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ABSTRACT

The continuous consumption of fossil fuels has elevated the concentration of carbon
dioxide (COy) in the atmosphere with severe consequences for the environment. Membrane
technology emerged as a potential solution to separate CO; from light gases, contributing to
Carbon Capture and Storage (CCS). Within the several materials studied for the preparation of
membranes, ionic liquids (ILs) are some of the most interesting, mainly due to their tunable
properties and good affinity towards COs. In this line, iongel membranes combining high IL
loadings (= 60 wt%) incorporated into a poly(ethylene glycol) (PEG) based polymer network
cross-linked by ultraviolet (UV) radiation have been developed. One of the main challenges
faced when fabricating these iongel membranes is their limited mechanical resistance due to
a gel-like nature, which becomes more accentuated when the concentration of IL increases.
To overcome this problem, the addition of low amounts of nanoclay particles (< 1 wt%) into

the iongel membranes is suggested in this work as a way to reinforce their structure.

Self-standing iongel mixed matrix membranes (MMMs) that were solid yet malleable
were prepared in a simple single-pot with different loadings (from 0.2 to 1.0 wt%) of mont-
morillonite (MMT) nanoclay particles. The iongel MMMs were characterized by several tech-
niques, including attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectros-
copy, thermogravimetric analysis (TGA), scanning electron microscopy (SEM), differential scan-
ning calorimetry (DSC), contact angle and puncture tests in order to assess how their proper-
ties affect the CO; separation performance from nitrogen (N2) and methane (CH4) in pure gas
permeation experiments and evaluate their potential to be applied in post-combustion
streams and biogas upgrading.

The characterization results revealed that the iongel MMMs can withstand temperatures
typical of post-combustion streams (around 120 °C) and that the incorporation of MMT did
not have a significant impact on the permeability/selectivity, crystallinity, and hydrophilicity of
the iongel MMMs. On the other hand, a concentration of 0.2 wt% MMT evenly dispersed into
an iongel MMM was able to increase the mechanical resistance up to 30%, which suggests
that future studies focused on the optimization of the preparation of these membranes may
allow the addition of higher IL loadings for better CO, separation performance while the me-
chanical stability is maintained.
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RESUMO

O consumo continuo de combustiveis fosseis tem tido consequéncias graves para o am-
biente devido ao aumento da concentracao de didxido de carbono (CO,) na atmosfera. Uma
possivel solu¢do para separar o CO, de outros gases leves consiste na Captura e Armazena-
mento de Carbono (CCS) através da tecnologia de membranas. Dentro dos materiais estuda-
dos para a preparagdo de membranas, os Liquidos lonicos (LIs) sdo dos mais promissores,
principalmente devido as suas propriedades ajustaveis e boa afinidade para o CO,. Posto isto,
tém sido desenvolvidas membranas de géis idnicos com elevadas concentracdes de Lls
(= 60 %(m/m)) incorporados numa rede polimérica entrecruzada por radiacao ultravioleta (UV)
a base de polietileno glicol (PEG). Porém, a resisténcia mecanica das membranas de géis ioni-
cos esta limitada devido a sua natureza gelatinosa, que é mais acentuada quanto maior for a
concentracdo de LI, tratando-se de um dos maiores desafios inerentes ao seu fabrico. De
modo a abordar este problema, este trabalho propde a adicdo de pequenas quantidades de
particulas de nanoclay (£ 1%(m/m)) as membranas de géis idnicos com o intuito de reforcar a

sua estrutura.

Foram preparadas membranas de matriz mista (MMMs) de géis idnicos solidas e malea-
veis, com diferentes concentracdes (entre 0.2 e 1.0 %(m/m)) de particulas do nanoclay
montmorillonite (MMT). As MMMs de géis idnicos foram caracterizadas por diversas técnicas,
entre as quais espetroscopia de infravermelho com transformada de Fourier em modo de re-
fletancia total atenuada (ATR-FTIR), analise termogravimétrica (TGA), microscopia eletrénica
de varrimento (SEM), calorimetria diferencial de varrimento (DSC), angulo de contacto e testes
mecanicos através de ensaios de perfuracdo. A caraterizagdo permitiu estudar de que forma
as propriedades das MMMs de géis ionicos influenciam o seu desempenho na separagado de
CO: de azoto (N2) e de metano (CHa), e assim avaliar o seu potencial para serem aplicadas em
correntes de pés-combustao e em purificagdo de biogas.

Os resultados da caraterizagdo revelaram que as MMMs de géis idnicos tém a capaci-
dade de suportar temperaturas tipicas de correntes gasosas de pos-combustao (a volta de
120 °C) e que a incorporacao de MMT ndo teve um impacto significativo na permeabili-
dade/seletividade, cristalinidade e hidrofilicidade das mesmas. Contudo, a adi¢do de uma con-
centragdo de 0.2 %(m/m) de MMT bem disperso nas membranas de géis idnicos permitiu
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aumentar a sua resisténcia mecanica até 30%. Este resultado sugere que a otimizagdo da pre-
paracao das MMMs de géis idnicos em trabalhos futuros, podera permitir a incorporagdo de
concentragdes superiores de LI, de modo a atingir um melhor desempenho na separacao de
CO,, e de forma a ndo comprometer a sua estabilidade mecanica.

Palavras-chave: Membranas de géis ionicos; Liquidos idnicos; Rede polimérica entrecruzada
por UV; Nanocl/ay montmorillonite; Separacao de CO..
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INTRODUCTION

1.1. Context

Since the Industrial Revolution, fossil fuels have played an important role in our
lives as energy resources. They have contributed to a faster technological, social, and
economical development of the society. The global consumption of fossil fuels roughly
doubled in the last 40 years, relying on oil, natural gas, and coal. In 2020, these resources
represented 83% of the global primary energy consumed for electricity, transport, and
heating."

However, burning fossil fuels lead to a major impact on air quality and public health
due to greenhouse gas (GHG) emissions.? Gases such as carbon dioxide (CO,), methane
(CH.), and nitrous oxide (N2O) accounted for 98% of these emissions in 2019.3 These
gases trap the infrared radiation from the sun and create a greenhouse effect, resulting
in global warming and climate changes. In particular, CO; is the most abundant and re-
mains in the atmosphere for a longer period of time.* The natural absorbing processes
that balance the concentration of CO: in the atmosphere, like photosynthesis, are no
longer sufficient to maintain a stable climate.> Consequently, the period from 2016-2020
was the warmest on record, with 1.1°C above the pre-industrial era,® which triggered
several problems like changes in the precipitation patterns, severe storms, and sea-level

rise.”

Many efforts have been made to limit and stabilize GHG emissions. In 2015, the
Paris Agreement gathered world leaders to discuss policies favorable to a more sustain-
able development. It was settled the goal of limiting temperature rise to 2 °C, or prefer-
ably to 1.5 °C.” To make this possible, global CO, emissions would need to fall 45% from
2010 levels by 2030, in order to reach “net zero” around 2050.® However, global emissions
of CO, from fossil fuels have reached a new record in 2019, being 62% higher than 1990
emissions.® This means that inevitably some of the CO; still have to be removed from the

air.



A possible solution for reducing greenhouse gas emissions consists on the imple-
mentation of clean energy sources and the development of Carbon Capture and Storage
(CCS) technology. CCS can be used in stationary sources of CO, like power plants and
industries, which account for half of the total emissions.’

CCS consists of three steps (Figure 1.1)." First, CO; is captured from the generating
source and separated, a process that accounts for 75% of the total cost of this technology
and increases electricity production cost by 50%. Even though these numbers vary ac-
cording to the process, it is mandatory to find ways to reduce the cost of capture.” Then,
the gas is compressed into a liquid, in order to be easily transported via pipeline to a
storage area, where it is typically stored at 150 bar.? The need for storage is based on the
fact that the industrial global demand for CO; as feedstock is much smaller than the
global production (250 Mt market vs. 52 Gt emitted per year)." Thus, CO; is injected into
underground geological formations, such as oil and gas reservoirs, deep saline for-
mations, and unminable coal beds. Deep ocean storage is also currently being investi-
gated.™™

'\ CO; transport i
e /

Provided by the Global CCS Institute

Figure 1.1 - The Carbon Capture and Storage process. Image provided by the Global CCS Institute.

Since replacing all the energy-generating systems for clean alternatives in the short
term is almost impossible, efforts are being made in the development of CCS technology
to reduce the amount of CO; in the atmosphere and help to mitigate global warming
and climate changes. However, this technology still presents many challenges that pre-
vent it from being implemented on large scale, mainly due to its high energy costs. A
power plant equipped with a CCS system and access to a storage site would need roughly
10-40% more energy for capture and compression than an equivalent plant without
ccs.™



There are three approaches to capture CO; from fossil fuels (schematically repre-
sented in Figure 1.2):"° post-combustion, pre-combustion, and oxyfuel combustion. The
choice of the capture technology depends on process conditions such as the concentra-
tion of CO,, pressure of the gas stream, and fuel type (gas or solid).™

In a post-combustion system, the fuel is combusted with air, generating a stream
of flue gas composed mainly of nitrogen (N2) and CO; (stream conditions available in
Table 1.1). Usually, this system uses a liquid solvent, like monoethanolamine (MEA) to
absorb CO, with a concentration of 3-15% by volume.™ In the pre-combustion system,
the fuel reacts with steam and air or oxygen (O>). This produces hydrogen (H>) and carbon
monoxide (CO) that reacts with steam in a second reactor, generating more H, and 35-
40% by volume of CO,, usually at 20 bar. The separation of these gases allows for H, to
be used as an energy source in the power plant.”'® Post-combustion and pre-combus-
tion systems for power plants can capture 85-95% of the produced CO:.. It is possible to
obtain higher efficiency, although it increases the process expenses significantly, as well
as the equipment dimension."” Oxyfuel combustion is a less developed approach that
contemplates the complete combustion of fuel by reacting it with high purity oxygen
(95-99% by volume). This process produces a flue stream highly concentrated in CO;
(80% by volume). Before storage, the stream is dehydrated and purified. The main disad-
vantage comes from the high costs associated with oxygen purification (separation from

air, mainly N,) by cryogenic distillation.™
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Figure 1.2 - Schematic representation of CO; capture systems. Images provided by the Global CCS Institute.®




In order to separate the CO, produced in the previously mentioned systems, four
methods can be applied: Absorption, adsorption, cryogenic distillation, and membranes.

Other hybrid processes will not be mentioned in this thesis.'®"’

1.2. CO2 capture/separation technologies

Absorption

Absorption occurs when the molecules in the bulk phase, that present affinity to-
wards a specific solvent, are chemically or physically absorbed. Absorption is commonly
used for the treatment of gas streams with acid gases, like CO,."%" This process is sche-
matically represented in Figure 1.3."

In chemical absorption, CO; reacts with chemical solvents forming a weakly bonded
intermediate compound, which can be separated by applying heat. This process is being
used in the chemical industry for 70 years. The most used solvent is an aqueous solution
of alkanolamines, such as MEA."" Despite its maturity, this technology has some draw-
backs. The capacity of the absorbent is limited, and this process requires high energy
consumption. In order to capture 90% of CO, from flue gas, an amine absorption system
can increase the cost of electricity by 50-90%, which is above the value established by
the US Department of Energy of less than 35% increase for 90% capture.?® Significant
losses of solvent may take place by evaporation or oxidization if the stream is highly
concentrated in O, and also, the equipment can suffer corrosion when in contact with
the solvent.'

Liquid \

y

> P
'y :
~ E
Flue gas Heat

© C02CRC

Figure 1.3 - Schematic representation of CO; solvent absorption. Courtesy of CO2CRC Ltd."
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Physical absorption is dependent on the solubility of CO; in the solvent, which is
related to the partial pressure and temperature of the gas. In this case, the regeneration
of the solvent is achieved by heating or decreasing the pressure. The application of this
process is frequently done with Selexol™, a liquid glycol-based solvent, in a pressuriza-
tion/depressurization cycle. The advantage of physical solvents is that they usually have
a higher absorption rate than chemical solvents, but they also tend to be less selec-

tive,1"1®

Adsorption

Adsorption is another method used for CO; separation and it consists on the ad-
hesion of molecules present within a liquid or a gas to a solid surface, which is called

).'® The most common processes to separate CO, from gas mixtures

adsorbent (Figure 1.4
are pressure swing adsorption (PSA) and temperature swing adsorption (TSA), which dif-
fer in the way the adsorbent is regenerated. The gas stream flows through a packed bed
of adsorbent at high pressure or low temperature until the concentration of the gas
reaches an equilibrium. The bed is regenerated by reducing the pressure or increasing
the temperature, respectively. PSA is considered technically and economically more via-
ble than TSA given that its regeneration time is significantly lower. For PSA, the regener-
ation of the adsorbent may be performed in a few seconds, while for TSA it may take

hours. 1018

Remove A
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containing | e, CO,-rich gas \)
co, : -

‘Q’o Ot

Figure 1.4 - Schematic representation of CO; adsorption. Courtesy of CO2CRC Ltd."



The adsorbent must have high CO, capacity and selectivity, which will influence the
purity of the produced CO, stream. The adsorption/desorption kinetics should be fast,
while the stability of the adsorbent must be maintained during several cycles. Adsorbents
used in post-combustion capture should be thermally stable up to 120-150 °C in oxida-
tive environments, and adsorbents for pre-combustion or oxyfuel combustion need to
be stable up to 350-400 °C. Materials like activated carbon, zeolites, and metal-organic
frameworks (MOFs) have been considered for this purpose. One of the challenges re-
ported is the ability to achieve high CO; capacity and selectivity in the presence of water

(H20), since these molecules compete with CO; for biding sites.'*'

Despite being suited for industrial applications, adsorption is often a cyclic process,
which represents a major drawback since a continuous process would be more practical.
However, this process has several advantages compared to chemical or physical absorp-
tion, such as higher capacity and selectivity, ease of handling, and requires less regener-

ation energy.'®*’

Cryogenic Distillation

Cryogenic distillation allows the separation of CO, from highly concentrated
streams (typically > 80% by volume), such as oxyfuel combustion. This process (repre-

)" is performed by cooling and condensing the gas mixture.' The

sented in Figure 1.5
main advantage is the ability to produce high purity CO,, usually up to 98%, directly in a
liquid state, which is ready for final use or sequestration, without the need for compres-
sion. The process also eliminates the need for water supply and treatment, operates at
atmospheric pressure, and does not require chemicals that cause corrosion of the equip-

ment. However, the amount of energy needed to provide refrigeration significantly raises

Cold >)))>

Liquid CO,

Flue gas
© COCRC

Figure 1.5 - Schematic representation of CO; cryogenic distillation. Courtesy of CO2CRC Ltd."®
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the expenses, meaning that cryogenic distillation is only economically attractive when
process integration is employed and the cold duty necessary can be obtained at a rela-
tively low cost. Another obstacle to be considered is the formation of dry ice, which may
cause blockages in the equipment. The same happens with water and some components

that need to be previously removed from the stream.’62%23

Membranes

This technology consists on the passage of a feed stream of gas through a selective
barrier, the membrane (Figure 1.6)." Even though it is a less mature technology, the use
of membranes has several advantages like compactness, high energy efficiency and the
ability to retrofit to an upstream process. Moreover, it is environmentally friendly, flexible
to scale up or down and works in a continuous mode.?*?> A study from the manufacturer
Membrane Technology and Research (MTR) concluded that with process optimization
and a two-stage membrane system with slight feed compression and partial permeate
vacuum, membranes could be competitive with other technologies to separate CO, from

gaseous streams.®

co

E
Pressure
difference

Flue gas
© CO2CRC

Figure 1.6 - Schematic representation of CO; separation membrane. Courtesy of CO2CRC Ltd."

Membranes for gas separation can be applied in several processes like hydrogen
recovery, air separation, separation and recovery of organics from gas streams, air and
natural gas dehydration, and the main focus of this thesis, CO. separation.?* The streams
approached in this thesis, as well as their typical compositions and conditions, are avail-
able in Table 1.1.

The flue gas from post-combustion processes is the main source of CO,, with con-
centrations of 3-15% by volume. These low concentrations, high temperature (up to
120°C),%® and the pressure of the stream (around 1.5 bar) make it challenging to achieve

a level of purity higher than 95% and recovery higher than 90% proposed by the US
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Department of Energy.?’ These targets may lead to an increase in energy consumption
and membrane area, which will raise the overall operation costs.

Table 1.1 - Typical compositions and conditions of flue gas and raw biogas streams.

Composition | Water content | Temperature | Pressure
Stream Ref.
(by volume) (by volume) Q) (bar)
3-15% COz2
Flue gas (CO2/Nz) 5-10% 35-120 1.5 26,27
65 - 75% N2
i 35 -45% COz
Biogas (CO2/CHa4) 1-7% 25-35 1 26-28
55 - 65% CHa

Biogas is a mixture of gases, mainly CO. and CHa, produced from the anaerobic
digestion of biological waste from several sources such as municipal sewage treatment,
human or animal waste, and farm agricultural waste.?”?° The composition of raw biogas
streams depends on the process conditions and the type of biodegradable material.*°
The use of biogas as an energy source not only reduces the volume of accumulated
waste, but also creates a renewable alternative to fossil fuels that can be used as vehicle
fuel or to produce heat and electricity replacing natural gas.”*° As an energy source,
biogas needs to be composed of at least 95% by volume of CHa. Therefore, CO; in a
concentration of 35-45% by volume, at low pressure and temperature (1 bar and 25-
35°C), should be removed to increase the calorific value of biogas and meet imposed
regulations.?”* Biogas upgrading or landfill gas recovery consists on the separation of
CO; from CH4 and according to Baena-Moreno et al, membranes are the current tech-
nology that presents the lower overall costs and an acceptable efficiency for this pro-

cess.8

To meet the required specifications in terms of CO; purity and separation efficiency
mentioned above, it is mandatory to overcome two major challenges of membrane tech-
nology. On one hand, the membrane separation performance should be optimized. That
is, CO2/N; and CO,/CHj selectivities higher than 40 and 30, respectively, are pointed out
as requirements to an energy-efficient process.?’ On the other hand, membrane stability
(chemical, thermal and mechanical) should be addressed to assure long-term opera-
tion.?" Therefore, different types of membranes have been designed and investigated,
such as polymeric, inorganic, Mixed Matrix Membranes (MMMs), and lonic Liquid (IL)
based membranes.



