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Abstract

In an attempt to halt the drastic accumulation of CO2 in the atmosphere,
many countries have agreed to implement industrial solutions for CO2 capture,
storage and utilisation. However, the primary objective is to separate CO2 from
exhaust streams of combustion industries by using established techniques, such
as chemical absorption (amine scrubbing), physical adsorption, and cryogenic
distillation. While these techniques are already very well established on the
market for other applications, their disadvantages in terms of energy and
reagent consumption has promoted the use of alternative technical solutions,
like membrane based CO2 capture.

Polymerised ionic liquids (PILs) represent a group of innovative sorption-
selective polymers that may exhibit facilitated transport properties during CO2
separation. They have been successfully employed in membrane contactors as
substitutes for CO2 sorbents like amine solutions and ionic liquids (IL). PILs are
mostly synthesised from IL monomers to overcome the restrictions of ILs liquid
state of matter by polymerisation. This method allows the production of tailor
made PILs with desirable properties. However, their mechanical properties are
often impaired by low molecular chain length of the polymeric backbone.

Alternatives suggest to incorporate the ILs in the form of IL pendants in the
polymeric chain of already available polymers with well established polymeric
structure and known mechanical properties. Although the synthetic changes
in the polymer chains might affect their mechanical parameters, it seems to be
more realistic to find a compromise between improved separation performance
of PILs and process-ability of commercial polymeric precursors.

This work extends the family of polymer derived PILs by exploring various
synthetic possibilities for IL pendant incorporation. PIL synthesis were
conducted on a variety of commercially available polymers, e.g. cellulose
acetate, polyvinylbenzyl chloride, poly(diallyldimethyl chloride), used as
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ii ABSTRACT

parent materials. This polymer choice allowed the investigation of the
polymeric backbone influence on the properties of the derived PILs. Also,
the synthetic composition of ILs was diversified to produce pure and mixed
PILs that might intensify the interactions between the pendants on intra- and
intermolecular level within the polymeric matrix. The IL pendants contained
functional groups that could exhibit hydrogen bonding interactions and affect
the CO2 transport mechanism. These parameters should positively effect the
solubility of CO2 molecules in the PIL matrix and contribute to their preferential
transport across the selective layer.

As the gas transport also depends on the diffusion of CO2 molecules, the
polymer matrix structure plays a crucial role in the membrane separation
performance. Since PILs are polymers in solid-like state, the gas diffusion is
restricted by their molecular dynamics. This restriction may be circumvented
by decreasing the glass transition temperature of PILs, and therefore affecting
the viscoelastic properties of the material. To do so, PILs were diluted with
ILs having a lower viscosity by physical blending. In amounts that were
appropriate to prevent phase separation between the two phases. Additionally,
the effect of metal salt additives was studied to further facilitate interactions
between the PIL matrix and permeating CO2 molecules.

All synthesised PILs and PIL/additive blends underwent a thorough char-
acterisation defining their properties from bulk polymer phase to thin-film
composite (TFC) membranes. This multifaceted investigation found the link
between the intrinsic properties of PILs with their separation performance
by combining the results obtained in gas sorption, time-lag, and mixed-gas
permeation tests. The latter, conducted in sweep mode with humidified feed,
allowed the assessment of industrially relevant conditions for flue gas CO2
capture.

Upon incorporation of IL pendants into the polymer backbone, the PIL
separation performance improved in the majority of cases studied. The PIL
CO2/N2 selectivity improved most when the IL pendant exhibited ability for
hydrogen bonding, as the solubility of CO2 was affected. In addition, all
PIL-based membranes showed enhanced CO2 permeances in mixed-gas tests
with humidified feed, thus confirming their viability for industrially relevant
applications.

In general, the PIL-based TFC membranes fully exposed their potential as
CO2 selective materials. Their versatility and ease of processing ensure the
possibility for commercialisation once the optimisation of the large-scale
employment is investigated. Initial assessment of their commercial value
provides essential prospects for PILs to become established as a new generation
of commercial polymer-based materials for CO2 capture.



Samenvatting

In een poging de drastische accumulatie van CO2 in de atmosfeer een halt toe te
roepen, zijn veel landen overeengekomen om industriële oplossingen te imple-
menteren voor de opvang, opslag en benutting van CO2. Het oorspronkelijke
doel was om CO2 uit uitlaatgassen van verbrandingsindustrieën te scheiden
met behulp van gevestigde technieken, zoals absorptie (amine scrubbing),
adsorptie of cryogene destillatie. Hoewel deze technieken al prominent op
de markt zijn, hebben hun nadelen op gebied van energieen reagensgebruik,
de interesse sterk verhoogd voor alternatieve technische oplossingen, zoals
membraangebaseerde CO2-afvang.

Gepolymeriseerde ionische vloeistoffen (PIL’s) vertegenwoordigen een groep
van innovatieve sorptieselectieve polymeren net zoals gefaciliteerd transport-
eigenschappen. Ze zijn met succes toegepast in membraancontactors als
substituut voor CO2 ab- en adsorbents zoals amineoplossingen en ionische
vloeistoffen (IL). PIL’s worden meestal gesynthetiseerd uit IL-monomeren
om de beperkingen van de vloeibare toestand van IL door polymerisatie te
overwinnen. Deze methode maakt de productie van op maat gemaakte PIL’s
met gewenste eigenschappen mogelijk. Hun mechanische eigenschappen
worden echter vaak aangetast door de laage mechanische flexibiliteit van de
polymere hoofdketen.

Een alternatief is de IL’s te enten op de ketens van reeds beschikbare
polymeren met goed gekende structuur en mechanische eigenschappen.
Hoewel de synthetische veranderingen in de polymeerketens hun mechanische
eigenschappen kunnen beïnvloeden, lijkt het een realistischere benadering
om een link te vinden tussen de verbeterde scheidingsprestaties van PIL’s en
verwerkbaarheid van commerciële precursoren.

Dit werk breidt de familie van van polymeerafgeleide PIL’s uit, door
verschillende synthetische mogelijkheden voor zijketen te onderzoeken.Op
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iv SAMENVATTING

een verscheidenheid van in de handel verkrijgbare polymeren, bij voorbeld
celluloseacetaat, polyvinylbenzylchloride en poly (diallyldimethylchloride).
De samenstelling van IL’s werd gediversifieerd om zuivere en gemengde PILs
te produceren die de interacties tussen de zijketen op intra- en intermoleculair
zijketens niveau binnen de polymere matrix zouden kunnen intensifiëren. De
IL bevatten functionele groepen die waterstofbindingen kunnen aangan en
het transportmechanisme van CO2 beinvloeden. Deze parameters dienen de
oplosbaarheid van CO2 moleculen in de PIL-matrix positief te beïnvloeden en
bij te dragen aan hun preferentieele transport doorheen de selectieve laag.

Het gastransport is ook afhankelijk van de diffusie van de CO2 moleculen
waarbij de polymere matrixstructuur een cruciale rol speelt in de mem-
braanscheiding. Omdat PIL’s vast zijn, wordt gasdiffusie beperkt door
de moleculaire dynamica. Deze beperking kan worden omzeild door de
glastransitietemperatuur van PIL’s te verlagen en daardoor de visco-elastische
eigenschappen van het materiaal te beïnvloeden. Om dit te doen, werden PIL’s
verdund met IL’s met een lagere viscositeit door fysische menging. Bovendien
werd het effect van een metaalzouttoevoeging bestudeerd om de interacties
tussen de PIL-matrix en de permeatie van CO2 moleculen verder te bevorderen.

Alle gesynthetiseerde PIL’s en PIL/additief-mengsels ondergingen een gron-
dige karakterisering van hun eigenschappen als bulkpolymeer en als dunne-
filmcomposiet (TFC) membraan. Ze kom een verband tussen de intrinsieke
eigenschappen van PIL’s en hun scheidingsprestaties door combinatie van
de resultaten die werden verkregen in gassorptie en permeatietests met
gemengde gasstromen. Deze laatste, uitgevoerd in ‘sweep gas’-modus met
bevochtigde voeding maakte de beoordeling mogelijk van industrieel relevante
omstandigheden voor de opvang van rookgas CO2.

Bij de integratie van IL-zijketens in de polymere ruggengraat verbeterde de
PIL-scheidingsprestatie in de meeste gevallen. De PIL CO2/N2 -selectiviteit
verbeterde het meest toen de IL-zijketen het vermogen tot waterstofbinding
vertoonde, aangezien dit de oplosbaarheid van CO2 ten goede kwam.
Bovendien vertoonden alle membranen op basis van PILs verbeterde CO2
permeanties in de scheidingstests met bevochtigde gemengde gasstromen,
waardoor hun relevantie werd bevestigd.

De op PIL gebaseerde TFC-membranen vertoonden dus hun potentieel als CO2
selectieve materialen. Hun veelzijdigheid en verwerkingsgemak zorgen ervoor
dat commercialisering mogelijk is zodra de optimalisatie van hun synthese is
onderzocht als een nieuwe generatie commerciële polymeer materialen.



Contents

Abstract i

Samenvatting iii

Contents v

List of Symbols xiv

1 Introduction 1

1.1 Membrane-based CO2 capture . . . . . . . . . . . . . . . . . . . 3

1.2 Materials for membrane gas separation . . . . . . . . . . . . . . 5

1.3 Ionic liquids in membrane gas separation . . . . . . . . . . . . . 10

1.3.1 Supported ionic liquid membranes . . . . . . . . . . . . . 11

1.3.2 Ion gel membranes . . . . . . . . . . . . . . . . . . . . . . 12

1.4 Polymerised ionic liquid membranes . . . . . . . . . . . . . . . . 13

1.5 Impact of selective layer thickness . . . . . . . . . . . . . . . . . 15

2 Hypothesis and objectives 27

2.1 Hypothesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.2 Specific aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

v



vi CONTENTS

2.3 Significance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Cellulose acetate-based PILs 30

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.2.2 Polymer synthesis . . . . . . . . . . . . . . . . . . . . . . 35

3.2.3 Material characterisation . . . . . . . . . . . . . . . . . . 35

3.2.4 Membrane preparation . . . . . . . . . . . . . . . . . . . 37

3.2.5 Membrane performance evaluation . . . . . . . . . . . . 38

3.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3.1 Synthesis and characterisation of PILs . . . . . . . . . . . 39

3.3.2 Sorption behaviour . . . . . . . . . . . . . . . . . . . . . . 43

3.3.3 Time-lag experiments . . . . . . . . . . . . . . . . . . . . 46

3.3.4 Thin-film composite membranes preparation . . . . . . . 47

3.3.5 Mixed-gas separation . . . . . . . . . . . . . . . . . . . . 50

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4 Cellulose acetate-based PILs combining IL pendants 57

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2.2 PILs synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.2.3 Membrane preparation . . . . . . . . . . . . . . . . . . . 63

4.2.4 PILs characterisation . . . . . . . . . . . . . . . . . . . . . 64

4.2.5 Mixed-gas separation . . . . . . . . . . . . . . . . . . . . 65

4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.1 PILs synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 65



CONTENTS vii

4.3.2 Membrane preparation . . . . . . . . . . . . . . . . . . . 70

4.3.3 Mixed-gas separation performance . . . . . . . . . . . . . 71

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 Polystyrene-based PILs 80

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5.2.2 PILs synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 85

5.2.3 Membrane preparation . . . . . . . . . . . . . . . . . . . 86

5.2.4 PILs characterisation . . . . . . . . . . . . . . . . . . . . . 87

5.2.5 Membrane characterisation . . . . . . . . . . . . . . . . . 89

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 90

5.3.1 Synthesis and characterisation of PILs . . . . . . . . . . . 90

5.3.2 CO2 affinity . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.3.3 Morphology of TFC membranes . . . . . . . . . . . . . . 94

5.3.4 Gas separation . . . . . . . . . . . . . . . . . . . . . . . . 96

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

6 Composite poly(diallyldimethylamine)-based membranes 109

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

6.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2.2 Composite PIL/IL/Zn2+ materials . . . . . . . . . . . . . 113

6.2.3 Material characterisation . . . . . . . . . . . . . . . . . . 115

6.2.4 Membrane preparation . . . . . . . . . . . . . . . . . . . 116

6.2.5 Membrane performance evaluation . . . . . . . . . . . . 117

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . 119



viii CONTENTS

6.3.1 Thermoanalysis of composite PIL/IL/Zn2+ materials . . 119

6.3.2 Sorption behaviour . . . . . . . . . . . . . . . . . . . . . . 119

6.3.3 Time-lag confirms the “solubility driven” CO2 transport 125

6.3.4 Thin-film composite membranes . . . . . . . . . . . . . . 131

6.3.5 CO2 capture in realistic conditions for flue gas separation 132

6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

7 Conclusions and outlook 141

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.2.1 PIL synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 141

7.2.2 PIL structure – separation-performance relationship . . . 142

7.2.3 Water vapour enchances the separation process . . . . . 145

7.2.4 Separation performance evaluation . . . . . . . . . . . . 146

7.3 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7.3.1 PIL synthesis . . . . . . . . . . . . . . . . . . . . . . . . . 147

7.3.2 TFC membrane manufacturing . . . . . . . . . . . . . . . 148

7.3.3 Testing in commercially relevant applications / perfor-
mance aspect . . . . . . . . . . . . . . . . . . . . . . . . . 151

A Supporting information 155

A.1 Cellulose acetate-based PILs . . . . . . . . . . . . . . . . . . . . . 155

A.2 Polystyrene-based PILs . . . . . . . . . . . . . . . . . . . . . . . . 160

A.2.1 On the role of CO2 affinity . . . . . . . . . . . . . . . . . . 160

A.2.2 Separation performance of PILs-based membranes re-
ported in the literature . . . . . . . . . . . . . . . . . . . . 162

A.3 P[DADMA][Tf2N]-based composite materials . . . . . . . . . . 165

List of publication 169



List of Symbols

Abbreviations

6FDA-TMPDA PI Poly(4,4’-hexafluoroisopropylidene diphthalic an-
hydride-2,3,5,6-tetramethyl-1,4-phenylenediamine)

[4-VBTMA][Tf2N] 4-vinylbenzyltrimethylammonium bis-(trifluorome-
thylsulfonyl)imide

[EMIM][BF4] 1-ethyl-3-methylimidazolium tetra-fluoroborate

[EMIM][DCA] 1-ethyl-3-methylimidazolium dicyanamide

[Pyrr][Tf2N] N-butyl-N-methyl pyrrolidinium bis(trifluorome-
thanesulfonyl)imide

P[CA – HEDMA][Cl] Intermediate 2-hydroxyethyldimethylamine-based
CA-derived PIL

P[CA – Im][Cl] Intermediate imidazol-based CA-derived PIL

P[CA – Im][Tf2N] Final imidazol-based CA-derived PIL also referred
to in the text as Im

P[CA – Pyr][Cl] Intermediate pyrrolidine-based CA-derived PIL

P[CA][Cl] Precursor PIL of P[CA][Tf2N]

P[CA][Tf2N] Pyrrolidinium grafted cellulose acetate bis(triflu-
oromethylsulfonyl)imide

P[CA – HEDMA][Tf2N] Final 2-hydroxyethyldimethylamine-based CA-derived
PIL also referred to in the text as HEDMA

ix



x CONTENTS

P[DADMA][Cl] Poly(diallyldimethyl–ammonium) chloride

P[DADMA][Tf2N] poly(diallyldimethyl ammonium) bis(trifluorome-
thylsulfonyl)imide

P[VBHEDMA][Tf2N] Poly-(vinylbenzyl(2-hydroxyethyl)dimethylammo-
nium) bis-(trifluoromethylsulfonyl)imide

P[VBMP][Tf2N] Poly-(vinylbenzylmethylpyrrolidinium) bis(trifluo-
romethylsulfonyl)imide

P[VBTMA][BF4] Poly(vinylbenzyl trimethylammonium) tetrafluoro-
borate

P[VBTMA][Cl] Poly(vinylbenzyl–trimethylammonium) chloride

P[VBTMA][Tf2N] Poly-(vinylbenzyltrimethylammonium) bis-(triflu-
oromethylsulfonyl)imide

Pyr1HEDMA3 Final mixed CA-derived PIL with 25 % Pyr pen-
dants and 75 % HEDMA pendants also referred to
in the text as P[CA – 25Pyr – 75HEDMA][Tf2N]

Pyr2HEDMA2 Final mixed CA-derived PIL with 50 % Pyr pen-
dants and 50 % HEDMA pendants also referred to
in the text as P[CA – 50Pyr – 50HEDMA][Tf2N]

Pyr3HEDMA1 Final mixed CA-derived PIL with 75 % Pyr pen-
dants and 25 % HEDMA pendants also referred to
in the text as P[CA – 75Pyr – 25HEDMA][Tf2N]

P[CA – Pyr][Tf2N] Final pyrrolidine-based CA-derived PIL also re-
ferred to in the text as Pyr

Zn[Tf2N]2 Zinc di-bis(trifluoromethanesulfonyl)imide

AFOLU Agriculture, forestry and other land use

AIBN Azobisisobutyronitrile

CA Cellulose acetate

CCSU Carbon capture, sequestration, and utilization

COSY Correlational spectroscopy

DMF N,N-dimethylformamide

DMM Dual-mode sorption model



CONTENTS xi

DMSO-d6 Hexadeuterodimethyl sulfoxide

DS Degree of substitution

DSC Differential scanning calorimetry

DTG Differential thermo-gravimetric calorimetry

E Energy consumption

EtOH ethanol

FCCC Framework Convention on Climate Change

FFV Fractional free volume

FTIR Fourier-transform infrared spectroscopy

GHG Greenhouse gas

HEDMA 2-hydroxyethyldimethylamine

HTGS High-throughput gas separation

IL Ionic liquid

Im 1-methylimidazol

IPA Isopropanol

MFC Mass flow controllers

MMM Mixed matrix membranes

MOF Metal organic frameworks

MWCO Molecular weight cut off

NMP N-methylpyrrolidinone

NMR Nuclear magnetic resonance

P-CA Intermediate product of P[CA][Tf2N]

PAI Polyamido-imide

PBO Poly(benzoxazoles)

PDMS Polydimethylsiloxane

PEG Polyethylene glycol



xii CONTENTS

PI Polyimide

PIL Polymerized ionic liquids

PIM Polymer of intrinsic microporosity

PP/PE polypropylene/polyethylene

PSf Polysulfone

PTMSP Poly[1-(trimethylsilyl)-1-propyne]

PVBC Polyvinylbenzyl chloride

PVDF Poly(vinylidene fluoride)

Pyr 1-methylpyrrolidine

RTIL Room temperature ionic liquid

SEM Scanning electron microscopy

SILM Supported ionic liquid membrane

SLM supported liquid membranes

TFC Thin-film composite

TFC Thin-film composite

TGA Thermo-gravimetric analysis

THF Tetrahydrofurane

TRP Thermally rearranged polymers

TSIL Task specific ionic liquid

XDA P-Xylylenediamine

Chemical Formulae

AgNO3 Silver nitrate

CH4 Methane

CO2 Carbon dioxide

H2O Water



CONTENTS xiii

H2S Hydrogen sulfide

H2 Molecular hydrogen

He Helium

LiCl Lithium chloride

LiTf2N Bis-(trifluoromethylsulfonyl)imide lithium salt

N2 Molecular nitrogen

O2 Molecular oxygen

SO2 Sulfur dioxide

Greek Symbols

αi/j Selectivity of the membrane −

α∗i/j
Separation factor of the membrane −

δ Average selective layer thickness µm

Πn Permeance of a gas component GPU

Θ Time-lag s

Mathematical Symbols

∆Hm Melting enthalpy for indium J · g−1

� Diameter cm

Mn Molecular weight kDa

dp/dt Rate of the pressure increase in the permeate torr ·
s−1

A Membrane permeation area cm2

b Langmuir affinity constant bar−1

C Total gas concentration of penetrant in polymer
cm3(STP) · cm−3

CD Non-specific Henry’s sorption cm3(STP) · cm−3



xiv LIST OF SYMBOLS

CH Langmuir adsorption in the polymer fractional free
volume (FFV) cm3(STP) · cm−3

C
′
H Langmuir saturation constant cm3(STP) · cm−3

Di Gas diffusion coefficient e10−12m2 · s−1

dv0.5 Average particle diameter µm

kD Henry’s law constant cm3(STP) · cm−3 · bar−1

n Indexes −

p Gas pressure bar

p f Absolute pressure of the gas in the feed cmHg

pp Absolute pressure of the gas in the permeate cmHg

Pi Gas permeability Barrer

R Gas constant L · cmHg · K−1 ·mol−1

S Solubility of single gas in the polymer cm3(STP) ·
cm−3 · bar−1

T Operating temperature of the separation unit K

Tg Glass transition temperature °C

Tmp Melting point temperature °C

V Permeation volume downstream of the membrane
cm3

Vm Molar volume of gas L ·mol−1

wt % Weight content %

xn Mole fractions of gas components in feed −

Y Reaction yield %

yn Mole fractions of gas components in permeate −



CHAPTER 1

Introduction

1



2 INTRODUCTION

Contributions

Daria Nikolaeva studied the existing literature and wrote the text, with
feedback, corrections, and editing by Edel Sheridan and Ivo F.J. Vankelecom.
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1.1 Membrane-based CO2 capture

The last decade has been marked by a steep increase in public awareness to-
wards the environmental changes originating from anthropogenic greenhouse
gas (GHG) emissions. Intensified burning of fossil fuels in an attempt to sustain
fast industrial and hence economic growth has led to an accelerated release of
carbon dioxide (CO2) in the atmosphere.

Total	CO270	%

Energy

25	%

AFOLU

24	%

Industry

21	%

Transport

14	%

Buildings

9.6	%

Other

6.4	%

Greenhouse	gas	emissions	(GHG)	by	economic	sectors

of

Figure 1.1 Sub-devision of direct GHG emission shares (in % of total anthropogenic
GHG emissions) by economic sectors. The sectors are defined as follows: energy -
electricity and heat production; AFOLU - agriculture, forestry and other land use;
industry - metals, chemicals, cements, etc. production; transport - aviation, road and
rail, navigation; buildings - commercial, residential, others; other - fuel production and
transportation.

In December 2015, 195 countries agreed to adopt the Paris Agreement under
the United Nations Framework Convention on Climate Change (FCCC). The
agreement is a transition between the modern climate policies and the first
universal, legally binding global climate deal entering into force in 2020 [2]. The
main objective of this agreement is to promote the implementation of FCCC
and address the consequences of climate change by sinking GHG emissions
[2].

Carbon capture, sequestration, and utilization (CCSU) initiatives are designed
to promote responsible usage of fossil fuel through mitigation of exhaust GHG.
This concept implies direct capture of CO2 at the production sites, i.e. power
plants, and its storage in various locations [3]. The main approaches to prevent
CO2 release in to the atmosphere are pre-combustion, oxy-fuel combustion
and post-combustion capture . However, post-combustion provides a more
favorable strategy, enabling a direct integration of a flue gas purification step
in the existing plant facilities (retrofitting) [4].

Several industrial projects have been initiated in recent years [5]. In 2014,
the Startup of SaskPower’s Boundary Dam unit three in Canada received a
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status of the world’s first commercial power plant actively capturing CO2 [6].
Although there are existing carbon capture processes capable of meeting the
recommended threshold of 90 % CO2 removal with at least 80 % purity, the
large energy penalty for the regeneration of consumables is still a limiting
factor for large scale application [7, 8]. Thus, further investigation for cheaper,
more simplified and less energy demanding alternative solutions for carbon
capture are encouraged to ensure economic feasibility.

The membrane gas separation possesses several advantages over conventional
CO2 capture technologies, (such as amine scrubbing, regenerative solvents
and cryogenic distillation) offering moderate energy requirements, as well
as operational and maintenance simplicity (Table 1.1). However, the
implementation of membrane-based concepts in the CO2 recovery from post-
combustion exhaust streams is hindered by the low partial pressure of CO2 in
power plant generated flue gas [9]. Hence, to compete efficiently with more
mature technological solutions, membrane systems with advanced separation
characteristics need to be designed [10].

Table 1.1 CO2 capture technologies available on the market.

Parameter Absorption Adsorption Cryo-
distillation

Membranes

Materials mono-
/diethanolamine,
ionic liquids,
Selexol, Rectisol

zeolites,
metal organic
frameworks
(MOF),
molecular
sieves, activated
carbon

inorganic
(metallic, metal
organic, MOF,
ceramics),
polymeric (CA,
PI, PSf), hybrid
(SILMs)

Efficacy > 90 % > 85 % > 95 % > 80 %

Regeneration heating, de-
pressurisation

pressure,
vacuum,
temperature
swing

Hurdles efficacy depends
on CO2 concen-
tration, sorbent
degradation

adsorbent has to
resist high tem-
peratures

very low oper-
ational tempera-
tures

affected by CO2
content and feed
pressure, leach-
ing of ILs

Energy
consumption (E)

^E regenerative
heating

^E CO2 desorp-
tion

^E low tempera-
ture, high pres-
sure

_E operational
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1.2 Materials for membrane gas separation

The first industrially established membrane-based system for CO2 removal
from natural gas was developed in the early 1980s based on asymmetric
integral cellulose acetate (CA) membranes [11, 12]. Since, then the membrane
technology occupied a solid position among the conventional gas separation
techniques. The large share of membrane-based gas separation market belongs
to polymeric or hybrid materials implying the solution-diffusion mechanism
for the mass transfer [12]. Therefore, intrinsic properties of the polymeric
separation layer of the membrane determines the transport efficiency of the
whole process. The overall performance of the membrane is judged upon
the combination of permeability and selectivity characteristics required for
an optimal functionality of the separation system [4] However, a trade-off
inter-dependency between these material-related system parameters affects
the high complexity grade for their industrial application [13].

Nevertheless, extensive research efforts have been dedicated to improve the
performance of polymeric membranes. This can be achieved by enhancing
the cost-efficiency of the process in comparison to solvent absorption and
developing more resilient materials capable to withstand harsh operational
conditions (elevated temperatures, acid gases, etc.). Several reviews were
published on this topic recently [23, 24, 37].

Membranes designed to overcome the restrictions of the flue gas carbon
capture processes should exhibit attractive combination of permeability
and carbon dioxide versus nitrogen (CO2/N2) selectivity, no thermal and
chemical deterioration, no plasticizing and/or physical ageing, low cost and
ease of module manufacturing [25]. In the last decade, polyimide-based
membranes dominated the post-combustion membrane-based separation
market by combining outstanding separation performance and strong material
endurance [25, 26]. Variation of chemical composition of these polymers
allows the increase of the CO2 solubility in the material, while the chain
packing alteration enables higher diffusion rates through the selective layer
[27, 37]. Several commercially employed membranes for the post-combustion
CO2 capture are listed in Table 1.2 with their chemical formulas depicted in
Figure 1.2.
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Table 1.2 Gas separation properties of polymeric membranes already employed or
intended for commercial CO2 capture from post-combustion gas sources.

Polymer Supplier αCO2/N2
[ – ] ΠCO2 [GPU] Ref.

Cellulose acetate (CA) Sigma Aldrich 32 80 [14]

Matrimid® 5218 (polyimide (PI)) Huntsman 33 0.14 [15]

Torlon® (polyamide-imide (PAI)) Solvay 34a - 25b 0.47a - 0.84b [16]

Pebax® MH1657 (polyamide-polyether
blocks)

Arkema 53 0.79 [17]

Polyactive™ (polyethylene oxide
terephthalate/polybutylene
terephthalate)

PolyVation 53a - 56b 1.81a - 3.90b [17–19]

Polymer of intrinsic microporosity 1
(PIM-1)

N/A 25 > 12000c [20]

Polaris™ (based on Pebax® and facili-
tated transport mechanism)

MTR Inc. 50 1000 - 2200 [21, 22]

a Dense thick film membrane with δ = 100 µm.
b Thin-film composite membrane with δ < 1 µm.
c CO2 permeance is estimated base on CO2 permeability value obtained from a membrane with

δ <1 µm.

Recently, several alternative concepts have been under investigation. The
membranes were developed using the polymers of intrinsic micro-porosity
(PIMs), thermally-rearranged polymers (TRP), organic/inorganic hybrid
materials (mixed matrix membranes (MMM)), or facilitated transport materials.

PIMs were developed from organic materials to mimic the porous structure of
zeolites [28, 29]. The micro-porous structure of PIMs results from the intrinsic
properties of material and is not determined by its production history. The
highly rigid and contorted polymer chains are formed due to the molecular
chemical structure. Hence, the kinked polymer backbone restricts the rotational
movement of molecules and limits polymer chains packaging density. This
enlarges the fractional free volume in polymer matrix positively affecting the
gas permeability . Consequently, the advantageous combination of moderate
selectivity and high permeability promotes PIMs ahead of currently available
materials (Figure 1.3 a-b). Although, the up-scaling of membranes from lab
investigation to module format is immensely hindered by the availability and
cost of the precursor compounds, i.e. activated aromatic halids [30]. So far very
little research has been conducted on the long term stability of PIMs-based
membranes. Therefore, great interest exists in investigation of physical aging
and plasticization processes at a micrometer scale thicknesses, as a thin-layer
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(a)	Cellulose	Acetate (b)	Matrimid⁽5⁾	5218
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Figure 1.2 Chemical formulas of the most commercialised polymers for membrane-
based post-combustion CO2 capture.

composite membranes [27]. Also, experimental evaluation of system behavior
under condition close to flue gas CO2 capture are beneficial to envisage the full
process picture [13].

