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Abstract

The concept of mixed-matrix membranes (MMM) has been highly attractive for
gas separation research since the 1970s, when it was discovered that the addition
of zeolite 5A in a polymer results in an increase in the gas diffusion time-lag
compared to the neat polymer. MMDMs are, in essence, composite materials
consisting of filler particles homogeneously dispersed in a polymeric matrix.
They are designed for the purpose of exploiting the desirable properties of
their counterparts. Over the last few decades, numerous types of fillers ranging
from carbon molecular sieves, carbon nanotubes, ordered mesoporous silica
and zeolites have been used to prepare highly productive MMMs. Non-porous
fillers have been utilised to manipulate polymer chain packing and modify the
free volume of the polymer, while porous fillers achieved molecular sieving
to separate gases according to their size and shape. Fillers that possess well-
defined pore sizes, such as zeolites, showed great potential but their distribution
in the polymer matrix and adhesion therein has proven to be problematic.
Distribution problems are largely caused by the necessity of post-synthesis
calcination for removing leftover templates, which also causes the particles to
form strong aggregates. Breaking down these aggregates is possible by strong
mixing methods such as ultrasonication, which makes the membrane fabrication
method more complicated and inefficient in terms of time and energy. On
the other hand, the intrinsic lack of affinity between the inorganic zeolite and
the organic polymer phase causes the formation of non-selective defects across
the membrane cross-section, resulting in significant losses in selectivity. The
solutions suggested for promoting adhesion, such as compatibilisers, silylation
etc. have also proven to be material-intensive.

An alternative filler material, metal organic frameworks (MOF) have stirred
up excitement in MMM research, as well as many of their fields of application.
MOFs are a new class of hybrid materials that consist of metal ions bound
together with organic linkers that form a porous framework. In terms of
gas separation, MOFs are very attractive materials owing to their tailorable
chemistry, tunable composition, well-defined pore size, pore flexibility, and
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breathing effects. They essentially consist of metal ions bridged with organic
linkers that form a porous framework. Contrary to inorganic fillers such as
zeolites, the organic linkers in MOFs offer better adhesion to the polymer,
providing an advantage in preventing membrane defects. Unfortunately, MOFs
are not completely free of problems of aggregation and aggregate detachment.
Recent research has shown that breaking down aggregates by ultrasonication
triggers drastic distortion in the morphology and particle size distribution of
MOF particles. This work aimed at preventing the formation of aggregates to
prepare membranes with high loading, so that the selective behaviour of MOFs
can be exploited to the fullest.

As the first step of this research, a novel method was devised to use non-dried
MOFs to prepare MMMs. Attempts at synthesising MOFs inside a polymer
solution did not yield the desired MOF loading. Moreover, the unreacted MOF
precursors plasticised the membrane, resulting in gel-like forms. Higher MOF
loading was achieved by using separately synthesised MOFs without drying. A
comparison with MMMs comprising dried MOFs showed that, MMMs with non-
dried MOFs did nost suffer from MOF aggregation or MOF-polymer detachment,
and showed better gas separation performance. This trend was consistent for
MMDMs with ZIF-8, ZIF-7 and NH,-MIL-53(Al), proving that this principle is
generic.

These MOF-loaded membranes were further subjected to high thermal treatment
conditions to achieve very high mixed-gas selectivities. Two well-known MOFs
for gas separation, ZIF-8 and ZIF-7 were used. The controlled thermal treatment
resulted in a synergy of MOF amorphisation and cross-linking. Amorphisation
refers to the disruption of long-range ordering of MOF building units, followed by
densification and loss of crystallinity. The Zn-N bonds in ZIF-8 is broken during
amorphisation, creating unsaturated Zn2* sites, which in turn can act as an
additional cross-linker for the polymer chains. Combined with the heat-induced
polymer-polymer cross-linking, polymer-MOF cross-linking creates a strong
interwoven structure that increases the CO,/CH, selectivity, and stabilises the
MMDMs against CO,-induced plasticisation. Mixed-gas separation analyses have
revealed the outstanding separation performance of these membranes, which
surpassed the Robeson upper-bound of 1991, and reached that of 2008.This
work is the first reported concept of this synergy between MOF amorphisation
and cross-linking in membranes.

Finally, the same method was applied to the incorporation of NH,-MIL-
53(Al), a MOF that shows breathing behaviour, in MMMs. Following the
thermal treatment as described in the previous part, even higher gas separation
performances were achieved. XRD analysis revealed that the polymer chains
penetrated the MOF pores, partially blocking the pore entrances. Owing to this
partial blockage, the MOF pores were not completely sealed upon transition to
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the narrow-pore form of the MOF. Moreover, these MOF particles are thought
to provide a cross-linked network at the mouth of the pore, which resulted in
improved selectivities. The polymer chains acting like foundation piles provided
a network that was able to maintain its separation properties at pressures as
high as 40 bar.






Beknopte samenvatting

Het concept van zogenaamde mixed-matrix membranes (MMMs) is bijzonder
aantrekkelijk voor onderzoek naar gasscheidingen sinds in 1970 werd ontdekt
dat de toevoeging van zeoliet A aan een polymeer de gasdiffusie beinvloedt ten
opzichte van de ongevulde polymeer. MMMs zijn composietmaterialen bestaande
uit vullers homogeen verspreid in een polymeermatrix waarbij de voordelen
van beide materiaaltypes worden gecombineerd. In de afgelopen decennia
werden verschillende types van vullers, variérend van koolstof moleculaire zeven,
koolstof nanobuisjes, geordende mesoporeuze silica en zeolieten toegepast in de
bereiding van MMMs. Niet-poreuze vullers werden gebruikt om de stapeling
van polymeerketens en het vrije volume te beinvloeden, terwijl poreuze vullers
worden ingezet omwille van hun moleculaire zeefeigenschappen. Ondanks
hun potentieel ondervinden vullers met goed gedefinieerde poriegrootte, zoals
zeolieten, problemen met de dispersie in een polymeermatrix. Enerzijds kunnen
dergelijke dispersieproblemen worden veroorzaakt door de noodzaak van post-
synthese calcinatie om de overgebleven templates te verwijderen met risico op
sterke aggregatie van de vullers. Het breken van deze aggregaten kan door sterke
methoden zoals ultrasone trillingen gebeuren, waarbij het synthesemethodes
weliswaar ingewikkelder en inefficiént in termen van tijd en energie worden.
Anderzijds kan de vorming van niet-selectieve defecten, met aanzienlijk verlies
aan selectiviteit, worden verklaard door lage affiniteit tussen de anorganische
zeoliet en organische polymeerfase. Mogelijke oplossingen voor het bevorderen
van de hechting, zoals bijvoorbeeld silylering, blijken ook materiaalintensief te
zijn. Een ander type vuller, metaal-organische roosters (MOFs), werden vaak
toegepast in MMM onderzoek. MOFs zijn zeer aantrekkelijke materialen voor
gasscheidingen vanwege hun veelzijdige chemie, goed gedefinieerde poriegrootte,
porieflexibiliteit en ademhalingseffecten. Zij bestaan uit metaalionen verbonden
door organische linkers die een poreuze structuur vormen. In vergelijking met
anorganische vullers zoals zeolieten, bieden MOFs een betere hechting aan
het polymeer dankzij deze organische linkers ondanks eveneens prolemen met
aggregatie. Recent onderzoek heeft aangetoond dat drastische vervorming

vii
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van de morfologie en variatie in deeltjesgrootte worden veroorzaakt door het
afbreken van aggregaten door ultrasone trillingen. Dit werk is gericht op het
voorkomen van de vorming van aggregaten om membranen met hoge vullerlading
te bereiden, zodat het selectieve gasscheidingsgedrag van MOFs ten volle benut
kan worden.

Als eerste stap werd een nieuwe methode ontwikkeld om ongedroogde MOFs te
gebruiken ter bereiding van MMMs. Pogingen om MOFs te synthetiseren
binnen een polymeeroplossing leverden niet de gewenste MOF lading op.
Bovendien treedde plasticizatie van het membraan op door niet-gereageerde
MOF-precursoren, resulterend in gel-achtige vormen. Hogere MOF ladingen
werden bereikt met ongedroogde MOFs die apart gesynthetiseerd waren.
Vergeleken met MMMs met gedroogde MOFs bleek dat incorporatie van niet-
gedroogde MOFs minder onderhevig was aan MOF aggregatie of defectvorming
tussen vuller polymeer, resulterend in betere gasscheiding. Deze trend werd
bevestigd voor MMMSs met ZIF-8, ZIF-7 en NH,-MIL-53(Al), en toont de
algemene toepasbaarheid van de methode aan.

Daarna werden deze hoogbeladen membranen onderworpen aan intense
thermische behandelingsomstandigheden om zeer hoge selectiviteiten te bereiken.
Twee gekende MOFs voor gasscheiding, ZIF-8 en ZIF-7 werden gebruikt.
De gecontroleerde thermische behandeling resulteerde in een synergetisch
effect van MOF amorfisatie en cross-linking. Amorfisatie verwijst naar de
verstoring van de ordening van het MOF materiaal, resulterend in verhoogde
densiteit en gasselectiviteit. De Zn-N verbindingen in ZIF-8 zijn verbroken
door de amorfisatie, waardoor onverzadigde Zn?*t regio’s worden gevormd.
Deze regio’s functioneren als extra cross-linker voor de polymeerketens. Een
combinatie van polymeer-polymeer en polymeer-MOF cross-linking resulteerde
in een sterk vervlochten structuur dat de CO,/CH, selectiviteit verhoogde, en
stabiliseerde de MMMs tegen CO,-geinduceerde plastificatie. Het uitstekende
scheidingsgedrag bleek de Robeson upper-bound van 1991 en 2008 te overtreffen.
Dit werk toonde als eerste dit synergetische effect tussen MOF amorfisatie,
cross-linking in membranen en het gasscheidingsgedrag aan.

Het laatste deel van dit onderzoek betreft de inbouw in MMMs van NH,-
MIL-53(Al), een MOF die ademhalingseffecten vertoont. Na de thermische
behandeling zoals beschreven in het vorige deel, toonden deze membranen zelfs
hogere gasscheidingsprestaties. Uit XRD analyse bleek dat de polymeerketens de
porién doordrongen, waardoor de porie-ingangen gedeeltelijk werden geblokkeerd.
Door deze gedeeltelijke blokkering werden de MOF-porién niet volledig afgesloten
bij amorfisatie van de MOF. Bovendien resulteerde een vervlochten netwerk aan
de poriemond in verhoogde selectiviteiten waarbij de scheidingseigenschappen
werden behouden bij drukken tot 40 bar.
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Chapter 1

Introduction

Using membranes for gas separation is an important field of industry. Membranes
are attractive owing to their low capital and operating costs, low energy
requirements, and ease of operation. Gas-selective membranes are used for
separations such as Oo and Ny enrichment from air, H, recovery, and natural
gas purification.!

In this chapter, an overview of the concept of gas separation and of gas separation
methods is provided. The overview is succeeded by a description of the types
of membranes for gas separation and transport mechanisms, followed by a
discussion of the materials science aspects in membrane research. The chapter
is concluded with the outline of the organisation of this dissertation.

1.1 Gas separation

Gas separation is the general term for processes involving the removal of gaseous
impurities from gas streams. As of today, various processes from once-through
wash operations to complex multi-step recycle systems have been developed
for gas separation. Gas separation processes usually involve one of the five
mechanisms listed below:

e Absorption into a liquid, which refers to transferring a gaseous component
into a liquid phase in which it is soluble.

e Adsorption on a solid, which refers to the selective concentration of one
or more component(s) of a gas mixture on the surface of a microporous
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solid.

e Permeation through a membrane, which refers to the selective permeation
of one or more component(s) of a gas mixture from one side of the
membrane to the other.

e Chemical conversion to another compound, which refers to catalytic and
non-catalytic gas phase reactions, and reaction of gaseous components
with solids.

e Condensation, which refers to cooling the gas stream to a temperature
where certain organic compounds have low vapour pressure, and collecting
the condensate.!?!

Commercial gas separation applications are: (1) hydrogen recovery from nitrogen-
bearing gases (e.g. ammonia synthesis purge gas), (2) hydrogen removal and
recovery from hydrocarbons (e.g. methane) and other slower permeating gases
(e.g. carbon monoxide), (3) removal of carbon dioxide, hydrogen sulfide, and
water vapour from methane and other hydrocarbon gases (e.g. upgrading
natural gas to meet pipeline specifications), (4) oxygen or nitrogen separation
from air (e.g. nitrogen production for inert blanketing), (5) helium removal and
recovery from natural gas, (6) solvent vapour removal from exhaust gases.[?!

In the past two decades, the gas separation equipment market has evolved
into a US$ 150 million/year business(3); and like each growing market, gas
separation requires new technologies to be developed. Development of gas-
selective membranes is a dynamic and rapidly growing field, which will be
further discussed in the following section.

1.2 Membranes for gas separation

A membrane is defined as a thin barrier between two phases, through which
differential transport occurs under a variety of cross-sectional driving forces.
The driving force can be pressure, temperature, or concentration difference.4!
A schematic representation of a membrane is shown in Figure 1.1. There is
a wide variety of materials used for fabricating membranes such as polymers,
carbon molecular sieves (CMS), zeolites and metal-organic frameworks (MOF).
Membrane modules for GS may be packaged as flat sheets (plate and spiral
wound), or hollow fibers.!!

There are four developed (microfiltration, ultrafiltration, reverse osmosis, and
electrodialysis), two developing (gas separation and pervaporation), and two to-
be-developed (carrier facilitated transport and membrane contactors) industrial
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Figure 1.1: A schematic representation of a membrane.

membrane technologies. Table 1.1 classifies membranes according to the driving
forces involved, and the particle size range for penetrants rejected by different
membrane types.

Although the potential of membranes in gas purification was known by the
late 1960s, the lack of technology for fabricating high-performance membranes
hindered the advancement in the field.[3] The first application of membranes for
gas purification was for the Manhattan Project (a codename for a World War 11
project conducted to develop the first atomic bomb), where microporous metal
membranes were used to separate uranium-235 from uranium-238. The plant
constructed in Tennessee, USA, is the first large-scale use of gas purification
membranes. Unfortunately, the uniqueness and secrecy of the project prevented
its potential impact on the long-term development of membrane-based gas
purification.!! Figure 1.2 shows the chronological development of membrane-
based gas separation.

Table 1.1: Classification of membranes according to the size range of penetrants
and driving forces involved.!5~8!

Membrane Type Size Range Driving Force
Microfiltration 200-10000 A Pressure difference
Ultrafiltration 10-200 A Pressure difference
Nanofiltration 5-20 A Pressure difference
Reverse osmosis <2 A Pressure difference
Electrodialysis - Electrical potential difference
Solution-diffusion 3-5 A Pressure difference

The technological breakthrough in the utilisation of polymeric membranes in
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natural gas purification came with the development of asymmetric membranes.!9!
Later, the first large industrial application of gas separation membranes was
achieved by Permea in 1980, launching Prism®, which is a H, separation
membrane.[23] The principal gas separation markets, producer companies and
membrane systems are listed in Table 1.2.

Loeb and Generon Dried CA membranes
Sourirajan make produces first for CO2 /CH 4
the first Nz/air natural gas separations
anisotropic separation Separex, Cynara,
membrane system GMS

Medal polyimide
hollow-fiber
membrane for
CO,/CHy
separation installed
(1994)

1

18I5_02 1950 1960 1970 1980 A1990 A 2000

A \__/ N/
van Amerongen,
Barrer make first Permea Prism®
systematic membranes
permeability lntrOdUCCd
measurements .
First propylene/
Ny separation
plants installed
Graham's Law (1996)
of Diffusion First commercial
Spiral-wound Advanced membrane materials vapour separation
and hollow-fiber for O5/Ny; Hy/Nyand Hy/CHy plants installed by
membranes separations launched by Ube, MTR, GKSS, Nitto
developed for Medal, Generon Denko
reverse 0smosis (1987) (1988)

Figure 1.2: The historical development of membrane technology for gas
purification, adapted from ref.!3].

There are five mechanisms for transport of gaseous species with membranes:

e Knudsen diffusion occurs when gas molecules move through pores that
are small enough to prevent bulk diffusion.



MEMBRANES FOR GAS SEPARATION 5

Surface diffusion occurs by the migration of gas molecules along the pore
walls of a porous membrane. The intensity of interaction between the
pore walls and the adsorbed gas molecules determines the rate of surface
diffusion, and the efficiency of separation.

Capillary condensation occurs when adsorbed gas molecules undergo
partial condensation at low vapour pressure. Condensed gas molecules
diffuse faster through pores than the un-condensed, resulting in separation.

Molecular sieving occurs when gas molecules are separated by size
exclusion. For a material with a pore size relative to the kinetic diameter of
a gas molecule, the diffusion of smaller gas molecules will be accelerated,
while that of larger gas molecules will be hindered. A gas separation
membrane must have a pore diameter between the kinetic diameters of
the two penetrants for effective molecular sieving.

Solution-diffusion separation relies on the solubility of gases within
the membrane, and their diffusion through the membrane matrix.!*!
It manifests itself in three steps: a gas molecule from the upstream first
sorbs into the membrane, diffuses across the cross-section, and finally
desorbs into the downstream. !

Table 1.2: Commercial gas separation applications, membrane producers and

systems. ]

Gas separation

Application

Commercial suppliers (Product?)

0,-N,

H,-hydrocarbons

CO,-CH,,
H2 S'CH4

H,O-hydrocarbons
H,O-air

Hydrocarbons—air

Nitrogen generation,
oxygen enrichment

Refinery hydrogen recovery

Natural gas sweetening,
biogas upgrading

Natural gas dehydration
Air dehydration

Pollution control,
hydrocarbon recovery

Air Products (PRISM), Generon,
Praxair, Air Liquid (Floxal),
Parker Gas Separation, Ube

Air Products, Air Liquid, Praxair,
Ube

NATCO (Cynara), Kvaerner, Air
Products (PRISM), Air Liquid
(MEDAL), Ube, UOP (Separex),
FujiFilm (Apura), Evonik
(SEPURAN)

Kvaerner, Air Products

Air Products (PRISM), Parker
Balston, Praxair

Borsig-GMT, MTR

“Where applicable
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Figure 1.3 shows a scheme of three common mechanisms for gas separation:
Knudsen diffusion, molecular sieving, and solution-diffusion. Transport through
dense polymeric membranes occurs by the solution-diffusion mechanism.

Feed . Rctcntate
Permeate ' I Size Exclusmno ° Solublllty Qlfference .
L ] b) ™ (‘:) L L]

Figure 1.3: The three most common mechanisms for gas separation with
membranes: (a) Knudsen diffusion (b) molecular sieving (c) solution-diffusion,
adapted from[.

There are numerous advantages to utilising mebranes for gas separation, such as
low capital investment and environmental impact, ease of operation, installation,
scale-up and incorporation of new membrane developments, good weight and
space efficiency, minimal associated hardware and utility requirements, no
moving parts, flexibility, and reliability.!?!

1.2.1 The current technology for natural gas purification

Natural gas is a colourless and odourless mixture of combustible gases, consisting
primarily of CH4.[12’13] Purification of natural gas is the largest industrial
separation that involves the removal of contaminants such as hydrocarbons,
H,O, N,, H,S and CO, from CH4.[14’15] Also known as natural gas enrichment
or sweetening, this operation has been active since the 1980’s.'56 The
composition of natural gas varies according to the source and extraction method.
Many natural gas wells are majorly contaminated by CO,, which has to be
removed prior to delivery to pipelines to minimise corrosion. In the US, roughly
28% of the natural gas has a CO,, content above pipeline specifications (<2%).[4!
Alternatively, biogas can be upgraded to natural gas.['7l The typical compositions
for natural gas and biogas are given in Table 1.3 and Table 1.4.

Although it has been utilised as a fuel for more than 150 years, the demand for
natural gas has risen rather recently. As seen in Table 1.5, the emission levels
for natural gas are very low compared to other fossil fuels. The development
of large-diameter, high-pressure pipelines and compressors, and gas storage
reservoirs consequently encouraged an increase in the demand and transport



MEMBRANES FOR GAS SEPARATION 7

Table 1.3: The typical composition of natural gas prior to purification and sales
specifications.*8!

Gas Chemical Formula Amount (%) Sales Specifications
Methane CH, 70—90 90%
Ethane CoHg < 3_4%
Propane C3Hg 0—20%

Butane C4H10 N3%b
Carbon dioxide CO, 0-8 <2%
Oxygen O, 0—0.2 -
Nitrogen Ny 0—5 <4%
Hydrogen sulphide H.S 05 <4 ppm
Water H,O saturated <100 ppm
Rare gases Ar, He, Ne, Xe trace -

®Total amount of Co—Cy
bTotal amount of C3—Cs

of natural gas.'9 As of 2015, natural gas accounts for 23.8% of global energy
consumption (95 trillion standard cubic feet natural gas(4) with a 10-year
average production and consumption growth of 2.4% and 2.3%, respectively.!2°!
This demand has directed attention to efficient purification methods, because
large amounts of CO, in natural gas not only reduces the energy content of
the mixture, but it is also acidic and therefore corrosive to pipelines.[2>22 The
annual world market for natural gas roughly amounts to $22 billion, and it
will continue to grow considerably.[23:24] Therefore, efficient next-generation
CO,/CH, separations are becoming increasingly important for clean gaseous
fuel production.[25!

The majority of natural gas purification operations involve amine adsorption
processes which are operated by passing natural gas through an amine solvent
that dissolves or captures impurities by chemical reactions. The most common
adsorption systems are monoethanolamine (MEA) and diethanolamine (DEA).
Amine adsorption systems present certain disadvantages due to their large size,
energy-intensive operation, loss of feasibility at high CO, content in the feed,
and environmental concerns caused by amine losses. '8!

