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Abstract
Both for mitigation of anthropogenic carbon dioxide (CO2) emissions and the treatment of
industrial energy streams, there is a need for efficient CO2 separations. Membrane gas
separation is a promising approach for these separations, offering low energy consumption,
modular design and a low environmental impact. However, traditional polymeric membranes
are limited by a trade-off between selectivity and permeability. A possible strategy to overcome
this setback is the incorporation of fillers (e.g. metal organic frameworks (MOFs)) with gas
separation enhancing properties in a polymer, resulting in mixed matrix membranes (MMM).
By modification of the filler MOF-808, this thesis aims at developing new MOF fillers as well
as understanding which filler properties result in enhanced MMM gas separation performance.
A post-synthetic modification strategy was developed to modify pre-formed MOF-808 with
various functionalizing agents. First, MOF-808 was modified with serine, to investigate the
potential of amino acid modification for enhancing MMM performance. MOF-Ser showed a
62% increase in CO2 uptake compared to the parent MOF-808. However, Matrimid/MOF-Ser
MMM displayed only marginally better CO2/N2 gas separation performance compared to
Matrimid/unfunctionalized MOF-808 MMM. This discrepancy gave rise to the question which
MOF parameters correlate with the MMM gas separation performance. To answer this question,
a series of MOF-808 were functionalized, using various functionalizing agents hypothesized to
increase the CO2-affinity of the MOF. All functionalized MOFs had a reduced CO2 uptake
compared to the parent MOF-808. The effect on the isosteric heath of CO2 adsorption (Qst)
varied, with some MOFs showing an increase in Qst and others a decrease. The highest Qst was
recorded for MOF-808 functionalized with trifluoroacetic acid (TFA). Functionalization altered
the gas separation performance of Matrimid MMM of the functionalized MOFs as well. Both
MMM of MOF-808 functionalized with TFA and benzoic acid showed respectively a 72% and
52% increase in permeability and a 32% and 26% increase in separation factor compared to
pure Matrimid membranes, for a 50/50 CO2/N2 gas mixture. Furthermore, they outperformed
the MMM based on the parent MOF-808. Contrary to literature, no clear correlation was found
between CO2 uptake and either permeability or separation factor. Qst showed a poor correlation
with the separation factor as well, but correlated strongly with the CO2 permeability.
The potential of the MOF UTSA-120a, as filler material for MMM was evaluated as well.
UTSA-120a/6FDA-DAM MMM showed an increase in separation factor of 7% compared to
the pure 6FDA-DAM membranes for a 50/50 CO2/CH4 gas mixture, but a 32% decrease in
permeability. Presumably, these changes are the result of polymer rigidification.
II

Samenvatting
Zowel voor het reduceren van de antropogene CO2-uitstoot als voor de behandeling van
industriële energiestromen zijn efficiënte CO2-scheidingen nodig. Gasscheidingsmembranen
zijn een veelbelovende technologie voor deze scheidingen door hun laag energieverbruik,
relatief beperkte milieu-impact en modulair design. Traditionele polymeermembranen kampen
echter met een trade-off tussen selectiviteit en permeabiliteit. Een manier om deze trade-off te
omzeilen is het toevoegen van vulmaterialen met sterke gasscheidingscapaciteit aan polymeren,
om zo mixed matrix membranen (MMM) te bekomen. Deze thesis heeft als doel nieuwe MMMvulmaterialen te ontwikkelen en inzicht te krijgen in materiaalkenmerken die resulteren in
verbeterde MMM-gasscheidingseigenschappen, door het modificeren van de vuller MOF-808.
Een post-synthetische functionalisatiemethode (PSF) werd ontwikkeld om modificaties uit te
voeren op vooraf gesynthetiseerde MOF-808 (MOF-FA). Vooreerst werd het potentieel van
aminozuur gefunctionaliseerde MOF-808 als MMM vuller onderzocht door de MOF te
modificeren met serine (MOF-Ser). MOF-Ser vertoonde een 62% hogere CO2-opslagcapaciteit
vergeleken met het niet-gemodificeerde startmateriaal MOF-FA. Matrimid/MOF-ser MMM
hadden echter slechts triviaal verbeterde CO2/N2-gasscheidingseigenschappen. Deze
tegenstelling resulteerde in de vraag welke eigenschappen van een vulmateriaal correleren met
MMM gasscheidingseigenschappen. Om dit te onderzoeken werd dezelfde PSF gebruikt om
MOF-808 te functionaliseren met een reeks moleculen die mogelijk de CO2-affiniteit van de
MOF verhogen. Elke gefunctionaliseerde MOF had een lagere CO2-opslagcapaciteit dan MOFFA, terwijl de isostere adsorptiewarmte van CO2 (Qst) zowel toe- als afnam afhankelijk van de
gebruikte functionalisator. MOF-808 gefunctionaliseerd met trifluoroazijnzuur (TFA) had de
hoogste Qst. Functionalisatie beïnvloedde ook de CO2/N2-gasscheidingseigenschappen van
Matrimid MMM van de gefunctionaliseerde vulmaterialen. MOF-808 gefunctionaliseerd met
TFA en benzoëzuur vertoonden een 72% en 52% hogere permeabiliteit en een 32% en 26%
hogere separatiefactor. De gasscheidingseigenschappen van deze MMM waren ook beter dan
die van MMM gebaseerd op MOF-FA. De CO2-opslagcapaciteit van de MOFs vertoonde geen
duidelijk lineair verband met de MMM gasscheidingseigenschappen. Daarentegen correleerde
Qst wel sterk met CO2 permeabiliteit, maar eveneens slecht met de separatiefactor.
De MOF, UTSA-120a, werd eveneens als nieuw vulmateriaal in MMM onderzocht. De 6FDADAM MMM van UTSA-120a hadden een 7% hogere separatiefactor in vergelijking met puur
6FDA-DAM membranen voor CO2/CH4 scheidingen, maar een 32% lagere CO2-permeabiliteit.
Vermoedelijk zijn beide observaties het resultaat van verstarring van de polymeerketens.
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Adapted planning due to Coronavirus measures
The planning of this thesis was influenced by the coronavirus measures adopted by the KU
Leuven. Starting from 16/3/2020 all lab activities were suspended. As a result, some
experiments required for this thesis could not be carried out. This section provides a list of all
cancelled experiments, together with the dates they were planned.
-

N2 physisorption measurements
o All functionalized MOFs (30/3-1/4)
o UTSA-120a (20/4-21/4)

-

CO2 physisorption measurements of UTSA-120a (20/4-21/4)

-

Thermogravimetric analysis of UTSA-120a (not planned yet)

-

X-ray diffraction measurements of MOF-808 functionalized with 4(-trifluoromethyl)
benzoic acid (MOF-TFBA) (16/3)

-

19

-

Scanning electron microscopy measurements of:

F NMR of MOF-TFA and MOF-TFBA (not planned yet)
o UTSA-120a (26/3)
o Mixed-matrix membranes (MMM) of UTSA-120a (26/3)

-

ICP-OES of MOF-Li2SO4 (not planned yet)

-

Gas separation measurements
o MMM of MOF-GA (20/3-25/3)


The initial measurements for these MMM showed large deviations
between the three measured membranes. Extra measurements were
planned to improve the dataset.

o MMM of MOF-TFBA (20/3-25/3)
o MMM of UTSA-120a (16/3-18/3)


50/50 CO2/N2 and pure gas CO2, N2 and CH4

Together with the promotor and daily supervisor of this thesis, it was concluded sufficient
experimental data was obtained to write and hand in this manuscript.
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1 General introduction and objectives
1.1 General introduction
Carbon dioxide (CO2) is an important greenhouse gas and strong contributor to global
warming[1,2]. The intergovernmental panel on climate change stated in their 2018 report
significant changes in the global industrial and energy consumption practices are required to
maintain global warming below the 1.5°C target[2]. Evidence of the global concern about CO2
emissions can be found in the stronger regulations both on a local and international level (e.g.
EU Emissions Trading System), as well as in various projects such as the European Green Deal
and the Moonshot project for a CO2-neutral Flanders in 2050[3–5]. CO2 capture from power
plants and industrial exhaust gas streams (CO2/N2 separations) aims at significantly reducing
anthropogenic CO2 emissions[2]. Next to environmental reasons, CO2 removal from energy
streams, such as natural gas and biogas (e.g. CO2/CH4 separation), is imperative in industry to
prevent transport infrastructure corrosion and to maintain high caloric value specifications of
the produced methane[6].
Although conventional separation technologies for these applications (such as cryogenic
distillation and amine scrubbing) definitely have their respective advantages, they are often
highly energy-intensive and have a relatively large environmental footprint[6]. Membranebased gas separation is considered a viable alternative for the traditional technologies as it offers
lower energy consumption, reduced environmental impact and a modular design, which allows
retrofitting in existing plants[6]. Therefore, membrane based CO2 gas separations have gained
increasing attention over the past years, both in industry and academia[1,6]. Current state-ofthe-art polymeric membranes for the well-established natural and biogas market mostly consist
of cellulose acetate and polyimide. They typically show rather low CO2/CH4 selectivity
combined with medium gas permeance, which significantly impacts operational and capital
costs[1]. Academic research has mainly focused on engineering membrane materials for
performance improvement. Various new promising polymeric membranes were developed, yet
with this development, a trade-off between desirable membrane properties was discovered:
membranes with high selectivities generally show low permeabilities and vice versa[1].
Nonetheless, some membrane classes managed to surpass this trade-off limit and one of these
new, promising membrane materials are mixed-matrix membranes (MMM)[1]. These type of
membranes combine the properties of organic polymers and inorganic fillers, aiming at high
selectivities and permeabilities with the processability and ease of operation of polymeric
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membranes[1]. Specifically, MMM with metal-organic frameworks (MOFs) as filler materials
have shown exceptional gas separation performance and are therefore a ‘hot topic’ in membrane
gas separation[1].

1.2 Thesis objectives
A multitude of challenges, societal as well as industrial, give rise to a need for efficient CO2
separations. Membrane gas separation is a promising technology to aid in overcoming this
challenges. However, traditional polymeric membranes are limited by a trade-off between
desirable membrane properties. A possible strategy to circumvent this setback is the
incorporation of various filler materials with separation enhancing properties in a polymer,
resulting in so called MMM. The aim of this thesis is to develop new MOF materials to be used
as fillers in MMM, resulting in enhanced CO2 gas separation performance. Simultaneously, the
relationship between characteristic properties of these materials and the resulting gas separation
performance of the MMM will be investigated. In a first part, the scientific background
surrounding this research is framed. An overview of the relevant CO2 separation processes is
provided, along with the current state of the art polymeric gas separation membranes. Next, the
theoretical principles and theories surrounding gas transport in both polymeric and mixed
matrix membranes are elaborated upon, along with challenges both fields face. To conclude
this section, a short introduction to MOFs in general and specifically the MOFs relevant to this
thesis is provided.
Functionalization of MOF-808 has recently been proven to be an effective strategy in enhancing
the performance of MMM. This works aims to extend this functionalization strategy to other
types of organic molecules. First of all, amino acid functionalization will be investigated.
Amino acids are of particular interest since they contain functional groups known to interact
well with CO2. Additionally, they are relatively cheap and can be considered as ‘green’
chemicals. Two strategies will be used to incorporate amino acids: an in-situ functionalization
method, where amino acids are used to modulate the synthesis of MOF-808 and a post-synthetic
functionalization method, where amino acids will be exchanged with other molecules
coordinating to the cluster of a pre-synthesized MOF-808. Next, this functionalization strategy
will be extended to a broad range of potential functionalizing agents. These functionalized
MOFs will be thoroughly characterized and evaluated for their MMM gas separation
performance and the relationship between MOF characteristic ‘parameters’ and MMM
performance will be evaluated. Finally, the MOF UTSA-120a will be evaluated as a new filler
material in MMM for CO2/N2 and CO2/CH4 separations.
2

2 Literature review
2.1 Carbon dioxide separations
Various industrial processes require separation of CO2 from a feed gas stream. Some examples
are the removal of CO2 from natural gas and biogas or CO2 separations for the production of H2
gas. Similarly CO2 capture from flue gas streams might become increasingly important in
industry in the future[1,2]. This section gives an overview of some relevant CO2 separations.
2.1.1 CO2 removal from natural gas and biogas
The global consumption of natural gas has increased from 2.2 trillion cubic meters in 1998 to
3.8 trillion cubic meters in 2018, mainly due to an increase in natural gas power stations for
electricity generation[7,8]. Natural gas power stations could conceivably function as a support
for renewable energy resources, which suffer from load balancing problems. These power
plants are flexible due to their ability to quickly ramp up their production capacity and have a
relatively low greenhouse gas emissions compared to other fossil fuel based electricity
generation plants[9]. Furthermore, natural gas based power installations offer good
compatibility with renewable fuels, such as biogas[9].
The composition of natural gas varies strongly depending on the location of extraction. Some
examples of raw natural gas extracted from reservoirs in various locations are shown in Table
1[10]. Often, a distinction is made between wet and dry gas depending on the hydrocarbon
constituents of the gas mixture. Wet gas contains more than 10 vol% of C2+ constituents,
whereas dry gas contains little C2+ constituents[11]. Another classification which is often used
is the distinction between sour and sweet gas based on the H2S content, with gas containing
more than 5 mg/Nm3 being classified as sour[11]. Next to the constituents listed in Table 1 raw
natural gas often contains small amounts of helium and argon and trace amounts of radon,
krypton and xenon[11]. Biogas can be used as well in gas based power installations. The
composition of biogas generated from different waste sources is listed in Table 2[12].
Table 1: Chemical composition of natural gas reservoirs around the world. Copied from ref. [10].
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Table 2: Constituents of biogas originating from different waste streams. Copied from ref. [12].

As can be seen in Table 1 and Table 2, natural gas and biogas can contain up to 50% CO2
depending on the location of gas extraction or the waste source it is generated from respectively.
CO2 is a noncombustible gas and therefore reduces the heating value of the gas mixture. In
addition, the presence of the gas can cause corrosion in the transport pipelines[11]. Therefore
the CO2 content of raw natural gas has to be reduced (to ≤2% to meet U.S. pipeline grid
requirements)[13]. CO2 removal from natural gas (CO2/CH4 separation) is mostly done using
amine absorption. Membrane technology is an interesting alternative which at the moment
occupies 10% of the natural gas separation market[1]. Membranes offer the advantage of more
effectively treating high CO2 content feed streams and a simpler operation[13]. Expansion of
the market share of membranes is mainly limited by the relatively higher CH4 loss compared to
amine absorption. Therefore, membranes with higher selectivities and permeances under real
industrial conditions would be required to expend the market share of membranes in this
separation[1].
2.1.2 CO2 removal from flue gas
In 2016, the generation of 1 kWh electricity in Europe was accompanied by the emission of
295.8 kg CO2[14]. The total global amount of CO2 emitted from fuel combustion reached 32.8
billion tons in 2018[15]. Furthermore, recent data of the International Environmental Agency
show an ever increasing demand for energy. Especially non-OECD (Organization for economic
cooperation and development) countries have strongly increasing CO2 emissions. In 2017, the
average non-OECD emission increased by 472 megaton[15]. A possible approach to reduce
CO2 emissions originating from electricity generation and industry could be its capture and
storage(CCS). In order for this technology to be adopted at large scales, efficient CO2/N2
separation technology is required. Various technologies have been considered for CCS, such as
chemical or physical absorption and cryogenic distillation[1,16,17]. Membrane separations
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could be a viable technology for CCS as well, offering advantages such as compactness,
modular design, ease of installation and often lower capital costs[16,17]. Furthermore, they
generally have a lower energy consumption and require less chemicals during operation[16,17].
However, better membranes are needed[1]. As flue gas generally contains a low concentration
of CO2 and is often emitted at near atmospheric pressure, the major challenge for this separation
is to create sufficient driving force (Table 3). These low pressures result in a high compressor
cost rendering the economic feasibility of such a process low[16]. Therefore, development of
membranes which combine high CO2 permeance with reasonable CO2/N2 selectivity is most
desired. Additionally, these membranes should display good thermal and chemical
stability[1,16]. Due to the ever increasing energy demand and concomitant CO2 emissions the
development of environmentally friendly CCS technology will become increasingly important
and membrane technology could be an important contributor to achieve this[2].
Table 3: Typical composition of flue gas originating from different sources. Copied from ref. [16].

2.1.3 CO2 removal from syngas
Global hydrogen production reached 70 million tons in 2018[18]. Up to three quarters of the
hydrogen is produced from natural gas and as a result hydrogen production is accountable for
6% of the global natural gas use[18]. Hydrogen is produced out of natural gas using steam
reforming followed by a water-gas shift reaction. Both reactions are shown below[19]:
𝐶𝐻 + 𝐻 𝑂 ↔ 𝐶𝑂 + 3𝐻 (𝑠𝑡𝑒𝑎𝑚 𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔)
𝐶𝑂 + 𝐻 𝑂 ↔ 𝐶𝑂 + 𝐻 (𝑤𝑎𝑡𝑒𝑟 − 𝑔𝑎𝑠 𝑠ℎ𝑖𝑓𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛)
In this second step, CO and water react to form CO2 and H2. As a result, the produced hydrogen
will be mixed with CO2 which has to be removed prior to hydrogen use. At the moment, CO2
capture from syngas (CO en H2 mixture) is mainly done using physical absorption for high
5

pressure streams and amine absorption for low pressure streams (below 20 bar), however
membranes are an interesting alternative[1,20]. H2 as well as CO2 selective membranes are
interesting for this application. The advantages of membranes in this process are the relatively
simple mode of operation and potential higher energy efficiency. The main challenge for
membranes to take over from conventionally used absorption processes is a higher mixed-gas
selectivity, which is required to improve process economics[1,20].

2.2 Membrane technology
2.2.1 History of membrane gas separations
The first systematic studies of membrane-based gas separation were carried out by J. K.
Mitchell, who studied the permeation rates of ten gasses through natural rubber. Mitchell
observed permeation rates diverging up to a factor 100 between the slowest permeating gas,
carbon monoxide and the fastest permeating gas, ammonium. In addition, he observed that the
natural rubber adsorbed a portion of CO2 and associated this solubility behavior with the high
permeability of CO2[21,22]. The next milestone towards gas separation membranes was marked
by the publication of a paper by Thomas Graham in 1866. In this paper, he first proposed the
basis of the nowadays universal used solution-diffusion (SD) model. Graham studied porous
membranes, eventually leading to the formulation of Graham’s law of diffusivity, which would
later be used during the Manhattan project for the enrichment of uranium[21,22]. This was the
first time gas separation membranes were applied on industrial scale. In 1879, von Wroblewski
experimentally determined the permeation rate of gasses in a rubber is proportional to the
product of gas solubility and the diffusion coefficient of the gas, building on previous results
obtained by Exner and Stefan[22]. In the 1940s and 1950s, other scientists modernized the SD
model and other theories on gas transport through membranes. So far, studies had mainly
focused on polymers above their glass transition temperature. Maeres was in 1954 the first to
observe the discontinuity in Arrhenius plots at the glass transition temperature in polymers and
to describe permeation of gasses in glassy polymers with the dual-sorption model. Michaels,
Vieth and Barrie elaborated on his work and first demonstrated the dual-sorption in 1963 and
discussed its effect on membrane transport[21,23]. Up until this point, there were no large-scale
industrial applications of gas separation membranes. This changed in 1961 with Loeb and
Sourirajan’s discovery of the first semi-permeable asymmetric membranes by phase inversion,
developed for the desalination of seawater. These membranes yielded higher fluxes at
comparable salt rejection compared to the existing, isotropic membranes at that time[21,23].
Permea used this phase inversion technique for the production of asymmetric gas separation
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membranes. Together with the development of large surface area membrane modules, this made
the first commercial membrane-based gas separation application possible: the hydrogenseparating Prism® membranes of Permea (now Air Products), which were launched in 1980.
These membranes were mainly used for the separation of hydrogen from purge gas streams in
ammonia plants[21,23]. Shortly after this first application, other companies developed
commercial membranes for CO2/CH4 and N2/O2 separations. Membrane separation of oxygen
and nitrogen strongly expanded after optimization by Dow, Ube and Du Pont/Air Liquide.
Alongside these big applications, some smaller scale applications of gas separation developed,
such as dehydration of air and natural gas or vapor removal from air and nitrogen streams[21].
Nowadays, the separation of CO2 from natural gas and the separation of N2 from air are the two
largest contributors to the global membrane gas separation market, with approximate yearly
revenues of 300 million and 800 million dollars respectively[1]. Different applications are still
being developed, for example CO2/H2 and olefin/paraffin separations[1].
2.2.2 Basic concepts of membrane transport
Membrane separations are based on a difference in permeation rate of the individual
components of a mixture through the membrane[21]. Figure 1 shows the specific example of a
membrane-based gas separation. Three streams are discerned in the gas separation process, a
feed stream consisting of the raw gas to be separated, a permeate stream comprised of the gas
molecules actually permeating through the membrane and finally the molecules retained at the
feed side of the membrane, which form the retentate stream[21,24]. The driving force in a
membrane separation process is a gradient in chemical potential across the membrane,
expressed in terms of a gradient in pressure, temperature, electric potential and/or
concentration[21,24].

Figure 1: Schematic representation of membrane gas separation. Pfeed, Ppermeate and L respectively represent the feed
pressure, permeate pressure and membrane thickness. Copied from ref. [25].
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2.2.3 Measuring membrane performance
In order to optimize membranes for different applications, evaluation criteria for membrane
performance

are

required.

