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Resumo

O objetivo desta tese consistiu no desenwlvimento de novas membranas de matriz mista

(MMMs) para a captura de didxido de carbono (CO2) presente em correntes de pés-combustéo.

Neste trabalho foram estudados varios materiais baseados em redes metal-organico
(MOFs), nomeadamente o MOF MIL-101(Cr) e dois materiais compdsitos do tipo IL@MOF,
resultantes da incorporacdo de dois liquidos i6nicos (ILs) no MIL-101(Cr), [PMIM][Brj@MIL-
101(Cr) e [BMIM][Br]J@MIL-101(Cr). Todos estes materiais foram caracterizados
estruturalmente, e as suas propriedades texturais e a capacidade de adsor¢c&o de CO2 e N2 foram

também avaliadas.

O equilibrio de adsorcéo foi medido numa unidade gravimétrica, numa gama de pressdes
entre os 0 e os 10 bar a temperatura de 30°C. Das medi¢cBes verificou-se que a quantidade

adsonida de CO2 é superior a de N2 devido a sua maior afinidade com os adsonentes.

As MMMs preparadas podem dividir-se em trés grupos Matrimid®5218/MIL-101(Cr),
Matimid®5218/[PMIM][Br|@MIL-101(Cr) e Matrimid®5218/[BMIM][Brl@MIL-101(Cr). Em cada
grupo foi utilizada uma matriz polimérica, Matrimid®5218, com diferentes concentragdes de
enchimento (10%, 20% e 30% (p/p)).

As membranas foram caracterizadas recorrendo a Microscopia Eletronica de Varrimento
(SEM) para avaliar a sua morfologia; Espectroscopia de raios-X por dispersdo em energia (EDS)
de modo a observar a dispersao do enchimento na matriz polimérica; ensaios de perfuracdo para
avaliar a sua resisténcia mecénica; angulos de contacto para determinar a sua hidrofilicidade;
Termogravimetria (TGA) para avaliar a sua estabilidade térmica a altas temperaturas e ensaios

de permeacdo gasosa com N2 e COz, a 30°C.

Os resultados obtidos mostraram que as membranas possuiam uma estrutura densa,
existindo uma boa interacdo entre o polimero, o MOF ou os materiais compésitos IL@MOF.
Verificou-se também que a incorporagdo de MOF nas membranas as torna menos resistentes e
que ao adicionar o liquido i6nico estas apresentam-se mais resistentes e flexiveis, bem como
gue a incorporacdo do MOF ou IL@MOF na matriz polimérica torna as membranas mais
hidrofilicas. A analise termogravimétrica demonstrou que todas membranas eram estaweis até
300°C. Os resultados de permeacdo gasosa mostraram que a variagdo da percentagem de
incorporacdo do MOF ou IL@MOF na matriz polimérica influencia o aumento da seletividade
CO2/Na.

Palavras-Chave: Captura de CO2, Matrimid®5218, Redes Metal-Orgéanico, Liquidos I6nicos,

Membranas de Matriz Mista, Adsorgéo, Permeacdo.






Abstract

The aim of this thesis was the development of new mixed matrix membranes (MMMs) for

carbon dioxide (CO2) capture from post-combustion flue gas streams.

The synthetized pristine MOF MIL-101(Cr) and new IL@MOF systems, produced by the
incorporation of two ionic liquids in MIL-101(Cr), [PMIM][Brl@MIL-101(Cr) and [BMIM][Brl@MIL-
101(Cr) were characterized. The textural properties and adsorption capacity for CO2 and N2 on

these materials were also studied.

The adsorption equilibria of the pure gases N2 and COz2 on the mentioned materials were
performed by using the gravimetric method in a range of pressures from 0 to 10 bar and at 30°C.
All materials adsorbed higher amounts of CO2 than N2, due to the CO2z higher affinity with the

adsorbents.

The prepared MMMs are separated in three groups, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/[PMIM][Brl@MIL-101(Cr), Matrimid®5218/[BMIM][Br]j@MIL-101(Cr). Each
membrane group was prepared using a polymeric material Matrimid®5218 with different
concentrations of filler (10%, 20% and 30% (w/w)).

All the prepared membranes were characterized by scanning electron microscopy (SEM),
to evaluate their morphology; energy-dispersive x-ray spectroscopy (EDS), to obsene the filler
dispersion in the polymeric matrix; contact angles to determine their hydrophilicity; mechanical
properties to evaluate their mechanical resistance and flexibility; thermogravimetric analysis
(TGA) to evaluate their thermal stability and gas permeation experiments with pure gases (N2 and
CO2) at 30°C.

The obtained results showed that all membranes have a dense structure exhibiting a
good interaction between the polymer, MOF and IL@MOF. It was also verified that with the
addition of MOF the membranes turned more fragile, while with the addition of the ionic liquid in
the MOF porous structure led to more flexible and resistant membranes. Additionally, it was found
that the addition of MOF or IL@MOF in the polymeric matrix turn the membranes more
hydrophilic. Thermogravimetric analysis (TGA) showed that all membranes are stable up to
300°C. Gas permeation results showed that depending on the MOF or IL@MOF concentration

on the polymer matrix an increase in CO2/N2z ideal selectivity is obsened.

Keywords: CO2 capture, Matrimid®5218, Metal-Organic Frameworks, lonic Liquids, Mixed

Matrix Membranes, Adsorption, Permeation.
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1. Introduction

Nowadays, due to the rapidly growth of world population and the countries
industrialization, energy demand is exponentially increasing.! Due to their low-cost, energy
density and availability, fossil fuels such as coal, oil and natural gas, are used as primarily source
of energy, supporting 85% of the total world demand.23 Fossil fuels have improved human quality
life, by allowing the production of a variety of live essential products such as fuels for cars and
airplanes, electricity, pharmaceutics and plastics.* However, fossil fuels combustion releases high
amounts of carbon dioxide (COz2) into the atmosphere, which is the greenhouse gas (GHG) that
most contributes for global warming (more than 60%),53 thus leading to environmental damage
and climate changes, such as sea lewel rising, shrunk of glaciers and very intense heat wawes,

endangering human life as well as various ecosystems.®

Greenhouse effect is very important for life sustainability, because it absorbs the thermal
radiation that comes from earth, maintaining suitable temperatures for living; without it would be
impossible for any form of life to live on Earth. However, in the last years, GHG concentrations in
the atmosphere have increased drastically, especially the CO2 concentrations. In the past, this
GHG was remowved naturally, via photosynthesis, but nowadays plants by themselves are no
longer capable of remowve all CO:2 released to the atmosphere.” Since Industrial Rewolution, CO2
concentrations have been exponentially raising, from 280 ppm to nearly 407 ppm in July 2017 &
corresponding to a raise of about 45%, being 2016 considered the warmest year since 1880.°
Cumulative anthropogenic CO:2 emissions to the atmospheric system reached 2040 +310 GtCO:2
between 1750 and 2011 and half of those emissions occurred in the last 40 years, mainly between
2000 and 2010. According the available data, globally in 2014, the energy sector was the main
responsible for anthropogenic GHGs release (about 68%), in which 90% corresponded to CO2
from fossil fuel combustion. Also, in 2014 electricity and heat generation contributed about 42%

for fossil fuel combustion, followed by the transport sector (23%) and industry sector (19%).10

Currently, about 2.4 million pounds of CO2 per second are being released into the
atmosphere ° and if the GHGs release rates continuing the same, by 2050 CO2 atmospheric
concentrations may reach about 500 ppm.3 Due to this critical situation, it became top priority to
reduce CO2 emissions. The Intergovernmental Panel on Climate Change (IPCC), in their latest
report (51" Assessment Report) concluded that to awid the worst scenario of climate change
effects it was necessary to keep temperature from rising more than 2°C compared to the industrial
times and that CO2 emissions should decrease from 41-72% and from 78-118% by 2050 and
2100, respectively, comparing to the 2010 levels.!! Thus, in December 2015 at the Paris Climate
conference (COP21), 195 countries make the first global climate deal in order to reduce the global
CO2 emissions, by following the national climate action plans (INDCs). Howewer, this agreement

by itselfis not enough to keep global warming below the target of 2°C.12 Therefore, carbon capture

Carbon dioxide capture using mixed matrix membranes with metal-organic frameworks
supporting ionic liquids



and storage (CCS) strategies were deweloped, which have been considered the best technique
to reduce CO2 emissions.?® According to the IPCC, CO2z released in power plants can be
decreased by 80-90% if they possess a suitable carbon capture and store process.'4 Carbon
capture and storage is a technique composed mainly by three stages, namely CO:2 capture,
transport and storage.1> CO2 capture phase isthe most expensive step (about 75-80% of the total
cost), mainly due to the separation of CO2 from other gases. Thus, it is highly important to find
processes with lower cost and high separation efficiency.® For COz2 transportation, the most
common via is by pipelines, but it can also be transported by truck and rail (for small quantities)
or by ship.16 Currently, CO2 is mainly stored in geological formations because of their capacity
and environmental properties for the storage at a gigatonne scale, typically consisting in

sedimentary basins that include depleting oil and gas reserwirs and saltwater-filled rocks.”

For carbon capture three main methods can be applied namely, post-combustion, pre-

combustion and oxyfuel combustion, as described in Figure 1.1.18

Post-combustion

COz
—| Powerand heat COz separation

__t

Air

Pre-combustion Ca

. CO:z compression
CO: separation and dehydration

Nz, Cz

Gasification and
reforming

Fossil fuels
Biomass "

Air, Oz, Steam

Powerand heat

Oxyfuel combustion

) Co:
| Powerand heat |

0, T
P«H'_hl Air separation | NZ_

Figure 1.1 — CO; capture processes schematic (adapted from 21).

Post-combustion

Post-combustion processes capture CO2 from flue gases streams that are produced by
burning fossil fuels or biomass. This type of process is mainly used in combustion-based power
plants, namely in coal-fired power plants. The fuel is burned with air to produce steam, which
drives into aturbine, generating electricity. From this process, aflue stream composed by N2 from
air, water vapor and CO2 from the hydrogen and carbon present in the fuel as well as some
impurities from the coal such as, sulfur dioxide and nitrogen oxides, is obtained.1® One of the
biggest challenges in CO2 separation from flue gas streams is that it is presented in dilute
concentrations (between 2-15wl%, depending on the gas stream) and at low pressures (about 1

bar). Thus, presently the most used method is the absorption by solvent scrubbing using amines
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as solvents. Usually, monoethanolamine (MEA) is used, due to its efficiency for low CO2 partial
pressures.2° In this process, about 85-90% of COz2 is captured from the flue stream and the CO2-

laden solvent is then regenerated by heat. The captured CO2 is compressed and then stored.1®

The post-combustion capture system is currently installed in oil, coal and natural gas
power plants, as well as in supercritical pulverized coal fired plants and in natural gas combined
cycle plants (NGCC).1°

Pre-combustion

Pre-combustion processes captures CO2 from synthesis gas (syngas) streams after the
conwersion of CO into CO2. This process consists in the reaction of a fuel with air, oxygen or
steam, which origins a stream composed mainly by CO and H2 (synthesis gas), then the carbon
monoxide reacts with steam in a shift converter, producing CO2 and H2. The concentration of CO2
in the stream of CO2/H2 at the separation stage is about 15-60wl% with a pressure of 2-7 bar,
being separated normally by physical or chemical absorption. Also, a hydrogen-rich fuel stream
is obtained, that can be used in a variety of applications such as boilers, furnaces, gas turbines
and fuel cells.2! This type of process is mainly used in oil and coal based integrated gasification

combined cycle (IGCC) plants.®

The COz2 capture ratio in pre-combustion processes is 85%, resulting from the conversion
ratio of CO into CO2 (about 90%) and the CO2 separation efficiency (about 95%), which is similar

to the capture ratio in the post-combustion processes. 18
Oxy-fuel combustion process

In oxy-fuel combustion, nearly pure oxygen (up to 97% purity) is used instead of air in the
combustion process, resulting in a flue gas stream composed mainly by CO2 and H20. Since
almost pure oxygen is used, process temperatures are very high, so in order to control the
temperature, part of the exhaust gases are recycled into the boiler. The flow of CO2 that is not
recycled into the process still contains water vapor and other impurities, namely NOx and SOx.
Thus, the existing water is condensed, resulting in a purified CO2 (99% purity) stream, that is
ready to be transported and stored. 18

The advantage of this process is that the partial pressure of CO2 in the exhaust gases is
higher than in post-combustion and pre-combustion processes, which awoids their dilution with N2
in air. 18 This process can be applied in the same type of power plants as post-combustion capture

process.19
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CO:2 separation methods

All three capture methods previously described have a CO2 separation step, in which the
CO:2 is separated from the other gases present in the flue gas stream. This separation can be
done through four distinct methods, such as absorption, adsorption, cryogenic distillation and

membrane technology.1®
Absorption

Absorption is the most used technique, in chemical and petroleum industries, for CO2

separation, being divided into two types, namely physical absorption and chemical absorption.!

e Physical absorption

Physical absorption is based on Henry’s Law, consisting in the CO2 capture by a solvent,
such as, Selexol™ and Rectisol®. COz is then regenerated by the appliance of heat or pressure
reduce. This type of absorption occurs at high CO2 partial pressures, thus is not very economical
when applied to flue gas streams, where the CO:2 partial pressures are commonly lower than