An alternative approach to prepare robust polymer materials possessing
high fractional free volume (FFV) was proposed by Park et al. [32]. The
proposed method allows to synthesize chemically inert poly(benzoxazoles)
(PBO from precursor solutions by thermal post-treatment referred to as
thermally rearranged polymers (TRP). This approach circumvents the inability
of PBOs to be processed industrially in the form of hollow fibers [27]. The
nature of the polymer backbone determines the separation performance of
TRP, enabling flexibility in their process oriented design (Figure 1.3 c) [32].
Recently, several publications have been investigating the implementation of
TRP for CO2 capture from flue gas [33–35]. However, the mechanical strength
of membranes prepared from TRP can be compromised due to the fabrication
process. As the thermal treatment requires heating of the material over 400 ◦C,
long exposure to extreme temperatures may induce the thermal degradation
of precursor components and affect material integrity [32]. Hence, further
research towards improved production concept to minimize the mechanical
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Figure 1.3 Conceptualised differences between thetransport in conventional polymers
(a) and recently developed membrane materials: (b) polymers of intrinsic microporosity
(PIM) and (c) thermally rearranged polymers (TRP).

stability losses is required, to ensure successful commercialization of TRP for
membrane gas separation [36].

A relatively new group of organic/inorganic hybrid materials for gas separation
represent the MMMs (Figure 1.4 a). MMMs refer to a continuous polymer
layer with discrete inclusions of inorganic particles forming a heterogeneous
separation layer. MMMs provide advantages over individual negative features
of both molecular sieves and polymer to elevate CO2 separation performance
above Robeson’s upper bound [37]. In general, any polymer can be used as
a continuous phase for MMM. The dispersed phase can comprise various
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nano-particles: zeolites [38–40], carbon molecular sieves [41, 42], metal organic
frameworks [43? , 44], carbon nanotubes [46, 47], etc. Despite the promising
results reported in the literature, enormous research efforts has been addressed
to manage the negative aspects of the membrane production process. Especially
the low affinity between particles and polymer can hinder the formation of
an effective MMM. This can induce the aggregation and sedimentation of
inorganic particles and detachment of the polymer from the particle surface.
This will increase the permeability of gases but lead to the loss of selectivity as
the role of sieving mechanism will be diminished [25]. Another requirement is
to have narrow particle size distribution, since the presence of larger particles
(> 900 Å) provokes the integrity of the separation layer [37, 48]. The commercial
success of MMM is largely diminished by their low fouling resistance. This is
due to accumulation of condensable impurities, especially water vapour, and
inhibits the molecular sieving mechanism leading to selectivity losses.

Figure 1.4 Conceptualised differences between the properties of different recently
developed membrane materials: (a) mixed matrix membranes (MMM) and (b) facilitated
transport membranes.

Alternatively to physical membrane gas separation, a group of membranes has
been developed to enhance the mass transfer through chemical interactions
[49]. Often referred to as facilitated transport membranes these materials imply
a transport mechanism based on a reversible chemical reaction between CO2
and a component of the membrane (carrier) [37]. In this case, the permeation of
CO2 will be preferential, compared to other constituents of the feed gas stream
that will be carried across the membrane solely according to solution-diffusion
mechanism [50] (Figure 1.4 b). The facilitated transport mechanism has been
extensively described in the works of Noble’s group [51–53].

The first facilitated transport membranes for gas separation were designed
as supported liquid membranes (SLM) [54]. This concept is based on
the immobilization of a carrier solution within the microporous support.
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The carrier remains mobile in the liquid phase and determines higher gas
diffusivities through the membrane. The poor long-term stability of the mobile
carrier membranes due to the deactivation of the carrier and physical loss of
liquid phase (evaporation, entrainment) has limited their commercialization
[55]. Alternatively, the fixed site carrier membranes were developed to resolve
the SLM issues. In this approach the carriers are covalently bound to the
polymer backbone to ensure material integrity. Although the mobility of the
complexing agent may be hindered that design solution improves the overall
stability enabling further up-scaling of the process [56].

Although a continuous supply of innovative materials is present on the market,
only a small number of them were successfully applied in large scale gas
separation facilities. Considerable complexity of membrane manufacturing,
system up-scaling, installation and maintenance influence immensely financial
feasibility of such industrial projects. Therefore, the possibility to solidify the
position of membrane-based CO2 capture technology is to adopt the usage of
innovative materials to fit approved long-term process solutions.

1.3 Ionic liquids in membrane gas separation

Ionic liquids (IL) are salts comprised of an organic cation and inorganic/organic
anion able to conduct electrically. Originally, the term IL was used
interchangeably referring to molten salts [57]. Several decades later the initial
meaning was altered to define IL as molten salts with the melting temperatures
below 100 ◦C [58]. However, the true interest for the membrane-based CO2
capture present exhibit the room temperature IL (RTIL) present in a liquid
state at the ambient temperatures with a melting point below the ambient
temperature [59].

In the industrial CO2 absorption, IL have been applied as the more environmen-
tally friendly substitute of amine-based reactive solution [60]. Their extremely
low vapour pressure, thermal stability and less toxic nature compared to amines
attractively overpowers the use of volatile organic solvents [24]. The physical
nature of CO2 – ILs interactions reduces the heat consumption for the solvent
regeneration. Moreover, similar to amine-based solvents CO2 loading capacity
motivated the development of specific ILs for CO2 capture. In combination
with the ability of ILs to absorb even larger amount of sulfur dioxide (SO2) at
the same partial pressures enables simultaneous SO2 polishing [61]. Unlimited
combinations of anion and cation pair add design flexibility providing desirable
chemical and physical characteristics of the solvent [62].
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Practically, the direct implementation of ILs in absorbents requires process
modifications as the solvent viscosity is considerably higher than that of
amine-based solutions [66]. Therefore, increase in driving force needed to
maintain the process efficiency will induce high energy consumption. However,
in comparison with polymers Their the considerably lower viscosity of ILs
promotes faster enhances drastically gas diffusion rates compared to polymer
materials which contributes to faster mass transport [63]. Although many ILs
are commercially available, the production remains cost-inefficient when it
comes to task specific ILs (TSILs). However, this can change when the market
demand generated by the energy sector will reach industrial volumes [24].

The advantageous performance of ILs in physical absorption of CO2 from flue
gas draw attention of membrane research community. Integration of ILs in
the membrane-based systems for CO2 capture is considered as a promising
process design solution with one of the earliest publication on the modified
SLM concept by Quinn et al. [64]. Ease and flexibility of the membrane
concept enables implementation of ILs in variable process configurations.
Therefore, in the last decade different membrane-based system has been
developed: supported ionic liquid membranes (SILM), polymer/IL composite
gel membranes, and polymerized ionic liquids (PILs) [65, 66].

1.3.1 Supported ionic liquid membranes

SILMs development marked a primary attempt to combine ILs with a
membrane process [67]. The concept of SILM can be visualized as a sponge
material, porous support in this case, with pores saturated with IL. IL remains
within the support porous matrix as long as the capillary forces can withstand
the applied pressure [68–70]. Hence, their clear disadvantage is that SILMs are
prone to leakage and loss of ILs reducing their effective separation performance
[66]. Hydrogel-based SILMs prepared by Moghadam et al. were able to
eliminate this disadvantages [71]. Specific double-network gel matrix is
claimed to provide superior mechanical strength and improve the pressure
resistance of SILM even at high loading of ILs. Nevertheless, inability to It is
also challenging to produce SILMs oin an industrial process scale due to the
inhomogeneous distribution of ILs in the support is difficult to monitor. Thus,
the membrane configuration poses considerable hinderances for their further
application on the industrial scale.
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1.3.2 Ion gel membranes

An alternative approach is to prepare a composite material based on
incorporation of ILs within the polymer matrix of the membrane. This can
be done by blending an IL and a polymer together. In the literature, the
obtained material is often referred to as a polymer gel or IL–gel membranes
[65]. Also the polymer and the IL must be highly compatible. The main
requirements to the pristine polymer are good mechanical stability and easy
film formation. Polyimide (6FDA-TeMPD PI) [72], Ppolyether-polyamide
block-copolymer (Pebax®) [73]; poly(vinylidene fluoride) (PVDF) [74–76] are
reported as reliable materials to form stable polymer–IL composite membrane.
However, in certain cases homogeneous polymer–IL solutions tend to phase
separate upon the solidification of the membrane, that makes the separation
performance mechanism questionable.

Though increasing IL content (up to 80 wt%) in polymer gel membranes
contributes to a steep increase in membrane separation performance, the
negative consequences are reduced mechanical and thermal stability hindering
the up-scaling of membrane production [66].

Another reported method to prepare ion gel membranes is polymerization
of reactive monomers in the presence of ILs. In this case, ILs plays a role of
a reaction medium (solvent) in which the molecules are indirectly entangled
in between the freshly formed polymer backbone matrix [65, 77, 78]. In
many cases ILs are used to intensify the ionic-conductivity of the materials
synthesized by the doping of polymer solutions with electrolytes [79]. The first
research results on this topic was published by Noda and Watanabe in 2000
[80]. The further work in this direction was focused on the compatibility of
vinyl monomers and ILs for free radical polymerization [81, 82]. The obtained
polymer films were homogeneous, transparent and mechanically robust . The
flexibility of the films can be further enhanced by supplementary cross-linking
of the reacting monomers [83, 84]. The low solubility of monomers in ILs limits
the number of the stable forming transparent homogeneous solutions [79].
Inappropriate choice of the system components can lead to phase separation
[85].

This method direct implementation for membrane fabrication is hindered by
the low processability of the resulting compounds. Therefore, it has not been
used in membrane CO2 capture before. However, more elaborate approach
based on this concept has been implied for the preparation of gel membranes
from polymerisable IL monomers.
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1.4 Polymerised ionic liquid membranes

According to the chemical structure, PILs can be referred to as polyelectrolytes
or polymers with an electrolyte moiety in the repeated monomeric unit
(cation/anion) [66]. PILs are synthesized from IL monomers and to a large
extent are not dissociating in water with the formation of charged polymers
as the classic polyelectrolytes do. However, the polar organic solvents can be
used for their dissolution [86]. The intricate nature of PILs is predetermined
by their origin: the inherent properties of the parent material ILs and intrinsic
characteristics of the polymer structure, such as process flexibility, plasticity and
chemical variability [87]. For instance, PILs are differentiated according to the
ion-bearing backbone: polycation, polyanion and polyzwitterions. Moreover,
the combination of several co-polymers and elaborate chain branching enables
unlimited design capabilities for new material preparation [86].

The rise of PILs as materials for CO2 capture ascended when Tang reported
that imidazolium-derived PILs had higher CO2 sorption capacities compared
to the corresponding ILs monomers and neutral polymers [88]. Furthermore,
their investigations of PILs behavior as absorbent materials have proven the
significance of the obtained results. PILs have shown excellent behavior in
reversible absorption/desorption experiments with CO2 and enhanced process
stability [89–91]. Afterwards the field of PILs design and implementation
has been changed irreversibly. The PILs with chemically improved sorption
characteristics and the ready-made process solutions have emerged as two
main research directions in the PILs-based membrane CO2 capture [92–94].
Several reviews covering this topic were published recently [65, 66, 86, 87, 95].

Synthesis of task–specific PILs follows two approaches: bottom-up and top-
down. In the former case, the IL monomer is synthesized by metathesis reaction
of halide anion followed up by radical polymerization [86]. This approach
allows to prepare not only homo-polymers by also different combinations
of co-polymers by varying the chemical composition of ILs monomers [91,
94, 96, 97]. However, lengthy synthesis and purification process hinders the
large scale production, as deliberate control of process conditions during the
polymerization of each monomer is required.

The latter involves direct polymerization of pristine monomers with further
anion exchange. While the relatively simplified synthesis routine is seen
beneficial for commercial application of PILs, lack of flexibility in the
synthesis of more sophisticated chemical compounds can be hindered in
cases where the anion exchange is not quantitative [86]. Additionally, the
top–down method enables the PILs preparation from commercially available
polymers, i.e. poly(diallyldimethyl-ammonium) chloride (P[DADMA][Cl]),
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poly(vinylbenzyl-trimethylammonium) chloride (P[VBTMA][Cl]) [93]. Thus,
for the first time in this work we show the implementation of both routes to
synthesize PILs with the identical polymer backbone structure and counter
anions but variable constituents in the cationic moiety.

Most of the reported PILs that have been developed for membrane CO2
removal were synthesized by radical polymerization as homopolymers
[91, 93, 94, 97]. However, the polymer films formed had rather low mechanical
stability and could not be employed for membrane gas separation due to their
fragile nature [93, 96]. Further research addressed the integral strength of
this materials. However, according to [96] not only chemical modification
of the compounds could have positive affect on the structural integrity but
also more complex layer assembly of the final product. For this reason we
have developed a fabrication method with several stages of layer assembly
resembling a thin-film composite membrane. This allowed us to investigate
the intrinsic separation properties of the PILs and potentially approximate the
process condition to those acquired in the commercial membranes. Deposition
of thinner layers minimizes the consumption of the selective polymer and
reduces the required membrane area [12].

The CO2 solubility in the PILs determines the separation performance of the
membrane. Although, the polymer backbone and anion affect the CO2 sorption
capacity [87], the type of cation plays a major role in great contrast to ILs
CO2 interactions [88, 96, 98]. The reasons underlying are remaining under
investigations. However, the widespread hypothesis states the positive charge
density of cationic pendant being responsible for facilitating the separation.

To date, the benefits of water vapour in feed stream on CO2 solubility
has predominantly been established for ILs composite membranes [68, 99].
Alternatively, the studies of humidity induced facilitated transport mechanism
in PILs-based membranes is limited to isolated publications [100]. In fact, little
attention has been attracted to transport properties of PILs in humidified
conditions. Stronger charge density on cation moieties can intensify the
interaction within the ion pair and decrease the hydrogen bonding with water
[101]. Therefore, incorporation of polar substituent in the cation can have a
reinforce the positive effect on the CO2 selectivity.

1.5 Impact of selective layer thickness

Besides the selective material design, the membrane configuration is of pivotal
concern for the overall performance of the membrane. For example, the
vast majority of the selective materials reported in the academic domain are
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usually tested in the form of dense films with 50 – 200 µm thickness, while
industrially employed membranes represent thin-film composite morphology
with a thin selective layer of less than 0.1 to 1.0 µm resting on the asymmetric
polymeric support providing mechanical stability. This selective layer thickness
reduction in the industrial membranes enables faster permeation rates as the
resistance of the selective barier diminishes. However, the high selectivities
of novel materials in TFC membranes might not match with the academic
reports, as the thinner the selective layer is, the harder it is to produce
large areas of defectfree membranes. Moreover, the small defects in the
membrane matrix, such as miniscule bubbles and particles, are exposed faster,
allowing the membrane to reach its steady state performance within shorter
time. Additionally, the mechanical properties of the selective materials should
enable their processability into thin films, as this enhances the efficiency of
the separation membrane modules expressed as selective area (m2) per unit
volume (m3).
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Schauer, G. Clarizia, P. Bernardo, High ionic liquid content polymeric
gel membranes: Correlation of membrane structure with gas and
vapour transport properties, J. Memb. Sci. 415–416 (2012) 801–809.
doi:10.1016/j.memsci.2012.05.072.

[75] S. Uk Hong, D. Park, Y. Ko, I. Baek, Polymer-ionic liquid gels for enhanced
gas transport, Chem. Commun. 1 (2009) 7227–7229. doi:10.1039/b913746g.

[76] J.C. Jansen, G. Clarizia, P. Bernardo, F. Bazzarelli, K. Friess, A. Randová,
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Contributions

Daria Nikolaeva developed hypothesis and objectives, with feedback, correc-
tions, and editing by Ivo F.J. Vankelecom.

2.1 Hypothesis

Ionic liquid pendants with high affinity towards CO2 molecules, grafted onto
the backbone of commercially applied polymers, form polymerised ionic liquid
that can facilitate the implementation of ionic liquid-based materials in thin-
film composite membranes for CO2 capture.

2.2 Specific aims

Three specific aims were defined to test the above hypothesis:

Aim 1. Incorporate cationic pendants into the polymeric backbone while
preserving the mechanical properties of the pristine polymers;

Aim 2. Prepare thin-film composite membranes resembling the industrial
analogues;

Aim 3. Test performance efficacy in the separation of mixed-gases with hu-
midified feed streams under conditions mimicking industrial flue gas CO2
capture.

Material

• Bulk polymer
• Thick dense 

membrane
• Thin-film 

membrane

Characterization

• FTIR
• NMR
• TGA
• DSC
• SEM

Performance
Technique

• Gas sorption
• Time-lag
• Mixed gas 

separation

Performance
Parameters

• P, T, t
• CO2/N2,

CO2/CH4
• Humidity

Figure 2.1 Conceptual representation of the research process flow.
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2.3 Significance

This work will extend the attainable application of PILs in membrane-
based CO2 capture from flue gas in pursuit of its commerciallisation as
an effective CO2 selective TFC membrane. The material synthesis strategy
implemented here builds on previous research to create a polyelectrolyte
that preserves viscoelastic properties of the parent polymer, can be easily
processed in thin-film layers by physical deposition, and effectively separates
CO2 molecules. Furthermore, PIL-based TFC membranes are tested in various
process configurations to envisage their performance characteristics in a
multifacetted manner. This aspect could help to reveal manifold implications
for stable and reliable CO2 capture with subsequent robust system operation
in fluctuating environment.

The major ambition is to provide an alternative to membranes based on
polymers involving complicated synthetic manipulations and unreliable long-
term fuctionality, some of which are currently being extensively developed. The
possibility to produce PILs from commerciallised polymers with maintained or
enchanced performance and versatile process stability would promote their
faster industrialisation.

On the whole, this line of work may suggest several approaches for systematic
evaluation of intrinsically selective material and membrane performance
characteristics, allowing a direct translation between the bench- and pilot-scale
investigations. Characterisation methods, employed to assess the suitability of
PILs for the CO2 capture from flue gas, could be used as a standardised test
sequence for properties related investigations between prospective polymeric
materials and membranes prepared of thereof. By implementing this
strategy, the screening of newly reported selective materials maybe accelerated
considerably. By and large, the gained knowledge may instigate the design of
other polymer-based materials, in particular biodegradable polymers are of
great interest. Their development will induce more concious attitude towards
disposable membrane modules that are in use today. Their configuration
limits the recycling potential, as a variety of polymers is being used for
their manufacturing. Today, this aspect becomes more important as the
environmental awareness among the end users grows exponentially.
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Abstract

The majority of commercial membrane units for large-scale natural gas
sweetening are based on cellulose acetate (CA). However, the low selectivity
and risk of plasticisation affect adversely the performance of CA-based systems.
Herein, we present a new class of CA-derived poly(ionic liquid) (PIL) as a
thin film composite (TFC) membrane for CO2 separations. CA is modified
with pyrrolidinium cations through alkylation of butyl chloride, substituting
the hydroxyl group in the polymer backbone, and further anion exchange to
bis(trifluoromethylsulfonyl)imide, P[CA][Tf2N]. The synthesised PIL material
properties are extensively studied. The CO2 separation performances of
the newly synthesised materials is evaluated by gravimetric gas sorption
experiments, single gas time-lag experiments on thick membranes, and mixed-
gas separation experiments on TFC membranes. The results are compared
to the parent material (CA) as well as a reference PIL (poly(diallyldimethyl
ammonium) bis(trifluoromethylsulfonyl)imide (P[DADMA][Tf2N])). The ideal
CO2/N2 sorption selectivity of P[CA][Tf2N] remains constant up to 10 bar.
The single gas transport measurements in P[CA][Tf2N] reveal improved ideal
CO2 selectivity for the CO2/N2 gas pair and increased CO2 permeability
for the carbon dioxide and methane (CO2/CH4) gas pair compared to the
reference PIL. Mixed-gas permeation tests demonstrated that P[CA][Tf2N]-
based membranes with a 5 µm thick selective layer has a two-fold higher CO2
flux compared to conventional CA. These results present CA modification
into PILs as a successful approach promoting the higher permeate flows and
improved process stability in a wide range of concentrations and pressures of
CO2/N2 and CO2/CH4 gas mixtures.
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3.1 Introduction

Cellulose is an almost inexhaustible bio-based polymeric raw material [1].
Being a linear homopolymer with D-glucose monomers, cellulose exhibits a
broad chemical processability that enables the development of new functional
materials. Cellulose acetate esters (CA) are the most widely used type of
functionalized cellulose. CA is made by reacting the free hydroxyl groups
in cellulose with acetic acid or acetic anhydride in the presence of sulphuric
acid, followed by the hydrolysis of acetyl groups [2]. CA materials range from
cellulose triacetate to materials with different degree of acetylation, defined
by the degree of substitution (DS). Importantly, the conversion of cellulose to
CA alters the physicochemical properties, improving its solubility in organic
solvents and facilitating its processing as an ordinary thermoplastic material.
Being a biodegradable, low cost and widely available polymer, CA is widely
used in a variety of commercial applications, including films, moulded goods,
and fabrics [3]. CA was one of the first materials implemented in membrane
technology on a large scale, and has since been used in water purification,
medical applications, and gas separation [4].

Currently, CA is an industrial standard for the removal of CO2 from natural
gas, and along with other commercially available membranes, such as
polyimides, dominates the market of CO2 separations [5]. Even though newly
emerged polymers (e.g. thermally rearranged polymers, polymers of intrinsic
microporosity and fixed-site-carrier polymers) outperform CA separation
performance [6], the interest in developing CA-based membranes persists
due to its availability and proven characteristics. Prior research provides
ample examples of CA-based materials overcoming existing limitations, such
as loss of selectivity under aggressive feed conditions. Scheme 1 outlines
several CA-based materials: (i) mixed matrix membranes (MMM) comprised
of 0.1 wt% functionalized multi-walled carbon nanotubes, nanoporous layered
silicate AMH-3 embedded into CA matrix, and blend membranes with
polyethylene glycol (PEG); (ii) covalently functionalized CA membranes, for
example, with adamantine groups; and (iii) cross-linked CA membranes
using vinyltrimethoxysilane [7–11]. Additional interest for cellulose chemistry
focuses on cellulose solubility and reactivity in ionic liquids (ILs) and their
role as a process medium for the CA phase inversion in membrane production
[12, 13].

In recent years, ionic liquids have demonstrated promising candidates for
gas separation purposes [14–16]. Task-specific ILs have been investigated in
bulk, supported in porous membranes (SILMs) and blended with membrane
polymers to improve gas separation properties [17]. However, the combination
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Scheme 3.1 Pathways to modify cellulose acetate-based membranes.

of ILs and cellulose derivatives for gas separation purposes has remained
virtually unexplored. Pioneering works on the CA doped with imidazolium
based ILs 1-ethyl-3-methylimidazolium tetra-fluoroborate ([EMIM][BF4]) and
1-ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA]) [18], ether- or
alkyl-functionalized pyridinium based ILs [EnPy][Tf2N] and [CnPy][Tf2N]
indicate that CA composite membranes with ILs show high selectivies and
permeability in gas separation technologies [19], however the ILs are very
prone to leaching and cannot provide a stable separation performance.

Polymers constituted by IL monomers, or simply poly(ionic liquids) (PILs),
combine the physicochemical affinity towards CO2, featured by ILs, with the
robust mechanical properties inherent to polymers [20, 21]. PILs have been
evaluated not only as neat materials, but also blended with ILs into composite
materials. In these blends, PILs prevent the system phase separation and ILs
leaching under pressure, while maintaining the overall performance, as strong
ionic interactions are created between the free ILs and the ionic side chains
of the PIL backbone [22]. Accordingly, the preparation of a CA-based PILs
membrane offers the opportunity to make an affordable, stable membrane with
unique separation properties.

The combination of cellulose/PILs-like materials can provide a variety of
interesting materials [23, 24], however their function in application has yet
to be determined especially including the gas separation. The latter is
surprising, as in gas separation PILs provide additional advantages like
improved CO2 permeabilities and selectivity stability in humidified streams.
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The functionalization of polymers with ionic moieties may lead to favourable
synergies for CO2 separation, as observed for polybenzimidazoles in terms of
permselectivity [25]. Additionally, the positive influence of water vapour on
the gas permeability of PIL membranes has been reported recently [26]. Under
humid conditions, both, the CO2 and CH4 permeabilities increased with no
negative impact on selectivity.

In present paper the gas separation benefits of functionalizing CA with ionic
functionalities are studied. The synthesis and characterization of CA-derived
PIL-like polymers is described by covalent grafting of pyrrolidinium moieties
to the free hydroxyl groups of commercially available CA, followed by anion
metathesis. Gas sorption and permeability to single gases of the new polymer
(P[CA][Tf2N]) were assessed and compared to the parent material and a
reference PIL, (P[DADMA][Tf2N]). Thin film composite (TFC) membranes
were prepared from studied materials and their separation performance was
examined in a series of experiments with a range of concentrations and
pressures of CO2/N2 and CO2/CH4 gas mixtures.

3.2 Materials and methods

3.2.1 Materials

Cellulose acetate (39.7 wt% acetyl content, Mn = 50 kDa), poly(diallyldimethyl
ammonium) chloride (20 wt% in water, Mn = 200 – 350 kDa), N-methylpyrro-
lidine (> 99 %), N,N-dimethylformamide (DMF, 99.9 %), and triethylamine
(99 %) were purchased from Sigma-Aldrich. The CA powder was dried
under vacuum at 100 ◦C for 48 h to remove adsorbed moisture before
use. 4-Chlorobutyryl chloride (98 %) was purchased from Acros Organics.
Dichloromethane (99.5 %) was purchased from Scharlab. Bis(trifluorome-
thylsulfonyl)imide lithium salt (LiTf2N) was purchased from IoLiTec. p-
Xylylenediamine (XDA, > 98 %) cross-linker was purchased from Fluka.
N-methylpyrrolidinone (NMP, Acros, 99 %), tetrahydrofurane (THF, Acros,
99.5 %), acetone (Merck, 99.8 %), ethanol (EtOH, Fisher Scientific, 99.5 %),
isopropanol (IPA, VWR, 99.5 %), methanol (Acros, 99.8 %), and ethyl acetate
(VWR, 99.9 %) were used as solvents without further purification. Matrimidr

9725 was kindly provided by Huntsman (Switzerland). The non-woven
polypropylene/polyethylene (PP/PE) fabric Novatexxr 2483 was supplied by
Freudenberg (Germany).
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3.2.2 Polymer synthesis

Poly(diallyldimethyl ammonium) bis(trifluoromethylsulfonyl)imide
(P[DADMA][Tf2N])

Poly(diallyldimethyl ammonium) chloride (0.88 mol, 709 g) was diluted with
water (709 g) and added to the solution of LiTf2N (0.98 mol, 373 g, 75 % in
water) in 142 g of water. The mixture was stirred during 48 h. After filtration,
washing and drying, a white solid was obtained (295 g, 74 % yield).

CA-based pyrrolidinium derivatized poly(ionic liquid)
(P[CA][Tf2N])

Dried CA (121.9 mmol, 30 g) was dispersed in dry dichloromethane (350 mL),
and triethylamine (231.6 mmol, 32.3 mL) was added. The mixture was
vigorously stirred until complete dissolution of the polymer. The solution was
then cooled to 0 ◦C and 4-chlorobutyryl chloride (182.9 mmol, 20.9 mL) was
introduced dropwise. The reaction mixture was stirred at ambient temperature
for 24 h, subsequently centrifuged to remove the salt, and finally concentrated
in the rotary evaporator. The product was dissolved in acetone and precipitated
in aqueous ethanol solution (EtOH:H2O, 4:1, 450 mL) to remove salts and excess
reagents. The intermediate product, namely P-CA. was filtered and dried under
reduced pressure, yielding 29.7 g (50 %) of a white powder.

To the CA-P solution (20.3 mmol, 13 g) in DMF (150 mL) at 80 ◦C, N-
methylpyrrolidinium (61.0 mmol, 6.5 mL) was added dropwise. After being
stirred for 3 days, the corresponding PIL (P[CA][Cl]) was precipitated and
washed with ethyl acetate. For the anion exchange, the precursor P[CA][Cl]
was dissolved in water and a solution of LiTf2N salt (20.3 mmol, 5.8 g) was
added dropwise and stirred for 24 h. The final product (P[CA][Tf2N]) was
collected by filtration in the form of white solid. The obtained product was
washed with deionised water until the test with silver nitrate (AgNO3) was
negative and no halide anions could be identified, filtered and dried until
constant weight (yield (Y) 12 g, 82 %). An overview of this chemical synthesis
route is reported in Scheme 3.2.

3.2.3 Material characterisation

The fourier-transform infrared spectroscopy (FTIR) spectra of the polymers
were recorded with an ATR-FTIR Jasco 4100 spectrometer (4000 – 400 cm−1,
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Scheme 3.2 Post-synthetic conversion of CA into P[CA][Tf2N] through IL sites
incorporation and subsequent anion metathesis.