In

lab-scale

membrane

development

research,

permeability/permeance and selectivity/separation factor are predominantly considered[24].
2.2.3.1 Flux, permeability and permeance
Flux is defined as the volume flowing through a membrane per unit of surface area and unit of
time. The flux is proportional to the driving force of the membrane process, in the case of gas
separations this is the pressure difference across the membrane. The flux (m³/m².s) through a
membrane can thus be described using the formula[21,24]:
𝐽 =

𝑉
𝐴. ∆𝑡

(1)

With A the membrane surface area (m²), V (m³) the volume of the permeate and Δt (s) the time
interval during which a volume V permeates through the membrane.
Flux does not allow for the comparison of the intrinsic transport properties of different
membrane materials because it does not consider differences in thickness or applied driving
force. Therefore, permeability (P) of a gas is defined as the pressure and thickness normalized
gas flux through a membrane[26].
𝑃 =

𝐽 ×𝐿
𝛥𝑝

(2)

Where Pi represents the permeability of component i, L (m) the thickness of the membrane and
Δp (Pa) the pressure gradient over the membrane.
Permeability is expressed in SI units (International System of Units) as[26]:
𝑃=

𝑚𝑜𝑙
𝑚 𝑠 𝑃𝑎

(3)

However, Barrer is a more widely used unit for permeability. The unit Barrer at standard
temperature and pressure (STP) is defined as[26]:
1 𝐵𝑎𝑟𝑟𝑒𝑟 = 10

×

𝑐𝑚 (𝑆𝑇𝑃) 𝑐𝑚
𝑐𝑚 𝑠 𝑐𝑚𝐻𝑔

(4)

In practice, the thickness of the thin, selective layer of industrially used asymmetric or thin film
composite membranes is difficult to measure due to small chemical contrast between this layer
and the underlaying support. Therefore, gas permeance of a gas through a membrane is defined
as the pressure normalized gas flux. It is mostly expressed in Gas Permeation Units (GPU). A
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permeance of 1 GPU corresponds to a membrane with a selective layer thickness of 1 µm and
an intrinsic permeability of 1 Barrer[26].
1 𝐺𝑃𝑈 = 10

×

𝑐𝑚 (𝑆𝑇𝑃)
𝑐𝑚 𝑠 𝑐𝑚𝐻𝑔

(5)

2.2.3.2 Ideal selectivity and separation factor
The ideal selectivity (α) defines the efficiency of the separation. It is a measure of the
effectiveness of the membrane to discern between the different components in the feed[26]. The
ideal selectivity is defined as:
𝛼

=

𝑃
𝑃

(6)

Where PA an PB are, respectively, the pure gas permeabilities of component A and B. In more
complex separations, the permeation of one component influences the transport of the other
component through the membrane. Therefore, the ideal ‘pure-gas’ selectivity can deviate from
the selectivity measured when gas mixtures are considered. Consequently, the separation factor
𝛼 ∗ is determined measuring the performance of the membrane when a feed gas mixture is
used[26].
𝛼∗ =

𝛾
𝛾

𝑥
𝑥

(7)

Where γA and γB represent, respectively, the mole fractions of component A and B in the
permeate and xA and xB the mole fractions of component A and B respectively in the feed. This
separation factor or ‘mixed-gas’ selectivity can be linked to the ideal ‘pure gas’ selectivity via
Equation 8, indicating that the separation factor also depends on process parameters such as
pressure and gas composition, with p1 (Pa) representing the downstream pressure and p2 (Pa)
the upstream pressure[26].
𝑝 −𝑝
𝛼∗ = 𝛼

𝑝 −𝑝

𝛾
𝑥
𝛾
𝑥

(8)
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2.2.4 Polymeric membranes
2.2.4.1 State of the art of polymeric CO2 gas separation membranes
Different types of polymeric membranes have been studied for their performance in CO2
membrane separations. Despite this extensive research, up to 90% of commercial gas separation
membranes consist of 10 different polymer materials[27]. A brief overview of the conventional
polymer families used in industrial CO2 gas separations and research is provided in this section,
combined with a discussion on some promising new families of membrane materials for CO2
gas separations.
Cellulose acetate
Traditionally, asymmetric cellulose acetate (CA) based membranes make up the bulk of the
polymeric membranes applied for CO2/CH4 gas separations due to their relatively low
production cost[6]. They consist of a cellulose polymer chain with varying degree of
acetylation, which determines the separation properties of the membrane[1,6,27–30]. The
chemical structure of this polymer is shown in Figure 2, while Table 4 shows its ideal gas
selectivity. However, CA membranes are susceptible to plasticization by CO2 and hydrocarbons
of the C2 to C6 fractions, including BTEX (benzene, toluene, ethylbenzene and xylenes)
aromatics. Plasticization results in an increase in polymer chain mobility which reduces the
selectivity of the membranes[1,28,30]. Additionally, the plasticization behavior of CA
membranes speeds up physical ageing, the time-dependent decrease in membrane gas
separation performance[1,28,30]. Furthermore, membranes with a higher selectivity are
required to increase the competitiveness of membrane-based natural gas treatment[1,27].

Figure 2: Chemical structure of cellulose triacetate. copied from ref. [31].

Polyimides
Polyimides are used in different gas separation applications such as hydrogen recovery, N2
production and natural gas treatment[1,6]. Polyimide membranes generally have a high
mechanical strength and thermal resistance and can be easily processed and shaped into thin
membranes. These properties make them interesting for different applications, even despite
their relatively high prices[6,32]. Matrimid® (Matrimid) is a commercially available polyimide
10

membrane consisting of a 3,3’-4,4’-benzophenone tetracarboxylic dianhydride (BTDA) and a
diaminophenylindane (DAPI) unit (Figure 3a), showing a reasonable combination of selectivity
and permeability for CO2/CH4 gas streams[6]. However, commonly, Matrimid and other
polyimides are highly susceptible to CO2 plasticization and plasticization by other minor
components in the raw gas stream (e.g. small hydrocarbons and BTEX)[1,6,27,28,33]. Another
commercially available polyimide membrane used in CO2/CH4 separations is the P84®
membrane created by Evonik(Figure 3c). It is a copolyimide consisting of BTDA and 80%
methyl phenylene diamine/20% methylene diamine. P84® has a lower CO2 permeability than
Matrimid, but a higher selectivity. P84® membranes are industrially relevant due to their high
thermal and chemical stability and reasonable selectivity in mixed gas feed conditions[34–36].
The CO2/CH4 gas separation performance of Matrimid and P84® can be found in Table 4.
A broad range of structural variants of polyimide membranes have been studied and evaluated
for their gas separation properties[6,28,34]. One of these variants are fluorinated polyimides.
These are often based on pyromellitic dianhydride (PMDA) and hexafluoro isopropylidene
diphtalic anhydride monomer (6FDA) combined with varying other monomers[6]. PMDA
based polyimides showed enhanced CO2/CH4 selectivities compared to other polyimides with
similar permeabilities. This increase was attributed to (1) the fluor groups which interact
strongly with CO2 enhancing the solubility selectivity and (2) an increase in stiffness of the
polymer chain as a result of the backbone chemical structure, which increases the diffusivity
selectivity of the polymer[37]. 6FDA based polyimides even surpassed the performance of their
PMDA based counterparts. Their larger chain stiffness further reduced segmental mobility and
thus enhanced the diffusivity selectivity of the polymers. Simultaneously, the -C(CF3)- groups
in the backbone are suggested to disturb chain packing, which is hypothesized to contribute to
their enhanced permeability[37]. The hexafluoro-substituted polyimides are however also
susceptible to plasticization under relevant industrial conditions[27].
Mitigation of plasticization in polyimides mainly consists of thermal, chemical or UV
crosslinking methods. Current generation fluorinated polyimides show permeation properties
close the Robeson 2008 upper bound[6,34]. An example of such a polyimide is 6FDA-DABA
(DABA = 3,5-diaminobenzoic acid). Membranes of this polyimide can be crosslinked through
chemical crosslinking, using ethylene glycol to connect two DABA units(Figure 3b)[38]. The
crosslinked membrane showed excellent separation performance which can be found in Table
4[27,39]. Adam et al. showed that 6FDA-DABA (2:1) can be thermally crosslinked as well[40].
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Figure 3: a) Chemical structure of Matrimid 5218. Adapted from ref.[41] b) Chemical structure of ethylene glycol
crosslinked 6FDA-DABA. Adapted from ref. [38,39] and c) Chemical structure of P84®. copied from ref. [35].

Polysulfone
Polysulfones are glassy polymers with a diphenylene sulfone repeat unit and are known for
their chemical and thermal stability and easy processability[6,30,32]. As a result, these
membranes are used in N2/O2 and H2/CO2 separations[27]. Polysulfone membranes have as
well been evaluated for their CO2/CH4 separation performance. The selectivity of polysulfone
gas separation membranes for this separation is lower than the selectivity of their CA
counterparts. However, they are more resistant to CO2 plasticization[33,42]. Traditionally,
tetramethyl bisphenol-A analogs of polysulfone are used, which have lower permeabilities but
higher selectivities towards CO2[6,42]. Various polysulfone membrane manufacturing
modifications and polysulfone chemical structure modifications have been extensively studied
in order to increase their permeation properties[6,42]. The permeability and selectivity of
bisphenol-A-polysulfone and its tetramethyl form are given in Table 4. The chemical structure
of bisphenol-A polysulfone can be found in Figure 4[32,43].

Figure 4: Chemical structure of bisphenol-A polysulfone. copied from ref [43].

Polybenzimidazoles
Polybenzimidazoles (PBIs) are a class of glassy polymers consisting of heterocyclic ring
structures and have outstanding thermal, chemical and mechanical stability[44,45]. They have
been studied for H2/CO2 separations. Celazole® is a commercially available PBI, which has
been investigated thoroughly. It has a H2/CO2 selectivity of 19 and a H2 permeance of 500 GPU
at a temperature of 250°C. Its chemical structure can be found in Figure 5[46,47]. Celazole®
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H2 permeabilities at 35°C were calculated by Stevens et al. and found to be ranging from 0.6 to
3.4 Barrer[46].

Figure 5: Chemical structure of Celazole®. copied from ref. [47].

Polymers of intrinsic micro-porosity
In 2005, a group of newly developed polymeric membranes called polymers of intrinsic microporosity (PIMs) showed gas separation properties surpassing the 1991 Robeson upper
bound[6,48]. PIM-1 films displayed a CO2/CH4 ideal selectivity of 18.4 combined with a CO2
permeability of 2300 Barrer[48]. The good separation performance of PIMs originates from
their rigid backbone, which has no rotational freedom, combined with spiro-centres at welldefined intervals that contort the polymer backbone (Figure 6a and b). The resulting inflexible
polymers with a ‘kinked’ backbone have large amounts of free volume, which is reflected in
high BET surfaces of 700-900 m²g-1[1,6,48]. Their microporous structure together with the
presence of polar groups results in the high solubilities of gasses in PIMs compared to other
polymer materials. Therefore, their high permeability originates from a combined high gas
solubility and diffusivity[1,6,48]. The sorption behavior of most gasses in PIMs is similar,
resulting in a modest solubility selectivity. The observed selectivity of the PIMs is thus mainly
attributed to differences in gas molecule diffusivities[1,6,48]. Various other PIMS with
different functionalities and have been synthesized, with some surpassing the 2008 Robeson
upper bound[1,49]. Another advantage of this class of polymers is that they dissolve well in
organic solvents which makes them easily processable in thin films[1,50]. However a major
setback is their high susceptibility to physical aging and plasticization[1,50,51].

Figure 6: a) Chemical structure of PIM-1. copied from ref. [48]. b) Molecular model of a fragment of PIM-1 showing its
rigid, contorted structure. Copied from ref. [48].

13

Thermally rearranged polymers
Polybenzoxazoles (PBO) are another interesting class of materials for CO2 gas separation due
to their stiff ring units in a flat configuration which pack efficiently[1,6,52]. However due to
their low solubility in common solvents the processing of these polymers in membranes for gas
separations proved to be difficult. Park et al. circumvented the solubility problem by a postsynthetic treatment of easily processable imide membranes[1,6,52]. Their thermally rearranged
(TR) polymers were formed by subjecting an aromatic polyimide precursor containing an orthopositioned functional hydroxyl group to a high temperature treatment (350-450 °C). Due to the
high temperature of the synthesis, a decarboxylation reaction takes place between the phtalic
imide moiety and functionalized phenylene ring and PBO are formed. TR-1 showed CO2 and
CH4 gas separation performances above the 1991 Robeson upper-bound. The chemical
structure of TR-1 can be found in Figure 7 and its gas separation data are noted in Table 4[52].
The exceptional performance of PBO is a result of the rigid benzoxazole phenylene ring
structure prevents torsional rotations between individual phenylene-heterocyclic rings and
increases the cavity formation and stability[6,52]. Park et al. investigated the free volume of
TR-1 with Positronium annihilation lifetime spectroscopy (PALS) and discovered that the
amount of free volume elements present increases and their size distribution narrowed
compared to the untreated polymer, resulting in superior gas separation performance of TR
polymers. Upon increasing the treatment temperature, the size of the free volume elements
increased concurrent with a decrease in their quantity. When temperatures were increased even
further (450 °C), the free volume elements coalesce, forming hourglass shaped cavities. The
small necks offer size selectivity whereas the large cavities contribute to the high gas
permeabilities[6,52]. Surprisingly, TR polymers show high CO2 permeabilities and selectivities
in comparison to other size-sieving polymers, which generally show high selectivities
combined with low permeabilities[52]. The high PBO permeabilities are mainly attributed to
high diffusion coefficients, however solubility does increase as well upon thermal
rearrangement[6,53]. Additionally, the TR membranes have shown excellent resistance to CO2
induced plasticization[52]. Their gas separation can be improved by adding small acidic
dopants to the TR, which can interact with the basic nitrogen atoms of the benzoxazole ring and
successfully increase the CO2/CH4 selectivity at the expense of permeability[52]. Although the
TR polymers show excellent gas separation properties some face difficulties with mechanical
properties due to overlap of the thermal degradation region and PBO formation region of the
polymer[6]. Additional research towards commercially available precursors and physical
properties such as physical aging of these interesting polymers is thus still required[6].
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Figure 7: Chemical structure of TR-1. Copied from ref. [52].

Block copolymers

Block copolymers consist of nanometer-sized repeating units of different homopolymers,
covalently linked together. Due to the different chemical properties of the homopolymers, block
copolymers tend to organize in ordered nanostructures, combining properties of different
polymer materials, which makes these polymers interesting for polymeric gas separation
membranes[54]. Generally rubbery segments provide high permeability whereas glassy parts
provide mechanical strength and plasticization resistance[1,54]. A wide range of possible
homopolymer combinations can be used, as well as a wide range of nanostructures[54]. A block
copolymer of particular interest for CO2 gas separations is PEBA, consisting of polyamide and
polyether segments. It is commercially available as PEBAX®[55,56]. These membranes show
good selectivities for separations of quadrupolar compounds from non-polar compounds
(CO2/N2 and CO2/H2 separations). Their good separation performance for these separations
results from a high solubility selectivity. Sorption and permeation results obtained by Bondar
et al. showed that gas transport mainly occurs through the rubbery polyether phase, which
strongly interacts with CO2. The hard polyamide blocks mainly contribute to the mechanical
properties of the polymer[55,56]. The chemical structure of PEBAX® MH1657 can be found
in Figure 8. Its separation performance can be found in Table 4[55]. A commercial gas
separation membrane, which is hypothisezed to have a similar structure to PEBAX® structure
is the Polaris® membrane produced by MTR[57]. Another commercially available block
copolymer investigated in CO2 separations is the PolyactiveTM membrane consisting of
butylene terephthalate and ethylene oxide[54,58,59].

Figure 8: Chemical structure of PEBAX® MH1657 with x the percentage of polyamide an y the percentage of polyether
segments. Copied from ref. [60].
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Table 4: Permeability (Barrer) and selectivity of some polymeric membranes studied for CO2/CH4 gas separations. Data
used from ref. [32,38,39,45,48,52,61,62].

2.2.4.2 Mass transport in polymeric membranes
Throughout the history of membrane separations different models have been developed to
describe mass transport through membranes[21]. Until the mid-1940’s, the most popular model
was the pore flow model. This model considers a convective, pressure-driven flow of permeants
through pores in the membrane. Selectivity arises from the inability of certain species to pass
through the membrane pores[21]. In the 1940’s, the SD model was used to describe transport
of gasses through polymeric membranes. The use of the SD model was by 1980 extended to
describing reverse osmosis processes and pervaporation[21].
2.2.4.2.1 Solution-diffusion model
Gas transport in polymeric membranes is generally described using the SD model. The model
presumes gas molecules dissolve from the gas phase into the membrane, subsequently diffuse
through the membrane and desorb at the permeate side of the membrane. A gradient in chemical
potential between the high pressure feed side and the low pressure permeate side of the
membrane drives this three step process. The model allows to compose a set of empiric rules to
describe the relationship between the nature of a polymer and its transport properties[21].
The permeability of a gas in a specific membrane is expressed as the product of its diffusivity
and solubility (equation 9). The solubility of a gas describes the relationship between the
concentration of the gas in the fluid phase to the concentration of the gas in the membrane. It
can be seen as the affinity of the gas for the polymer phase[21]. Diffusivity describes the effect
of the chemical environment and the molecular motions of the permeating gas on the kinetics
of gas transport[21].
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𝑃 = 𝐷𝑆

(9)

Where P represents the permeability (Barrer), D the diffusion coefficient (𝑐𝑚²⁄𝑠) and S the
solubility coefficient (𝑐𝑚 (𝑆𝑇𝑃)⁄𝑐𝑚³𝑐𝑚𝐻𝑔).
High gas permeabilities are thus achieved by a high diffusion coefficient, a high solubility
coefficient or a combination of both. The solubility and diffusivity of a gas are defined by the
gas-polymer system[21]. Some examples of molecules with high D values are hydrogen and
helium as a result of their small size. CO2 is an example of a gas with a relatively high solubility
coefficient, originating from its strong quadrupolar interactions. Water shows a high solubility,
in hydrophilic polymers, combined with a small molecular diameter resulting in a high
diffusivity coefficient and thus generally has high permeability values[21].
2.2.4.2.2 Free volume theory
Knowledge of the relation between the structure of polymers and their permeation properties is
essential to design or select the most suitable membrane for a certain application[21]. No
quantitative structure-property relation has yet been found, however different theories allow to
rationalize variation in permeation properties for structurally related polymers[21]. The most
commonly used theory for gas separations is the free volume theory. Free volume can be
considered the sum of all volume elements in between the polymer chains resulting from nonideal packing[21]. It is often expressed as the fractional free volume (FFV), defined as[21]:
𝐹𝐹𝑉 =

𝑣−𝑣
𝑣

(10)

Where v is the specific volume of the polymer (cm³/g) and vo (cm³/g) the volume occupied by
the polymer molecules at 0 K[21].
Two types of free volume are generally considered: interstitial or equilibrium free volume and
frozen or excess free volume[21,24]. The distinction between both types arises from the two
temperature dependent states of a polymer: the glassy and rubbery state. Several physical
properties of a membrane (specific volume, tensile modulus, specific heat, refractive index and
permeability) are dependent on the polymer state. The glass transition temperature (Tg) is
defined as the transition temperature where these physical properties of a membrane and thus
its state change[24]. For example, the change of polymer free volume as a function of
temperature is represented in Figure 9[21]. For temperatures above Tg the polymer is in its
rubbery state. At the molecular level, the polymer molecules have enough energy to allow
rotations of the polymer chain around its backbone. If the temperature is reduced below Tg the
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polymer enters its glassy state and now lacks sufficient energy to allow backbone rotation.
However, rotations of sidechains can still occur[21,24]. In both glassy and rubbery state, the
polymer has interstitial free volume, resulting from unoccupied spaces within the polymer
matrix due to constant thermal motion of the polymer chain segments. This equilibrium free
volume increases and decreases with temperature due to an increase or decrease in polymer
chain mobility[21,24]. Upon transition from the rubbery to glassy state, a part of the free volume
from the rubbery state will be kinetically frozen, i.e. no longer able to disappear due to the lack
of backbone mobility. Consequently, two types of free volume (e.g. equilibrium free volume
and excess free volume) are present in polymers in their glassy state. This phenomenon explains
the discontinuity observed at the Tg in Figure 9. Due to the excess free volume, the specific
volume decreases slower than would be expected when the temperature is reduced further
below Tg[21,24]. Both types of free volume will help rationalize the differences in membrane
separation properties of different materials.

Figure 9: Polymer free volume plotted against temperature. The occupied volume (vo) represents the volume occupied by the
polymer chains. The difference between this volume and the specific volume (v) of the polymer represents the free volume
within the polymer matrix. Tg represents the glass transition temperature of the polymer. Copied from ref. [21].

Solubility
Figure 10 shows the sorption and diffusivity coefficients of various gasses in a group of
polymers from the same family. Whereas differences in gas diffusion coefficients for a certain
gas in various polymers can be orders of magnitude, solubility coefficients tend to vary
maximally with a factor 10[21]. The gas solubility (sorption) coefficient is defined as the
pressure normalized amount of gas adsorbed in the polymer matrix.
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Figure 10: Solubility and diffusion coefficients for various gasses in a group of polymers from the same family. Copied from
refs. [21,63].

