temperatures of all the membranes used (P1,
P4, P5, and P7) complexed with their metal ions, extracted from DSC. From the obtained results, we
observed that P4 and P5 even in presence of the metal ions have a higher glass transition temperature
(Tg) values comparing with other membranes P1 and P7.This might be related to the chemical
composition of the used polymeric membranes, which might affect the cross-linking within the
membranes. In case of P4 and P35, both Jeffamine substrates (J-D2000 and J-T3000) have been used
with the TCA contactor for synthesizing the membranes. In case of P1 and P7, only one Jeffamine
substrate (J-D2000 or J-T3000) has been used in the preparation of the polymeric membranes,
respectively. Additionally, Figure 20 represents the DSC measurements of P5 and its complexes
with lanthanides metal ions (La*", Lu’", and Eu®"). We see that the glass transition temperatures
of P5-La > P5-Lu > P5-Eu > PS5, which may be attributed to the complexation interaction
between P5 and Lanthanides metal ions that is stronger than other used polymeric membranes. In
general, the DSC showed a good trend of glass transition temperature and thermal stability of the
used membranes. See the Appendix (6.3) for the DSC measurements for the other selected

polymeric materials (P1, P4, and P7).
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Fig.19: DSC of the used polymeric membranes (P1, P4, P5, and P7) with their metal ions (La*", Lu®*", Eu®").

82



EUDIME (2012-2015) Chapter (2)

————  PSEU

——= PSLu

Heat Flow (mW)

o

-100 100 200 300 400
Beolp Temperature {°C) Universal V4.5A TA Instruments

Fig.20: DSC measurements of the membrane P5 with its metal ions (La**, Lu**, Eu®").
3.3.4. TGA measurements

The TGA measurements were done for all membranes (P1, P4, P5, and P7), as shown in
(Fig.21). The higher thermal stability has been observed in case of P5 and its metal ions, this
might indicate that the higher cross-linking of polymer (P5) structure compared with others. This
may be attributed to the complexation interaction between PS5 and Lanthanides metal ions, which
is higher than other used polymeric membranes. (Fig.22) represents the TGA measurements for
P5 and its metal ions complexes with (La®", Lu**, Eu®"). From this figure, a common trend can
be drawn with one big drop in weight loss around (296.74°C- 303.91°C). The other peaks were
insignificant because the Jeffamines polymers are dominant in the membranes. They make up a
major portion of the polymeric structures in comparison with TCA. Therefore, the big drop in
weight loss can be accounted for the presence of Jeffamines, and the rest of the components are
not significant on the TGA spectra. See the Appendix (6.4) for the DSC measurements for the
other selected polymeric materials (P1, P4, and P7).
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Fig. 21: TGA measurements of the used polymeric membranes (P1, P4, P5, and P7) with their metal ions
(La*", Lu**, Eu™).
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Fig.22: TGA measurements of the membrane P5 with its metal ions (La*", Lu**, Eu®").
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3.3.5. Scanning electron microscopy (SEM)

(Fig.23) represents the Scanning Electron Microscopy (SEM) analysis of PS5, in cross section
view and top view, to evidence the thickness of the membranes, and the quality of the active

deposited layer.
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Fig.23: SEM images of the P5 membrane (a) cross section view and (b) surface section view.
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3.3.6. SEM-EDX Analysis

Scanning electron microscopic examination of P5 before and after lanthanides metal ions
extraction and adsorption was undertaken in order to locate the active adsorptive sites of the
polymeric materials to form its metal complexes as seen in (Fig.24). The energy dispersive X-ray
analysis (EDX) of polymeric material P5 before and after interaction with lanthanides metal ions
is shown in (Fig.25). SEM image of the P5 without metal (Fig.24a) shows that the major
elements present are C, O, Al, Si, and CI inside the polymeric matrix. C and O elements are
present from the raw materials used for the synthesis of the polymeric materials, while the other
metals like (Al Si, and Cl) might be contamination elements from the surrounding environment.
Meanwhile, the EDX spectrum of P5 presented in (Fig. 24) and (Fig.25) showed that the major
elements present are C, O, Al, Si, Cl, in addition to the presence of lanthanides metal ions. The
interaction between the selected polymer P5 with lanthanides metals ions (La*", Lu®", Eu*") is
depicted in (Fig. 25b), (Fig. 25¢), and (Fig.25d) respectively. EDX spectra gave indication about
the interaction of lanthanides metal ions with imines and polyether groups that are present in the
polymeric materials P5. Also, the EDX spectra show that the lanthanides metal ions might be

interrupted inside the polymeric porous structure as represented in the figures.
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Fig.24: SEM micrographs of P5 before and after metal adsorption and extraction, indicating morphological and
structural changes (a) P5 before metal adsorption; (b) P5-La complex; (¢) P5-Lu complex; (d) P5-Eu complex,
respectively.
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Fig.25: EDX spectrum of P5 before and after metal adsorption and extraction, (a) P5 before metal biosorption; (b)
P5-La complex; (c) P5-Lu complex; (d) P5-Eu complex respectively.

3.3.7. Contact angle measurements

Surface properties of a membrane give information about its hydrophilicity. The contact angle
increases with increasing surface hydrophobicity. This can help better understand the kinetic
interaction of the metal ions with the membrane surface. (Fig.26) and (Fig.27) represent the
contact angle measurements for the used polymeric membrane (P5) before and after the
transportation of lanthanides metal ions. It is clear that the used membranes materials have
hydrophilic and symmetrical characters as the left and right contact angles are almost equal. In
addition, the hydrophilic character of the used membranes is increasing after the transportation of
the lanthanides metal ions (La’", Lu’", Eu’") through the used membrane. This might be related
to the decrease of the contact angle after the transportation process, as the used polymeric
membrane might interact with the metal ions through the polymeric function groups in the

membrane structure.
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Fig.26: Contact angle for the P5 membranes with and without lanthanides metal ions (La’*, Lu**, Eu’").

Fig.27: Contact angles of polymeric membrane P5 before and after metal adsorption and extraction (a) P5 before
metal adsorption; (b) P5-La; (c) P5-Lu; (d) P5-Eu, respectively.
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3.4. Dialysis membrane transport experiments

In order to study the transport properties of the “dynamer” membrane films, we carried out
dialysis transport experiments. The competitive transport of La’", Lu®**, and Eu*" across the
membranes P1-P7 occurs according to the solution-diffusion mechanism [59-64] and was
evaluated using passive transport conditions. We have recently reported a model based on a
solution-diffusion (Fick’s law), which can be described for different membrane processes such as
dialysis, reverse osmosis, gas permeation, pervaporation, etc.[61]. This model assumes that the
chemical potential gradient across the membrane is only due to a concentration gradient. The

[13%4]
1

flux of the solute “i” can be expressed as follows:

dc;

Ji=—Di_;

(3.4.1)

By integrating over the thickness / of the membrane, the flux J of solute «i» is:

Ji= =24 - M) (34.2)

While: ¢™*, C lm 7 are the concentrations of the solute in the membrane at the strip and the feed
phase interfaces, respectively. The concentration gradient through the membrane can be deduced
by assuming thermodynamically equilibrium at the interfaces:

C™ =K'x C§ (3.4.3)

™ =k/xcl (3.44)
With Cf, Cf are the concentrations of the solute «i» in the strip and feed phases, respectively, and
K$and Kf represent the partition coefficients at the strip and feed phase interfaces with the
membrane, respectively. By combining Eq. (3.4.2) with Egs.(3.4.3) and (3.4.4), we obtain the
flux J according to the concentrations in the feed and the strip phases:

Ji =3 (] — kic?) (3.4.5)

Dj and K;, the effective diffusion and partition coefficients of this macroscopic approach, can be
correlated with the physical and chemical structures of the dense membrane. If we suppose that
the transport rate is governed by diffusion and that the complexation- decomplexation reactions
are kinetically rapid, then the accumulation of the solute in the membrane can be neglected. In a
quasi-stationary regime (Fig.28), the transport rate across each interface becomes approximately
equal to:

d lf Dj
—Ji =agl=—— (kicf —kicf) (3.4.6)
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S D;
Jo =a— =~ (ki —kic)) 34.7)
With a = V/A the compartment length (we suppose a simple geometry), V the compartment
volume, and (A) the active surface of the membrane. The solute flux Jm density across the

membrane is then simply:

ImEh =]
. (oix!) (&5) L iy 0
with, —= A, praiall’ and the initial conditions (Cy.=9 = Cf and Cp;—o = 0), then
Eq(6) and Eq (7) yield:
_ G g _ -A(+a)t
C,(t) = vy [1—e ] (3.4.8)
Note that:

asa - 0,(i.e., K < Kif), Cy(0) > Candas a >» 1, (i.e., K7 > Kl.f), C,() = 0
The fitting of experimental data in the strip phase by Marquandt Levenberg non-linear regression
allows the permeability P (evaluation of the transport), and the partition coefficient ratio of

solute «i» (affinity of the membrane towards the solute), to be determined:

P,=DKk/ =1al (3.4.9) a=5 (3410
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Fig.28: Parameters of transport modeling, (v;) activity coefficient.
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Fig.29: the representation reports of partition coefficients o <1 and o >> 1.

In the present study, the following parameters were adopted for the facilitated transport of
lanthanides ions through polymeric membranes:
e The initial concentration of Lanthanides ions: €= 107 ppm
e The compartment length, a = V/A = 9.4, with (V) compartment volume = 50 cm’, and
(A) active membrane area= 5.32 cm” ;
e The membrane thickness (/) =319 um = 0.0319 cm in case of solid membrane, while in

case of liquid membrane = 28.9 cm.

The diffusion coefficient is obtained from Eq. (3.4.11), derived from Eq.(3.4.8) where (c? ) is the
initial concentration in the feed phase,(cf) the concentration in the strip phase A, the
membrane area, V the volume of the receiving phase, and (D) the thickness of the active layer

of the membrane.

0_
s (14;?)@(0 _ _(1+a)‘41‘7/1r+?nt (3.4.11)

The transport parameters, the permeability (P), and the partition coefficient ratio (a) of solutes
La**, Lu*", and Eu’" are determined for all dialysis transport experiments performed by using P5
solid and liquid membranes (tables (2) and (3)). The novelty of this approach is in interpreting
the parameters of the solution-diffusion model in terms of the interactions between the
lanthanides ions and the complexing sites at the supramolecular polymeric network, since the
transport of lanthanides through the membranes is related to the constitutional dynamic
networks. The transport is based on the complexing ability of lanthanides metal ions (La>", Lu’",

Eu’") with the functional polyether groups in the membrane materials. Based on corresponding
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dynamic diffusional domains within the solid and liquid bulk membrane phases, the lanthanides

are extracted and selectively transported through the membranes.

Tables (2) and (3) represent the transport results of lanthanides metal ions (La’", Lu’*", Eu’")
through both solid membranes (SM) and liquid membrane (LM). We observed that the
permeability of lanthanides through Liquid membranes is higher than the solid membranes; even
the thickness in case of liquid membranes is higher than solid ones. This might relate to the
solubility and diffusivity coefficients of compounds in a liquid medium are higher than those in a
solid one. So the liquid membranes contain solvent as a transporting phase, so this helps to
increase the diffusion and transporting for the extracted lantahnides metal ions through the liquid
membranes comparing with solid ones due to the tunable nature of the solvent for a certain
separation task, as the extraction of the lanthaindes metal ions can be easily carried out by a
solvent that is totally miscible with the ionic liquid of the membranes. According to that in case
of liquid membranes the functional groups in the dynamic network that are acting as a
complexing agent and carrier for the lanthanides metal ions will be more free movement than in
case of solid membranes, thus will help to accelerate the diffusion process by increasing the
extracting ability and transportation of the lanthanides metal ions from the feed phase to the strip
(receiving) phase. Moreover, the results show that the permeability of (La*" and Lu®") is higher
than that of (Eu’"), this might relate to the complexing ability of both metal ions with the
functional polyether groups and amino groups in the dynamic network, which helping in the
extraction and transportation of these metal ions from the feed phase to the strip phase.
Additionally, the flow rate values (J) that represent the concentration of ions transported per hour
through feed and receiving interfaces, have been calculated from the slope of the initial nearly
linear part of the profiles (time 0—140 h) in case of solid membranes and (time 0-40 h) in case of
liquid membranes using the solution-diffusion model. Moreover, (Fig.30a) and (Fig.30b) show
that the flow rate of lanthanides metal ions through the liquid membranes is higher than the flow
rate through the solid membranes. As mentioned before, this might relate to the free movement
of the complexing and carrier functional groups in the dynamic network in case of liquid
membranes than solid ones, as the solubility and diffusivity coefficients of the extracted
compounds are higher in a liquid medium than in a solid one, so the permeability and

transportation of lanthanides metal ions in the liquid membranes are higher than solid ones.
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According to that, the permeation of a compound in a liquid membrane can be divided into the
following steps: 1) Sorption at the feed interface, 2) Complexation reaction with the carrier,
3) Diffusion of the species/carrier complex across the membrane, 4) Decomplexation reaction at
the permeate interface and 5) desorption of the species. After completing this cycle, the carrier

diffuses back to the feed interface to complex more molecules.

Membrane o 1/0 = Kf/Ks A 1 P J(M/h) J (M/h)
(cm?*/sec) Strip cell  Feed cell
x 10" x 10" x 10
TCA-SM-La | 0.4306 2.3222 0.0038 0.0319 5.27 4.00 -4.00
TCA-SLM-Lu | 0.3834 2.6079 0.0053 0.0319 6.51 4.00 -4.00
TCA-SLM-Eu | 0.2917 3.4277 0.0028 0.0319 2.62 5.00 -5.00

Table 2: Transport parameters of the facilitated transport of lanthanides through Solid Membrane (SM).

Membrane a 1/a = Kf/Ks A 1 P J (M/h) J (M/h)
(cm?*/sec) Strip cell Feed cell
x 10" x 10"

TCA-LM-La | 0.6931 1.4426 0.0175 28.9 0.3515 1.00 -1.00
TCA-LM-Lu | 0.6341 1.5771 0.016 28.9 0.2945 1.00 -1.00
TCA-LM-Eu | 0.3692 2.7085 0.0095 28.9 0.1012 0.90 -0.90

Table 3: Transport parameters of the facilitated transport of lanthanides through Liquid Membrane (LM).
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4. Conclusion

Dynamic covalent polymers or dynamers, generated from reversibly interacting monomers, offer
the possibility to generate homogeneous molecular networks with addressable domains based on
structural relationships different from the former monomers. Constitutional dynamic networks
have been used in liquid and solid membrane systems as a carrier network for transporting
lanthanides. The transport is based on the complexing ability of lanthanides metals (La’", Lu®",
and Eu®") with the functional polyether and amino groups in the membrane materials. Based on
corresponding dynamic diffusional domains within the solid and liquid bulk membrane phases,
the lanthanides are extracted and selectively transported through the membranes, only in the
presence of constitutional networks, while the former monomers did not show any selectivity.
This would be explained by the formation of a dynamic self-assembly of low-size and
molecularly addressable recognition networks in which the diffusional/selective percolation
pathways might exist. The resulting polymeric membranes and their metals complexes have been
characterized by (UV-visible, FTIR and "H NMR), and the thermal stability by (TGA, and DSC).
The physico-chemical characterizations gave a good indication about the complexation and
selectivity of selected lanthanides metal ions with the prepared dynameric membranes.
Additionally, the Jeffamine T-3000 substrate is better than Jeffamine D-2000 in the Lanthanides
uptake(%), because J-3000 bears/contains more amino groups than J-2000. Also, the dynameric
membranes have high selectivity towards (La’" and Lu*") than Eu®", and this might relate to the
stability of the formed complexes in the membrane phase in direct relation with the atomic radius
and the hydration behaviors of the used lanthanide metal ions. Moreover, the results showed that
the liquid membrane (LM) is better than solid membrane (SM) for the lanthanides transportation,
this might relate to the free movement of the complexing and carrier functional groups in the
dynamic network in case of liquid membranes than solid ones, as the solubility and diffusivity
coefficients of the compounds are higher in a liquid medium than in a solid one, so the
permeability and transportation of lanthanides metal ions in the liquid membranes are higher
than solid ones. Finally, thanks to the possibility to combine the structural and functional features
of different monomers, the heteropolymeric membrane materials can exhibit very different
properties from their original homopolymeric components. In the above-developed examples,
this strategy revealed itself to be a versatile way for the synthesis of new membranes presenting

different permeabilities and preserving their selectivity towards lanthanide metal ions.
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6. Appendix

6.1. Appendix: FTIR measurements
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Fig.31: The FTIR measurements for P1 with Lanthanide metal ions (La®>", Lu**, Eu®").
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Fig.32: The FTIR measurements for P4 with Lanthanide metal ions (La3+, Lu*, Eu’ ).
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Fig.34: The FTIR measurements for (P7) with Lanthanide metal ions (La®", Lu®’, Eu®").
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6.2. Appendix: "H NMR measurements
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Fig.35: '"H NMR measurements of the membrane (P1) with its metal ions (La*", Lu®**, Eu*").
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Fig.36: 'THNMR measurements of the membrane (P2) with its metal ions (La’*, Lu®*’, Eu®").
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Fig.37: "HNMR measurements of the membrane (P3) with its metal ions (La’", Lu®", Eu®").
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Fig.38: '"HNMR measurements of the membrane (P4) with its metal ions (La’*, Lu®*", Eu®").
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Fig.39: 'HNMR measurements of the membrane (P5) with its metal ions (La**, Lu**, Eu®").
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Fig.40: 'HNMR measurements of the membrane (P6) with its metal ions (La**, Lu**, Eu®").
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Fig.41: '"HNMR measurements of the membrane (P7) with its metal ions (La*", Lu’", Eu®").
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6.3.

Appendix: DSC measurements
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Fig.42: DSC measurements of the membrane (P1) with its metal ions (La*", Lu**, Eu*).
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Fig.43: DSC measurements of the membrane (P4) with its metal ions (La*", Lu**, Eu™).
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Fig.45: DSC measurements of the membrane (P5) with its metal ions (La*", Lu®", Eu*").
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Fig.46: DSC measurements of the membrane (P7) with its metal ions (La*", Lu**, Eu®").
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6.4. Appendix: TGA measurements
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Fig.47: TGA measurements of the membrane (P1) with its metal ions (La*", Lu*", Eu*).
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Fig.48: TGA measurements of the membrane (P4) with its metal ions (La*", Lu®", Eu*).
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Fig.49: TGA measurements of the membrane (P5) with its metal ions (La*", Lu*", Eu*").
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Fig.50: TGA measurements of the membrane (P7) with its metal ions (La*", Lu*", Eu*").
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Membranes TGA (OC) Tg (°C)

Pl 283.26 °C -57.99 °C
Pl-La 281.58 °C -58.39 °C
Pl-Lu 276.98 °C -57.18 °C
P1-Eu 273.99 °C -57.18 °C

P4 284.42 °C -56.78 °C
P4-La 281.58°C -56.06 °C
P4-Lu 280.63 °C -56.06 °C
P4-Eu 282.52°C -56.55 °C

P5 296.74 °C -56.56 "C
P5-La 304.32 °C -55.55 °C
P5-Lu 303.91°C -56.56 °C
P5-Eu 303.37°C -56.06 °C

P7 260.73 °C -58.08 °C
P7-La 285.37°C -57.07°C
P7-Lu 285.37°C -56.69 °C
P7-Eu 268.31°C -57.07°C

Table 4: DSC and TGA measurements of the used polymeric membranes (P1, P4, P5, and P7) with their lanthanide

metal ions (La’", Lu*", Eu®").

6.5. Appendix: Contact angle measurements

The contact angles meausremnts (The left and right contact angles) for the used polymeric

membrane (P5) before and after the transportation of lanthanide metal ions (La, Lu, Eu) have

been summarized in Table (2.5).

Membranes Left contact angle Right contact angle
PS5 57.13 58.19
P5-La 50.94 51.68
P5-Lu 52.54 53.64
P5-Eu 54.72 55.23

Table 5: Summary of the average contact angles measurements on the used dynameric membranes.
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Abstract

The approach proposed in this research work consists on using supported ionic liquid
membranes (SILMs) comprising two different carbonic anhydrase enzymes, the thermo
resistant SspCA enzyme and the Bovine-CA enzyme, which catalyze the reaction of
reversible conversion of CO, to bicarbonate, enhancing the driving force for CO,
transport. Membrane stability, CO, and N, permeability and CO,/N, ideal selectivity
were determined for the membranes developed. The results showed that the supported
ionic liquid membranes prepared by immobilizing a selected ionic liquid (1-butyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide) [CisMIM][Tf;N] with and
without enzymes in a PVDF hydrophobic polymeric support allowed to obtain stable
supported liquid membranes at high temperatures (up to 100°C), selective towards CO,
against N,. Moreover, the selectivity and permeability are affected by different
parameters, namely, temperature, water activity and enzyme concentration. The results
show that the SILM immobilized with ([CAMIM][Tf2N]+SspCA enzyme) has the highest
permeability and selectivity for CO, when comparing with other SILMs immobilized
with ([CsMIM][Tf:N] +BCA enzyme) and [C4MIM][TE,N]. Two different concentration
of enzymes (0.lmg enzyme/gm ionic liquid) and (0.25 mg enzyme /gm ionic liquid)
immobilized with the ionic liquid were also tested. The results show that, by increasing
the enzyme concentration 2.5 times, the permeability and selectivity of CO, were
duplicated for both enzymes, and the highest permeability and selectivity values have
been obtained in case of SILMs immobilized with ([CsaMIM][Tf;N]+SspCA enzyme).
Moreover, it could be concluded that, the SILMs immobilized with
([CaMIM][THN]+SspCA enzyme) present higher stability at high temperatures (80°C and
100°C) than the other used SILMs. However, the selectivity obtained is still below other
reported data available in the literature. In order to improve the selectivity and
permeability through the enzyme-solvent system it will be important in further studies to
evaluate the behavior of CO, task-specific ionic liquids, which combined with the use of
higher concentrations of carbonic anhydrase enzymes may lead to efficient and
competitive carbon dioxide capture systems.

Keywords: Supported ionic liquid membranes (SILMs), Carbonic anhydrase enzyme;

Immobilizing; Permeability; Selectivity; Carbon dioxide capture.
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The Aim of the research work: The aim of the present research work is to design
high temperature stable supported ionic liquid membranes impregnated with two different
kind of carbonic anhydrase enzymes (carbonic anhydrase Isozyme II and (SspCA)
enzyme) to be used for capture of CO, from flue gas streams. The schematic
representation of the proposed concept is illustrated in Fig. 1. As ionic liquids have a
negligible vapor pressure, they may be used to develop highly temperature stable
supported liquid membranes in contact with gaseous streams, avoiding the problems of
evaporation and displacement, experienced when using aqueous solutions. Additionally,
ionic liquids with the particular ability to solubilize and concentrate CO, (task-specific
ionic liquids), will provide the perfect ambient for the reaction that the thermoresistant
carbonic anhydrase enzyme catalyzes (as shown in Fig.1). Ionic liquids with affinity for
CO, assure an enhanced local concentration of CO, and the necessary level of water
[1,2], which guarantees the adequate enzyme activity and stability. The water present in
ionic liquids may be adjusted carefully and its loss is not relevant because it is involved
in the solvation of the ionic liquid and the enzyme. It is expected that the presence of the
carbonic anhydrase enzyme in the liquid medium will improve the total CO, mass
transfer due to a combined effect between the increased uptake of CO, by the ionic liquid
and the extra mechanism of enzymatic conversion of CO, to HCO’;. To validate this
hypothesis, the present work proposes to investigate the following aspects: 1- Design of
supported liquid membranes by immobilization of an ionic liquid in a polymeric
hydrophobic support; 2- Evaluation of the stability of the SLMs at high temperatures; 3-
Determination of CO, and N, pure gas permeabilities and assessment of the potential of
the membranes for the CO,/N, separation; 4- Determination of the effect of water activity

present in the selected solvent on the improvement of CO, transport and selectivity.

Feed SILM Permeate

CO — --4—.,-., -

Il Folymeric porous support
[ Fores filled with IL + €A

Fig.1: Schematic representation of the proposed concept [1].
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1. Introduction

One of the main problems our world is presently facing concerns the capture of anthropic
carbon dioxide rejected in the atmosphere by human activities. This gas is considered as
one of the main atmospheric components responsible for a green house effect and an
increase of the earth atmosphere temperature [3,4], with many unwanted consequences,
including the development of infectious diseases [5]. The emission of carbon dioxide
(CO,) from utilization of fossil fuels has received worldwide attention due largely to the
rapid growth in worldwide CO, emissions predicted to 40.2 Gt by 2030 [6]. Therefore,
there is a growing interest in developing technologies for efficient capture and
sequestration of large quantities of CO,. By far, a number of CO; capture technologies
which have already being practiced on laboratory scale or industrially are processes based
on physisorption/chemisorption, membrane separation or molecular sieves, carbamation,

amine physical absorption, amine dry scrubbing, mineral carbonation [7].