4 cm−1 resolution, and the total number of 16 scans). The nuclear magnetic
resonance (NMR) spectra were measured on a Bruker Avance III 500 MHz
(1H) NMR spectrometer using deuterated dimethylsulfoxide (DMSO-d6) as
solvent. The chemical shifts were expressed in parts per million (ppm). Thermo-
gravimetric analysis (TGA) was performed using a Q500 TG-DTA analyser (TA
Instruments) between 25 ◦C and 700 ◦C, under air atmosphere and a heating
rate of 10 ◦Cmin−1. Differential scanning calorimetry (DSC) analyses were
performed on Pyris Diamond DSC (Perkin-Elmer) from ambient temperature
230 ◦C. The glass transition temperature (Tg) was obtained as the inflection
point of the heat flow step (2nd heat), recorded at a scan rate of 10 ◦Cmin−1. The
melting point and the enthalpy for indium (Tmp = 156.6 ◦C, ∆Hm = 28.5 Jg−1)
was used for the temperature and the heat capacity calibration.

Gas sorption

N2 and CO2 sorption isotherms were obtained at 20 ◦C using a gravimetric
analyser (Hiden Isochema IGA-003). The chosen experimental pressure range
was 0 – 5 bar for P[DADMA][Tf2N] and 0 – 10 bar for CA and P[CA][Tf2N].
Powdery samples were degassed under vacuum at a temperature of 70 ◦C (CA,
P[DADMA][Tf2N]) and 20 ◦C (P[CA][Tf2N]) before the measurements. The
time required to obtain each experimental value equalled 120 min for CA and
360 min for PIL-based samples.
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3.2.4 Membrane preparation

Thick dense films

The neat polymeric membranes were prepared by a solution casting method
reported previously [27]. The casting solution contained 8 wt% of polymer in
acetone. After homogenisation and de-gassing, the polymer solution (2 mL)
was cast onto a polyester film firmly fixed to the stainless steel frame (� 50 mm)
in a controlled environment at 25 ± 1 ◦C and 20 ± 1 % relative humidity (RH).
The polymeric film was left to dry for ca. 72 h. The dry membranes were
removed from the frame and peeled of the support. The membranes were
additionally dried in the vacuum chamber for 3 h prior the measurements.

Thin film composites

Polymeric supports were prepared by a phase inversion method from
commercially available polyimide (PI) according to the method described
previously [28–30]. The casting solution was prepared in the mixture of
solvents 62.25/20.75/2.00 wt% of NMP/THF/H2O with 15 wt% Matrimidr

9725. After homogenisation and de-gassing, the polymer solution was cast
on a non-woven material (Novatexxr 2483, Freudenberg, Germany). When
the preliminary evaporation of the solvent (30 s) was completed, the support
with a polymer layer was transferred into the water bath to realize the polymer
precipitation. Additionally, the supports were cross-linked in 0.63 wt% XDA
solution in methanol for 3 days to ensure their stability in various solvents as
described elsewhere [31].

The PIL-based TFC membranes were prepared using the solution casting
method. Coating solutions were prepared by dispersion of the active polymer
in acetone to acquire a final concentration of 4 wt%. The mixture was placed
on the stirring plate and allowed to homogenise at a temperature of 25 ◦C. The
solutions were subsequently filtered through 0.45 µm PE membrane filter, and
allowed to degas overnight to avoid formation of defects. The supports were
firmly fixed inside membrane casting frames to prevent the spillage of the PIL
solution. Everything required for the solvent-casting procedure was placed
in an airtight container with a controlled flow of nitrogen. This allowed for
a degree of control, hence enabling the desired solvent evaporation rate and
formation of the defect-free selective barrier. Sufficient amount of the casting
solution was distributed on the surface of the support (� 50 mm) and left to
solidify for at least 24 h [32].
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3.2.5 Membrane performance evaluation

Time-lag measurements

Single gas time-lag experiments were performed on a fixed volume / pressure
increase instrument constructed by Elektro & Elektronik Service Reuter
(Geesthacht, Germany) on circular samples with an effective area of 11.3 cm2

or 2.14 cm2. The feed gas was set at 1 bar for all the gases, and measurements
at lower pressures (i.e. 0.8 bar, 0.6 bar, 0.4 bar, 0.2 bar and 0.1 bar) were
performed only for CO2 in order to analyse the pressure dependence. The
permeate pressure was measured up to 13.3 mbar with a resolution of
0.0001 mbar. The gases were always tested in the following order: H2, He,
O2, N2, CH4, and CO2, and the effective degassing was guaranteed by a
turbo molecular pump. Permeabilities (Pi) are reported in Barrer (1 Barrer
= 10−10 cm3 (STP) cm cm−2 s−1 cmHg−1), and the diffusion coefficient (Di) was
calculated from the so-called permeation time lag, Θ (s). The ratio of the
permeability over the diffusion coefficient gives the gas solubility coefficient in
its approximate form. A more detailed description of the method can be found
elsewhere [33].

Scanning electron microscopy (SEM)

The morphology of TFC membranes was studied using a Hitachi N-3400
scanning electron microscope applying an acceleration voltage of 15 kV.
Samples for SEM analysis were prepared using a fracturing method from
dry quick-frozen membrane segments and were sputtered with gold.

Separation performance of TFC membranes

Mixed-gas permeation tests were performed on a high-throughput gas
separation (HTGS) membrane system (HTML, Belgium) implying constant-
volume variable-pressure methodology previously described elsewhere [34].
The active membrane area was 1.54 cm2. System separation parameters were
calculated based on mixed gas selectivity and permeability values. Feed gas
composition was varied between CO2/N2 and CO2/CH4 mixtures where the
CO2 partial pressure was regulated by volumetric content (15 – 85 vol%) at
5 bar feed pressure and by applying varied feed pressure (2 – 8 bar) with
equimolar gas mixtures (50/50) at 26 ◦C. The feed gas flow rate was monitored
by mass flow controllers (MFC, Bronkhorst) The driving force through the
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membrane was maintained constant using a vacuum pump (Pfeiffer Dua 2.5)
at 4 mbar on the permeate side.

The feed and permeate gas composition were analysed by gas chromatography
on a device from CGC, Interscience. The ratios between mole fractions of gas
components downstream (yi and yj) and upstream (xi and xj) comprised the
formula for calculating the separation factor of the membrane, α∗i/j

:

α∗i/j =
yi/yj

xi/xj
(3.1)

where indexes (ni and j correspond to single gases CO2 and N2, respectively) i
and j correspond to single gases CO2 and N2, respectively. Since the upstream
pressure considerably exceeds the downstream pressure (vacuum) and no
coupling effect between CO2 and N2 was observed, the intrinsic permeability
selectivity approaches the separation factor [35]:

α∗i/j ≈ αi/j (3.2)

αi/j is referred to as mixed-gas selectivity further on in the text.

The permeance Πn (GPU) was calculated based on the rate of the pressure
increase dp/dt obtained when the system has reached the steady state conditions
as follows:

Πn =
Vm

R · T =
V · yn

A · xn · (p f − pp)
· dp

dt
(3.3)

where A is a membrane permeation area (cm2), V is a permeation volume
downstream of the membrane (cm3), T is the operating temperature of the
separation unit (K), p f and pp are the absolute pressure of the gas in the feed
and permeate, respectively (cmHg), Vm is the molar volume of gas (Lmol−1),
R is the gas constant (L cmHg K−1 mol−1). pp is considered negligible in the
vacuum.

3.3 Results and discussion

3.3.1 Synthesis and characterisation of PILs

The functionalisation of CA yielded P[CA][Tf2N] with an overall yield of 41 %.
The reaction of the free hydroxyl groups of CA with 4-chlorobutyl chloride
was facilitated by the solubility of CA in organic solvents, which enables
the formation of a homogeneous solution. P[DADMA][Tf2N] yielded 74 % of
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Figure 3.1 1H NMR (500 MHz, DMSO-d6) spectra of CA, P[CA][Tf2N], and
P[DADMA][Tf2N].

product in the form of white solid. Its contamination with chloride anions was
controlled by ionic chromatography under 400 ppm.

Figure 3.1 displays 1H NMR spectra of CA, P[CA][Tf2N], and P[DADMA]-
[Tf2N] in DMSO-d6. CA and its derivative spectra show two main sets of peaks
for CA: the polymer backbone represented by the protons linked to O-linked
methylene groups in the range of 5.5− 3.2 ppm, and the signal of the acetyl
groups in the range of 2.2− 1.8 ppm [36]. The incorporation of pyrroli-dinium
moiety is proven by the new and isolated peak that arises at 2.99 ppm, which
corresponds to the methyl group of the pyrrolidinium moiety. This signal was
not coupled with any other signal of the two dimensional COSY spectrum
(Figure A.2). Additional peaks at 3.8− 3.5 ppm (assigned to protons close to
the charged nitrogen atom) and 2.4 ppm (assigned to protons further to the
charged nitrogen atom) correspond to the new pending group.

The FTIR spectra (Figure 3.2) confirm the disappearance of the free hydroxyl
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Figure 3.2 FTIR spectra of CA, P[CA][Tf2N], and P[DADMA][Tf2N].

groups of CA (characteristic broad stretching band at 3486 cm−1) upon reaction
with chlorobutyryl chloride. Also absence of the asymmetric stretching of the
carbonyl group of the acetate groups (C –– O) at 1736 cm−1, and 1216 cm−1

(C – O) and 1027 cm−1 (C – O) confirmed this hypothesis. The successful
acylation of CA to give CA-P was observed by the disappearance of the O – H,
proving that the remaining hydroxyl groups of CA have reacted in the post-
functionalisation reaction with 4-chlorobutyryl chloride. The contribution of
the new carbonyl bond should overlap with the rest of the carbonyl moieties.
Several new small peaks appeared at 780 cm−1, 725 cm−1, and 643 cm−1 that
could correspond to the stretching of C – Cl bond that should theoretically
raise around 830 <600 cm−1. Once the N-alkylation and the anion exchange
reactions are carried out in P[CA][Tf2N], the typical peaks corresponding to
the [Tf2N]– anion can be observed at 1327, 1242, 1198, 1138, and 1057 cm−1,
showing that the anion-exchange occurred correctly. Also, the FTIR spectra of
P[DADMA][Tf2N] is provided, where the same peaks that correspond to the
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anion are observed.

(a) DTG.

(b) DSC.

Figure 3.3 DTG (a) and DSC (b) curves (second heat run) of CA, P[CA][Tf2N] and
P[DADMA][Tf2N] under air atmosphere recorded at 10 ◦Cmin−1.

Figure 3.3a depicts the differential thermo-gravimetric (DTG) curves of neat
CA, P[CA][Tf2N], and P[DADMA][Tf2N]. The latter shows the highest thermal
stability, followed by CA. The incorporation of ionic groups in the CA structure
lowers the maximum degradation temperature of CA from 341 ◦C to 288 ◦C,
respectively. Supposedly, the ionic groups disrupt the CA packing, lowering
the energy requirement to break the intra-polymer bonding and rendering the
chains more labile. The higher flexibility of the polymer chains, as witnessed
by the lower Tg (Figure 3.3b), confirmed the reduction of intra-chain and inter-
chain bonding upon functionalisation of CA. Furthermore, the presence of ionic
groups may also have a catalytic effect on the backbone degradation. The same
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effect has been observed for CA / ILs blends [37, 38]. The incorporation of
the ionic moiety via a three-carbon atom alkyl chain linker not only decreases
the thermal stability of CA, but also has a major impact on the polymer chain
packing and mobility, as observed by DSC.

The DSC curves of the polymers (Figure 3.3b) show Tg of CA and P[CA][Tf2N]
at 190 ◦C and 123 ◦C, respectively. This proves that the substitution of polar
hydroxyl groups by ionic pending groups increases the mobility of the polymer
segments, having a plasticizing effect. The backbone of P[DADMA][Tf2N] is
intrinsically more flexible, and thus this polymer has a lower Tg.

3.3.2 Sorption behaviour

Figure 3.4 shows the CO2 and N2 sorption isotherms of CA, P[CA][Tf2N],
and P[DADMA][Tf2N]. The CA sample has the highest CO2 and N2 sorption
capacity among the investigated samples, while the CO2 concentration in
P[CA][Tf2N] is twice as low compared to CA. However, the decrease in CO2
solubility is partly compensated by a higher CO2/N2 solubility selectivity (by
about 11.7 ◦C at 1 bar, Table 3.1) due to the even lower N2 sorption capacity.

The CO2 sorption isotherms are strongly non-linear in the low pressure region
(0 bar–3 bar) and becomes roughly linear for higher pressures suggesting
the dual-mode sorption mechanism (Figure 3.4 a). To describe the sorption
behaviour of single gases (CO2, N2), experimental sorption isotherms were
analysed and fitted to the dual-mode sorption model (DMM) using the non-
linear regression. The sorption capacity of the polymer depends on the
interaction between the polymer and the penetrant gas, and is the result of two
contributions: the non-specific (CD) sorption and the Langmuir adsorption in
the polymer fractional free volume (FFV) (CH), and equals (3.4) [39, 40]:

C = CD + CH = kDp + C
′
H

bp
1 + bp

(3.4)

or may be transformed to describe the gas solubility, as follows (3.5):

S =
C
p
= kD + C

′
H

b
1 + bp

(3.5)

where C is the total gas concentration of penetrant in polymer (cm3 (STP) cm−3),
CD and CH are the concentration of penetrant in the polymer matrix
and micro-voids, respectively (cm3 (STP) cm−3), kD is the Henry’s law
constant (cm3 (STP) cm−3 bar−1), p is the gas pressure (bar), C

′
H is the

Langmuir saturation constant (cm3 (STP) cm−3), b (bar−1) is the Langmuir
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Figure 3.4 CO2 (a) and N2 (b) sorption isotherms in polymers at 20 ◦C. Open and
filled symbols denote absorption and desorption runs, respectively. The black curves
represent the simulates results based on the simple dual mode sorption model. (c)
CO2/N2 ideal sorption selectivity derived from single gas sorption experiments.
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Table 3.1 Dual-mode model parameters and separation properties obtained at 20 ◦C.

Sample CA P[CA][Tf2N] P[DADMA][Tf2N]

Particle diameter (dv0.5), µm 147 331 51

CO2
20 ◦C

kD
a, cm3 (STP) cm−3 bar−1 1.85 1.21 1.12

C
′
H , cm3 (STP) cm−3 21.15 21.07 5.31

b, bar−1 0.61 0.20 0.29
Aver. relative error, % 4.7 3.3 1.1
Sb, cm3 (STP) cm−3 bar−1 9.86 4.71 2.31

N2
20 ◦C

kD
a, cm3 (STP) cm−3 bar−1 0.11 0.05 0.03

C
′
H , cm3 (STP) cm−3 0.21 0.05 0

b, bar−1 0.46 1.47 0
Aver. relative error, % 2.3 2.5 6.7
Sb, cm3 (STP) cm−3 bar−1 0.18 0.08 0.03

SCO2 /SN2
b 56.0 59.2 77.1

CDCO2 /CDN2
b 16.8 24.2 37.3

C
′
HCO2

/ C
′
HN2

b 56.0 59.2 77.1

a As all experimental data points lay in the non-linear sorption region the accuracy in the
determination of kD may be compromised.

b At 1 bar.

affinity constant, and S is the solubility of single gas in the polymer
(cm3 (STP) cm−3 bar−1).

This dual-mode behaviour was most pronounced in cellulose derived samples,
even though the reference P[DADMA][Tf2N] sample exhibited a significant
contribution to the non-specific sorption in FFV (1.19 cm3 (STP) cm−3 at
1 bar and 20 ◦C, confirmed elsewhere [41]. The non-specific adsorption of
nitrogen was much weaker at low pressures or even negligible for P[DADMA].
Similarly for N2 in P[DADMA][Tf2N], C

′
H and b are equal to zero because the

experimental sorption isotherm is a straight line. Hence, these coefficients
cannot be determined from Eq. 3.5. This case describes the situation when the
total sorption is weak and the pressure is low (the equilibrium concentration
changes linearly with pressure). However, in the case of P[DADMA][Tf2N] the
N2 adsorption in FFV may be considered negligible or non-existent. This stems
from the FFV in P[DADMA][Tf2N] being much lower than that in CA and
P[CA][Tf2N] due to lower Tg, as outlined in the section 3.3.1. Additionally, this
reduction in FFV is confirmed by the lowest Langmuir adsorption of CO2 in
P[DADMA][Tf2N]. In summary, the total sorption capacity of N2 follows the
trend CA > P[CA][Tf2N] > P[DADMA][Tf2N] because both the non-specific
sorption capacity and the Langmuir adsorption of N2 decrease in this order.
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For cellulose derived samples, the Langmuir adsorption dominates the total
CO2 sorption capacity (Figure 3.4 a). At 1 bar, the CH/C ratio is equal to
81.2 % for CA and 74.3 % P[CA][Tf2N] while being only approx. 50 % for
sample P[DADMA][Tf2N]. The CO2 and N2 adsorption in the FFV affects
positively the CO2/N2 solubility selectivity of P[CA][Tf2N]. Table 3.1 contains
CDCO2 /CDN2 ratios at 1 bar, characterising the PIL matrix separation properties
as rather weak in the case of CA (16.8) and moderate in the case of PILs
(from 24.2 for P[CA][Tf2N] to 37.3 for P[DADMA][Tf2N]). A negligible (in
the case of P[DADMA][Tf2N]) or very small (cellulose derived samples)
Langmuir adsorption of N2 results in higher C

′
HCO2

/C
′
HN2

ratios (118–121)
(Figure 3.4 b). Based on this results, P[CA][Tf2N] exhibits intermediate CO2
solubility selectivity in the lower pressure region exceeding the CA and
P[DADMA][Tf2N] values at higher pressures (Figure 3.4 c). Compared to
the latter, this new material has still over two times better CO2 solubility and,
in relation to the neat CA, CO2/N2 solubility selectivity that is closer to other
PILs.

3.3.3 Time-lag experiments

Figure 3.5 reports the CO2 sorption isotherm in thick dense membranes
at very low pressure (below 1 bar), derived from time-lag measurements
assuming solution-diffusion model. The sorption capacity follows the trend
P[DADMA][Tf2N] < CA < P[CA][Tf2N] showing that the newly synthesized
PIL has the highest sorption capacity at very low pressure. This demonstrates
the stronger interactions between the CO2 and specific interaction sites in
the polymer matrix of P[CA][Tf2N] with respect to the reference polymers.
However, at higher pressure or in presence of humidity, a complexation shell
can be formed on the specific interaction sites, and by that, changing the overall
sorption properties, and resulting in a different sorption behaviour (Figure 3.4).

The gas transport through the dense membranes prepared by CA, P[CA][Tf2N],
and P[DADMA][Tf2N] obeys the solution-diffusion mechanism. Table 3.2
reports the permeability (P), diffusion (D) and solubility (S) coefficients as well
as the respective ideal selectivities with respect to nitrogen (Px/PN2 ; Dx/DN2 ;
Sx/SN2). CO2 has a lower permeability in the two PILs than in the neat CA
and follows the trend P[DADMA][Tf2N] < P[CA][Tf2N] < CA.

The CO2/N2 selectivity follows the same trend. The permeability properties of
the PILs are closer to the properties of typical glassy polymers. This is visible
in the CO2/He selectivity, since He permeates more than CO2 in the PIL-based
membranes, showing a clear reverse selectivity, while in CA membrane, CO2
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Figure 3.5 CO2 sorption in thick dense membranes at pressures below 1 bar and at 25 ◦C.
Filled and empty markers indicate experimental and calculated values, respectively.
Dotted curves fit the dual-mode sorption model.

is more permeable than He, similar to typical rubbery polymers where the
transport is ”solubility controlled“.

Even if no mechanical tests were performed in dry and humid condition, the
effect of the humidity on the physical state of the PILs-based membranes was
obvious during the sample handling. After a time-lag measurement performed
in high vacuum conditions the membranes were very brittle, while they become
easier to handle after some minutes of exposure to air. Hence, the humidity
absorbed by the PIL matrix plasticises the polymer. This can drastically affect
the permeability properties of the membrane upon the exposure to humid
gases in comparison to the experiments performed under vacuum conditions.

The Robeson plot compares the separation performance of investigated
materials and data available for CO2/N2 (Figure 3.6 top) and CO2/CH4
(Figure 3.6 bottom) gas pairs [42]. The PIL-based membranes are positioned
among the central part of the plot typical for CA and CA-based materials.
P[CA][Tf2N] appears to combine the performance characteristics of CA and
P[DADMA][Tf2N].

3.3.4 Thin-film composite membranes preparation

The porous nanofiltration supports used for membrane preparation increase
simultaneously the gas permeance/flux and mechanical stability. Additionally
the thin-film composite (TFC) morphology of the prepared membranes
enhances the speed and the quality of separation performance evaluation.
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Table 3.2 Pure gas permeability (Px, Barrer) and perm-selectivity (Px / PN2 ),
diffusion (Dx, e10−12 m2/s) and diffusion selectivity (Dx/DN2 ), solubility (Sx,
cm3 (STP) cm−3 bar−1 and solubility selectivity (Sx/SN2 ) coefficients from time-
lag measurements on CA, P[CA][Tf2N], and P[DADMA]Tf2N] dense membranes
measured at 1 bar and 25 ◦C.

Membrane PHe PH2 PO2 PCO2 PN2 PCH4
(PHe/PN2 ) (PH2 /PN2 ) (PO2 /PN2 ) (PCO2 /PN2 ) (PCH4 /PN2 )

CA 12.5 10.6 1.6 13.8 0.3 0.7
(35.8) (30.3) (4.7) (39.5) (2.1)

P[CA][Tf2N] 14.1 8.7 1.2 8.9 0.3 0.4
(42.3) (26.1) (3.6) (26.8) (1.2)

P[DADMA][Tf2N] 11.1 6.6 1.0 6.8 0.4 0.3
(30.0) (17.7) (2.7) (18.4) (0.9)

DHe DH2 DO2 DCO2 DN2 DCH4
(DHe/DN2 ) (DH2 /DN2 ) (DO2 /DN2 ) (DCO2 /DN2 ) (DCH4 /DN2 )

CA 727 266 12.4 2.6 5.3 2.5 (0.47)
(138) (50.6) (2.36) (0.5) (0.5)

P[CA][Tf2N] 963 409 6.0 1.2 3.1 0.8
(313) (133) (1.97) (0.4) (0.27)

P[DADMA][Tf2N] 501 76.4 10.3 2.0 7.3 1.9
(68.3) (10.4) (1.41) (0.27) (0.26)

SHe SH2 SO2 SCO2 SN2 SCH4
(SHe/SN2 ) (SH2 /SN2 ) (SO2 /SN2 ) (SCO2 /SN2 ) (SCH4 /SN2 )

CA 0.01 0.03 0.1 3.94 0.05 0.22
(0.26) (0.60) (2.0) (79.3) (4.3)

P[CA][Tf2N] 0.01 0.02 0.15 5.44 0.08 0.35
(0.13) (0.20) (1.85) (66.8) (4.3)

P[DADMA][Tf2N] 0.02 0.06 0.07 2.57 0.04 0.13
(0.44) (1.7) (1.91) (67.8) (3.53)

The feasibility of industrial application of prepared PILs is also determined by
their capability to form a thin selective layer on top of the support.

Figure 3.7 confirms the successful preparation of TFC membranes. The defect-
free selective layer can be distinguished from the support. The approximate
thickness of the selective PIL layers deposited on the surface was estimated
from the SEM images (Figure 3.7), enabling the estimation of the permeability
coefficients from the measured permeances.

In the case of CA-based TFC on the PI support (Figure 3.7 a), the selective
polymer clearly delaminated from the support, with a total thickness of 6.2 µm.



RESULTS AND DISCUSSION 49

Figure 3.6 PILs position on the CO2/N2 (top) and CO2/CH4 (bottom) Robeson’s plots.
The ideal separation performance of reported membrane materials is presented for
comparison and is freely available from Membrane Society of Australasia [42].

This suggests poor adhesion of CA to the support and its detachment after
casting or upon fracture of the samples for SEM analysis. For the P[CA][Tf2N]
and P[DADMA][Tf2N] samples (Figure 3.7 b, c), the separation at the interface
between the PIL layer and the support is barely distinguishable, indicating the
excellent adhesion between the two materials. The average thickness of the
selective layer was 5.3 µm and 1.5 µm for P[CA][Tf2N] and P[DADMA][Tf2N],
respectively. The structures of the PIL/ support-based membranes is similar
in multiple identically prepared samples, confirming the high degree of
reproducibility.
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Figure 3.7 Cross-sectional SEM images depict the composite layered morphology of
the membranes: (a) CA, (b) P[CA][Tf2N] and (c) P[DADMA][Tf2N]. The δSL parameter
determines the average thickness of the selective layer in µm.

3.3.5 Mixed-gas separation

Figure 8 depicts how the CO2 partial pressure in the CO2/N2 mixture affects
the separation behaviour of the membranes. In general, CO2 permeance (ΠCO2 )
increases in the order CA < P[CA][Tf2N] < P[DADMA][Tf2N]. This order is
opposite to the permeability trend shown in subsection 3.3.3.

The discrepancy between the dense and the TFC membranes is attributable to
a higher amount of residual humidity in the mixed gas setup where the TFC
membranes were tested. In the mixed gas setup, the remainder of humidity
may swell or plasticize the membrane. This increases the apparent permeability
of the polymer. In the mixed-gas setup, the membranes are tested with
the permeate side at 4 mbar, whereas in the time-lag setup the membranes
are tested at a much lower initial permeate pressure, namely 0.0001 mbar.
Under these conditions the membranes are completely degassed and the ionic
forces present in the P[CA][Tf2N] make the material stiffer, decreasing the
permeability.

In all cases ΠCO2 decreases with increasing CO2 partial pressure, in agreement
with the sorption experiments (DMS model) at pressures sufficiently low to
avoid plasticisation. The main difference is that selectivity decreases, when
the partial pressure of CO2 is increased by a change in the feed composition
(Figure 3.8 left), whereas selectivity increases when it is increased by a change
in the absolute pressure at constant composition (Figure 3.8 right). This is the
result of a delicate balance between a positive coupling effect of CO2 and N2 in
terms of diffusion, and a negative effect on CO2 and N2 in terms of sorption.

The later phenomenon is confirmed by the gas pair CO2/CH4 permeation
experiments in P[CA][Tf2N] (Figure 3.9), which exhibits a more pronounced
decrease in CO2 permeance and in CO2/CH4 selectivity upon changing
CO2/CH4 ratio and a stronger increase in CO2/CH4 selectivity upon the
increase of the total pressure. Thus, all effects described for CO2/N2 are
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Figure 3.8 Increase of CO2 partial pressure at 26 ◦C by (left) varying composition from
15 to 85 vol% CO2 at constant pressure of 5 bar, (right) changing the total pressure from
2 to 8 bar at a constant feed composition of 50/50 CO2/N2.

even stronger for CO2/CH4 due to both higher solubility and lower diffusivity
of larger CH4 molecules compared to N2.

Figure 3.9 Role of CO2 partial pressure in the P[CA][Tf2N] performance at 26 ◦C: (left)
15 – 85 vol% CO2 at 5 bar feed pressure, (right) 50/50 CO2/X feed mixture at 2 – 8 bar.
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3.4 Conclusions

A new cellulose derived PIL was synthesized and characterized for CO2
separation purposes. The material features several advantages: (i) the synthesis
begins with the post-functionalization of a renewable, cheap and well-known
industrial raw material without the need of controlled polymerization reactions;
(ii) the ionic groups are covalently grafted to the polymer matrix, thus
preventing them from leaching, as may occur with ILs and their blends.
The incorporation of the ionic moieties in the polymer structure has led to
a significant improvement (three-fold) in absolute CO2 permeability values in
comparison with neat CA under the investigated mixed gas conditions at the
expense of a small decrease in selectivity. Additionally, the new material shows
more stable CO2/N2 and CO2/CH4 selectivity values with increasing CO2
content and pressure in the feed mixture, offering advantages if the membranes
have to work under unstable conditions.

Bibliography

[1] D. Klemm, B. Heublein, H.-P. Fink, A. Bohn, Cellulose: Fascinating
Biopolymer and Sustainable Raw Material, Angew. Chemie Int. Ed. 44
(2005) 3358 – 3393. doi:10.1002/anie.200460587.

[2] K.J. Edgar, Cellulose Esters, Organic, in: Encycl. Polym. Sci.
Technol., John Wiley & Sons, Inc., Hoboken, NJ, USA, 2004.
doi:10.1002/0471440264.pst045.

[3] J. Puls, S.A. Wilson, D. Hölter, Degradation of Cellulose Acetate-
Based Materials: A Review, J. Polym. Environ. 19 (2011) 152 – 165.
doi:10.1007/s10924-010-0258-0.

[4] M. Mulder, Basic Principles of Membrane
Technology, Second Edition 1996.pdf, Springer, 1997.
http://books.google.de/books?id=tSlUcdPqnScC.

[5] S. Basu, A.L. Khan, A. Cano-Odena, C. Liu, I.F.J. Vankelecom, Membrane-
based technologies for biogas separations., Chem. Soc. Rev. 39 (2010) 750 –
68. doi:10.1039/b817050a.

[6] D.M. D’Alessandro, B. Smit, J.R. Long, Carbon Dioxide Capture: Prospects
for New Materials, Angew. Chemie Int. Ed. 49 (2010) 6058 – 6082.
doi:10.1002/anie.201000431.



BIBLIOGRAPHY 53

[7] R.W. Baker, K. Lokhandwala, Natural gas processing with mem-
branes: An overview, Ind. Eng. Chem. Res. 47 (2008) 2109 – 2121.
doi:10.1021/ie071083w.