Gases have relatively constant sorption coefficients because sorption in polymers behaves like
sorption of a gas in an ideal fluid. Therefore sorption of gasses in an ideal polymer can be
described with Henry’s law[21,24,64]:
𝑐=𝐾 𝑝

(11)

With c the amount of gas adsorbed in the polymer (cm³(STP)/cm³), KD (cm³(STP)/cm³.cmHg)
the Henry constant and p (cmHg) the pressure of the gas. As a result, the gas sorption coefficient
is in this ideal case equal to the Henry constant.
Equation 11 can be used to describe gas adsorption in rubbery polymers. However, glassy
polymers deviate from this ideal behavior, therefore the dual-sorption model was proposed by
Barrer et al. to describe solubility of gasses in glassy polymers[21]. The dual-sorption model
describes sorption in two distinct sites: gas sorption by dissolving gas molecules in the polymer
matrix (equilibrium free volume) and gas sorption in excess free volume[21,26]. The first form
of sorption occurs in both glassy and rubbery polymers and can be described by using Henry’s
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law for gas sorption, analogous to equation 11. The second form only occurs in glassy polymers
and is described using the Langmuir model of gas sorption[21,26]. The amount of gas molecules
absorbed increases with increasing pressure as is shown in Figure 11. At the saturation sorption
concentration (c’H), all of the excess volume is filled and only the first form of gas sorption will
contribute to the total amount of gas adsorbed. As a result, c’H can be seen as a measure of the
amount of non-equilibrium free volume[21,26,65]. The total amount of gas adsorbed (c
(cm³(STP)/cm³)) can be expressed as:
𝑐=𝑐

+𝑐

=𝐾 𝑝+

𝑐 𝑏𝑝
1 + 𝑏𝑝

(12)

Where cHenry (cm³(STP)/cm³) and cLangmuir (cm³(STP)/cm³) represent the amount of gas adsorbed
in the Henry and Langmuir sites respectively and KD (cm³(STP)/cm³.cmHg), c’H
(cm³(STP)/cm³) and b (cmHg-1), respectively the Henry constant, the saturation adsorption
concentration of the excess free volume and the Langmuir constant and. Finally p (cmHg)
represents the pressure. KD and b are temperature dependent and are both correlated with the
pure gas condensability. The dual-sorption model provides a good fit with experimental data,
however, as it has no molecular foundation it cannot be used to make predictions without
measurement data[21,26].

Figure 11: Illustration of the dual-sorption model discerning between both Langmuir and Henry absorption behavior and
their contribution to total sorption for different gas pressures. Copied from ref. [21].

Diffusivity
Diffusion coefficients of different gasses in a membrane can vary several orders of
magnitude[21]. A quantitative link between the structure of a polymer and the permeation
properties of a certain gas in that polymer has not yet been found[21]. However a semiempirical approach using free volume theory makes it possible to rationalize a relationship
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between differences in diffusivity for a gas diffusing through different membranes and between
different gasses diffusing through a certain membrane and the polymer structure[21]. Diffusion
rates of molecules are determined by the local environment of the diffusing molecule. Gas
molecules move through a membrane by migrating through gaps in between the polymer chains.
Due to thermal motion, these cavities constantly close and open. The diffusing molecule can
only migrate further down its driving force gradient when polymer segmental motion moves
the polymer in such a way that a large enough cavity is formed for the diffusing molecule[21].
This can be seen in Figure 12, which simulates the movement of a carbon dioxide molecule in
a polyimide membrane in function of time using molecular dynamics. Initially, the CO2
molecule moves around in the cavity, unable to migrate to a next cavity. After 100 picoseconds
the collective motion of the surrounding polymer chains allows it to move to the next cavity
where it is again entrapped[21].

Figure 12: Simulation of diffiusion of a CO2 molecule in a 6FDA-4PDA polymer matrix showing the molecules jump from
cavity to cavity. Copied from ref. [21,66].

Figure 13a shows the diffusion coefficients of dichloroethane in an ethyl cellulose polymer in
function of the volume fraction of dichloroethane dissolved in the polymer matrix. Due to an
increase in the volume fraction of dissolved dichloroethane, the polymer goes from a glassy to
a rubbery and finally polymer gel state[21]. The polymer shows notably higher diffusion
coefficients in a rubbery state. This is explained by the higher mobility of polymer chains in a
rubbery material. As a result, these materials do not only have more free volume, but also a
higher probability of a collective motion of the polymer chains surrounding the diffusing
species allowing it to move to a next cavity[21,26]. On the other hand, in a glassy state the
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polymer is more rigid. The polymer chains in this case cannot rotate freely and consequently,
achieving the required collective motion of the chains is less likely. This results in generally
lower diffusion coefficients for glassy polymers. Diffusion coefficients in both glassy and
rubbery polymers increase with temperature due to the rise in thermal energy and thus a rise in
polymer flexibility, including possible sidechain rotations[21,26].
If less free volume elements are present the diffusion coefficient will generally decrease[21,26].
Figure 13b shows how differences in polymer FFV influence gas diffusion coefficients.
Parameters influencing the FFV such as side chain length and rigidity, polymer-polymer
interactions and polymer stacking influence the diffusion coefficient as well, together with
properties of the diffusing molecule[21,26]. Generally, larger molecules have smaller diffusion
coefficients. This arises from a smaller amount of free volume elements large enough to house
these molecules and a smaller chance of a collective motion of the polymer chains allowing the
molecule to diffuse[26].

Figure 13: a) Dependence of the dichloroethane diffusion coefficient on the volume fraction of dichloroethane in the polymer
matrix. Copied from ref. [21,67]. b) Influence of FFV of various polymers on the CO2 diffusion coefficients. Copied from ref.
[26].

2.2.4.3 Challenges of polymeric membranes
2.2.4.3.1 Permeability/Selectivity trade-off
In membrane technology, there is a continuous striving to create membranes with higher
permeabilities and selectivities. However, during the screening of possible membrane materials,
it was noticed that an increase in membrane permeability was often accompanied by a lower
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selectivity for a certain separation and vice versa. This permeability/selectivity trade-off
behavior was first reported by Robeson in 1991[1,6,26,68–70]. Using extensive literature data
available at that time, he defined the empirical upper bound for multiple gas separations. Figure
14 shows the CO2/CH4 upper bound. Further developments in membrane research led to
revision of the upper bound in 2008. The upper bound shifted upwards, but the trade-off
relationship between permeability and selectivity remained relatively constant[1,6,26,68–70].
The upper bound is mainly defined by glassy polymers, because they have larger solubility
coefficients than their rubbery counterparts when membranes with similar permeabilities are
compared. The higher solubility is a result of the excess free volume in glassy polymers[64,70].

Figure 14: CO2/CH4 gas separation performance of various classes of polymer materials reported in literature together with
the 1991 and 2008 Robeson upper bound. TR polymers (black), PIMs (green), Perfluoropolymers (red), polyimides (yellow)
and poly-room temperature ionic liquids (blue). Copied from ref. [6].

The upper bound follows a mathematic relationship:
𝛼 =𝛽 𝑃

(13)

The subscripts i and j stand respectively for gas i and gas j. βij and γij are parameters depending
on the gas pair. These constants can be linked to the physical properties of the membrane and
the permeating gasses. The parameter γij depends on the ratio of the gas molecules kinetic
diameters. βij depends on γij, gas solubility and a constant which relates to the average distance
between polymer chains and chain stiffness[26,70].
The free volume theory can help interpret the permeability/selectivity trade-off[26,70]. For
example, to increase the permeability of a polymeric membrane either the diffusion coefficient
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or the solubility coefficient can be increased. Since the diffusion coefficient varies over a larger
range than the solubility coefficient, it is often considered to increase permeability. In order to
increase this diffusion coefficient, the amount of free volume present in the polymer has to
increase. Increasing the free volume is generally linked to a reduction in diffusivity selectivity
due to the presence of larger free volume elements and a broader free volume element size
distribution. As a result, by increasing the free volume, the permeability increases due to an
increase in diffusivity and the overall selectivity is reduced due to the loss of diffusivity
selectivity. Therefore, coupling an increase in free volume to a narrower free volume size
distribution could allow to surpass the upper bound[26,70].
2.2.4.3.2 Plasticization
Plasticization occurs when large concentrations of a highly condensable gas (such as CO2, water
and hydrocarbon and other organic vapors) are adsorbed in the polymer matrix. The adsorbed
gas will disrupt the polymer packing, resulting in a swollen polymer matrix. This is shown in
Figure 15a[1,71–74]. Swelling increases segmental mobility of polymer chains and therefore
free volume. The increase in polymer chain mobility can be seen as an artificial reduction of
the Tg of the polymer material. The polymer will behave as if it is in its rubbery state at
temperatures below its Tg. For rubbery as well as glassy polymers, the increase in free volume
results in an increase of the diffusion coefficient and permeability of all components in the gas
mixture[1,71–74]. For glassy polymers exhibiting some form of size selectivity, the increase in
diffusion coefficients for all permeating components results in a concomitant loss in selectivity.
Rubbery polymers generally suffer less from selectivity losses due to plasticization, because
they mostly discriminate between different gasses based upon differences in solubility[1,71–
74]. Plasticization is dependent on the condensation temperature of the solvable component,
the partial pressure of this component in the feed mixture and the duration of exposure as well
as the thickness and treatment/operation history of the membrane[75]. The susceptibility of a
membrane towards plasticization is generally expressed using the plasticization pressure. This
is the pressure at which permeability of glassy polymers starts to increase with increasing
pressure[73]. The pressure permeation behavior of an exemplary glassy and rubbery polymer
is shown in Figure 15b. The initial decrease in CO2 permeability for the glassy polymer is due
to saturation of the frozen free volume elements. At higher pressures the permeability increase
due to plasticization overpowers the permeability decrease due to saturation. Different methods
have been developed to reduce plasticization in gas separation membranes, such as crosslinking,
thermal treatment and adding plasticization reducing additives[73].
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Figure 15: a) Visualization of polymer plasticization resulting in a swollen polymer matrix. Adapted from ref. [76] b) Effect
of CO2 feed pressure on CO2 permeability in a glassy polymer (Polysulfone) and a rubbery polymer (Polyethylene oxide,
PEO). Copied from ref. [72].

2.2.4.3.3 Physical aging
Glassy polymers can be considered to be intrinsically non-equilibrium materials below their
Tg[1,72,77,78]. Their polymer chains lack sufficient free energy to allow backbone rotations
and reach their thermodynamically most favorable packing. As mentioned before, the free
volume associated with this phenomenon is called excess or frozen free volume and it is
essential to increase gas diffusion coefficients and as a result permeability in glassy polymers.
Over time, a gradual rearrangement of polymer chains towards their equilibrium packing
occurs, resulting in a loss of excess free volume[1,72,77,78]. This process is called physical
aging and makes membrane performance time-dependent. The time dependency of CH4
permeability through Matrimid membranes of varying thickness is shown in Figure 16. In this
figure a clear decrease in permeability is observed over time[1]. Diffusion of free volume
elements towards the surface of the membrane has been suggest to cause the physical aging
phenomenon[78]. Throughout the rearrangement free volume elements gradually shift towards
the membrane surface and ‘disappear’ when they eventually reach it. The thickness of the
membrane influences the diffusion of the free volume elements with thinner membranes aging
faster[78]. The rate of physical aging depends on the polymer type, the conditions during
polymer synthesis and the post-synthesis treatment of the membrane (temperature of annealing,
annealing time) as well as the temperature of the membrane during the aging process[1,77,79].
Physical aging can be reduced by blending polymers, crosslinking them or blending polymers
with nanomaterials[80].
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Figure 16: Effect of physical aging on the normalized CH4 permeability (P/P0) for Matrimid membranes of varying thickness.
Copied from ref. [1].

2.2.5 Mixed matrix membranes
To be able to compete with other separation technologies, certain minimum requirements for
membrane performance (selectivity and permeability) can be defined for each gas separation[1].
These requirements are shown for different commercial important gas separations in Table 5.
The economically interesting region is often situated at permeability-selectivity combinations
far past the upper bound limits defined for conventional polymeric membranes[1,81,82]. A
series of new approaches have been proposed over the past years to surpass the upper bound,
amongst others the use of new polymer materials (such as fluorinated polyimides,
polybenzimidazoles, PIMs, TRs and block copolymers), facilitated transport membranes,
inorganic membranes and mixed matrix membranes (MMM). For a more concise discussion on
innovative polymer chemistries and inorganic membranes, extensive reviews can be found in
open literature[1,29,70,83–85]. In the following section, MMM and their application potential
for gas separations will be discussed in more detail.
Table 5: Performance requirements for gas separation membranes to be an economically feasible alternative to conventional
gas separation technologies. Copied from ref. [1].
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2.2.5.1 Introduction
MMM are hybrid membranes that combine the advantages of inorganic materials and polymeric
membranes in order to increase membrane selectivity, permeability or both[1,86,87]. A
schematic representation of such a MMM is shown in Figure 17. On the one hand, inorganic
particles (e.g. zeolites, MOFs, carbon nanotubes,…) have well defined pore sizes, shapes and
geometries, which allow them to effectively separate molecules based on diffusion
selectivity[1,86,87]. They may also have specific chemical functionalities not present in
conventional polymer membranes, allowing them to enhance solubility selectivity[1,86,87].
Furthermore, filler materials such as MOFs can be chemically tuned towards a certain
application[88–90]. On the other hand, pure inorganic membranes are costly and often fragile
and hard to produce in defect-free films[1,86]. Therefore, combining these materials with cheap
and easy-to-process polymers can theoretically result in flexible hybrid membranes with
enhanced separation performance[1,86].
One of the first reports on MMM date from the 1970’s. Paul and Kemp reported a large increase
in diffusion time lag of CO2 and CH4 in a zeolite 5A filled PDMS membrane[86,87,91].
Kulprathipanja et al. observed for the first time an enhanced gas separation performance of
MMM compared to the pure polymer. They reported an increased O2/N2 selectivity when
silicalite was added to a CA matrix[86,87]. In the 1980’s, more reports on enhanced separation
properties of MMM with respect to their polymeric counterparts followed[86]. Since then,
various porous materials such as zeolites, mesoporous silica, carbon molecular sieves (CMS),
carbon nanotubes, carbon nanofibers, graphene-oxide and MOFs have been added to various
polymers in order to enhance their separation performance[92].

Figure 17: Illustration of a mixed matrix membrane.

2.2.5.2 Mass transport in MMM
In order to describe mass transport in MMM, a model combining mass transport in polymers
and in the inorganic phase is required. Mass transport in the inorganic phase as well as in the
mixed matrix membrane can be described using the previously discussed SD model[82,93].
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Figure 18: Visualization of the volume accessible to a permeating component in the transition state theory. When the
permeant moves to another cavity it has to pass through a neck with a noticeably smaller accessible volume. Copied from ref.
[94].

Diffusion selectivity in the inorganic fillers and the polymer matrix can be described by using
the transition state theory of diffusion. According to this model, permeating components move
through the polymer matrix by hopping from cavity to cavity through necks connecting these
cavities (Figure 18)[81,94]. Energy is required to form the transition state in which the molecule
can pass through the neck. While in its transition state, the molecule might lose some degrees
of freedom with respect to its normal state. This is a result of the restrictions in movement
imposed by the width and shape of the neck connecting both cavities. This loss of degrees of
freedom corresponds to a loss in entropy and has to be compensated by an additional energy
input into the molecule. Therefore, as more degrees of freedom are lost in the molecular
transition state, it will become increasingly harder for it to diffuse. Finally, if the distance of the
jump increases, it becomes more difficult to bridge the neck[81,94,95]. Using the transition
state theory of diffusion, diffusion selectivity between two components can be expressed using
the following formula[95]:
𝐷
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𝐷
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Where the jump lengths of components A and B are represented respectively by 𝜆 and 𝜆 ,
𝛥𝑆 ∗ (

, )

and 𝛥𝐻∗ (

, )

are the differences between the diffusion transition state entropy and

enthalpy of components A and B, R is the gas constant and T the temperature.
Transition state theory allows to interpret the size sieving properties of molecular sieves[95].
Due to their rigid and well-defined pores, molecular sieves have excellent diffusion selectivity.
For example, when O2 and N2 are both permeating through a molecular sieve, the entropic
selectivity will cause N2 to permeate slower. N2 is larger than O2 and therefore has some
rotational and vibrational motions which will be suppressed in the transition state. O2 does not
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experience this loss of degrees of freedom and therefore entropic selectivity favors O2. In
flexible polymer chains (i.e. conventional glassy and rubbery polymers), there is a range of
‘pore apertures’[95]. Different free volume elements of varying sizes coexist and thermal
motion of the polymer chain or side groups constantly reforms the void geometry. In these
flexible materials, transition states generally do not experience hindered rotational and vibration
degrees of freedom. Size selectivity in these membranes originates from the difference in
transition state activation enthalpy, the energy required to shape a neck large enough to allow
the permeating components to migrate to the next free volume element. Large enough necks
are more readily formed for smaller permeating components[95]. Semi-rigid polymers (PIM
and TRs) are situated somewhere in between the molecular sieves and flexible polymers and
offer some degree of entropic selectivity. However, their structure still has some thermal
mobility, which limits their entropic selectivity. The three cases are illustrated in Figure 19[95].

Figure 19: a) molecular sieve with rigid (ultra-) micropores. b) semi-rigid polymer containing permanent porosity and
flexible zones. c) flexible polymer with varying gap size due to segmental packing and motion. In all figures the yellow areas
represent permanent porosity and the green areas mobile segments, able to create voids necessary for diffusion. Copied from
ref. [95].

MMM combine the properties of the inorganic phase and polymer matrix. Therefore, molecules
permeating through such membranes can pass through two different phases. Two models have
been proposed for describing permeation through MMM: the continuous and discontinuous
model[82]. In the continuous model, the filler phase is considered continuous and the
permeating component can permeate from the high pressure side to the low pressure side of the
membrane without having to enter the polymer phase[82]. In the discontinuous model,
permeating molecules move through the polymer matrix as well as the filler particles. Both
models are shown in Figure 20[82]. Membrane performance of membranes for the continuous
model is better, however, forming MMM with a high enough filler loading in order to achieve
this proves to be difficult. As a result, mostly the discontinuous model is applied to MMM[82].
The Maxwell equation relates the MMM permeability to the permeability of the polymer, the
permeability of the filler and the volume fraction of the filler in the MMM[1,87,93,95,96]. The
equation assumes that the flow through the MMM follows the discontinuous model.
Consequently, it is only applicable to low filler volume fractions. Moreover, it does not account
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for the different forms of particle-matrix interfaces commonly found in MMM, which will be
discussed in the next section. The model assumes perfect contact between the polymer matrix
and filler particles[1,87,93,95,96].
𝑃

=𝑃

𝑛𝑃 + (1 − 𝑛)𝑃 − (1 − 𝑛)Φ (𝑃 − 𝑃 )
𝑛𝑃 + (1 − 𝑛)𝑃 + 𝑛Φ (𝑃 − 𝑃 )

(15)

With PMMM, Pc and Pd the permeability of the mixed matrix membrane, the permeability of the
continuous phase and the permeability of the discontinuous phase, Φ the volume fraction of
the filler and n a shape factor dependent on the geometry of the filler particles.
The Maxwell equation is often used to back-calculate the permeability of a certain filler from a
measured MMM permeability since measuring pure filler permeabilities experimentally is often
difficult[1,87,93,95,96]. Various other models have been developed for describing transport in
MMM. However, these exceed the scope of this literature review, more information on them
can be found in open literature[93].

Figure 20: a) Continuous gas transport, gas pathways can bridge the membrane by only passing through the filler phase. b)
discontinuous gas transport, gas pathways always pass through the polymer phase. Adapted from ref. [82].

2.2.5.3 Challenges of creating MMM
Incorporation of a filler within the polymer phase poses some additional challenges due to the
differences in chemistry of both components. Compatibility of the polymer and the filler is
required to achieve the desired mix in properties of the MMM[1]. Dispersion of filler particles
within the polymer phase and the mechanical stability of the membranes can be challenging as
well[1].
2.2.5.3.1 Polymer-filler interface
Including an inorganic filler in a polymer matrix poses some challenges. Compatibility between
the filler and polymer matrix can be low and the consequent impact on the MMM performance
significant[86,93,97–99]. In the ideal case, the inorganic particles are perfectly ‘wetted’ by the
30

polymer phase, which means that the polymer surrounding the particle has no difference in
physical properties compared to the pure polymer and there are no significant gaps situated at
the interface between the polymer and filler particle. However, regularly the synthesis of the
MMM and the often weak polymer-filler adhesion induce interface defects[86,93,97–99].
A possible explanation for the formation of interfacial defects is the result of stresses generated
in the material due to solvent removal. Initially, the dissolved polymer phase and dispersed
inorganic filler are in close contact due to high mobility of the polymer whilst solvated. When
solvent is removed, the polymer phase will shrink. In a pure polymer, this shrinking would be
isotropic but in the case of MMM, the polymer in contact with the more rigid filler phase will
not be able to contract isotropically[93,97,98,100,101]. Additionally, upon removing solvent,
the mobility of the polymer backbone is reduced and will eventually be lost when the polymer
becomes glassy. After the transition of the polymer matrix into this glassy state interfacial
stresses can arise when even more solvent is removed[93,97,98,100,101].