CO,-selective membranes of polymers such as cellulose acetate or polyimide have
been used since the 1980’s. The current largest membrane facility is capable
of processing 700 million scfd (standart cubic feet per day).?6] Membrane
modules are advantageous due to the lower total emission of greenhouse gases
and solvent-free operation.[*!



Table 1.4: The typical composition of biogas based on source.['7!

INTRODUCTION

Gas Chemical Formula Amount (%)
Agricultural®  Landfill Industrial
Methane CH, 50—80 50—80 50—70
Carbon dioxide CO, 30—50 20—50 30-50
Hydrogen sulphide H,S 0.70 0.10 0.80
Hydrogen H, 0—2 0-5 0—2
Nitrogen Ny 0—1 0—3 0—1
Oxygen (0D 01 01 01
Carbon monoxide CcO 0—1 0—1 0—1
Ammonia NH;3 trace trace trace
Siloxanes - trace trace trace
Water H,O saturation saturation saturation

?As waste source

The membrane market is expected to grow solidly over the following years,

mostly driven by:

General economic expansion,

Environmental pressures,

Decreasing membrane prices. 7]

General demand for greater purity in separation fields,

Table 1.5: The emission levels for fossil fuels.3!

Pollutant®

Natural Gas

Carbon dioxide
Carbon monoxide
Nitrogen oxides
Sulfur oxides
Particulates

Mercury

117000

0.000

Oil Coal
164000 208000
33 208
448 457
1122 2501
84 2744
0.007 0.016

“Expressed as 1b/ 10? BTU energy
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Coupled with the increasing demand for natural gas, development of membranes
for effective purification of natural gas has become, and will remain, an attractive
research area.

1.3 Organic membranes

1.3.1 Polymeric membranes

Polymers can be classified as crystalline, semi-crystalline, and amorphous. In
polymers, crystallinity refers to chains packed in an orderly fashion to form
stacks that resemble the arrangement of crystals. Amorphousness, on the other
hand, is defined by the polymer chains that cannot pack together regularly
enough to form crystalline arrangements. At low temperatures, the molecular
motion of the polymer chains in an amorphous region is restricted, which is
known as the glassy state. At high temperatures, the polymer chains are more
flexible, and able to move more freely, which is known as the rubbery state. The
transition between these two states is observed at a so-called glass transition
temperature, T,. Below T,, polymer chains have lower mobility (they are only
able to perform limited segmental motions), thus unrelaxed volumes are present
within the bulk material. Above T, polymer chains are more mobile and the
polymer consists of relaxed volumes.[2®]

The permeability of gases in polymers is largely attributed to the chain mobility
and inter-chain packing properties of polymers, i.e. when the thermal motions of
polymer chain segments generate temporary gaps larger than the gas molecules,
the gas molecules perform diffusive jumps through the matrix. The total volume
of these temporary gaps is called the free volume, the increase of which usually
encourages the passage of larger molecules.[?9] Free volume is typically defined
as the difference between the specific volume of the polymer and the volume
occupied by the molecules constituting the polymer, as shown in Equation 1.1.

V=1V — U (1.1)

Where vy is the free volume, v is the specific volume of the polymer i.e. the
reciprocal of the polymer density, and v, is the volume occupied by the molecules
themselves.[® Figure 1.4 shows the distribution of free volume. Interstitial free
volume is the free volume that’s unavailable to permeants, because too much
energy is required for the permeant molecules to move about freely. The hole
free volume is the volume available to penetrants.!3°!
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specific
volume

Fr
Hole free volume ee

/' VOIume
| —

|

|

Interstitial free volume
_

Polymer volume

Occupied volume

Ty Temperature

Figure 1.4: The distribution of free volume.!3°]

It was suggested that a diffusing molecule can move from one position to
another only when a free volume in its neighbourhood exceeds a certain critical
value;[3Y so it can be said that the transport of gases in polymers is dependent
on the free volume.[32) Although this model is fully applicable for amorphous
polymers, polymers with crystalline regions require a different explanation. (3
For amorphous polymers, gas solubility obeys Henry’s Law,!33] whereas for
crystalline or semi-crystalline polymers, the sorption of gas molecules occurs
both on sites that obey Henry’s Law, and sites that obey Langmuir-type sorption,
namely the unrelaxed sites in the polymer. This behaviour is described by a
so-called dual-mode sorption model, as shown in Equation 1.2, and depicted in
Figure 1.5.

C'ybp
14 bp (12)

where C' is the total gas concentration in a glassy polymer, Cp is the gas
concentration based on Henry’s Law sorption, C'y is the gas concentration
based on Langmuir sorption, kp is Henry’s Law coefficient (the penetrant
dissolved in the polymer matrix at equilibrium, ¢cm3STP/cm>polymeratm),
b is Langmuir’s hole affinity constant (the sorption affinity for a particular
gas-polymer system, atm~1), C; is the Langmuir sorption capacity (amount of
non-equilibrium excess free volume in glassy state, cm3ST P /cm>polymer).[33]

C=Cp+Cyg=kpp+

The transport of gases in a membrane occurs mainly via solution-diffusion,
which assumes that the gas permeation rate is dependent on the solubility
coefficient (.9), a thermodynamic parameter, and the diffusion coefficient (D), a
kinetic parameter.l29) The product of D; and S, is known as permeability, P,
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> O
 do

~ Cg'bp

Co=kop = 1+bp

Figure 1.5: Schematic representation of (left) Henry sorption (right) Langmuir
sorption and (bottom) dual mode sorption.!34

and it measures a membrane’s ability to permeate gas.[35] The permeability of
a gas can be written as given in Equation 1.3:

P=DS (1.3)

More specifically, the gas transport properties of polymeric membranes is
calculated as given in Equation 1.4:

- DiSi(pig — pir)
Ji = I

(1.4)

where j; is the molar flux (em3STP of i), [ is thickness of the membrane, p;, is
the partial pressure of ¢ on the feed side, p;; is the partial pressure of ¢ on the
permeate side, D, is the diffusion coefficient of ¢, thus the mobility of individual
molecules in the membrane material, S; is the sorption coefficient of i (cm3ST P
of i/em? of polymer), thus the number of molecules dissolved in the membrane
material.[35!

Permeability equals the flux of a gas diffusing through the membrane normalised
by the difference in cross-membrane partial pressure multiplied by the thickness
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of the membrane. The most widely used unit for permeability is Barrer, which
corresponds to 10 1%¢m3STP.cm/cm?.s.cmHg. Equation 1.5 shows the formula
for the calculation of permeability:

_ fluw sl
Py = Apa (1.5)

where P, is the permeability of the membrane, [ is the thickness of the membrane,
Ap, is the partial pressure difference accross the membrane.[36]

The second key parameter, ideal selectivity, or briefly selectivity, decribes a
membrane’s ability to separate two gases, ¢+ and j. In mathematical terms,
selectivity is the ratio of the permeability of i, (P;) to the permeability of j,
(Pj), as shown in Equation 1.6.

o= — (1.6)

The ratio of the diffusion coefficients of two gases, D;/D;, is known as the
mobility selectivity which favours the permeation of smaller molecules over
the larger ones. For polymeric materials, the mobility of a gas decreases
with increasing molecule size, due to the relatively higher interaction of larger
molecules with more polymer segments slowing down the gas molecules.

The ratio of sorption coefficients, K;/K, is known as sorption selectivity. It
reflects the ratio of the energies required for the gases to be sorbed by the
polymer (condensation), which usually increases with molecular size. Sorption
selectivity favours the permeation of larger and more condensable molecules.
These two competing phenomena produce the different selectivity properties
between rubbery and glassy polymers.

The ideal selectivity is not a very accurate estimation of membrane performance,
especially when highly soluble or plasticising gases (such as CO,) are concerned.
The plasticisation dilates the membrane, allowing larger gas molecules to
permeate, as well. In this case, mixed-gas selectivity, Equation 1.7, reflects
a more realistic approach,37 as it is measured in a single experiment with a
mixed feed. Mixed gas selectivity is calculated with the formula:

_ bilv; (1.7)

U axg
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where y;, y; are the mole fractions of ¢ and j in the permeate, and x; and x;
are the mole fractions of ¢ and j in the feed.

Limitations of polymeric membranes

Polymers have been preferred for gas separation owing to their robustness,
mechanical integrity, ease of processing, and manufacturing costs. Ideally, a
perfect gas separation membrane must have both high permeability and high
selectivity. However, there is a trade-off relationship between permeability
and selectivity (i.e. increased permeability of a gas brings along a decrease in
selectivity).[3%] The fundamental basis for this trade-off can be explained by
the intrinsic backbone flexibility of polymers, which determines their size and
shape selectivity abilities:

e Decreased chain mobility decreases the permeability and increases the
selectivity. However, only the additive structures that can reduce the
mobile linkage concentration without changing the intersegmental packing
can increase the selectivity without permeability loss.

e Structures such as pendant groups inhibit the inter-chain packing and
torsional motion of flexible linkages on the backbone, and they can
potentially increase the permeability and maintain the selectivity.>®!

In 1991, Robeson introduced a so-called upper-bound, which identifies the upper
limit for polymeric membrane performance for gas separation. Figure 1.6 shows
the upper-bound for various gas pairs: the selectivity is on the ordinate, and
the permeability of the faster-permeating gas is on the abscissa.[*4] Driven by
the improvements in membrane literature, the upper-bound curve was updated
in 2008,139] as shown in Figure 1.7.

Moreover, poor stability at high temperature and pressure is another limiting
factor for the use of polymeric membranes for CO,/CH,.l4!!

The types of polymers used for fabricating gas separation membranes are
mostly synthetic amorphous polymers such as polysulfone and polyimide
(Matrimid@)[28’42] and glassy polymers such as cellulose acetate. Table 1.6
shows a modest list of some studies carried out by utilising different polymers
from literature. A more detailed list can be found in Chapter 3 and 4.

With the introduction of the upper-bound, the interest for alternative materials
shifted towards carbon and inorganic materials,!4) which will be covered in the
following sections.
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Figure 1.6: The permeability-selectivity trade-off maps for (a) O,/N,, (b)
CO,/CH,, (c) Hy/N,, (d) C;Hg/CH,.l4°]

1.3.2 Carbon membranes

Carbon-based membranes are attractive for their thermal, mechanical, and
chemical stability as well as excellent gas separation performance. These
membranes are usually prepared by the carbonisation of polymeric membranes,
where the choice of the polymer precursor is of great importance for the
properties of the final membrane. 49!
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Figure 1.7: The 2008 permeability/selectivity trade-off map for CO,/CH,.

Carbon molecular sieve (CMS) membranes

CMS membranes are prepared by carbonising polymeric precursors in an inert
atmosphere or under vacuum. The type of polymeric precursor (polyimides,
polyfurfuryl alcohol, phenolic resins, polyacrylonitrile, cellulose derivatives,
polyetherimide etc.), the carbonisation conditions (heating rate, atmosphere and
final temperature) and modifications (pre- or post-treatments, e.g. activation
and oxidation) determine the final properties of the CMS membranes. Owing
to their small pore size, CMS membranes possess high selectivity for the

Table 1.6: The gas permeation and separation properties of some polymeric
membranes.

Permeability (Barrer)® Selectivity
Polymer CH, No O, CO, O0O2/N, CO,/CH, Ref.
Matrimid®5218 0.19 0.25 1.7 6.5 6.6 34 [43,44]
6FDA-DAM:DABA 2:1 4.58 - - 133 - 29 [45]
ABS - 0.103 0.7 - 6.8 - [46]
PC 0.374 0.267 1.81 15.3 6.8 23.6 [47]
Ultem®1000 0.037 0.052 0.38 1.45 7.3 38.8 (48]

1 Barrer=10" '’cm®STP.cm/cm?.s.cmHg
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separation of gas mixtures.5°) CMS membranes can be prepared as unsupported
or supported modules in the form of flat sheets, capillary tubes or hollow fibers,
but they are usually brittle when unsupported. The supported membranes
are formed on a macroporous support layer made from e.g. aluminum oxide.
While supported membranes are preferable due to their improved mechanical
strength, their preparation is difficult; largely due to the necessity of repeated
polymer deposition (usually by spin-coating) and carbonisation cycles to obtain
defect-free layers.!553!

Typically, CMS membranes are able to perform in non-oxidising environments
between 773-1173 K. However, they are vulnerable to organic traces such as
H,S, NHg, or chlorofluorocarbons (CFC) in the feed. Compared to polymeric
membranes, carbon-based membranes are more expensive by 1-3 orders of
magnitude per unit areal5455 which implies that a CMS membrane must
exhibit an exceptional separation performance to become economically feasible.
In addition, the high temperature treatment that is intrinsic to the preparation
of these materials will always remain an important cost aspect.

Carbon nanotube (CNT) membranes

CNTs are graphite sheets wrapped into a tubular shape, and capped with a
fullerene (C60) sphere on each end, which has to be removed to allow sorption.
The structure of the tubes can vary from zigzag to armchair shapes, depending
on the extent of the twists along the tube length. CNTs can be composed of
a single wall (SWCNT), or of multiple walls (MWCNT) made up of layers of
single-walled tubes that are aligned approximately 3.4A apart. Due to their
unusual mechanical and electronic properties, CN'Ts have attracted great interest
since their discovery in 1991. CN'Ts are quite unique in their structure, and
thermal and chemical stability. Typical methods for CNT synthesis are laser
ablation, chemical vapor deposition, and electric arc discharge.!5°!

The superior adsorption capacities of CN'Ts for various organic and inorganic
pollutants in air or aqueous streams have been linked to the smooth surfaces
of the tube walls, which is thought to enhance the permeation. For example,
double-walled nanotubes (DWNT) and MWNT membranes synthesised for
separation of gases were reported to have gas transport rates 1-2 orders of
magnitude greater than the Knudsen diffusion model predictions.[56! CNTs can
also be tailored for particular purposes by modifying their pore structure or
by grafting functional groups on the surface by chemical or thermal treatment.
However, the literature on CN'Ts for CO,-related separations is still very limited.
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1.4 Inorganic membranes

Inorganic membranes are usually of microporous nature, with pore diameters
smaller than 2 nm. They can be classified as crystalline (such as zeolites
and MOFs), metallic (such as palladium or palladium alloys) and amorphous
(such as silica). The separation of gases through these membranes usually
occurs by molecular sieving or selective surface diffusion on the pores, or a
combination of both.[59:57] The development of inorganic membranes dates back
to the 1940s,[+54 with the production of a homogenous porous (20-40 A pores)
glass Vycor in 1945 by Corning Glass.[»4 The first large-scale membrane-based
separation process was using inorganic membranes for enrichment of uranium
in the Manhattan Project.4!

1.4.1 Metallic membranes

Metallic membranes related to CO, processes are dense films through which
H, permeates in its atomic form. Since they only allow the permeation of
hydrogen, they are used when extremely high purities of hydrogen is required.
The separation of H, follows a highly specific transport mechanism, where (i)
molecular hydrogen diffuses to the membrane surface, (ii) reversible dissociative
adsorption occurs on the surface (iii) atomic hydrogen dissolves into and (iv)
diffuses through the bulk metal, followed by (v) hydrogen atoms re-associating
on the membrane surface at the permeate side and (vi) molecular hydrogen
diffusing away from the surface. The selectivity of these membranes is very
high owing to the dense structure and the highly specific mode for H, passage.
This dense structure also prevents the passage of the relatively large CO,
molecules.[59:55] However, due to their dense nature, they exhibit low fluxes.

Metal membranes present advantages in terms of operability at high
temperatures and high H, solubilities. The gas permeability is a function
of the metal lattice structure and structural defects, as well as the reactivity to
gases present in the feed. However, metallic membranes are susceptible to flux
loss due to increased formation of hydrides (which also increases the risks of H,
embrittlement, especially for pure metals).[55]

1.4.2 Zeolite membranes

Zeolites are, in the original definition, microporous crystalline aluminosilicates
composed of TOy tetrahedra (T= Si, Al) with O atoms connecting the
neighbouring tetrahedra. A structure with Si as T will form an uncharged solid.
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A structure that also comprises Al makes the framework negatively charged, and
extra-framework cations are needed to keep the charge of the overall framework
neutral. Nowadays, many other chemical compositions also exist for zeolites
containing elements other than Si and Al. The framework structure contains
interconnected voids that are occupied by the cations and water molecules.
The cations can undergo ion exchange, and water may be removed reversibly,
usually by the application of heat. The resulting structure is a crystalline host
with micropores and voids available for permeation by hosts.[5%:59] As physical
adsorbents, zeolites are the most widely studied and patented materials for CO,
capture.57:6°]

Zeolite membranes exhibit shape selectivity, and are known for their inherent
thermal and chemical stability leading to a long-term stable separation
performance. An ideal zeolite membrane must be formed of well-connected
crystals to produce a polycrystalline thin film. Unfortunately, the difficulty
of obtaining such defect-free structures is the main reason for the variations
in literature data and the differences between experimental and modeling
studies.[57) Also, other non-ideal effects, such as random orientation of crystals,
intercrystalline interfacial resistance, intracrystalline grain boundary resistance
and intrusion of the crystals into the ceramic supports influence the permeation
properties of the final membranes.!57) The economical feasibility of zeolite
membrane production is another burden on their industrial attractiveness:
while the estimated cost for a polymeric membrane is around US$ 20/m?, a
zeolite membrane costs around US$ 3000/m?.154

Various types of zeolites, such as zeolite A, Y, P, DDR, chabazite, MFI-type
zeolite (the Al-containing ZSM-5 and the silicalite-1), SAPO-34 and mordenite
have been used in membrane-based gas separation!5°:62] and aqueous organic
pervaporation, which is their only commercially successful application. 3] Suzuki
got the first patent on zeolite membranes in 1987,1261 and the first industrial-
scale plant based on NaA zeolite membranes for pervaporation dehydration of
organic/water mixtures has been built by Mitsui Engineering and Shipbuilding
Co. Ltd. since 2000.1%4

Moreover, zeolites with terminal hydroxyl groups are generally susceptible to
moisture, which makes it necessary to dehydrate the gas feed before contacting
the membrane. Competitive sorption of water is a well-known reason for drastic
reductions in CO, adsorption capacity. The membrane can be regenerated at
elevated temperatures (typically >300°C, depending on the sorption enthalpy
of the water on the zeolite), but this results in a significant increase in the
operation costs.6°]

A brief overview of the gas separation performance of some zeolite membranes
is given in Table 1.7.
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1.4.3 Silica membranes

Amorhous silica is an attractive material owing to its thermal stability and
high gas separation performance.[%9 Membranes of this material are commonly
produced by sol-gel synthesis or chemical vapour deposition (CVD). A typical
silica membrane consists of at least three layers: a separating layer, one or
more intermediate layers, and a support. A popular configuration for these
systems is an asymmetric structure with an a-alumina-based substrate and
a y-alumina-based intermediate. The intermediate layer has a lower surface
roughness and smaller pores in order to better support the final selective silica
microporous layer coated on top.!55!

Silica-based microporous membranes have certain desirable properties, such as
the low precursor cost compared to zeolites. However, they are generally less
selective than dense zeolite membranes. They are also sensitive to SO, and H,S
poisoning and pore blockage by water. Moreover, silica membranes are unstable
at high temperatures and in the presence of steam, which results in decreased
permeability due to pore collapse. A method for stabilising silica membranes is
to add Ti, Zr, Fe, or Al into the network.!5:57]

The transformation of silica materials to silica membranes opens a new window
of opportunity for the effective separation of CO, on which only few studies
have focused to date. The fabrication of thin and defect free silica membranes
containing CO,-philic functional groups is a potential research field worth being
studied.

Limitations of inorganic membranes

The permeation of gases through inorganic membranes is controlled by two
key factors: they permeate either through the channels of the material (in

Table 1.7: The gas permeation and separation properties of some zeolite
membranes.

Permeance (10~%/mol.m?.s.Pa) Selectivity

Zeolite Pore Size (A) CH, N2  O2 CO, 02/Ny  CO,/CH, Ref.

NaA 4.1 - 1.2 3.3 — 2.61 _ [64]
Y-type 7.4 0.5-0.7 1-3 — 10-30 _ 20-43 [65]
SAPO-34 3.8 0.46 - - 46 - 142 (o6l
DDR-type  3.6x4.4 o12 - - 42 - 340 [67]

NaY 7-8 - 15 - 55 - - (68]
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accordance with the molecular sieving properties of the material), or-because
defect-free synthesis of inorganic membranes is very difficult-through the large
defects in the membrane.[%4 The latter has tremendous negative effects on
the selectivity of the resultant membrane. The additional fabrication-related
issues are inadequate sealing of the modules and the unavoidable utilization
of inorganic supports which are thick, brittle, less scalable, less compact, and
more expensive.[5257) Many inorganic membranes are not tolerant for water
vapor in the gas mixture. Most also require several steps in processing, some of
which at very high temperatures; rendering a continuous synthesis process hard
to realise and thus increasing production costs further.[7°!

1.5 Metal-organic framework (MOF)-based mem-
branes

MOFs, also known as porous coordination polymers (PCP), are a relatively
new class of hybrid materials that consist of metal ions bound together with
organic linkers that form a porous framework. The resulting membranes can
thus, strictly speaking, not be considered as inorganic, but rather a transition
between inorganic and organic membranes. MOFs have attracted much attention
due to their enormous structural and chemical diversity, as well as highly tunable
nature.7773] MOF synthesis is realised through the formation of coordination
bonds, and is less energy-intensive and easier in comparison to zeolites. In
general, MOFs have a relatively low thermal and chemical stability with some
significant exceptions, like the members of the zeolitic imidazolate framework
(ZIF) family.[74 Since their introduction about two decades ago, MOFs have
been studied extensively for gas separation applications, owing to properties such
as high surface area, well-defined pore size, pore flexibility, presence of active
metal centers (that can interact with guest molecules), tunable sorption and
composition, as well as gate-opening and breathing effects.[7273] Pore flexibility
can act as a negative trait when bigger guest molecules can also penetrate
the pores. Therefore, controlling the gate opening and breathing effects is a
challenging aspect in the utilization of MOFs in separation of gases.[7?]