1.3. Membrane Materials

Polymeric Membranes

Polymers are the most commercialized materials to fabricate gas separation mem-
branes.?*> The ability to form films, good processability, and mechanical properties are
some of the reasons for the popularity of these materials.?’ The polymeric membranes

used are dense or asymmetric (composed of a thin dense layer and a porous layer just

)33
I

for support),®® and generally transport CO; by a solution-diffusion mechanism.32** In this

case, the CO; transport depends on gas solubility and diffusivity. A pressure gradient
across the membrane acts as a driving force, leading CO; to absorb onto the upstream

side of the membrane, then diffuse through the membrane, and finally to desorb at the

)‘32

downstream side (Figure 1.7).> On the other hand, some polymeric membranes use a

facilitated transport mechanism, in which specific reactive carriers incorporated in the
membrane, like amines and alkaline carbonate solutions, react reversibly with CO, and
facilitate its transport through the polymer.°

o __° |
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Figure 1.7 - Schematic representation of gas transport mechanism through a dense membrane. Adapted
from 146,

In the solution-diffusion mechanism, the solubility of a gas species depends on its
condensability and the affinity between the gas molecules and membrane material. The
diffusivity can be related to the membrane’s free volume that exists between the polymer
chains and the size of the gas molecules.®® The permeability is a product of the solubility
coefficient and the diffusivity coefficient, and measures the ability of the membrane to
permeate gas molecules (Equation 9 from Section 3.3).2° The ability of the membrane to
accomplish a gas separation is given by the real selectivity, or just selectivity, determined
from permeation experiments using gas mixtures, that mimic real gas streams.*®* As a

preliminary study, the ideal selectivity can be determined using pure gas permeation
9



experiments to measure how well the membrane can differentiate one gas from another.
The ideal selectivity is given by the ratio of two pure gas permeabilities (Equation 8 from
Section 3.3).2°?® For polymeric membranes used in CO, separation experiments usually,
the ideal selectivity tends to be higher than the real selectivity, since the use of gas mix-
tures often leads to a plasticization effect due to dissolved CO, and competitive sorption
between gases.*®

Most of the polymeric membranes used in gas separation processes are made of
cellulose acetate (CA), polysulfone (PSf), polydimethylsiloxane (PDMS), polyethersulfone
(PES) and polyimides (Pls). Rubbery polymers, like PDMS (used above their glass transi-
tion temperature (7)), which have highly mobile polymer chains and plenty of free vol-
ume, are associated with high permeabilities but also with low selectivities.?® These char-
acteristics hinder gas purity, making rubbery polymers less appropriate to separate CO;
in industrial applications, such as treating flue gas from post-combustion processes, nat-
ural gas purification, or hydrogen production (the three major sources of CO,).?° There-
fore, the most commonly used polymers are glassy ones (used below their 7,) that are
more rigid and selective due to their densely packed polymer chains but also present

lower permeabilities.?®2+2>37

Nevertheless, polymeric membranes have some drawbacks that limit their com-
mercialization, such as plasticization and ageing effects, which damage their structure
and decrease their long-term performance. Plasticization occurs when highly condensa-
ble gases, like CO>, are absorbed in the membrane and cause swelling, increasing poly-
mer chain mobility and free volume. In this line, the gas permeability will increase, and
the membrane will become less selective.?>* In order to overcome membrane plastici-
zation, several strategies have been proposed,® such as the incorporation of crosslinking
agents,® thermal treatments,* and polymer blending.*® Moreover, physical ageing oc-
curs when the membrane losses some free volume, leading to a decrease in gas perme-

20,25

ability.

Polymeric membranes also suffer from another limitation, an intrinsic trade-off,
which means that membranes with high permeabilities consequently have poor selectiv-
ity and vice-versa. This relationship between permeability and selectivity is given by an
empirical upper bound first described by Robeson in 1991 and updated in 2008 with
newly available data.***' One of the main goals of researchers is to prepare membranes
with gas separation performances that surpass the Robeson upper bound.*” In 2019, a
group of researchers prepared benzotriptycene-based membranes composed of Poly-
mers of Intrinsic Microporosity (PIMs), achieving exceptionally high gas separation re-
sults, in particular for CO,/N, and CO,/CH4 gas pairs.** Some of the obtained data were
placed considerably above the previously reported Robeson upper bounds and parallel
to them, which allowed for their redefinition and settled a new goal for gas separation
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membranes. The results obtained in the scope of this thesis were compared with the
2008 Robeson upper bounds, represented in Figure 1.8,*' since these are more frequently

used.
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Figure 1.8 - Upper bound correlation for the separation of the gas pairs CO»/N, and CO,/CHs4. Adapted
from 41,

Inorganic Membranes

As an alternative, inorganic membranes are also used for gas separation and are
characterized by their chemical and thermal stability, as well as high gas selectivity. How-
ever, careful handling is required due to their brittleness and the operation costs are
much higher than polymeric membranes as they are difficult to manufacture on a large
scale without defects.’*?* These membranes can be made of several materials like metal,*?

carbon-based molecular sieves,* and ceramics which include silica and zeolites.**4

Mixed Matrix Membranes

In order to combine the best features of organic and inorganic materials and over-
come the trade-off limitations, a new class of membranes was created named Mixed
Matrix Membranes (MMMs).®° These membranes consist of one or more types of inor-
ganic particles dispersed within an organic continuous phase. The biggest challenge of
these membranes comes from the defects that may take place in the polymer-particle
interface due to poor adhesion. These defects can be reflected in a significant drop in
selectivity and membrane gas separation performance. Therefore, the filler must be cho-

sen carefully, considering its type, size, loading, and dispersion capacity.?0244748
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The fillers that are mainly used to prepare MMMs can be porous like zeolites,*®*

carbon nanoparticles, which include molecular sieves®® and carbon nanotubes,”
MOFs,***3, and zeolitic imidazolate frameworks (ZIFs).>* They can also be non-porous
such as nanoclays,® graphene oxide,*® and metal oxides which include silica (SiO),*” ti-

tanium dioxide (TiO,),® ).>9

and magnesium oxide (MgO).> The incorporation of fillers into
an organic matrix can create additional pathways between the polymer chains for the
gas molecules to cross, increasing diffusivity and, if the filler has an affinity for CO,, im-

proving solubility as well.%

The option of introducing ILs into MMMs has also been in-
vestigated as a way to improve the components' adhesion and/or enhance CO; separa-
tion performance. For instance, Shindo et a/ investigated the effect of incorporating dif-
ferent [C4mim][Tf2N] IL loadings (up to 66 wt%) into composite membranes combining
polyimide and zeolite particles on gas permeation.®® The results showed that increasing
IL content can decrease interfacial voids and enhance CO»/N, and CO,/CH, selectivity.
Mohshim et al. incorporated [C.mim][Tf;N] IL into polyethersulfone-SAPO-34 MMMs.®!
At 20 wt% loading, the CO,/CHys selectivity was more than three times higher than for the

pure MMM.

Clay minerals are a natural nonporous inorganic filler that can be incorporated into
membranes. A literature review from Jamil et a/ indicates enhanced thermal, mechanical,
electrical, and barrier properties when a very low amount of clay (£ 10 wt%) is incorpo-
rated into polymer composite membranes.®® These materials have attracted great inter-
est due to their appealing properties since they are widely available at low cost and have
interesting physicochemical characteristics such as developed specific surface area, ion
exchange properties, thermal stability and are benign to the environment.®%

The most commonly used clay minerals for the preparation of nanocomposites are
layered silicates, also called phyllosilicates, and can be divided into three main categories:
Kaolinite, Smectite, and lllite or Mica. One of the most important clays is montmorillonite
(MMT), included in the Smectite group, due to its ability to be dispersed into polymeric
matrices, high specific area of 750-800 m?/g, and non-toxicity, besides being highly
abundant and inexpensive.®*®> MMT has a 2:1 phyllosilicate structure, which means that
is composed of 1 nm layers made of alumina octahedra sheets between two sheets of
silica tetrahedra. These layers are bonded together by weak interactions like Van der
Waals forces, which allows them to be separated.”® The MMT layers have a negative
charge, since some of the silicon ions (Si**) are replaced by aluminum ions (A**), and

3+)‘63

some aluminum ions are replaced by magnesium (Mg?*) or iron ions (Fe?*/Fe Con-

sequently, the interlayer space (average of 1 - 2 nm') is occupied with exchangeable

! For example, Qiao et al. reported an interlayer space of 0.88 nm for MMT with Na* cations in the interlay-
ers.”
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cations like sodium (Na*) or potassium (K*), that have an affinity for polar groups like
water, which may also be in the interlayer space in substantial quantities causing MMT
to expand.®®®’ The interlayer thickness of hydrated MMT is 1.45 nm. When the structure
is dehydrated the interlayer space reaches a height of 0.28 nm.%* The structure of MMT
is schematically represented in Figure 1.9 2.
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exchangeable
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Figure 1.9 - Structure of non-modified montmorillonite.2%

In order to successfully incorporate MMT particles within a polymeric matrix, a
structure with increased organophilicity should be used. When the interlayer cations are
exchanged by organic modifiers like those listed in Table 1.2,** MMT becomes more or-
ganophilic and the interlayer space increases favoring the compatibility and intercalation
of polymer chains.®”®® Organophilic MMT is commercially available but can also be pre-
pared by ion-exchange reactions.®

Depending on the degree of interaction between the components, polymer/clay
nanocomposites can present three different morphologies: phase-separated, interca-
lated, and exfoliated (Figure 1.10). When there are no interactions, the phases are sepa-
rated. Intercalation occurs when polymer chains are inserted into the interlayer space of
clays, causing them to expand and weakening the layer interactions. In the exfoliated
morphology, the clay layers are dispersed randomly into the polymeric matrix due to the
maximum penetration of polymer chains. The polymer/clay interaction is a consequence
of several factors like organic modification of the clay, the amount of organic modifier,
the organic modifier polarity, polymer type, and composite synthesis technique.®®

2 This figure is licensed under the Creative Commons Attribution-Share Alike 2.5 Generic license. 23
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Table 1.2 - Most used organic modifiers of layered silicates. Adapted from 4,

Organic Modifier Chemical structure
CH,CH,OH
Methyl tallow bis-2-hydroxyethyl quaternary ammonium CH3—Nt_T
CH,CH,0H
CHs
Dimethyl dehydrogenated tallow quaternary ammonium H5C N* HT
HT
%
Dimethyl hydrogenated tallow 2-ethylhexyl quaternary ammonium H,C —I\|l+/Y\/\
HT
CH;

Dimethyl benzyl hydrogenated tallow quaternary ammonium

CH3—|\|J+— CH,-Ph
HT

Dimethyl dialkyl tallow ammonium

|
CHE—I\|J+—T
CH,

Trioctyl methyl ammonium

CSHW
CHE_I\||+_C8H17

CSHW

Polyoxy propylene methyl diethyl ammonium

CoHs

CH3_F\|I*— (CH,CHO) 55H
I

CHg CH,
Octadecyl amine CH3(CH3)16CH;NH,
H

Dimethyl octadecyl amine

|
CH3(CH2)16CH2—I\|I"—CH3
CH,

Hexadecyl trimethyl ammonium

CH3
CH4(CH 2)14CH2—|\|.|+—CH3
CH;,

Dodecyl triphenyl phosphonium

F|’h

Ph _F|)+_ CHz(CH 2)10CH3
Ph

Hexadecyl tributyl phosphonium

C4Hg
CH3(CH2)14CH2—F|’+—C4H9
C4Hq

Dodecyl trimethyl phosphonium

CH,
CHJCHQWCHz——ﬁi—CHg

CH,

14



Clay particles Polymer chains

8¢ 1w

Phase separated Intercalated

@@@A e

Figure 1.10 - Main morphologies of clay/polymer nanocomposites (phase separated, intercalated, and ex-
foliated). Adapted from ©5,

Exfoliated

MMT started to be investigated as a reinforcing filler for nanocomposites in the
automotive industry in the 1990s by Toyota Research Group.® Several studies have been
reported since then considering nanoclays as enhancers of gas separation performance
using MMMs (Table A.1 from Appendix A), and enhancers of mechanical properties.
Zulhairun et al. examined the effect of incorporating Cloisite® 15A (organically modified
clay) into a PSf matrix on the gas transport properties of asymmetric MMMs.%° At 1 wt%
loading, the CO, permeability was enhanced by 270% (from 5 to 19 Barrer) with a slight
reduction in CO»/CHj selectivity (from 23 to 21) compared to neat PSf. The authors justi-
fied this change with the disruption of polymer chain packing in the matrix caused by
unexfoliated clay layers.

A different approach was reported by Qiao et al. that prepared MMMs for CO;
separation by bonding and aligning MMT clay layers onto porous PSf support (45 nm of
mean pore diameter) using polyvinylamineacid as a polymer linker (it was used a ratio of

MMT to polyvinylamineacid of 13:1).”°

The interlayer space of the aligned clay particles
(0.88 nm) served as highly permeable transport channels for CO; since the hydroxyl
groups on the layered walls have a strong affinity towards this gas. The research group
performed the gas separation experiments with gas mixtures at 50 °C, obtaining for the
CO./CHj4 gas pair a selectivity of 138 and a CO; permeability of 85 Barrer. For the CO2/N;
gas pair, a selectivity of 123 and a CO, permeability of 82 Barrer were obtained. The

results are above the respective 2008 Robeson upper bounds.

Behroozi et al. prepared defect-free MMMs using Pebax2533 and Cloisite® 15A.°
At 2 bar and 10 wt% clay loading, the CO, permeability decreased by 28% compared to
the neat polymer (from 240 to 187 Barrer), due to an increase in tortuosity and diffusion
pathway caused by the well-dispersed clay particles into the polymer. Although, at 6 bar,
the CO permeability and CO,/CHy, selectivity increased, since the solubility of highly con-
densable gases, like CO,, increases with increasing pressure. The best CO,/CHj, selectivity
accomplished was 9 at 6 bar with 6 wt% clay loading.
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A similar conclusion was reported by Jamil et a/. that prepared MMMs with cellu-
lose acetate (CA) and different bentonite (non-modified clay) loadings for CO,/CH, and
CO2/N; separations.”” The tortuosity caused by well-dispersed clay particles decreased
gas permeabilities up to 2 wt% clay loading. However, at 1 wt% (4 bar), CO,/CH4 selec-
tivity increased by 79%, and CO»/N; selectivity increased by 123% compared to neat CA.
For that same composition, it was reported a 64% and 200% improvement in the elastic
modulus and hardness of the MMM, respectively, compared to the neat membrane.

Kalantari et a/. incorporated talc, a less common clay filler, into a PSf matrix.”” Using
a concentration of 0.1 wt% talc with pressures in the range 3 - 7 bar or 0.3 wt% talc load-
ing with 3 bar, the prepared MMMs were able to separate CO, completely, not allowing
CH4 molecules to pass through the membrane. However, for higher talc loadings up to
0.5 wt%, both gases permeations increased, while the CO,/CH, selectivity decreased due
to the formation of unselective voids in the polymer-filler interface.

The incorporation of inorganic particles into polymeric matrices can also be inter-
esting bearing other purposes in mind, especially when considering the versatility of
nanoclays. Coelhoso et al. introduced clay particles into biopolymeric membranes to en-
hance their barrier properties and mechanical stability for packing applications, limiting
oxygen contact with food products.®” Clays can also be used as fillers for polymer elec-
trolytes in the field of lithium-based batteries. Their large specific area provides good
contact with the polymers, combining high cation exchange capacity that enhances ionic
conductivity and improving the solubility of lithium salts.”® Bordes et al. reviewed the
research done in the development of biopolyester with nanoclay systems for packing,
agricultural, or biomedical applications and concluded that when the filler incorporation
was successful, an improvement in thermal stability, mechanical reinforcement, biodeg-
radability, and barrier properties was obtained.”

The abovementioned results describe the successful improvements obtained in
MMMs' performance for gas separation applications (Table A.1 from Appendix A), point-
ing out that nanoclay particles are a good filler option for the development of mem-
branes for flue gas treatment and biogas upgrading.

1.4. Membrane Technology with lonic Liquids

lonic Liquids

lonic Liquids (ILs) are salts composed of an organic cation and an inorganic or or-
ganic anion that have melting points below 100°C, making them liquids at room temper-
ature. This feature is caused by the asymmetry of the ions, which leads to weak
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interactions and low packing efficiency, and by the delocalization of their charges.?® One
of the most interesting characteristics of ILs is that they can be designed to suit the en-
visioned application. This means that their properties can be manipulated by the selec-
tion and combination of different cations and anions or by the addition of specific func-
tional groups.”

Diverse applications of ILs have been studied during the last years. In electrochem-
istry, to take advantage of their high conductivity, ILs are utilized as electrolytes in en-
ergy-related applications such as batteries,”® chemical sensors,”” and fuel cells.”® They can
be used for biomedical applications, for example in drug delivery systems ”® and sen-
sors.® They can also be a replacement for volatile organic solvents in organic reactions,?’
catalysis,® extractions,® and separation,® due to their negligible vapour pressure.® In
particular, and since 2001, ILs have also been studied for CO, separation, mainly due to
the interactions established between the quadrupole moment of the CO, molecules and
their electrical charges.®

Usually, both the ions influence CO; separation, but the anion has been found to
have a higher impact in this application than the cation.?*® Some examples of cations in-
clude ammonium, phosphonium, pyridinium, pyrrolidinium, and imidazolium with differ-
ent alkyl chain sizes.®® In imidazolium cations, increasing the alkyl chain length leads to a
higher CO, permeability and solubility, probably because it decreases the interaction be-
tween the ions of the IL, which causes a higher free volume to accommodate CO, mole-
cules, that become more available to interact with the ILs" anions.”® The anions can be
fluorinated, halogens, phosphates, sulfonates, carboxylates, acetates, and cyano-func-
tionalized.?® The structures of the most used IL cations and anions for CO; separation are

presented in Figure 1.11.%
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Figure 1.11 - Structures of the most used IL cations and anions for CO, separation. Adapted from #.
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Supported lonic Liquid Membranes

Supported liquid membranes consist of inert porous supports completely impreg-
nated with a solvent, which gets immobilized within the pores by capillary forces.?® When
the solvent used is an IL, they are named Supported lonic Liquid Membranes (SILMs)
(Figure 1.12).26 Compared to organic solvents, the low volatility and high viscosity of ILs
are advantages, since the use of ILs help to reduce the solvent losses by evaporation and
leakage from the support. Typically, SILMs can be prepared by three methods: immer-
sion, pressure, or vacuum.?® The use of SILMs approach instead of the neat IL for CO;
separation reduces the necessary amount of IL.