Figure 21: Illustration of the different interactions between filler and polymer. a) Case 1: rigidified polymer layer, b) Case
II: sieve-in-a-cage morphologie. c) Case III: sieve-in-a-cage with size-selective gaps between polymer and filler. d) Case IV:
pore blocking. e) Effect of the a good interface and case I-IV on permeability and selectivity. The dot represents the
properties of the pure polymeric membrane. Adapted from ref. [98].

Figure 21 schematically represents the possible filler/polymer interfaces. If adhesion between
the polymer and filler phase is good, the inward forces caused by interfacial stress will compress
the polymer close to the filler particle. As a result, a layer of polymer is formed with a decreased
amount of free volume. This process is called polymer rigidification and results in an increase
in diffusion selectivity and a decrease in permeability (case I, Figure 21a). Polymer
rigidification is often characterized by an increased Tg of the MMM compared to the pristine
membrane[93,98,101–103]. In case II, the compatibility between both phases is low and the
stressed polymer will detach from the particle. As a consequence, so-called interfacial voids
form between the polymer and filler. These voids increase permeability significantly but reduce
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the size selectivity of the polymer and renders the potential superior size sieving capacity of the
filler (partially) useless[93,98,101–103]. Addition of the filler to the polymer matrix thus results
in a ‘sieve-in-a-cage’ morphology. When the interfacial voids have a width in the range of the
permeating gasses selectivity is only slightly reduced (case III). Permeability is still increased
as a result of void formation that can be interpreted as an increase of free volume. Both cases
are shown in Figure 21c[93,98,101–103].
Finally, filler particles can be completely blocked by the permeating components, residual
solvent or due to blocking by interaction with the polymer chain. This results in a reduced
permeability but does not change the selectivity of the membrane as compared to the pristine
membrane (Figure 21d, case IV). The effect on the permeability and selectivity of these
different interfaces on the performance of the MMM is shown in Figure 21e[93,98,99,101–
103].
2.2.5.3.2 Dispersion
The filler particles in MMM often tend to aggregate due to stronger inter-particle interactions
than polymer-particle interactions. The agglomeration of the particles is non-ideal since a
homogeneous mixing of both phases is required to effectively combine the gas separation
properties of both[104,105]. Additionally, particle agglomeration could result in the formation
of interfacial voids[104,105]. The effect of particle size on dispersion is inconclusive. Research
by Sanchez-Lainez et al. demonstrated that larger particles are usually better dispersed because
they have a smaller tendency towards agglomeration possibly due to their smaller specific
surface area[106]. However, Thür et al. observed an increase in separation factor and
permeability for a trifluoroacetic acid (TFA) modulated MOF-808 dispersed in Matrimid. The
worse performance of the larger particles was in this case attributed to less successful
incorporation within the polymer matrix[107].
In order to avoid particle agglomeration during MMM synthesis, priming of the filler
suspension is often performed. This is a procedure wherein only a small amount of polymer is
initially added to a filler containing suspension. As such, the low concentrated polymer forms
a thin layer on the surface of the filler particle to avoid the formation of larger aggregates.
Afterwards, more polymer is added stepwise to form the membrane. Before each addition step,
the solution is sonicated to decompose potentially formed aggregates[104,105,108]. Drying of
the filler after its synthesis, often results in particle agglomeration. Mixing the filler synthesis
mixture with a membrane solution avoids this and thus helps to improve particle dispersion as
well[109].
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2.2.5.3.3 Mechanical stability
Another challenge associated with MMM is mechanical stability, which is paramount for the
industrial application of the membranes. The incorporation of fillers within a polymer often
results in a deterioration of the mechanical properties of the polymer. Mahdi et al. discovered
that ZIF-8 nanoparticle loadings above 10-15 wt% in Matrimid reduces the stretchability,
toughness and tensile strength of the membranes. The membranes with higher filler loadings
were brittle. Furthermore, membrane properties deteriorated even further when membranes
were treated at elevated temperatures[110]. A similar trend was observed when ZIF-90
nanoparticles were incorporated in a PVDF membrane[111]. These stability issues might
become even more pronounced when asymmetric MMM, with a very thin selective MMM
layer, are synthesized[104,112]. Some stable asymmetric MMM have been reported, however
most upscaled asymmetric MMM production attempts still resulted in defect membranes
[104,113,114].
2.2.6 Metal organic framework mixed matrix membranes
2.2.6.1 Introduction
MOFs are a class of microporous, crystalline materials. They consist of organic multidentate
linkers, which connect inorganic metal atoms or clusters (nodes). MOFs generally exhibit great
tunability, due to the wide variety of possible nodes and linkers, allowing for optimization of
the MOF system to a certain application[1,113,115–120]. An example of this great tunability
can be seen in Figure 22. This figure shows an isoreticular series of MOFs based on the MOF5 topology. The series is referred to as isoreticular since all MOFs within the series have the
same framework topology. Different linkers are used to connect the identical Zn-O-C clusters
resulting in a different chemical environment within the pores of the MOF and changes in pore
dimensions[120]. The large selection of possible linkers and nodes has resulted in a wide range
of suggested applications for MOF materials such as catalysis, adsorption, sensors, drug
delivery and membrane separations[1,113,115–120].
The first report of a MMM with MOF particle fillers dates from 2004. Yehia et al. reported a
pure gas selectivity of 3.2 for a CO2/CH4 separation using a Cu BPDC-TED/PAET MOF[115].
Since then, a wide range of MOFs were developed and, more importantly, a wide range of
MOF/polymer combinations were tested for different gas separations, showing increases in
membrane performance situated above the Robeson upper bound[115].
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Figure 22: Isoreticular series based on the MOF-5 framework (IRMOF series). On the left sides the different linkers
connecting the nodes are shown. On the right side the resulting MOF frameworks are shown. The numbers connect the MOF
structures with their respective linkers. Adapted from ref. [120].

2.2.6.2 Advantages of MOF fillers
The use of MOFs as a filler in MMM is particularly interesting due to their high tunability. As
mentioned before, a wide range of nodes and linkers is available, resulting in different MOF
structures. This can be used to modify the pore aperture of MOFs, resulting in size sieving
abilities[121,122]. For example, Xue et al. synthesized and tuned an ftw-topology MOF by
using an azobenzenetetracarboxylic acid linker, resulting in particles with a pore aperture of 5
Ȧ. This MOF showed remarkable kinetic (size) separating properties as an adsorbent for
propene/propane separations[123]. Size selectivity of MOFs has also been used in the
development of MMM. For example, ZIF-8 based 6FDA-DAM MMM have been used for
separating propylene from propylene/propane mixtures. The addition of ZIF-8 to the polymer
matrix increased both the propylene/propane selectivity and propylene permeability
significantly[1,124].
On the other hand, CO2-philic entities can be introduced in the MOF framework increasing the
affinity of the MOF for CO2 and/or its CO2 storage capacity[125]. Various strategies have been
adopted to include these entities and thus increase the CO2 uptake or CO2 selectivity over other
gasses of MOFs when used as a physical adsorbent. One possible approach is the use of
functionalized ligands in the MOF synthesis[125,126]. For example Cmarik et al. synthesized
UiO-66 using ligands functionalized with an -NH2 functional group. The corresponding UiO34

66-NH2 showed a significantly higher CO2 uptake compared to unfunctionalized UiO-66 at low
CO2 pressures[127]. Another approach to increase CO2 affinity is the use of exposed metal
cation sites in MOFs[125,128]. These exposed cations can interact with gas molecules such as
CO2 through its strong quadrupole moment. Bae et al. compared the CO2 uptake of a carborane
based MOF with free and solvent blocked metal sites. The framework with free metal sites
showed a significant increase CO2 uptake and in CO2/CH4 selectivity[129]. Queen et al. showed
for an isostructural series of M2(dobdc, 2,5-dioxido-1,4-benzenedicarboxylate) MOFs with
various metal nodes (M) that the type of metal used as free cation site also influences the CO2
adsorption behavior, with the Mg2+(dobdc) showing the highest CO2 uptake per metal ion in
their case[130]. Various MOFs make use of modulators in their synthesis[131]. In some cases
the use of different modulators can be exploited to increase the CO2 uptake of the MOF. Gutov
et al. used amino acid modulation to synthesize various Zr-MOFs (Zirconium MOFs), which
resulted in the inclusion of the amino acids in the MOF framework, simultaneously increasing
their CO2 uptake[122,132]. Finally, there are also various post-synthetic MOF functionalization
strategies, capable of altering CO2-MOF interactions. One example is the modification of defect
containing UiO-66 frameworks with various organic functionalizing agents. Defective UiO-66
modified with 3-aminobenzoic acid showed a significantly higher CO2 uptake at 1 bar
compared to the unfunctionalized UiO-66 material[133]. Similarly, Deria et al. reported a
significant increase in CO2 uptake at 150 mbar and isosteric heath of CO2 adsorption at zero
coverage for NU-1000 post-synthetically functionalized with various perfluoroalkanes[134].
This section only provides a very short overview of MOF development strategies for CO2
capture with a few examples, a more extensive discussion is available in some great literature
reviews[115,125,135]. Functionalization of MOFs also proved an effective strategy to increase
the gas separation performance of MMM based on these MOFs. For example, Thür et al.
incorporated a nitrogen functionality in UiO-67, using a bipyridine-based linker. This resulted
in an increase in CO2/CH4 separation factor of the MMM consisting of this MOF and
Matrimid[89]. Similarly, Incorporation of an amine functionality in MOF-199 was found to
enhance both the CO2 ideal selectivity and permeability of 6FDA-ODA MMM based on this
MOF compared to unmodified MOF-199/6FDA-ODA MMM[136].
Furthermore, MOF fillers generally have a better compatibility with the polymer matrix than
their zeolite and CMS counterpart as a result of their partially organic structure[1,103,104].
Additionally their high tunability allows optimization of the linker-polymer interaction, further
reducing compatibility issues[103]. For example UiO-66-NH2 showed a superior interfacial
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compatibility with various polymers compared to its unfunctionalized UiO-66 counterpart,
supposedly through hydrogen bonding interactions[136,137]. More elaborate interface
engineering strategies have been applied as well. For instance, post-synthetic modification of
UiO-66-NH2 through reaction of the -NH2 group with the dianhydride end of 6FDA-durene
oligomers allowed synthesis of 6FDA-durene/6FDA-durene modified UiO-66-NH2 MMM
showing good interfacial compatibilities for MOF loadings up to 40 wt%[138].
Moreover, some MOFs have been reported to be thermally stable up to temperatures ranging
from 250-500 °C[139]. Chemical stability of MOFs poses a greater challenge. The bond
between nodes and linkers is susceptible to hydrolysis in aqueous conditions. The hydrolysis
reaction can be accelerated by the presence of acids and bases, respectively, promoting the
formation of a protonated linker or hydroxylated node and as a result the associated dissociation
of the MOF[139,140]. However, MOFs have been developed which are able to withstand
extreme conditions (pH, solvents). For instance, UiO-66 showed to be resistant to a pH equal
to 1 and an UiO-66 MOF with a NO2 modified linker was stable in a pH of 13.6[139–141].
2.2.6.3 MOF fillers used in MMM CO2 gas separations
This section gives a more detailed description of three MOFs which are of high relevancy for
this thesis. First, UiO-66 is described as it is one of the most reported MOFs in MMM literature.
Next, two relatively new MOFs (MOF-808 and UTSA-120a) are introduced.
UiO-66
UiO-66 consists of a zirconium-oxide (Zr6O4(OH)4) cluster (Zr6 cluster) linked by 1,4benzenedicarboxylic acid (BDC) linkers. It has a pore structure built from octahedral and
tetrahedral cages, which together form a triangular pore aperture of 6 Å[1]. The crystal structure
of UiO-66 together with the structure of its node (Zr6 cluster) is shown in Figure 23a and b.
In UiO-66, normally every cluster is coordinatively saturated with 12 linkers[89,142]. As a
result, the structure remains relatively stable when a linker or cluster is missing. Bueken et al.
reported a tolerance of up to 4.3 missing linkers per Zr-cluster, using a mixed linker approach
followed by a degradation step of one of the linkers[142]. Different strategies to synthesis and
optimize high-defect UiO-66 have been adopted. Missing linkers were found to increase the
BET surface area and pore size of the MOF particles[143]. Additionally, these missing linkers
expose unsaturated Zr6 clusters which could possibly interact with gasses such as CO2. Wu et
al. for instance reported higher CO2 uptake capacities for a UiO-66 MOF with hydroxylated
defects[144,145].
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UiO-66 is reported to be thermally, chemically and mechanically stable, as well as highly
tunable[141]. A wide range of variants to the standard UiO-66 have been synthesized, focusing
on the enhancement of its sorption and separation properties[146]. MMM comprised of a 4aminobenzoic acid modulated MOF UiO-66-NH2 (UiO-66-NH2-ABA), which uses 2aminoterephtalic acid as linker, and a Matrimid membrane showed an increase in permeability
as well as selectivity for CO2/CH4 gas separation[147]. Post-synthetic modifications of UiO-66
based MOFs have been reported as well. Jiang et al. succeeded in forming a UiO-66-NH2@ICA
MOF by an amine condensation reaction between UiO-66-NH2 and imidazole-2-carbaldehyde
(ICA). The MMM formed by combining this MOF with Matrimid showed even higher
permeability and selectivity than the UiO-66-NH2-ABA MMM[148].
Recent research by Reinsch et al. focused on the green synthesis of UiO-66. They succeeded in
synthesizing MOF particles using water as a solvent instead of N,N-dimethylformamide which
is commonly used in UiO-66 synthesis. The crystal structure of the particles showed similarities
to the structure of UiO-66 but had a lower symmetry and different unit cell parameters. The
synthesis of these MOFs under industrially feasible, green conditions is an important step
towards large scale MOF applications[149].

Figure 23: a) Structure of the node of UiO-66. b) Crystal structure of UiO-66. c) Structure of the node of MOF-808. d)
Crystal structure of MOF-808. (grey = C, red = O, green = Zr) copied from refs. [150,151].
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MOF-808
Another Zr6 cluster based MOF of interest is MOF-808. In the case of MOF-808, the clusters
are linked by benzenetricarboxylic acid (BTC) instead of the BDC linker in UiO-66[1,152].
Each Zr6 cluster is bonded to 6 BTC linkers, however the Zr6 cluster is theoretically saturated
with 12 carboxylic acid ligands (as is the case in UiO-66). As a result, 6 equatorial sites on the
Zr6 cluster are available to coordinate other ligands. These ligands can be solvent, modulator or
other species present in the synthesis medium[107]. The MOF has an spn topology consisting
of tetrahedral cages with an internal pore diameter of 4.8 Ȧ. In these cages, the BTC linkers are
situated at the faces of the tetrahedron. The cages share the oxo-clusters situated in the vertices,
resulting in an adamantane cage with an internal pore diameter of 18.4 Ȧ[152,153]. The
structure of MOF-808 and the MOF-808 node are shown in Figure 23c and d. Similar as for
UiO-66, water based ‘green’ synthesis recipes have been reported for MOF-808 [107,149].
Different methods were developed to functionalize MOF-808. Since up to 6 modulator
molecules can theoretically coordinate to the Zr6 cluster, using a different modulator will result
in MOF-808 ligands with a different chemistry[154]. This property of MOF-808 allows tuning
of the MOF properties by modifying the cage entrances. For example, Thür et al. used a series
of perfluorinated and non-fluorinated alkyl carboxylic acids (e.g. TFA and acetic acid) as a
modulator to increase the CO2 permeability and selectivity of MOF-808/Matrimid mixed matrix
membranes in CO2/CH4 gas separations[107]. The modulator ligands, present after each MOF808 synthesis on the Zr6 cluster can also be exchanged for other charge balancing ions postsynthetically. Different examples of this technique have been reported to increase the
performance of MOF-808 in a range of applications. Jiang et al. succeeded in forming a
superacid sulfated MOF-808 by exchanging the formate ions for SO42- ions[155]. Peng et al.
post-synthetically formed a MOF-808 with EDTA ligands, resulting in an heavy metal ion
capture trap[156]. Furthermore, Baek et al. succeeded in creating a highly selective methane to
methanol oxidation catalyst by exchanging the formate ligands of MOF-808 for 5benzimidazolecarboxylic acid, which were subsequently metalated with copper. In the same
report, MOF-808 was effectively functionalized with histidine using the same procedure[154].
Hexafluorosilicate (SIFSIX) MOFs
The SIFSIX family of MOFs, built out of M2+ (Cu or Zn) hexafluorosilicate (SiF62-) salt nodes
connected by N-heterocycle containing linkers, have recently attracted attention as interesting
materials for CO2 capture[157]. This family of MOFs all have a cubic topology formed by a
bidentate linker coordinating to the M2+ cation. The SiF62- anion is coordinated to the M2+ cation
38

in an axial position and connects the 2D structures formed between the cation and linker,
resulting in a 3D framework[158]. Selection of various linkers allows to easily tune the pore
size of the MOFs in the SIFSIX family[158].
Physical properties such as pore size, BET surface area and isosteric heath of CO2 adsorption
are shown in Table 6, together with the CO2 uptake at 1 bar and the theoretical CO2/N2
selectivity of the pure MOFs for 3 frameworks of the SIFSIX family: SIFSIX-2-Cu-i and
SIFSIX-3-Zn and SIFSIX-3-Cu. Their crystal structure as well as linker chemical composition
can be found in Figure 24. These frameworks have a 4-4’-dipyridylacetylene (dpa) and pyrazine
linker respectively (for both the Zn and Cu form of SIFSIX-3). Clearly, pyrazine is the smaller
molecule of the two resulting in the smaller pore size of the SIFSIX-3-Zn and SIFSIX-3-Cu
frameworks[159]. The smaller pore size of SIFSIX-3-Cu compared to SIFSIX-2-Zn is
suggested to be a result of the 3d9 valence electron configuration of Cu (3d10 in the case of Zn)
which gives rise to a distorted octahedral coordination of Cu with elongated Cu-F bond length
and shortened Cu-N bond lengths. The reduction in linker size also resulted in a reduced BET
surface area of the frameworks[159].

Figure 24: Crystal structure of a) SIFSIX-Cu-i, b) SIFSIX-Cu(Zn)-3 and c) UTSA-120a. In all figures the octahedra present
Cu clusters, the strucutre attached to this cluster represents the SiF62- group and the other species the linker of the
framework. The chemical strucutre of the framework linker is shown below (dpa, pyrazine and dpt respectively) Copied from
refs. [157,159].

All of these MOFs show good CO2 selectivities when used as adsorbent due to the strong
interaction between the SiF62- anion and CO2, resulting in a high CO2-philicity of the
MOF[158]. There are however large differences in their isosteric heath of CO2 adsorption Qst
of the various members of the SIFSIX family, with SIFSIX-2-Cu-i showing the lowest Qst
values and SIFSIX-3-Cu the highest. This increase in Qst with decreasing linker size was
attributed to an increase in the amount of fluorine atoms interacting with a CO2 molecule within
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the MOF pore, which is higher for the MOFs with a smaller pore size[158,159]. CO2 uptake
values at 1 bar are higher for the larger linker MOF and clearly linked to its larger BET surface
area[158,159]. Finally, the calculated CO2/N2 selectivity of the MOF shown with SIFSIX-3-Cu
having clearly the highest selectivity.
Most of these SIFSIX MOFs have also been tested as filler material in MMM. SIFSIX-2-Cu-i
incorporated in a polyphosphazene showed an increase in both CO2/N2 ideal selectivity and
permeability compared to the pure polymer[160]. Similarly, MMM of 6FDA-DAM combined
with SIFSIX-3-Zn had an increased mixed gas separation factor and permeability in 50/50
CO2/CH4 gas separation measurements[161]. Remarkably, 6FDA-DAM membranes containing
SIFSIX-3-Cu displayed a slight decrease in separation factor compared to the pure polymer,
together with a significant increase in permeability[162]. These results position the SIFSIX
family as highly interesting filler materials for MMM development.
Recently Wen et al. succeeded in synthesizing a new member of the SIFSIX family called
UTSA-120a. This framework also consists of CuSiF6 nodes, but uses a 3,6-di(4-pyridyl)1,2,4,5-tetrazine (dpt) linker. The introduction of the tetrazine functionalized linker in the MOF
framework effectively reduces the pore size of the MOF to 4.4 Å (Figure 24)[157]. The tetrazine
functionality was hypothesized to interact with CO2 as well resulting, together with the reduced
pore size, in a higher CO2/N2 selectivity compared to SIFSIX-2-Cu-i (Table 6). Furthermore,
the CO2 uptake capacity and BET surface area of UTSA-120a suffer only a relatively small
reduction[157].
Table 6: Physical properties together with MOF gas uptake and selectivity of various members of the SIFSIX family,
including UTSA-120a. Data were taken from ref [157] and [163].
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3 Materials and methods
3.1 Materials
Zirconyl chloride octahydrate (ZrOCl2.8H2O Abcr GmbH), 1,3,5-benzenetricarboxylic acid
(BTC, J&K Chemicals), 1,4-benzenedicarboxylic acid (BDC, 98%, Sigma Aldrich), formic
acid (FA, Sigma Aldrich), glycine (Sigma Aldrich), proline (Sigma Aldrich), hydrochloric acid
(HCl, 37wt% in water, Fischer), N,N-dimethylformamide (DMF, >99%, Acros), serine (Ser,
Sigma Aldrich), histidine (His, Sigma Aldrich), trifluoroacetic acid (TFA, Merck Schuchardt),
glycolic acid (GA, 70 wt% in water, Acros), benzoic acid (BA, >99.5%, Sigma Aldrich),
sulfuric acid (SO4, 99.99%, Acros), lithium sulfate monohydrate(Li2SO4, >98.5%, Sigma
Aldrich), chloroform (>99%, Acros), 4-trifluoromethylbenzoic acid (TFBA, 98%, Sigma
Aldrich), 3,6-di(4-pyridyl)-1,2,4,5-tetrazine (dpt, >98%, TCI), cupper hexafluorosilicate
(CuSiF6, Fluorochem), acetone (technical grade, Acros), ethanol (EtOH, Fischer), water (H2O),
dimethylsulfoxide (DMSO, Acros), methanol (MeOH, VWR chemicals), tetrahydrofuran
(THF, >99%, Acros), Matrimid® 5218 (Matrimid, Huntsman), 6FDA-DAM (Fujifilm), carbon
dioxide (CO2, Air Liquide), methane (CH4, Air Liquide), nitrogen (N2, Air Liquide).

