KU LEUVEN

FACULTEIT BIO-INGENIEURSWETENSCHAPPEN

The role of Initiators In
epoxide-based thin-film
composite membranes

De rol van initiatoren in epoxide-gebaseerde dunne
film composiet membranen

Promotor: Masterproef voorgedragen
Prof. Ivo F. J. Vankelecom tot het behalen van het diploma van
Departement Microbiéle en Master of Science in de bio-ingenieurswetenschappen:

. Milieutechnologie
Moleculaire Systemen (M2S)

Afdeling Membraanscheidingen, Adsorptie, _
. Irian BAERT
Katalyse en Spectroscopie voor Duurzame

Oplossingen (cMACS)

Januari 2023



Dit proefschrift is een examendocument dat na de verdediging niet meer werd gecorrigeerd voor
eventueel vastgestelde fouten. In publicaties mag naar dit proefwerk verwezen worden mits
schriftelijke toelating van de promotor, vermeld op de titelpagina.



Acknowledgments

By starting my thesis in February, choosing a topic was quite difficult. | knew | wanted to
work on epoxide membranes, but at the time, there was no topic available. Prof. Ivo
Vankelecom made sure | was going to be able to do my thesis around this by saving me
a spot as a thesis student, and by looking at available subjects later in the year, and this
is how | got this topic. | would like to thank him for doing all this effort to offer me a subject

and also for giving me a chance as a PhD researcher in the future.

Next, | would like to express my gratitude towards the people who helped me so much
during the last year, Dr. Rhea Verbeke and Daan Van Havere. Thank you for signing up
so last-minute to supervise me in my thesis, as | cannot imagine having two better people
to guide and encourage me in this process of ups and downs, frustrations and excitement,
determination and hard work. You taught me so many things, both practical (planning,
academically writing down what is in my head, data analysis) as personal (I am not defined
by my studies or grades, “work hard play hard”...). | look up to both of your excitement and
passion about what you invest your time in, your unbelievable knowledge, and open
mindset. | am grateful to have worked with you as | am convinced both of you will

accomplish great things in the future.

When thanking my supervisors, | should thank Nathalie Lenaerts, aka my third supervisor,
for all the things she did for me like finishing a synthesis when | had to go to class, all the
porometry measurements, answering my 1000 membrane texts, giving feedback on my
thesis, and always being up to discuss my latest results or questions. So, thank you for

being there and making the lab life better!

I am lucky to have ended up in such a nice research group. Thank you Laurens for doing
the zeta potential measurements on such short notice, Simon for all the spider related
guestions and interesting membrane conversations, Scallebout for being there in any way,
related or unrelated to the thesis, | needed, Sutapa for all the fun conversations we had in
the lab, the epoxide group for all your input and tips, and the rest of the group for being so
helpful. I would also like to thank Samuel Eyley for the XPS measurements and

interpretation.

Of course, | am grateful to have had the opportunity to meet two “batches” of thesis

students, which all made the days better by having fun, working hard together and



supporting each other. Beau, it has been a great experience to have done this Bio-science
engineering program alongside you, as we continue to push each other to grow.

Lastly, | need to express my gratitude towards my parents to push me to play some board
games once in a while, all the encouragement during this year, and for while providing me
with an environment where | could focus on my work, and Lara, thank you for being such

a considerate, kind person and help me make my day no matter what.



CONTENTS

SUMMAIY ..ottt e e e et e e e et e et e e e et e e et e e b e e e e e e n e et e e s e e e e ean e e e e nnn e \%
S F= 0 LT 0\ VZ= V1] o PP PPPPPPPPPPPP Wil
Vulgariserende SAmMENVALLING .........iiiieeiiiiiiiiiiie et e e e e e e e e e eeaar e e IX
List of abbreviations ... X
LiSt Of SYMDOIS ... XIl
LIST OF FIGQUIES .ttt e e e et ettt s e e e e e e e e eesbbbnneeeeeeeeenees XV
LISt Of TaDIES. ... XVIII
Context and theSIS QOAIS..........uuiiiiiiiiiiiiiiieiee ettt eeeees 1
....................................................................................................................... Part 1: Literature review
......................................................................................................................................... 2
1.1 Membrane teChnolOgY .......cooooiiiiii i 2
0 A = Tor | ] PP 2
1.1.2 Membrane performance characterization ............ccccceveevvvviiiiiieeeeeeeeeiiinnn 3
1.1.3  ClaSSIfICALION ... 5
1.1.4 Transport through membranes ..o 6
1.1.5  MEMDIane PrOCESSES ... ... 8
1.1.6 Membrane fouling and concentration polarization...............cccceeieiiiiiiiiinnnns 11

1.2 Thin film composite Membranes............oooooieeiii i 12
1.2.1  PRESE INVEISION ... 13
1.2.2 Interfacial polyMEeriZation .........oouuuiiiiiiie e 15
1.2.3 Interfacial initiation of polymerization (IIP) .........ccoooiiiiiiiiiiiiias 17

1.3 Poly(epoxyether) Membranes.........cccoiii i 18
1.3.1  Ether CharacCteriStiCS ........ccooooio e 18
1.3.2 EPOXIUBS ..ttt ettt 19
1.3.3  POIYMEIIZALION ...ttt e e e e e r e 20
1.3.4 Advantages of PEE MembBranes..........cccovvvviiiiiiiiieee e 26
............................................................................................................ Part 2: Materials and Methods
....................................................................................................................................... 28
P R V= 1 (=] = PP PP P PPPPUPPPPPPPPPI 28
2.1 1 SUPPOIT LAYET ..o 28
2.1.2  SEIECHVE LAYEN ... 28
200 G T o o 1 I o T 1] o RSP 29
2.1.4 Feed solutions for filtration exXperiments .............evviiiiiiiiiiiiiiiiieiiieeeeeeeee. 29
2.1.5 Gas separation XPEriMENTS ......ccoeeeiieeiiiiiiiiee e e ettt e e 30



2.1.6 Zeta potential MEaSUIrEMENTS ........coiviiiiiiiiiiei e 30
A S A o] (0] 1 1= 1Y PSPPI 30
2.2 MELNOUS ...ttt et et neeenennees 30
2.2.1 Commercial PAN support pretreatment ..........cooovveeiiiiiiinieeeeeeceeiien e 30
2.2.2 In-house PAN SUppPOrt SYNtNESIS........couviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee e 30
2.2.3 Initiator concentration calCulation.................ceeivviiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 31
2.2.4  Support-free interfacial polymerization...........ccccovvvviiiiiiiieeeeeeee e 31
2.2.5 Selective layer SYNtNESIS .......oooiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeee e 32
2.2.6  Solvent annealing Of SUPPOITS......ceeiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeee e 33
A A S o | ¢ I o T 1] o SR 33
2.2.8  AJSOIPLON TESIS ..uuuuiiiiieiii ettt e e e e e e e 33
2.2.9 Membrane charaCterization ...............euueeiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee 34
........................................................................................................... Part 3: Results and discussion
....................................................................................................................................... 38
3.l RO SY S BIM. .t e e r e eeae 38
3.1.1 Support-free interfacial polymerization testS...........ccceevviiieiiiiiiiiiiiiinieeeee 38
3.1.2 Defining the reference system: TMHD .........c..ccooviiiiiiiiiiiieee e 39
3.1.3 Changing the reaction time during TMHD 2S synthesis..........cccccccvvvvreneeee. a7
I I S [ o1 U F= Lo Tl o o] o= 1= PP UPPPPPPPPPPPP 52
3.1.5  IMIAAZOIE (IM) et e e e e e e e e e e e e e 53
3.1.6 1-Methylimidazole (1-MIM) ......coouiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee et 59
3.1.7  2-Methylimidazole (2-MIM) .......coouiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee et 64
3.1.8 1,4-diazabicyclo[2.2.2] octane (DABCO) and Tris(2-
dimethylaminoethyl)amine (ME6TIeN) ..........oouuiiiiiiiiiiiiiiiiiiiiiiiieeeee e 67
3.1.9 Selecting important initiator characteristics for selective layer formation ... 70
.2 GBS S S M ..t eae 71
G 707301 N [ 011 Yo [ [o{ 1 o] o PSS 71
3.2.2  Support-free interfacial polymerization tests............ccceevviiiiiiiiiiiiiiiiee e, 72
3.2.3  TMHD — TMPD — 1-MIM COMPAIISON.....cuuuiiiiieeeiiiiiiiiiiiaeeeeeeeeeensinnnaaeeeeeens 72
3.2.4  MBDA @Nd 1-MBl...ccoiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee ettt 75
............................................................................... Part 4: General conclusions and perspectives
....................................................................................................................................... 77
.............................................................................................................................................. References
....................................................................................................................................... 81
.................................................................................................................................................. Appendix
....................................................................................................................................... 97



Summary

The increasing prevalence of water scarcity has presented a significant challenge for
humanity, and membrane technology has been utilized as an energy-efficient way to treat
water. As current state-of-the-art polyamide-based desalination (via reverse osmosis, RO)
membranes are insufficiently chemically stable, epoxide-based thin-film composite (TFC)
membranes have been introduced as a more durable and chemically robust alternative. A
poly(epoxyether) film is synthesized through interfacial initiation of polymerization (lIP), in
which the ring-opening polymerization (ROP) of the epoxide monomer is initiated by a
tertiary amine initiator. This happens in two key steps, the first of which yields an ether-
linked network (1S membrane) and the second step a densified, crosslinked film (2S
membrane). The synthesis procedure however remains time-consuming and a black-box
process. In order to move away from the trial-and-error approach to optimize these
membranes, fundamental research was conducted in this work about the influence of the
initiator on the synthesis-structure-performance relationship of these chemically robust

TFC epoxide-based membranes.

By measuring the performance and physicochemical characteristics of membranes
synthesized under different conditions (reaction time, initiator concentration, 1S or 2S) with
a strategically chosen set of initiators, fundamental insights were gained regarding the
mechanism behind the ROP of the epoxide monomer, and important initiator properties
were derived related to obtaining salt selective membranes. In the synthesis system where
the initiator (TMHD, IM, 1-MIM, 2-MIM, DABCO, Me6Tren) is dissolved in the aqueous
phase and epoxide monomer (EPON) in the organic phase in order to synthesize RO
membranes, ROP of EPON is confirmed for the membranes initiated by the IM, 1-MIM and
2-MIM by SEM pictures, XPS- and FTIR measurements. Filtration results suggest low
polymerization for Me6Tren-initiated membranes, and do not indicate polymerization for
DABCO-initiated membranes. Only when TMHD is used as an initiator, salt selective
membranes are obtained. Hence, it can be concluded that this synthesis system prefers
highly nucleophilic, bifunctional tertiary amine initiators (e.g., TMHD) with a total length
similar to TMHD (~octane), as they both act as initiators and crosslinkers. Due to these
properties, charges are incorporated and the toplayer is densified. Further information is
gathered about the initiation and densification mechanism of TMHD by varying the reaction
times. Filtrations and characterization of the membranes suggests that the re-initiation and

densification is the most important step to achieve salt selectivity.



As ether oxygens have strong interactions with CO3, the application of epoxide-based TFC
membranes can be extended to gas separation (GS) processes. For the synthesis of GS
membranes, the initiator and epoxide monomer are dissolved in their preferred phase
(organic and aqueous, respectively) to create a more defined interfacial reaction and
hence a thinner film. However, low permeability due to a pore plugging issue is
experienced, which is not alleviated by the use of initiators with different properties (TMHD,
TMPD, 1-MIM, 1-MBI, MBDA).
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Samenvatting

De toenemende waterschaarste is een belangrijke uitdaging voor de mensheid, en
membraantechnologie wordt gebruikt als een energie-efficiénte manier om water te
behandelen. Aangezien de huidige state-of-the-art ontziltingsmembranen (via reverse
osmosis, RO) op basis van polyamide chemisch onvoldoende stabiel zijn, werden epoxide-
gebaseerde dunne-film composiet (TFC) membranen geintroduceerd als een duurzamer
en chemisch robuuster alternatief. Een poly(epoxyether) film wordt gesynthetiseerd door
interfaciale initiatie van polymerisatie (l1P), waarbij de ring-opening polymerization (ROP)
van het epoxide monomeer wordt geinitieerd door een tertiaire amine initiator. Dit gebeurt
in twee stappen, waarvan de eerste een ether gebonden netwerk oplevert (1S membraan),
en de tweede stap een dense, vernette film (2S membraan). De syntheseprocedure blijft
echter tijdrovend en een black-box proces. Om af te stappen van de trial-and-error aanpak
om deze membranen te optimaliseren, werd in dit werk fundamenteel onderzoek verricht
naar de invioed van de initiator op de synthese-structuur-prestatie relatie van deze

chemisch robuuste TFC epoxide-gebaseerde membranen.

Door het meten van de prestaties en fysicochemische eigenschappen van membranen
gesynthetiseerd onder verschillende condities (reactietijd, initiator concentratie, 1S of 2S)
met een strategisch gekozen set initiatoren, werden fundamentele inzichten verkregen
over het mechanisme achter de ROP van het epoxide monomeer, en werden belangrijke
eigenschappen van de initiator afgeleid met betrekking tot het behalen van zout selectieve
membranen. In het synthesesysteem waarbij de initiator (TMHD, IM, 1-MIM, 2-MIM,
DABCO, Me6Tren) is opgelost in de waterige fase en het epoxidemonomeer (EPON) in
de organische fase om RO-membranen te synthetiseren, is de ROP van EPON bevestigd
voor de membranen geinitieerd door het IM, 1-MIM en 2-MIM door SEM-beelden, XPS-
en FTIR-metingen. Filtratie resultaten wijzen op een lage graad van polymerisatie voor
door Me6Tren geinitieerde membranen, en wijzen niet op polymerisatie voor door
DABCO-geinitiecerde membranen. Alleen wanneer TMHD als initiator wordt gebruikt,
worden zout selectieve membranen verkregen. Hieruit kan worden geconcludeerd dat dit
synthesesysteem de voorkeur geeft aan zeer nucleofiele, bifunctionele tertiaire amine-
initiatoren (bv. TMHD) met een totale lengte die vergelijkbaar is met die van octaan,
aangezien zij zowel als initiator en als crosslinker fungeren. Dankzij deze eigenschappen
worden ladingen ingebouwd en wordt de toplaag denser. Verder werd meer informatie

verzameld over het initiatie- en verdichtingsmechanisme van TMHD door de reactietijden

Vil



te variéren. Filtraties en karakterisering van de membranen suggereren dat de herinitiatie

en verdichting de belangrijkste stap is om zoutselectiviteit te bereiken.

Aangezien ether zuurstofatomen sterke interacties hebben met CO2, kan het
toepassingsgebied van de epoxide gebaseerde TFC-membranen worden uitgebreid tot
gas scheidingen (GS). Voor de synthese van GS-membranen worden de initiator (TMHD,
TMPD, 1-MIM, 1-MBI, MBDA) en het epoxidemonomeer (PEGDE) opgelost in hun
voorkeursfase (respectievelijk organisch en waterig) om een meer gedefinieerde
interfaciale reactie en dus een dunnere film te creéren. De membranen hebben echter een
lage permeabiliteit als gevolg van de verstopping van de porién, die niet werd verminderd

door het gebruik van initiatoren met verschillende eigenschappen.
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Vulgariserende samenvatting

De toenemende waterschaarste is een belangrijke uitdaging voor de mensheid, en
membraantechnologie wordt gebruikt als een energie-efficiénte manier om water te
behandelen. Een membraan kan gezien worden als een koffiefilter: het houdt bepaalde
componenten van een voedingsstroom tegen en laat anderen door. Door de porién van
zo een membraan heel klein te maken kan zelfs zout uit zeewater worden afgescheiden
(ontzilting), of kunnen gassen worden gescheiden. De ontziltingsmembranen die vandaag
de dag worden gebruikt zijn echter onvoldoende stabiel. Daarom is recent een nieuw type
membraan ontwikkeld op basis van een nieuwe chemie, die een duurzamer en chemisch
robuuster alternatief is. Deze membranen worden gemaakt door middel van 2
reactiestappen: eerst wordt een eerder losse polymeerstructuur gevormd, die daarna
verdicht wordt en er ladingen worden ingebouwd die de capaciteit om zouten tegen te
houden vergroot. Het maken van dit type membranen duurt echter lang, en er wordt vaak
via trial-and-error gewerkt om ze te optimaliseren. Daarom werd er in dit werk
fundamenteel onderzoek gedaan naar het reactieproces, meer specifiek werd de invloed
van de initiator, de molecule die de reactie start, bekeken. Door membranen te maken met
initiatoren met verschillende eigenschappen kon meer kennis vergaard worden over hoe
de reactie verloopt, welke stappen belangrijker zijn dan anderen en ook de manier hoe de
initiator wordt ingebouwd in het vernette netwerk in functie van de reactietijd. Daarnaast
werd er ontdekt dat het systeem nood heeft aan een voldoende reactieve en voldoende
lange initiator die langs twee kanten kan reageren. Dankzij deze nieuwe inzichten kunnen
nieuwe methodes ontwikkeld worden om de membranen op een minder tijdsintensieve
manier te maken, en de opschaling van de membranen te vergemakkelijken. Er werd
verder ook gekeken naar de mogelijkheid om gasscheidingsmembranen te maken via een
gelijkaardig proces, maar daar werden de porién verstopt wat resulteerde in een lage
doorlaatbaarheid. Dit probleem kon niet verholpen worden door initiatoren met

verschillende eigenschappen te gebruiken.
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Context and thesis goals

Nobel prize holder Richard Smalley published a list of humanity’s top 10 challenges for the
next 50 years. Numbers one, two, and four on this list are respectively energy, water and
environment!. It is clear that a lot of these challenges are intertwined. With a continuously
growing world population, resources that were once abundant like unpolluted, potable water
are becoming more and more scarce. As 71% of the earth’s surface is covered by water, of
which 96,5% is saline, seawater could be used in order to produce more fresh water as it
becomes less available through surface waterbodies or groundwater?.

This has been done for a very long time. In ancient Greece, the concepts of boiling seawater
or using filtration media were first applied to purify water® 4. The scale of these techniques
evolved over time and in the 20™ century, large-scale thermal water desalination plants were
constructed. This is an effective way to produce clean water, but the process is very energy
intensive, hence contributing to humanity’s number one challenge. Later in that century, the
first reverse osmosis (RO) membrane plants were constructed to purify water in a less energy
intensive way. Comparing RO to thermal desalination, it scores better on social, economic, and
environmental aspects and is the better solution when fossil fuels are used as energy source.

That is why in 2019, RO technology contributed to 65% of the worldwide desalination capacity®.

The most common desalination membranes have a polyamide selective layer, allowing
relatively high fluxes while maintaining a high salt rejection. As a downside, they lack in
chemical robustness, as they are sensitive to substances such as chlorine. This is often added
to water as a disinfectant, making it an important factor for membrane failure!!®. This sparked
a quest to find more chemically robust membranes, and in 2019 Verbeke et al. proposed the
use of epoxide-based membranes. This is a new type of membrane which utilizes the intrinsic
stability of ether bonds. These stable and robust membranes are promising for different

applications in addition to reverse osmosis, like acid mine leachates or the dairy industry.

Until now, the synthesis of these membranes remains time consuming, and more or less a
black-box process. To move away from this trial-and-error approach to optimize these
membranes, it is necessary to conduct fundamental research on the synthesis parameters.
With the intention of shedding some light on the black box, the influence of the initiator on the
synthesis-structure-performance relationship of these chemically robust epoxide membranes
was studied in this work. By increasing the fundamental understanding of the system, a more
economically feasible synthesis process could be obtained, which could on its turn help the

scale-up of these membranes.



PART 1: LITERATURE REVIEW

1.1 MEMBRANE TECHNOLOGY

1.1.1 Principle
A membrane can be defined as a selective semi-permeable barrier between two phases®-=°.

The feed is the unmodified solution that comes in contact with the membrane. As illustrated in
Figure 1, a part of the feed molecules will go through the membrane and will form the permeate
stream, whilst the retentate is the stream that is retained by the membrane?®. The permeate
can but does not necessarily need to have the same phase as the retentate. Through certain
interactions which for example depend on the membranes chemical and morphological
structure, a selectivity will be exhibited towards certain compounds. A visualization of a
membrane separation is given in Figure 1, where the green molecules pass through the
membrane with less resistance than the yellow ones. A gradient applied across the membrane
will act as a driving force for the separation process. Such driving forces can be gradients in
temperature, pressure, concentration, which all relate to gradients in electrochemical

potential6-°: 21,

0 0.°
"o © , ©
: o

o C)O o o
Feed Retentate

Permeate

Figure 1: A schematical representation of the principles of membrane separation. Adapted from?®.