15w0l1%.15

e Chemical absorption

Chemical absorption by amine scrubbing is the most widely used technique in the industry
for CO2 separation. In this process, aqueous amine solutions (normally primary amines) are used
for the CO2 absorption, usually monoethanolamine (MEA), which possess a high CO2 separation
efficiency (>90%). Through a zwitterion mechanism the COz2 reacts with the amine, being then
separated in stripping tower by the appliance of heat. The solvent is regenerated being submitted
to high temperatures (100-140°C) at pressures near to atmospheric.1* Howewer, this process has
some drawbacks, because when the CO2 reacts with the amine solution occurs the formation of
carbamates that are associated to a high heat formation, which can cause the degradation of the
amine, resulting in solvent loss and equipment corrosion. 1115 Also the high energy costs relative
to COz2 separation from the amine solution was a decisive factor to develop other methods for

CO2 separation from post-combustion flue gases. 22
Cryogenic distillation

Cryogenic distillation is a technique that consists on cooling and condensation. This
technique is theoretically very attractive for CO2 separation, although it possesses high energy
costs due to the refrigeration requirements. Therefore, this method is only efficient when applied
to streams with high CO2 concentrations, being normally used for CO2 capture in oxyfuel

combustion processes. 1115
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Adsorption

Since antiquity that adsorption is used by various societies for many applications such
as, water desalination, oil and fat clarification and in the treatment of various diseases. However,
it was only in the eighteenth century that adsorption ability by porous solids was recognised, being
the first quantitative experiments made by Carl Wilhelm Scheele in 1773. After that, adsorption
processes have gain more and more importance, mainly in the area of separation technology,
industrial catalysis and pollution control. Therefore, over the past years a high demand occurred
in discowvering new adsorbents and catalysts, new procedures for adsorption data interpretation,
namely for micropore and mesopore size analysis, as well as new and more efficient adsorption-

based processes. 23.24

The adsorption phenomenon is defined as the sticking of gas or liquids molecules
(adsorbate) to the solid surface of a certain material (adsorbent) (Figure 1.2).23.25 When the
adsorbed molecules return to the gas phase it is named desorption, being the inverse process of
adsorption.25 Adsorption phenomenon allows the determination of the solid material capacity to
retain a certain adsorbate, by the analysis of the adsorption equilibrium, which is given by the
equilibrium between the number of adsorbed molecules and the number of desorbed ones.23%
This analysis can be very complex, for example in the case of gas molecules they can present
different sizes, structures and electric properties, as well as the solid surface which can have

different sites for adsorption. 25

Adsorbate
adsorption \1 desarption
L l @ ® 9 ® T o ®
® ®

Adsorbent

Figure 1.2 — Schematic of adsorption and desorption procesess (adapted from?5),

The adsorption phenomenon consists in the interaction between a solid surface and gas
or liguid molecules. Thus, depending on the interaction energy, two types of adsorption can be

distinguished, namely, physisorption and chemisorption. 2>
e Physisorption

In physisorption systems the adsorbed molecules do not react with the solid surface,
being weakly bounded to it, normally by Van der Waals or induced dipole-dipole interactions.2>

Also, the adsorbed molecules preserve their identity, since upon desorption they return to their
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original form. Furthermore, this phenomenon is always exothermic and at high pressures

generally occurs as a multilayer. 23.25
e Chemisorption

In chemisorption systems, the adsorbed molecules are strongly connected to reactive
parts of the solid surface, being this process restricted to a monolayer.232> Normally, an activation
energy is necessary and at low temperatures sometimes the thermal energy is not enough to
reach the thermodynamic equilibrium. Also the adsorbed molecules cannot be rewersible
desorbed from the sorbent.23

From the above described adsorption types, physisorption is the process where the
adsorbed molecules can be reversible desorbed, so through this type of adsorption is possible to
determine the capacity of a certain adsorbent. One way of having a visual analysis of the amount
adsorbed is through adsorption isotherms, which reproduce the relation between the amount
adsorbed of a certain component by unit mass of adsorbent solid and the equilibrium pressure

(or concentration), at a constant know temperature.26

Physisorption isotherms are divided into six principles types, according to the
International Union of Pure and Applied Chemistry (IUPAC) 1985 more recent classification. This

six groups are classified by Types I(a), I(b), I, lll, IV(a), IV(b), V and VI (Figure 1.3). 27

I(a) I(b)

Wia) IV(b)

Amount adsorbed ————m—

Relative pressure ——————gm—

Figure 1.3 - IUPAC sixtypes ofisotherms. %
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e Typel

Isotherms type | are usually reversible and obtained by microporous solids with a small
external surface such as, some activated carbons or molecular sieve zeolites. Also, this type of
isotherms exhibits a limiting uptake, that is principally defined by the accessible micropore
wlume. Furthermore, type | isotherms are divided in two sub-types: type I(a) and type I(b). Type
I(@) corresponds to microporous materials, which possess mainly narrow micropores (width<
1nm) and type I(b) is for materials with a higher range of pore size distribution, that includes wider

micropores and some narrow mesopores (width <2.5nm). 23.27

e Typell

This type is usually given by most gases when in contact with nonporous or macroporous
adsorbents, being normally characterized by a monolayer-multilayer adsorption up to high relative
pressures.2® When the monolayer is completely covered the isotherm presents a more sharp
knee and point B (Figure 1.3) indicates when the coverage of the monolayer is completed. If the
monolayer coverage presents an excess of amount the multilayer adsorption begins. In this case,

the isotherm will present a more gradual curvature and point B will be less distinctive. 23:27

e Type lll

In Type Il isotherms, the interactions adsorbate-adsorbate are stronger than the
adsorbent-adsorbate interactions.?® Thus, the aggregates of adsorbed molecules are located in
the most active areas of the surface. When the pressure is raised the monolayer concentration
increases, but before the monolayer complete cowverage, a type of co-operative multilayer
adsorption occurs, in which molecules are aggregated in the most favourable sites. So, in this
type of isotherm it is impossible the appearance of point B and in extreme cases is almost

impossible to detect the adsorption, even at high partial pressures.23.27

e Type IV

This type of isotherms has an initial monolayer-multilayer adsorption like type Il isotherms,
howewer it is followed by pore condensation (gas condensation in the pore). Type IV isotherms
are characterized by mesoporous adsorbents, in which the adsorption behaviour is controlled by
the interactions adsorbent-adsorptive and those between molecules in condensed state. Also,
these types of isotherms are separated in two sub-types, one that describes the occurrence of
hysteresis effect (IV(a)) and other that describes a completely rewversible isotherm (IV(b)). In the
case of IV(a), the hysteresis effect occurs when the pore width is exceeded (width >4nm) and

depends on the temperature and adsorption system.?23.27
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e TypeV

Isotherms type V, for the same gas solid-system, are very similar to type lll isotherms in
the initial section. That is due to the weak bounds between the adsorbate-adsorbent interactions.

However, in this case the initial sharp increase depends on the pore size. 23.27
e Type VI

This type of isotherms has a unique shape, which is due to a layer-by-layer adsorption of
non-polar molecules on uniform nonporous surface.2® Each step-height in the isotherms
represents the adsorbed layer boundaries, being the capacity given by the inflection points. The

sharpness of each step depends on the system and on the temperature.23.27

To determine the adsorption capacity of a certain material and obtain the respective
isotherms, it is necessary to measure the respective adsorption isotherms. The most common
experimental techniques used to measure the adsorption/desorption equilibria are the gravimetric

and wolumetric methods.
e Volumetric/Manometric method

The wolumetric method is the oldest technique used for gas adsorption on solid
materials.?> This method consists in the addition of a certain pressure to a reference calibrated
wlume and posterior expansion of that pressure to a cell that contains the adsorbent. The
adsorption process begins when the adsorbate enters in contact with the adsorbent, with a
consequent decrease in bulk pressure until the equilibrium is reached. Adsorption equilibrium
points are measured with the admission of pressure; when the maximum desired pressure is
reached, a stepwise depressurization of the system is made, which gives the respective
desorption points.28 For the construction of the isotherm, the amount adsorbed is calculated by a
mass balance given by the difference between the final and initial pressures, and previously
knowing the solid mass and both reference and cell wolumes. This method as the advantage of

being simple, not requiring any high-tech or expensive equipment.2>
e Gravimetric method

Gravimetric method is a more recent than the wlumetric method, being used to the
characterization of porous media, in gas adsorption equilibria and in the adsorption kinetics

investigation.2>

This method consists in the admission of a certain pressure to a cell containing the
adsorbent, however in this case a more precise system is used. In every point of the isotherm the
mass is directly measured, by an ultrasensitive and accurate microbalance, which can detect

even the slightest mass variation.2® This method requires a more complex apparatus, having the
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consequence of being more expensive than the wlumetric method. Also, magnetic suspension
balances are highly sensitive to electromagnetic or mechanical interferences and ewen the
electromagnetic fields prevenient from heating systems or other wires in the lab can eventually

interfere with the measurements. 25

In gas adsorption separation, the characteristics of the material used play a very important
rule. Therefore, a good material for adsorption should possess a high superficial area combined
with a high porous wlume. Also, the kinetics of the material should be taken into account,
because a solid with a good capacity but a very slow kinetic it is not a very good material, since
it would take along time before the adsorbate molecules could reach the particle interior and vice -

versa.30

The well-known adsorbents used in gas separation by adsorption processes are
molecular sieves, activated carbon, zeolites, calcium oxides, hydrotalcites and lithium zirconate. 11
Howeer, in the past decade metal organic frameworks (MOFs) due to their high surface area,
tunable pore size and high micropore wlume, have gained special interest has good candidates

for gas storage, especially for N2, CHa and CO2.31

For carbon dioxide separation from flue gas streams the adsorption techniques that are
commonly used are pressure swing adsorption (PSA) and temperature swing adsorption (TSA),

being the differences between them relying on the adsorbent regeneration strategy.32
e Pressure Swing Adsorption (PSA)

PSA is a cyclic process, where the COz is adsorbed from the post-combustion flue gas
stream by passing through an adsorbent bed, at high pressures. Then, before the adsorbent bed
gets saturated, a regeneration is carried out, where the CO2 is removed by reducing the total
pressure.33:34 This process can have efficiencies higher than 95%, being an available technology

for CO2 capture from power plants.11

e Temperature Swing Adsorption (TSA)

In this method, the regeneration of the adsorbent is carried out with the increase of bed
temperature, normally by the injection of hot air or steam, at a constant pressure.32 The obtained

CO:z2 has a purity higher than 95%, although the regeneration time is longer than in PSA process.1!
Membrane technology

Membrane separation processes consists in using membranes as a permselective
barrier, that transports more easily one component of the feed mixture than the others (Figure
1.4). This phenomenon occurs due to the different physical and chemical properties of the

membrane material and the permeating components. 353 Membrane based separation has come
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up as a promising process to a variety of industrial processes, such as in the separation of CO2
from flue gas, natural gas and syngas 37 as well as hydrogen isolation and recowery, oxygen

enrichment from air and nitrogen enrichment from air.38:39

Membrane

O
Feed ] Permeate

Driving force

Figure 1.4 — Schematic of membrane separation process. 3¢

Membrane technology systems are very attractive for CO2 capture processes due to its
intrinsic advantages such as high energy efficiency (saving up to 50% of energy38), simplicity in
the operational equipment as well as a small footprint and relatively easiness in the scale up.3?
Also, one of the most important properties of membranes consists on the ability to control the
permeation rates of different species. The types of membranes used in gas separation processes
are divided in three groups: polymeric membranes, inorganic membranes and mixed matrix

membranes.37:39
e Polymeric Membranes

Due to their low-cost, easy manufacture and mechanical flexibility, polymeric membranes
are the type of membranes most commonly used in industry. When using dense polymeric
membranes, the gas permeation is controlled by the mechanism of solution-diffusion, in which
the permeability of a gas is given by the relation between its diffusion and solubility coefficient in
the membrane.® The most common type of polymers used in gas separation are polyimide,
polysulfone, cellulose acetate, silicon rubber and polyphenylene oxide. 43 Howewer, these type of
membranes possess low thermal and chemical stabilities as well as a trade-off between selectivity
and permeability, which means that higher selectivities traduces into a lower permeabilities and

high permeabilities into low selectivities.4142

The trade-off concept between permeability and selectivity is associated to an upper
bound, which was firstly reported in 1991 by Robeson, who upon the analysis of over 300
references about membrane gas separation studies discovered a relationship between
permeability and selectivity. This relationship could be graphically represented as a limit (upper
bound) by the log of the separation factor versus the log of the higher permeable gas. Robeson

upper bound of 1991 was valid for variety of gas pairs excepting for CO2/N2 separation because
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the data existing at the time did not follow the upper bound protocol. 46 In 2008, new correlations

for different gas pairs, including CO2/N2 separations were deweloped (Figure 1.5).47