Similar to zeolite membranes, MOF membranes can be synthesised by In-situ
growth or secondary (seeded) growth.[72! Zeolite membranes require 550-600
°C to remove templates entrapped in their pores, whereas MOF membranes
require a mild 100-200 °C to remove entrapped solvent from their pores. The
general concerns for MOF membranes are heterogeneous nucleation, crystallite
intergrowth, poor bonding with support, poor stability, and formation of
cracks during membrane formation or activation.7?! in-situ growth of MOF
membranes is complicated by the lack of interfacial bonding between the MOF
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and the substrate.[72l Support modification facilitates MOF film preparation.
Membranes of ZIF-7,[75! ZIF-8,[75] ZIF-22,[75] and ZIF-gol7%! were successfully
deposited on alumina support modified with 3-aminopropyltriethoxysilane
(APTES) and the resulting membranes showed a clear cut off between H, and
CO, permeance. Alternatively, thermal modification of the support by rapid
evaporation of a linker solution achieved covalent attachment of linker to the
support.[77l Although high-temperature calcination can achieve covalent bonding
between zeolite seeds, MOFs prepared this way need additional polymer binder
to attach the seeds to the support.l72l Secondary growth is easier to perform,
but controlling the microstructure has proven to be difficult.

The first examples of MOF membranes were HKUST-1 (Cu3(BTC)3) and
MOF-5 membranes. Dense coatings of HKUST-1 were deposited on a-alumina,
combining the seeding method with using mother synthesis liquors of low
concentration. Depending on the synthesis conditions, the thickness of the
MOF layer varied between 2-5 microns with no preferred orientation.78! MOF-5
membranes on a-alumina support were prepared by in-situl79 and microwave-
induced seeding!®°! followed by solvothermal secondary growth. They showed
Knudsen behaviour in the selective permeation of gases. Unlike the in-situ
method, the seeded membranes had preferential orientation of the MOF crystals,
opening great possibilities for controllable microstructures in MOF membranes.
The structures of HKUST-1 and MOF-5 are given in Figure 1.8.

The ZIF family of MOFs is noteworthy owing to their relatively small pores
(usually smaller than 5 A) as well as chemical and thermal stabilities. MOFs
such as ZIF-8 are particularly interesting for CO, separation in industrial
settings, since they have been reported to maintain their crystal structure
in harsh environments such as boiling water, and organic solvents.[®! ZIF-
8 membranes(7” with microstructures controllable by the pH of the growth
solution showed selectivities of 3.9 for H,/CO, and 4.5 for CO,/N,. Using
PEI to enhance the adhesion of the ZIF-7 seed layer to the support yielded
membranes with an ideal selectivity of 6.7 for H, /CO,.[®?] ZIF-22 membranes
on modified supports had a H,/CO, separation performance of 7.2 for mixed-
gas conditions that exceeded the Knudsen constants. Although the selectivity
at 423 K suffered slightly, it still remained above the Knudsen predictions. 76!
The structures of ZIF-7, ZIF-8 and ZIF-22 are given in Figure 1.8.

A list of the gas separation performance of some well-known MOFs can be found
in Table 1.8.
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Figure 1.8: The structures of MOF-5[83], HKUST-1183! ZIF-22[84] ZIF-8[85]
and ZIF-7[86] The blue regions represent the metal nodes, which are bound
by organic linkers. The empty space in the pores is represented by the yellow

spheres.

Table 1.8: The gas permeation and separation properties of some MOF

membranes.
Permeance (1/mol.m*.s.Pa) Selectivity
MOF Pore Size (&) CH, N, 0, COo, 0,/N, CO,/CH, Ref.
ZIF-8 3.4 2.42x10~° - - 1.69x107° 7.2 (87]
ZIF-69 7.8 22.4x107" - - 102.3x10 Y 4.6 (58]
Co3(HCOO); 5.5 1.56x10~7 - - 1.97x1076 12.63 [89]
Cuz(ndc)z(dabco) 3.5-4 0.66x1078 - - 3x10~8 45 [oc]
MOF-5 15.6 170x107%  125%x107° - 100x10 "8 0.6 (79]
7IF-8 3.4 0.1x1077  0.15x1077  0.55X1077  0.45%x107 7 3.7 4.5 g
HKUST-1 9 0.65x107%  0.49x107% o0.5x107%  o0.4x107¢ 1.02 0.6 [o7]

1.6 Mixed-matrix membranes

Although polymers are easy to process into large surface-area membranes,
a trade-off exists between selectivity and permeability for these materials.
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Inorganic materials such as zeolites are outstanding candidates for gas separation
as a result of their “molecular-size” pore sizes, but fabricating them into defect-
free membranes is highly costly. A new approach was first offered in the 1970s
by Paul and Kemp, who found that the addition of zeolite 5A particles into a
polymeric matrix causes a significant increase on the diffusion time lag compared
to the neat polymer. Further in 1988, researchers at Universal Oil Products
(UOP) reported the first composite membranes capable of suppressing the
Robeson upper-bound. 9294

These composite membranes, conventionally called mized-matrix membranes
(MMM), aim to surpass the so-called upper-bound by combining the ease of
processibility of polymers with the superior molecular sieving properties of filler
particles.[94) An MMM is ideally a composite material that consists of filler
particles homogenously dispersed in a polymeric matrix. Figure 1.9 shows the
depiction and the SEM image of a mixed-matrix membrane with a polymeric
matrix and dispersed filler particles.

Over the last few decades, numerous types of porous and non-porous fillers
ranging from carbon molecular sieves, carbon nanotubes, ordered mesoporous
silica to zeolites have been used to prepare MMMs. Non-porous fillers have
been used to manipulate the polymer chain packing and modify the free volume
of the polymer, while porous fillers provided molecular sieving to separate gases
according to their size and shape.*!

Polymeric matrix

Figure 1.9: The schematic depiction and the SEM picture of an MMM.

The permeation of gases in a mixed-matrix membrane occurs both through the
free volume in the polymer matrix and the pores of the filler particles. The
extent of molecular sieving achieved is dependent on the filler pore size and
loading, which defines a gas molecule’s probability of passing through a filler in
its diffusion path. As seen on Figure 1.10, when the loading is relatively low,
the gases permeate through a combination of the filler pores and the polymer
matrix or directly along the polymer matrix. In this case, the molecular sieving
effect will be relatively weaker. When the loading is increased to an optimal
level, the gas molecules will follow a permeation path that consists of connected
filler pores, which will achieve highly effective molecular sieving. For this reason,
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increasing the loading as high as physically possible is necessary for obtaining
highly selective MMMs.

(a) Ideal diffusion at lower loadings (b) Ideal diffusion at higher loadings
Permeating gas Permeating gas
* * + Dispersed } * o |
O zeolite
particles
-8 oD
O
—__ Polymer f
l 1 1 matrix i l l l

Figure 1.10: Schematic representation of gas transport in MMMs at (a) lower
loadings (b) higher loadings.[%! The gas permeation in the polymeric part of the
membrane occurs via solution-diffusion.

With the introduction of fillers in a polymer, a tertiary phase called the
interphase is formed at the interfacial region between the polymer and the
filler. Although the ratio of the interphasic region to the bulk membrane is
small, the type of interphase morphology strongly affects the overall properties.
There are four possible interphase morphologies as shown in Figure 1.11. Case I
corresponds to the ideal morphology, where the polymer surrounding the filler
has the same properties as the bulk polymer, and there are no interphasic defects.
Case II is the defective morphology caused by the detachment of polymer chains
from the filler. Case III stands for the phenomena known as chain rigidification,
where the polymer chains in direct contact with the filler are more rigid in
comparison with the bulk polymer and exhibit different properties. Case IV

represents a situation called pore blockage, where the surface pores of the filler
are partially sealed by the relatively rigid polymer chains.[!

1.6.1 Prediction of mixed-matrix membrane performance

There are various theoretical expressions for predicting the separation
performance of MMMs, such as the models suggested by by Maxwell (1873),
Bruggemann (1935), Higuchi and Higuchi (1960), Bottcher (1945), and Davis
(1977).[95] The Maxwell model adapted for spherical particles, as seen in
Equation 1.8, is the most popular method for estimating the permeability
and selectivity of an MMM comprised of a polymer matrix and dispersed filler
particles of known permeabilities. The Maxwell model was originally developed
for calculating the electrical conductivity of composites.
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Figure 1.11: The four possible interphase morphologies in MMMs. !

2(1 =) + (1 +2¢)Aam
2+¢)+ (1= 0)Aim

P =P, ] (1.8)

P is the effective permeability of permeant in MMM, P,, is the effective
permeability of the permeant in the matrix (continuous phase), @ is the volume
fraction of filler particles, Ay, is the ratio of the permeability of dispersed filler
particles (Py) to the permeability of the matrix (P,,).[9¢! However, it should
be noted that the Maxwell model assumes an ideal case with no membrane
defects and that all the membrane components show the same properties.!!
Thus, generally, there is a discrepancy between these predictions and the actual
membrane performance, especially with higher filler loadings.[95!

1.6.2 Problems encountered in fabricating MMMs

For fabrication of highly selective MMMSs, various glassy and rubbery polymers
have been used as the matrix, and zeolites, carbon molecular sieves, activated
carbons, non-porous silica, Cg,, and graphite have been used as fillers.[:47:61,97]
The separation properties were seen to vary immensely with the MMM
composition. For example, membranes prepared with rubbery polymers have
shown significant permeability increase at high zeolite loading; however, the lack
of mechanical stability and desirable selectivities compared to glassy polymers
rendered their application practically unattractive.l94 Glassy polymers with
separation performances that lie suitably closer to the upper-bound, on the
other hand, presented another obstacle: poor compatibility between the polymer
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and the filler, which results in non-selective voids in the membrane.[94:98-100]

These voids, in return, result in huge decreases in selectivity.

In order to overcome this challenge, numerous methods have been developed by
researchers, some of which can be listed as:

e Maintaining the polymer chain flexibility by annealing above-T, during
membrane formation,[94:97:99,101,102]

e Modification of the external surface of a zeolite by silane-coupling agents
to promote adhesion between the filler and the polymer,[97-:98,103,104]

 Addition of a low molecular weight additive (LMWA) as compatibiliser to
create a link between the polymer chains and the filler,[47-105]

« Preparing membranes by melt processing,[°¢-107]

« Addition of plasticisers that decrease the overall T, and increase polymer
chain mobility during membrane formation, 5"

e Annealing vitrified membranes above Tg,[51]

e Coating of filler particles with a thin layer of polymer, prior to their
incorporation into the bulk polymer (priming).[6%103:104,108]

A review of literature on the CO,/CH, separation properties of MMMs is
summarised in Table 1.9.

1.6.3 MOF-based MMMs

Inorganic fillers that possess well-defined pore sizes, such as zeolites, showed
great potential but their distribution in the polymer matrix and adhesion
to the polymer chains has proven to be problematic. Distribution problems
are largely caused by the necessity of post-synthesis calcination for removing
leftover templates, which also causes the particles to form strong aggregates.
Breaking down these aggregates is possible by strong mixing methods such
as ultrasonication, which makes the membrane fabrication method more
complicated and inefficient in terms of time and energy. On the other hand, the
intrinsic lack of affinity between the inorganic zeolite and the organic polymer
phase causes the formation of non-selective defects across the membrane cross-
section, resulting in significant losses in selectivity. The solutions suggested for
promoting adhesion, such as compatibilisers, silylation etc. have also proven to
be material-intensive. As alternative fillers, MOFs have stirred up excitement
in MMM research, as well as many of their fields of application. In terms of
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gas separation, MOFs are very attractive materials owing to their tailorable
chemistry, tunable composition, well-defined pore size, pore flexibility, and
breathing effects. They essentially consist of metal ions bridged with organic
linkers that form a porous framework. Contrary to inorganic fillers such as
zeolites, the organic linkers in MOFs offer better adhesion to the polymer,
providing an advantage in preventing membrane defects. Unfortunately, MOFs
are not completely free of problems of aggregation and aggregate detachment.
Recent research has shown that breaking down aggregates by ultrasonication
triggers drastic distortion in the morphology and particle size distribution of
MOF particles."8] On the other hand, polymeric membranes are prone to
plasticisation effects with e.g. at high CO, pressures; whereas MOF additives
are not. Provided that the MOF particles have good interaction with the
polymer matrix, the overall plasticisation resistance of the membranes can be
improved with the addition of MOFs.[9]

The first example of the incorporation of MOFs into a polymer for gas separation
has been reported for copper(IT)biphenyl-dicarboxylate-triethylenediamine in
poly-(3-acetoxyethylthiophene) to give improved CH, selectivity compared to
the pure polymer.'2°! In the following decade, MMMs with various MOFs
e.g. ZIF—S,[110’121_123] ZIF—77[124] ZIF—QO,[125] MOF—5,[114’117] CUBTC,[113’116’126]
CuBDC," Ni,(dodbc),l?4 MIL-53,"2 NH,-MIL-53(Al),[5:126-128] MIL-
68(Al),[29] and UiO66[3°131 have been reported in various commercial and
non-commercial polymer combinations, loadings, and post-treatment methods.
A concise table is given in Table 1.9, detailed tables can be found in Chapters 3
and 4. The MOF particles were not only incorporated in their powder form.
Hwang et al.'22] embedded hollow ZIF-8 shells into a graft polymer. Good
polymer-filler contact, and good dispersion was achieved between the polymer
and the hollow MOF shells. Up to 10x improvement in pure CO, permeability
was reached without drastic sacrifices to the permeability. Rodenas et al.[*]
reported MMMs comprising CuBDC nanosheets embedded in PI matrix. The
membranes showed impressive selectivities of 88 for CO,/CH, mixtures at 298
K.

1.7 Motivation for this work

Amine sorption technologies can produce high-purity products, but they
are not economically feasible for the separation of mixtures with high CO,
concentrations (>20%). Membranes currently available on the market, on
the other hand, do not offer sufficient selectivities, which lead to increased
hydrocarbon losses during separation. Moreover, polymers are usually prone to
plasticisation upon CO, permeation, which further decreases the selectivities,
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and increases the hydrocarbon losses. The main motivation of this work is to
combine the molecular sieving effect of MOFs with the processibility of polymers
to fabricate highly stable and productive MMMs with high MOF loading. Ideally,
high productivity can be achieved by a combination of high selectivity and
high permeability. High selectivity is needed to obtain a high-purity product,
while high permeability is preferable for minimising the membrane area and
therefore capital costs.!*32] CH, losses during gas separation can be reduced by
using membranes with high selectivity and high stability against plasticisation.
Moreover, as the industry will start resorting to highly contaminated natural
gas wells (CO, content up to >90%), highly selective membranes will gain
increased importance.

1.8 Dissertation overview

This work focused on the preparation of MOF-containing MMMs for gas
separation applications. The first step was to investigate MMM preparation
methods alternative to the conventional recipes, thereby aiming to bypass the
drying of MOF particles and overcoming the particle aggregation, even at high
MOF loadings. The rest of the research has been based on the findings of this
investigation, with the addition of thermal post-synthesis steps that allowed to
alter the chemical structure of the polymer and the MOF synergetically. As a
result, outstanding membrane performances have been obtained.

This dissertation consists of six chapters, including this introduction
chapter.

Chapter 2 is based on the preparation of MMMs comprising MOFs. The
first approach has been to synthesise MOF particles directly inside a polymeric
solution. The aim was to overcome the issues with particle aggregation before
they occurred. The major problem was to achieve a high MOF synthesis yield,
which was solved by synthesising and washing the MOF particles separately. This
method not only produced sturdy membranes with excellent MOF dispersion,
it also allowed to have absolute control over the MOF loading.

Chapter 3 includes details on the preparation and testing of MMMSs comprising
in-sttu amorphised ZIF-8. Membrane preparation was based on the work in
Chapter 1, with the addition of thermal post-processing steps to increase
the adhesion between the MOF and the polymer. As the temperature was
increased, it was observed that the structure of the membranes changed
significantly: the polymer phase was cross-linked, and the MOF phase was
amorphised. This synergy of effects produced MMMs with impressive gas
separation properties that surpass the Robeson upper-bound. The successful
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production and characterisation results of MMMs with ZIF-7 showed that this
method is generic.

Chapter 4 is based on the study in Chapter 3. In order to assess the behaviour
of breathing MOFs in this application, a typical breathing MOF, NH,-MIL-
53(Al), was selected. The synergetic effects have been consistent with these
MMMs, moreover the polymer chains were able to penetrate the MOF pores
undergoing configurational transition. As a result, the polymer chains were able
to cross-link to the amine groups; forming MMMSs that exhibit the highest gas
separation performances ever reported for MOF-based MMMs.

Chapter 5 describes the conclusions derived from this research, and Chapter
6 points to prospects for future research.
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interpretation, and revised the paper.

2.1 Abstract

Mixed-matrix membranes (MMMs) aim at combining the processibility of
polymers with the molecular-sieving of fillers to improve the gas separation
performance. Metal-organic frameworks (MOFs) are a new family of materials
with promising potential as filler. The first part of this work reports on exploiting
the versatility of MOF synthesis routes by forming ZIF-8 particles in polymer
solutions to subsequently cast membranes directly from the solution. Although
MOFs can be synthesised in a polymer medium, the decline in the synthesis
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yield does not allow for high loading in the MMMs. The second part describes
a method for preparing MMMs with the commercial polyimide (PI) Matrimid®
and ZIF-8, ZIF-7 and NH,-MIL-53(Al) as non-dried filler with 30 wt.% and
50 wt.% loading. A comparison of this method with the conventional approach
of drying MOFs prior to incorporation exhibits the flexibility MOFs provide in
membrane synthesis. In contrast, zeolites require calcination before they can
be used. The membranes with non-dried MOFs show some improvement in
performance as compared to the unfilled polymer-only membranes, while those
with dried MOFs even lose the inherent selectivity of the polymer.

2.2 Introduction

Membranes are energy-efficient and environmentally-friendly alternatives
to existing gas separation technologies, such as cryogenic distillation and
adsorption.[?3] The current membrane market is dominated by polymers due
to their low cost, flexibility and processibility. These desirable properties are
countered by their lower thermal and chemical stabilities, as well as lower
selectivities.[4! The Robeson upper-bound illustrates the performance trade-
off between permeability and selectivity for polymers.!5:6/ Membranes made
of carbon,[”l metals,!8l and zeolites!®! have been investigated as alternatives.
Despite high thermal and chemical stabilities, well-defined pore sizes and the
subsequent superior selectivities, their application on a larger scale has been
impeded by the high cost of production, the challenges in fabricating defect-free
membranes, and the inherent brittleness. 0l

Mixed-matrix membranes (MMMSs) are composites consisting of filler particles
homogeneously dispersed in a polymeric matrix."*2] They aim at exploiting the
desirable properties of their counterparts. The permeation of gases in polymers
occurs via a solution-diffusion mechanism. This mechanism manifests itself in
three steps: a gas molecule in the upstream sorbs into the membrane, diffuses
across the cross-section, and finally desorbs into the downstream.>'314] For
fillers with a pore size relative to the kinetic diameter of the penetrating gases,
the diffusion of smaller gases is accelerated whereas larger gases cannot enter the
pores. This size exclusion mechanism is known as molecular sieving.[*375] Over
the last decades, porous fillers ranging from carbon molecular sieves7 and
carbon nanotubes*872°! to ordered mesoporous silical?22] and zeolites!2326!
have been used in MMMs to provide molecular sieving to separate gases
according to size and shape.l?” In addition, non-porous fillers manipulated
the polymer chain packing and modified the free volume.[8:29] Conventionally,
an MMM is fabricated by dispersing the filler particles in a solvent, followed
by adding polymer and mixing further to obtain a homogeneous solution. This
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solution is then cast to be dried or annealed. The dispersion of filler and the
polymer-zeolite adhesion are notorious problems in membrane preparation.*!
Poor dispersion is often created by post-synthesis calcination of fillers for the
removal of templates, which leads to the irreversible formation of strong particle
agglomerates.[39:31 Tt is possible to break down these agglomerates to some
extent by strong mixing methods,!32:33] but these methods make the fabrication
complicated and inefficient in terms of time and energy. The intrinsic lack
of affinity between the inorganic and organic phases causes the formation
of non-selective voids that lead to significant losses in selectivity.[34] Many
solutions suggested to promote adhesion, such as using compatibilisers, [35-36]
silylation,!37) priming[3%:39) etc., have proven to be material- and time-intensive,
and sometimes fail to enhance dispersion.