The traditional technology for CO, capture in industry is chemical adsorption by an
aqueous solution of amine, which has some advantages such as its maturity, stable
operation, good reactivity, and high capacity [8]. However, using aqueous amines like
mono ethanolamine (MEA) CO, capture consumes almost 30% of the energy that is
needed to run a power plant [9], in addition to other drawbacks like insufficient CO,
capture capacity, high solvent losses caused by evaporation, degradation and poor
thermal stability, as well as the equipment corrosion [10, 11]. Therefore, developing the

economical and energy efficient CO; capture technologies is urgently needed.

Separation of carbon dioxide (CO;) from emission sources generated by power plants has
been attracting much attention due to the enhanced greenhouse effect [12]. Therefore,
there is a continuing effort to develop energy efficient separation technologies for the
capture of CO, from flue gas streams. There are currently three main sources of CO; in
power plant stations: in post-combustion, pre-combustion, and oxy-fuel combustion
processes. The focus of this work will be given to CO, capture in post-combustion

systems.
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The flue gas discharged at atmospheric pressure (1 bar) and high temperature (up to
200°C) is mainly composed by nitrogen (up to 70% by volume) and a low percentage of
CO; (between 3% and 15% by volume). One of the main challenges in post-combustion
capture is the relatively low partial pressure of CO,, which induces a low driving force in
separation processes, with a direct impact on energy and separation process costs [13].
Currently, gas absorption using aqueous amines is the most widely used process in
industry for the selective removal of CO,, being effective even for low CO, partial
pressures present in the post-combustion systems. However, this process is rather energy
intensive, and corrosion and degradation may occur with a direct impact in operation

costs [13].

1.1. Carbon dioxide capture

Geological sequestration of carbon dioxide requires two separate steps: the first is the
capture of carbon dioxide, and the second is the transport and sequestration of the
captured carbon dioxide. The capture, storage and utilization of carbon dioxide (CO,)
have been a hot topic since it can help decrease greenhouse gas emissions and mitigate
global climate warming [14,15]. Currently, chemical absorption is widely used for CO,
capture and sodium/potassium hydroxide, ammonia, and organic amines are common
absorbents [16]. However, the further application of chemical absorption to industry is
limited for some inherent disadvantages, such as high absorbents loss and energy
consumption, low efficiency, equipment corrosion, sensitivity to SOx and NOy [17,18].
Several recent researches reported that combination of membrane and chemical
absorption can increase gas-liquid interface and improve mass transfer process, resulting
in higher CO, absorption efficiency [19, 20]. But the corrosion problem, evaporation loss
and high energy consumption still remain. The exploration of new capture and storage
methods for CO, is ongoing worldwide. Of the many candidate techniques being studied
principal focus is on absorption, adsorption (chemical and physical) and membrane
methods. For low concentration or low pressure CO; streams chemical absorption is
preferred. The essential choice is between chemistries that yield carbonates or carbamates

(produced by means of amines) to realize gas—liquid CO; separation [21].
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Historically, the preferred operating geometry has been a two compartment device-
absorber and stripper. Absorption occurs rapidly and efficiently but desorption requires
substantial additional energy, typically in the form of thermal input, applied at the
stripper. Both the thermal requirements and the pumping requirements result in
substantial energy consumption. In addition, these processes present many operational
difficulties due to the bulk fluid gas-liquid contacting design. Among the inherent
problems are flooding, foaming, channeling and entrainment [22]. Yet another problem is

the corrosive character of many of the chemicals used.

1.2. CO; capture processes

The conditions for CO, capture, hence also the economics, are determined by the
technology used for the production of electricity (or heat) from fossil fuels [23]. Today, a
power company planning to build a new power station utilizing fossil fuels, can choose
from two technologies, and a third one, which is in the development phase [24]. The
characteristics of all the three processes (i.e., postcombustion, precombustion, and

oxyfuel combustion) are different, yielding different conditions for CO, capture.

1.2.1. Post-combustion Capture

The first option is the postcombustion process,[25] which is widely used at traditional
fossil-fuel-fired power stations to produce electricity. Under postcombustion conditions
the fuel is burned fully in one step in air, see (Fig.2). The released heat is used to produce
high pressure steam, which drives a steam turbine to generate electricity. The flue-gas
leaving the boiler contains substantial amounts of particulate matter, which is filtered out
in the soot removal step. Subsequently, the sulfur in the flue-gas is scrubbed by limestone
slurry to produce gypsum. The cleaned flue-gas, which now contains 10—16% CO,,
would be released into the atmosphere in the absence of a CO, capture system. However,
as explained in the Introduction, the role of CO, in the global warming requires it to be

captured and stored safely underground for some time.

122



EUDIME (2012-2015) Chapter (3)

N, to atmosphere
Flue gas

1 Amine solvents,

H Membranes,
—>¥ Solid adsorbents,
Sulphur ; MOF,

i ic liquids 7
removal +___ lonic liquids ?

‘ Steam turbine

/ k Electricity

Soray CO; removal
Fuel A
) Z Soot Concentrated
__’ i removal o,
Ar Boiler Limestone
Fly ash Gypsum

Fig.2: Schematic representation of a simplified postcombustion CO, capture system [26,27].

1.2.2. Precombustion Capture

The second option is the precombustion process, [28] which is associated with the
integrated gasification combined cycle (IGCC) and is more complex as shown in (Fig.3).
In this approach the fuel (coal, oil, etc.) is gasified, rather than burning it completely like
in the postcombustion process, in the presence of pure oxygen and Steam to produce
syngas. The syngas, which is a mixture of carbon monoxide (CO) and hydrogen (H,), is
purified and fed to the water—gas-shift (WGS) reactor. In this reactor, steam is added to
convert the CO, according to the water—gas-shift reaction, to H, and CO,. The gas can be
desulphurized either before or after the WGS reactor, but preferentially before since any
sulfur may be poisonous to the catalyst used in the WGS reactor [29]. At this stage the
gas consists primarily of CO, and H,. Subsequently, the CO, is captured and the H; is
combusted in a gas turbine to produce electricity and heat. The heat produced during the
combustion can be recovered by a heat recovery system to generate more electricity.
Furthermore, the precombustion process yields a gas mixture with high CO, partial

pressures, which is favorable for CO, separation.
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Fig.3: Schematic representation of a simplified precombustion CO, capture system [28, 30,31].
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1.2.3. Oxyfuel Combustion Capture

The third option is the oxyfuel combustion [32] process, which is a promising concept
but still under development. A simplified schematic representation of this process is
given in (Fig.4). In this approach concentrated oxygen, instead of air, is used to burn the
fuel. The released heat is used to produce high-pressure steam, which turns a steam
turbine to generate electricity. The flue-gas, which mainly consists of H,O and CO,, is
stripped of the soot particles and partly recycled to the boiler to control the temperature.
The remaining flue-gas stream is desulphurized and cooled down to condense the water.
The result is a concentrated stream of CO,, which is ready to be stored underground. The
fundamental difference between this process and the other two processes is that no CO,
capture is involved; instead N»/O, is the relevant separation in this process. The

concentrated CO, stream is a result of excluding nitrogen in the burning step.
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Steam turbine co,

| Sulphur
. removal
Nitrogen Electricity
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g I Soot

Air Oxygen ) i removal Limestone

Fuel Cooler

Water

Air separation Recycle flue gas Fly ash

Fig.4: Schematic representation of a simplified oxyfuel-combustion CO, capture system [31, 33].

1.3. The Physical chemistry of CO; capture in Aqueous Media

The general mechanism of CO, capture in aqueous media and its separation from other
gases, can be decomposed in the five following steps [34].

(1) Dissolution of the CO, gas molecules in water on the CO, capture side, at the
gas/aqueous medium interface, according to the Henry’s equilibrium [35-37].

As a result, neutral aqueous CO; (aq) molecules are introduced in the aqueous film in
direct contact with the gas.

(2) Reversible conversion by deprotonation of the neutral CO, (aq) species, usually
termed hydration, to form anionic bicarbonate species HCO; , according to a chemical

equilibrium which is pH dependent.
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(3) Transport of both the neutral and anionic aqueous CO, species, from the CO, capture
side towards the CO, release side, by molecular diffusion inside the aqueous medium
and/or by forced fluid circulation.

(4) Reverse conversion of the anionic HCO; species to the neutral CO, (aq) ones,
according to the same chemical equilibrium as in step 2.

(5) Evaporation of the CO; (aq) in the gas to liberate CO, gas species, on the CO, release

side, according to the same Henry’s equilibrium as in step 1.

1.4. Ionic Liquids

Ionic liquids (ILs) are organic salts which exist as liquid state over wide temperature
ranges [38]. ILs exhibit numerous attractive properties, such as less volatile, high
thermal stability, low corrosion, and tenability, making them potential candidates as
environment-friendly materials for many industrial chemical processes [39, 40]. Since
Lynnette et al [41] reported that CO, has a higher solubility in ILs while ILs do not
dissolve in CO,, ILs have received lots of attentions in CO; capture and Separation [42].
Anderson et al [43] compared the solubility of various gases in I-hexyl-3-
methylpyridinium bis(trifluoromethylsuflonyl)imide, and found that the primary
interaction of the CO; turned up with the anion. As CO; absorption was generally higher
in the ILs containing fluorinated anions [44], ILs with variety of cations and anions have
been prepared, expecting excellent CO, capture and separation performance [45]. Some
simulation studies have reported that ILs could reduce the fixed investment and operating
cost comparing with using other commercial chemical absorbents in industrial application

[46].

1.4.1. Ionic liquids and their properties

Typical room temperature ionic liquids (RTILs) are composed of an organic cation (most
often an alkyl-substituted imidazolium or a pyridinium or a quaternary ammonium ion)
and an inorganic anion (see Fig.5). Ionic liquids have low melting points (<100°C) and
remain as liquids within a broad temperature window (<400 °C). The physical, chemical
and biological properties of ILs generally depend on the structure of the cation (the

symmetry and the length of alkyl substituent, the presence of hydrophobic groups, etc.) as
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well as on the degree of anion charge delocalization [47]. Ionic liquids are tailorable
solvents in which they can be designed to have specific physicochemical properties
through structural changes in the cation and anion. Therefore, ILs properties cover a
broad range of values and cannot be generalized. A comprehensive data base on physical
properties of ILs such as melting point, density and viscosity has been presented by
Zhang and co-workers [48]. The other solvent properties as regards polarity,
hydrophobicity and solvent miscibility behavior of ILs have been described in the
literature for specific applications [49—51]. Based on the solvation standpoint, ILs are
generally considered to be highly polar solvents. A number of different methods have
been used to provide information about their polarity, including solvatochromic dyes
[52-55], partition [56-58] and fluorescence probe methods [59]. Solvatochromic dyes are
compounds with a visible absorption maximum that depends on the polarity of the
solvent. In this method, the solvent polarity is determined based on the shift of the
charge-transfer absorption band of solvate chromic probe in the presence of the solvent
[60]. Empirical polarity scales, developed using solvate chromic dyes, indicate that the
polarity of common ILs based on imidazolium cation such as[bmim][BF,]falls in the
range of lower alcohols [52,53,55] and form amide [60]. However, the polarity of ILs
generally decreases with an increase in the alkyl chain length appended on the
imidazolium ring in the cation for a fixed anionic group[49] .Besides, solvate chromic
study shows that ILs possessing non coordinating anion (e.g.,PFs and Tf,;N ) are less
polar than the lower alcohols [55]. Recently, Schrodle et al. used the dielectric response
of ILs to more accurately and reliably obtain information about polarity [61].The polarity
of ILs can affect enzyme stability and selectivity [62-67]. In general, polar solvents
increase the solubility of polar substrates and lead to faster and more selective reactions
[66,67]. However, this trend is not true for all cases because some reports showed no
relationship between reaction rates and ILs polarity [63, 65]. This phenomenon can be
explained in terms of viscosity. In fact, the change of the polarity and viscosity of ILs are
correlated although the changing rates are different. For example, an IL with shorter alkyl
chains on the cation has a lower viscosity and also a higher polarity. The increase of alkyl
chain length produces a slight reduction in the polarity of ILs, but a huge increase in their

viscosity [68,69]. The reaction rates may be affected by the significant viscosity change.
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One of the notable properties of ILs is that they are capable of a wider range of
intermolecular interactions [56,70], such as dipolar, hydrogen bonding, dispersive and
ionic. Hence, many compounds are significantly soluble in ILs. Interestingly, ILs having
coordinating anions (e.g.,Cl ,NO; ,CH;COO and (MeO),PO, ) which are strong
hydrogen bond acceptors can dissolve many compounds which are insoluble or sparingly
soluble in water and most organic solvents. Examples include cellulose [71, 72] and some
compounds having pharmacological activity [73,74]. The ability of ILs to dissolve such
compounds generally depends on the hydrogen bonding ability of anions [56,72].

Cations

@ Anions

M Al

ne © N7 R [TEN]™ 5 [BF,™ ; [PFel”
1-R-3-methyl-imidazolium
R: —CH,CH,OH [C,OHMIM]*

—(CH,),CH;  [C,MIM]*

—(CH,);CH;  [C MIM]*

Fig.5:Typical cations and anions present in imidazolium type of RTILs [75].
Based on the solubility of ILs in water, ionic liquids can be divided into two categories:
hydrophobic (water immiscible) and hydrophilic (water miscible). This water miscibility
generally depends on the anions of ILs. Indeed, water interacts with the anion through the
formation of hydrogen bonds [76,77]. However, the miscibility of ionic liquids with
water is not well generalized. For example, ILs [bmim][BF4], [bmim][PFs] and
[bmim][Tf;N] have almost the same polarity [52] and the coordination strength is also
comparable [55] , but first one is water miscible whereas latter two are not. A recent
measurement of the H-bond accepting properties of such ILs revealed that [BF4] was
better H-bond acceptors (3= 0.61) than [PFs]( 3=0.50), which can be considered as a

reasonable explanation regarding the difference in water miscibility[78].
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Ionic liquids are generally immiscible with many organic solvents such as hexane and
ether, whereas some are miscible with polar solvents like lower alcohols, ketones,
dichloromethane and tetrahydrofuran [79]. The immiscibility of ILs with either water or
organic solvents has made them feasible to be used to form a two-phase system.
Generally, ionic liquids are not miscible with supercritical carbon dioxide (scCO;), but
they can absorb a large amount of scCO, [80]. Ionic liquids are well proved as highly
stable solvents and are stable above 100 C. In particular, dicationic ILs show much higher
thermal stabilities than monocationic ILs [81,82]. For example, ILs Containing bis (2,3-
dimethylimidazolium) cation have the excellent thermal stability with only 5% thermal
degradation at 440°C [82]. Consequently, they are very effective as solvents for high
temperature reaction systems. The thermal stability of ILs is calculated based on their
decomposition temperatures where there is 10% mass loss using thermogravimetric
analysis (TGA) [83,84]. The most thermally stable ILs reported were those having the
[Tf,N] anion with various types of cations, including alkylammonium and imidazolium
[83]. In contrast, ILs containing a carboxylate anion, particularly formate, may have
lower thermal stability due to undergoing a condensation reaction to form amides [84].On
the other hand, the instability of anions BF4 and PFs are well documented [85] . In fact,
the hydrolysis of such anions produces the toxic volatiles such as HF, POF3, which can
deactivate the enzymes. The viscosity of ILs is higher compared with that of molecular
solvents. Like other solvents, the viscosity of ILs is dependent on the ion-ion interactions,
such as van der Waals interactions and hydrogen bonding. Therefore, the value of the
viscosity varies significantly with chemical structure, composition, temperature and the
presence of solutes of impurities. It has been shown that ionic liquid’s viscosity generally
increases with an increase in the alkylchain length for a fixed anionic group due to the
stronger van der Waals interactions [48,49]. Besides, delocalization of the charge on the
anion, such as through fluorination, decreases the viscosity by weakening hydrogen
bonding [86]. However, the viscosity of ILs was affected more by the change to the anion
than to the cation [87]. In the presence of small amount of water or organic solvents or
with the increase of temperature, the viscosity of ILs also decreases markedly [88, 89].
The solvent viscosity could affect the biocatalytic reactions rate in terms of the mass

transfer limitation when the reaction is rapid and the IL is relatively viscous.
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For example, a higher enzyme activity was observed in [emim][Tf,N] than in
[MTOA][Tf;N] due to lower viscosity of first one compared to latter one [67]. However,
this trend is not true for all biocatalytic reactions performed in ILs [62], particularly when
reaction rates are measured in equilibrium instead of kinetics.

RTILs have received increasing interest in applications involving carbon dioxide
separations, due to the large solubility of CO2 in selected RTILs [90]. Among the large
diversity of RTILs, those based in the imidazolium cation typically present a large
solubility for CO2. Additionally, these RTILs based on the imidazolium cation, may
exhibit an even higher solubility for CO2by selecting an appropriate RTIL anion, which
also plays an important role in the gas solubility due to a weak Lewis acid/base
complexation that occurs between CO,and the RTIL anion[91]. Additionally, the
solubility of CO, in RTILs is also expected to increase with an increase in the alkyl chain
length of the RTIL cation [92]. In this way, it is possible to design tailor-made
membranes with a defined selectivity for a specific application combining different alkyl
chain lengths of the RTIL cation and different anions. Among the diverse gas mixtures,
the most attractive seem to be the CO,/N, and CO,/CH4 separations, associated

respectively with the purification of flue gas streams and natural gas processes [17, 93].

1.4.2. Ionic Liquid membranes

Membrane technologies for CO, separation are a promising alternative due to their
modularity and ease of operation. Membrane is used here to mean a thin film with
selective exclusion/inclusion properties. Performance of such a separation medium is
based on differences in reactivity, solubility and diffusivity for various gases in the
membrane material. For non reactive materials both permeability and selectivity are
typically low [94]. A thin liquid film (liquid membrane (LM)), because of the inherent
absence of stable structure, requires a support material for structural integrity. This can be
achieved by its deposition into specific pores (immobilized liquid membrane (ILM)),
around fibers (supported liquid membrane (SLM)), or between (microporous) surfaces
(contained liquid membrane (CLM)). The advantage of these designs is that they operate
as contactors avoiding many of the limitations seen in waterfall or bubble mass flow

contactors. However, they do have their limitations. SLMs in particular suffer from
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gravity-based size limitations due to the formation of catenary curve structures. ILM and
SLM, insofar as they are not replenished and if the solvent has a high vapor pressure can
fail due to evaporation. Evaporation can be minimized by use of a fluid having a lower
vapor pressure than the common solvent-water [95]. They will also fail due to excessive

trans membrane pressure differences.

Researchers incorporated ILs into some polymeric or inorganic porous medium to
prepare supported ionic liquid membrane (SILM) in recent years. Compared with
conventional supported liquid membranes, SILMs are more stable, for there is no
evaporation problem occurring [96]. It has been reported that SILMs could increase gas-
liquid contact interface, enhance mass transfer rate, and improve selectivity and
permeability of liquid membranes [97,98]. More and more works have investigated the
performance of SILMs in CO, capture and separation. Scovazzo et al [99] prepared
SILMs by loading different immobilized ILs on a porous hydrophilic polyether sulfone
(PES) support, and investigated their selectivity on CO,/N, separation. Hydrophilic
polyvinylidene fluoride (PVDF) membrane was used to immobilize different ILs, such as
imidazolium-based ILs and acetate-based ILs, obtaining a good performance of
permeability and CO; solubility [100 ,101]. And the properties of SILMs are influenced
by the type and molecule structure of ILs, for it has been documented that the CO,
separation capacity was affected by cation type and alkyl-chain length [75, 100, 102,
103].

1.4.3. Supported Ionic Liquid Membrane (SILM)

Supported liquid membranes (SLMs), a porous supports whose pores are filled with a
liquid, have been used as a potential carrier for separation of optically active compounds
[104—106]. Like other potential applications of ILs, during the recent years, the use of
SLMs based on ILs was found to be very effective in selective transport of organic
compounds such as alcohols, esters, acids, ketones and amines [107—113]. In ionic liquid
supported membranes, mainly hydrophobic ILs are immobilized inside the porous

structure of a polymeric or ceramic membrane and act as a separative phase of two
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additional phases, named feed phase and receiving phase. In many cases, ionic liquids are
confined between two membranes.

Supported ionic liquid membranes (SILM) are another system that can be used for CO,
capture medium using ionic liquids. In SILM system, just the pores of a membrane are
filled with the solvent (e.g. ionic liquid). The more soluble gas is able to permeate across
the membrane, while the less soluble gas remains on the feed side. The flux of the gas
across the membrane is affected by the thickness of the membrane. A thinner membrane
yields a higher flux, but the thinner the layer of solvent, the quicker the solvent
evaporates. But, due to non - volatile nature of ionic liquids this problem can be

eliminated in case of ionic liquids - SLM systems [114].

In particular, supported Ionic liquid membranes (SILM) in which lonic liquid is
immobilized inside the porous structure of the supporting membrane by capillary forces,
have been considered one of the most attractive membrane configurations to be used in
gas separation applications [75, 115-117]. However, operating conditions such as high
temperature and moderate pressure, as well as lack of differentiated selectivity towards
specific gases is still limiting its application. High temperatures may lead to the
evaporation of the solvent contained within the membrane pores and moderate pressures
may lead to the displacement of the liquid from the membrane pores [116]. The
properties of ionic liquids such as viscosity and non-volatility can stop the membrane
solvent flowing out from porous membrane, which prolongs the life of the SILM greatly
without diminishing the ability and selectivity of separation. The high-thermal stability
and non-flammation of IL is suitable for capturing CO, from the flue-gases at high
temperature, and SILM can enhance the contact area between gas and ionic liquids [118,
119, 123]. There are several works available in the literature where supported ionic liquid
membranes were studied for potential applications in gas separations [118-124].
Scovazzo et al. [118] determined the pure gas permeability of N,, CHs and CO, and the
corresponding ideal selectivities through a porous hydrophilic polyethersulfone support
with different RTILs immobilized. After representing the data obtained in a Robeson-plot
the authors concluded that these permeabilities/selectivities of SILMs were competitive

or even superior to other membrane materials. The facilitated transport of CO, and SO,

131



EUDIME (2012-2015) Chapter (3)

through SILMs was studied by Luis et al. [119]. The permeabilities of air, CO, and a
mixture of SO,/air were measured using different SILMs, and ideal selectivities were

calculated. It was concluded that SILMs can be very selective to CO; and SO..

Another potential avenue for improvement in CO, capture is based on biological systems,
with the use of a carbonic anhydrase enzyme [1, 125, 126]. This enzyme catalyzes the
reversible reaction of carbon dioxide with water to produce bicarbonate. Carbozyme, Inc.
first proposed this approach, where the carbon dioxide presents in the flue gas stream
contacts with carbonic anhydrase aqueous solution and produces bicarbonate. The
bicarbonate diffuses across the liquid membrane and it is converted back to carbon
dioxide upon desorption in the presence of vacuum or a sweep gas in the permeate side.
The main problem with this technology is water management, since water evaporates
even at relatively low temperatures. Therefore, in order to prevent liquid loss, the feed

and sweep gases have to be humidified [127].

Although enzymes in ILs have presented enhanced activity, stability, and selectivity, the
practical obstacle of using ILs is that many enzymes do not dissolve readily in most ILs,
which has ruled out many potential biotechnological applications. In fact, enzymes that
show catalytic activities in ILs normally do not dissolve in ILs. When enzymes become
active in ILs, they remain suspended as a powder. Although some ILs can dissolve
enzymes through the weak hydrogen bonding interactions, they often induce enzyme
conformational changes resulting in inactivation [128,129]. To improve the enzyme
solubility as well as activity in ILs various attempts have been made by modifying the
form of enzymes in which it is used, including immobilized enzymes, the use of
microemulsions, and the use of whole cells. According to that many research groups have
modified the enzymes through the immobilization to improve the enzyme solubility as
well as activity in ILs. All these strategies provide more robust, more efficient, and more
enantioselective biocatalyst suitable for biotransformation with ILs [130]. L. Neves et.al.
performed a concept for the capture of CO, from using supported liquid membranes with
non-volatile ionic liquids (or solvents), comprising an enzyme that enhances the selective

transport of CO, [126].
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2. Materials and methods
2.1. Materials

The supported liquid membranes were prepared using a hydrophobic polymeric porous
membrane made of polyvinylidene fluoride (PVDF) from Millipore Corporation, USA,
with a pore size of 0.22 um and thickness of 125 um. This selection was based on
previous results, where the supported liquid membranes prepared with this support
material and pore size proved to be more stable when compared with others [131]. The
ionic  liquid tested in  this work was  1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide, [C4MIM][Tf2N], from lo-Li-Tec (Germany). This
ionic liquid was selected due to its relatively low viscosity and a high solubility towards
CO; [1,75,131]. Moreover, a hydrophobic ionic liquid [132] was selected since it has
been reported that the use of hydrophobic ionic liquids is more favorable for enzyme

activity and selectivity, when compared with hydrophilic ones [126].

2.2. Viscosity measurements

The viscosity values were obtained by performing rheology tests for the ionic liquids in a
RS 75 Rheostress rheometer at the used different temperatures (30, 50, 80, and 100C).
Karl-Fisher system of Methrom AG, Herisu, Switzerland (Model 756KF coulometer) was

used to analyze the water content.
2.3. Water content measurements

Determination of the water content of the ionic liquids were conducted using Hydranal-
Coulomat CG, as catholyte reagent, for a coulometric KF titrator with a diaphragm, and

with Hydranal-Coulomat AG as anolyte for a coulometric KF titrator.