The extent of the driving force (F) will be determined by the difference in potential (AX) at both

sides of the membrane divided by its thickness (), given by:

AX
F=T 1



Chemical potential (1) and electrical potential (E) are two typical potentials that are used in
membrane technology®. An equilibrium will be reached (AX = 0) when no external forces are
applied over the membrane. However, during membrane processes, reaching equilibrium will
be prevented by the presence of a constant driving force, resulting in a constant flux in time”
8. This proportional relationship between the driving force (F) and steady state permeate flux

(J) can be given by:

where A is the proportionality factor (units depend on driving force), a measure of the diffusion

resistance of the membranes.

1.1.2 Membrane performance characterization
In membrane research, it is important to determine several performance parameters in order

to compare different membranes. Several parameters can provide useful information about the

performance of a membrane, of which the most important ones are discussed below.

1.1.2.1 Permeability of a membrane
To achieve a commercially viable membrane, components must pass through the membrane

at an adequate rate. Hence, two parameters are defined to describe this rate of transported
through a membrane. The first one, used in liquid separation applications, is the flux (J), which
is given by:

=A% — 3

where A is a proportionality factor, AX is the potential gradient over the membrane and [ is the
membrane thickness (m). As the thickness can be seen in the denominator, a thinner
membrane will have a higher flux than a thick membrane®. A more specific way of expressing

the flux (L/m2 h bar, often denoted briefly as LMH/bar) is by the equation

1 dQ

= * —
AXAP dt
Where A is the membrane surface area (m?), AP is the pressure gradient over the membrane,

4

J

Q is the permeate volume (L) and t is the time (h).

For gas separations, the flux of a desired component i can be given by:

P; 5
Ji :T(Pf*xi_Pp*yi)



where P; is the intrinsic permeability (see 1.1.4.1) of the membrane material for component i

10~ 0cm3(STP)cm.

(in Barrer; ), Pr and P, are the pressures in the feed and permeate and x; and y;

cm?s cmHg

are the mole fraction of component i in the feed and permeate respectively!!. The P, * x; and
P, xy; terms are the partial pressures of the component i in each phase. Because thickness
measurements of the dense layer can be hard or inaccurate, permeance (%) can be used

instead of permeability®*. Permeance has the unit GPU (gas permeation unit) with 1 GPU =

10~6cm3(STP)

> . Often, the flux through a membrane can be measured and the permeability or
cmexsxcmHg

permeance will have to be calculated. This can be done by rewriting equation 5 to

_ixl 6
Pe="2p
where P; is the permeability (barrer), J; the flux, AP the difference in partial pressure across
the membrane and | the membrane thickness. Dividing this P; by | equals the permeance of

the membrane?2,

1.1.2.2 Separation capability
To determine the capability of the membrane to distinguish between different compounds in a

stream, three parameters can be defined. The first one, the rejection coefficient R, is defined

as:

C.—C
R = rc 2 +100% 7

T

where R is the % rejection (dimensionless), C, is the concentration in the retentate and C, is
the concentration in the permeate. This R is used in liquid separation applications, often for
dilute mixtures of a solvent and a solute®. For some applications, the retentate and feed
concentration differ substantially, e.g., in dead end filtrations due to concentration polarization,

discussed in part 1.1.6%".

The next two parameters are more often used for gas separations, starting with the separation
factor (or mixed-gas selectivity) a, defined as:
Va
/YB

aA/B = xA/x 8
B

when component A is permeating preferentially. y, and y; are the concentrations of
components A and B in the permeate, x, and xz the concentrations of components A and B in
the feed. These can be mass- or molar concentrations, or even weight, mole or volume

fractionss.



A third parameter is the ideal selectivity which is represented by «,,, defined as

Agp = }IZ—Z 9
where P, and P, are the pure gas permeabilities'®. An advantage of using the ideal selectivity
is that only single gas measurements are required. A disadvantage is that it can deviate
substantially from the separation factor, because the presence of a certain gas sometimes
influences transport of other gases (depends on molecular properties like size and mass) due

to, e.g., swelling of the membrane14-16,

1.1.2.3 Molecular weight cut-off (MWCO)
The MWCO is another representation of the selectivity of a membrane, often used to

characterize membranes with larger pore sizes and for membrane classification in generall’.
It is defined as the minimum molecular weight (MW, in Dalton) of a test solute that is retained
for 90% by the membrane!®. The determination is done by fitting a so called “cut-off curve”,
where the retention of the membrane is plotted for different MW solutes (Figure 2)2°. Depending

on the application of the membrane, the cut-off curve should be rather sharp or not.

R (%) 4
(00|
V= e m e == ==

MWCO
e -

MW (kDa)

Figure 2: Cut-off curve of a membrane to determine the MWCO.
1.1.3 Classification

There are multiple ways to classify membranes. The first, most general way is to
distinguish based on the origin of the membrane, namely natural (e.g., cell membranes) and
synthetic membranes. The advantage of synthetic membranes is that they can be tailored for
specific applications. A more detailed classification of these synthetic membranes can be
based on the material (organic or inorganic), the charge, the pore size, the driving force, and
the morphology?® 7. In the next part, morphology will be explained in more detail, and the driving

force and pore size will be elaborated on in section 1.1.5.Morphology



A general classification based on morphology is depicted in Figure 3. Membranes can be either
symmetric (isotropic) or asymmetric (anisotropic) and can be neutral or charged. Symmetric
membranes can be porous or dense® 23, Typical thicknesses for symmetric membranes are in

the range of 10-200 um. Thin membranes with respective high fluxes are desired.

Because there is a limit to how thin these membranes can be made, a major breakthrough in
membrane technology was the development of asymmetric membranes. They combine the
high fluxes of thin membranes with the, in general, higher selectivities of dense membranes.
In porous asymmetric membranes, porosity and pore size vary across the membrane, with a
“skinlayer” of narrow pores of very limited thickness (<0.5 pm) which will determine the
selectivity of the membrane, on top of a more open support layer (50-150 pm). For thin-film
composite (TFC) membranes, the dense toplayer and support layer are made from different
materials (more in depth in part 1.2)5. Another benefit of the thin toplayer is that it makes it
economically feasible to use more expensive monomers with superior characteristics. In
contrast to these TFC membranes, for integrally skinned asymmetric membranes the two

layers are made from the same material?®.

Symmetric Asymmetric
Porous Dense Thin-film composite
DODOg ==
OODOQ SS e
5&/ \,J _ Q,’\Q QO
8 SO
JQ@ sfaee

Flgure 3: Representation of different membrane morphologies. Adapted from?*.

1.1.4 Transport through membranes
Transport through the membrane is, among others, determined by the direction of flow, the

size of the pores, interactions between the membrane and feed molecules, and the differences
in properties of these molecules will determine the selectivity of the membranel’. Transport
through porous and dense membranes is based on different mechanisms (Figure 4). The two
main models to explain these mechanisms are respectively the pore flow model (based on
convective transport) and the solution-diffusion (SD) model (based on diffusive transport)?2 23,
In short, selectivity is achieved by size exclusion of molecules (the pore is too small for the
molecule) in the pore flow model, and by different rates of solution and diffusion of molecules
through the polymeric membrane material in the SD model. These models differ in their

underlying assumptions. In the SD model, a constant pressure is assumed over the membrane

6



and that the chemical potential gradient of the permeant is represented by a concentration
gradient. For the pore flow model on the other hand, it is the other way around: a constant
concentration is present, while the pressure gradient induces the chemical potential gradient?+.
As dense membranes are used in this work, only the solution-diffusion model will be further
considered.

O

AN AR

O

7

AN

Figure 4: The two main membrane transport mechanisms: pore flow vs solution-diffusion. Adapted from?.

1.1.4.1 Solution-diffusion (SD)
The SD model can be used to describe transport through dense membranes used for, e.g.,

RO, dialysis, GS, and pervaporation (PV)25 2627,

When the pores of a membrane become small, the nature of pores changes from static to
dynamic. The term dynamic is used because pore diameters smaller than 5 A enter the range
of thermal motion of the membrane’s polymer chains?®. These membranes will be called non-
porous or dense, and the dynamic pores are described in terms of free volume at a molecular

level 33.

Transport of both solvent and solute based on the SD model consists of 3 steps?> 33, First, the
permeant dissolves into the polymer at the high chemical potential side of the membrane.
Secondly, it diffuses through the membrane down a concentration gradient. It will move from
free volume element to free volume element which is possible because of the moving polymer
chains. Lastly, desorption happens at the low chemical potential side of the membrane. The
diffusion step will be the rate limiting step of this process in most cases. Separation of
molecules is possible by both a difference in dissolution and diffusion rates. As the membrane
is separating molecules based on subtle differences in characteristics, making sure the
membrane is fully intact is of big importance, since defects will result in non-selective

convective transport through the membrane33,

When gases are separated using a dense membrane, the gas molecules will sorb and
condense on the membrane before they are able to move through it and will eventually

evaporate to appear as a gas again at the other side of the membrane. This sorption depends



on the ability of the gas to condensate and to mix with the membrane polymer?°. Permeation
of these gas molecules through the membrane will happen with a certain permeability (P in

Barrer), which is the result of the product of the solubility (S in M} and the diffusivity (D in

cm3cmHg

mT) of the permeant:

P=S%*D 10

S and D are respectively thermodynamic and kinetic parameters. They both have an
exponential dependance on temperature and are specific for different membrane materials3*
34, Smaller molecules will have higher D values but lower S values, while the reverse is true

for larger molecules33.

In literature, the terms diffusivity selectivity and solubility selectivity are often used. This first
term indicates the polymer’s size sieving ability, which always favors the smaller molecule!®:
29, The second term is important for separation of molecules with similar size and can be
tailored by introducing specific functional groups in the polymer that increase the solubility of
the target molecule. Careful design is needed because the sensitivity of D towards polymer
structure is generally larger, and changes more radically than S2°. For more rubbery polymers
though, D is less sensitive to the permeant size than for glassy polymers, meaning differences
in solubility selectivity will dominate?®. Finally, more permeable polymers are often less
selective, which is why upper bound lines can be defined in permeability-selectivity plots to

represent the tradeoff between them?16,

1.1.5 Membrane Processes
The separation mechanism of a membrane can be subdivided into classes based on the driving

force. As previously mentioned, this can be pressure, temperature, concentration
(activity/fugacity) and electrical potential. Only pressure- and concentration-driven membrane
processes will be elaborated upon as these are the relevant driving forces for this thesis. Other
membrane processes are extensively discussed in papers and books (references 17, 23, 30,
and 34).

1.1.5.1 Pressure-driven membrane processes (PDMPs)
Pressure-driven membrane processes can be classified according to pore size (Table 1), but

also according to the size of retained species?3. A short overview of the different kinds of

membranes using pressure as a driving force is given here.

Microfiltration (MF) membranes are often used to filter out suspended solids and bacteria

(MW>100 kDa)?* 23, Ultrafiltration (UF) can be used to retain dissolved macromolecules like



proteins from solutions (MW>10 kDa)3°. When the pores get even smaller and the nanofiltration
(NF) range is reached, multivalent ions and dissolved organic solutes (>100-200 Da) are
retained. Finally, reverse osmosis (RO) membranes can be used to retain most ions and
permeate almost exclusively water molecules. This increase in rejection of compounds goes
hand in hand with a drastic decrease in permeance (Table 1). Size exclusion due to molecular
sieving will be the separation mechanism for the membranes with the biggest pores (MF, UF),
and the solution-diffusion model will explain the mechanism for membranes with the smallest
pores (NF, RO). In reality, there is no hard distinction between these processes, as the change
from MF towards RO is gradual. This explains why in literature, one paper can refer to a “dense
ultrafiltration membrane”, while another can refer to an “open nanofiltration membrane”, while

both refer to a membrane with similar performance.

Table 1: Overview of pressure-driven membrane processes!’26:2833 SP= symmetric porous, AP= asymmetric porous,
TFC = thin-film composite.

Membrane Membrane Separation  Pressure Pore Size Permeance
Process Type Mechanism (bar) (nm) (I/m2h.bar)
Microfiltration SP, AP Sieving <2 100-10000 >50
Ultrafiltration AP Sieving 2-10 10-100 10-50
Solution-
Nanofiltration AP, TFC o 10-30 0.5-5 1.4-12
diffusion
Reverse Solution-
_ AP, TFC - 35-100 <1 0.05-1.4
Osmosis diffusion

Since RO membranes are able to remove monovalent ions from a solution, they are currently
used for sea and brackish water desalination, producing around 1% of globally consumed fresh
water3l, High pressures are required for this process (Table 1). This is because of the osmotic
pressure that builds up between the concentrated feed side and the diluted permeate side
(Figure 5). To let water flow through the membrane from the concentrated to the diluted side,
a pressure is required which exceeds the osmotic pressure. The resulting solvent (water) flux
is given by:
Ja = A(Ap — oAm,,) 11

where ], is the solvent flux, A is the water permeation coefficient, o is a correction factor
because the membrane does not achieve 100% rejection, Ap is the applied hydraulic pressure,

and Am,, osmotic pressure gradient across the membrane active layer between the feed and

permeate sides!’: 33,34, 35,
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Figure 5: Graphical illustration of osmotic phenomena. From32.

The osmotic pressure (m, in Pa*10-%) can be calculated with following formula:

m=ixc*Rx*T 12

where i is the number of osmotically active solute particles, c is the solute concentration
(mol/L), R is the universal gas constant (8.31446 Nm/mol K), and T is the absolute temperature
(K)%. As a relevant example, the sea water in the Mediterranean Sea (c = 0,68 mol/L, T =290
K)3738 has an osmotic pressure of 32,8 bar. As the pressure needed to desalinate sea water is
high, brackish water is often preferred for desalination because the lower salt concentrations

result in lower required operating pressures.
The solute flux is given by a different equation:

Js = BAC, 13

Where B is the solute permeability coefficient and AC; is difference in solute concentration over

the membrane3s.

1.1.5.2 Concentration-driven membrane processes (CDMPs)
The driving force for CDMPs will be a concentration gradient, or better: a gradient in activity of

the component over the membrane. Examples of CDMPs are dialysis, forward osmosis, PV
and GS'" %, These GS membranes can be used in industry, as a lot of attention is being paid
to reducing atmospheric carbon dioxide (CO.) due to global climate change. Membranes are
being installed to separate CO, from the exhaust gasses to avoid its release into the
atmosphere. Some other typical commercial applications of GS are H, separation, supplying

Oz or N2 enriched air and COz-removal from natural gas® 39 33,29,

For gasses, the driving force is actually a gradient of fugacity (f), which is the effective pressure,
or “escaping tendency” of the gas*®. For an ideal gas, fugacity is equal to the partial pressure
of the gas in the feed stream. For real gasses at high pressure, the difference between fugacity
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and pressure becomes important (f/P=0,71 for P=60 bar)33. Depending on the application, gas
pressures used in GS can range between 1 and 100 bar!’ 41-44, To increase the concentration
of the permeant, the total pressure needs to increase. In fact, concentration and applied
pressure are more or less proportional to each other for gas separations using membranes?!’:23,
Therefore, most of the coming examples could also have been discussed under the PDMPs.
PV and GS both require a fugacity gradient across the membrane and the separation
mechanism is based on the SD model when dense membranes are used. Exceptionally,
porous membranes can be used for GS as well, which will allow Knudsen flow (pores of 10-

100 nm) or molecular sieving (pores of 0,5-10 nm)17: 6,

1.1.6 Membrane fouling and concentration polarization
The performance of most membranes does not stay constant over their lifetime, as the flux and

selectivity are often noticed to change over time. This can be attributed to membrane fouling,
which will decrease the flux through the membrane due to an increased flow resistance and is
a problem that all pressure-driven membrane processes face*®. A difference can be made
between reversible and irreversible fouling, which respectively refer to a more loosely, and
tightly attached foulant on the membrane surface. The former can be cleaned physically, while

the latter requires chemical cleaning“é.

Membrane fouling can be classified in different ways. Here, the classification of Du et al.*” is
followed. Internal fouling, also known as “pore blocking”, is caused by adsorption of solutes
within the pores of the membrane. External fouling, also called “cake formation”, is caused by
deposition of particles and molecules on the membrane surface due to the pressure difference

between the feed and the permeate sides.

Concentration polarization is another class of membrane fouling and refers to the accumulation
(or depletion) of solutes and ions near the membrane surface as a result of selective
transport4”-48.:50, This can cause certain species to exceed their saturation concentrations,
resulting in the formation of precipitates*®. However, the main reason for a decrease in flux are
not these precipitates, but the need for an increased driving force. A boundary layer is formed
where concentrations become higher than in the bulk solution (Figure 6). This will induce a
reverse diffusive flux, lowering the actual flux through the membrane. To maintain a constant
flux, the pressure will have to increase with time. The effect on retention depends on the solute
size. It can become higher because large molecules prevent one another to go through this
concentrated boundary layer, but it can also be lower for example for salts due to the high local

concentrations33.
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Figure 6: Concentration profile with concentration polarization. Adapted from®°.

There are ways to prevent membrane fouling. By implementing pretreatment measures like
sand filters, impurities and large molecules can already be eliminated from the process>®!. Other
methods include improving the membranes structural properties, applying cleaning
procedures, backwashing, improving turbulence over the membrane by using patterned

membranes or by applying crossflows3: 52,

1.2 THIN FILM COMPOSITE MEMBRANES

A TFC membrane is an asymmetric membrane made from two or more layered materials. It

generally consists of a nonwoven fabric backing, a porous base layer (polysulfone (PSF),
polyimide (PI), polyvinylidene fluoride (PVDF) or polyether ether ketone (PEEK) UF
membranes) which serves as a mechanically strong support layer, and a thin selective layer.
The microporous support layer is often synthesized using the phase inversion technique and
the selective layer for liquid separation applications by interfacial polymerization (IP), and for
gas separation applications by coating techniques (dip-, spin-, drop coating)®3. As mentioned
earlier, the materials that make up the three layers are different and thus can be optimized

individually to obtain a membrane with specific properties®*.

Polyamide (PA) TFC membranes are widely used in RO for desalination. A cross section of
such a membrane is depicted in Figure 7. A polyester nonwoven is used to provide extra
mechanical stability, and the microporous substrate is used as an intermediate layer to provide
a more gradual change in pore sizes. It also serves an important role in regulating transport
pathways of water and solutes through the membrane, and furthermore, in IP, dictates the
formation of the PA film to some extent®. Because of this importance of the microporous
substrate, multiple ways to fine-tune its properties have been applied such as incorporating

nanomaterials, blending substrate polymers, and the like%’. To improve the membrane
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performance further, alternative monomers can be used during IP, modifications can be made

to the membrane surface, and the polymerization reactions can be optimized>8.
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Figure 7: Schematic representation of the PA TFC membrane structure. From®®,

1.2.1 Phase inversion

Phase inversion is a technique widely used in the commercial production of stand-alone MF
and UF membranes. This makes it a suitable technique to produce support layers for TFC
membranes. The technique is based on the transition from a homogeneous liquid polymeric
casting solution into a solid membrane in a controlled manner821.5°, This transformation occurs
as a result of a demixing process, that changes the thermodynamically stable single phase
casting solution into a polymer rich phase, which will solidify to form the solid matrix, and a
polymer lean phase, which can be washed out to form the membrane pores®2t. Multiple
methods exist to induce this demixing process, such as solvent evaporation, thermal
precipitation (cooling down of cast film) and immersion precipitation (immersion in
nonsolvent)®®. The latter, also known as nonsolvent-induced phase separation (NIPS), is
capable of forming different membrane morphologies by tweaking several synthesis
parameters, such as casting temperature and composition of the nonsolvent bath, making it a
popular method for asymmetric membrane formation®>%61, As this method will be used to make

support layers in this work, the mechanisms playing a role in NIPS are discussed below.

1.2.1.1 Mechanisms of NIPS
A dope solution is cast and subsequently submerged in a nonsolvent bath where the solvent

will leave the solution, and phase separation will be induced. To fully understand the NIPS
mechanism, its kinetic and thermodynamic aspects must be considered. To visualize the latter,
a ternary phase diagram (Figure 8), where polymer, solvent, and nonsolvent are represented
by the corners of the diagram, is often used. Every mixture of those three components is a

point in the triangle. The binodal line separates the thermodynamically stable monophasic
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region from the metastable region. In this metastable region, demixing will allow a polymer rich
and a polymer lean phase to form according to a “nucleation and growth” mechanism. These
two phases are in equilibrium with each other, and their composition is shown by the point
where the binodal and the tie-line cross. The metastable region is separated from the
thermodynamically unstable region by the spinodal curve. In this regime, the two phases will

form co-continuously and can alter to form nuclei®®.