1000 |
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Figure 1.5 — Upper bound correlation for CO2/N2 separation. 4

e Inorganic Membranes

Inorganic membranes are divided in four types, namely, ceramic membranes, glass
membranes, metallic membranes and zeolitic membranes. Normally, they possess higher
chemical and thermal stability than polymeric membranes as well as higher permeabilities and
selectivities (especially for activated carbon and zeolites). Howewer, they havwe low mechanical
resistance, low reproducibility on properties as well as a high manufacturing cost when compared
with polymeric membranes. These disadvantages represent the main challenges for the use of

inorganic membranes at industrial level.36:43.44
e Mixed matrix membranes

In order to overcome the disadvantages of both polymeric and inorganic membranes
mixed matrix membranes were dewveloped. This type of membranes is composed by an inorganic
filler (dispersed phase) dispersed in a polymeric matrix (continuous phase).3® This combination
provides to the membranes the mechanical flexibility and easy processability of polymeric
materials as well as the high separation performances of inorganic materials, which results in

resistant membranes with a good separation performance. 384445

In MMMs, the properties of both polymer and inorganic filler affect the membrane
performance. Regarding the polymeric matrix, glassy polymers with a high selectivity are

preferred comparing to high permeable rubbery polymers with low selectivity.3> As for the
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inorganic fillers, their surface and chemical structure as well as particle size distribution are the
main properties to be considered, being zeolites, mesoporous silicas, activated carbons, carbon
nanotubes and non-porous solids commonly used.*® Howewer, due to the manufacture of
successful mixed matrix membranes, the polymer-filler interactions need to be strong and these
materials have shown low compatibilities towards the polymeric matrix. Some of the them
presented non-ideal structures such as rigid polymeric layer, particle pore blockage and formation
of non-selective wids in the membrane matrix, which affects the membrane separation

performance. 354549

Therefore, the discovery of new materials with a high affinity to the polymer matrix turned
crucial for the development of mixed matrix membranes. Materials such as, metal organic
frameworks (MOFs) due to their properties, havwe gained interest as inorganic fillers for mixed

matrix membranes.43

Metal organic frameworks (MOFs) are a new group of hybrid porous materials which have
been deweloped in the last decade. They are constituted by inorganic metal centres and organic
linkers which are connected through coordinated bonds. This new group of materials have gained
interest in a wide range of applications, namely for gas separation and storage, catalysis, drug
delivery, sensor technology and microelectronics, due to its unique characteristics. MOFs usually
possess high surface areas (>6000 m?2/g), high porosities and good thermal and mechanical
stability. Howewver, the property that make these materials more interesting is that by changing
the combination of their organic linkers and metal complexes it is possible to enhance their affinity
towards different gases, which can result in higher permeabilities and selectivities.*143 Moreover,
due to their organic nature, higher pore wlume and low density, they hawe shown a better
compatibility with the polymer than the common inorganic fillers, which helps to awid the
formation of the “sieve-in-cage” morphology (existence of gaps between both phases).4850
Previous works using mixed matrix membranes with MOFs as inorganic fillers have shown an
increase of both selectivity and permeability when compared with the results using only the
polymeric membrane. Dorosti et al. studied the separation performance of Matrimid/MIL-53 mixed
matrix membranes and obsened a 94% increase in permeability as well as a 84% increase in
CO2/CHa selectivity when compared with pure Matrimid membranes, for a 15wt% MOF loading .
49 The studies of Perez et al. showed similar results in which Matrimid/MOF-5 MMMs were
prepared being obsened at 30wt% MOF loading an increase of 120% in the permeability,
although in this case the selectivities remained constant.* Howewer, the incorporation of MOFs
in the polymeric matrix may turn the membranes more fragile and rigid. In previous works, one of
the used strategies to overcome this problem was the incorporation of ionic liquids in the MOF
porous structure (IL@MOFs)>L,

lonic Ligquids (ILs) are molten salts constituted by organic cations and inorganic or organic
anions, which are in the liquid state at room temperature. This characteristic is explained by the

low intermolecular interactions, low packing of their asymmetrical ions and also their charges
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delocalization, which lead to low melting temperatures. 5253 These materials also possess other
interesting properties such as, nonflammability, negligible wolatility, high ionic conductivity and
high chemical and thermal stability. But, the characteristic that made them wery promising
materials is the fact that their physical and chemical properties can be tuned only by changing the
cation or anion in their structure. Due to all these properties, ionic liquids are considered novel
“green” solvents with a very promising future in many applications, such as chemical reactions,
extractions, catalysis and gas separation. 5254 In this last one, ionic liquids have been most
successful in CO2 capture/separation, due to the interactions between the molecules of the CO2

guadrupole moment and the ILs electric charges.53

lonothermal synthesis was the first method for ILs incorporation in MOFs, however more
recently post impregnation strategies to prepare the IL@MOFs hawe been reported, in which the
ILs are incorporated in the MOFs after the synthesis of the MOF. Three main strategies of post
impregnation have been studied, in which the first consists in mixing a solution of ILs with the
MOF powder with the help of a solvent. This method is the most used for the impregnation of the
ionic liquids in MOFs that possess coordinatively unsaturated sites. The second strategy is called
ship-in-bottle where the ionic liquid is synthetized within the porous of the MOFs. In the last

strategy, the ionic liquids are introduced in the MOF porous structure through capillary action. 52

The main objective of this thesis was the development and characterization of new mixed
matrix membranes with metal organic framework supported ionic liquids for the separation and

capture of CO2 from flue gas streams in post-combustion processes.

In this work MOF MIL-101(Cr) and two new IL@MOF systems, [PMIM][Brj@MIL-101(Cr)
and [BMIM][Brl@ML-101(Cr), were used. These materials were characterized by different
techniques such as, scanning electron microscopy (SEM), thermogravimetric analysis (TGA), N2
isotherm at 77K and equilibrium adsorption measurements with N2 and CO2 at 30°C, in order to

evaluate their textural properties and adsorption capacity.

For the preparation of the MMMs, Matrimid®5218 was used as polymer, being the
prepared membranes divided in three groups, namely Matrimid®5218/MIL-101(Cr),
Matrimid®5218/[PMIM][Brl@MIL-101(Cr) and Matrimid®5218/[BMIM][Br]@MIL-101(Cr)

membranes.

The prepared MMMs were studied to evaluate if the incorporation of the ionic liquids in
the MOFs porous structure enhanced the membrane properties as well as the CO2/N2 ideal
selectivity and CO2 permeability when compared with the membranes composed only by the
MOF.

All prepared membranes were characterized by different methods: scanning electron

microscopy (SEM) to evaluate their morphology; energy-dispersive x-ray spectroscopy (EDS) to
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obsene the materials dispersion in the polymeric matrix; contact angle to determine their
hydrophilicity; mechanical properties to evaluate their resistance and flexibility; thermogravimetric
analysis (TGA) to evaluate their thermal stability and gas permeation experiments with pure gases
(N2 and CO2) at 30°C.
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2. Materials and Methods

2.1 Materials

Mixed matrix membranes (MMMs) were prepared using a polymeric material — Matrimid®
5218 (Hunstman, USA) and chromium(lll) terephthalate metal-organic framework (MIL-101(Cr)).
Dichloromethane (Sigma Aldrich, >99.9%) was used as solvent. Moreower, two ionic liquids,
namely, 1-propyl-3-methylimidazolium bromide ([PMIM][Br]) and 1-butyl-3-methylimidazolium
bromide ([BMIM][Br]), were also incorporated within MIL-101(Cr) porous structure to produce two
distinct materials to be characterized either as adsorbents or in the MMMs. Both MOF and ionic
liquids were synthesized by our collaborators at REQUIMTE Porto, Faculty of Sciences,
University of Porto.

Gases N2 (Praxair, USA) with 99.99% purity, CO2 (Praxair, USA) with 99.998% purity and

Helium (Praxair, Portugal) with 99.999% purity were used in the present work.
Matrimid® 5218

Matrimid® 5218 is a polyimide that is widely used in membranes for gas separation
studies.*® This polyimide possesses high thermal and mechanical stability, being soluble in most
common organic solvents, such as dichloromethane (DCM), chloroform and dimethylformamide
(DMF).55:56

The chemical structure of Matrimid® 5218 is represented in Figure 2.1
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Figure 2.1 — Matrimid® 5218 chemical structure. %

Metal Organic Framework MIL-101(Cr)

Chromium(lll) terephthalate metal-organic framework (MIL-101(Cr)) is formed by super
tetrahedra units (STs) which are composed by trimeric chromium (lll) octahedral clusters
interconnected with terephthalate linkers (organic linkers).5” These units are micro porous having
windows with free apertures of 8.6 A, that when connected to each other give origin to a mobil
thirty-nine (MTN) type zeolite framework, with two geometric types of windows free apertures:

pentagonal (12 A) and hexagonal (16 A x 14.7 A).31.57 MIL-101(Cr) also possesses two types of
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mesoporous cages with 29 A and 34 A of diameter (Figure 2.2) and a large quantity of active
metal unsaturated chromium sites (approximately 3.0 mmol/g), that are capable of capturing CO2
due to the Lewis acid-base interactions between the O of the CO2 and Cr(lll).31.58 Furthermore,
MIL-101(Cr) is one of the most porous MOFs, having an excellent CO2 adsorbing capacity (23
mmol/g at 30 bar and 298 K), as well as a high hydrothermal stability, not suffering any changes

when submitted to high temperatures in a variety of organic solvents and water.58:59

Figure 2.2 — Chemical structure of MOF MIL-101(Cr). 7

lonic Liquids

In this work, apart from the pristine MIL-101(Cr), two ionic liquids were incorporated — at
REQUIMTE-Porto  within the MOF MIL-101(Cr) porous structure, namely, 1-propyl-3-
methylimidazolium bromide ([PMIM][Br]) and 1-butyl-3-methylimidazolium bromide ([BMIM][Br]).

Table 2.1 resumes the ionic liquids properties.
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Table 2.1 — [PMIM][Br] and [BMIM][Br] chemical properties

) Viscosity Density
o Molecular Weight
lonic Liquid (mPa.s) (g/cm?3)
(9/mol)
(25°C) (25°C)
[PMIM][BI] 205.09 90 - 1.32 61
[BMIM][BI] 219.12 #? 363.00 62 1.23 82

2.2 Methods

2.2.1 MOF and IL@MOFs synthesis

The metal organic framework MIL-101(Cr) synthesis was carried out following the original
method described by Férey and co-workers 3 and the ionic liquid 1-Propyl-3-Methylimidazolium
([PMIM][Br]) also by a previous reported protocol 84 Regarding the IL@MOF materials,
[PMIM][Br]@MIL-101(Cr) (here described as ADILS7A and ADILS7B) were synthesized by direct
contact method and [BMIM][Brj@MIL-101(Cr) (here described as ADILS8) by the ship-in-bottle

method. A detailed description of the materials synthesis is in Appendix 7.1.

2.2.2 Adsorption Equilibria

Firstly, the powdered adsorbents MIL-101(Cr), ADILS7A, ADILS7B and ADILS8 were
subjected to adsorption equilibria measurements, to test their gas adsorption capacity towards,
N2 and CO2. All materials were previously degassed at high temperature in order to ensure that
the solids are free of impurities and humidity. The adsorption/desorption equilibria studies were
done at a controlled temperature of 30°C (Julabo F32, 10.1°) in high-precision (0.01mg)
ISOSORP 2000 high-pressure magnetic-suspension microbalance (Rubotherm GmbH, Bochum,

Germany).29
N2 adsorption isotherm at 77K

This analysis was done to MIL-101(Cr), ADILS7A, ADILS7B and ADILS8 powders, to
determine their BET superficial surface area and porous wolume. All measurements were done in
a ASAP2010 (Micromeritics) equipment. This analysis is required to evaluate if the material has
potential to capture and separate gases such as CO2. Moreower, the results obtained are essential

to determine the total adsorbed quantities in the solids.
Helium picnometry

Helium picnometry was used to determine the density of the solid matrix, discarding its
porosity. This result is required to calculate the amount adsorbed quantities in the solids. In this

analysis, it is assumed that helium acts as a non-adsorbing probe molecule. The density was
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measured by a gravimetric method in a ISOSORP 2000 high-pressure magnetic-suspension

microbalance (Rubotherm GmbH, Bochum, Germany).2°
Gravimetric sorption method

For adsorption/desorption isotherms measurements the standard static gravimetric
method was used.?® Figure 2.3 shows a schematic of the apparatus used, which consists in a
high-precision ISOSORP 2000 high-pressure magnetic suspension balance (Rubotherm GmbH,
Bochum, Germany), that can measure the weight of two samples at the same time. Also, several
pressures transducers were used, in order to have a more precise measure at all pressures. For
pressures between 0 and 1 bar an accurate Baratron model 627D (MKS Instruments GmbH,
Germany) was used and for 0-10 bar, 0-35 bar and 0-138 bar Omegadyne Inc. pressure
transducers were employed, model PX01C1-150A5T, PX01C1-500A5T and PX03C1-3KAS5T,
respectively. To control the temperature a thermostatic bath F32 HL (Julabo GmbH, Germany)
was used. The pressure was monitored and recorded at real time using in-house deweloped

Labview software.
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Figure 2.3 — Schematic of gas adsorption apparatus (MSB — Magnetic suspension balance;
PT — Omegadyne pressure transduscer; MKS — MKS Baratron transducer).

Adsorption/ Desorption equilibria measurements

Before each isotherm, a degassing of the solid samples is done, to ensure that within the
material does not exists any impurities or other adsorbed materials. In this work, the samples
were degasified in an oven (Nabertherm B150 GmbH, Germany), with a 2°C/min heat ramp until

reaching 150°C, staying at this temperature during 3h. The temperature at which the adsorption
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cells are degasified is determined based on Thermogravimetric analysis (TGA) analysis results.

After this procedure both samples are placed inside the magnetic balance.

Adsorption measurements begins with the admission of a certain pressure into the cells
containing the degassed samples, by opening the inlet valve. Then, the pressure and both cells
weight changes are monitored until the equilibrium is reached, which is assumed to happen when
both variables rate change is near zero. This process is repeated until the maximum desired
pressure is reached. A stepwise depressurization is followed, by opening the outlet valve. In this

work, a maximum pressure of 10 bar was reached, with 9 points recorded per isotherm.