3.2 MOF-808-FA synthesis
Two recipes were used to synthesize MOF-808, both using FA as a modulator. The first recipe
was developed by Thür et al. and the MOF formed using this recipe is referred to as MOFFA[107,149]. First, 0.585 g of ZrOCl2.8H2O (1.82 mmol) and 0.127 g of BTC (0.61 mmol)
were dissolved in 4.55 mL water in a 10 mL crimp cap glass vial. After dissolving the MOF808 precursors, 0.819 g (17.8 mmol) of FA was added to the reaction mixture. Subsequently,
the vial was sealed and heated to 100 °C under constant stirring for 24 h. The next day, a white
suspension was formed. The reaction mixture was transferred to a falcon tube and centrifuged
for 30 min at 4500 rpm to separate the formed MOF. The product was then washed 3 times with
H2O and 3 times with EtOH, centrifuging again after each washing step. Finally the MOF was
dried overnight in an oven at 70 °C, grinded and stored for further use.
An upscaled version of the synthesis recipe was developed as well. The MOF obtained through
this upscaled recipe is referred to as MOF-FA-u. In this recipe 5.080 g BTC (24.20 mmol) and
23.400 g ZrOCl2.8H2O (72.80 mmol) are dissolved in H2O (182 mL) in a 500 mL round-bottom
flask and subsequently 32.744 g FA (712.00 mmol) is added. Next, the reaction mixture is
heated to 100 °C under reflux for 5 h. Again, a white suspension was obtained. Washing, drying
and grinding of the MOF was done in the same way for both synthesis procedures.
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3.3 MOF-808 functionalization strategies
3.3.1 In-situ functionalization
Amino acid modulation of MOF-808 was investigated starting from the MOF-808 synthesis
recipe reported by Thür et al.[107,149]. This is a water-based synthesis recipe offering two
distinct advantages: it excludes the use of toxic solvents such as DMF and circumvents
solubility issues of the amino acids in DMF, since these are highly soluble in H2O[132,164].
HCl was added to the reaction mixture based on results obtained by Marshall et al., who
reported HCl to assist in MOF synthesis for amino acid modulated Zr-MOFs[165]. All of the
synthesis conditions are shown in Table 7. Recipes 17-20 were analogous to the ones used by
Marshall et al.. Similar to the synthesis of MOF-FA the reaction product was recovered using
centrifugation and washed 3 times with the solvent used during synthesis and 3 times with
EtOH. Finally, the samples were dried in an oven at 70 °C overnight grinded and stored.
Table 7: Synthesis conditions explored in in-situ MOF functionalization. (a) Water (or DMF) was added until the total
volume of the reaction mixture was 5 mL. (b) in this recipe UiO-66 was synthesized and thus a BDC linker was used instead
of BTC. (c) For these recipes DMF was used instead of H2O.

3.3.2 Post-synthetic functionalization
3.3.2.1 Method 1
Method 1 is based on a method developed by Baek et al. to functionalize MOF-808 with various
N-heterocycle functionalized carboxylic acids[154]. 0.250 g of MOF-FA(-u) is suspended in a
50 mL DMSO solution containing 9.30 mmol functionalizing agent. Next, the suspension is
transferred to a bottle, which was sealed and heated in an oil bath at 100 °C under constant
stirring. After 24 h the MOF suspension was transferred to a falcon tube and centrifuged for 30
min at a rotation speed of 4500 rpm. Subsequently the precipitated MOF is washed 3 times with
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DMSO and 3 times with acetone. After each washing step centrifugation was used to recover
the MOF. Finally, the MOF was dried in an oven at 70 °C overnight, grinded and stored for
further use. This functionalization strategy was used to synthesize the Ser, BA and TFBA
functionalized MOFs, respectively referred to as MOF-Ser, MOF-BA and MOF-TFBA.
3.3.2.2 Method 2
A second functionalization strategy was used for the synthesis of the His, TFA, GA and SO4
functionalized MOFs, respectively referred to as MOF-His, MOF-TFA, MOF-GA and MOFSO4. This recipe was first used by Jiang et al. to functionalize MOF-808 with sulfuric acid[155].
A 50 mL aqueous solution of 5.00 mmol functionalizing agent (0.1 M) is used to suspend 0.500
g of MOF-FA-u. This reaction mixture is then transferred to a sealed bottle and left to stir for
24 h at room temperature. Upon completing the reaction, a similar washing procedure as
described for method 1 is used. However, in this case the functionalized MOF is washed 3 times
with H2O and 3 times with acetone. MOF-SO4 was additionally washed 3 times with
chloroform, in analogy with the procedure described by Jiang et al.[155]. Finally, the MOFs
were dried in an oven at 70 °C overnight, grinded and stored for further use.
3.3.2.3 Method 3
A third functionalization strategy was developed to functionalize MOF-808 with Li2SO4. 0.250
g of MOF-SO4 was suspended in a 50 mL aqueous solution containing 5.00 mmol of Li2SO4.
The suspension was transferred to a closed bottle and left to stir at room temperature for 24 h.
Subsequently, the same washing (using water and acetone), drying and storage procedure as
described in method 2 was applied.

3.4 UTSA-120a synthesis
UTSA-120a was prepared using the synthesis recipe of Wen et al.[157]. Under mild stirring, a
2 mL solution containing 0.110 g (0.49 mmol) CuSiF6 in water was added dropwise to a 30 mL
MeOH solution containing 0.120 g (0.51 mmol) of dpt at room temperature. Upon addition of
the first droplets, the previously transparent pink solution immediately became turbid. After 24
h the synthesis was stopped and the formed UTSA-120a was washed 3 times a day with MeOH
over a 2 day period, centrifuging for 45 min at 4500 rpm each washing step. Finally, the MOF
was dried overnight in an oven at 50 °C, grinded and stored for further use.

3.5 Membrane synthesis
MMM were synthesized by suspending 0.048 g of MOF in 5.580 g of THF. After sonicating,
for 2 min 0.140 g of polymer (Matrimid or 6FDA-DAM) was added to the mixture and left to
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stir for 2 h. Two more times 0.140 g of polymer was added to the solution, each time first
sonicating the mixture for 2 min. Between the addition steps was a 2 h waiting period, during
which the mixture was continuously stirred. This stepwise addition of polymer (priming) was
used to ensure optimal interactions between the polymer and MOF filler. Next, the formed
polymer/MOF dispersions were sonicated 2 min for a final time and subsequently cast in a
Teflon petri dish with a cross section of 6 cm under a N2 atmosphere at room temperature. The
cast membranes were left in this N2 atmosphere for 24 h, allowing THF to evaporate.
Afterwards, the MMM were cut in 20 mm coupons and annealed for 2 h at 110°C and 6 h at
180 °C in an oven using a heating rate of 5 °C/min in case of the Matrimid based membranes
and for 48h in an oven at 100°C in case of the 6FDA-DAM based membranes. Pure polymer
membranes were synthesized by dissolving 0.420 g of polymer in 5.580 g of THF. The obtained
polymer solution was left to stir for a 6 h period. The casting, cutting and subsequent annealing
of the membranes is completely analogous to the respective MMM synthesis procedures. This
recipe was optimized by Thür et al. to obtain MMM with a 10 wt% MOF loading[107].

3.6 X-ray diffraction (XRD)
Powder XRD diffractograms of all of the MOFs were measured to confirm crystallinity of the
synthesized and functionalized MOFs. The measurements were conducted on a Malvern
PANalytical Empyrean diffractometer in transmission mode, equipped with a PIXcel3D solidstate detector. Angles (2θ) ranging from 1.3-45° were scanned and a Cu anode was used (Cu
Kα1: 1.5406 Å; Cu Kα2: 1.5444 Å)[107].

3.7 Nuclear magnetic resonance (NMR)
Proton (1H) NMR measurements were conducted on a Bruker AMX-300 spectrometer (300
MHz) in order to determine the loading of functionalizing agent for the post-synthetically
modified MOFs. The MOF sample (0.003 g) was dissolved in 600 µL deuterated DMSO using
40 µL of hydrofluoric acid (40 wt% aquous solution). Each sample was scanned 16 times with
a recycle delay time of 30s. Spectra were analyzed with the SpinWorks 4.2 software[107].

3.8 Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR)
ATR-FTIR spectra were recorded on a Varian 670 FTIR imaging microscope to evaluate the
chemical changes in the MOF upon functionalization and upon incorporation in a MMM. The
apparatus used a single point MCT detector and diamond ATR crystal. Spectra were measured
with a resolution of 2 cm-1. 64 scans per sample were conducted, respectively 32 scans to
measure a background and 32 to measure the infrared (IR) transmission of the sample[107].
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3.9 Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX)
SEM was used to determine the particle sizes of the different MOFs. SEM measurements were
conducted on a Philips XL30 FEG SEM. Powder samples were immobilized on carbon tape
and subsequently coated with a gold/palladium coating to increase the sample conductivity. The
Philips SEM was also used to measure EDX spectra of MOF-Li2SO4 to get a measure of
functionalizing agent loading in the MOF[107].

3.10 CO2 adsorption measurements
CO2 adsorption measurements were used to obtain adsorption isotherms of the functionalized
MOFs at various temperatures. These isotherms provide the CO2 uptake of the MOF for a
pressure up to 1 bar and, through a Clausius-Clapeyron analysis, the isosteric heat of CO2
adsorption (Qst). CO2 adsorption isotherms were measured at a temperature of 0, 20 and 40 °C.
Each of the isotherms was fitted with the dual-site Langmuir equation (equation
16)[125,134,166–169].
𝑁=

𝑁 , 𝑏 𝑝 𝑁 , 𝑏 𝑝
+
1+𝑏 𝑝 1+𝑏 𝑝

(16)

In this model N (mmol/g) and Nm,1 (mmol/g) and Nm,2 (mmol/g) are the amount of adsorbed
gas and amount of adsorbed gas at saturation for both sites respectively, b1 (Pa-1) and b2 (Pa-1)
are Langmuir constants. This equation was chosen based on the success of this method for
determination of Qst for other MOFs reported in literature[125,134,166–169]. The fits were
used to determine, through interpolation, the pressure associated with a certain MOF CO2
coverage for each of the measured temperatures. Subsequently for each of these coverages a
plot of ln p vs 1/T was made. The slope of these plots can be used to calculate Qst (kJ/mol), as
described by the Clausius-Clapeyron equation[125,134,166–169]:
𝜕(ln 𝑝)
𝑄
= −
1
𝑅
𝜕 𝑇

(17)

With p (Pa) the pressure, T (K) the temperature and R (J/mol.K) the gas constant.
Measurements were conducted on a Micrometrics 3Flex surface analyzer. Before each
measurement the MOF samples were activated by heating them to 100 °C under vacuum for 16
h[107].
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3.11 High-throughput gas separation measurements (HTGS)
Gas separation performance of the MMM and pure polymer membranes was measured on a
custom made HTGS setup, which allows the testing of 16 membrane coupons simultaneously.
Mixed-gas separation factors were obtained by separating the permeate over a Porabond Q
column installed in a compact gas chromatograph developed by Interscience, Belgium. The
column is connected to a thermal conductivity detector[170]. By comparing the feed and
permeate mole fractions of the gasses in the mixture, the separation factor (α*i/j) can be
determined using the formula:
𝛼 ∗⁄ =

𝑦 ⁄𝑦
𝑥 ⁄𝑥

(18)

With yi,j the permeate and xi,j the feed mole fraction of the gasses i and j in the gas mixture[170].
Gas permeability was measured using a constant-volume-varying-pressure method. The
permeate is collected in an auxiliary cylinder with a known volume of 75 cm3. Simultaneously,
the pressure increase due to permeate accumulation is measured with a pressure transducer
developed by MKS instruments (upper limit of 10 mbar)[170]. The transducer measures the
change in pressure per unit of time (dp/dt (Torr/s)), which can be used to calculate the gas
permeability of a component of a gas mixture using the following formula[107,170]:
(𝐵𝑎𝑟𝑟𝑒𝑟) = 10

𝑃,

𝑦 × 𝑉 × 𝐿
𝑑𝑝
𝑥 × 𝑝 × 𝐴 × 𝑅 × 𝑇 𝑑𝑡

(19)

Where Pi,mixed represents the CO2 permeability through the membrane in Barrer, V the
downstream volume (cm³), L the membrane thickness (cm), A the membrane permeation area
(1.91 cm2), T the operating temperature (K), pup the upstream pressure (Torr) and R the gas
constant. The pure gas permeability was calculated using equation 20[107,170]:
𝑃,

(𝐵𝑎𝑟𝑟𝑒𝑟) = 10

𝑃

𝑉 × 𝐿
𝑑𝑝
× 𝐴 × 𝑅 × 𝑇 𝑑𝑡

(20)

All measurements were conducted at an upstream pressure of 5 bar and at a temperature of 35
°C. Membrane performance was measured for membranes in steady state. This steady-state
condition was evaluated by permeability measurements with a 30 min time interval. When
permeability changes were smaller than 1% for 3 subsequent measurements, the membranes
were assumed to have reached their steady state behavior.

46

4 Results and discussion
4.1 Introduction
Previous results of Thür et al. demonstrated modulation-mediated functionalization of MOF808 with fluorinated carboxylic acids is an efficient strategy to increase gas separation
performance of MMM[107]. This work intends to extend MOF-808 functionalization to other
functionalizing agents, such as amino acids, other organic acids and alkali salts. First, amino
acids were investigated as potential modulator for an in-situ, green functionalization of MOF808. In a second part, post-synthetic functionalization of MOF-808 with a broad range of
ligands was conducted in an attempt to correlate important MOF parameters (e.g. CO2 uptake
and isosteric heath of adsorption) with the CO2 permeation behavior of the MMM. In a final
section, the potential of another MOF, UTSA-120a, as filler material for MMM was evaluated.

4.2 Amino acid functionalization of MOF-808
Amino acids are interesting candidates for MOF-808 functionalization because (1) they bear
functional groups which have been reported to increase the CO2 affinity of MOFs and the gas
separation performance of the corresponding MMM[125,132,137,171], (2) they have a
carboxylic acid group, necessary for coordination with the Zr6 cluster of MOF-808 and (3) they
are relatively cheap and have a low toxicity[107,172]. Therefore, amino acid functionalization
of MOF-808 for the development of MMM is evaluated in this section.
4.2.1 In-situ functionalization of MOF-808 with amino acids
Thür et al. developed an in-situ functionalization procedure to synthesize their functionalized
MOF-808. In this procedure, the desired functionalizing agent fulfills two roles: it acts as a
modulator, controlling the growth of the MOF and it coordinates with the MOF-808 Zr6 cluster,
functionalizing the MOF[107,173,174]. Amino acids have previously been used as a modulator
in the synthesis of Zr-MOFs[132,165]. Possibly, amino acids could also be used as modulator
for the synthesis of MOF-808 and as a result be incorporated in the MOF-808 structure through
a similar in-situ functionalization procedure. In this work amino acids were applied as
modulator for MOF-808 to investigate this hypothesis. Initially, glycine and proline were
selected as modulator. Glycine was chosen because of it’s comparable structure and size to FA
whereas proline was selected based on its good performance as modulator in the synthesis of
other Zr-MOFs[132,165]. The chemical structures of glycine, proline and FA are shown in
Figure 25. The synthesis of MOF-808 using these modulators will be used as a proof-ofconcept, to later extend the approach to more promising amino acids for interaction with CO2.
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Figure 25: Chemical structure of formic acid (left), glycine (middle) and proline (right).

In an attempt to achieve crystalline MOF-808, two synthesis parameters were varied: the molar
ratio of modulator/Zr6 cluster and the molar ratio of HCl/modulator. For both proline and
glycine, synthesis mixtures with a ratio of 1, 1.5 and 2 equivalents modulator/cluster and 0, 1,
1.5 and 2 equivalents HCl/modulator were prepared. By increasing the synthesis time from 24
h to 72 h, the effect of synthesis time was investigated as well for some of the glycine modulated
recipes. An overview of the evaluated parameters can be found in Table 8.
Table 8: Parameters evaluated for in-situ amino acid modulation of MOF-808.

After synthesis, all obtained products consisted of a grey, opaque, gel-like mixture, regardless
of the selected synthesis conditions. Contrarily, MOF-808 modulated with either FA or TFA
yields a clear, white MOF suspension[107]. XRD diffractograms of the formed materials were
measured to determine if the product was crystalline. All of the measured diffractograms
showed broad, badly resolved peaks, indicating no crystalline material was formed. The XRD
diffractogram of the synthesis mixture for proline modulated MOF-808 with a ratio of
modulator/cluster of 1 and a ratio of HCl/modulator of 1 is given as example in Figure 26.

Figure 26: XRD diffractogram of the obtained material for the MOF-808 amino acid modulation synthesis mixture with a
modulator/cluster ratio of 1 and a HCl/modulator ratio of 1.
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Marshall et al. defined an optimum molar ratio of modulator/cluster of 5 and HCl/Zr-source
molar ratio of 1 for amino acid modulation of other Zr-MOFs (molar ratio of HCl/modulator of
0.2). Furthermore, they heated their synthesis mixture to 120 °C and used DMF as a solvent
instead of H2O, a solvent which has also been used for MOF-808 synthesis[152,165]. Therefore,
a MOF-808 synthesis recipe using the same synthesis conditions as described by Marshall et
al. was evaluated. Simultaneously, UiO-66 modulated with glycine and proline was
synthesized. The XRD diffractograms measured for UiO-66 modulated with glycine and
proline respectively are shown in Figure 27a and c. The XRD diffractograms of MOF-808
modulated with proline and glycine are shown in Figure 27b and d.

Figure 27: UiO-66 and MOF-808 synthesized using the recipe described by Marshall et al. for amino acid modulated UiO66 synthesis. a) UiO-66-proline, b) MOF-808-proline, c) UiO-66-glycine, d) MOF-808-proline.

The amino acid modulation of UiO-66 clearly results in a crystalline material with peaks being
observed at an angle of 7.4°, 8.5° and 12.7°. The diffractogram corresponds well to
diffractograms for UiO-66 reported in literature[165]. Both UiO-66 modulated with proline and
glycine are crystalline. However, the glycine modulated MOFs diffractogram is less resolved,
which indicates a lower degree of crystallinity[131,175,176]. Unfortunately, both the glycine
and proline modulated MOF-808 sample resulted in a gel-like product, with the XRD
diffractogram once more indicating no crystalline material was formed.
It is unclear what lays at the base of the failed MOF-808 synthesis. In general, it seems likely
the amine functionality of the amino acid plays a central role. It could be hypothesized that the
amine group negatively affects the pH of the MOF mixture[173,177,178]. A second theory
would be that the zwitterionic nature of the amino acid causes electrostatic repulsion between
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positively charged Zr6-clusters or disrupts in general the electrostatic balance between reagents
during synthesis (pKaglycine-amine = 9.60, pKaproline-amine = 10.60)[179]. However, no direct
evidence could be provided for both of these theories. Gutov et al. also evaluated the
modulating properties of N-formylproline, proline methyl ester and pipecolinic acid (Ncontaining 6 ring instead of 5-ring in the case of proline) in the synthesis of UiO-67. These
modulators resulted in MOF samples with poorer crystallinity, indicating that both the NH2+
and CO2H functional groups as well as the ring structure of proline played an important role in
the modulation[132].
4.2.2 Post-synthetic functionalization of MOF-808 with serine
Based on the previous experiments it was concluded that, starting from the known synthesis
recipes, no straightforward in-situ amino acid functionalization strategy for MOF-808 could be
derived. To circumvent this problem and still combine the advantages of amino acids with
MOF-808, a post-synthetic functionalization strategy was applied. In this approach, MOF-808
is first synthesized using a well-known synthesis procedure. After synthesis, the MOF is resuspended in a solution containing the desired amino acid, which is subsequently exchanged
with the species occupying the cluster of the as-synthesized MOF. Since in this case the MOF
is already formed, the amino acids cannot interfere with the MOF formation. Post-synthetic
amino acid functionalization of MOF-808 has already been performed by Baek et al.. They
successfully functionalized MOF-808 with histidine by the synthesis method described in this
work as method 1[154]. More specifically, serine (structure shown below) could be of particular
interest for CO2 separations due to its highly similar chemical structure compared to
monoethanolamine (MEA, Figure 28), one of the most prevalent amine absorption reagents for
CO2 removal in various applications[125,180]. Therefore, serine functionalized MOF-808
(MOF-Ser) was characterized and evaluated as a filler in Matrimid MMM in the next paragraph.