Recently, metal organic frameworks (MOFs) have stirred up excitement for
MMM, as well as for catalysis,4°! sensing, 4!l magnetism, 42! semiconductors, 43!
and drug delivery.[44] For gas separation, MOFs are very attractive owing to their
tailorable chemistry, tunable composition, well-defined pore size, pore flexibility,
and breathing effects.[45] They consist of metal ions bridged with organic linkers
that form a porous framework.[45! Contrary to inorganic fillers, the organic
linkers in MOFs offer better adhesion to the polymer.['5! Unfortunately, MOFs
are not completely free of aggregation. ZIF-8 nanocrystals can stay in stable
colloidal dispersion before drying, but are not re-dispersible after drying. 46!
Ultrasonication can distort the shape, size distribution, and structure of the MOF
particles.!47] Recent reports!4875°! suggest storing MOFs in colloidal state to
prevent the formation of strong covalent bonds between the particles. In another
study, a one-pot approach for preparing MMMs by adding the polymer directly
into the MOF synthesis liquor after MOF crystallisation, was reported.[5

For this work, Matrimid®, a well-known commercial polyimide with properties
that fall close to the Robeson upper-bound[5253] was chosen as polymer. As
filler, three different MOFs, namely ZIF-8, ZIF-7 and NH,-MIL-53(Al), were
selected. The MOF structures are given in Figure 2.1. ZIF-8 is composed of
Zn(IT) ion clusters linked by imidazolate ligands, with pores of 3.4 A in diameter.
The pores are easily accessible to smaller gases such as CO, and H,.[52] ZIF-7
belongs to the same family as ZIF-8, and exhibits a hexagonal distorted sodalite
topology formed by connecting zinc clusters with benzimidazole.[48:54] ZIF-7 has
an estimated pore size of 3 A.[55] MIL-53(Al) consists of Al0,(OH), octahedra
and 1,4-benzenedicarboxylate (terephthalate) linkers,[5¢] which can be amino-
functionalised to form NH,-MIL-53(Al) with amine moieties on the surface.[57]
This MOF exhibits a so-called breathing behaviour by changing from a narrow

pore (np) structure to a large pore (lp) structure at high partial pressures of
CO,.158:59]

Two novel preparation methods are designed in this work to prepare high-loading
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ZIF-8 ZIF-7 NH»-MIL-53(Al)

Figure 2.1: The structures of ZIF-86°! ZIF-7[61 and NH,-MIL-53(Al1)159].

MMMs, as well as to simplify and optimize earlier approaches. The first part
focuses on the synthesis of MOF particles inside a polymeric solution. This
solution with perfectly dispersed MOFs will then be used directly as membrane
casting solution. A second part investigates the difference between MMMs
prepared with the conventional method and the so-called “wet-MOF method”.

2.3 Experimental procedure

2.3.1 Materials

Polyimide (Matrimid®g5218) was kindly provided by Huntsman (Switzerland)
and used after drying at 110 °C overnight. For ZIF-8 synthesis, zinc nitrate
hexahydrate (Zn(NOj3)2.6H,0) and 2-methylimidazole (C4HgNs) were obtained
from Acros Organics (Belgium). Triethlyamine (CgH;5N) was purchased
from Merck (Germany). For ZIF-7 synthesis, benzimidazole (C;HgN2) was
obtained from Acros Organics (Belgium). For NH,-MIL-53(Al) synthesis,
2-aminoterephthalic acid (H,NCgHs-1,4-(CO,H)2) and aluminum nitrate
nonahydrate (Al(NO3.9H,O) were obtained from ChemLab and Acros Organics,
respectively. Dimethylformamide ((CH3)2sNCOH, DMF), chloroform (CHCl3),
and methanol (CH3OH) were purchased from Acros Organics (Belgium) and
VWR (Belgium) and used for solvent exchange and membrane preparation. All
solvents were dried overnight using activated zeolite 4A beads prior to use.

2.3.2 In-situ synthesis of MOF particles

ZIF-8@Matrimid® membranes were prepared in-situ by adding MOF precursors
inside a dilute solution (5 wt.%) of Matrimid® in DMF at 20, 40, 60 or 80
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Figure 2.2: Matrimid® with 20 wt.% (a) Zn(NOg3)2 and (b) 2-mim.

°C. In contrast to a previous report on a one-pot synthesis method!5, this
approach refers to crystallising MOF particles in a polymeric solution. The
ZIF-8 synthesis recipe was adapted from ref.[5% with a 2-methylimidazole (2-
mim) to Zn(NOg), ratio of 8:1. This modification was applied in order to
overcome the brittleness caused by the unreacted Zn(NOj3), that remains in
the membrane. Figure 2.2a and b show membranes prepared by adding 20
wt.% of Zn(NO3)2 and 2-mim to Matrimid®, respectively. While Matrimid®
with 2-mim formed a homogeneous, standalone membrane, the membrane with
Zn(NO3), was brittle and broken. The recipe was downscaled to match the
amount of DMF in the polymer solution (10 mL). Unlike the original procedure,
the synthesis compounds were added directly into the Matrimid® solution. The
mixture was stirred for 4 days to give enough time for ZIF-8 synthesis, which
was then poured into a petri dish to dry at 100 °C until the membrane solidified.

In order to increase the amount of ZIF-8 particles in the Matrimid® solution,
the concentration of the synthesis components was increased to give 13, 33 and
53 wt.% loading, as calculated based on the yield reported in ref.[52,

2.3.3 Preparation of MMMs with wet MOFs

ZIF-8 was synthesised as described in ref.32l. Upon cooling, the particles
were washed with DMF, methanol, and CHCl3, respectively. ZIF-7 was
synthesised by dissolving zinc nitrate hexahydrate (0.302 g) and benzimidazole
(0.769 g) in DMF (400 mL), and magnetically stirring the mixture for 48
h at room temperature. The particles were washed with DMF, methanol,
and CHCls, respectively. NH,-MIL-53(Al) was synthesised by dissolving 2-
aminoterephythalic acid (2g) and Al(NOs3)s.9H,0 (2g) in distilled water (400
mL). The solution was heated to 100 °C for 6 h. Upon cooling, the particles
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were centrifuged and washed with DMF, methanol and CHCl3, respectively.
At the end of the synthesis procedure, the MOF particles were washed as
detailed below, and the remaining sludge was separated into two equal parts,
one part was dried in the oven overnight (240 °C for ZIF-8, 100 °C for ZIF-7
and NH,-MIL-53(Al)), and the other part was kept in CHCl3 to be directly
used for membrane fabrication. In order to prepare a membrane solution, the
MOF dispersion and Matrimid® were mixed in certain amounts to achieve the
desired membrane loading, as shown in Equation 2.1, and stirred magnetically
overnight. When a homogenous mixture was obtained, it was poured into a petri
dish and dried at room temperature under No until the membrane solidified.
The solidified membranes were gradually heated to 100 °C and dried for two
days, allowing to cool down gradually prior to their removal from the oven.

t.0
Loading(wt.%) = h-MoF (2.1)

(wt.mroF + Wt.potymer)

2.3.4 Preparation of conventional MMMs

The membranes with MOF loadings of 1, 3, 6, 10 and 13 wt.% were prepared
by dispersing the particles in DMF followed by the addition of Matrimid®
and casting the solution into a petri dish. Membranes with 30 and 50 wt.%
dried MOF loading were prepared by dispersing the particles in CHCl3. All
membranes were dried at 100 °C for two days, allowing to cool down gradually
prior to their removal from the oven.

2.3.5 Characterisation

The morphology of membrane cross-sections was observed using a JEOL JSM-
1060LV. The SEM samples were prepared by freeze-fracturing in liquid Ns. In
order to prevent charge build-up, the samples were sputtered with Au/Pd for
three cycles of 20 s. X-ray diffraction patterns were obtained using a Stoe-HT X-
ray diffractometer with CuKe radiation (A=1.54 A) at room temperature. The
gas separation performance of a membrane is determined by the permeability
of penetrants, and the separation factor. The rate at which gas molecules
permeate through a membrane is the permeability coefficient, defined as the
product of the diffusion and solubility coefficients, as shown in Equation 2.2,
where P;, D; and S; are the permeability, diffusion and solubility coefficients of
species 1, respectively.

PZ' = D@SZ (2‘2)
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The selectivity of a membrane for pure gases (ideal selectivity) is the ratio of
the permeation coefficient of component ¢ to that of component j, as given in
Equation 2.3, where «;,; is the ideal selectivity for 7 over j, and P; and P; are
the permeabilities of 7 and j, respectively.

;5 = Ti/P; (2.3)

Pure-gas selectivity fails to provide a real-life estimation of membrane
performance, especially when highly soluble gases (such as CO,) are concerned.
The mixed-gas selectivity, obtained by mixed-gas permeation measurements,
is more realistic, as it is obtained with a mixed feed and competitive sorption
is also taking place during permeation. Mixed-gas selectivity is calculated as
given in 2.4, where y;, y; are the mole fractions of ¢ and j in the permeate, and
x; and x; are the mole fractions of ¢ and j in the feed, respectively.

Yily,
0y = T (2.)

The gas separation performance for binary gas mixtures was tested using a
custom-built, high-throughput gas separation system (HTGS), described in
detail in ref.l%2]. A mixed-gas feed of 50-50% vol. CO,-CH, at 35 °C and
10 bar cross-membrane pressure difference was used. The composition of the
permeate side was analysed by gas chromatography (GC) until three consecutive
measurements gave the same result, which indicates steady-state. The reported
selectivities are the average of these three measurements. Permeabilities were
measured using the constant-volume variable-pressure method after steady-state
was ensured.

2.4 Results and discussion

2.4.1 Synthesis of ZIF-8 particles in a Pl-solution

Z1F-8 particles were synthesised in a dilute solution of Matrimid® by directly
adding Zn(NOs3)2.6H,O and 2-methylimidazole to it, and stirring the mixture
at 20, 40, 60 or 80 °C for 4 days. As seen in Figure 2.3, no ZIF-8 particles
could be observed in the cross-sections of the membranes prepared at 20 or 40
°C , but some particles could be observed for samples prepared at 60 and 8o
°C . As a result of the in-situ synthesis approach, these particles are perfectly
distributed in the polymer matrix.

The XRD diffractogram of the MMMs (Figure 2.4a) did not exhibit the
characteristic peaks of ZIF-8. Due to the presence of unreacted Zn-source
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Figure 2.3: SEM images of (a) Matrimid, and ZIF-8@Matrimid® MMMs
prepared at (b) 20 °C , (c) 40 °C, (d) 60 °C and (e) 80 °C. The bars represent
5 pum. The red circles show ZIF-8 particles.

in the membranes, TGA could not be used to determine the ZIF-8 loading
based on the Zn content.%3] Instead, the XRD diffractogram of conventional
MMDMs with pre-synthesised MOFs at loadings of 1, 3, 6, 10 and 13 wt.% were
used for comparison, (Figure 2.4b and Figure 2.6). These membranes were
prepared by dispersing pre-synthesised and dried MOF particles in a solvent,
and adding the polymer to this mixture. As the characteristic peaks of ZIF-8
started to appear only from 6 wt.% loading onward for these samples, the
ZIF-8 loading in the in-situ prepared MMMs was thus assumed to be below
6 wt.%, and hence much below the limits of application. In an attempt to
increase the ZIF-8 loading, the concentration of MOF precursors in the polymer
solution was increased to achieve up to a theoretical 53 wt.% of MOF loading,
based on a 48% conversion of the precursors. In addition to the gelation of this
mixture, and the failure to form standalone layers; these membranes also did not
show any indication of significant loading, as shown in Figure 2.4 and Figure
2.5; with the exception of a Zn(OH), peak around 27-28° that signifies low
crystallinity.[®4 (Fig. 2.5b). Therefore, it was clear that changing the synthesis
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Figure 2.4: XRD diffractogram of (a) ZIF-8@Matrimid® prepared at 20, 40,
60 and 80 °C, and (b) membranes with controlled loading of dried ZIF-8.

medium from a solvent to a polymer solution was detrimental to the synthesis
yield, regardless of the concentration of the precursors.

2.4.2 Non-dried vs. dried MOFs

The membrane preparation method was changed to omitting post-synthesis
drying, similar to ref.[%5]. In order to demonstrate the effectiveness of this
method, membranes with dried MOFs were also prepared for comparison.
Comparability was assured by preparing the MMMs with dried MOFs (MOF%"
from now on) by using the exact method as for non-dried MOFs (MOF"~9" from
now on), i.e. only magnetic stirring was applied to distribute the MOF?" particles.
The cross-sectional SEM images (Figure 2.7) exhibit the clear difference between
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Figure 2.5: XRD diffractogram of MMMs with increased precursor concentration
to achieve theoretical loadings of 13, 33 and 53 wt.%, synthesised at (a) 20 °C
and (b) 60 °C.

MMDMs with dried and non-dried MOFs. MOFs?" formed big agglomerates that
were completely detached from the polymer, especially at high loadings. On
the contrary, the MOFs" %" were perfectly distributed and embedded in the
polymer, despite the very high loadings (30 and 50 wt.%).

Figure 2.6: Cross-sectional SEM images of MMMs with increased precursor
concentration to achieve a theoretical loading of (a) 13 (b) 33 (¢) 53 wt.%.

As shown in Figure 2.8, the XRD diffractogram of the MMMs were in agreement
with their respective MOFs for both the wet and dry synthesis method. The
diffractogram show that the MOF particles remained intact during membrane
preparation (thanks to the mild mixing conditions); as opposed to the work
in ref.[17! where high-intensity ultrasonication of MOF particles resulted in
changes in the structure of ZIF-8 particles.

2.4.3 Gas separation performance

Gas separation performance is a direct indicator of the presence or absence of
microdefects,®®! and the good dispersion of MOFs in MMMs. There was an
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Figure 2.7: SEM images of MMMs with (a-d) ZIF-8, (e-h) ZIF-7 and (i-1)
NH,-MIL-53(Al). The red circles mark the defective interface between the
Matrimid® matrix and the agglomerated MOF particles.
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Figure 2.8: XRD patterns of MMMs with non-dried and dried MOFs.
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obvious difference between the gas separation performances of the MMMs with
non-dried and dried MOFs, as given in Figure 2.9.

30
P ziF-774, 30 wt.%
25 A NH-MIL-53(Al)~, 30 wt.%
’l".ﬂatrimidEc
£ 20 e
B . ZIF-8™4r 30 wt.%
@
% 15 -
O
.“..N
9 10 -
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!30Z permeability, Barrer

Figure 2.9: The gas separation performance of MMMs with non-dried and dried
ZIF-8, Z1F-7 and NH,-MIL-53(Al).

The MMM with 30 wt.% ZIF-8"~9" exhibited a tripled CO, permeability
compared to the unfilled polymer along with a slight decrease in selectivity from
22.3 t018.6. The higher increase in the permeation of CO, compared to CH, can
be attributed to the intrinsic framework flexibility of ZIF-8,167-69] which allows
for the faster diffusion of both gases. Although it belongs to the same family as
ZIF-8, ZIF-7"~9" exhibited a selectivity increase over unfilled Matrimid® and
a small increase in permeability. Both MOFs undergo similar guest-induced
“oate opening”[7°7! but their intrinsic pore apertures are different: ZIF-8 has
a larger pore aperture of 3.4 A versus 3.0 A for ZIF-7. In addition, it has been
reported that ZIF-8 is much more susceptible to the enlargement of the pore
aperture via the “gate opening” phenomenon.[72l Therefore, the ZIF-8"~%" and
ZIF-7"~9" showed opposite improvement in membrane performance as MMM
fillers. Just like ZIF-7"~9" the MMMs with NH,-MIL-53(Al)"~9" showed no
change in permeability and a small increase in selectivity. In contrast to its
unfunctionalised parent, the np form of NH,-MIL-53(Al) is preferred at low
CO, pressures (below 10 barl58]). Therefore, it is sensible that there is no
significant increase in permeability for the measurement conditions of this work
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(5 bar). All in all, these MMMSs show improved selective behaviour without
sacrificing the intrinsic permeability of the polymer.

In agreement with the SEM results, the defects formed by the dried MOFs
caused complete deterioration of the inherent selectivity of the polymer. The
agglomerates (that were formed as a result of drying) created non-selective
voids that made the selectivity drop substantially. The permeabilities were
increased up to 13 times. For a better comparison of the extent of change in
selectivity, the enhancement ratio was calculated as the ratio of the selectivity of
the MMM to that of the polymer (Figure 2.10). The improvement in membrane
performance followed the order ZIF-7"~%" >NH,-MIL-53(Al)"~ 4" >ZIF-8" 4"
for MOFs"~9" whereas the selectivity decay did not follow a certain order, but
it clearly could not exceed 0.3 for MOFs?",

1.6
;:: 30 w5 ‘.3'.'l'-’t. %

1 wt.%
0.8
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0.4
0.2

0

30
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wt. %

Matrimid® ZIF-8 ZIF-7

Figure 2.10: Enhancement in selectivity with non-dried (striped bars) and dried
(filled bars) MOFs.

2.4.4 Comparison with the Maxwell model

There are various theoretical expressions for predicting the gas separation
performance of MMMs. An adaptation of the Maxwell model, which was
originally developed for calculating the electrical conductivity of composites, is
conventionally used to estimate the permeability and selectivity of an MMM
comprised of counterparts of known permeabilities. The Maxwell model assumes
a dispersed phase within a continuous matrix in the absence of defects i.e.
no interfacial voids, and no distortion in the separation properties of the
counterparts.['®) The effective permeability of a composite material can be
calculated as given in Equation 2.5.
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n.Py+ (1 —=n)Py,+ (1 —n)p(Py — Pp)

b = P A= )Py —np(Pa— Py)

(2.5)

P is the effective permeability of the penetrant in the MMM, and @ is the
volume fraction of the dispersed phase in the continuous matrix phase. P,,
and P, are the penetrant permeabilities in the matrix and the dispersed phase,
respectively, and n is the shape factor for the dispersed phase. When n=0 and
n=1, the equation corresponds to transport through a laminate in parallel and
in series, respectively.[73] For a dilute suspension of spherical particles (n=1/3),
the Maxwell equation will be as given in Equation 2.6.

P;+ 2P, —QQS(Pm—Pd)
Pd+2Pm+¢(Pm_Pd)

2(1 = ¢) + (1 + 2¢)Aam
2+ ¢) + (1 — ) Aam

P =P, | = Pl ] (26)

Aam is the ratio of the permeability of the dispersed filler particles (P4) to the
permeability of the matrix P,,.[7 The Maxwell model generally predicts the
permeability well when @ is less than about 0.2. Moreover, the Maxwell model
cannot predict the correct behaviour when @ is close to the maximum packing
volume fraction of filler particles. The model does not account for particle size
distribution, particle shape, and aggregation of particles.[74

Figure 2.11 shows the comparison of the experimental results from this work
and the Maxwell predictions based on different literature reports for MOF
performances. Detailed information on the Maxwell predictions is given in
Table 2.2, 2.3 and 2.4. ZIF-8"~% matches the permeability but cannot reach
the selectivity predicted, whereas ZIF-7"~%" matches the predicted selectivity
much better, but falls short on permeability. NH,-MIL-53(A1)"~9" cannot
reach the permeability and selectivity predicted, which may be related to the
interaction between the amino groups of the MOF with the amide groups of
the polymer chains.[75:76]

2.5 Conclusions

Two different approaches were applied to prepare MOF-containing MMMs. First,
Z1F-8 particles were synthesised by adding the MOF precursors directly into a
dilute solution of Matrimid®. Although individual particles could be observed
in the SEM images, XRD analysis revealed that the loading was too low for
practical use. Increasing the concentration of the precursors did not achieve
higher filler content. Moreover, the membranes were gelled by the unreacted
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Figure 2.11: A comparison of membrane performances with Maxwell predictions
for (a) ZIF-8, (b) ZIF-7 and (c) NH,-MIL-53(Al). The filled and empty symbols
represent the data from this work, with non-dried and dried MOFs, respectively.
The dashed lines show the Maxwell predictions from o to 100 wt.% loading with
the reference used for the 100 wt.% MOF performance mentioned in frames.
The predictions for 30 wt.% loading are marked with X’s on the dashed lines.
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Table 2.1: The gas separation measurements from this work.

Membrane MOF loading, wt.% CO, permeability, Barrer CO,/CH, selectivity
Unfilled Matrimid® 0 5.6 £ 0.7 22.3 + 0.2
ZIF-8n—dr 30 19.6 £+ 0.3 18.6 + 0.2
ZIF-8¢r 30 55.7 £ 1.4 3.7+ 0.2
ZIF-7n—dr 30 5.7 = 0.6 26.8 £+ 1.3
ZIF-7dr 30 15.9 £ 1 2.7 4+ 0.1

50 15.3 £ 1.4 3.23 £ 0.1
NH,-MIL-53(Al)»—4 30 5.7 = 0.2 24.5 + 0.6
NH,-MIL-53(Al)?" 30 20.9 £ 2.4 5.9 £ 0.1

50 77.2 £ 5.7 1.6 £ 01

Table 2.2: Maxwell predictions for Matrimid®/ZIF-8 MMMs.

Loading, wt.% CO, permeability, Barrer CO,/CH, selectivity
Ref.1* Ref.2®> Ref.33 Refi1' Ref.2® Ref.33

10 7.8 10.8 10.9 26.8 34.9 35.0
20 75 14.3 14.4 20.7 347 34-9
30 7.2 18.7 18.8 16.2 34.6 34.8
40 6.9 24.5 24.8 12.6 34.4 34.8
50 6.7 32.5 331 9.9 341 34.6
6o 6.4 44-4 45-4 77 33.8 34.5
70 6.2 63.6 65.7 5-9 33.2 34.2
80 6.0 100.1 105.3 4.4 32.2 33.8
90 5.7 196.8 217.2 3.2 29.6 32.4
100 5.5 1192.0 2658.0 2.2 2.8 3.3

¢ZIF-8 membrane at 2 atm feed pressure and 308 K, pure gas measurements.
bZIF-8 membrane at 1.1-2 bar feed pressure and 298 K, pure gas measurements.
¢ZIF-8 membrane at 1 bar feed pressure and 298 K, pure gas measurements.

precursors. Secondly, in order to increase and control MOF loading, MOFs were
synthesised separately and embedded into the membrane in their non-dried
form to prevent the formation of agglomerates during drying. The different
properties of the MOFs resulted in different outcomes in terms of gas separation
performance. ZIF-8"~9" showed an impressive increase in permeability along
with a slight loss of selectivity, whereas ZIF-7"~%" and NH,-MIL-53(Al)"~%"
exhibited increased selectivities and very small increases in permeability. Dried
MOFs prepared using the same method were severely agglomerated and detached
from the polymer to the extent that the inherent selectivity of Matrimid® was

lost. Maxwell predictions overestimated the performances, probably due to the
flexible nature of the MOFs.
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Table 2.3: Maxwell predictions for Matrimid®/ZIF-7 MMMs.