The samples mass measured are made using a magnetic suspension balance. This
balance has three stages: zero point, Measure point 1 (MP1) and Measure point 2 (MP2) (Figure
2.4). At zero point stage the magnet is freely suspended and the balance is tared to cancel any
weight shifts due to the electronics and be able to measure MP1 and MP2. After the balance is
tared, MP1 stage is chosen, where the first (bottom) sample is lifted and its mass measured.
Afterwards, MP2 stage is chosen, where the second (upper) sample is lifted up together with the
first sample and the mass of both samples is weighted. Thus, the mass of the second sample is

obtained by the difference between the mass weighted in MP2 stage and the mass weighted in

MP1 stage.
Zero point Measure Measure
position point 1 point 2
Balance ]
connection
Electromagnet J—- = M —= b —
= = '
Suspension ]
maanet i
0§ & iR B i
P% - [ (1 [
Sample 2 T
| S— Py —  S—) [
Sample 1 ||

Figure 2.4 - Schematic of magnetic suspension balance three stages. %

For the adsorption/desorption equilibrium analysis, three different approaches were used,
the first one is the net adsorption (gnet), which is given by the amount of adsorbate present within
the cell with adsorbent minus the amount of adsorbate present within the same cell without
adsorbent, at the same pressure and temperature conditions.2?® Therefore, to calculate gnet values

Equation 2.1 was used. 2°
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W —mg —mg. + V. .p
Aot = s sC scFg (Eq 21)

myg

Where,

W — mass weighted in the balance (g)

ms — Solid mass within the measurement cell (g)

msc — Mass of the measurement cell that contributes to buoyancy effects (g)

Vsc — Volume of the measurement cell that contributes to buoyancy effects (cm?3)
pg — Gas density at the equilibrium pressure and temperature (g.cm-3)

The second approach, is the excess amount adsorbed (gex), which is represented by the
difference between the amount of adsorbate in contact with the adsorbent and the amount of
adsorbate that remains in the gaseous phase after the adsorption equilibrium is reached. This

parameter is calculated using Equation 2.2. 29

_ Pg
Qex = qnet t E (Eq. 2.2)

Where,
ps — Solid matrix density (g.cm-3)

The last one, is the absolute adsorption (qt), which represents the total adsorbed amount
and is related with both previous approaches 28, being calculated by Equation 2.3.2°

Gt = Qex + Vp0y (Eqg. 2.3)
Where,
Vp — Pore specific wolume (cm3.g1)
The ideal selectivity is given by Equation 2.4

4

Where,
gi — adsorbed amount of the most retained gas

gi — adsorbed amount of the least retained gas
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For these analyses, the gas densities were taken from NIST Standard Reference Data

Base. 65

2.2.3 Membrane preparation

Matrimid® 5218 membranes

Matrimid®5218 membranes were prepared by solvent evaporation method. Firstly, 0.25g
of Matrimid®5218 polymer were dissolved in 2.25 mL of dichloromethane. Then the mixture was
submitted to an ultrasonic bath for 4 hours and stirred for 24 hours, on a magnetic stirrer at 600
rpm. Hence, the solution was poured into a Teflon petri dish and placed in a desiccator, in order

to provide a slowly solvent evaporation.

Matrimid® 5218/MIL-101(Cr) and Matrimid® 5218/ ADILS8 membranes

A similar protocol was used for the preparation of mixed matrix membranes (MMMs), but
in this case different concentrations of MOF MIL-101(Cr) or ADILS8 (10%,20% and 30% w/w)
were incorporated in Matrimid®5218. For each membrane, two solutions were prepared, one with
0.25g of Matrimid®5218 and 2.25mL of dichloromethane and other containing the necessary
quantity of MOF MIL-101(Cr) or ADILSS8, corresponding to 0.025g (10% (w/w)), 0.05g (20% (w/w))
or 0.075¢g (30% (w/w)), with 2.25mL of dichloromethane. Both solutions were sonicated for 4 hours
and stirred for 24 hours. After that, the two solutions were mixed and put to stir for 1 hour. After

this period, the solution was poured in a Teflon petri dish and placed in a desiccator.

Matrimid® 5218/ADILS7B membranes

For ADILS7B membranes, the same protocol as for Matrimid®5218/MIL-101(Cr) was
used. Howewer, in this case 0.5g of polymer and 4.5mL of dichloromethane were used. Using this
method, the membranes with the following percentages of ADILS7B: 10%(w/w), 20% (w/w) and
30%(w/w) which correspond to 0.05g, 0.1g and 0.15g, respectively, were prepared.

2.2.4 Thermogravimetric Analysis (TGA)

In this method, all the solids (MIL-101(Cr) and IL@MIL-101(Cr)) were submitted to a
constant raise of temperature until its degradation. The objective is to evaluate the material
stability with temperature and analyse the weight loss as a function of the increasing temperature.
Moreowver, the weight loss can identify the degradation on the main component of the material. All
the prepared membranes (Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8) were also analysed but only until 300°C.

The powders ADILS7A, ADILS7B and ADILS8 were analysed in a TGA-50 Shimadzu
equipment, with a Nitrogen flow rate of 20 mL.min-1 and at 2°C.min'1 heat rate. MIL-101(Cr)
powder and all the membranes were analysed in a Labsys evo TGA-DSC 1600°C PG system

(Seteram, France) at 10°C.min! heat rate and with an Argon atmosphere.
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2.2.5 Scanning Electron Microscopy (SEM)

The prepared mixed matrix membranes as well as the powders of MIL-101(Cr), ADILS7A,
ADILS7B and ADILS8 were analysed by scanning electron microscopy (SEM). In the case of the
powders analyses, the objective was to determine the particle size and for the membranes was
to evaluate if they were suitable for membrane permeation experiments by the analysis of their

cross-section and surface, obsening if they possess a dense or porous structure.

For the powders analyses, a sample with 10 mg was prepared and in the case of
membranes they were broken in 1 cm? samples using liquid nitrogen. All samples were cowered
with a layer of Au-Pd and placed in a SEM device model 240 Hitachi with an electron beam
intensity of 20-kV, except for Matrimid®5218+20% MIL-101(Cr) which was analysed in a JOEL
FEG-SEM equipment model JSM7001F with an electron beam intensity of 15-kV. All the analyses

were made at Instituto Superior Técnico (IST) with the help of Dr. Isabel Nogueira.

2.2.6 Energy-Dispersive X-Ray Spectroscopy (EDS)

Energy-Dispersive X-ray spectroscopy (EDS) technique was used to determine the
elements present and its distribution on the membranes prepared. Since all elements have a
different atomic structure, the application of a high-energy beam of electrons, protons or X-rays
on the sample leads to the appearance of different peaks that are unique to each element. This
technique allows elemental identification and quantification as well as elemental distribution (X-
ray mapping).

In this work, Matrimid®5218/MIL-101(Cr) membranes surfaces were analysed in a JOEL
FEG-SEM equipment model JSM7001F with an Energy Dispersive Spectroscopy (EDS) detector
for Oxford light elemental, model INCA 250. This analysis was made to confirm the existence of
chromium within the membrane and with the X-ray mapping images, to obsere the MIL-101(Cr)
distribution in the membrane. Matrimid®5218/ADILS8 membranes surfaces were also analysed,
but in this case, to confirm the existence and distribution of bromide (ionic liquid) in the prepared

membranes.

2.2.7 Contact Angles

This technique is used to evaluate the hydrophobicity of the prepared membranes through
the angle formed between their surface and a drop of water or other solvent. The contact angle
of a liquid drop in a solid surface is given by the equilibrium between the drop and three interfacial
tensions, namely, solid-vapor (ysv), solid-liquid (yst) and liquid-vapor (y.v) (Figure 2.5). In this
analysis to evaluate the hydrophobicity of the prepared membranes water was used. Thus, if the
angle is inferior to 90° it means that the membrane is hydrophilic. If the opposite occurs (contact

angle superior to 90°) the membrane is considered hydrophobic.
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Figure 2.5 — Schematic of all three interfacial tensions.

For contact angles measurements, the software of KSV (CAM2008) was used, that
consists on an optic system that captures seweral images of the drop of water on the membrane
surface and calculates the left and right angle made by them. Rectangular shaped membrane
samples were used with an undefined dimension and a syringe to put the drop of water in the
membrane surface. Furthermore, the software was defined to capture 10 frames in each measure
and each sample was measured 3 times, being the final values presented as an average of the 3

measurements.

2.2.8 Mechanical properties

Puncture test measurements were performed to analyse the membrane capacity to resist
or transmit an external force without breaking or deform. In all the prepared membranes, the

necessary force to puncture them was determined.

All the analyses were performed in Institute Superior de Agronomia (ISA) with the help of
Prof. Vitor Alves, using a texturometer analyser (TA XT Plus Texture analyser — Stable Micro
Systems, UK). The experiments were done using samples with dimensions of 3x3 cm at room
temperature. The apparatus consists in a texturometer analyser with a 2 mm diameter probe,
which perforates the sample at a velocity of 1 mm.s™1. To register the results and to control the
apparatus a software is used, which is also used to calibrate the equipment. Three replicates

were done for each sample.

The experiment begins when the probe enters in contact with the membrane, being
registered by the software the applied force (N) as a function of time (s) and distance (mm),
measured by the probe. The tensile strength (Pa) of each sample was calculated using Equation
2.5.

o== (Eq. 2.5)
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Where,
o — Tensile strength (Pa)
F — Force (N)
Sc — cross sectional area (m?2)
For cross sectional area calculation Equation 2.6 was used.
Se=mxr? (Eq. 2.6)
Where,
r — probe radius (m)

2.2.9 Gas permeation experiments

The main objective of this work was the preparation of mixed matrix membranes for CO2
separation in post-combustion streams. Thus, gas permeation experiments were made to
determinate their permeability and CO2/N2 ideal selectivity. For these experiments a gas
permeation apparatus shown in Figure 2.6, was used.

V3 V4
V1 V2
PI1 PI2
L
Gas Feed Permeate E%
4 1 2
¥
Membrane 3

Fgure 2.6 — Schematic of gas permeation apparatus (1 — Feed compartiment; 2 — Permeate
compartment; 3 — Water bath; 4 — Feed Gas; TC — Temperature controller; PI1, PI2 —
Pressure indicators; V1, V2 — Exhaust valves; V3, V4 —Inlet valves).

This apparatus consists in a permeation cell that is divided in two compartments with the
same wlume, corresponding to feed and permeate. The cell is emerged in a water bath at 30°C,
which is controlled by a thermostat (Julabo ED, Germany) and attached to the each of cell
compartment is one transducer (Jumo type 404327, Germany), that measures the pressure in

each compartment at every second. PicoLog software was used to monitor the pressure variation.

24
Carbon dioxide capture using mixed matrix membranes with metal-organic frameworks
supporting ionic liquids



The membrane is placed between the two compartments and to guarantee that within the
cell only the studied gas exists, with all valves open, a purge is made. After that, the exhaust
valves are closed and a pressure of about 0.7 bar is settled. Reaching the desired pressure, the
inlet valves are closed and the pressure is left stabilizing during a few minutes. When the pressure
is stabilized, the permeate exhaust valve is rapidly opened and closed, generating a pressure
difference between both cell compartments (driving force). After that, a gradually raise in the
pressure on permeate compartment and a slowly decrease in the feed side is observed, until the
equilibrium is reached.

For the permeability calculations, the time when the driving force is made is considered
the time to. Gas permeability values were obtained through the analysis of both cell compartments

pressure variation with time, using Equation 2.7. 66

1 AP, t
EXIH(F)=PX1_ (Eq. 2.7)
Where,

B — Experimental cell geometric parameter (m-1)

APo — Pressure difference at to (bar)

AP - Pressure difference through time (bar)

P — Permeability (m2.s71)

t—Time (s)

| — Membrane thickness (m)

Therefore, agraph representation of % X In (AA%) as a function of f was made, inwhich the

slope represents the membrane gas permeability.

The geometric parameter 3, depends on the cell used and is given by Equation 2.8

ﬁ=AX(1 + 1) (Eq. 2.8)

VFeed VPerm

Where,
B — Geometric parameter (m1)

A — Membrane area (m?2)
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Vreed — Feed compartment wvolume (m3)
Vrerm — Permeate compartment wolume (m3)

In this work, cell geometric parameter was determined experimentally, using a PDMS
membrane with a N2 permeability already known of 2.075x101° m2.s'1 and with a thickness of

1.20x10* m. This calibration followed the same protocol as membrane permeation experiments.

Thus, with the obtained pressure values through time, a graph representation of%x In (AA%) as a

function of f , was made, where (3 value corresponded to the slope of this representation.

Ideal selectivity (a) is given by Equation 2.9

a=— (Eq. 2.9)

Where,
a — Ideal selectivity
Pa — Permeability of A (m2.s1)

Ps — Permeability of B (m2.s'1)

26
Carbon dioxide capture using mixed matrix membranes with metal-organic frameworks
supporting ionic liquids



3. Results and discussion

This discussion is separated in two parts, the first one is relative tothe pristine MOF and
its derived MOF supporting ionic liquid (IL@MOFs) materials characterization and the second is

relative to the mixed matrix membranes (MMMs) characterization.

3.1 Pristine MOF and IL@MOFs characterization

The IL@MOFs (ADILS7A, ADILS7B and ADILS8) are new materials synthesized at
REQUIMTE-Porto. These materials were firstly validated also at REQUIMTE-Porto through
powder X-ray diffraction and FTIR analyses (Appendix 7.2).

In this thesis in order to complement the characterization already performed to the
materials, the L@MOFs ADILS7A, ADILS7B and ADILS8 were firstly characterized by scanning
electron microscopy (SEM) to evaluate their morphology. Along with MIL-101(Cr), they were also

characterized by thermogravimetric analysis (TGA) and N2 adsorption isotherm at 77K.

3.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) allowed the visualisation and determination of the
average particle size of the used materials. The images of ADILS7A, ADILS7B and ADILS8

powdered samples were obtained using a magnification of x6000, as shown in Figure 3.1.