Inert porous support

Figure 1.12 - Schematic representation of a supported ionic liquid membrane (SILM).

The supports can be polymeric or ceramic and should be selected considering the
chemical compatibility with the IL and the porous support pore size.?*”>#” Polymeric sup-

).>>% polytetrafluo-

ports include nylon,® polypropylene,® polyvinylidene fluoride (PVDF
roethylene (PTFE),""* PES,* and PSf.** Ceramic supports, for example, titanium oxide
(TiO2) and aluminum oxide (Al,03),%> are preferred due to their resistance to very high

temperatures and mechanical stability.

Several SILM systems have been studied over the years combining different IL cat-
ions and anions to suit the aimed applications. In particular, the use of SILMs in gas per-
meation experiments is an excellent way to determine the effect of the chemical structure
of an IL on CO; separation performance.?® Considering the IL cation, most studies regard-
ing CO; separation have been done using imidazolium cations, possibly due to their early
commercial availability and a structure that is easily modified for CO. separation, provid-
ing better results.?® The influence of the alkyl chain length of imidazolium cations on
SILMs’ CO> separation performance was explored by Neves et a/* The [PFe]” anion was
combined with imidazolium cations of different chain lengths (Cs4, Cs, and Cg) and the
authors found that the gas permeabilities (CO2, N2, and Hz) of SILMs increase with the
increase in the imidazolium chain length. On the other hand, several authors reported
the use of different modifications of imidazolium cations on SILMs in order to improve
their CO; separation properties. A combination of the [TfoN] anion with fluoroalkyl func-
tionalized imidazolium cations studied by Bara et a/. showed a decrease in both CO, per-
meability and CO,/CH4 and CO/N; selectivities with the increase in fluoroalkyl length,
possibly due to higher IL viscosities.?” Although, the CO,/CH4 separation was improved
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when the fluoroalkyl groups were added to the imidazolium cations. Later, Hojniak et a/.
prepared SILMs with nitrile/glycol difunctionalized imidazolium and pyrrolidinium cati-
ons and obtained CO,/CH4 and CO,/N; selectivities 2.3 times higher than those obtained
for the studied cations with only the glycol group.® Shahkaramipour et a/. synthesized
SILMs with imidazolium-based geminal dicationic ILs with different alkyl spacers between
the cations and reported the CO, permeability, as well as the CO,/CH, selectivity, were
higher when the [Cemim][TfN] IL was used as opposed to those obtained for
C3[mim]2[Tf2N]z and Ce[mim]2[Tf2N]2, due to their higher viscosities.”

Besides imidazolium-based IL, other cations have been explored for the prepara-
tion of SILMs. Mahurin et a/. synthesized SILMs with different benzyl-functionalized cati-
ons combined with the [Tf2N]" anion for CO,/N; separation.'® The pyridinium and imid-
azolium-based ILs exhibited better CO, permeabilities than the pyrrolidinium-based IL.
On the other hand, the addition of the benzyl group increased the ILs" viscosity which
lowered the CO, permeability, however, enhanced the CO,/N; selectivity compared to
their non-functionalized analogs. Hillesheim et a/. prepared SILMs with different thia-
zolium-based ILs combined with the [Tf2N]™ anion, that presented lower CO. permeabili-
ties than SILMs with imidazolium-based ILs due to higher viscosities.'®! Later on, excellent
results were reported by Mahurin et a/. that used new IL cations that resemble an opened
imidazolium structure.’ SILMs with [(N11).CH][Tf2N] and [(N111)2N][Tf2N] ILs reached the
2008 Robeson upper bound with a CO, permeability of 1800 Barrer and a CO,/N, selec-
tivity of 29.

The previously mentioned results about the effect of the IL cation on the CO: sep-
aration performance of SILMs are listed in Table A.2 from Appendix A. Results about CO»
separation of SILMs with different IL anions are available in Table A.3 from Appendix A.

Regarding the IL anion, different chemical structures have been used to investigate
the effect on the CO. separation performance of SILMs (Table A.3 from Appendix A).
Mahurin et al used ILs with cyano-functionalized anions and compared their perfor-
mance with ILs having the most popular anion, [Tf2N]".'® The high CO. solubility of cy-
ano-functionalized anions was shown to increase SILMs performance on CO»/N; separa-
tion, especially when the number of cyano groups of the anion increased. Good results
were obtained by Tomé et al. with the study of the gas permeation properties of SILMs
based on ILs with sulfate anions, achieving the 2008 Robeson upper bound when the
[Camim][C:SO4] IL was used.'® Santos et al. reported the influence of the temperature on
SILMs performance with immobilized acetate-based ILs.'® At 25°C, [C;mim][Ac] and
[Camim][Ac] achieved the 2008 Robeson upper bound for CO,/N, separation. In order to
obtain an environmentally friendly CO; separation process, Tomé et a/. synthesized SILMs
combining the cholinium cation and non-hazardous anions like levulinate [Lev], lactate
[Lac], glycolate [Gly], and malonate [Mal].** Despite the good results obtained for
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CO,/CH4 and CO,/N; separations, the performance of the membranes was limited by the
ILs high viscosity.

In what concerns CO; facilitated transport through SILMs, but considering the an-
ion effect, it is important to mention amino acid-based ionic liquids (AAILs). Despite their
high viscosity as the main drawback, AAILs have amine groups as CO, carriers and are
biocompatible and biodegradable. Several studies regarding this class of ILs were done
by Kasahara et a/'°'%" For instance, the effect of different amino acid (AA) based anions
(glycine, alanine, proline, and serine) combined with the same phosphonium cation on
CO2/N, separation was investigated.' The performance of the membrane with the IL
that had the proline anion, at 100°C and low CO; partial pressure (0.1 bar) with dry gases
exceeded the 2008 Robeson upper bound.

Another interesting liquid phase for SILMs is the use of magnetic ionic liquids
(MILs), which have metal-based anions that confer a magnetic character to their struc-
ture. Albo et al. prepared SILMs with MILs that combined phosphonium cations and mag-
netic anions for CO»/N; separation.”® The group obtained the best CO, separation per-
formance with the membrane containing [Pss,,14]2[MNnCls] with a CO, permeability of 203
Barrer and a CO,/N; selectivity of 41. Furthermore, IL mixtures have also been immobi-
lized into SILMs. Tomé et a/. reported that a mixture of anions with different chemical
features changed the IL's viscosity and molar volume, properties that could be manipu-
lated to improve the CO, separation performance of SILMs.*?

Regardless of the wide variety of chemical structures of ILs that can be used to
prepare SILMs, this type of membranes has a major drawback. When performing gas
permeation experiments, if the transmembrane pressure applied is higher than the ca-
pillary forces of the support, the IL may be displaced from the pores causing a reduction
in selectivity.® Therefore, the use of SILMs is restricted to low-pressure applications. Nev-
ertheless, if the temperature of the application is high enough, the IL becomes less vis-
cous and may leak from the pores.®®

Polytionic liquid) Membranes

Poly(ionic liquid)s or polymeric ionic liquids (PILs) are a subclass of polyelectrolytes
with the monomer repeating units bearing IL species, connected through a polymeric
backbone to form a macromolecular architecture (Figure 1.13)."% PILs bring together the
good processability and durability of polymers with the unique characteristics of ILs,'®
although their physical properties are not always directly related to those of the compo-
nents."® Most PILs are non-crystalline solid materials with good chemical and thermal
stability. However, PILs are less thermally stable than IL monomers since this property is

8

limited by the chemical structure of the polymeric backbone.'® Therefore,
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depolymerization, scission, and thermal degradation of the structure may take place at
high temperatures.’®

Figure 1.13 - Schematic representation of a neat PIL membrane. Adapted from 146,

PILs can be divided into polycations, that feature a cation in the backbone part of
each monomer, polyanions, that feature an anion and polyzwitterions, that bear a cation
and an anion.'® The variation of their chemical composition, structure type (for example
linear, star-shaped, or hyper-branched), and the ability to bond to other types of poly-
mers to form PIL block copolymers allows the development of numerous different poly-
mers.'® PILs can be prepared by direct polymerization of IL monomers or chemical mod-

ification of existing polymers, using different techniques,®'%

110 1

such as radical polymeriza-

tion,"° step-growth polymerization,”" ring-opening metathesis polymerization,''? and
polycondensation polymerization."™ Cross-linked PIL networks can be also synthesized

using thermal or ultraviolet (UV) radical polymerization.'

Most of the synthesized PILs are polycations prepared by step-growth polymeriza-
tion, usually bearing an imidazolium cation in the polymer backbone obtained from dif-
ferent monomers like vinylic,"™ styrenic,'® (meth)acrylic, and (meth)acrylamide,"’ eth-
ylene glycol,"*® vinyl ether,""® and norbornene."'? Besides, cations like tetraalkyl ammo-

19 pyridinium,'?® pyrrolidinium,'" guanidinium,’® or piperidinium 2 with vinylic,

nium,
styrenic or methacrylic backbones can also be used. These PlLs were combined with
counter anions such as [BF4], [PFe]’, [CF3SOs], [NOs],, [Tf2aN], [N(CN)2], [FeCls]” [CIO4] and
alkyl sulphonates.’ On the other hand, polyanions have also been prepared,’* mostly
by radical polymerization, although in a much smaller number due to the difficulty asso-
ciated with their synthesis.'®® Their backbone was obtained from (meth)acrylate, styrenic
or vinylic monomers that can feature sulphonate, carboxylate, phosphoric, or amide an-

ions, combined with counter cations like alkyl-imidazolium or tetraalkylammonium.'®

In order to overcome the mechanical instability of SILMs caused by IL leakage at
transmembrane pressure differences above 1 - 2 bar, PIL membranes have also been in-
vestigated for CO, separation.'® This type of material behaves like a polymer in terms of
gas transport and provides good CO./light gas selectivity.'® However, PILs permeability
to COz is much lower than analogous ILs due to their solid nature.

The first neat PIL membranes for CO, separation were presented by Noble's group,
with a study of the effect of systematic variations of PILs’ structure on gas separation
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performance.”® By the variation of the n-alkyl substituents length of IL monomers, these
investigators obtained the best CO,/N, separation with a selectivity of 32, the best
CO2/CHa selectivity of 38, both with a CO, permeability of 9 Barrer. They have concluded
that the CO. permeability increased in a non-linear way as the n-alkyl substituent in-
creased in length.”

After that, this and other groups have studied several structurally different PILs with
modifications in their backbones, cations, and anions (Table A.4 from Appendix A), and
showed that these membranes provide CO2/Nz and CO2/CHjs selectivities on par or higher
than those observed for SILMs.'?® For instance, Bara et a/. synthesized PIL membranes
from IL monomers containing polar oligo(ethylene glycol) and nitrile-terminated alkyl
substituents linked to imidazolium cations.'® The PIL membranes fabricated with polar
groups provided CO2/N, and CO,/CH4 separations about 50% higher than when alkyl
substituents with comparable length were used in PIL structures. Another approach was
reported by Shaligram et al, who studied the effect of substitution asymmetry on the
CO; separation performance of PIL-based membranes.”’ The imidazole groups of two
different polybenzimidazole (PBI) backbones, were substituted by n-butyl or 4-fert-bu-
tylbenzyl, both with a bulky nature, while the other substituent was kept as methyl. This
asymmetry was showed to enhanced CO; permeability by disturbing PIL's chain packing.
The effect of the type of anion and substituent were also studied, with [Tf,N] and [HFB]
and 4-tert-butylbenzyl providing the best gas permeabilities, respectively.

Even though PILs afford solid stable membranes, their major drawback is the sub-
stantial drop in both gas permeability and diffusivity when compared to their analogous
liquid phases in SILMs. Therefore, different approaches have been explored to increase
gas permeability and diffusivity, including the development of PIL/IL composite mem-
branes (a PIL framework incorporating a certain amount of "free" IL),'2"'%7132 the incor-
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poration of fillers to obtain MMM, and the use of cross-linked polymer networks to

prepare gel membranes containing large amounts of IL (> 50 wt%).3614124134

Polymer/lonic Liquid Composite Membranes

Polymer/IL composite membranes, also known as polymer/IL gels, ionogels, or ion-
gels, are a type of dense gel-like membranes.?*® These membranes are comprised of an
IL entrapped into the spaces between the chains or clusters of a polymeric matrix.?® Their
synthesis is generally done by a solvent casting method with solvent evaporation.? Re-
garding the materials used for the membranes’ preparation, the polymers should be me-
chanically, chemically, and thermally stable,?® and the ILs must have a high affinity to-
wards CO, and low viscosity.”” The compatibility between the polymer and IL should also
be addressed to avoid phase separation and leakage of the IL from the membrane.?®
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The most used copolymer for the preparation of polymer/IL composite membranes
is poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) due to its high free vol-
ume and reported success in gas separation,?® although other polymers like polyether-

135

polyamide block-copolymer (Pebax) due to a high CO,/N, selectivity, >> poly(vinylidene
difluoride) (PVDF),”® and PlIs ™’ have also been used.®® The ILs commonly used have
fluorinated anions, such as [TfaN],"28"3° [BF4], " [CF3SOs],'*° and [FAP] ™' or others like
[B(CN)4]" "¢, combined with imidazolium cations of variable alkyl chain length, from

[Coamim]* to [Cismim]”.

Polymer/IL composites were first considered as solid electrolytes for energy appli-
cations due to their high conductivity.'* Later, this type of membranes started to be used
for gas separation as an approach to solving the instability issues of SILMs, while trying
to maintain similar CO; separation performances.?®®®'* |n 2009, Hong et a/. successfully
developed the first polymer/IL membranes for CO,/N; separation, reporting extraordi-
nary performance results when 66 wt% of [Comim][BF4] was combined with a PVDF-HFP
polymer matrix."*® A CO, permeability of 400 Barrer and a CO./N> selectivity of 60 sur-
passed the 2008 Robeson upper bound, while the membrane maintained its thermal sta-
bility up to 300 °C.

Later, Uchytil et al. studied the separation of CO, from CH4 using PVDF-HFP mem-
branes with different loadings of the IL."*° At 70 wt% [Cemim][Tf:N] loading, the CO; per-
meability was almost 1000 times higher than for the neat polymer and a 100 times higher
than the IL. This is an unexpected outcome since the membrane’s CO, permeability is
usually between the permeabilities of the pure components. These results were justified
by the creation of new transport channels in the composite matrix. A heterogeneous
membrane of PVDF with 66 wt% [Camim][B(CN)4], stable up to 5 bar of transmembrane
pressure, was reported by Chen et a/ with a CO, permeability of 1778 Barrer and a CO2/N>
selectivity of 41.*® The heterogeneity was believed to be a result of the absence of mo-
lecular-level interactions that could restrain gas permeability in miscible IL-based blends.

In 2014, Kasahara et al. reported a new type of polymer/IL composite membranes
combining a UV cross-linked polymer network with AAILs that act as CO, carriers en-
hancing CO, permeability."* The authors believed that this soft but elastic network would
provide additional support to the membrane, with the IL immobilized in the network’s
voids. A free-standing membrane with 70 wt% [Pas4][Pro] and a poly(vinylpyrrolidone)
(PVP) matrix was used in mixed gas permeation experiments at 100 °C and with a CO:
partial pressure of 0.03 bar. A remarkable CO, permeability of 6700 Barrer and CO/N,
selectivity of 170 were achieved with good mechanical stability up to 1 MPa.

After several studies reported with polymer/IL composite membranes (Table A.5
from Appendix A), some conclusions could be taken. Higher loadings of IL swell the pol-

ymer matrix, increasing gas diffusion.™® The IL affinity for CO; results in higher solubility,
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enhancing the membranes’ CO. separation performance.” In sum, the results reported
in the literature indicate a higher CO, permeability compared to the neat polymers, de-
spite a slight decrease in CO2/N2 and CO»/CH, selectivities as expected for polymeric
membranes and predicted by the 2008 Robeson upper bound.?*4% |ncreasing the IL
loading can also reduce the polymer’s crystallinity since the IL acts as a plasticizer making
the membrane more flexible and permeable.?*”>'° However, the membrane losses me-
chanical stability, making the preparation of self-standing membranes with high IL load-
ings more challenging. Additionally, the type of polymers used to prepare these mem-
branes are not charged, which means that no strong ionic interactions could be estab-
lished between the polymer and the IL. When high contents of IL (> 50 wt%) are en-
trapped into the tight spaces between the polymer chains, high-pressure differentials
compress the membrane causing IL leakage, therefore limiting the working pressure and
the membranes’ long-term separation performance.’*

PIL/IL Membranes

Alternatively, the development of a specific type of polymer/IL composite mem-
branes, the PIL/IL membranes has also been explored (Table A.6 from Appendix A). Tak-
ing advantage of the strong electrostatic interactions established between the compo-
nents is possible to prepare robust materials with good CO, separation perfor-
mance."*' PIL/IL membranes represent an approach to improve the gas permeabilities
of PIL membranes while maintaining mechanical stability.?® The synthesis of PIL/IL mem-
branes is based on the polymerization of IL monomers in the presence of “free” IL (Figure

1.14).
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Figure 1.14 - Schematic representation of a PIL/IL membrane. Adapted from 46,

The proof of concept for PIL/IL composite membranes for CO. separation was pre-
sented by Bara et a/ that prepared stable membranes through the photopolymerization
of imidazolium-based IL styrene monomers in the presence of 20 mol% non-polymeriz-
able [Ccmim][Tf,N]."" This approach provided a 400% improvement of CO, permeability
(from 9 to 44 Barrer) and an increase of CO»/N: selectivity by 33% (from 32 to 39) com-
pared to the analogous neat PIL membrane. Following the same line, Bara et a/. studied
the effect of changing the free imidazolium-based IL anion on the membranes’ separa-

tion performance.”® The membrane that incorporated the IL with the largest molar
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volume, [C;mim][Tf:N], provided the best gas permeabilities (60 Barrer for CO,), probably
because the IL occupied more space between the polymer chains, allowing for a faster
gas diffusion. The CO»/N, and CO,/CH, selectivities were slightly lower than those of the
neat PIL membrane, but higher than most SILMs. Later, the same group examined func-
tionalization effect of the free imidazolium-based IL cation.® Among alkyl, ether, nitrile,
fluoroalkyl and siloxane groups incorporated, the membrane with ether functionalized
cations provided the best separation performance with a 231% increase in CO, permea-
bility (from 16 to 53 Barrer) despite a decrease in both CO,/N; and CO,/CHjs selectivities
relative to the neat PIL.