[8] D.F. Sanders, Z.P. Smith, R. Guo, L.M. Robeson, J.E. McGrath, D.R. Paul,
B.D. Freeman, Energy-efficient polymeric gas separation membranes
for a sustainable future: A review, Polymer 54 (2013) 4729 – 4761.
doi:10.1016/j.polymer.2013.05.075.

[9] A.L. Ahmad, Z.A. Jawad, S.C. Low, S.H.S. Zein, A cellulose acetate/multi-
walled carbon nanotube mixed matrix membrane for CO2/N2 separation,
J. Memb. Sci. 451 (2014) 55 – 66. doi:10.1016/j.memsci.2013.09.043.

[10] J. Li, S. Wang, K. Nagai, T. Nakagawa, A.W.-H. Mau, Effect of
polyethyleneglycol (PEG) on gas permeabilities and permselectivities
in its cellulose acetate (CA) blend membranes, J. Memb. Sci. 138 (1998)
143 – 152. doi:10.1016/S0376-7388(97)00212-3.

[11] W. Kim, J.S. Lee, D.G. Bucknall, W.J. Koros, S. Nair, Nanoporous
layered silicate AMH-3/cellulose acetate nanocomposite membranes
for gas separations, J. Memb. Sci. 441 (2013) 129 – 136.
doi:10.1016/j.memsci.2013.03.044.

[12] J. Chen, J. Zhang, Y. Feng, J. Wu, J. He, J. Zhang, Synthesis,
characterization, and gas permeabilities of cellulose derivatives
containing adamantane groups, J. Memb. Sci. 469 (2014) 507 – 514.
doi:10.1016/j.memsci.2014.06.010.

[13] C.S.K.C. Achoundong, N. Bhuwania, S.K. Burgess, O. Karvan, J.R. Johnson,
W.J. Koros, Silane Modification of Cellulose Acetate Dense Films as
Materials for Acid Gas Removal, Macromolecules. 46 (2013) 5584 – 5594.
doi:10.1021/ma4010583.

[14] D. Mecerreyes, Polymeric ionic liquids: Broadening the properties and
applications of polyelectrolytes, Prog. Polym. Sci. 36 (2011) 1629 – 1648.
doi:10.1016/j.progpolymsci.2011.05.007.

[15] J. Yuan, M. Antonietti, Poly(ionic liquid)s: Polymers expand-
ing classical property profiles, Polymer 52 (2011) 1469 – 1482.
doi:10.1016/j.polymer.2011.01.043.

[16] J. Yuan, D. Mecerreyes, M. Antonietti, Poly(ionic liquid)s: An update, Prog.
Polym. Sci. 38 (2013) 1009 – 1036. doi:10.1016/j.progpolymsci.2013.04.002.

[17] L.C. Tomé, I.M. Marrucho, Ionic liquid-based materials: a platform to
design engineered CO2 separation membranes, Chem. Soc. Rev. 45 (2016)
2785 – 2824. doi:10.1039/C5CS00510H.



54 CELLULOSE ACETATE-BASED PILS

[18] H. Wang, G. Gurau, R.D. Rogers, Ionic liquid processing of cellulose,
Chem. Soc. Rev. 41 (2012) 1519. doi:10.1039/c2cs15311d.

[19] D.Y. Xing, N. Peng, T.S. Chung, Formation of cellulose acetate membranes
via phase inversion using ionic liquid, [BMIM]SCN, As the solvent, Ind.
Eng. Chem. Res. 49 (2010) 8761 – 8769. doi:10.1021/ie1007085.

[20] J. Tang, H. Tang, W. Sun, H. Plancher, M. Radosz, Y. Shen, Poly(ionic
liquid)s: A new material with enhanced and fast CO2 absorption, Chem.
Commun. (2005) 3325 – 3327. doi:10.1039/b501940k.

[21] S. Zulfiqar, M.I. Sarwar, D. Mecerreyes, Polymeric ionic liquids for CO2
capture and separation: potential, progress and challenges, Polym. Chem.
(2015) 6435 – 6451. doi:10.1039/C5PY00842E.

[22] J.E. Bara, C.J. Gabriel, E.S. Hatakeyama, T.K. Carlisle, S. Lessmann,
R.D. Noble, D.L. Gin, Improving CO2 selectivity in polymerized
room-temperature ionic liquid gas separation membranes through
incorporation of polar substituents, J. Memb. Sci. 321 (2008) 3 – 7.
doi:10.1016/j.memsci.2007.12.033.

[23] K. Grygiel, B. Wicklein, Q. Zhao, M. Eder, T. Pettersson, L.
Bergström, M. Antonietti, J. Yuan, Omnidispersible poly(ionic liquid)-
functionalized cellulose nanofibrils: surface grafting and polymer
membrane reinforcement, Chem. Commun. 50 (2014) 12486 – 12489.
doi:10.1039/C4CC04683H.

[24] I. Garcia, I. Azcune, P. Casuso, P.M. Carrasco, H.J. Grande, G. Cabañero,
D. Katsigiannopoulos, E. Grana, K. Dimos, M.A. Karakassides, I.
Odriozola, A. Avgeropoulos, Carbon nanotubes/chitin nanowhiskers
aerogel achieved by quaternization-induced gelation, J. Appl. Polym. Sci.
132 (2015) n/a – n/a. doi:10.1002/app.42547.

[25] S.C. Kumbharkar, R.S. Bhavsar, U.K. Kharul, Film forming polymeric ionic
liquids (PILs) based on polybenzimidazoles for CO2 separation, RSC Adv.
4 (2014) 4500. doi:10.1039/c3ra44632h.

[26] L. Ansaloni, J.R. Nykaza, Y. Ye, Y.A. Elabd, M. Giacinti Baschetti,
Influence of water vapor on the gas permeability of polymerized
ionic liquids membranes, J. Memb. Sci. 487 (2015) 199 – 208.
doi:10.1016/j.memsci.2015.03.065.

[27] E. Fontananova, F. Trotta, J.C. Jansen, E. Drioli, Preparation and
characterization of new non-fluorinated polymeric and composite
membranes for PEMFCs, J. Memb. Sci. 348 (2010) 326 – 336.
doi:10.1016/j.memsci.2009.11.020.



BIBLIOGRAPHY 55

[28] A.K. Hołda, I.F.J. Vankelecom, Understanding and guiding the phase
inversion process for synthesis of solvent resistant nanofiltration
membranes, J. Appl. Polym. Sci. 132 (2015). doi:10.1002/app.42130.

[29] P. Vandezande, X. Li, L.E.M. Gevers, I.F.J. Vankelecom, High
throughput study of phase inversion parameters for polyimide-
based SRNF membranes, J. Memb. Sci. 330 (2009) 307 – 318.
doi:10.1016/j.memsci.2008.12.068.

[30] K. Vanherck, A. Cano-Odena, G. Koeckelberghs, T. Dedroog, I.
Vankelecom, A simplified diamine crosslinking method for PI
nanofiltration membranes, J. Memb. Sci. 353 (2010) 135 – 143.
doi:10.1016/j.memsci.2010.02.046.

[31] K. Vanherck, P. Vandezande, S.O. Aldea, I.F.J. Vankelecom, Cross-linked
polyimide membranes for solvent resistant nanofiltration in aprotic sol-
vents, J. Memb. Sci. 320 (2008) 468 – 476. doi:10.1016/j.memsci.2008.04.026.

[32] D. Nikolaeva, I. Azcune, E. Sheridan, M. Sandru, A. Genua, M.
Tanczyk, M. Jaschik, K. Warmuzinski, J.C. Jansen, I.F.J. Vankelecom,
Poly(vinylbenzyl chloride)-based poly(ionic liquids) as membranes for
CO2 capture from flue gas, J. Mater. Chem. A. 5 (2017) 19808 – 19818.
doi:10.1039/C7TA05171A.

[33] M.R. Khdhayyer, E. Esposito, A. Fuoco, M. Monteleone, L. Giorno, J.C.
Jansen, M.P. Attfield, P.M. Budd, Mixed matrix membranes based on
UiO-66 MOFs in the polymer of intrinsic microporosity PIM-1, Sep. Purif.
Technol. 173 (2017) 304 – 313. doi:10.1016/j.seppur.2016.09.036.

[34] A.L. Khan, S. Basu, A. Cano-Odena, I.F.J. Vankelecom, Novel high
throughput equipment for membrane-based gas separations, J. Memb. Sci.
354 (2010) 32 – 39. doi:10.1016/j.memsci.2010.02.069.

[35] J.H. Petropoulos, Mechanisms and theories for sorption and diffusion of
gases in polymers, in: Polym. Gas Sep. Membr., CRC Press, 1993: pp. 17 –
82. books.google.it/books?id=2U9MqMG7cwkC.

[36] H. Kono, H. Hashimoto, Y. Shimizu, NMR characterization of
cellulose acetate: Chemical shift assignments, substituent effects, and
chemical shift additivity, Carbohydr. Polym. 118 (2015) 91 – 100.
doi:10.1016/j.carbpol.2014.11.004.

[37] B. Lam, M. Wei, L. Zhu, S. Luo, R. Guo, A. Morisato, P.
Alexandridis, H. Lin, Cellulose triacetate doped with ionic liq-
uids for membrane gas separation, Polymer 89 (2016) 1 – 11.
doi:http://dx.doi.org/10.1016/j.polymer.2016.02.033.



56 CELLULOSE ACETATE-BASED PILS

[38] J. Deng, L. Bai, S. Zeng, X. Zhang, Y. Nie, L. Deng, S. Zhang, Ether-
functionalized ionic liquid based composite membranes for carbon diox-
ide separation, RSC Adv. 6 (2016) 45184 – 45192. doi:10.1039/C6RA04285F.

[39] R.S. Bhavsar, S.C. Kumbharkar, U.K. Kharul, Investigation of gas
permeation properties of film forming polymeric ionic liquids (PILs)
based on polybenzimidazoles, J. Memb. Sci. 470 (2014) 494 – 503.
doi:10.1016/j.memsci.2014.07.076.

[40] Y. Tsujita, Gas sorption and permeation of glassy polymers with
microvoids, Prog. Polym. Sci. 28 (2003) 1377 – 1401. doi:10.1016/S0079-
6700(03)00048-0.

[41] R.S. Bhavsar, S.C. Kumbharkar, U.K. Kharul, Polymeric ionic liquids
(PILs): Effect of anion variation on their CO2 sorption, J. Memb. Sci. 389
(2012) 305 – 315. doi:10.1016/j.memsci.2011.10.042.

[42] A. Thornton, L.M. Robeson, B.D. Freeman, CO2/N2 Gas Separation
Polymers, Membr. Soc. Australas. (2012). https://www.membrane-
australasia.org/polymer-gas-separation-membranes/more-123 (accessed
July 30, 2017).



CHAPTER 4

Ionic liquid cationic pendants in cellulose based
poly(ionic liquid) membranes for enhanced CO2

capture from flue gas

0Included in D. Nikolaeva, K. Verachtert, I. Azcune, I. F. J. Vankelecom. Ionic liquid cationic
pendants in cellulose based poly(ionic liquid) membranes for enhanced CO2 capture from flue gas,
submitted to J.Membr.Sci (2019).

57



58 CELLULOSE ACETATE-BASED PILS COMBINING IL PENDANTS

Contributions

Daria Nikolaeva developed experimental design with the help of Itxaso Azcune.
Material synthesis and characterisation was carried out by Katrien Verachtert
(a master student) under the supervision of Itxaso Azcune. Katrien Verachtert
synthesized membranes and performed gas separation experiments, with
valuable advice of Daria Nikolaeva. The manuscript was written by Daria
Nikolaeva, with feedback, corrections, and editing by Ivo F.J. Vankelecom and
Itxaso Azcune.

Abstract

Cellulose acetate (CA) is an attractive membrane polymer for the CO2
capture market. However, its low CO2 permeability and susceptibility
to CO2 plasticisation renders the application of CA-based membranes
complicated for the feeds with high CO2 partial pressure. This work presents
an approach promoting the CA separation performance by incorporating
ionic liquid (IL) pendants (1-methylimidazol, 1-methylpyrrolidine, and 2-
hydroxyethyldimethylamine (HEDMA) on the CA backbone. The CA-based
poly(ionic liquid)s (PILs), synthesised by IL covalent grafting to the hydroxyl
groups of CA with anion metathesis, were characterised by NMR, FTIR,
DSC/TGA, and processed into thin-film composite membranes. The membrane
performance in CO2/N2 mixed-gas permeation experiments shows an increase
in CO2 selectivity upon IL incorporation. Importantly, the CO2 permeance
rapidly increases with higher amounts of HEDMA being incorporated in
the CA backbone. This indicates that the species with hydrogen-bonding
properties within the PIL polymeric network may enhance the interaction of
active IL sites with the permeating CO2 molecules. These findings direct the
further development towards the tailored PILs with affinity for specific gas
components.
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4.1 Introduction

Cellulose acetate (CA) occupies about 80 % of the membrane-based CO2
separations market, and is a good solution for CO2 capture from natural
gas [1–3]. This success relates to its low cost and environment impact, and
established industrial processing. However, CA exhibits relatively low CO2
permeability and selectivity and plasticizes at increased partial pressures of
CO2 [4]. Although the number of polymeric alternatives emerged, such as
polymers of intrinsic microporosity, thermally rearranged polymers, and fixed-
site carrier polymers, providing more efficient separation of CO2 from various
gas streams [5, 6], CA availability and proven industrialisation instigate further
interest in CA-based membranes [7–9, 11–15].

Polymers constituted by ionic liquid (IL) monomers, named as poly(ionic
liquid)s (PILs), combine the high CO2 affinity of ILs with the mechanical
stability attributed to polymers. PILs have been investigated both as neat
materials and as blends with ILs [16–21]. PILs form a solution for problematic
IL leaching and maintain system stability. However, the numerous synthetic
steps, low molecular weight products, and overall processing costs render fast
industrialisation of PILs difficult, as large investments are necessary.

Alternatively, IL moieties can be directly incorporated in polymeric chain of
these polymers that are now already used for industrial membrane-based gas
separation. Such functionalisation may improve the separation efficiency in
CO2 capture application in terms of higher permselectivity [13, 17, 21], higher
CO2 fluxes, and improved performance in humidified conditions [18, 21].

We have recently established that a CA-based PIL can be successfully used
as membrane for CO2 separation from CO2/N2 and CO2/CH4 streams [22].
This approach relies on CA, which is an environmentally friendly, widely
available parent material with high molecular weights and low price. Selective
incorporation of IL-moieties provides functional flexibility for the separation
process, as the IL affinity may be tuned for specific gas component (CO2,
SO2, H2S, etc). The combination of several types of IL-moieties may further
boost intermolecular synergy, improving the cations affinity towards the CO2
molecules.

This paper investigates the influence of the cation configuration on the gas
separation performance of CA-based membranes with IL-pendants. The CA-
based PILs were synthesised by covalent grafting of 1-methylimidazol (Im),
1-methylpyrrolidine (Pyr), and 2-hydroxyethyldimethylamine (HEDMA), as
well as their combinations to the free hydroxyl groups of commercially
available CA, with subsequent anion metathesis, initially established in [22].
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Functionalized PILs were characterised by 1H NMR, FTIR spectroscopy,
TGA, and DSC. Thin-film composite (TFC) membranes were fabricated from
synthesised PILs by solvent casting onto a polyimide support [23]. Mixed-
gas permeation (CO2/N2) tests examined the separation performance of TFC
membranes in the range of CO2 concentrations (15 – 85 vol%). This work
promotes the CA-based PILs with varied composition of IL pendants in their
polymeric backbone to instigate their industrialisation as membranes for CO2
capture.

4.2 Materials and methods

4.2.1 Materials

Cellulose acetate (CA, 39.7 wt% acetyl content, Mn = 50 kDa) was acquired
from Sigma-Aldrich and was dried under vacuum at 100 ◦C for 48 h before
usage to remove the adsorbed moisture. 4-Chlorobutyryl chloride (98 %),
n-methylpyrrolidine (> 99 %), 2-dimethylaminoethanol (99 %), n-methylpyrro-
lidine (99 %), triethylamine (99 %), dichloromethane (99.5 %), and bis(trifluoro-
methylsulfonyl)imide lithium salt (LiTf2N) were purchased from commercial
suppliers and used as received.

Matrimidr 9725 and the non-woven polypropylene/polyethylene (PP/PE)
fabric Novatexxr 2483 were provided by Huntsman (Switzerland) and by
Freudenberg (Germany), respectively. P–xylylenediamine (XDA, > 98 %),
n-methylpyrrolidinone (NMP, 99 %), tetrahydrofuran (THF, 99.5 %), acetone
(99.8 %), ethanol (99.5 %), methanol (99.8 %), isopropanol (IPA, 99.5 %),
n-hexane (99 %) were all utilised as delivered by commercial suppliers.
Polydimethylsiloxane (PDMS) was obtained as silicone rubber compound
two component kit (RTV615, Momentive Performance Materials).

4.2.2 PILs synthesis

Cellulose acetate alkylchloride (CA-P)

Cellulose acetate (30 g, glucose dimer 0.056 mol) was dissolved completely
in dry dichloromethane (500 ml) with consequent addition of triethylamine
(25.5 ml, 0.183 mol). The solution was cooled at 0 ◦C in an ice-water bath, 4-
chlorobutyryl chloride (16.8 ml, 0.150 mol) was added drop-wise, and stirred
at ambient temperature for 24 h. The reaction mixture was transferred drop-
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wise into a solution of ethanol/water (volume ratio 4/1). The precipitate was
removed manually and redissolved in acetone. The polymer was precipitated
for the second time in an ethanol/water mixture (volume ratio 1/2) and
allowed to dry under reduced pressure. Yield: 29.7 g (82 %).

Im

Cellulose acetate alkylchloride (P-CA) dimer (7.85 g, 0.0123 mol) reacted with
the excess of 1-methylimidazol (2.3 ml, 0.0288 mol, 2.3 eq) in DMF (125 ml).
The mixture was heated at 80 ◦C for 7 d. After removal of DMF, the crude
product was dissolved in water and purified through dialysis. The intermediate
product (P[CA – Im][Cl]) exchanged the anions with LiTf2N (4.14 g, 0.0144 mol,
1.2 eq) to obtain P[CA – Im][Tf2N] (Im, Table 4.1). The product was washed
with water to remove LiCl and unreacted reagents. Yield: 6.1 g (52 %)

Pyr

CA-P (13 g, 0.0203 mol) reacted with the excess of N-methylpyrrolidine (6.5 ml,
0.0625 mol, 3 eq) in DMF (150 ml). The mixture was heated at 80 ◦C for 3 d.
After removal of DMF, the crude product was dissolved in water and purified
through dialysis. The intermediate product, P[CA – Pyr][Cl] exchanged the
anions with LiTf2N (5.8 g, 0.0202 mol, 1.0 eq) to obtain P[CA – Pyr][Tf2N] (Pyr,
Table 4.1). The product was washed with water to remove LiCl. Yield: 12.0 g
(61 %) [22].

HEDMA

CA-P dimer (10 g, 0.0156 mol) reacted with an excess of 2-methylaminoethanol
(3.7 ml, 0.0368 mol, 2.3 eq) in DMF (125 ml). The mixture was heated at 80 ◦C
for 7 d. After removal of DMF, the crude product was dissolved in water
and purified through dialysis. The intermediate product, P[CA – HEDMA]-
[Cl], exchanged anions with LiTf2N (5.45 g, 0.019 mol, 1.2 eq) to obtain P[CA-
– HEDMA][Tf2N] (HEDMA, Table 4.1). The product was washed with water
to remove LiCl and unreacted reagents. Yield: 11.8 g (78 %).

Pyr3HEDMA1

CA-P dimer (6.0 g, 0.00937 mol) reacted with 2-dimethylaminoethanol (0.43
ml, 0.0044 mol, 0.4 eq) and N-methylpyrrolidine (1.33 ml, 0.0128 mol, 1.4 eq) in
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DMF (100 ml). The mixture was heated at 80 ◦C for 7 d. After removal of DMF,
the crude product was dissolved in water and purified through dialysis. The
intermediate product, P[CA – 75Pyr25HEDMA][Cl], exchanged anions with
LiTf2N (3.17 g, 0.0110 mol, 1.2 eq) to obtain P[CA – 75Pyr – 25HEDMA][Tf2N]
(Pyr3HEDMA1, Table 4.1). The product was washed with water to remove
LiCl and unreacted reagents. Yield: 5.58 g (64 %)

Pyr2HEDMA2

CA-P (6.0 g, 0.00937 mol) reacted with 2-methylaminoethanol (0.86 ml,
0.0088 mol, 0.9 eq) and N-methylpyrrolidine (0.89 ml, 0.0086 mol, 0.9 eq) in
DMF (100 ml). The mixture was heated at 80 ◦C for 7 d. After removal of DMF,
the crude product was dissolved in water and purified through dialysis. The
intermediate product, P[CA – 50Pyr50HEDMA][Cl], exchanged anions with
LiTf2N (2.43 g, 0.0084 mol, 0.9 eq) to obtain P[CA – 50Pyr – 50HEDMA][Tf2N]
(Pyr2HEDMA2, Table 4.1). The product was washed with water to remove
LiCl and unreacted reagents. Yield: 2.62 g (29 %)

Pyr1HEDMA3

CA-P (6.0 g, 0.00937 mol) reacted with 2-methylaminoethanol (1.29 ml,
0.0133 mol, 1.4 eq) and N-methylpyrrolidine (0.44 ml, 0.0042 mol, 0.4 eq) in
DMF (100 ml). The mixture was heated at 80 ◦C for 7 d. After removal of DMF,
the crude product was dissolved in water and purified through dialysis. The
intermediate product, P[CA – 25Pyr75HEDMA][Cl], exchanged anions with
LiTf2N (3.17 g, 0.0110 mol, 1.2 eq) to obtain P[CA – 25Pyr – 75HEDMA][Tf2N]
(Pyr1HEDMA3, Table 4.1). The product was washed with water to remove
LiCl and unreacted reagents. Yield: 4.2 g (28 %)

Table 4.1 contains all synthesized materials and a reference (CA), including the
codes assigned for brevity and ease of comprehension.

4.2.3 Membrane preparation

Polymeric support

The synthesised PILs were deposited onto a nanofiltration polyimide/-
Novatexxr 2483 support by the solution-casting of the 4 wt% PIL solution
in acetone. The selective PIL layer was then sealed with a 20 wt% solution
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Table 4.1 PIL codes.

Material Cationic pendantsa PIL codeb

[Pyr]+ [HEDMA]+ [Im]+

CA – – – CA

P[CA – Im][Tf2N] – – 100 Im

P[CA – Pyr][Tf2N] 100 – – Pyr

P[CA – HEDMA][Tf2N] – 100 – HEDMA

P[CA – 75Pyr – 25HEDMA][Tf2N] 75 25 – Pyr3HEDMA1
P[CA – 50Pyr – 50HEDMA][Tf2N] 50 50 – Pyr2HEDMA2
P[CA – 25Pyr – 75HEDMA][Tf2N] 25 75 – Pyr1HEDMA3

a Cationic IL-based pendants grafted on the CA polymer chains in percentage.
b Code of the PIL materials used in the text for brevity.

of PDMS in hexane to form a thin-film composite (TFC) membrane. Further
details on the membrane preparation method are available elsewhere [21].

4.2.4 PILs characterisation

Nuclear magretic resonance spectroscopy (NMR), performed on a Bruker
Avance III 500 MHz (1H), confirmed the PIL synthesis by recording the NMR
spectra in deuterated acetone (acetone-d6). Solvent traces: acetone (2.05 ppm)
and water (2.81 ppm).

Polymers fourier transform infrared (FTIR) spectra were obtained on an ATR-
FTIR Jasco 4100 spectrometer in the range of 4000 – 400 cm−1 with a 4 cm−1

resolution, and a total number 16 of scans.

A Pyris Diamond Differential scanning calorimetry DSC instrument (Perkin
Elmer) was used to investigate structural material transitions in the range of
temperatures between 0 ◦C to 180 ◦C under nitrogen flow. The glass transition
temperature (Tg) was determined as the inflection point of the heat flow step.
The second run at a scan rate of 20 ◦Cmin−1 was performed to record Tg. For
the calibration of temperature and heat capacity, the melting points and the
enthalpies for indium (Tmp = 156.6 ◦C, ∆Hm = 28.5 Jg−1) were used.

A Q500 thermal gravimetric analyser (TG-DTA, TA Instruments) was used to
perform TGA measurements between 25 ◦C and 700 ◦C with a heating rate of
10 ◦Cmin−1 under nitrogen atmosphere.
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TFC membrane morphology was investigated on a Hitachi N-3400 scanning
electron microscope (SEM) (15 kV). SEM samples were prepared by the
fracturing of dry quick-frozen membrane segments, which were subsequently
sputtered with gold.

4.2.5 Mixed-gas separation

The PIL-based TFC membranes were subjected to a series of gas permeation
trials with various CO2/N2 mixtures. The permeation trials were conducted on
a high-throughput gas separation (HTGS) membrane system (HTML, Belgium).
This apparatus implies the constant-volume variable-pressure methodology
reported earlier [24]. Round membrane coupons with an active membrane
area of 1.54 cm2 were cut out of the larger sample and placed in the membrane
cell. Mixed gas selectivity and permeability data allowed the calculation of
the system separation parameters. To evaluate the influence of CO2 partial
pressure on the separation process, the CO2/N2 volume ratio in the feed
gaseous mixture was gradually increased from 15/85 to 85/15, entering the
membrane cell at 26 ◦C and 5 bar pressure. The more detailed description
of the experimental protocol may be found elsewhere [22].

4.3 Results and discussion

4.3.1 PILs synthesis

1H NMR confirmed the functionalisation of CA with ILs (Figure 4.2). CA is
identified by the presence of two main signal sets: those related to protons
linked to the hexose ring (14 H) in the range of 5.17 – 3.25 ppm and those
corresponding to acetyl groups (15H) in the range of 2.08 – 1.91 ppm. These
signals reoccur in the spectra of all synthesised PILs. Additionally, the CA-
based PILs spectra contain other characteristic signals corresponding to the
specific IL pendants. The signal integration of the peaks assigned to the
specific IL pendants confirms the IL pendant incorporation and verifies the
functionalisation extent and cation pendant ratio in the mixed PILs.

The Im spectrum (green) presents two characteristic peaks corresponding to the
protons of the imidazolium ring at 9.03 ppm and 7.74 ppm. The Pyr spectrum
(red) has two new isolated peaks at 3.29 ppm (A1) and 2.33 ppm (A2). A1 is
assigned to the methyl group (3 protons) of the pyrrolidimium ring, and A2
is assigned to the 3- and 4-positions ( – CH2 – CH2 – segment (4 protons)) of
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Figure 4.2 1H NMR (500 MHz, acetone-d6) spectra of CA and CA-derived PILs. Isolated
peaks of specific protons, marked with a letter and a number, indicate the corresponding
PIL structure.

the same moiety. An additional characteristic signal arises at 3.78 ppm, in the
zone of the hexose ring signal, attributed to the remaining protons at 2- and 5-
positions of the pyrrolidinium ring.

HEDMA is functionalised with 2-hydroxyethyldimethylammonium IL pen-
dant. Its spectrum presents the key signals at 3.37 ppm (B1) assigned to
– N – CH2 – unit (2H) and at 2.88 ppm (B2) corresponding to the two methyl
groups (6H) at the nitrogen atom. Additionally, the peak at 4.16 ppm is more
intense when compared to Pyr. This increase in intensity suggests the presence
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of the protons adjacent to the hydroxyl group. The B1 signal analysis in other
samples is hampered by the presence of water traces, which raise a signal at
the same chemical shift.

Three PILs functionalized with pyrrolidinium and 2-hydroxyethyldimethyl-
ammonium cations present the characteristic signals of incorporated IL-
pendants with proportional intensities of the cation ratios. Qualitatively, this
is confirmed by the presence and intensity ratios between A1 and B1 signals,
which are exclusive for Pyr and HEDMA, respectively. This proves appropriate
formation of the CA-based PILs with mixed IL-pendants. Importantly,
the signal intensities of A1:B1 correspond to the expected composition
of the polymers. While the A1 (Pyr) signal decreases, the B1 (HEDMA)
signal increases, following the order: Pyr3HEDMA1 > Pyr2HEDMA2 >
Pyr1HEDMA3 (Figure 4.2). Despite the compromised operational accuracy,
the cation ratio can be estimated as % Pyr/% HEDMA from the integral
values of A1 (3H) and B1 (2H) signals, as follows: 33/69, 44/56, and 58/42
for Pyr3HEDMA1, Pyr2HEDMA2, and Pyr1HEDMA3, respectively. These
values correspond well with the theoretical values: 25/75, 50/50 and 75/25 for
Pyr3HEDMA1, Pyr2HEDMA2, and Pyr1HEDMA3, respectively.

FTIR spectra confirms the CA functionalisation with IL-pendants containing
two main characteristic peak groups (Figure 4.3). Firstly, the designated peaks
indicate the C – O stretch of the alkyl chain at 1029 and 1219 cm−1, C –– O at 1736
cm−1 identify the CA-backbone. In the CA spectrum, a broad O – H stretch
represents the free hydroxyl groups of the parent material at 3478 cm−1. This
signal disappears upon the functionalisation of CA with Im and Pyr cationic
pendants. In the case of HEDMA and HEDMA-containing mixed PILs, a broad
O – H stretch at 3550 – 3200 cm−1 reappears representing the alcohol groups
attached to the quaternary amine cation. This signal intensity increases with the
higher amount of HEDMA cations being incorporated in the following order:
Pyr3HEDMA1 < Pyr2HEDMA2 < Pyr1HEDMA3 < HEDMA. Secondly, the
bands corresponding to the [Tf2N]– validate the anion exchange reaction at
1344, 1323, 1173 and 1128 cm−1.