MAG: 6000 x HV: 20.0 kV

MAG: 6000 x HV: 20.0 kV

Figure 3.1 — SEM images (x6000) of the powders (a) ADILS7A, (b) ADILS7B and (c) ADILSS.
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As can be seen in Figure 3.1, the particles of all materials do not present an

homogeneous size, thus instead of determing the particle size as a mean, an interval of values
was established. Therefore, the particle sizes of ADILS7A, ADILS7B and ADILS8 samples are

within the intervals, 744nm — 8.96um, 641nm — 6.36um and 430nm —4.63um, respectively. Also,

it is possible to see that most of the crystals of L@MOF materials have an octahedron shape,
which is characteristic of MIL-101(Cr) crystals (Figure 3.2).67.8 This can indicate that MIL-101(Cr)

mantained his morphology after the incorporation of the ionic liquids in its pourous structure.

Figure 3.2 — SEM image of MIL-101(Cr) crystals from literature.

3.1.2 Thermogravimetric Analysis (TGA)

TGA was performed to determine the thermal stability of the MOF MIL-101(Cr) and the
IL@MOFs samples used in this work (ADILS7A, ADILS7B and ADILSS).

In Figure 3.3 it is represented the TGA cunes of MIL-101(Cr), ADILS7A, ADILS7B and

ADILS8 powders.
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Hgure 3.3 — Weightloss as a function of temperature of MIL-101(Cr), ADILS7A/B and
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The TGA (Figure 3.3) shows that MIL-101(Cr) has two weight loss steps. The first one is
in the range of 25-290°C with about 10% weight loss, which may be due to the loss of guest water
molecules and other impurities from its synthesis. The second step, corresponds to a weigh loss
of about 40% in the range 320 to 545°C, which is related with the elimination of OH/F groups that
leads to the degradation of the framework.%® Hence, this analysis indicates that MIL-101(Cr) is
thermally stable up to 320°C and if necessary should be activated at temperatures below this one.
The obtained results are very similar to the ones reported in previous studies of MIL-101(Cr), in
which the first weight loss step is near 10% and with a degradation temperature between 273 and
40000_31,69,70

ADILS7A and ADILS7B samples presented the same TGA profile and this phenomenon
can be explained by the fact that these two materials have been incorporated by the same method
in MIL-101(Cr) porous structure (Appendix 7.1). By the analysis of the TGA, these materials are
more unstable than MIL-101(Cr), possessing three distinct weight loss steps. In the first one, a
10% weight loss occurs up to 90°C, which can be related with the loss of guess water molecules
or other impurities. Between 210 °C and 275°C a second weight loss of about 50% occurs, that
may be due to the ionic liquid ([PMIM][Br]) degradation, which according to the literature is near
230°C.7* The last weight loss step occurs in the range of 320-435 °C and may correspond to the

MOF framework degradation.

The TGA of the ADILS8 sample shows that this material loses more weight, starting with
a weight loss near to 20% until 100°C, which may be due to the loss of guess water molecules or
other impurities of its synthesis. A second weight loss of about 50% occurs between 300°C and
445°C, which may be explain by both ionic liquid and MOF degradation. In this case, it was not
possible to distinguish between the IL and MOF since the ionic liquid degradation temperature is
about 273°C 72 which is near to the one of MIL-101(Cr).

3.1.3 Adsorption equilibria

In this work, the adsorption equilibrium isotherms were measured using three different
approaches, namely the net adsorption (gret), excess amount adsorbed (gex) and absolute
adsorption (qt) as described in section 2.2.2. For the calculation of qt it is necessary to know
some physical properties of the adsorbent. Hence, N2 adsorption isotherm at 77K and helium
picnometry analyses were performed, to determine the density and porous wolume of the samples

and, thus calculate the total adsorbed amounts of N2 and CO2 at 30°C.
N2 adsorption isotherm at 77K

The powders of MIL-101(Cr), ADILS7A, ADILS7B and ADILS8 were subjected to this
analysis to determine their superficial area and pore wlume. The results showed that both
ADILS7A and ADILS7B samples did not possess any surface area. Thus, in Figure 3.4 only
shows the N2 adsorption isotherms of MIL-101(Cr) and ADILSS8 solids.
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Fgure 3.4 — N2 adsorption/desorption isotherms at 77K of MIL-101(Cr) and ADILS8. Open/closed
symbols denote desorption/adsorotion data.

MIL-101(Cr) and ADILSS8 isotherms are similar, which according the IUPAC classification
corresponds to an isotherm type-l. In addition, two secondary uptakes are observed, one near
p/po=0.1 and one at p/po=0.2. This is typical of structures that possess two different sizes of
microporous windows, which is the case of MIL-101(Cr).3%73 Through the analysis of MIL-101(Cr)
isotherm, a BET surface area of 2244 m2.g* and a pore wlume of 1.03 cm3.g! at p/po~0.97 were
determined. These values are similar to the ones reported in previous works.31.67.74.75 \With the
addition of the ionic liquid, the values of both BET and pore wlume decreased to 1853 mZ2.g1 and
0.81 cmd.gl at p/po~0.98, respectively. This decrease was expected and is related with the

presence of the ionic liquid within the porous structure of MIL-101(Cr).70
Helium picnometry

Since both ADILS7A and ADILS7B materials do not possess any surface area, they are
not suitable for adsorption applications. Thus, only MIL-101(Cr) and ADILS8 samples were
subjected to Helium picnometry. This technique, as described before in section 2.2.2, is used to
determine the skeletal density of the materials. This parameter depends on the wolume and mass

of the sample and it is necessary to calculate the total adsorbed amount (qt).

For its calculations, the same equations as for the adsorption/desorption equilibria
isotherms are used (section 2.2.2), although in this case the helium act as an inert and it is not
adsorbed by MIL-101(Cr) or ADILS8. Hence the material density (ps) is given by the plot of sample
weight as a function of gas density. Thus, the ps is calculated through the material weight (Wa)
and wlume (Va) average values, which are obtained from the intersection and slope of the fitting,

respectively, after subtracting the weight and wolume of the calibrated system cells.34
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In Figure 3.5 and Figure 3.6 the sample weight as a function of the gas density for MIL-

101(Cr) and ADILSS8, respectiwely, is represented.
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Figure 3.5 - Sample weight as a function of gas density for MIL-101(Cr).
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FHgure 3.6 — Sample weight as a function of gas density for ADILSS.

The weight (Wa) and wlume (Va) average values of MIL-101(Cr) and ADILS8 are given
in Table 3.1.

Table 3.1 — Weight (Wa) and Volume (Va) average values of MIL-101(Cr) and ADILS8

MIL-101(Cr) ADILS8
Wa (9) 0.2507 0.1041
Va (cm?) 0.1439 0.0625

Thus, a skeletal density of 1.74 g.cm™3 was obtained for MIL-101(Cr), which is in
accordance with previous works.”877 Regarding the ADILS8 sample, a skeletal density of 1.66

g.cm-3 was measured.
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Adsorption/Desorption equilibria of CO2 and Nz at 30°C

The adsorption equilibrium measurements of CO2 and N2 on MIL-101(Cr) and ADILS8
samples were carried out, since the main objective of this work was the capture of CO2 from post-
combustion streams. Both pure gases measurements were done at 30°C within a pressure
interval of 0 to 10 bar, in the gravimetric apparatus described in section 2.2.2. The desorption
isotherm was measured to evaluate the material regeneration capability and the existence of

hysteresis phenomena.

To facilitate the isotherms analysis, the adsorption and desorption points of all measured
isotherms were taken in pressure ranges as similar as possible. All measured isotherms for N2
and for COz are type-l according to IUPAC classification 27, being the measurements checked for

reproducibility. All data are reported in Appendix 7.3.
e MIL-101(Cr)

The MOF MIL-101(Cr) is a very good adsorbent for gas applications due to its good
stability, high pore wlume (mainly microporous) and easy regeneration. Also, it possesses
unsaturated metal sites of Cr (lll) that interact with CO2 which has a high quadrupole moment
(13.4x1014 Cm?), as well as a high polarizability (26.3x10-2> cm3). Hence, it is expected higher
uptakes of CO2 when compared with N2, which has a much lower quadruple moment and

polarizability, 4.7x1049 Cm2 and 17.6x102> cm3, respectively. 31.58.78

Figure 3.7 presents the adsorption/desorption isotherms of N2and COz2 at 30°C in the
three different approaches qnet, gex and qt, already described in section 2.2.2. Moreower, for the
absolute amount adsorbed calculations a pore wvolume (Vp) of 1.03 cm3.g1 and a skeletal density

(ps) of 1.74 g.cm3, were used, as described earlier.
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Fgure 3.7 — N2 (left) and COz (right) adsorption isotherms on MIL-101(Cr) at 30°C @ gnet
adsorption isotherm; @ gexadsorption isotherm; A gt adsorption isotherm; closed/open
symbols represent adsorption/desorption data).
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Both CO2 and N2 adsorption/desorption equilibrium isotherms do not show any hysteresis
effect, which means that for both gases the adsorbent has recowered totally to its initial clean
state. Furthermore, it is possible to obsene that at low pressures (< 1lbar) the isotherms
corresponding to the three different quantities (gret, gex and qt) are similar as expected; however
as the pressure increases the isotherms start to diverge from each other, especially for N2
adsorption isotherms. This phenomenon was explained in other works by the fact that at low

pressures the gas bulk density of the adsorptive is much lower than the pore density.2°

The differences between the gnet, gex and gt approaches relies in the fact that in their
calculation each approach takes into account different properties of the adsorbent. In the case of
the adsorbed quantity gret (Equation 2.1) it does not account with the structural properties of the
adsorbent (skeletal density and pore wlume), being the one that present the lowest values, which
are independent of any further experimental measurements with a probe inert molecule such as
Helium. The gex amount is calculated using the skeletal density of the adsorbent (Equation 2.2)
and present higher values than gnet. The absolute or total quantity qt is shown abowve the other
quantities because besides the skeletal density of the adsorbent it also accounts with the pore

wlume of the sample (free space for gas diffusion) (Equation 2.3).

Figure 3.8 shows a comparison between our measurements and the ones from the

literature at 25°C7°, which is a temperature near to the one used in this work (30°C).
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Hgure 3.8 —Nz adsorptionisotherms on MIL-101(Cr) at 30°C comparision with the literature at
25°C. ™
According to the only literature data for a pressure of approximately 10 bar at 25°C a total
amount adsorbed (qt) of 1.07 mol.Kg! was obtained. In this work, for the same pressure at 30°C,
a gt of 1.51 mol.Kg! was observed. This represent an increase of 1.4 times when comparing with
literature data. Howewver, our data were check for reproducibility and no other available works

found similar experimental data to further complement this discussion.
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Figure 3.9 shows a comparison of COz2 adsorption equilibrium data with the literature 97,
expressed in total amount adsorbed (gt) on MIL-101(Cr) at 30°C.
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Fgure 3.9 —Comparison between this work and literature CO2 adsorptionisotherms on MIL-
101(Cr) at30°C. ¢

Asseen in Figure 3.9, is possible to verify that our experimental CO2 adsorption isotherm
is similar to the one reported in the literature.5” In fact, at 9.2 bar of pressure a gt of 7.24 mol.Kg-
1 was observed, which is similar to the amount reported (6.87 mol.Kg?) in the literature at the

same pressure.57

Figure 3.10 shows the adsorption/desorption isotherms of N2 and CO2 on MIL-101(Cr)

at 30°C, expressed in total amount adsorbed (qt).

Cco

qt (moI.Kg'1)

T T
0 2 4 6

P (bar)

o -

10

Figure 3.10 — N2 and CO; adsorption/ desorption isotherms on MIL-101(Cr) at 30°C
(closed/open symbols denote adsorption/desorption data; the solid line are a quide to the
eye).
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As expected MIL-101(Cr) adsorb higher amounts of CO2 than N2 (Figure 3.10). At the
maximum pressure used in this work (P~10 bar), for CO2, a qt of 7.24 mol.Kg? was obtained,
while for N2, a gt of 1.51 mol.Kg? was observed, which is almost 5 times lower than the value of
CO2. This can be explained by the stronger interactions of the unsaturated metal sites of MIL-
101(Cr) with the high quadrupole moment of COx.

In addition, the CO2/N2 equilibrium selectivity for in MIL-101(Cr) was calculated
according to Equation 2.4, being represented in Figure 3.11 as a function of pressure.
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Figure 3.11 — CO2/N2 equilibrium selectivity in MIL-101(Cr) at 30°C.

From Figure 3.11, it is possible to observe that with the increase of the pressure a
decrease in the CO2/N2z ideal selectivity occurs. This result indicates that MIL-101(Cr) is a good
candidate as an adsorbent material for CO2 capture from post-combustion flue gas streams,

which normally operates at low pressure values (near 1 bar).
e ADILS8 ([BMIM][Brj@MIL-101(Cr))

As previously mentioned, this material was obtained by the incorporation of the ionic
liquid 1-butyl-3-methylimidazolium in the MIL-101(Cr) porous structure. Due to the tunable
properties of ILs and MOFs as well as the large surface areas of these last ones, the system
IL@MOF were exploited in this work as a potential adsorbent for gas adsorption, namely, for CO2
adsorption. To the best of our knowledge, until this date does not exist any reports regarding
adsorption/desorption equilibria of N2 and CO2 on [BMIM][Br]l@MIL-101(Cr) systems.
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Figure 3.12 shows the N2 and CO2 adsorption/desorption isotherms, represented in
total amount adsorbed (qt) as a function of pressure. The experimental data of the three different

amounts (gnet, gex and qt) for N2 and CO2 on ADILS8 sample are tabled in the Appendix 7.3.
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Fgure 3.12 - N2 and CO2 adsorption/ desorption isotherms on MIL-101(Cr) at 30°C (closed/open
symbols denote adsorption/desorption data; the solid line are a quide to the eye).