Polymer

Binodal curve

Spinodal curve
Metastable region

Homogeneous region
(stable region)
Two phase region

\ . C
Critical point \ «<— Tie-line

Solvent Non solvent

Figure 8: Ternary phase diagram. Adapted from®2,

If a cast polymer solution has composition A on Figure 8, different paths can be followed during
the immersion in the nonsolvent bath. If the path goes from A to B’ within t<1 second, the
demixing will happen slowly and is thus called “delayed demixing”. This will result in rather
dense, sponge-like morphologies, causing the membrane to have rather low permeances but
high rejections (Figure 9). If the path goes from A to B to C within t<1 second, the unstable
region will be reached quickly (point C), causing demixing to happen fast. This process is called
“‘instantaneous demixing”. A more open (more permeable) membrane will be formed with

finger-like macrovoids in the substructure and with generally a lower rejection®0.65,

Figure 9: Sponge-like (A)®® and finger-like (B)®* membrane morphology.
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Although the phase diagram is a useful tool to study the thermodynamics of the system, it does
not provide any information about the kinetics. The mass transfer rate between solvent and
nonsolvent determines the kinetics of the demixing process, which depend on, amongst others,
the viscosity and the chemical potential gradient. When a cast film is immersed in a nonsolvent
coagulation bath, the gradient at the top part of the film will be the largest, resulting in the
highest exchange rate. With time, the exchange rates slow down because the gradient gets
smaller and because a toplayer is formed which adds resistance to mass transfer®. When

more viscous solutions are used, these rates are lower as well.

1.2.1.2 Parameters of influence
As mentioned earlier, a lot of different membrane morphologies can be formed using the NIPS

technigue. Changes in morphology mostly originate from the diffusion speed of the solvent and
nonsolvent in or out of the cast film®. There are several parameters that when adjusted slightly
can result in a different performance of the membrane. These parameters will not be discussed
in depth as it would be out of the scope of this work, hence only an overview will be given of
some important parameters. A more detailed discussion of these parameters is demonstrated

by papers like 60 and 65. A list of important parameters??. 60. 65;

e Choice of polymer: pretreatment (MW, drying...), concentration, and hydrophilicity (for
water purification)

e Choice of solvent: determined by polymer (Hansen solubility parameters), viscosity, and
interaction with nonsolvent.

e Choice of nonsolvent: determined by viscosity, interaction and miscibility with solvent.

e Additives

e Casting conditions: evaporation time, temperature, casting speed, impregnation of
support, relative humidity, membrane thickness

e Precipitation conditions, composition of coagulation bath, temperature, residence time
in coagulation bath

e Post-treatment: annealing, drying, solvent treatment, crosslinking

1.2.2 Interfacial polymerization
In conventional IP, two monomers are dissolved into two immiscible phases. Typical monomers

used in the synthesis of PA membranes are trimesoyl chloride (TMC) in the organic phase,
and m-phenylenediamine (MPD, for RO membranes) or piperazine (PIP, for NF membranes)
in the aqueous phase®> 66.67, The pores of the support layer are impregnated with the aqueous
monomer solution, and the organic monomer solution is added on top. The monomers will

diffuse to the interface and can react with each other through a step-growth copolymerization
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(see 1.3.3.1) to form an interfacial crosslinked polymer film which will be the selective layer.
The formed polymer network will be confined to the interphase due to its low solubility in both
phases®. The amine is applied in a higher concentration to ensure complete polymerization.
The supply of reactants through the forming layer is low, resulting in a self-terminating reaction
which leads to a very thin polymer film®°. Next, a heat treatment can be performed for further
polymerization and for better adhesion between the support and selective layer’®. The final
membrane performance will depend on various factors during the synthesis process, such as

concentration, reaction time, post treatment, and properties of the support layers°.

As mentioned in the introduction about TFC membranes, the influence of the support on the
toplayer formation is quite important. The support layers which are being used are just regular
UF membranes with their own limitations. For example, it is important to assess the stability of
the support material in relation to the feed solution regarding application optimalization.
Regarding the synthesis, a large distribution in pore sizes can be present in these membranes,
causing the IP solutions to penetrate deeper into some pores than others resulting in a PA
layer that varies in thickness, or that is defective’. This variation in pore sizes and porosity
can also affect the availability of monomer at the interface, along with the interactions between
monomer and support. The surface hydrophilicity is also important to ensure good adhesion
between the PA layer and support layer. For a hydrophilic support, the most dense layer in the
PA film will be formed at the interface of the PA film and the support with an outward growth
direction of PA, while for hydrophobic support layers the densest layer will be formed at the top

surface of the PA layer with and inward growth direction (Figure 10)72.

Polyamide growth direction: Polyamide growth direction:
Inward Outward
Polyamide
Polyamide layer
Hydrophobic PTFE support Hydrophilic PTFE support

Figure 10: Selective PA Ia;ae)r growth. A) hydrophobic PTFE membrane, first immerseélbzn organic phase, then aqueous
phase. B) hydrophilic PTFE membrane, firstimmersed in agueous phase, then organic phase. From?2.

The surface morphology of typical MPD-TMC-based membranes is described by a “ridge-and-
valley” (R&V) structure, while for PIP-TMC-based membranes it is a more globular structure
(Figure 11)°% 73,74 There is still debate in literature about the desirability of these R&V

structures are desirable, as they often indicate high NaCl rejections, and could enhance the

16



surface area to generate higher fluxes’®. A downside could be an increased colloidal fouling
behavior due to this increased surface roughness’. To promote R&V formation, rougher and
more porous supports could be used as they provide a larger reactive area between the IP
solutions. More hydrophilic supports could allow deeper penetration of aqueous phase into the
support, hence forming the PA layer deeper inside of the support resulting in a smoother

surface’.

Figure 11: Left) Surface ridge-and-valley structure of PA layer, typical for MPD-TMC membranes. From?3. Right) surface
globular structure, typical for PIP-TMC membranes. From™” .

1.2.3 Interfacial initiation of polymerization (IIP)

In 1IP, the process is slightly different compared to conventional IP. Instead of a reaction
between two monomers, now a monomer and an initiator are dissolved into two immiscible
phases (Figure 12). The chain-growth polymerization reaction (see 1.3.3.2) is initiated by the
initiator at the interface and proceeds in the organic phase, in which the monomer is dissolved.
In contrast to conventional IP, the reaction is not self-terminating (it can continue as long as
there is monomer available), and the polymer will mainly consist of one monomer and the
initiator will be built in at chain ends and during crosslinking’®. In section 1.3, the IIP system
will be applied to the synthesis of epoxide-based membranes for which the reactions will be
discussed more in detail.
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Figure 12: Schematic representation of A) IIP B) conventional IP.

1.3 POLY(EPOXYETHER) MEMBRANES

In the search for stable and robust membranes, epoxides have recently received attention.
Although epoxide bulk chemistry is well-established, the application of epoxides in membrane
technology is new. Verbeke et al.”® published a first paper of a series in 2019 about transferring
epoxide bulk chemistry to interfacial synthesis of TFC membranes. In the upcoming part, the
characteristics (stability, reactivity) of these epoxides, how they compare to normal ethers, how
they can be used, and which polymerization pathways can be followed to synthesize a

membrane with them, will be discussed in depth.

1.3.1 Ether Characteristics
The ether bond is a C-O-C linkage, which can rotate rather easily. To assess the

reactivity/stability of organic molecules, the leaving group, which will need to accept electrons
to be able to leave the molecule, plays an important role. For alcohols and ethers for example,
those leaving groups (O-H and O-R respectively) are similar strong bases which want to donate
electrons, making them less reactive and requiring them to be activated to undergo a

substitution or elimination reaction®°.

As a result, ethers are generally quite stable. Alkyl phenyl ethers decompose around 400 °C
and under normal circumstances most ethers only react with hydrogen halides. Reactivity
towards the C-O bond cleavage is similar in ethers as in alcohols (similar leaving group)° 81,
Ethers will need to be activated by protonation before undergoing a nucleophilic substitution.
Acids like HBr or HI will be able to do this but HCI will not because CI- is too poor a nucleophile
in water (polar protic solvent) compared to Br- and I-. Even in those cases, the reactions still
require heating in order for them to have a sufficiently high rate8% 8, Acids are often used for
cleaning in, e.g., reverse osmosis water desalination practices, but are also present in feed

streams of other applications like mine leachates. Alkaline chemicals can be added as well in,
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e.g., cleaning in place (CIP) membrane cleaning systems to remove organic foulants®. The
lack of reaction with most of these acids and bases makes ethers a better choice of material

for a membrane than the less stable polyamide for example.

1.3.2 Epoxides
Even though epoxides (or oxiranes) could be classified as ethers, their reactivity is completely

different. This is because of their characteristic form: a three membered ring consisting of two
carbon atoms and an oxygen atom. The carbon atoms in this arrangement have a sp3
hybridization which means the ideal bond angle would be 109,5°. In reality, this angle is only

60°, resulting in a lot of ring strain which makes epoxides reactive®.

Epoxides can be made by a chemical conversion of an alkene through the chlorohydrin or
hydroperoxide routes. The chlorohydrin process (Figure 13) was introduced during the first
world war in Germany. In this process, propylene for example can react with chlorine, and this

product reacts with calcium hydroxide to be dechlorinated and form the epoxide®s.
OH
X + Cl + H0 — /‘\/C' + HCI

OH

0
K _a 4 caony, = <] + CaCl, + H,0

Figure 13: Chemical reactions occurring in the chlorohydrin process. From®

A more efficient pathway is the direct oxidation of ethylene to ethylene oxide by using a silver
catalyst®6. An alkene can also react with hydroperoxide in the presence of a metal catalyst.
The chlorohydrin and hydroperoxide reactions are carried out on an industrial scale but

generate a lot of acid and chlorinated waste?’.

Epoxides can be bought as the pure compound as such, or as epoxy resins, consisting of
prepolymers which are made by condensation reactions®. These epoxy resins are thermosets,
implying that the curing of the prepolymers is irreversible, and an insoluble, rigid polymer
network can be formed. Multifunctional curing agents (a broad range of nucleophiles8®: 9. °1)
can be used to form strong networks®?. These cured networks as well as the prepolymers are

both denoted as ‘epoxy resin’'12,
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1.3.3 Polymerization
The driving force of epoxide polymerization is the strain on the oxirane ring® %. Epoxides can

polymerize through different mechanisms, of which the most important for this thesis will be
discussed below. They will mostly react through a Sn1 mechanism in acidic environments and
through a Sn2 mechanism in neutral or basic environments® %, Because amines were used
as initiators in this work, most examples are applied to them. Amines are bases, which results

in an Sy2 mechanism for the ring opening of epoxides.

1.3.3.1 Step growth
To be able to have a step growth reaction, two different functional groups are needed. These

can be on two different monomers, or both on the same one. The polymer chain grows by
addition reactions occurring in discreet steps between monomers, oligomers and polymers but
this is a slow process most of the time®”. It lacks a termination step, which means that polymers
can keep on reacting as long as there are reactive groups left%’.

Strong nucleophiles such as primary or secondary amines can open the epoxide ring by
performing a nucleophilic substitution reaction (Figure 14)%. This is also called “nucleophilic
ring-opening polymerization” (NROP), and is a step growth polymerization reaction. The direct
attack will happen according to the Sn2 mechanism, meaning that the nitrogen will attack the
least sterically hindered carbon atom of the oxirane ring%. The product of these reactions are
B-alkanol-amines (Figure 14). Secondary amines show lower reactivities than the primary
amines because of the increased sterical hindrance. The crosslinking reaction, which will form
a poly(B-alkanol-amine) polymer is accelerated by the presence of hydroxyls1® 101 Tertiary
amines resulting from these reactions are most often too sterically hindered to contribute to

further homopolymerization reactions'°2,

o =
O‘/ :0: T OH
/ \ <+
(a) R N R ‘\ T*H - = RK ” R
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Figure 14: Reaction mechanism for step-growth polymerization in presence of (a) primary amines and (b) secondary
amines. From®,
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If the epoxide is not bifunctional, only very short chains will be able to form (Figure 14), while
when multifunctional monomers are used, a large, interconnected network can be formed
(Figure 15)103,

/\vo
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N

Figure 15: Polymer network formation via step growth polymerization. Adapted from%3

1.3.3.2 Chain growth
In contrast to the discrete reactions happening in the step growth reactions, chain growth

reactions depend on the amount of active sites (chain ends)®’. The polymerization process
contains three steps: initiation, propagation and (in most cases) termination'°2, Initiation and
propagation include nucleophilic substitution reactions®97. A visual representation of this
mechanism is provided in Figure 16 to be able to easily compare this mechanism to the step

growth polymerization mechanism.

1a00e M%

I Initiation Propagatlon Termmatlon

Figure 16:Polymer network formation via chain growth polymerization.

1.3.3.2.1 Anionic ring-opening polymerization
An example of oxirane ring opening chain growth polymerization is the anionic ring-opening

polymerization (AROP). Requirements for this kind of chain growth homopolymerization are

the presence of Lewis acid catalysts, Lewis bases like tertiary amines or inorganic bases like
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sodium hydroxidel92, There have been a lot of studies about this AROP but there is still no

universally accepted mechanism agreed upon.

The mechanism starts with an initiation step, where an anion is formed which will be the
propagating species. Reaction la depicts a direct attack on the amine on the least sterically
hindered carbon atom through a Sn2 reaction mechanism to form a zwitterion® 1%, Some
researchers conclude from kinetic experiments that proton donors are necessary for this
reaction to happen, as the phenyl glycidyl ether (PGE) polymerization virtually did not occur
when using dimethylbenzylamine (DMBA) as an initiator in the absence of a proton donor.
In that case, the proton donor will activate the epoxy ring by constructing a hydrogen bond and
thus forming a donor-acceptor complex with the epoxy compound, as depicted by reactions
1b. The amine can attack the carbon atom and through a trimolecular transition state, the active
site will be formed?1°0. 101, 105 Qther researchers believe the tertiary amine does not need an
external proton donor to open the ring, which they explain by isomerization of the epoxy
compound resulting in an unsaturated alcohol, In reaction 1c, the amine gets protonated by
a proton donating compound to yield a reactive alkoxide which will be the propagating species.
In any case, the anion that is formed will be stabilized by electron-withdrawing groupsi®’. The
polymerization is believed to be autocatalytic because of this zwitterion/alkoxide formation as
active catalysts in the process. These two species are only stable at relatively low temperatures
(under 60 °C for ethylene oxide)°1,
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Figure 17: Possible reaction mechanisms for anionic ring-opening polymerization of epoxides initiated by a tertiary

?rrg\rw?oso: 7chIuding donor-acceptor complex formation by a proton donor to form the propagating species. Adapted

The propagation step is the second step in the reaction mechanism. The reactive alkoxide
formed during the initiation step will continue reacting with new epoxides resulting in a growing
polymer (Figure 18)% 101. 104 |t is often shown that the presence of hydroxyl containing
compounds speeds up the polymerization rate, but the effect of an increased amine
concentration is observed to have a larger effect on the polymerization rate (consumption of
monomer) than the same increase of, e.g., alcohol concentration!%8. The structure of the co-
catalyst (hydroxyl containing compound) seems to have a very small effect on this acceleration
effect. Another important trend is the inverse relationship that is usually seen between catalyst

concentration and molecular weight of the polymer chain196. 108,

R/(_‘i" R_,/o\/T\R_ii R"/O\)\o/\l/w iﬁ" R"'[’O\/L}o/\]/ﬁ

Figure 18: Propagation step in the AROP of epoxides with a tertiary amine as initiator.

The last step in the process is a termination step in which active species are consumed in an
irreversible way'19. This can happen by a zwitterion or proton donor that reacts with the

alkoxide. As can be seen in Figure 19, the hydroxyl concentration will remain constant°,
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Figure 19: Termination step in the AROP of epoxides with a tertiary amine as initiator

Downsides of these AROP reactions are the low reaction rates with long induction periods and
the relatively short chains produced because of transfer reactions®? 101 110, These transfer
reactions can happen as side reactions in this process, resulting in allyloxy compounds as

depicted in Figure 20°%4.
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Figure 20: Transfer reaction of the propagating alkoxide and epoxide monomer. Adapted from®4.

1.3.3.2.2 Initiators for AROP
As mentioned earlier, inorganic bases like sodium hydroxide but also alkali metal derivatives

(mainly alkoxides) or organoaluminium based initiators can be used19294.109  \When using
inorganic bases for polymerization, the resulting polymers will be of low MW?’. In order to get
polymerization initiated with alkali metal alkoxides, an aprotic and apolar medium (e.g.,
dimethyl sulfoxide (DMSO), dimethylformamide (DMF)) should be used to be able to dissociate
the active species®. However, the system used in this thesis consists of a water and a toluene
phase and therefore it is not possible to use alkoxides. Some extra attention needs to be paid
to tertiary amines as initiators because they will be used in this work. The important groups are
imidazoles, alkanolamines, aromatic and, aliphatic amines. The aliphatic tertiary amines have

mostly been studied until now.
Aromatics

An amine group has a positive mesomeric effect on the phenyl ring when it is directly attached
to it, making the free electron pair less available to execute nucleophilic attacks'’®. Hence,
purely based on nucleophilicity, aromatic amine initiators are expected to have lower initiation
rates than aliphatic initiators. However, it could be interesting to use initiators containing
aromatic rings in certain systems as it would decrease the solubility in the agueous phase.
When a defined reaction zone is desired and no further diffusion of the initiator in the aqueous

phase is wanted, the use of an aromatic initiator could be an option.
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Imidazoles

Imidazoles have a secondary and a tertiary amine group, which could potentially react through
different reaction mechanisms (Figure 21). The tertiary amine (3-(N)) is the active nucleophile
that reacts to form an alkoxide adduct, which would be the true catalyst of the reactions with
epoxidest®. Through a H* transfer reaction, a neutral molecule is obtained, of which the 1-(N)
nitrogen likely shows similar reactivity as the 3-(N) nitrogen towards the epoxide group and

forms a zwitterion!!!, The formed alkoxide will then propagate the polymerization>”.
W/ /:\ ? H* transfer
HN 2/N + = Neen o . .

TO_

/:\ HO

N\/N\)\CH /Q/ \)\ /Q/ /\\ \)\
1:1 adduct 2:1 adduct

Figure 21: Generally accepted reaction mechanisms of imidazoles with an epoxy resin. Adapted from?*7.

Berger and Lohse (1985), on the contrary, describe differences in conversion and time
dependencies between polymerization catalyzed by 2-ethyl, 4-methyl imidazole and 1-methyl
imidazole, suggesting different starting mechanisms when epoxides are polymerized by
imidazoles with or without secondary amines!!3. Depending on the rate of the proton transfer,
this could be explained by the fact that 1-(N) substituted imidazoles directly form a 1:1 adduct
containing the reactive alkoxide compared to the unsubstituted imidazoles, if proton transfer
happens quickly, only form a 2:1 adduct containing the reactive alkoxide group'?. The
polymerization rate and degree of polymerization is observed to increase with increasing

catalyst (alcohol) concentrations113,
Alkanolamines

Alkanolamines contain a hydroxy group, making the 1b reactions in Figure 17 the most
plausible initiation mechanism. It could be expected that the polymerization has a higher rate
than the polymerization with an aliphatic tertiary amine as initiator because of the presence of
these hydroxy groups. When initiator concentrations increase, more epoxy groups can be
activated resulting in a higher crosslinking degree and (crosslinking) reaction rate, and a

shorter induction time114,
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1.3.4 Advantages of PEE membranes

1.3.4.1 Liquid separation applications

The water that is purified in industrial RO plants often contains salts, bacteria, and suspended
solids. Aforementioned, this can cause membrane fouling, causing adverse effects on the
separation process like membrane plugging, which results in an increased energy use and a
reduced membrane lifetime. Chemical pretreatment is because of these issues an important
step in industrial RO plants. Caustic chemicals like NaOH can be added resulting in a
decreased solubility of certain compounds like organic carbon (TOC), silica, and boron. Acids
like HCI or H2.SO4 are often added in order to reduce membrane plugging by, e.g., increasing
calcium carbonate (CaCOs) solubility, hence reducing CaCOs scaling''®>. There are different
reasons why H>SOys is preferably used over HCI, e.g., it reduces corrosion of the piping network
and pressure vesselst!>. Another downside of HCl is that when it used, a lot of precaution must
be taken to eliminate all free chlorine in the feed after the acid treatment, as it would oxidize
the common PA RO membranes>. Other factors that affect the lifetime of RO membranes are
hydrolysis, operating pressure, bacterial attack and chemical degradation11¢. Given this
information, an innovative RO membrane should be able to handle certain acids, bases, free

chlorine, and high pressures.