Figure 4.4 depicts the decomposition curves of the pure PILs in comparison to
the reference material CA. The initial loss in mass starting at 260 ◦C and 300 ◦C
for the PILs and CA respectively, describes the elimination of small molecules
or oligomers [25].

CA degrades in one step with major mass loss of 2.7 %/◦C at 375 ◦C,
corresponding to depolymerization. The long onset of CA decomposition
indicates a broad molecular weight distribution with large amounts of short
polymer chain molecules present. Residual material that accounts for 10 % of
the sample initial mass carbonises at 500 ◦C. CA shows stronger decomposition
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Figure 4.3 FTIR spectra of CA and CA-derived PILs.

stability, by forming intermolecular hydrogen-bonds via O – H groups, which
are abscent in the synthesised PILs.

The thermal degradation of PILs shows three steps. In the first step, between
270 ◦C and 315 ◦C, the weight loss is quick for all these PILs, as the side group
of the cationic parts reacts. The degradation rates decrease in a row: HEDMA
> Pyr > Im at 2.8 > 2.6 > 2.3 %/◦C, respectively. Importantly, the first
decomposition stage occurs 5 ◦C earlier for the cyclic alkyl ammonium cation
(Pyr), when compared to the hydroxyl containing aliphatic cation (HEDMA),
and 20 ◦C earlier when compared to the aromatic imidazolium cation (Im). This



RESULTS AND DISCUSSION 69

Im

HEDMA

Pyr
CA

D
er

iv
. w

ei
gh

t /
 - 

%
 m

in
-1

0

1

2

3

T / ° C
250 300 350 400 450 500

Pyr3HEDMA1
Pyr2HEDMA2
Pyr1HEDMA3

0

1

2

3

250 300 350 400 450

Figure 4.4 TGA of CA and CA-derived PILs, as derivative weight as a function of
temperature increase.

trend suggests the stabilizing effect of the O – H group and π – π intermolecular
interaction within the investigated PILs.

In the second step, between 320 ◦C and 400 ◦C, PILs depolymerise and form
initial char products. This range also overlaps with the random (chain scission)
depolymerisation process in the parent material CA. In the third step, above
400 ◦C, degradation of fluorine containing anions occurs and formation of char
is completed. The curves flatten above 500 ◦C indicate final decomposition of
the PILs, with approximately 20 % residue of the initial weight.

Figure 4.4 inset depicts the decomposition curves of mixed PILs. Similar to the
pure PILs, a three steps mechanism describes the degradation process. Only
relatively small changes in the position of peaks and degradation rates are
observed, since the material composition varies only in the ratios of Pyr and
HEDMA cationic pendants. The char residue left after complete degradation of
mixed PILs equals ca. 20 % of the initial weight and corresponds to the weight
left after the pure PILs decomposition.

Incorporation of IL-pendants affects the glass transition of CA-based PILs when
compared to the parent CA. Table 4.3 contains the glass transition temperatures
(Tg) of all the materials investigated. The pristine CA Tg of 190 ◦C corresponds
well with the literature [9]. When compared to the parent material, the CA-
based PILs show ca. 30 % lower Tg decreasing in the following order: 131, 128
and 126 ◦C, for Im, HEDMA, Pyr, respectively. This general decrease in Tg for
pure and mixed PILs indicates the disruption of intermolecular hydrogen bonds
between the O – H and C –– O moieties upon the functionalisation. Additionally,
the incorporation of assymetric cationic pendants may disrupt the polymer
chain packing and further decrease the Tg values.
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The distinction in glass transition temperatures of the synthesised pure
PILs diminished with incorporation of cationic pendants and is within the
measurement error. This suggests limited interaction ability between the
cationic pendants on the intramolecular level.

The mixed PILs display slightly higher Tg values than the pure PILs containing
Pyr and HEDMA IL-pendants, decreasing in the following order: 136, 134 and
133 ◦C, for Pyr3HEDMA1, Pyr2HEDMA2, Pyr1HEDMA3, respectively. This
might indicate the presence of intramolecular hydrogen bonding between
the O – H and the acyl groups. However, no unambiguous explanation could
be given within the scope of this research work. Thus, further molecular
dynamics investigations of mixed PILs might provide better understanding of
the interactions between the cationic pendants.

4.3.2 Membrane preparation

SEM images confirm the formation of TFC membrane morphology resembling
the commercially available membranes for pure (Figure 4.5 a-c) and mixed PILs
(Figure 4.5 d-f). The morphology of the reference CA membrane was previously
reported elsewhere [22]. The approximate thickness of the membranes and
their individual layers was estimated from SEM images (Table 4.3). These
values were used to assess the permeability coffecients based on the acquired
permeances.

The PIL layer boundary exhibits a smooth transition into the support beneath.
However, the textural changes in the layer matrix indicate their transition.
This observation suggests good adhesion between the CA-based PILs and
the support without the penetration of the selective layer in the PI porous
matrix. The thickness of the selective PIL layers varies between 5 µm and
27 µm. The PIL/support-based composite morphology was reproduced on
multiple identically prepared membrane samples.

The selective layer thickness fluctuations might arise from the difference in
PIL affinities to the PI support; the different viscosities of the coating solutions
and from minor changes in the required manipulations during the lab-scale
experiments.
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Table 4.3 Summary of physico-chemical properties of PILs (Tg) and TFC membranes
with selective PIL-based layer.

PIL code Tg
a Membrane thicknessb

[◦C] δTOT
c [µm] δPIL

d [µm] δPDMS
e [µm]

CA 191 – 6 4

Im 131 54 9 5

Pyr 126 103 5 4

HEDMA 128 44 10 6

Pyr3HEDMA1 136 114 6 6
Pyr2HEDMA2 134 97 23 6
Pyr1HEDMA3 133 129 27 5

a Glass transition temperature.
b Membrane thickness estimated using the SEM software, as an average over three samples.
c Average total thickness of the TFC membrane.
d Average thickness of the selective PIL layer.
e Average thickness of the sealing PDMS layer.
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Figure 4.5 Cross-sectional SEM capture the morphology of thin-film composite
membranes: (a) Im, (b) Pyr, (c) HEDMA, (d) Pyr3HEDMA1, (e) Pyr2HEDMA2, and
(f) Pyr1HEDMA3. Arrows indicate the thickness of the respective layer: PI support,
selective PIL, and PDMS sealing.

4.3.3 Mixed-gas separation performance

Influence of the cationic pendant type on CO2/N2 separation

Figure 4.6 a represents the measured CO2 permeance values and Figure 4.6 b
represents the CO2/N2 mixed-gas selectivity values in CA and pure PILs (Im,
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Pyr, and HEDMA) based membranes as a function of CO2 partial pressure.

CO2 permeated through the CA-coated membrane at approx. 80 GPU with
a moderate decline in CO2 permeance with increasing CO2 partial pressure
(Figure 4.6 a) [7, 8]. In comparison, all synthesized CA-based PILs showed
at least a fivefold increase in CO2 permeance, with minimal CO2 permeance
slightly below 500 GPU at various concentrations of CO2 in the feed. At a low
CO2 concentration of 15 vol% (comparable to real flue gas), Im and HEDMA
coated membranes show higher CO2 permeances of 750 GPU and 1000 GPU,
respectively, than Pyr (500 GPU). However, increasing CO2 partial pressure
causes a rapid ΠCO2 decay for Im and HEDMA, resulting in approx. 500 GPU
for both PILs, shrinking the CO2 permeance to 50 % and 75 % of the initial
values, respectively. As for Pyr, its ΠCO2 reaches approx. 650 GPU at 85 vol%
CO2, growing by 30 % with increasing CO2 partial pressure.

The two behaviours observed in Figure 4.6 a, i.e. rapid decay for Im and
HEDMA and moderate growth for Pyr in ΠCO2 , suggest that two mechanisms
govern the overall CO2 transport through the PIL-based membranes. In case of
the latter, the initial increase and further ΠCO2 halt with increasing CO2 partial
pressure indicates the sorption governed transport following the dual mode
sorption model reported previously [22]. Though ΠCO2 was not measured
at even higher CO2 partial pressures, recent results captured that this curve
pattern might provide first sights of future CO2 plasticisation [26]. In case of
the former, the rapid decrease in ΠCO2 with increasing CO2 partial pressure
indicates the carrier saturation behaviour, ascribed to facilitated transport [27–
29]. This interpretation is consistent with our hypothesis that imidazol and
hydroxyl based cationic pendants may intensify interactions with CO2 more
significantly than pyrolidinium-based cationic pendants, as also proven in
related research [30, 31].

The CO2/N2 selectivity slightly decreased with increasing CO2 partial pressure
for CA [8, 22]. For all PILs, the CO2/N2 selectivity initially improved or
remained constant with increasing CO2 partial pressure up to 50 vol% CO2
in the feed mixture, with PILs ordered as follows: Pyr (35) < HEDMA (38)
< Im (41). However, further increase in CO2 concentration leads to a decline
in αCO2/N2

, with PILs ordered as follows: HEDMA (30) < Im (34) < Pyr
(36). Importantly, while the CA-coated membrane has already lost 20 % of
its CO2/N2 selectivity, the pure PILs-coated membranes maintain or exceed
their initial performance up to 2.5 bar CO2 partial pressure. These findings
emphasize that incorporation of IL pendants into CA-backbone improves
CO2/N2 separation performance, and enables formation of more robust PIL-
based membranes.
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Figure 4.6 Influence of CO2 partial pressure increase at 26 ◦C by varying composition
from 15 to 85 vol% CO2 at constant pressure of 5 bar on separation parameters of PILs
with single IL-sites: (a) CO2 permeance and (b) CO2/N2 mixed gas selactivity.

Mixed PILs

Figure 4.7 a and b represent the measured CO2 permeance values and the
CO2/N2 mixed-gas selectivity values, respectively, in mixed PILs (Pyr3-
HEDMA1, Pyr2HEDMA2, and Pyr1HEDMA3) based membranes compared
to pure PILs (Pyr and HEDMA) based membranes.

All mixed PILs exhibit similar of higher ΠCO2 when compared to the pure PILs
containing corresponding cationic pendants (Pyr and HEDMA). For mixed
PILs ΠCO2 increases in the following order: Pyr3HEDMA1 < Pyr1HEDMA3
< Pyr2HEDMA2. Further, all mixed PILs ΠCO2 decrease with increasing CO2
partial pressure in the feed mixture. However, Figure ?? a suggests that the
rate of ΠCO2 decay depends on the ratio of Pyr and HEDMA grafted on the
CA-backbone.

The Pyr3HEDMA1-based membrane has the lowest initial CO2 permeance and
CO2/N2 selectivity among the mixed PILs. However, its performance remains
more stable over the whole range of CO2 partial pressures tested. Altogether,
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this suggests that the high amount of Pyr cationic pendants incorporated
dominates the facilitated transport mechanism and provides more robust
separation behaviour.

The Pyr1HEDMA3 and Pyr2HEDMA2 based membranes have higher initial
CO2 permeances of approx. 1500 GPU and 1700 GPU, respectively, in
comparison to corresponding pure PILs and Pyr3HEDMA1. This may be due
to advantageous interactions between the cationic pendants within the polymer
matrix, which might alter the polymer chain packing and intermolecular
hydrogen bonding. While the Pyr1HEDMA3 shows almost 50 % decline in CO2
permeance from approx. 1500 GPU to 800 GPU, the Pyr2HEDMA2 shows a
20 % decline in CO2 permeance from approx. 1700 GPU to 1350 GPU. The large
deference in permeance decline indicates that the high amount of HEDMA
cationic pendants incorporated intensifies the facilitated transport component,
while the Pyr cationic pendants stabilise the performance behaviour.

Pyr1HEDMA3 exhibited higher αCO2/N2
selectivities over the whole range

of CO2 partial pressures when compared to Pyr2HEDMA2. The CO2/N2
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selectivities were comparable at 85 vol% CO2 in the feed mixture. These results
capture that with increasing HEDMA content αCO2/N2

and facilitated transport
component enhance, while higher Pyr content improves the overall stability of
the process.

Robeson plot CO2/N2
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Cellulosic materials
Membrane data base
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Figure 4.8 PILs position on the CO2/N2 Robeson plot. The ideal separation performance
of other already documented membrane materials is compared. This data is freely
available from Membrane Society of Australasia [32]. PIL CO2 permeabilities are
obtained as the products of CO2 permeances measured in mixed-gas experiments at
equimolar feed gas composition (CO2/N2 of 50/50) (Figures 4.6, 4.7), and selective
layer thicknesses estimated from SEM images (Table 4.3).

A Robeson plot positions the separation performance of investigated pure
and mixed PILs among the literature data on CO2/N2 separation (Figure 4.8)
[32]. With enhanced PCO2 values and maintained αCO2/N2

values, the PIL-
based membranes cross the upper bound and enter the right side of the plot,
characterised by high permeabilities and moderate selectivities. Importantly,
the PIL data were obtained using mixed gas feed streams, while the majority
of the reported values are derived from single gas experiments. The latter
generally lead to higher selectivities. Also, the permeabilities were computed
as the product of the measured permeances and the selective layer thicknesses,
determined from the cross-sectional SEM images (Figure 4.5). Although this
calculation method is adequate, more precise estimation might be achieved
with a correction for the surface porosity of the support membrane and for the
degree of adhesion to the support. As t hese parameters might have further
positive effect on the overall performance of PIL-based TFC membranes.
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4.4 Conclusions

Commercially available and industrially accepted CA was modified with
cationic pendants to direct the development of PILs towards sustainable and
robust use in CO2 separations. The type of cationic pendant grafted on the
CA-backbone significantly influences the overall PIL separation performance.
Importantly, cationic pendants with higher affinity to CO2 (Im) or ability to
form hydrogen bonds (HEDMA) improve αCO2/N2

. Additionally, the cationic
pendant type affects the transport mechanism across the membrane. Mixed
PILs exceed the performance of their pure parent PILs. This provides a strong
support for PILs with multiple cationic pendants as an approach to overcome
the restrictions correlated with the certain transport mechanisms. Compared to
all earlier membrane types tested in CO2/N2 separations, reported membranes
show an excellent permeability-selectivity combination. Finally, this paper
shifts the focus from PILs by IL monomer polymerisation to tailor-made
PILs easily grafted on conventional polymers, which might lead to faster
industrialisation of PILs in CO2 capture applications.
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Abstract

Over the last decade, membrane-based CO2 capture using ionic liquids (ILs)
has been demonstrated as a promising technology. However, elaborate
synthesis of monomers and long-term instability of IL-based composite
membranes have so far limited their industrial relevance. In this paper,
novel membranes are introduced for CO2 separation using poly(ionic liq-
uids) (PILs) based on polyvinylbenzyl chloride (PVBC). Three PIL-based
membranes were prepared as thin-film composites (TFC) by solvent casting
with subsequent sealing. They were tested for the CO2 removal from
synthetic flue gas. An ammonium-derivatised PVBC-analogue was prepared
as a first PIL-type by polymerisation of an IL monomer, whereas two
other PILs, respectively with hydroxyethyl ammonium and pyrrolidinium
cations, were obtained using a modification of commercial PVBC. Introduction
of bis(trifluoromethylsulfonyl)imide (Tf2N) anions was accomplished by
metathesis. A thorough characterisation of the material structure, composition,
membrane morphology and gas separation properties demonstrates that
the presence of hydroxyl groups in the polycation enhanced the interaction
with CO2 molecules. The mixed-gas selectivity increases with the higher
positive charge on the cation species (hydroxyethyl-dimethylammonium
> trimethylammonium > pyrrolidinium). More importantly, experiments
performed in humidified conditions particularly revealed a doubled CO2
permeance and a 20 % to 30 % increased selectivity in comparison to dry
conditions. These developments are spurring the application of PIL-based
TFC membranes for CO2 capture from flue gas streams.
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5.1 Introduction

The ongoing intensified consumption of fossil fuels leads to a rapid accumula-
tion of CO2 in the atmosphere. Carbon capture, sequestration and utilisation
initiatives promote various mitigation strategies to reduce the amount of
CO2 released. Post-combustion CO2 capture is considered economically
most attractive, as integration within the existing plant facilities is possible
by retrofitting [1–4]. Although the existing technologies (amine scrubbing,
regenerative solvents and cryogenic distillation) are capable of meeting the
recommended threshold of 90 % CO2 removal with at least 80 % purity, the
large energy penalty is still limiting their large scale application [5]. Membrane
gas separation is regarded as advantageous over conventional CO2-capture
technologies due to moderate energy requirements, and by operational and
maintenance simplicity.

Polymeric materials occupy the dominating position in membrane-based gas
separations. The separation of gases is generally achieved based on the solution-
diffusion mechanism [6]. The selectivity and permeability of the separation
layer determine the overall membrane performance. However, the existing
’trade-off‘ behaviour between these parameters challenges the industrial
application of polymer-based membranes [6]. Materials combining outstanding
separation performance and endurance are a prerequisite to improve the
current membrane-based CO2 capture [8–10]. Several promising systems
have recently been reported, i.e. polymers of intrinsic microporosity [11–13],
thermally rearranged polymers [14–17], organic/inorganic hybrid materials
(mixed matrix membranes) [18–21], and facilitated transport materials [22–24].
Among the latter, supported liquid membranes integrate ionic liquids (ILs) as
a mobile carrier phase in the pores of the membrane [25]. ILs are perceived as a
more environmentally friendly substitute to amines for absorption due to their
extremely low vapour pressure and thermal stability [26–28]. Additionally,
various combinations of anion and cation pairs provide design flexibility,
encouraging the development of specific ILs tailored for CO2 capture [29–31].

ILs have been implemented in different membrane configurations as supported
ionic liquid membranes (SILM) [28, 32–37], IL-loaded mixed matrix membranes
[38], polymer/IL composite gel membranes [39–41], and poly(ionic liquids)
(PILs) [42]. The polymeric nature of PILs enhances the integral stability and
workability, enabling facile system up-scaling.

PILs are synthesized by either direct polymerization of IL monomers or post-
modification of polymers[43]. The former approach entails the IL being initially
synthesized and purified [44–46], while the latter approach involves the post-
synthetic modifications of neutral polymers through chemical quaternization
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(e.g. polyvinylbenzyl chloride (PVBC)) [46, 47] and/or anion exchange reaction,
such as poly(diallyldimethylammonium chloride) (P[DADMA][Cl]) [48, 49].
Specifically, the post-synthetic modification enables the facile conversion of
commercial polymers to produce customized PILs.

The CO2 solubility in the PILs is one of the key factors determining the
separation performance of the membrane. Both polymer backbone and
ions affect the CO2 sorption capacity [50]. In contrast to ILs where the
anion plays an important role in CO2 sorption, in the case of PILs the
cation type determines the CO2 separation behaviour [44, 51–53]. For
PILs, several studies clearly identified that the chemical structure of both
the cationic pendants and anions influences CO2 sorption [48, 54, 55].
However, the comparison of CO2 sorption isotherms for poly(vinylbenzyl
trimethylammonium) tetrafluoroborate (P[VBTMA][BF4]) indicates a strong
deviation between the independent measurements (Figure A.6) suggesting
large variations in PILs preparation [48, 54, 55].

Most PILs that have been developed for membrane CO2 capture were
synthesized as homo-polymers [45, 48, 53, 56]. However, this type of polymer
films results in low mechanical stability and therefore could not be transformed
into membranes [44, 48].

In general, the morphology of the polymeric membranes plays a crucial role
in possible up-scaling. Solution-cast TFC membranes form the majority of
polymeric gas separation membranes. The obtained membranes comprise a
0.1–1 µm thick selective layer on a porous support for mechanical stability [6].
The thin selective layer promotes fast mass transfer through the membrane.
Additionally, it enables the commercial production of modules with high
membrane packing density. So far, reported PIL-based membranes for CO2-
capture were prepared as thick isotropic films of 50–300 µm (Table A.2.2).
Good separation performance was suggested, but converting these films
into applicable TFC membranes still holds many challenges. The separation
behaviour of the selective material may be altered when processed into TFC
membranes, due to initial material equilibration and defects in the selective
layer, drastically affecting membrane selectivities [6, 57].

Critical in any industrial CO2 separation is the presence of water in the
feed stream. The influence of water vapour on CO2 solubility has been
predominantly investigated in IL-based composite membranes [34, 58], but
limited to only a few publications concerning PILs [59]. A higher positive
charge on cation moieties intensifies the interactions within the ion pair and
decreases the hydrogen bonding with water, resulting in stronger interactions
with permeating CO2 [53, 60]. Hence, the main hypothesis is that the
incorporation of polar substituents in the cations has a positive effect on the
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CO2 solubility.

In this work, three different PVBC analogues were prepared with IL-sites. The
effect of the cationic moiety on the CO2 sorption capacity was fundamentally
investigated. PIL-based membranes with TFC morphology were prepared and
their structure was examined by SEM. Finally, the separation performance of
the membranes was evaluated under process conditions imitating real flue gas
applications, including the presence of water vapour.

5.2 Materials and methods

5.2.1 Materials

For synthesis

Poly(4–vinylbenzyl chloride) (PVBC) was purchased from Alfa Aesar, while (4–
vinylbenzyl)trimethyl-ammonium chloride (99 %), poly(vinylbenzyl chloride)
as a 60/40 mixture of 3– and 4–isomers, and 2–dimethylamino–ethanol (98 %)
were purchased from Sigma, and N–methylpyrrolidine (99 %) from Fluka.
N,N–dimethyformamide (DMF, 99 %), diethyl ether (99.5 %), ethyl acetate
(99 %), dichloromethane (99.5 %) and ethanol (99.8 %) were purchased from
Scharlab and used without further purification. Lithium bis(trifluoromethyl-
sulfonyl)imide (LiTf2N) was obtained from IoLiTec, and azobisisobutyronitrile
(AIBN) from Acros Chemicals.

For membranes

Matrimidr 9725 was kindly provided by Huntsman (Switzerland) and
the non-woven polypropylene/ polyethylene (PP/PE) fabric Novatexxr

2483 by Freudenberg (Germany). P–xylylenediamine (XDA, > 98 %) cross-
linker was purchased from Fluka. N–methylpyrrolidinone (NMP, Acros,
99 %), tetrahydrofuran (THF, Acros, 99.5 %), aceton (Merck, 99.8 %), ethanol
(Fisher Scientific, 99.5 %), methanol (Acros, 99.8 %), isopropanol (IPA, VWR,
99.5 %), n–hexane (Merck, 99 %) were all used without further purication.
Polydimethylsiloxane (PDMS) was acquired from Momentive Performance
Materials in the form of RTV615 silicone rubber compound kit (Leverkusen,
Germany).
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5.2.2 PILs synthesis

P[VBTMA][Tf2N]

Poly-(vinylbenzyltrimethylammonium) bis-(trifluoromethylsulfonyl)imide
(P[VBTMA][Tf2N]). 4-vinylbenzyltrimethylammonium bis-(trifluoromethyl-
sulfonyl)imide ([4-VBTMA][Tf2N]) was synthesized by anion exchange of 4-
vinylbenzyltrimethylammonium chloride (47.2 mmol, 10 g) using LiTf2N salt
(51.9 mmol, 14.91 g). Yield: 21.1 g (95 %).

Afterwards, the [4-VBTMA][Tf2N] monomer (Figure 5.1 a) (10 g) and AIBN
(1 wt%, 100 mg) were stirred in DMF (10 mL) under nitrogen atmosphere at
70 ◦C for 24 h. The solution was concentrated in the rotary evaporator and the
PIL was precipitated in and washed with dichloromethane. The dry yield was
5.6 g and accounted for 56 %. 1H NMR (500 MHz, acetone-d6): δ 7.51–6.52 (4H,
H3, H4), 4.74–4.43 (2H, H5), 3.33–2.98 (9H, H6), 1.93–1.41 (3H, H1, H2).

Figure 5.1 Chemical synthesis routes for the polymers investigated: (a) bottom-up
approach with first anion exchange and then polymerization of IL-monomers, (b, c)
post-synthetic modification of commercially available PVBC implying substitution of
benzyl chloride moiety with cationic pendant followed by anion exchange reaction..
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P[VBHEDMA][Tf2N]

Poly-(vinylbenzyl(2-hydroxyethyl)dimethylammonium) bis-(trifluoromethyl-
sulfonyl)imide (P[VBHEDMA][Tf2N]). PVBC (65.5 mmol, 10 g, MW = 20000–
50000 Da) and 2-dimethylaminoethanol (72.0 mmol, 6.42 g) were stirred in
DMF/ethanol (250 mL) at 80 ◦C for 3 d. The product was then concentrated
and precipitated in ethyl acetate. The PIL was dissolved in deionized water
and purified by dialysis using a SnakeSkin 3.5 kDa molecular weight cut off
(MWCO) membrane to remove the monomer present in the starting material
(checked by 1H-NMR). To the vigorously stirred aqueous solution of the PIL
(43.3 mmol, 10.46 g), a solution of LiTf2N (51.9 mmol, 15 g) was added drop-
wise to precipitate the final product. The product was washed with water
and dried (Fig. 5.1 b). Yield: 18.5 g (60 %). 1H NMR (500 MHz, acetone-d6): δ
7.56–6.37 (4H, H3, H4), 4.82–4.33 (3H, H5, H9), 4.25–3.98 (2H, H8), 3.68–3.30
(2H, H7), 3.24–2.85 (6H, H6), 1.93–1.33 (3H, H1, H2).

P[VBMP][Tf2N]

Poly-(vinylbenzylmethylpyrrolidinium) bis-(trifluoromethylsulfonyl)imide
(P[VBMP][Tf2N]). PVBC 60/40 mixture of 3- and 4-isomers (131.0 mmol,
20 g, Mn = 100000 Da) and N-methylpyrrolidine (170.3 mmol, 18.13 mL) were
stirred in DFM/ethanol (250 mL) at 80 ◦C for 3 d. The product was concentrated
and precipitated in ethyl acetate. The product was redissolved in deionized
water and purified by dialysis using a SnakeSkin 3.5 kDa MWCO membrane.
Then, the product was recovered. To the vigorously stirred aqueous solution
of the PIL, a solution of LiTf2N (144.1 mmol, 41.38 g) was added drop-wise
and the product was precipitated, washed with water, and dried (Fig. 5.1 c).
Yield: 50.32 g (80 %). 1H NMR (500 MHz, acetone-d6): δ 7.55–6.34 (4H, H3-H4),
4.71–4.18 (2H, H5), 3.80–3.15 (4H, H7), 3.12–2.60 (3H, H6), 2.44–2.08 (4H, H8),
1.90–1.30 (3H, H1-H2).

5.2.3 Membrane preparation

Polymeric support

Polymeric supports were prepared by a phase inversion method from
commercially available polyimide [61]. The casting solution was prepared
in a 62.25/20.75/2.00 wt% NMP/THF/H2O solvent mixture with 15 wt%
Matrimidr 9725. After homogenisation and degassing, the polymer solution
was cast on the non-woven Novatexxr 2483. When the preliminary
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evaporation of the solvent (30 s) was completed, the support with the polymer
layer was transferred into the water bath to precipitate the polymer [62]. The
supports were cross-linked in 0.63 wt% XDA solution in methanol for 3 days
to ensure their stability in other solvents [63].

Solvent-casting

Selective layer deposition. The PIL-based TFC membranes were prepared using
the solution casting method. All PILs were dried under vacuum overnight at
60 ◦C to eliminate moisture. Coating solutions were obtained by dissolution
of the active polymer in acetone to acquire a final concentration of 4 wt%. The
solutions were magnetically stirred to yield a homogeneous phase, filtered,
and allowed to degas overnight to avoid the formation of defects.

The supports were fixed inside membrane casting frames to prevent the spillage
of the PILs solution. The solvent-casting was conducted in an airtight container
with a controlled flow of nitrogen. An appropriate amount of the casting
solution was poured in the casting frame to ensure the complete surface
coverage and the solution was allowed to dry completely at 25 ◦C for at least
24 h.

Sealing

Defect sealing with PDMS. A thin sealing layer of PDMS was applied as a final
stage of the membrane preparation. The 20 wt% solution of PDMS in hexane
was prepared in accordance with the supplier recommendations. The cross-
linker was added in 1:10 ratio to the pre-polymer. The solution was then stirred
at 60 ◦C for 1 h to allow preliminary cross-linking of the polymer. The solution
was then left to cool for 30 min and was poured on the TFC membranes surface
and spread using a spin-coater. The membrane was then left to dry in ambient
atmosphere until it solidified.

5.2.4 PILs characterisation

NMR

The NMR spectra of all monomers were recorded on a Bruker Avance III NMR
spectrometer at 500 MHz (1H) in deuterated acetone. The chemical shifts were
expressed in parts per million (ppm).
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FTIR-ATR

FT-IR spectra of polymers were recorded with a 4 cm−1 resolution and a total
number 16 of scans on an ATR-FTIR Jasco 4100 spectrometer (4000 – 400 cm−1).