According to the measure results, ADILS8 adsorbs higher amounts of CO2 than N2,
following the same behaviour as MIL-101(Cr). For a maximum pressure near to 10 bar, a gt of

0.97 mol.Kg? and 4.18 mol.Kg?, were obtained for N2 and COz, respectively. The adsorbed
amount of N2 is 4.3 times lower than the one of COo-.

The CO2/Nz equilibrium selectivity for ADILS8 sample is shown in Figure 3.13.
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Figure 3.13 - CO2/N2 equilibrium selectivityin ADILS8 at 30°C.
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For the ADILS8 solid, the equilibrium selectivity as a function of pressure has a similar

behaviour to the one found for MIL-101(Cr).

Figures 3.14 and 3.15 show a comparison between ADILS8 and MIL-101(Cr)
adsorption/desorption isotherms of N2 and COz2, at 30°C, and the CO2/N2 ideal selectivity,

respectively.
8
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Figure 3.14 — N> and CO; adsorption/ desorption isotherms on MIL-101(Cr) and ADILS8 at 30°C
(closed/open symbols denote adsorption/desorption data; the solid line are a quide to the eye).
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Fgure 3.15 — CO2/ Nzideal selectivity on MIL-101(Cr) and ADILS8 at 30°C.

Both materials adsorb higher amounts of CO2 than N2, adsorbing both near 5 times more
COz2 than N2. Howewer, MIL-101(Cr) has higher CO2z uptakes than ADILS8, adsorbing near 2 times

more CO2 (Figure 3.14). According to the literature data, the incorporation of an ionic liquid within
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a MOF porous structure can lead to higher gas uptakes over the virgin MOF.52.70 Therefore, in
this work, ADILS8 lower uptakes of both N2 and CO2 compared to the results of MIL-101(Cr)
suggests a high degree of pore filling with [BMIM][Br], that difficult the diffusion of gas molecules
into the MIL-101(Cr) porous structure.”® Newertheless, some decrease in sorption capacity was
expected, since part of the porous wlume available for adsorption at the IL@MOF solid is
occupied by the IL, in contrast with the pristine MIL-101(Cr). The question to answer was if that
loss in capacity was small enough to still consider this IL@MOF approach interesting for capturing
CO2 by adsorption and further use it for membrane permeation. Furthermore, the CO2/N2 ideal
selectivity of ADILSS8 is near 1.3 times lower than MIL-101(Cr) at 1 bar, although with the increase
of pressure this difference becomes quite smaller. Therefore, it can be concluded that the
incorporation of the ionic liquid in the MOF porous structure did not enhanced the CO2 adsorption
capacity and CO2/N2 ideal selectivity, compared with the pristine MOF. Nevertheless, the
optimization of the IL amount incorporation and its experimental methodology, namely decrease
the IL/MOF quantity ration and improve the mixture homogeneity, are suggested as future work

to advance further in this research.

3.2 Mixed matrix membranes characterization

The prepared membranes of Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8 were characterized by Scanning Electron
Microscopy (SEM), Energy-dispersive X-ray Spectroscopy (EDS), Contact angles, Mechanical

properties, Thermogravimetric analysis (TGA) and Gas permeation with N2 and CO2.

3.2.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) analysis allows the observation of the membrane
morphology, being possible to evaluate the success of the interaction between the polymer and
the filler. In this analysis, images of the surface and cross section of the prepared membranes,
were obtained, using different magnifications (x1.000 and x3.000). The follow images present the
surface and the cross section of the prepared membranes with a magnification of x1.000 and

x3.000, respectively.

Figure 3.16 shows the surface and cross section SEM images of the Matrimid®5218 with
different degrees of incorporation of MIL-101(Cr) (10%(w/w), 20%(w/w) and 30% (W/w)).
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FHgure 3.16 —SEM images of 0%, 10%, 20% and 30%(w/w) Matrimid® 5218/ MIL-101(Cr) membranes
surface and cross section, with a magnification of x1000 and x3000, respectively.

The membrane composed by Matrimid®5218 (represented as 0%(w/w) MIL-101(Cr)),
presents a homogeneous surface without the formation of agglomerates, as for the cross section

images, it is possible to obsene a dense structure without deformations, which is common for

this type of membranes.8°
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Regarding Matrimid®5218/MIL-101(Cr) membranes, they all also possess homogenous
surfaces without the presence of any deformations or agglomerates. These results can indicate
a good dispersion of the MOF in the polymeric matrix. From the analysis of cross-section images
is possible to observe that besides a dense structure, the membranes exhibit crater-like patterns
with the MOF particles in the middle. This type of morphology was reported in other works as a
result of plastic deformation, which is caused by the surface tensions that are created due to the
high affinity between the filler and the polymer matrix. 4457

Matrimid®5218/ADILS7B membranes surface and cross section SEM images are
represented in Figure 3.17.
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ADILS7B Surface Cross Section
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Figure 3.17 — SEM images of 10%, 20% and 30% (w/w) Matrimid®5218/ADILS7B membranes
surface and cross section with a magnification of xL000 and x3000, respectively.
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From figure 3.17 it is possible to observe that the surface of
Matrimid®5218+10%ADILS7B membrane is full of cavities and these cavities are also observed
in the cross-section images. For the other loadings of ADILS7B in the polymeric matrix some
cavities in the surface are also observed, which increases with an increase of IL@MOF loading.
For their cross-section images, it is observed a dense structure with cavities, although in less
quantity than in Matrimid®5218+10%ADILS7B membrane. A crater like type morphology with the
IL@MOF crystals in the middle it is also \visible, which indicates the existence of plastic

deformation, meaning that ADILS7B also has a good interaction with Matrimid®5218. 44.57
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Figure 3.18 - SEM images of 10%, 20% and 30% (w/w) Matrimid®5218/ ADILS8 membranes surface
and cross section with a magnification of xL000 and x3000, respectively.

In Figure 3.18 it is possible to observe that the ionic liquid incorporation within the MIL -
101(Cr) by the ship-in-bottle method did not change the membranes morphology. Hence, for all
the prepared Matrimid®5218/ADILS8 membranes a homogenous surface without any
deformations is observed. Moreowver, the cross-section images of all membranes present a dense
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structure, without the presence of non-selective wids where it can be seen a crater-like patterns
with the ADILS8 particles in the middle. This phenomenon, can indicate that ADILS8 has a good
affinity to Matrimid®5218 polymer.

Newertheless, all the prepared membranes have a dense structure, which is one of the
requisites for gas separation in CO2 capture processes, as well as a good interaction between
the polymer and filler. This interaction is crucial for the MMMs success, because one of the main
factors that affects the transport properties of the membranes is the formation of non-selective
wids and a good interaction between polymer and filler.81 Therefore, the prepared membranes

can be used in the gas permeation experiments.

3.2.2 Energy-Dispersive X-Ray Spectroscopy (EDS)

The energy-dispersive x-ray spectroscopy (EDS) analysis (described in section 2.2.6)
was made to guarantee the presence of the incorporated material on the membrane as well as
its dispersion on the membrane surface, through elemental identification. This analysis was done
to all MIL-101(Cr) and ADILS8 percentages of incorporation in the polymer matrix (10% (w/w),
20%(w/w), 30%(w/w)). MIL-101(Cr) was identified by the detection of Chromium and the ionic
liquid [BMIM][Br] by the detection of Bromide.

Figure 3.19 shows the EDS element identification and X-ray mapping on chromium of
Matrimid®5218/MIL-101(Cr) membranes.
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Hgure 3.19 - EDS elementidentification and X-ray mapping of chromium on 10%, 20% and 30% (w/w)
Matrimid®5218/MIL-101(Cr) membranes.

In the elemental identification images, two peaks of chromium are obserned for all
loadings of MOF, which ensures the presence of MIL-101(Cr) in the prepared membranes. In
addition to chromium, gold (Au) and palladium (Pd) peaks also appear in the spectrum with a
certain degree of intensity. Their appearance is due to the necessity of covering the samples with
a layer of Au-Pd in order to realise the analysis. Regarding the X-ray mapping images, the white
dots represent the chromium element. Hence it can be observed a good dispersion of MIL-101(Cr)

on the membrane surface without the formation of agglomerates.

Figure 3.20 shows the EDS element identification and X-ray mapping on bromide of
Matrimid®5218/ADILS8 membranes. In this case, for bromide identification it is necessary to

change to scale from 10 keV to 20keV, because for lower values the bromide element is
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overlapped with Au element, which is used in the cower layer applied on the samples. Therefore,

it is only possible to detect the bromide element at 11keV.
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Figure 3.20 — EDS elementidentification and X-ray mapping of bromide on 10%, 20% and 30% (w/w)
Matrimid®5218/ADILS8 membranes.

In Figure 3.20 can be obsered the appearance of both bromide and chromium elements
to all incorporation percentages of ADILS8, erifying the presence of [BMIM][Br] and MIL-101(Cr)
in the membranes. Through the X-ray mapping images, itis possible to obsene a good dispersion
of the bromide element (white dots), indicating a good dispersion of the ionic liquid in the
membrane surface. Unfortunately, it was not possible to represent the dispersion of both
[BMIM][Br] and MIL-101(Cr) on the same X-ray mapping image. Thus, the MIL-101(Cr) X-ray
mapping images are represented in Appendix 7.4, in which a homogenous dispersion of the
MOF is observed. Once more, a good dispersion of the filler without the formation of agglomerates
is observed.
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In addition, it is possible to observe that in the elemental analysis, besides the presence
of Au and Pd, which are the elements that composed the samples cowerage layer, chlorine (ClI)
bands also appear on the spectrum. Since the solvent used in the preparation of the mixed matrix
membranes was dichloromethane, the appearance of Cl can indicate that some solvent

(dichloromethane) remained in the membranes.

In both Matrimid®5218/MIL-101(Cr) and Matrimid®5218/ADILS8 membrane group, the
filler is homogeneously dispersed in the polymer matrix, which means that exists a good
interaction between both phases. These results are in accordance with the ones obtained by SEM
analysis (section 3.2.1), which also have shown the existence of a very good interaction between

the polymer and filler.

3.2.3 Contact Angles

The contact angles measurements (described in section 2.2.7) were done in order to
evaluate the membranes hydrophilicity. In this work, the measurements were made using water,
being the membranes classified as hydrophilic if the measured contact angle is inferior to 90° and

hydrophobic if the angle is superior to 90°.

Figure 3.21 shows the contact angles results of Matrimid®5218, Matrimid®5218/MIL-
101(Cr), Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8 membranes.
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Figure 3.21 — Contactangles of Matrimid®5218, Matrimid®5218/MIL-101(Cr), Matrimid®5218/ADILS7B
and Matrimid®5218/ADILS8 membranes.

Matrimid®5218 membrane showed to be hydrophilic with a contact angle of 83°, which is
in accordance with previous reported values.8283 With the incorporation of MIL-101(Cr), the
membranes turn more hydrophilic except for a 10% loading of MIL-101(Cr). In addition, the
Matrimid®5218+20%MIL-101(Cr) membrane was the one that presented a more hydrophilic

character, with a contact angle of 79°. Although the inexistence of a tendency in the obtained
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values, an increase of hydrophilicity of the Matrimid®5218/MIL-101(Cr) membranes compared
with the Matrimid®5218 membrane was expected due to the MIL-101(Cr) particles hydrophilic

character.38.84

Regarding Matrimid®5218/IL@MOF membranes it is possible to observe that are all
hydrophilic. In the case of ADILS7B membranes, the most hydrophilic membrane corresponds to
a 20% loading of the IL@MOF in the membrane, with a contact angle of 68°. This value can be
related with the increase in size of the cavities obserned in the SEM images (section 3.2.1). For
ADILS8 membranes a constantly increase in hydrophilicity with the increase of the IL@MOF
concentration in the polymeric matrix, is observed. Furthermore, all IL@MOF membranes are
more hydrophilic than both Matrimid®5218 and Matrimid/MIL-101(Cr) membranes, when
comparing the same percentages of incorporation in the polymeric matrix. These results, can be
associated with the high hygroscopic nature of both [PMIM][Br] and [BMIM][Br] /1 and the
hydrophilic character of MIL-101(Cr), which together can enhance the hydrophilic properties of

the membranes.

3.2.4 Mechanical properties

In this work, through the puncture test (described in section 2.2.8) the tensile strength of
the prepared membranes was determined. Normally, through this technique the elongation of the
material is also determined, however all the prepared membranes upon force application did not

elongate, turning impossible the elongation calculations.

Matrimid®5218 is known to be a polymer with very good mechanical properties 5%,
Hence, the objective of this work was to observe the modifications on the mechanical properties
with the incorporation of MOF and IL@MOF in the polymer matrix.