Loading, wt.%

CO, permeability, Barrer

CO,/CH, selectivity

Ref.4* Ref.5? Ref.4" Ref.5?
10 8.8 9.5 30.1 32.1
20 9.7 11.1 25.9 20.5
30 10.6 13.0 22.4 27.1
40 11.6 15.3 19.2 24.7
50 12.7 18.0 16.2 22.2
60 14.0 21.4 13.3 19.5
70 15.4 25.6 10.4 16.3
80 17.0 31.1 7.5 12.5
90 18.9 38.5 4.4 7.6
100 21.0 49.0 1.1 0.9

4ZIF-7 membrane at 1 bar feed pressure and 473 K, pure gas measurements.
bZIF-7 membrane at 1 bar feed pressure and 493 K, pure gas measurements.

Table 2.4: Maxwell predictions for Matrimid®/NH,-MIL-53(Al) MMMs.

Loading, wt.%

CO, permeability, Barrer

CO,/CH, selectivity

Ref.6* Ref.7? Ref.6* Ref.7?
10 8.6 9.9 41.2 34.6
20 9.2 12.2 48.6 34.1
30 99 14.9 o771 337
40 10.6 18.2 68.9 33.2
50 11.3 22.3 83.0 32.7
60 12.1 27.7 101.1 32.0
70 13.0 35.1 124.7 31.2
80 13.9 45.5 156.5 30.1
90 14.9 61.7 201.1 28.5
100 16.0 90.0 266.7 25.7

%Back-calculated from MMM data at 5 bar and 298 K, pure gas measurements.
bBack-calculated from MMM data at 10.3 bar and 308 K, pure gas measurements.
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3.1 Abstract

Conventional carbon dioxide (CO,) separation in the petrochemical industry
via e.g. cryogenic distillation is energy-intensive and environmentally unfriendly.
Alternatively, separations based on polymeric membranes are of significant
interest, owing to their low production cost, low energy consumption, and ease
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of upscaling. However, the implementation of commercial polymeric membranes
is limited by their permeability and selectivity trade-off, and the insufficient
thermal and chemical stability. Herein, a novel type of amorphous mixed-
matrix membrane (MMM) able to separate CO,/CH, mixtures with the highest
selectivities ever reported for MOF-based MMMs is presented. The MMM
preparation method was based on the findings of the previous chapter, with
the addition of a thermal treatment to improve the separation performance.
The resulting MMM consists of an amorphised metal-organic framework (MOF)
dispersed in an oxidatively cross-linked matrix achieved by fine tuning of the
thermal treatment temperature in air up to 350°C, which drastically boosts the
separation properties of the MMM. In addition, the treatment also improves the
filler-polymer adhesion and induces an oxidative cross-linking of the polyimide
matrix, resulting in MMMs with increased stability or plasticisation resistance
at high pressure up to 40 bar, marking a new milestone as new molecular sieve
MOF MMNMs for challenging natural gas purification applications. A new field
for the use of amorphised MOFs and a variety of separation opportunities for
such MMMs are thus opened.

3.2 Introduction

Nanoporous materials with well-defined and size-selective channels are essential
elements for gas sorption, storage, separation and catalysis.[?! Metal-organic
frameworks (MOFs) with their large surface area, tunable pore size and
chemical tailorability, emerged as excellent alternatives to more conventional
porous materials.3l MOFs are formed by the supramolecular coordination
of metal ions/clusters and organic bridging ligands.[34] These repeating
building units exhibit three-dimensional frameworks with long-range ordering
and variable pore architectures. Combined with their chemical versatility,
MOFs endow via selective adsorption and molecular sieving for numerous
potential applications ranging from separation to catalysis, sensing, magnetism,
photoluminescence and drug delivery.[*:3:5] Self-supporting membranes prepared
from such nanostructured porous materials have been prepared for gas
separation,!® but making defect-free and mechanically robust membranes has
proven to be very challenging. In contrast, polymers are easily processible
into large membrane modules, and are already widely used in industrial
gas separations for e.g. CO, removal. However, they often suffer from a
permeability /selectivity trade-off, as depicted by the Robeson upper-bound.[78!
Commercial polymers can rarely surpass this upper-bound. Despite various
attempts to improve the performance of commercial polymers, a reliable
approach has not been accomplished to date.l9] Designing special macromolecular
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ZIF-8

Figure 3.1: The structures of ZIF-8[25 and ZIF-7[26]. The blue regions represent
the metal nodes, which are bound by organic linkers. The empty space in the
pores is represented by the yellow spheres.

structures lacks up-scaling potential, and membranes tend to suffer from long-
term instability.

An alternative approach is mixed-matrix membranes (MMMs) that consist of
fillers dispersed in a polymer. While the polymer offers mechanical stability
and processibility,!3! a filler with well-defined sorption properties provides more
selective permeation.'®! As filler, zeolitic imidazolate frameworks (ZIFs) as a,
sub-family of MOFs analogous to inorganic zeolites, are particularly interesting
(the CO, absorption isotherm of ZIF-8 is given in Figure 3.2).1") ZIF-8 is
an archetypal ZIF, consisting of Zn(II)-linkers and 2-methyl-imidazole anions
coordinated in a cubic sodalite topology having interconnected pore cavities
and a pore aperture of 11.6 A and 3.4 A, respectively, rendering it capable of
separating various gas mixtures.*>7'5! ZIF-7 belongs to the same family as ZIF-
8, and exhibits a hexagonal distorted sodalite topology formed by connecting
zinc clusters with benzimidazole, with an estimated pore size of 3 A 1618 The
structures of ZIF-8 and ZIF-7 are given in Figure 3.1. Poor compatibility between
filler and polymer is a notorious problem in preparing MMMs.[*9:2°] Methods
such as above-Tg annealing,[?V filler surface modification, 9! melt-processing, (22!
priming[®! and using low-molecular-weight additives,[23] or plasticisers?4! have
been applied to overcome this problem.

Some MOFs, and specifically ZIFs exhibit a solid-solid phase transformation
known as amorphisation. Amorphous MOFs (aMOFs) are networks that retain
their basic building blocks but exhibit no long-range ordering.[5) aMOFs are
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Figure 3.2: CO, adsorption isotherm of ZIF-8 at 35 °C. Experimental data is
taken from ref.[27].

obtained by introducing disorder into their parent crystalline frameworks
through heating, pressure or mechanical ball-milling.[5) Amorphisation is a
well-known concept for inorganic materials, but the application of aMOFs
is largely unexplored.[5:28:29] The current potential application is limited to
drug-release[3°:31 and entrapping harmful substances.[32:33! In the previous
chapter, a very effective method to prepare highly loaded MMMs was suggested.
In order to improve the separation performance of these membranes, the
membrane preparation method was extended by a detailed thermal treatment
step. In this chapter, we show that amorphised MOFs can be created in-situ
in a ZIF-containing polyimide membrane by a controlled thermal treatment
in air. Combined with the remarkable changes in polymer properties, this
MOF transformation generates MMMSs with the highest CO,/CH, mixed-gas
selectivities reported so far for membranes based on commercial polymers,
marking a new milestone in the latest Robeson’s upper-bound plot, and
offering new opportunities to highly selective separations in a variety of related
applications.
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3.3 Experimental procedure

3.3.1 Synthesis of MOF particles

ZIF-8 particles were prepared by a modified version of the recipe from Ordonez
et al.,[34] using a molar excess of 2-methyl imidazole to Zn(NO,), - 6H,0.
Post-synthesis, the solution was centrifuged and washed with DMF, methanol,
and CHCl;, respectively. The MOF sludge collected after the final centrifuge
step was re-distributed in CHCIl,; and stored as such. ZIF-7 was synthesised
by dissolving zinc nitrate hexahydrate (0.302 g) and benzimidazole (0.769
g) in DMF (400 mL), and magnetically stirring the mixture for 48 hours
at room temperature. The synthesis solution was centrifuged and washed
with DMF, methanol, and finally CHCl;. The MOF sludge collected after
the final centrifugation step was re-distributed in CHCl; and stored as such.
Pre-amorphised ZIF-8 powder was prepared according to the method reported
by Cheetham and co-workers.!35] 150 mg of ZIF-8 powder was placed inside a
10 mL stainless steel jar alongside a 10 mm stainless steel milling ball at room
temperature. The sealed reactor was subjected to 30 Hz milling in a Retsch
MM4o00 grinder mill for 30 min. After milling, the solid product was recovered
and characterised by XRD, SEM and N, physisorption.

3.3.2 Preparation of MMMs

MMMs of 20, 30 and 40 wt.% loading were prepared for this work. An
amount of the MOF mixture with known MOF content was weighed, and
the Matrimid® (dried overnight at 110°C) was dissolved in this mixture. The
polymer concentration was adjusted around 7 wt.% to obtain a reasonably
viscous solution that can still be cast and will not suffer from MOF precipitation
upon casting. The final mixture was given enough time for the polymer to fully
dissolve. As proof of the effectiveness of our membrane fabrication method, an
additional step of ultrasonication was not needed for obtaining a mixture with
a perfect MOF distribution. The MOF loading was calculated as follows:

—— (3

Loading(wt.%) = 100
gl ) wtpror + Whpotymer

The membrane solution was cast into specifically designed petri dishes that
consist of glass rings attached to the flat glass surfaces to ensure uniform
membrane thickness was obtained. The cast solution was allowed to vitrify
overnight at room temperature in a N, atmosphere to prevent contact with the
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air humidity. Upon vitrification, the membrane was carefully removed from the
petri dish, and placed in an oven for annealing.

3.3.3 The annealing process

The dried membranes were placed between glass supports to prevent curving,
and placed in an oven. The oven was heated to 100°C (above the boiling point
of CHCl,), 160°C (slightly above the boiling point of DMF), 250°C (above the
boiling points of CHCl; and DMF and below the Tg of Matrimid) or 350 °C
(above the Tg of Matrimid), and the process was carried out in air. The heating
process was designed as heating at 1 °C/min from room temperature to the
final annealing temperature with 50 °C increments. At each increment, the
oven was kept isothermally for 2 hours. The membranes remained at the final
temperature for 24 hours, and were removed after the oven cooled down to room
temperature naturally. Immediate quenching is known to cause the formation
of voids between the polymer and the filler due to the difference in the thermal
expansion coefficients of the two materials. By allowing the MMMs to cool
down naturally, the attachment between the polymer chains and the MOFs was
protected.

3.3.4 Membrane characterisation

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) was conducted in air using a Varian 620 FT-IR imaging microscope
with a Germanium crystal. The samples were analysed over a wavelength range
from 400 to 4000 cm™! with a spectral resolution of 4 cm™! and 64 scans.
The morphology of the membrane cross-sections was observed with a JEOL
JSM-1060LV scanning electron spectroscope (SEM). The membranes that were
flexible were freeze-fractured, and the samples that were already too brittle
were made to break as evenly as possible in liquid N,. In order to prevent
charge build-up due to the non-conductive nature of the polymers, the samples
were sputtered with Au/Pd for three cycles of 20 seconds. X-ray diffraction
(XRD) diffractograms of MOF particles and membranes were obtained by using
a Stoe-HT X-ray diffractometer, with CuKa radiation, A=1.54 A at room
temperature. The thermogravimetric behaviour of the MOFs and membranes
were analysed with TA Instruments TGA-Qr00. The samples were heated from
room temperature with a heating rate of 5 °C/min up to 100 °C, kept isothermally
for 10 minutes, then with 2 °C/min up to 160 °C, and remained at 160 °C for 10
minutes, and finally with 10 °C/min to 500 °C under N,. Differential scanning
calorimetry (DSC) measurements were carried out using a TA Instruments DSC
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Q2000 using Al hermetic closed pans and in N, atmosphere. The samples were
first kept isothermally at 20 °C for 10 minutes, then heated to 370 °C with a
heating rate of 10 °C/minute. After 5 minutes, the samples were cooled down to
20 °C at 10 °C/minute, and re-heated to 370 °C using the previously described
method. The mechanical strength tests were conducted at room temperature
using a Universal Testsystem (UTS) with 0.0001 mm position resolution and
load cells up to 200 N. Scanning transmission electron microscopy (STEM) and
spectral imaging (SI) were carried out with an aberration-corrected Titan 60-
300 microscope (FEI) operated at 120 kV acceleration voltage, equipped with
an Enfinium spectrometer (Gatan) and a high-efficiency energy dispersive X-ray
(EDX) detector (Super-X). Images of the membrane cross-section were captured
with high-angle annular dark field scanning transmission electron microscopy
(HAADF-STEM). Two samples were prepared with a UC7 ultramicrotome
(Leica) with a thickness of go nm for imaging and EDX, and 40 nm for diffraction
and electron energy-loss spectral imaging. For SI convergence and collection,
angles of 10 mrad and 15 mrad were applied, respectively. TEM diffraction was
performed to test for crystallinity using a Philips CM 20 microscope operated
at 200 kV. The diffraction pattern was recorded for a previously unexposed
area at relatively low magnification comprising several ZIF particles to prevent
beam damage. For analysis and quantification of energy-loss spectra HyperSpy
(an open source Python library.[36]) was used. Quantification includes removal
of plural scattering contributions in the core-loss spectra using low energy-loss
spectra. The resulting C/N ratio map was processed by a small Gaussian
smoothing filter (size 3x3).

3.3.5 Analysis of gas separation properties

The gas separation performance of membranes for binary gas mixtures was
tested using a custom-built, high-throughput gas separation system (HTGS).
The membranes were tested with a 50-50% vol. CO,/CH, mixture at 35 °C
and 10 bar cross-membrane pressure difference. High-pressure measurements
were carried out under the same conditions, with the exception of 40 bar
cross-membrane pressure difference. The composition of the permeate side was
measured by gas chromatography (GC). The membranes were first allowed to
reach steady-state overnight. Steady-state was confirmed when consecutive GC
measurements gave the same result. Then three more measurements were taken,
and their average was reported. Each final data point reported is an average of
two membranes, and two coupons from each membrane. The permeabilities were
measured at steady-state using a constant-volume variable-pressure permeation
system. The overall permeability (P,) and the relative permeability of CO,
(Pco,) was calculated by Equation 3.2:
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aVl

Fo= ARTAP (32

where « is the rate of pressure increase in the downstream with respect to time,
V is the downstream volume, 1 is the membrane thickness, A is the membrane
surface area, R is the ideal gas constant, T is the permeation temperature, and
AP is the cross-membrane pressure difference.

Yco2
TCco2

Pcox =P,

(3-3)

where P, is the overall permeability, yco, and xco, denote the CO, content at
the permeate and the feed side, respectively.

3.4 Results and discussion

3.4.1 Thermo-oxidative cross-linking of MMMs

Choice of the right material pair, coupled with the optimisation of the membrane
fabrication process is the key to designing a high-performance MMM. For this
work, a commercially available polyimide (PI), Matrimid®, was chosen as the
matrix polymer. Matrimid® is a commercial polyimide with properties that
fall close to the Robeson upper-bound.!34:37) ZIF-8, a promising candidate for
CO, capture, was chosen as the filler. ZIF-8 has also been reported to undergo
amorphisation.[5-27) MMMs with different ZIF-8 loadings (20, 30 and 40 wt.%)
were prepared and thermally treated at 100, 160, 250 or 350°C in air for periods
up to 24h. After a prolonged treatment at 350°C for 24 h, a significant change
in membrane colour was noted as shown in Figure 3.4a to d. The membranes
changed from light yellow to dark brown when the temperature was increased.
Interestingly, the onset of darkening for the MMMs was 250°C, whereas it
was 350°C for the unfilled polymer, suggesting that the embedded ZIF-8 has
significant influence on the thermal behaviour of the MMMs. According to
the TG analysis (Figure 3.4e,f), the Matrimid® membrane annealed at 100°C
shows a significant weight loss (10.3 wt.%) from 170-470°C, whereas the unfilled
Matrimid® membrane treated at 350°C only shows a negligible weight loss (1.2
wt.%). A similar trend is observed for the thermally treated MMM (18.2 wt.%
for 100°C and 4.2 wt.% for 350°C). More importantly, the embedded ZIF-8
is not degraded upon heating to 340°C, in contrast to the bulk ZIF-8 powder
under similar conditions. The significant enhancement of thermal stability and
the change in the visual properties of the membranes suggests thermo-oxidative
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cross-linking of the polymer. To confirm this hypothesis, solubility tests were
performed and are presented in the Figure 3.3 for the unfilled Matrimid®, and
in Figure 3.4 g-i for the MMMs. All membranes treated above 160°C became
largely insoluble in a good solvent for the polymer such as chloroform after 2
days (Figure 3.4h,i).

Figure 3.3: The solubility of pure Matrimid® membranes after annealing at (a)
250 °C and (b) 350 °C. In (b), the membrane is indicated by the red arrow.
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Figure 3.4: Visual, thermal and solubility tests of the thermally treated
membranes. The annealing influences the visual properties of the (a) Matrimid®
and MMMs with (b) 20, (c¢) 30, and (d) 40% ZIF-8 loading. (e,f) The TGA
curves and the derivative weight loss curves for Matrimid® and the MMM with
40 wt.% ZIF-8 loading. The solubility tests for MMMs thermally treated at (g)
160, (h) 250 and (i) 350 °C.

In order to elucidate the underlying chemistry of the thermo-oxidative cross-
linking of Matrimid®, the membranes were characterised by ATR-FTIR (Figure
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3.5a). The adsorption bands at 2960, 2927, and 2864 cm™! assigned to

the aliphatic C—H stretching vibration decreased in intensity with increasing
temperature in line with the observed darker colour of Matrimid®. It has
been previously reported that oxidative cross-linking occurs at the methylene
bridges of the polymer, which is associated with the ketone and aromatic C=0
stretching vibrations at 1600 and 930 cm ™!, respectively.[38] A decrease at 823
cm~! and increase at 1604 cm™! was observed here, which could be assigned
to methyl and C=0 oxidation, respectively, with increasing thermal treatment
temperature. In general, thermal oxidation of polymers involves free-radical
chain reactions. In the present study, a prolonged thermal treatment at 350
°C in the presence of oxygen induces oxidation and cross-linking. The methyl
groups in the polyimide are oxidised to provide readily available cross-linking
sites via the formation of -CH2 radicals. These free radicals react with O2 to
form peroxy radicals (ROO - ), which can further abstract a hydrogen from
adjacent polymer chains to generate hydroperoxide (ROOH) moieties. These
hydroperoxides then undergo sequential termination steps to induce inter-chain
cross-linking.139) The concise mechanism for thermo-oxidative cross-linking is
shown in Figure 3.5c. A complete chain reaction mechanism including the
initiation, propagation and termination steps is illustrated in Figure 3.7 and
3.8. The excess water content found in the cross-linked MMMs (2.6 wt.%)
versus 0.7 wt.% in the MMMs annealed at 100 °C according to TGA (Figure
3.5d, Figure 3.9 and 3.10) is mainly due to the water formation as a result of
the chain termination reaction. Glass transition temperatures (Tg) increased as
the thermo-oxidative cross-linking of methylene bridging groups became more
prominent.[4°-411 While the Tg of the unfilled polymer increased to 340 °C , it
reached 350 °C for the MMM treated at the same temperature. The tensile
strength of the membranes evolved in line with this cross-linking, as shown in
Table 3.1 and Figure 3.11. Due to the MOF loading, the tensile strength of the
MMDMs was overall below that of Matrimid®. However, it still exhibited an
exponential increase with thermal treatment temperature, i.e. with increasing
cross-linking.
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Matrimid® membranes.
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Figure 3.10: The TGA plot (solid lines) and derivatives (dotted lines) for MMMs

with 40 wt.% ZIF-8 loading.

The Matrimid® membranes thermally treated at 250 °C were completely
dissolved after 2 days whereas the MMMs treated at the same temperature were
more resistant to solvation, especially at high ZIF-8 loadings. The observation
suggests that the embedded ZIF-8 actually acts as an additional chemical
cross-linker upon heating. Chemical cross-linking is known to realise the
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Table 3.1: The tensile strength of Matrimid® and MMMs with 40% ZIF-8.

Membrane Tensile strength
(MPa)
Matrimid® treated at 100 °C (M100) 85.3
Matrimid® treated at 160 °C (M160) 101.8
Matrimid® treated at 250 °C (M250) 118.6
Matrimid® treated at 350 °C (M350) 22.1

MMM with 40% ZIF-8, treated at 100 °C (Z8-40-100) 6.3
MMM with 40% ZIF-8, treated at 160 °C (Z8-40-160) 5.2
MMM with 40% ZIF-8, treated at 250 °C (Z8-40-250) 12.0
MMM with 40% ZIF-8, treated at 350 °C (Z8-40-350) 33.8
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Figure 3.11: The dependency of the membrane tensile strength on the heat
treatment temperature.

reduction of the plasticisation tendency of Matrimid® membranes,!42! which
is critical for their application in CO, separations. There have been reports
of plasticisation-resistant MMMs exhibiting direct cross-linking between MOF
and polyimide.!43:44] According to the ATR-FTIR spectra (Figure 3.5b), apart
from the previously observed enhanced absorption bands for C=0 and the
decline in C-H stretching vibration, an additional band largely masked by
Matrimid® at 1538 cm™! was noted. This band can be tentatively assigned to
the aromatic N—H stretching band of the amide group, confirming the cross-
linking of Matrimid® with the imidazolate in ZIF-8. The cross-linking of
imidazole from aZIF-8 with Matrimid®, as based on the ATR-FTIR studies, is
tentatively shown in Figure 3.5c.