2.4. Carbonic anhydrase enzyme

Two kinds of carbonic anhydrase enzymes have been used in this research work. The first
one is (BCA) carbonic anhydrase Isozyme II lyophilized from bovine erythrocytes from

Sigma—Aldrich (USA) (reference C3934) without any additional purification.
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The second one is (SspCA) enzyme, which is a highly thermostable bacterial a-carbonic

anhydrase from Sulfurihydrogenibium yellowstonense YO3AOP1 [133].

2.5. Gases

The gases used in the experiments were nitrogen, N, (Industrial Grade (99.99%),

Praxair, USA) and carbon dioxide, CO,, (High-Purity Grade (99.998%), Praxair, USA).

2.6. Preparation of the supported ionic liquid membranes (SILMs)

The procedure to immobilize the solvent inside the pores of the polymeric porous support
consisted on placing the support into a desiccator and applying vacuum during 1 h. After
this time, and still under vacuum, the solvent is introduced with a syringe in order to fill
all the pores of the membrane and the membrane is left inside the desiccator for another
hour. Afterward, the membrane surface is cleaned with paper tissue in order to remove
the excess of solvent. The membrane thickness was measured using a micrometer Metric
(Aldrich), and the membrane weight was measured using an analytical balance (Kern &
Sohn GmnH ABJ 220-4M) before and after the immobilization procedure, in order to

determine the amount of ionic liquid incorporated inside the membrane pores.

2.7. Pure gas permeability Experiments

Gas permeability experiments were carried out for CO, and N, using the experimental
setup shown in (Fig.6). This rig is composed by two identical compartments (feed and
permeate), made of stainless steel separated by the supported liquid membrane (effective
area of 9.62 cm?). Both compartments were pressurized with the pure gas, and after
opening the permeate outlet, a pressure difference of about 0.7 bar was imposed. The
pressure evolvement in each compartment along time was monitored using two pressure
transducers (Druck, PDCR 910 models 99166 and 991675, England). Permeability
measurements were performed for the temperatures (30, 50, 80 and 100°C). The
membrane thickness was measured using a Elcometer® 124 Thickness Gauge (United
kingdom) and the membrane weight using an analytical balance (Kern & Sohn GmnH
ABJ 220-4M) before and after each gas permeation experiment, in order to evaluate the

weight loss of these membranes.
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Fig.6: Experimental set-up for measuring the pure gas permeability of the SLMs: V1, V4 are inlet
valves; V2, V3 are exhaust valves; PIl, PI2 are the pressure transducers; TC-Temperature
controller, the whole setup is placed in a thermostatic water bath.

2.8. Theory
2.8.1. Gas permeability and ideal selectivity of SILM

The permeability of a pure gas through the supported liquid membrane is calculated from
the pressure data obtained from both compartments (feed and permeate) shown in (Fig. 6)

according to the following Eq. [134].

lln <[Pfeed _Pperm]0> _ PE 1)
,B [Pfeed - Pperm] [

Where Preq and Pperm correspond, respectively to the pressure in feed and permeate
compartment (bar), P is the membrane permeability (m’s™), t is the time (s), | is the

membrane thickness (m), and B (m™) is a parameter characteristic of the geometry of the

1 1
B=A( * ) )

Vf eed Vperm

cell, given by:

where A is the membrane area (mz), Vieed and Vperm are the volumes of the feed and
AP,

Vversus
)

permeate compartments (rn3), respectively. The data can be plotted as %ln(

% , where the slope of this representation corresponds to the gas permeability.
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The ideal selectivity (@y/p) can be determined by dividing the permeabilities of two
different pure gases (A and B), and can also be expressed by the solubility (S) and

diffusivity (D) contributions.
AP By SpDg

(3)

3. Results and Discussion
3.1. Viscosity measurements

The viscosity at different temperatures (30, 50, 80, and 100°C) of the used ionic liquids
with and without enzymes tested is summarized in Table 1. The additions of enzymes to

IL do not provide important variations on viscosities values.

Table 1: The viscosity measurements of the used ionic liquid at different temperatures.

Temperature Water activity Viscosity (mPas)*
¢ @w) [CiMIM][TH,N] [CiMIM][TH,N] [CAMIM][TH,N]
+ SspCA Enzyme + BCA Enzyme
30 0.843 37+0.52 38+0.24 41+0.25
0.753 39+0..21 41 £0.52 43 +£0.77
0.577 42 +£0.42 43 +£0.72 45+0.41
0.226 44 +0.88 47 +£0.57 48 +£0.66
50 0.843 20 +0.99 21+0.17 22 +0.52
0.753 21+0.74 22+0.82 23+0.15
0.577 24 +0.14 25+0.13 25+0.71
0.226 25+0.41 26+0.84 27+0.59
80 0.843 10£0.92 11+0.12 11+0.31
0.753 11+£0.24 11+£0.42 11+£0.86
0.577 11£0.68 12+£0.17 12+0.31
0.226 12 +£0.07 12 £0.56 12+0.93
100 0.843 8+0.09 8+0.24 8 +£0.48
0.753 8+0.31 8+0.43 8+0.64
0.577 8 £0.58 8+0.62 8+£0.82
0.226 8+0.67 8+0.86 9+0.68

a) Pre-equilibrated at water activities (0.226, 0.577, 0.753, and 0.843).
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3.2. Water content measurements

The water content for the pre-equilibrated ionic liquids were determined at a specific

water activity values (ay= 0.226, 0.577, 0.753, and 0.843), these values were represented

in table (2).
Temperature Water activity Water content (ppm)°
°C (@) [C,MIM][TEN] [CsMIM][TEN] [C;MIM][TEN]
+ SspCA Enzyme + BCA Enzyme

30 0.843 831.5 815.2 791.2
0.753 737.4 721.6 689.2
0.577 551.7 537.7 521.5
0.226 221.8 219.8 201.2

50 0.843 649.8 613.7 584.5
0.753 463.5 421.6 400.9
0.577 369.1 331.8 305.2
0.226 181.9 172.3 158.1

80 0.843 425.7 401.5 387.1
0.753 338.5 315.3 299.1
0.577 271.9 258.1 234.8
0.226 161.1 147.5 122.9

100 0.843 3393 2043 267.1
0.753 237.9 218.8 207.5
0.577 184.8 167.1 117.4
0.226 139.4 115.2 108.9

Table 2: The water content of the used SILMs at different water activities.
3.3. CO; and N; permeability and selectivity through SILMs

The CO, and N, permeability of the supported liquid membranes immobilized with the
three different ionic liquids [C4MIM][TEN], [CaMIM][TH,N] + BCA Enzyme and
[CaMIM][TH:N] + SspCA Enzyme were measured. These experiments were carried out at
four different temperatures (30, 50, 80, and 100°C). The membranes were weighed before
and after the experiment and a maximum weight loss, between 0.01 and 0.05% was
obtained for all membranes tested. These low values indicate that these membranes
retained the solvent immobilized, even at high temperatures, and that they may be
considered stable at the tested pressure difference of 0.7 bar. As previously mentioned all
permeability values were calculated according to Eq. (1), taking into account the pressure

data from the feed and permeate compartments, the thickness of the membrane and the
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geometry of the cell used. The permeability of both gases (CO, and N;) through the
supported liquid membranes obtained at different temperature is represented in Table.3.
As it can be observed, the permeability of CO, is higher than that of N, for the supported
ionic liquid membranes. Additionally, it showed in the table (3) that for both gases, the
permeability obtained when using SILMs immobilized with the ionic liquid
[CaMIM][TE,N] with enzyme or without enzyme as the immobilized phase, the
permeability in case of supported ionic liquid membrane with (SspCA) enzyme >
supported ionic liquid membrane with (BCA) enzyme > supported ionic liquid membrane

without enzyme.

Temperature Water Permeability (x 10" m*/s)
°c activity
(ay) [CsMIM][TE,N] [C.MIM|[TEN] [CsMIM][TE,N]
+ SspCA Enzyme + BCA Enzyme
COZ Nz COZ N2 COZ NZ
30 0.843 3.93+0.12 0.0926 + 3.70£0.15 0.0915 + 340+0.11 0.0899 +
0.0018 0.0023 0.0031
0.753 3.51+0.23 0.0896 + 341+0.18 0.0902 + 3.20+0.21 0.0894 +
0.0012 0.0015 0.0017
0.577 3.32+0.21 0.0871 + 3.11+0.24 0.086 + 2.80+0.17 0.0854 +
0.0021 0.0013 0.0025
0.226 3.01+0.11 0.0862 + 2.81+0.12 0.0858 + 2.51+0.17 0.0858 +
0.0019 0.0017 0.0021
50 0.843 424+0.16 0.112+ 3.92+0.12 0.110+ 3.75+0.20 0.112 +
0.0031 0.0020 0.0026
0.753 3.74+0.23 0.111 + 3.75+0.28 0.109 + 3.52+0.18 0.112 +
0.0028 0.0018 0.0014
0.577 3.52+0.27 0.110 + 3.56 +£0.20 0.110+ 331+0.23 0.11+
0.0015 0.0021 0.0029
0.226 3.10+£0.19 0.109 + 2.97+0.13 0.103+ 2.82+0.21 0.105 +
0.0023 0.0028 0.0027
80 0.843 4.46+0.12 0.137 + 4.02+0.16 0.129+ 4.12+0.19 0.131 +
0.0034 0.0041 0.0038
0.753 391+£0.25 0.121 + 3.54+0.22 0.127+ 3.61£0.31 0.129 +
0.0029 0.0021 0.0025
0.577 3.81+£0.32 0.125+ 3.36 £0.26 0.125+ 3.51+£0.23 0.127 +
0.0026 0.0033 0.0024
0.226 320+0.25 0.129 + 2.78 £0.28 0.128+ 2.95+0.29 0.131 +
0.0031 0.0028 0.0035
100 0.843 4.68+0.22 0.161 + 423+0.28 0.154+ 4.31+0.29 0.157 +
0.0032 0.0035 0.0022
0.753 4.13+0.18 0.143 + 3.72+£0.21 0.153+ 3.92+0.15 0.156
0.0030 0.0027 0.0034
0.577 3.92+0.23 0.142 + 3.42+0.19 0.148+ 3.61+£0.16 0.15+
0.0020 0.0018 0.0024
0.226 3.40+0.12 0.145 + 2.97+0.18 0.149+ 3.11+£0.14 0.151 +
0.0016 0.0018 0.0021

Table 3: The permeability of CO, and N, through the SILMs.
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3.3.1. Effect of water activity on the permeability and selectivity

Fig.7 represents the effect of water activity on the permeability obtained at 30°C when
using the immobilized supported liquid membranes. By analysis the Figure, it can be
observed that the presence of carbonic anhydrase enzyme increases the permeability of
CO, through the supported ionic liquid membranes immobilized with [CsMIM][Tf;N],
when comparing with the supported ionic liquid membrane without enzyme as mentioned
before. Additionally, the permeability is increasing with the increase of water activity;
this might be related to the increasing of the diffusion coefficient with an increase in
water activity, since with the higher water content the ionic liquid viscosity decreases
(Table 1). This increase is more pronounced for the membrane immobilized with the pure
ionic liquid, for which the diffusion coefficient reaches a higher value for the highest

water activity used (ay= 0.843).

4.50E-10 1 —— CO2_CAMIMTF2N_SspCA (0.1mg/1gm IL)
— B = CO2 C4MIMTF2N_BCA (0.Img/Igm IL)
4.00E-10 -
C02_C4AMIMTF2N
2
2 3.50E-10 -
)
A
3.00E-10 A
2.50E-10 A
2.00E-10 T T T : )
0 0.2 0.4 0.6 0.8 1
Oyy

Fig.7. Gas Permeability (P) in supported liquid membranes with the pure IL, IL+BCA and IL+SspCA as a
function of water activity (a,), at T=30°C.

In the case of the membrane immobilized with the pure IL, permeability is shown to
increase with an increase in water activity, attaining values that are considerably higher
than those reported for lower water activities. As previously observed in Fig.7, The
increment in water activities leads to increment in permeability, this might related to the

increment in diffusion coefficient, and then decrease in viscosity up to values of water
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activity (ay = 0.843, resulting in a higher CO, permeability. In what concerns the effect
of the enzyme, it can be observed that an improvement in permeability and selectivity
depends from the water activity. For the lowest water activity value studied, the enzyme
lead to the less improvement. As water activity increases, both permeability and
selectivity are positively impacted by the enzymatic reaction contribution. For the higher
water activity values, Fig.8 shows that the selectivity values are higher than those of the
lowest water activity. This result suggests that, for CO, capture, the enzymatic reaction
may be used for enhancement of the performance of SILMs impregnated with ionic

liquids with a controlled water activity.
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Fig.8: CO,/N; ideal selectivity (a) in supported liquid membranes with the pure [C;MIM][Tf2N],
[CMIM][TH,N] + BCA Enzyme , and [C{aMIM][T,N] + SspCA Enzyme as a function of water activity
(aw), at T=30°C.

3.3.2. Effect of temperature on the permeability

Fig.9 and Fig.10 show the temperature effect on the gas permeability in supported liquid
membranes impregnated with [CsMIM][TH;N], [C4MIM][Tf,N] + BCA Enzyme and
[CaMIM][TEN] + SspCA Enzyme at the highest water activity (a, = 0.843). It is clearly
observed that for both gases (CO, and N,) permeability increases with an increase in
temperature, which may be related with a decrease of the ionic liquid viscosity with

temperature. This might give an indication that the permeability increase obeys to an
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Arrhenius type of equation, P = P, xexp (— % )), where P is the permeability (m*/s™),
Py is the permeability independent constant, Ea is the energy activation (J mol™), R is the

ideal gas constant (J mol™ K™), and T is the temperature (K).

In (Fig.9), the Arrhenius equations (P;, P», P3) represent the permeability of CO, through
the supported liquid membranes immobilized with [C4AMIM][T{2N]), [C4MIM][TH,N] +
BCA Enzyme, and [C4MIM][TE,N] + SspCA Enzyme respectively, from these equations
the activation energy at different temperature for both SILMs can be calculated, Also in
(Fig.10), the Arrhenius equations (P4, Ps, Ps) represent the permeability of N, through the
supported lonic liquid membranes immobilized with [C4MIM][T,N]), [CaMIM][THN] +
BCA Enzyme, and [C{sMIM][T,N] + SspCA Enzyme respectively, and the calculated of

the activation energy the same like in case of CO; permeability.

Moreover, (Fig.9) and (Fig.10) show that the values of activation energies in case of
membranes immobilized with ([CsMIM][Tf,N] + BCA Enzyme) are the lowest values
comparing with others, this might related to the slightly decrease in the permeability at
very high temperature (800C and IOOOC) comparing with SILM immobilized with
[CAIMIM][TE,N] + SspCA Enzyme or [CiaMIM][Tf;N], this might related to the
decreasing in the Enzyme activity of BCA Enzyme immobilized with Ionic liquids on
SILM, as shown in the table (3). Additionally, the CO, transport through the selected
supported lonic liquid membranes with [C4sMIM][Tf,N] + SspCA Enzyme, is the highest
values comparing with others. It’s clear that the permeability of CO, through the
supported Ionic liquid membranes is higher than in case of N,. Even though the
supported Ionic liquid membranes tested in this work are stable at high temperatures (up
to 100°C), for a pressure difference of 0.7 bar, and that they are selective towards CO,
when compared with N, when compared with other membrane materials in the literature
their selectivity is lower. In case of supported ionic liquid membrane immobilized with
[CsMIM][TE;N] + BCA Enzyme, the permeability for both gases that measured at (30'C
and 50°C) is higher than SILM immobilized with [CsMIM][Tf,N],but at very high
temperatures (80°C and 100°C) the opposite happened and the permeability is lower, this

might related to the decreasing in the Enzyme activity (Bovine CA enzyme) that
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immobilized with the [CsMIM][Tf,N] ionic liquid at high temperature, which might

cause denaturation / deactivation of the Enzyme, which decreased the transport of the

CO, gas through the membranes.

5.00E-10 1 —@— CO2_CAMIMTF2N_SspCA(0.1mg/1gm IL)
—— (02 C4AMIMTF2N_BCA (0.Img/lgmIL)
4.50E-10 - CO2_C4MIMTF2N
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E P=P (2.2 4 /R (T+237.15))
=Py x exp (-2. .
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P,= P, x exp (-3.17/ R (T+237.15))
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Fig.9: The effect of temperature on CO, permeability in a supported liquid membranes with
[C/MIM][TE2N], [C4aMIM][TEN] + BCA Enzyme and [C,MIM][TE,N] + SspCA Enzyme at water activity

(ay = 0.843).

1.80E-11 -
—— N2_C4MIMTE2N_SspCA (0.1mg/lgm IL)
1.60E-11 - —8— N2 _C4MIMTF2N_BCA (0.1mg/lgm IL)
N2_C4AMIMTE2N
1.40E-11 -
)
£ 1.20E-11 -
g P,= Pox exp (-7.26 / R (T+237.15))
o P.= P, x exp (-6.68 / R (T+237.15))
1.00E-11 - P,=Pyx exp (-7.10 / R (T+237.15))
8.00E-12 -
6.00E-12 : : . . : .
0 20 40 60 80 100 120
T (°C)

Fig.10: The effect of temperature on N, permeability in a supported liquid membranes with
[CIMIM][TEN], [C,MIM][TEHN] + BCA Enzyme and [C,MIM][TEN] + SspCA Enzyme at water activity

(ay = 0.843).
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3.3.3. The effect of temperature on the Selectivity

Table (4) shows the CO,/N; ideal selectivities obtained for the membranes tested. The
ideal selectivity was calculated taking into account the ratio of the permeabilities
measured for pure gases (Eq. (3)). It was observed that the selectivity of SLMs towards
CO; was higher than that of N,. Additionally at 30°C, the ideal selectivity is much higher
for the support impregnated with [CsMIM][Tf,N] + SspCA Enzyme and [CsMIM][THN]
+ BCA Enzyme when compared with [C4MIM][Tf,N]. With increasing temperature, the
selectivity of the SILM impregnated with and without enzyme decreases sharply at very
high temperatures.

The table (4) shows that in case of membranes used at temperatures (30°C and 50°C), the
selectivities are increasing as the following: Supported ionic liquid membrane
immobilized with [C4MIM][Tf,N] + SspCA Enzyme > [CsMIM][Tf,N] + BCA Enzyme
> [C4MIM][T1,N], this might related to the presence of the enzyme with the ionic liquid
which increase the permeability of CO, than N, gas. In mean while the selectivity at very
high temperatures (80°C and 100°C), the selectivity of SILM immobilized with
[CsMIM][TE,N] + BCA Enzyme is decreased and becomes slightly lower than (closer to)
the SILM immobilized with [C4MIM][TE,N], this might related to the slightly decrease of
CO, permeability through SILM immobilized with [CsMIM][Tf;N] + BCA Enzyme, due
to the decrease in the activity of BCA Enzyme at very high temperature, comparing with

SILM immobilized with [C4MIM][Tf,N] as shown in the table (3).

Additionally, the table (4) shows that the selectivities are increasing with increasing the
water activity. The selectivity is increasing due to the increment of the CO, and N
permeability; this might be related to the increasing in the diffusion coefficient increases
with an increase in water activity, since with the higher water content the ionic liquid

viscosity decreases as shown in the table (1).
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Temperature °c Water activity (a) Selectivity a(CO,/N,)
[CsMIM][TH,N] [CsMIM][TE,N] [CsMIM][TE,N]
+ SspCA Enzyme + BCA Enzyme
30 0.843 4244 £0.21 40.44 £0.16 37.82+0.19
0.753 39.17+0.32 37.80+0.24 35.79+0.15
0.577 38.12+£0.18 36.16 +0.22 32.79+0.13
0.226 34.92+0.31 32.75+£0.12 29.25+0.20
50 0.843 37.86+0.17 35.64+0.11 33.48 £0.09
0.753 33.69+0.19 34.40+0.26 31.43+0.13
0577 32.01+0.31 3236+0.24 30.09 £0.22
28.18 £0.28 28.83+£0.37 26.86 £ 0.24
0.226
80 0.843 32.55+0.32 31.16 £0.25 31.45+0.18
0.753 32.31+£0.27 27.87+0.37 27.91+0.30
3048 +0.41 26.88 +0.31 27.56 +£0.27
0.577 24.81+0.21 2175021 22.69+0.15
0.226
100 0.843 29.07+0.31 27.48 £0.23 27.45+0.15
0.753 28.85+0.26 24.64+0.13 25.13+0.34
0.577 27.61+0.08 23.11+0.18 24.07 +0.16
0226 23.45+0.12 19.95+0.07 20.60 £ 0.14
Table (4): CO2/N2 ideal selectivity for the SLMs tested.
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Fig.11: The effect of temperature on the selectivity (CO,/N,) in a supported liquid membranes with

[C,MIM][TE:N], [C.MIM][TE:N] + BCA Enzyme and [CaMIM][T£;N] + SspCA Enzyme.

Fig.11 shows that the increment on temperature affects on the selectivities of the

transported gas (CO,, N;) through the supported liquid membranes. By increasing the

temperature the selectivity is decreasing, this might be related to the increment of the

permeability with an increase in temperature, which may be related with a decrease of the

ionic liquid viscosity with temperature as shown in table (1), also the activity of the

enzyme may be influenced by the increasing of the temperature. From the above

discussion, we can conclude that the ideal selectivities obtained with using SILM
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impregnated with [C;MIM][Tf,N] + SspCA Enzyme is higher than SILM impregnated
with [C4sMIM][T,N] + BCA Enzyme or [CsMIM][TE,N], even at very high temperatures
and different water contents. This might related to the high sensitivity of SspCA Enzyme

towards CO, gas and its stability and activity even at very high temperatures.

3.4. Stability of the supported ionic liquid membranes (SILMs)

To study the stability of supported ionic liquid membranes, the used SILMs impregnated
with [C4AMIM][Tf2N] + SspCA, [C4MIM][Tf2N] + BCA Enzyme, and [C4MIM][T{2N]
have been tested for one week at the same conditions ( temperature, water activity, and
pressure). The stability experiments were performed at the highest (100°C) and lowest
(30°C) temperatures, both the permeability and selectivity of the used SILM have been
tested. Table (5) represents the permeability of CO, and N, gases through the used
supported ionic liquid membranes with time at (30°C). The table shows that there is little
decrease in the permeability of CO, with time; this might related to the little decrease in
the enzyme activities with time, also the lost of the ionic liquid immobilized with the
supported ionic liquid membranes. Moreover, the figure (12) shows that the permeability
through SILMs impregnated with [CsMIM][Tf;N] + SspCA is higher comparing with
other SILMs membranes even with long time measurements (one week) at water activity
(aw = 0.843), this might related to the stability of thermophilic (SspCA) enzyme

immobilized with the ionic liquid inside the porous of the membranes.

Permeability (x 10" m%/s)

Time (Day) [CMIM][TEN] + SspCA Enzyme [CaMIM][TE;N] + BCA Enzyme [CMIM][TEN]
CO, N> CO, N, Co, N,
1 3.93+0.12 0.0926 +0.0018 3.70+021 0.915 +0.0023 340=0.11 0.0899 = 0.0031
2 3.91+0.09 0.115 £ 0.0021 3.65+0.15 0.124 £0.0016 3.38+0.26 0.125 £0.0015
3 385+0.18 0.123 +0.0028 3.61+0.13 0.132+0.0011 336+0.17 0.133 £0.0018
4 379+ 0.07 0.129 + 0.0031 357017 0.141 £ 0.0019 335+0.13 0.149 £ 0.0034
5 371<0.11 0.135 £ 0.0022 351+0.19 0.151 £0.0012 331+021 0.155 £ 0.0025
6 3.68+0.14 0.141 £0.0012 3.47+0.05 0.158 £ 0.0009 3.28+0.26 0.162 £0.0011
7 363+022 0.149 £ 0.0012 343028 0.162 £0.0017 326+ 024 0.172 £ 0.0022
8 3.62+0.18 0.151 £0.0017 339+0.15 0.169 £ 0.0021 3.19+0.11 0.178 £ 0.0032

Table 5: CO, and N, Permeabilities in supported liquid membranes with the pure [C;MIM][Tf,N],
[C,MIM][TH;N] + BCA Enzyme and [C4MIM][Tf,N] + SspCA Enzyme as a function of time at same
water activity (a,, = 0.843) and Temperature (T=30°C).
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Fig. 12: CO, Permeability (Pcoy) in supported liquid membranes with the pure [C,MIM][TEHN],
[CMIM][TEN] + BCA Enzyme and [C,MIM][TEH;N] + SspCA Enzyme as a function of time (Day) at
water activity (a,, = 0.843), Temperature (T=30°C).