Figure 28: Chemical structure of MEA (left) and Serine (right).

4.2.2.1 Characterization of MOF-Ser
MOF-Ser was synthesized using functionalization method 1, described in the materials and
methods section. XRD diffractograms of MOF-FA and MOF-Ser were taken to confirm the
crystallinity of the synthesized MOFs (Figure 29). Well-resolved peaks in the diffractogram
occur around an angle of 4.3°, 8.3°, 8.7°, 10.0° and 10.9° for both MOFs. The observed XRD
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pattern of MOF-Ser correspond well with the diffractogram of the ‘unfunctionalized’ MOFFA, the calculated MOF-808 diffractogram and diffractograms of MOF-808 in literature,
indicating the crystal structure of the MOF remains unaffected by functionalization[152,181].
There is a clear difference in relative intensity of the peaks at 4.3° and the doublet at 8.3° and
8.7° between MOF-FA and MOF-Ser. Such a difference was also observed by Baek et al. for
their histidine functionalized MOF-808. A possible explanation is the different pore contents
of the framework. Differences in pore content have previously been hypothesized to alter the
relative intensity of peaks in diffractograms of MOF-5[176,182,183].

Figure 29: XRD diffractogram of MOF-FA and MOF-Ser, scaled to the peak situated at a 2θ value of 4.3°.

The framework of MOF-808 consists of a Zr6 cluster with 12 positive charges that have to be
compensated. The BTC linker carboxylic acid functionalities compensate 6 charges, while the
6 planar binding sites are occupied by other charge compensating species[152,184]. As a result
theoretically up to 6 molecules of Ser can be present per Zr6 cluster. To verify whether
functionalization was successful, this Ser/cluster ratio is determined using 1H NMR. On average
2.5 FA molecules are present per Zr6 cluster in MOF-FA and 3.2 Ser molecules per Zr6 cluster
in MOF-Ser, indicating a successful functionalization (Table 9). The other sites of the cluster
are expected to be occupied by hydroxyl groups (OH-) and water molecules, since synthesis of
MOF-FA is carried out in an aqueous environment, or by chloride (Cl-) originating from the
ZrOCl2.8H2O precursor[155,184–186]. Remarkably, all FA molecules were removed from the
Zr6 cluster in MOF-Ser after functionalization.
Table 9: Cluster composition of MOF-FA and MOF-Ser as determined by 1H NMR.
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Next, CO2 adsorption isotherms of MOF-FA and MOF-Ser were measured. The adsorption
isotherms of both MOFs are shown in Figure 30. MOF-Ser had a higher CO2 uptake over the
entire investigated pressure ranges. At 1000 mbar, a CO2 uptake capacity of 2.79 mmol/g is
observed, which is 62% higher than the CO2 uptake of MOF-FA (1.72 mmol/g) at the same
pressure. For the investigated pressure range, CO2 adsorption is expected to correlate primarily
with the strength of CO2 binding to the MOF instead of the available surface area[125,187,188].
Therefore, the higher CO2 uptake capacity of MOF-Ser suggests the increase in CO2 affinity of
the MOF can be attributed to incorporation of CO2-philic groups. However, contributions of
changes in MOF structural parameters such as pore volume, pore diameter, BET surface area
and number of defects upon functionalization with serine cannot be excluded. It was
demonstrated in previous work that changes in functionalizing agent size can severely influence
pore volume, pore diameter and BET surface area[88,107]. Unfortunately, N2 physisorption
experiments could not be conducted. Determination of pore volume, the pore size distribution
and BET surface area is therefore required.

Figure 30: CO2 adsorption isotherms of MOF-FA (red triangles) and MOF-Ser (green circles) measured at 0 °C for a
pressure range of 0-1000 mbar.

4.2.2.2 Gas separation performance of MOF-Ser
MMM of MOF-Ser and MOF-FA combined with Matrimid were prepared and tested for their
CO2/N2 gas separation performance for a 50/50 CO2/N2 gas mixture (Figure 31). Inclusion of
the MOF in Matrimid enhanced the gas separation performance in terms of mixed-gas
separation factor as well as CO2 permeability. The increase in CO2 permeability can be the
result of an increase in free volume as a result of incorporation of the porous MOF and/or of an
increase in free volume due to disruption of the polymer packing[89,138]. The higher mixedgas separation factor is most likely caused by interaction of CO2 with the MOF filler, increasing
the gas solubility of CO2 in the MMM[89,138]. Another parameter which could influence the
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separation factor is polymer rigidification upon MOF inclusion, which might enhance size
(diffusivity) selectivity[107]. The difference in gas separation performance of the MMM based
on unfunctionalized MOF-FA and MOF-Ser is very small, with MOF-FA showing a 7% higher
permeability and a 4% lower separation factor compared to MOF-Ser. The lower permeability
of MOF-Ser MMM compared to MOF-FA MMM might be a result of differences in the
MOF/polymer interface caused by the functionalization procedure. These could possibly result
in more pronounced polymer rigidification and thus a decrease in permeability[107,189]. The
slightly higher separation factor might be a result of the higher CO2 affinity of MOF-Ser or
enhanced size selectivity as a result of polymer rigidification [89,138,190]. However, this
difference in gas separation performance of only 4% is smaller than might be expected based
on the 62% higher CO2 uptake of MOF-Ser compared to MOF-FA.
This observation gives rise to the question if CO2 uptake is useful to predict MMM gas
separation performance, and in general, which MOF parameters can be used to predict MMM
gas separation performance. Various additional measurements, such as N2 physisorption (to
determine the pore size distribution and thus the possibility of size selectivity), membrane gas
solubility measurements for N2 and CO2 (to determine if CO2 sorption in the membrane is
enhanced) and differential scanning calorimetry (DSC, to determine Tg, which might indicate
rigidification) are required to better comprehend the MOF-Ser/Matrimid system[89,138].

Figure 31: a) CO2/N2 mixed gas separation performance of Matrimid, Matrimid + MOF-FA and Matrimid + MOF-Ser
MMM for a 50/50 CO2/N2 gas mixture measured at 5 bar and 35°C.

4.3 Platform MOF-808: correlation of MOF parameters with MMM gas
separation performance
The unique structure of MOF-808, with 6 vacant positions on the cluster that can be
functionalized, allows a thorough and more fundamental study on the effects of (functionalized)
MOF-808 parameters on CO2 permeation in the corresponding MMM[152,184]. In this section,
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a series of 5 differently functionalized MOFs are characterized, all synthesized through postsynthetic functionalization of MOF-808 developed with the upscaled, FA-modulated MOF-808
synthesis recipe (denoted as MOF-FA-u). Upscaled MOF-FA was used to ensure the same
starting material for all functionalizations, minimizing effects of batch variations. Histidine
(MOF-His), trifluoroacetic acid (MOF-TFA), glycolic acid (MOF-GA), benzoic acid (MOFBA) and lithium sulfate (MOF-Li2SO4) were selected as functionalizing agent. For these
functionalized materials the ‘-u’ denotation was dropped. They were selected based on their
hypothesized potential to increase the MOF CO2 affinity through either an increase in pore
polarization through heteroatom incorporation, H-bonding interactions with CO2, π-π stacking
interaction between CO2 and aromatic rings or a combination of these mechanisms
[125,171,191]. Furthermore, various literature reports showed enhanced CO2 uptake for MOFs
containing similar functionalities[89,107,125,192,193].

Figure 32: Hypothesized coordination of the functionalizing agents to the MOF cluster. The hypothesized coordination is
based on results obtained by Furukawa et al. and Baek et al. [148,164]. The coordination of Li+ is not shown on the figure.

Figure 32 gives a schematic overview of the hypothesized coordination of the functionalizing
agents to the MOF cluster, based on literature single crystal XRD (SCXRD) studies of
functionalized MOF-808[139,154]. The functionalizing agents coordinate to the MOF cluster
with their carboxylic acid groups (except for MOF-Li2SO4, which has no carboxylic acid
group), effectively pointing their functional groups towards the MOF pore and thus supposedly
altering interactions of CO2 in this pore[154]. Functionalization of MOF-Li2SO4 is
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hypothesized to occur through an exchange of a sulfate bonded proton from MOF-SO4 with Li+
from Li2SO4. This is a new functionalization strategy, therefore no SCXRD date are available
to make assumptions on the position of the Li+ cations. As a result, only the sulfate groups are
shown for MOF-Li2SO4[155].
The aim of this section is to gain insight in (1) the potential of MOF-808 functionalization
through post-synthetic functionalization, (2) the influence of the different functionalizations on
the CO2 affinity of MOF-808, (3) the effect of MOF-808 functionalization on MMM gas
separation performance and (4) a possible correlation between the MOF properties CO2 uptake
and isosteric heath of CO2 adsorption and MMM performance.
4.3.1 XRD
Figure 33 shows the stacked XRD diffractograms of each of the MOFs, together with a
calculated spectrum of MOF-808, scaled to the peak situated at a 2θ of 4,3°. All of the
functionalized MOFs, the unfunctionalized MOF-FA-u and the calculated MOF-808
diffractogram, show major peaks occurring at an angle of 4.3°, 8.3°, 8.7°, 10.0° and 10.9°.
Additionally, the observed XRD diffractograms correspond well with previously reported
results for MOF-808 in literature[152,181]. Similar to MOF-Ser, the differences in relative
intensities of the peak at 4.3° and the doublet at 2θ values of 8.3° and 8.7° might be caused due
to differences in pore content[176,182,183]. The individual XRD diffractograms for each of the
MOFs are available in the appendix (Figure A 1 to Figure A 6).

Figure 33: XRD diffractograms of the various functionalized MOFs together with the calculated XRD pattern of MOF-808,
stacked and scaled to the peak situated around 4.3°.
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4.3.2 SEM
SEM images with a magnification (x20000) were taken for each of the MOF samples to
evaluate the effect of the different functionalization strategies on particle size and morphology
(Figure 34). The SEM images indicate no significant changes in particle morphology upon
functionalization. All of the MOFs have particles with an overall truncated octahedron like
shape, with most of the particles showing distinct edges. A larger magnification (x50000)
showed a similar morphology (Figure A 7).

Figure 34: SEM pictures of the functionalize MOFs. Images are taken at a magnification (x20000), a scale bar is represented
at the bottom of each figure.

SEM images were used as well to derive a particle size distribution. For each of the SEM
pictures the size of 20 particles was measured to obtain a distribution of particle sizes. All MOF
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particles have a submicron size in the 300-400 nm range. The average particle size, together
with its standard deviation, is reported in Table 10. A one-way analysis of variance (ANOVA)
was used to determine if the differences observed in particle size, given the standard deviation
of the measurement, were statistically significant. The test resulted in a p-value of 0.1843 for a
test with a 95% confidence interval. This p-value indicates that, based on these SEM
measurements, there is no difference in particle size between the functionalized MOFs and the
parent MOF-FA-u. Therefore, functionalization does not seem to alter the MOF particle size.
Table 10: Particle size distribution with standard deviation for each of the functionalized MOF frameworks.

4.3.3 NMR
1

H NMR was used to confirm if functionalization was successful and to determine the average

loading of functionalizing agent molecules per Zr6 cluster. Both MOF-TFA and MOF-Li2SO4
lack protons in their chemical structure required for this measurement. To determine the amount
of functionalizing agent for MOF-TFA and -Li2SO4, 19F NMR and ICP-OES (inductive coupled
plasma – optical emission spectroscopy) measurements should be conducted[107,194]. Results
for the cluster compositions determined with 1H NMR are shown in Table 11. For each of the
functionalized MOFs, the respective functionalizing agent was present in the framework,
suggesting a successful functionalization.
Clearly, MOF-His had the highest loading with 4.7 molecules of histidine present per Zr6
cluster. The second highest loading was observed for MOF-BA (3.2), followed by MOF-GA
and MOF-FA. The difference in loading between these last two MOFs is small (2.3 and 2.2
molecules/Zr6-cluster, respectively). The variation in functionalizing agent loading seems to
increase with decreasing pKa of the carboxylic acid functional group in the series MOF-His
(pKa = 1.78), MOF-GA (pKa =3.83) and MOF-FA (pKa = 3.75)[179,195]. A lower pKa results
in a larger concentration of deprotonated functionalizing agent at similar pH. Since coordination
of the functionalizing agent to the cluster is expected to occur with its carboxylate group, it
seems probable that a higher availability of the deprotonated functionalizing agent might lead
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to higher loadings[154]. MOF-BA deviates from this trend with its pKa of 4.20 and loading of
3.2 molecules/Zr6 cluster[195]. However, MOF-BA was synthesized using method 1, which
uses DMSO as a solvent, whereas the other frameworks were synthesized using the water based
method 2, making a comparison difficult. The choice of solvent proved to be a crucial parameter
for adsorption of the organic molecule rhodamine B in an Eu-MOF[196]. Similarly, solvent
effects might also play a crucial role in functionalizing agent availability in MOF-808
functionalization. None of the frameworks had a functionalizing agent loading equal to the
theoretical maximum of 6 molecules/Zr6 cluster. Therefore, similar as for MOF-Ser, charge
neutrality suggest other coordinating species, such as OH- or Cl-, are associated with the Zr6
cluster (Table 11)[153,155,184–186].
The loading of MOF-FA (2.5) and MOF-FA-u varied slightly, indicating a small effect of the
synthesis procedure (normal and upscaled respectively) on the FA loading of the MOF. A
similar variation in FA/Zr6 cluster was observed for other, different FA modulated MOF-808
synthesis recipes[155]. Finally, all FA groups are removed upon functionalization, independent
of the used functionalizing agent (similar as for MOF-Ser). The fact that FA is easily removed
together with its low loading on the cluster after MOF-FA-u synthesis indicate FA has a rather
low affinity for the MOF cluster[186]. Similarly, FA was readily removed from the MOF-808
cluster by treatment with MeOH at 80°C as reported by Jia et al.[153].
Table 11: Cluster composition of functionalized MOF-808 determined by 1H NMR.

4.3.4 EDX
The EDX spectrum of MOF-Li2SO4 (Figure A 8) shows well-resolved peaks, which can be
associated with the Zr content of the MOF. Additional peaks associated with sulfur (S) and
chlorine (Cl) are observed as well and thus allow to conclude that S was incorporated in the
MOF after functionalization. Based on the EDX spectrum, an average elemental composition
of the MOF was calculated, which is shown in Table 12. The atomic composition, expressed as
a percentage, indicates a MOF consisting out of 45% S and only 37% Zr. These results are
unanticipated, because each cluster in the MOF consists of 6 Zr atoms and has 6 charges to be
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compensated. Assuming that the sulfate groups bind in a similar fashion as carboxylic acids
and thus compensate only one charge, the maximum theoretical loading of S atoms per Zr6
cluster would be 6 and the maximum theoretical ratio of S to Zr equal to 1. A higher S
percentage might be caused by Li2SO4 deposition within the MOF pore. In this case, the SO4
present in the MOF pore is not solely associated with the MOF cluster but also present as
‘unbound’ material, effectively reducing the MOF pore volume. Another possible explanation
for the high S-content is the measurement error of the atomic S percentage (32%). EDX is less
suited for analysis of lighter elements because ionization of elements becomes increasingly
difficult with decreasing atomic numbers. Furthermore, these elements produce longer
wavelength X-rays which are more easily absorbed in the sample. Combined, this results in
lower intensity signals for these lighter elements and as a result large errors in the
measurements[197]. This is also the reason why no Li signal is observed in the EDX spectrum.
Due to the error of 32% on the atomic percentage of sulfur, it is difficult to decisively conclude
Li2SO4 is deposited in the MOF pores and other measurements such as N2 physisorption and
ICP-OES are required. Finally, the spectrum indicates the presence of Cl which might be
present as a residual of the ZrOCl2.8H2O precursor used in the MOF-808 synthesis, however
this measurement also shows a very high error.
Table 12: Elemental composition of MOF-Li2SO4, determined using EDX.

4.3.5 ATR-FTIR
ATR-FTIR measurements of the MOF are used to confirm that the functionalized MOFs share
a similar chemical structure and simultaneously provide information on MOF functionalization.
FTIR spectra ranging from a wavenumber of 400 cm-1 to 1800 cm-1 are shown in Figure 35.
Peaks located at 453 cm-1 (Zr-µ3-OH vibration) 660 cm-1 and 714 cm-1 are all associated with
the Zr6 cluster of the MOF and therefore present in each spectrum[89,198]. Likewise, each
spectrum shows clearly distinguishable peaks at 760 cm-1, 1385 cm-1, 1572 cm-1 and 1620 cm1

corresponding to vibrations of the BTC linker[198]. None of the MOFs showed an absorption

band at 1715 cm-1. This band is normally associated with the vibration of uncoordinated COOH.
Therefore its absence suggests no excess BTC or functionalizing agent is present in the MOF
pores[198]. Finally, all MOFs showed a broad absorption band around 3300 cm-1 associated
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with, amongst others, -OH vibrations of adsorbed solvents (EtOH, H2O) [199]. The full 400
cm-1 to 4000 cm-1 spectra of the MOFs can be found in Figure A 9 to Figure A 14.

Figure 35: ATR-FTIR spectra of the functionalized MOFs. Wavenumbers associated with the MOF cluster and BTC linker
are respectively marked with red and blue arrows.

The absorbance FTIR spectrum of MOF-His is shown in more detail in Figure 36a. Additional
peaks for MOF-His compared to MOF-FA-u are visible at 822 cm-1 and 1067 cm-1. They are
both associated with mixed NH3+ and CH bend vibrations[200]. Additionally, the increase in
absorption of the peak situated at 1574 cm-1 can be attributed as well to NH3+ deformation.
These NH3+ associated peaks suggest the histidine amine group is present in a (partially)
protonated form in the MOF pore. Both MOF-FA-u and MOF-His have a clear absorption band
at 1380 cm-1, which broadens in the case of MOF-His, possibly due to peak overlap with peaks
at 1414 cm-1 and 1416 cm-1 associated with the C-N stretch of the amine and imidazole
functionality[200]. The increase in absorbance at 1622 cm-1 compared to MOF-FA-u can be
attributed to the COO- asymmetric stretch and NH bend of histidine[200]. Finally, an increase
in absorbance in the band around 3300 cm-1 can be associated with the N-H stretching of the
amine group of histidine, or an increase in OH vibrations (possibly due to an increase of H2O
or EtOH entrapped in the pore)[136,148]. The full absorbance spectrum can be found in Figure
A 10 in the appendix.
The FTIR spectrum of MOF-TFA together with the spectrum of MOF-FA-u can be found in
Figure 36b. Two absorption peaks observed at 1170 cm-1 and 1208 cm-1 can be attributed to the
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C-F symmetrical and anti-symmetrical stretch respectively, indicating a successful TFA
functionalization[107]. Signals of a successful functionalization are less pronounced in the
FTIR spectra of MOF-GA and MOF-BA (Figure 36c and d). For MOF-GA, a band can be
observed in the 1000-1075 cm-1 range , which can be associated with the -OH stretch of the
alcohol group of GA[201]. Additionally, a broad signal around 3300 cm-1 can be attributed to
the O-H stretching of the alcohol or again by differences in solvent content (Figure A
12)[201,202]. In the case of MOF-BA, a clear increase in absorbance is observed at 718 cm-1,
associated with the C-H out of plane stretch of the benzene ring. Other absorbance peaks at
1026 cm-1 and 1178 cm-1 correspond to the C-H out of plane stretch, ring bend and C-H bend
of the benzene ring respectively[203].

Figure 36: Specific sections out of the ATR-FTIR spectra of each of the functionalized MOFs compared to the spectrum of
MOF-FA-u. Characteristic functionalizing agent wavenumbers are indicated with arrows. a) MOF-His, b) MOF-TFA, c)
MOF-GA, d) MOF-BA and e) MOF-Li2SO4.
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The ATR-FTIR measurement of MOF-Li2SO4 deviated from the other MOFs, showing a
significantly lower intensity and less resolved spectrum. Several consecutive measurements all
resulted in the same low intensity spectrum, shown in Figure 36e (full in Figure A 14). A similar
trend was observed for the MMM comprised of Matrimid and this MOF (Figure A 19).
Nonetheless, signals located at 1095 cm-1 can be observed, which correspond to the S-O
stretching vibration of the sulfate group[204]. Additionally, the overall increase in signal
intensity in the 900-1200 cm-1 region has previously been associated with SO4 functionalization
of MOF-808[155].
During the annealing procedure of the MMM, covalent bonds between the MOF filler and
polymer can be formed. This has previously been observed for UiO-66-NH2 fillers in a
Matrimid matrix, where the -NH2 group of UiO-66-NH2 reacted with the imine group of
Matrimid resulting in an amide[147]. Since histidine has an amine functionality as well,
histidine molecules on the surface of MOF-His could possibly react in a similar fashion. This
interaction can alter the interfacial morphology of the filler-polymer system, which in turn
influences the gas separation performance of the MMM[113]. The formed amide in the UiO66-NH2/Matrimid MMM showed characteristic FTIR absorption peaks associated with the
amide functionality at 1534 cm-1 (C-N stretch and/or N-H bend) and 1648 cm-1 (C=O
stretch)[147]. For each of the functionalized MOFs, MMM ATR-FTIR spectra were measured
and compared to the pure Matrimid and functionalized MOF spectrum. The MOF, Matrimid
and MMM absorption spectrum of MOF-His are shown in Figure 37. The other spectra can be
found in Figure A 15 to Figure A 19.