XPS analysis clearly illustrated the presence of the peaks assigned to Zn?*,
Zn2p3 and Zn2p1 (Figure 3.12). As ZIF-8 is amorphised, the Zn-N bonds
are the first to break and create unsaturated Zn?T sites, as reflected in the
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increased intensity of the XPS peaks for the MMM treated at 350 °C. Recently,
cross-linking of the organic ligand in MOF with polymer gel has been reported
via acidification with concentrated HCI for breaking the coordinative bonding
between the Zn(II) ion and the carboxylate anion.!45! However, for our system,
the cross-linking of Matrimid® with the molecular building units of ZIF-8
hints at a phase transition upon thermal treatment. Although the structural
transformation of ZIF-8 has been extensively studied by Cheetham!?®! and
to date, mainly due to the direct oxidation of ZIF-8 to ZnO in air. In order
to evaluate the crystallinity of the thermally treated membranes, XRD was
performed (Figure 3.5d and Figure 3.13a-c). For the MMMs thermally treated at
100 °C and 160 °C, the crystalline structures of the ZIF-8 nanoparticles remained
intact, but when treated at higher temperatures (250 and 350 °C), the typical
XRD diffractions were no longer observed (Figure 3.5d). The disappearance of
the crystalline peaks suggest the amorphisation of the embedded ZIF-8. The
amorphous state of the ZIF-8 embedded in the Matrimid® matrix was further
confirmed by TEM electron diffraction (Figure 3.14a). No diffraction spots
at high camera length that could indicate the presence of ZIF-8 crystals were
observed. Electron diffraction only reveals rings representative of amorphous
phases at low camera length. Nevertheless, the absorption bands at 1365 and
1091 cm ™! are assigned to the stretching modes of the C—N-C of the imide
r-membered ring are preserved, indicating that the imidazole is thus not oxidised
during this amorphisation process. The combined XRD, ATR-FTIR and electron
diffraction results confirm that the basic building blocks and the connectivity of
the amorphised ZIF-8 counterparts is retained, but the loss of crystalline XRD
reflections suggests that long-range periodic ordering is lacking. From previous
studies by Lee et al.,l48] direct thermal treatment of ZIF-8 at 350 °C induces
ZnO formation at high temperatures. In our MMMs, no ZnO was formed as
evidenced from the XRD diffractograms (Figure 3.5d) by the absence of the
characteristic diffraction peaks in the region between 30-40° (20, Figure 3.15).
In addition, the ZnO band at 500 cm™! is not observed from the FTIR spectra,
which further excludes its formation at high temperature.l[43] Although ZIF-8
has been reported to undergo amorphisation via ball-milling or compression, !
amorphisation through thermal treatment has not been documented to date yet,
since bulk ZIF-8 powder is more likely to undergo a direct chemical conversion to
ZnO upon thermal treatment (Figure 3.16).14%1 We assume that the Matrimid®
might provide thermochemical protection for the embedded ZIF-8 under a
relatively slow heating rate and a prolonged 24 h thermal treatment, which is
in full agreement with the TGA results.



86 HIGHLY SELECTIVE GAS SEPARATION MEMBRANE USING IN-SITU AMORPHISED
METAL-ORGANIC FRAMEWORKS

_ 8000

[ ] — “l 'H 'i HH ':I Ik f i d“q » T : ¥
* 16001 < 60007

-% Zn2p3 Scan a Zn2p3 Scan
X 14001 = 4000

- g

2 1200 £ 20004

= =

é 8

1000 0+

1050 1040 1030 1020 1050 1040 1030 1020
Binding Energy (eV) Binding Energy (eV)
(a) (b)

Name Peak FWHM  Area  Atomic % Q Name Peak  FWHM Area Atomic % Q
BE oV (P)  CPS.eV BE v (P) CPS.eV

Zn2p3  1023.33 1.64 452.88 100.00 1 Zn2p3  1023.41 1.64 5799.01 100.00 1
Scan A Scan A

Figure 3.12: The XPS patterns of MMMs with ZIF-8 (40 wt.%) treated at (a)
100 °C and (b) 350 °C.

3.4.2 The microstructure of the MMMs

The influence of thermal treatment on the structural morphology of the
membranes was studied by SEM (Figure 3.17), revealing that the ZIF-8 particles
are well-dispersed with excellent filler-polymer adhesion even at high ZIF-8
loadings. No large clusters nor aggregates of ZIF-8 particles were observed.
Intriguingly, by increasing the annealing temperature, high quality membranes
with a smooth cross-section of homogeneous microstructure were successfully
fabricated. In order to gain insights into the internal structural morphology and
grain distribution within MMMSs, and amorphous ZIF-8-polyimide interaction,
advanced STEM analyses were performed on ultrathin cross-sections as shown
in Figure 3.14. A cross-section of an MMM with 40 wt.% ZIF-8 loading was
prepared by ultramicrotomy with a thickness of go nm for HAADF-STEM and
EDX measurements. Overviews at low and high magnification using HAADF-
STEM are shown in Figure 3.14b and c, respectively. A clear contrast between
ZIF-8 (light regions) and polymer (dark regions) allows direct identification of
different nanostructure phases. According to the HAADF-STEM images, the
Z1F-8 nanoparticles are well distributed. EDX mapping was applied across the
area in Figure 3.14c to investigate the distribution of certain elements. The
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Figure 3.13: The XRD diffractograms of (a) Matrimid® and MMMs with (b)
20 wt.% and (c¢) 30 wt.% ZIF-8. MMMs with (d) 20 wt.%, (e) 30 wt.%, (f) 40
wt.% ZIF-7 loading are also given.
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Figure 3.14: TEM imaging of MMMs with 40 wt.% loading. (a) Electron
diffraction. (b) HAADF-STEM image of MMMs with 40% ZIF-8. (c) High
magnification view with HAADF-STEM. (d) Zn map from EDX measurement
corresponding to the area shown in c. (e) Overlay between HAADF image and
Zn map. (f) EDX map showing the O distribution. (g) Average core energy-loss
spectra for a polymer region and ZIF-8 regions. (h) HAADF-STEM overview
image for STEM-SI map. Boxes indicate regions of averaging for spectra in g.
(i) Map depicting the ratio between C and N contents calculated from spatially
resolved core energy-loss spectra of the region outlined by HAADF-STEM in h.
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Figure 3.15: XRD diffractograms of pre-amorphised ZIF-8 obtained by ball-
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Figure 3.16: The XRD diffractogram of ZIF-8 powder subjected to thermal
treatment at 350 °C.

resulting map for Zn (Figure 3.14d) and its overlay with the HAADF image
(Figure 3.14€e) demonstrates that Zn is only localised in the ZIF-8 areas and not
dispersed into the polymer. Mapping of O (Figure 3.14f) reveals a homogeneous
distribution; no specific enrichment within the particles is observed, which
confirms the observation from XRD and ATR-FTIR that the embedded ZIF-8
is not converted to ZnO upon heating at 350 °C.

Figure 3.14g shows core-loss energy-loss spectra taken for a polyimide area and
two ZIF-8 areas as indicated in the HAADF image in Figure 3.14h. Spectra
are averages from STEM-SI data. A cross-section of 40 nm thickness was
used to reduce effects from multiple scattering. To obtain an STEM-SI data
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Figure 3.17: Effect of MOF loading and annealing temperature on the membrane
morphology as observed by SEM. The cross-sectional images of (a-d) Matrimid®
and MMMs with (e-h) 20, (i-1) 30, (m-p) 40 wt.% ZIF-8 loading, respectively.
The annealing temperature is given at the top of each column.

set, the focused beam was scanned across the region outlined in Figure 3.14h
while recording an energy-loss spectrum for each scan position. The energy
range is 275-650 eV so that core-loss signals contain information about the
C-K edge (ca. 285 eV), N-K edge (ca. 397 eV), and O-K edge (ca. 532 eV).
Spectra were corrected for multiple scattering (see Methods section) and the
background signal was fitted by a power law function and subtracted. This
allows quantitative comparison of the different element edges. It can be clearly
seen that ZIF particles show much stronger signals for N and an elevated signal
for 7* in relation to o* excitations compared to polyimide. The total integrated
peak intensities remain the same. However, sharper peaks for the N-edge and the
7 excitation for ZIF-8 nanoparticles indicate a better ordering of amorphous
Z1F-8 building units than the amorphous polymer matrix. The O concentration
is very low over the entire investigated region. Therefore, the spatially resolved
spectra were used to quantify the local C and N compositions yielding a map of
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C/N ratios as shown in Figure 3.14i. The map shows that the amorphous ZIF-8
regions in blue with high N concentrations exhibit a sharp boundary towards
the polymer regions of high relative C content (red). Around the boundaries
between the polymer and the ZIF-8 particles, there is a small interfacial layer
with intermediate C/N ratios (the grey layer around the ZIF-8 regions, Figure
3.14i). Since the signals result from integration over the thickness of 40 nm,
the interfacial profiles can be induced by the varying C/N ratios along the path
of the electrons through the cross-section. However, as indicated by the black
arrow in Figure 3.14i, such a layer is also visible in a region where only a thin
part of ZIF-8 is found. The constant occurrence of the same interfacial C/N
ratio provides evidence of a cross-linking between the imidazole in amorphised
Z1F-8 and polymer.

3.4.3 The gas separation properties of MMMs

The possibilities of these MMMSs exhibiting intrinsic homogeneity achieved
via thermally sealed interfacial defects alongside the incorporated interspersed
amorphous ZIF-8 having interesting and unique structural and physicochemical
properties for the separation of CO, from CO,/CH, (50/50% vol.) mixtures
were subsequently investigated. The membranes were tested using a custom-
built, high-throughput gas separation system (HTGS). Figure 3.18 shows the
separation performance with respect to temperature and ZIF-8 loading. The
Matrimid® membranes (Figure 3.18a) showed a significant increase in selectivity
from 22 to 40 upon treatment at 250 °C. Astonishingly, the cross-linked
pure Matrimid® membranes at 350 °C already achieved a selectivity value
of 76, almost 4 times the standard pure Matrimid® membranes (selectivity
of CO,/CH = 20). It should be mentioned that the Matrimid® membranes
thermally treated at 350 °C with plasticisation resistance have been previously
reported.49] However, the lower selectivities of 44 in comparison to our results
are probably due to the shorter treatment times (15-30 minutes) applied. In a
control experiment, the separation performance of an MMM prepared from pre-
amorphised ZIF-8 filler was investigated for CO,/CH, under similar operating
conditions. The amorphised ZIF-8 sample was prepared via ball-milling, as
reported by Cheetham and co-workers.[35] The characterisation (XRD, SEM
and N, physisorption) of the pre-amorphised ZIF-8 prepared by ball-milling is
presented in Figure 3.19, 3.15, 3.20 and Table 3.2. The reported method for ZIF-
8 amorphisation by ball-milling proved to be highly reproducible. The evidence
of polymer-polymer and polymer-amorphous ZIF-8 cross-linking is confirmed by
ATR-FTIR, as presented in Figure 3.21. However, the separation results revealed
that this MMM with 30 wt.% loading failed to achieve high CO,/CH, selectivity
in comparison to the cross-linked MMMs prepared via in-situ thermo-oxidative
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Table 3.2: Physicochemical properties of as-synthesised ZIF-8 and pre-
amorphised ZIF-8 prepared by ball-milling.

Sample BET surface area  Micropore volume obtained from t-plot  Total pore volume
(cm?/g) (cm®/g ) (cm?/g)

ZIF-8 1877 0.66 1.33

Pre-amorphised ZIF-8 16 - 0.09

treatment (Table 3.3). According to SEM imaging, significant agglomerations
and large particles were observed in the pre-amorphised ZIF-8 sample compared
to the as-synthesised ZIF-8 (Figure 3.22). Top view and cross-sectional SEM
images show that large particle agglomerations and interfacial voids were clearly
visible throughout the MMM (Figure 3.22). The results explicitly explain the
poor separation performance of the MMM prepared from pre-amorphised ZIF-8
filler. The results reveal that thermally induced in-situ amorphisation of ZIF-8
in the polymer matrix has distinct advantages over the use of pre-amorphised
ZIF-8 for the preparation of defect-free MMMs.

Figure 3.18b-d shows the MMM selectivity with regard to ZIF-8 loadings
(20, 30 and 40 wt.%) and thermal treatment temperatures (100-350 °C). The
thermally treated MMMs (20 wt.%) at 100-160 °C exhibit permeabilities up
to 20 Barrer which is more than double the permeabilities of the unfilled
Matrimid® membranes (8 Barrer). The enhanced permeability is most probably
due to the introduction of porosity by the MOF, leading to faster diffusion of
the gas molecules by providing easy pathways for the penetrant gases. This
phenomenon is more obvious at a higher ZIF-8 loading (30-40 wt.%), achieving
permeabilities up to 57 Barrer. Similar to the unfilled Matrimid® membranes,
MMDMs treated at low temperatures (100-160 °C) do not show an improved
selectivity, instead an increase in CO, permeabilities are observed (Figure
3.18b), possibly due to the interfacial defects between ZIF-8 nanoparticles and
the polymer, as well as the residual DMF' trapped in ZIF-8. However, with the
increase in thermal treatment temperature to 250 °C and 350 °C, a significant
jump in selectivities is still achieved. The cross-linked MMMs loaded with
30 wt.% of amorphous ZIF-8 achieved the highest selectivity of 162 without
sacrificing too much permeability. The superior CO,/CH, selectivities achieved
can be explained by several reasons. (1) cross-linked polymer networks were
achieved via thermo-oxidative cross-linking reactions at 350 °C which serve
as a molecular sieve network for CO, separation over CH, in a mixed-gas
condition. (2) The polymer is also cross-linked with the imidazolate linker at
the edges of the amorphous ZIF-8 particles, hence eliminating defects at the
polymer—filler interface. The cross-linking at the interface of amorphous ZIF-8
with the polymer perfectly sealed the grain boundary at the interface, which
gave a defect-free MMM, as evidenced by the HAADF-STEM imaging. (3) The
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Figure 3.18: The evolution of the gas selectivity of the thermally treated
membranes. (a) Matrimid® and (b-d) MMMs with 20, 30 and 40% ZIF-
8 loading with increasing annealing temperature. (e) The gas separation
performance of the membranes prepared for this work, primary commercial
polymers (black diamonds) and various MOF-based MMMs from literature
(green dots) plotted against the Robeson plot of 1991 and 2008. The red and
blue squares represent data from MMMs with ZIF-8 and ZIF-7, respectively. A
fully detailed comparison of the data in this plot together with the measurements
conditions can be found in the Table 3.3.
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Figure 3.19: SEM images of (a) as-synthesised ZIF-8 and (b) pre-amorphised
Z1F-8 obtained by ball-milling.
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Figure 3.20: N, adsorption-desorption isotherms of (a) as-synthesised ZIF-8
and (b) pre-amorphised ZIF-8 prepared by ball-milling.

1600 1535

Transmittance (a.u.)

2000 1800 1600 1400 1200 1000

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm?)

Figure 3.21: ATR-FTIR spectrum of MMM prepared from pre-amorphised
ZIF-8 prepared via ball-milling. The inset shows the enlarged region from
range 2000-1000 cm~ ! indicating the peaks at 1600 cm™! and 1535 cm™!
which are assigned to C=0 and N-H stretching vibrations attributed from
polymer-polymer and polymer-aZIF-8 cross-linking, respectively.
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Figure 3.22: (a,b) Top and (c,d) cross-sectional SEM images of MMM filled with
pre-amorphised ZIF-8 prepared by ball-milling (30 wt.%) viewed at different
magnifications.

improved selectivity may also be attributed to the significant rigidification of the
polymer around the filler. The densification of the polymer matrix after cross-
linking decreases the CH, permeability more than the CO, permeability, which
results overall in an improved CO,/CH, selectivity. Similar phenomena have
been reported for cross-linked polymers of intrinsic microporosity (PIMs) with
improved selectivity for CO,/CH, separation.!5° Increasing Tg also suggests
better interactions between the amorphous ZIF-8 nanoparticles with the polymer
chains; restricting the motions of the polymer chains, which also adds to the
benefit of plasticisation resistance at high pressure (40 bar) (vide infra). (4)
The abundance of unsaturated Zn?* and imidazolate linkers, originating from
the building blocks of the amorphous ZIF-8 fillers, could also further promote
stronger quadrupolar interactions with CO,.[5 (5) Last but not least, the
embedded crystalline ZIF-8 fillers in the polymer matrix were amorphised as a
result of the thermal treatment. According to the EELS imaging, amorphisation
of ZIF-8 also leads to a better ordering of the MOF structure in the cross-
linked polymer matrix. The amorphous ZIF-8 possessing an interpenetrated,
densely packed network structure can serve as an efficient molecular sieve for
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CH, molecules.[52] An earlier demonstration of the capability of ZIF-8 to trap
molecules in the absence of long-range structural periodicity was reported by
Chapman et al.,[33 with structural evidence for the retention of I, within the
pore network of amorphised ZIF-8.

ZIF-7 loaded MMMs show a similar trend in the separation of CO,/CH,
confirming that the demonstrated method is generic (see Figure 3.23, 3.24, 3.25,
3.26, 3.27, 3.28 and Table 3.3). Based on the separation performance of the
MMNMs for CO,/CH, separation, the results suggest that the different chemical
structures of ZIF-8 and ZIF-7 have an impact on the separation properties of
the MMMs. ZIF-8 is composed of tetrahedral zinc(IT) and 2-methylimidazolate,
whereas ZIF-7 is composed of tetrahedral zinc(IT) and benzimidazolate. The
freely available methyl functional groups on the ZIF-8 linkers could enhance
polymer-filler cross-linking. As a result, the amorphous MMMs prepared from
Z1F-8 filler gave a slightly higher selectivity than ZIF-7 loaded MMMs. Fine-
tuning of the surface properties of ZIF for further improvement in CO,/CH, gas
separation performance via e.g. incorporation of accessible amine functionality
has been reported.[53:54] The incorporation of those mixed-linker ZIFs into the

polymer membranes proved to be effective for improving the ideal selectivity
for CO,/CH, separations.!54

Figure 3.23: The SEM images of the MMMs with (a-d) 20, (e-h) 30, (i-1) 40
wt.% ZIF-7 loading. The improvement in the MMM morphology with increasing
temperature followed trend similar to the MMMs with ZIF-8.

Over the years, extensive research on improving the performance of commercially
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Figure 3.24: The solubility tests of MMMs with ZIF-7, treated at (a,d) 160 °C,
(b,e) 250 °C, (c,f) 350 °C.
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Figure 3.25: The gas separation performance of MMMs with ZIF-7.

available polymer membranes for CO,/CH, separation via impregnation with
MOFs aiming to exceed the Robeson upper-bound has taken place. Commercial
polymers, such as PSF, Ultem®, PPEES or Matrimid® often lead to MMMs
with separation properties well below the Robeson upper-bound.[34:55] A typical
Robeson plot of CO,/CH, selectivity versus CO, permeability is presented
in Figure 3.18e, revealing that the reported cross-linked MMMs containing
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amorphous ZIF-8 have a separation performance that reaches the state-of-
the-art upper-bound of 2008, showing the highest selectivities reported so
far for MOF-based MMMs for CO,/CH, separations. More importantly, gas
separation measurements conducted at 40 bar feed pressure confirmed that the
implemented post-synthesis treatment induced resistance to plasticisation, with
selectivities of 90.8+4.2, 134+7.6 and 140+11.5 for the Matrimid®, ZIF-8 and
ZIF-7 membranes with 40 wt.% loading, respectively (Table 3.3), as a logical
consequence of the strong polymer cross-linking.

3.4.4 TEM analysis of MMMs with ZIF-7

Techniques such as selected area electron diffraction (SAED), HAADF-STEM
imaging, EDX mapping and EELS were used to investigate the structure,
morphology and chemical distribution of ZIF-7 loeaded MMMs. Similar to the
Z1F-8-based MMMs, the TEM sample for ZIF-7-based MMMs was prepared
using an ultramicrotome (Leica), to obtain a lamella with a thickness of ~50
nm. The diffraction and EDX analyses were carried out with an FEI Osiris
microscope operated at kV. The EEL spectral images were recorded using an
aberration corrected FEI Titan 60-300 microscope, operated at 120 kV.

From an SAED analysis (Figure 3.26a), no diffraction spots were observed
for ZIF-7 loaded membranes, indicating an unordered structure. Figure
3.26b (HAADF-STEM) shows a homogenous distribution of nanoparticles
embedded inside the MMM. The high intensity regions correspond to the ZIF-7
nanoparticles and the darker regions correspond to the membrane. The chemical
distribution of the individual elements was visualised by EDX mapping (Figure
3.26¢-f). The Zn and N content were mainly observed on the ZIF-7 particle;
whereas elements such as C, O were detected in the polymer.

EELS analysis was used to investigate the cross-linking between membrane
and ZIF-7 nanoparticles. First, the local C to N maps were revealed after
quantification of the spectral map. The different bonding states of C-K edge
were also visualised using the same dataset. Figure 3.27b displays the averaged
spectra acquired from the MMM (spectrum plotted in red) and from a ZIF-7
particle (spectrum plotted in black). Both spectra show the C-K and N-K
ionisation edge (c.a 284 and 401 eV, respectively). The electronic near-edge
structure (ELNES) of the C-K edge starting at 284 eV clearly displays the n*
and o* bond excitations in both spectra. The ZIF-7 particles show stronger N-K
intensity and n* bond excitation in comparison to the rest of the membrane.
To obtain the quantified compositional comparison of N and C; the background
intensity of EEL spectra was fitted by a power law function and subtracted.
Afterwards, the spectra were corrected for multiple scattering. This allows a
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quantitative comparison of different element edges and results in a spatial map
of the N-to-C composition ratio. Figure 3.27c and d depict the individual C
and N intensity maps. The C intensity is rather homogeneous throughout the
selected region. N was detected both on the membrane and ZIF-7, however the
intensity increases abruptly at the ZIF-7.