Fig.13 represents the selectivity of the used SILMs for one week at the same water
activity and temperature (30°C), the figure shows that the selectivities were deceasing
with the time, and the selectivities for the SILM impregnated with [CAaMIM][TH;N] +
SspCA > [CsMIM][TE,N] + BCA Enzyme, > [C4MIM][Tf,N] membranes even with the
decreasing in the permeability of CO, with time, this might related to the enzyme
immobilized with ionic liquid is still stable with the same SILMs used, even after

measuring the permeability for one week for both gases (CO, and N»).
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Fig.13. COy/N, ideal selectivity (a) in supported liquid membranes with the pure [C,MIM][Tf;N],
[C4MIM][TN] + BCA Enzyme and [C,MIM][TH,N] + SspCA Enzyme as a function of time (Day) at water
activity (a,, = 0.843), Temperature (T=30°C).
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Table (6) represents the permeability of CO, and N, gases through the used supported
jonic liquid membranes with time at (100°C). The table shows that there is little decrease
in the permeability of CO, with time; this might related to the little decrease in the
enzyme activities with time, also the lost of the ionic liquid immobilized with the
supported ionic liquid membranes. Moreover, (Fig.14) shows that the permeability
through SILM impregnated with [C4MIM][Tf;N] + SspCA > [C;MIM][TN] >
[CaMIM][TEN]+BCA Enzyme, even with the decreasing in the permeability of CO, with
time. This decrease in the permeability of SILM impregnated with [CAMIM][Tf2N] +
BCA comparing with others might related to the huge decrease in the activity of BCA
enzyme immobilized with ionic liquid at very high temperature. In additional to, (Fig.15)
represents the selectivity between both gases (CO, and N,) at very high temperature,
shows that the ideal selectivity in case of SILM impregnated with [C4sMIM][Tf,N]+BCA
Enzyme is the lowest one comparing with others at very high temperature ( 100°C), that

used to check the stability of enzymes.

Permeability (x 10" m%/s)

Time (Day) [CAMIM][T{2N] + SspCA Enzyme [C4AMIM][T{2N] + BCA Enzyme [CAMIM][T{2N]
CO, N, CO, N, CO, N,
1 4.68+0.15 0.161 +0.0022 423+0.21 0.154£0.0019 431+0.14 0.157 +0.0023
2 459+0.21 0.169 +0.0011 4.10+0.16 0.168 £0.0015 427+0.27 0.165 +0.0017
3 4.49+0.19 0.172 +0.0013 3.84+0.23 0.175 +0.0026 421+0.12 0.171 +0.0032
4 431+0.17 0.178 +0.0024 3.73+0.14 0.180 + 0.0032 4.15+0.22 0.179 +0.0012
5 4.26+0.31 0.182+0.0016 3.61£0.20 0.186 + 0.0035 4.01£0.15 0.183 +0.0028
6 419+0.24 0.189 +0.0038 3.44£0.18 0.191 £ 0.0052 3.95+0.10 0.195+0.0041
7 3.97+0.16 0.193 +0.0023 3.35+£0.26 0.199 +£0.0018 3.89 £0.32 0.205 +0.0034
8 3.91+035 0.195 +0.0022 3.21+0.18 0.211+0.0031 3.81+0.23 0.218 +0.0029

Table 6: CO, and N, Permeability in supported liquid membranes with the pure [C4aMIM][Tf,N],
[C,MIM][THN] + BCA Enzyme, and [C,MIM][TH;N] + SspCA Enzyme as a function of time at
temperature (T=100°C).
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Fig.14: CO, Permeability (PCO,) in supported liquid membranes with the pure [C;MIM][THN],
[C4MIM][Tf2N] + BCA Enzyme, and [C;{MIM][T,N] + SspCA Enzyme as a function of time, temperature
(T=100°C).
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Fig.15: COy/N, ideal selectivity (a) in supported liquid membranes with the pure [C,MIM][TEN],
[C/aMIM][T,N] + BCA Enzyme, and [C;,MIM][Tf,N] + SspCA Enzyme as a function of time at temperature
(T=100°C).
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3.5. The effect of Enzyme concentration

The effect of increasing the enzyme concentration that immobilized with the ionic liquids
on the supported ionic liquid membranes has been tested at different temperatures (30,
50, 80, and 100°C). The concentrations of enzymes (BCA and SspCA) have been

increased (2.5 times) than the initial one (0.1mg enzyme/gm of IL).

Fig.16 represents the permeability of gases (CO;) gas through the SILMs at low and high
(BCA and SspCA) Enzymes concentrations as a function of temperature. The figure
shows that by increasing the enzymes concentration, the permeability of CO, gas through
the SILMs increased than the initial concentration, This might related to the increment in
the enzymes concentration helped to increase the bio-conversion enzymatic reaction of
CO; to HCOy', then the activity of the enzymes for CO, capture, this leads to enhance the
performance of SILMs impregnated with ionic liquids and high enzyme concentration
(0.25mg/1gm IL) comparing with the initial ones (0.1lmg/lgm IL) at different
temperatures. Moreover, Figure 12 shows that the permeability through the SILMs are
observed as the following [CsMIM][Tf:N] + SspCA [0.25mg/1gm IL]> [CsMIM][THN]
+ BCA [0.25mg/1gm IL] > [C4sMIM][T£,N] + SspCA [0.1mg/1gm IL]> [CAMIM][T,N]
+ BCA [0.lmg/lgm IL]. This gives indication that with increasing the enzymes
concentration, the permeability through SILMs increased too. Moreover, (Fig.16) shows
that the permeability of CO, gas through SILMs increased, when the temperature
increased. This might be related to the decreasing in the viscosity of the ionic liquids at

high temperatures as shown in the tables (1) and (7).

Temperature Viscosity (mPas)*
c [C,;MIM][TE;N] +SspCA Enzyme | [C;MIM][TEN] + BCA Enzyme | [CaMIM][TEHN]
[0.25 mg/1gm IL] [0.25 mg/1gm IL]
30 34+0.18 35+0.16 41+0.25
50 19+£0.12 20+ 0.25 22 +0.52
80 9+0.03 10+0.14 11+£0.31
100 7+0.39 8+0.11 8+0.48

Table 7: The viscosity measurements of the used ionic liquid immobilized with high
concentration of enzymes (0.25 mg/1gm IL) at different temperatures.
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Fig.16: Comparing the permeability of (CO,) through supported liquid membranes immobilized with high
and low concentration of enzymes.

Fig.17 represents the permeability of (N;) gas through the SILMs at low and high (BCA
and SspCA) Enzyme concentrations. The figure shows that there is no much difference in
the permeability of N, gas when increasing the enzymes concentration than the initial
concentration. Moreover, the permeability of N, gas through SILM still much lower than
the permeability of CO; gas through the SILMs with low and high enzyme concentration.
This might be related to the presence of enzymes, which helped to accelerate the
permeability of CO; gas through the SILMs comparing with N, gas. In additional to the

polarity properties and small size of CO, comparing with N, gas.
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Fig.17: Comparing the permeability of (N,) through supported liquid membranes immobilized with high
and low concentration of enzymes.

In additional to (Fig.18) represents the comparing between ideal selectivity (CO,/N;) at
low and high concentration of enzymes. The figure shows that the ideal selectivity in case
of SILM impregnated with [CsMIM][TEN]+SspCA (0.25mg/1gm IL) Enzyme is the
highest one comparing with other SILMs impregnated with enzymes. This is due to the
increment in the enzymes concentration, increase the permeability of CO, over Nj
through the SILMs as mentioned before. Moreover, the figure showed the change in
selectivity with temperature. In additional to the figure shows that the selectivity of the
SILM immobilized with [C4sMIM][Tf,N] + SspCA [0.25mg/1gm IL] > [C4aMIM][T,N] +
BCA [0.25mg/1gm IL] > [C4MIM][TE,N] + SspCA [0.1mg/1gm IL]> [CsMIM][TE,N] +
BCA [0.Img/lgm IL] at the same temperature. Moreover, the selectivity of the
membranes is decreasing with the increasing in the temperatures; this might be related to
the decreasing of the viscosity by increasing temperatures as shown in Table (1) and (7),
which leads to the increasing in the permeabilities, then decreasing in the selectivities

(See Fig.18).
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Fig.18: Comparing the effect of temperature on the ideal selectivity (CO,/N;,) of the supported liquid
membranes immobilized with high and low concentration of enzymes.

3.6. Robeson Upper bound correlation

In order to compare the ideal selectivities obtained in this work with data available in the
literature, the CO,/N; ideal selectivity as a function of the CO, permeability at 30'C is
represented in (Fig.19). These upper bound correlations were obtained by Robeson et al.
[135, 136] from literature data. The line represented corresponds to the Robeson’s upper
bound for a specific temperature used (30'C), while data points correspond to
experimental values obtained in this work. Therefore, data points above this line may be

considered as an improvement over the results published so far.

From the figure, it is observed that the results obtained in this work are generally closer
to those available in the literature. The results obtained in this research work are
represented in black while the results available in literature are represented in colored.
The figure showed that in case of SILMs immobilized with pure [C4MIM][Tf,N] ionic
liquid are below the upper bound line, while the results obtained from using SILMs
immobilized with pure ionic liquid and low enzyme concentration (0.1mg/1gIL) are little
higher and closer to the upper bound line. Moreover, the figure shows that the best results
obtained when using the SILMs immobilized with pure ionic liquid and higher enzyme

concentration (0.25mg/1gIL) at (30°C), as the results access the upper bound line,
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this mean the obtained results by using these SILMs may be considered as an

improvement over the results published so far.
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Fig.19: (CO,/N,) ideal selectivity (a) as a function of CO, permeability (Pco»).
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4. Conclusion

The approach proposed in this research work consists on using supported ionic liquid
membranes (SILMs) comprising two different carbonic anhydrase enzymes, the thermo
resistant SspCA enzyme and the Bovine-CA enzyme, which catalyze the reaction of
conversion of CO;, to bicarbonate, enhancing the driving force for CO, transport.
Membrane stability, CO, and N, permeability and CO,/N, ideal selectivity were
determined for the membranes developed. The results showed that the supported ionic
liquid membranes prepared by immobilizing a selected ionic liquid [C4sMIM][TH,N] with
and without enzyme in a PVDF hydrophobic polymeric support allowed to obtain stable
supported liquid membranes at high temperatures (up to 100°C), selective towards CO,
against N,. Moreover, the selectivity and permeability are affected by different

parameters, namely, temperature, water activity and enzyme concentration.

The results showed that, the selectivity and permeability through the supported ionic
liquid membranes with and without enzymes are affected by different important factors
like temperature, water activity and the presence of enzyme. Temperature has a great
effect on the selectivity and permeability, when the temperature is increasing the
selectivity is decreasing, this might be related to the increment of the permeability with
an increase in temperature, which may be related with a decrease of the ionic liquid
viscosity with temperature, also the activity of the enzyme may be influenced by the
increasing of the temperature. Also the selectivity and permeability are increasing with
increasing the water activity; this might be related to the increasing in the diffusion
coefficient increases with an increase in water activity, since with the higher water
content the ionic liquid viscosity decreases. This increase is more pronounced for the
ionic liquid, for which the diffusion coefficient reaches a higher value for the highest

water activity used (ay= 0.843).

The main important factor was the presence of enzyme, as the presence of carbonic
anhydrase enzyme increased the permeability and selectivity of CO, through the
supported ionic liquid membranes immobilized with [CsMIM][Tf,N], when compared

with the supported ionic liquid membrane without enzyme. The permeability was
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increased as the following: Supported ionic liquid membrane with (SspCA) enzyme >
Supported ionic liquid membrane with (BCA) enzyme > Supported ionic liquid

membrane without enzyme.

The results showed that the SILM immobilized with ([CsMIM][Tf,N]+SspCA enzyme)
at (30°C) has the highest permeability (3.93 x 10™'° m%/sec) and idea selectivity (CO»/N5)
(42.44) for CO, when compared with other SILMs immobilized with ([C4aMIM][T,N]
+BCA enzyme) (3.70 x 10"° m?sec) and [C;MIM][TH;N] (3.40 x 1070 m%/sec).
Moreover, Two different concentration of enzymes (0.1mg enzyme/g ionic liquid) and

(0.25 mg enzyme /g ionic liquid) immobilized with the ionic liquid were also tested.

The results showed that by increasing the enzyme concentration (2.5 times), the
permeability and selectivity of CO, were duplicated for both enzymes. The permeability
(5.51 x 10" mz/sec) and selectivity (51.02) values obtained at 30°C in case of SILMs
immobilized with ([C4MIM][TH;N]+SspCA enzyme (0.25mg/g IL)) is higher than the
values in case of SILM immobilized with ([C4MIM][Tf,N]+BCA enzyme (0.25mg/g
IL)). In additional too, at higher temperature (100'C), the highest permeability (6.09 x 10°
' m*/sec) and selectivity (35.61) values were obtained in case of SILMs immobilized
with ([CsMIM][T;N]+SspCA enzyme (0.25mg/g IL)). Moreover, it could be concluded
that, the SILMs immobilized with ([CsMIM][Tf;N]+SspCA enzyme) present higher
stability at high temperatures (80°C and 100°C) than the other used SILMs immobilized
with([CsMIM][Tf,N]+BCA enzyme) or ([CsMIM][TE,N]).

In order to compare the ideal selectivities obtained in this work with data available in the
literature, the CO,/N; ideal selectivity as a function of the CO, permeability at 30°C is
represented in upper bound correlations plot. The results showed that, the data obtained
in this work are generally closer to those available in the literature. In case of SILMs
immobilized with pure [C4MIM][Tf,N] ionic liquid are below the upper bound line,
while the results obtained from using SILMs immobilized with pure ionic liquid and low
enzyme concentration (0.1mg/1gIL) are little higher and closer to the upper bound line.

Moreover, the figure shows that the best results obtained when using the SILMs
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immobilized with pure ionic liquid and higher enzyme concentration (0.2mg/1gIL), as the
results access the upper bound line, this mean the obtained results by using these SILMs
may be considered as an improvement over the results published so far. However, In
order to improve the selectivity and permeability through the enzyme-solvent system it
will be important in further studies to evaluate the behavior of CO, task-specific ionic
liquids, which combined with the use of higher concentrations of carbonic anhydrase

enzymes may lead to efficient and competitive carbon capture systems.
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6. Appendix

6.1. Appendix: Estimation of “f§”

To find the geometric parameter “f”, a PDMS membrane was used due to its well —
known Permeability, as the reported permeabilities values of standard PDMS available,
[Pn2poms= 2.075 x 10" m%s & Pcoyppms= 2.24 x 107 mz/s]. The test gases used was
carbon dioxide, and the feed and permeate pressure data obtained over time are
represented in (Fig.20), below:
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Fig.20: Feed and Permeate Pressure Profiles in the permeation cell.

By modifying the following equation:

1. ([Preea — P, t
- n<[ feed perm]O) p
[Pfeed - Pperm]

B

we can linearize it to the form shown below equation (1) and using CO, permeability

value for the PDMS membrane referred to in bibliography the curve of % In (AP

t
) VEersus ;

were traced, the slope of which gives the value of (B= 88.78) as shown in (Fig.21).
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Fig.21: Graphical representation of Equation (1) where the slope gives the value of ().
6.2. Appendix: Estimation of Gas Permeability and Pressure Profiles

The feed and permeate pressure data obtained over time from the software Lab View for SILM
membranes are represented in (Fig.21). The graphical representation for the permeability of N2
and other with CO, through SILM membranes at the same temperature is represented in (Fig.22)
and (Fig.23), the same procedure was followed for all the membranes and gases tested in this

research work at different temperatures.
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Fig. 22: The graphical representation for CO, permeability through one SILM tested.
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Fig. 23: The graphical representation for N, permeability through one SILM tested.
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Chapter (4)

Synthesis and characterization of polymeric
membranes for gas separation.
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Abstract

In membrane industry, recent developments have shown the combination or replacement
of classical glassy polymers with crystalline Metallic Organic Frameworks (MOFs),
Zeolite Imidazolate Frameworks (ZIFs) or zeolites provides molecularly controlled
permeability and selectivity of membranes. However, the main challenges are to get
mechanically stable and homogeneous layers of the membranes. By taking advantage of
high permeability observed with the rubbery polymers and to their flexible casting
properties, Rubbery Organic Frameworks (ROFs) could be used as alternative as gas
separation membrane systems. Therefore, nanometric macro-monomers and core
connectors have been used to conceive dense (ROFs) for the preparation of polymeric
membranes for selective gas transport. With the above concept, in this project, new
polymeric membranes based on supramolecular polymeric structures using covalent
bonds, were designed selectively for CO, separation from light gases like N, and CHa.
Then the resulting polymer membranes were characterized spectrometry by
(FTIR,"HNMR), their thermal stability were characterized by (TGA and DSC), and the
morphological structure was characterized by (SEM and contact angle). The gas
permeability measurements for the tested polymeric membranes showed that the
permeability of CO, is higher than other tested gases (N, and CH,4) for the polymeric
membranes. Additionally, it is observed that the CO, permeability and ideal selectivities
of the synthesized polymeric membranes depend of the hydrophobic and rubbery
behavior of the membranes, which effect on the morphological structure and the
permeability of the tested gases through it. Generally, the synthesized polymeric
membranes in this research work are stable at the (30°C) for a pressure difference of (0.7
bar), and they are selective towards CO, when compared with (N;) and (CH4) gases.
Finally, thanks to the possibility to combine the structural and functional features of
different monomers, the heteropolymeric membrane materials can exhibit very different
properties from their original homopolymeric components. In the above-developed
examples, this strategy revealed itself to be a versatile way for the synthesis of new
membranes presenting different permeabilities and preserving their selectivity towards

gas separation application.

173



EUDIME (2012-2015) Chapter (4)
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Aim of the research work

The main goals for the approach proposed in this research work consist on the synthesis
and characterization of dense polymeric membranes for gas separation application.
Firstly the different polymeric membranes were synthesized by condensation
polymerization between one of main subtracts [(2,2 ethylene dioxide) bis(ethylamine)) /
DEG] or (4,7,10-trioxa-1,13-tridecanediamine) / TEG] with [Benzene-1,3,5
tricarbaldehyde / TCA] as core contactor for polymerization with amine compounds. The
resulting polymeric membranes were characterized spectrometry by (FTIR, "HNMR) for
chemical structure analysis, their thermal stability were characterized by (TGA and
DSC), and the morphological structure was characterized by (SEM and contact angle).
Then the synthesized polymeric membranes were tested for gas separation application
with the following gases (CO,, N, and CH4) to determine the permeability and idea
selectivities for these gases. In summary, the main goals for this research project consist
of 3 main parts:
U Synthesis some polymeric membranes, then identify the blending behavior of the
polymers glassy and rubbery polymers.
O Characterize the developed membrane in order to find its physico-chemical and
thermal properties.
QO To evaluate the performance of the developed membrane in terms of selectivity
and permeability for the gas separation .

O Comparing the obtained data with the data available in the literature.
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1. Introduction

Anthropogenic climate change is rapidly becoming one of the major issues in
environmental science. Global temperatures are projected to rise between 1.4 and 5.8'C
by 2100 in the absence of climate change policies [1]. This increase in global
temperatures is likely to cause a number of negative effects; including rising sea levels,
changes in ecosystems, loss of biodiversity and reduction in crop yields [2]. These effects
can be partially alleviated by reductions in emissions of greenhouse gases. Reduction of
greenhouse gas emissions can occur in a number of ways; such as improvements in
energy efficiency, increased use of non-fossil fuel power sources, improved soil
management and the geological sequestration of carbon dioxide from significant
greenhouse gas producing point sources [3]. Membranes have been investigated for over
150 years [4,5], and since 1980 gas separation membranes have been used
commercially[6]. Gas separation membranes are used in a number of industrial processes;
such as the production of oxygen enriched air, separation of CO, and H,O from natural
gas, purification of H,, and recovery of vapours from vent gases. A number of reviews
examining gas separation membranes have been published [6—-13]. Different strategies
towards the construction of more efficient membranes have suggested by Koros and

Mahajan [14].

1.1. Membranes for gas separation

Membrane based processes are useful in many industrial gas separations [15]. Gas
separations currently comprise a membrane market of over four hundred million dollars
per year, which constitutes 24 % of the total membrane market [15]. Membranes result in
preferential separation of one or more components from a feed mixture based on size,
shape and physiochemical properties of the components in the feed mixture. Inorganic,
polymeric as well as composite membranes have been used and studied for gas
separation over the last few decades [16, 17]. Inorganic membranes e.g. alumina, zeolite,
carbon etc. generally have exceptional separation efficiency compared to polymer
membranes as well as higher chemical and thermal stability, but their brittleness (poor
mechanical properties), difficult processing and high cost make them less attractive [18,

19]. The majority of gas separation membranes used in the recent years in industry are
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polymeric membranes, because of their inherent advantages such as low cost, easy
processing and reasonable gas separation properties [20]. Some of the principal
applications of gas separations using membrane technology are natural gas treatment
(removal of COy), hydrogen recovery, oxygen enrichment from air (medical devices) and
nitrogen enrichment from air (used as protecting atmosphere for oxygen sensitive

compounds) [21-23]. Natural gas is one of the cleanest and efficient burning fuels. The
worldwide demand of natural gas is increasing constantly with the global increase in
population. The global consumption of natural gas is expected to increase to 182 trillion
cubic feet by 2030 [24]. Although methane is the main component of natural gas, it also
contains considerable concentrations of various impurities including water, carbon
dioxide, hydrogen sulphide and other hydrocarbons. The focus of natural gas treatment is
typically on acid gas removal [25]. For fuel applications, natural gas sweetening is
essential to (1) increase the calorific value, (2) reduce pipeline corrosion within the gas
distribution network and (3) prevent atmospheric pollution [25-27]. Air separation to
generate nitrogen-enriched streams from air is another main application of membrane
gas separation and is predicted to cover 49 % of the gas separation membrane market by
2020 [28]. Nitrogen and oxygen are the third and fifth largest bulk chemicals produced
worldwide [29]. Nitrogen-enriched streams (purity 98-99%) are used as inert blanketing
for fuel storage tanks and pipelines to minimize fire hazards and to reduce oxidation
during various heating operations. Oxygen-enriched air (30-40% O>) is relatively a less
explored application of membranes. Oxygen-enriched streams are most commonly
used in power plants to increase the -efficiency of combustion processes [29].
Hydrogen recovery was among the first large scale commercial applications of gas
separation membranes [30]. The main sources of hydrogen gas are steam reforming of
natural gas, petroleum hydrocarbon purge streams, or electrolysis of water. Major use of
recovered hydrogen is in the petroleum and chemical industries. The largest application
of H, is for the processing ("upgrading") of fossil fuels, and in the production of
ammonia and methanol, hydrogenation of oils and fats and also as coolant in power

station generators [16, 18].
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1.2. Initial concept of membrane separation

Membrane can be defined as: It is a semi-permeable active or passive barrier which,
under a certain driving force, permits preferential passage of one or more selected species
or components (molecules, particles or polymers) in a gaseous and/or liquid mixture

solution [31,32].
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Fig.1: Schematic diagram of gas separation process by a membrane [33].

The primary species rebound back by the membrane is called retentate or solute, while
those species passing through the membrane is called permeate or solvent, which shown
in (Fig.1). There are three different important mechanisms by which membrane can
perform separations:
- By having pores which are of such a size that certain species can pass through and
others cannot, this mechanism is called size exclusion.
- By selective retardation by the pores when its diameters are close to molecular
sizes, this mechanism is called pore flow.
- By dissolution into the membrane, movement by molecular diffusion across the

membrane, and re-emergence from the other side, called solution diffusion.
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The driving force also exists in the form of pressure, concentration, or voltage difference
across the membrane. The driving force depending on the physical sizes of the separated
species, so that the membrane processes are classified as:

- Microfiltration (MF) Membrane.

- Ultrafiltration (UF) Membrane.

- Nanofiltration (NF) Membrane.

- Reverse Osmosis (RO) Membrane.

1.3. Materials for gas separation membrane

The size of materials retained for each process, the driving force behind separation and
the type of membrane. The selection of material membrane is the most important factor
for Gas Separation. Chemical interaction between a membrane material and a gas
penetrant determined the separation efficiency of a membrane separation process [9].
The choice of material is based on the application and cost-effectiveness. The most
important requirements of effective separation material are: [34,35]

1. Engineering feasibility.

2. Good chemical resistance.

3. High separation efficiency with reasonable high flux.

4. Good mechanical stability.

5. High thermal stability.

6. Low cost.

1.4. Issues and challenges in membrane applications for gas separation

The following issues and challenges occur in membranes application for gas separation:
1. High Cost

Lack of selectivity

Lack of mechanical resistance

Sensitivity to chemical attack

Membrane cleaning

A T

Module Design
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1.5. Membrane separation mechanism

In gas separation processes there are two streams; Upstreams and Downstreames.
Pressure gradient between in these two streams which occur the separation processes.
Permeation is a rate-controlled process and separation degree is determined by the
selectivity of membrane at the conditions of separation, including temperature, pressure,
flow rate, and area of membrane [36]. The membrane separate gases only, some
component passes more rapidly than the other, it also depends upon the pore size. There
are three fundamental transport membrane separation mechanisms, which shown in
(Fig.2).