Moreover, Noble's group made considerable efforts regarding different imidazo-
lium-based PILs for CO, separation.™ The group developed a two-stage casting process
that allowed the preparation of a thin PIL/IL membrane (selective layer of 100 nm) with
58 wt% [Comim][Tf,N] and great performance (CO, permeability of 610 Barrer and
CO2/N; selectivity of 22)."° Further improvements led to the fabrication of cross-linked
PIL/IL membranes with higher IL content (80 wt% [Comim][Tf:N]), good gas separation
properties (CO, permeability of 500 Barrer and CO,/N; selectivity of 24), and good me-
chanical stability.”" These PIL/IL membranes were synthesized by Carlisle et a/. using two
alternative methods to the typical use of cross-linkable IL monomers: Cross-linking a
curable PIL/IL blend or cross-linking a neat curable PIL and swelling it with free IL. These
methods provided advantages such as faster gelation rates and less solution penetration
into the porous support. On the other hand, and bearing in mind the low CO; partial
pressure in flue gas streams (Table 1.1), McDanel et a/ developed an epoxide/amine
PIL/IL composite membrane by step-growth polymerization for facilitated transport of
C0.."*? The results showed that facilitated transport of CO; only occurred in the presence
of water vapor, improving when the CO; partial pressure is lower, which led to a better
CO/N; separation. On the other hand, the use of hydrophilic IL [Cocmim][N(CN),] pro-
vided better results than hydrophobic IL [Comim][Tf:N], since less humidity is required to
achieve the sufficient water content for the reaction of CO, with amine functional groups.
This membrane provided remarkable results under low CO, partial pressure and humid-
ified mixed gas conditions (CO, permeability of 900 Barrer and CO,/N; selectivity of 140),
surpassing the 2008 Robeson upper bound.

Bearing in mind that the studies regarding PIL/IL membranes for CO; separation
were mostly focused on the imidazolium cation, Tomé et al. have also been studying
pyrrolidinium-based PILs with different structural variations.'?"'?8-132133 The advantage of
these PILs is that their preparation only includes a metathesis reaction of a halide anion
of a commercially available polymer for a more hydrophobic counter-anion, followed by
filtration of the precipitated polymer.'?" Comparatively, the preparation of imidazolium-
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based PILs is more complex, involving several synthesis and purification steps and con-

trolled polymerization conditions.'™11¢126

In their first report, Tomé et a/. prepared membranes using poly[pyr:1][Tf.N] as PIL
combined with variable amounts of [pyri][Tf2N] as "free" IL by a solvent casting
method."' The results showed that the CO. separation properties of poly[pyr1][Tf2N] are
of the same order of magnitude as those of imidazolium-based PILs containing the
[TfoN]” anion. The incorporation of IL into the PIL proved to be an advantageous way to
enhance CO,/N; selectivity (from 22 to 32 at 20 wt% IL). Later, Tomé et al. synthesized
pyrrolidinium random copolymers with counter-anion mixtures and prepared PIL/IL
membranes with 20 wt% [pyr4][Tf2N]."? The results showed that is possible to adjust the
gas permeation properties of the membranes by introducing a second PIL counter-anion
with a different chemical structure, as it impacts the polymer chains interaction and pack-
ing efficiency. Further studies led to the development of novel pyrrolidinium-based PILs
with cyano counter-anions, showing that gas permeabilities were dependent on the
number of cyano groups in the anion.'® In particular, the preparation of a [C(CN)s]” based
membrane with 60 wt% [Comim][C(CN)s] provided excellent performance for flue gas
treatment, surpassing the 2008 Robeson upper bound with a CO, permeability of
439 Barrer and a CO,/N; selectivity of 64. Tomé et a/. also prepared membranes of pyr-
rolidinium-based PlLs having three different molecular weights (My) and incorporated
different contents of IL (20, 40 or 60 wt% [Comim][C(CN)s])."*® The results indicated that
smaller polymer chains (lower M) improved gas permeability, probably due to higher
chain mobility in a less packed matrix and high IL contents led to superior CO»/N; sepa-
ration performance. Considering the great results obtained with pyrrolidinium-based
PIL/IL membranes bearing fluorinated or cyano functionalized anions for CO,/N; separa-
tion, Tomé et al explored these membranes potential also for biohydrogen produc-
tion.”"3 Promising results were obtained, with a CO,/H. separation performance supe-
rior to the respective upper bound.

More recently, Kammakakam et a/. developed the first anionic PIL/IL membrane via
photopolymerization.'® Self-standing membranes were prepared, combining a PIL with
delocalized sulfonimide anions pendant from the polymer backbone and mobile imidaz-
olium counter-cations, with 0.5 and 1 equiv amount of free IL [Cmim][Tf:N] to the two
newly designed polymerizable anionic ILs, and 20 wt% of cross-linker poly(ethylene gly-
col) diacrylate (PEGDA) as the composite matrix. The authors reported a CO; permeability
of 20 Barrer and a remarkable CO,/CHs selectivity of 119, reaching the 2008 Robeson
upper bound.
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PIL/IL-based Mixed Matrix Membranes

In order to improve the CO; separation efficiency, as well as thermal and mechan-
ical stability of PIL/IL membranes, three-component MMMs with solid fillers (Figure 1.15),
such as zeolites,*®'>* and MOFs,?*'* have also been investigated (Table A.7 from Appen-
dix A).

Figure 1.15 - Schematic representation of a PIL/IL-based MMM. Adapted from 46,

Zeolites are a type of porous, crystalline silicate-based frameworks with pore sizes
close to the diameter of light gas molecules.®® Regarding this type of filler, Singh et a/.
examined and optimized the factors affecting CO»/CH4 separation using cross-linked
PIL/IL/zeolite MMMs.*® The membrane comprising 50 wt% poly([smim][Tf.N]), 20 wt%
[Comim][Tf:N], and 30 wt% SAPO-34 achieved the best performance (CO, permeability
of 260 Barrer and CO,/CHj4 selectivity of 90), outperforming the 2008 Robeson upper
bound. Later on, Dunn et a/. developed cross-linked PIL/IL/zeolite MMMs for CO,/CH4
separation, based on curable PIL prepolymers, instead of a mixture of IL monomer and
cross-linker.”™ The results demonstrated that by adjusting the prepolymer chain length
is possible to control polymer gelation rate and resistance to support penetration, when
casting onto ultrafiltration membranes, which improved gas separation performance.

On the other hand, MOFs represent a class of crystalline and porous materials that
consist of a three-dimensional hybrid network formed by organic bridging ligands and
inorganic metal nods linked through coordination bonds, which makes for a well-defined
structure with specific pore sizes that can accommodate light gases.’ The presence of
organic ligands leads to easier incorporation of MOFs into polymers to produce MMM,
as opposed to zeolites.”” Nabais et a/. prepared MMMs combining poly([pyr][Tf2N]),
[Campyr][Tf2N] and three different MOFs (Cu-BTC, MIL-53 and ZIF-8)."** An increase in
MOF content (up to 30 wt%) led to overall better CO./H: separation, with membranes
performances that surpassed the 2008 Robeson upper bound. Recently, Sampaio et a/.
studied the impact of different loadings of MOF-5 (10 — 30 wt%) on CO,/CH4 separation
performance of MMMs comprising poly([pyri1][Tf2N]) and [Comim][BETI].?°
88% selectivity decrease at 30 wt% MOF-5, the results also demonstrated a 133%

Despite an
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increase in CO, permeability, both probably due to the MOF's large cavity size relative to

the gases’ diameter.

The results reported so far indicate PIL/IL-based MMMs as a promising strategy to
solve the permeability/selectivity issues of polymeric membranes and to overcome the
brittleness of inorganic membranes. However, the optimization of factors that affect gas
separation (filler type and loading, PIL structure and cross-linking density) must continue
to be addressed, as well as experiments with real operational conditions in order to pro-
duce defect-free membranes with high performance.

Cross-linked polymer/IL Membranes

Another relevant and simpler strategy is the preparation of polymer/IL composites
in a single-pot using commercially available non-ionic polymer networks. The prepara-
tion of these membranes can be done by thermal or UV-initiated polymerization of the
desired non-ionic polymer network in the presence of "free" IL."** In particular, excellent
results have been reported in terms of CO; separation using poly(ethylene glycol) (PEG)
(Table A.8 from Appendix A), since this polymer contains several ether groups, known for
their high affinity for CO,."* However, its crystallinity represents a limitation for CO> per-
meability. For instance, Lin et al. increased the CO, permeability by 10 times by cross-
linking a PEGDA membrane, in comparison to a semi-crystalline PEG one, without signif-
icant sacrifice in CO/N: selectivity.”® The decrease in crystalline zones and increase of
the amorphous phase made the polymer more flexible, which facilitated CO; transport.
On the other hand, the presence of "free" IL also helps to reduce crystallinity."® In this
line, different researchers have recently studied this type of cross-linked polymer/IL
membranes for CO; separation, frequently named PEG-based cross-linked iongels.

Kusuma et a/. studied the compatibility between several ILs and two different cross-
linked polymer matrices, PEGDA and PEGDA copolymer with a thiol functionalized pol-
ysiloxane, by preparing iongels with 40 vol% IL loading.” They concluded that ILs with
imidazolium and pyridinium cations combined with the anion [Tf2N]~ promote thermal
stability and good miscibility with the cross-linked PEG network.”™” In further studies,
Kusuma et al. incorporated several ILs having the anion [Tf,N]™ and 1,3-substituted imid-
azolium cations into a cross-linked PEG network.™® ILs with short alkyl terminal substitu-
ents increased gas permeability since they allowed superior polymer chain mobility.
When a 60 vol% [Comim][Tf,N] was used, a CO, permeability of 530 Barrer and a CO»/N>
selectivity of 31 was obtained.

More recently, Martins et a/. studied the influence of anion structure on the prop-
erties of cross-linked PEGDA iongels for CO2/N; separation.’®* The performance of the
iongel with 70 wt% [Cmim][C(CN)s] supported in a porous polyamide (PA) filter was able
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to surpass the 2008 Robeson upper bound, but future improvements regarding mechan-
ical stability should be addressed to avoid the use of a porous support. The results of this
study also showed that iongels with fluorinated IL anions ([Tf.N]") presented better me-
chanical properties than those fabricated with cyano-functionalized IL anions.

Taking into account all the literature reviewed and mentioned throughout this in-
troduction, it is understood that the combination of membrane technology with ILs has
great potential to emerge as an economic and environmentally friendly approach to sep-
arate CO; from light gases, replacing some of the more mature technologies used today.
For instance, some of the reported IL-based membranes showed better separation per-
formance than the commercially available ones, represented by the 2008 Robeson upper
bound. However, there is still room for improvement for IL-based membranes to be ap-
plied in industrial conditions. In particular, two major challenges need to be tackled:
maintain mechanical stability while achieving high separation performance. It is believed
that the development of robust PEG-based cross-linked iongel membranes for CO, sep-
aration from post-combustion streams and biogas upgrading is an excellent approach
to overcome these issues. Considering its simple single-pot preparation with reduced
environmental impact combined with high content of CO:-philic ILs, it can be affirmed
that this is a promising approach and future developments should focus on the iongels’
mechanical stability.
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2.
GOAL AND MOTIVATION

The main goal of this thesis was to improve the mechanical stability of iongel mem-
branes composed of UV-cross linked PEGDA with 60 wt% content of the IL [Comim][Tf.N]
by incorporating different loadings of MMT nanoclay particles. The membrane prepara-
tion was done in order to fabricate self-standing iongels desired for CO; separation from
flue gas of post-combustion streams and biogas upgrading.

The iongels were prepared with MMT concentrations of 0.2 wt%, 0.5 wt%, and
1.0 wt%. The reason behind the selection of such MMT loadings was due to the fact that
the incorporation of small amounts of MMT into polymeric membranes has been re-
ported in the literature to improve mechanical properties,®”’' thus allowing the mem-
branes to withstand a wider range of process conditions, and in some cases to facilitate

CO; separation from light gases.®*70"2

The characterization of the materials (MMT and iongel membranes) included at-
tenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy, thermo-
gravimetric analysis (TGA), CO; solubility measurements, scanning electron microscopy
(SEM), differential scanning calorimetry (DSC), contact angle, puncture tests to evaluate
mechanical properties, and pure gas permeation experiments using CO», N, and CH4 at
30°C and a transmembrane pressure differential of 0.7 bar. The characterization was
done in order to have a better understanding of the physico-chemical properties of the
materials and how they influence the CO; separation performance regarding CO>/N. and
CO2/CH4 gas pairs.
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3.
MATERIALS AND METHODS

3.1. Materials

The membranes were prepared using the following materials: the IL 1-ethyl-3-me-
thylimidazolium bis(trifluoromethylsulfonyl)imide ([Comim][Tf.N], 99 wt% pure) provided
by loLiTec GmbH (Germany), the monomer poly(ethylene glycol) diacrylate (PEGDA,
M., = 575 g/mol) acquired from Sigma-Aldrich (Spain) and the nanoclay Nanomer®
|.34TCN, montmorillonite (MMT) clay surface modified with 25-30 wt% methyl dihydrox-
yethyl hydrogenated tallow ammonium purchased from Sigma-Aldrich (Germany). The
photoinitiator used was 2-hydroxy-2-methylpropiophenone (DAROCUR, 97 wt% pure)
provided by Sigma-Aldrich (Spain).

For the CO; solubility measurements (Section 4.3) and the pure gas permeation
experiments (Section 4.8), the following gases were supplied by Praxair (Portugal): nitro-
gen, N2 (industrial grade, 99.99%), methane, CH4 (> 99.99% purity) and carbon dioxide,
CO:z (high purity grade, 99.998%).

[Cmim][THEN] IL

The [C;mim][Tf:N] IL, bearing an imidazolium cation and a fluorinated anion, was
selected for the iongels’ preparation, since it has been reported to have high CO, perme-
abilities and selectivities in studies regarding the effect of the IL structure on the perme-
ation properties of SILM configurations.’"#*'>° The properties of [Comim][Tf.N] are pre-
sented in Table 3.1.

PEGDA

In order to increase structural density and make the iongel self-standing, a PEGDA
crosslinked polymeric network was selected for this work (Figure 3.1). The iongels were

obtained by UV photopolymerization of the terminal acrylate groups of PEGDA in the
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presence of [C;mim][Tf2N] IL. It should be mentioned that a polymeric network, in which
the voids are filled with IL, provides extra support through the cross-linking points that
is not possible to obtain when a linear polymer as matrix is used to incorporate IL.2® This
approach has been shown to allow for the fabrication of iongels with up to 80 wt% of IL
content.”®*™51€0 The properties of the selected PEGDA monomer are listed in Table 3.2.

Table 3.1 - Properties of the [C;mim][Tf,N] IL used in the preparation of the iongels.34161

1-Ethyl-3-methylimidazolium bis(tri-
Name
fluoromethylsulfonyl)imide
Abbreviation [Comim][Tf2N]
Molecular formula CsH11FsN3O1S2
Molecular weight 391 g/mol
Density (25°C) 1.52 g/em?®
Viscosity (25°C) 39 cP
CO:z loading capacity 4 mmol/g
Purity > 99 wt%
Melting Point -17°C
T -98 °C
Water content <100 ppm
/CH3
{
tructure 3
e } i N N
F
HaC ?( \\0 0// \[<F
F F
I (}I) ? |
HC-C-O{CH,-CH,-OyC-CH
e R0k
HC-C-O{CH,~CH,-OyC—CH
HC O o CH,
HC-C-O{CH,~CH,-O).C-CH
HE o Q G
H?—&@{CHZ—CHZ—OﬁC—§H
H,C CH,

Figure 3.1 - Chemical structure of the ideal arrangement of PEGDA molecules upon cross-linking. Adapted
from 206,
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Table 3.2 - Properties of the PEGDA monomer used in the preparation of the iongels.'34207

Name Poly(ethylene glycol) diacrylate
Abbreviation PEGDA
Molecular formula (C2Hs0)nCsHeO3
Molecular weight 575 g/mol
Density (25°C) 1.12 g/cm?
Viscosity (25°C) 57 cP
CO: loading capacity 126 mmol/g
Water content <02 %
Water solubility (20°C) Soluble

Structure 162°
(The acrylate groups

are marked in circles)

HO~"Jo
n

MMT

Montmorillonite was used as filler in this work to improve the mechanical prop-
erties of PEGDA-based iongel materials. For the preparation of the iongels, the nanoclay
MMT modified with 25 — 30 wt% methyl dihydroxyethyl hydrogenated tallow ammonium

was used, and its properties are listed in Table 3.3.

Table 3.3 - Properties of the nanoclay MMT used in the preparation of the iongels.58163

Name

Montmorillonite

Abbreviation

MMT

Molecular formula
(non-modified)

Mx(AlsxMgx)SisO20(OH)4
M - Monovalent cation; x — degree of isomor-
phous substitution (0.5 <x < 1.3)

Surface organo-modifier

25 - 30 wt% Methyl dihydroxyethyl hydrogen-
ated tallow ammonium

Density 1.7 g/cm?
Particle size <20 um
pH 65-7.0
CH,OH
G
Structure of organo-modifier e N SR _Cl
(Adapted from 1) ?
HOH,C

R — Hydrogenated Tallow

3 This figure is licensed under the Creative Commons Attribution-Share Alike 3.0 Unported license.?%*
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3.2. Membrane Preparation

Neat longel Membranes

To prepare the neat iongel membranes, the following protocol was followed. First,
the [Ccmim][Tf:N] IL was added to PEGDA in a vial and the solution was stirred for 1 hour
at room temperature on a magnetic stirrer plate (Magnetic Emotion Mix 15 eco, Ger-
many). The solution was prepared with 60 wt% IL (0.6 g) and 40 wt% PEGDA (0.4 g). The
quantities were measured on an analytical balance (Kern ABJ 220-4NM, Germany). Next,
UV photopolymerization was performed to fabricate the neat iongel membranes. The
necessary amount of radical photoinitiator (3 wt% of PEGDA) was magnetically stirred
into the vial for a few seconds and the solution was poured onto a glass plate and cov-
ered with a quartz plate on top. The plates were separated by spacers to assure the de-
sired iongel thickness and diameter and secured in place with clips. Then, the neat iongel
solution was exposed to UV light with a wavelength of 365 nm and an intensity of
1.723 mW/cm? for 10 minutes. After that, the neat iongel was peeled from the plates and
stored in a Petri dish.

longel Mixed Matrix Membranes

The preparation of the iongel MMM, started with the addition of the necessary
amounts of MMT to [Comim][Tf,N]. The iongel MMMs were prepared with different per-
centages of nanoclay, namely 0.2 wt% (2 mg), 0.5 wt% (5 mg) and 1 wt% (10 mg), and
60 wt% of IL (0.6 g). The solutions were magnetically stirred for 20 minutes at room tem-
perature and sonicated for 1 hour in an ultrasonic bath (Bandelin Sonorex Digitec, Ger-
many), in order to obtain a good dispersion of the nanoclay in the IL. Afterwards, the
necessary amount of PEGDA to complete 1 g was added and the solutions were stirred
for 1 hour at room temperature. Lastly, the iongel MMMs were fabricated by UV photo-
polymerization following the same steps previously described for the preparation of the

neat iongel membranes.