Figure 37: ATR-FTIR adsorption spectrum of MOF-His, Matrimid and Matrimid + MOF-His MMM. Spectra were scaled to
an identical intensity for the most intense absorption peak for clarity.
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The ATR-FTIR spectra of Matrimid shows various well-resolved absorption peaks associated
with the different functionalities of the polymer. Peaks at 2957 cm-1 and 2862 cm-1 are
associated with the C-H aliphatic stretch vibration and peaks at 1777 cm-1 and 1717 cm-1 are a
result of the C=O asymmetric and symmetric stretch vibrations[89]. Other characteristic
vibrations are the benzophenone stretch at 1672 cm-1, the C=C symmetric stretch at 1618 cm-1,
the aromatic stretching of the para disubstituted phenyl group at 1510 cm-1 and 1488 cm-1, the
C-N stretch at 1363 cm-1 and the C-N-C stretch at 1089 cm-1[89,205]. The MMM have a filler
loading of 10 wt%, therefore the Matrimid signal is predominantly visible in the MMM
spectrum. Peaks associated with the MOF can also be found but tend to coincide with the peaks
of the Matrimid spectrum, altering their relative intensities. The MOF-His MMM show no
distinct new absorption peaks suggesting there were no covalent bonds formed between the
polymer and filler. Possibly, the signal of these bonds might be lost in the more pronounced
Matrimid absorption peaks. The MMM based on the other MOFs showed similar results with
both polymer and MOF functionalities present in the spectrum. None of them showed new
absorption maxima.
4.3.6 CO2 physisorption
The functionalizing agents used in this work were each selected based on their hypothesized
potential to increase the CO2 affinity of the MOF. In this section, CO2 adsorption isotherms
were measured for the functionalized MOFs. Two parameters associated with CO2 affinity of
the MOF are discussed: CO2 uptake and the isosteric heath of CO2 adsorption.
4.3.6.1 CO2 uptake
The adsorption isotherms of the MOFs measured at a temperature of 0 °C, 20 °C and 40 °C are
shown in Figure 38a-c. The initial region of the adsorption isotherms (0-150 mbar) is shown in
more detail for all temperatures in Figure 38d-f. The overall trend observed for CO2 uptake
differs depending on the investigated pressure region, with MOF-TFA showing the highest
uptakes up to around 150 mbar for all temperatures. In this low pressure region, CO2 uptake
decreases in the order MOF-TFA > MOF-His > MOF-FA-u > MOF-GA > MOF-Li2SO4>MOFBA. Above 150 mbar, MOF-His and MOF-FA shows a stronger increase in CO2 uptake than
MOF-TFA. Initially, MOF-His shows the highest CO2 uptake, but at even higher pressures it is
surpassed by MOF-FA. Finally, at 1000 mbar the CO2 uptake follows the same general trend
for all temperatures, with CO2 uptake decreasing in the order MOF-FA-u > MOF-His > MOFTFA > MOF-GA > MOF-BA > MOF-Li2SO4.
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Figure 38: Comparison of the CO2 adsorption isotherms for each of the functionalized MOFs for the entire pressure range
up to 1000 mbar at a temperature of a) 0°C, b) 20°C and c) 40°C. The initial uptake in the low pressure region is also shown
for a temperature of d) 0°C, e) 20 °C and f) 40 °C.

The CO2 uptake values measured at 50 mbar and 1000 mbar can be found in Table 13. The
steeper initial increase in CO2 uptake of MOF-TFA compared to the other MOFs indicate
stronger interaction between CO2 and this MOF[167,206–208]. Similarly the lower initial
uptakes of MOF-GA, MOF-Li2SO4 and MOF-BA suggests these functionalizations resulted in
a framework with weaker interaction with CO2 compared to MOF-FA-u. MOF-BA shows a
significantly lower initial CO2 uptake with the adsorption isotherm showing almost linear
behavior in the low pressure region. This behavior has in other work been associated with a
lack of high affinity CO2 binding sites in the MOF[206,209]. At higher pressure, the difference
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total in total CO2 uptake between MOF-BA and the other MOFs is less pronounced, with an
almost similar uptake as MOF-GA at 1000 mbar. Another important observation is the
relatively lower CO2 uptake at 1000 mbar of MOF-Li2SO4 compared to the other functionalized
MOFs at a temperature of 0°C, which further adds to the hypothesis of Li2SO4 deposition in the
MOF pore (in agreement with EDX), possibly resulting in a decrease in available surface area
for interaction with CO2. A similar trend was observed for open metal site MOFs with solvent
molecules blocking access to the metal sites[210]. However, N2 physisorption measurements
are necessary to confirm this. At higher temperatures MOF-Li2SO4 also has the lowest CO2
uptake at 1000 mbar, but the difference in CO2 uptake is less pronounced. Upon increasing the
temperature, the CO2 uptake of the MOFs decreases, as can be seen in both Table 13 and Figure
38. This is a result of the higher thermal energy of the CO2 molecules at higher
temperatures[206].
Table 13: CO2 uptake of the MOFs at 50 mbar and 1000 mbar for a temperature of 0 °C, 20°C and 40°C.

4.3.6.2 Comparison of MOF-FA and MOF-FA-u
MOF-FA, synthesized with the normal synthesis recipe, and MOF-FA-u, synthesized with the
upscaled recipe, show a significant difference in CO2 uptake at 0°C. The CO2 uptake of MOFFA-u is 69% higher compared to MOF-FA (Figure 30, p51). It seems probable this difference
is a result of the used synthesis recipe. Similar differences in CO2 uptake were observed by
Stawowy et al. for UiO-66 frameworks built form cerium-oxide nodes, with CO2 uptake at 1000
mbar varying from 1.34 mmol/g to 1.90 mmol/g (42% difference) by only varying the linker to
metal precursor ratio during synthesis. They attributed the difference in adsorption properties
of the MOFs to differences in the amount of framework missing linker defects, which might
interact preferably with CO2[211]. A similar increase in CO2 uptake was observed by Wu et al.
for UiO-66 MOFs specifically synthesized with missing linker defects[144]. Missing linker
defects in UiO-66 result in a coordinatively unsaturated Zr6 cluster. Similarly, removal of
formate ions from MOF-808 has been used to increase the coordinative unsaturation of the
MOF-808 Zr6 cluster (missing ligand defects)[153,212]. Analogous to UiO-66, CO2 adsorption
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in MOF-808 might be influenced by coordinative unsaturation of the Zr6 cluster in MOF-808.
The average FA loading of MOF-FA-u is 0.3 molecules/Zr6 cluster lower than for MOF-FA,
and thus has a higher amount of missing ligand defects, which might explain the observed
difference in CO2 uptake. In order to investigate this hypothesis, CO2 adsorption isotherms for
MOF-808 with different concentrations of missing ligand defects should be measured.
4.3.6.3 Isosteric heath of CO2 adsorption
Finally, the isosteric heath of CO2 adsorption (Qst) was calculated for the functionalized MOFs,
using the Clausius-Clapeyron method. For this calculation, each isotherm was fit with a dualsite Langmuir equation, this fit was subsequently used in the calculation of
Qst[125,166,169,210]. The fit parameters are shown in Table A 1.
Figure 39 shows the results of this analysis for a coverage ranging from 0.1 mmol/g up to 1
mmol/g. In the low coverage region (0.1 mmol/g), a difference of up to 11.6 kJ/mol in Qst is
observed between the MOF with the highest affinity for CO2 and the lowest affinity for CO2,
MOF-TFA (Qst = 38.6 kJ/mol at 0.1 mmol/g) and MOF-BA (Qst = 27 kJ/mol at 0.1 mmol/g)
respectively. The large differences in Qst are assumed to be the result of the applied
functionalization[134,168,169]. MOF-TFA has the highest Qst value over the entire measured
pressure range. The higher Qst value of MOF-TFA over MOF-FA-u indicates TFA
functionalization effectively succeeded in enhancing the CO2 affinity of the MOF. This increase
in affinity is presumably the result of incorporation of the polar -F groups in the MOF. Deria et
al. obtained similar results for TFA functionalized NU-1000 (SALI-1) MOFs. They suggested
the higher affinity of CO2 for the MOF was a result of synergistic effects of the Zr6 cluster and
the C-F groups[134].

Figure 39: Qst values of the functionalized MOFs calculated using the Clausius-Clapeyron method.
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Remarkably, next to MOF-TFA, MOF-FA-u shows the second highest Qst value over a large
portion of the evaluated coverage range. Only MOF-GA has a slightly higher Qst (difference of
0.7 kj/mol at 0.1 mmol/g) up to a coverage of 0.2 mmol/g. Finally, starting from a coverage of
roughly 0.6 mmol/g, the Qst of MOF-His surpasses MOF-FA-u. Again the difference in Qst is
small for these MOFs, with a respective value of 23.2 kJ/mol and 22.9 kJ/mol at a coverage of
1 mmol/g. The high Qst values at low coverages of MOF-FA-u (and MOF-GA) compared to
some of the other functionalized MOFs suggest this framework has a high affinity for CO2 as
well[166,167]. MOF-BA and MOF-His on the other hand showed relatively small changes in
Qst with increasing CO2 loading, indicating a larger binding site homogeneity[135].
Functionalization altered Qst both at high and low CO2 coverages. MOF-TFA, MOF-FA-u,
MOF-GA and MOF-Li2SO4 all show a significant decrease in Qst with increasing coverage.
This decrease is the more pronounced in the low coverage region whereas for higher coverages
their Qst appears to approach a pseudo-constant value. This stronger initial decrease has
previously been associated with saturation of high affinity binding sites[133,134,167]. For
MOF-His and MOF-BA this initial decrease is significantly lower. Both observations suggest
functionalization influences the CO2 binding strength at low coverages. The pseudo-plateau in
Qst observed for all MOFs at higher coverages has been suggested to be a result of pore filling
of the MOF based on measurements for isostructural MOFs[133,167,168,213]. Since all of the
functionalized MOFs share the MOF-808 general pore architecture this might explain the
similar Qst values at 1 mmol/g for MOF-TFA, MOF-FA-u and MOF-his (23-24
kJ/mol)[133,167]. However, MOF-BA and MOF-GA have a similar but lower pseudo-constant
Qst at 1 mmol/g (22.4 kJ/mol), and the pseudo constant Qst for MOF-Li2SO4 is even lower (18.6
kJ/mol). These differences are similar to literature differences in Qst at the pseudo-plateau for
functionalized NU-1000[134]. Thus, functionalization also seems to influence Qst at higher
coverages, possibly as a result of the functionalizing agent modifying pore chemistry and
physical parameters such as pore volume[127,167,168,214,215].
4.3.7 Gas separation performance
MMM consisting of the functionalized MOFs in Matrimid were synthesized and tested for their
CO2/N2 gas separation performance. Mixed-gas separation factors and permeabilities were
measured for gas mixtures consisting of 15/85 and 50/50 CO2/N2, together with the permeability
of the pure gasses. These pure gas permeabilities were used to calculate the CO2/N2 ideal
selectivities of the MMM.
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4.3.7.1 CO2 permeability
The CO2 permeability of the MMM based on the functionalized MOFs is shown in Figure 40
for different CO2/N2 feed gas mixtures. Similar as for the MOF-Ser MMM (section 4.2.2.2),
incorporation of the MOF in the polymer matrix results in an increase in permeability. This is
attributed to either the increase in free volume of the MMM compared to the pure polymer
membrane upon MOF incorporation or an increase in free volume due to disruption of polymer
packing[89,138].

Figure 40: CO2 permeability of the functionalized MOFs in Matrimid MMM for a 15/85 and 50/50 gas mixture and pure CO2
gas. All measurements were conducted at a pressure of 5 bar and temperature of 35 °C. The shown permeability values are
an average value calculated from data of 3 membrane coupons, except for MOF-GA where only 2 coupons were measured.

For the MMM, a general trend in permeability is observed for the mixed-gas and pure gas
permeation experiments: MOF-Li2SO4 < MOF-His ~ MOF-GA ~ MOF-BA ~ MOF-FA <
MOF-TFA. MOF-TFA clearly shows the highest permeability for each experiment, with a
permeability of 24.9 Barrer, 23.2 Barrer and 19.6 Barrer for the 15/85 CO2/N2 , 50/50 CO2/N2
and pure CO2 feed. This corresponds to a 72% increase for the mixed gas measurements and a
52% increase for the pure gas respectively compared to the pristine Matrimid membrane.
MOF-TFA also had the highest Qst value over the entire evaluated CO2 coverage range (Figure
39), suggesting the higher permeability could be a result of the stronger interaction of the MOF
with CO2. The other MMM, except for the ones based on MOF-Li2SO4, had similar CO2
permeabilities (overlapping error bars). MOF-Li2SO4 based MMM showed a lower
permeability for all feed compositions, suggesting a fundamental difference in the properties of
this MOF compared to the others. Based on the EDX and gas uptake measurements this might
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be a result of the hypothesized Li2SO4 deposition in the MOF pores influencing permeability.
Again, N2 physisorption measurement are required to get a more comprehensive understanding
of this observation. Next to the properties of the MOF, functionalization might affect the
interactions in the MOF/polymer system, possibly causing differences in (1) polymer packing
disruption, resulting in an increase in free volume and thus higher permeabilities and (2)
polymer rigidification, resulting in lower permeabilities[89,136,138,216]. Differential scanning
calorimetry (DSC) measurements and positronium annihilation lifetime spectroscopy (PALS)
could provide more insight in the mechanism causing the permeability increase, respectively
giving insight in Tg changes (and thus polymer rigidification) and changes in free volume.
Finally, all membranes (including Matrimid) showed a decrease in permeability with increasing
CO2 partial pressure. The CO2 partial pressure increases for the various feed compositions in
the order 15/85 CO2/N2 feed (0.75 bar) < 50/50 CO2/N2 (2.5 bar) < pure CO2 (5 bar). A similar
trend was observed for UiO-66-NH2 in 6FDA-DAM and imide functionalized UiO-66-NH2 in
6FDA-Durene[138,217,218]. In both cases, the behavior was associated with the dual-sorption
model (equation 12) used to describe gas solubility in glassy polymers. The excess free volume
elements of Matrimid adsorb CO2, thus contributing to the gas solubility and permeability (P =
S x D). Upon increasing the pressure these Langmuir sorption sites are saturated and gas
adsorption in the polymer is dominated by the Henry adsorption part of the dual-sorption
equation. Absolute values of gas adsorbed in Matrimid keep on increasing with increasing
pressure, but solubility is defined as the pressure normalized adsorption and thus solubility and
permeability will decrease with increasing pressure. A similar trend was observed for pure
Matrimid membranes in this work and in literature[219].
4.3.7.2 CO2/N2 selectivity and separation factor
Figure 41 shows both the mixed-gas separation factor and ideal selectivity for Matrimid and
the MMM. Differences in separation factor are rather small for the 15/85 CO2/N2 gas mixture.
In general, incorporation of the MOF increases the separation factor slightly compared to
Matrimid. The highest increases are observed for MMM of MOF-BA and MOF-TFA. These
MMM respectively showed an increase in separation factor of 15% (34.0) and 12% (33.0)
compared to Matrimid. For the 50/50 CO2/N2 gas mixture, differences in separation factor were
more pronounced. Again the highest increases compared to Matrimid were observed for MOFTFA and MOF-BA with an increase of 32% (34.1) for the former and 26% (32.7) for the latter.
Remarkably, MMM based on MOF-Li2SO4 and MOF-FA showed no increase in separation
factor for the 50/50 CO2/N2 feed mixture compared to pure Matrimid membranes.
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Figure 41: CO2/N2 separation factor of the functionalized MOFs in Matrimid MMM for a 15/85 and 50/50 gas mixture
together with the ideal CO2/N2 selectivity. All measurements were conducted at a pressure of 5 bar and temperature of 35
°C. The shown selectivity and separation factor values are an average value calculated from data of 3 membrane coupons,
except for MOF-GA where only 2 coupons were measured.

MOF-TFA MMM showed the highest separation factor for both experiments. Similar as for the
permeability, this seems to correspond with the stronger interaction between CO2 and the MOF,
as evidenced by its higher Qst value. However, the second best separation factor was measured
for MOF-BA MMM for both gas mixtures and this MOF had a lower Qst value than most of the
others MOFs over the entire CO2 loading range (Figure 39). This suggest differences in Qst
have no straightforward relationship with mixed-gas separation performance.
Other factors might be influencing the separation factor of the MMM as well. Polymer
rigidification could result in an enhanced separation factor/selectivity through an increase in
size selectivity[89,136,138,216]. This seems to be contradicted by the observed increase in
permeability. However, at low MOF loadings polymer rigidification effects on permeability
might be moderate and compensated by the increase in volume by incorporation of the porous
MOF[216]. MOF/polymer interaction could also occur in the form of polymer infiltration in
the MOF pore. This type of interaction could possibly result in an increase in selectivity
(through enhanced size selectivity of the infiltrated MOF pores), but also reduces the CO2
permeability[190]. Moreover, functionalization is expected to alter the surface chemistry of the
MOFs. This concept was used to enhance gas separation performance of Matrimid membranes
containing UiO-66-NH2 post synthetically modified with various organic functionalizing
agents. The resulting MOFs showed an increase in selectivity which was ascribed to the better
interfacial compatibility of the MOF/polymer system. Interestingly the best performance was
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associated with a phenyl acetyl group modified MOF. The hypothesized increase in
compatibility was partially attributed to π-π interaction of the phenyl group and Matrimid. A
similar interaction might explain the good performance of MOF-BA[189].
Similar as for the permeability data, a decrease in CO2/N2 separation factor is observed for the
50/50 CO2/N2 gas mixture compared to the 15/85 gas mixture. Again the dual-sorption model
can be used to rationalize this decrease. The decrease in permeability for increased CO2 partial
pressure discussed in the previous section is a result of saturation of the excess free volume
present in the polymer, thus lowering the CO2 solubility[41]. Similarly a decrease in N2 partial
pressure will cause the N2 solubility to increase. However, this increase will be less pronounced
for N2 than it would be for CO2, since N2 generally shows a lower affinity for the polymer
matrix[41]. The decrease in CO2 solubility and increase in N2 solubility will result in an overall
decrease in solubility selectivity and thus in a decrease in separation factor. A similar trend,
although measured at higher pressures, was observed by Ahmad et al. for various functionalized
UiO-66/6FDA-DAM MMM[217,220]. They used the dual-sorption model in a similar way as
described in this paragraph to explain their results. The fact that some MOFs show a less
pronounced, to no decrease upon changing the feed gas mixture might be a result of different
effects of MOF functionalization on the MMM gas sorption behavior of CO2. CO2 adsorption
measurements of the MMM are required to further investigate this observation.
Finally, Matrimid and some of the MMM had a significantly higher ideal selectivity compared
to their separation factor[221]. In literature this phenomenon has often been ascribed to
competitive sorption of the less permeable component. The presence of this component in the
feed gas mixture causes it to adsorb in free volume elements which normally would be available
for CO2 adsorption. This decrease in adsorption and thus solubility causes a decline in CO2
permeability and separation factor. A similar trend has been observed for other
MMM[221,222]. On the other hand, MMM based on MOF-His, MOF-BA and MOF-TFA
showed a higher separation factor compared to their ideal selectivity. This behavior has also
been reported in literature and is rationalized by stating CO2 blocks adsorption sites which
would otherwise be available to the minor gas component, resulting in an increase in separation
factor compared to ideal selectivity[220]. In this work both trends were observed and the
differences in ideal selectivity between the MMM were very pronounced, suggesting the type
of functionalization influences this behavior strongly. However, the high error bars on the ideal
selectivity measurements make it difficult to couple this behavior to any MOF or MOF/polymer
system properties, thus leaving this trend largely unexplained.
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4.3.8 Correlation of MOF parameters with MMM performance
The premise of this section was to examine which MOF parameters could be related to the
MMM gas separation performance. Two parameters were evaluated: the CO2 uptake of the
MOF (at various temperatures and pressures) and the Qst at various coverages. To quantify the
relationship between these parameters and MMM performance parameters, a correlation
coefficient was calculated. It is important to note that this correlation coefficient only gives the
degree of linearity of the relationship between parameters, and as a result does not say anything
about other possible relationships (e.g. exponential). In addition, correlation does not mean
causality[223]. The calculated correlation coefficients are shown in Table 14. The guidelines
stated by Sheldon et al. were followed to interpret the results. A correlation above 0.80 was
interpreted as strong and a correlation coefficient of 0.30 or less as weak. Correlation values
between 0.30 and 0.80 were considered moderate[223].
Table 14: Calculated correlation coefficients for MOF parameters and MMM gas separation performance (α = selectivity,
a* = separation factor, P = CO2 permeability).