The polyether polymer chains are, as mentioned earlier, quite stable. In some cases, these
ether groups are still susceptible to an attack, e.g., when an ether oxygen is directly attached
to an aromatic ring (benzyl ethers) 8., Both HCI and H2SO4 will not react strongly with ethers
because of the weak nucleophilicity of their anions, resulting in a preference of SN1 reactions
over SN2 reactions®® 8182 QOnly for concentrated H.SO4, a reaction could occur. Besides this
stability for acids used in RO, ether bonds are also very stable towards bases, oxidizing and

reducing agents’®. Polyethers also have a high hydrolytic stability17 118,

1.3.4.2 Gas separation applications
In order to reach high selectivities, one can choose for a membrane with high diffusivity- or

solubility selectivity?®. The first will always favor the smaller molecule, however a high P and «a
are desired for CO:2/light gas (CHs, N2, H2) separation, which can be accomplished by
optimizing the flexible membrane material towards solubility selectivity by choosing a polymer
containing a lot of polar groups 6. Ether oxygens have been proven to provide good CO;

separation as well as permeation properties?®.

26



1.3.4.3 General advantages
Some additional advantages are:

a)

b)

By crosslinking the chains with tertiary amines, positive charges will be built in, and the
membranes will achieve charge-based rejection mechanisms?!19,

There is a wide range in epoxy monomers available for the synthesis of these PEE
membranes, often produced at large scale, hence giving the opportunity to easily tune
the membranes.

The epoxide chemistry is well established. A lot of research has already been done
about the reactivity and curing, which is helpful in understanding processes that are

happening during synthesis or membrane performance.
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PART 2: MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Support layer

2.1.1.1 Commercial PAN support

The commercial PAN support used in this work is a PX UF PAN-based membrane (MWCO
400 000 Da), purchased from Synder Filtration. This membrane requires a pre-treatment to

remove a pore blocking agent. The chemicals used in the pretreatment are:

e 2-Propanol (IPA), ACS reagent, 99+%, Chem-lab NV

e Deionized water (DI water)

2.1.1.2 In-house synthesized PAN support
PAN supports were also synthesized in-house on top of a non-woven support. These non-

wovens were polyester based Hollytex 3329 purchased from Kavon Filter Products Co. and
the polyethylene terephthalate/polybutylene terephthalate (PET/PBT) Novatexx 2483
purchased from Freudenberg Filtration Technologies were used. The chemicals required

during the synthesis steps are:

Polyacrylonitrile (PAN), MW = 150 000 g/mol, Sigma-Aldrich
1-methyl-2-pyrrolidone (NMP), 99% (extra pure), Acros Organics

N, N-Dimethylacetamide (DMAc), 99% (pure), Acros Organics

DI water

2.1.2 Selective layer

2.1.2.1 Monomers and initiators

The EPON™ resin 1031 by Hexion (denoted as EPON) is used in the RO system as the
epoxide monomer, while poly(ethylene)glycol diglycidyl ether (MW=512 g/mol) by Sigma-
Aldrich (denoted as PEGDE) is used in the GS system.

EPON, or tetraphenolethane tetraglycidylether (Figure 22, A), is a solid multifunctional epoxy
resin, able to form a dense crosslinked polymer. EPON has an epoxy-equivalent-weight (EEW,
i.e., the weight of the resin per epoxide group) of 195-230 g/eq'?°. The resin should contain
low levels of ionic impurities and has an excellent thermal stability. It is often used in laminate

applications, structural composites and adhesives?!?!.
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Figure 22: A: EPON structure, B: PEGDE structure.

PEGDE, or poly(ethylene glycol) diglycidyl ether (Figure 22, B), is a viscous fluid which is highly

soluble in water and produced by polymerizing ethylene oxide122.123.124,

In addition to these two monomers, the following chemicals were used during the synthesis of

the TFC membrane:

e N, N, N’, N-Tetramethyl-1,6-hexanediamine (TMHD), >98%, Tokyo Chemical Industry
Co., LTD.

e N, N, N’, N-Tetramethyl-1,3-propanediamine (TMPD), 99+%, Acros Organics™

e Imidazole (IM), 99%, ThermoFischer (Kandel) GmbH.

e 1-Methylimidazole (1-MIM), >99%, Tokyo Chemical Industry Co., LTD.

e 2-Methylimidazole (2-MIM), 99%, Sigma-Aldrich

e 1,4-Diazabicyclo[2.2.2]octane (DABCO), >98%, Tokyo Chemical Industry Co., LTD.

e Tris(2-dimethylaminoethyl)amine (Me6Tren), 98+%, ThermoFischer (Kandel) GmbH

e 1-Methylbenzimidazole (1-MBI), >98%, Tokyo Chemical Industry Co., LTD.

e 4,4- Methylenebis(N, N-dimethylaniline) (MBDA), 98%, Acros Organics™

e Toluene, >=99%, Fisher Scientific

e Milli-Q (MQ) water (18.2 MQ.cm at 25 °C)

2.1.3 Spin coating
The chemicals used for spin coating the sealing layer on top of the GS membranes are:

e SYLGARD™ 184 Silicone Elastomer Base, The Dow Chemical Company.
e SYLGARD™ 184 Silicone Elastomer Curing Agent, The Dow Chemical Company.
e n-heptane, 99+%, Chem-lab NV

2.1.4 Feed solutions for filtration experiments
Pure water flux measurements and rejection tests were performed using:
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e Milli-Q (MQ) water (18.2 MQ.cm at 25 °C)
e Sodium chloride (NaCl), Fisher Scientific

2.1.5 Gas separation experiments
The gases used for gas separations are:

e Carbon dioxide (CO>), >99.995%, Air Liquide
e Methane (CH4), >99.995%, Air Liquide
e Nitrogen (N2), >99.995%, Air Liquide

2.1.6 Zeta potential measurements
The chemicals used during zeta potential measurements are:

e Potassium chloride (KCI), 99.995% (metals basis), Thermo Scientific Alfa Aesar
e Hydrogen Chloride (HCI), 37%, A.C.S. Reagent, VWR
e Potassium Hydroxide (KOH), 99.98% (metals basis), 85% min, Thermo Scientific™

2.1.7 Porometry
To prepare samples for the gas liquid porometry measurements, following chemicals were
used:

e Porefil 250, fluorinated hydrocarbon wetting fluid, Porometer
e Ethanol, 99+%, Fisher Scientific

2.2 METHODS

2.2.1 Commercial PAN support pretreatment
To prevent pore collapse, commercial membranes are often treated with pore conservers.

Before use, these conserving chemicals must be washed out the PAN PX support. This is done
by immersing the membranes in a 1L beaker containing a mixture of 75 v% DI water and 25
v% IPA. After 15 mins, the membranes are turned around in the beaker to ensure every part
of the membrane is wetted. After 15 more mins, the mixture is discarded and the beaker
containing the membranes is filled and emptied 3 times with DI water. Then, the membranes
remain for 20 mins in the beaker filled with DI water before storing them in a DI water filled

plastic container in a refrigerator for later use.

2.2.2 In-house PAN support synthesis
The commercial PAN PX support that was used is likely a polyvinyl acetate (PVAc)-PAN blend,

although the exact composition is unclear. To avoid the observed significant differences
between different batches of the same type of commercial support, PAN supports were cast
in-house. First, the PAN polymer powder was dried in the oven at 100 °C for at least 24 h to

evaporate any adsorbed water. Dope solutions were made by weighing PAN into a vial and
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filling a small Duran bottle with solvent (NMP or DMAc). The solvent was stirred at 700 rpm at
60 °C when the PAN was added all at once from the vial into the bottle, to achieve a
homogeneous dispersion of the dope solution. Then the stirring was gradually decreased down
to 50 rpm while maintaining the heating at 60 °C. The PAN solution was left overnight to
dissolve, removed from the stirring plate and left to degas overnight. Hereafter, the dope
solution was cast with a wet-film thickness of 250 um on a solvent impregnated non-woven
using a film coating device (MEMCAST™, Porometer) at a certain speed (3 cm/s for 12 wt%
PAN in DMAc, and 1 cm/s for 15 wt% PAN in DMACc) at room temperature. The non-woven
was attached to a glass plate using tape and was dabbed with a paper tissue to remove excess
solvent. Immediately after casting the glass plate was submerged into the nonsolvent bath
filled with DI water at room temperature. After 20 mins, the cast membranes were transferred
into plastic containers filled with DI water for storage in a refrigerator. Every time when casting,
the relative air humidity was measured using a memory hygrometer/thermometer (Traceable®

Products). This protocol was adapted from referencel?s,

2.2.3 Initiator concentration calculation
To compare other initiators to TMHD, molar equivalents of amine groups rather than similar

w/v% were used. In a 1 w/v% solution of TMHD in water, 0,0058 moles TMHD or 2 x 0,0058
moles of amine groups are present. A 1N concentration is equal to the amine molar equivalent
to 1 w/v% TMHD, 2N to 2 w/v% TMHD and 4N to 4 w/v% TMHD. One active amine group was
used in concentration calculations for the 1-MIM, two for TMHD, IM, 2-MIM, DABCO, TMPD,
and MBDA, three for Me6Tren.

2.2.4 Support-free interfacial polymerization
To check whether film formation was possible, vial tests were carried out for the different

initiator-monomer pairs. In a glass vial, a bottom phase of 5 w/v% PEGDE in MQ water and a
top phase of 1N amine solution in toluene were contacted to mimic the GS system. For the RO
system, a bottom phase of 1N amine solution in MQ water and a top phase of 1.5 w/v% EPON
in toluene were contacted. After certain time intervals (1 h, 2 h, 1 day, 3 days, 1 week), a visual

check was performed to verify whether a film was formed at the interface.
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2.2.5 Selective layer synthesis
The toplayer synthesis allows for tuning of various parameters. In this study, mostly initiator

concentration and reaction time were varied.

2.2.5.1 Reverse osmosis membrane
Two kinds of selective layers can be synthesized using the protocol of Verbeke et al.”®: the

one-step (1S)- and two-step (2S) membranes. To synthesize this 1S membrane, the PAN
support is impregnated for 1h in a slowly stirred aqueous initiator solution. If the initiator is
sensitive to light, the cylinder was wrapped in aluminum foil. After impregnation, excess liquid
on top of the membrane was blown off using compressed air. Next, the membrane was fixed
in a specifically designed IP setup (Appendix, Figure 50, active area of 88 cm?), and about 50
mL of 1.5 w/v% EPON in toluene was poured slowly into one of the corners of the setup. A
glass lid was placed on top of the setup to prevent toluene evaporation. After allowing the
reaction to proceed for a fixed duration, the EPON solution was discarded, and 25 mL of
toluene was poured into the corner and the setup was slightly rocked to remove unreacted
monomers from the formed membrane. After this washing step, the membrane was removed
from the setup, dried at room temperature for 5-10 mins, and placed in DI water for 1 h to
remove excess initiator. Finally, the membrane was stored in a plastic container filled with DI

water in a refrigerator until further use.

To synthesize the 2S membrane, the impregnation and the first EPON step are similar to the
1S membrane. After this first EPON step, however, the solution is now replaced with a fresh
50mL of 1.5 w/v% EPON solution. After an additional hour of reaction, the solution is discarded,
and the membrane washed with toluene. Subsequently, 50 mL of the aqueous initiator solution
is applied and left to react for 1h. This solution is then discarded, the membrane washed with
toluene, and subsequently dried for 5-10 mins. The membrane is then placed in DI water, and

finally stored in a refrigerator as for a 1S membrane.

2.2.5.2 Gas separation membrane
The synthesis of the GS membranes is similar to the RO membranes, with the difference that

some phases are inversed, and the IP setups are slightly bigger (active area of 112 cm?). For
1S membrane synthesis a 5 w/v% of PEGDE in MQ water solution is used for impregnation,
and about 75 mL of initiator in toluene solution was poured into one of the corners of the setup.
The membranes were washed by applying three glass pipets of about 4 mL toluene
homogeneously over the membrane, and slightly rocking the setup. Hereafter, the membrane
was removed from the IP setup and again rinsed with toluene using a glass pipet. The

membrane was fixed on a glass plate and dried overnight. Next, the membranes were
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immersed in toluene for 18 h in order to remove alle unreacted monomers. Finally, the

membranes were dried and stored in a box protected from dust.

For the 2S membranes, the impregnation, PEGDE and washing step are similar to the 1S
membrane, but now 75 mL of fresh 5 w/v% solution of PEGDE in toluene was added again to
react for 1 h. After a toluene washing step, 75 mL of initiator in toluene solution was added
again for an additional hour of reaction. Finally, a toluene washing step, membrane drying,

immersion in toluene and storage were conducted similarly to the 1S membrane.

2.2.6 Solvent annealing of supports
To check whether toluene anneals the support membrane, exactly the same process is done

as the synthesis of a selective layer, but without monomer or initiator. The supports can be 1S-
or 2S annealed.

2.2.7 Spin coating
As the performance of GS membranes is sensitive to defects, it is necessary to apply a PDMS-

sealing layer on top of the TFC membranes, sealing any potential defects allowing convective
transport of gasses. The PDMS layer should be sufficiently thin, in order to not significantly

alter the membrane permeance.

The PDMS sealing layer was applied using spincoating (Erichsen spincoater), using an
adapted protocol from Nikolaeva et al.}?°, A 20 wt% PDMS with a 1:10 curing to base agent
solution in heptane was prepared??’. This solution was pre-cured for 1 h in an oil bath at 70°C
whilst stirring. After being allowed to cool for 30 mins, 2 mL of cooled off solution was applied
the membrane surface using a micropipette prior to spinning for 1 min at 1000 rpm. This

procedure was repeated 3 times, always leaving 10 mins between every spinning step.

2.2.8 Adsorption tests
Methylene blue adsorption tests were performed to measure the adsorption capacity (q,) of

different types of membranes according to an adapted protocol from Bull (2022)1%8. A
membrane coupon was cut and excess water was dabbed off using a paper towel upon
weighing. This coupon was then immersed in 50 mL of 15 pM aqueous methylene blue solution
in a glass beaker which was sealed off to avoid evaporation. The solution was stirred at 300
rpm using a magnetic stirring plate, and after certain time intervals, a 2 mL sample was taken
using a micropipette, of which the absorbance was measured using a UV-VIS
spectrophotometer. The adsorption capacity at time t (g,, mg/g) was plotted against the time

and calculated according to
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q, =
where c,and c; are the dye concentrations (mg/L) in the liquid phase at time 0 and time t, V,
and V, are the volume (L) of the solution at time 0 and time t, and m is the mass of the the
membrane coupon (g). One reference experiment was included, for which all the steps were
the same, except no membrane coupon was added to the dye solution. Since no substantial
change (i.e., background adsorption) in dye concentration was observed for the control
experiment, there was no need to correct the observed “adsorbed” dye mass in order to

calculate the membrane adsorption capacity.

2.2.9 Membrane characterization

2.2.9.1 Gas liquid porometry

The pore size and pore size distribution of a membrane can be derived by measuring the gas
(N2) pressure needed to displace a certain wetting fluid present in the pores'?®. The higher the
pressure, the smaller the pores can be which will be emptied. This will result in an increasing
gas flux through the membrane until all pores are empty, as of when the gas flux will increase
linearly with the pressure. First, a wet membrane sample is immersed in pure ethanol for at
least 2 h in order to replace all water. This is required as the surface tension of ethanol is lower
than of water, which will make it easier to be replaced by porefil (a fluorinated hydrocarbon
wetting fluid) in the next step. This replacement is done by completely immersing the
membrane sample in porefil and placing this in the vacuum oven for 2 h at room temperature.
Afterwards, the membrane sample is placed in the Porolux™ (Porometer), and a wet curve is
measured, representing the gas flow through the membrane in function of the applied pressure.
At the highest pressure, all pores should have been emptied, so that the dry curve of the
membrane can measured subsequently. Based on the data of those two curves, information
about the largest, mean, and smallest pores can be calculated as well as, total pore number

and surface porosity.

2.2.9.2 Liquid filtration experiments
Liquid filtration experiments were done using a Spider™ (Porometer) high throughput

membrane testing module. In this dead-end filtration setup, 16 membrane coupons (active
filtration area of 1.54 cm?) could be tested under the exact same conditions. 4 coupons of the
same membrane were measured in order to provide statistically adequate results and
compensate for any defect coupons. To measure the pure water flux (for support layers), MQ

water was used as feed and a pressure of 1 bar was applied (pressurized N.). To measure salt
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rejections, a 5 mM NaCl in MQ water solution at 10 bars was used, stirred at 350 rpm during

the filtrations to reduce concentration polarization.

After allowing the membranes to reach steady state, permeate was collected in glass vials for
a certain amount of time in order to calculate permeance and rejection using equations 4 and
7, where dQ can be calculated from the amount of mass collected in the time interval and the
density of the permeate, and C; is the retentate concentration the end of collecting permeate
in the vial. Salt concentrations were determined by conductivity measurements using a

Consort™ C3010 multiparameter analyzer.

2.2.9.3 Gas separation experiments
Gas separation experiments were done using a high throughput gas separation device

(HTGS™ (Porometer)), where 16 membrane coupons (active filtration area of 1.54 cm?) could
be tested under the same conditions. For all separations the same conditions were used: a
temperature of 35 °C and 2 bars of upstream pressure of a 25/75 CO2/N2 mixture. The
membranes were left overnight in the HTGS in order to initially reach steady state. When the
feed composition was changed to 100% CO- or N2, steady state was checked by measuring
the selectivity of the least permeable membrane every half hour for at least 1.5 h. When the
deviation between two consecutive measurements was less than 1%, steady state was
assumed. Hereafter, the selectivity and permeance of the other coupons were measured.
Selectivity was measured using a compact gas chromatograph with a Porabond Q/ RT-Q-bond
column (Interscience). Permeance was measured by capturing the permeate gas in a known,
constant volume while measuring the change in pressure. To calculate the selectivity,

equations 8 and 9 were used.
Formulas used for respectively mixed-gas and pure-gas permeability (barrer) are:

Xi XPyp XAXRXTdt

— 10
Pi,mixed =10 15

Vxl dp

s 16
Pup X AXRXTdt

Pi,pure =10

where y; and x; are the mole fraction of component i in the downstream and upstream
respectively, V is the downstream volume (cm?3), [ is the membrane thickness (cm), p,,, is the
upstream pressure (Torr), A is the membrane permeation area (cm2), R is the gas constant,

and T is the temperature (K)? 127,
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2.2.9.4 Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR)
ATR-FTIR was used as a qualitative characterization technique to determine the membrane

chemical composition. To minimize interference with water, the membranes were dried for at
least 24 h atmospherically before measuring the spectrum. A Bruker Alpha FTIR Spectrometer
was used, equipped with a diamond crystal and a single point MCT detector. A spectrum was
recorded between 400 and 4000 cm ! with a resolution of 2 cm by taking the average of 32

scans with a scanning depth between 0.5 and 2 um?*0,

2.2.9.5 Scanning electron microscopy (SEM)
SEM was used to visualize the surface morphology of the selective layer and cross section of

the support layers. Small pieces of dried membrane were fixed on a sample holder by carbon
tape. A JEOL JFC-1300 Auto Fine Coater was used to coat the samples twice for 30 seconds
with a 60/40 Au/Pd coating, to prevent charge accumulation what could result in image
artifacts'31. The measurements were conducted on a JEOL JSM-6010 LV scanning electron

microscope, operated with acceleration voltage of 10 keV.

2.2.9.6 Contact angle measurements
Contact angle measurements were performed with a Kriss DSA 10-Mk2 Drop Shape Analysis

System in order to characterize the hydrophilicity of the membrane surface. A water droplet of
4 mL was formed at the tip of a needle, and subsequently put into contact with membrane
surface. Through a set of lenses, the Drop Shape Analysis System measured the contact angle
between the membrane surface and the water droplet for 30 seconds (static contact angle).
Afterwards, the needle was inserted in the droplet without touching the membrane, and
continuously inserted water at 6,32 pL/min. These “advancing” contact angles were measured
again for about 30 seconds. By using this advancing contact angle method, more consistent
results should be retrieved from the same membrane sheet as surface inhomogeneities will

have less influencel32. 133,

2.2.9.7 X-ray photoelectron spectroscopy (XPS)
By irradiating the membrane surface with an X-ray beam, electrons from the top 1-10 nm of

sample will be ejected with a certain kinetic energy. By measuring these ejected
photoelectrons, a quantitative elemental composition as well as binding energies of the atoms
present at the membrane surface can be derived3*. To record sample spectra, an X-ray
photoelectron spectrometer (Axis Supra, Kratos) with a monochromatic Al Ka (hv = 1.4867
keV, 10 mA emission) X-ray source, hemispherical analyzer, hybrid (magnetic/electrostatic)
optics and a multichannel plate and delay line detector (DLD) with a take-off angle of 90° was

used. To hold the pass energy at a constant value, the hemispherical analyzer was set in Fixed
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Analyzer Transmission (FAT) mode. All the survey scans were taken at a pass energy of 160
eV and high-resolution scans at a pass energy of 20 eV, all under charge neutralization
conditions using a low energy electron gun within the field of the magnetic lens. The spectra
were processed using the CasaxXPS software!4®. Obtained results are preliminary due to time

constraints.