Using these two maps, the C content to N ratio map was obtained, as shown in
Figure 3.27e. The C strength is ~10 times of N strength on the polymer. This
ratio is reduced to ~3 in the center of the ZIF-7 particles.

The same multiple scattered corrected spectrum image was also used to visualise
the strength map of n* and o* bonding states in a qualitative manner. First, the
C-K edge was separated into the components such as the n* and n*+c* using a
blind source separation (a PCA method) implemented in Hyperspy[3%!, see Figure
3.28a. Then, the two components were fit to the spectral dataset to obtain
the bonding state map. The fitting was performed using the EELSMODEL!56!
program. The results from the analysis are presented in Figure 3.28b and c¢. In
Figure 3.28b, it can be clearly observed that the n* bond intensity gets stronger
on the ZIF-7 nanoparticle (highlighted with the red arrow). In Figure 3.28c, the
distribution of the n*+c* bonds are depicted. The intensity of n*+c* bonds
are homogeneously distributed through the MMM. At the interface (depicted
with a blue arrow), the strength of n*40* becomes the lowest. The line profile
clearly depicts the intensity change at the interface, see Figure 3.28d. At the
interface between ZIF-7 and the polymer, C-N-C type of bonding (n*) can be
prominent in comparison to ¢* type of bonding.

3.5 Conclusions

A high-performance MOF-based MMM was prepared using a controlled thermal
treatment which remarkably boosts the gas separation performance to the
highest CO,/CH, selectivities ever reported to date for MOF loaded MMMs.
The polymer and the MOF become covalently bound, thus decreasing the risk
for defects due to grain boundary formation. Advanced TEM imaging of the
thin cross-sectional sample prepared via ultramicrotomy successfully provides
insights into the cross-linking of the MOF with the membrane, which effectively
sealed the grain boundary at the interface between the MOF particle and the
polymer for the very first time. In addition, the MOF amorphises thanks
to the protection of the surrounding polymer, while the polymer phase gets
simultaneously cross-linked, resulting in superior separation performances, even
under realistic process conditions for natural gas purification. More importantly,
the selectivity and permeability of CO, could be simply tuned through thermal
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treatment temperature and time, depending on the targeted applications. As
demonstrated in this work using a readily available commercial polymer and
ZIF-8 filler, the amorphous MMMs have a great potential as stable and highly
selective materials for other gas or liquid membrane separations, adsorption,
chromatography or catalysis.
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Figure 3.26: TEM characterisation of MMMs with 40 wt.% ZIF 7 loading.
(a) Selected area electron diffraction pattern recorded from the MMM. (b)
HAADF-STEM image displaying the distribution of ZIF-7 particles embedded
in the MMM. The elemental maps for (¢) Zn, (d) N, (e) O, (f) C.
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Figure 3.27: (a) HAADF-STEM image from the 40% ZIF-7 loaded MMM.
(b) Background-subtracted EEL spectra from the indicated regions in (a). (c)
Carbon K-edge peak strength map (d) Nitrogen K-edge peak strength map (e)
C-to-N ratio map.
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Figure 3.28: (a) The components of C-K edge obtained from the ZIF-7 loaded
membrane, the n excitation component is plotted in green, the n*+oc* excitation
component is plotted in blue. (b) The intensity distribution of the n* bond
excitations. (c) The intensity distribution of the n*+0* bond excitations. (d)
The line profile taken from green line depicted in (c).
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4.1 Abstract

The implementation of commercial polymeric membranes is limited by their
permeability and selectivity trade-off and the insufficient thermal and chemical
stability. In the previous chapters, we have shown an efficient method to
prepare highly loaded MMMSs, and to improve their performance by applying
a detailed thermal treatment. The amorphisation of the MOF and cross-
linking due to the heat treatment lead to the highest selectivities reported
for MMMs with commercial polymers. Herein, we demonstrate a method
to control the thermochemical reactions in-situ, to delicately fine-tune the
topological pore channels of a breathing metal-organic framework (MOF), NH,-
MIL-53(Al) within the polymer matrix and their molecular sieving properties
in order to achive a separation performance reaching the state-of-the-art
Robeson upper-bound of 2008 in CO,/CH, separations. NH,-MIL-53(Al)
crystals are embedded in a commercial polyimide matrix and the mixed-matrix
membranes (MMMs) are treated at elevated temperatures (350 °C) in air under
control thermal conditions in order to trigger concurrent polymer-polymer and
polymer-MOF cross-linking and simultaneously provide thermal protection for
the embedded MOF. As a result, the MOF undergoes a transition from its
narrow-pore form to large-pore form, supposably allowing the polymer chains
to penetrate the pores and cross-link with the amino functions of the one-
dimensional pore wall of NH,-MIL-53(Al). The cross-linked MMMs containing
networks of NH,-MIL-53 with narrower channels offer remarkably enhanced
thermal and chemical stability, enabling the material to discriminate between
CO, and CH, gases achieving outstanding CO,/CH, selectivities, marking a
new milestone as new molecular sieve MOF-containing MMMSs for challenging
natural gas purification applications.

4.2 Introduction

Natural gas is an energy source favoured for its significantly lower carbon
emissions compared to other fossil-fuels. Purification of natural gas is the
largest industrial separation that involves the removal of contaminants such as
hydrocarbons, H,O, N,, H,S and CO,, from CH4.[1’2] Also known as natural gas
enrichment or sweetening, this operation has been active since the 1980’s.[>3]
Many natural gas wells are majorly contaminated by CO,, which has to be
removed, typically down to <2% prior to delivery to pipelines to minimise
corrosion and increase calorific value.l! In 2015, natural gas accounted for
23.8% of global energy consumption.!4 Therefore, efficient next-generation
CO,/CH, separations are becoming increasingly important for clean gaseous
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fuel production.[s! In the past decades and pushed by the global conversion
from fossil fuels to renewable energy sources, biogas gained importance.[%7 The
biogas upgrading market is in a stage of development and potential growth.
In Europe, the number of biogas upgrading plants is estimated to grow by an
annual rate of 10-20%.[6 Biogas upgrading is an ideal candidate for membrane-
based separations, with usually low flow rates and CO, contents that exceed
40%.16] As the main competitor, membrane technologies offer viable solutions
to the drawbacks of adsorption which is a well-accepted technology that suffers
from heavy investment and maintenance costs.!!! Processing conditions, such
as gas flow rate and total gas composition, also play a role in the choice of the
preferred separation process. For example, for a gas mixture with high CO,
concentration and relatively low flow, membrane processes will generally be
more favourable.! New gas separation equipment constitutes a market of about
$5 billion annually, where CO, separation membranes currently amount to less
than 5% of this market only.

Among the membranes developed for natural gas purification, only polymeric
membranes have been commercialised thanks to their processibility and
mechanical stability.®:9) However, membranes with higher selectivity without
productivity loss are still needed for continued market growth.[®) In the US, e.g.
almost half of the natural gas reserves are not explored due to high treatment
costs,9) but these resources could be made available with the help of appropriate
membranes. Currently, the typical CO,/CH, selectivity available in industrial
separations is in the range of 10-20.) There is a permeability-selectivity trade-
off for polymeric membranes, as illustrated by the Robeson upper-bound. 01!
Usually, membranes that approach or surpass the upper-bound can be considered
to have commercial potential. Another challenge relates to plasticisation where
polymers lose separation power at high partial pressures. Where natural gas
purification is concerned, CO, will swell the polymer and ease the permeation
of CH, to reduce selectivities.!®] Membrane cross-linking has been suggested to
overcome this drawback.[>74]

Inorganic membranes offer excellent plastic stability and superior molecular
sieving but severe problems with defect-free membrane formation currently
impedes their application on a wider scale.'s) Membranes based on carbon
molecular sieves and thermally rearranged polymers show high separation
properties, but are brittle and susceptible to defects.[85] Mixed-matrix
membranes (MMMs) are composite materials that consist of filler particles
homogeneously dispersed in a polymeric matrix have been attractive alternatives
since their discovery in the 1970s.'8l MMMs have the aim of combining the
processibility of polymers and the superior separation properties of porous
fillers.

Metal-organic frameworks (MOFs) are hybrid inorganic-organic crystalline
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porous materials which have attracted considerable attention owing to their
tailorable functionality, well-defined pore size, pore tunability and breathing
effects.'” MOFs emerged as promising filler alternatives to conventional
inorganic porous solids thanks to their excellent filler-polymer compatibility.*8]
Breathing of MOFs refers to a double structural transition related to pore
ﬂexibility[19]: it is the reversible opening or contraction of pores upon adsorption
of guest molecules.*92°) MIL-53 is one of the best representatives of the
“breathing” MOFs.[21 Tt is constructed from MO4(OH), octahedra (M=Fe3™,
Cr3t, A3 or Ga®*) and terephthalate linkers, exhibiting the unique transition
of large-pore (lp) to narrow-pore (np) forms upon adsorption/desorption of
several gases.[*'™33] The breathing MIL-53 framework is well known for its
unusually high selectivity for CO, adsorption over CH, via the quadrupole
moment interaction of CO, with the corner-sharing hydroxyl groups of the
MIL-53 pore wall.[22:34737) A similar topology but with amine-functionalisation
was made by simple replacement of terephthalic acid by 2-aminoterephthalic
acid.[3874°] NH,-MIL-53(Al) (Figure 4.1) has 1-D diamond-shaped channels
with a pore diameter of 7.5 A and with amino groups that point inwards to the
pore.139] Unlike many amino-functionalised materials, NH,-MIL-53(Al) does
not form a chemical bond between CO, molecules and the NH, groups. Instead,
the amino functions regulate the breathing behaviour, resulting in excellent
separation power for CO, and CH, under very mild conditions.[??!

(a) (b)
Figure 4.1: The chemical structure of (a) Matrimid® and (b) NH,-MIL-53(Al).

Outstanding results have been recently reported using CuBDC nanosheets!4! or
Niy(dobdc) nanocrystals®! as MOF filler for CO,/CH, membrane separations.
Despite extensive effort, however, the obtained data sets representing the trade-
off between permeability and selectivity obtained from hundreds of MOF-loaded
MMMs for CO,/CH, separations are restricted by the upper-bound trade-off
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between CO, permeability and CO,/CH, selectivity. It was reported that the
separation of CO, from CH, over FDA-DAM MMNMs containing NH,-MIL-
53(Al) nanoparticles could fall close to the Robeson limit of 2008 but only at
relatively low pressure (3 bar).[4?) Bulk NH,-MIL-53(Al) has shown to possess
high selectivity in CO,/CH, separation, but failed to reach the Robeson upper
bound in MMM-based separation of CO,/CH,. This is mainly due to its
open pore configuration upon solvent removal via uncurbed solvent evaporation
during MMM preparation. These results highlight the challenge of translating
MOF breathing properties to the field of MMM:s. 43!

In the previous chapter, we have reported in-situ, thermally induced
amorphisation of ZIF-8 in the Matrimid® matrix which simultaneously triggers
amorphous ZIF-8-polymer and polymer-polymer cross-linking. This new hybrid
amorphous cross-linked composite membranes show outstanding performances
in the sselective separation of CO,/CH, mixed gas.144] In this work, the MOF
breathing effects are fully exploited by maintaining the large-pore structure
via a controlled thermal treatment of the MMM at 350°C in air. In addition,
simultaneous in-situ polymer cross-linking takes place in the membrane matrix
at elevated temperatures. The MOF transforms into its Ip form during this
treatment and the thermally enhanced polymer mobility allows penetration of
the polymer chains into these pores where they link covalently to the amino
functions in the Ip cages of NH,-MIL-53(Al) for effective control over the
breathing phenomenon. Despite its irreversibly opened pores, the rigid large
pore structure of NH,-MIL-53(Al) anchored with polymer chains inside the
pore shows remarkable selectivity in CO,/CH, separation over NH,-MIL-
53(Al)@polyimide membranes, while permeabilities hardly drop with polymer
penetration.

4.3 Experimental procedure

4.3.1 Materials

Commercially available polyimide (PI, Matrimid®5218,4.1) was kindly provided
by Huntsman and used after drying at 110 °C overnight. For NH,-MIL-53(Al)
synthesis, the linker source 2-aminoterephthalic acid (HoBDC, HoNCgHjs-
1,4-(CO,H)a, 99+%) and the Al source aluminum nitrate nonahydrate
(Al(NO3.9H50, 98.5+%) were obtained from ChemLab and Acros Organics,
respectively, and used without further treatment. The solvents used in the
solvent exchange and membrane preparation were dimethylformamide (99+%),
chloroform (99.8%), and methanol (99.8%), purchased from Acros Organics.
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4.3.2 Synthesis of NH,-MIL-53(Al) nanoparticles

NH,-MIL-53(Al) was synthesised by dissolving HoBDC (2 g) and AI(NO3)s3.9Hz0
(2 g) in distilled water (400 mL). The solution was heated to 100 °C for 6 hours.
Upon cooling, the MOF particles were centrifuged and washed with DMF,
methanol and chloroform, respectively. The MOF sludge collected after the
final centrifugation step was re-distributed in CHCl; and stored as such.

4.3.3 Fabrication of PI-NH,-MIL-53(Al)- MMMs

MMDMs of 20, 30 and 40 wt.% were prepared for this work. An amount of the
MOF mixture with known MOF content was weighed, and the Matrimid® (dried
overnight at 110 °C) was dissolved in this mixture. The polymer concentration
was adjusted to 7 wt.% to obtain a reasonably viscous solution that can still
be cast and will not suffer from MOF precipitation upon casting. The final
mixture was given enough time for the polymer to fully dissolve. As proof of
the effectiveness of our membrane fabrication method, extra mixing elements,
such as ultrasonication, were not needed to obtain perfect MOF distribution.
The MOF loading was calculated as given in Equation 4.1:

wtpmoFr

Loading(wt.%) = 100
gl 0) (wtrmror + Wpolymer)

(4.2)

where wtpror and wiporymer are amounts of MOF and polymer, respectively.
The membrane solution was cast into specially designed petri dishes that consist
of glass rings attached to flat glass surfaces to ensure uniform membrane
thickness. The cast solution was allowed to dry overnight at room temperature
in Ny atmosphere to prevent contact with the humidity of air. Upon vitrification,
the membrane was carefully removed from the petri dish, and placed in an oven
for annealing.

The dried membranes were placed between glass supports to prevent curving
and placed in an oven. The oven was heated to 100 °C (above the boiling point
of CHCl3), 160 °C (slightly above the boiling point of DMF), 250 °C (above
the boiling points of CHCl3 and DMF and below the Tg of Matrimid) or 350
°C (above the Tg of Matrimid), and the process was carried out in air. The
heating process was designed as heating at 1 °C/min from room temperature
to the final annealing temperature with 50 °C increments. At each increment,
the oven was kept isothermally for 2 hours. The membranes remained at the
final temperature for 24 hours, and were removed after the oven cooled down
to room temperature naturally. Immediate quenching is known to cause the
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formation of voids between the polymer and the filler due to the difference
in the thermal expansion coefficients of the two materials.[45] By allowing the
MMDMs to cool down naturally, the attachment between the polymer chains and
the MOFs was protected.

4.3.4 Characterisation of membranes

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR) was conducted in air using a Varian 620 FT-IR imaging microscope
with a Germanium crystal. The samples were analysed over a wavelength range
from 400 to 4000 cm™! with a spectral resolution of 4 cm~' and 64 scans.

The morphology of the membrane cross-sections was observed with a JEOL
JSM-1060LV scanning electron spectroscope (SEM). The flexible membranes
were freeze-fractured, and those that were already too brittle were broken in
liquid Ns. In order to prevent charge build-up due to the non-conductive nature
of the polymers, the samples were sputtered with Au/Pd for three cycles of 20
seconds.

X-ray diffraction (XRD) patterns of MOF particles and membranes were
obtained by using a Stoe-HT X-ray diffractometer, with CuKa radiation, A=1.54
A at room temperature. The mechanical strength tests were conducted at room
temperature using a Universal Testsystem (UTS) with 0.0001 mm position
resolution and load cells up to 200 N. Differential scanning calorimetry (DSC)
measurements were carried out using a TA Instruments DSC Q2000 using
Al hermetic closed pans and in Ny atmosphere. The samples were first kept
isothermally at 20 °C for 10 minutes, then heated to 370 °C for with a heating
rate of 10 °C/minute. After 5 minutes, the samples were cooled down 20 °C at
10 °C/minute, and re-heated to 370 °C using the previously described method.

The thermogravimetric behaviour of the MOFs and membranes was analysed
with TA Instruments TGA-Qroo. The samples were heated from room
temperature with a heating rate of 5 °C/min up to 100 °C, kept isothermally
for 10 minutes, then with 2 °C/min up to 160 °C, and remained at 160 °C for 10
minutes, and finally with 10 °C/min to 500 °C under Ny or Os.

TEM samples were prepared by gluing the sample on a support to fit the
holder of the microtome. Since the matrix of the sample consists of polymeric
membrane, embedding in an epoxy resin was not necessary. Next, slices with a
thickness of 100 nm were cut using a Leica UC7 ultramicrotome equipped with
a histo diamond knife. Selected area electron diffraction (SAED) patterns, high
resolution TEM (HRTEM) and high angle annular dark field scanning TEM
(HAADF-STEM) images were acquired using a FEI Osiris microscope, operated
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at 200 kV. Acquisition of energy dispersive X-ray spectroscopy (EDX) maps
was performed using a ChemiSTEM system, whereas the analysis was carried
out using the Bruker ESPRIT software.

Gas separation measurements

The gas separation performance of membranes for binary gas mixtures was
tested using a custom-built, high-throughput gas separation system (HTGS),
described in detail in ref.[46]. The membranes were tested with a 50-50 vol%
CO,/CH, mixture at 35°C and 10 bar cross-membrane pressure difference. The
composition of the permeate side was measured by gas chromatography (GC).
The membranes were first allowed to reach steady-state overnight while flushing
with gas. Steady-state was confirmed when consecutive GC measurements gave
the same result. Then three more measurements were taken and their average
was reported. Each final data point reported is an average of two membranes,
and two coupons from each membrane. The permeabilities were measured at
steady-state using a constant-volume variable-pressure permeation system. The
overall permeability (P,) and the relative permeability of CO, (Pgo,) was
calculated using Equations 4.2 and 4.3, respectively.

aVl

Po= ARTAP

(4-2)
where « is the rate of pressure increase in the downstream with respect to time,
V' is the downstream volume,/ is the membrane thickness, A is the membrane
surface area, R is the ideal gas constant, T' is the permeation temperature, and
AP is the cross-membrane pressure difference.

Yco,
TCO,

Pco, = P, (4-3)

where P, is the overall permeability, yco, and zco, denote the CO, content
at the permeate and the feed side, respectively.

4.4 Results and discussion

The well-controlled thermal treatment at 350 °C induced a significant change
in membrane colour, as shown in Figure 4.2. The PI membrane turned from
yellow to dark-brown at 350 °C, whereas the MMMs started to darken at lower
temperatures already. According to TGA (Figure 4.3), bulk NH,-MIL-53(Al)
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starts to decompose at 200 °C, whereas upon embedding in a Matrimid® matrix,
the thermal stability of the NH,-MIL-53(Al) is significantly improved.

100°C 160°C 250°C 350°C 100°C 160°C 250°C 350°C

100°C 160°C 250°C 350°C 100°C 160°C 250°C 350°C

Figure 4.2: The change in colour of the (a) pure PI membranes and MMMs
with (b) 20 wt.%, (c) 30 wt.% and (d) 40 wt.% MOF loading with increasing
treatment temperature.

Solubility tests (Figure 4.4) showed that, after 2 days, the membranes treated
at 160 °C were completely soluble in chloroform, while the MMMs treated at
250 or 350 °C were insoluble in chloroform, further confirming an important
thermally-induced stability increase. The improved thermal and chemical
stabilities indicate cross-linking of the polymer. In order to provide insight into
the interactions between the polymer and the embedded MOF, the MMMs were
characterised by ATR-FTIR (Figure 4.5).

Thermal cross-linking of Matrimid® in air involves free radical reactions. A
loss in intensity of the characteristic bands corresponding to the aliphatic C-H
stretching (2960, 2927 and 2864 cm™!) at elevated temperatures was observed
(Figure 4.5). It was suggested that oxidative cross-linking of Matrimid® occurs
through the C-H groups. A decrease at 823 cm~! and increase at 1720 and
1606 cm ™! are now observed, which could be tentatively assigned to methyl
and C=0 oxidation, respectively, in line with increasing thermal treatment
temperature (Figure 4.5).147! The methyl groups in the polyimide are oxidised to
provide readily available -CH, radicals needed for oxidative cross-linking. The
formation of hydroperoxide moieties involves a two-step reaction: (1) reaction
of free radicals with O, to form peroxy radicals and (2) subsequent abstraction
of a hydrogen from adjacent polymer chains. These unstable hydroperoxides
will continue to propagate to initiate new free radical chain reactions until
termination occurs. The thermally-induced oxidative cross-linking mechanism
of the polymer due to the combination of radical sites on adjacent chains has
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Figure 4.3: The TGA plots of (a) Matrimid® powder and Matrimid® -NH,-
MIL-53(Al), (b) Matrimid membranes, and MMMs with (c) 20 (d) 30 (e) 40
wt.% NH,-MIL-53(Al) loading.
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Figure 4.4: The solubility tests of MMMs treated at (a,d) 160 °C, (b,e) 250 °C,
(c,f) 350 °C.