3.3. Materials Characterization

Fourier-Transform Infrared (FTIR) Spectroscopy

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy
was used in order to identify the characteristic peaks of MMT, [Comim][Tf,N] and PEGDA.
The iongel membranes’ spectra were collected to confirm the incorporation of the com-

ponents and to determine possible interactions established between them. The success
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of photopolymerization of the iongels was checked as well. Samples with 1 x 1 cm of
each iongel membrane were used and enough liquid to cover the crystal was necessary
in the case of [Comim][Tf.N] and PEGDA. The equipment used was a Perkin Elmer Spec-
trum Two spectrometer with the software Spectrum that collected data using 10 scans
from 400 to 4000 cm™.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique that monitors the degradation of
a sample, while it is being heated at a controlled and constant temperature in a controlled
atmosphere. The resulting data is collected as a percentage of weight loss in function of
time or temperature and allows the study of the sample's thermal stability.'®® TGA of the
iongel membranes and the respective components were carried out to assess their ther-
mal stability when submitted to temperatures up to 120 °C, considering one of the pos-
sible applications for the iongel membranes, CO, separation from post-combustion
streams.?® The onset temperature (7onsed, defined as the temperature at which the mate-
rial starts to decompose that corresponds to the point at which the baseline slope
changes during heating, and the decomposition temperature (74, defined as the tem-

perature at 50% weight loss, were both determined.'*6®

Measurements were performed in Lass Evo TGA-DTA/DSC 1600°C PG from Seta-
ram (France) on a temperature range of 25 - 600°C, at a heating rate of 10 °C min™ and
under argon atmosphere. The sample was weighted to have at least 10 mg. The TGA was
performed by the technician Dr. Carla Rodrigues from Laboratorio de Analises, LAQV-
REQUIMTE at NOVA School of Science and Technology (FCT-NOVA).

CO:; Solubility Measurements

To evaluate if there is any affinity of the MMT nanoclay towards CO,, gas solubility
measurements were performed using the apparatus shown in Figure 3.2, following a
pressure decay method previously described elsewhere.’® The setup includes two sepa-
rated stainless-steel compartments immersed in a water bath, one for the sample and
one for the gas. The temperature of the water was kept constant at 30 °C by a thermostat
(Julabo Corio C, Germany) and the pressure in the gas compartment was measured at
each second by a transducer (Druck PDCR 910, UK). Pressure values were collected over
time using the software LabView.

To make sure that the gas compartment (GC) only had COz, the experiment began
with a purge. A sample with 0.5 g of MMT was placed in a glass cup inside the absorption
compartment with valve 3 closed. Then, the gas compartment was pressurized at 0.7 bar
with pure CO; while valves 1 and 2 were closed. The necessary time passed to guarantee
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that there were no significant changes in pressure due to temperature variation. When
the pressure stabilized, valve 3 was opened, allowing for CO; to be in contact with MMT.
The affinity of MMT for CO, is detected if there is a pressure decay, resulting from the
absorption of gas by the sample.

><}
Valve 3

Figure 3.2 - Schematic representation of a gas absorption setup (Pl — Pressure indicator; TC — Temperature
controller; GC — Gas compartment; AC — Absorption compartment). Adapted from 166,

Scanning Electron Microscopy

In order to examine their morphology, the iongel membranes were characterized
by scanning electron microscopy (SEM). The interactions between a high-energy beam
of electrons and the surface of the iongel membranes gave information about their mor-
phology.'®’ Since the iongel membranes are meant for gas permeation experiments con-
sidering a solution-diffusion mechanism, a dense structure is required thus, the compat-
ibility between both the MMT and iongel matrix was studied.

A SEM device from JOEL, model 7001F with an electron beam intensity of 10 kV
was used by the technician Dr. Isabel Nogueira at MicrolLab, /nstituto Superior Técnico,
Universidade de Lisboa. Samples with 1 x 1T cm of the iongel membranes were covered
with a thin layer of Au-Pd before characterization. The SEM images were collected from
surface and cross-section with magnifications of 50x, 500x, 1000x, and 50x, 200x, 500x,
respectively.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is an analysis used to determine the mate-
rial's thermal properties and phase transitions, like glass transition, crystallization, and
melting point. DSC is performed by monitoring the changes in a material’s heat capacity
(Cp) with the temperature. These changes are detected by variations in the heat flow

while a sample is submitted to heating or colling.'®®
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The samples of the iongel membranes were prepared with at least 10 mg each and
analyzed in a Setaram DSC 131 device, under a nitrogen atmosphere, with heating and
cooling cycles between -130 °C to room temperature and from room temperature to
300 °C. The analyses were carried out by the technician Dr. Carla Rodrigues from La-
boratorio de Andalises, LAQV-REQUIMTE at NOVA School of Science and Technology
(FCT-NOVA).

Contact Angle

When a drop of liquid is sitting on top of a solid surface, it is possible to measure
a contact angle. The contact angle is defined as the angle between the solid surface plane
and a tangent to the drop of liquid that meets the point where three phases are in con-
tact. Young's equation describes this system and is used for ideal situations with a
smooth solid surface.'® The equation defines the contact angle (8") as an equilibrium
between a drop of liquid and three interfacial tensions: solid-vapor (ysv), solid-liquid (ysv),
and liquid-vapor (yv), and is represented in Equation 1 and Figure 3.3. '"°
VYsv — Vst

Eq.1
. (Eq.1)

cos8Y =

Yiv

9‘?)/
YsL Ysv
ﬁ

| 4

Figure 3.3 - Schematic representation of the three interfacial tensions (ysv, ysi, y.v) and the contact angle
(6") as described by Young's equation. Adapted from 7°,

The drop may be of different liquids. When water is used and the contact angle
measured is inferior to 90°, the surface is considered hydrophilic. If the angle is superior
to 90°, the surface is hydrophobic.

In this case, the iongel membranes were cut into squares of 1x1 cm and placed flat
on top of glass slides. The analysis was performed by the deposition of a drop of distilled
water or glycerol with a syringe on the membrane surface. The goniometer CAM100 (KSV
Instruments LTD) controlled by the software CAM100 collected 10 frames with intercala-
tion of 1000 ms and calculated the right and left contact angles. Three replicates were
made, and the mean value was determined.
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Mechanical Properties

The mechanical properties of the iongel membranes were analyzed by puncture
tests, which were performed at /nstituto Superior de Agronomia from Universidade de
Lisboa with the assistance of Professor Vitor Alves. This technique studies a material's
capacity to resist or transmit an external force without breaking or deforming its original

structure.

Two identical iongel membranes were prepared for the measurements, performed
at room temperature using a TA XT Plus Texture Analyzer (Stable Micro Systems, UK).
This equipment has a cylindrical probe with a diameter of 2 mm that punctures a hole on
the iongel membrane at a constant velocity of 1 mm s™. One replicate was performed for
each iongel membrane, from which the mean value of the obtained puncture stress and
elongation upon puncture was determined.

The texture analyzer is controlled by software (Exponent) that records the applied
force as a function of time and distance. The puncture stress was calculated according to
Equation 2.

_F Eq.2
o= (Eq.2)

Where o is the puncture stress (Pa), F is the maximum force applied by the
probe (N) and A is the cross-sectional area of the probe (m?). The cross-sectional area of
the probe is determined using the following equation, where r is the probe radius (m).

A= nr? (Eq.3)

In order to rigorously compare the results obtained for the iongel membranes with
slightly different thicknesses, the puncture stress values were normalized as follows:

o
7 (Eq.4)

on =
Where o, is the normalized puncture stress (MPa/mm), and | is the iongel mem-
brane’s thickness (mm). The elongation upon puncture was obtained by Equation 5.

Vh? —d?—h
e=|———]x100

h (Eq.5)

Where ¢ is the elongation upon puncture (%), h is the radius of the iongel mem-
brane exposed in the cylindrical hole of the sample holder (mm) and d is the distance of
the probe from the point of contact to the point of puncture (mm).
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Pure Gas Permeation Experiments

The main purpose of this work is the preparation of iongel membranes that can be
used for CO; separation from flue gas streams (CO»/N>) and biogas upgrading (CO,/CHya).
The pure gas permeation experiments provide data that allowed the determination of
the permeability and the ideal selectivity of the membranes for different gas pairs.

For these experiments, a gas permeation setup was used, like the one described in
Figure 3.4. This setup is composed of a stainless-steel cell with two compartments of
identical volume, that represent the feed and the permeate. The cell is immersed in a
water bath and the temperature is maintained at 30 °C by a thermostat (Julabo Corio C,
Germany). Connected to each compartment is a transducer (Jumo type 404327, Ger-
many) that measures the respective pressure variation at every second. These measure-
ments are recorded over time in the computer using the software PicolLog.

Gas

Feed

Permeate

Membrane

L7

Figure 3.4 - Schematic representation of a pure gas permeation setup (TC — Temperature controller; Pl —
Pressure indicator; V1, V4 — Exhaust valves; V2, V3 - Inlet valves). Adapted from 166,

The experiments began with the purge of the cell compartments to guarantee that
only the desired gas was in the cell. Then the cell was pressurized at 0.7 bar and left the
necessary time for the pressure to stabilize due to temperature variations. Finally, the
driving force was applied by quickly opening and closing the outlet valve of the permeate
compartment which creates a pressure difference between the compartments. The pres-
sure variation at each second was recorded since the instant to when the driving force
was applied. The pressure decreased in the feed compartment and increased in the per-
meate compartment until the equilibrium was reached.

The iongel membrane's permeability is determined by Equation 6:
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1><1<AP° —pxt Eq.6
5 (G) =P (Eq.6)

B

Where B is the experimental geometric parameter of the cell (m™), APy is the pres-

sure difference between the feed and the permeate compartments at the instant to (bar),

AP is the pressure difference between the feed and the permeate compartments over

time (bar), P is the iongel membrane's permeability (m?/s), t is time (s) and | is the iongel

membrane's thickness (m). Permeability is often given in Barrer (1 Barrer=1 x 107"
cm?(STP).cm.cm™?s'emHg™ = 8.3 x 10" m?%/s).'""

The permeability was obtained from the slope when 1/ In(APo/AP) was plotted as
a function of t/I. The constant 3 is given by Equation 7.

1 1

B <ered Vperm) ( 1 )

Where A is the iongel membrane area (m?), Vsed is the volume of the feed com-
partment (m?) and Vpem is the volume of the permeate compartment (m?).

The value  was determined with an N, permeation experiment to calibrate the cell.

It was used a PDMS membrane with a known permeability for N, of 2.08x107'° m?/s 172

and an average thickness of 117 um. The method followed was the one described above,

and B was obtained from the slope when 1/P In(APo/AP) was plotted as a function of t/I.

The iongel membranes’ ideal selectivity is defined by the ratio of the permeabilities
between gas A and gas B, as indicated by Equation 8.

a—PB

(Eq.8)

Where a is the ideal selectivity, Pa is the permeability to gas A (Barrer) and Pz is the
permeability to gas B (Barrer).

To understand the gas transport in the prepared iongel membranes, it is important
to have in mind that these are dense membranes and thus, the gas transport is deter-
mined by a solution-diffusion mechanism, in which the permeability (P) of a certain gas
is dependent on its diffusivity (D) and solubility (S), as stated by Equation 9.

P=DxS (Eq.9)
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4.
RESULTS AND DISCUSSION

The preparation of the iongel membranes with 60 wt% IL and different amounts of MMT
incorporated (0.0, 0.2, 0.5, 1.0 wt%), resulted in solid, yet malleable free-standing membranes,
that could be handled carefully without damage. Before UV polymerization, the prepared mix-
tures looked homogeneous, indicating that the components were miscible at room tempera-
ture. The optical transparency of the neat iongel suggested good compatibility between
[Comim][Tf:N] and the cross-linked PEGDA network. The iongel MMMs, despite being more
opaque, also appeared homogeneous and defect-free, becoming slightly less malleable as the
MMT concentration increased. Pictures of the neat iongel and the iongel MMM with the high-
est loading of MMT can be seen in Figure 4.1.

Figure 4.1 - Pictures of the prepared membranes: neat iongel (left) and iongel MMM with 1.0 wt% MMT loading
(right).

The different starting materials and iongel membranes, were characterized by ATR-FTIR,
TGA, and the CO; solubility in MMT was assessed. The techniques to characterize the prepared
iongel membranes also included SEM, DSC, contact angle, and mechanical properties. Lastly,
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pure gas permeation experiments were also carried out. The obtained results are presented
and discussed below.

4.1. Fourier-Transform Infrared (FTIR) Spectroscopy

The MMT used was characterized by ATR-FTIR. The obtained spectrum is presented in
Figure 4.2, while the respective peak assignments are listed in Table B.1 from Appendix B.

Wavenumber (cm™)

400 800 1200 1600 2000 2400 2800 3200 3600 4000
[ L | ) | L | L | 2 | 1 | 1 | ) | L J

Figure 4.2 - FTIR spectrum of MMT.

The identified peaks of MMT are similar to those reported in the literature.”*'"> In par-
ticular, the peaks observed at 517 cm™ and 1012 cm™ correspond to Si-O bending and stretch-
ing of the sheets of silica tetrahedra, respectively. The peaks detected at 799 cm™, 885 cm™
and 918 cm™ are associated with the bending of AIMgOH, AlFeOH, and AIAIOH functional
groups, respectively. This agrees with what was previously mentioned when describing the
MMT structure. The aluminum ions in the sheets of alumina octahedra could have been re-
placed by magnesium or iron ions, which originated this infrared (IR) pattern. The peaks at
2851 cm™ and 2924 cm™ are related to the C-H bending of CH, and CH; groups present in the
MMT organic modifier. The broad peak at 3630 cm™ is attributed to the stretching of several
structural OH groups associated with Al-OH and Si-OH from alumina and silica sheets. This
peak may also be associated with the hydroxyl groups of the MMT organic modifier.

Although Jarrar et al. reported peaks at 3405 cm™ and 1640 cm™ for an identical MMT
provided by the same supplier, that were associated with the water present in clay interlay-
ers,'” these peaks were not identified in the obtained spectrum. This could be explained by
different water contents present in different batches.'’®

44



The prepared iongel membranes, as well as their major components, [Cocmim][Tf.N] and
PEGDA, were characterized by ATR-FTIR spectroscopy as well. The results are displayed in Fig-
ure 4.3 and Figure 4.4, where the spectrum called “Neat longel” (black line) is the same for
both figures. The peak assignments are available in Table B.2 and Table B.3 from Appendix B.
This technique allowed the identification of the components' functional groups, verify their
successful incorporation into the iongel membranes, and detect possible interactions that
might be established between them.

Wavenumber (cm™)

400 800 1200 1600 2000 2400 2800 3200 3600 4000
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V PEGDA
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951 1271
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1100

3160 Neat longel
2876

1732

Figure 4.3 - FTIR spectra of [Comim][Tf.N] IL, PEGDA and the respective neat iongel membrane with 60 wt% of
[Comim][Tf2N]. The dashed vertical lines indicate the characteristic peaks of terminal acrylate groups of PEGDA.

The FTIR spectrum of [Comim][Tf.N] IL is mostly dominated by characteristic peaks of the
anion, which is in agreement to what has been published in the literature.'3334177178 For ex-
ample, some of the most intense peaks are assigned to 1051 cm™ (S-N-S asymmetric stretch-
ing), 1133 cm™ (S=0O symmetric stretching), 1168 cm™ (CF; asymmetric stretching), and
1347 cm™ (S=0 asymmetric stretching). The peaks associated with the IL cation can also be
identified, for example, at 740 cm™ for the CH3N, CH:N, and imidazolium ring bending, and at
3160 cm™ for the stretching modes of C-H and imidazolium ring.

The FTIR spectrum obtained for PEGDA is also in agreement with the literature, 1417
with peaks detected at 1100 cm™ from the C-O-C symmetric stretching of ether groups, at
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1721 cm™ from C=0 symmetric stretching, and 2869 cm™ from C-H stretching. The dashed
vertical lines in Figure 4.3 point out the characteristic peaks of the terminal acrylate groups of
the PEGDA monomer. At 1408 cm™ the peak is assigned to C-H bending, while the peaks at
1619 cm™ and 1636 cm™ are attributed to the stretching modes of the acrylate groups. When
the neat iongel spectrum is analyzed, it can be seen that these three peaks disappeared, con-
firming the formation of a cross-linked PEGDA network. Moreover, the assigned peak to
1100 cm™ from the spectrum of the PEGDA monomer becomes less intense and undetectable
when incorporated into the iongels. This indicates that the high amount of IL present may act
as a plasticizer by swelling the polymeric network, which alters the polymer chain interactions
and limits the stretching vibration of ether groups.'®

In the spectrum of the neat iongel, the peaks of its components can be identified without
considerable shifts in wavenumber. This implies that [Comim][Tf.N] and PEGDA were well in-
corporated into the neat iongel and that no evident chemical interactions were detected be-
tween them, which is in agreement to what was previously observed.'**
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Figure 4.4 - FTIR spectra of MMT, the neat iongel and the iongel MMMs with 0.2, 0.5 and 1.0 wt% MMT loading.
The dashed vertical lines indicate the characteristic neaks of MMT.
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Figure 4.4 shows the FTIR spectrum of the MMT nanoclay, which was already discussed,
as well as the spectra of the prepared iongel membranes with different compositions of MMT
incorporated. The dashed vertical lines across the spectra indicate the wavenumbers corre-
sponding to MMT peaks. Considering the iongel membranes' spectra, it can be seen that they
are coincident with each other, since no new peaks appeared from the presence of MMT.
Moreover, there was no location shift in characteristic peaks of the IL or PEGDA. Consequently,
it is not possible to confirm the incorporation of nanoclay into the iongel MMMs only based
on ATR-FTIR characterization. A likely explanation is that the very small quantities of MMT
used (< 1 wt%) were not enough to be detected by this technique. However, the simple visual
observation of the prepared iongel MMMs suggests that the incorporation of the MMT was
successful, since the neat iongel, which is transparent, becomes slightly more opaque with the
addition of increasing amounts of nanoclay. On the other hand, the similarity between the
iongel membranes’ spectra indicates that the IL and PEGDA were properly incorporated in all
the prepared iongel membranes and that the photopolymerization was successful.