2.2.9.8 Zeta potential
Zeta potential measurements were performed on a SurPass 3 (Anton Paar). The samples,

which were stored in water, were blotted at the non-woven side with tissue paper to allow good
attachment to the sample holder. The samples were then cut in squares of 20 x 10 mm and
subsequently attached to the sample holders of the same dimensions with carbon tape. Each
zeta potential measurement was performed using 150 mL of 1 mM KCI solution (in MQ water),
which was first acidified to pH 2 with a 0.1 M HCI solution. Argon gas was used to purge the
electrolyte solution to reduce the buffering effect and resulting pH drift of dissolved CO.. Before
starting the pH scan, the sample was allowed to stabilize in the acidified electrolyte solution by
performing 10 rinse steps at 600-200 mbar, at which time the gap height was adjusted to a
value between 90-110 ym. Once the sample was stabilized, the pH scan was initiated. Each
step consisted out of 2 rinse cycles, followed by 4 zeta potential measurements (600-200 mbarr,
all values above 500 mbar were discarded to reduce measurement errors). The pH was varied
in steps of 1.5 and titration was performed using a 0.1 M KOH solution. All data points with a
correlation coefficient lower than 0.9 between the measured value and predicted value of the

Helmholtz-Smoluchowski equation were discarded.
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PART 3: RESULTS AND DISCUSSION

In order to study the role of the initiator on the epoxide-based membrane synthesis and
performance, a strategically chosen set of initiators was defined. For RO membranes, the
initiators should be soluble in water, while for GS membranes, they should be soluble in
toluene. As these systems significantly differ from each other, the influence of the initiator on
the synthesis-structure-performance relationship of these two classes of membranes is

discussed separately.

A standardized testing procedure was used for every initiator. First, support-free interfacial
polymerization via simple vial tests was conducted to verify whether a film formed at the
interface. Second, a set of membranes was synthesized by keeping the monomer
concentration constant, but by varying the type of membrane (1S or 2S), the reaction time (1
or 3 h), and the initiator concentration (0.5N, 1N, 2N, 4N). These synthesis conditions are
represented by a membrane code, e.g., PAN PX TMHD 1N 1S 1h, where the first part
represents the support on which the toplayer is synthesized (here PAN PX), the second part
the initiator (here TMHD), and the third part the specific synthesis conditions (a concentration
of 1IN in a 1S-type membrane with a reaction step of 1 h). Third, ATR-FTIR measurements
were performed to verify the occurrence of polymerization, with as key attention points the
decrease of epoxide absorption bands and the increase in alkyl ether and initiator related
bands. When there were signs of polymerization, filtration experiments were carried out.
Finally, more physicochemical characterization techniques like SEM, contact angle, zeta
potential, and XPS were executed in order to establish the membrane synthesis-structure-
performance relationship. In addition, differences in performance originating from varying

synthesis conditions for the same initiator, were examined.

3.1 RO SYSTEM

3.1.1 Support-free interfacial polymerization tests
Although limited, vial tests can provide rudimentary information about an interfacial reaction3.

First of all, it provides information on the occurrence of polymerization. Furthermore, the
evolution of a formed film can be tracked in time, giving information about the speed at which
the polymerization process occurs. Care must be taken when interpreting these results as this
is only a proxy for the real system. Indeed, there is no support layer present, nor is there a
possibility to perform a densification step, and visual observations might not always be
accurate. Reference experiments are conducted in which either EPON or the initiator is omitted
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from the system. When EPON is omitted, no film is observed. However when the initiator is
omitted, a thin, transparent film is observed (Appendix, Figure 52), likely to be a layer of
deposited EPON molecules at the water-toluene interface due to the interactions with glycidyl
ether functional groups. For all the studied initiators, film formation is observed within 2 h
(Figure 23), suggesting that all amines are able to initiate the epoxide ring-opening
polymerization. In the TMHD vial test, film formation is observed after 30 mins, in the 2-MIM
vial test after 1 h, and in the other tests after 2 h. After one week, morphologically similar thin,
white films which are confined to the interface can be observed for all initiators. For TMHD, a
thick, yellow film which is rather spread out over both phases is formed up to an extent where
it starts to sink into the aqueous phase. The thickness of the film can be attributed to the high
dissolution of TMHD into both phases, or its higher nucleophilicity.

f‘ . 1y g 1 ‘
| o &= X ‘

S d
|
, : s >

1day 30 min 2h 2h 1h 2h 2h

Figure 23: Overview of the vial tests with different initiators for the RO membranes. Upper phase: 1.5 w/v% EPON in
toluene, lower phase: 1N initiator in MQ water. Most left picture: reference experiment: no initiator added in the water
phase. Pictures are taken after one week of reaction. At the bottom, the time after which film formation is first visually
observed has been provided.

This is in line with the short time after which the film can visually be seen, indicating a relatively
high polymerization rate. The thin film formed using the other initiators could be the result of a
more confined reaction zone as the other initiators are less toluene soluble (in-depth
physicochemical property comparison in specific initiator sections), or the formed films being
less permeable for the initiators (which are less flexible than TMHD) hence inhibiting the film
formation faster?®6. As this results in a thin synthesized selective layer, it might be an interesting
characteristic for IIP. However, the time after which first signs of film formation were observed
are higher, making them less attractive for IIP.

3.1.2 Defining the reference system: TMHD
As a film is formed in every vial experiment, the initiators appear to be promising candidates

for membrane synthesis. The EPON-TMHD system has already been studied thoroughly,
hence this is defined as the reference system, as such a system is necessary to compare

membranes synthesized with new initiators with79.119.169,
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Besides the synthesized toplayer, other effects like unreacted monomer adsorption or solvent
annealing of the support layer can also contribute to the observed salt rejection. 169 137,138
Hence, a baseline needs to be established which signifies this background rejection due to
non-toplayer effects, which was done by synthesizing a membrane according to the 2S
synthesis procedure, but without the initiator was added in the aqueous phase so that no

polymerization could occur (i.e., no initiator (NI) membranes).

3.1.2.1 Membrane performance on PAN PX
Reference 1S and 2S membranes were synthesized on a commercial PAN PX support (further

denoted as PAN PX) using TMHD as the initiator. These have a NaCl rejection of respectively
38% and 85% with concurrent water permeances of ~0.5 and 0.1 LMH/bar (Figure 24). The
salt rejection of the 2S membrane is comparable to what is reported in literature (81%), but the
permeance is drastically lower!!®, Similarly as previously observed in literature, it seems that
the 2S densification and re-initiation step is crucial in order to obtain high salt rejection.
Remarkably, the baseline NI membrane has rejection of ~41% and a permeance of 0.56
LMH/bar (Figure 24, NI). This performance does not differ significantly from the 1S TMHD

membrane.
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Figure 24: Performance of 1S and 2S membranes synthesized with TMHD as the initiator at a concentration of 1N, with
reaction steps of 1 h. Literature performance of the 1S and 2S membranes are depicted as “1S lit” and “2S lit"*1°. Filtration
conditions: 10 bar, 5 mM NaCl aqueous solution.

Problems related to PAN PX and optimization of in-house cast support

Firstly, the flux of all the epoxide-based TFC membranes is low compared to previous results.
Since the synthesis procedure is identical, the performance of a pristine, and solvent annealed
(2.2.6) PAN PX support was determined (Figure 25). The permeance is respectively 16.5 and
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11 LMH/bar, which is extremely low for an ultrafiltration membrane and also lower than the
previously used batch of this PAN PX, showing permeances of respectively ~140 (pristine) and
~100 (solvent annealed) LMH/bar'?5. The low permeance of this support layer combined with
the rather low total pore area of ~2% (50% smaller than the previous PAN PX batch), can lead
to the observed small permeances of the overall TFC membrane. Indeed, the so-called “funnel
effect” predicts that the permeate will have to be transported laterally in the toplayer along a
longer path before it can reach a pore of the support layer and be removed, compared to more

open support layers,

The second problem related to the support membrane is observed for the NI membrane.
Ideally, the rejection of this membrane would be close to zero with a permeance close to that
of the solvent annealed support so that deviations from this baseline value for the TFC
membranes can be attributed to the presence of a toplayer. However, EPON adsorption seems
to significantly contribute to the salt rejection of this membrane (Figure 25). This could be
explained by the low total pore area of the support (~2%)125. Support pores are more likely to
be covered and as such be “sealed” by EPON adsorption when the surface porosity is low,

further reducing the permeance from an already intrinsically low value!4°,
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Figure 25: Performance of the PAN PX support. Pristine refers to a washed PAN PX membrane, Solvent annealed to a
synthesis procedure of a 2S membrane but without EPON or initiator present in the toluene and water phase. Filtration
conditions: 10 bar, 5 mM NaCl aqueous solution.

The problematic adsorption can also partly be attributed to the fact that the PAN PX support is
likely a PAN-PVACc blend, as suggested by ATR-FTIR absorption bands at 1735 cm*and 1235
cm-1, corresponding to respectively C=0 and C-O stretches (Figure 27)48 173, The presence

of PVAc can slightly increase the hydrophilicity of the membrane, which might increase EPON
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adsorption. However, as the exact composition of the membrane is not revealed by the
manufacturers but definitely affects the interaction between the solvent, the initiators and
EPON, it was decided to move away from commercial supports and cast PAN support

membranes in-house.

3.1.2.2 TFC membrane performance on in-house cast supports
Synthesizing in-house support membranes allows control of the exact chemical composition

and ideally performance. Two PAN supports are made, of which the dope solutions consist of
12 wt% PAN (further denoted as DMAc12 support) and 15 wt% in DMAc (further denoted as
DMACc15 support), with varying porosities (Appendix, Figure 53) based on the work of Lenaerts
(2021).

For the DMACc12 support, the performance of the pristine, solvent annealed, and NI membranes
were measured. No NI membrane was made on the DMAc15 membrane because similar
performance was expected as the DMAc 12 NI membrane because of their similar chemical
composition. Both pristine membranes have no salt selectivity, but the DMAc12 membrane
(pristine and solvent annealed) has a permeance larger than 100 LMH/bar while the
permeance of the DMAc15 membrane is 65 LMH/bar (Figure 26). The baseline, DMAc12 NI
membrane experiences a drop in permeance, but the rejection remains low (1.65%), fulfilling

the desired criteria for a good support.

The rejection is again low for the 1S TFC membrane (9% on DMAc12, 2% on DMAc15) and
high for the 2S membrane (62% on DMAcl12, 82% on DMAc15). The 2S membrane
performance is now comparable to the previously mentioned results in literature, as the
permeance of both 2S membranes is ~2.5 LMH/bar. The DMAc15 support seems to be a better
support layer than DMAc12 for this system, since the rejection of the 2S 1h membrane is 33%
higher.
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Figure 26: Performance of support membranes and membranes synthesized with TMHD as the initiator at a concentration
of 1N, with reaction steps of 1 h. SA is short for solvent annealed. White background: membranes with DMAc12 support,
blue background: membranes with a DMAc15 support. Filtration conditions solvent annealed and NI membrane: 10 bar,
5 mM NaCl aqueous solution. Pristine: 1 bar, pure water.

3.1.2.3 Physicochemical characterization
For these in-house cast supports, FTIR measurements reveal characteristic PAN absorption

bands around 2245 cm (nitrile stretch), 1450 cm (methylene C-H bend), and 1370 cm
(methyne C-H bending)”3. An additional band at 1622 cm likely results from residual DMAc

trapped in the polymer matrix (highlighted in orange in Figure 27). This residual solvent is

removed when the support is solvent annealed?®>. The bands at 1735 cm and 1235 cm!

which are observed for the PAN PX support are not present anymore.
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Figure 27: ATR-FTIR spectra of PAN PX and a cast PAN support from a dope solution of PAN in DMAc. PVAc
absorption bands are highlighted in blue, DMAc absorption bands highlighted in orange.
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As the scanning depth is between 0.5 and 2 um and the thickness of the poly(epoxyether)
toplayer is only expected to be around 160 nm, both the absorption bands of this toplayer and
of the PAN support are expected to be observed for the spectrall® 130, Characteristic bands for
the EPON monomer can be observed at 1606 cm (C=C-C aromatic ring stretch), 1508 cm-
(C=C-C aromatic ring stretch), 1226 cm (asymmetric C-O-C stretch of aryl alkyl ethers), 1175
cm-1, with some lower intensity bands in the range from 1150 cm1to 1085 cmt (asymmetrical
C-O-C stretching vibrations), 1028 cm-1 (EPON: symmetric C-O-C stretch of aryl alkyl ethers),
968 cmt, 910 cm1 (C-O stretching of oxirane group), 830 cm* (C-H bending of para-substituted

aromatics), 750 cm-! (methylene C-H rocking bend) (Figure 28)141. 142,172,173,
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Figure 28: ATR-FTIR spectrum of the supports, pure EPON monomer, NI membrane, TMHD 1N 1&2S 1h membranes.
Black lines are used are for membranes containing a PAN PX support, green lines for membranes with a DMAc12 support.
The cast PAN spectrum is equal for DMAc12 and DMAc15. Epoxide signal highlighted in blue. Signals around 1508 cm-
Land 1450 cm* highlighted in red. The membrane spectra are scaled towards the PAN nitrile signal at 2245 cm™.

Since FTIR is a qualitative rather than quantitative characterization method, only the relative
difference in intensity of 2 bands can give a means to compare the abundance of a chemical
bond. For example, the band at 1508 cm! (aromatic ring stretch) for the NI membrane is about
half of the intensity of the band at 1450 cm* (methylene C-H bend), while for TMHD 2S (on
PAN PX), these bands have about the same intensity. This might indicate a higher presence
of EPON in the TMHD 2S membranes since the band at 1508 cmis only a characteristic band

of the EPON monomer.
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Apart from checking absorption bands related to EPON, it is also important to investigate
whether it polymerized, which would be visible as a decrease or disappearance of the epoxide
band around 910 cm. Neither the NI, TMHD 1S or 2S membranes seem to have this band.
EPON is expected to polymerize when TMHD is added, but for the NI membrane no initiator is
added, hence no reaction is expected. As other EPON bands are relatively weak, e.g., at 830
cm?® and 750 cm?, the small epoxide band might have disappeared in the noise of the
spectrum, similar to the TMHD 1S membrane. Alternatively, unreacted epoxide groups could
potentially hydrolyze and form two alcohols, however no substantial alcohol band around 3400
cm? is observed. Determining initiator related absorption bands can also be informative,

however none could be distinguished as these might coincide with EPON bands.

Top-view SEM images were taken in order to characterize the surface morphology of the
membranes. For TFC membranes made on different supports, there is a clear difference
between the 1S and the 2S membrane, with the 1S membrane exhibiting smaller, ring like

structures accompanied by small but rather bulky structures (

Figure 29). The 2S TFC membranes show larger bulky protrusions on top of a relatively flat
surface, in agreement with literature!?®. The DMAC12 1S and 2S NI membranes depict annular
structures which are more pronounced on the 2S NI membrane. On PAN PX, the NI
membranes contain rather flat, delineated structures but they are less circular than the
structures on the 1S membrane. To find out whether the structures on the NI membrane are
the result of EPON adsorption on the support surface, the membrane was placed in toluene
for 18 h. During this time, adsorbed EPON should redissolve and not be visible on the surface
anymore. Indeed, the sturcures dissappear after this toluene washing step, and only some
prints remain on the surface. Earlier research indicated that the bulky protrusions for the TMHD

EPON TFC membranes remained after toluene washing43.
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Figure 29: Top-view SEM images of membranes synthesized with a 1N concentration of TMHD. Top four images: on
PAN PX. NI WTOL relates to a 2S NI membrane washed in toluene for 18 h. Bottom 6 images on in-house cast supports:
white background: on DMAc12, blue background: on DMAc15.

Additionally, contact angle measurements were performed, where a significant difference can
be observed between the DMAc support, NI, and 1&2S 1h TMHD membranes (Appendix,
Figure 59). The support has the lowest angle, indicating it is the most hydrophilic. The observed
differences can be explained using the Hansen solubility parameters (HSP), which can be used
to compare interactions between PAN or EPON with water. The solubility parameter distance
Ra between water and PAN is 35.5, and the distance between water and EPON 40.4
(Appendix, Table 4). The lower this Ra is, the higher the affinity of the two compounds, meaning
water has more affinity for PAN than for EPON, and thus it makes sense the contact angle for
the NI membrane is larger than the support!44 145, The contact angle of TMHD 1&2S 1h
membranes is somewhere between the NI and the support. Its increased hydrophilicity

compared to the NI membrane is likely due to charge incorporation. However, it should be
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noted that the contact angle is also dependent on other surface characteristics such as surface

porosity or pore size, which might influence comparison between different membranes?!32.

3.1.3 Changing the reaction time during TMHD 2S synthesis
The current synthesis time of a 2S epoxide-based TFC membrane is 4 hours, which challenges

the scale-up of these membranes. In an attempt to shorten synthesis time, a reaction time
experiment was set up to verify whether selective membranes could be made by shortening all

synthesis steps.

3.1.3.1 Membrane performance
5 mM Nacl filtration

Additional 2S membranes were made on the in-house cast supports, where all the steps during
the synthesis were 20, or 40 mins compared to the 1 h reaction steps used for the reference
membrane. Here again, DMAc15 appears to be a more suitable support compared to DMAc12
as the rejection of the 2S 20m membrane is larger when it is made on DMAc15 instead of
DMACc12 (Figure 30). Itis clear that on both supports, the permeance of the 2S 20m membrane
is lower than the 1S 1h membrane, even though the total synthesis time is equal. In addition,
the permeance decreases almost linearly with increasing reaction times for the DMAc12
membranes, indicating more polymerization is happening. However, the only selective
membranes are obtained when the synthesis steps are 1 h, total synthesis time cannot be

decreased by simply reducing the duration of all synthesis steps.
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Figure 30: Performance of 1S and 2S membranes synthesized with TMHD at a concentration of 1N, with varying
reaction times (20, 40 mins and 1 h) White background: membranes with DMAc12 support, blue background:
membranes with a DMAc15 support. Filtration conditions: 10 bar, 5mM NaCl aqueous solution.
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15 pM methylene blue filtration

When shortening reaction times, the system might not have had enough time to crosslink,
resulting in a rather open polymer structure. In this case, the cut-off range of this layer might
be located at higher molecular weights compared to a dense 2S 1h membrane. As a
consequence, measurements with NaCl as a solute may be taken below the cut-off range of
the membrane resulting in low rejection!4é. To verify this hypothesis, filtrations were performed
using a higher MW solute, methylene blue (MW=320 Da).

All membranes show high rejections: 92% for the 1S 1h membrane and 99% for the 2S
20&40m membranes, with a permeance of around 5 LMH/bar (Figure 31). However, the NI
membrane also has a high rejection and standard deviation, making it difficult to significantly
distinguish between the baseline and the TFC membranes. This is most likely a result of MB
adsorption!4’. A first indication of this is a blue discoloration of the membranes after filtration.
This discoloration is less pronounced for the TMHD membranes compared to the NI membrane

(Appendix, Figure 54).
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Figure 31: Performance of 1S and 2S membranes synthesized on DMAc12 with TMHD as the initiator at a concentration
of 1N, with varying reaction times (20, 40 mins and 1 h). Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.

To get a better understanding of the MB adsorption on the membrane surface, adsorption
experiments by immersing the TFC membranes in the dye solution were performed. The
average time of a filtration is about 3 h, after which the adsorption capacity (q) of the TMHD
2S 1h membrane is 0.55 mg/g, 1.65 mg/g for the TMHD 1S 1h membrane and 1.88 mg/g for
the NI membrane (Appendix, Figure 55). Even though these values are likely overestimations,

as the support is also freely available for adsorption, the differences between the membranes
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indicate that during the filtration a large part of the rejection is due to adsorption for the 1S 1h
and NI membrane compared to the 2S 1h membrane. This is further confirmed by a filtration
where 105 pM- instead of 15 uM aqueous MB feed solution was used. For this higher feed
concentration, the rejection of the 1S membrane decreases to 22%, as the maximum
adsorption capacity is quickly reached compared to a filtration with only 15 uM. For the 2S
membrane, the rejection is still 96%.

3.1.3.2 Membrane characterization
On in-house cast support

There is a large difference in performance between the 1S and 2S TMHD TFC membranes,
both in the NacCl filtrations (i.e., drop in permeance with increasing reaction times) and in the
MB filtrations (i.e., difference in adsorption). This difference can be further explained by XPS
measurements (Figure 32). The ammonium content (N*, positively charged) in the TMHD 2S
1h membrane is 1.26 at.%, in the TMHD 2S 20m is 0.92 at.% and in the TMHD 1S 1h
membrane only 0.2 at.%?**°. This higher abundance of positively charged groups will decrease

adsorption of the positively charged dye MB due to electrostatic repulsion.
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Figure 32: XPS measurements on membranes synthesized with TMHD as an initiator. Two membranes on the left: on
DMAc15, membrane on the right: on PAN PX. Y axis: atom percentage of a certain bond.