1. Knudsen diffusion

2. Molecular sieving

3. Solution-diffusion.

Retentate

Solubility Difference

Permeate

Knudsen Diffusion Molecular Sieving Solution-Diffusion

Fig 2: Schematic representation of three of the different possible mechanisms for membrane gas
separation, Knudsen diffusion, molecular sieving and solution-diffusion [37].

1.6. Polymeric membranes

Polymeric membranes perform their process by different mechanisms which are based
upon the properties of membrane [38]. It can be classified into two types: porous and non
porous [39]. A porous membrane is a rigid, highly voided structure with randomly
distributed interconnected pores like a conventional filter. Separation is dependent on
molecular size of polymer and pore size distribution. These membranes exhibit high

fluxes but they are inherently low selective. Non porous membrane also called as dense
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membrane consists of a dense film. Permeate molecules are first absorbed and then
diffused through polymer matrix under the driving force of pressure or concentration
gradient. Dense membranes are highly selective but transport of gas through the polymer
medium is very low. Permeate of similar sizes can be separated by dense membranes if
they have significantly different solubility in polymer. Polymeric membranes can be

classified on the basis on polymer material.

I. Glassy polymer: At low temperatures molecular motion in an amorphous region is
restricted to molecular vibrations, but the chains cannot move or rotate in space. This
form is the glassy state of the amorphous region. The glassy state can be considered as a
super cooled liquid where the molecular motions have been frozen in. The glassy state is
brittle, hard and rigid like a crystalline solid, but it retains the molecular disorder of a
liquid. [33] At a low temperature the amorphous regions of a polymer in the glassy state,
the molecules are frozen on place. They may be able to fluctuate slightly, but they do not
have any segmental motion in which portions of the molecule wiggles around. Whenever
the amorphous regions of a polymer are in the glassy state, it generally will be brittle,
hard and rigid.

I1. Rubbery polymer: When the material is heated the polymer will reach a temperature
at which segments of the entangled chains can move. The amorphous region becomes
rubbery at this temperature, which is called the glass transition temperature. When an
amorphous polymer in rubbery state, it is soft and flexible[33]. If the polymer is heated it
eventually will reach its glass transition temperature. The molecules can start to wiggle
around at this temperature. The polymer now is in its rubbery state. The rubbery state
tends to softness and flexibility to a polymer. Semi-crystalline solids have both
crystalline and amorphous regions. Accordingly the temperature, in the amorphous
regions can be either in the rubbery or glassy state. Temperature at which the transition in
the amorphous regions between the glassy and rubbery state occurs is called the glass
transition temperature. The amorphous portion of semi-crystalline solid contains the glass
transition property. During the glass transition the crystalline portion remains crystalline.
There is a general tradeoff between permeability and selectivity for polymeric

membranes with rubbery polymeric membranes with high permeability and low
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selectivity and vice versa for glassy polymeric membranes. Despite their mechanical
strength, reproducibility and economical processing capacity, dense membranes are still
not much attractive because they suffer from upper bound tradeoff between permeability
and selectivity. Robeson in 1991 proposed this upper bound trade off and is shown in

below figure graph between Permeability and Selectivity.

1.7. Comparison of polymeric, inorganic and mixed matrix membranes

A comparison of polymeric, organic and mixed matrix membrane is given in table in
terms of cost, chemical and thermal stability, and mechanical strength, compatibility to
solvent, swelling, separation performance and handling. It is clear from the table that
polymeric membranes are economical to fabricate and have good mechanical strength.
Their separation performance and stability is moderate and these are robust in handling.
Their main disadvantage lies in swelling and compatibility to solvent. However still for

industrial applications polymeric membranes are preferred.

Properties Polymeric Inorganic membranes Mixed matrix
membranes membranes (MMMs).
Cost Economical to High fabrication cost Moderate
fabricate
Chemical & Thermal Moderate High High
stability
Mechanical strength Good Poor Excellent
Compatibility to Limited Wide range Limited
solvent
Swelling Frequently occurs Free of swelling Free of swelling
Separation Moderate Moderate Exceed Robeson upper
performance boundary
Handling Robust Brittle Robust

Table 1: COMPARISON OF VARIOUS MEMBRANES [40]

Different techniques are being used to improve the performance of polymeric membranes
to withstand required duties. Blending is a cost and time effective method to develop
materials with desired properties. However, blending of glassy and rubbery polymers has

not been studied.
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1.8. Gas transport theory

The utility of membranes in gas separation processes depends on the permeability
through the membrane and the selectivity towards the different components in the
mixtures [22, 23]. The permeability for component A, Pa, is the intrinsic ability
of a membrane material to control the rate at which gas molecules are allowed to
permeate through the membrane. It equals the penetrant diffusive flux (J4) through the
membrane normalized by the change in partial pressure across the membrane, Apa

(cmHg), multiplied by the thickness of the membrane (I cm):

Tal
Py = Eq. (1)

Permeability is given in units of Barrer, defined as:

3
1 Barrer = 1,10-10 &2_GTP.cm Eq. (2)

cm?2.s.cm.Hg

Generally gas molecules are transported through a polymeric membrane by the
solution-diffusion mechanism [17]. Through Fick’s first law, eq. 1.1 can be rearranged so
that permeability is expressed as a product of the solubility coefficient (S)
(cm® (STP)/cm*-cmHg) and the diffusivity coefficient, D (cm?/s) of penetrate A [22]:

PA = DA 'SA Eq (3)
The solubility coefficient through a membrane can be expressed as [18]:
Sp=1 Eq. (4)
A

where (Sa) is the solubility coefficient of component ‘A’ in the membrane, (C,) is
the upstream concentration of component ‘A’ sorbed into the membrane, and P, is the
corresponding partial pressure [22]. For glassy polymers, the sorption of molecules is
usually described by the dual mode sorption model, which consist of two types of
sorption sites e.g. a Henry’s site (solution) and a Langmuir site (hole filling) [19].
Diffusion of a penetrate through a polymeric membrane can be described by a series of
diffusional jumps through temporary cavities created by the constantly vibrating
polymer chains. Thus, the diffusion coefficient of component ‘A’, Da, is a function of the
frequency of the diffusive “jumps” made by gas molecules in the polymer matrix ‘fy’,
and the jump length (A4). The diffusion coefficient for a given gas penetrant ‘A’ can be
given as [20]:

182



EUDIME (2012-2015) Chapter (4)

f 12
A -
Dy =2 Eq.(5)

The selectivity of a membrane for a gas pair A and B is the ratio of the permeability of

component ‘A’ over the permeability of component ‘B’.
P
Aa/B = ﬁ Eq. (6)
The above equation is used when the individual permeabilities of the two pure

components in a gas pair are known, which are typically estimated from pure gas

experiments. Above equation can be extended when combined with Eq.3.

— Pa_ Da Sa
(xA/B = Ps = Dp .SB Eq (8)

Where (Sa/Sg) is the solubility selectivity and (Da/Dg) is the diffusion selectivity. For a
mixed gas feed, the composition of the feed needs to be take into account and the

separation factor can be calculated as,

app = LA0E Eq. (9)

XA/XB
where (ya) and (yg)are the mole fractions of the components (A and B) produced in the
permeate, while (x4) and (xg) are their corresponding mole fractions in the feed [21]. In
the solution-diffusion model, the gas molecules absorb on the feed side of the
membrane and then diffuse through the membrane through the free volume between the
polymer chains, driven towards the downstream side by, for example a
concentration or pressure gradient and desorb at the permeate side. The
thermodynamic parameter solubility is dependent on the condensability of the
penetrant gas, which is directly influenced by the critical temperature of the gas
(defined as the temperature at or above which the gas molecules cannot be liquefied
whatever the pressure). Generally, gas molecules with a higher critical temperature (T,)
possess higher polymer solubility than the ones with a lower (T,) [1]. Solubility is also
influenced by the size and chemical affinity of the penetrant with the polymer. As the size
of the penetrant increases, the solubility usually increases. Similarly, polar gases have
higher solubility in polymers [22]. In contrast, the diffusivity of a gas in a polymer is a
kinetic parameter and depends on the penetrant size and shape [18]. Smaller molecules
diffuse faster through a polymeric membrane. The shape of the molecule is also

important as linear molecules can diffuse faster than spherical molecules because of their
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ability to diffuse along their smallest dimension [18]. However, both high solubility and

diffusion are important to have higher permeabilities.

Gas Molecular mass (g/mol) | Critical temperature (K) | Kinetic diameter (nm)
CO, 44 304 0.33
N, 28 126 0.36
CH4 16 190 0.38

Table 2: General properties of gases CO,, N, and CHy4 [ 23].
As shown in Table (1) CO; has a smaller kinetic diameter and much higher critical
temperature compared to N, and CHs. The smaller kinetic diameter and high critical
temperature (higher condensability) of CO, aids in higher diffusion and solubility

coefficients and hence the higher permeability compared to N, and CHa.

1.9. Limitations of polymeric membranes

Many different polymers have been investigated as gas separation materials such as
polycarbonate (PC) [41], cellulose acetate (CA) [42], polysulfone (PSF) [43] and
Polyimides (PI) [45] etc. CA, PSF and PI have been widely used for industrial
scale applications [44]. Several companies are currently producing gas separation
membranes on commercial scale (e.g. Membrane Technology Research, Air Products,
UOP, Air Liquide, Paxair and GKSS Licensees etc.) [46]. Despite their advantages (low
cost, good mechanical stability and easy processing) [47], polymeric membranes often
limited by either low permeability or low selectivity. In polymeric membrane systems, a
trade-off relationship exists between the permeability and selectivity of the membrane.
This trade-off relationship was best presented graphically by Robeson in 1991,
summarizing all pure gas separation data from literature for a specific gas pair at 1 bar
pressure and 35°C. This so-called Robeson plot is considered as a benchmark in
gas separation membrane development [48] (Fig.3). This trade-off established an upper
bound when permeability and selectivity for most industrially relevant gas pairs are
plotted on a log-log scale. The permeability and selectivity plot of 1991 was redrawn in
2008 [49] (Fig. 3). It shows that most of the glassy and rubbery membrane materials are

below the previous and currently available trade-off lines. Nevertheless, over the last
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decades notable improvements in CO,/CHy4 selective membranes have taken place
especially in mixed gas separation performance and at more extreme conditions
such as higher temperatures or pressures. The polymers of intrinsic microporosity
(PIM-1 and PIM-7) showed good CO2/CH,4 separation capabilities [49]. A series of rigid
(thermally rearranged) polymer variants has recently been published which exhibit even
improved separation characteristics (above the trade-off line of 2008) but involve
complicated synthesis [50]. It is recognized that polymeric membranes have the potential
to replace the conventional gas separation processes e.g. Pressure swing adsorption
(PSA), cryogenic distillation and absorption [51]. In order for polymeric membranes
to be economically viable in industry, these materials need to surpass the gas

transport properties of the state of the art polymeric materials [49].

0.0001 0.01 1 100 104
P(C 02) Barrers

Fig.3: Permeability and selectivity trade-off with the 1991 and 2008 Robeson upper bounds [49, 50].

Another issue, plasticization, is of particular concern for glassy polymer membranes for
separation of gaseous mixtures (CO,/CH4, CO,/N,, propane/propene etc.). Plasticization
has not been accounted for on the Robeson plot as it only shows the pure gas separation
results at 1 bar pressure. Plasticization is defined as an increase in the segmental motion

of polymer chains, due to the presence of one or more sorbates, such that the
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permeability of all components increases and the selectivity decreases [52]. The highly
sorbing gas in the polymer matrix disrupts chain packing and enhances the segmental
mobility of the polymer chains. Since the permeability of slower components (CHy4, N»)
increases more than that of the faster component (CO,), plasticization causes a decrease
in membrane selectivity [52]. This loss in selectivity is mainly caused by the reduction in
diffusivity selectivity due to excessive segmental motion. In other words, the membrane
loses its ability to discriminate between the subtle size and shape differences. Fig.4 is a

schematic of CO, permeability versus pressure in a CO, gas separation.

Plasticization pressure

'
1
1
1
|
1
1
|
1
I
1
[

CO, permeability
ISTAUIRETE]N

CO, pressure

Fig.4: Schematic of CO,-induced plasticization behavior in polymer membranes.

As CO; pressure increases, the onset of plasticization occurs, the pressure at which the
Permeability versus CO; pressure curve shows a minimum is known as the plasticization
Pressure (dashed line). Below the plasticization pressure the permeability decreases due
to saturation of the Langmuir sites. Above the plasticization pressure polymer chain
mobility increases due to swelling by the dissolved CO,, which results in upward
inflection of CO, permeability with a corresponding loss of membrane selectivity. For a
CO,/CH4 binary mixture for instance, increased feed pressures and CO, concentrations
(10-45 mol %) lowered the CO,/CHy4 selectivity for CA membranes by a factor of 1.5-1.2
between 10 and 50 bar [53]. In a similar study, the ideal selectivity of CO, over CH4 was
3-5 times higher than the selectivity of the mixed gases for CA membranes at feed CO,
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concentrations higher than 50% and pressure up to 54 bar [54]. This is attributed to
swelling or/and plasticization effects of CO,, since CO, is much more soluble in CA than
CH4. However, it was proven that CA membranes can still be used to remove both CO,
and H»S and reach the US pipeline specification for sour gases, if the feed gas contains
CO; less than 15 % CO; and 250 ppm H,S, and no water vapor [55]. A detailed overview
of plasticization phenomena in gas separation membranes is given by Ismail and Lorna

[56].

There are several methods which have generally been utilized to suppress CO;
plasticization. A short overview of these approaches is presented below. Chemical,
thermal and radiation cross-linking are among the most comprehensive approaches
being used to improve the gas separation properties of membranes for applications in
rigorous environments. Chemical cross-linking modification imparts anti-plasticization
properties to the material, enhances chemical stability and reduces ageing [57].
Diamine cross-linking has proven to be one of the most simple and effective methods of
cross-linking ~ for  polyimide =~ membranes.  p-Xylenediamine  cross-linked
6FDA-(2,6-diamino toluene) (DAT) Pl-membranes resulted in reduced CO;
plasticization and increased CO,/CH4 selectivity [58]. 1, 3-Propanediol (PDL)

cross-linked PI-membranes showed a greatly suppressed CO; plasticization as well [59].

Another approach for cross-linking membranes is the formation of hyper-branched
polyimides by reaction of triamines with dianhydrides [60]. Bos et al. [52] thermally
cross-linked the polyimide films to stabilize against plasticization. At high temperature,
polymer matrix cross-linked and resulted in a reduced segmental mobility of polymer
chains, thereby suppresses plasticization. Kita et al. [61] studied the cross-linking of
polyimides containing benzophenone using UV radiation. It was observed that duration
of irradiation has a direct influence on the performance of membranes. The selectivity of
gas pair showed improvement at the cost of reduced permeability, presumably due to

densification of the membrane structure.
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Polymer blending is another possibility to modify polymer properties. Kapantaidakis et
al. prepare membranes with Matrimid®/PSF and observed a delay in plasticization
pressure with increasing PSF fraction [62]. In another study, Bos and co-workers blended
Matrimid with polysulfone and the co-polyimide P84 to improve membrane
plasticization resistance [63-64]. The resulting membranes showed excellent resistance
against plasticization at the cost of drop in permeability. Despite of excellent
plasticization resistance of these above mentioned treated (chemically, thermally and UV
cross-linked or blended) membranes their resulting transport properties lie

significantly below the state of the art performance for polymers [49].
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2. Materials and methods

2.1. Materials

In our experiments, Benzene-1,3,5—tricarbaldehyde (TCA) (98%, Manchester Organics
Ltd) , [(2,2°ethylene dioxide) bis(ethylamine)) / DEG] and (4,7,10-trioxa-1,13-
tridecanediamine) / TEG] were used to make the polymeric membranes. TCA was used
as the core connectors of the membrane structures. [(2,2(ethylene dioxide)
bis(ethylamine))] and (4,7,10-trioxa-1,13-tridecanediamine)] were used as monomers
and purchased from Sigma, Aldrich. All the products were used original as purchased
without modifications. For all the solutions, Acetonitrile and N-Methyl-2-

pyrrolidone (NMP) were used as a solvent and purchased from Sigma, Aldrich.

2.2.  The synthesis of the polymeric materials

The polymeric materials have been prepared by using condensation polymerization
between one of main subtracts [DEG] or [TEG] with [Benzen-1,3,5-tricarbaldehyde /
TCA]. TCA was used as the core connector of the prepared polymeric membrane. The
cross-linking degree will be varied by changing the molar fraction of [DEG] or [TEG],
while the molar fraction of [TCA] reactant is held constant. The structures and stability of
the synthesized polymer membranes are confirmed by (‘HNMR) analysis BRUKER
NMR AVANCE 300MHz spectrophotometer.

The procedures for synthesizing the polymeric membranes are summarized as the

following:

1. Weigh the suitable amount of reactant substances according to the above table.

2. Dissolve the reactant substances in 50 ml of Acetonitrile or N-Methyl-2-
pyrrolidone (NMP) solvent.

3. Place the dissolved reactants in 100 ml rounded flask and then reflux it at 70°C with
stirring the reaction mixture around 450 rpm.

4. Keep the reactions running until it is completed, this is recognized by 'HNMR

instrumental analysis.
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5. Use the rotary evaporator at 40°C and 200 rpm to decrease the amount of used
solvent.

6. Casting the resulting polymeric materials by putting it in a Teflon plate, then place it
inside the oven at 60°C and 120°C overnight, sometime it need more time (2 days).

7. Removing the synthesized membranes carefully from the Teflon plates to obtain solid
dense polymeric membranes.

2.3.  The chemical structures of the polymeric materials

(Fig.5) and (Fig.6) represent the chemical structure of the prepared polymeric membranes
that have been used for the gas separation.

H O
O H
+ HoaN o~~~ O NH,
LN 2,2'-(ethlenedioxy)bis(ethylamine)
benzene-1,3,5-tricarbaldehyde DEG
TCA CH;CN / MNP

o, o
~ 0NN _N\/\O/\/O\/\Njé\w

NS

Expected Structure (M1-DEG) / (M2-DEG)

Fig.5: The chemical structure of the (M1-DEG-in Acetonitrile solvent) and (M2-DEG-(in
NMP solvent).
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H (0]
(0] H

+ HZN\/\/O\/\O/\/O\/\/N H,
H Y0 4,7,10-Trioxa-1,13-tridecanediamine

benzene-1,3,5-tricarbaldehyde TEG

TCA
CH;CN / MNP
M7(¢N\/\/O\/\O/\/O\/\/N— —N\/\/O\/\O/\/O\/\/NQ&KM

=
N\/\/O\/\O/\/ O\/\/N\)YAN
Expected Structure (M3-TEG) / (M4-TEG)

Fig.6: The chemical structure of the (M3-DEG-in Acetonitrile solvent) and (M4-DEG-(in
NMP solvent).

2.4. Characterization of the polymeric membranes

The used polymeric membranes for gas separation have been synthesized by reflux
method, then it casted in a Teflon plate inside the oven at 60°C overnight. After the
membranes were dried at room temperature, the membrane materials were characterized
by the following techniques: ((HNMR) analysis (BRUKER NMR AVANCE 300MHz
spectrophotometer) and FTIR Spectrometer (model Nicolet 710), these techniques used
to give information about the chemical structure of the polymeric membranes.
Thermogravimetric analysis (Hi-Res TGA 2950,TA Instruments) and Differential
Scanning Calorimetry (DSC 2920Modulated DSC, TA Instruments), were used to give
information about the thermal-stability. The contact angle analysis was used to give
information about the hydrophobicity of membranes. In additional too the scanning
electron microscopy (SEM) (a Hitachi S4800 Field effect microscope detector) allowed
the thickness and the quality of the active deposited layer to be determined. The
principles of the used characterization techniques are mentioned before in (chapter (2),

section (2.4)).
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2.5. Gases tested

The gases used in the experiments were nitrogen (industrial grade (99.99%), Praxair,
USA), methane (industrial grade (99.5%), Praxair, USA) and carbon dioxide (high-purity
grade (99.998%), Praxair, USA).

2.5.1. Pure gas permeability experiments

Gas permeability experiments were carried out for CO, N,, and CH4 using the
experimental setup shown in (Fig.7). This setup is composed by two identical
compartments (feed and permeate), made of stainless steel separated by the polymeric
membranes (effective area of 9.62 cm?). Both compartments were pressurized with the
pure gas, and after opening the permeate outlet, a pressure difference of about 0.7 bar was
imposed. The pressure evolvement in each compartment along time was monitored using
two pressure transducers (Druck, PDCR 910 models 99166 and 991675, England).
Permeability measurements were performed at 30°C the. The membrane thickness was
measured using a Elcometer® 124 Thickness Gauge (United kingdom) and the
membrane weight using an analytical balance (Kern & Sohn GmnH ABJ 220-4M) before

and after each gas permeation experiment, in order to evaluate the weight loss of these

=1

| ETO ® ¥

o

! FEED FERMEATE

Fig. 7: Experimental set-up for measuring the pure gas permeability of the polymeric
membranes: V1, V4 are inlet valves; V2, V3 are exhaust valves; PI1, PI2 are the pressure
transducers; TC-Temperature controller, the whole setup is placed in a thermostatic water
bath [65-66].

membranes.
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2.5.2. Theory
Gas permeability and ideal selectivity of the polymeric membranes

The permeability of a pure gas through the supported liquid membrane is calculated from
the pressure data obtained from both compartments (feed and permeate) shown in (Fig.7)

according to the following Eq. (10) [67].

1 P —P t
_1n<[ feed perm]0> —p- (10)
B [Pfeed - Pperm] !

Where Ppeeq and Pperm correspond respectively to the pressure in feed and permeate
compartment (bar), P is the membrane permeability (m?/s), t is the time (s), 1 is the
membrane thickness (m), and p (m™) is a parameter characteristic of the geometry of the

cell, given by:

,B—A< ! + ! > (11)
ered Vperm

Where A is the membrane area (mz), Vieed and Vpemn are the volumes of the feed and

. A
permeate compartments (m”), respectively. The data can be plotted as %ln (ﬁ) versus

% , where the slope of this representation corresponds to the gas permeability.

The ideal selectivity (ay/p) can be determined by dividing the permeabilities of two

different pure gases (A and B), and can also be expressed by the solubility (S) and
diffusivity (D) contributions

4/5 = Py SgDg

(12)
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3. Results and discussion

3.1.  Characterization of the polymeric membranes

The polymeric membranes that used for gas separation have been characterized before
testing the gas permeability and the obtained results from the characterization techniques
are summarized below as the following:

3.1.1. Scanning electron microscopy (SEM) measurements

Fig.8 and Fig.9 represent the Scanning electron microscopy (SEM) measurements for the
used polymeric membranes, the cross section view and top view, allowed the thickness of
the membranes, and the quality of the active deposited layer to be determined. The
figures show that all membranes were found dense and nonporous and two layers were

found one was smooth and other is wavy.

5-4800 x25.0k

Fig.8: SEM images of the polymeric membranes (surface view).
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Fig.9: SEM images of the polymeric membranes (cross section view).

3.1.2. FTIR spectroscopy measurements

This is a technique that provides structural information based on the nature of existing
bonds in the structure of organic compounds or inorganic materials. It is based on
absorption of infrared radiation leads to linear and angular vibration molecular bonds.
The modes of vibration associated with certain functional groups give rise to absorption
bands which extend in specific regions; also the exact position of the absorption
frequency reveals additional information about the group's environment. The composition
of the obtained polymeric membranes was determined qualitatively by FTIR
Spectroscopy on the basis of the following characteristic bands illustrated in the table (3).
Moreover, (Fig.17) and (Fig.18) represent the FTIR spectra of the used polymeric
membranes for gas separation; the figures gave good information about the structure of
these prepared polymeric membranes. See the Appendix (6.1) for the FTIR spectra for
the used polymeric membranes (Fig.17) and (Fig.18).
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Table (3): FTIR Spectroscopy of the prepared polymer membranes.

M1-DEG M2-DEG M3-TEG M4-TEG Band peak
3422.8 cm’! 34103 cm’! 3427.5 cm’! 3454.9 cm’! N-H band
(medium, stretching, amine)
2863.2 cm’! 2872.7 cm’! 2857.7 cm’! 2857.7 cm’ C-H band
(medium, stretching, aldehyde)
2323.6 cm’! 2327.6 cm’! 2326.3 cm’! 2320.8 cm’! C-H band
(weak, bending, aromatic)
1666.2 cm’™ 1672.5 cm’! 1644.2 cm™ 1636.0 cm™! C=N band
(medium, stretching, Imine)
1466.2 cm™! 1462.5 cm’! 1438.8 cm’ 1455.2 cm™ C-H band
(medium, bend, aromatic)
1356.6 cm’™ 1347.5 cm’™ 1332.0 cm’™ 1351.1 cm™ C-N
(medium, stretching, amine)
1097.0 cm™ 1095.0 cm™ 1112.8 cm™ 1099.1 cm™ C-O band
( strong, stretching, ether)
926.6 cm’ 909.9 cm™! 970.4 cm’ 973.1 cm’ C=C band
(strong, bending, alkene)

3.1.3. '"HNMR spectroscopy measurements

The composition of the polymeric membranes that used for gas separation was
determined by 'HNMR spectroscopy on the basis of the characteristic bands that
appeared in the spectra of polymeric materials are illustrated in (Fig.10). The spectra
were recorded on a Bruker instrument operated at 300 MHz. All samples were dissolved
in CDCls and analyzed at room temperature. The chemical shifts were recorded in ppm as
shown in (Fig.10). See the Appendix (6.2) for the 'HNMR spectra for the used
membranes.