DSC

Differential scanning calorimetry analyses were performed on a DSC instru-
ment from Perkin Elmer (Pyris Diamond DSC) over a temperature range from
0 ◦C to 180 ◦C under a nitrogen flow. The glass transition temperature (Tg)
was observed as the inflection point of the heat flow step, recorded in a
second run at a scan rate of 10 ◦Cmin−1 (P[VBMP][Tf2N]) and 20 ◦Cmin−1

(P[VBTMA][Tf2N] and P[VBHEDMA][Tf2N]). The melting points and the
enthalpies for indium (Tmp = 156.6 ◦C, ∆Hm = 28.5 Jg−1) were used for the
calibration of temperature and heat capacity, respectively.

TGA

Measurements were performed using a Q500 TG-DTA analyzer manufactured
by TA Instruments, in the temperature range between 25 ◦C and 700 ◦C, under
nitrogen atmosphere with a heating rate of 10 ◦Cmin−1.

CO2 sorption testing

CO2 and N2 sorption isotherms were measured at 20 ◦C using a Hiden
Isochema IGA-003 gravimetric analyzer. The samples were in a powder form.
An average (dv0.5) particle diameter of the samples was determined using a
Mastersizer 2000 analyzer. Prior to sorption measurements, the samples were
de-gassed under vacuum overnight and their density (kgm−3) was determined
based on a sample weight loss in helium, while changing pressure over a range
of 0 – 20 bar at 20 ◦C. Every isotherm point was determined by setting the
equilibration time at 6 h.

In order to describe the CO2 and N2 sorption, the dual-mode model (DMM)
was used. The model assumes that the sorption of gases in polymers is a sum
of dissolution in a polymer matrix which is usually described by the linear
Henry’s law relation, and a Langmuir adsorption in fractional free volume
(FFV) [48, 64–68]. The basic form of the DMM is given as:

C = CD + CH = kD · p + C
′
H

b · p
1 + b · p (5.1)
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or may be expressed as a solubility and then written as

S =
C
p
= kD + C

′
H

b
1 + b · p (5.2)

where C is the total concentration of penetrant in PIL (cm3 (STP) cm−3),
CD and CH are the concentration of penetrant in the PIL matrix and
micro-voids, respectively (cm3 (STP) cm−3), kD is the Henry’s law constant
(cm3 (STP) cm−3 bar−1), p is the pressure applied (bar). C

′
H is the Langmuir

capacity constant (cm3 (STP) cm−3), b is the Langmuir affinity constant (bar−1)
and S is the solubility of CO2 in the PIL (cm3 (STP) cm−3 bar−1).

A non-linear least-squares method was used to fit the experimental isotherms
to Eq. 5.1. The N2 sorption capacity was at least two orders of magnitude
smaller than that of CO2. The measurement accuracy was not sufficient in the
lower pressure range (< 2 bar). Hence, only the measurements obtained at
higher pressures were used to determine the DMM sorption parameters.

5.2.5 Membrane characterisation

SEM

Scanning electron microscopy. The morphology of TFC membranes was
studied using a Hitachi N-3400 scanning electron microscope (SEM) applying
an acceleration voltage of 15 kV. Samples for SEM analysis were prepared
using a fracturing method from dry quick-frozen membrane segments and
were sputtered with gold.

Mixed-gas separation

Mixed-gas permeation tests were performed on a high-throughput gas
separation (HTGS) membrane system (HTML, Belgium) implying constant-
volume variable-pressure methodology previously described elsewhere [69].
The active membrane area was 1.54 cm2. System separation parameters were
calculated based on mixed gas selectivity and permeability values. Feed
composition and properties were adjusted to mimic a post combustion flue
gas stream [10]. Hence, a gaseous mixture with 15/85 mol ratio of CO2/N2
was supplied to the system at 26 ◦C and 5 bar gauge pressure. The gas flow
rate was monitored by mass flow controllers (MFC, Bronkhorst) The driving
force through the membrane was maintained constant using a vacuum pump
(Pfeiffer Dua 2.5) at 4 mbar on the permeate side.
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The feed and permeate gas composition were analysed by gas chromatography
on a device from CGC, Interscience. The ratios between mole fractions of gas
components downstream (yi and yj) and upstream (xi and xj) comprised the
formula for calculating the separation factor of the membrane, α∗i/j

:

α∗i/j =
yi/yj

xi/xj
(5.3)

where indexes (n) i and j correspond to single gases CO2 and N2 respectively.
Since the upstream pressure considerably exceeds the downstream pressure
(vacuum) and no coupling effect between CO2 and N2 was observed, the
intrinsic permeability selectivity approaches the separation factor [70]:

α∗i/j ≈ αi/j (5.4)

αi/j is referred to as mixed-gas selectivity further on in the text.

The permeance Πn (GPU) was calculated based on the rate of the pressure
increase s dp

dt obtained when the system has reached the steady state conditions
as follows:

Πn =
Vm

R · T =
V · yn

A · xn · (p f − pp)
· dp

dt
(5.5)

where A is a membrane permeation area (cm2), V is a permeation volume
downstream of the membrane (cm3), T is the operating temperature of the
separation unit (K), p f and pp are the absolute pressure of the gas in the feed
and permeate, respectively (cmHg), Vm is the molar volume of gas (molL−1),
R is the gas constant (L cmHg K−1 mol−1). pp is considered negligible in the
vacuum conditions.

5.3 Results and discussion

5.3.1 Synthesis and characterisation of PILs

The poly(styrene) backbone was chosen as base material, because of its
better CO2 separation performance compared to other PILs based on the
CO2 and N2 sorption capacities [51]. A set of three poly(styrene)-based
PILs was synthesized. The free radical polymerization of [4-VBTMA][Tf2N]
using AIBN as initiator resulted in 56 % yield of P[VBTMA][Tf2N] (Figure 5.1
a). The conventional PVBC was converted into PILs by post-synthetic
modification of reactive benzylchloride moieties into cationic pendants 2-
(hydroxyethyl)dimethyl-ammonium and methylpyrrolidinium (Figure 5.1
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b-c). The further anion exchange facilitated a yield of 60 % and 80 % for
P[VBHEDMA][Tf2N] and P[VBMP][Tf2N], respectively.

The parent material PVBC has been chosen for ease of the amine quaternization
with pending benzylchloride moieties and pre-determined molecular weight
distribution. The integration of the NMR signal peaks demonstrates that
the quaternization reactions were quantitative for both post-modified PILs,
P[VBHEDMA][Tf2N] and P[VBMP][Tf2N] (Figure 5.2). The peaks selected
to determine the degree of quaternization were the protons of the polymer
backbone, i.e. aromatic protons (H3,4) or the benzylic protons (H5), and
the protons of the corresponding amine moiety (H7). In the case of
P[VBHEDMA][Tf2N], the ratio between the intensities of H3,4 and H7 was
2.0 and 2.1, for expected and measured value, respectively. Regarding
P[VBMP][Tf2N], the ratio of the intensities H5 and H7 was expected at 0.50
and measured at 0.49. Therefore, the relatively low yields of 60 % and 80 %
should most likely be attributed to product loss during sample purification
and workup, rather than to side reactions or incomplete conversion.

Figure 5.2 NMR spectral patterns of the synthesized PILs..



92 POLYSTYRENE-BASED PILS

Figure 5.3 depicts FTIR spectra containing three main characteristic peak
groups. Firstly, the characteristic peaks assigned to the C – H stretch of the
alkyl chain at 2927 and 2852 cm−1 identify the PVBC backbone. The weak
overtone bands of aromatic rings in the region 2000 to 1650 cm−1 support
this. Also the para di-substituted aromatic sp2 C – H bend of the benzene
ring creates a peak at 790 to 840 cm−1. Secondly, a shoulder at 3044 cm−1

confirms the presence of the quaternary ammonium. Additionally, in the case
of P[VBHEDMA][Tf2N], a broad O – H stretch at 3550 to 3200 cm−1 indicates
the alcohol groups incorporated in the quaternary amine cation. Finally, the
bands corresponding to the [Tf2N]– validate the anion exchange reaction and
are visible at 1344, 1323, 1173, 1128 and 1047 cm−1

Figure 5.3 FTIR spectra of the developed PILs..

Figure 5.4 a presents a comparison of the DSC/TGA heating curves of
P[VBX][Tf2N] samples. The absence of first-order transitions demonstrates
the amorphous nature of the synthesised PILs. A substantial decrease in
Tg was observed upon the incorporation of cationic substituents in PILs
compared to commercially available PVBC (Tg = 131◦C) [72]. Ammonium
and pyrrolidinium based PILs exhibited a Tg of 74 and 59 ◦C, respectively, in
agreement for P[VBTMA][Tf2N] with Tang et al. [73]. P[VBHEDMA][Tf2N]
has the lowest Tg of 31 ◦C among all. These results confirm that the cation
symmetry affects the thermal properties of PILs [74]. Similarly to ILs [75], the
various alkyl substitutions and ion asymmetry disrupt the polymer packing,
leading to a lower Tg. The introduction of an group in the cationic pendant
has a duplicate nature. Firstly, the polar substituent favours the interaction
with CO2 molecules, while at the same time engaging in the interaction within
the ion pair. Secondly, the flexibility of the hydroxyethyl chain and stronger
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ionic interaction result in the reduced net rigidity of the system and, thus, the
lower Tg of the PIL.

Figure 5.4 (a) DSC and (b) TGA spectra of the obtained IL-based polymers. Derivative
weight is represented in the inset of (b)..

In all cases, the onset of thermal degradation appeared above 270–300 ◦C
(Figure 5.4 b) and most material decomposition occurred within the next 200 ◦C.
The [Tf2N]– anion was reported as the most thermally stable for many sets of
PILs and ILs [52, 76, 77]. Therefore, the variation of degradation patterns can
be attributed to the different chemical structures of the polycations. In the case
of P[VBTMA][Tf2N], the lower onset and the two-step degradation are due to
a thermal decomposition mechanism of ammonium salts with the last peak
attributed to main chain deterioration [78]. The TGA curve of pyrrolidinium-
based PIL corresponds to the thermal behaviour of the corresponding IL, with
somewhat lower initial degradation temperature [79]. In the degradation
of P[VBHEDMA][Tf2N], the stepwise weight decrease depicts the complex
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nature of the cation structure. As in the case of P[VBTMA][Tf2N], the presence
of the tetraalkyl ammonium group lowers the onset temperature, while
the differences in the substituent structure contribute to a more complex
degradation behaviour.

5.3.2 CO2 affinity

Figure 5.5 a demonstrates a substantial increase in sorption in the order
P[VBTMA][Tf2N] > P[VBMP][Tf2N] > [P[VBHEDMA][Tf2N] proving the
pronounced role of the polycation — penetrant interactions. Among the
investigated PILs, P[VBTMA][Tf2N] exhibits the more pronounced dual-mode
sorption behaviour (Figure 5.5 a). In the case of P[VBMP][Tf2N], a hysteresis
was observed, resulting from the removal of trace compounds, such as
residual solvents and adsorbed humidity, by competitive sorption of CO2
and subsequent de-gassing. Additionally, CO2 molecules induce the dilation of
polymer chains, which upon the withdrawal of CO2 results in the reduction of
FFV. The sorption of CO2 in P[VBHEDMA][Tf2N] represents almost a straight
line, approximating the Henry isotherm.

The sorption is qualitatively well-described by the DMM. Approximate values
of the DMM parameters, obtained by least square fitting of the experimental
data to Eq. 1 are listed in Table 5.1. For more accurate values, a higher pressure
of CO2 is needed, allowing to occupy most of the Langmuir sites by the sorbate.

The ideal sorption selectivity was quantified using the sorption isotherms
for CO2 and N2 (Figure 5.5 b). Based on sorption only, P[VBHEDMA][Tf2N]
possesses an at least five times higher ability to separate CO2 from N2 than
pyrrolidinium-based PIL. However, it was not possible to obtain the N2
sorption isotherm for P[VBTMA][Tf2N] due to negligible solubility of the
gas in this PIL. This clearly proves the decisive role of the cationic entities
in determining the solubility selectivity.

5.3.3 Morphology of TFC membranes

The morphology of the membranes was investigated by SEM. Figure 5.6
represents the cross-sectional SEM images. Figure 5.6 a represents a fragment
of PIL-based membrane with a typical TFC morphology.

Figure 5.6 b-d depicts the changes in the texture of the different mem-
brane layers and the interfaces between them. The samples coated with
P[VBTMA][Tf2N] and P[VBMP][Tf2N] exhibit a well pronounced TFC struc-
ture with clear interfaces (Figure 5.6 b, d). In the case of P[VBHEDMA][Tf2N],
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Figure 5.5 (a) Sorption isotherms of CO2 in PILs at 20 ◦C. Open and filled symbols
denote absorption and desorption runs, respectively. The black curves represent the
simulated results obtained on the basis of the simple dual mode sorption model. (b)
Ideal sorption selectivity for the gas pair CO2/N2 derived from sorption experiments
for P[VBHEDMA][Tf2N] and P[VBMP][Tf2N] depicted in the main field and the inset,
respectively..

the transition from support to selective material is smoother and may indicate
penetration of the PIL-casting solution into the support (Figure 5.6 c). The pore-
penetration can reduce substantially the permeate flux through the membrane.

The average thickness of the selective layer is 2–6 µm (Table 5.2). This is at
least one order of magnitude thinner when compared to the previous reports
(Table A.2.2). PDMS sealing forms a highly permeable protective layer to
preserve the structural integrity of the membrane and seal defects. The average
thickness of the PDMS layer is 3 µm.
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Table 5.1 Dual-mode model parameters and separation properties obtained at 20 ◦C.

Sample P[VBTMA]
[Tf2N]

P[VBHEDMA]
[Tf2N]

P[VBMP]
[Tf2N]

Material density (ρPIL), kgm−3 1479 1489 1484

CO2
20 ◦C

kD , cm(STP)3 cm−3 bar−1 1.24 1.45 1.14
C
′
H , cm(STP)3 cm−3 8.19 0.39 6.77

b, bar−1 0.33 0.83 0.18
Aver. relative errora, % 0.06 0.03 1.40

N2
20 ◦C

kD , cm(STP)3 cm−3 bar−1 - 0.0053 0.0312
C
′
H , cm(STP)3 cm−3 - 0 0

b, bar−1 - 0 0
Aver. relative errora, % - 15.40 2.80

SCO2 /SN2
b - 286.8 57.03

a The term indicates the accuracy of DMM in determining the solubilities of CO2 and N2. It is
calculated as an average of relative errors between experimental and calculated solubility at
given pressures.

b At 5 bar.

Figure 5.6 SEM images of membrane cross-sections depicting the composite layered
morphology of the membrane (a) and the estimated thicknesses of the selective PIL
layers (b-d)..

5.3.4 Gas separation

The performance of the developed PIL-based TFC membranes was evaluated
by CO2 separation from synthetic flue gas (Table 5.2). The initial membrane
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screening was performed at 5 bar feed pressure with vacuum removal of
permeate to enable a fast assessment of separation performance characteristics.

Incorporation of various alkyl substituents in the cationic pendants sub-
stantially increased selectivities in the following order P[VBHEDMA]+ >
P[VBTMA]+ > P[VBMP]+. P[VBHEDMA][Tf2N] displayed a selectivity that
was 54 % higher compared to the trimethylammonium-based PIL and about
2.5 times more selective than the P[VBMP]+-based sample. This order is in
accordance with previous reports on the activity of polycations with quaternary
amines [43, 48]. The CO2 permeability and selectivity of the tested PILs show
a clear trade-off behaviour. The P[VBMP][Tf2N] coated membrane is tenfold
more permeable to CO2 when compared to the other two.

Table 5.2 Summary of physicochemical properties and separation performance of PILs.

PIL δav
a αCO2/N2

b ΠCO2
c ΠN2

c

[Name] [µm] [–] [GPU] [GPU]

P[VBTMA][Tf2N] 3.8 ± 0.5 27.0 ± 1.3 132.0 ± 44.0 5.2 ± 2.0

P[VBHEDMA][Tf2N] 3.2 ± 0.2 41.6 ± 0.6 109.0 ± 0.5 2.6 ± 0.5

P[VBMP][Tf2N] 3.6 ± 1.9 17.2 ± 0.1 1334.0 ± 263.8 78.0 ± 15.5

a Average thickness of the selective layer.
b Mixed-gas selectivity of CO2 obtained from separation experiments where feed gas comprised

a 15/85 volumetric ratio of CO2/N2, at 26 ◦C and 5 bar applied feed pressure, and 4 mbar
vacuum on the permeate side.

c Permeance of CO2 or N2 measured using (constant volume) – (changing pressure) approach.

The considerably lower mixed-gas selectivity of P[VBMP][Tf2N] confirms that
the configuration of the cationic entity plays a major role in determining the
separation performance, as already indicated by the sorption experiments
earlier. The low permeance of the hydroxyl ammonium based membrane
might be jeopardised by the high CO2 affinity towards this PIL, as the site
binding effect might restrict the gas transfer [80]. This reflects the critical
importance of developing the optimised permeate withdrawal to facilitate the
CO2 transport.

A Robeson plot depicts the separation performance of discussed PILs in
comparison to literature for CO2/N2 separation in Figure 5.7 [81]. The PIL-
based membranes appear in the proximity to the Upper Bound on the right
part of the plot, characterised by high permeabilities and moderate selectivities.

It must be noted that the PILs data were obtained using mixed gas feed
streams while almost all literature values come from single gas experiments.
Additionally, the permeability was estimated as the product of the measured
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permeances and the selective layer thicknesses, evaluated based on the cross-
sectional SEM images (Figure 5.6). Although, this approach is acceptable, a
correction would be required to account for the surface porosity of the support
membrane and for the degree of adhesion to the support. Hence, the total
performance of PIL-based TFC membranes should be even better, with higher
permeabilities than the indicated values on the Robeson plot.

The most selective PIL was tested under more realistic conditions over the
range of feed pressure. The separation performance of the P[VBHEDMA]+-
based membrane in dry conditions was assessed using sweep gas instead of
vacuum (Figure 5.8). Despite the low permeance of CO2 (ΠCO2 = 1.4 GPU)
at 5 bar, the measured mixed-gas selectivity (αCO2/N2

= 37.2) was comparable
to the one obtained using vacuum on the permeate side (Table 5.2). The
P[VBHEDMA]+-selective layer displayed a tenfold drop in CO2 permeance
compared to low vacuum testing (Table 5.2). The reason for the difference
in fluxes between sweep and vacuum experiments is not exactly known,
but probably the dehydration of the membrane is more efficient with a dry
sweeping gas then with a 4 mbar vacuum on the permeate side. Additionally,
the mass transfer in the support membrane pores may vary depending on
whether vacuum or sweep gas method is used. Moreover, the difference in
absolute values of permeance between the two methods may be affected by
the experimental techniques itself, as is commonly observed [82].

Figure 5.7 Position of synthesised PILs on the CO2/N2 Robeson’s plot. The
ideal separation performance of reported membrane materials is presented for
comparison and is freely available from Membrane Society of Australasia [81]. PILs
separation parameters are obtained in mixed-gas experiments and are discussed in this
contribution..
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Figure 5.8 Influence of the feed pressure on the separation performance of
P[VBHEDMA][Tf2N]-based TFC membrane at 26 ◦C. The relative humidity of feed
gas was ca. 90 % for humidified conditions..

Additional separation tests were conducted using a humidified feed of ca.
90 % to approximate the membrane separation even closer to actual industrial
conditions. The mixed-gas selectivity under humidified conditions exceeds the
values obtained with dry gas (Figure 5.8). The interactions between PILs and
penetrating CO2 molecules are thus enhanced in presence of H2O molecules.
Moreover, in the hydrated state, the space between polymer chains increases,
leading to a substantial increase of the diffusion component and, consequently,
the CO2 permeance [59, 83].

P[VBHEDMA][Tf2N] is noticeably more selective and permeable in humidified
conditions than in dry conditions. Thus, implementing P[VBHEDMA][Tf2N]-
coated membranes in true application, i.e. synthetic flue gas CO2 capture
streams with high relative humidity at moderate temperature, yields signifi-
cantly improved separation performance, which is of paramount importance
for further implementation.

5.4 Conclusions

Two strategies for PIL synthesis were followed based on [4-VBTMA][Tf2N]
polymerisation and post-modification of PVBC, respectively. For the latter,
the quaternization of the parent polymer with cationic moieties allowed to
obtain PILs with comparable or higher yield than via polymerisation of IL
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monomers. NMR confirmed the quantitative amine quaternization for both
2-(hydroxyethyl)-dimethylammonium and methylpyrrolidinium based PILs.
The ion asymmetry and presence of polar alkyl groups play an important
role in defining the intrinsic material properties of PILs. The values for Henry
sorption and FFV sorption support the claim that material –CO2 interactions are
mediated by the affinity for the cationic species and the amount of FFV present
in the PIL matrix. Importantly, CO2 sorption experiments demonstrated a five
times higher solubility selectivity for P[VBHEDMA][Tf2N] than for the less
polar cationic pendants.

TFC membranes were successfully prepared. P[VBHEDMA]+-based mem-
branes showed the highest mixed-gas selectivity (αCO2/N2

= 41), but lowest CO2
permeance (ΠCO2 = 109 GPU). This is due to the high affinity of CO2 molecules
towards this polycation. This confirms the importance of the CO2 sorption
behaviour in the gas separation. The change to the sweep gas mode at the
permeate side instead of vacuum did not alter the selectivity. Remarkably
and most promising for industrial applications, humidified feed gas enhanced
membrane flux, allowing the process developers to omit the drying of the
exhaust gas prior to passage to the membrane module. These results underline
the prospects of post-synthetically modified PILs in membrane CO2 capture,
as those often encounter low driving force, high relative humidity and ambient
feed pressures.
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CHAPTER 6

Zinc salt in poly(ionic liquid) / ionic liquid-based
thin-film composite membranes stabilises the
separation process mimicking flue gas CO2

PIL Zn2+IL

You win the Jackpot: 

CO2 capture

+ realistic flue gas
+ 90% relative humidity

+ TFC membrane

0Included in D. Nikolaeva, S. Loïs, P. I. Dahl, M. Sandru, J. Jaschik, M. Tanczyk, A. Fuoco,
J.C. Jansen, I. F. J. Vankelecom. Zinc salt in poly(ionic liquid) / ionic liquid-based thin-film
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in preparation.
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Contributions

Daria Nikolaeva developed experimental design with the help of Itxaso Azcune.
Materials synthesis was carried out by Sandrine Loïs. Materials characterisation
was perfromed by Jolanta Jaschik, Marek Tanczyk, Alessio Fuoco and Daria
Nikolaeva. Daria Nikolaeva synthesized membranes and performed gas
separation experiments, with valuable advice of Alessio Fuoco, Paul Inge Dahl,
and Marius Sandru. The manuscript was written by Daria Nikolaeva, with
feedback, corrections, and editing by John C. Jansen and Ivo F.J. Vankelecom.

Abstract

Poly(ionic liquid)s-based membranes for CO2 capture allow to combat
the restrictions associated with the application of supported ionic liquid
membranes. Nevertheless, a drastic reduction in CO2 sorption capacity and
diffusion rates of these materials leads to lower CO2 transport rates. Here,
the incorporation of zinc di-bis(trifluoromethanesulfonyl)imide (Zn[Tf2N]2)
into 60:40 wt% poly(ionic liquid) / ionic liquid blend of poly(diallyldimethyl
ammonium) bis(trifluoromethylsulfonyl)imide (P[DADMA][Tf2N]), N-butyl-
N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide ([Pyrr][Tf2N]) is
reported to form composite materials that successfully create a high CO2
sorption capacity and enhance process stability of the PIL/IL system. The
dominant role of ”solubility control“ in transport mechanism is confirmed
combining direct gravimetric sorption measurements and indirect estimation
from time-lag experiments. Importantly, the potential is demonstrated to use
the developed materials as thin-film composite (TFC) membranes for CO2
capture from flue gas streams with similar CO2/N2 selectivity and at least
50 % higher CO2 permeance in comparison to the parent PIL. The improved
robustness of the TFC membranes underscores a general strategy for the
stability enhancement of the separation process and maintaining the desirable
separation performance.
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6.1 Introduction

Poly(ionic liquid)s (PILs) have recently prompted extensive practical aspira-
tions due to their potential to combine the large CO2 sorption capacity of
ionic liquids (IL) and high processability of conventional polymers [1–3]. PIL
synthesis so-far focused on the development of tailor-made materials from
polymerisable IL-monomers offering excellent gas separation properties [4–7].
The IL monomers should have a high degree of purity, and undergo elaborate
synthetic procedures to produce large PILs amounts with sufficient molecular
chain length, which might present a critical factor in their further employment
as selective membranes for CO2 capture [8].

A more limited body of work explores conventional polymers used in
membrane-based gas separation, such as cellulose acetate, poly(vinylbenzyl
chloride), polybenzimidazole, polyurethane, poly(diallyldimethyl chloride)
(P[DADMA][Cl]), as alternative substrates for PIL synthesis [8–19]. In contrast
to IL-monomer polymerisation, these studies suggest direct incorporation of IL-
moieties in the polymeric backbone and/or further anion exchange. Although
P[DADMA][Cl] allows a simpler PIL synthesis by only anion exchange, a
few studies that exist are limited to conductivity and sorption investigations
[8, 19]. Moreover, the P[DADMA][Cl] derivatised PILs demonstrate low
mechanical strength and CO2 sorption capacity [8]. These restraints may be
tackled by conditioning the PILs with pure ILs that act as a plasticiser for rigid
polymer chains and as an additional CO2 sorption phase [6]. Additionally,
the low viscosity of IL segments allows faster gas transport through enhanced
diffusivity [20].

The sorption capacity of the polymer depends on the interaction between the
polymer and the penetrant gas, and is the result of two contributions: the
non-specific (CD) sorption (Henry sorption) and Langmuir adsorption in the
polymer fractional free volume (FFV) (CH), and equals (6.1) [16, 21]:

C = CD + CH = kD · p + C
′
H ·

b · p
1 + b · p (6.1)

or may be transformed to describe the gas solubility, as follows (6.2):

S =
C
p
= kD + C

′
H ·

b
1 + b · p (6.2)

where C is the total gas concentration of penetrant in the polymer
(cm3 (STP) cm−3), CD and CH are the concentration of penetrant in the
polymer matrix and micro-voids, respectively (cm3 (STP) cm−3), kD is the
Henry’s law constant (cm3 (STP) cm−3 bar−1), p is the gas pressure (bar),
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Figure 6.1 Chemical structures of PIL/IL/Zn2+ composite constituents: poly(diallyldi-
methyl ammonium) bis(trifluoromethylsulfonyl)imide (P[DADMA][Tf2N]), N-butyl-
N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide ([Pyrr][Tf2N]), and zinc
di-bis(trifluoromethanesulfonyl)imide (Zn[Tf2N]2).

C
′
H is the Langmuir saturation constant (cm3 (STP) cm−3), b (bar−1) is the

Langmuir affinity constant, and S is the single gas solubility in the polymer
(cm3 (STP) cm−3 bar−1).

However, the CO2 sorption in the Henry’s sorption contribution will decrease
with increasing process temperature, resulting from lower solubility of gasses in
liquids at higher temperatures [22–24]. Presumably, this CO2 sorption capacity
loss may be compensated by enhancing the Langmuir’s sorption contribution.
This can be done by increasing the FFV or intensifying the affinity of the
adsorption sites towards the CO2 molecules [25–27].

This work implements Zn[Tf2N]2 salt is in PIL/IL composites to compensate
for the loss in CO2 sorption capacity of PIL-based materials (Figure 6.1). The
sorption performance of developed materials is assessed both in direct and
indirect measurements by gravimetric sorption and time-lag experiments,
respectively. Furthermore, this paper highlights the possibility to deploy the
PIL/IL/Zn2+ composite materials as competitive TFC membranes for robust
CO2 capture from feeds similar to flue gas.

6.2 Materials and methods

6.2.1 Materials

N-butyl-N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide
([Pyrr][Tf2N], 99.9 %, Mw = 422.41 gmol−1), poly(diallyldimethyl ammonium)
bis(trifluoromethanesulfonyl)imide (P[DADMA][Tf2N], 99.9 %,
Mn = 200000− 350000 gmol−1), and zinc bis(trifluoromethanesulfonyl)imide
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(Zn[Tf2N]2, 99.5 %, Mw = 625.68 gmol−1) were provided by SOLVIONIC
under the trade names Pyr0408a , Amsf5408a, and M3008c, respectively.
All chemicals were used as received, handled concerning the hazard and
precautionary statements (warning): H315, H319, H335, P280, P305+ P351+
P338, P310.

Polypropylene/ polyethylene (PP/PE) non-woven fabric Novatexxr 2483 and
matrimidr 9725 were provided by Freudenberg (Germany) and Huntsman
(Switzerland), respectively. P-xylylenediamine (XDA, > 98 %) cross-linker
and polydimethylsiloxane (PDMS, two-component RTV615 silicone rubber
compound kit) were purchased from Fluka and Momentive Performance
Materials (Leverkusen, Germany), respectively. Methanol (Acros, 99.8 %),
N-methylpyrrolidinone (NMP, Acros, 99 %), tetrahydrofuran (THF, Acros,
99.5 %), acetone (Merck, 99.8 %), n-hexane (Merck, 99 %). ethanol (Fisher
Scientific, 99.5 %), and isopropanol (VWR, 99.5 %) were all used without further
purification.

Carbon dioxide (CO2, Messer, 99.995 %), nitrogen (N2, Air Products, 99.9999 %),
and helium (He, Air Products, 99.9999 %) were used for gravimetric gas
sorption measurements as received. The gases used in the time-lag tests
(nitrogen, oxygen, methane, helium, hydrogen and carbon dioxide, all
99.99+%) were supplied by Sapio.