As an illustrative example, the obtained data of the force (N) for Matrimid+10%MIL-
101(Cr), Matrimid+20%ADILS7B and Matrimid+30%ADILS8 membranes, as a function of the
distance (mm) is represented in Appendix 7.5. Through Equation 2.5 and Equation 2.6 the
tensile strength necessary to puncture the membranes was calculated. Also, since the prepared
membranes possess different thicknesses in order to make a viable comparison between them,
the normalized tensile strength was determined. The obtained results of Matrimid®5218/MIL-
101(Cr), Matrimid®5218/ADILS7B and Matrimid®521/ADILS8 membranes are in Table 3.2,
Table 3.3 and Table 3.4 respectiwely.
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Table 3.2 — Puncture testresults (thickness, tensile strenght and normalised tensile strenght) of
Matrimid®5218/MIL-101(Cr) membranes

. Tensile strength Normalised tensile
%MIL-101(Cr) Thickness (um) (MPa) strength (MPa/mm)
0% 163+ 0.002 16.83 + 0.52 103.03
10% 35+2.95 3.00 +0.07 85.36
20% 56 +3.91 1.35+0.10 23.95
30% 82 +5.07 0.80 + 0.06 9.79

Table 3.3 — Puncture testresults (thickness, tensile strenght and normalised tensile strenght) of
Matrimid®5218/ADILS7B membranes

. Tensile strength Normalised tensile

%ADILS7B Thickness (um) (MPa) strength (MPa/mm)
10% 42 +4.21 4.79 £ 0.04 115.07
20% 34 £2.74 3.72 +0.21 106.08
30% 57 £2.54 2.85 +0.21 50.08

Table 3.4 — Puncture testresults (thickness, tensile strenght and normalised tensile strenght) of
Matrimid®5218/ADILS8 membranes

. Tensile strength Normalised tensile

%ADILS8 Thickness (um) (MPa) strength (MPa/mm)
10% 50 + 3.26 4.07 £0.20 80.82
20% 65 +1.37 2.12 £0.07 32.63
30% 61 + 4.07 1.22 £+ 0.01 20.25

The Matrimid®5218 membrane presented a tensile strength of 16.8 MPa, which is very
similar to other values already reported for the same polymer, in which a tensile strength of 14.9
MPa was observed for a membrane with athickness of 155 um.8 Thus, as expected the produced

Matrimid®5218 membrane has a good flexibility and resistance.

With the addition of MIL-101(Cr) in the polymeric matrix, the tensile strength of the
prepared membranes decreased when compared to Matrimid®5218 membrane (Table 3.2). In
addition, itis possible to observe that the tensile strength of the membranes decreases with the
increase of MIL-101(Cr) percentage inthe polymeric matrix, which canindicate that the presence
of MOF crystals turns the membranes more rigid. Usually this behaviour can be associated to the
formation of MOF agglomerates in the polymer matrix.8> However, EDS analysis (section 3.2.2),
showed a good dispersion of MIL-101(Cr) in the membranes surface without the existence of
MOF agglomerates and the cross section images of the SEM analysis (section 3.2.1) also
showed a good dispersion of the MOF crystals . Thus, these results can be a consequence of the
occurrence of plastic deformation caused by MIL-101(Cr) crystals.8 Previous studies using MIL-
101(Cr) as well as Fe(BTC) and Cu-BPY-HFS also showed a decrease in the tensile strength
with the addition of the MOF in the polymeric matrix when compared to the polymeric membrane.

80.86.87 Therefore, it can be concluded that the incorporation of MIL-101(Cr) in the polymeric matrix
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is not advantageous for the mechanical properties of the membranes, turning them more rigid

and fragile.

Regarding Matrimid®5218/ADILS7B membranes (Table 3.3), a normalized tensile
strength of 115.07 MPa/mm is observed for a 10% loading of the IL@MOF in the polymeric matrix.
This value is higher than the ones of both Matrimid®5218+10%MIL-101(Cr) and Matrimid®5218
membrane, showing that the incorporation of [PMIM][Br] in the MOF porous structure turn the
membranes more flexible. However, with the increase of ADILS7B loading in the membranes, a
decreased is obsened, being the highest tensile strength achieved for a 10% loading in the
polymeric matrix. This behaviour, can be associated to the presence of a higher concentration of
MIL-101(Cr) crystals, which already shown to turn the membrane more fragile. Howewver, when
compared to the values of Matrimid®5218/MIL-101(Cr) membranes, the values are still higher,
which is an indication that the presence of the ionic liquid can act as a plasticizer in the polymeric

matrix.

In the case of Matrimid®5218/ADILS8 membranes, similar results to MIL-101(Cr) are
obsernved, occurring a decrease in the tensile strength with the incorporation of ADILS8 in the
polymeric matrix. For higher loadings of IL@MOF the normalized tensile strength values are
higher than the ones obtained for the same incorporation degree of MIL-101(Cr), which shows

that the presence of [BMIM][Br] turn the membranes more flexible.

Previous studies with IL@MOF/Polymer membranes, namely using ZIF-8 as filler and the
ionic liquid [BMIM][Tf2N], also showed an improvement on the mechanical properties compared
with the MOF/Polymer membranes.8 However, for these particular IL@MOF systems any data
concerning their effect on the MMMs mechanical properties were available. Therefore, it is
possible to conclude that both [PMIM][Br] and [BMIM][Br] incorporation in MIL-101(Cr) porous
structure improve the mechanical properties of the mixed matrix membranes, turning them more
resistant and flexible. Also, [PMIM][Br] seems to be more advantageous to the enhancement of
MIL-101(Cr) membranes mechanical properties than [BMIM][Br]. Howewer, the ionic liquid
quantity present in ADILS8 ([BMIM][BrJ@MIL-101(Cr)) was not determined, turning impossible a

feasible comparison between both ionic liquids.

3.2.5 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was used in order to evaluate the stability of the prepared
membranes at high temperatures since the objective is to prepare mixed matrix membranes to
use in post-combustion flues streams, which are normally between 100-200°C.8° Thus, to
guarantee that they are suitable for being use in these streams, the membranes were submitted

to a temperature raise until 300°C.
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In Figure 3.22 and Figure 3.23 the results of Matrimid®5218/MIL-101(Cr) and

Matrimid®5218/ADILS8 membranes, respectively, are represented.

100

Matrimid®5218

—— Matrimid®5218+10% MIL-101(Cr)
—— Matrimid®5218+20% MIL-101(Cr)
Matrimid®5218+30% MIL-101(Cr)

o
[
1

Weight loss (%)

90

85 T T T T T T T
0 50 100 150 200 250 300

Temperature (°C)

Fgure 3.22 — Weightloss as afunction of temperature of Matrimid®5218 and Matrimid®5218/MIL-
101(Cr) membranes.
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Fgure 3.23 — Weightloss as a function of temperature of Matrimid®5218, Matrimid®5218/ADILS7B
and Matrimid®5218/ADILS8 membranes.

Through the analysis of Figure 3.22 it is possible to observe that Matrimid®5218
membrane has a total weight loss lower than 3% until 300°C. This decrease can be related with
the evaporation of water guest molecules and probably residual solvent (dichloromethane), which
boiling point is at 40°C85. This behaviour shows that the Matrimid®5218 membrane possess high
stability up to 300°C, which was expected since Matrimid polymer degradation temperature (Td)

starts near 440 °C.%

Regarding Matrimid®5218/MIL-101(Cr) membranes a more unstable behaviour is
obsenved than Matrimid®5218 membrane. Also, itis verified that with the increase in MIL-101(Cr)
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loading in the membrane there is an increase in the weight loss up to 100°C. Hence for the
Matrimid®5218+30%MIL-101(Cr) membrane a weight loss near 8% is observed which is due to
the loss of guest water molecules and residual solvent. Until 300°C no other significant weight
losses are observed, which was already expected since, as can be seen in the TGA of MIL-
101(Cr) powder (section 3.1.2), this material does not reach its degradation temperature before

300°C, being the decrease observed only due to the evaporation of water and other impurities.

For Matrimid®5218/ADILS7B membranes (Figure 3.23) a similar behaviour to
Matrimid®5218 membrane is werified up to 100°C, being more stable than MIL-101(Cr)
membranes. After this temperature, all Matrimid®5218/ADILS7B membranes kept losing weight,
gradually. Howevwer, this decrease only turns significant after reaching the 220°C. This weight loss
(~10%) is, according to ADILS7B powder TGA (section 3.1.2), explained by the beginning of the
ionic liquid degradation. Howewer, since the weight loss is very low, the membranes can be
considered stable up to 300°C. In the case of Matrmid®5218/ADILS8 membranes they also
showed to be more stable than MIL-101(Cr) membranes, being the Matrimid®5218+20%ADILS8
membrane the most unstable with a total weight loss near to 5% up to 300°C. These results are
in accordance with the ADILS8 TGA (section 3.1.2), in which up to 300°C only losses of water

and impurities are observed.

In conclusion, all membranes showed to be stable up to 300°C. which means that they
all can withstand post combustion temperature conditions. Furthermore, the incorporation of the
ionic liquid in the MOF turned the membranes more stable when compared to the ones with only
MIL-101(Cr).

3.2.6 Gas Permeation

In this work, since the objective is the development of mixed matrix membranes for CO2
capture from post-combustion processes, gas permeability experiments for the pure gases N2

and CO2 were carried out.
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Figure 3.24 shows the obtained results of the gas permeation experiments of
Matrimid®5218, Matrimid®5218/MIL-101(Cr), Matrimid®5218/ADILS7B and
Matrimid®5218/ADILS8 membrane groups, for the pure N2 and COz2 pure gases.
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Figure 3.24 — CO: (left) and N2 (right) permeabilityresults of Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8 membranes at 30°C.
Also, as described in section 2.2.9, with the permeation data of both pure gases, CO2/N2
ideal selectivity was determined for all tested membranes. The obtained values are represented
in Table 3.5.

Table 3.5 - CO2/Nz ideal selectivies of Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8

Ideal selectivity (aCO2/N2)

Filler (wt%, loading)

MIL-101(Cr) ADILS7B ADILSS8
0% 3.16 3.16 3.16
10% 5.40 11.11 4.08
20% 26.40 10.66 22.54
30% 14.76 3.42 10.23

Through the analysis of Figure 3.24 it is possible to observe that all the prepared
membranes are more permeable to CO2 than N2. This phenomenon is explained by the solution-
diffusion mechanism that describes the gas transport in nonporous membranes. According to this
mechanism the permeability (P) is dependent on the diffusivity (D) and solubility (S) coefficient of

the used gas (Equation 3.1). 36
P=DXxS (Eq 3.1)

Therefore, since the N2 Lennard Jones molecular diameter (3.46A) is a little lower than
CO2 (3.94A)66 it is expectable that Dn2>Dcoz, which means that N2 permeability is mainly
controlled by its diffusion in the membranes when compared to CO2. Howewer, CO2 molecules
are more soluble in the membranes when compared to the N2 molecules (Scoz2>>Snz2), which

explains the higher CO2 permeability over N2. Matrimid®5218 membrane showed a high CO:2
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permeability (7.99x1012 m2.s1) over N2 (2.53x1012 m2.s1), and these values are in accordance

with previous reported works.44.57.80

For Matrimid®5218/MIL-101(Cr) mixed matrix membranes, a COz2 permeability higher than
the Matrimid membrane is observed for all MOF incorporation percentages. However, with the
increase of MOF loading in the polymeric matrix, a decrease in CO2 permeability occurs, being
the highest value achieved for the Matrimid®5218+10%MIL-101(Cr) membrane (1.84x101! m2.s-
1). This decrease can be related with the rigidification of the polymer chains upon the addition of
the MOF, that not allows their normal mobility leading to a decrease in permeability8, which is in
accordance with the puncture tests measurements (section 3.2.4) where a raise in the rigidness
of the membranes with the increase of MOF loading in the polymeric matrix was werified.
Moreover, the higher CO2 permeability in MIL-101(Cr) membranes compared to Matrimid®5218
membrane is related with the high affinity that this MOF has with CO2.57

Regarding, Matrimid®5218/ADILS7B membranes it is erified an increase in CO2
permeability compared with the Matrimid®5218/MIL-101(Cr) membranes, for the
Matrimid®5218+10%ADILS7B. Regarding CO2/Nz ideal selectivity, a decrease was observed
with an increase of ADILS7B loading, which may be related with the presence of cavities (shown

in SEM images — section 3.2.1).

In the case of Matrimid®5218/ADILS8 membranes, for the all incorporation percentages
of the IL@MOF, lower CO2 permeabilities than MIL-101(Cr) membranes were obsened.

Finally, in order to evaluate if the prepared membranes performance represent some
enhancement relatively to the ones already reported in the literature, the CO2 permeability and
CO2/N2 ideal selectivity obtained data for Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8 membranes was represented with the

Robeson upper bound (Figure 3.25).47
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Figure 3.25 — COJ/N; ideal selectivity as a function of CO, permeability.
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In Figure 3.25 it is possible to obsene that all the values are below the Robeson upper
bound, which means that any of the prepared membranes achieve an ideal relation between the
CO2 permeability and CO2/N2 ideal selectivity. Although, is possible to observe an increase in
CO2 permeability when compared to the Matrimid®5218 and depending on the IL@MOF or MOF
degree of incorporation, an increase in the ideal selectivity was obtained.
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4. Conclusion

The aim of this thesis was the dewvelopment of new mixed matrix membranes (MMMs)
with metal-organic frameworks (MOFs) supporting ionic liquids for CO2 capture from post-
combustion flue gas streams. The MOF MIL-101(Cr) and two new IL@MOF systems,
[PMIM][B]@MIL-101(Cr) (ADILS7A and ADILS7B) and [BMIM][BrJ@MIL-101(Cr) (ADILSS8) were
studied.

Due to the nowelty of the IL@MOF systems, adsorption equilibria studies were carried
out. The results from the N2 adsorption isotherm at 77K showed that both ADILS7A and ADILS7B
did not possess any superficial area and for that reason only ADILS8 and MIL-101(Cr) adsorption

equilibria were studied.

From the adsorption equilibria, it was possible to verify that CO2was more adsorbed than
N2, due to its high affinity with both adsorbents. Also, MIL-101(Cr) adsorbed higher quantities of
both pure gases than ADILS8, suggesting the existence of a high pore filling by [BMIM][Br] in MIL-
101(Cr) porous structure. Furthermore, MIL-101(Cr) also showed a high CO2/N2 ideal selectivity
than ADILSS8 indicating that the incorporation of the ionic liquid in the MOF porous structure did

not enhanced the CO2/Nz ideal selectivity and COz2 adsorption capacity.