The assignments of the signals in the NMR spectra (Fig.10) are the following:

- The peaks at 9.75 ppm are attributed to unreacted bis-aldehyde and monoaldehyde
groups in agreement with the mono-imine and di-imine peaks, respectively, observed
at 8.5-8.7 ppm.

- On the addition of DEG and TEG we observe two kind of imine CH=N protons at 8.5
ppm attributed to PEG-N=CH protons and at 8.1 ppm attributed to PEG-N=CH
protons

- The peaks between 8.5-7.75 ppm correspond thus to the aromatic protons of BTC
with variable imino-subtitution degrees.

- The aliphatic region of spectra we may identify the methylene protons of PEGs.
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- Once the PEG is added the spectra become broad probably due to specific

encapsulation of aromatic residues within a highly charged shell of PEG.

., . :
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Fig.10: The '"HNMR spectra for the used polymeric membranes for gas separation.

3.1.4. TGA measurements

The TGA measurements were performed to the used membranes [(M1-DEG), (M2-
DEG), (M3-TEG), and (M4-TEG)] for gas separation. The obtained (TGA) values for
membranes are represented in (Fig.11). As shown in the figures, the higher thermal
stability observed in case of polymeric membranes that contain (TEG) substrate than
others that contain (DEG) substrate, this might indicate that the presence of (TEG)
substrate inside the polymeric structure increase the cross linking and glassy properties of
the polymeric materials when compared with other membranes that contain (DEG)
substrate inside the polymeric structures. See the Appendix (6.3) for the TGA spectra for

the used membranes.
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Fig.11: TGA measurements of the used polymeric membranes for gas separation.

3.1.5. DSC measurements

The DSC measurements were performed to the used membranes [(M1-DEG), (M2-DEG),
(M3-TEG), and (M4-TEG)] for gas separation. The obtained (DSC) wvalues for
membranes are represented in (Fig.12). As shown in the figures, the higher glass
transition temperatures (Tg) values were observed in case of polymeric membranes [(M3-
TEG) and (M4-TEG)] that contain (TEG) substrate than others that contain (DEG)
substrate, this might indicate that the using of long chain (TEG) substrate instead of
(DEG) substrate within the chemical composition of the polymeric membranes increase
the cross linking and thermal stability properties of the polymeric materials when
compared with other membranes that contain (DEG) substrate inside the polymeric

structures. See the Appendix (6.4) for the DSC spectra for the used membranes.
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Fig.12: DSC Values of the used polymeric membranes for gas separation.
3.1.6. Contact angel measurements

Surface properties of a membrane give information about its hydrophobicity. The contact
angle increases with increasing surface hydrophobicity. This can help better understand
the kinetic interaction of the gases with the membrane surface. The measurements on the
contact angle of the polymeric membranes were carried out on all the used polymeric
membranes in order to explain the effect of hydrophobic character of the used membranes
for the permeability and selectivity of the used gases through the membranes. The contact
angle was measured using the software called Imagej method. In this method, the contact
angle of the used membranes was measured using a drop of water on the membrane, then
using the pictures taken by the camera, the contact angle was measured before the
transportation of the gases, then the contact angle was used for comparison between the
used membranes for gas permeability through the membranes. Fig.13 and Fig.14 are
represented the contact angle measurements for the used polymeric membrane before the
transportation of gases through the membranes. It is clear from the figure that the used
membranes materials have partially hydrophobic and symmetrical characters as the left
and right contact angle are almost equal. In additional to the hydrophobic character of the
used membranes that contain (TEG) substrate is higher than the polymeric membranes

that contain (DEG) substrate, this might indicate that the presence of (TEG) substrate
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inside the polymeric structure increases the cross linking and hydrophobic properties of
the polymeric materials. See the Appendix (6.5) for the contact angles measurements for

the used membranes.
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Fig.13: Contact angles measurements for the used polymeric membranes for gas separation.
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Fig.14: Contact angle for the used polymeric membranes for gas separation.
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3.2.  Gas permeability and selectivity through the polymeric membranes
3.2.1. The permeability of (CO,, N, and CH,) gases

The permeability of (CO,, N, and CHy4) gases through the used polymeric membranes was
measured; the experiments were carried out at (30°C). The membranes were weighed
before and after the experiment to check the loss in membranes weight. There is no
weight loss obtained for all membranes tested. This gave indicate that these membranes
retained stable at the tested temperature (30°C) and tested pressure difference of 0.7 bar.
As previously mentioned all permeability values were calculated according to Eq. (10),
taking into account the pressure data from the feed and permeate compartments, the

thickness of the membrane and the geometry of the cell used.

The permeability of the selected gases (CO,, N, and CHy) through the used polymeric
membranes obtained is represented in table (4). As it can be observed, the permeability of
CO; is higher than other used gases (N, and CHy4) for the polymeric membranes.
Additionally, it can be observed that, the CO, permeability through polymeric
membranes that contain (DEG) substrate material for synthesizing the membranes are
higher than other membranes that have (TEG) substrate material. This might be related to
the hydrophobic and rubbery behaviors of the (TCA-DEG) membranes comparing with
(TCA-TEG) membranes, which effect on the morphological structure, then the
permeability of the gases through the polymeric membranes. Moreover, the table showed
that, the permeability of CO, through the used membranes arranged as the following:
M2-DEG (in NMP solvent) > M1-DEG (in Acetonitrile solvent) > M4-TEG (in NMP
solvent) > M3-TEG (in Acetonitrile solvent). The same behavior has been occurred in
case of permeability of other gases (N, and CH4) through the used polymeric membranes,
but there is no much difference between (N, and CHy4) gases permeabilities through the
used polymeric membranes. In case of comparing the permeabilities of used gases (CO,)
and (N, and CH,) through the same polymeric membranes, it is clear that the
permeability of CO, gas > N, gas > CHy gas. This might related to the polarity behaviour
of CO, gas comparing with other non-polar gases (N, CHy), this might help to accelerate
the diffusion and permeability of CO, through the used polymeric membranes.
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Moreover, the kinetic diffusion diameter of gases effect on the permeability through the
dense membranes, as the kinetic diffusion diameter (A) of used gases are the following
(CO; = 3.325) < (N, = 3.568) < (CH4 = 3.817), this might give an indication about the
permeabilities of gases through the used polymeric membranes are arranged as the
following (CO, gas) > (N, gas) > (CH4 gas).

Table (4): The permeability of (CO,, N,, and CHy) through the tested membranes.

Membranes Permeability (m?/sec) x10™"' Permeability (Barrer)
Pcoz Pn2 Pcuy Pcoz Pn2 Pcus
MI1-DEG 6.12 0.295 0.221 73.73 3.55 2.66
M2-DEG 6.62 0.245 0.211 79.76 2.95 2.54
M3-TEG 2.95 0.231 0.191 35.54 2.78 2.30
M4-TEG 3.72 0.262 0.218 44.82 3.16 2.63

3.2.2. Ideal selectivities for gases

Table (5) showed the ideal selectivities obtained for the membranes tested at 30 °C. The
ideal selectivity was calculated taking into account the ratio of the permeabilities
measured for pure gases (Eq. (10)). It was observed that the selectivity of polymeric
membranes towards CO, was higher than other tested gases (N, and CH4). Additionally,
the ideal selectivity is much higher for polymeric membranes contain (DEG) substrate
when compared with other polymeric membranes that contain (TEG) substrate.
Moreover, table (5) shows that the selectivities for the used polymeric membranes are
increasing as the following: M2-DEG (in NMP solvent) > M1-DEG (in Acetonitrile
solvent) > M4-DEG (in NMP solvent) > M3-TEG (in Acetonitrile solvent). This might
relate to the increasing in the permeability of (CO,) gas through the polymeric
membranes comparing with other gases (N,) and (CHy). In additional to the increasing in
the rubbery and hydrophilic behaviour of the polymeric membranes that contain (DEG)

substrate when compared with other polymeric membranes contains (TEG) substrate.
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The (TGA) and (DSC) analysis gave indication about the rubbery properties of the used
polymeric membranes, see sections (3.1.4) and (3.1.5). Moreover the contact angle
measurements gave information about the hydrophobic/ hydrophilic behavior of the used

polymeric membranes, see section (3.1.6).

Table (5): (CO,/N;) and (CO,/CHy) ideal selectivities of the tested membranes.

Membranes Ideal selectivity Ideal selectivity
0 (CO,/Ny) 0 (CO,/CHy)
MI-DEG 20.75 27.69
M2-DEG 27.02 31.37
M3-TEG 12.77 15.45
M4-TEG 14.20 17.06

3.2.3. The Robeson Upper bound correlation

In order to compare the ideal selectivities obtained in this work with data available in the
literature, the (CO,/N;) and (CO,/CHa,) selectivities as a function of the CO, permeability
at 30°C is represented in (Fig.15) and (Fig.16). These upper bound correlations were
obtained by Robeson et al. [49, 68] from literature data. Each one of the lines represented
corresponds to the Robeson’s upper bound for the specific temperature (30°C) while data
points correspond to experimental values obtained in this work. Therefore, data points
above this line may be considered as an improvement over the results published so far. It
is observed that the results obtained in this work are generally below the upper bound
lines at 30°C. Moreover, the results obtained by using the polymeric membranes that
contain [DEG] substrate are closer from the lines and higher than the values obtained in
case of using the polymeric membranes, that contain [TEG] substrate . In additional too,
the used membranes tested in this work are stable at the (30°C) for a pressure difference
of (0.7 bar), and they are selective towards CO, when compared with (N,) and (CHy4)
gases, also when compared with other membrane materials in the literature their

selectivity is lower.
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Fig.15: Robeson plot for (CO,/N,) with results from the current work.
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Fig.16: Robeson plot for (CO,/ CHy4) with results from the current work.
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4. Conclusion

The approach proposed in this research work consists on the synthesis and
characterization of dense polymeric membranes for gas separation application. Firstly the
different polymeric membranes were synthesized by condensation polymerization
between one of main subtracts [(2,2 ethylene dioxide) bis(ethylamine)) / DEG] and
(4,7,10-trioxa-1,13-tridecanediamine) / TEG] with [Benzene-1,3,5-tricarbaldehyde /
TCA]. The resulting polymer membranes were characterized spectrometry by
(FTIR,"HNMR), their thermal stability were characterized by (TGA and DSC), and the
morphological structure was characterized by (SEM and contact angle). The gas
permeability measurements for the tested polymeric membranes showed that the
permeability of CO, is higher than other used gases (N, and CH4) for the polymeric
membranes. This might related to the polarity behaviour of CO, gas comparing with
other non-polar gases (N, CH4), this might help to accelerate the diffusion and
permeability of CO, through the used polymeric membranes. Moreover, the kinetic
diffusion diameter of gases effect on the permeability through the dense membranes, as
the kinetic diffusion diameter (A) of used gases are the following (CO, = 3.325) < (N, =
3.568) < (CH4 = 3.817), this might give an indication about the permeabilities of gases
through the used polymeric membranes are arranged as the following (CO, gas) > (N,

gas) > (CH4 gas).

Additionally, it is observed that the CO, permeability and the ideal selectivity through the
tested polymeric membranes that contain (DEG) substrate material within the membrane
polymeric structures are higher than other polymeric membranes that have (TEG)
substrate material. This might relate to the increment in the hydrophilic and rubbery
behaviors of the (TCA-DEG) membranes comparing with (TCA-TEG) membranes,
which effect on the morphological structure and the permeability of the gases through the
polymeric membranes. Moreover, the permeability and ideal selectivity of CO, through
the used polymeric membranes are arranged as the following [M2-DEG (in NMP solvent)
> MI1-DEG (in Acetonitrile solvent) > M4-TEG (in NMP solvent) > M3-TEG (in

Acetonitrile solvent)] as shown in tables (4 and 5).
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Generally, the tested polymeric membranes in this research work are stable at the (30°C)
for a pressure difference of (0.7 bar), and they are selective towards CO, when compared
with (N;) and (CH4) gases, also when compared with other polymeric membrane
materials in the literature their selectivity is lower than the common used polymeric
membranes for CO, permeability. Finally, thanks to the possibility to combine the
structural and functional features of different monomers, the heteropolymeric membrane
materials can exhibit very different properties from their original homopolymeric
components. In the above-developed examples, this strategy revealed itself to be a
versatile way for the synthesis of new membranes presenting different permeabilities and

preserving their selectivity towards gas separation application.
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6. Appendix

6.1. Appendix: FTIR measurements
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Fig.17: FTIR spectra for the prepared polymeric membranes (M1-DEG) and (M2-DEG).
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Fig.18: FTIR spectra for the prepared polymeric membranes (M3-TEG) and (M4-TEG).
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6.2. Appendix: HNMR measurements
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Fig.19: The "HNMR spectra for the (M1-DEG) polymeric membrane for gas separation.
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Fig.20: The 'HNMR spectra for the (M2-DEG) polymeric membrane for gas separation.
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Fig.21: The 'HNMR spectra for the (M3-TEG) polymeric membrane for gas separation.
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Fig.22: The '"HNMR spectra for the (M4-TEG) polymeric membrane for gas separation.

213



EUDIME (2012-2015) Chapter (4)

H O
o H
+ HaN o~ ™~ O —NH,
H X0 2,2'-(ethlenedioxy)bis(ethylamine)
benzene-1,3,5-tricarbaldehyde DEG
TCA CH;CN / MNP

5 o
~ o ~"N _N\/\O/\/O\/\N_?CAN‘

NS
T Yo

Expected Structure (M1-DEG) / (M2-DEG)

H O

O H
L HN _~_O0_~ O/\/O\/\/NHZ

H Y0 4,7,10-Trioxa-1,13-tridecanediamine

benzene-1,3,5-tricarbaldehyde TEG

TCA
CH;CN / MNP

%N\/\/O\/\O/\/O\/\/N— —NM\/O\/\O/\/O\/\/N>><\A

NS
N\/\/O\/\O/\/OV\/N§)§M

Expected Structure (M3-TEG) / (M4-TEG)

214



EUDIME (2012-2015)

Chapter (4)

6.3. Appendix: TGA measurements
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Fig.23: TGA measurements of the (M1-DEG) membrane.
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Fig.24: TGA measurements of the (M2-DEG) membrane.
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Fig.25: TGA measurements of the (M3-TEG) membrane.
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Fig.26: TGA measurements of the (M4-TEG) membrane.
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6.4. Appendix: DSC measurements
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Fig.27: DSC measurements of the (M1-DEG) membrane.
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Fig.28: DSC measurements of the (M2-DEG) membrane.
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Fig.29: DSC measurements of the (M3-TEG) membrane.
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Fig.30: DSC measurements of the (M4-TEG) membrane
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6.5. Appendix: Contact angle measurements

The contact angles measurements (The left and right contact angles) for the used
polymeric membrane before the permeability of gases through the polymeric membranes
have been summarized in table (6).

Table (6): Summary of the average contact angles measurements.

M1-DEG M2-DEG M3-TEG M4-TEG
LCA RCA LCA [ RCA | LCA | RCA | LCA RCA
86.75 83.37 | 93.32 | 92.25 | 101.42 | 99.15 | 105.07 104.71
86.42 84.55 92.57 | 91.33 | 99.76 | 98.82 | 104.88 104.05
87.22 84.36 | 92.15 [ 91.74 | 100.51 | 98.92 [ 104.78 103.94
86.57 84.18 | 92.77 | 91.52 | 100.72 | 99.89 | 105.11 104.24
86.74 84.12 92.7 | 91.71 | 100.6 | 99.2 | 104.96 104.24
*(Left contact angle: LCA) & (Right contact angle: RCA)
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Membrane functionalized with enzyme for
selective conversion and separation.

Substrate Conversion
(Biocalalysis)

Separation
(Membrane)

Product
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Abstract

The approach proposed in this work consists on the development of two different
methods of PVDF membrane functionalization with a phosphotriesterase (PTE) enzyme
to construct biocatalytic membrane reactor (BMR) for bioconversion of paraoxon to
p-nitrophenol as a product. The first method employs reversible dispersion of magnetic
nanoparticle immobilized with PTE using an external magnetic field on the surface of
native PVDF membrane. On the contrary, the second method comprises chemical
grafting of the PTE enzyme, after surface modification of the native PVDF membrane
with DAMP-GA-Enzyme. Both methods of enzyme immobilization showed good
efficiency and sensitivity towards the bioconversion of paraoxon substrate at different
conditions applied in the biocatalytic membrane reactor (BMR). The immobilized
process induced a negative effect on the enzyme activity since both methods of
immobilization revealed loss in the enzyme activity. In case of PVDF-MNPs-Enzyme
there was an order of magnitude activity loss after immobilization (0.91 U/mg) compared
to free enzyme activity (9.164 U/mg), while in case of PVDF-DAMP-GA-Enz there was
two order of magnitude activity loss after immobilization (0.06 U/mg) lower than the
activity obtained for the free enzyme (9.164 U/mg). Moreover, the modified PVDF-
MNPs-Enzyme membrane showed higher enzyme activity when comparing with PVDF-
DAMP-GA-Enzyme membrane inside biocatalytic membrane (BMR) reactor.
Furthermore, the results showed that the efficiency and performance of the developed
polymeric membranes with PTE enzyme are influenced by the enzyme concentration, the
substrate concentration, the transmembrane pressure, and the enzyme residence. Overall,
the concept developed in this research work will help bring new track on the development
of polymeric membrane with biomolecular materials to create biocatalytic membrane
reactor (BMR) for different application. Indeed, it is quite possible to transfer these
principles to other traditional membrane systems to improve their properties and make

them more efficient and selective towards biological applications.

Keywords:
Biocatalytic membrane reactor (BMR); Polymeric membranes; Functionalization;

Biomolecular materials; Phosphotriesterase (PTE) enzyme; Paraoxon.
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1. Introduction

Numerous polymeric membranes that have excellent physical and chemical bulk
properties do not possess the appropriate surface properties required for particular
applications. For this reason, surface modification of polymeric membranes has been of
prime importance in various applications from the advent of membrane-involving
industries. Incorporation of novel functionalities is a versatile means for surface
modification of polymeric membranes. Functionalized membranes are used for
immobilization of enzymes [1], for improvement of biocompatibility [2], preparation of
biosensors [3] and application in membrane bioreactors [4] due to their interesting
properties of high specific surface area and the possibility to combine separation with

chemical reaction [5].

1.1. Functionalization and properties of PVDF membrane
Polyvinylidene fluoride (PVDF) is a hydrophobic polymer that because of its outstanding

properties (high mechanical strength, chemical resistance, thermal stability, ultraviolet
weathering resistance), has received great attention as a membrane material compared to
other commercialized polymeric materials. For this reason, PVDF has been largely
applied in microfiltration (MF) and ultra filtration (UF) membranes processes [6]. Owing
to the well-known low reactivity of PVDF, biomolecules are unable to couple with its
surface in a covalent manner, so for this aim the grafting of functional groups is required.
Different surface modifications of PVDF membranes have been proposed in literature.
The functionalization is usually carried out by high energy radiation techniques like
plasma, ozonation and UV [7]. Only few examples of PVDF modification by wet
chemistry are reported principally in harsh basic or acid environment [8—10]. In this
contest one of the main issues to be addressed is the control of the PVDF degradation
with loss of mechanical properties. Also in the case of PVDF modification for
biomolecule attachment few examples are reported in which wet chemical approach was
used [8,11]. Surface grafting is one of the most promising methods to modify the
membrane surface through covalent bonding interaction between the grafted chains and
the membrane [12]. The grafting method proposed by Kuo et al. [13] which consists of an

introduction of amino groups on PVDF is one of the most interesting because it is
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economically sound with no expensive equipment requirement. Starting from this
method, the functionalization of PVDF membrane under basic condition was
investigated. In the literature, it is reported that when PVDF is treated with an alkaline
solution an elimination reaction occurs so fluorine and hydrogen are eliminated and
double bond is created in the PVDF chains [14]; subsequent attack of nucleophilic

molecules can lead to their grafting into PVDF chains.

1.2. Biocatalytic membrane reactors

Biocatalytic membrane reactors combine selective mass transport with chemical
reactions, The selective removal of products from the reaction site increases the
bioconversion of product-inhibited or thermodynamically unfavourable reactions.
Membrane reactors using biological catalysts can be used in production, processing and
treatment operations. The recent trend towards environmentally friendly technologies
makes these membrane reactors particularly attractive because they do not require
additives, are able to function at moderate temperature and pressure, and reduce the
formation of by-products. The catalytic action of enzymes is extremely efficient and
selective compared with chemical catalysts; Enzymes demonstrate higher reaction rates,
milder reaction conditions and greater stereo specificity. Their potential applications have
lead to a series of developments in several technology sectors: (1) the induction of
microorganisms to produce specific enzymes; (2) the development of techniques to purify
enzymes; (3) the development of bioengineering techniques for enzyme immobilization;

and (4) the design of efficient productive processes.

Since the 1950s, when protease was first immobilized on diazotized polystyrene, many
enzymes and microorganisms have been used in membrane reactors to catalyse
bioconversions. The use of biocatalysts for large-scale production is an important
application because it enables bio-transformations to be integrated into productive
reaction cycles. Biocatalysts (e.g. enzymes, microorganisms and antibodies) can be used:
(1) suspended in solution and compartmentalized by a membrane in a reaction vessel or
(2) immobilized within the membrane matrix itself. In the first method, the system might

consist of a traditional stirred tank reactor combined with a membrane-separation unit.
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In the second method, the membrane acts as a support for the catalyst and as a separation
unit (Fig. 1). The membrane can have a flat-sheet shape, assembled in a plate-and-frame
module (Fig. 2a) or a spiral wound module (Fig. 2b), or tubular-like, assembled in tube-

and-shell modules (Fig. 2¢); it can also have a symmetric (Fig. 2d) or an asymmetric (Fig.

2e) structure.

(a) (b)
Membrane Membrane  Immobilized enzyme
“ \
Reactants
Resctor & Reactants \ Retentate
D p—
Permeate Permeate
ands in Retechnoiogy

Fig.1. Main configuration types of membrane reactors: (a) a reactor combined with a membrane

operation unit, (b) a reactor with the membrane active as a catalytic and separation unit [4].
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Fig. 2. The different types of membrane and membrane modules: flat-sheet membranes assembled in
(a) plate and frame, and (b) spiral wound modules; (c) a hollow fibre membrane assembled in a tube-
and-shell module; (d) a symmetric membrane: a cross section of a flat membrane made of
polyetheretherketone (PEEK-WC); and (e) an asymmetric membrane: a cross section of a capillary
membrane made of polyamide [4].
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The biocatalyst can be flushed along a membrane module, segregated within a membrane
module, or immobilized in or on the membrane by entrapment, gelification, physical
adsorption, ionic binding, covalent binding or cross-linking (Fig. 3) [4].

Hincatalytic membrane reactors

I 1

Membrans serves as Msmbrans serves as

@ separation unit @ catalylic and separation umit
1
[ | [
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continuously fushed within wiihin gelitied on bound in
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1 | 2 |-
T'['I ; T'[?* _.lL'- 7[| 7 j']fi |
2 — Py
Suppor binding Cross-Jinking

| | |
Plyysical lorie. Covaloni
adsorplion bindding L

e w1 PR Ay

Fig.3. Examples of biocatalytic membrane reactors with enzymes immobilized using different
methods [4].

1.3. Organophosphate compounds (Paraoxon)
Organophosphate triesters have been employed in the agricultural industry as pesticides

and insecticides for several decades. Approximately 40,000 tons of various
organophosphates are applied annually to agriculture crops in the US. The most toxic
organophosphorus compounds known are the lethal nerve agents, tabun (GA), sarin (GB),
soman (GD), and VX as shown in Scheme 1 [15]. The toxicity of these compounds is due
primarily to the practically irreversible inhibition of acetylcholine esterase (AChE), the
enzyme responsible for hydrolysis of the neurotransmitter acetylcholine [16]. Enzymes

that are capable of hydrolyzing and detoxifying such agents are of significant utility.

Tabun Sarin Soman VX
\l/N\l/
Scheme (1): The most toxic organophosphorus compounds known are the lethal nerve

agents [15].
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Several organophosphate degrading enzymes have been isolated and characterized. The
best characterized among them is the phosphotriesterase (PTE) that was initially isolated
from the soil bacterium Flavobacterium sp. Strain ATCC 27551 identified in Philippines
[17]. The opd (organophosphate degrading) gene encoding the active hydrolase was
located on an extra chromosomal plasmid. The gene for the bacterial phosphotriesterase
was subcloned into several expression systems, including Escherichia coli [18], insect
cells [19], and in vitro compartmentalization [20]. The natural substrate for PTE remains
unknown. However, the purified enzyme is capable of hydrolyzing the insecticide
paraoxon at a rate that approaches the diffusion-controlled limit as presented in Scheme
2. The turnover number of the zinc-substituted PTE for Paraoxon hydrolysis is 2100 s,
while the corresponding value for kcat/Km is 4 x 107 M s™. Since the synthesis of
paraoxon was first reported in 1950 [21], it is remarkable that PTE could have evolved to
such a catalytic efficiency over a relatively short period of time. PTE also possesses the
ability to catalyze the hydrolysis of a wide spectrum of organophosphate insecticides
including parathion, methyl parathion, fensulfothion, among others [18]. In addition, PTE
is capable of hydrolyzing the nerve agents sarin, soman, and VX, but the catalytic
efficiencies for these substrates are significantly lower than the less toxic insecticides

[22,23].