6.2.2 Composite PIL/IL/Zn2+ materials

Figure 6.2 shows a schematic diagram for the preparation of blends of
poly(ionic liquid) (PIL) with ionic liquid (IL) . These formulations in-
clude poly(diallyldimethyl ammonium) bis(trifluoromethylsulfonyl)imide
(P[DADMA][Tf2N]) and three composites, containing afore-mentioned PIL
(P[DADMA][Tf2N]), IL (N-butyl-N-methyl pyrrolidinium bis(trifluorometha-
nesulfonyl)imide ([Pyrr][Tf2N])), and/or salt (zinc[bis(trifluoromethanesulfo-
nyl)imide]2 (Zn[Tf2N]2)) blended in different proportions. Table 6.1 contains
the labels assigned to the derived composite materials.

By IL addition, containing identical ionic species, as an enhancing agent and
plasticiser, the number of interacting sites increases and the material density
decreases enabling intensified transport of CO2 molecules. Further, this PIL/IL
composite material is conditioned with Zn2+-based additive to coordinate
with CO2. As a result, four PIL-based materials are obtained (Figure 6.2,
red boxes) with different compositions. P9IL0Zn0 is a pure PIL. P9IL6Zn0
is a formulation comprising 60 wt% of PIL and 40 wt% of IL. P9IL6Zn1 and
P9IL6Zn9 are formulations with the same weight ratio of PIL and IL with
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Figure 6.2 Synthesis flowchart for conversion of commercially available P[DADMA][Cl]
into PILs with superior CO2 capture properties and its composites.

Table 6.1 Composite PIL/IL/Zn2+ materials.

Sample Composition Ratio 1 Ratio 2 Label

PIL IL Salt
[Name] [g] [g] [g] [wt%ratio] [wtproportion][–]

PIL 100 % – – 100/0/0 9/0/0 P9IL0Zn0

PIL/IL 33 22 – 100/67/0 9/6/0 P9IL6Zn0

PIL/IL/Zn[Tf2N]2 ratio 9:1 33 22 3.62 100/67/11 9/6/1 P9IL6Zn1

PIL/IL/Zn[Tf2N]2 ratio 1:1 6.78 4.56 6.75 100/67/100 9/6/9 P9IL6Zn9

Zn[Tf2N]2 added in molar ratios to IL of 9:1 and 1:1, respectively.

P9IL6Zn0 is a 60:40 wt% mixture of PIL and IL, respectively, in acetone.
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To obtain P9IL6Zn0, P[DADMA][Tf2N] (33 g) and [Pyrr][Tf2N] (22.2 g) were
mixed and diluted with acetone (62.9 g). The mixture was stirred to achieve
a homogeneous colourless solution. A 10.74 g sample of P9IL6Zn0 was
evaporated to obtain a five gram non-volatile compound.

P9IL6Zn1 is a 60:40 wt% mixture of PIL and IL, respectively, with addition of
Zn2+ salt in 1:9 molar ratio between zinc salt to IL in acetone. To obtain
P9IL6Zn1, P[DADMA][Tf2N] (33 g), [Pyrr][Tf2N] (22.2 g), and Zn[Tf2N]2
(3.62 g) were mixed and diluted with acetone (62.9 g). The acquired mixture
was stirred to gain a homogeneous colourless solution with ratio polymer:
[ionic liquid and zinc salt] (56:44 wt%). A 10.35 g sample of this solution was
evaporated to obtain a 5 g non-volatile compound.

P9IL6Zn9 is also a 60:40 wt% mixture of PIL and IL, respectively, with addition
of Zn2+ salt in 1:1 molar ratio between zinc salt to IL in acetone. To obtain
P9IL6Zn9, P[DADMA][Tf2N] (6.78 g), [Pyrr][Tf2N] (4.56 g), and Zn[Tf2N]2
(6.754 g) were mixed and diluted with acetone (12.92 g). The obtained mixture
was stirred to gain a homogeneous colourless solution with ratio polymer :
[ionic liquid and zinc salt] 62.5:37.5 wt%. A 8.57 g sample of this solution was
evaporated to obtain a 5 g non-volatile composite.

6.2.3 Material characterisation

Thermo-gravimetric analysis (TGA)

TGA was performed using a STA 449 C Jupiterr TG-DTA analyser (Netzsch-
Gerätebau, Germany) between 25 ◦C to 700 ◦C under nitrogen atmosphere and
a heating rate of 10 ◦Cmin−1. Prior to the TGA measurements, the samples
were dried in a vacuum oven at 60 ◦C for 24 h to eliminate the sorbed moisture.

Differential scanning calorimetry (DSC)

The thermal properties of the membranes were determined by a Pyris Diamond
Differential Scanning Calorimeter (Perkin Elmer) equipped with an intracooler
refrigeration system. Samples of 10 – 15 mg were wrapped in a small disk
of aluminium foil (< 5 mg) and were subjected to a heating/cooling/heating
cycle in the range from−50 to 250 ◦C at a rate of 15 ◦Cmin−1. An emply sample
holder was used as a reference. Baseline subtraction was used to reduce the
curvature of the baseline. The temperature and heat flow were calibrated with
Indium and Zinc standards. The melting points and the enthalpies for indium
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(Tmp =156.6 ◦C, δHm =28.5 Jg−1) were used for the calibration of temperature
and heat capacity, respectively.

Sorption analysis

N2 and CO2 sorption isotherms were obtained at 20 ◦C using a gravimetric
analyser (Hiden Isochema IGA-003, UK) with a resolution of 0.2 µg and
the buoyancy force correction [29]. The buoyancy correction follows from
Archimede’s principle. The whole procedure is described in the IGA’s manual
[28]. The chosen experimental CO2 pressure range was 0 – 5 bar for all samples,
and the N2 pressure range was 0 – 5 bar for P9IL0Zn0 and P9IL6Zn1, and 0 –
18 bar for P9IL6Zn0 and P9IL6Zn9. Samples were degassed under vacuum at
70 ◦C for 10 – 70 h before the measurements. The time required to obtain each
experimental value equalled 360 min for all samples.

6.2.4 Membrane preparation

Self-standing dense membranes

The neat PIL-based membranes were prepared using a solution casting method
reported previously [30]. PIL or PIL-based composite material (8 wt%) was
dissolved in acetone. After homogenisation and de-gassing, the polymer
solution (2 mL) was cast onto a polyester film (76.2 µm packaging grade) firmly
fixed to the stainless steel frame (� 50 mm) in a controlled environment at 25
± 1 ◦C and 20 ± 1 % relative humidity (RH). The polymeric film was left to
dry for ca. 72 h. The dry membranes were removed from the frame and peeled
from the support. The membranes were additionally dried in the vacuum
chamber for 3 h prior to measurements.

Thin film composite (TFC) membranes

The PIL-based TFC membranes were prepared using the solution casting
method and in-house produced polyimide (PI) supports, according to the
method described elsewhere [14]. All PILs were dried under vacuum overnight
at 60 ◦C to eliminate moisture. Coating solutions were obtained by dissolution
of the active polymer in acetone to acquire a final concentration of 4 wt%. The
solutions were magnetically stirred to yield a homogeneous phase, filtered,
and allowed to degas overnight to avoid the formation of defects.
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The composite material solutions were spray coated onto the PI supports using
an Exactacoat ultrasonic coating system (Sono-Tek Corp) with an AccuMist
ultrasonic nozzle [31]. To obtain smooth, thin, and defect free TFC membranes,
4 wt% solution of PIL and PIL/IL blends in acetone was sprayed with 4.0 W
power output on the ultrasonic nozzle and a spray flow rate of 1 mLmin−1

was applied, corresponding to a coverage of 20 µLcm−2. For each membrane 4
layers were coated, with a subsequent drying at room temperature for 10 min
between each layer. The samples were finally dried/cured at room temperature.
A thin layer of PDMS was applied over the PIL selective layer as a final stage
of the membrane preparation, following the procedure described elsewhere
[9].

6.2.5 Membrane performance evaluation

Time-lag measurements

Single gas time-lag experiments were performed on a fixed volume / pressure
increase instrument constructed by Elektro & Elektronik Service Reuter
(Geesthacht, Germany) on circular samples with an effective area of 11.3 cm2 or
2.14 cm2. The feed gas was set at 1 bar for all the gases, and measurements at
lower pressures (i.e. 0.8 bar, 0.6 bar, 0.4 bar, 0.2 bar and 0.1 bar) were performed
only for CO2 in order to analyse the pressure dependence. The permeate
pressure was measured up to 13.3 mbar with a resolution of 0.0001 mbar. The
gases were always tested in the following order: H2, He, O2, N2, CH4, and
CO2, and the effective degassing was guaranteed by a turbo molecular pump
(Pfeiffer Vacuum). Permeabilities (Pi) are reported in Barrer (1 Barrer = 10−10

cm3 (STP) cm cm−2 s−1 cmHg−1), and the diffusion coefficient was calculated
from the so-called permeation time lag, Θ (s). The ratio of the permeability over
the diffusion coefficient gives the gas solubility coefficient in its approximate
form. A more detailed description of the method can be found elsewhere [32].

Scanning electron microscopy (SEM)

The TFC morphology of the membranes was investigated using a Hitachi N-
3400 SEM with a set acceleration voltage of 15 kV. Samples for SEM analysis
were obtained by fracturing the dry quick-frozen membrane segments and
were sputtered with gold.
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Mixed-gas separation

Mixed gas permeation tests were performed on the separation unit built
in-house at SINTEF (Norway) to investigate the influence of the process
parameters (feed pressure, temperature, and relative humidity) [33]. This
set-up has high degree of automation, enabling the continuous data collection
(temperature, pressure, gas flow rate, composition and humidity) during
operation under process conditions close to real flue gas treatment. The
membranes with an active area of 19.63 cm2, were tested using synthetic flue
gas: mixture of 15 mol% CO2 and 85 mol% N2 with 90 % of relative humidity
(RH) . The permeate gas was continuously withdrawn with He as sweep
gas, and sent to a gas chromatograph and a flow meter for the permeate
composition and flow rate measurements, respectively. The sweep gas stream
was additionally humidified in the experiments with wet feed gas. The on-
line analysis of the permeate and feed streams was performed by a micro-gas
chromatograph (Agilent, USA).

The ratios between mole fractions of gas components downstream (yCO2 and
yN2) and upstream (xCO2 and xN2) comprised the formula for calculating the
separation factor of the membrane, α∗CO2/N2

:

α∗CO2/N2
=

yCO2/yN2

xCO2/xN2

(6.3)

The permeance Πn (GPU) was calculated based on the rate of the pressure
increase dp/dt obtained when the system has reached the steady state conditions
as follows:

Πn =
Vm

R · T ·
V · yn

A · xn · (p f − pp)
· dp

dt
(6.4)

where A is a membrane permeation area (cm2), V is a permeation volume
downstream of the membrane (cm3), T is the operating temperature of the
separation unit (K), p f and pp are the absolute pressure of the gas in the feed
and permeate, respectively (cmHg), Vm is the molar volume of gas (Lmol−1),
R is the gas constant (LcmHgK−1 mol−1).

The quotient between the CO2 and N2 permeances determined the mixed-gas
selectivity (Eq. 6.5).

αCO2/N2
= ΠCO2/ΠN2 (6.5)
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6.3 Results and discussion

6.3.1 Thermoanalysis of composite PIL/IL/Zn2+ materials

Figure 6.3 (a) depicts the decomposition curves of the composite PIL-based
materials in comparison to the reference material P[DADMA][Tf2N], referred
to as P9IL0Zn0 [9]. The initial loss in mass starting at 260 ◦C and 350 ◦C
for P9IL6Zn9 and other three materials (P9IL0Zn0, P9IL6Zn0, and P9IL6Zn1),
respectively, describes the elimination of small molecules or oligomers. For
P9IL6Zn9, extensive loss with earlier decomposition onset corresponds to larger
fraction of low molecular mass IL and salt components.

The parent PIL (P9IL0Zn0) reveals the most stable thermal behaviour and
degrades in one step with a major mass loss of 2.5 %min−1 at 430 ◦C,
corresponding to de-polymerization and consequent decomposition of separate
IL moieties, starting from approx. 405 ◦C, as reported elsewhere for
[Pyrr][Tf2N] [34]. The PIL/IL (P9IL6Zn0) decomposition curve shifts slightly
to the lower temperature. P9IL6Zn0 loses the majority of its mass in two
closely positioned steps around 420 ◦C. The Zn[Tf2N]2 addition in P9IL6Zn1
and P9IL6Zn9 deteriorates the degradation stability even further with major
mass loss at approx. 410 ◦C, which is the strongest for the higher Zn2+ content.
The final char weight after carbonisation at 470 ◦C accounts for less than 10 %
of the sample initial mass for all samples.

DSC analysis shows extremely weak thermal effects in all samples. None of
the samples have any evident primary transitions (melting point) or secondary
transitions (glass transition) in the temperature range from −40 to 180 ◦C
(Figure 6.3 b). The extremely broad apparent peak in the first heating run
(Figure A.7 a) is probably associated with the evaporation of trace humidity
adsorbed in the samples. The neat P9IL0Zn0 suggests a faintly visible glass
transition temperature near 80 ◦C, in close agreement with the literature data
for the same polymer [8]. This transition further descends to ca. 5 ◦C for
P9IL6Zn9. The latter supports well the qualitatively more flexible behaviour of
the sample, confirming the plasticizing effect of the low molar mass IL.

6.3.2 Sorption behaviour

Figure 6.4 depicts the CO2 (a) and N2 (b) sorption isotherms of PIL and
PIL-based composite materials. The CO2 sorption capacities lie within a
relatively narrow range for all samples. This behaviour is related to the
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Figure 6.3 TGA (a) and DSC (b) spectra of P9IL0Zn0, P9IL6Zn0, P9IL6Zn1, and
P9IL6Zn9 in function of temperature increase. DSC data is obtained during the second
DSC heating run at 15 ◦Cmin−1.

chemical composition of the constituents: identical cationic moieties in
P[DADMA][Tf2N] and [Pyrr][Tf2N], and [Tf2N]– anion in PIL, IL, and salt.

The CO2 sorption isotherms are slightly non-linear in the low pressure
region (0 – 2 bar) and become roughly linear for higher pressures, sug-
gesting the dual-mode sorption mechanism (Figure 6.4 a). To describe
the sorption behaviour of single gases (CO2, N2), experimental sorption
isotherms were analysed and fitted to the dual-mode sorption model
(DMM) using non-linear regression (Table 6.2). However, the estimated values
ought to be treated with care, as in the present case, only few points are
available in the curved section of the isotherms.
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Figure 6.4 CO2 (a) and N2 (b) sorption isotherms in composites at 20 ◦C measured
directly by gravimetric apparatus. Filled and open symbols denote absorption and
desorption runs, respectively. The corresponding coloured solid curves represent the
simulated results based on the simple dual mode sorption model. The black dotted
curves provide guides for eyes.
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Table 6.2 Dual-mode model parameters and separation properties obtained at 20 ◦C.

Sample P9IL0Zn0 P9IL6Zn0 P9IL6Zn1 P9IL6Zn9
Form powder solid gel

cube
solid gel
cube

solid gel
cube

Particle radius (rv0.5) (eq.)a, µm 25.4 3310 3090 2820
Density (ρ), gcm−3 1.542 1.448 1.494 1.619

CO2
b

20 ◦C

kD
c, cm3 (STP) cm−3 bar−1 1.12 1.78 1.84 1.79

C
′
H , cm3 (STP) cm−3 5.31 0 0 1.08

b, bar−1 0.29 0 0 9.8
Sc, cm3 (STP) cm−3 bar−1 2.31 1.78 1.84 2.77
D, cm2 s−1 7.60 · 10−9 1.03 · 10−6 9.08 · 10−7 5.19 · 10−7

Pd, Barrer 2.32 245.5 222.7 191.6

N2
a

20 ◦C

kD
c, cm3 (STP) cm−3 bar−1 0.031 0.067 0.052 0.019

C
′
H , cm3 (STP) cm−3 0 0 0 0

b, bar−1 0 0 0 0
Sd, cm3 (STP) cm−3 bar−1 0.031 0.067 0.052 0.019
D, cm2 s−1 2.30 · 10−8 1.21 · 10−6 8.90 · 10−7 1.40 · 10−6

Pe, Barrer 0.095 10.81 6.17 3.56

PCO2 /PN2
d 24.4 22.7 36.1 53.8

a The composite materials had a form of thick solid gel discs that were cut into cubes varying
in size from 4.43 mm to 5.39 mm with an equivalent radius given in the table. Therefore rv0.5
refers only to the pure PIL sample.

b Average relative error of 4.7 %
c As all experimental data points lay in the non-linear sorption region the accuracy in the

determination of kD may be compromised.
d At 1 bar.
e Permeability was calculated indirectly from solubility Si and diffusion Di as product Pi = Si ·Di .

Barrer = 10−10 cm−3 (STP) cm cm−2 s−1 cmHg−1.

While the CO2 sorption isotherm for pure P9IL0Zn0 correlates well with the
values calculated according to the traditional DMM sorption [9], the composite
materials exhibit hysteresis between sorption and desorption runs with the
degree of hysteresis increasing in the following order: P9IL6Zn0 < P9IL6Zn1
< P9IL6Zn9. Nevertheless, the CO2 sorption in P9IL6Zn0 approximates the
linear Henry’s sorption model, suggesting significantly lower FFV content,
probably occupied by IL [35]. The absence of glass transition temperature also
supports this hypothesis (Fig. 6.3 b). Consequently, the hysteresis revealed by
Zn2+ containing samples suggests the chemisorption probability between these
composites and CO2 (Table 6.2).

Although P9IL6Zn9 showed the broadest hysteresis for CO2 sorption, we used
the average CO2 sorption values to estimate the DMM parameters based on the
fact that hysteresis was closed at higher pressures. Insufficient equilibration
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time might have compromised the accuracy of the CO2 sorption data for
the sample with high affinity towards the CO2 molecules. Our hypothesis
rests upon the fact that the large concentration of [Tf2N]– , known for their
strong affinity for interactions with CO2 [36], and of Zn2+, known for their
complexation nature and ability to coordinate CO2 molecules [25], might lead
to higher retention times due to CO2 chemisorption in/from the material.

The total N2 sorption capacity is very low in all samples investigated and
decreases in the order P9IL6Zn0 > P9IL6Zn1 > P9IL0Zn0 > P9IL6Zn9. This
difference in comparison to CO2 is due to much lower condensability of N2
than CO2 [37, 38]. Therefore, one would expect all N2 isotherms to follow
the Henry’s sorption model. However, this trend deviated for P9IL6Zn0 and
P9IL6Zn1 N2 sorption isotherms, as strong hysteresis was observed in the
lower pressure region (< 9 bar). Though the results for the desorption run in
P9IL6Zn0 and the adsorption run in P9IL6Zn1 align well with the calculated
values of DMM. These anomalies give an impression that some measurement
points at lower pressure range might have had insufficient time to equilibrate,
affecting their accuracy. Moreover, the short pressure range for P9IL0Zn0 and
P9IL6Zn9 if extended to higher values might have resulted in similar picture.

The ratio of the CO2 and N2 solubilities (SCO2 and SN2 ) represents the solubility
selectivity (SCO2 /SN2 ) (Figure 6.5 a). Overall, the solubility selectivity decreases
with increasing gas pressure and reaches steady state a the max sorption
capacity of the material. The CO2 and N2 adsorption in the FFV affects
positively the CO2/N2 solubility selectivity of P9IL6Zn9 in the low pressure
region (< 2 bar). Additionally, the Langmuir’s sorption contribution enhances
the solubility selectivity for P9IL6Zn9 by at least 40 % at higher pressure
range (< 2 bar) in the region controlled by Henry sorption model (Table 6.2).
Similar behaviour is observed for the pure PIL P9IL0Zn0 which reveals smaller
contribution of the Langmuir’s sorption. The diminishing of the FFV content
in the P9IL6Zn0 and P9IL6Zn1 leads to approx. 30 % and 50 % lower SCO2 /SN2
for P9IL6Zn0 and P9IL6Zn1, respectively. Also, their performance remains
constant over the whole range of pressures investigated.

The ratio of the CO2 and N2 diffusivities (DCO2 and DN2) represents the
diffusivity selectivity (DCO2 /DN2) (Figure 6.5 b). Generally, the diffusivity
selectivity remains constant with increasing gas pressure. P9IL6Zn0 and
P9IL6Zn1 has almost three times higher DCO2 /DN2 , as the composite material
contains more than 37.5 wt% of IL liquid (Table 6.1). The IL domains have
lower viscosity within the material matrix, thus, fostering the diffusion of
gas components through the material. Although the P9IL6Zn9 contains about
25 wt% of IL (Table 6.1), it has similar diffusion selectivity as the pure PIL
(P9IL0Zn0). This phenomenon indicates that the excess amount of Zn[Tf2N]2
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Figure 6.5 CO2/N2 ideal solubility (a) and diffusivity (b) selectivities derived from
single gas sorption experiments at 20 ◦C. The black dotted curves provide guides for
eyes.

within the composite disrupts the IL domains and hinders the diffusion.
Normally, N2 diffusion is slightly slower than CO2 diffusion. Only in rubbers
or soft materials, CO2 diffusion is up to ca. 30 % slower than N2. This is in
agreement with the DSC results for composite samples and further strengthens
the hypothesis of CO2 chemisorption.

Figure 6.6 depicts the product of ideal solubility and diffusivity selectivities
(Eq. 6.6),

PCO2

PN2

=
SCO2 · DCO2

SN2 · DN2

(6.6)

and is referred to as indirect permeability selectivity (PCO2 /PN2 ) further in the
text.
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Figure 6.6 CO2/N2 indirect permeability selectivity calculated from single gas sorption
experiments at 20 ◦C. The black dotted curves provide guides for eyes.

The indirect permeability selectivity predicts considerably higher values for
the composites containing Zn2+ salt in comparison to PIL and PIL/IL materials.
Nevertheless, the predicted separation performance also suggests that changes
in the feed gas composition might stronger affect the composites with
high Langmuir sorption component (P9IL6Zn9 > P9IL0Zn0). The estimated
indirect permeability selectivity and CO2 permeability are consistent with
the theoretical framework of the composite membranes containing ILs and
inorganic additives [25–27], allowing the comparison of separation properties
with other materials (Figure 6.7). As expected, the PIL/IL/Zn2+ composite
materials exhibit higher CO2 separation performance than the pure PIL
providing strong incentive for their further direct assessment in the form of
membranes for CO2 capture.

6.3.3 Time-lag confirms the “solubility driven” CO2 transport

The gravimetric sorption results demonstrate the materials with a strong
affinity for CO2 and increased CO2 permeabilities. However, the accuracy
of the gravimetric sorption data decays at pressures below 1 bar resulting in
lower reliability of the performance parameters that are calculated indirectly:
Di and Pi. To improve the understanding of intrinsic separation properties, we
investigated the composites as dense membranes with an average thickness of
50 µm in time-lag measurements.

S = P/D (6.7)



126 COMPOSITE POLY(DIALLYLDIMETHYLAMINE)-BASED MEMBRANES

Figure 6.7 The CO2/N2 Robeson plot positions the PIL/IL/Zn2+ composite materials
based on the indirect estimation of CO2 permeability (PCO2 ) and indirect permeability
selectivity (PCO2 /PN2 ) derived from the CO2 gravimetric sorption measurements.

C = p · S =
p · P

D
(6.8)

The time-lag apparatus allows the indirect assessment of the CO2 solubility
from the permeability and diffusivity values. Figure 6.8 demonstrates
similar trend in CO2 solubility between the investigated materials if we
compare it to the adsorption runs of the gravimetric sorption measurements.
The CO2 sorption capacity decreases in the following order: P9IL0Zn0 >
P9IL6Zn1 > P9IL6Zn9 > P9IL6Zn0. This trend is due to the reduction in
FFV with addition of IL to PIL, which is only moderately improved by
further supplementary Zn[Tf2N]2. Although some deviations are observed
for P9IL6Zn1 and P9IL6Zn9, all data points fit well the linear Henry model
and the CO2 sorption capacity increases with increasing CO2 partial pressure.
These results confirm the solubility governed CO2 transport in PIL/IL/Zn2+

composites.

Figure A.8 reveals that CO2 sorption capacity of all investigated materials
decreases with increasing temperature. Importantly, the Henry’s constant
kD decreases slightly with increasing temperature following the Arrhenius
equation up to approx. 50 ◦C (Fig. 6.9). This is in agreement with the constant
material – gas system composition if assumed that partial molar enthalpy and
entropy of the penetrant are not temperature dependent [23]. At temperatures
above 50 ◦C, it starts to deviate from the linearity which might indicate the
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Figure 6.8 CO2 sorption isotherms in composites at 25 ◦C calculated from Eq. 6.7 and
6.8 and based on the time-lag measurements. The black dashed lines represent the
simulated results based on the simple dual mode sorption model.

non-equilibrium state of the material – gas system [22, 24]. Moreover, this
phenomenon might suggest plasticization of the polymer matrix with bulky
CO2 molecules that no longer could sufficiently dissolve in the material at
higher temperature.

P9IL0Zn0

P9IL6Zn0

P9IL6Zn1

P9IL6Zn9
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Figure 6.9 Natural log of Henry’s solubility constant for CO2 sorption as a function
of the reciprocal temperature at 1 bar. The corresponding dotted lines represent the
Arrhenius type correlation for each material investigated.

The gas transport through the dense membranes synthesized from P9IL0Zn0,
P9IL6Zn0, P9IL6Zn1, and P9IL6Zn9 follows the solution-diffusion mechanism.
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Table 6.3 reports the permeability (P), diffusion (D) and solubility (S)
coefficients as well as the respective ideal selectivities with respect to nitrogen
(Px/PN2 ; Dx/DN2 ; Sx/SN2). Time lag experiments using single gases showed
that when IL was added to PIL (P9IL6Zn0) the CO2 permeability intensified
by 22 times raising from 7.6 Barrer to 166 Barrer. This behaviour is due to the
faster diffusion of CO2 molecules through the less viscous segments of IL.
Further Zn[Tf2N]2 salt incorporation in the PIL/IL composite counteracted
the advantage of IL presence resulting in a lower permeability in the two
PIL/IL/Zn2+ composites of 80.9 Barrer and 20.2 Barrer for P9IL6Zn1, and
P9IL6Zn9, respectively.

The ideal CO2/N2 permeability selectivity reveals an opposite trend compared
to the one estimated from the gravimetric sorption experiments. The values
obtained in the time-lag measurements increase in the following order:
P9IL6Zn1 < P9IL0Zn0 < P9IL6Zn9 < P9IL6Zn0. These results suggest that
although the total transport of CO2 molecules was solubility controlled the
stronger N2 solubility in P9IL6Zn1 and slower N2 diffusion in P9IL6Zn9
affected the overall permeability performance of the composite materials.

The permeability properties of the pure PIL are closer to the properties of
typical glassy polymers. This is visible in the He/CO2 selectivity, since He
permeates more than CO2 in the P9IL0Zn0-based membranes, showing a
permeability selectivity of 1.5. In the membranes prepared from composite
materials, the He/CO2 selectivity is reversed, since He permeates less than CO2.
This indicates that the composite materials are similar to rubbery polymers
where the transport is “solubility controlled”.

Figure 6.10 compares the ideal separation performance of investigated
materials with the reported data for three gas pairs: CO2/N2 (Figure 6.10 a),
CO2/CH4 (Figure 6.10 b), and He/CO2 (Figure 6.10 c) [39]. The composite
materials containing [Pyrr][Tf2N] and Zn[Tf2N]2 salt are positioned in the
central part of the plot. P9IL6Zn1 and P9IL6Zn9 reveal moderate separation
efficiency, while P9IL6Zn0 shows the best performance enhanced by the
presence of low viscosity IL segments.
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Table 6.3 Pure gas permeability (Px, Barrer) and perm-selectivity (Px/PN2 ),
diffusion (Dx, 1010− 12 m2/s) and diffusion selectivity (Dx/DN2 ), solubility (Sx,
cm(STP)3 cm−3 bar−1 and solubility selectivity (Sx/SN2 ) coefficients from time-lag
measurements on P9IL0Zn0, P9IL6Zn0, P9IL6Zn1, and P9IL6Zn9 dense membranes
measured at 1 bar and 25 ◦C.