4.2. Thermogravimetric Analysis

TGA of MMT was performed in order to study its thermal stability. The obtained ther-
mograms represented in Figure 4.5 show the nanoclay weight loss and the weight loss velocity,
both as a function of temperature. The latter allowed the identification of the temperatures
corresponding to peaks of weight loss.
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Figure 4.5 - TGA and dTGA profiles of MMT.
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The TGA profile of MMT is similar to those reported in the literature, '8

starting with
a slight weight loss in the range of 50-150 °C that corresponded to the evaporation of water
physically adsorbed to the clay's surface, followed by interlayer water.'®'8 This agrees with
the FTIR characterization (Section 4.1) that did not detect peaks related to water in the MMT

structure, since the water corresponded only to 0.3% of its weight.

The degradation of MMT started at 142 °C (7onse). From this point to around 531 °C
happened the release and decomposition of the MMT organic modifier, methyl dihydroxyethyl
hydrogenated tallow ammonium.’®’ The thermogram shows two peaks of weight loss (295 °C
and 392 °C), which can be explained by the different sites where the functionalization of the
nanoclay may occur: in the interlayer space, at the external surface, and at the edges.”® It is
believed that the first peak is related to the decomposition of the molecules bonded to the
edges and external surfaces of the clay, since they can be released easier, and the second peak
represents the molecules that are less accessible in the interlayers. Moreover, the TGA data
indicates a 28 wt% content of organic modifier (weight lost from 7onse: until 531 °C), which is
in agreement with what was indicated by the supplier i.e., between 25 and 30 wt% (Section
3.1). Above 531 °C, the MMT nanoclay kept losing weight due to dehydroxylation of the alu-
minosilicate structure.”®'8 The 7,.was not detected in the temperature range studied, which
means that it is superior to 600 °C. According to the literature, the 74 for the used nanoclay
is above 900 °C."®

From these results, it can be concluded that the thermal stability of nanoclays is greatly
dependent on the amount of organic modifier present in the structure.”' The results also in-
dicate that MMT is appropriate to be incorporated into membranes for the separation of CO,
from post-combustion streams since its weight remains nearly constant up to 120 °C.

The prepared iongel membranes, as well as their starting materials, were submitted to
TGA to study their thermal stability and check if they can also withstand temperatures up to
120 °C. The thermograms acquired for [Comim][Tf,N] IL, PEGDA before polymerization and the
neat iongel are represented in Figure 4.6 and Figure C.1 from Appendix C, as weight loss and
weight loss velocity, respectively, both as a function of temperature. The thermograms of the
prepared iongel MMMs are illustrated in Figure 4.7 and Figure C.2 from Appendix C also as
weight loss and weight loss velocity, respectively, both as a function of temperature. The black
lines named “"Neat longel” are the same for all these figures. Table 4.1 provides the Topset Tdea
total weight losses, and the temperature ranges of the iongel membranes.

Looking at Figure 4.6, it can be seen that the decomposition of the IL occurred in one
stage, from 334 °C (7onser) to 478 °C with the maximum peak of weight loss at 455 °C. At 446 °C
(74ec), the sample had lost 50% of its weight and after the heating ended the residue was 4%.

These results are similar to those found in the literature.’3*183184
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Figure 4.6 - TGA profiles of [Comim][Tf,N], PEGDA and the neat iongel.

The thermogram obtained for PEGDA before polymerization is also in agreement with
the literature.”* 818 PEGDA presented a two-stage decomposition process that started with
a small weight loss of 3%. This first loss happened mainly from room temperature to around
100 °C and corresponds to the humidity that was present in the sample. The second and most
significant stage occurred between the 7onser Of 194 °C and 519 °C, with a peak at the 7. of
397 °C and was due to the decomposition of the polymer backbone chain with 83% weight
loss.”® At 600 °C there was 14% of weight remaining, which agrees with the temperature for
the total decomposition of PEGDA (800 °C) reported in the literature.'®®

For the iongel membranes, it was anticipated an intermediate behavior to those ob-
served for their two major components, which was confirmed by the obtained results (Table
4.1). For instance, the values obtained for 7onser and Tgec are between those for PEGDA and
[Camim][Tf2N] IL, bearing in mind that the IL has higher thermal stability and is present into
the iongel membranes in a higher amount. This expected tendency was also reported for an
iongel membrane prepared by Martins et a/. with the same composition as the one mentioned
here as neat iongel (without MMT)."**

This characterization also demonstrated that the incorporation of MMT seems to have
produced iongels with slightly better thermal stability since the 7,5 increased. For instance,
the Tonserincreased 12 °C from adding 0.2 wt% of nanoclay in comparison with the neat iongel.
However, this trend is not linear since increasing the MMT loading five times (from 0.2 wt% to
1 wt%), resulted only in a 3 °C variation of 7ouer The enhancement in the thermal stability
slows down as the concentration of MMT reaches 1 wt%. A likely explanation is that by incor-
porating more MMT into the membranes, the quantity of MMT's organic modifier, which starts
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to degrade at 142 °C, increases as well, limiting the enhancement of thermal stability provided
by the aluminosilicate structure of the nanoclay. On the other hand, Noskov et a/. reported
that the interaction of [Comim][Tf.N] IL with non-modified MMT reduced the thermal stability
of this clay/IL composite, explaining that the bonds between the IL's cation and anion become
weaker due to the formation of intermolecular bonds between IL and clay.®® To better under-
stand the results obtained, in future work it would be interesting to do a thermal analysis on
iongels with concentrations of MMT above 1 wt%.

Table 4.1 — Onset and decomposition temperatures, total weight loss, and respective temperature range of the
iongel membranes with 0.0, 0.2, 0.5, and 1.0 wt% MMT loading.

MMT loading (Wt%) | Tonset (°C) | Taec (°C) | Total weightloss (%) | Temperature range (°C)
3 38 —284
26 282 -396
0.0 284 436
19 397 — 432
43 432 -519
3 83-297
25 296 - 389
0.2 296 433
22 388 — 431
44 431 -505
31 129 — 406
0.5 298 440 14 405 - 430
46 430-510
4 80 -299
1.0 299 434 27 299 - 396
62 396 — 502
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Figure 4.7 — TGA profiles of MMT, the neat iongel and the iongel MMMs with 0.2, 0.5 and 1.0 wt% MMT loading.
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Considering the thermograms from Figure 4.7, it was observed a similar thermal behav-
ior for all the membranes prepared, since their compositions do not differ much from each
other. Their major decomposition occurred in three stages, mainly between 300 °C and 500 °C.
Additionally, the iongels’ thermograms allowed to check if the membranes could withstand
temperatures up to 120 °C. Considering that at this temperature the membrane's weight loss
was not meaningful (less than 0.5%) and corresponded to water removal, it can be concluded
that the iongels are thermally stable as much as necessary to withstand the conditions of CO,
separation from post-combustion streams.

4.3. CO; Solubility Measurements

A gas absorption experiment with pure CO, was done to access if there is any affin-
ity/solubility of this gas towards the MMT nanoclay. The results are shown in Figure 4.8, where
the CO; pressure is represented as a function of time.

As it can be seen from Figure 4.8, and despite the MMT nanoclay being in contact with
CO; for almost two days, the pressure remained approximately constant at around 0.56 bar,
which means that the nanoclay did not absorb any moles of CO,. On the other hand, it was
not found in the literature any report suggesting that the selected MMT has an affinity for CO..
Therefore, it is expected that the incorporation of MMT into the iongel membranes will not
influence the solubility of CO; and it may only affect the diffusion of this gas into the iongel
matrix.
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Figure 4.8 - Pressure decay method applied to determine the CO; solubility in MMT.
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4.4. Scanning Electron Microscopy

The morphology of the prepared iongel membranes and the compatibility between their
components were studied using SEM images of the membranes’ surfaces at different magni-
fications. In order to accomplish good gas separation performances, the iongel membranes
should have a homogeneous and dense morphology. Table 4.2 shows the images of the iongel
membranes’ surfaces with a magnification of 1000x as it allows for the best observation of
details. The images of the iongel membranes’ cross-sections are available in Table D.1 from
Appendix D. These images show many deformations originated by the fracture of the samples
by hand, which do not allow conclusions to be taken from them. In the future, the samples
should be fractured under liquid nitrogen, which makes a cleaner cut and minimizes defor-
mations.

Looking at Table 4.2, a smooth surface without defects or pores can be seen for the neat
iongel, which suggests a dense structure and good miscibility between [Comim][Tf.N] and
PEGDA. Despite the deformations presented, due to the preparation of the sample, the re-
spective cross-section image in Table D.1 agrees with this conclusion, since it does not reveal
the formation of agglomerations or phase separation throughout the membrane’s thickness.
A dense, defect-free neat iongel with the same composition was also reported by Martins et

a/“134

Regarding the iongel MMMs, in particular the one with 0.2 wt% MMT, the surface image
showed a dense morphology. Nevertheless, when the concentration of MMT increased to
0.5 wt%, the formation of agglomerations started to appear (identified in the figure of Table
4.2 by red circles), and a heterogeneous surface was obtained. However, it should be men-
tioned that the preparation of perfectly exfoliated polymer-clay nanocomposites is challeng-
ing to accomplish, as it has been reported in the literature.®”'® Therefore, the iongel MMMs
probably had a morphology that combined intercalated and exfoliated areas. The iongel
MMMs with 0.2 wt% and 0.5 wt% MMT loading also had a more wrinkled texture in compari-
son to the neat iongel, which is accentuated when the nanofiller content is higher (0.5 wt%
MMT) and accompanied by the appearance of creases. The agglomerations within the poly-
meric network might have reduced the cross-linking density, which enhanced the fragility of
the iongel MMM with 0.5 wt% MMT and originated some fractures that appear in the surface
image as creases (see Table 4.2).

When the MMT loading was increased to 1.0 wt%, the iongel MMM also had a wrinkled
surface with agglomerations. Moreover, when the iongel MMM surface image is zoomed in, it
is possible to see small holes at the surface, as can be observed in Figure 4.9. Hence, the iongel
MMM containing 1.0 wt% MMT was not tested in terms of pure gas permeation experiments
(discussed in Section 4.8) since its morphology is not suitable for the solution-diffusion mech-
anism, and it would behave as an unselective barrier for gas permeation.
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Table 4.2 - SEM images of the surface of the iongels with 0.0, 0.2, 0.5, and 1.0 wt% loading of MMT with an ampliation of 1000x. The red circles identify agglomerations.

MMT loading (wt%) Surface (1000x) MMT loading (wt%) Surface (1000x)

0.0 0.5

0.2 1.0
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Figure 4.9 - SEM image of the iongel MMM with 1.0 wt% loading of MMT with an ampliation of 1000x. The red
circles identify holes on the surface.

4.5. Differential Scanning Calorimetry

In order to investigate the properties and phase transitions of the iongel mem-
branes, DSC experiments were performed. The glass transition temperature (7,) results
are provided in Table 4.3. The 7, is defined as the temperature at which the structure of
an amorphous polymer becomes rubbery upon heating or glass-like upon cooling, be-
coming brittle and stiff,'#818

Table 4.3 - Glass transition temperatures (7) of the iongel membranes with 0.0, 0.2, 0.5, and 1.0 wt% of

MMT loading.
MMT loading (Wt%) | T (°C)
0.0 -57.1
0.2 -59.7
0.5 -56.6
1.0 -61.7

Looking at Table 4.3, it can be seen that all the obtained 7, are far below room
temperature, indicating that all the prepared iongel membranes are amorphous. On the
other hand, a single 7, for the neat iongel confirmed that its components were well com-
bined. For the iongel MMMs, a good combination of the starting materials could not be
proven, since the low quantities of MMT used (< 1 wt%) do not originate relevant varia-
tions in terms of 7, results.

Regarding the neat iongel, a 7, of -57.1 °C was obtained. Martins et a/. reported
neat PEGDA, with the same Mw as the one used, as a rubbery amorphous polymer with
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a single 7, of — 20 °C."** The supplier of [Comim][TfzN] IL indicated a 7, of -98 °C for this
material.’®" As expected, the result obtained for the neat iongel is between the values of
its neat components. This makes sense because the incorporation of an elevated amount
of IL (60 wt%) into a polymeric network increases the mobility of the chains, making the
polymer more flexible, which may translate into a decrease of PEGDA's 7,.

In the same study mentioned above, Martins et a/. also reported a neat iongel with
the same composition as the one that was prepared, indicating the respective 7, as
- 47 °C.»* A possible explanation for the difference between the result obtained
(- 57.1 °C) and the value reported in the literature (- 47 °C) could be related with the
different amounts of photoinitiator that were used in the preparation of the neat iongels.
The neat iongel prepared in the scope of this thesis was produced with 3 wt% to PEGDA
of photoinitiator, while in the one reported was used 5 wt% to PEGDA. A higher concen-
tration of radical photoinitiator in the prepared solutions might have increased the cross-
linking density, which decreased the polymer chains' mobility and free volume, leading

to a higher 7, result.'®®

Considering the iongel MMMs, the 7, results vary from - 62 °C to — 56 °C without
an obvious trend, possibly due to the low loadings of MMT incorporated, as already
mentioned. As a conclusion it can be stated that the iongel MMMs maintained the same
amorphous nature as the neat iongel after incorporating MMT.

4.6. Contact Angle

The contact angles formed between the iongel membranes' surface, and a drop of
liquid, water or glycerol, were measured to evaluate their hydrophilicity. The smaller the
angle, the more hydrophilic is the surface. However, it was not possible to measure the
contact angles using water due to the spreading of the water drops onto the surface of
the iongel membranes, a sign of great hydrophilicity to this solvent. Therefore, the results
were obtained using an organic solvent, glycerol, and are depicted in Figure 4.10.

The results for the iongel membranes according to MMT concentration were:
60.6° + 0.2° for 0.0 wt%, 59.1° + 0.4° for 0.2 wt%, 59.7° + 0.4° for 0.5 wt%, and
60.5° + 0.3° for 1.0 wt%.

PEGDA monomer is described in the literature as being composed of hydrophilic
ethylene oxide units and hydrophobic acrylate units. Longer PEGDA chain networks, like
the one used in this work, have higher contents in ethylene oxide units making the ma-
terial more hydrophilic. Ju et al. studied the contact angle between a drop of n-decane
and the surface of a cross-linked PEGDA identical to the one used and reported a contact
angle of 52°.'° Zhang et a/. reported PEGDA hydrogels, made with PEGDA with a similar
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molecular weight as the one used in this work, with contact angles to water around 47°,

which characterizes them as hydrophilic materials as well.”’
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Figure 4.10 - Contact angles obtained for the iongels with 0.0, 0.2, 0.5 and 1.0 wt% MMT loading.
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The incorporation of a hydrophobic IL, such as [Cocmim][Tf,N
linked PEGDA reduced the hydrophilic character of the polymeric network, which resulted
in a contact angle for the neat iongel above the values previously mentioned for PEGDA.
On the other hand, Figure 4.10 shows that the iongel MMMs have slightly lower contact
angles than the neat iongel. However, the variation between these results is very small
(in the range of 1.5°). In other words, this could represent a tendency for MMT to increase
the hydrophobicity of the iongel membranes but the reduced concentrations of nanoclay
in the iongel MMM s (< 1 wt%) did not cause a variation that was significative enough to
prove this speculation. Regarding the iongel MMM with 1.0 wt% MMT loading, it is im-
portant that the holes on its surface detected by SEM (Figure 4.9) are taken into consid-
eration and the contact angle obtained for this iongel membrane to be interpreted with
caution.” The holes observed might have originated a smaller contact angle than ex-
pected, due to the penetration of the solvent into them.

The hydrophilic character of all the prepared iongel membranes comes as an ad-
vantage for CO; transport. The permeability of CO: is affected by diffusivity and solubility
and, generally, the solubility of CO; in hydrophilic polymers is reported as being higher
than in more hydrophobic ones.**
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4.7. Mechanical Properties

The mechanical properties of the prepared iongel membranes were evaluated by
puncture tests. The puncture stress, the normalized puncture stress, and the elongation
upon puncture were determined according to Section 3.3. These results are displayed in
Table 4.4 to show the effect of the incorporation of MMT in the mechanical properties of
the iongel membranes. As an example, Figure E.1 from Appendix E shows the graphic
representation of a puncture test with force as a function of distance.

Table 4.4 - Puncture test results (thickness, puncture stress, normalized puncture stress, and elongation
upon puncture) of the iongels with 0.0, 0.2, 0.5, and 1.0 wt% MMT loading.

MMT loading | Thickness | Puncture stress | Normalized puncture | Elongation upon
(wt%) (um) (MPa) stress (MPa/mm) puncture (%)
0.0 111+2 0.45+0.01 41+0.1 8.3+0.6
0.2 106 + 4 0.56 +0.02 53+0.3 8.0+£0.7
0.5 114 +1 0.48 £0.05 42+04 69+15
1.0 109 +£3 0.57 £0.07 53+0.5 122+0.8

Considering the results obtained for the iongel MMMs of normalized puncture
stress, it can be seen that when a dense membrane with evenly dispersed nanoclay was
produced, like the one with 0.2 wt%, their mechanical resistance is improved. In particu-
lar, an increase of 30% of normalized puncture stress was obtained for the iongel MMM
with 0.2 wt% MMT comparatively to the neat iongel. The nanoclay particles distributed
within the iongel MMM's matrix probably caused its rigidification by reducing the mo-
bility of the polymer chains and decreasing the free volume. Conversely, when the MMT
loading was increased to 0.5 wt%, the respective SEM image (Table 4.2) suggested that
the dispersion of the clay was not as good as for 0.2 wt%, which could have restricted
the mechanical resistance of the iongel MMM. Moreover, the formation of agglomera-
tions detected in the SEM images (Table 4.2) could have decreased the cross-linking den-
sity and added points of concentrated stress, making the iongel MMM more fragile and
with the lowest normalized puncture stress of the iongel MMMs, with a result similar to
the neat iongel.