The CO2 uptake of the MOF in general showed a poor correlation with the 15/85 and 50/50
CO2/N2 separation factors and CO2/N2 ideal selectivity of the MMM, with all calculated
correlation coefficients being classified as weak. The correlation between CO2 uptake and
MMM CO2 permeability is somewhat better with the CO2 uptake at 1000 mbar showing
stronger correlations than CO2 uptake at 50 mbar. Although the correlation of CO2 uptake with
CO2 permeability was stronger than with the separation factor, the correlation coefficients for
this relationship were still considered weak. Therefore, it can be concluded that CO2 uptake
shows no linear relationship with MMM performance for the system studied in this thesis.
Likewise, Qst at low coverage values shows a weak linear relationship with the separation
factor. At a coverage of 1 mmol/g Qst correlations with the separation factor were slightly better
than for the CO2 uptake. Additionally, at this coverage correlations with the separation factor
were clearly stronger than these observed for the lower coverage Qst values. However, once
more the correlation remains rather weak with no values higher than 0.5 being observed for the
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correlation coefficient. As a result, there seems to be no linear relationship between Qst and
separation factor as well. These results correspond well with the experimental observations for
MOF-TFA and MOF-BA. MMM based on these MOFs showed respectively the highest and
second highest separation factor, but the MOFs themselves differed strongly in their relative
Qst compared to the other MOFs. MOF-TFA had the highest Qst of all MOFs over the entire
CO2 coverage range, whereas MOF-BA had a low Qst compared to most other functionalized
MOFs. Qst at various coverages correlated better with CO2 permeability, both for the mixed and
pure gas experiments. Furthermore, the correlation became stronger with increasing CO2
coverage. The strongest correlations with CO2 permeability were observed for Qst at a coverage
of 1 mmol/g, which was the only parameter having correlation coefficients classified as strong.
Therefore, there seems to be an adequate linear relationship between Qst and CO2 permeability.
In strong contradiction to literature, where CO2 uptake is often used to explain enhancement of
MMM separation performance, in this work no such relationship was observed[89,138]. Other
MOF parameters such as BET area, pore volume and pore size might be interesting to correlate
with MMM parameters as well. As a final note, it is important to consider that these
observations are specific for the functionalized MOF-808/Matrimid system herein described.
Other MOF/polymer combinations might result in different observations. Extending this
strategy to other polymer/MOF combinations might help generalize some of these observations.

4.4 MMM based on UTSA-120a
MOFs from the SIFSIX family have shown exceptional performance as filler in
MMM[160,161]. Recently, a new member of this family was developed, the CuSiF6 based
MOF UTSA-120a. This MOF showed an exceptional CO2/N2 selectivity as adsorbent, making
it a promising material for CO2 capture. The good gas separation performance of MMM based
on MOFs from the SIFSIX family, together with the exceptional adsorbent properties of UTSA120a, make this MOF a potentially interesting filler for MMM. UTSA-120a was synthesized,
characterized and subsequently incorporated in a 6FDA-DAM polymer matrix. Finally, these
MMM were evaluated for their mixed gas CO2/N2 and CO2/CH4 gas separation performance.
4.4.1 XRD
XRD measurements of the synthesized MOF particles were conducted to simultaneously
confirm whether a crystalline material was formed and whether this material had the crystal
structure of UTSA-120a. The measured XRD diffractogram is shown in Figure 42. High
intensity peaks are observed at a 2θ value of 8.28°, 11.76° and 12.26°. Some peaks with a lower
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intensity were found at 16.65°, 17.01° and 18.64°. Finally, there are well-resolved high intensity
peaks at 20.75°, 21.63°, 23.66° and 24.69° as well. The measured diffractogram strongly
resembles literature results for UTSA-120a in terms of peak position as well as relative
intensity[157]. Based on this diffractogram it can be concluded that a crystalline material with
the UTSA-120a crystal structure is obtained after synthesis.

Figure 42: XRD diffractogram of UTSA-120a.

4.4.2 ATR-FTIR
ATR-FTIR measurements of UTSA-120a showed characteristic absorption at wavenumbers
associated with both the nodes and linkers of the MOF (Figure 43). Both signals observed at
479 cm-1 and 733 cm-1 are associated with the Si-F asymmetric stretch of the hexafluorosilicate
anion[224,225]. The tetrazine group of the linker is responsible for the strong absorption peaks
at 1401 cm-1 and 1425 cm-1, which are attributed to the ring stretch of the tetrazine ring. The
band observed at 880 cm-1 to 970 cm-1 is a result of the in plane ring bend vibration of the
tetrazine functionality[201,226]. The vibration observed at 1517 cm-1 and 1568 cm-1 are
assigned to the pyridine rings in the dpt linker. Similarly, the strong absorption peak at 1623
cm-1 might be due to the pyridine ring vibrations[201]. However, this vibration slightly deviates
from the expected value of 1610 cm-1 for a 4-substituted pyridine ring. Possibly, this deviation
is a result of the interaction between the pyridine ring and the Cu2+ of the cupper
hexafluorosilicate nodes[201]. The absorption band ranging from 810 cm-1 to 850 cm-1 is a
result of the out of plane vibration of 2 adjacent protons on the pyridine ring[201]. Finally, the
vibration at 3090 cm-1 and 3120 cm-1 are associated with the C-H stretch vibration of the
aromatic ring protons[226]. The strong band observed in the higher wavenumber region,
especially around 3200-3700 cm-1, is possibly a result of leftover methanol from the washing
procedure present in the pore structure, since no MOF activation step was conducted[201,202].
Absorption peaks associated with all of the expected framework species can be found in the
spectrum, indicating the synthesized particles have the desired chemical structure.
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Figure 43: ATR-FTIR spectrum of UTSA-120a.

4.4.3 Gas separation performance
Finally, MMM of 6FDA-DAM containing UTSA-120a as filler material were synthesized and
tested for their mixed-gas separation performance. The results for a feed gas composition of
15/85 CO2/N2 and a 50/50 CO2/CH4 are shown in Figure 44. The MMM show a small decrease
in separation factor for the CO2/N2 gas mixture of 4.4%. However, the opposite trend is
observed for the CO2/CH4 gas separation experiment, where inclusion of UTSA-120a increases
the separation factor to 23.4 (7.2% increase). Furthermore, a ~32% decrease in permeability for
the MMM is observed for both experiments.
Enhancements in CO2 solubility will influence the CO2/N2 selectivity more strongly than
CO2/CH4 selectivity, since condensation temperature is often used as a measure for solubility
and it decreases in the order CO2 > CH4 > N2[21]. Differences in diffusivity will be more
pronounced in CO2/CH4 separations as a result of the relatively larger kinematic diameter of
CH4 compared to N2 and CO2[227]. In this case, the difference in CO2/CH4 separation factor is
increased and the CO2/N2 separation factor is not. This suggests the increase is the result of a
parameter influencing diffusivity selectivity. Enhanced diffusivity selectivity could be the result
of (1) size selective separation between the molecules by the MOF, (2) a densification of the
polymer matrix surrounding the MOF particles, (3) size selective interfacial defects occurring
at the MOF/polymer interface or (4) polymer intrusion resulting in size selective MOF
pores[21,98,137,162,228]. The decrease in permeability makes explanation (3) less likely.
Polymer rigidification seems to be able to explain both the observed decrease in permeability
and increase in separation factor[104,136,227]. This however does not exclude the possibility
of pore infiltration or even possible pore blocking of the MOF[227,228]. Further
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characterization (DSC, membrane gas sorption, PALS) and gas permeation experiments (pure
gas, varying pressure and feed conditions) are needed to elucidate the exact mechanism at play.

Figure 44: Gas separation performance of 6FDA-DAM pure polymer and 6FDA-DAM + UTSA-120a for a 15/85 CO2/N2 gas
mixture and a 50/50 CO2/CH4 gas mixture, measured at an upstream pressure of 5 bar and temperature of 35 °C.

4.5 Comparison of MMM with the Robeson upper bound
In this final section, a comparison of the membranes developed in this thesis with the Robeson
upper bound for the evaluated gas mixtures is provided. This theoretical line represents the gas
separation performance of state of the membranes reported in 2008. Figure 45 shows the
CO2/N2 gas separation performance of Matrimid MMM of the modified MOF-808 synthesized
in this thesis. Although a movement towards the upper bound is observed, the final performance
is still far removed from crossing it. These results are not surprising, since the polymer material
dictates the baseline for MMM performance and Matrimid is known to be a moderately
performing polymer[107]. UTSA-120a MMM showed for both CO2/N2 and CO2/CH4
separations a movement away from the upper bound, as a result of the decrease in permeability
compared to pure 6FDA-DAM(Figure A 20 and Figure A 21).

Figure 45: CO2/N2 Robeson upper bound plot for MMM of Matrimid/functionalized MOF-808[69]. Data for the 15/85
CO2/N2 mixture are shown for all MMM and Matrimid, except for MOF-Ser MMM where data for the 50/50 CO2/N2 mixture
is shown.
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5 General conclusion and Future work
5.1 Amino acid functionalization of MOF-808
In the first part of this work, the potential of amino acid functionalized MOF-808 as filler in
MMM for enhanced CO2/N2 gas separation was investigated. Initially, attempts were made to
develop an in-situ functionalization strategy through amino acid modulated MOF-808
synthesis. Various synthesis parameters, such as the HCl/modulator molar ratio, the
modulator/Zr6 cluster molar ratio and synthesis time were varied. Unfortunately, none of the
synthesis recipes resulted in a crystalline material, as confirmed by XRD. Therefore, a postsynthetic functionalization strategy was developed, which modified a pre-formed MOF-808
with amino acids. The method was used successfully to develop a serine functionalized MOF,
with 1H NMR confirming serine was incorporated in the MOF. MOF-Ser showed a strong
increase (62%) in CO2 uptake at 1 bar compared to the pristine MOF-FA. Remarkably, the
MMM of MOF-Ser in Matrimid performed only marginally better in terms of CO2/N2 gas
separation performance compared to MOF-FA based MMM. They showed a slightly higher
separation factor, but a lower permeability for a 50/50 CO2/N2 feed mixture being observed.
The discrepancy between the strong increase in MOF CO2 uptake and marginally better MMM
performance gave rise to the question which MOF parameters correlate with the MMM gas
separation performance.

5.2 Platform MOF-808: correlation of MOF parameters with MMM gas
separation performance
In the second section, an attempt was made to correlate MOF parameters, specifically CO2
uptake and isosteric heath of CO2 adsorption, to the gas separation performance of the
corresponding MMM. For this purpose, MOF-FA-u was functionalized with a series of
functionalizing agents (i.e. His, TFA, GA, BA and Li2SO4), through a post-synthetic
functionalization procedure. XRD,

1

H NMR and ATR-FTIR confirmed a successful

functionalization. In the case of MOF-Li2SO4, EDX and ATR-FTIR indicated the presence of
SO42- in the MOF pore, but no evidence for the presence of Li was obtained. Furthermore, EDX,
CO2 sorption and gas permeation measurements suggested Li2SO4 might be deposited in the
pores of this MOF. Additionally, XRD and SEM measurements showed functionalization did
not significantly alter the MOF particle size or crystal structure.
Next, CO2 adsorption isotherms were measured and the isosteric heath of CO2 adsorption (Qst)
was determined. MOF functionalization was found to alter both CO2 uptake and Qst. The CO2
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uptake at 1000 mbar of the functionalized MOFs was reduced compared to the MOF-FA-u
parent material. Contrarily, Qst increased for MOF-TFA compared to MOF-FA, possibly a
result of the incorporation of the highly polar C-F groups. Futhermore, strong deviations in Qst
were observed amongst the differently functionalized MOFs, suggesting functionalization
significantly alters the CO2 affinity of the MOF. Finally, Matrimid MMM of the functionalized
MOFs were synthesized and their CO2/N2 gas separation behavior was characterized under
varying feed conditions (15/85 CO2/N2, 50/50 CO2/N2 and pure CO2). MMM of MOF-TFA
and MOF-BA showed a significant increase in gas separation performance compared to the
MMM with MOF-FA. The most pronounced increase was observed for the 50/50 CO2/N2 gas
mixture were MMM based on these MOFs respectively showed a 72% and 52% increase in
permeability and a 32% and 26% increase in separation factor compared to Matrimid
membranes.
Lastly, the MMM gas separation performance was correlated with the aforementioned MOF
parameters. The results showed a poor linear relationship between MOF CO2 uptake and MMM
CO2/N2 separation factor, CO2/N2 selectivity and CO2 permeability. This observation is
contradictory to MMM literature where an increase in CO2 uptake is often associated with better
MMM performance. Qst showed no significant linear relationship with separation factor neither.
However, the correlation between CO2 permeability and Qst was high for each of the studied
feed composition, suggesting Qst might be an interesting parameter to predict MMM CO2
permeability for the functionalized MOF-808/Matrimid system.

5.3 MMM based on UTSA-120a
In a final section, the potential of UTSA-120a as filler material for MMM was evaluated.
UTSA-120a particles were successfully synthesized, as confirmed by XRD and ATR-FTIR
measurements. The MMM based on UTSA-120a and 6FDA-DAM were subsequently
evaluated for their CO2/N2 and CO2/CH4 mixed-gas separation performance. The MMM
showed an increase in separation factor of 7.2 % compared to the pure 6FDA-DAM for the
CO2/CH4 separation. However, no increase in separation factor was observed for the CO2/N2
mixture. Furthermore, permeability decreased significantly for both gas mixtures upon
incorporation of UTSA-120A in the polymer matrix (~32% decrease). These observations
suggest the differences in performance between the pure polymer and UTSA-120a MMM are
a result or interactions occurring at the MOF/polymer interface. Extensive further research is
required to characterize and optimize this MMM system.
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5.4 Future work
5.4.1 Additional characterization
Additional characterization could expand insight in the influence of post-synthetic
functionalization of MOF-808 on the physical properties of the MOF as well as on the gas
separation performance of MMM based on the functionalized MOF:
-

19

-

ICP-OES measurements to obtain the functionalizing agent loading and investigate

F NMR measurements to obtain the functionalizing agent loading of MOF-TFA.

potential pore blocking of MOF-Li2SO4.
-

N2 or Ar physisorption measurements for MOF-FA, MOF-FA-u and all of the
functionalized MOFs to determine:
o The influence of the synthesis procedure (normal vs upscaled) on MOF-808
physical properties such as BET area, pore volume and pore size.
o The influence of functionalization on these MOF properties.
o The influence of these MOF properties on MMM gas separation performance.

-

DSC measurement to determine the Tg of the MMM and hopefully gain insight in the
impact of functionalization on polymer rigidification.

-

PALS or density measurements to determine the effect of MOF incorporation on the
amount of free volume and the free volume distribution in MMM.

-

Membrane CO2 and N2 adsorption measurements to evaluate the effect of MOF
incorporation on solubility of these gasses in the membrane and simultaneously the
contribution of solubility selectivity to MMM selectivity.

-

Gas separation measurements
o CO2/N2 gas separation measurements at various pressures and for various feed
compositions.
o CO2/CH4 gas separation measurements.
o Measurements for 20 wt% MOF MMM, where differences in gas separation
behavior might be more pronounced[114].

For UTSA-120a extensive characterization is required of the MOF itself (SEM, N2
physisorption, CO2 physisorption, thermogravimetric analysis) as well as the MMM (SEM,
DSC, membrane N2 and CO2 adsorption measurements, ideal gas permeability measurements,
effect of feed gas composition and feed pressure).
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5.4.2 Additional experiments
Next to further characterization required to further understand MOF-808 functionalization,
this work also reveals a few interesting research opportunities:
-

The upscaled MOF-808 synthesis recipe could be applied to other modulators, such as
TFA, revealing the potential of this recipe for large scale MOF-808 production.

-

MOF-Ser showed a 62% increase in CO2 uptake when it was synthesized from MOFFA. The upscaled MOF, MOF-FA-u, showed a 69% higher CO2 uptake than MOF-FA.
Therefore it might be interesting to functionalize MOF-FA-u with serine to obtain a
MOF-with a high CO2 storage capacity.

-

The amount of available missing ligand defects in MOF-808 can be easily tuned as
evidenced by the De Vos group[153]. The effect of the amount of ligand defects on CO2
uptake, Qst and MMM performance might reveal the importance of these defects for
interaction with CO2.

-

In this work, no attempt was made to vary the loading of functionalizing agent per Zr6
cluster of the MOF. Optimizing this loading for CO2 uptake or MMM fabrication might
yield interesting result.

-

MOF-TFA and MOF-BA respectively showed the best and second best MMM gas
separation performance. Therefore functionalization of MOF-808 with 4(trifluormethyl) benzoic acid might result in an interesting filler for MMM.

-

The applied analysis could be extended to other MOF/polymer systems. This might
result in a more fundamental understanding of gas transport through MMM.

-

UTSA-120a might give interesting gas separation results when incorporated in another
polymer matrix (e.g. Matrimid).
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Appendix

Figure A 1: XRD diffractogram of MOF-FA-u.

Figure A 2: XRD diffractogram of MOF-His.
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Figure A 3: XRD diffractogram of MOF-TFA.

Figure A 4: XRD diffractogram of MOF-GA.
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Figure A 5: XRD diffractogram of MOF-BA.

Figure A 6:XRD diffractogram of MOF-Li2SO4.
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Figure A 7: SEM images of MOF-FA-u, MOF-GA, MOF-TFA and MOF-BA taken at a magnification (x50000). For MOFHis and MOF-Li2SO4 no SEM images were recorded at this magnification.

Figure A 8: EDX spectrum of MOF-Li2SO4.
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Figure A 9: ATR-FTIR absorbance spectrum of MOF-FA-u.

Figure A 10: ATR-FTIR absorbance spectrum of MOF-His.

106

Figure A 11: ATR-FTIR absorbance spectrum of MOF-TFA.

Figure A 12: ATR-FTIR absorbance spectrum of MOF-GA.
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Figure A 13: ATR-FTIR absorbance spectrum of MOF-BA.

Figure A 14: ATR-FTIR absorbance spectrum of MOF-Li2SO4.
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Figure A 15: ATR-FTIR absorbance spectrum of MOF-FA-u, Matrimid and Matrimid + MOF-FA-u MMM. Spectra were
scaled to an identical intensity for the most intense absorption for clarity.

Figure A 16: ATR-FTIR absorbance spectrum of MOF-TFA, Matrimid and Matrimid + MOF-TFA MMM. Spectra were
scaled to an identical intensity for the most intense absorption for clarity.
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Figure A 17: ATR-FTIR absorbance spectrum of MOF-GA, Matrimid and Matrimid + MOF-GA MMM. Spectra were scaled
to an identical intensity for the most intense absorption for clarity.

Figure A 18: ATR-FTIR absorbance spectrum of MOF-BA, Matrimid and Matrimid + MOF-BA MMM. Spectra were scaled
to an identical intensity for the most intense absorption for clarity.
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Figure A 19: ATR-FTIR absorbance spectrum of MOF-Li2SO4, Matrimid and Matrimid + MOF-Li2SO4 MMM. Spectra were
scaled to an identical intensity for the most intense absorption for clarity.

Table A 1: Dual-site Langmuir fit parameters of the adsorption isotherms measured at 0 °C, 20 °C and 40 °C for each of the
functionalized MOFs.
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Figure A 20: CO2/CH4 Robeson plot for 6FDA-DAM and UTSA-120a 6FDA-DAM MMM[69,229]. The datapoints for a
50/50 CO2/CH4 feed gas mixture are shown.

Figure A 21: CO2/N2 Robeson plot for 6FDA-DAM and UTSA-120a 6FDA-DAM MMM[69]. The datapoints for a 15/85
CO2/N2 gas mixture are shown.
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Risk analysis

113

114

115

116

117

118

119

120

121

122

123

Popularized summary
Carbon dioxide (CO2) is an important greenhouse gas and strong contributor to global warming.
Therefore, CO2 capture from power plants and industrial exhaust gas streams has recently
gained attention. Next to environmental reasons, CO2 removal from energy streams, such as
natural gas and biogas, is imperative in industry to prevent damage to transport infrastructure
and maintain the quality of the energy stream. Membrane gas separation is a promising
technology for these CO2 separations. This technique makes use of a membrane, a sort of filter,
that separates the various components of the gas stream. One component will pass favorably
through the membrane resulting in a relatively larger concentration of this component at the
side of the membrane opposite to the side in contact with the original gas mixture. Membrane
gas separations are advantageous compared to other separation processes due to their relatively
low energy consumption and lower cost. However, traditional membranes face a trade-off
between desirable membrane properties, making them less efficient in separating CO2.
A possible strategy to overcome this setback is the incorporation of various ‘filler’ materials in
the membranes with separation enhancing properties, resulting in so-called mixed matrix
membranes (MMM). The development of new fillers as well as understanding which filler
properties result in enhanced MMM gas separation performance are crucial for the evolution of
this field of research. Through a series of modifications of the filler MOF-808, this thesis aims
at addressing both simultaneously. The filler itself (MOF-808) is a particle with a porous
structure, meaning there is a lot of ‘unoccupied’ volume within its structure. These pores have
specific sites which can interact with certain types of molecules. By varying the molecule
interacting with these sites, the affinity of the filler for CO2 can be changed. The modified fillers
showed differences in their capacity to store CO2 and in how strongly they interact with CO2.
Furthermore, MMM based on some of these modified fillers were better at separating CO2 from
N2, the other component in flue gas, than MMM based on

the unmodified MOF-808.

Remarkably, there was no linear relationship between the CO2 storage capacity of the filler and
the gas separation performance of the MMM based on this filler. The only linear relationship
observed was for the strength of interaction of CO2 with the filler and the CO2 permeability (a
measure of the amount of CO2 passing through the membrane surface per unit of time).
Finally, the effect of a new filler, UTSA-120a, for MMM was investigated. MMM based on
this filler were better at distinguishing between CO2 and methane (CH4) but had a lower CO2
permeability. Both effect were most likely caused by the interaction of the filler with the
polymer, rather than properties of the filler itself.
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