It is however interesting that the 2S 20m membrane, which in total reacts for one hour (i.e.,
three reaction steps of 20 mins), has an N* of 0.92 at.%, and the 1S 1h, which also has a total
reaction time of one hour, only has an N* content of ~0.2 at.%. In addition, the DMAc15 2S
20m has an 80% lower salt water permeance than the 1S 1h membrane. These results suggest
that the re-initiation and densification step in the 2S synthesis procedure is more important
than the 1S IIP step to achieve a dense selective layer.
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The following hypothesis is established to explain the importance of the 2S densification step
to achieve high salt rejection. The poly(epoxyether) film that forms in the 1S step is expected
to have the highest charge density close to the interface, as initiation is most prevalent here.
Higher into the toluene phase, less initiation will occur, causing the upper part of the film to
have a high density of accessible, reactive epoxide functional groups, but a relatively low
charge density and a low crosslinking density. These properties will result in the low salt
rejection of the 1S membranes. For the 2S membranes, the epoxide and TMHD solutions are
subsequently reapplied onto the 1S film. Reapplication of the epoxide solution is expected to
further grow the polymer network and to increase the density of accessible, reactive epoxide
functional groups in the film. At this point, the film is solvated by toluene and will remain swollen
in the subsequent densification step, where TMHD is added on top of the film. TMHD diffusion
into the film is facilitated thanks to the swollen polymer network and the higher contact area
compared to the 1S step, where TMHD is only supplied from the pore mouths of the support.
TMHD can then react with the high abundance of epoxide groups, resulting in a dense film with
a high charge density. Furthermore, TMHD can also still react from the bottom side, so that
charge incorporation occurs at both sides of the film. The high charge density and the dense

network of the resulting 2S membrane contribute to its high salt rejection.

The ammonium content in the 2S 1h membrane is 1.26 at.%, which is only 30% higher than in
the 2S 20m membrane, even though the total reaction time is three times longer. This might
indicate that the incorporation of TMHD slows down over time, as the most readily available
epoxide groups will already have reacted. The rejection of the 2S 1h membrane is however
400% higher than the 2S 20m membrane, which might be explained by allowing the formation
of a denser network through crosslinks between EPON alkoxy and unreacted epoxide groups.

This importance of densification in order to achieve salt rejection is in line with literaturel48.

The formation of the polymer network was visualized by taking top-view SEM images (Figure
33). The growth and formation of the toplayer can be observed, starting to from the bare
support to form a rough surface for the 2S 20m membrane and evolves to a smooth surface
for longer reaction times. The typical EPON protrusions seem to appear as small, spherical

structures which grow over time into larger polymer structures.
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DMAc12

Figure 33: top-view SEM images of the DMAc12 support and 2S membranes synthesized on DMAc12 with TMHD
as the initiator at a concentration of 1N, with varying reaction times (20, 40 mins and 1 hour).

Zeta potential measurements were conducted on the membranes to investigate the membrane
surface charge within the measured pH range (2-10). The zeta potential of most TFC
membranes is negative across this entire range, only for TMHD-initiated 2S 1h membranes it
increases more rapidly with decreasing pH and becomes positive, resulting in an iso-electric
point (IEP) (Appendix, Figure 58). A negative zeta potential curve can be expected due to the
large specific adsorption of hydroxyl groups on the rather hydrophobic PAN chains, as
demonstrated by the negative zeta potential for the DMAc15 support'4®. This specific hydroxyl
adsorption might overshadow certain effects, but by comparing the zeta potential curves of
membranes with and without an IEP, some conclusions can be made. For example, the TMHD
2S 20m membrane has a 0.92 at.% ammonium content, but its zeta potential curve remains
negative. The zeta potential curve of a membrane containing mostly permanent positive
charges (i.e., quaternary ammonium groups, originating from the ROP of EPON), is expected
to be positive across the whole pH-range, around a more or less constant value. However, this
value could drop towards negative values as a consequence of specific hydroxyl adsorption
and hence result in a zeta potential curve as observed for the TMHD 2S 20m membrane. These
curves suggest that all the TMHD has reacted at both sides when the reaction steps are 20
mins. In contrast, the steeper zeta potential curve of the TMHD 2S 1h membranes which
contains an IEP, suggests the presence of additional pH dependent groups, i.e., dangling
tertiary amine groups, which result from TMHD incorporation from only one side.

The fact that the 2S 1h membrane has a higher N* content than the 2S 20m membrane likely
indicates that they contain at least the same amount of double-reacted TMHD, and because
the readily available reaction sites are already gone, the newly added TMHD in the 2S step
might only be incorporated via one side, resulting in dangling tertiary amine groups. These
obtained insights could open up new, efficient synthesis routes, where the first reaction steps
in the 2S procedure can be shortened, but with a longer final densification and charge

incorporation step.
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3.1.4 Initiator properties
The performance of membranes synthesized with new initiators will, as beforementioned, be

compared with the reference TMHD system defined in 3.1.2. Initiator properties will serve as a
tool to explain the differences in membrane performance and physicochemical properties.
While many initiator properties can be compared, a selection was made based on their
relevance in the interfacial ring-opening polymerization (ROP) (Table 2). However, since the
initiators used in this work are rather uncommon molecules, little experimental data about their
properties is available in literature. Therefore, numerical values are often predicted by models
(e.g., EPISuite, ACD/PhysChem Suite) based on the structure of the molecules (Table 3)%5.

Table 2: Overview of system characteristics and relevant initiator properties linked to them.

System characteristic Initiator property
SN2 reaction mechanism Spatial configuration (sterical hindrance)
Nucleophilic substitution reaction Nucleophilicity (N index, pKb)
Reaction in organic phase Toluene solubility
Initiator/crosslinker activity Functionality
Limited reaction time Diffusivity, solvation
Reaction near support Confinement effects, polarizability
Interfacial reaction Surface tension, interfacial coordination

The nucleophilicity parameter N can be used to compare the nucleophilicity between
molecules, but no data is available for the used initiators!®°. As a proxy, the pKy, can be used,
since basicity (tendency to attack a hydrogen atom) can be seen as a narrower form of
nucleophilicity (tendency to attack any atom). The pKyp values are depicted in the table and
increase in the order of TMHD = TMPD < Me6Tren = DABCO < 2-MIM < IM = 1-MIM < MBDA
~ MBI®. The log(P) (i.e., octanol-water partitioning coefficient, DABCO < IM = 1-MIM < 2-MIM
< TMPD < Me6Tren < MBI < TMHD < MBDA), the surface tension (TMPD = TMHD < Me6Tren
< 1-MIM < MBI = MBDA = 2-MIM < IM), and the toluene solubility can provide information about
the presence of the initiator at the interface or in the organic phase, and hence give an
indication whether it can initiate the polymerization. As the presence of the PAN support might
introduce catalytic initiator-pore wall interactions, there is a possibility that polarizability plays
a role as well, which increases in the order of IM < 2-MIM = 1-MIM < DABCO < TMPD = MBI
< TMHD < Me6Tren < MBDA?%L, The spatial configuration of initiators is also depicted as it has
an influence on the nucleophilicity, the diffusivity and the ability to penetrate a polymerized

network.
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Interactions between the initiator and the support or the interface, or differences in solvation of
molecules both in the aqueous and in the organic phase, also alter the behavior of the initiators
substantially in addition to intrinsic initiator properties'6> 179, Of course, there could be many
more parameters influencing the system than there are depicted here. In addition, certain
properties are intertwined (e.g., polarity, toluene solubility, log(P)), which further complicates
the contribution of a certain initiator property to the observed membrane performance and

physicochemical properties.

Table 3: Overview of a set of properties of the initiators used for all membranes'®?- 156, * Depict predicted values.

SR o b T Spatial
Initiator pKp Log(P) tension *1 (124 ~r 3 y P :
(dynefem) (*10%* cm?) configuration
TMHD 3.9 1.5*% 28.6+3.0* 22.1+0.5* Flexible
IM 7.05 -0.08 48.6+3.0 7.4+0.5 Rigid, small
1-MIM 7.05 -0.06 35.0+7.0* 10.0+0.5* Rigid, small
2-MIM 6.14 0.24 43.7+3.0* 9.4+0.5* Rigid, small
Me6tren 5.01+0.5* 0.77* 32.9+3.0* 28.8+0.5* Flexible
pKp1=5.3
DABCO -0.85* 42.3+5.0 13.3+0.5* Rigid
pKpa=11
pr1=3.9
TMPD 0.43* 27.2+3.0* 16.6+0.5* Flexible
pr2=5.9
MBDA  843+0.12* 437  41.8+3.0* 33.4+0.5* Semk')'zllii'b'e’
MBI 8.60+0.10* 1.44* 40.8+7.0* 16.3+0.5* Rigid

3.1.5 Imidazole (IM)
Imidazoles are often used as catalytic curing agents in epoxide chemistry at elevated

temperatures!!?, Imidazoles without substitutes on the 1-(N) position can act as crosslinkers
through a proton transfer mechanism (Figure 21).1%. To verify the effect on the IIP

characteristics of introducing a substitute on the 1-(N) nitrogen, and the sterical hindrance

53



caused by its presence, 1-methylimidazole (1-MIM) and 2-methylimidazole (2-MIM) were also
tested (sections 3.1.6 and 3.1.7, respectively) .

3.1.5.1 Membrane performance
On PAN PX

To get a better understanding on the behavior of IM as the initiator, membranes were
synthesized using different conditions (i.e., varying reaction times, initiator concentrations, 1S
or 2S). Care should be taken when drawing conclusions from this data, as the NI membrane
has a rejection of ~40%, which is often not significantly different from the IM-initiated TFC

membranes.

Extending the reaction time from 1 to 3 h (2N 1S 1h vs 3h ) does not have a significant effect
on either rejection or permeance (R~50%, P~0.4 LMH/bar, Figure 34), suggesting that the
density and thickness of-, or charge incorporation in the selective layer do not substantially
increase over time. This might be explained according to the reaction mechanism (Figure 21):
even if IM reacts from both sides, only one positive charge is incorporated due to H* transfer,
in comparison to two positive charges for TMHD. Additionally, IM is a short crosslinker,
resulting in charges and bulky side groups (i.e., sterical hindrance) to be present unfavorably
close to each other, slowing down the start of polymerization. This results in limited
polymerization and less thickening of the membrane than, e.g., a membrane initiated by the
longer, bifunctional TMHD. Indeed, the rejection of such a TMHD membrane increases slightly
when increasing the reaction time, suggesting densification and higher charge incorporation in
the selective layer. With increasing IM concentration, the permeance increases (1N 1S 1h vs
4N 1S 1h and 1N 2S 1h vs 4N 2S 1h), reaching a permeance of 1.7 LMH/bar for the 4N 2S 1h
membrane. This could be expected as higher initiator concentrations will result in shorter
polymer chains, which might not be able to form a dense, selective toplayer.106.108, Syrprisingly,
rejections go down when comparing the 1S with the 2S membranes, (53% vs. 42% for 1N),
and permeances go up (0.5 vs 0.8 LMH/bar for 1N), while for TMHD the reverse was observed.
This drop in rejection is likely due to insufficient polymerization and removal of loose polymer

chains by the toluene washing step, as suggested by XPS-data (section in 3.1.5.2)
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Figure 34: Performance of the IM membranes synthesized using different conditions: concentrations of 1N, 4N, type 1S
and 2S, reaction times of 1 h and 3 h. Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.

On in-house cast PAN supports

Some of the most promising membranes made on the PAN PX support were resynthesized on
DMAc12 and DMAc15 supports to circumvent the issues related to the high selectivity of the
NI membrane (i.e., due to adsorbed EPON). The permeance is on average lower on the
DMAc15 support (~19 LMH/bar) than on the DMAc12 (>25 LMHy/bar), but none of the
membranes made on these in-house cast supports show a rejection over 5%, indicating that
no salt selective toplayer was formed (Figure 35). On PAN PX, higher rejections are observed,
which can be explained by a number of reasons. The NI membrane on PAN PX already has a
high baseline rejection. Only the 1&4N 1S 1h membranes have a significantly higher rejection.
Here, the support might play a role in the film formation, e.g., due to interactions between the
epoxide and PVAc present in PAN PX but absent in the in-house cast supports, or due to an
increased hydrophilicity of PAN PX'25, Another explanation could be the occurrence of a
saponification reaction of the ester group in PVAc, which produces an alcohol and thereby
accelerates the polymerization rate® 198, Additionally, defects in the toplayer will more strongly
affect the performance of the TFC membrane on the self-made supports as they have a larger
surface porosity than on PAN PX (Appendix, Figure 53).

The MB rejection of the 4N 1S 1h and 1N 2S 1h membranes is also not significantly different
from the NI membrane, again indicating the absence of a selective, defect free toplayer
(Appendix, Figure 65). The adsorption capacity after 3 h (~1.4 mg/g, Appendix Figure 55) is

smaller than the NI membrane but similar to the supports q value. After filtration, membrane
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coupons had a blue discoloration, indicating significant adsorption occurs which results in

similar rejection to the NI membrane.
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Figure 35: Performance of IM membranes synthesized under different conditions. White background: membranes
with DMAc12 support, blue background: membranes with a DMAc15 support. Filtration conditions: 10 bar, 5mM
NaCl aqueous solution.

3.1.5.2 Physicochemical characterization
ATR-FTIR

ATR-FTIR measurements were performed in order to confirm IM incorporation and
polymerization. Characteristic PAN PX and EPON absorption bands, discussed in 3.1.2.3, are
observed for all spectra#?- 172173 All spectra on PAN PX appear similar except for the 1N 1S
3h membrane, for which the EPON bands are more intense than the PAN PX bands. This can
be due to the longer reaction time, allowing more EPON adsorption, which is further implied by
the increase of the epoxide band around 910 cm, compared to the other membranes. The
presence of this band indicates incomplete polymerization. Two new bands appear for multiple
membrane samples at 1063 cm- and 663 cm (highlighted in red in Figure 36), which can be
attributed to IM (likely a C-H out-of-plane-bending and ring deformation out-of-plane-bending,

respectively)160,
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Figure 36: ATR-FTIR spectra of IM membranes on top of a PAN PX support (black lines), or on DMAc12 (blue lines)
Epoxide signal at 910 cm highlighted in blue, imidazole signals at 1063 cm™ and 663 cm™ highlighted in red.
Spectra on DMAc12 were smoothened by taking the average transmittance of the surrounding six wavenumbers.

XPS and zeta potential measurements

XPS-data of the IM membranes (on DMAc15) depict a N* content of 0.10 at.% for the 1S (4N,
3h) membrane, and 0.19 at.% for the 2S (2N, 1h) membrane. No nitrile signal was detected
for either membrane, suggesting the presence of a homogeneous toplayer of a thickness of at
least 10 nm (i.e., XPS measurement depth) (Appendix, Figure 56). This 100% increase in N*
content for the 2S membrane for IM compared to a 500% increase for TMHD can be explained
by the lower charge incorporation of IM due to the proton transfer reaction (Figure 21),
compared to TMHD. The lower charge incorporation with IM as initiator is believed to be one
of the reasons of the generally low observed salt rejection. The lower N* content in absolute
values of the 2S membranes (0.19 for IM, 1.26 for TMHD), in other words less incorporation of
IM compared to TMHD, might be due to the lower log(P) or pKy (~nucleophilicity), hence lower
reactivity and availability of IM to initiate the reaction (Table 3). This lower reactivity was also
already depicted by the vial tests, where IM only showed first signs of film formation after 2 h,

compared to 30 mins for TMHD.

The presence of N* in the 1S IM membrane indicates initiation, and the fact that this N* content
is higher in the 2S membrane suggests re-initiation is likely happening as well. However, as

beforementioned, chain propagation will likely only occur from one amine group, which results
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in a less dense membrane than when chain propagation is possible from both amine groups
like for TMHD. As another toluene rinse step is present in the 2S compared to 1S synthesis
procedure, the toplayer might get damaged more severely for such low density and lower
crosslinked systems, resulting in the observed slight drop in rejection from the 1S to 2S

membranes.

Zeta potential measurements indicate the incorporation of IM as well, as the zeta potential of
the IM membrane decreases faster than the NI membrane for high pH (Appendix, Figure 58).

This is likely due to a shift in equilibrium between the alcohol and the alkoxide in water.
SEM

A difference in surface morphology can be observed comparing the IM-initiated membranes
made on PAN PX and on DMACc15, particularly for longer total synthesis times (1S 3h and 2S
1h membranes). These morphological differences are most likely unrelated to solely IM
properties, but rather a combined result of the system-IM interactions¢. Globular structures
can be observed on the surface of the 1S membranes (Figure 37, both on PAN PX and
DMACc15). These structures change significantly when the reaction time is increased from 1 h
to 3 h. Especially on the DMAc15 support (4N 1S 3h), it is clear that the protrusions grow
substantially, indicating further polymerization. However, these membranes were not salt
selective, which was explained earlier, by the lower density of the membranes and lower
charge incorporation. In the case of the 2S membranes on DMAc15, annular shapes with
globular structures, similar to the ones in the 1S membranes but slightly flattened out, are

observed.

DMACc15

Figure 37: Top-view SEM images of IM membranes synthesized using different conditions, left: on top of PAN PX, right:
on top of DMAc15. Increasing reaction time clearly has an influence on the observed structures.
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3.1.5.3 Conclusion
To summarize, the ROP of EPON via IM can be confirmed by XPS, zeta potential and FTIR

measurements, and polymerization is observed in SEM pictures. However, there is still an
epoxide IR absorption band left, indicating incomplete polymerization. Due to the reaction
mechanism and relatively low reactivity of IM, likely a low density toplayer with insufficient
charges is synthesized to be salt selective on the in-house cast supports However, a
significantly more selective toplayer than the NI membrane was formed on PAN PX; likely due
to accelerating effects of PVAc present in only the PAN PX support. Furthermore, MB, a N-
containing aromatic dye, is observed to highly adsorb to the NI and the support membrane.
This might suggest additional IM could be present on the membrane surface via similar

adsorption (e.g., pi-stacking...).

3.1.6 1-Methylimidazole (1-MIM)
To study whether the reactivity of imidazole compounds differ when the 1-(N) nitrogen is a

secondary amine or not, membranes were made using 1-MIM as a 1-(N) substituted imidazole

initiator (Appendix, Figure 51).

3.1.6.1 Membrane performance
On PAN PX

Similarly as for the IM membranes, care should be taken when interpreting these results as
the differences in performance with the NI membrane are small. An elongation of the reaction
time (0.5N 1S 1h vs 3h) does not have a significant effect on rejection nor on permeance
(R~38%, P~1 LMH/bar, Figure 38), as both remain similar to 1S TMHD reference and the NI
membrane. This indicates the lack of polymerization at these low initiator concentrations. For
a higher concentration however (1N 1S 1h), a significantly higher rejection (58%) and lower
permeance (0.3 LMH/bar) is observed. This permeance is 40% lower than the same membrane
synthesized by IM , which can be explained by the reaction mechanism. Proton transfer is not
possible for 1-MIM and as a consequence, a reactive alkoxide (which will initiate and propagate
the polymerization) is formed directly when 1-MIM reacts with an epoxide group (1:1 adduct,
as explained in 1.3.3.2.2), compared to IM which has to react with two epoxide groups in order
to generate the reactive alkoxide (2:1 adduct). This suggests the 1-(N) substituted imidazoles
(e.g., 1-MIM) are more reactive than their unsubstituted analogues (e.g., IM), resulting in more
polymerization, hence denser and thus less permeable membranes for 1-MIM compared to
IM112, Furthermore, only these higher initiator concentration membranes (1&2N 1S 1h) have a
substantially higher rejection than the NI membrane. Similar as for the IM-synthesized

membranes, the performance of the 2S membranes is not better than the 1S membranes,
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which is likely due to the lack of a crosslinking ability of 1-MIM, and the removal of loose

polymer chains by the toluene washing step.
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Figure 38: Performance of the 1-MIM membranes synthesized using different conditions: concentrations of 0.5N, 2N,
type 1S and 2S, reaction times of 1 h and 3 h. Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.

On in-house cast PAN supports

The most promising membranes made on the PAN PX support were resynthesized on the
DMAc12 and DMACc15 supports. The permeances of the TFC membranes made on a DMAc12
support (~16 LMH/bar, Figure 39) are lower than the TMHD 1S membranes (~20 LMH/bar),
and the IM membranes (~30 LMH/bar) made on this support. The latter is in line with the
reaction mechanism which suggest faster polymerization for 1-MIM compared to IM.
Surprisingly, apart for a slightly lower rejection for the DMAc15 membranes (4% on DMAc15
vs 9% on DMACc12), no significant differences are observed in performance between DMAc12
and -15 membranes. Similar to what is observed for IM, the low rejections indicate the absence
of a selective layer on in-house cast supports, even though it was present on the PAN PX
support (2N 1S 1h membrane). Acceleration effects due to PVAc present in PAN PX are

hypothesized to cause this difference.