Membrane PHe PH2 PO2 PCO2 PN2 PCH4
(PHe/PN2 ) (PH2 /PN2 ) (PO2 /PN2 ) (PCO2 /PN2 ) (PCH4 /PN2 )

P9IL0Zn0 11.7 6.0 1.2 7.6 0.4 0.3
(27.0) (13.9) (2.7) (17.6) (0.8)

P9IL6Zn0 38.5 32.4 14.4 166 5.4 10.1
(7.1) (6.0) (2.6) (30.5) (1.8)

P9IL6Zn1 30.8 28.1 9.3 80.9 7.2 18.9
(4.3) (3.9) (1.3) (11.2) (2.6)

P9IL6Zn9 22.1 12.7 2.9 20.2 0.9 1.0
(25.7) (14.8) (3.4) (23.5) (1.1)

DHe DH2 DO2 DCO2 DN2 DCH4
(DHe/DN2 ) (DH2 /DN2 ) (DO2 /DN2 ) (DCO2 /DN2 ) (DCH4 /DN2 )

P9IL0Zn0 537 391 8.1 2.5 4.2 2.2
(126.7) (92.3) (1.9) (0.6) (0.5)

P9IL6Zn0 1446 596 198 108 127 86.7
(11.3) (4.7) (1.5) (0.8) (0.7)

P9IL6Zn1 5045 3793 78.4 32.7 41.7 21.1
(121) (91) (1.9) (0.8) (0.5)

P9IL6Zn9 1045 344 31.1 11.2 10.7 8.1
(97.4) (32.0) (2.9) (1.0) (0.8)

SHe SH2 SO2 SCO2 SN2 SCH4
(SHe/SN2 ) (SH2 /SN2 ) (SO2 /SN2 ) (SCO2 /SN2 ) (SCH4 /SN2 )

P9IL0Zn0 0.02 0.01 0.11 2.33 0.08 0.11
(0.2) (0.15) (1.4) (30.2) (1.5)

P9IL6Zn0 0.02 0.04 0.05 1.15 0.03 0.09
(0.6) (1.3) (1.7) (36.1) (2.7)

P9IL6Zn1 0.005 0.005 0.09 1.86 0.13 0.67
(0.04) (0.04) (0.7) (14.3) (5.2)

P9IL6Zn9 0.02 0.03 0.07 1.4 0.06 0.09
(0.3) (0.5) (1.2) (22.6) (1.5)
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Figure 6.10 Position of the composite PIL/IL/Zn2+ materials on the CO2/N2 (a),
CO2/CH4 (b), and He/CO2 (c) Robeson’s plots. The ideal separation performance
of reported membrane materials is presented for comparison and was freely available
from Membrane Society of Australasia [39].
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6.3.4 Thin-film composite membranes

SEM images reveal the desired TFC membrane morphology (Figure 6.11). The
morphology of the pure PIL P9IL0Zn0-based membrane is comparable to the
previously reported one [9]. The approximate thickness of the selective layer
and the sealing PDMS layer was estimated from SEM images and is indicated
on the corresponding SEM image. The average selective layer thicknesses were
between 5 – 10 µm.

(a) P9IL0Zn0

(c) P9IL6Zn1

δAV = 5.7 μm

δPDMS = 3.0 μm

support

selective layer

PDMS coating

δAV = 9.8 μm

(b) P9IL6Zn0

(d) P9IL6Zn9

δAV = 5.0 μm

δAV = 7.9 μm

Figure 6.11 Cross-sectional SEM images depict the composite layered morphology of the
membranes: (a) P9IL0Zn0, (b) P9IL6Zn0, (c) P9IL6Zn1, (d) P9IL6Zn9. Arrows indicate
the corresponding layer thickness of PDMS sealing and selective layer. The average
values were calculated based on at least three separate membrane samples.

For all TFC, the PI support (Figure 6.11) supports the selective layer. The
interface between the selective layer and the support is clearly identifiable
by the textural changes in the layer matrix suggest where the transition takes
place. This behaviour represents a good adhesion between the PIL/IL/Zn2+

composites and the PI support, which also prevents the penetration of
selective layer in the porous matrix of the support. The PDMS sealing
layer is resting on the selective material film and has a thickness of approx.
3.0 µm. Ease of processing the composites into robust TFC membranes with
high affinity for CO2 molecules, as confirmed by gravimetric and time lag



132 COMPOSITE POLY(DIALLYLDIMETHYLAMINE)-BASED MEMBRANES

investigations, potentially allows their further implementation in flue gas
separation applications.

6.3.5 CO2 capture in realistic conditions for flue gas separa-
tion

The high affinity of PIL/IL/Zn2+ materials to CO2 was found to be maintained
for a wide range of CO2 partial pressures and temperatures, further supporting
the hypothesis that CO2 molecules could be faster adsorbed and transported in
the membrane. Hence, the TFC membranes with PIL/IL/Zn2+-based selective
layer may be deployed as robust separation barrier for CO2 removal from
different gas streams, particularly flue gas streams with high relative humidity.
Figure 6.12 represents the measured CO2 permeance and CO2/N2 mixed-gas
selectivity values in dry conditions (a) and in 90 %RH conditions at variable
feed pressures for pure P[DADMA][Tf2N] (P9IL0Zn0) and PIL/IL/Zn2+

composite materials (P9IL6Zn0, P9IL6Zn1, and P9IL6Zn9) based membranes.

Relative humidity intensifies CO2 transport

In dry conditions (Figure 6.12 a), the CO2 permeance moderately decreases
with increasing feed pressure following the DMM sorption model. This
behaviour confirms the solubility-controlled CO2 transport for all investigated
materials, except for P9IL6Zn1 the CO2 permeance of which remains stable
over the whole range of applied pressures. Importantly, CO2 permeance in all
composite-based membranes is at least 50 % higher when compared to pure
PIL (P9IL0Zn0). The CO2/N2 selectivity improves at higher feed pressures for
all membranes except for P9IL6Zn1. For the P9IL6Zn1-based TFC membrane,
αCO2/N2 deteriorates which may indicate the facilitated transport properties of
the composite material. Nevertheless, P9IL6Zn0 and P9IL6Zn9 achieve αCO2/N2
comparable to the parent PIL material.

In humidified conditions (Figure 6.12 b), the CO2 permeance shows a different
trend in comparison to the dry conditions. For pure PIL, CO2 permeance
hardly changed, while the composite materials show a two-fold permeance
increase from the initial value observed for the parent PIL. This suggests that
humidified conditions not only provide additional transport mechanism for
CO2 molecules, referred to as internal sweep, but also allow water molecules
to adsorb in the material matrix and make it more rubber-like [14].

Remarkably, 90 % relative humidity enhances αCO2/N2 for all investigated
materials by at least 10 %. Here again, P9IL6Zn9 exhibits a comparable CO2/N2
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Figure 6.12 Influence of the feed pressure on the separation performance of PIL/IL/Zn2+

composite-based TFC membrane at 26 ◦C in dry (a) and humidified (b) conditions of
the sweep test set-up. The relative humidity of feed gas was ca. 90 % for humidified
conditions.

selectivity to pure PIL, while permeating two times more CO2 over the broad
range of feed pressures. This phenomenon may signify that in a hydrolysed
state, the IL and Zn[Tf2N]2 constituents play an even more significant role in
CO2 sorption. This observation supports the hypothesis that incorporation of
additives containing [Tf2N]– anions, strongly interacting with CO2 molecules,
and coordinating Zn2+ cations, which may reinforce the performance of PIL/IL
composites for CO2 separation by providing additional high CO2-affinity
sorption sites.
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Temperature enhances CO2 permeability at the expense of CO2/N2
selectivity

Figure 6.13 represents the measured CO2 permeance and CO2/N2 mixed-
gas selectivity values in dry conditions (a) and in 90 %RH conditions
at 1.2 bar and varied process temperatures for pure P[DADMA][Tf2N]
(P9IL0Zn0) and PIL/IL/Zn2+ composite materials (P9IL6Zn0, P9IL6Zn1, and
P9IL6Zn9) based membranes. Both in dry and in humidified process conditions,
CO2 permeance increased, and CO2/N2 mixed-gas selectivity decreased at
higher temperatures. In dry conditions, the performance trend for all materials
coincided, while the pure PIL-based membrane (P9IL0Zn0) broke at increased
process temperatures (> 30 ◦C).

In humidified conditions, the pure PIL-based membrane continued to perform
resembling the performance of composite materials-based membranes in
the dry process conditions. This suggests that a minimum humidity in the
membrane matrix is required to preserve the CO2 transport. Additionally,
the plasticisation effect of water vapour might improve the matrix stability
of the PIL decreasing its rigidity. the composite materials showed a two-fold
permeance increase from the initial value observed for the parent PIL. This
confirms results obtained in the tests with varied feed pressures.

A 90 %RH also enhanced αCO2/N2 for all investigated materials by at least 10 %.
CO2 permeance and αCO2/N2 were most stable for P9IL6Zn9 over the broad
range of tested temperatures. This observation supports the idea that while
the sorption of CO2 in other materials considerably decreases with increasing
temperature, the P9IL6Zn9 strong affinity towards CO2 molecules in Langmuir
sites compensates these loses. Thus, these results provide a sensitive measure
of P9IL6Zn9-based membrane robustness in terms of process conditions in a
wide range of feed pressures, temperatures, and humidities imitating the flue
gas CO2 capture.

6.4 Conclusions

Effective CO2 selective materials were prepared from commercially available
polymers by improving the sorption properties of P[DADMA][Cl] based
PILs with [Tf2N]– counter ions with effective incorporation of [Pyrr][Tf2N]
and Zn[Tf2N]2. The addition of the IL improves the CO2 diffusivity in the
PIL/IL composite. Furthermore, the supplementary [Tf2N]– anions, intensely
interacting with CO2 molecules, and Zn2+ cations, coordinating the adsorbing
CO2 molecules, enhance the sorption capacity of the P9IL6Zn9 composite.
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Figure 6.13 Influence of the temperature on the separation performance of PIL/IL/Zn2+

composite-based TFC membrane at 26 ◦C in dry (a) and humidified (b) conditions of
the sweep test set-up. The relative humidity of feed gas was ca. 90 % for humidified
conditions.

Although, certain deviations between the results from direct and indirect
solubility, diffusivity, and permeability data were identified in the gravimetric
and the time-lag experimental approaches, the results obtained captured
the dominating contribution of CO2 sorption and allowed the identification
of a “solubility” governed transport mechanism. The robustness of the
PIL/IL/Zn2+-based TFC membranes was proven in a broad range of process
conditions, imitating realistic post-combustion CO2 capture. Overall, this
contribution focuses on further rationalisation of the conventional polymer by
successfully converting them into tailor-made PIL-based composites.
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CHAPTER 7

Conclusions and outlook

7.1 Introduction

This thesis focused on the design of novel poly(ionic liquid) (PIL) materials
for membrane-based applications and their positioning within CO2 capture
processes. The first part of the present chapter deeply reflects on the general
material structure, process-performance relationships between PILs and CO2
separation, and the role of relative humidity in the process efficiency. The
second part directs perspectives for future research on PIL material and
membrane design, membrane up-scaling, commercially relevant testing, and
standardisation of performance parameters.

7.2 Conclusions

7.2.1 PIL synthesis

Two routes for PILs synthesis have been studied: polymerisation of IL
monomers and functionalisation of commercial polymers with IL moieties
(Scheme 7.1). Both methods were followed by anion exchange. The simplest
strategy implied carrying out an anion exchange on the P[DADMA][Cl]
available on the market. In this case, the PIL performance aligned well with the
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earlier reported investigations [1–3]. Noteworthy, this approach still required
an IL monomer polymerisation step, which was performed by the supplier.

Scheme 7.1 Synthetic routes to produce poly(ionic liquid)s from ionic liquid (IL)
monomers by polymerisation (left) and conventional polymers through IL sites
incorporation (right) and subsequent anion metathesis. The red exclamation mark
indicates the possible necessity to pursue several recursions to achieve the desirable
polymer chain length.

The main difference between the two approaches is that it is difficult to ensure
sufficient polymer chain length during the PIL synthesis from IL monomers.
Therefore, the polymerisation step becomes complicated with additional
purification and chain growth reactions, while the grafting of IL to polymer
relies on an existing molecular backbone. The insufficient chain length of PILs,
prepared from IL monomers, affected the membrane preparation. Resulting
membranes were brittle and easily fractured during handling. The CA-based
PILs exhibited robust handling properties associated with the CA backbone.
The overview on PIL based materials and the current trends in PIL synthesis,
as outlined in Chapter 1, covers the broad range of suitable polymer precursors.
The combination of polymeric backbone and IL pendants enables the choice to
create materials with a desirable material composition – separation property
interplay, as discussed in Chapters 3-6.

7.2.2 PIL structure – separation-performance relationship

The selected polymers (P[DADMA][Cl], PVBC, and CA) were functionalised
with a variety of cationic moieties (IL-pendants) (Scheme 7.2). The polymeric
backbone provided a rigid, glassy matrix that is required for membrane
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separation, while the IL pendants brings an active functionality for sorption of
CO2 molecules into the selective membrane layer.

N

methylpyrrolidinium

N

trimethylammonium

N

OH
(2-hydroxyethyl)dimethylammonium

N

N

methyl-imidazolium

Scheme 7.2 Chemical structures of IL pendants investigated in this thesis in the order
of increased CO2 affinity from left to right.

The effect of material structure on the separation properties of the PILs and
their composites are extensively studied in Chapters 3-6. Chapters 3-5 develop
the synthesis of a range of polymer-based PIL. The CO2 sorption capacity can
be varied through changing the type of IL pendant or by combining ILs onto
the polymer backbone (Scheme 7.2). By increasing the affinity between PIL and
CO2, the gas separation properties were enhanced. The IL pendant precedence
relied on the published literature with ion asymmetry and presence of polar
alkyl groups determining the efficacy of CO2 transport across the membrane
(Figure 7.1).

Figure 7.1 Conceptural representation of CO2 passage through PIL material.

Sorptive parameters of synthesised PILs, such as Henry’s non-specific sorption
and Langmuir’s sorption in fractional free volume (FFV), were assessed by
gravimetrical gas sorption and time-lag gas permeation experiments in order
to shed light on the structure – performance relationship of the materials and
penetrating gas molecules. In agreement with the general concept of CO2
sorption in ILs [2, 4], the CO2 affinity for the IL pendants increases with a
stronger ability of the PIL to curb hydrogen bonding between IL pendant
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and anion (intra-molecular) and to hinder it between two PIL chains (inter-
molecular), e.g. hydroxyl and imidazolium containing IL pendants. These
changes affected the material structure of the PILs by reducing their FFV.
Hence, it can be concluded that the presence of hydrogen bonding species in IL
pendants vitally maintains the favourable CO2 sorption properties of the PILs.

Chapter 6 investigates the impact of IL and metal salt additive on the
PIL structure – separation relationship. High loadings of IL in composites
results in the reduction of FFV present in polymer matrix and higher degree
of plasticity. This also leads to change in the material structure from
glassy polymer e to rubbery polymer type. Although the resulting PIL/IL
composite revealed no Langmuir sorption contribution, the lower viscosity of
IL promotes the diffusive transport of gases in PIL/IL composites. Overall, this
improved their CO2 separation performance in comparison to the parent PIL
material. Figure 7.2 represents the CO2 transport across the PIL/IL thin film
schematically.

Figure 7.2 Conceptualisation of the CO2 passage through the PIL/IL composite material.

Additional conditioning of PIL/IL composites with Zn[Tf2N]2 salt curbs the
interaction between the CO2 molecules and selective layer matrix, as the affinity
for the sorption sites increases, suggesting a chemisorption activity. This
behaviour suggests the transition from solubility-controlled gas transport
towards facilitated carrier transport. Thus, Zn2+ cations play the role of
coordination centers for permeating CO2 molecules.

In conclusion, the unique properties of PILs and PIL-based composites originate
from the strong attraction between the cationic pendants or cations of ILs
and CO2 molecules. The interaction strength can be further enhanced by
incorporating more polar groups in the cationic pendant, or alternative
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Figure 7.3 Conceptualisation of the CO2 passage through the PIL/IL/Zn2+ composite
material.

intensification of the intramolecular hydrogen bonding. The PIL anion plays
a secondary role in the solution-diffusion interactions, however, the fluorine
containing anions have proved to bolster attraction of CO2 molecules.

7.2.3 Water vapour enchances the separation process

Industrial membrane gas separation often requires robust performance of
selective materials when the feed sources contain a high relative humidity.
Thus, the presence of water vapour in the feed stream was comprehensively
investigated to assess the possibility of PIL implementation in Chapters 5
– 6. In PILs and PIL-based materials, the water vapour presence in the
feed stream influenced the CO2 separation extensively, as the interaction
between the CO2 and the PIL active sites intensified in the presence of
H2O. Although, both CO2 permeance and CO2/N2 selectivity increased in
humidified conditions, the impact on the CO2 permeance was much larger than
on the mixed-gas selectivity. Supposedly, this results from a membrane matrix
being swollen by H2O molecules that also may hydrate the ionic species and
influence the distribution of intramolecular hydrogen bonds. Consequently,
the intermolecular space between the PIL chains increases, accelerating the
diffusion, and thus, contributing to faster CO2 transport across the membrane.

This phenomenon agrees well with the published body of literature. The
advantageous separation performance of PIL-based membranes in the presence
of water vapour motivates their further implementation in the post-combustion
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CO2 capture processes that are often related to high relative humidity of the
gas streams.

7.2.4 Separation performance evaluation

The vast majority of studies on the development of membrane-based separation
materials for post-combustion CO2 capture focuses on a single type of
membrane configuration, such as thick dense film or thin-film composite.
However, a full and in-depth picture of membrane separation performance can
only be attained by the consecutive study of the active selective material in
multiple configurations to evaluate the intrinsic properties of the material and
its separation parameters, as was demonstrated in Chapters 4. The resulting
profound insight in the material behaviour facilitates the translation of lab-scale
synthesis towards commercially relevant industrial of type membranes.
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7.3 Outlook

7.3.1 PIL synthesis

PIL blends with ILs

The ionic nature of the PILs developed in this work forms a crucial component
to attain their superior separation performance. Furthermore, the capabilities
of PILs may be further enhanced by selective changes in the ionic components.
For example, cationic pendants in the polymer backbone could contain species
capable for hydrogen bonding (e.g. OH– , NH2

– , – NH – ), which also exhibit
affinity to CO2. Alternatively, anionic counterparts may be exchanged for more
basic species such as [BF4]– , [Im]– , etc. to intensify the interactions with CO2,
which may form chemical interactions with basic sites.

PILs have a high viscosity, as they are viscoelastic materials existing in the
glassy state at ambient temperatures. This high viscosity leads to low diffusion
rates of gas molecules through the PIL-based membranes. To increase the gas
diffusion in PILs, they may be additionally blended with various ILs. While
only one kind of IL was studied in this work, other IL kinds may be far more
suitable and require extensive screening.

Metallic reactive centres

Similar to the discussed Zn2+ cations, addition of other transitional metals to
the selective layer may provide a window to further improve the separation
performance of PIL-based membranes. The performance enchancements can
stem from two different origins. The first is the addition of metallic salts with
anions, either identical to the ones used in the PIL or with different composition
beneficial for attractive interaction with CO2 [5]. This may facilitate the
formation of chemical bonds between the CO2 molecules and the Zn(II) metal
centre, suggesting the improvement in CO2 selectivity due to chemisorption
mechnism.

The second is the preparation of metal containing ILs, where a metal centre is
introduced either in a cation or an anion [6, 7]. In this case, the presence of a
metal atom in the IL structure may foster an increase in CO2 selectivity which
might relate to the advancement of physi- or chemisorption, depending on the
complexation nature of the metal [8].
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Cross-linking and hyper-branching

High CO2 fluxes, increased CO2 operating partial pressures, and overall long-
term exposure to CO2 may lead to permanent re-arrangement of the polymeric
chains and loss of FFV for the glassy PILs. This results from increased molecular
dynamics within the CO2 swollen polymer that becomes the more rubber-like.
In the rubbery polymers, the other feed gas components besides CO2, will
advance their permeation rates due to faster diffusion, finally leading to a
considerable decrease in CO2/N2 selectivity. Moreover, the rubbery state is
characterised by the abscence of FFV which plays a crucial role in the sorption
component derived from the strong affinity of CO2 for the active sites in the
FFV.

The superior separation performance of PILs may be preserved or its
deterioration halted by the restriciton of the polymer flexibility. This alteration
of polymer is possible by the crosslinking of the PIL chains or by the
hyperbranching of the parent polymers. The former, intermolecular cross-
linking, may be realised by incorporation of cross-linkable substituents (e.g.
methacrylates) into a cationic pendant. These cross-linkable substituents ought
to form a covalent bond between two pendants of the different chains through
initiated reaction. The latter, intramolecular hyperbranching, may be realised
by the introduction of cationic pendants into the backbone of a hyperbranched
polymer (e.g. polyamidoamine). However, the reactivity of the latter might be
somewhat compromised towards the covalent grafting of the cationic polymers.

Although this manuscript revealed several important structure-performance
relationships, certain aspects remain to be investigated. So far, this thesis
focused on the modification of linear glassy polymers available commercially
into PILs. However, the polymers with hyperbranched and cross-linked
matrixes may further open the gate for industrial implementation of PILs.

7.3.2 TFC membrane manufacturing

Thickness of active layer: effect of CO2 plasticisation

This work focused on a selective layer deposition thickness of approx.
5 µm. Generally, the PIL viscoelastic and mechanical properties enabled the
deposition of 5 µm thick selective layers, which is five to ten times thicker than
industrially accepted. Further reduction of the selective PIL layer thickness
will instigate their industrial application for membrane-based gas separation
(Figure 7.4).
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Figure 7.4 Upscaling of PIL-based TFC membranes for industrial application rests on
two pilars of academic lab-scale prototypes: thick dense polymeric membranes with
the thickness of approx. 100 µm and thin-film composite (TFC) membranes with the
selective layer thickness of approx. 1 µm.

However, the industrial production of TFC membranes implies that the ultra-
thin polymer films are formed in a continuous and homogenious manner. This
aspect is largely dependent on the topography of the support onto which
the selective layer is deposited for mechanical stability. Since the complete
exclusion of the surface defects is desired, an additional intermediate layer
between the support and the selective polymer, comprising a highly permeable
polymer (e.g. PDMS, PTMSP, etc.) being referred to as a gutter layer, may
minimise the defect formation. Furthermore, the highly permeable gutter layer
may accelerate the mass transfer at the interface between the selective layer
and the support, which is ofter made out of low permeable polymers.

Also, the thinner the selective layer, the higher the risk for internal matrix
defects to be exposed upon the system equilibration. Therefore, additional
precautions should include an application of a sealing layer on top of the
selective layer that plays the role of a protective barrier. This work used a 3 µm
PDMS sealing layer to protect the PIL selective layer and to prevent exposure
to the pinholes in it. However, this thickness should further be reduced by a
factor of 10 to meet the industrial standards.
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Selective layer deposition procedure

A thin selective layer in TFC membranes may be produced by optimising the
layer deposition process. This optimisation step can alter two major aspects of
the layer deposition. The first aspect aims at the optimisation of the polymer
solution properties used for the selective layer. This may include parameters
as PIL concentration, desirable solvent, additives and co-solvents for improved
flow and leveling, as well as highly volotile components to increase the drying
rates.

The second aspect aims at altering the deposition process itself or its
substitution with another one. In this work solvent casting was predominantly
used as a stationary physical deposition technique. The possibility to employ
spray coating as an automated deposition technique was also studied. Other
two stationary techniques comprise dip coating and spin coating. These
techniques allow the preparation of much thinner selective layers as they
provide some degree of dynamic movement, either vertical or rotational to
remove the excess amount of polymer solution deposited. For continuous
in-line production of TFC membranes, solvent casting and spray coating are
the best available techniques. Additionally, they provide a free choice of
support materials, as both flat sheet and hollow-fiber support materials may
be employed.

Cost-effective components

Increased scale and continuous production will allow further depreciation of
the costs for PIL-based TFC membranes. In Table 7.1, the approx. price of the
in-lab synthesised TFC membrane is calculated based on the following four
components: a PP/PE non-woven support, PI porous layer, PIL selective layer,
and PDMS sealing layer.

Importantly, the weight unit price of the PIL is based on a two step reaction that
was not specifically optimised for a large scale production. The price of the PIL
reagents should further decrease if they are acquired from a wholesale supplier
rather than small scale laboratory suppliers. Such lab-scale suppliers (e.g.
Sigma-Aldrich, TCI, Acros Organics) usually trade reagents at five to ten times
higher prices. When the selective layer thickness approaches the industrial
average, one order of magnitude lower than the lab-scale TFC membrane,
the final area unit price of PIL-based TFC membrane should be approaching
5 euro/m2. Although this is more than 60 % higher than commercial CA acetate
membranes traded on Alibaba.com, the PIL-based membrane achieves a two-
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Table 7.1 Cost estimation of PIL-based TFC membrane based on the price of its
comprising polymers.

Polymer ρ δ ρA
a Unit price

weight
Unit price
areab

Unit price
areac

[kgm−3] [µm] [kgm−2] [euro/kg] [euro/m2] [euro/m2]

PP/PEd 100 0.07 3 0.21 0.21

PId 528e 50 0.0264 50 1.32 1.32

PILf 1480 5 0.0074 4745 35.113 3.51

PDMSd 970 3 0.0029 5 0.0150 0.0015

Total price per m2 of PIL-based TFC membrane 37 5

a Areal density of a two-dimensional object, such as sheet of paper.
b Lab-made.
c Idealised industrially produced membrane with thicknesses of PIL and PDMS layers ten times

thinner than the lab-made TFC membrane.
d Prices are taken from wholesale supplier market Alibaba Group Holding Limited

https://www.alibabagroup.com/en/global/home.
e [11]
f PIL unit weight price is estimated based on the synthesis procedure of P[CA][Tf2N] with

reagents supplied by commercial laboratory suppliers, such as Sigma-Adrich, Acros, TCI, etc.
[12].

fold increase in flux while maintaining relatively constant selectivity in a wide
range of CO2 partial pressures.

By combining the known membrane separation performance and the rough
estimation of the membrane area unit price, one can possibly perform a socio-
economic analysis of the membrane-based CO2 capture from flue gas system
employing PIL-based TFC membrane.

7.3.3 Testing in commercially relevant applications / perfor-
mance aspect

The findings presented in this work highlight the positive effect of water vapour
in the feed stream on membrane separation performance. However, a more in-
depth investigation into the interaction between H2O and CO2 molecules,
as well as hydrogen bonding activity within the matrix of the hydrated
polyelectrolyte should explain the underlying fundamental phenomena. Once
this will be clarified the full picture of the mass transfer mechanism across the
membrane during the real flue gas separation, should focus on understanding
the effect of other compounds present, such as SO2, H2S, and N2O, etc, on
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the process. Although the presence of these components largely affects the
separation of CO2 from flue gas, the membrane separation performance in real
flue gas, or at least with trace compounds, has only been investigated briefly
[13]. The limited number of research attempts may be attributed to high cost,
time, and safety requirements. However, such investigations will facilitate
environmentalists and with time the broader interested public to take a logical
next step and embrace the full functional capacity of PIL-based membranes.
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APPENDIX A

Supporting information

A.1 Cellulose acetate-based PILs

(a) NMR. (b) FTIR.

Figure A.1 (a)1H NMR (500 MHz, DMSO-d6), and (b) FTIR of CA, CA-P, and
P[CA][Tf2N].
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Figure A.2 COSY spectra of CA, CA-P, and P[CA][Tf2N].
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Figure A.3 Original time-lag CO2 permeation data for P[CA][Tf2N] at different feed
pressures: P[CA][Tf2N] 162DN-D-PCAPyrTf2N-25C.
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Figure A.4 Original time-lag CO2 permeation data for CA at different feed pressures:
CA 165DN-D-CA-25C.
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Figure A.5 Original time-lag CO2 permeation data for P[DADMA][Tf2N] at different
feed pressures: P[DADMA][Tf2N] 166DN-D-PolyPyrrTFSI-25C.
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A.2 Polystyrene-based PILs

A.2.1 On the role of CO2 affinity

Although, the role of CO2 affinity towards PILs has been widely acknowledged,
the underlying fundamentals have never been systematically studied. For
polymerized ILs, a study on the CO2 sorption revealed a clear influence
of the chemical composition of cationic pendants and anions [1]. The
reported results suggest that CO2 sorption in studied PILs with identical
cationic species decreases in the row of anions as follows: [PF6]– > [BF4]–

> [Tf2N]– . Moreover, the capability of IL-based materials to absorb CO2
decreases in the following order P[VBTMA]+ > P[MATMA]+ > [DTEA]+

> [bmim]+ > [VBTMA]+ > [MATMA]+ for the identical anion [BF4]– .
The DMM parameters derived in this study were based on the sorption
experiments up to 1 bar [1]. Even though, the sorption isotherms have
been successfully fitted into DMM, the pressure range can be considered
insufficient for that kind of approximation [2]. Additionally, the influence of the
material history was demonstrated on the PILs synthesized from the neutral
polymers [3, 4]. The post-modified P[VBTMA][Ac] and P[VBTMA][BF4]
were prepared from commercially available PVBC via anion metathesis.
Remarkable, the Langmuir saturation constant increased in seven times when
compared to pristine material [3]. The comparison of CO2 sorption isotherms
reported for P[VBTMA][BF4] demonstrated a strong disagreement between
the measurements (Figure A.6). This clearly signifies the variability in the
synthesized PILs, that is often observed when obtained in batches on the
lab-scale.



POLYSTYRENE-BASED PILS 161

Figure A.6 Overview of CO2 sorption isotherms reported for PILs based on the
P[VBTMA]+ polycation. The data adopted from (i) [3], (ii) [4], (inset) [1].
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A.3 P[DADMA][Tf2N]-based composite materials
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Figure A.7 First heating (a) and cooling (b) DSC runs of the PIL, PIL/IL, and
PIL/IL/Zn2+ samples at 15 °C min-1 in the range of temperatures between −40 and
180 ◦C.
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Figure A.8 CO2 sorption isotherms in composites for PIL and PIL/IL (a) and
PIL/IL/Zn2+ (b) at 15 – 55 ◦C. The straight black dashed lines represent the simulated
results based on the simple dual mode sorption model.
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