Day = 2

been previously discribed in detail.[44! Interestingly, a chemical interaction
between the polymer and the MOF crystal at the imide functionality was
observed. The ATR-FTIR spectra of the MMMs are characterised by the
imide group of Matrimid® (1720 cm™1!) attributed to symmetric stretching of
C=O0 in the imide group as depicted in Figure 4.5.148:49] The intensity of this
characteristic peak gradually decreased with increasing degree of cross-linking.
An additional band at 1542 cm ™!, attributed to the aromatic N-H stretching
band of the amide group, confirms the cross-linking of Matrimid® with the
amino function grafted on the MOF pore walls. This was further supported
by a gradual decrease of the primary amine groups characteristic adsorption
bands at 3380 and 3494 cm™! with increasing temperature. The cross-linking
process is initiated by the attack of the imide functional groups of Matrimid®
from the amino groups of the bridging terephthalates at the pore mouth and
resulting in a cross-linked pore structure (Figure 4.6).

Cross-linking is known to restrict polymer chain mobility and increase rigidity.
Reduced chain mobility was directly reflected in the Tg of the membranes.[5°!
The Tg of the MMMSs increased from 318 to 326, 328 and 337 °C with 20,
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Figure 4.5: FTIR spectra of (a) Matrimid® and MMMs with (b) 20 wt.% (c)
30 wt.% (d) 40 wt.% NH,-MIL-53(Al) loading.
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Figure 4.6: The proposed mechanism for cross-linking between the polymer and
the NH,-MIL-53(Al) upon annealing at 350°C in air.
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30 and 40 wt.% loading, respectively. Similarly, the tensile strength of the
membranes evolved in line with cross-linking, as shown in the Table 4.1 and
Figure 4.7.

Table 4.1: The tensile strength of unfilled Matrimid® and MMMs with 40 wt.%
NH,-MIL-53(Al).

Sample Tensile strength (MPa)
Matrimid® treated at 100 °C (M100) 85.3
Matrimid® treated at 160 °C (M160) 101.8
Matrimid® treated at 250 °C (M250) 118.6
Matrimid® treated at 350 °C (M350) 135.2
MMM with 40 wt.% NH,-MIL-53(Al), treated at 100 °C (MIL-40-100) 24.5
MMM with 40 wt.% NH,-MIL-53(Al), treated at 160 °C (MIL-40-160) 27.5
MMM with 40 wt.% NH,-MIL-53(Al), treated at 250 °C (MIL-40-250) 30.5
MMM with 40 wt.% NH,-MIL-53(Al), treated at 350 °C (MIL-40-350) 32.7
160
140 | M350
M250 ¢
120 4 ¢
§ M160
£ 1007 M100 ¢
B =
g 80
1]
3 60 |
3
40 . MIL-40-350
MIL-40-100 MIL-20-160 Ik 4.0 250 [ ]
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Figure 4.7: The evolution of the tensile strength of unfilled Matrimid® and
MMDMs with 40 wt.% NH,-MIL-53(Al).

XRD diffractograms of the MMMs (Figure 4.8 and Figure 4.9,4.10,4.11)
reveal that the structure of NH,-MIL-53(Al) was preserved despite a sign
of crystallinity loss observed at 350 °C. It was noted from the TG analyses
that the MMMs treated at high temperatures (250 and 350 °C) exhibit an
enhanced thermal stability up to 400 °C, whereas the MMMs annealed at
lower temperatures (160 and 100 °C) start to decompose at 200 °C. Similar
thermal behaviour was observed for bulk NH,-MIL-53(Al). The results suggest
that the thermal cross-linking significantly enhanced the thermal stability of
the NH,-MIL-53(Al) embedded in the polymer matrix. This observation was
further confirmed by XRD, as shown in Figure 4.8, showing exclusively the
np configuration for bulk NH,-MIL-53(Al) and the MMMs treated at low
temperature (100 and 160 °C). Interestingly, the embedded NH,-MIL-53(Al)
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20,°

Figure 4.8: XRD diffractogram of MMMSs with 40 wt.% NH,-MIL-53(Al)
loading.The dark blue and red lines refer to the simulated XRD diffractogram
of the Ip and np forms, respectively.[55!

in the polymer matrix undergoes a transition from np form to Ilp form upon
heating above 160 °C.[57753] Although this transition may normally occur due to
the presence of penetrants, such as DMF[53] or CO,,[54 in the MOF pores, the
FTIR (Figure 4.5) and TGA results (Figure 4.3) however, confirm the absence
of any adsorbed species: the lack of FTIR signals in the 1673-1690 cm™!
range, assigned to the amide group of the DMF, indicates that the MOF was
well-washed and solvent exchanged with methanol and chloroform. Moreover,
the TGA plots do not exhibit any observable weight loss around the boiling
point of DMF. The np form of NH,-MIL-53(Al) is energetically preferred over
the [p form. As the temperature increases to 250 and 350 °C, the expanded
MOF framework configuration in the MMMs is retained as evidenced from the
XRD diffractograms, mainly due to the partial penetration of polymer chains
in the pore structure of the NH,-MIL-53(Al), and cross-linking of the polymer
with the amino functions on the pore walls, most probably occurs at the pore
entrance only.

Interfacial voids in MMMs, created by polymer-filler detachment are detrimental
to membrane selectivity.[56! Figure 4.12 shows the cross-sectional SEM images
of unfilled PI membranes and MMMs with 20, 30 and 40 wt.% loading.
The unfilled PI membranes do not show observable change in morphology
with increasing treatment temperature. With the present NH,-MIL-53(Al)-
Matrimid® system, the polymer and the MOF create a perfectly homogeneous
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Figure 4.10: XRD diffractogram of MMMs with 20 wt.% NH,-MIL-53(Al)
loading.

and defect-free morphology, even at high MOF loading. When the Tg of
Matrimid® (=305 °C) is surpassed,57 the polymer chains relax and become
more mobile. Therefore, they interact and adhere to the surface of the MOF
particles better, creating an increasingly homogeneous structure. By allowing
the membranes to cool down naturally, this adhesion was protected.[45!
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Figure 4.11: XRD diffractogram of MMMs with 30 wt.% NH,-MIL-53(Al)
loading.

A combination of high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM), selected area electron diffraction (SAED) and
energy dispersive X-ray (EDX) analysis was performed to investigate the
compatibility and crystallinity of embedded NH,-MIL-53(Al) in the polymer
matrix. The results reveal that the crystallinity of the incorporated NH,-MIL-
53(Al) is preserved as illustrated in Figure 4.13a. Since the structure and
morphology of the nanoparticles change quickly under electron beam irradiation,
a low dose electron beam was selected to record reliable diffraction data. Figure
4.13b displays an HRTEM micrograph acquired from a similar particle along the
[001] zone axis. The measured d-values and diffraction angles from the SAED
pattern are in strong agreement with the known orthorhombic (space group:
Imma) structure model, as reported and in full agreement with the XRD results
(Figure 4.8).158] An overview HAADF-STEM image depicting the morphology
of the particles embedded inside the MMM is presented in Figure 4.13c which
shows excellent compatibility at the interface between the NH,-MIL-53(Al)
particle and the polymer matrix. The blue arrows indicate a dark contrast at the
interface between the particles and the MMM, mainly due to cutting artefacts
during the sample preparation. The chemical distribution of the individual Al
and O elements was visualised by EDX mapping (Figure 4.13d,e), confirming
the presence of incorporated NH,-MIL-53(Al) in the polymer matrix. The EDX
map was acquired from the red highlighted region in Figure 4.13c.

Figure 4.14 and Table 4.2 show the mixed-gas permselectivity as a function
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of the heat treatment temperature for unfilled Matrimid® and MMMs with
different loadings. This work highlights the importance of the thermal treatment
method in order to preserve the np form of NH,-MIL-53(Al) after membrane
casting and thermal treatment at 100 and 160°C. Despite only a marginal gain
in selectivity for MMMSs with filler loadings from 20-40 wt.%, a relatively good
selectivity (CO,/CH,= 40) was achieved without sacrificing permeability at high
filler loading (40 wt.%). It should be mentioned that the unfilled Matrimid®
membranes only show a CO,/CH, selectivity of about 22 under reported

(d)

Figure 4.12: SEM images of (a) unfilled PI , and MMMs with (b) 20 wt.% , (c)
30 wt.% and 40 wt.% NH,-MIL-53(Al). Scale bars represent 5 pm.
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Figure 4.13: TEM characterisation of MMMs with 40 wt.% NH,-MIL-53(Al)
loading. (a) SAED pattern recorded along [131] zone axis from NH,-MIL-53(Al)
nanoparticle. (b) HRTEM micrograph and corresponding FFT pattern from a
similar particle as in (a). (¢) HAADF-STEM image displaying the morphology
of NH,-MIL-53(Al) particles embedded in a MMM. (d-e) EDX elemental maps
of Al, O, C and N, respectively, obtained from the area shown in (c).
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conditions (Table 4.2). The Matrimid® membranes showed an exponential
increase in selectivity in line with increasing treatment temperature and filler
loading (Figure 4.14a). A remarkable gain in selectivity (CO,/CH,= 154) was
observed for MMMs treated at 350 °C, while conserving high permeabilities
(Figure 4.14d). The results suggest that a relatively high filler loading is required
in order to gain the synergy effect from the incorporation of MOF crystals and
cross-linking with the polymeric matrix. A major drawback for natural gas
purification is the unpredictable loss in selectivity that is often is encountered
as a result of polymer swelling upon exposure to polarisable CO, gas at high
pressures. The cross-linked MMMs with 40 wt.% MOF loading were therefore
evaluated for their plasticisation resistance. The gas separation measurements
performed at 40 bar feed pressure confirmed that the implemented post-synthesis
treatment rendered the MMMs plasticisation resistant, with selectivities up to

139.

The pore diameter of NH,-MIL-53(Al) (7.5 A) is far larger than the kinetic
diameters of CO, (3.3 A) and CH, (3.8 A),[39] which is contradicting the
outstanding selectivities achieved for the cross-linked MMMs with 40 wt.% filler
loading. However, the selectivity increase can be ascribed to the partial pore
blockage of the pores by the penetrated and cross-linked polymer chains.[43:58]
As indicated by the XRD diffractograms, the MOF undergoes an np-to-Ip
transition upon heating above 160 °C. When the polymer chains become more
mobile at these high temperatures, they will penetrate the thermally-enlarged
MOF pores and link to the amino functions on the Ip pore walls, as to create
effective molecular sieves by reducing the effective diameter of the pore entrance
(Figure 4.6). Coupled with the simultaneous polymer-polymer cross-linking
in the bulk of the membrane, a network that is sufficiently dense to hinder
the permeation of CH, is thus formed, as illustrated by the small sacrifices
in CO, permeability but exceptional improvement in selectivity. The limited
reduction in CO, permeability is possibly realised thanks to the fact that
only MOF pore entrances were made more selective, while the majority of
the pores remained uncovered in the [p form. The Robeson upper-bound is
a benchmark that states that membranes with high selectivity often exhibit
low permeability and vice versa.l'**! It defines a performance limitation for
traditional materials based on physical interaction and is often employed to
characterise membrane performance.l59 Figure 4.14e shows the CO, /CH,
selectivities and CO, permeabilities for the MMMs composed of NH,-MIL-
53(Al) and also includes other MIL-53 loaded MMMSs obtained from literature.
A complete comparison of the separation performance of our MMMSs, with all
of reported MOF-loaded MMMs for CO,/CH, separation is presented in Table
4.2. The MMM treated at 350 °C with 40 wt.% loading achieved the highest
mixed-gas selectivity (purple circles), and hit the 2008 upper-bound, clearly
outperforming the unfilled Matrimid® membranes (blue diamonds) and NH,-



136 . CONTROLLING THE TOPOLOGICAL PORE CHANNELS OF NH,-MIL-53(AL) VIA CROSS-LINKING
WITH POLYMER CHAINS FOR SELECTIVE NATURAL GAS PURIFICATION

a) g0 - b:'a:- 180
;E' 150 £ 150
§ 120 E 120
[T}
R B 350°C A a9 @350 °C
=] 60 i G 60 ® 5o
& 30 100°C A q % @100°C
&) g ; . . ; o 0 -+ ; ; . : ! 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
] €O, permeability (Barrer) CO, permeability (Barrer)
%10 €150  350°Ce
& 120 1 § 120 -
® o004 350°CH T 90 |
- T
5 60 30 = 5" 60 -
e . = 30 -
g 0 100°C | 100°C 4
D T r 1 8 0 - T
o 2 4 6 8 10 12 0 2 4 6 &8 10 12
€0, permeability (Barrer) CO, permeability (Barrer)
E) 1000
g
=
=
b
%
g 19971

10 5

10 100 1000
CO, permeability (Barrer)

Figure 4.14: The evolution of the gas selectivity of the thermally treated
membranes. (a) Matrimid® and (b-d) MMMs with 20, 30 and 40% NH,-MIL-
53(Al) loading with increasing annealing temperature. (e) The Robeson plot of
1991 and 2008 compared with the results from literature (orange squares), and
results obtained from this work (blue diamonds: unfilled Matrimid, red squares:
MMM with 20 wt.% loading, green triangle: MMM with 30 wt.% loading and
purple circles: MMM with 40 wt.% loading). A fully detailed comparison of
the performances of all MOF-loaded MMMSs prepared for this work, with the
measurement conditions is presented in Table 4.2.
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MIL-53(Al)-loaded MMMSs reported earlier (orange squares). These cross-linked
MMDMs also reached and surpassed the state-of-the-art separation performances
of MOF-loaded MMMs with commercially available polymers for CO,/CH,
separations.

4.5 Conclusions

In summary, NH,-MIL-53(Al) loaded MMMs with excellent MOF dispersion
and polymer-MOF adhesion were prepared. Treatment at high temperatures
created thermo-oxidative cross-linking of the Matrimid® matrix, as well as an
interaction between the polymer and the -NH, groups on the MOF surface. The
synergetic effect of polymeric thermal protection and cross-linking significantly
improved the chemical and thermal stability of the embedded MOF as well
as the MMMs. Upon thermal treatment, the MOF underwent configurational
transition from its np to Ip form, which allows the polymer chains to penetrate
and cross-link to the amine groups at the entrance of the MOF pores to achieve
the highest molecular sieving performance of CO, from CH,, ever reported for
MOF-loaded MMMs. Importantly, the cross-linked MMMs showed significant
improvement in CO,/CH, selectivity and resistance to plasticisation at high
pressures of a binary feed mixture up to 40 bar. These cross-linked MMMs with
enhanced plasticisation resistance show exciting potential for the purification of
biogas and highly contaminated natural gas wells. This novel membrane type
also potential for use in liquid and other gas phase petrochemical separations.
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Chapter 5

General conclusions

This dissertation focused on the development of mixed-matrix membranes
(MMMs) comprising metal-organic frameworks (MOFs) for CO,/CH, separation
applications. The effect of membrane preparation factors were investigated
to improve the gas separation performance of the resulting MMMs. The
gas separation results were supported by structural characterisations, in
order to uncover the underlying chemical processes that lead to the obtained
performances.

Chapter 1 started with an overall introduction to the concept and fundamentals
of the gas separation market. It continued with a deeper focus on membrane-
based separations, the mechanisms thereof and the market for membrane-based
gas separations. A literature background on the materials research for gas
separation, as well as their limitations, followed. The motivation for this work
was defined. The chapter was concluded with an overview of the chapters of
this dissertation.

The goal of the work in Chapter 2 was to exploit the relative ease of synthesising
MOFs to produce MMMs in-situ, namely by synthesising them inside the
polymer solution. Directly mixing the MOF precursors in a dilute polymer
solution did not give the desired loading (>20 wt.%). Increasing the precursor
concentration did not increase the MOF synthesis yield, moreover the membranes
became plasticised by the unreacted precursors. Upon re-modifying the process
to synthesise MOFs in pure solvent, but not drying them after the synthesis
proved to be an efficient method to control the MMM loading. Membranes with
30 and 50 wt.% MOF loading were fabricated with a homogeneous distribution
of the particles. Compared to control samples prepared with dried MOFs, these
membranes showed superior separation properties.
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In order to improve the separation performance of the membranes , Chapter 3
focused on applying a detailed heat treatment in air. The membranes treated
up to 350°C showed outstanding selectivities, that are marked as the highest
reported for MMMs with commercial polymers. Upon further analysis, it
was revealed that the thermal treatment induces the amorphisation of ZIF-8,
resulting in a loss of crystallinity, but also a denser structure that maintains
its building units to achieve molecular sieving. Moreover, thermo-oxidative
cross-linking between the polymer chains, as well as between the polymer chains
and the MOF contributed to the overall separation performance. Owing to
the extensive cross-linking, the membranes proved to be highly resistant to
CO,-induced plasticisation at pressures as high as 40 bar, marking their stability
in industrial separation conditions. The method was shown to be generic, as
similar behaviour was observed when ZIF-8 was replaced by ZIF-7.

Chapter 4 details the application of the same method to a MOF that
shows breathing behaviour: NH,-MIL-53(Al). The MOF did not undergo
amorphisation upon heat treatment, but showed evidence that it retained its
large-pore form after cooling down to room temperature. It should be noted
that the large-pore form is reached at higher temperatures, and normally the
MOF will revert to its narrow-pore form upon cooling. It was speculated that
the polymer partially penetrates and cross-links at the mouth of the pore,
preventing the MOF from reverting to the narrow-pore form. Thanks to this
modified pore structure, and in combination with the polymer-polymer and
polymer-MOF cross-linking, selectivities that even surpass the previous studies
reported here were achieved. Moreover, the membranes were still resistant to
plasticisation owing to their high level of cross-linking.



Chapter 6

Future prospects

6.1 Future prospects

For this work, a very effective membrane separation method has been devised
and optimised. The possible steps forward are as follows:

6.1.1 Improvement of membrane fluxes

The membranes reported in Chapters 3 and 4 exhibit outstanding selectivities.
Select membranes from these studies have even been able to surpass the Robeson
upper-bounds of both 1991 and 2008. The Robeson upper-bound is a well-
known indicator of the commercial relevance of the performance of a membrane.
Although the selectivities reported were extraordinary, they were coupled with
a decrease in the permeability. High productivity (in terms of separations)
can only be achieved by increasing the permeability without sacrificing the
current selectivities. For this purpose, preparing thin film composite variants of
the membranes reported here would be a viable starting point. An important
practical point of concern would be to find a support material that could
withstand the high-temperature treatment, which is necessary to obtain the
unique synergy of MOF amorphisation and polymer cross-linking.
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6.1.2 Investigation of other polymer-MOF pairs

The choice of material plays a fundamental role in the performance of MMMs:
the polymer determines the starting point, and the properties of the MOF
determine the maximum possible improvement. This study has used a well-
known commercial polymer, Matrimid®, which is a soluble thermoplastic
polyimide used in high-temperature adhesives, composites, and gas separation.
Regarding MOFs, ZIF-8, ZIF-7, and NH,-MIL-53(Al) were used. Especially
in the rapidly-growing MOF literature, state-of-the art MOF structures are
reported frequently. A suggested path for future work is to try different polymer-
MOF combinations, and search for further possible synergies. For example,
polymers with high thermal stability such as Ultem®1000, polybenzimidazole,
Kapton® and P84, and MOFs with promising CO,/CH, separation performance
in MMMSs such as HKUST-1, CuBDC nanosheets and MOF-5 can be used. For
further studies on the in-situ synthesis of MOF particles in polymer solutions,
solvents such as water, methanol, and tetrahydrofuran can be used with the
respectively soluble polymers mentioned above.

6.1.3 Investigation of other applications

Within the scope of this work, the membranes were tested for the separation
of CO,/CH, mixtures. However, this work is only the pioneer for composite
materials comprising in-situ amorphised or gate-opening MOFs; and the synergy
between MOF characteristics and polymer cross-linking is certain to produce
more interesting results in other applications. First and foremost, it is suggested
that these membranes be tested with actual industrial gas mixtures at industrial
conditions, especially to assess the effect of contaminants such as H,S, H,O,
etc. Moreover, it is needed to pursue other fields of application for these unique
materials, e.g. other gas membrane separations, gas storage, adsorption or
catalysis. Membranes of MOFs such as ZIF-8,0t ZIF-7,[2! ZIF-69,[3] MOF-5,4]
and HKUST-15 have exhibited promising performances for separations of e.g.
COz/CH4,[1] CO2/N2,[3] and H2/C02.[4’5] Some MOFs have shown interesting
abilities, such as reversible amorphisation upon application of pressure.l! There
are no reports of membranes with amorphous MOFs in literature. Our in-situ
amorphisation approach can offer a starting point for the use of amorphous
MOFs as gas separation membranes with outstanding properties. MOFs used
in sensing harmful guest species are prone to stress-induced collapse and guest
immobilisation.!s] For such applications, mixed-matrix membranes combined
with MOF amorphisation, can offer a method to control structural collapse:
the side groups of polymer chains penetrating the pores can act to protect
the MOF structure from total collapse. The same principle can be applied for
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adsorption applications: selective adsorption is determined by the pore size
and shape, as well as adsorbate-surface interactions.[” By controlling the pore
openings through penetration of polymer side groups, the selective adsorption
properties of amorphous MOFs can be tailored. Hughes et al.l8] have shown
that the reusability of amorphous MOFs in reversible gas storage is hindered by
their instability in acidic environments. In our work, we have observed a strong
increase in the chemical stability of MMMSs, as the polymer phase cross-linked
at high temperatures. A similar method can enable the use of amorphous
MOFs for reversible gas storage. For catalysis, MOFs offer great flexibility and
variety in synthesis of new structures, compared to zeolites.[9) The controllable
porosity, pore size and shape, and presence of metal sites in MOFs promises
a great potential for catalytic applications. Only a few examples have been
reported to date.['*) In our study, we have seen that amorphisation of MOFs
can create unsaturated metal sites i.e. Zn?T, which is suggested to increase
the quadrupolar interactions with CO,. Such a property can be useful for the
fixation of CO, into cyclic carbonates. Moreover, amorphisation can help in
controlling the pore size and shape, opening new doors for very interesting
research in the field of shape-selective catalysis.
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