The MB performance of the 2N 1S 1h and 0.5N 2S 1h membranes are not significantly different
from the NI membrane, also suggesting the absence of a dense, defect-free selective toplayer
(Appendix, Figure 65). The adsorption capacity after 3 h (~1.4 mg/g, Appendix Figure 55) is
identical to the IM membrane, and the blue discoloration of the membrane coupons after

filtration suggest adsorption results in the similar MB rejection of 1-MIM and NI membranes.
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Figure 39: Performance of 1-MIM membranes synthesized under different conditions. White background: membranes
with DMAc12 support, blue background: membranes with a DMAc15 support. Filtration conditions: 10 bar, 5mM NacCl
agueous solution.

3.1.6.2 Physicochemical characterization
ATR-FTIR

The expected characteristic EPON and PAN PX absorption bands are present in the FTIR
spectra (as discussed in 3.1.2.3). Remarkably, a higher intensity of EPON bands is observed
for the 0.5N 1S 1h membrane than for the 1&2N 1S 1h membranes (Figure 40). As for the IM
membranes, the EPON bands become more visible for longer reaction times. For example, the
0.5N 1S 3h and 0.5N 2S 1h membrane show pronounced EPON bands (1508 cm and 1240
cm are relatively large compared to PAN band at 1450 cmt), which suggests important EPON
adsorption. The presence of epoxide bands for these two membranes indicates incomplete
polymerization. For the other membranes, there might not be enough EPON adsorbed in order
for the epoxide band to be intense enough, although incomplete polymerization is also likely.

There are no other bands present which may indicate 1-MIM presence in the toplayer.
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Figure 40: ATR-FTIR spectra of 1-MIM membranes on top of a PAN PX support (black lines), and DMAc12 support (blue
lines). Spectra on DMAc12 were smoothened by taking the average transmittance of the surrounding six wavenumbers.

SEM

A clear difference in toplayer morphology can be seen comparing the 1S membranes
synthesized with the same reaction time (1 h) on different supports (Figure 41, A, B, C). This
difference can be attributed to support parameters like pore size and hydrophilicity, which affect
the toplayer by influencing the interactions between the monomer, support, initiator, and
solvent!?5 162 The typical globular and annular structures expected on a 1S 1h membrane
according to the reference membrane TMHD, are present on DMAc15 (Figure 41, B). They are
absent on DMAc12 (Figure 41, C), and replaced by punctured annular shapes, and both 1S
membranes look different to the NI membrane. The 0.5N 1S 1h membrane on PAN PX shows
very distinct annular structures, often accompanied by polymer protrusions, and it is the only
membrane with significant salt rejection (57%). All structures change significantly with
increasing reaction time, (1h vs 3h membranes Figure 41, D and E), indicating further
polymerization. It appears more polymerization occurred on PAN PX compared to on DMAc15,

as would be expected due to the PVAc accelerating effects and is line with the filtration results.
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Figure 41: Top-view SEM images of 1-MIM membranes synthesized using different conditions, left: on top of PAN PX,
middle (highlighted in blue): on top of DMAc15, top right (highlighted in red): on top of DMAc12.

XPS

To verify the occurrence of initiation by 1-MIM initiation, XPS-measurements were conducted.
Remarkably, no N* functionalities were detected (Appendix, Figure 57), even though the
permeance of the membranes, reaction mechanism, and SEM pictures indicate
polymerization. The absence of a N* signal might be due to charge neutralization issues during
the XPS-measurement or due to sampling at a location where no initiation occurred.
Nevertheless, a low N* content would be expected anyway as the reactivity of 1-MIM is likely
lower than TMHD (pKpis 7.05 for 1-MIM vs 3.90 for TMHD), and as only one charge can
maximally be incorporated per 1-MIM molecule compared to two for TMHD.

3.1.6.3 Conclusion
The salt rejection of TFC membranes synthesized on the in-house cast supports, is low

(<10%), compared to when the PAN PX support is used (up to 58%). The reason a selective
layer forms on top of PAN PX and not on the in-house cast supports is likely due to the
accelerating effect of PVAc, which is only present in PAN PX. The permeance of the 1-MIM-
initiated TFC membranes on DMAc12 are lower than the IM-initiated TFC membranes. This is
explained by a faster IIP reaction of 1-MIM compared to IM, as the reactive alkoxide is formed
as a 1:1 adduct for 1-MIM and as a 2:1 adduct for IM. Polymerization is further confirmed by
SEM images, but likely incomplete as epoxide bands are still observed via FTIR. Surprisingly,
no N* signal was detected using XPS, which is rather contradictory with the other

characterization. A low N* content is expected, and as charge neutralization difficulties were
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experienced during the XPS-measurement, the signal might have been lost in the background

noise.

3.1.7 2-Methylimidazole (2-MIM)
To examine whether sterical hindrance has a significant effect on the ROP of EPON via

imidazoles, 2-MIM was tested for comparison with IM. A similar reaction mechanism is followed
for both IM and 2-MIM, as both will involve a proton transfer and form a 2:1 adduct containing

the reactive alkoxide!!2,

3.1.7.1 Membrane performance
On PAN PX

Careful interpretation of the data is needed as the performance of most 2-MIM membranes is
similar to the NI membrane. Longer reaction times (1N 1S 1h vs 3h) only cause a significant
decrease in permeance (R remains ~30%, P drops from 2.0 to 0.7 LMH/bar, Figure 42). This
might indicate an increased toplayer thickness, but a similar density or charge incorporation
compared to the IM membranes, for which both rejection and permeance remained constant
with increasing reaction times. The explanation might be found in the reaction mechanism and
initiator properties. The methyl group next to the amine groups can have two opposite effects
on nucleophilicity: the electron-donating effect of the methyl group would result in an increase,
while the sterical hindrance introduced by this methyl group would result in a decrease. As the
permeance drops by 40% more when the reaction time increases from 1 h to 3 h for the 2-MIM
membranes compared to IM membranes, this might indicate the electron-donating effect
outweighs the sterical hindrance effect, resulting in a stronger nucleophile which will promote
more polymerization. The fact that the rejection remains similar could be explained by the low
charge incorporation by imidazoles, which can maximally incorporate one charge per molecule.
However, more research is needed to confirm this difference in nucleophilicity as it is only
further substantiated by the permeance of the 4N 1S 1h 2-MIM membrane which is lower than

the IM membrane.

The increase in initiator concentration (1N vs 4N 1S 1h) results in an increased rejection (48%)
and a decreased permeance (0.4 LMH/bar). This improved selectivity could be due to a higher
availability of 2-MIM to initiate the polymerization, as the log(P) for 2-MIM is rather higher
(Table 3). Comparing the 1S and 2S membranes, the rejection slightly goes down (32% to 20%
for LN membranes), and permeances remain constant around 2 LMH/bar. Similar to the IM-
and 1-MIM-synthesized membranes, this could be due to insufficient polymerization and

removal of the loose polymer chains by the toluene washing step.
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Figure 42: Performance of 2-MIM membranes synthesized using different conditions: concentrations of 1N, 2N, 4N,
type 1S and 2S, reaction times of 1 h and 3 h. Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.

On in-house cast PAN supports

The most promising membranes made on the PAN PX support were resynthesized on in-house
cast supports. The rejection of the TFC membranes is slightly higher on DMAc12 than on
DMACc15 (R~9% and ~4%, respectively, Figure 43), but no salt selective toplayer is formed. In
addition, the DMAc12 1S 2-MIM-initiated TFC membrane has a permeance of ~17LMH/bar
compared to ~25 LMH/bar when the same membrane is IM-initiated. These results suggest
that even though 2-MIM might be a stronger nucleophile that IM, it is less efficient in
synthesizing selective toplayers. The increased permeance from 17 to 34 LMH/bar for the 1S
and 2S membranes on DMAc12 is similar to what was observed on PAN PX, which might be

due to the toluene washing step as well.

MB rejection of the 1S membrane is slightly higher than the NI membrane(92% vs 78%),
(Appendix, Figure 65), suggesting a selective layer with a higher MWCO is formed on 1S 2-
MIM membranes, so that it can significantly reject MB but not NaCl. MB rejection of the 2S
(46%) membrane is lower than the NI membrane. This low rejection compared to the 1S
membrane is remarkable and likely due to defect membrane coupons, as defects in the 2S
toplayer due to the toluene washing step are unlikely to cause the observed drop in rejection
between the 1S and 2S membrane. A blue discoloration was observed on both 1S and 2S 2-
MIM membranes (q~1.4 mg/g after 3 h) similar to the IM- and 1-MIM-initiated TFC membranes,
suggesting significant contribution of adsorption to the overall membrane rejection. The high
observed MB adsorption also suggests low charge incorporation, since a higher positive
charge content would prevent the adsorption of positively charged MB, and result in a q value
closer to that of the charge-abundant TMHD 2S membrane.
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Figure 43: Performance of 2-MIM membranes synthesized under different conditions. White background: membranes
with DMAc12 support, blue background: membranes with a DMAc15 support. Filtration conditions: 10 bar, 5mM NaCl
agueous solution.

S

3.1.7.2 Physicochemical characterization
ATR-FTIR

ATR-FTIR measurements were conducted to investigate the occurrence of polymerization and
of 2-MIM incorporation. Similar as for the IM and 1-MIM membranes, the EPON bands
(including the epoxide band) become more visible for longer reaction times, indicating
incomplete polymerization and the importance of EPON adsorption (Appendix, Figure 60). An
interaction effect between the support layer and EPON is also noteworthy in the spectra. EPON
bands are less intense when the same membrane is synthesized on DMAc15 support instead
of on PAN PX. This can be explained by the presence of PVAc in PAN PX, resulting in an
increased hydrophilicity and hence enhanced interactions and adsorption between the support
and EPON. Similar to the spectra of membranes synthesized with 1-MIM, no characteristic

initiator bands can be observed.
SEM

As the IM&1-MIM 1N 1S 3h membranes were not selective, these were only synthesized for
2-MIM on PAN PX and not on the in-house cast supports. For these 1S membranes on PAN
PX, a clear difference is observed in surface structures with increasing the reaction time (1 h
vs 3 h, Figure 44). Both the annular structures and polymer clusters grow over time, indicating
polymerization. The polymer clusters on top of this 1N 1S 3h PAN PX membrane are larger
when initiated with 2-MIM than with IM (Figure 37), further substantiating the hypothesis of
higher reaction rate of 2-MIM due to increased nucleophilicity by the methyl group (section

3.1.7.1). Similar to the other initiator membranes, a difference can be noticed in the morphology
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of the same membrane, synthesized on two different supports (1IN 2S 1h on PAN PX and
DMACc15), likely due to the interactions between the monomer, support, initiator, and solvent!2>
163, The surface morphology of all 2-MIM membranes is different from the NI membranes,

further supporting the occurrence of polymerization.

Figure 44: Top-view SEM images of 2-MIM membranes synthesized using different conditions, on top of PAN PX (white
background), on top of DMAc15 (blue background).

3.1.7.3 Conclusion
ROP of EPON by sufficiently high (2N) 2-MIM concentration is suggested by filtration results,

and by SEM pictures. No selective toplayers were formed, as the rejections were not
significantly higher than the NI membrane for the TFC membranes made on PAN PX, and as
the rejections were lower than 10% on in-house cast supports. Furthermore, polymerization is
not complete, as the epoxide band is still observed in the FTIR spectra, and no salt selectivity
is observed.

The larger drop in permeance when reaction times are longer (1h vs 3h) for the 2-MIM
membranes than for the IM membranes, suggests that 2-MIM has a higher nucleophilicity than
IM and can thus achieve higher degrees of polymerization. This also means that the electron-
donating effect of the methyl group in 2-MIM outweighs the sterical hindrance effect. However,
this is however only further substantiated by the permeance of the 1S 4N membrane, thus
further research is needed to confirm this difference in nucleophilicity.

3.1.8 1,4-diazabicyclo[2.2.2] octane (DABCO) and Tris(2-

dimethylaminoethyl)amine (Me6Tren)
DABCO is often used in nucleophilic substitution reactions due to its properties as a

nucleophile (pKp=5.30)164. As high nucleophilicity is believed to be a desired characteristic of
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the initiator, its capability to synthesize a membrane was studied. Another relatively strong
nucleophile, Me6Tren, was studied as a trifunctional initiator (Appendix, Figure 51). It contains
four tertiary amine groups, of which only three are expected to be active in nucleophilic
substitution reactions (pKp=5.01), as the N located in the center is too sterically hindered to
react. In a single-phase solution, a higher reaction rate would be expected for an initiator with
a higher functionality’®. However, vial tests suggested that this is not the case for this biphasic
system, as the first signs of film formation were only observed after 2 h for Me6Tren, and after
30 mins for TMHD (Figure 23). This shows that observed trends, kinetics, and even reactions

in bulk chemistry cannot easily be extrapolated to interfacial chemistry'65,

3.1.8.1 Membrane performance
On in-house cast PAN supports

Both initiators were only tested on DMAc12 to circumvent the EPON-adsorption related issues
of the NI membrane on PAN PX. Remarkably, none of the DABCO-initiated 1S and 2S
membranes have a significantly different NaCl performance than the NI membrane (R~1.5%,
P~25 LMH/bar, Appendix Figure 61), suggesting no substantial polymerization occurs. Since
DABCO is a more reactive nucleophile than IM (pKp pasco=5.30 < pKp v =7.04), initiation of
polymerization is expected to occur, except when side reactions are happening preventing
DABCO to be available in the ROP of EPON. As discussed in section 3.1.8.2, this might be the
case as an ether signal is observed in FTIR. The Me6Tren membranes show a slightly lower
permeance in general (~15 LMH/bar, which is lower than the 1S TMHD reference of ~20),
indicating the occurrence of polymerization. However, no selective membranes were obtained

as the NaCl rejections of all TFC membranes is less than 5%.

Changing from a 1S to a 2S TFC membrane results, similarly to the TMHD membranes, in a
decrease of the permeance for the 2S DABCO membrane (19 LMH/bar for salt filtration, 14
LMH/bar for MB filtration, Appendix Figure 65) . The MB rejection is rather high (88%), but not
significantly different from the NI membrane due to the large standard deviation. This decrease
in permeance might be due to additional crosslinking of the toplayer, rather than due to charge
incorporation by the initiator, as the second amine group has a low reactivity (pK,=11). Hence,
DABCO can be seen as a monofunctional tertiary amine without crosslinking ability. For
Me6Tren, both 1S and 2S membranes have a lower MB rejection lower than the NI membrane
(respectively 54% and 37%, vs 78% for the 2S NI membrane, Appendix Figure 65). A possible
explanation for this might be that the Me6Tren membranes achieving their maximum

membrane adsorption capacity faster, hence less rejection will be observed after a 3 h filtration.
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Initiator properties related to the poor membrane performance of both DABCO- and Me6Tren-
initiated membranes are discussed in section 3.1.9.

3.1.8.2 Physicochemical characterization
ATR-FTIR

ATR-FTIR measurements show lower intensity of the EPON characteristic absorption bands
for higher DABCO concentrations (Figure 45). For both DABCO and Me6Tren, the absence of
significant polymerization is suggested by the epoxide bands which are visible on spectra with
high EPON band intensities. These signals are likely present in the spectra of the other TFC
membranes as well but disappear in the background noise. The DABCO 0.5N 1S 3h and
Me6Tren 0.5N 2S 1h (Appendix, Figure 64) membranes have a clear band around 1715 cm,
which is in the typical range of ketone carbonyl (C=0) stretches!#?. The reason this band is
present, might be due to the reaction of DABCO with terminal epoxide groups to form methyl
ketones (Appendix, Figure 62)%6. However, this reaction has only been observed in literature
at higher temperatures, and in pure toluene, making it hard to assess whether this would
happen in an interfacial setting at room temperature. The reason why little polymerization is
happening for these initiators might be reactions like this, or additional initiator properties
playing a role in IIP.

0.5N 25 1h
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Figure 45: ATR-FTIR spectra of DABCO membranes on top of a DMAc12 support. The spectra were smoothened by
taking the average transmittance of the surrounding six wavenumbers. C=0 band around 1715 cm highlighted in red.
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SEM
Top-view SEM images were taken to examine the toplayer morphology of the membranes. No
substantial difference is observed between the surface of the 1&2S DABCO membranes
(Appendix, Figure 66) and the NI membrane, revealing EPON adsorption might most likely be
happening instead of polymerization. The Me6Tren contain a low amount of the spherical
polymer structures, except for the 0.5N 1S 3h membrane, but the morphology generally looks
similar to the NI membranes as well. This slightly higher abundance of polymer structures could
however explain the generally lower permeances in salt filtrations compared to DABCO-

initiated membranes.

3.1.8.3 Conclusion
The only indication of polymerization is the generally significantly lower permeances of

Me6Tren-initiated TFC membranes than the NI membrane. For DABCO, no indications of the
ROP of EPON are observed, as SEM pictures, FTIR measurements, and filtration results all
depict the absence of a toplayer. A possible explanation could be the occurrence of unwanted
side-reactions, like ketone formation, as an absorption band at 1715 cm-! is observed for the
DABCO 0.5N 1S 3h and Me6Tren 0.5N 2S 1h TFC membranes.

3.1.9 Selecting important initiator characteristics for selective layer

formation
In order to explain certain performance results, important initiator properties have already been

addressed in the sections per specific initiator. It is however interesting to allocate a few key
initiator properties which are important in the synthesis of a selective layer. As only TMHD
yields selective membranes, the question arises as to what makes TMHD unique compared to

the other initiators.

Polarizability does not seem to have a big effect, as imidazoles (low polarizability) and Me6Tren
(high polarizability) both show a bad membrane performance. The difference in surface tension
between Me6Tren and TMHD is not significant either, and it does not seem to play an important
role as the Me6Tren membranes perform poorly. This leaves log(P) and pKp (~nucleophilicity)
as two selected properties for which TMHD is the most unique, hence suggesting these are
important for selective toplayer formation6”. However, a lower nucleophilicity does not mean
no initiation is taking place, as film formation was observed during support-free interfacial
polymerization for all initiators. Furthermore, imidazole has a relatively low nucleophilicity, but
the XPS results still indicate the presence of N* groups which are a result of initiation. This
might suggest that high nucleophilicity is necessary to obtain sufficient polymerization during

the synthesis to obtain a selective toplayer.
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As mentioned in 3.1.8.1, two pKp values (5.3 for the first N and 11 for the second N) are
allocated to DABCO*8, This suggests that the second N will have a very low nucleophilicity.
Hence, DABCO can be seen as a monofunctional tertiary amine, which is not able to form
crosslinks, similar to 1-MIM. Even though some polymerization might occur for both initiators,
the network may possibly not get dense, crosslinked, and charge-incorporated enough to form
a selective. The latter is especially true for imidazoles, as the proton transfer in the reaction
mechanism only allows the incorporation of one positive charge per molecule, in comparison
to two charges for TMHD?!12,

It might also be the case that TMHD has the ideal length as a crosslinker, since N,N,N’,N-
Tetramethyl-1,3-propanediamine (TMPD) has already been tested as an initiator and did not
yield a selective toplayerl*. As DABCO is a relatively strong nucleophile but only
monofunctional, this could indicate that the ideal length of a crosslinker is only relevant if the
initiator has a crosslinking ability. Apart for TMHD, Me6Tren was the only tested initiator with
a high nucleophilic character, similar length as TMHD, and with an ability to crosslink. As
Me6Tren did not yield selective membranes, the EPON system seems to require a bifunctional

initiator with crosslinking abilities, of a length similar to TMHD.

3.2 GS SYSTEM

3.2.1 Introduction
Until now, the focus of the application of the IIP-made epoxide-based membranes has been

on liquid separations’® 119.169. However, as ether oxygens have strong interactions with CO», it
makes sense to extend their application to GS membranes. With this in mind, fundamental

research about the synthesis process is needed.

As described in the Materials and Methods section, some of the phases during synthesis of
the GS membranes are reversed compared to the synthesis of the RO membranes. This is
done with the idea of dissolving the monomer and initiator in their preferred phase, resulting in
a reaction zone which is more confined to the interface. In this way, the selective layer could
theoretically be synthesized more locally resulting in a thinner and denser layer. Just as for the
RO membranes, TMHD is chosen as the reference initiator for the GS membranes, but a
different monomer is used in order to increase the amount of ether oxygens in the final network.
Instead of using a 1.5 w/v% EPON in toluene solution, 5 w/v% PEGDE in water and toluene
solutions are used. A typical separation factor of ~55 and permeance ~10 GPU is expected for

selective polyether membranes synthesized according to this process?°.
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3.2.2 Support-free interfacial polymerization tests
PEGDE is a polymer which is well soluble in water. Hence, film formation is hard to visually

observe, since the reacted polymer can still dissolve into the water phase without exceeding
its solubility and precipitating on the interface. For all initiators however, a white turbidity on the

interface was observed after, at most, a day (Appendix, Table 5).