The study of the membranes, Matrimid®5218, Matrimid®5218/MIL-101(Cr),
Matrimid®5218/ADILS7B and Matrimid®5218/ADILS8 allowed to evaluate their performance for

the separation of COs2.

The incorporation of MOF and IL@MOF systems in the polymeric matrix produced dense
membranes, with a good interaction between the polymer and the MOF or IL@MOF. Also, from
the Energy-Dispersive X-ray Spectroscopy (EDS) analysis to Matrimid®5218/MIL-101(Cr) and
Matrimid®5218/ADILS8 membranes a good dispersion of the filler in the membranes surface was

verified.

From the puncture tests, it was obserned that the incorporation of MIL-101(Cr) in the
polymeric matrix decreased the tensile strength of the MMMs, turning them less resistant and
flexible, while with the incorporation of the ionic liquids in the porous structure of MIL-101(Cr) an
increase in the tensile strength occurred. Thus, it can be concluded that the addition of ionic
liquids is advantageous for the mechanical properties of the membranes turning them more

resistant and flexible.

The results of the contact angles measurements showed that the incorporation of MOF
and IL@MOF increased the hydrophilicity of the MMMs. This increase is due to the high affinity

of the MOF and both ionic liquids with water. Furthermore, thermogravimetric analysis showed

55
Carbon dioxide capture using mixed matrix membranes with metal-organic frameworks
supporting ionic liquids



that all membranes were stable up to 300°C, indicating that all membranes can withstand the

temperatures of post-combustion gas flues streams that normally are between 100-200°C.

From the gas permeation results, it was observed that all membranes are more
permeable to CO2 than N2. Also, with the incorporation of MIL-101(Cr) in the polymeric matrix
higher CO2 permeabilities are obsened, being the Matrimid+10%MIL-101(Cr) the membrane with
the highest CO2 permeability value. Regarding the IL@MOF systems, with the addition of
ADILS7B ([PMIM][Br]@MIL-101(Cr)) inthe polymeric matrix a decrease in CO2/Nz ideal selectivity
was observed. This decrease can be related with the existence of cawties in the surface and
cross section of the membranes. In the case of ADILS8 ([BMIM][Brj@MIL-101(Cr)) membranes

a decrease in CO2 permeability when compared to MIL-101(Cr) membranes was obsened.

In conclusion, the incorporation of both MOF and IL@MOF systems in the polymeric

matrix is advantageous for the membranes performance in CO2/N2 gas separation.
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5. Future Work

From all the results obtained in this thesis relatively to both adsorption equilibria and
membrane gas permeation using MIL-101(Cr) and the newly IL@MOF ADILS7B and ADILS8

samples, some suggestions to improve this study and possible for future work are presented:

1. Study the effect of different ionic liquid concentrations incorporated in the MOF.

2. Measure adsorption/desorption equilibria of the studied materials at higher
temperatures, such as 50°C and 80°C.

3. Study the effect of the temperature inthe membranes permeability by performing
gas permeation studies at higher temperatures.

4. Carry out gas permeation studies on the membranes using binary gas mixtures,
namely CO2/N2 that mimic the composition, temperature and pressure of a flue

gas stream.
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7. Appendix

7.1 MOF and IL@MOF synthesis

7.1.1 Materials

All the reagents were used as received: 3-propyl-lmethylimidazolium bromide (1-
methylimidazole,  Sigma-Aldrich, 99%;  l-bromopropane, Aldrich,  99%), 3-butyl-
1methylimidazolium bromide (1-methylimidazole, Sigma-Aldrich, 99%; 1-bromobutane, Sigma-
Aldrich, 99%) and the chromium MOF [MIL-101(Cr)] (chromium(lll) nitrate nonahydrate, Aldrich,
99%); terephthalic acid, Aldrich, 98%).

7.1.2 MOF and IL@MOF synthesis

MIL-101(Cr)

The porous MOF was synthesized by following the original method described by Férey
and co-workers. 83 A mixture of chromium(lll) nitrate (2 mmol), benzene-1,4-dicarboxylic acid (2
mmol) and hydrofluoric acid (100 pL) in 10 mL of H20 was stirred to obtain a homogeneous
suspension at room temperature, transferred to an autoclave and heated at 493 K for 9 h in an
electric oven. After slow cooling (inside the oven), the resultant material was isolated by filtration

and purified through a double DMF treatment followed by a double ethanol treatment.
1-Propyl-3-Methylimidazolium Bromide ([PMIM][Br])

The ionic liquid was prepared according to literature. 64 Briefly, 1-Methylimidazole (17.5
mL, 220 mmol) was mixed with 1-Bromopropane (35.5 mL, 390 mmol), under constant stirring
and refluxed at 70 °C for 5 hours. Afterwards, the final product was washed 5 times with ethyl
acetate and excess ethyl bromide was removed by rotary evaporation. The remnant was dried

under vacuum at 50 °C for 10 h to give a colorless oil.
[PMIM][Br]@MIL-101(Cr) — ADILS7A and ADILS7B

Direct Contact Method (DM) — 2 g of porous MIL-101(Cr) were added to a 10mL solution
[PMIM][Br] / Dichloromethane (6:4) and stirred for 30 mins (ADILS7A) and 45 mins (ADILS7B).

The resultant material was isolated by centrifugation and washed 3 times with dic hloromethane.
[BMIM][Br]l@MIL-101(Cr) — ADILS8

Ship in the Bottle Method (SIP) — 17 g of 1-Methylimidazole were mixed with 2 g of MIL-
101(Cr) and stirred at room temperature for 15h. Afterwards, 28 g of 1-Bromobutane were added

and the mixture was stirred for 24h at room temperature. The resultant material was isolated by
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filtration and transferred to an ethanol hot bath at 70 °C for 24h. A new filtration followed to isolate

the final material and purification was done by washing it 3 times with ethanol.
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7.2 Powder X-ray Diffraction and FTIR analyses

Powder X-ray diffraction analyses were collected at ambient temperature in Bragg-
Brentano para-focusing geometry using Rigaku Smartlab diffractometer, equipped with D/teX
Ultra 250 detector, in Cu K-alpha radiation (Kal wawelength 1.54059 ang), 45 kV, 200 mA, in

continuous mode, step 0.01°, speed 15°/min, in the range 1 < 26 < 50° (Figure 7.1).

ADILSTA/B

MIL-101 (Cr)

26

FHgure 7.1 — X-ray powder difraction to MIL-101(Cr), ADILS7A/B and ADILSS8.

Infrared absorption spectra were recorded on a PerkinElmer spectrum BX FTIR

spectrometer (Figure 7.2)

ADILST7A/B

MIL-101 (Cr)
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Fgure 7.2 — FTIR spectrum of MIL-101(Cr), ADILS7A/B and ADILSS.
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7.3 Adsorption/desorption equilibria

Table 7.1 — N> adsorption/desorption equilibria on MIL-101(Cr) at 30°C

Point Temperature Pressure Weighted o) gnet gex qt gnet gex qt

°C) (bar) Mass (g) (Kg.m-3) (9/9) (9/9) (9/g)  (mol/Kg) (mol/Kg) (mol/Kg)
0 30.09 0.000 6.57972 0.0000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
1 30.06 0.4054 6.57998 0.4505 0.002477 0.002736 0.003198 0.088435 0.097664 0.114164
2 30.04 0.7325 6.57992 0.8141 0.003402 0.003869 0.004704 0.121440 0.138117 0.167935
3 30.07 2.319 6.57957 2.5773 0.007649 0.009128 0.011772 0.273096 0.325894 0.420291
4 30.05 4.744 6.57879 5.2757 0.013177 0.016204 0.021617 0.470443 0.578521 0.771749
5 30.03 7.253 6.57801 8.0680 0.019005 0.023635 0.031912 0.678517 0.843798 1.139298
6 30.03 10.023 6.57692 11.155 0.024542 0.030943 0.042386 0.876177 1.104697 1.513263
7 30.03 6.002 6.57854 6.676 0.016662 0.020493 0.027342 0.594862 0.731625 0.976142
8 30.01 3.520 6.57923 3.914 0.010573 0.012819 0.016835 0.377474 0.457660 0.601022
9 30.08 1.674 6.57963 1.8604 0.005594 0.006662 0.008571 0.199730 0.237842 0.305982
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Table 7.2 — N2 adsorption/desorption equilibria on ADILS8 at 30°C

Point Temperature Pressure Weighted o) gnet gex gt gnet gex qt

°C) (bar) Mass (g) (Kg/m?) (9/9) (9/9) (9/g)  (mol/Kg) (mol/Kg) (mol/Kg)
0 30.09 0.000 5.45505 0.0000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
1 30.06 0.4054 5.45485 0.4505 0.001027 0.001298 0.001663 0.036663 0.046328 0.059375
2 30.04 0.7325 5.45463 0.8141 0.001294 0.001783 0.002443 0.046181 0.063646 0.087223
3 30.07 2.319 5.45377 2.5773 0.004572 0.006120 0.008211 0.163213 0.218504 0.293146
4 30.05 4.744 5.45221 5.2757 0.007248 0.010418 0.014698 0.258760 0.371941 0.524731
5 30.03 7.253 5.45051 8.0680 0.009195 0.014043 0.020587 0.328260 0.501345 0.735003
6 30.03 10.023 5.44863 11.155 0.011341 0.018044 0.027093 0.404897 0.644208 0.967269
7 30.03 6.002 5.45130 6.676 0.007672 0.011684 0.017100 0.273920 0.417142 0.610486
8 30.01 3.520 5.45296 3.914 0.005541 0.007893 0.011069 0.197834 0.281807 0.395166
9 30.08 1.674 5.45415 1.8604 0.003530 0.004648 0.006157 0.126022 0.165934 0.219813
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Table 7.3 — CO. adsorption/desorption equilibria on MIL-101(Cr) at 30°C

Point Temperature Pressure Weighted o) gnet gex gt gnet gex qt

°C) (bar) Mass (g) (Kg/m?) (9/9) (9/9) (9/g)  (mol/Kg) (mol/Kg) (mol/Kg)
0 29.87 0.000 6.57956 0.0000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
1 30.01 0.410 6.58721 0.7179 0.032787 0.033199 0.033936 0.744993 0.754353 0.771089
2 30.00 0.804 6.59211 1.4085 0.054527 0.055335 0.056780 1.238962 1.257326 1.290159
3 29.99 2.990 6.60817 5.2959 0.130979 0.134018 0.139451 2.976124 3.045173 3.168624
4 30.01 6.898 6.63008 12.4570 0.241228 0.248376 0.261156 5.481215 5.643632 5.934012
5 30.04 7.701 6.63479 13.9620 0.264818 0.272830 0.287153 6.017231 6.199270 6.524733
6 30.02 9.211 6.63918 16.832 0.291504 0.301162 0.318430 6.623576 6.843034 7.235399
7 29.99 5.412 6.62529 9.701 0.213302 0.218868 0.228820 4.846663 4.973145 5.199278
8 30.01 3.657 6.61465 6.498 0.160654 0.164382 0.171049 3.650389 3.735111 3.886584
9 30.00 1.544 6.59798 2.7156 0.082106 0.083664 0.086450 1.865626 1.901032 1.964334
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Table 7.4 — COz adsorption/desorption equilibria on ADILS8 at 30°C

Point Temperature Pressure Weighted o) gnet gex gt gnet gex qt

°C) (bar) Mass (g) (Kg/m?) (9/9) (9/9) (9/g)  (mol/Kg) (mol/Kg) (mol/Kg)
0 29.87 0.000 5.45508 0.0000 0.000000 0.000000 0.000000 0.000000 0.000000 0.000000
1 30.01 0.410 5.45610 0.7179 0.014481 0.014913 0.015495 0.329045 0.338848 0.352081
2 30.00 0.804 5.45681 1.4085 0.025809 0.026655 0.027798 0.586436 0.605668 0.631630
3 29.99 2.990 5.45892 5.2959 0.071473 0.074655 0.078951 1.624013 1.696322 1.793937
4 30.01 6.898 5.46026 12.4570 0.131154 0.138639 0.148744 2.980090 3.150176 3.379786
5 30.04 7.701 5.46053 13.9620 0.143585 0.151975 0.163301 3.262555 3.453190 3.710540
6 30.02 9.211 5.46032 16.832 0.160336 0.170450 0.184104 3.643169 3.872991 4.183241
7 29.99 5.412 5.46031 9.701 0.113612 0.119442 0.127311 2.581515 2.713970 2.892778
8 30.01 3.657 5.45966 6.498 0.086433 0.090338 0.095609 1.963945 2.052667 2.172440
9 30.00 1.544 5.45785 2.7156 0.044335 0.045966 0.048169 1.007374 1.044452 1.094507
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7.4 Energy-Dispersive X-ray Spectroscopy (EDS)

In Figure 7.3 is represented the x-ray mapping images of chromium element (MIL-
101(Cr)) on Matrimid®5218/ADILS8 membranes for all percentages of incorporation (10% (W/w),
20%(w/w) and 30% (w/w)).

%ADILS8

X-ray mapping

10%

20%

30%

60um

Fgure 7.3 — X-ray mapping images ofchromium element on Matrimid®5218 /ADILS8 membranes.
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7.5 Mechanical Properties

Puncture test results of the Matrimid+10%MIL-101(Cr), Matrimid+20%ADILS7B and
Matrimid+30%ADILS8 membranes are represented in Figure 7.4, Figure 7.5 and Figure 7.6,

respectively.
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Fgure 7.4 — Puncture test results of Matrimid®5218+10%MIL-101(Cr).
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Hgure 7.5 — Puncture testresults of Matrimid®5218+20%ADILS7B.
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Hgure 7.6 — Puncture testresults of Matrimid®5218+30%ADILS8.
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