1.4.Three-dimensional structure of phosphotriesterase

Phosphotriesterase is a member of the amidohydrolase superfamily [24], which also
includes urease [25] and dihydro-orotase [26] among others. Members of this superfamily
utilize one or two divalent metal ions to activate a hydrolytic water molecule for a
nucleophilic attack at tetrahedral phosphorus or trigonal carbon centers. PTE is a
homodimeric metalloprotein with a molecular weight of ~36 kDa/monomer [27]. A high
resolution X-ray structure has been solved for the bacterial PTE [28]. The active site of
the native enzyme contains two zinc ions per monomer. Incubation of PTE with various
metal chelators such as EDTA and 1,10- phenanthroline renders the enzyme inactive
[29]. The enzyme retains catalytic activity when the native Zn®" is replaced by Co®",

Cd**, Ni*", or Mn*". The cobalt-substituted enzyme is the most active form [29].
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Scheme 2: The hydrolysis of paraoxon to p-nitrophenol [15].

Like other members of the amidohydrolase superfamily, PTE adopts a TIM-barrel (af3)s
fold where the binuclear metal center is located at the C-terminal end of the B barrel
(Fig.4). The more buried metal ion in the active site, also known as the a-metal, is ligated
to His-55, His- 57, and Asp-301. The more solvent exposed metal ion (B-metal) is
coordinated by His-201, His-230, and a water molecule. The two metal ions are bridged
by the carboxylated Lys-169 and a water/hydroxide molecule, which is the apparent
nucleophilic species during the hydrolysis reaction (Fig.5). The X-ray structure of
phosphotriesterase bound with the prochiral substrate analog, diethyl 4-
methylbenzylphosphonate, revealed the presence of three subsites for substrate binding:
the small, large, and leaving group pockets accommodate the three substituents attached

to the phosphorus center [30].

Fig. 4: Crystal structure of phosphotriesterase featuring a TIM barrel fold. Coordinates taken
from PDB file 1 HZY [30].
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Asp 301

His 55 ﬁ
oL
B p
His 57
= His 201

His 230

Lys 169
Fig. 5: Binuclear metal center of phosphotriesterase representing the (a) and (h) metals bridged by
the catalytic solvent molecule. Coordinates taken from PDB file 1 HZY [30].

1.5. Novel magnetic-responsive biocatalytic membrane reactor

Super paramagnetic ferric oxide based nanoparticles (MNPs) represent a versatile
biocompatible nano-platform. Hence, colloidal dispersions of MNPs surrounded by
biocompatible coatings have attracted much interest for use in smart devices, sensors,
catalysis, bio-separation, magnetic guidance, and targeted drug delivery [31-34]. When
used for bio-magnetic separation after functionalization with for instance enzymes, they
are often associated with long-term stability over multiple cycles and during storage, in
addition to easy recovery from reaction mixtures [35]. The research on hybrid
membranes, consisting of a polymeric matrix within corporate MNPs, holds many
unexplored interesting avenues [36]. Their incorporation leads to stimuli-responsive
“smart” polymeric membrane with magnetic properties that can be modulated in a
reversible manner. The MNPs serves a dual purpose in the biocatalytic membrane
(micro) reactors (BMRs) where superparamagnetism is employed to tailor physical
confinement of enzymes at the membrane surface, thus combining biocatalysis, super
paramagnetic nanoparticles and super paramagnetic membranes during reaction.
Immobilization of enzymes on membranes to form BMRs is a typical example of process
intensification which aims at hybridizing two or more traditional operations to make
industrial production more efficient [37], since the coupling lowers chemicals and energy

consumption, while increasing reaction yields and minimizing waste [5, 38—40].
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BMRs have been applied in different sectors, e.g., in the pharmaceutical industry [41,42],

in the production of bio-renewables [43] and in waste valorization [44].

However, membrane fouling and enzyme activity loss demand chemical cleaning of the
membrane and enzyme replenishment, respectively. Since enzymes are loaded in
conventional BMRs either by simple adsorption on the membrane or by covalent binding
to the membrane, they are highly sensitive to chemical cleanings. In addition, when
membrane immobilized enzymes get denatured or over saturated, it is very difficult (if
not impossible) to replenish with fresh enzymes. Consequently, the ultimate fate of
biocatalytic membranes is only disposal. Hence, a novel immobilization technique that
fulfils the conditions of the BMRs, but still facilitates membrane chemical cleaning and
enzyme renewal is urgently needed. The aforementioned combination of enzyme
functionalized superparamagnetic nanoparticles (Bio/nanocomposites) and stimuli-
responsive “smart” polymeric membrane is now suggested as the key to solve this bottle
neck issue. Particularly, the appearance of the magnetic properties of the MNPs only in
presence of an external magnetic field gives a high degree of freedom for reversible
enzyme immobilization [45]. They can first be dispersed easily in a reactor in the absence
of the magnetic field and readily moved to a desired location by switching the magnetic
field on, while being removed later by switching it off again [46,47]. MNPs are used as
(1) support material for enzyme immobilization to form an enzyme immobilized super

paramagnetic particles (MNPs-Enz) [48-50].

The relatively stronger magnetic force exerted by the external magnetic field situated
below the membrane surface creates magnetic field gradient that helps in relocating the
MNPs in the liquid to the surface of the membrane. Since the north and south poles of the
MNPs attract each other, they align the MNPs and form chains. On the contrary, particles
coming close to each other with the magnetization direction parallel will repel each other,
thus leaving spaces between the aligned nano biocatalysts [51]. The dynamic layer of
MNPs-Enz can thus be considered as a specific reactor resulting from an array of micro
reactors formed by the voids between the MNPs connected by magnetic forces. Their

superparamagnetic properties can again be employed later on to recover the MNPs-Enz
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from the membrane surface whenever the membrane has for instance been severely
fouled and needs chemical cleaning, or when the MNPs-Enz has been denatured, by
simply switching off the external magnetic field and a subsequent mechanical stirring.
This novel approach, further referred as a superparamagnetic BMR (BMR®"), offers a
paradigm shift in addressing two of the most critical bottle necks of BMRs currently
hindering their wide spread use: easy recycling of the enzyme and extending the
membrane working lifecycle beyond the enzyme's active period. Similar to direct on to
membrane immobilization, the enzyme immobilized on MNPs will indeed be denaturized
in time. The novelty of the current system however is the ease to remove the denatured
MNPs-Enz and re-supply with fresh MNPs-Enz, while direct onto membrane

immobilization forces one to dispose a full membrane module [51].
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2. Material and Methods
2.1. Materials

A phosphotriesterase (PTE) enzyme (Sso-3M), glutaraldehyde (GA) and 1,5-dia-mino-2-
methyl pentane (DAMP) were purchased from (Sigma Aldrich, Italy). Flat sheet
polyvinylidene fluoride (PVDF) membrane with an average pore size of 0.2 um, 47 mm,
diameter and 200 pm thickness, which were kindly supplied by GVS Spa, Italy was used
as support for biomolecule immobilization. . The membrane has hydrophobic properties
and composite structure consisting of a selective PVDF layer on a nonwoven polyester
(PE) support. Magnetic nanoparticles (MNPs) (Amino-Adembeads) were purchased from
Ademtech. They are monodispersed and super-paramagnetic beads composed of
magnetic core encapsulated by a hydrophilic polymer shell. The surface was activated
with amine functionality. Amino-Adembeads are produced under aseptic conditions and
are sold in an aqueous suspension containing 0.09% NaNs;. EGDE (Ethylene Glycol
Diglycidyl Ether) and EDC (1-ethyl-3-(3-dimethylamino propyl) carbodiimide
hydrochloride), supplied together with the MNPs, were used as activators for the MNPs.
As a substrate, paraoxon-ethyl (90%, Sigma Aldrich) was used.

2.2. Enzyme immobilization
2.2.1. Enzyme immobilization on the PVDF membrane

The PVDF membrane was functionalized as described in G.Vitola et al., 2015 [52]. A
piece of PVDF membrane with 47 mm diameter was soaked in 20 mL of DAMP solution
(1M carbonate buffer, pH 11, 50°C) in order to graft the DAMP onto the membrane
surface. Subsequently, the membrane was washed with ultrapure water. The PVDF—
DAMP membrane was then treated for 2 h with glutaraldehyde (GA) solution (20% v/v)
at 25°C to graft the GA onto the PVDF-DAMP membrane (PVDF-DAMP-GA). The
membrane was thoroughly washed with distilled water until the entire residual GA was
removed. The PVDF-DAMP—-GA membrane were then immersed in PTE enzyme (1g/L)
solution (25 mL; in 50 mM buffer pH (8.5) at 25°C for 24 h under gentle stirring (50

rpm). Intense rinsing with buffer and distilled water were followed in order to remove
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biomolecules not stably linked on the surface, after that the membrane with immobilized
PTE (PVDF-DAMP-GA-PTE) was obtained.

As reported in G. Vitola et.al [52], in order to graft amino groups on the surface of PVDF
membrane, DAMP was used in basic environment. The PVDF polymer consists of
(~CH,CF,—) groups, but when it is treated with DAMP at very high pH (>10)
(~CH=CF-) groups are formed due to HF elimination. Based on the surface modification

mechanism of PVDF in aqueous alkaline medium that is proposed by Ross et.al [53].

2.3. Enzyme immobilization on magnetic nanoparticles

2.3.1. Activation of magnetic nanoparticles

The MNPs used for PTE immobilization have the following physical properties
[diameter: 200 nm (CV max 20%), magnetic susceptibility: approximately 40 emu/g,
specific surface area: 15 m*/g, iron oxide content: approximately 70%, surface charge:

positive at pH ~2-10, solid content: 10 mg/ml (1%)].

The protocol for activating the MNPs prior to enzyme immobilization is summarized as:

1. Take 1 mL from MNPs sample, and then remove the storage buffer solution by
applying magnetic field with magnet.

2. Prepare 20x diluted activation buffer by dissolving 1 mL of activation buffer up-to 20
mL with ultrapure water. The activation buffer is a mixture of EGDE (Ethylene
Glycol Diglycidyl Ether) and EDC (1-ethyl-3-(3-dimethylamino propyl) carbodiimide
hydrochloride) buffer solutions.

3. Re-suspense the MNPs up to concentration of 1%: For example, ImL of MNPs taken
from the stock, use 1mL of 20x diluted activation buffer.

4. Dilute the washed MNPs in a (1/10) 20x diluted activation buffer: Example, dissolve
1 mL of MNP in 9 mL of activation buffer.

5. Add 100 pL of EGDE per mg of MNPs. In this case 1 mL of MNP contains 10 mg of
MNP. Hence add 1 mL of EDGE for ImL of MNPs containing 10 mg of MNPs.

6. Homogenize and incubate while mechanically stirring the suspension at 200 rpm for

2h, at room temperature.

232



EUDIME (2012-2015) Chapter (5)

2.3.2. Magnetic nanoparticles biofuncationalization

The protocol followed to immobilize PTE enzyme on the surface of the MNPs is:

1. Wash the activate beads with 20x diluted amino activation buffer twice to eliminate the
excess EDGE buffer solution.

2. Remove the washing solution and add 1 mg of enzyme dissolved in HEPES buffer
solution (20 mM, pH 8.5, 25°C) with 10 mg of MNPs to form a superparamagnetic
biocatalytic particle (MNPs-Enz)

3. After vortex mixing, incubate the mixture for 2 h with stirring at 200 rpm at room
temperature.

4. Wash the beads well to remove none-systematically attached enzyme. The MNPs-Enz
nanoparticles were then decanted using a permanent magnet to separate them from

unreacted enzyme solution, before storing them on HEPES buffer (pH=8.5).

In order to determine the enzyme loading efficiency of the MNPs, both post-coupling
supernatant and pre-coupling enzyme solutions were kept in a refrigerator at 4°C. The
amount of immobilized enzyme was determined through mass balance by measuring the
amount of enzyme according to the BCA protein quantification kit method (Sigma-
Aldrich) using BSA as standard. Furthermore, direct quantification of the immobilized
enzyme was carried out by injecting a known amount of (MNPs-Enz) into the BCA

reagent instead of the magnetically isolated supernatant.
2.4. The enzyme activity measurements

The activity of free PTE enzyme, immobilized enzyme on PVDF membranes, and
immobilized on the surface of MNP were measured by following the product formation
as a function of time using UV-Visible spectrophotometer. The concentration of the
product was calculated from the absorbance value using an extinction coefficient of
(19920 M'em™). The substrate contained a mixture of 850 pL H,0, 50 uL tris buffer (pH
8.5) and 100 pL paraoxon (10 mM) to keep the final concentration of paraoxon in the
tank solution ImM. The obtained values of the absorbance are recorded over time; the

concentration was then plotted against time. The slope of the p-nitrophenol concentration
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as a product against time represents the reaction rate and the slope of mass of

p-nitrophenol versus time represents the enzyme activity.

2.5. Experimental set-up

To measure both free and immobilized enzyme activity, known amount of free enzyme or
known area of membrane with immobilized enzyme was kept in contact with the reaction
mixture. In the first case, the reaction took place in a tank with 30 mL total volume of
reaction mixture (Tris buffer, paraoxon, and distilled water) to obtain a final
concentration of (1mM) paraoxon substrate at 25°C. Samples were taken as function of
time to measure the amount of paraoxon converted and corresponding p-nitrophenol
produced. In the second case (Fig.6a), the chemically grafted (PVDF-DAMP-GA-
Enzyme) membrane (4.5 cm diameter) was mounted in a dead-end filtration module. The
system was then filled with 30 mL of the reaction mixture with concentration ranging
from (0.0625 to ImM) (Tris buffer, Paraoxon, and distilled water). A N, source was used
to supply the system with constant pressure. The system, named here biocatalytic
membrane reactor (BMR) was then operated under constant pressure mode. The
performance of the BMR was assayed through analysis of the flux trough the biocatalytic
layer and amount of product in the permeate side of the membrane.

For the enzyme immobilized on the surface of the spherical MNPs, the activity was
measured in two different forms. In one case, a known amount of MNP loaded with the
maximal amount of enzyme was kept in suspension with the reaction mixture (Tris
buffer, paraoxon, and distilled water) to obtain a final concentration of 1 mM. Sample
probes were withdrawn from the reaction mixture to analyze the amount of p-nitrophenol
formation over time. MNPs that leaked into the sample were magnetically separated and
returned back to the reaction mixture. In the other case (Fig.6b) known amount of MNP-
Enz were magnetically dispersed on the surface of native PVDF membrane using an
external magnetic field. The membrane (4.5 cm diameter) was mounted in a filtration cell

and the activity was monitored as mentioned before for case in (Fig.6a).
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Fig.6: Schematic representation of the biocatalytic membrane reactor (BMR) setup.
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3. Results and Discussion

3.1. Amount and activity of immobilized enzyme

3.1.1. Activity of enzyme immobilized on PVDF membrane

The optimal amount of PTE enzyme immobilized on the PVDF membrane was 1 mg
corresponding to 0.05 mg/cm’. The activity of PTE enzyme that is chemically grafted on
the surface of modified PVDF membrane (PVDF-DAMP-GA-Enzyme) under static
condition was determined by measuring the p-nitrophenol produced. The results were
compared with the activity of free enzyme measured under the same condition. Results
showed that the activity of the immobilized enzyme was (0.06 U/mg). This result was
two orders of magnitude lower than the activity obtained for the free enzyme (9.164

U/mg).

3.1.2. PVDF functionalized with MNPs-Enzyme.

Alternatively, MNPs were used as a support material for enzyme immobilization to form
an enzyme immobilized superparamagnetic particles (MNPs-Enz). The MNPs exhibit
superparamagnetism which allows the MNPs-Enz initially homogeneously dispersed in
the bulk reaction mixture to be deposited onto the PVDF surface by applying an external
magnetic field parallel to the surface of the PVDF membrane. The MNPs-Enz layer on
the membrane surface will help on reversibly immobilizing the enzyme over the

membrane surface to build the biocatalytic membrane (BMR) reactor shown in (Fig.6).
3.1.3 Activity of enzyme immobilized on MNPs

Fig.7 represents the amount of enzyme loaded on MNPs to form enzyme immobilized
superparamagnetic nanoparticles (MNPs-Enz). The amount of immobilized enzyme,
measured by directly injecting the MNP-Enz into the BCA reagent, increased linearly
with the amount of MNPs giving a maximal loading capacity of 41.4 pgg./mgunp. This
result was equivalent to the amount of immobilized enzyme obtained from mass balance

between the initial and post coupling solution (48.9 uge,/mguxe).
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Fig. 7: Behavior of enzyme amount as a function of (MNPs) amount.

The activity of free PTE enzyme and PTE enzyme covalently attached on the surface of
MNP (MNPs-Enz) was measured in the tank reactor. The obtained results showed that
compared to free enzyme activity (9.164 U/mg), there was an order of magnitude activity

loss after immobilization (0.91 U/mg).
3.1.4. Activity comparison for the modified membranes

Compared to free enzyme activity, enzyme immobilized direct on the surface of the
PVDF membrane (PVDF-DAMP-GA-Enzyme) resulted in two orders of magnitude
activity loss while immobilization on the MNP (MNPs-Enz) gave only an order of
magnitude reduction. From these results we can conclude that the immobilized enzyme
activity in case of MNPs-Enz was higher than in case of direct immobilization/chemical
attachment to the PVDF membrane with covalent bonds to form (PVDF-DAMP-GA-

Enzyme).
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3.2. Flux measurements through the biocatalytic membrane reactors
3.2.1. Flux measurements for PVDF-DAMP-GA-Enzyme

Fig.8 represents the flux through the native PVDF membrane and modified DAMP-GA-
Enzyme. Each experiment was conducted at 25°C, 0.5 bar transmembrane pressure and
30 mL of 1mM paraoxon in a continuous flow mode in the BMR. Moreover, for each
experiment a new set of PVDF-DAMP-GA-Enzyme membrane was used. The flux
through the membranes was in the order of: Tris Buffer > Tris Buffert DAMP-GA> Tris
buffer-DAMP-GA-Enzyme > Tris +DAMP-GA-Enzyme+Paraoxon.
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Fig.8: Flux through PVDF-DAMP-GA-Enzyme membrane at 0.5 bar and 25°C.

3.2.2. Flux measurements for PVDF-MNPs-Enz membrane

Fig.9 represents the flux through the native and membrane containing dynamic layer of
MNP-Enz. The orders of the flux value through the various membranes were: Tris Buffer
> Tris Buffer+ MNPs > Tris buffer + MNPs-Enz > tris + MNPs-Enz + Paraoxon. The
experiments were carried out at 25°C, 0.5 bar and 30 mL of 1mM paraoxon concentration

in a continuous flow mode in BMR. These experimental conditions were similar to the
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experimental condition used in the PVDF-DAMP-GA-Enz membrane to provide fair
basis for comparison. Moreover, for each experiment a new PVDF membrane and new

batch of enzyme activated MNPs-Enzyme were used to keep the same conditions.

2.0 1
490000000000
!... 00000.0..’..’
L6 | et mn e amamasssememesecaebaes
S XxXXXxxx
Né TR AKX X KX KRR X KKK K XXIKKXX
= 1.2 -
=
=
=
0.8 -
0.4 -
0.0 T T T T T 1
0 100 200 300 400 500 600
Time (min)
@ Flux (Tris buffer) ® Flux (Tris buffer+MNPs)
Flux (Tris buffer+MNPs-Enz) % Flux (Tris buffer +MNPs-Enz+Paraoxon)

Fig.9: Flux through the immobilized PVDF-MNPs-Enz membrane at 0.5 bar and 25°C.

3.2.3. Flux comparison for PVDF-GA-DAMP-Enz and PVDF-MNPs-Enz

membranes

By comparing the paraoxon flux through the modified PVDF membranes, it’s clear that
the flux obtained from PVDF-MNPs-Enz membranes was slightly lower than PVDF-
DAMP-GA-Enzyme. This might related to the presence of MNPs on the top surface of
PVDF membrane that created an additional thickness that slightly reduced the flux.

3.3. Effect of operating conditions on the reactors performance

In this section, detailed investigation of the effect of various operating parameters
(enzyme concentration, paraoxon concentration, transmembrane pressure) on the

performance of the BMR while using both PVDF-MNPs-Enz and PVDF-DAMP-GA-

Enzyme was carried out.
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3.3.1. Effect of immobilized enzyme

The effect of MNPs-Enz loaded on native PVDF membrane surface to form PVDF-
MNPs-Enz is represented in (Fig.10). The concentration of p-nitrophenol as a product
values due to the bioconversion of paraoxon increased with increasing the amount of
MPNs-Enz loaded over the surface of the membrane. This might be related to the
increment in the amount of MNPs-Enz particles over the membrane surface creating
thicker layer of MNP-Enz which led to slightly decreased flux through the bioctalaytic
layer as shown in (Fig.11). The decrease in flux might increase the residence time
between the MNPs-Enz particles and paraoxon substrate, which helped in accelerating
the amount of product formation. In addition to increased flow resistance, the increased
bioactivity could be attributed to the presence of higher amounts of immobilized enzyme
that eventually increased the rate of reaction occurring at the membrane interface.
Moreover, it was observed that the bioconversion of paraoxon substrate to p-nitrophenol
inside BMR loaded with the lowest amount of MNPs-Enz containing 10.25 to 20.5 g
PET enzyme have the most stable and controllable product formation compared with
other membranes which have higher amount of MNPs-Enz. As a result, membrane with
MNPs-Enz particles containing 20.5 pg PTE enzyme was selected to study the effect of

other parameters in order to have a better control on the reaction rate.
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Fig.10: p-Nitrophenol concentration as a function of time with different amount of

MNPs-Enz.
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Fig.11: The flux through the membranes as a function of time with different amount of
MNPs-Enz

Fig.12 showed that there was no change in the absorbance values obtained when neutral
MNPs (without enzyme) were deposited on the surface of the native PVDF membrane
while filtering a 1mM paraoxon. The curve exhibit an almost zero slope, hence there was
no interference of the MNP on the enzyme activity or the subsequently developed color
of the p-nitrophenol. This further proves that the increased p-nitrophenol concentration
with increased amount of MNP-Enz deposited on the surface of the membrane was solely

due to the immobilized enzyme.
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Fig.12: Absorbance measurement of neutral MNPs without enzyme.

Fig.13 represents the PTE enzyme activity in the BMR containing PVDF-MNPs-Enz and
PVDF-DAMP-GA-Enz membranes. The specific activity of enzyme attached to the
PVDF-DMAP-GA-Enz was 0.0031 umol/min.mg. Moreover, the figure showed that, for
the same amount of immobilized enzyme, the activity of the BMR with PVDF-MNPs-
Enz membrane was higher than the BMR containing PVDF-DAMP-GA-Enz membrane.
Therefore, carrier mediated enzyme immobilization using MNPs overweighed the
covalent immobilization of the enzyme on the native PVDF membrane. This better
performance could be attributed to the suitable microenvironment created by the
hydrophilic MNPs as compared to the hydrophobic PVDF membrane. Furthermore, the
figure showed that with increasing the amount of MNPs-Enz, the amount of enzyme per
membrane area increases. This eventually increased the enzyme activity as shown in
Fig.13 up to certain point, for example after magnetically depositing 0.41 mg of enzyme,
the activity decreased dramatically. The dramatic redaction could be attributed to the
formation of bigger MNPs-Enz aggregates that can cause lose in the useful

biocatalytically active side.
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Fig.13: Effect of amount of enzyme increased by increased the amount of MNPs-Enz on
the surface of the membrane in the BMR system on the enzyme activity at 0.5 bar and 1
mM substrate concentration.