Regarding the results obtained for the elongation upon puncture, it can be stated
that the iongel membranes become slightly less stretchable when 0.2 wt% and 0.5 wt%
of MMT are incorporated. This effect is less accentuated in the iongel MMM with 0.2 wt%
MMT probably due to the homogeneity of its matrix. This may be justified by the addi-
tional rigidity verified for the iongel MMM with 0.2 wt% and by the additional fragility of
the iongel MMM with 0.5 wt% MMT loading.

Regarding the iongel MMM with 1.0 wt% MMT, despite the nanoclay concentration
being 5 times higher than in the iongel MMM with 0.2 wt% MMT, their variation in
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normalized puncture stress was the same (30% higher than the neat iongel). This means
that even with the holes and the likely agglomerations that this iongel MMM had, the
presence of 1.0 wt% of nanoclay particles was enough to provide an improvement in its
mechanical properties. Additionally, it was also verified a considerable improvement in
flexibility with an elongation upon puncture 48% higher than the neat iongel, due to a
structure that had a lower cross-linking density caused by the presence of holes (Figure
4.9).

To conclude, the results discussed above indicate that the incorporation of
nanoclay particles into an iongel membrane can be beneficial to its mechanical proper-
ties as expected, but only if an effective dispersion of the filler is accomplished. This may
allow the production of PEGDA-based iongel membranes containing higher IL loadings
(> 60 wt%) that provide superior affinity towards CO; and better gas separations while
maintaining mechanical stability.

4.8. Pure Gas Permeation Experiments

The pure gas permeation experiments provide some of the most important results
of this thesis. They determine the iongel membranes’ potential to be used for CO; sepa-
ration from N in post-combustion streams, and CH4 for biogas upgrading. The iongel
membranes’ performance is characterized by their permeability to CO, and ideal selec-
tivity of the gas pairs CO»/N; and CO,/CHa.

As an example, the pressure variation obtained during an experiment and the linear
fitting to determine the permeability of N2 are shown in Figure F.1 and Figure F.2 from
Appendix F, respectively. The iongel membranes’ permeability for the tested gases as a
function of MMT loading is illustrated in Figure 4.11. The results of the iongel mem-
branes’ performance are presented in Table 4.5, as well as their thicknesses. As already
mentioned in Section 4.4, the iongel MMM with 1.0 wt% MMT loading was not consid-
ered for these experiments due to its inappropriate morphology demonstrated by SEM

images.

Looking at Table 4.5 is possible to see that the incorporation of 0.2 wt% MMT did
not have a significant impact on the CO. permeability, which was maintained around 40
Barrer. Conversely, that same concentration of MMT was able to cause a small decrease
in the N2 and CH4 permeabilities. These results can be explained by the morphology ob-
tained for this iongel MMM. As already discussed, a good dispersion of nanoclay particles
within the iongel matrix must have caused a rigidification of the membrane by filling the
spaces in the cross-linked network. This reduced the free volume available for the diffu-
sion of the gas molecules, an effect that is more noticeable in bigger molecules like N>
(0.36 nm)* and CH4 (0.38 nm)?* while the smaller CO, molecules (0.33 nm)* were not
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significantly affected. This means that by adding 0.2 wt% MMT to the iongel MMM, it
was possible to produce a membrane that was more selective and mechanically resistant,
without compromising the CO, permeation.
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Figure 4.11 - CO;, N> and CH4 permeabilities of the iongels with 0.0, 0.2 and 0.5 wt% MMT loading.

Table 4.5 - Membrane thicknesses, CO», N», and CH4 permeabilities, and ideal selectivities of the iongels
with 0.0, 0.2, and 0.5 wt% MMT loading.

] Membrane Permeability (Barrer) Ideal selectivity
MMT loading )
thickness
(wt%) (um) CO: N: CHa4 a (CO2/N2) | a (CO2/CHs)
pm
0.0 123.8+0.7 | 387+19 | 35+02 | 6.8+0.3 11.2+0.6 57+0.3
0.2 1246+09 | 393+20 | 31+02 | 62+0.3 12.6 +0.6 6.3+0.3
0.5 120.8+04 | 603+3.0 | 4902 | 88+04 122 +0.6 6.8+0.3

Regarding the iongel MMM with 0.5 wt%, it was verified a significant increase in
the permeability of all gases. The heterogeneous structure obtained for this membrane,
included agglomerations of MMT particles, which probably reduced the cross-linking
density of PEGDA and increased the distance between polymer chains, providing more
free volume and facilitating gas diffusion. As previously mentioned, the other factor that
affects gas diffusion is the size of gas molecules. Consequently, the permeability of the
gases increased according to the reduction of their diameter, that is 29%, 40%, and 56%
for CH4 (0.38 nm) > N> (0.36 nm) > CO; (0.33 nm)?, respectively, compared to the neat
iongel. Despite this result, it was still possible to achieve an increase in selectivity for both
gas pairs relative to the neat iongel. However, when comparing the iongel MMMs with
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0.2 wt% and 0.5 wt%, the results demonstrate that the addition of a superior quantity of
MMT did not have an impact on the selectivity of the membrane, probably due to its
unsuccessful filler dispersion. Although, it is believed that by optimizing the preparation
of the membranes it may be possible to produce iongel MMMs with improved CO: sep-
aration performance.

Regarding the abovementioned results about the effect of MMT on the iongel
membranes' CO; separation performance, it is important to take into consideration the
CO; solubility measurements performed on MMT (Section 4.3). These results demon-
strated no affinity between CO, and the nanoclay particles, establishing that the in-
creased CO; permeability was only a consequence of higher diffusivity, not being affected
by solubility.

In general, the CO; permeability of all the iongel membranes is significantly supe-
rior to those of N> and CHy, as expected. The reason may be related to diffusivity, but
also with solubility (Equation 9). As previously mentioned, CO; is a highly condensable
gas and has a high affinity for the iongel due to the interactions established between the
quadrupole of the molecule and the electrical charges of the IL, which is the major com-
ponent of the iongel membranes (60 wt%). Therefore, it can be assumed that the superior
CO; permeation through the iongel membranes relative to the other light gases is ex-
plained by a combination of enhanced diffusivity and solubility, while the permeation of
N> and CHy is mainly controlled by diffusivity.

Comparing the selectivity results of the considered gas pairs, CO2/N, and CO»/CHy,
the results demonstrated that the prepared iongel membranes have more potential to
separate the first pair, aiming for their application on the separation of CO, from post-
combustion streams.

Lastly, in order to compare the obtained results with those already published in the
literature, the values were represented in typical Robeson plots *' of CO, permeability as
a function of ideal selectivity, illustrated in Figure 4.12 for the gas pair CO2/N. and in
Figure 4.13 for the pair CO,/CHa.

Examining these figures is possible to compare the performance between the typ-
ical MMMs (without IL) and the prepared iongel MMMs, both with nanoclay fillers incor-
porated into them. The figures show that the iongel MMMs have significantly improved
CO2 permeability and overall have better CO; separation results against the majority of
typical MMM, especially considering the gas pair CO2/N2 (Figure 4.12).

Regarding the PIL/IL membranes, the figures show that the prepared iongel mem-
branes have CO; permeabilities similar to or higher than most PIL/IL membranes. How-
ever, when the IL loading added to PIL membranes is increased (mostly up to 60 wt%),
the respective CO, permeabilities become one order of magnitude higher than the
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prepared iongel membranes. Bearing this in mind, it is expected that concentrations of

[Comim][T:N] IL higher than 60 wt% incorporated into the iongel membranes could sig-

nificantly improve their separation performance. For that composition to be accom-

plished, it seems reasonable to rely on the incorporation of nanoclay particles for extra

mechanical resistance, considering the results presented in Section 4.7.

Regardless of not surpassing the 2008 Robeson upper bound, these iongel mem-

branes represent a step forward on the way to improving the design of high-performance

self-standing membranes with a novel study focused on material science about the com-

bination of nanoclays with a UV cross-linked PEGDA iongel using a simple and promising

strategy.
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5.
CONCLUSION

The purpose of this thesis was to improve the mechanical properties of iongel
membranes developed for CO; separation from post-combustion streams and biogas
upgrading by incorporating MMT nanoclay particles. In this line, UV cross-linked PEGDA
iongel membranes containing 60 wt% of [Comim][Tf.N] IL were prepared with different
MMT loadings, and their properties were studied using several techniques, as well as
their CO»/N; and CO,/CHs separation performances.

After the preparation, solid and malleable free-standing iongel membranes were
obtained for all the compositions. They looked homogeneous and defect-free by visual
inspection. The lack of transparency presented by the iongel MMMs compared to the
neat iongel suggested that the incorporation of MMT was successful. However, it was
not possible to confirm this by ATR-FTIR, since the MMT concentrations used were very
low (£ 1 wt%). On the other hand, this technique showed that the [C;mim][Tf.N] IL was
successfully incorporated into the PEGDA iongel membranes and also confirmed the
proper photopolymerization of the acrylate groups.

The TGA indicated that with the addition of MMT, the iongel MMMs start to de-
grade at slightly higher temperatures than the neat iongel. On the other hand, their ther-
mal stability depends on the type and quantity of nanoclay organic modifier used. All the
prepared iongel membranes can withstand temperatures up to 120 °C, that is typical of
post-combustion streams. The SEM images revealed a dense, defect-free and homoge-
neous surface for the neat iongel and the iongel MMM with 0.2 wt% MMT loading. How-
ever, this technique suggested that increasing the nanoclay concentration up to 1.0 wt%
resulted in the formation of agglomerations, turning the membranes into heterogeneous
materials, which are inappropriate for gas permeation experiments. DSC revealed that
the iongel membranes are amorphous materials and that the addition of MMT did not
affect the iongel MMMs' crystallinity in a meaningful way. All the iongel membranes
proved to be hydrophilic, an advantage when considering their application for CO;
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separation. The study of the mechanical properties showed that the addition of MMT can
be beneficial, but only if a membrane with a homogeneous structure is accomplished,
focusing on an effective dispersion of the nanoclay particles.

Regarding the results of the gas permeation experiments, the iongel membranes
showed more affinity towards CO; relative to the N, and CHa, having more potential for
the separation of the CO,/N: gas pair. The MMT particles were homogeneously incorpo-
rated into the iongel MMMs, probably filling some of the free space of the cross-linked
PEGDA network within the IL phase, making the diffusion of molecules with kinetic di-
ameters superior to CO; (0.33 nm)? slightly more difficult. The CO; solubility measure-
ments demonstrated that the incorporation of MMT did not affect the solubility of CO,
in the iongel MMMs, which was mainly a consequence of the interactions established
with the IL.

Overall, this study allowed the development of a new simple approach with poten-
tial to improve the mechanical resistance of PEGDA-based iongel membranes, which
should be further researched in order to incorporate higher contents of IL (< 60 wt%)
and produce self-standing high-performance iongel membranes for CO, separation from
light gases, that may lead to an improvement over some of the membranes already stud-
ied.
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6.
FUTURE WORK

Considering the aimed application, the targeted membranes could either be completely
dense or asymmetric (with a dense layer and a porous layer for support). A dense and homo-
geneous layer is the key to good gas separation performance. Therefore, despite the neat
iongel being appropriate, the iongel MMMs need their preparation to be optimized in future
studies in order to allow the incorporation of higher IL loadings (> 60 wt%).

This optimization could be approached considering two characteristics of nanoclays:
their ability to be dispersed into individual layers when incorporated into a polymeric matrix
and the ability to manipulate their surface chemistry by ion-exchange reactions using different
organic or inorganic cations.®* The characteristics are related to each other since the degree
of dispersion of the clay depends on the compatibility between the interlayer exchangeable
cations and the polymer.

Bearing in mind that the iongel membranes are prepared with a hydrophilic polymer,
due to the PEG units, it would be interesting trying to use MMT in its pristine state i.e., without
modification, since it contains hydrated Na* or K* ions in the interlayers, probably making the
clays miscible with hydrophilic polymers.®* With this approach, the preparation method would
differ from the one presented here, because the nanoclay particles should be added to PEGDA
in the first place.

Considering that the iongel membranes are mainly composed of a hydrophobic IL, an-
other potential approach would be the use of MMT functionalized with a different organic
modifier from the one used (methyl dihydroxyethyl hydrogenated tallow ammonium) that has
higher compatibility with the matrix."®” To produce a more compatible clay, organic modifiers
like primary, secondary, tertiary, and quaternary alkyl ammonium, or alkyl phosphonium cati-
ons can be used in ion-exchange reactions with pristine MMT (Table 1.2) or different commer-
cially available organically modified clays can be considered, like those listed in Table 6.1,
which are recommended to incorporate into polyethylene-based polymeric matrices.®*
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Additionally, in further studies, different lengths or types of alkyl chains can be used, the num-
ber of polar groups can be altered and the modifier concentration can be varied.**

Table 6.1 - Commercially available surface modified MMT nanoclays suggested as fillers.

Commercial name Organic modifier Ref.

Nanomer 1.31PS 15-35 wt% octadecylamine; 0.5-5 wt% aminopropyltriethoxysilane 194
Nanomer 1.44P 35-45 wt% dimethyl dialkyl (Cis-Cis) amine 195

To further improve the iongel membranes' performance, MOFs can also be considered
as additional fillers since they have been reported to enhance CO, permeability with concen-
trations up to 30 wt%, producing PIL/IL-based MMM s that exceeded the 2008 Robeson upper
bound. 213 Nevertheless, the preparation of homogeneous iongel MMMs would become
more challenging. Moreover, MOF selection must be done carefully so that the respective
pores may have an appropriate size to preferably allow the permeation of CO; as opposed to
other light gases. The results reported in the literature regarding the performance of polymeric
membranes filled with MOFs indicate Cu-BTC and MIL-53 as potential filler options for CO»/N>

and CO,/CH, separation, respectively,>%°3196-200

Later on, permeation experiments with mixed gases and operational conditions similar
to those verified in industrial applications must be done, to evaluate the iongel MMMs' po-
tential considering CO: separation from post-combustion streams and biogas upgrading. The
effect of higher temperatures (up to 120 °C) and pressure differentials (up to 1.5 bar) on the
CO; separation performance of iongel MMMs should also be investigated.
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A.
APPENDIX: RESULTS REPORTED IN THE LITERATURE

Table A.1 - CO,/N; and CO,/CHj4 separation performance of MMMs with nanoclay fillers reported in the literature.

Experimental PCO2 Selectivity
MMM . Ref.
conditions (Barrer) | o (CO2/N2) a (CO2/CHa)
PSf 5 5 23
PS£/0.5 wt% Cloisite15A 25°C, 5 bar - 5 20 o
PSf/1.0 wt% Cloisite15A Single gas 19 5 21
PSf/2.0 wt% Cloisite15A - 1 4
50 °C, 30 bar,
PSf/MMT . 82-85 123 138 70
Mixed gas
Pebax2533 240 40 8
Pebax2533/2 wt% Cloisitel5A 200 34 7
. 25°C, 2 bar
Pebax2533/4 wt% Cloisitel5A . 195 27 7 65
. Single gas
Pebax2533/6 wt% Cloisitel5A 190 34 8
Pebax2533/10 wt% Cloisite15A 187 34 7
CA 7 7
CA/0.5 wt% Bentonite 7 10
. 25°C, 2 bar
CA/1.0 wt% Bentonite . 7 10 13 71
. Single gas
CA/1.5 wt% Bentonite 7 14
CA/2.0 wt% Bentonite 6 8 10
PSf - - 0
PS£/0.1 wt% talc 3 bar - - 0 "
PS£/0.3 wt% talc Single gas - - o
PSf/0.5 wt% talc - - 7
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Table A.2 - CO»/N;, CO»/CHa, and CO»/H; separation performance of SILMs with different cations reported in the

literature.
C . Experimental Pco, Selectivity
Ionic Liquid Support .. Ref.
conditions (Barrer) a (CO2/N2) | o (CO2/CHs) | o (CO2/H2)
[Camim][PFe] ) 171 23 - 6
) Hydrophobic | 30 °C, 0.5 bar
[Cemim][PFe] ) 281 28 - 8 %
) PVDEF Single gas
[Csmim][PFe] 370 22 - 5
[C4Fsmim][Tf2N] 320 27 19 -
. 23 °C, 1 bar
[CeFomim][Tf2N] PES i 280 21 17 - 7
) Single gas
[CsF13mim][Tf2N] 210 16 13 -
C3[mim]2[Tf2N]2 . 27 °C, 0.3 bar 190 - 27 -
Alumina 9
Co[mim]2[ Tf2N]2 Single gas 220 - 16 -
. Cross-linked 37-95 °C, 1 bar
[HaNCasmim][T£2N] ] 100 - 1000 - - 04-14 88
Nylon 66 Mixed gas
[H2NCsmim][T2N] Hydrophilic 25°C, 0.1 bar ~ 500 - ~45 - o1
[H2NCsmim][CFsSOs] PTFE Mixed gas ~900 - ~35 -
[Bzpy][Tf2N] 518 28 - -
[B22mpy][Tf2N] Hydrophobic | 25 °C, 0.35 bar 358 33 - - 100
[B-3mpy][Tf2N] PTFE Single gas 446 22 - -
[Bz4Ampy][Tf2N] 496 23 - -
Hydrophobic | 25 °C, 0.35 bar
[B.mpyr][Tf2N] ) 280 26 - - 100
PTFE Single gas
[Camthiaz][Tf2N] 362 28 - -
. 25 °C, 0.35 bar
[B-mthiaz][Tf2N] PES ) 235 21 - - 101
) Single gas
[CsH7O2mthiaz][Tf2N] 248 18 - -
[(N11)2CH][Tf2N] . 25°C, 0.35 bar 1882 28 - -
Alumina ) 102
[(N111)2N][Tf2N] Single gas 1777 29 - -
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Table A.3 — CO,/N; and CO,/CHj4 separation performance of SILMs with different anions reported in the literature.