3.2.3 TMHD - TMPD - 1-MIM comparison
TMPD is chosen as initiator because it is a smaller molecule, which can potentially penetrate

the formed epoxide layer better and thus result in a denser selective layer. As
beforementioned, imidazoles are often used in curing of epoxides, hence would be an
interesting initiator to test for the GS membrane synthesis!??. Toluene solubility of the initiator
is required in this system, hence 1-MIM ss chosen instead of IM or 2-MIM, which have low
toluene solubility. 1-MIM, like TMPD, has a relatively small size, but also has the typical planar

structure of imidazoles.

For TMHD, TMPD and 1-MIM, two GS membranes were made (Figure 46). Both of the
membranes were of the 2S type with an initiator concentration of 2N. The only difference was
the reaction time during synthesis, which varied between 1 h and 2 h. The membranes
synthesized with TMHD have the highest measured separation factors (dcozn2*~23) and
highest (mixed gas) permeances (Pcon2~12 and 33 GPU) of these initiators. The performance
of the 1-MIM membranes (acoznz2* ~15 and 23, Pcoznz ~1 and 5 GPU) is somewhere between
the TMHD and TMPD membranes. The TMPD membranes have a relatively low separation
factor (~14) combined with a very low permeance (<1 GPU). As both the TMHD and 1-MIM
membranes showed better performance, more synthesis conditions were tested which are

discussed in the next parts.
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Figure 46: CO2/N2 separation factor and CO2 permeance of membranes synthesized with TMHD, TMPD, and 1-
MIM.
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The only difference between TMHD and TMPD is the length of the alkyl chain in between the
two amine groups, which is respectively six and three. This makes TMPD more water soluble,
and a slightly weaker nucleophile’t. As the selectivity of the TMPD membranes is low, a
defect-free selective layer is unlikely to have formed. Nevertheless, polymerization occurred,
as can be confirmed via ART-FTIR measurements. For the TMPD membrane, the oxirane
band of PEGDE at ~910 cm-! disappears (Appendix, Figure 67, highlighted in purple) while a
clear ether band (C-O-C stretching at 1097 cm1)172 173 remains, suggesting TMPD was able
to initiate the reaction.

There can be several hypotheses explaining the bad performance of the TMPD membranes,
with pore plugging being the most probable. Interfacially formed polymer chains could migrate
into the aqueous phase inside the pores, since poly(ether) chains are highly water solublel’4,
The pores are likely to be clogged in a non-continuous fashion, resulting in a discontinuous

polyether phase and a low acozn2* and Pcoae.

This discontinuous phase of hydrophilic polyether chains would retain some water inside the
pores even after drying. This is confirmed by FTIR measurements, broad water bands around
3350 cm (stretching), and 1650 cm (bending) are present (Appendix, Figure 67). These
water bands are more pronounced in the TMHD and TMPD membranes than in the 1-MIM
membranes. As these first two initiators have two reactive tertiary amine groups, the more
pronounced presence of water peaks could also be due to more incorporation of hygroscopic
guaternary ammonium groups'’®. In none of the FTIR spectra, characteristic initiator absorption
bands can be distinguished. This might be because bands from other chemical bonds are more

intensely present at about the same wavenumber as the initiator bands.

3.2.3.1 TMHD
TMHD can effectively be used as an initiator to synthesize GS membranes. It is clear that a

2S-type membrane is required, as the 1S membrane has a separation factor which is equal to
the separation factor of a PDMS layer (~10)176. However, there are several reasons to believe
a polymerization reaction is occurring during the 1S step. The decrease in permeance,
compared to the PDMS coated support, for example, can prove this might be happening, as
the CO2 permeance of a thin PDMS layer would be orders of magnitude higher (~3000
barrer)17¢, The infrared spectra indicate polymerization as well. After washing the membranes
in toluene, the oxirane peak at ~910 cm! disappears, while maintaining ether bands (Appendix,
Figure 68). Looking at the 2S membranes, there does not seem to be any significant difference
in separation factor between the different synthesis conditions (initiator concentration, 1S or

2S membrane type, or duration of reaction steps, Figure 47). This indicates that the tested
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polymerization conditions do not favor the formation of a more defect-free selective layer, as

the separation factor is expected to be higher in that casel’”.
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Figure 47: CO2/N2 separation factor and CO2 permeance of membranes synthesized with TMHD. The selectivity
of a pure PDMS layer is visualized with the orange dotted line.

3.2.3.2 1-Methylimidazole (1-MIM)
The performance of the 1N 2S 1h, 2N 2S 1h, and 2N 2S 2h membranes demonstrate that both

a higher concentration and longer reaction time result in a higher separation factor and lower
permeance (Figure 48). The reaction time plays a more pronounced role in the 1-MIM system
(62% increase in selectivity between 2N 2S 1&2h membranes) compared to the TMHD system
(6% increase in selectivity between 2N 2S 1&2h membranes). This is possibly the result of 1-
MIM being an overall weaker nucleophile. This is further substantiated by comparing the
performance of the 1N 1S 1&24h membranes: the permeance drops by 98% when the reaction
step is 24 h compared to 1 h, however the separation factors only increase minimally. Here the
pore plugging theory applies again, where a discontinuous polyether phase results in both low

Ocoznz* and Pcoane.
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Figure 48: CO2/N2 separation factor and CO2 permeance of membranes synthesized with 1-MIM. The selectivity of a
pure PDMS layer is visualized with the orange dotted line.

Contrarily to the effect of varying synthesis conditions using imidazoles for the RO membranes
(decrease in selectivity, increase in permeance when going from a 1S to a 2S membrane), GS
membranes made using 1-MIM as an initiator show an increase in selectivity going from a 1S
to a 2S membrane. This might indicate re-initiation and densification could be happening for
the GS membranes during the 2S step. A possible explanation can be found in the synthesis.
In the 1S step, the support pores are filled with the aqueous PEGDE solution after
impregnation, on which the organic solution containing the initiator is added. However, in the
2S step, PEGDE is applied as a solution in the organic phase. Polymerization might happen
more quickly when PEGDE is present in this organic phase, as the termination by water would
happen more slowly and less diffusion of the newly formed oligomers away from the selective

layer into the water phase would occur.

3.2.4 MBDA and 1-MBI

Finally, initiators containing aromatic rings were used. These molecules are insoluble in water,
making them ideal candidates to obtain a more defined reaction zone at the interface and
hence a thinner and denser layer. However, both membranes showed selectivities similar to
PDMS (Figure 49), even though permeance of both membranes is lower than what would be

expected if no reaction happened (thin PDMS layer permeance ~3000 barrer)176,

75



400

- - 350
= - 300 Q
=
E S
& - 250 9
% - 200 %
= - 150 8
! —_
.,Zﬂ - 100 é)::
S - 50
&/
- 0
MBDA MBI
IN 2S 2h 2N 2S 2h

Figure 49: CO2/N2 separation factor and CO2 permeance of membranes synthesized with MBDA and MBI. The selectivity
of a pure PDMS layer is visualized with the orange dotted line.

The FTIR intensity of the ether band is low compared to the band around 1240 cm-! (support
band: C-O stretching of PVAc), whereas for the TMHD membrane the ether band is multiple
times the intensity of this support band (Figure 69). As the ether band has low intensity, the
epoxide band is expected to have an even lower intensity, hence these bands might disappear
in the noise of the spectrum. Another explanation for the absence of epoxide bands could be
that polymerization is happening at a small extent which is not enough to result in selective
membranes. Again, lower initiator reactivity might lay at the base of this observation8® 178, The
low affinity to water of these type of initiators might also play a role in their low reactivity, as
water catalyzes the initiation and propagation reactions'’®. The availability of the initiators at
the toluene-water interface might be too low, and in addition, toluene rather than water will
coordinate with these initiators. It might thus be hard to obtain the catalytic effect of water
needed during the initiation reaction to make it happen at sufficient speed7®: 10,
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PART 4: GENERAL CONCLUSIONS AND
PERSPECTIVES

RO system

As the current state-of-the-art PA TFC membranes used in RO applications still have limited
chemical stability, the recently introduced chemically robust epoxide-based TFC membranes
show great potential in applications that involve aggressive feed streams or cleaning
procedures. These membranes are synthesized by a newly introduced IIP method, where a
tertiary amine initiator will perform the ROP reaction of the four-functional epoxide monomer
EPON. 1S- and 2S membranes can be synthesized, where the latter contains an extra
densification and re-initiation step essential to form a salt selective membrane, yielding NaCl
rejections of ~80% when the reference initiator TMHD is used. However, the current four hour
synthesis time and the black-box approach to prepare these membranes limits their scale-up.
In this work, the synthesis mechanism was investigated in more detail, with as goal to reduce
the overall synthesis time. This was done by investigating the effect of different initiators on the
reaction mechanisms, the membrane performance and physicochemical properties. TMHD
has been used as the initiator in previous research and was therefore used as a reference to

compare the newly investigated initiators with.

Besides TMHD, five other initiators (imidazole (IM), 1-methylimidazole (1-MIM) , 2-methyl
imidazole (2-MIM), 1,4-diazabicyclo[2.2.2]octane (DABCO), and tris(2-dimethylaminoethyl)
amine (Me6Tren)) were studied in the ROP reaction of EPON for the synthesis of epoxide-
based TFC membranes for RO applications. The initiator nucleophilicity believed to play an
important role in the ROP of EPON and is expected to increase with the order IM = 1-MIM < 2-
MIM < DABCO = Me6Tren < TMHD based on their pKy values. The pKy of the second N in
DABCO is 11, suggesting this initiator can be seen as a monofunctional tertiary amine, which
is not able to form crosslinks. Contrary to IM and 2-MIM, 1-MIM is not able to form crosslinks
either due to the methyl group on the 1-(N) nitrogen. This happens through a proton transfer
mechanism, resulting in a maximal charge incorporation of only one charge per imidazole-type
initiator. TMHD and Me6Tren are bi- and trifunctional, respectively, resulting in a maximum of

two or three incorporated charges per initiation step with the additional ability to form crosslinks.

Remarkably, indications of polymerizations are only observed for the imidazole-type initiators
(SEM pictures, XPS-, and filtration data) and not for the DABCO and Me6Tren membranes.
The 1S IM- and 1-MIM-initiated TFC membranes have significantly higher salt rejections (58%)
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than the baseline (NI) membrane (41%), and 1S TMHD reference membrane (36%) when
made on a PAN PX support. This indicates a selective layer can be obtained using a short total
reaction time which is not the case for TMHD. Hence, a salt selective 1S membrane has been
obtained for the first time, using IM and 2-MIM initiators. However, the 2S TFC membranes for
IM and 1-MIM, 2-MIM, DABCO and Me6Tren are nonselective. The limited crosslinking ability
and the restricted charge incorporation (imidazoles), or insignificant occurrence of IIP (DABCO
and Me6Tren) result in little densification during the 2S step, which likely causes the
nonselectivity’®>’ Nonselective membranes are also obtained when the 1S IM- and 1-MIM-
initiated TFC membranes are resynthesized on in-house cast supports, yielding salt rejections
lower than 10%. This influence of the support on the selective layer synthesis is assigned to
the presence of PVAc which is only present in PAN PX. PVAc improves the support
hydrophilicity compared to in-house cast supports, offers the opportunity to produce alcohols
(which will accelerate polymerization) by saponification reactions, and might induce specific
interactions with epoxide groups. Additionally, defects in the toplayer will more strongly affect
the performance of the TFC membrane on the self-made supports as they have a larger

surface porosity than PAN PX.

Compared to the other initiators, only the 2S TMHD-initiated TFC membranes on in-house cast
supports are selective. Hence, it can be concluded that TMHD is the best initiator for IIP in this
system, likely due to its high nucleophilicity. DABCO and Me6Tren, which theoretically are
mono- and trifunctional initiators, respectively, are relatively strong nucleophiles but do not
yield selective membranes. This suggests the preference in this EPON system towards a
bifunctional initiator. In addition, the distance between the epoxide groups due to the bulky
aromatic core of the four-functional EPON epoxide monomer might require longer crosslinkers
than those tested. TMPD, which contains a three-carbon alkyl chain, did not yield selective
membranes in a previous study, therefore pointing towards an ideal length of TMHD as a
crosslinker, as it contains a six-carbon alkyl chain. With this in mind, longer initiators would

also be worthwhile to investigate in the future.

Additional information was gathered about the initiation and densification mechanism of TMHD
by varying the reaction times. Filtrations and characterization of the membranes suggests that
the re-initiation and densification step is the most important step to achieve salt selectivity. The
TMHD reaction rate was deduced to be faster in the densification step by using XPS-, zeta
potential- and filtration data, which also elucidated the way TMHD is incorporated in the

polymer network as a function of reaction time. Top-view SEM pictures show that the toplayer
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forms with increasing reaction times, in agreement with the filtration and other physicochemical
characterization data.

GS system

As ether oxygens have strong interactions with CO3, the possibility to extend the applications
of these epoxide-based TFC membranes from liquid separations to GS was investigated. To
improve the content of ether oxygens in the selective layer, PEGDE was used as an epoxide
monomer in this system. In order to understand the system better, multiple initiators were

tested similarly to what was done for the RO membranes.

The potential of TMHD, TMPD, 1-MIM, MBDA and 1-MBI as initiators in the ROP reaction of
PEGDE was studied by synthesizing GS membranes with different synthesis conditions
(varying reaction time, initiator concentration, 1S and 2S membrane type). The synthesis
procedure for the GS membranes was different than for RO membranes, as an attempt was
made to create a thinner and denser selective layer by dissolving the monomer and initiator in
their preferred phase, hence creating a more defined interfacial reaction zone. This synthesis
method does not seem to yield favorable results, as generally, a low separation factor and
permeance is observed. This is likely due to pore plugging, a problem that could not be
alleviated by the use of initiators with different properties. The tested water-soluble initiators
result in selective membranes, while water-insoluble initiators do not. This is possibly because
water molecules near the initiation site are necessary for the polymerization to happen at a
sufficiently high rate.

Take aways and future work

The take aways from this work can be applied to improve the membrane synthesis efficiency.
When TMHD is used as an initiator, total synthesis time could be reduced by shortening the
first steps in the 2S procedure, but maintaining a longer final densification and charge
incorporation step. When TMHD or imidazoles are used as initiators, synthesizing the
membranes at elevated temperatures, which is often done in epoxide curing processes, could
accelerate reactions and thus shorten synthesis times!!2, Other methods to increase reaction
rates could be the addition of catalysts like alcohols, which are already used in epoxide
curing!®, The alcohol can be added as such, or it could be present as a functional group on a
bifunctional tertiary amine initiator. Since DABCO and Me6Tren do not show promising signs
of polymerization, further investigations should best focus on long, bifunctional, highly

nucleophilic initiators, optionally containing hydroxyl groups.
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Some claims made in this work could be further substantiated by doing additional
characterization, such as experimental determination of partitioning coefficients, PALS
analysis on the TMHD 1S membrane to verify the hypothesized gradient in density of the
toplayer, and measuring cut-off curves of the membranes to see how the synthesis parameters
affect the rejection of a range of solutes of different molecular weights and hence target
different membrane applications. Furthermore, additional characterization of the films made in
support-free polymerization might provide information about their properties, and titration of
amine groups in TMHD 2S membranes could reveal whether the amine groups are present as
guaternary ammonium groups or as dangling amines. Additional interesting experiments which
could be done are changing the biphasic system to move away from toluene from a scale-up
perspective, investigate post-functionalization to increase membrane performance, and using

different markers than dyes to prevent, e.g., dye adsorption.
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APPENDIX

Figure 50:Design of the IIP set-up used for membrane synthesis!?°.
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Figure 51:Overview of the chemical structures of all the used initiators.
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Figure 52: Reference vial tests for initiators used to synthesize RO membranes. Most left: EPON 5 w/v% EPON in
toluene on top of pure MQ water. Other pictures: pure toluene on top of 1N aqueous initiator solution.
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Figure 53: Mean pore diameter and total pore area of three support layers: DMAc12, 15 PAN PX. These values are
obtained through gas liquid porometry.
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TMHD Other

Figure 54: Membrane coupons after MB filtration. Left: TMHD-initiated TFC membranes, right: all other membranes.
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Figure 55: Adsorption capacity of multiple TFC membranes and DMAc12. Y axis: adsorption capacity in mg dye/g
membrane. X axis: time.
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Figure 56: The occurrence of N in multiple TFC membranes and DMAc15. These values are obtained through XPS-
analysis. Y axis: atom percentage of a certain bond. No nitrile signals were detected for the TFC membranes.
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Figure 57: Zoomed-in view on lower concentrations for the occurrence of N in multiple TFC membranes and
DMACc15. Y axis: atom percentage of a certain bond.
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Figure 58: Zeta potential curve of multiple TFC and support membranes.Y-axis: Zeta potential (mV), X-axis: pH.
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Figure 59: Static contact angle measurements for multiple TFC and support membranes. Red bars depict
membranes with a PAN PX support, blue bars depict membranes with a DMAc15 support.

101



Table 4: Partial solubility parameter (PSP) of water with EPON and PAN, and the calculated Ra. Smaller Ra values
indicate stronger interactions!*®. PSP of PAN and EPON is calculated using the Hoftyzer and Van Krevelen (1976)
method44,

Od Op On Ra
Water 15.5 16.0 42.3 -
EPON 235 1.6 8.1 40.4
PAN 19.9 14.1 8.0 355
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Figure 60: ATR-FTIR spectra of 2-MIM membranes on top of a PAN PX support (black lines), and DMAc12 support
(blue lines). Spectra on DMAc12 were smoothened by taking the average transmittance of the surrounding six
wavenumbers.
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Figure 61: Performance of the DABCO membranes at different synthesis conditions: concentrations of 0.5N; 2N;
type 1S and 2S; reaction times of 1 h and 3 h. Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.
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Figure 62: DABCO-mediated conversion of terminal epoxides to methyl ketones. From166
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Figure 63: Performance of the Me6Tren membranes at different synthesis conditions: concentrations of 0.5N; 2N;
type 1S and 2S; reaction times of 1 h and 3 h. Filtration conditions: 10 bar, 5 mM NaCl aqueous solution.
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Figure 64: ATR-FTIR spectra of Me6Tren membranes on top of a DMAc12 support. The spectra were smoothened
by taking the average transmittance of the surrounding six wavenumbers. C=0 band around 1715 cm™ highlighted
in red.
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Figure 65: MB performance of 1S (left graph) and 2S (right graph) membranes synthesized on DMAc12 with different initiators. 1S membrane initiator conc: TMHD: 1N, IM: 4N,
1-MIM: 2N, 2-MIM: 4N, DABCO&Me6Tren: 2N. 2S membrane initiator conc: TMHD: 1N, IM: 1N, 1-MIM: 0.5N, 2-MIM: 1N, DABCO&Me6Tren: 0.5N. All reaction steps were of 1
h. Filtration conditions: 10 bar, 15 pM methylene blue aqueous solution.
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Figure 66: Top-view SEM images of DABCO (white background) and Me6Tren (blue background) synthesized with
different conditions, all on top of DMAc12. 1S and 2S NI membranes are depicted at the bottom right corner.

105



Table 5: Vials experiments regarding the GS membrane synthesis. Upper phase: 1N initiator in toluene, lower phase: 5 w/v% PEGDE in MQ water. If there is no extra
information at a specific time, this means nothing changed compared to what was visible before. Pictures were taken after 1 week.

Picture after 1
week

Extra
information

1h: Slight turbidity in TMHD-
phase. More turbidity on
interphase.

Stayed the same for a whole
week.

1h: toluene phase slightly 1 day: slight white shine on 1 day: water phase got 1h: white islands of relief are

white turbid interphase is barely visible. slightly turbid formed at interface

1 day: turbidity 3 days: white shine on 3 days: white stripes on 1 day: white film is formed which
disappeared, white interphase interface sticks to the edges of the glass vial.
islands of relief are 1 week: slight transparent relief 1 week: clear white stripes BUT: For the same vial experiment
formed at interface on interphase on interface but without PEGDE, a white film

(non sticking) was formed.

106



| ——PEGDE-500 TMPD TMHD 1-MIM|

Transmittance (-)

NV

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™!)

Figure 67: ATR-FTIR spectra of 2N 2S 1h membranes made with TMHD, TMPD, and 1-MIM. The epoxide signal
is highlighted in purple.
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Figure 68: ATR-FTIR spectra of TMHD synthesized with different conditions. The epoxide signal is highlighted in
purple.
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Figure 69: ATR-FTIR spectra of MBI and MBDA 1N 2S 1H membranes
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