3.3.2. Effect of paraoxon substrate concentration

In order to study the effect of the paraoxon concentration on the enzyme activity for the
modified membranes, the flux for each concentration was studied. Fig.14 and Fig.15
represent the flux as a function of time through PVDF-MNPs-Enz and PVDF-DAMP-
GA-Enz membranes respectively. The flux values at 0.5 bar for the BMR containing
20.5 pg and 1000 pug of immobilized enzyme in the PVDF-MNPs-Enz and PVDEF-
DAMP-GA-Enz membranes respectively were approximately the same for the five
different concentration of paraoxon used (0.0625, 0.125, 0.25, 0.5, ImM). Moreover, at
the beginning of each experiment, there is continues flux decline over time until steady

state values was achieved.
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Fig.16 showed that the specific enzyme activity increased with increasing the paraoxon
concentration in case of MNPs-Enz. Moreover, MNPs-Enz showed better specific
activity compared to DAMP-GA-Enz in the BMR under the same experimental
conditions. This could be attributed by the hydrophilic property of MNPs that provided a
suitable micro-environment for the PTE enzyme. Furthermore, the specific enzyme
activity in case of PVDF membrane containing MNPs-Enz is higher than DAMP-GA-
Enz, this might be related to the presence of MNPs on the top surface of PVDF
membrane that created an additional filtration resistance. Nevertheless, a decrease in flux
through the membrane enhanced the contact time between the enzyme and the substrate,
which led to increased activity. Moreover, higher substrate concentration helps to
accelerate the reaction rate between the substrate and the immobilized enzyme at the

membrane-solution interface.
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Fig 16: Effect of paraoxon concentration on the MNPs-Enz and DAMP-GA-Enz BMR
system at 0.02 mg and 1 mg immobilized PTE respectively at 0.5 bar.
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3.3.3. Effect of pressure

Fig.17 and Fig.18 represent the effect of transmembrane pressure on the flux through
PVDF-MNPs-Enz and PVDF-DAMP-GA-Enz membranes respectively when a 1mM
paraoxon was filtered. It is clear from the figures that by increasing the pressure, the flux
through the membranes was increasing. For instance, when the transmembrane pressure

was raised from 0.5 bar to 2.5 bar, there was a two fold increase in the flux.
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Fig.17: Effect of pressure on the flux through the PVDF-MNPs-Enz membrane.
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Fig.18: Effect of pressure on the flux through the PVDF-DAMP-GA-Enz membrane.

Fig.19 represents the immobilized enzyme activity as a function of pressure. From the
figures, it is clear that the enzyme activity was decreasing with increasing the applied
pressure for both modified membranes. This might be related to the increment in the
applied pressure leading to increase in the flux through the membranes, which eventually
reduce the substrate residence time. Moreover, the figures showed that the enzyme
activity in case of PVDF-MNPs-Enz membrane was significantly higher than in case of
PVDF-DAMP-GA-Enz membrane. This could be attributed to the presence of MNPs-Enz
layer on the membrane surface acting as a resistance layer for the flux through the PVDF-
MNPs-Enz membrane. This has thus increased the contact time between the paraoxon
and enzyme that also increased the degree of bioconversion. Moreover the amount of
enzyme in case of PVDF-MNPs-Enz was higher than the amount of enzyme in PVDF-
DAMP-GA-Enz, which might have helped in the increment of bioconversion process in

the BMR containing PVDF-MNPs-Enz compared to BMR with PVDF-DAMP-GA-Enz.
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Fig.19: Effect of pressure on the MNPs-Enz and DAMP-GA-Enzyme BMR system at
0.02 mg 1 mg immobilized PTE respectively, ImM paraoxon and at 0.5 bar.
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4. Conclusion

The conclusion from this research work can be summarized as:

1.

Two different kind of modified membranes with a phosphotriesterase (PTE) enzyme
have been developed for bioconversion of paraoxon to p-nitrophenol. One of these
membranes was modified with MNPs-Enzyme, while the other one was modified
with DAMP-GA-Enzyme. Both of these two membranes showed good efficiency and
sensitivity towards the bioconversion of paraoxon at different conditions applied to

the biocatalytic membrane reactor (BMR).

The immobilized process induced a negative effect on the enzyme activity since both
methods of immobilization revealed loss in the enzyme activity. For example, in case
of PVDF-MNPs-Enzyme there was an order of magnitude activity loss after
immobilization (0.91 U/mg) compared to free enzyme activity (9.164 U/mg), but in
case of PVDF-DAMP-GA-Enz there was two order of magnitude activity loss after
immobilization (0.06 U/mg) lower than the activity obtained for the free enzyme

(9.164 U/mg).

The modified PVDF-MNPs-Enzyme membrane showed higher enzyme activity
comparing with PVDF-DAMP-GA-Enzyme when applying different operating
parameters (pressure, paraoxon concentration, and enzyme residence time) in the

developed BMR.

There various parameters that had significant effect on the efficiency and
performance of the developed polymeric membranes with immobilized PTE enzyme

are summarized as:

The amount of enzyme: The results showed that for the same amount of
immobilized enzyme, the activity of the BMR with PVDF-MNPs-Enz membrane
was higher than the BMR containing PVDF-DAMP-GA-Enz membrane. This better
performance could be attributed to the suitable microenvironment created by the

hydrophilic MNPs as compared to the hydrophobic PVDF membrane.
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Furthermore, the results showed that with increasing the amount of MNPs-Enz, the
amount of enzyme per membrane area increases. This eventually increased the
enzyme activity up to certain point, for example after magnetically depositing 0.41
mg of enzyme, the activity decreased dramatically. The dramatic redaction could be
attributed to the formation of bigger MNPs-Enz aggregates that can cause lose in the

useful biocatalytically active side.

The applied pressure: By increasing the pressure, the bioconversion of paraoxon
was decreasing due to limited contact time between the substrate and the MNPs-Enz.
This means by increasing the pressure applied to the BMR, the activity of MNPs-
Enz were decreasing under the same flux, containing 20.5ug immobilized PTE and

ImM paraoxon.

Paraoxon concentration: By increasing the paraoxon concentration inside the BMR,
the enzyme activity of immobilized enzyme was increasing under the same pressure

and immobilized enzyme inside the BMR.

Residence/Contact time: When the residence time between the paraoxon substrate
and enzyme loaded over the membranes increased; the reaction time between the
enzyme and the substrate increased. This parameter was controlled by controlling the
flux through the biocatalytic layer using the transmembrane pressure. This has further
modulated the enzyme activity as the residence time can be considered as the average

time that substrates keep reacting in the BMR.

Overall, the concept developed in this research work will help bring new track on the way

to the development of polymeric membrane with biomolecular materials to create

biocatalytic membrane reactor (BMR) for different application. Indeed, it is quite

possible to transfer these principles to other traditional membrane systems to improve

their properties and make them more efficient and selective towards biological

applications.
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Thesis Summary

In general, the concepts developed in this thesis research work will help bring new
tracks on the way to the development of a polymeric membrane for selective ion and
gas separation but also for selective catalytic reaction under bio(molecular) control.
In this research thesis, different research works have been described thesis, the

conclusions of these research works can be summarized as the following:

Chapter (1): Carbonic anhydrase towards Dynamic Combinatorial Libraries
(DCLs):

The goal of the work described in this chapter was the identification of effective potent
inhibitors for the human carbonic anhydrase I (hCAI) isozyme. Considering the
pharmacological importance to find isoform-selective CA inhibitors (CAls), human
carbonic anhydrase I (hCAI) has been subjected to a parallel screening of various
constitutional dynamic libraries (CDL). The use of parallel constitutional screening of
CDL chemistry for the discovery of enzyme inhibitors is straightforward and it might
provide initial insights toward the generation of efficient classes of selective and high
affinity inhibitors. The originality of this work depend on using human isozymes than the
studies described in Dynamic Combinatorial Libraries-DCL for bovine isozyme, as
human isozyme may have better specificity with respect to certain inhibitors. In this
research work our findings show that the DCL-Carbonic Anhydrase story may hold novel
surprises, relevant to the general drug design research, especially with enzyme families
like CAs with a multitude of members. The present study revealed a new paradigm: if
compounds of agonistic inhibitor and activator activities are formed, the Dynamic
Deconvolution may lead to the discovery of the inhibitory set of components expressed at
the expense of the activator ones. This sheds light on the dominant mechanistic inhibition
behaviours. Moreover the simplicity of the Dynamic Deconvolution strategy and of its
analysis used in this work can easily lead to valuable simple mechanistic insights into
inhibitory—activatory relative synergistic affinities toward the hCAs. This contribution
adds several new behaviours to the systematic rationalization and prediction of novel CA

active compounds.
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Chapter (2): Membrane separation and extraction of lanthanides with constitutional

dynamic networks.

The main aims of this research work have been declined as following:

1. Synthesis, characterization, and application of the constitutional dynamic networks as
membrane materials.

2. Selective extraction of lanthanides through the prepared membrane materials.

3. Use of the constitutional dynamic networks (Dynamers) in liquid and solid membrane

systems as a carrier network for transporting lanthanide metal ions.

In this research work our findings show that Dynamic covalent polymers or dynamers,
generated from reversibly interacting monomers, offer the possibility to generate
homogeneous molecular networks with addressable domains based on structural
relationships different from the former monomers. Constitutional dynamic networks have
been used in liquid and solid membrane systems as a carrier network for transporting
lanthanides. The transport is based on the complexing ability of lanthanides metals
(La*, Lu’", and Eu’”) with the functional polyether and amino groups in the membrane
materials. Based on corresponding dynamic diffusional domains within the solid and
liquid bulk membrane phases, the lanthanides are extracted and selectively transported
through the membranes, only in the presence of constitutional networks, while the former
monomers did not show any selectivity. This would be explained by the formation of a
dynamic self-assembly of low-size and molecularly addressable recognition networks in
which the diffusional/selective percolation pathways might exist. The resulting polymeric
membranes and their metals complexes have been characterized by (UV-visible, FTIR
and 'H NMR), and the thermal stability by (TGA, and DSC). The physico-chemical
characterizations gave a good indication about the complexation and selectivity of
selected lanthanides metal ions with the prepared dynameric membranes. Additionally,
the Jeffamine T-3000 substrate is better than Jeffamine D-2000 in the Lanthanides
uptake(%), because Jeffamine T-3000 bears/contains more amino functional groups than

Jeffamine D-2000 within the polymeric structure.
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Moreover, the results showed that the used dynameric membranes have high selectivity
towards (La’" and Lu’") than Eu’", this might relate to the stability of the formed
complexes in the membrane phase in direct relation with the atomic radius and the

hydration behaviors of the used lanthanide metal ions.

In additional too, the results showed that the liquid membrane (LM) is better than solid
membrane (SM) for the lanthanides transportation and permeability, this might relate to
the free movement of the complexing and carrier functional groups in the dynamic
network in case of liquid membranes than solid ones, as the solubility and diffusivity
coefficients of the extracted compounds are higher in a liquid medium than in a solid one,
so the permeability and transportation of lanthanides metal ions in the liquid membranes

are higher than solid ones.

Finally, thanks to the possibility to combine the structural and functional features of
different monomers, the heteropolymeric membrane materials can exhibit very different
properties from their original homopolymeric components. In the above-developed
examples, this strategy revealed itself to be a versatile way for the synthesis of new
membranes presenting different permeabilities and preserving their selectivity towards

lanthanide metal ions.

Chapter (3): CO; capture using supported ionic liquid membranes immobilized with

carbonic anhydrase enzyme.

The approach proposed in this research work consisted on using supported ionic liquid
membranes (SILMs) comprising two different carbonic anhydrase enzymes, the thermo
resistant SspCA enzyme and the Bovine-CA enzyme, which catalyze the reaction of
conversion of CO;, to bicarbonate, enhancing the driving force for CO, transport.
Membrane stability, CO, and N, permeability and CO,/N, ideal selectivity were
determined. The results showed that the supported ionic liquid membranes prepared by
immobilizing a selected ionic liquid [(1-butyl-3-methylimidazolium bis(trifluoromethane

sulfonyl)imide] [CsMIM][TE,N] with and without enzyme in a PVDF hydrophobic
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polymeric support allowed to obtain stable supported liquid membranes at high
temperatures (up to 100°C), selective towards CO, against N,. Moreover, the selectivity
and permeability were affected by different parameters, namely, temperature, water

activity and enzyme concentration.

The results showed that, the selectivity and permeability through the supported ionic
liquid membranes with and without enzymes were affected by different important factors
like temperature, water activity and the presence of enzyme. Temperature had a great
effect on the selectivity and permeability, when the temperature was increasing the
selectivity was decreasing, this might be related to the increment of the permeability with
an increment in temperature, which may be related with a decrease of the ionic liquid
viscosity with temperature, also the activity of the enzyme may be influenced by the
increasing of the temperature. Also the selectivity and permeability was increasing with
increasing the water activity; this might be related to the increasing in the diffusion
coefficient increases with an increase in water activity, since with the higher water
content the ionic liquid viscosity decreases. This increase was more pronounced for the
ionic liquid, for which the diffusion coefficient reaches a higher value for the highest

water activity used (ay= 0.843).

The main important factor was the presence of enzyme, as the presence of carbonic
anhydrase enzyme increases the permeability and selectivity of CO, through the
supported ionic liquid membranes immobilized with [CsMIM][Tf;N], when comparing
with the supported ionic liquid membrane without enzyme. The permeability was
increasing as the following: Supported ionic liquid membrane with (SspCA) enzyme >
Supported ionic liquid membrane with (BCA) enzyme > Supported ionic liquid

membrane without enzyme.

The results showed that the SILM immobilized with ([CsMIM][TfN]+SspCA enzyme)
at (30°C) has the highest permeability (3.93 x 107" m*/sec) and idea selectivity (CO»/N5)
(42.44) for CO, when comparing with other SILMs immobilized with ([C4aMIM][Tf;N]
+BCA enzyme) (3.70 x 10"° m%sec) and [C;MIM][TE;N] (3.40 x 1070 m%/sec).
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Moreover, Two different concentration of enzymes (0.1mg enzyme/g ionic liquid) and

(0.25 mg enzyme /g ionic liquid) immobilized with the ionic liquid were also tested.

The results showed that, by increasing the enzyme concentration (2.5 times), the
permeability and selectivity of CO, were duplicated for both enzymes. The permeability
(5.51 x 10" m?sec) and selectivity (51.02) values obtained at 30°C in case of SILMs
immobilized with ([C4MIM][Tf,N]+SspCA enzyme (0.25mg/g IL)) is higher than the
values in case of SILM immobilized with ([C4MIM][Tf,N]+BCA enzyme (0.25mg/g
IL)). In additional too, at higher temperature (100°C), the highest permeability
(6.09 x 10" m%/sec) and selectivity (35.61) values were obtained in case of SILMs
immobilized with ([CsMIM][TfN]+SspCA enzyme (0.25mg/g IL)). Moreover, it could
be concluded that, the SILMs immobilized with ([C4MIM][Tf,N]+SspCA enzyme)
present higher stability at high temperatures (80°C and 100°C) than the other used SILMs
immobilized with([C4MIM][Tf,N]+BCA enzyme) or ([CsMIM][TE,N]).

In order to compare the ideal selectivities obtained in this work with data available in the
literature, the (CO,/N,) ideal selectivity as a function of the CO, permeability at 30°C is
represented in upper bound correlations plot. The results showed that, the data obtained
in this work are generally closer to those available in the literature. In case of SILMs
immobilized with pure [C4MIM][Tf,N] ionic liquid are below the upper bound line,
while the results obtained from using SILMs immobilized with pure ionic liquid and low
enzyme concentration (0.1mg/1gIL) are little higher and closer to the upper bound line.
Moreover, the figure shows that the best results obtained when using the SILMs
immobilized with pure ionic liquid and higher enzyme concentration (0.2mg/1gIL), as the
results access the upper bound line, this mean the obtained results by using these SILMs
may be considered as an improvement over the results published so far. However, In
order to improve the selectivity and permeability through the enzyme-solvent system it
will be important in further studies to evaluate the behavior of CO, task-specific ionic
liquids, which combined with the use of higher concentrations of carbonic anhydrase

enzymes may lead to efficient and competitive carbon capture systems.
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Chapter (4): Synthesis and Characterization of polymeric membranes for gas
separation.
The main goals for this research project consisted of three main parts:
e Synthesis of polymeric membranes from low molecular PEG components.
e Characterize the developed membrane in order to find its physico-chemical and
thermal properties.
e To evaluate the performance of the developed membrane in terms of selectivity
and permeability for the CO,/N, gas separation and to compare the obtained data

with the data available in the literature.

The approach proposed in this research work consisted on the synthesis and
characterization of dense polymeric membranes for gas separation application. Firstly the
different polymeric membranes were synthesized by condensation polymerization
between one of main subtracts [(2,2 ethylene dioxide) bis(ethylamine)) / DEG] and
[(4,7,10-trioxa-1,13-tridecanediamine) / TEG] with [(Benzene-1,3,5-tricarbaldehyde)
/ TCA]. The resulting polymer membranes were characterized spectrometry by (FTIR,
'H-NMR), their thermal stability were characterized by (TGA and DSC), and the
morphological structure was characterized by (SEM and contact angle). The gas
permeability measurements for the tested polymeric membranes showed that the
permeability of CO, is higher than other used gases (N, and CH4) for the polymeric
membranes as shown in table (I). This might related to the polarity behaviour of CO, gas
comparing with other non-polar gases (N, CHy), this might help to accelerate the
diffusion and permeability of CO, through the used polymeric membranes. Moreover, the
kinetic diffusion diameter of gases effect on the permeability through the dense
membranes, as the kinetic diffusion diameter (A) of used gases are the following
(CO; = 3.325) < (Ny = 3.568) < (CH4 = 3.817), this might give an indication about the
permeabilities of gases through the used polymeric membranes are arranged as the

following (CO, gas) > (N, gas) > (CH4 gas).
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Table (I): The permeability of (CO,, N,, and CHy) through the tested membranes.

Membranes Permeability (m?/sec) x10™"! Permeability (Barrer)
Pcoz Pn2 Pcug Pcoz Pn2 Pcny
MI-DEG 6.12 0.295 0.221 73.73 3.55 2.66
M2-DEG 6.62 0.245 0.211 79.76 2.95 2.54
M3-TEG 2.95 0.231 0.191 35.54 2.78 2.30
M4-TEG 3.72 0.262 0.218 44.82 3.16 2.63

Additionally, it is observed that the CO, permeability and the ideal selectivity through the

tested polymeric membranes that contain (DEG) substrate material within the membrane

polymeric structures are higher than other polymeric membranes that have (TEG)

substrate material. This might relate to the increment in the hydrophilic and rubbery

behaviors of the (TCA-DEG) membranes comparing with (TCA-TEG) membranes,

which effect on the morphological structure and the permeability of the gases through the

polymeric membranes. Moreover, the permeability and ideal selectivity of CO, through

the used polymeric membranes are arranged as the following [M2-DEG (in NMP solvent)
> MI1-DEG (in Acetonitrile solvent) > M4-TEG (in NMP solvent) > M3-TEG (in

Acetonitrile solvent)] as shown in table (II).

Table (II): (CO2/N,) and (CO,/CHy,) ideal selectivities of the tested membranes.

Membranes Ideal selectivity Ideal selectivity
0 (CO,/Ny) 0 (CO,/CHy)
MI1-DEG 20.75 27.69
M2-DEG 27.02 31.37
M3-TEG 12.77 15.45
M4-TEG 14.20 17.06
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Generally, the tested polymeric membranes in this research work are stable at the
(30°C) for a pressure difference of (0.7 bar), and they are selective towards CO, when
compared with (N;) and (CH4) gases, also when compared with other polymeric
membrane materials in the literature their selectivity is lower than the common used
polymeric membranes for CO, permeability. Finally, thanks to the possibility to combine
the structural and functional features of different monomers, the heteropolymeric
membrane materials can exhibit very different properties from their original
homopolymeric components. In the above-developed examples, this strategy revealed
itself to be a versatile way for the synthesis of new membranes presenting different

permeabilities and preserving their selectivity towards gas separation application.

Chapter (5): Membrane functionalized with enzyme for selective conversion and
separation.

The approach proposed in this work consists on the development of two different
methods of PVDF membrane functionalization with a phosphotriesterase (PTE) enzyme
to construct biocatalytic membrane reactor (BMR) for bioconversion of paraoxon to
p-nitrophenol as a product. The first method employs reversible dispersion of magnetic
nanoparticle immobilized with PTE using an external magnetic field on the surface of
native PVDF membrane. On the contrary, the second method comprises chemical
grafting of the PTE enzyme, after surface modification of the native PVDF membrane

with DAMP-GA-Enzyme.

The conclusion from this research work can be summarized as:

1. Two different kind of modified membranes with a phosphotriesterase (PTE) enzyme
have been developed for bioconversion of Paraoxon to p-nitrophenol. One of these
membranes was modified with MNPs-Enzyme, while the other one was modified
with DAMP-GA-Enzyme. Both of these two membranes showed good efficiency and
sensitivity towards the bioconversion of paraoxon at different conditions applied to

the biocatalytic membrane reactor (BMR).
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2.

The immobilized process induced a negative effect on the enzyme activity since both
methods of immobilization revealed loss in the enzyme activity. For example, in case
of PVDF-MNPs-Enzyme there was an order of magnitude activity loss after
immobilization (0.91 U/mg) compared to free enzyme activity (9.164 U/mg), but in
case of PVDF-DAMP-GA-Enz there was two order of magnitude activity loss after
immobilization (0.06 U/mg) lower than the activity obtained for the free enzyme

(9.164 U/mg).

The modified PVDF-MNPs-Enzyme membrane showed higher enzyme activity
comparing with PVDF-DAMP-GA-Enzyme when applying different operating
parameters (pressure, paraoxon concentration, and enzyme residence time) in the

developed biocatalytic membrane reactor (BMR).

There various parameters that had significant effect on the efficiency and
performance of the developed polymeric membranes with immobilized PTE enzyme

are summarized as:

The amount of enzyme: The results showed that for the same amount of
immobilized enzyme, the activity of the BMR with PVDF-MNPs-Enz membrane
was higher than the BMR containing PVDF-DAMP-GA-Enz membrane. This better
performance could be attributed to the suitable microenvironment created by the
hydrophilic MNPs as compared to the hydrophobic PVDF membrane. Furthermore,
the results showed that with increasing the amount of MNPs-Enz, the amount of
enzyme per membrane area increases. This eventually increased the enzyme activity
up to certain point, for example after magnetically depositing 0.41 mg of enzyme,
the activity decreased dramatically. The dramatic redaction could be attributed to the
formation of bigger MNPs-Enz aggregates that can cause lose in the useful

biocatalytically active side.
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e The applied pressure: By increasing the pressure, the bioconversion of paraoxon
was decreasing due to limited contact time between the substrate and the MNPs-Enz.
This means by increasing the pressure applied to the BMR, the activity of MNPs-
Enz were decreasing under the same flux, containing 20.5ug immobilized PTE and

ImM paraoxon.

e Paraoxon concentration: By increasing the paraoxon concentration inside the
BMR, the enzyme activity of immobilized enzyme was increasing under the same

pressure and immobilized enzyme inside the BMR.

e Residence/Contact time: When the residence time between the paraoxon substrate
and enzyme loaded over the membranes increased; the reaction time between the
enzyme and the substrate increased. This parameter was controlled by controlling the
flux through the biocatalytic layer using the transmembrane pressure. This has
further modulated the enzyme activity as the residence time can be considered as the

average time that substrates keep reacting in the BMR.

Overall, the concept developed in this research work will help bring new track on the way
to the development of polymeric membrane with biomolecular materials to create
biocatalytic membrane reactor (BMR) for different application. Indeed, it is quite
possible to transfer these principles to other traditional membrane systems to improve
their properties and make them more efficient and selective towards biological

applications.

266



Abstract

Different research works have been described in this thesis. The research works can be summarized as the
following. The first chapter deals with the identification of effective potent inhibitors for the human
carbonic anhydrase I (hCAI) isozyme. Considering the pharmacological importance to find selective CA
inhibitors (CAls) and CA activators (CAAs), human carbonic anhydrase I (hCAI) has been subjected to a
parallel screening of various constitutional dynamic libraries (CDL). In the second chapter, constitutional
dynamic networks have been used in liquid and solid membrane systems as a carrier network for
transporting lanthanides. The transport is based on the complexing ability of lanthanides metals
(La®”, Lu", Eu") with the functional polyether groups in the membrane materials. In the third chapter, the
proposed approach consists in using supported ionic liquid membranes (SILMs) comprising two different
carbonic anhydrase enzymes, the thermo-resistant SspCA enzyme and the Bovine-CA enzyme, which
catalyze the reaction of reversible conversion of CO, to bicarbonate, enhancing the driving force for CO,
transport. Membrane stability, CO, and N, permeability and (CO,/N,) ideal selectivity were determined
for the membranes developed. In the fourth chapter, the research work consists in the synthesis and
characterization of dense polymeric membranes for gas separation application. The gas permeability
measurements for the synthesized polymeric membranes showed that the permeability of CO, is higher
than other used gases (N, and CH,). In the last chapter, two different methods of PVDF membrane
functionalization with a phosphotriesterase (PTE) enzyme have been developed to construct biocatalytic
membrane reactor (BMR) for bioconversion and selective separation of paraoxon substrate. The first
method employs reversible dispersion of magnetic nanoparticle immobilized with PTE using an external
magnetic field on the surface of native PVDF membrane. On the contrary, the second method comprises
chemical grafting of the PTE enzyme after surface modification of the native PVDF membrane (DAMP-
GA-Enzyme). Both methods of enzyme immobilization showed good efficiency and sensitivity towards
the bioconversion of paraoxon substrate at different conditions applied in a biocatalytic membrane reactor

(BMR).

In general, the concepts developed in this thesis research work will help bring new tracks on the way to
the development of a polymeric membrane for selective ion and gas separation but also for selective

catalytic reaction under bio(molecular) control.
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