L Experimental Pco, Selectivity
Ionic Liquid Support . Ref.
conditions (Barrer) | @ (CO2/N2) | a (CO2/CHa)
[Comim][Tf2N] - 29 -
[Camim][N(CN)2] 25°C - 51 -

. PES . 103
[Camim][C(CN)s] Single gas - 45 -
[Comim][B(CN)4] - 53 -

[Camim][C1SOs4] Hydrophilic 20 °C, 1 bar 111 69 32 -
[Camim][C2SOs4] PTFE Single gas 157 51 21
[Camim][Ac] Hydrophobic | 25°C, 0.45 bar 879 34 - 105
[Camim][Ac] PVDF Single gas 852 35 -
[Ch][Mal] 2 39 24
[Ch][Lev] Hydrophilic 20 °C, 1 bar 18 41 21 o
[Ch][Gly] PTFE Single gas 6 50 34
[Ch][Lac] 7 46 22
[Pa4s4][Gly] =~ 5000 = 50 -
[Passs][Ala] Hydrophilic 100°C, 0.1 bar | =7000 = 60 - 106
[Pa4as][Ser] PTFE Mixed gas = 2000 =35 -
[Paaaa][Pro] = 10500 =70 -
[Pé,6,6,14]2[ CoCls] 147 23 -
[Pé,6,6,14][FeCl4] Hydrophobic | 25°C, 0.45 bar 259 24 - "
[Pé,6,614]2[MnCla] PVDF Single gas 203 41 -
[Pé,6,6,14]3[ GACle] 176 31 -
[Comim][Tf2N]os[Aclos 336 33 18
[Comim][Tf2N]os[Lac]os 265 37 18
[Comim][Tf2N]o5[N[CN]z2]o 589 42 19
[Comim][Tf2N]o.5[SCN]oss 516 37 20
[C2mim][C1SO4]05[SCN]os Hydrophilic 20°C, 1 bar 142 62 21
[C2mim][C1SO4]o5[N(CN)2]os PTFE Single gas 207 58 24 93
[Camim][C1SO4]05[C(CN)s]os 246 47 19
[Comim][C1SO4]o5[B(CN)4]os 373 52 20
[Camim][SCN]os[N(CN)2]os 324 61 22
[Camim][SCN]os[C(CN)s]os 332 57 21
[Comim][SCN]os[B(CN)4]os 445 51 19
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Table A4 - CO»/N, and CO,/CH4 separation performance of PIL membranes reported in the literature.

Experimental Pco, Selectivity
PIL Membrane . Ref.
conditions (Barrer) | o (CO2/N2) | a (CO2/CHa4)
Styrene-based: Methyl substituent 9 32 38
Styrene-based: Butyl substituent 20 °C 30 30 22
Styrene-based: Hexyl substituent ) 32 23 14 116
. Single gas
Acrylate-based: Methyl substituent 7 30 37
Acrylate-based: Butyl substituent 22 31 23
Oligo(ethylene glycol)i-type 16 41 33
Oligo(ethylene glycol):-type 22 °C, 2 bar 22 44 29 6
CsCN-type Single gas 4 37 37
CsCN-type 8 40 30
[DBDMPBI-Bul][Tf2N] 20 29 -
[DBDMPBI-Bul][HFB] 21 28 -
[DBzDMPBI-Bul][Tf2N] 25 27 -
[DBzDMPBI-Bul][HFB] 25 26 -

PBI-Bul 35°C, 19 bar 2 32 - 7
[DBDMPBI-HFA][Tf2N] Single gas 18 26 -
[DBDMPBI-HFA][HFB] 19 27 -

[DBzDMPBI-HFA][Tf2N] 22 22 -
[DBzDMPBI-HFA][HFB] 23 23 -
PBI-HFA 3 29 -

Table A.5 - CO2/N; and CO,/H; separation performance of polymer/IL composite membranes reported in the lit-

erature.
. Experimental Pco, Selectivity
Polymer/IL Composite Membrane . Ref.
conditions (Barrer) | a (CO2/N2) a (CO2/H2)
PVDEF-HFP/33 wt% [Csmim][BFs] 45 50 -
. 35-45 °C, 2 bar
PVDE-HFP/50 wt% [Csmim][BF] . 200 55 - 140
) Mixed gas
PVDE-HFP/66 wt% [Csmim][BF] 400 60 -
PVDF/33 wt%[Csmim][B(CN)i] 467 37 10
. 35°C, 2 bar
PVDF/50 wt%[Csmim][B(CN)i] _ 1228 40 12 136
. Single gas
PVDF/66 wt%[Csmim][B(CN)i] 1778 41 13
100 C, 1 bar
PVP/70 wt% [Paasa][Pro] . 6700 170 - 14
Mixed gas
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Table A.6 - CO»/N;, CO,/CHa, and CO,/H, separation performance of PIL/IL membranes reported in the literature.

Experi- Peo Selectivity
PIL/IL Composite Membrane mental 2 Ref.
.- (Barrer) | o (CO2/N2) | o (CO2/CHs) | o (CO2/H2)
conditions
Imidazolium PIL 22 °C, 2 bar 9 32 39 - 17
Imidazolium PIL/20 mol% [Comim][Tf2N] Single gas 44 39 27 -
Imidazolium PIL 16 41 33 -
Imidazolium PIL/20 mol% [Camim][Tf2N] 22°C, 2 bar 60 36 24 -
Imidazolium PIL/20 mol% [Czmim][ N(CN):] Single gas 41 39 25 - 148
Imidazolium PIL/20 mol% [Camim][OTf] 43 37 25 -
Imidazolium PIL/20 mol% [Camim][SbFe] 42 39 27 -
PIL (Imidazolium) 16 41 33 -
PIL/20 mol% [Alkyl cation][T£N] 51 37 24 -
PIL/20 mol% [Ether cation][Tf2N] 22°C, 2 bar 53 38 26 -
PIL/20 mol% [Nitrile cation][T£-N] Single gas | 33 40 28 - “9
PIL/20 mol% [Fluoroalkyl cation][Tf2N] 47 36 27 -
PIL/20 mol% [Siloxane cation][Tf2N] 55 33 20 -
Imidazolium PIL/58 wt% [Comim][Tf2N] Single gas 610 22 - - 150
Cross-linked Imidazolium 22°C
, ) 500 24 - - 151
PIL/80 wt%[Comim][Tf2N] Single gas
Epoxide/amine PIL/75 wt% [Comim][N(CN)] Mixed gas 900 140 - - 152
100 °C,
Double polymer network/80 wt% [Paus][Pro] 1 bar 4000 100 - - 202
PIL: Poly([pyru][TE2N]; IL: [pyru][TEN]
PIL 5 22 29 -
PIL/20 wt% IL 21°C, 1 bar 25 32 26 -
PIL/40 wt% IL 106 30 19 - 121
PIL/60 wt% IL Single gas 200 28 16 -
PIL/80 wt% IL (PVDF supported) 313 29 14 -
IL (PVDF supported) 340 28 14 -
PIL: Poly([pyru][TEN]; IL: [pyru][TEN]
PIL(T£2N)/20 wt% IL 25 32 26 -
PIL(T£2N/PFe)/20 wt% IL 20°C, 1 bar 11 31 29 -
PIL(TE:N/NSA)/20 wt% IL Single gas 3 2 21 - b
PIL(T£2N/DS)/20 wt% IL 44 22 11 B
PIL(Tf2N/DBSA)/20 wt% IL 16 21 13 -
PIL: Poly([pyrn][N(CN)2]; IL: [C2mim][N(CN)2]
PIL/20 wt% IL 4 41 - -
PIL: Poly([pyrn][C(CN)s]; IL: [C2mim][C(CN)s] | 20 °C, 1 bar
PIL/20 wt% IL Single gas 8 45 - - ”
PIL/40 wt% IL 143 56 - -
PIL/60 wt% IL 439 64 _ .
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Table A.6 (continued) - CO»/N,, CO»/CH4, and CO/H; separation performance of PIL/IL membranes reported in
the literature.

. Experimental | Pco, Selectivity
PIL/IL Composite Membrane . Ref.
conditions (Barrer) | o (CO2/N2) | a(CO2/CHs) | o (CO2/H2)
PIL: Poly([pyrn][C(CN)s]; IL: [C2mim][C(CN)s]
Medium Mw PIL/20 wt% IL 15 36 - -
Medium Mw PIL/40 wt% IL 193 52 - -
. 20°C, 1 bar
Medium Mw PIL/60 wt% IL . 542 54 - - 130
. Single gas

High Mw PIL/20 wt% IL 8 45 - -

High Mw PIL/40 wt% IL 143 56 - -

High Mw PIL/60 wt% IL 439 64 - -
Poly([pyr11][N(CN)2]/60 wt% [Czmim][C(CN)s] 249 61 - -
Poly([pyru][C(CN)s]/60 wt% [C2mim][C(CN)s] | 20°C, 1 bar 439 64 - - .
Poly([pyr11][C(CN)3]/60 wt% [Comim][B(CN)4] Single gas 473 54 - -
Poly([pyrn][B(CN)4]/60 wt% [Comim][C(CN)s] 502 43 - -
Poly[pyri1][TEFSAM]/20 wt% [Camim][TFSAM] 40 - - 3.2
Poly[pyri1][TFSAM]/40 wt% [Camim][TFSAM] 359C 1b 177 - - 7.2

Poly[pyr][FSI]/20 wt% [Camim][FSI] et 38 - - 36 132
. Single gas
Poly[pyri][FSI]/40 wt% [Camim][FSI] 201 - - 8.9
Poly[pyrn][TSAC]/20 wt% [Comim][TSCA] 72 - - 35
Cross-linking monomers: MIL-CFs; MIL-C7H
(MIL - methacryloxy-based IL)
IL: [Czmim][T£2N]
. 20 °C, 3 bar
MIL-CF3/20 wt% PEGDA/0.5 mol equiv IL Singl 8 47 57 3 124
ingle gas
MIL-CF3/20 wt% PEGDA/1.0 mol equiv IL geg 6 52 62 3
MIL- C7H7/20 wt% PEGDA/0.5 mol equiv IL 5 66 71 3
MIL- C7H7/20 wt% PEGDA/1.0 mol equiv IL 20 87 119 4
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Table A.7 - CO»/CH4 and CO,/H; separation performance of PIL/IL-based MMMs reported in the literature.

Experimental PCO2 Selectivity
PIL/IL-based MMM .. Ref.
conditions (Barrer) | o (CO2/CHs) | o (CO2/H2)
PIL: Poly([smim][Tf2N]); IL: [Comim][Tf2N]
PIL/20 wt% IL 44 27 -
25°C, 2 bar
PIL/16 wt% IL/20 wt% SAPO-34 . 155 74 - 48
Single gas
PIL/20 wt% IL/30 wt% SAPO-34 260 90 -
PIL/30 wt% IL/40 wt% SAPO-34 680 38 -
PIL: curable IL prepolymer
IL: [Comim][Tf2N] 21°C, 1 bar 15
PIL/20 wt% IL Single gas 23 26 -
PIL/16 wt% IL/20 wt% SAPO-34 47 42 -
PIL: Poly[pyru][Tf2N]; IL: [Campyr][Tf2N]
PIL/40 wt% IL 47 -
PIL/40 wt% IL/10 wt% MIL-53 35 -
PIL/40 wt% IL/20 wt% MIL-53 50 -
PIL/40 wt% IL/30 wt% MIL-53 90 - 13
30 °C, 0.7 bar
PIL/40 wt% IL/10 wt% Cu-BTC . 40 - 3 133
Single gas
PIL/40 wt% IL/20 wt% Cu-BTC 75 - 3
PIL/40 wt% IL/30 wt% Cu-BTC 78 - 7
PIL/40 wt% IL/10 wt% ZIF-8 55 - 3
PIL/40 wt% IL/20 wt% ZIF-8 84 - 3
PIL/40 wt% IL/30 wt% ZIF-8 97 - 4
PIL: Poly[pyru][Tf2N]; IL: [Comim][BETI]
PIL/40 wt% IL 146 15 -
30 °C, 0.7 bar
PIL/40 wt% IL/10 wt% MOF-5 . 261 8 - 2
Single gas
PIL/40 wt% IL/20 wt% MOF-5 282 15 -
PIL/40 wt% IL/30 wt% MOF-5 340 2 -
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Table A.8 - CO»/N; separation performance of PEG-based cross-linked iongel membranes reported in the litera-

ture.
Experimental Pco, Selectivity
PIL/IL-based MMM . Ref.
conditions (Barrer) | o (CO2/N>2)
Semi-crystalline PEG 35 °C, 12 48 156
Cross-linked PEGDA Single gas 110 50
PEGDA 120 58
PEGDA/40 vol% [Comim][Tf2N] 270 37
PEGDA/40 vol% [Comim][N(CN):] 210 60
PEGDA/40 vol% [P1444][Tf2N] 290 24
PEGDA/40 vol% [N41u1][Tf2N] 220 30
PEGDA/40 vol% [Compy][Tf2N] 40 °C, 1 bar 210 38 157
PEGDA-siloxane Single gas 210 40
PEGDA-siloxane/40 vol% [Comim][Tf2N] 340 31
PEGDA-siloxane/40 vol% [Czmim][N(CN):] 240 54
PEGDA-siloxane/40 vol% [Na111][Tf2N] 310 33
PEGDA-siloxane/40 vol% [Compy][Tf2N] 300 31
PEGDA-siloxane/40 vol% [Csmpyrr][Tf2N] 310 31
PEG 40°C, 1 bar 145 47 158
PEG/60 vol% [Camim][Tf2N] Single gas 530 31
PEGDA/70 wt% [Czmim][C(CN)s] 30 °C, 0.7 bar
. 583 66 134
PA supported Single gas
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B.‘

APPENDIX: FOURIER-TRANSFORM INFRARED (FTIR)

SPECTROSCOPY

Table B.1 - Assignments of FTIR peaks of MMT.

Wavenumber (cm™) . . .
- Vibrational assignment
This study Ref. 173 Ref. 174 | Ref. 175
517 500 529 - Si-O bending.
799 836 836 - AIMgOH bending.
885 875 875 - AlFeOH bending.
918 915 915 - AIAIOH bending,.
1012 1000-1125 1035 - Si-O stretching.
2851 - - 2846 C-H bending of CHz and CHs groups of the organic modifier.
2924 - - 2920 C-H bending of CH2 and CHs groups of the organic modifier.
3630 3630 3623 3624 OH group stretching for AI-OH, Si-OH and the organic modifier.
Table B.2 - Assignments of FTIR peaks of PEGDA.
Wavenumber (cm?) . . .
- Vibrational assignment
This study Ref. 17 Ref. 134 | Ref. %
951 954-955 - - C-O-C stretching.
1100 1111-1112 - 1100 C-O-C symmetric stretching from ether groups.
1271 1243-1283 - - C-O asymmetric bending.
1350 1351-1352 - - C-O asymmetric bending.
1408 1411 - 1407 C-H bending.
1619 - 1619 - C=C asymmetric stretching from terminal acrylate groups.
1636 1636-1647 1635 1635 C=C symmetric stretching from terminal acrylate groups.
1721 1731 1720 - C=0 symmetric stretching.
2869 2885-2887 2866 - C-H stretching.
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Table B.3 - Assignments of FTIR peaks of [Comim][Tf,N].

Wavenumber (cm?)

Vibrational assignment

This study | Ref. 1% | Ref.7 | Ref.17
569 i i 569 In plane-symmetric bending of the imidazolium ring (cation), CFs
asymmetric bending (anion).
600 i i 600 SOz asymmetric bending (anion), in plane symmetric bending of
the imidazolium ring and CH3(N)CN stretching (cation).
612 i i 611 SOz asymmetric bending (anion), out of plane asymmetric bend-
ing of the imidazolium ring and CHs(N)CN stretching (cation).
650 i i 650 Out of plane asymmetric bending of the imidazolium ring (cation)
and SNS bending (anion).
740 i 743 741 CFs symmetric bending (anion), CH3(N) bending, CH2(N) bending
and in-plane bending of the imidazolium ring (cation).

789 - 791 789 C=C asymmetric bending (cation) and CS stretching (anion).
842 - 843 843 C=C bending (cation).
960 - - 960 C=C bending (cation).

SNS asymmetric stretching (anion), in-plane asymmetric stretch-
1051 - 1055 1051

ing of the imidazolium ring and CH3(N) twisting (cation).

1133 1134 1137 1132 S5=0 symmetric stretching (anion).
1168 1165 - - CFs asymmetric stretching (anion).

5=0 asymmetric stretching (anion), in plane symmetric stretching
1330 - - 1331 of the imidazolium ring, CHz(N) stretching and CH3(N)CN

stretching (cation).
1347 1346 1348 1348 5=0 asymmetric stretching (anion).
In plane-symmetric/asymmetric stretching of the imidazolium
1574 - 1574 1574 . . . .
ring, CH3(N)CN stretching and CH2(N) stretching (cation).

2990 - - 2991 C-H asymmetric stretching (cation).

C-H asymmetric stretching and in plane symmetric stretching of
3160 3162 - 3165 . ) ) ]

the imidazolium ring (cation).
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C.
APPENDIX: THERMOGRAVIMETRIC ANALYSIS
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Figure C.1 - dTGA profiles of [Comim][Tf,N], PEGDA and the neat iongel.
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Figure C.2 — dTGA profiles of MMT, the neat iongel and the iongel MMMs with 0.2, 0.5 and 1.0 wt% MMT load-
ing.
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D.
APPENDIX: SCANNING ELECTRON MICROSCOPY
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Table D.1 - SEM images of the cross-section of the iongels with 0.0, 0.2, 0.5, and 1.0 wt% loading of MMT with an ampliation of 500x.

MMT loading (wt%) Cross-section (500x) MMT loading (wt%) Cross-section (500x)
0.0 0.5
0.2 1.0
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E.
APPENDIX: MECHANICAL PROPERTIES
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Figure E.1 - Graphic representation of the puncture test for the iongel with 0.2 wt%
MMT loading (two replicates).
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F.
APPENDIX: PURE GAS PERMEATION EXPERIMENTS
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Figure F.1 - N> pressure variation in the feed and permeate compartments as a function of
time for the iongel with 0.5 wt% MMT loading.
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Figure F.2 - Linear fitting of the iongel with 0.5 wt% MMT loading for N, permeability calcu-
lations.
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